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Abstract 

Twenty sessions of biofeedback training were carried out with 12 drug-resistant patients with focal epilepsy who learned 
to produce either negative or positive shifts of their slow cortical potentials (SCPs) at vertex. Feedback trials were 
interspersed with transfer trials in which only a discriminative stimulus (signalizing whether positivity or negativity was 
required) was presented, without feedback signal. Patients were able to differentiate significantly between the conditions of 
cortical positivity and cortical negativity, with larger differentiation scores being obtained in feedback trials than in transfer 
trials. The amplitude of positivity generated in the positivity condition increased linearly across sessions both in feedback 
and in transfer trials. The largest negativity was produced in the 5th session; after this, more transient negativities were 
generated, whose amplitude decreased towards the end of trial. The mean severity of seizures, estimated as the frequency of 
seizures weighted by their subjective 'strength', decreased significantly after training as compared to the pre-training phase. 
The data suggest that (1) patients could learn to achieve a state of cortical disfacilitation and (2) with progressed learning, 
they became less motivated for (or afraid of) producing considerable negative shifts, since extensive negativity may reflect 
cortical over-excitation and therefore be associated with early signs of seizures. The inability of producing cortical negativity 
is however not necessarily a bad predictor. 
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1. Introduct ion  

The abil i ty of epileptic patients to regulate their 
slow cortical potentials  (SCP)  in b iofeedback train- 
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ing was found to be inferior to healthy subjects [2,3]. 
Since SCPs are regarded as an indicator  of cortical 
excitabil i ty [1,13], the impa i rment  of these regulat ive 
processes in patients in the biofeedback condi t ion  
may be a manifes ta t ion  of  their insuff ic ient  abil i ty to 
modula te  the excitabil i ty thresholds of  cortical areas 
and to avoid over-exci tat ion of  these areas [5]. Al-  
though seizure-l ike EEG activity and the superficial  
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cortical negativity may dissociate for various reasons 
(e.g. neurons of the epileptic focus may be located in 
different depth), in most patients large superficial 
negativities precede seizure activity and remain at 
extreme amplitudes during seizures. These seizure- 
related negativities and SCPs share a common mech- 
anism of dendritic depolarization (e.g. [10,14]). Bir- 
baumer et al. [1,2] suggested that the mechanisms of  
negative feedback loops between cortex and basal 
ganglia, which restrain hyperactivation of neuronal 
pools, are partially defective in epileptic patients, 
and this can lead to explosive over-excitation of  
large cortical areas or even the entire cortex. 

While Birbaumer et al. [2] and Rockstroh et al. 
[12] demonstrated that after a prolonged biofeedback 
training, patients can acquire the self-regulation skill, 
the question remains open why some patients do not 
achieve self-control. This might result from individ- 
ual characteristics of  patients (e.g. age, type of 
epilepsy, intellectual abilities, or personality traits). 
Therefore predictive studies differentiating between 
groups with heterogeneous biofeedback training abil- 
ities are urgently needed. However, since behavioral 
training procedures for epilepsy require extremely 
long training periods and extensive clinical experi- 
ence of well educated personal, such studies will 
remain exceptions rather than the rule [15]. Previous 
studies have not answered the question whether a 
lack of  significant differentiation between two kinds 
of  biofeedback trials (i.e. those where cortical nega- 
tivity is required and those in which positivity is 
required) was due to subject's inability to achieve 
positivity, or to achieve negativity, or both. In these 
three cases, different underlying mechanisms could 
be supposed, and different counter-measures could 
be suggested. 

The study reported here was intended to clarify 
some of  these questions concerning both electrophys- 
iological and clinical effects of  biofeedback training. 
As regards EEG findings, Birbaumer et al. [2] and 
Rockstroh et al. [12] found a consistent training 
effect across sessions for SCP differentiation. How- 
ever, it remained unclear to what extent the overall 
significant effect was achieved due to learned posi- 
tivity or learned negativity. In addition, the impact of  
learned negativity and learned positivity may be 
different for feedback condition and transfer condi- 
tion. To answer these questions is of utmost clinical 

importance: subjects may be informed about possible 
difficulties in course of  training and can therefore 
avoid deleterious frustrations appearing on early 
stages of  learning. It is also unclear whether subjects 
achieved the SCP differentiation during the very first 
seconds of a feedback trial or toward the end of the 
trial. If  this is known, the timing of  feedback can be 
modified on an empirical basis in order to maximize 
training effects. 

As regards clinical findings, Rockstroh et al. [12] 
found a clear relationship between the success of 
training and the size of clinical improvement. The 
reduction of seizures was attributed to the acquired 
skill to achieve positivity or to suppress negativity 
preceding a seizure. Positivity was found to indicate 
a state of  disfacilitation in the respective cortical cell 
assemblies [1,6]. Previous studies left it open, how- 
ever, whether patients really achieved relative posi- 
tivity or only learned to inhibit rising negativity. 
Therefore, particular attention was paid in the pre- 
sent study to the process of learning cortical positiv- 
ity. 

2. Methods 

2.1.  P a t i e n t s  

Twelve epileptic patients (4 males), aged 21-44  
(M = 32.2 _+ 2.4), took part in the training program. 
The average duration of the illness was 21.4 years 
(range 4 - 4 0  years). Simple focal seizures was the 
prevailing type of epileptic fits in 5 patients, 5 
suffered from complex partial seizures, and the other 
two, from secondary generalized tonic-clonic  
seizures. In 6 patients, clinical and EEG data pointed 
to a right hemispheric focus, in 5 of them in the 
temporal lobe. In the remaining six patients, no focus 
could be found. None of the patients suffered from 
generalized epilepsy. Patients with any kind of non- 
epileptic seizures, or progressive neurological or psy- 
chiatric complications, were excluded. 

All patients were on anti-epileptic medication from 
the very beginning of their disease. Ten of them took 
more then one type of  medication. All patients were 
defined as drug resistant, since the medication had 
no effect on seizure frequency for more than 2 years. 
Medication regimes were kept constant for at least 5 
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months prior to the beginning of the biofeedback 
therapy, as well as during the training. 

2.2. Training schedule 

Data reported here comprise twenty biofeedback 
sessions, the first phase of  the thirty-five session 
training. The 20 sessions were carried out during two 
weeks, with two sessions daily, and a weekend pause 
between the 10th and the 1 lth session. In addition to 
biofeedback training, behavioral therapy was con- 
ducted regularly with the following objectives: (1) 
increasing the subject's perceptual sensitivity to early 
signs of  seizures, as well as to their immediate 
antecedents; (2) preventing potential seizure triggers 
and revealing reinforcing contingencies; (3) over- 
coming possible frustration after intermittent failures 
on the early stages of  biofeedback learning and (4) 
transfer of  the self-regulation skills from the labora- 
tory to everyday life conditions. 

Each training session consisted of  145 trials. In 
most trials, subjects had to produce an SCP shift 
while continuous feedback on the SCP amplitude 
was provided (feedback trials). In other trials, they 
had to produce SCP shifts without feedback (transfer 
trials). The percentage of  transfer trials varied from 
30% to 58%, according to individual performance. 
The first 30 trials in each session were always 
feedback trials. 

2.3. Procedure 

Each feedback trial began with the presentation of  
a letter 'A '  or 'B '  on a screen of  a computer monitor 
together with a stylized rocket ship (Fig. 1). The 
position of  the rocket was determined by the EEG 
potential integrated over 500 ms time intervals slid- 

A B 
Fig. 1. Examples  of patterns v iewed on the subject 's  monitor. A 
large letter and a small  rocket ship can be seen. Left: a trial with 
required negativity. The performance in this trial was good, as the 
rocket was moving  forward. Right: in this trial, the required 
posit ivity was not produced - -  the rocket was moving  backward. 

ing with a 100 ms shift. The EEG amplitudes were 
referred to a baseline of  2 s prior to the appearance 
of  the rocket and the letter. Depending upon the 
letter ( ' A '  or 'B ' ) ,  subjects were asked to modulate 
their SCPs in either a negative or a positive direc- 
tion. In both cases, the correct SCP shift was sig- 
nalled in forward (i.e. rightward) rocket movement, 
whereas the inadequate change of  the potential (e.g. 
a negative shift as compares to the pre-stimulus 
baseline when positivity was required) yielded a 
backward (i.e. leftward) rocket movement. After 8 s, 
the rocket and the letter disappeared, marking the 
end of  the trial. 

In transfer trials, only the letters 'A '  or 'B '  were 
presented for 8 s, without rocket. Trials containing 
artifacts (eye movements > 150 /xV, body move- 
ments, blinks, muscular artifacts, electrode displace- 
ments) were stopped while the screen was illumi- 
nated for 500 ms. Small eye movements were on-line 
corrected by point-to-point subtraction of  a certain 
amount of  the vertical EOG amplitude from the EEG 
amplitude. Specifically, the EEG amplitude which 
was fed back to patients (EEGf) was equal to 

EEGf = EEG r - 0.1 X EOG, 

if EEG,. > 0.1 X EOG; 

E E G f = 0 ,  i f E E G  r < 0 . 1 X E O G ,  

where EEG r is raw EEG amplitude, EOG is simulta- 
neous vEOG amplitude. This implies that the cor- 
rected EEG could in no case have the opposite sign 
than the raw EEG, and thus, the over-correction (in 
which patients might use eye movements in the 
opposite direction in order to control rocket move- 
ments) was completely ruled out. Furthermore, the 
subtraction procedure was only employed if the EOG 
potential shift was in the required direction and thus, 
eye movement potentials were allowed to block the 
subjects performance but not to contribute to it. We 
conducted a series of  control experiments with 
healthy subjects who tried to move the rocket using 
eye movements, and none of  them was successful. 

2.4. EEG recording 

The EEG was recorded from Cz using a Neurofax 
(Nihon Kohden) amplifier with amplitude resolution 
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of about 0.05 /zV. The high-frequency cut-off filter 
was set at 30 Hz and the time constant at 10 s. Two 
mastoid electrodes linked through a 10 k f~ shunt 
served as reference. Ag / AgC1  electrodes were af- 
fixed by means of Elefix (Nihon Kohden) electrode 
paste. EOG electrodes filled with TECA (Vickers) 
electrode jelly were placed 1 cm above and below 
one eye. Electrode resistance was kept below 5 k12. 
Data were digitized with a sampling rate of  100 Hz. 

2.5. Data analysis 

2.5.1. EEG data 

Prior to averaging, an off-line EOG artifact cor- 
rection was performed using the method described in 
[7]. Then, SCPs were averaged within each session 
according to the two conditions (required negativity 
versus required positivity) separately for feedback 
and transfer trials. In the resulting average wave- 
forms (4 for each subject per session), area under the 
curve was measured within the last 6 s of  the 8 s 
trial. Since one of  our aims was replication, the 
statistical technique which had been employed by 
Rockstroh et al. [12] was used in the present study 
too. Namely, the mean SCP diflerentiation (dif- 
ference between the condition of required negativity 
and that of required positivity) was statistically (t- 
test) evaluated for every subject across 20 sessions, 
separately for feedback and transfer trials, and then, 
z-transformed t-values for the entire group were 
agglutinated. In order to further explore the dynam- 
ics of SCPs with training, the 6 s interval was 
subdivided into three subsequent 2 s time windows, 
and then, a 4-way within-subject ANOVA was con- 
ducted with factors condition (positivity versus nega- 
tivity), feedback presentation (feedback versus trans- 
fer), time window (3 levels), and session (20 levels). 
For the session factor and all interaction involving 
this factor, Greenhaus-Geisser epsilons (e) were 
used for non-sphericity correction. Effects of factors 
containing two levels (i.e., task and feedback) were 
further checked using non-parametric Wilcoxon test. 
Since this always revealed the same results as the 
ANOVA, the Wilcoxon data are omitted in the pre- 
sent text as redundant. Finally, SCP changes across 
sessions were evaluated by means of  a trend analy- 
sis. 

2.5.2. Clinical data 

Patients carried on a diary during twelve weeks 
before the beginning of  training (pre-training phase) 
as well as during eight weeks following the last 
training session (post-training phase). They estimated 
the strength of each seizure on a 10 point scale. 
Since being included in a large study could have a 
placebo effect even before the training started, seizure 
incidence fi)r the last twelve weeks prior to the first 
conversation about the training program (baseline 
phase) was taken from subjects' own diaries or, if 
possible, from ambulatory documentation. Mean 
seizure frequency per week was calculated tk~r the 
baseline, pre- and post-training phases, whereas mean 
severity of  seizures (seizure frequency multiplied by 
average seizure strength) was calculated for the pre- 
and post-training phases only (no data was available 
about seizure strength in the baseline phase). Be- 
cause of  large individual variability in seizure fre- 
quency, clinical data were analyzed using non-para- 
metric tests. Specifically, Wilcoxon test was used for 
paired comparisons, and Freedman's  one-way 
ANOVA was applied to the frequency data where 
three phases of  the study were compared. 

3. Results  

3.1. Cortical se!f-regulation 

Averaged SCP waveforms are presented in Fig. 2. 
Individual t-values for the SCP differentiation be- 
tween the negativity condition and the positivity 
condition varied in feedback trials from 0.5 ( p  > 
0.50) to 6.96 ( p  < 0.0001), resulting in a highly-sig- 
nificant agglutinated z-value of  3.62 ( p < 0 . 0 1 )  
which implies that epileptic patients achieved control 
over their SCPs with feedback. In transfer trials, 
individual t-values varied from - 0 . 8  (non-signifi- 
cant opposite tendency) to 3.24 ( p  < 0.005), and the 
resulting z-value agglutinated over the entire group 
was marginally significant (~ = 1.96, p = 0.05). 

Similar results were obtained using ANOVA. A 
significant main effect of condition (F~.~ =6.76 ,  
p < 0.05), as well as a condition ;4 feedback interac- 
tion ( F I , I I  = 11.05, p < 0.01) indicate that, first, our 
patients (as a group) were able to produce directed 
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S C P  shifts, and second,  they did it more  e f fec t ive ly  

when  they were  presented  with cont inuous  S C P  

feedback  than in transfer  trials. 
The  A N O V A  revea led  another  h ighly-s igni f icant  

effect ,  name ly  a condi t ion  X t i m e - w i n d o w  interac-  

tion (F2.22 = 8.25, p < 0.01, e = 0.61). In order  to 
analyze  this interaction,  3 -ways  A N O V A s  were  car- 

f led out  for the negat iv i ty  and posi t ivi ty  condi t ions  

separately.  The  effect  o f  t ime was s ignif icant  in the 

fo rmer  c o n d i t i o n  (F2.22 = 7.01, p < 0.025, e = 0.68), 
but  non-s igni f icant  ( p  > 0.10) in the latter. In both 

condit ions,  however ,  the t ime ef fec t  had the same 

direct ion:  the largest  negat iv i ty  was observed  in the 

1st t ime w i n d o w  ( roughly  speaking,  in the middle  of  

the trial); towards  the end of  the trial, the negat iv i ty  

decreased.  
This  decreas ing tendency  can be seen in Fig. 3, 

where  the w a v e f o r m s  obta ined in the negat iv i ty  con-  

ses 1 

~*f 't ses 17 

J 

ses 20 

i 

f e e d b a c k  

- -  t r a n s f e r  
Fig. 3. Changes of the SCP waveform with sessions in negativi~' 
trials. Dotted line: feedback. Solid line: transfer. Note the falling 
negativity curve in some sessions, especially with transfer. 
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Fig. 2. Cortical potentials in two training sessions, averaged across 
12 subjects. The zero point on the abscissa indicates the presenta- 
tion of the stimuli. Thick line: negativity required. Thin line: 
positivity required. 

dit ion are presented.  One  can also see Fig. 3, that the 

shape o f  the SCP  curve  changed  with sessions. The  

first several  sessions were  character ized by rather 

stable negat ivi ty ,  whi le  in fo l lowing  sessions, a 

sharply increas ing and then decreas ing w a v e f o r m  

was typical  1 

As  a result  o f  this ' fa l l  o f  negat iv i ty '  towards the 

end of  the trial, the overal l  negat iv i ty  deve lop ing  in 

trials when  the negat ive  SCP  shift was required was 

not found to vary s ignif icant ly  as a funct ion of  

] A significant time X session or condition X time X session in- 
teraction might be expected. Indeed, the interactions would be 
significant given uncorrected degrees of freedom, but with Green- 
haus-Geisser correction, none reached the 0.10 level. It should be 
taken into consideration that all epsilons for the session factor and 
its interactions were less than 0.20. With such a low homogeneity, 
ANOVA results with respect to the session factor can hardly be 
regarded as reliable. 
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Fig. 4. Dynamics of the SCP amplitude when cortical positivi~, 
was required, in feedback trials (empty squares, approximated 
with a thin line) and in transfer trials (filled squares, thick line). 
The corresponding linear regression equations are y = -  0.43 _+ 
0.105 /xV and y = 0.87_+0.109 p.V, fnr feedback and transfer, 
respectively. 

session number. In this condition, the linear trend 
proved to be non-significant, nor quadratic, cubic, 
and S-formed trends were. One can see in Fig. 3 that 
maximal negativity was obtained, on average, in the 
5th session; after this, the negativity tended to de- 
crease with session number, albeit non-consistently. 
Conversely, the SCP amplitude in the condition of 
required positivity did demonstrate a consistent lin- 
ear trend in both feedback trials (F~,j8 = 6.45, p < 
0.025) and transfer trials (F~,18 = 7.28, p < 0.025). 
Thus in the positivity condition, the SCP shift in the 
required direction grew with sessions (Fig. 4), 
whereas no such growth was observed in the negativ- 
ity condition. 

3.2. Seizures 

Average seizure frequencies varied significantly 
as a function of  the phase of  training (chi-square = 
12.54, d f =  2, p =0 .0019)  being 9.25, 6.88, and 
4.33 (weekly) in the baseline, pre-training, and post- 
training phases, respectively. This finding allowed 
paired post-hoc comparisons between phases. 
Wilcoxon test revealed highly significant difference 
between the baseline phase and the post-training 

phase ( p  = 0.003). Patients tended to have fewer 
seizures in the pre-training phase than in the baseline 
phase ( p  = 0.084), whereas the difference between 
the pre- and post-training phases was non-significant. 

The biofeedback training yielded a significant 
decrease of the mean severity of seizures (frequency 
of  seizures weighted by their strength), as indicated 
by comparison between the pre- and post-training 
phases ( p  = 0.019). 

4. Discussion 

The results obtained in the present study replicate 
most of the data previously reported [2,12] in the 
extent that epileptic patients were found to be able, 
albeit somewhat slower than normals, to learn to 
control their SCPs within several sessions of  
biofeedback training. They can also transfer the ac- 
quired skill and attain SCP differentiation even in 
trials during which no continuous SCP feedback is 
presented, although the performance in those trials is 
worse. A lower degree of  control found in the pre- 
sent study for transfer trials compared to Rockstroh 
et al. [12] can easily be explained by the fewer 
number of training sessions in this study. 

As in the study of Birbaumer et al. [2], large 
session-to-session and subject-to-subject variability 
in terms of the SCP differentiation has been found, 
especially in transfer trials. The presented data shed 
some light on the possible origin of  this variability. 
If  the observed instability in the course of  the train- 
ing results from the subjects' inability to reduce the 
activation of  their over-excited cortex, a worse per- 
formance might be expected during required SCP 
positivity. This was not the case, as only in the 
positivity condition a distinct linear trend was found, 
with the performance improving gradually as a func- 
tion of  session number. This finding indicates that 
subjects consistently mastered the positivity skill as 
training progressed. 

On the other hand, when the SCP negativity was 
required, only a transient negative wave after 3 - 4  s 
was produced, particularly during the second part of  
the training. The drop of  negativity towards the end 
of  the trial became more pronounced in the last 
sessions, and in the 20th session even a positive 
average SCP curve was obtained in transfer trials. 
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How can this lack of negativity immediate ly  pre- 
ceding the end of  the trial be explained? Since this 
'event-preceding negat ivi ty '  is regarded as reflecting 
the preparation for the coming event (e.g. stimulus or 
a subject 's  own action) [4,11], a deficit  of  these 
preparation (gating) processes may be suggested. 
Such a deficit  may be speculated as reflecting the 
inabili ty or lack of motivation to allocate resources 
required for voluntary maintenance of  the prepara- 
tory state manifested in the cortical negativity. Con- 
versely, Kornhuber [8,9] suggested a direct relation- 
ship between the amplitude of  slow negativities and 
subject 's  volitional qualities. As can be seen in Fig. 
3, most subjects could produce a large negativity, if 
required, already after 3 - 5  training sessions, and 
they might have been bored with repeated negativity 
demands in the following sessions. Perhaps subjects 
were not motivated enough to repeatedly concentrate 
on negativity that was obviously deleterious in re- 
spect of  seizure reduction. 

In the present study, no effort was made to sepa- 
rate the effect of  biofeedback training from that of  
behavioral  therapy since both rest on the same prin- 
ciples of  operant learning. Thus we regarded them as 
virtually one method, not a combination of  two. This 
issue should be clearly dist inguished from that of 
possible placebo effect. Surely, any particular part of  
the method employed (as well as any new method) 
might have a placebo component.  The present study 
was not a imed to control placebo effects. This should 
be kept in mind, although we know from [2] that 
prolonged training to control the alpha-rhythm does 
not result in any clinical change in epilepsy patients, 
which would be the case if the effect of  biofeedback 
might be reduced to the placebo effect. The (non-sig- 
nificant) tendency to a decrease of  the seizure fre- 
quency in some patients already in the pre-training 
phase, indicating that the very fact of  being observed 
can have some positive effect, may be regarded as a 
placebo component  of  the present method; however,  
significant change of the seizure frequency was ob- 
tained only after training. Further, mean severity of  
seizures was considerably lower after training than 
before it. 

Interestingly, more than twofold decrement of  
seizure severity was found in two patients who 
demonstrated the smallest SCP negativity at the end 
of  training. Owing to it, they did not show large SCP 

differentiation between the conditions of  cortical 
negativity and cortical positivity. This observation is 
in line with the idea that the lack of  cortical differen- 
tiation due to insufficient negativity does not have to 
indicate a therapeutic failure if  a good performance 
in the posit ivity condition is observed. In the course 
of training, patients can notice that posit ivity trials 
are incompatible with seizures and therefore avoid 
negativity with increasing success. 

To summarize, the data indicate that the improve- 
ment observed in patients with epilepsy in the course 
of  SCP biofeedback training is largely achieved due 
to their increasing abili ty to produce positive versus 
negative, SCP shifts. They further indicate that pro- 
ducing cortical negativity may be irrelevant in re- 
spect of  seizure reduction. Although it can not be 
definitely concluded from these data that generating 
positivity, rather than any other mechanism of  the 
method employed,  is the seizure-controlling factor 
(some additional controls are needed to rule out 
other interpretations), the idea that the mechanism of 
cortical posit ivity plays an important role may be 
regarded as a very probable working hypothesis, on 
the basis of which further techniques to help drug-re- 
sistant patients can be developed. 
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