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My approaches to the understanding the nature of the EEG 
 
 
When I entered the Neurological Clinic of the University of Vienna in 1949, I  
was lucky enough to get allocated to the newly instituted EEG lab, where an 
electronic engineer (A.Marko) had built himself three amplifiers to record EEG. 
At this time, shortly after World War II, no EEG machines had yet been 
commercially available in Austria. Marko was able to use 3 channels only and 
recorded on photographic paper; but only a single trace could be visually 
observed on a CRO. At that time Austria was literally in the stone-age of the 

EEG.  
 

In spite of such heavy restraints, EEG recordings were experimentally 
performed on patients suspected of epilepsy. In these years, a serious discussion 
was going on with regard to the most efficient method of EEG recording: In 
German speaking countries “unipolar” recording (i.e. with respect to a common 
reference) was preferred whereas the English speaking world preferred “bipolar” 
recording from series of electrodes in which the input of each amplifier was 
connected to the output of the next one. In unipolar recordings, main emphasis 
was put on frequencies and amplitudes of the EEG, whereas bipolar recordings 
had the advantage to visualize, in addition, “phase reversals” (i.e. loci of 
amplitude maxima) and thus to detect epileptic foci, which, at that time, were 
suspected to be a main indicator for epilepsy. In our lab bipolar recording was 
used. As for myself, however, I couldn`t see the reason of the keen 
methodological discussion of these two camps, the “unipolarists” and the 
”bipolarists”, for both of whom their choice of one of these two methods was 
almost a matter of faith since, to my mind, amplitudes in bipolar recordings 
should be identical to the differences between the two unipolarly obtained ones. 
Yet simultaneous be- and unipolar recordings from the same pair of electrodes 
exhibited often considerable differences in the wave shape, particularly in 
seizures.  
 
To explore the reason for this unexpected finding, Marko suggested to record 
unipolarly from two electrodes and connect the two outputs to each, the vertical 
and the horizontal pair of plates of a CRO, in order to obtain Lissajous figures 
on the screen. To our surprise the results were no straight lines but sometimes 
rather obscure trajectories, in particular during seizures. Thus we started 
investigating the most regular seizures, the 3/s spike-and-wave patterns in 
absence epilepsies in children, characterized by alternating regular sequences of 
spikes and waves that appear apparently synchronous all over the skull. When 
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two unipolar recordings of such patterns were connected to the horizontal and 
the vertical pair of plates of our CRO, the figures on the screen, instead of 
presenting straight lines, to our great surprise resulted in more or less 
complicated, but regular Lissajous-figures thus indicating the presence of phase 
shifts (Fig.1). These proved to be constant during an absence but different for 
each of them, spikes as waves. This means, that the elements of the regular spike 
wave pattern which, on the paper record, appear to be synchronous over most 
parts of the head, in reality are phase-shifted and so are suggestive of 
propagation in time , with the faster component (the “spike”) at speeds of m/s 
and the slower one (the “wave”) in the range of cm/s (H.Petsche, A.Marko, 
H.Kugler 1954). 
 
 

 
Fig.1 

 
Vector-EEGs from 6 subsequent spike-wave complexes of an absence in a six years old girl.  
2 electrodes, 5 cm apart on the right hemisphere; unipolar records: output electrode 1 
connected to the horizontal, electrode 2 to the vertical pair of  plates of a CRO.  
The Lissajous-figures indicate different phase shifts for both spikes and waves.  
 
  
 
At that time this finding was against the common opinion that spike-wave 
patterns should be triggered by a hidden pace-maker in deep midline parts of the 
brain. To prove this hypothesis, that later on has turned out to be wrong, I 
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followed this line in 56 children with epileptic absences, in which the very 
reason underlying synchronization being due to phase-shifts could be 
corroborated (H.Petsche 1962). 
 
To better understand the mechanisms underlying this peculiar phenomenon, it 
seemed worth studying it on other so-called “synchronized” (at that time often 
even called ”hypersynchronized”) phenomena, that dominate in seizures. In 
order to learn more about the possible role of deep brain structures in 
synchronization, I had to extend my studies to animal experiments and look for 
regular wave patterns. Therefore I went to Prof. Monnier’s Institute of 
Physiology in Geneve, where the rabbit was the preferred experimental animal. I 
chose this animal because of its relatively large brain with a flat, not-gyrated 
cortex that should, in addition, allow studying the topography of seizure waves 
at the surface of the brain. However, the regular seizure patterns produced by 
electric stimulation of the cortex in the rabbit turned out to be due to the 
hippocampus underlying the cortex and had no relation what-so-ever to the 
petit-mal phenomenon in children. 
 
Yet it was another regular EEG phenomenon that attracted my attention in 
Monnier`s Institute and that should prompt me studying the genesis of the EEG 
and  has finally proved to become trendsetting for my further research in the 
next few years: the very regular theta-activtity of the hippocampus.  
 
The frequency of the hippocampus theta waves varies spontaneously between 
about 3 und 7/s and can be influenced from outside by changing the degree of 
the rabbit`s attention.  
 
At about the same time I encouraged Marko, who in the mean time had enlarged 
our EEG device to 8 channels, to build another device to visualize phase shifts. 
This aim was achieved by representing the EEG traces from a series of 8 
equidistant electrodes as brightness changes of the cathode ray. By this device, 
the “photocell-toposcope” (H.Petsche and A.Marko 1954), it was possible to 
visualize phase shifts by (1) unipolarly recording from lines of 8 equidistant 
electrodes on the surface of the brain, (2) arranging the thus obtained 8 light-
modulated lines narrowly together (one on top of the other) and (3) by 
multiplying  the recording speed. In this way, phase-shifts were represented as 
oblique white stripes on  the screen (or the film) the inclination of which was an 
indicator of the propagation speed of the EEG wave passing underneath.  
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Fig.2 

 
Consecutive  topogram (35s) of a regular 3/s spike-wave pattern of an absence in a 8 years old 
boy, recorded from equidistant midline electrodes with respect to chin.  
The topogram was obtained by (a) light-modulating the 8 unipolar EEG traces, (b) by 
arranging these traces one on top of the other and (c) by multiplying the recording speed.  
By this procedure, phase-shifts of spikes and waves are made visible as oblique bright stripes, 
the inclination of which is an indicator of the propagation speed of the travelling EEG waves 
passing underneath.  
In this sample, spikes and waves appear as electric events, both travelling in an a-p direction, 
but at different speeds, in anterior regions slower than in posterior ones.  
 
 
 
Such toposcopic studies at the surface of the hippocampus led me to assume that 
the theta phenomenon should be caused by activities generated in some midline 
structure in front of the hippocampus, giving rise to the theta waves  which start 
here to propagate symmetrically through the hippocampus in a posterior 
direction: in this structure the origin of the theta phenomenon was supposed to 
be situated, an assumption corroborated by electrical stimulations in the septum 
by which the theta phenomenon could be triggered, as well as by coagulation 
that led to its irreversible suppression (Brücke,F., Petsche,H., Pillat,B. and  
Deisenhammer, E., 1959). Therefore we postulated a pacemaker in the nucleus 
of the diagonal band in the septum from where the theta waves seem to be 
triggered (Tömböl,T. and Petsche, H.,1969). 
 
As a consequence of these results and to in order  to consolidate the assumed 
nature of the theta as electrical travelling phenomena it has proved worth 
studying the significance of travelling waves in all possible kinds of normal and 
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pathological EEG patterns in men (Fig.3) and in the rabbit`s cortex with our 
toposcope (H.Petsche, 1967). In all these studies, the EEG waves were found to 
propagate, however at different frequencies and, in pathological patterns, with 
all degrees of complexity. This strengthened my idea that all more or less 
generalized EEG-phenomena (colloquially called  “EEG waves “) are no 
stationary events but are due to travelling potential fields of different sizes, 
spreading in different directions and with varying ranges and velocities over the 
head (H.Petsche and J.Sterc, 1968). These findings clearly demonstrated that the 
often commented idea of the EEG as being due to electric volume conduction 
proved to be erroneous; instead, EEG patterns seem to reflect intrinsic brain 
phenomena of a nature unknown thus far. Thus it seemed worth studying EEG 
phenomena with more precise and demanding technologies.  
 

 
Fig.3 

 
Alpha  activity of a healthy 30 years old man. Unipolar  recordings  from symmetric sites on  
both hemispheres. 
The alpha waves tend to travel in a-p direction. 
 
 
 
However, further studies in this field had to be postponed until more recording 
channels and particularly electronic storage would be available. 
 
In the following years I performed pharmacological studies of the septum-
hippocampus system. A one year residence at UCLA, sponsored by a Fulbright 
grant (1959-1960) allowed me to learn microelectrode technology and finally to 
identify the pacemaker for the theta rhythm in Broca`s Nucleus of the diagonal 
band in the septum (J.D.Green and H.Petsche, 1961). Together with Tömböl the 
histology of this nucleus was studied in Golgi sections. 
 
In 1961 Prof. F.Seitelberger asked me to install a Department of Experimental 
Neurology and EEG in the Neurological Institute of the University of Vienna. In 
1969 I was asked by the Austrian Academy of Sciences to take over a 
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Department of the Brain Research Institute. At that time I had at my disposal a 
16-channel EEG-machine and a device for tape-recording all channels, which 
immensely enlarged our research possibilities. Soon after, this device was 
enlarged to 32 channels. 
 
Together with J.Shaw, Ph.D., I was invited in 1972 by the International 
Federation of EEG to write a chapter on “EEG-Topography” for the 
International Handbook of EEG and Clinical Electroencephalography. 
 
With the facilities our equipment now afforded, my further plans aimed at an 
understanding of the shape and the characteristics of the three-dimensional 
intracortical electrical structures underlying the potential fields of normal as well 
as seizure EEGs. This problem should be approached by the production of most 
simple (i.e. regular) seizure patterns. In rabbits, such patterns could be produced 
by the epicortical application of small amounts of Penicillin or by electric 
stimulation of the cortex. The EEG was recorded epicortically from square grids 
of  small electrodes (4x4 at 2 mm distances) applied to the cortical surface and, 
additionally, intracortically by the exploration of the EEG in depth profiles of 
the rabbit`s cortex by means of 16 equidistant semi-microelectrodes (at 
0.125mm distances), mounted on a carrier needle encompassing the overall 
diameter of the rabbit`s cortex (approximately 2mm) (O.Prohaska, F.Olcaytug, 
K.Womastek and H.Petsche 1977). With these approaches we attempted to 
understand both the three-dimensional shapes of the potential fields underlying 
the EEG and their behaviour in time. These two projects were performed 
together with P.Rappelsberger, H.Pockberger and Vollmer (1977).  
 
A general survey of our findings on the epi- and intracortical events during 
seizures in rabbits is found in a Commentary in Neuroscience (H.Petsche, 
H.Pockberger, P.Rappelsberger 1984). The experimental design was enlarged by 
additionally applying current source density analysis (CSD, H.Petsche, 
H.Pockberger and P.Rappelsberger, 1982) to the depth recordings in order to 
visualize the intracortical size of potential fields and their behaviour in time: it 
turned out that synchronized pairs of sinks and sources appear in the superficial 
and deep layers of the cortex in regular sequences; the patterns   become more 
irregular with increasing clonic patterns.  
 
As for the recordings form the 4x4 epicortical grid, in the beginning of a seizure 
the potential fields describe small and often regular circles (the “tonic phase”, 
Fig.4); with increasing duration of the seizure the frequency of the pattern also 
increases, the sizes of these circles enlarge and the patterns become more 
irregular (the “clonic phase”), until the seizure abruptly breaks up.   
 
Such detailed electrical analysis of the intra- and epicortical behaviour of 
potential fields demonstrated that synchronization, even in cases of EEG of very 
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irregular EEG patterns is due to the time-dependent, self-sustained interaction of 
numerous small intra-cortical potential fields of different sizes, arising at 
different layers of the cortex and appearing as travelling potential fields at the 
cortical surface. It turned out that in all cases the seizure waves of the EEG that 
appear synchronous to the naked eye are phase-shifted (Fig.4).  
 
 
 
 

 
Fig.4 

 
Tonic  seizure pattern in the A. striata  of  a rabbit. Synchronization  is maintained by 
circulating potential  fields. 
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This phenomenon was even present after undercutting the cortex.  A further 
confirmation was produced by vertical transversal incisions to the cortex that led 
to differences of the seizure patterns on both sides or in front and behind of the 
incision. In some cases even different seizure patterns resulted on both sides of 
the incision.    
 
Thus the microstructure of the cortex has proved to be the main reason for the 
surface EEG to appear “synchronous” and the possible objection of a 
significance of any interference by volume conduction for synchronization has 
proved to be much overestimated.  
 
In the following years local spikes and the development to seizures elicited by 
tiniest amounts of locally placed penicillin were further studied. In all cases 
depth recordings resulted in phase-reversals with respect to the cortical surface 
with a zero-zone approximately in layer IV. These studies led to a cooperation 
with K. Fleischhauer (Anatomical Institute of the University of Bonn) and 
resulted in the finding of vertical bundles of dendrites in the deep layers of the 
rabbit`s neocortex (up to layers III-IV) which were thought to be involved in the 
production of the EEG patterns (K.Fleischhauer, H.Petsche and W.Wittkowsky, 
1972). 
 
Towards the end of the Seventies, our hitherto approaches could be summarized 
as in Fig.5.  
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Fig.5 

 
Summary of our strategies in studying the electrical spatio-temporal continuum in seizures in 
the rabbit`s cortex 
 
Encouraged by Hans Berger`s basic studies in the Twenties, according to which 
alpha activity could be influenced by arousal, i.e. sensory stimulation, I 
attempted to apply our methods also to the human EEG, primarily while silent 
reading. At first we performed group studies. Periods of 1 min silent reading   
have been  compared with equal time intervals at rest. Amplitude and coherence 
between adjacent electrodes and at symmetric sites of both hemispheres were 
measured and computed. By this procedure significant differences with respect 
to the EEG at rest were found at various sites of the head (H.Petsche, 
P.Rappelsberger and H.Pockberger, 1987); gender differences in coherence were 
mainly found in the beta bands. Encouraged by these results, further pilot studies 
were performed on a variety of other cognitive tasks, among them processing of 
music (H.Petsche, K.Lindner, P.Rappelsberger and G.Gruber, 1988).  
 
As a result of these latter, the Gesellschaft der Musikfreunde in Wien offered me 
the chance to enlarge our field of research by sponsoring biennial Symposia with 
the title “Music and the Brain”; this project was thought as a present to Herbert 
von Karajan`s 80th birthday; It started in 1980 and was continued until Karajan`s 
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death in 1989. Its  Fourth Symposium was published by Birkhäuser (Musik – 
Gehirn – Spiel, ed. by H.Petsche, 1989).  
 
In the Ninetieths and encouraged by the additional, numerous positive results in 
group studies on musical thinking, together with P.Rappelsberger we developed 
a method that clearly represents summaries of the statistically significant 
changes of amplitude and coherence of the EEG data obtained during musical 
thinking, compared to the EEG at rest. This method proved also appropriate to 
represent the results of quite a number of other cognitive tasks. Therefore, and 
together with the late Susan C.Etlinger, Ph.D., we published these results at 
length in a monograph “EEG and Thinking” by the Austrian Academy of 
Sciences in 1998. 
 
Up to this time the greater part of hitherto`s EEG studies on cognitive processes 
has been done with the tacit assumption that voltage and frequency in the EEG 
might be decisive parameters for studying brain functions; this turned out to be 
true in analyzing EEG changes in brain diseases or lesions, but it would mislead 
in the search for functions of the normal brain and particularly in higher brain 
functions in which most likely a host of brain areas is involved simultaneously. 
This is self-evident if one thinks of the numerous functions that are needed for 
the performance of even the most simple cognitive tasks. For this reason our 
strategy had to be changed.  
 
Thus, with the small number of only 19 channels at our disposal and in order to 
get an overview over the whole brain, we thought it worth approaching this 
problem top-down by distributing the available 19 electrodes as equally as 
possible over the whole head and defining all possible electrical data derived 
from this recording grid and by doing this for 5 EEG bands between the delta 
and beta 3 bands. Apart from the common EEG parameters we also determined 
all possible coherence values and computed all these data for at least 1 min for 
each task embedded between two periods of equal lengths of EEG at rest. All  
results were compared to each respective individual 1 min EEG period at rest 
before each task and were evaluated statistically. To reduce the immense 
number of data, only differences of p < 0.005, 0.01 and 0.05 between task and 
EEG at rest were considered and represented in graphics. A sample of such a  
representation while listening and composing is shown in Fig.6. This sample 
also demonstrates the great resolution power of our approach with regard to 
thinking processes.  
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Fig.6 

 
Significant coherence changes in a 56 year old musician while listening to Schönberg and 
composing  in  different styles 
 
 
 
We hoped that by such a “view from top” it might be possible to obtain, even 
with our restricted number of recording sites, at least a shimmer of insight into 
what is generally going on in the brain during thinking for periods of 1 min with 
respect to equally long periods at rest. Our tacit assumption was that the degree 
of coherence and its changes might give us hints to the degree of the 
instantaneous functional connections between every two positions of the skull. 
Therefore the main question for us has changed from the usual question to the 
EEG reading: where are the maximum voltage changes? to: between which sites 
of the brain  are the functional connections of two brain regions stronger or 
weaker than at rest?  
 
The results were represented as topographic maps for each of five frequency 
bands - delta up to beta 2 – and display a wealth of information in a highly 
compressed form. In this context it is self-evident that the strategy of evaluation 
could not be anymore the search for single, salient events but rather for 
characteristic features of the entire brain`s landscape in electric cooperation as a 
whole during an arbitrary time-span. Therefore, apart from local power, the 

 11



study of cross-correlations from the spectral data was chosen as the principal 
aim of research. 
 
In the following a short survey of our findings is represented. However, It has to 
be kept in mind that spectral analysis is based on the assumption that the 
underlying electric phenomena are caused by linear processes whereas the 
events underlying brain phenomena are most likely due to non-linear brain 
processes; so the first question was whether coherence analysis could be at all  
useful for studying mentation and, if  so, it also might provide a potent screening 
method for distinguishing between the effects of different cognitive tasks on the 
EEG recorded from the skull.  
 
What this method might capture is comparable to photos taken with long 
exposure times. 
 
The assumption, the more complex a cognitive task, the more conspicuous its EEG 
changes proved to be in general true: the more  changes of coherence occur, the more 
difficult is the task the brain is involved in.  
 
The following can only be a short survey on our main results, as shown in our 
monograph: in all tasks, single and group studies were performed: first, the EEG 
during a task was compared to periods at rest of the same length; secondly, the group 
findings during the task were compared with their corresponding EEGs at rest. Finally, 
group findings during a certain task in one and the same group were compared to those 
during another task in this group. 
 
The book starts with its main chapter, musical thinking. While listening to the same 
piece of music, differences between both musically educated and non-educated 
subjects as well as between males and females were established. The complexity 
of the musical pattern was also reflected in a larger number of listening related 
changes of AMP and COH. In addition, habituation of the EEG effects were 
observed. In listening to different composers, style-specific invariants of the 
EEG were found even in repetitions of the task after several weeks. Most 
characteristic differences were found with respect to other composers while 
pieces by Mozart were presented. Apart from group studies, individual studies 
concerned composing music, reading a score, imagining music and mentally 
playing an instrument. Most characteristic differences were mainly found in 
COH and while composing. The chapter closes with a few considerations on 
today`s positive prospects for an effect of music on intellectual performances. 
 
Listening to different languages:  generally, while listening to languages, in group 
studies increases of COH by far outweighed decreases, particularly in the left 
hemisphere. Another main finding  was  that the changes concern both hemispheres, 
and usually more the left than the right side. 
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 Listening to different languages by the same subject gives rise to striking differences 
whereby usually the right hemisphere is more involved in increases of COH and AMP 
with the foreign language. COH increases in the left are often accompanied by 
decreases in the right hemisphere.  
 
Listening to music vs. language: While listening to language, most striking is the total 
lack of AMP decreases with respect to the  EEG at rest, whereas listening to music 
induced decreases over almost the total scalp from theta up to beta 2. COH increases 
dominated in the left hemisphere for language in theta up to alpha 1, for music only in 
theta, but from  alpha 1 up through beta 2 only in the right hemisphere. In general, 
many more cortical areas seemed to be concerned with listening to music than to text. 
 
Mental interpreting: contains the results of 10 professional interpreters. The results of 
these single studies on interpreting, also between more than two languages led to 
manifold results the description of which would be far beyond the scope of this 
summary. 
 
Silent  reading. Salient features in this group study on 38 females were the large 
numbers of COH decreases, in particular in frontal regions, mostly in the alpha bands 
and beta 2, as well as in delta and theta, where in addition generalized AMP increases 
were found. 
 
Visual thinking: Together with Sonja Kaplan, a study of 38 women, half of them 
having passed the Viennese Academy of Fine Arts with an MA degree, was performed  
as part of her thesis on visual perception and imagination. In this task the subjects had 
to contemplate one of 4 paintings for 2 min. The next task was to remember each of 
these paintings while looking at the white projection screen for another 2 min, etc. At 
the end of the examination each subject was asked to mentally create a picture of her 
own for another 2 min and, after the experiment, to sketch it. These EEG samples were 
compared to periods of EEG at rest with eyes opened, for each person and for the total 
group. In this way contemplating 4 paintings, memorizing them, mentally creating a 
picture and reading could be compared, individually with respect to at rest, and with 
respect to each of the tasks with the four paintings. For all these comparisons 
significant EEG characteristics were established, that allowed insights into the 
individual brain processes being involved. Furthermore, group differences with respect 
to artistic education were found.  
 
The findings during these complex tasks particularly well demonstrated how many 
detailed differences in thinking may be reflected by the EEG.   
 
A further study on abstract thinking concerned the differences between visualizing an 
abstract concept of their own free choice and mentally composing a text out of 10 
words. In both cases one striking result was the large number of AMP and COH 
increases in delta with respect to at-rest condition and also in theta with gender 
differences. 
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The last study concerned mental arithmetic. In this task, most increases of COH and 
AMP  were found in delta, COH increases in the left hemisphere in theta and alpha, 
and the most in beta 2. 
 
A last chapter of the book discusses the possible functional meaning of frequency 
bands, the probable significance of COH as measured from the scalp and further 
perspectives.  
 
Attempts to summarize all the manifold findings debated in this volume are unfeasible. 
For me, the most pertinent evidence is the ascertainment that the EEG results obtained 
from the surface of the head are by no means artifacts due to electric volume 
conduction, though being extremely meaningful as they represent even brain effects 
due to high level cognitive performances.  
 
A possible objection that the results collected in our monograph might  be due to the 
fact that the underlying Fourier analysis considers the EEG as linear processes, 
whereas it is now generally agreed that, of whatever nature may be the processes 
underlying the EEG, they are nonlinear. This objection could be invalidated by a series 
of papers by J. Bhattacharya, Ph.D. who was working with us for a decade and, based 
on our EEG data, has recalculated the greater part of our findings while considering 
the non-linear nature of the EEG, whereby he was able to largely confirm our 
conclusions (J. Bhattacharya, and H.Petsche, 2001).  
 
Instead of claiming having  presented steadfast evidences, the main purpose of our 
monograph was to show a viable route to gather a possible treasure of data embodying 
EEG results during mentation. 
 
 

 
Fig.7 
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By DT-MRI fibre systems in the brain may be visualized (Spektrum der Wissenschaft, Mai 

2011, p.29) 
 
 
 
A possible enhancement of our findings based on coherence to the morphology of the  
brain could be supplied by Diffusion Tensor Resonance Imaging (DT-MRI), a method  
that measures the random motion of hydrogen atoms within water molecules in all  
three dimensions. This approach was successfully used by Insel (2011) in studying 
cortical cooperation  in depression and obsessive disorders. 
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