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Abstract

We investigated the effect of galvanic skin response (GSR) biofeedback training on seizure frequency in patients with treatment-
resistant epilepsy. Eighteen patients with drug-refractory epilepsy were randomly assigned either to an active GSR biofeedback
group (n = 10) or to a sham control biofeedback group (n = 8). Biofeedback training significantly reduced seizure frequency in the
active biofeedback group (P = 0.017), but not the control group (P > 0.10). This was manifest as a significant between-group
difference in seizure reduction (P = 0.01). Furthermore, there was a correlation between degree of improvement in biofeedback
performance and reduction of seizure frequency (p = 0.736, P = 0.001), confirming that the effect of biofeedback treatment was
related to physiological change. Our findings highlight the potential therapeutic value of GSR biofeedback in reducing seizure

frequency in patients with drug-resistant epilepsy.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Antiepileptic drugs are the mainstay in the manage-
ment of epilepsy. However, despite optimal drug ther-
apy, approximately 30% of patients continue to have
seizures. Seizure occurrence is subject to a number of
nonpharmacological influences [1]. Emotional and
physiological challenges to the patient are often associ-
ated with the occurrence of breakthrough seizures [2,3].
Patients with epilepsy often report the use of individu-
alized behavioral countermeasures, such as increasing
arousal by walking, standing, clapping, or pinching
themselves, inducing relaxation by being still or sitting
quietly, and using nonspecific methods such as eating
and drinking, to diminish the likelihood of seizure onset
[4,5]. Vagus nerve stimulation, the newest nondrug
treatment in epilepsy management, directly perturbs
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afferent information about visceral states of arousal by
stimulating the vagus nerve in the side of the neck [6].
Together, these lines of evidence suggest that in addition
to pharmacological (or surgical) interventions, behav-
ioral interventions that alter states of emotional and
peripheral autonomic arousal may have a positive im-
pact on seizure frequency in drug-refractory epilepsy.

In biofeedback, treatments are facilitated by the
provision of on-line feedback, visually or auditorily, to a
covert physiological response, such as heart rate, skin
conductivity, or brain wave pattern, and the subject
learns actively to control such a bodily response. A
number of biofeedback approaches have been suggested
for the management of epilepsy. These include different
electroencephalographic (EEG) frequencies, cortical
potentials, and peripheral activity such as respiration
[7-15]. However, biofeedback using the galvanic skin
response (GSR) has not previously been reported.

The GSR is an accessible and sensitive index of
peripheral sympathetic nervous activity, reflecting


mail to: y.nagai@ion.ucl.ac.uk

Y. Nagai et al. | Epilepsy & Behavior 5 (2004) 216-223 217

peripheral autonomic change. Skin conductance in-
creases with enhanced arousal level. In a previous study
in healthy subjects, we investigated the relationship be-
tween peripheral autonomic change and cortical exci-
tation indexed by the GSR and the contingent negative
variation (CNYV), respectively [16]. We demonstrated an
inverse relationship between GSR and CNV amplitude,
such that increases in peripheral sympathetic activity
were associated with reductions in this EEG index of
cortical neural excitation. A pilot study of GSR bio-
feedback in three patients with drug-resistant epilepsy
revealed a remarkable reduction in seizure frequency in
two of three patients [17]. Based on these findings, we
designed this study to examine whether GSR biofeed-
back treatment of patients, aimed at increasing tonic
levels of peripheral sympathetic arousal, would lead
to seizure reduction. The present clinical investigation
was undertaken with 18 patients with drug-refractory

epilepsy.

2. Method
2.1. Patients

Inclusion criteria for this study were as follows: drug-
refractory epilepsy, age between 16 and 60 years, a clinical
history and EEG evidence of epileptic seizures; clinical
history of epilepsy lasting more than 2 years; average
minimum seizure frequency of two to three per month
over 3 months; stable medication for more than a month
prior to commencement of the study; likelihood that the
medication would not need to be changed during the
study; and ability to keep a seizure diary. Serum drug level
monitoring was not performed. Patients with a history of
psychiatric illness, severe head injury, drug abuse or dif-
ficulty in taking antiepileptic medication were excluded,
as were those with singnificant learning disabilities.
All patients gave written informed consent. The ethics
committee of the National Hospital for Neurology and
Neurosurgery approved this study.

2.2. Study design

The study represents a two-group, single-blind,
randomized controlled, study. Intervention periods
(treatment and ‘‘sham™ control treatment) were
undertaken in parallel for the two groups of patients with
drug-refractory epilepsy. As a result of limited resources,
a double-blind study could not be implemented, but
extreme caution was exerted by the experimenter/trainer
to ensure that all participants received the same verbal
directions and feedback. Patients were unaware of the
treatment group to which they had been randomized and
they completed their own seizure diaries. From the pilot
study, we found that the mean percentage seizure

frequency change was 64% in the biofeedback group (the
SD of percentage change was 46%). Assuming that seizure
frequency of the control group would not change (per-
centage change 0%), a sample size of 10 in each group
would have 80% power to detect a difference in means of
64% with an effect size of 1.39 (effect size = [mean per-
centage change in biofeedback group — mean percentage
change in control group]/SD of biofeedback group).

2.3. Procedure

Patients were randomly assigned to either the active
biofeedback group or the noncontingent biofeedback
(control) group using a random allocation sequence
(random number tables) determined at the trial onset.
Measurement of GSR and implementation of biofeed-
back sessions were undertaken using a biofeedback sys-
tem (Inner Tuner: Professional, Ultrasis plc., London,
UK) that had modifications for experimental use and was
calibrated using a standard set of resistances to confirm
linearity. Dry nickel-plated electrodes were placed on the
palmar surface of the participant’s index and middle fin-
ger of the left hand. Biofeedback took the form of the
same computer-generated graphics in both control and
biofeedback conditions, presented visually on a computer
monitor in front of the patient at eye level. In the active
biofeedback group a reduction in the participant’s skin
resistance (GSR) resulted in rightward movement
through a series of animations that progressed through
pictures of a fish, a mermaid, a female person, an angel,
and a star when the participant’s GSR changed in the
intended direction (Fig. 1). If the patient’s GSR reversed
its resistance then the display returned to an earlier form.
Thus, in the biofeedback session, the subject watched the
“evolution” of the graphics as GSR sympathetic activity
increased (skin resistance decreased).

In the control (sham biofeedback) group, patients
were shown a video of the same computer-generated
animation used in the active biofeedback condition. In
the control group, the patients also tried to alter their
GSR level using the sequence of video events on the
computer screen. However, in contrast to the active
treatment condition, in each sham control condition the
patient unknowingly watched a video animation. The
progress of the animation change was reasonably in-
creased session by session so that patients in the control
group would also have the impression of progress in
each session. However, animation changes were unre-
lated to GSR change as the GSR monitor was not
connected to the computer-generated animation.

The study was composed of three phases: a 3-month
baseline period, a 1-month treatment period in which the
respective groups of patients were given either active
biofeedback treatment or sham control biofeedback, and
a 3-month follow-up period. In all phases, patients were
asked to keep a careful record of their number of seizures.
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Fig. 1. Setup of biofeedback and the animation change on the screen. An animation moves forward with decrease in skin resistance and backward

with increase in skin resistance.

During the treatment phase, participants attended a
total of 12 sessions (3 sessions/week). Each session lasted
30 minutes during which patients assigned to the active
treatment group received true biofeedback, and patients
assigned to the control group received sham biofeedback.
They were not informed as to whether they were given
sham or contingent GSR biofeedback but were all in-
structed to actively attend to and change the animation on
the computer screen by increasing their level of alertness.
After completion of the treatment, patients were asked to
continue to keep careful seizure records for another 3
months and to practice the skill they learned in the bio-
feedback sessions at home without the biofeedback ma-
chines, preferably on a daily basis. They were also asked
to use this same skill as a countermeasure when they were
aware that a seizure was about to start.

The primary outcome measure of this study was the
change in seizure frequency after a month of GSR bio-

feedback treatment as a proportion of baseline seizure
frequency. The secondary outcome measure was an in-
crease in percentage GSR reduction over each treatment
session which, in the active biofeedback group, provided
an index of behavioral learning of GSR biofeedback
skills over the 12 treatment sessions.

We thus hypothesized that the therapeutic effect of
GSR biofeedback treatment would be physiologically
based and not merely a placebo effect of the behavioral
intervention. We predicted a significant reduction in
seizure frequency after a month of treatment in the ac-
tive biofeedback group in contrast to no significant
benefit in the control group.

2.4. Statistical analysis

Seizure frequency was calculated as the number of
seizures per week in the 3-month baseline period and the
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3-month follow-up period. The main outcome was cal-
culated as the percentage seizure change from the baseline
period. As the data were not normally distributed, the
Wilcoxon signed ranks test was used to analyze patients’
mean seizure frequency before and after treatment in the
active biofeedback and control groups. The Mann—
Whitney U test was used to explore differences in
percentage seizure frequency change between the bio-
feedback and control groups. To measure GSR change
during the sessions, the individual’s change in skin resis-
tance level was calculated by subtracting the average GSR
level for the first 2 min from the average GSR level for the
final 2 min of each session. Percentage change in GSR was
calculated in each session for each individual and aver-
aged over the 12 biofeedback/control sessions. Repeated-
measures ANOVAs were undertaken to investigate
significant GSR change between the beginning and end of
the biofeedback sessions in the active biofeedback and
control groups. Then, to measure the progress in perfor-
mance of biofeedback, the average percentage GSR
change in the first three sessions (sessions 1-3) was sub-
tracted from that in the last three sessions (sessions 9—12).
Repeated-measures ANOVAs were performed in the
same way between the average percentage GSR reduc-
tions in the first three sessions and the last three sessions
for each group (active biofeedback and control) to de-
termine whether the patients showed improvement in the
degree to which they could change their skin resistance
level over a month of (active or sham) biofeedback
treatment. Degrees of freedom were corrected using the
Greenhouse—Geisser estimate. Data were subsequently
explored using post hoc ¢ tests. To explore the relationship
between physiological factors in the reduction of epileptic
seizures, Spearman correlational analyses were under-
taken between percentage seizure reduction, percentage
GSR reduction, and percentage GSR change over treat-
ment. The statistical significance level was generally set at
95% confidence in the analyses; however, in view of the
number of variables, significance was set at 99% confi-
dence in the correlation analyses.

3. Results

Of 150 patients who were screened at the National
Hospital for Neurology and Neurosurgery, 22 patients
agreed to take part in the study. Of the 22 patients, 18
patients with drug-refractory epilepsy actually enrolled
and were randomly assigned to the active biofeedback
group (N = 10, 7 with complex partial seizures [locali-
zation-related symptomatic epilepsy], 2 with generalized
tonic—clonic seizures [symptomatic generalized epilepsy],
1 with generalized absence seizures [idiopathic general-
ized epilepsy]) and control group (N = 8, 5 with complex
partial seizures [localization-related symptomatic epi-
lepsy], 2 with generalized tonic—clonic seizures [symp-
tomatic generalized epilepsy], 1 with myoclonic seizures
[idiopathic generalized epilepsy]). Two patients were on
no medication by choice. All of the other patients were
receiving polytherapy. The main combination of anti-
epileptic drugs was carbamazepine and sodium valpro-
ate. Data from the three patients in the pilot study were
not analyzed; however, in Fig. 2, seizure frequency from
these pilot study participants is provided.

Statistical analysis showed that there were no group
differences between control and biofeedback groups
with respect to age (mean=+SD, 41.38+413.287,
42.50 +6.80; P = 0.82, independent ¢ test) and baseline
seizure frequency median number of recorded seizures
per week (1.92 for control, 3.38 for biofeedback;
P = 0.23, Mann—Whitney U test). The numbers of males
and females in the two groups were equal (control M (4),
F (4); biofeedback M (5), F (5)). Of 18 patients, all 10 in
the biofeedback group completed biofeedback treat-
ment; however, 3 patients assigned to the control group
did not complete the study. Of the three, two patients
stopped treatment (after 2 and 10 sessions) due to a
slight increase in seizure frequency, and an antiepileptic
drug change was undertaken after a month of follow-up
assessment in both patients. Another patient withdrew
from the study after seven sessions due to lack of mo-
tivation. The study was terminated based on analysis
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Fig. 2. Percentage seizure frequency change after GSR biofeedback treatment in control and biofeedback groups. *Patients who dropped out of the

study in the middle of training.
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that was undertaken when data concerning seizure fre-
quency had been collected on these patients, the bio-
feedback group (N = 10) and the control group (N = 8),
motivated in part by the ethical issue as to whether it
was appropriate to continue the sham treatment control
sessions.

Patients who withdrew from the study provided in-
complete data sets, and data were included in the sta-
tistical analyses where appropriate. In other words, the
seizure frequency information was included but no GSR
data were. Thus, seizure frequency was analyzed on an
intention-to-treat basis.

3.1. Seizure frequency change

There was a significant between-group difference in
seizure reduction following GSR biofeedback treatment
(P =0.01). In the active biofeedback group patients, a
month of GSR biofeedback training was associated with
a significant decrease in seizure frequency comparing
baseline seizure frequency with that in the follow-up
period (P = 0.017). Of 10 patients in the biofeedback
group, 6 patients had more than a 50% seizure reduction
compared with their seizure frequency before treatment.
The mean percentage change in seizure frequency was
—49.26% (SD = £41.64, median = —56.4%) for the bio-
feedback group. One patient became seizure-free. In
contrast, no significant reduction was seen in the control
patients who received sham biofeedback training (mean
reduction of seizures =+24.59% [SD =+45.64, me-
dian = +9.53%]) (Fig. 2). Table 1 lists individual pa-
tients’ mean seizure frequencies prior to and after
treatment.

Table 1
Change in number of seizures per week before and after the GSR
biofeedback training?®

Patients Pretreatment Posttreatment
(per week) (per week)
C1b 5.1 4.8
C2 0.7 1.3
C3 0.5 0.4
C4 5.8 5.5
CS 2.8 33
C6P 3.9 6.0
C7° 1.0 0.8
C8 0.8 1.4
Bl 33 4.3
B2 0.9 0.0
B3 82.3 33.1
B4 15.7 24
BS5 3.5 3.7
B6 0.8 0.7
B7 1.7 0.6
B8 33.8 9.6
B9 1.4 0.8
BI10 4.1 1.9

4C, control group; B, biofeedback group.
® Patients who dropped out of the study in the middle of training.

3.2. GSR change

Patients in both the active biofeedback and control
groups were given the same instructions to attend to the
visual feedback display and to try to influence the ani-
mation by increasing their alertness level. As a result,
both groups of patients were able to change their GSR
(by demonstrating an increase in sympathetic arousal).
In fact, change in GSR reached significant levels in both
the biofeedback (P = 0.001) and control (P = 0.028)
groups. The mean change in percentage GSR was
greater in the biofeedback group (42.58 +30.16) than in
the control group (25.27 £ 26.9); however, no significant
between-group difference was found.

To examine the degree of improvement in GSR bio-
feedback performance, the average percentage GSR
change over the first three sessions was subtracted from
that of the last three sessions. The greater the value of
this subtraction, the better the performance in GSR
biofeedback toward the end of treatment. Patients in the
biofeedback group showed significant improvement in
performance of GSR biofeedback (P = 0.007), whereas
patients in the control group did not show significant
improvement in GSR biofeedback with time. Fig. 3 il-
lustrates the difference (mean 4+ SD) in across-session
GSR biofeedback performance between the biofeedback
(51.98 +£12.17) and control (20.50 4+ 27.88) groups. Sta-
tistical analysis revealed a significant difference in im-
provement of biofeedback performance between the two
groups (P = 0.004).

3.3. Correlation between GSR and seizure frequency
change

Consistent with our hypothesized causal relationship
between the efficacy of GSR biofeedback training and a
reduction in seizure frequency, we observed a significant
correlation between the reduction in seizure frequency
and the degree of patients’ improvement in GSR bio-
feedback performance (i.e., GSR change over sessions)
in both biofeedback and control groups together
(p =0.736, P = 0.001). The correlation between abso-
lute magnitude of GSR reduction in each session and
seizure frequency in both groups did not reach signifi-
cance, suggesting that the learning of the biofeedback
technique is a greater therapeutic factor in reducing
epileptic seizures than perhaps the overall change in
GSR arousal itself (Fig. 4).

4. Discussion

Our results provide preliminary evidence that the
GSR biofeedback treatment was associated with a suc-
cessful reduction in seizure frequency in patients with
drug-resistant epilepsy. Despite the relatively small



Y. Nagai et al. | Epilepsy & Behavior 5 (2004) 216-223 221

100.00

Biofeedback
80.00 A

Control

60.00 1

&
o 40.00 A
L]
& 20.00 I I [
£ * *
©
5 I
Q000 . . . — — . =
3 Na ™ o ORI K K

S F S S S S S S ; & & &
-20.00 1¢ & & & & & & & & 606?’ eoé’ 604’
-40.00 I
-60.00

Sessions
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Fig. 4. Correlation between seizure frequency change and performance
improvement in GSR biofeedback.

sample size, GSR biofeedback was observed to have a
high response rate of 60% (60% of patients in the active
biofeedback group had a reduction in seizure frequency
of greater than 50%).

In this study, following a 3-month baseline seizure
frequency level, a reduction in the occurrence of seizures
was seen immediately during the treatment period for 5
of 10 patients in the biofeedback group. The effect of
biofeedback-related seizure reduction was well main-
tained during the follow-up period for all patients. On
the other hand, no significant seizure reduction was
observed in the control group. Three control patients
dropped out during the sham treatment period. This was
partly due to lack of motivation (patients’ self-report)
because of the absence of reduction in seizures together
with the high demands of the study protocol whereby
patients were required to travel to the hospital three

times a week. This is not an issue in drug trials. It is of
interest that in trials of drug therapy, the dropout rates
for placebo and active treatments are often equivalent,
or, because of side effects, more patients drop out of the
active treatment group. In biofeedback, patients actively
engage with the therapy rather than passively receive
prescribed medications. The added reward of improving
performance in the treatment group therefore probably
explains this difference. Although patients were blind to
the treatment group to which they were randomly as-
signed, it is still possible that, unrewarded by a reduction
in seizures, they either realized or assumed they were in
the sham group and withdrew from the study, although
no patients in the control group questioned if they were
receiving sham control at the end of the treatment.

In the current study, patients were not asked if they
knew they were receiving sham treatment at the end of
the study. Thus, the reliability of the blindness of the
patients cannot be confirmed in this study. The inclusion
of a simple questionnaire asking patients if they felt that
they were allocated to the control or biofeedback group
will be important in any planned future and more
extensive clinical trials.

An important issue to consider is whether or not the
biofeedback treatment group’s results were due to a
nonspecific placebo effect as a consequence of the at-
tention and success in changing the computer graphics
they experienced rather than as a consequence of specific
changes occurring in neural mechanisms. An argument
in support of the latter explanation is our observation
that the reduction in seizure frequency was significantly
correlated with an increase in performance of GSR
biofeedback over the duration of the treatment for both
active biofeedback and control groups (Fig. 4). In other
words, patients who showed increases in GSR change
throughout the sessions benefited most in terms of
seizure reduction. This suggests that GSR change
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combined with the receipt of accurate feedback by pa-
tients concerning their own physiological response is a
key component underlying the apparent efficacy of GSR
biofeedback in reducing epileptic seizures. It is possible
that the acquisition (and consolidation through accurate
feedback) of skills for controlling physiological arousal
through biofeedback training is a particularly important
aspect in seizure reduction and needs to occur in addi-
tion to the change in sympathetic arousal reflected by
GSR change. Our imaging studies showing that GSR
biofeedback modulates cortical and subcortical brain
areas that are closely linked to homeostasis and the
enhancement of bodily control [18-20] also suggest the
results are due to physiological effect in the central
nervous system beyond a placebo response.

In a previous study of slow cortical potential biofeed-
back [14], the key component of the effect of biofeedback
in reducing patients’ seizures was the patients’ ability to
modulate cortical excitability in the follow-up sessions
without the actual use of the biofeedback instrument.
This suggests that successful transfer of the biofeedback
skill to daily life situations is a very important therapeutic
factor. This observation also applied to our study of GSR
biofeedback training, showing that the patients who
learned the GSR biofeedback skill progressively over the
12 sessions benefited more from that training in the fol-
low-up sessions. Patients reported that after biofeedback
treatment, they used their biofeedback skills as a coun-
termeasure at seizure onset and this helped to limit seizure
severity. Recall of biofeedback skills on a daily basis was
suggested to the patients in both the biofeedback and
control groups. The forms of countermeasure used were
an image of the animation they watched on the computer
screen during the biofeedback session or provoking the
sensation of the biofeedback skills.

In the current study, the GSR biofeedback was given
to the patients to increase sympathetic arousal. The ra-
tionale behind this new approach for treating epilepsy
derives from the fact that negative cortical potentials are
closely related to the abnormal cortical activity that is
present in epilepsy, and reduction in amplitude of slow
cortical potentials (SCP) has been associated with the
occurrence of fewer seizures [14,21,22]. Most impor-
tantly, an inverse relationship between CNV amplitude
and peripheral sympathetic arousal was found in our
previous study [16]. A volitional increase in sympathetic
arousal using GSR biofeedback reduced cortical nega-
tive potentials (CNV amplitude). In our previous study,
it was hypothesized that the reduction in CNV due to
arousal biofeedback was mediated by regulation of the
sensory input to the cortex via the thalamus, especially
the reticular nucleus (RN) neurons. The RN neurons,
which are GABAergic inhibitory neurons, regulate on-
going flow of the sensory information in thalamocortical
neural circuits and possibly modulate the seizure
threshold by altering excitatory input to the cortex.

Although only speculative at this stage, taken together
with data from our recent imaging study using func-
tional MRI and EEG, in which we have shown that the
thalamus and its associated structures were strongly
involved in generation of the CNV and the GSR [23], it
is possible that the thalamus plays an important role in
the effect of GSR biofeedback on reducing seizures in
patients with epilepsy.

Finally, the current study has a number of important
limitations in its design and analysis. Recruitment of a
larger sample size was difficult due to the high demands of
the study protocol. As a result it was not possible to re-
cruit a homogenous sample of patients with similar sei-
zure types. In addition, only one investigator was
available to undertake the biofeedback/control sessions
and thus was not blind to the interventions being used for
each patient. This could be solved by having a different
biofeedback trial coordinator and biofeedback trainer so
that the trainer is blind to which groups he or she is in-
structing in biofeedback. It would have been helpful to
have monitored patients’ compliance with their antiepi-
leptic drugs by means of blood serum samples taken at
regular intervals; this would have ensured that differences
in compliance between the two groups could not have
accounted for the findings. Finally, in view of potential
differences in people with different seizure types benefit-
ting from this type of biofeedback training, future studies
based on larger seizure samples will permit between-sei-
zure type comparisons in outcome, analysis of which was
not possible in the current study because of small numbers
of patients with specific seizure types. Although these
limitations mean that caution is needed in data interpre-
tation, the current study provides the basis for wider in-
vestigations of this type of biofeedback in seizure
reduction.

5. Summary

In this preliminary study, GSR biofeedback training
was associated with successful reduction in epileptic
seizure frequency in patients with drug-refractory epi-
lepsy. There was an apparently marked effect of this
intervention, in that 6 of 10 patients had a greater than
50% reduction in seizure frequency. Most importantly,
the efficacy of treatment was related to learning of the
behavioral technique and surpassed placebo or non-
specific therapeutic interactions that were controlled for
in the control condition. In contrast to other technically
demanding biofeedback treatments of epilepsy, such as
EEG and respiratory control, GSR biofeedback training
represents an accessible and easy-to-implement behav-
ioral procedure. Our findings strongly suggest that GSR
biofeedback has potential as a potent adjunctive non-
pharmacological means of reducing seizure frequency in
drug-resistant epilepsy.
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