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Summary.  The topic of this study was to evaluate state-dependent effects of 
diazepam on the frequency characteristics of 47-channel spontaneous EEG 
maps. A novel method, the FFT-Dipole-Approximation (Lehmann and Michel, 
1990), was used to study effects on the strength and the topography of the 
maps in the different frequency bands. Map topography was characterized by 
the 3-dimensional location of the equivalent dipole source and map strength 
was defined as the spatial standard deviation (the Global Field Power) of the 
maps of each frequency point. The Global Field Power can be considered as a 
measure of the amount of energy produced by the system, while the source 
location gives an estimate of the center of gravity of all sources in the brain 
that were active at a certain frequency. State-dependency was studied by eval- 
uating the drug effects before and after a continuous performance task of 
25 min duration. Clear interactions between drug (diazepam vs. placebo) and 
time after drug intake (before and after the task) were found, especially in the 
inferior-superior location of the dipole sources. It supports the hypothesis that 
diazepam, like other drugs, has different effects on brain functions depending 
on the momentary functional state of the brain. In addition to the drug effects, 
clearly different source locations and Global Field Power were found for the 
different frequency bands, replicating earlier reports (Michel et al., 1992). 

Keywords" Pharmaco-EEG, EEG mapping, FFT-dipole-approximation, fre- 
quency domain EEG sources, diazepam, state dependency, reactivity. 

Introduction 

The electroencephalogram (EEG) is an important tool to study effects of 
psychoactive drugs on the brain. Pharmaco-EEG makes it possible to specify 
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the type of drug effect and its time and dose efficacy (Fink, 1984; Itil, 1974; 
Herrmann, 1982 a). Many pharmaco-EEG studies are based on spectral fre- 
quency analysis of the spontaneous EEG (Dummermuth et al., 1987). For 
example the EEG of several seconds duration is transformed into the mean 
power and/or peak frequency in certain frequency bands, and changes of these 
measures due to a drug are used to characterize, compare and classify drug 
effects. Today it is feasable to record the EEG in many channels simultaneous- 
ly and thus drug effects on the power spectra can be computed for each chan- 
nel. But besides the statistical problem of multiple testing, interpretations of 
effects that were found in some channels only are difficult. Brain mapping has 
been introduced as a possibility to study multichannel EEG data (Lehmann, 
1971; Duffy et al., 1979) and has found its way into pharmaco-EEG studies 
(Saletu et al., 1987; Herrmann et al., 1989). However, brain mapping is only 
an alternative way of displaying multichannel EEG data. It is not an analysis 
technique and the advantages to EEG waveform analysis are minimal as long 
as the analyzed parameters of the multichannel EEG are still derived from the 
waveforms of the single channels. Even more, brain mapping can lead to mis- 
interpretations about the location of active sources in the brain if these inter- 
pretations are based on pure visual inspections of the maps (Pascual-Marqui 
and Lehmann, 1993). Such misinterpretations are especially delicate in the fre- 
quency-transformed multichannel EEG where power maps are displayed. This 
is due to two basic reasons: 1) the topography (landscape) of the power maps 
depends on the reference used for the computation of the spectra. Different 
references can give completely different power maps and can therefore lead to 
wrong interpretations about the location of maximal or minimal activity (Leh- 
mann, 1987). This reference-dependency of frequency-transformed EEG also 
holds for coherence computations. 2) Power maps cannot be easily interpreted in 
terms of underlying sources because there is no compelling reason to assume 
that the active generators are located perpendicularly under the extreme power 
values. As it is known for maps in the time domain, equivalent sources in the 
brain are located somewhere between the positive and negative extreme values 
(in the simple case of two extremes with equal gradients). Because the ampli- 
tudes are squared in power maps, the polarity information is lost. Thus, if the 
extremes that were seen in the power maps were of 180 degrees phase angle 
difference, an equivalent source in the brain was probably located somewhere 
between them and not under each of them (Lehmann and Michel, 1990). The- 
refore great caution is necessary if interpretation about changes in the location 
of sources in certain frequency bands is reported based on statistical testing of 
power maps. 

In 1989 we introduced a new method for the spatial analysis of frequency- 
transformed EEG-data which we called the FFT-Dipole-Approximation (Leh- 
mann and Michel, 1989, 1990). It reduces multichannel FFT-data to reference- 
independent, non-ambigous and parsimonious 3-dimensional map features. It 
allows a simple numerical description of the frequency-characteristics of the 
electric fields that has direct relation to the brain structures that were electri- 
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cally active in a certain frequency. Since the introduction of this method to com- 
pute sources in the frequency domain a number of theoretical considerations 
(Lt~tkenh6ner, 1992; Valdes et al., 1992) and applications in normals as well as 
in clinical or pharmacologically treated groups (Tesche and Kajola, 1993; 
Dierks, 1992; Dierks et al., 1993; Lehmann et al., 1993 a; Michel et al., 1992, 
1993 a, b; Kinoshita et al., 1994) have been published. 

This study reports an application of the FFT-Dipole-Approximation method 
to study the effects of a very low dosage of a benzodiazepine (2 mg diazepam) 
in healthy young male subjects. The most common effects of benzodiazepines 
on EEG power spectras are a decrease of alpha and (more often) an increase of 
beta activity (Herrmann, 1982 b; Bond et al., 1983; Coppola and Herrmann, 
1987; Saletu et al., 1988). In a simple arousal framework this effect seems to 
be paradoxical since these EEG changes are considered as signs of increased 
vigilance (Herrmann, 1982 b) while benzodiazepines are known to impair 
behavioral efficiency (Linnoila et al., 1983; van Leeuwen et al., 1992). To study 
directly the behavioral significance of the EEG changes after diazepam, van 
Leeuwen et al. (1993) compared EEG, event-related potentials and performance 
changes after a benzodiazepine (oxazepam) concurrently during performing a 
cognitive task. They found that the decreased alpha and increased beta after 
drug intake were selectively related to certain type of performance impair- 
ments, suggesting a more complex relation between frequency changes and 
arousal level. In addition, the study showed clear changes of the relationships 
between EEG and performance with time-on-task, indicating state-dependent 
differences of the drug-effects on the EEG. The study that we describe here 
further investigates possible state-dependent effects by analyzing the 
topography of the EEG before and after a continuous performance task and 
comparing normal task-induced changes (after ~lacebo) to those after adminis- 
tration of diazepam. 

Method 

Subjects 

12 healthy young men with a mean age of 26.67 years (S.D. = 4.2, range: 20-36) partici- 
pated in this study. Their handedness was tested with the Edinburgh handedness inventory 
(Oldfield, 1970). According to this 12 item questionnaire, all were right-handed with a 
mean laterality quotient of 72.29 (S.D. = 19.3, range: 30-100). Four subjects were smok- 
ers, but none of them smoked for at least one hour prior the EEG recordings. The sub- 
jects filled out a questionnaire concerning their eating, drinking, and sleeping behavior 
during the past 24 hours and their momentary subjective opinion about their health state. 
According to this questionnaire, all subjects were healthy at the two recording sessions 
and none of the subjects showed obvious state differences between the two sessions. The 
subjects were informed about the experiment and the drug they would receive, and they 
gave their written consent before starting the experiment. 

Procedure 

Each subject participated in two sessions that were separated by one week and that started 
always at 9 a.m. Each session began with filling out the questionnaires and attaching the 
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Nasion 

left ear right ear 

Inion 

Fig. 1. Positions of the 47 electrodes as measured on a model head with a 3-dimensional 
digitizer. The head is seen from top. The electrode positions are marked with dots and 
connected by lines. The four landmarks (Inion, Nasion and left and right pre-auricular 

points) are marked by crosses 

electrodes. Approximately 40 min were needed to place all electrodes appropriately. After 
that the subject received the drug in capsule form. The placebo and the verum capsule 
were of identical size and shape, but the placebo capsules contained lactose while the 
vernm capsules contained 2 mg diazepam. The drug was given double-blind: the code was 
determined by a person who was not directly involved in the study; it was not revealed 
before the full completion of the study. The sequence of the two treatments was balanced 
over subjects. 

The recordings started 20 min after drug intake in a dark, sound-isolated and electri- 
cally shielded room that was connected to the experimenter by an intercom and a video 
observation system. The subject's head was rested comfortably in a head rest. First a 
1 min EEG epoch with eyes open was recorded, then the subjects were asked to close their 
eyes and another 1 min EEG was recorded. After that a 1 rain checkerboard evoked poten- 
tial was recorded followed by a rapid information processing task of 25 rain duration. In 
this task (Michel et al., 1987; Michel and B~ittig, 1989; Michel and Lehmann, 1993) the 
subjects watched single digits that were presented rapidly (ISI = 700 ms) in random order 
on a screen and they had to press a buttom whenever the last three digits were either odd 
or even. Breaks of 1 min were given after every 2 rain. The EEG during the task was con- 
tinuously recorded to analyze offline event-related potentials (ERP). The analysis of these 
ERP data will be reported elsewhere. Directly after the ERP task, another 1 min EEG with 
eyes closed was recorded, followed by a break of 20 min and another ERP trial of 25 min. 

This paper will report the effects of the drug on the eyes closed EEG before and after 
the first ERP trial, i.e., the EEG 20 and 45 minutes after drug intake. 

Recordings 
EEG was recorded from 47 electrodes that were placed with regular spacing on a grid pat- 
tern as illustrated in Fig. 1. An additional channel recorded the EOG from bipolar 
electrodes positioned above the right and below the left eye. Data was recorded with a 64- 
channel amplifier system (M&I, Prague, Czechia), an A/D-converter by Burr Brown, Inc. 
and a display and acquisition-software by Neuroscience Technology Research (Prague, 
Czechia). Data were converted at 1024 Hz per channel and stored in memory on a 
486/50 MHz PC. After the end of each recording, the data were written on hard disk after 
downsampling them to 256 Hz. Analog filter settings were set at 0 . 1 4 0  Hz. 

The EEG was recorded against Cz as reference but the subsequent analysis naturally 
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utilize the average reference (momentary means of all recorded channels, Offner, 1950). 
All impedances were kept below 10 kOhm. 

Analysis 
The spontaneous EEG was downsampled to 128 Hz and digitally FIR filtered to 
1.5-32 Hz. Ten artifact-free 2 sec epochs were selected from the two eyes-closed EEG 
recordings. The epochs were selected backwards from the end of the 1 rain file. On the 
average the 10 epochs covered the last 23.4 sec of the records (range = 21.0-33.4 sec, 
S.D. = 2.9 sec). Each 2 sec epoch (256 datapoints) was multipled by a Harming window 
and transformed into the frequency domain using the Hartley-modification of the FFT 
(Bracewell, 1984). The Fourier Transformation resulted in complex values, i.e., in a sine 
and cosine value for each frequency point (frequency resolution: 0.5 Hz) and each elec- 
trode. 

The FFT-Dipole-Approximation technique uses the complex values of all electrodes to 
compute the first principal component for each frequency point. This statistical 
procedure can be easily illustrated in geometrical terms (Fig. 2): The complex values of 
all electrodes of a given frequency point are entered into a sine-cosine diagram with the 
real (sine) and imaginary (cosine) values determining the entry point of each electrode in 
this diagram. The first principal component is a straight line through this diagram with the 
property that the sum of the squared perpendicular distances of all points to this line is 
minimal. All points are then projected to this line and the projected points are taken as new 
sine-cosine values for each point. The new points are now all lying on a straight line and 
thus have only zero or 180 degrees phase angle differences. By taking one half of the line 

SIN-COS-Diagram (10 Hz) 9 Power Map 6 Potential Map 

Explained Variance: 92.2 % 

Fig. 2. Illustration of the FFT-Dipole-Approximation method with one 2 sec EEG epoch 
of 47 channels: the entry points of all channels in the sine-cosine diagram for the 10 Hz 
point are shown on the left side, together with the best-fitting straight line onto which all 
points are projected. On the right side two maps are drawn: the "original power map" and 
the "approximation potential map". The "original power map" is constructed from the 
distances of the original entry points to the zero point. These values correspond to the 
square root of power of each electrode referred to the average reference. The "approxima- 
tion potential map" is constructed from the distances of the projected points (on the best- 
fit line) to the zero point. All points on one side of the line are taken as positive, the other 
as negative. Note that the "approximation potential map" decomposes the two peaks of the 
"original power map" into two extreme voltages with opposite polarity. Therefore, this 
potential map can be used to compute an equivalent single dipole source which is shown 

on the left bottom part of the figure in a top and a side view of the head 
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as negative and the other half as positive, the different electrode amplitudes are labeled 
with a sign. The zero point on the line is the geometrical mean point of all entry points in 
the diagram and is equal to the average reference of the maps in the time domain. The 
recording reference is actually not relevant, because the first principal component (i.e., the 
best-fit straight line) always goes through the point of gravity of all points, i.e., through 
the average reference. The map constructed with these new projected values is a potential 
map with positive and negative values. 

The resulting potential maps of each frequency point were then averaged over the ten 
epochs of each subject and condition. The arbitrariness of the polarity labelling in these 
maps has to be considered when averaging. We suggested a permutation procedure that 
tests all possible combinations for minimal variance and averaging the maps after invert- 
ing the polarity of the maps appropriately (Lehmann and Michel, 1990; Michel et al., 
1992). In the present study we computed the first principal component map of the ten 
maps, i.e., the best-fitting map in a global sense. 

These mean maps for each subject and condition were subjected to a 3-dimensional 
dipole fit program. The resulting solutions were corrected according to the approximate 
conductivity parameters of a 3-shell spherical head model. The appropriate positions of 
the electrodes were measured on a model head using a low-frequency magnetic field 
device (3SPACE, Polhemus Inc.) and projected onto the best-fitting sphere. The solutions 
of the single equivalent dipoles were restricted to the brain space, i.e., no solutions were 
allowed 20% below the zero plane nor with a radius of more than 86% of the head radius. 
The zero plane was determined by Fpz, Oz, T3, T4, i.e., 10% above Inion, Nasion and the 
pre-auricular points. 

In addition to the equivalent dipole computation, the strength of the potential maps of 
each frequency point was computed. The field strength was determined as Global Field 
Power (GFP), which is the standard deviation of the potential values over all electrodes 
(Lehmann and Skrandies, 1980; Michel et al., 1993 c). 

Statistics 

The dipole locations and the Global Field Power were averaged within 5 frequency bands 
for each subject and condition. The frequency bands were: Delta (1.5-3.5 Hz), Theta 
(4-7.5 Hz), Alpha (8-12 Hz), Beta 1 (12.5-20.5 Hz) and Beta 2 (21-30 Hz). The 4 field 
parameters (GFP and the dipole dimensions) were globally tested for differences between 
the frequency bands, for effects of the drug and for the changes over time by 3-dimen- 
sional repeated measure ANOVAs. The repeated measure factors were frequency band (5 
levels), drug (2 levels) and time (2 levels). 2-dimensional ANOVAs and t-tests were per- 
formed when the overall ANOVAs showed significant effects. Two subjects had to be 
excluded in the repeated measure analyses because of missing data. These missing data 
were due to artifact problems in one case and due to data loss in the other case. Thus 10 
subjects were available in the final analysis. 

Results 

The four  3-d imensional  A N O V A s  revealed  highly significant  f requency  band 
dif ferences  for  Global  Fie ld  P o w e r  (F(1/9) = 12.2, p < 0.001),  for the anterior- 
poster ior  locat ion o f  the equivalent  dipoles  (F(1/9) = 14.2, p < 0.001) and for 

Fig. 3. Mean and standard error (N = 10) of the Global Field Power and of the location of 
the dipoles for each frequency point. The dipole location are shown in the posterior-ante- 
rior, the right-left and the inferior-superior axis. The borders of the 5 frequency bands are 

indicated with vertical dashed lines 
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the inferior-superior location of the dipoles (F(1/9) = 5.1, p < 0.002). In addi- 
tion a drug • time interaction was found in the inferior-superior location of the 
dipoles (F(1/9) = 20.7, p < 0.001) and band • time • drug interactions were 
found in the GFP (F(4/36) = 3.96, p < 0.01) and in the anterior-posterior loca- 
tion of the dipoles (F(4/36) = 3.91, p < 0.01). The right-left location of the 
dipoles did not show any significant main effects nor interactions. 

To illustrate the frequency band differences, mean GFP and dipole locations 
over subjects, drugs and conditions and the standard error are shown for each 
frequency point in Fig. 3. The GFP curve has a shape similar to the spectrum 
of conventional single channel analyses, with dominant field strength in the 
Alpha band. The dipoles were clearly located differently for the different fre- 
quency bands in the anterior-posterior and in the inferior-superior dimensions 
with very narrow standard errors. The dipoles of the Delta band were located 
most anterior and inferior; for the Theta band, the dipoles were located more 
posterior and more superior, for Alpha most posterior and most superficial, 
and for Beta again more anterior and more inferior. No clear differences were 
found in the right-left dimension with the exception of a somewhat more left 
location of the Beta 2 dipoles. 

The highly significant drug • time interaction in the inferior-superior 
direction of dipoles is illustrated in Fig. 4 (upper row), where the mean data 
over subjects are shown separately for each band and for both drugs and time 
periods. The figure makes clear that the interaction is due to a crossing of the 
values from time period 1 (20 min after drug intake and before the cognitive 
task) to time period 2 (45 min after drug intake and after the cognitive task). 
For all bands, the dipoles shifted from inferior to superior from time period 1 
to time period 2 after diazepam but from superior to inferior after placebo. The 
2 • 2 ANOVAs of each band revealed significant drug • time interactions for 
the Delta band (F(1/9)= 15.6, p < 0.005), the Theta band (F(1/9)= 12.6, 
p < 0.01), the Alpha band (F(1/9)= 6.9, p < 0.05), and the Beta 1 band 
(F(1/9) --- 6.5, p < 0.05). Also for Beta 2 the interaction was significant below 
the 10% level (F(1/9) = 3.8, p = 0.08). In direct t-test comparisons, significant 
differences between Placebo and diazepam (p < 0.5) were found for time 
period 2 in the Theta and in the Alpha band. 

The significant band • drug • time interaction of the dipole locations in 
the anterior-posterior axis is illustrated in Fig. 4 (middle row). Again, the dipo- 
les shifted in different directions from time period 1 to time period 2 after pla- 
cebo as compared to diazepam (except for the Alpha band), but in contrast to 
the inferior-superior axis this effect was not similar for the different bands: the 
dipoles shifted from anterior to posterior after diazepam and from posterior to 
anterior after placebo in the slow frequency bands (Delta and Theta) but in the 
opposite directions in the two Beta bands. The 2 • 2 ANOVAs indicated this 
tendency by interaction effects with p-values below 0.15 for Delta, Theta and 
Beta 2. However, a significant interaction was found for Beta 1 only 
(F(1/9) = 6.6, p < 0.03). Local t-test comparisons were not significant. 
The significant band • drug • time interaction of the Global Field Power is 
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Fig. 4. Locations of the dipoles in the two significant axis and of the Global Field Power 
for each frequency band. The values are means over 10 subjects. The filled squares are the 
2 values after diazepam, the open circles after placebo. The two values that are connected 
indicate the values 20 min and 45 min after drug intake. A mental task was performed bet- 
ween the two time periods. First row: dipole locations in the inferior(I)-superior(S) direc- 
tion. Middle row: dipole locations in the posterior(P)-anterior(A) direction. Lower row: 

Global Field Power 

i l lustrated in Fig. 4 ( lower  row).  Again,  the effects  were  different  for  the diffe- 
rent f r equency  bands.  Oppos i te  drug effects  on the GFP  of  t ime per iod 1 and 2 
were  found  for Delta,  Theta  and Alpha. It was signif icant  in terms of  drug • 
t ime interact ions for Theta  ( F ( 1 / 9 ) =  10.0, p < 0 . 0 1 )  and for Alpha  
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(F(1/9) = 4.6, p < 0.05) where GFP was first higher, then lower after diazepam 
and first lower then higher after placebo. However, in the Beta band GFP was 
higher after diazepam as compared to placebo in both time periods and in- 
creased in both sessions from time period 1 to time period 2. This time effect 
appeared in the ANOVAs as main effects of the 
(1=/1/9) = 3.8, p = 0.082) and for Beta 2 (F(1/9)= 
GFP for diazepam was significant in a t-test for 
(p < 0.05) only. 

factor 'Time' for Beta 1 
2.6, p = 0.1). The higher 
time period 1 of Beta 1 

Discussion 

This study clearly replicated the earlier report that different frequency bands 
are characterized by different locations of the equivalent dipole sources in the 
brain (Michel et al., 1992). The highly significant ANOVA effects on the five 
frequency bands and the very low standard errors of the mean values in Fig. 3 
are obvious. The dipole sources of the alpha band were located much more 
posterior and more superior than the sources of the slow and fast frequency 
bands. At first sight, the plots of the dipole locations for each frequency point 
(Fig. 3) show that the conventional frequency bands divide the different 
source locations quite well. The dominant peaks in the plots are clearly sepa- 
rated by these conventional frequency bands. However, more narrow bands 
might be of interest, especially in the Alpha band where the posterior-anterior 
and the inferior-superior location of the sources cover a range of more than 
15 mm. At least a division of the Alpha band into two subbands is suggested 
by the results, in agreement with factor analysis results on single channel spec- 
tra (Herrmann et al., 1980). In an earlier study with the FFT-Dipole-Approxi- 
mation, the differences between schizophrenics and normals defined the Alpha 
band as 9-12.5 Hz, but separated Beta 1 into two subbands (Michel et al., 
1993 b). We proposed a data-oriented frequency band separation strategy 
which was, however, not used in the present study. 

In this study we introduced a second parameter that can be computed with 
the FFT-Dipole-Approximation: the Global Field Power (GFP) of the approxi- 
mated potential maps of each frequency point. This parameter gives informa- 
tion about the strength of the fields (Lehmann and Skrandies, 1980; Michel 
et al., 1993 c). The plot of the GFP over frequency points in Fig. 3 shows that 
this parameter is very similar to the spectra of single channels, with a dominant 
peak in the Alpha band for the eyes-closed EEG data. The GFP of the 
frequency domain potential maps is similar to the energy of the first principal 
component of the multichannel data in the frequency domain (Pascual-Marqui 
et al., 1988; Alvarez et al., 1990). Pascual-Marqui et al. (1988) have shown 
that the "eigenspectra" derived from the principal component analysis in the 
frequency domain can be viewed as a decomposition of the so-called 
generalized spectrum which reflects the amount of energy produced at each 
frequency by the system. Thus the GFP describes the most dominant compo- 
nent of the system's energy in each frequency point. Combining GFP and FFT 
dipole source analysis one can determine whether a change in strength of the 
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power maps was caused by a change of strength of the sources and/or caused 
by a change in location of the sources. 

The second purpose of this study was to investigate state-dependent effects 
of diazepam on these frequency-domain map parameters. As a first result, dia- 
zepam increased the Global Field Power of the maps in the lower Beta band. 
This finding had to be expected from previous results obtained with single 
channel spectral analysis (Herrmann, 1982 b; Saletu et al., 1988). In the two 
studies that used the FFT-Dipole-Approximation method to evaluate benzodia- 
zepine effects, an increase of the beta power at all electrode positions (Kino- 
shita et al., 1994) and increased strength of the equivalent dipole sources in the 
Beta band (Dierks et al., 1993) have been reported. These two recent studies 
also showed for the first time that the effects of drugs can be characterized by 
shifts of the equivalent dipole source locations in certain frequency bands. 
Kinoshita et al. (1994) as well as Dierks et al. (1993) found an anterior and 
superior shift of the sources in the higher frequency bands after benzodiazepi- 
nes (diazepam and midazolam, respectively). We also observed this location 
change after diazepam in the EEG before the mental task. In the report of 
Kinoshita et al. (1994) the effect attenuated over time and the dipole locations 
returned to the pre-treatment location 45 min after drug injection. In our case, 
where a mental task was performed between the two measurement periods, the 
effects of diazepam on dipole location inverted as compared to the pre-task 
measurement, especially in the inferior-superior direction. Thus, the benzodia- 
zepine effects in terms of dipole location and power changes in the higher fre- 
quency bands have been similar in three independent studies with different 
substances, different doses and different administration methods, as long as 
the relaxed EEG directly after drug intake is measured. But this study showed 
that the effects change if the functional state of the subjects were altered, i.e., 
if they were engaged in a very demanding mental task. A support for this 
state-dependent alteration of benzodiazepine-effects is given by the studies 
described in van Leeuwen (1993), where clear altered EEG-effects of the drug 
were found when subjects were engaged in psychomotor tasks. The studies 
also showed that EEG changes such as increased Beta and decreased Alpha 
activity are not at all paradoxical but clearly correlated with specific aspects of 
performance attenuations and evoked potential changes. 

The fact that drug effects are state-dependent is by no means a new finding. 
Theories such as the distraction-arousal hypothesis of Tecce et al. (1978) im- 
ply state-dependent effects of drugs on electric brain activity. For example, 
CNV amplitude has been shown to either increase or decrease after nicotine 
depending on the different initial state of arousal at time of drug intake 
(Binnie and Comer, 1978). In an earlier study on multichannel EEG and event- 
related potentials we also reported that the dose-efficacy of piracetam depends 
on the state of the subjects: u-shaped dose-effects were found in the event-re- 
lated potential maps during mental load (Michel and Lehmann, 1993) while 
linear dose-effects were found in the spontaneous EEG during relaxed wake- 
fulness (Lehmann et al., 1993 b; Wackermann et al., 1993 b). The state-depen- 
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dent effect of drugs can be compared with our recent finding that high and low 
symptomatic schizophrenics show different patterns of EEG reactivity. These 
different patterns were seen in the reactivity change (reactivity to incoming 
information: Koukkou, 1980) of the dipole locations in the Alpha and Beta fre- 
quency bands (Michel et al., 1993 b). We cannot directly prove that the inter- 
actions between drug and time in the present study are due to state-dependent 
effects of diazepam, because we did not design a control situation for this type 
of effect. However, we propose that drug effects have to be studied in different 
global functional states of the subjects. The reviewed earlier work and the pre- 
sent results suggest that it is not adequate to simply select one EEG record and 
interprete general effects of a drug. Also, for the classification of psychoactive 
drugs and even for therapeutical indications this point might be of importance: 
two drugs may have the same effect in one functional state but different or 
even opposite effects in another functional state. 

Caution is necessary if interpretations are made about the anatomical mean- 
ing of the observed dipole location changes after diazepam. As for dipole source 
analysis in the time domain, single point source models in 3-dimensional space 
estimate the center of gravity of all sources that were simultaneously active in 
the brain. In fact, a single point model source may actually be located where no 
neuronal sources were active (Michel et al., 1994). However, changes of the 
location of this equivalent dipole must be due to a change in the global con- 
figuration of the multiple active sources in the brain and, therefore, changes in 
the location of the dipoles can be interpreted in physiological terms as changes 
of the electrically active areas in the brain. It has to be pointed out that the 
restriction in terms of anatomical interpretations of dipole sources are not unique 
to the FFT-Dipole-Approximation; the restrictions are inherent for all (single 
or multiple) model dipole computations in the time- or frequency-domain due 
to the ambiguity of the solution of the so-called inverse problem (Fender, 
1987; Wikswo et al., 1993). New authentic 3-dimensional localization proce- 
dures are needed to overcome this problem. Such a procedure, the Low Reso- 
lution Electromagnetic Tomography, has recently been introduced (Pascual- 
Marqui et al., 1994) and will be applied in future studies to investigate the rela- 
tion between dipole location changes and changes in the current density distri- 
bution in the brain. 
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