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Summary. The influence of the immediate prestimulus EEG microstate (sub- 
second epoch of stable topography / map landscape) on the map landscape of 
visually evoked 47-channel event-related potential (ERP) microstates was 
examined using the frequent, non-target stimuli of a cognitive paradigm (12 
volunteers). For the two most frequent prestimulus microstate classes (ori- 
ented left anterior-right posterior and right anterior-left posterior), ERP map 
series were selectively averaged. The post-stimulus ERP grand average map 
series was segmented into microstates; 10 were found. The centroid locations 
of positive and negative map areas were extracted as landscape descriptors. 
Significant differences (MANOVAs and t-tests) between the two prestimulus 
classes were found in four of the ten ERP microstates. The relative orienta- 
tion of the two ERP microstate classes was the same as prestimulus in some 
ERP microstates, but reversed in others. - Thus, brain electric microstates at 
stimulus arrival influence the landscapes of the post-stimulus ERP maps and 
therefore, information processing; prestimulus microstate effects differed for 
different post-stimulus ERP microstates. 

Keywords: ERP microstates, event-related potential maps, state-dependency 
of ERP maps, prestimulus EEG microstate, visual odd-ball paradigm. 

Introduction 

It is clear that all information processing in the brain depends on the momen- 
tary functional state of the brain: different outputs occur to identical inputs, 
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depending, for instance, on maturation level, motivation, vigilance, attention, 
selective attention as well as metabolic and disease conditions, and 
psychoactive drugs. The functional state of the human brain is very sensitively 
reflected by its electrical activity, i.e., by the spontaneous electroen- 
cephalogram (EEG) or the event-related potentials (ERPs) as reported in 
many papers (e.g., Koukkou and Lehmann, 1968, 1983; John et al., 1988). 
Different ERP waveforms have been observed depending on the factors 
mentioned above (e.g., Chourchesne, 1978; Friedman et al., 1990; Koelega 
and Verbaten, 1991; Takeda et al., 1992; Michel and Lehmann, 1993; 
Nfifitfinen et al., 1993; Woods, 1993). 

More specifically, a number of studies using various approaches showed 
that the waveform of event-related potentials to an incoming stimulus de- 
pends on the EEG waveform during a finite time epoch concurrent with or 
immediately preceding the stimulus (Corletto et al., 1967; Basar, 1980; Basar 
et al., 1984; Gath et al., 1983, 1985; Romani et al., 1988, 1991; Rahn and Basar, 
1993). The waveform approaches used in these studies naturally require an 
epoch of a certain minimum duration, typically one or more seconds, to 
classify the prestimulus waveform; further, the approaches examine local 
features of the brain electric field, typically sequences of potential differences 
between two electrode sites. 

The brain is a complex, dynamic, and state-dependent system which is 
adaptively regulated and homeostatically stable (Ashby, 1960). Thus, depend- 
ing on the functional state at input arrival, the response may differ, but it will 
be within physiological constraints. The entire brain can be said to be in a 
particular state at each moment in time, however many constituting sub- 
processes participate (Ashby, 1960). This concept is operationalized by assess- 
ing the momentary spatial configurations of the space-extended brain electric 
field (Lehmann, 1987). At each moment in time, the field represents the sum 
of all momentary, local brain processes. Different spatial configurations or 
landscapes of the field must have been caused by the activity of different 
neural generators, thus reflecting the execution of different brain functions. 
This approach implies a virtually unlimited time resolution (time-sample-by- 
time-sample decisions) and is therefore most appropriate for studies on brain 
information processing because these latter operations occur in the millisec- 
ond to sub-second range. Several studies on spontaneous (Lehmann et al., 
1987; Wackermann et al., 1993; Kinoshita et al., 1995) as well as event-related 
data (Lehmann and Skrandies, 1980; Brandeis et al., 1995; Pascual-Marqui et 
al., 1995; Koenig and Lehmann, 1996) showed that the field configuration 
changes in a clearly discontinuous way within a sub-second time range: brief 
epochs of quasi-stable field topography are concatenated by rapid changes of 
the spatial configuration. Algorithms that parse the sequences of momentary 
field maps into time segments of stable topography reduce these map series 
into sequences of microstates. In a study with an auditory P300 paradigm, we 
found that the last prestimulus EEG microstate influenced the maps of con- 
ventionally defined, subsequent ERP components to the frequent stimuli 
(Lehmann et al., 1994). The utilized, most frequent two classes of prestimulus 
microstates had diagonal field orientations with crossed directions. The three 
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e x a m i n e d  E R P  c o m p o n e n t s  cove red  only parts  of  the  post-s t imulus epoch,  
but  all th ree  showed  the  same  or ien ta t ion  di f ference ,  that  of  the  pres t imulus  
microsta tes ,  thus  suggest ive of  a simple, long lasting pers i s tence  of the  field 
type.  

T h e  p resen t  s tudy inves t iga ted  the  ques t ion  w h e t h e r  a com prehens i ve  
analysis of  the  E R P  m a p  series using micros ta te  s egmen ta t i on  will de tec t  
p r e s t i m u l u s - d e p e n d e n t  E R P  micros ta te  maps  that  do not  show persist ing 
pres t imulus  d i f ferences  as well  as micros ta tes  that  do. It fu r the r  tes ted  the  
hypothes is  tha t  the  inf luence of  the  pres t imulus  E E G  micros ta te  is indepen-  
den t  of  st imulus moda l i ty  and expe r imen ta l  paradigm.  Non- ta rge t ,  f r equen t  
stimuli in a cognitive,  visual pa rad igm were  analysed.  A pilot analysis of  the  
da ta  had  used successive E R P  map  compar i sons  ( K o n d a k o r  et al., 1995) and 
found  pres t imulus  m a p - d e p e n d i n g  differences.  The  p resen t  s tudy ex t ended  
this work  within the  concep tua l  f r a m e w o r k  of  E R P  micros ta te  segmenta t ion .  

Methods 

Subjects 

Twelve normal healthy male volunteers between 20 and 33 years were recruited as paid 
subjects. They were not pre-screened for EEG or ERP patterns. All subjects were right- 
handed as tested with the Edinburgh handedness 12-items inventory (Oldfield, 1970). 

Experimental setup 

The subjects were engaged in a visual information processing task of the "oddball 
paradigm"-type. They observed single digits appearing on a screen in a pseudo-random 
order, and they were requested to press a microswitch whenever the last three digits were 
either odd or even ("triplets"; Michel and Lehmann, 1993). The single digits subtended 
1.5 degrees visual angle, and were presented at intervals of 704ms; each was shown for 
100ms duration. 

Having been instructed about the task, the subject was seated in a comfortable chair 
in a sound-, light-, and electrically shielded room. During a recording session, 20 record- 
ing runs were done, each lasting about 2min and including about 170 stimuli; 13-16 
triplets occurred in each run. There were breaks of 1 min after each run. All subjects had 
two recording sessions separated by at least one week, one with placebo and one with a 
drug (2mg Valium R) in a double-blind cross-over design. The subjects' questionaire 
reports on subjective estimates of possible drug effects showed no significant subjective 
drug effect of the placebo sessions. The placebo data were used for the present analysis. 

Recordings 

Forty-seven electrodes were attached to the scalp covering the head from 20 to 100% of 
the nasion-inion and 10-90% of the left-right distance of the 10/20 system at about 
equidistant spacing, and recorded vs Cz. Impedances were below 10kOhm. Additional 
channels recorded the stimulus sequence, and the bipolar EOG from electrodes above the 
right and below the left eye. Recording was done (bandpass 0.1-40Hz) using a 64-channel 
amplifier system by M & I (Prague, Czechia), an A/D converter system (1024 samples/sec/ 
channel) by Burr-Brown and acquisition/display software by Neuroscience Technology 
Research (Prague, Czechia). Off-line, the data were downsampled to 256Hz and tempo- 
rally filtered with a digital FIR low pass filter (25 Hz). Spatial DC offset was removed for 
each time frame ("average reference" computation, Offner, 1950). Stimulus epochs were 
formed that covered the time from 156ms before until 700ms after each stimulus (40 plus 



164 I. Kondakor  et al. 

180 time frames). An artifact identification routine was applied that identified all stimulus 
epochs with signal amplitudes higher than 100 ~t V in any channel for subsequent manual 
artifact rejection. 

Analyzed data 

Only those stimuli were used which are expected to elicit similar and relatively simple 
cognitive processing without specific anticipations such as represented by the contin- 
gent negative variation (McCallum, 1988) and without responses to occurrences or non- 
occurrences of expected targets ("update",  "closure", "mismatch"; Kutas and Hillyard, 
1980; Picton, 1992; Michel and Lehmann, 1993). Within the series of the presented odd 
(O) or even (E) digit stimuli, a new stimulus may (1) follow an O-E- or E-O- sequence. 
If the new stimulus was ( la)  of the opposite type to the last stimulus, it started a new 
sequence and was accepted. If the new stimulus was ( lb)  of the same type as the last one, 
it set the scene to expect a completion of a target (triplet) sequence by the subsequent 
stimulus; since we wished to avoid cases of specific expectancy, ( lb)  stimuli were ex- 
cluded. Alternatively, the new stimulus may (2) follow an E-E- or O-O-sequence where 
it may or may not complete a target triplet. In either case it was excluded, since (2a) a new 
stimulus of the opposite type was a mismatch and (2b) a new stimulus of the same type 
was a target completion. 

The mean number of qualifying stimulus epochs, after artifact editing, was 1553/ 
subject. 

Classes of prestimulus microstates 

The momentary brain electric microstate that existed when a stimulus occurred was 
classified following the original microstate segmentation procedure (Lehmann et al., 
1987). The time moments of maximal field strength (Global Field Power, Lehmann and 
Skrandies, 1980) and thus, optimal signal to noise ratio were used for classification 
according to their map topography. Global Field Power was computed as the standard 
deviation of all measured potential values in the map, corresponding to the effective field 
value, and representing the strength of the momentary field. For each prestimulus epoch, 
this was calculated for each of the 40 time frames before the stimulus. The values were 
searched backwards from the stimulus, to identify the map at the last maximal value of 
Global Field Power before the stimulus. The maps at these maximal strength times were 
selected for classifications of the prestimulus microstates. 

The topography of the landscape of each selected map was assessed by the locations 
of its two extreme potential values (minimum and maximum). The locations of these two 
extremes were coded as left-right and anterior-posterior electrode positions in the 
schematized array (Fig. 1A). The polarity of the extremes is disregarded, because a 
microstate in spontaneous E E G  is conceived as consisting of a string of repeated polarity 
reversals of a stable map landscape (Lehmann et al., 1987) in agreement with the analysis 
approaches for spontaneous E E G  where spectral power and coherence are used to assess 
brain macrostates. Theoretically, the number of the possible pairs of extreme locations, 
i.e. of different classes of microstates is 47*46/2 = 1081 for 47 electrodes. 

We wanted to compare the effect of two prestimulus classes of microstates on their 
post-stimulus ERP maps. The two classes should be maximally different in terms of 
topography. In order to average a sufficient number of stimuli, different possible types of 
prestimulus microstate classes were defined and examined for frequency of occurrence. It 
is known from earlier studies that the most frequent microstate landscapes tend to be 
oriented generally in the anterior-posterior direction, with a diagonal left or right ten- 
dency (Lehmann, 1971; Lehmann et al., 1994). Accordingly, the recorded electrode array 
was divided into its four quadrants (Fig. 1B). Of the total of 1553 available frequent 
stimuli on the average for each subject, 267 cases had both extremes of the prestimulus 
microstate in the same quadrant and thus were not of interest for clearly defined maximal 
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Fig. 1. A Recording array; the dots indicate the electrode locations; row numbering from 
anterior to posterior, column numbering from left to right. B The quadrants of the 
recording area. C The two most frequently occurring prestimulus microstate classes, 
where the extrema were in the left-anterior and right-posterior quadrants (class I, heavy 
line), and in the right-anterior and left-posterior quadrants (class II, thin line). D Example 
of a momentary potential distribution map (an equipotential contour-line map) with the 
locations of the centroids of the positive (white) and negative (hatched) map areas drawn 
in and connected by a line; round symbol = positive centroid, square symbol = negative 

centroid 

differences of landscapes. Another 494 stimuli per subject involved midline electrodes 
and oblique combinations where the extremes were at anterior-posterior neighbor elec- 
trode rows, thus presenting ambivalence in assignment or weak differences in landscape 
(near horizontal field orientations with minimal centroid distance). After omission of 
these cases, 792 stimuli/subject remained; these cases formed the transverse, sagittal and 
diagonal combinations of the quadrants. In 97 stimuli/subject, the extreme pairs trans- 
versely combined the anterior left and right quadrants (actual occurrence probability 
1.3% below expectation), and in 77 stimuli/subject the posterior left and right quadrants 
(6.1% below expectation, p < 0.002). In 97 stimuli/subject the extremes combined 
sagittaly the left anterior and posterior quadrants (actual occurrence probability 3.6% 
below expectation, p < 0.04), and in 115 stimuli/subject, the right anterior and posterior 
quadrants (actual occurrence probability 1% below expectation). In 212 stimuli/subject 
(SD = 50.2) the extreme values were diagonally in the left anterior and right posterior 
quadrants, and in 194 (SD = 51.8) the extreme values were diagonally in the right anterior 
and left posterior quadrants. The stimuli in these later two classes occurred at 8.1% and 
5.6% above the expected chance levels (p < 0.003 and 0.008, respectively). 

These latter two types of microstate classes with diagonal orientations of their field 
axes were used for the final analysis. The prestimulus microstate type with the left 
anterior-right posterior orientation of the field axis was called class I (on the average, 212 
stimuli/subject), that with the right anterior-left posterior type, class II (on the average, 
194 stimuli/subject), as illustrated in Fig. 1C. 

For each subject, all post-stimulus epochs belonging to the two prestimulus classes I 
and II were averaged separately. Thus, for each prestimulus class there were 12 average 
ERP map series covering 700ms post-stimulus. 

Parsing the post-stimulus ERP map series into microstates 

The grand mean ERP map series calculated across all subjects and both prestimulus 
classes was segmented into microstates, i.e. time epochs of the map series characterized by 
quasi-stable map landscapes (Lehmann, 1987; Koenig and Lehmann, 1996). The segmen- 
tation strategy used the sequential computation of Global Map Dissimilarity for all 
successive pairs of maps of the map series (Lehmann and Skrandies, 1980; Lehmann, 
1987). The resulting function was smoothed with a FIR low-pass filter set to 25Hz (i.e., 
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identical with the FIR low-pass applied to the data) and yielded the profile shown in Fig. 
2A. The microstate borders, i.e. the time points of maximal dissimilarity between succes- 
sive maps, were found at the post-stimulus times listed in Table 1. Table 1 also lists the 
varying microstate durations. Independently parsing the mean map series (across sub- 
jects) of the two prestimulus classes yielded dissimilarity curves that showed peaks within 
+ / -  1 time frame of the grand mean curve combining both prestimulus classes (Fig. 2C 
and 2D). 

Another  approach to the segmentation of ERP map series into microstates uses a 
similarity criterion which all member  maps of a microstate have to fulfil. If this criterion 
is applied to the map series in a sequential mode, a time function of the probability of the 
occurrence of microstate borders across all magnitudes of the criterion is computed 
(Koenig, 1995). We used as criterion all possible different spatial window sizes around the 
locations of the centroids of the positive and negative areas of the map (Fig. 2B). 
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Fig .  2. A Global Map Dissimilarity of the grand mean ERP map series. B Microstate 
Border  Probability of same data as in A. C Global Map Dissimilarity of the grand mean 
ERP data of prestimulus class I. D Global Map Dissimilarity of the grand mean ERP data 

of prestimulus class II. E Global Field Power of same data as in A 
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Although this approach considers the similarity of all maps of each microstate, the 
resulting probability function covaries almost exactly with the Global Map Dissimilarity 
curve (see also Koenig, 1995) which examined pairs of successive maps for maximal 
dissimilarity (Fig. 2A). 

Still another independent measure, the momentary global field strength (Global Field 
Power, Lehmann and Skrandies, 1980) computed as function of time produced minimal 
values at time points of maximal Global Map Dissimilarity (compare Fig. 2E vs. 2A), 
confirming the reported high correlation between these two computationally independent 
measures (Lehmann and Skrandies, 1980) that can be used to identify microstates. 

Comparing ERP microstates between conditions 

Mean maps were computed for each of the ten microstates, from the averaged ERP map 
series of each subject and both prestimulus classes, using the microstate borders in Table 
1. Since the microstate segment borders varied somewhat between subjects, the first and 
last 15% of the maps of each microstate were skipped for the computation of the 
microstate mean maps. The topography of the landscape of each of the mean maps was 
assessed numerically by the locations of the points of gravity of the positive and negative 
map area ("centroids", Wackermann et al., 1993, Appendix B) within the schematized 
electrode array (Fig. 1A) using electrode distance as unit of measurement. The map 
centroids reduce the map topography to four parameters, the locations of the positive and 
the negative centroid on the anterior-posterior and on the left-right axis; this characteriza- 
tion of the landscape is independent from the strength of the field. An example is 
illustrated in Fig. 1D. 

Statistics 

The four measures of map topography (the centroid locations) of each of the ten post- 
stimulus microstates were tested for differences between the two prestimulus microstate 
classes with repeated-measure 2-way MANOVAs (2 prestimulus map classes, 2 centroids 
[positive and negative] with the 2 dimensions [left-right and anterior-posterior] as the 
variate consisting of two dependent variables); the main effects of centroid polarity in the 
MANOVAs are of no interest in the present study and therefore are not reported. Paired 
t-tests were used to examine class effects on each centroid and dimension. Two-tailed p 
values are reported. 

Results 

The mean  maps of the ten E R P  microstates were averaged over the two 
prestimulus classes and the twelve subjects; they are illustrated in Fig. 3. The 
mean  locations of the landscape-describing positive and negative centroids of 
these microstates are shown in Fig. 4 for the two prestimulus map classes I and 
II. These pairs of the landscape-describing centroids of the E R P  microstates 
were predominant ly  oriented in the anterior-posterior direction. This is re- 
flected by the much larger variation of the mean  centroid locations in the 
anterior-posterior dimension. The absolute values (in electrode distances) 
ranged (means across subjects) in the 10 microstates and the two centroid 
polarities and the two pre-stimulus classes from 3.07 to 7.05 for the anterior- 
posterior dimension (SD between 0.62 and 2.37), and from 3.3 to 4.63 for the 
left-right dimension (SD between 0.16 and 0.94). The topographic relation 
between the two prestimulus classes, i.e., their differing field orientations 
appeared to be reflected in the post-stimulus microstates #2 and #5, but not in 
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Fig. 3. Equipotential  contour-line maps of the grand mean potential distribution of the 
ten microstates. Black negative, white positive referred to average reference. Head seen 
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electrode arrangement see Fig. 1A 
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Fig. 4. Mean locations across subjects of the positive centroids (round symbols) and 
negative centroids (square symbols) of the maps of the ten microstates of the two 
prestimulus classes. The centroids of each class are connected by a line for easier viewing 
(class I: filled symbols and heavy line; class II: open symbols and thin line). T-test 
differences at p < 0.05 between microstate centroid locations of the two prestimulus 
classes are indicated by dotted lines and bars. The illustrated area is only a portion of the 
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microstate #3 which showed an inverted relation and not in microstate #8 
which involved anterior-posterior differences. 

The statistical tests of microstate landscape differences as function of the 
two prestimulus classes showed the following: The MANOVA results (Table 
1) for microstates #3 (131-193ms) and #8 (490-568ms) yielded p-values for 
main effect or interactions of p < 0.05. Note that main effects as well as 
interactions in the MANOVA are direct indicators of differences in map 
topography; whether a main effect or an interaction is found depends on 
whether the positive and the negative centroid are affected in the same way or 
not. The detailed testing of the individual topography features (t-tests of 
Table 1) showed that the difference for microstate #3 consisted of significant 
left-right location differences of the anterior (positive) as well as of the poste- 
rior (negative) centroids for the two prestimulus classes. In microstate #8, the 
anterior-posterior dimension showed a very significant difference for the 
negative centroid. In addition, microstate #5 at 291-338ms yielded statistical 
trends for landscape differences in the MANOVA; the t-tests revealed a 
significant left-right difference for the occipital (negative) centroid and a 
statistical trend for the anterior (positive) centroid; we note that these differ- 
ences of relative orientation in microstate #5 were opposite in direction to 
those in microstate #3, and reflected the relative orientation of their respective 
prestimulus classes. The prestimulus class was also reflected in microstate #2 
as supported by a significant L-R difference in the t-test. 

Discussion 

The present results give further support to the observation that the spatial 
configuration of the sub-second microstate that immediately precedes a 
stimulus affects the post-stimulus ERP maps (Lehmann et al., 1994). In the 
present analysis, the entire post-stimulus epoch was analyzed by parsing the 
ERP map series into microstates (Lehmann, 1987; Pascual-Marqui et al., 
1995). Microstate #2 showed the expected posterior positive-anterior negative 
configuration that is typical of the P100 component in visual pattern stimula- 
tion (Lehmann and Skrandies, 1980; Brandeis et al., 1995). 

The previous study on prestimulus microstate effects (Lehmann et al., 
1994) had examined selected post-stimulus epochs (acoustic modality); the 
main result had been that the third post-stimulus analysis epoch (at 280- 
380ms) significantly reflected the prestimulus differences; this could be seen 
as a continuation of the prestimulus landscape configuration. In fact, a similar 
result was seen in the present (visual modality) study during a corresponding 
time range, where microstate #5 at 291-338ms significantly reflected the re- 
lative field orientations of the prestimulus classes, and the subsequent 
microstate #6 (338-439ms) again showed a similar (but non-significant) ef- 
fect. On the other hand, during a time range that was not analyzed in the 
previous study, the present ERP microstate #3 at 131-193 ms differed signifi- 
cantly in landscape as function of the prestimulus microstate; it showed a 
reversal of the orientation of the associated prestimulus microstate land- 
scapes, contrary to microstate #5. Thus, the assumption that the prestimulus 
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configuration simply persists over an extended post-stimulus time or that only 
one type of dependent configuration persists during the ERP can be ruled out 
in the present analysis. 

On the other hand, it is interesting that microstates #5 and #6 (291-338ms 
and 338-439ms) of the present visual modality-study showed similar differ- 
ences as the third microstate that covered an about corresponding time range 
(280-380 ms) in the previous acoustic modality-study (Lehmann et al., 1994). 
Considering that the stimulus modality, the paradigm and the task differed in 
addition to some differences in details of the analysis, the related effect of the 
comparable prestimulus classes on the maps in the P300 time range in the two 
studies suggests that the prestimulus microstate configuration might excert an 
invariant modulating effect on the ERP map landscapes during this time. 

The present results extend and specify the observation of a general state- 
dependency of input treatment as investigated in the frequency-domain 
studies reviewed in Introduction. Our present study concerned the functional 
importance of the brain electric microstates in the sub-second range 
(Lehmann, 1992). The results confirmed the observation that the spatial pat- 
tern of the microstate at stimulus arrival contributes crucially to the determi- 
nation of the neuronal populations that are activated and produce the 
event-related potential map series. Accepting the assumption that the activity 
of different neural populations implies different functions, this suggests that 
the processing of information will differ as a function of the momentary brain 
microstate at information arrival, i.e., that the global brain state with its 
continual changes in the sub-second range plays an important role in informa- 
tion processing. This further implies that the variance of averaged event- 
related potential maps as well as that of behavioral responses might be 
reduced by taking into consideration the momentary microstate that exists at 
stimulus presentation. 
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