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Objectives: To examine the immediate and sustained effects of volitional sympathetic modulation, using galvanic skin response
(GSR) biofeedback training on cortical excitability in patients with drug-resistant epilepsy. Methods: Ten patients undertook 12
sessions of GSR biofeedback training over 1 month, during which they were trained to increase sympathetic arousal, using GSR
biofeedback. Contingent negative variation (CNV) (a slow cortical potential reflecting cortical arousal and excitability) and the
related post imperative negative variation (PINV) were quantified before and after biofeedback treatment. Results: A significant
reduction in CNV amplitude was observed in both the short-term (within the first session, after 10 minutes of GSR biofeedback)
and long-term (sustained after 12 training sessions). Specifically, the change in baseline CNV amplitude after the 12 training
sessions correlated with a percentage reduction in seizure frequency. Furthermore, changes in baseline amplitude of the PINV also
correlated with seizure reduction. Conclusions: Our findings demonstrate that behavioral enhancement of peripheral sympathetic
tone (GSR) is associated with modulation of indices of cortical excitability. Moreover, GSR biofeedback training over repeated
sessions was associated with a chronic baseline reduction in slow cortical potentials and concurrent therapeutic improvement. Key
words: biofeedback, galvanic skin response, contingent negative variation, slow cortical potential, post imperative negative
variation, epilepsy.

GSR � galvanic skin response; CNV � contingent negative varia-
tion; SCP � slow cortical potential; PINV � post imperative neg-
ative variation.

INTRODUCTION

In healthy subjects, slow cortical potentials (SCP), i.e., neg-
ative DC shifts recorded using surface electroencephalogra-

phy (EEG), can index specific cognitive processes including
alertness, attention, information processing, and response
preparation. Nevertheless, in epilepsy, SCP may represent
pathological signatures, related to interictal states and reduced
seizure threshold (1–4). In an experimental model of epilepsy,
chemical generation of an ictal focus elicits a corresponding
cortical negative potential (2,5) and in patients with epilepsy,
negative DC shifts on EEG are often observed clinically in
anticipation of, and during, epileptic seizures (4). Such evi-
dence suggests that cortical negative potentials reflect over-
excitability within neural pathways predisposing to seizure
generation. Correspondingly, pharmacological or behavioral
regulation of SCP may successfully reduce seizure frequency
in drug-resistant epilepsy (6–9).

An SCP can be recorded during a simple behavioral pro-
cedure—the forewarned reaction time task. A participant is
presented with a warning stimulus that indicates that, after a
fixed interval, he/she should make a rapid motor response to
a second (imperative) stimulus. A slow negative shift in the
EEG, the contingent negative variation (CNV) is measurable

over the time period between the warning and imperative
stimuli (10). The CNV has two components: The early part of
the CNV wave appears immediately after the warning stimu-
lus and reflects a cholinergically mediated orienting response;
the later part of the CNV wave corresponds more closely to
motor preparation and anticipation of the imperative stimulus,
engaging dopaminergic activity (4). CNV typically stops after
the imperative signal, but may be followed by another wave,
the post imperative negative variation (PINV). In healthy
individuals, the negative amplitude of PINV relates to re-
sponse control; uncertain or ambiguous imperative stimuli
enhance PINV amplitude, essentially a prolongation of the late
CNV that fails to return to baseline after the response. Thus,
the PINV may be interpreted as a loss of response control (4).

Previously, we investigated healthy volunteers to examine
the influence of peripheral autonomic tone on cortical arousal
(11). Using the CNV to index cortical arousal, we observed
that CNV amplitude was inversely related to sympathetic
autonomic arousal measured with peripheral galvanic skin
response (GSR). GSR reflects the activity of cholinergic sym-
pathetic nerves on exocrine sweat glands and is a sensitive
indicator of emotion and changes in sympathetic bodily
arousal elicited during attention and physical activity (12,13).
In adult humans, GSR is not sensitive to humoral adrenaline/
noradrenaline and does not have a direct parasympathetic
component. We found that CNV amplitude was increased
during induced states of sympathetic relaxation engendered by
GSR biofeedback and decreased during evoked states of sym-
pathetic arousal (11). These observations led us to test whether
training participants to increase their peripheral sympathetic
arousal state, using GSR biofeedback, would induce long-term
decreases in cortical excitability, reflected in corresponding
sustained decreases in CNV amplitude. The same logic also
motivated a parallel clinical study of GSR biofeedback ther-
apy for patients with treatment-resistant epilepsy (14). We
demonstrated a robust effect of GSR biofeedback training in
reducing seizure frequency, with 60% of patients showing
�50% seizure reduction after a month of GSR biofeedback
treatment. This observation indicated that effective GSR

From the Department of Psychology (Y.N.), University of Essex, Wiven-
hoe Park, Colchester, Essex, UK; Department of Clinical and Experimental
Epilepsy (Y.N., J.S.D., M.R.T.), Institute of Neurology, University College
London, London, UK; Brighton and Sussex Medical School (H.D.C.), Brigh-
ton, East Sussex, UK; Sobell Department of Motor Neuroscience and Move-
ment Disorders (J.C.D.), Institute of Neurology, University College London,
London, UK.

Address correspondence and reprint requests to Yoko Nagai, Department of
Psychology, University of Essex, Wivenhoe Park, Colchester, Essex CO4
3SQ, UK. E-mail: ynagai@essex.ac.uk

Received for publication November 23, 2007; revision received June 22,
2008.

Supported by funding from the Bial Foundation, Ultrasis Plc and the
Raymond Way Fund (Y.N.).

DOI: 10.1097/PSY.0b013e31818f667c

84 Psychosomatic Medicine 71:84–92 (2009)
0033-3174/09/7101-0084
Copyright © 2009 by the American Psychosomatic Society



biofeedback training may induce chronic changes in neuro-
regulatory pathways governing cortical excitability, leading to
sustained changes in the seizure threshold.

The present study extends these earlier observations to test
whether in patients with epilepsy, cortical excitability is at-
tenuated by the short-term enhancement of sympathetic tone
through GSR biofeedback. In addition, we examined whether
sustained long-term changes in cortical excitability would follow
a month of GSR biofeedback training in patients with epilepsy.
We therefore measured cortical excitability, using a CNV para-
digm in ten patients undergoing active GSR biofeedback training
over 1 month. Both short- and long-term effects of the training
were examined and related to treatment efficacy.

METHODS
Participants
Ten patients (n � 5 males; aged 16–60 years; mean � standard deviation

age � 42.5 � 6.8 years) were recruited from a tertiary neurological center
(National Hospital for Neurology and Neurosurgery, London, UK). The
patients fulfilled the clinical criteria for treatment-resistant epilepsy: All had
a history of chronic epilepsy (�2 years duration with minimum 2–3 seizures
a month). Patients with a psychiatric history or severe neurological comorbidity
were excluded. Medication was stable more than a month before and maintained
unchanged throughout the study. The Joint Medical Research Ethics Committee
of the National Hospital for Neurology and Neurosurgery and UCL Institute of
Neurology approved this study and all patients gave their written informed
consent. Data were collected for this study between 2002 and 2004.

Seven patients had complex partial seizures, two had generalized tonic-
clonic seizures, and one had absence seizures. Two patients were on no
medication through choice. All of the other patients were receiving polythe-
rapy (Table 1).

EEG data were collected between 2002 and 2004 on the patients in
accordance with the clinical study protocol. Patients’ seizures were recorded
concurrently in patient diaries. The median baseline seizure frequency was 3.4

per week. The patients underwent training in GSR biofeedback for 1 month,
during which they learned to modulate their own GSR level (thus, peripheral
sympathetic tone) voluntarily. CNV was measured twice—before and after the
biofeedback treatment—to investigate a) short-term (task-related) effects of 10
minutes GSR biofeedback, and b) long-term (treatment) effects of 1 month of
GSR biofeedback training, on cortical potentials. All recruited patients completed
the study, which was undertaken over the course of 2 years.

CNV Recording
CNV was measured at Cz (vertex), using silver/silver chloride electrodes.

Linked mastoid electrodes were used as reference and a forehead electrode
was the earth. Electrode impedance was checked before the study and the
resistance of all the electrodes was kept �4.7 KOhm. Two additional elec-
trodes were placed obliquely on either side of the eye (one electrode between
the eye brows and the other under the right side of the eye) to detect eye
movement artifact. EEG data were recorded, using a 16-channel EEG ma-
chine (SLE Diagnostics, Croydon, UK) with a 10-second time constant and a
low-pass filter of 70 Hz. Data were sampled at 256 Hz and via a CED
(Cambridge Electronics Design Limited, Cambridge, UK) 1401 data capture
and averaging system.

CNV Task Design
CNV was elicited, using a standard forewarned reaction time task with

auditory stimuli. Each patient performed 50 trials. On each trial, the first
warning tone (S1, 50-msec duration, 1000 Hz, 70 dB) was followed after a
fixed 3.5-second interval by the second imperative stimulus (S2, 50-msec
duration, 1000 Hz, 70 dB). Patients maintained visual fixation on a central
fixation cross throughout the task and responded to S2 with right-handed
motor reaction-time button press. They were asked to blink as little as possible
during the task. Eye movement and other artifacts were monitored online and
trials were rejected if signal amplitude was �100 �V (excluding contami-
nating eyeblinks). Additionally, any trial with earlier button press or no
response to S2 was eliminated. For each patient, a minimum of 30 artifact-free
trials were averaged after the DC shift had been removed to adjust the
baseline. CNV was measured as the integrated amplitude between S1 and S2
(1.5–4.5 seconds after trial onset: 3 seconds in duration), measured with
respect to a baseline voltage recorded over 1 second before S1. The PINV was
measured in the same way between S2 and the end of trial (4.5–8 seconds
after trial onset: 3.5 seconds in duration).

GSR Recording
GSR recordings were undertaken, using a biofeedback system (the Inner

Tuner: Professional, Ultrasis plc, London, UK) that had been modified for
experimental use. Dry nickel-plated electrodes were placed on the palmar
surface of the patient’s index and middle finger of their left hand. Continuous
tonic changes of skin resistance (the inverse of conductance and sympathetic
arousal) were measured conventionally between the two electrodes and fed
into the biofeedback display computer. Thus, increased sympathetic arousal
was represented by a decrease in skin resistance level. Our use of GSR was
consistent with the methods employed in our earlier studies (11,14).

Biofeedback Practice and Treatment
Biofeedback took the form of computer-generated graphics presented

visually on a computer monitor. The patient’s GSR was coupled to a series of
animations which progressed in a positive direction when the patient’s GSR
changed in the intended direction. In this study, a forward progression through
the animation represented an overall decrease in the patient’s skin resistance
(i.e., enhanced sympathetic electrodermal tone). The patients’ task was to
change the animation as far as they could by concentrating on increasing their
arousal level. They were explicitly directed not to actively change their
pattern of breathing to affect the progress of the feedback animation; however,
respiration was not monitored during task performance. Each treatment ses-
sion consisted of 30 minutes of biofeedback training. This was repeated 12
times, three times a week over 4 weeks (14).

TABLE 1. Study Patient Characteristics

Patient
Type of Seizures and

Epilepsy
Antiepileptic Drugs

1 Complex partial seizures
(localization related
symptomatic
epilepsy)

No medication

2 Generalized tonic-clonic
seizures (symptomatic
generalized epilepsy)

No medication

3 Complex partial seizures Levetiracetam, sodium
valproate

4 Generalized absence
seizures (idiopathic
generalized epilepsy)

Lamotrigine

5 Complex partial seizures Carbamazepine, sodium
valproate, diazepam

6 Complex partial seizures Levetiracetam, lamotrigine,
sodium valproate

7 Complex partial seizures Levetiracetam, sodium
valproate

8 Complex partial seizures Lamotorigine, diazepam
9 Generalized tonic-clonic

seizures
Carbamazepine, sodium

valproate
10 Complex partial seizures Sodium valproate,

phenytoin
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Procedure
For each patient, CNV was recorded just before the first biofeedback

treatment (labeled B1) and once again after the 10-minute biofeedback
session (labeled B2) to investigate short-term task effect of GSR biofeed-
back. After these initial CNV measurements, the patient underwent 4 weeks
of biofeedback treatment. At the time of the last biofeedback treatment
session, the patient performed a second set of CNV measurements before and
after biofeedback task (A1 and A2) to assess the longer-term treatment effect
of GSR biofeedback training. A diagram of the procedure is presented in
Figure 1. Both the comparisons of B1 with B2 and of A1 with A2 describe the
short-term effects of performing the biofeedback task. The comparison of B1
with A1 and B2 with A2, describes the longer-term effect of biofeedback
treatment on cortical potentials.

Data Analysis
Paired t tests (repeated-measures) were used to examine significant

changes in GSR levels (% reduction in resistance) after biofeedback task
performance. These were performed separately before starting the treatment
(B1 versus B2) and after the completion of the treatment (A1 versus A2). A
Wilcoxon signed ranks test was used to compare patients’ median seizure
frequency before and after the biofeedback treatment. Posttreatment CNV
data were not able to be collected from one patient because of equipment
failure. Repeated-measures analysis of variance (ANOVA) was performed to
test for within-subject differences in CNV integrated amplitude between
experimental conditions (before and after 10 minutes of biofeedback task;
before and after a month of biofeedback treatment). The Greenhouse-Geisser
estimate was used to correct degrees of freedom. Data were subsequently
explored, using post hoc t tests. Because the CNV embodies two component
waves (early and late), which are functionally different (15), we also divided
the 3.0 seconds of integrated CNV into two 1.5-second waves (CNVearly and
CNVlate) to investigate the differential effects of biofeedback on these CNV
components. The differences between the early and late waves are reported
qualitatively, because we lacked sufficient statistical power to investigate
three-way interactions using ANOVA. Quantitative relationships between
CNV, GSR measurements, and seizure reduction were examined, using
Spearman correlations (stringent nonparametric statistics were employed
where data deviated from Gaussian distribution).

RESULTS
Changes in GSR

In the first biofeedback session, the patients only achieved
a trend reduction in GSR. Nevertheless, with training, patients

subsequently learned biofeedback skills and gained volitional
control over their GSR over the course of the month of
treatment. Paired t tests revealed a significant difference in
GSR level before and at the end of treatment, after the task
after patients had acquired the biofeedback skills (t � 4.76,
p � .001) (Figure 2A and 2B).

Seizure Frequency Change

There was a 56.4% reduction in median seizure frequency
after a month of biofeedback treatment (p � .010). Six of the 10
patients had �50% reduction in seizure frequency (Figure 3).

Changes in CNV

At the start of the treatment, performance of the biofeed-
back arousal task over 10 minutes attenuated CNV amplitude
(paired t test: t � 2.58, p � .03) (Figure 4A). After the 12
sessions of biofeedback training, this difference in CNV am-
plitude before and after the biofeedback task was no longer
present (Figure 4B). This effect was accounted for by a
baseline reduction in CNV amplitude after treatment (paired t
test: t � 3.307, p � .009) (Figure 4C). Thus, a two-way
ANOVA revealed a significant treatment (before/after) effect
of biofeedback (F(1,8) � 5.07, p � .05), and a significant
interaction between the treatment and task (F(1,8) � 6.85, p �
.03). Figures 4A and B illustrate the grand averages of CNV
recordings from all patients, showing the effects of a biofeed-
back task performance before and after 1 month of GSR
training. Similarly, Figures 4C and D show the effect of a
month of biofeedback treatment on baseline CNV and the
CNV after 10 minutes of biofeedback task.

Thus, treatment had no significant effect on the amplitude
of the CNV measured after the 10 minutes of biofeedback
task. This may have been due to a “floor” effect such that
10-minute performance of the biofeedback arousal task might
induce a maximum reduction in the CNV in both occasions.

Changes in the amplitude of the early component of CNV
were more prominent than those in the later component and
account for much of the effects seen for the overall CNV
(Figure 5). Thus, the biofeedback-induced decreases in CNV
at the onset of training was significant only for the early (t �
3.421, p � .008) and not for the late component. Similarly, the
long-term decrease in baseline CNV after training occurred
only for the early component (t � 3.57, p � .006).

Changes in PINV

Biofeedback treatment also affected the PINV (F(1,8) �
11.53, p � .009). Consistent with enhanced control conse-
quent on biofeedback training, the after-task PINV was sig-
nificantly reduced after a month of treatment (comparison of
B2 and A2) (t � 3.29, p � .01) (Figure 4D).

Correlation Between the CNV, PINV, and the GSR

There was a significant correlation between the pretreat-
ment (baseline) overall CNV amplitude and improvement of
GSR change after the treatment (r � .733, p � .016). Those
patients who manifest the largest CNV amplitude at the be-

TreatmentBefore Treatment After Treatment 

Baseline
C ( )

Baseline
C ( )

GSR biofeedback 
treatment

30 minutes session

CNV1 (B1)

10 minutes 
GSR

CNV1(A1)

10 minutes 
GSR30 minutes session

3 times/ week

4 weeks

GSR
Biofeedback

CNV2 (B2)

GSR
Biofeedback

CNV2 (A2) 

Figure 1. Experimental procedure. The figure illustrates the study protocol.
Contingent negative variation (CNV) amplitude was measured using electro-
encephalography during performance of a forewarned reaction time task.
CNV measures were obtained at the start of the study and immediately after
the first biofeedback training session. Biofeedback encouraged patients to
decrease volitionally skin resistance i.e., enhance sympathetic arousal. Pa-
tients undertook a month of GSR biofeedback training, three times a week. On
the last session, CNV was once again recorded before and after GSR biofeed-
back task performance. GSR � galvanic skin response.
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ginning of the treatment showed the greatest improvement in
GSR biofeedback performance (subtraction of % GSR change
before and after the treatment). Further examination revealed
that this correlation was specific to the early CNV wave (r �
.709, p � .022) and was not found in the later wave.

Correlation Between Physiological Measurements and
Seizure Reduction

Seizure reduction correlated significantly with the change
with baseline CNV: A greater change in baseline CNV am-
plitude was predictive of a greater change in seizure frequency
(r � .697, p � .025) (Figure 6). In addition, improvement in
GSR biofeedback performance across the training session
(r � .65, p � .04), the negative amplitude of pretreatment
baseline PINV (in B1; r � .84, p � .002), the amplitude of
posttreatment PINV after the biofeedback task (A2; r � .68,

p � .05), and the change in baseline PINV amplitude post
treatment (A1 minus B1; r � .673, p � .033) each correlated
with reduced seizure frequency.

DISCUSSION
We had previously found, in normal healthy participants,

an inverse relationship between peripheral sympathetic activ-
ity and changes in the amplitude of CNV (11). Because CNV
can be regarded as an index of general cortical excitability, we
argued that training patients to decrease their CNV by voli-
tionally increasing sympathetic activity might reduce seizure
frequency in patients with epilepsy. The present study con-
firms that the reduction in epileptic seizures after GSR
biofeedback training is linked to changes in CNV. Also, after
1 month of training, patients who showed the largest decreases
in CNV manifested the greatest reduction in seizure fre-
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Figure 2. GSR performance before and after the treatment. (A) The figure compares averaged percentage change of GSR caused by 10 minutes of GSR
biofeedback task between before and after a month of GSR biofeedback treatment in ten patients. The white bar on the left is the GSR measurement at the
beginning of half an hour session. The gray bar on the right side is the percentage change of GSR measurement compared with the beginning of the session after
half an hour of biofeedback training. The biofeedback reduced skin resistance level (i.e., enhanced sympathetic arousal) compared with the baseline GSR level
on both occasions. However, the reduction in skin resistance was greater after the month of treatment, reflecting the skills that patients acquired over the course
of the biofeedback sessions. (B) The figure shows averaged percentage skin resistance change over the 12 sessions. There is a tendency to increase amount of
change reliably toward the end of the sessions. GSR � galvanic skin response.
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quency. This study thereby extends previous observations to
provide physiological insight into how behavioral training to
increase peripheral sympathetic tone might reduce seizure
frequency in patients with drug-resistant epilepsy (14).

CNV and PINV Altered by Peripheral
GSR Modulation

Before the start of training, there was a significant task-
related reduction in CNV amplitude after 10 minutes of
arousal biofeedback in almost all patients (B1 and B2),
whereas at the end of the study after 1 month’s treatment (A1
and A2), this before/after task difference in CNV amplitude
had disappeared. Most of this change was attributable to a
marked attenuation in baseline CNV amplitude after treat-
ment, which therefore abolished the acute effect of the
biofeedback task. One interpretation of this result is that,
acutely, arousal biofeedback evokes a robust and sustained
reduction in cortical potential amplitude (including CNV)
such that there is no further capacity to change the post task
CNV after the month of biofeedback training. This reduction
in baseline CNV may reflect a general reduction in excitability
of processes controlling thalamo-cortical arousal, which in the
context of epilepsy may be important in constraining the
recruitment of neurons that contribute to seizure propagation.
This study, together with neuroimaging evidence (16), sug-
gests that GSR biofeedback training may induce long-lasting
changes in a baseline or default brain state. It is therefore
noteworthy that transitions between arousal levels may pre-

cipitate seizures; for example, many patients experience sei-
zures on awakening from sleep.

The changes that we observed were most prominent for the
early component of the CNV wave, with little change in the
later wave. Previous evidence suggests that early and late
waves reflect different psychological processes and underly-
ing neural activity (15,17,18). The early component of the
CNV is proposed to be related to the orienting response with
a predominantly frontal origin. Thus, the amplitude of the
early CNV wave is modulated by the physical intensity of the
warning stimulus and sensitive to central cholinergic modu-
lation (17,18). In contrast, the late component of the CNV
wave is related to anticipation of the imperative tone. Gener-
ation of this late wave is maximal in amplitude over the vertex
and is sensitive to dopaminergic manipulations. The robust
reduction of patients’ early component of CNV after a month
of GSR biofeedback training suggests an alteration of neural
circuits mediating the generation of orienting responses,
which may manifest therapeutically as a reduced sensitivity to
triggers of seizures.

Biofeedback training had a further effect on cortical poten-
tials, a chronic change in PINV amplitude. There was a slight
reduction of PINV in baseline CNV (A1) and robust reduction
of PINV in post task CNV (A2) after the treatment. In our
patient group, PINV across all conditions was “normal”: (B1,
B2, A1, and A2) in the sense that amplitude drops quickly
with the imperative tone. Nevertheless, the observed change in
PINV was treatment-related and putatively reflects the pa-
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epilepsy over 28 weeks covering the period of biofeedback treatment. The figure shows data only from those patients who showed a response rate of �50%.
The vertical axis indicates the actual number of patients’ seizures.

Y. NAGAI et al.

88 Psychosomatic Medicine 71:84–92 (2009)



tients acquiring control skills over their peripheral sympa-
thetic activity. Prefrontal cortical regions are implicated in the
generation of PINV (19) and prefrontal integrity is required
for controlled responses to imperative stimuli. Correspond-
ingly, a functional imaging study of neural activity during
performance of the CNV task showed considerable involve-
ment of dorsal anterior cingulate and related dorsolateral pre-
frontal cortices (20), regions implicated in behavioral control
processes including response monitoring and error signaling
(21). Moreover, prefrontal and anterior cingulate dysfunction
in schizophrenia is also manifest as a prolongation of negative
amplitude of PINV (22).

In our previous study, we investigated neural activity re-
lated to GSR changes during biofeedback (14). GSR level was
negatively correlated with activity of ventromedial prefrontal
cortex and orbitofrontal cortex. These parts of the brain are
implicated in autonomic control (23,24). The regions also
coincide with a brain region implicated in supporting a default
mode of brain function, where enhanced activity is observed
in background states of awake relaxation and the region de-
activates with environmental engagement (25). It is specu-

lated, partly on the basis of neuroimaging evidence (16), that
biofeedback treatment may enhance prefrontal regulation of
thalamo-cortical excitability wherein engagement and dis-
engagement of these cortical areas correspond to increased
behavioral control reflected in a reduction of PINV after
treatment.

Effect of Peripheral and Central Modulation on
Seizure Frequency Change

The patients’ seizure reduction was correlated with both
CNV and GSR measurements, suggesting that there may be a
quantitative link between GSR, SCP, and seizure frequency
change. We also demonstrated that the effect of peripheral
alteration of GSR on seizure frequency also affected an elec-
trocortical index of response control, the PINV. A higher
PINV amplitude before treatment predicted the likely thera-
peutic benefit of biofeedback training: Patients with the highest
baseline PINV amplitude experienced the greatest reduction in
seizure frequency. This may be a consequence of control skills
gained by the patients over the course of the biofeedback
sessions. However, for the observations in both CNV and

Figure 4. Task-elated CNV change before and after the treatment (A, B). The figure illustrates an averaged CNV amplitude (mVolt) across all patients measured
at baseline and after 10 minutes of the GSR biofeedback task before (B1 and B2, a) (n � 10) and after (A1 and A2, b) (n � 9) the task. B1 and B2 were measured
before the biofeedback treatment and A1& A2 were measured after the treatment. Treatment-related change on baseline CNV and CNV after 10 minutes
biofeedback session (C, D). Data from all patients showing averaged CNV amplitudes (mVolt) before and after a month of GSR biofeedback treatment was
plotted both with baseline CNV (B1 and A1, c) and the CNV after 10 minutes of biofeedback sessions (B2 and A2, d). B1 and A1 were measured before the
task and B2 and A2 were measured after the task. Thus, comparison of B1,2 and A1,2 highlights pre- and posttreatment differences. CNV � contingent negative
variation; GSR � galvanic skin response.
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PINV, one has to be cautious in the interpretation of the
underlying mechanisms. Changes in CNV amplitude reflect
changes in thalamo-cortical excitability and gating of infor-
mation flow. Shifts in respiratory patterns (notably changes
affecting carbon dioxide levels) and changes in cardiovascular
baroreceptor responsivity are also known to have an effect on
cortical potential amplitude (2,26). Respiratory regulation
through biofeedback reportedly also can attenuate seizure
frequency (27). In the present study, we did not actively
record respiratory and cardiovascular changes during biofeed-
back task performance and over the course of GSR training.
However we suggest, in part based on our controlled clinical
study where no therapeutic benefit was observed with sham
biofeedback training (14), that these mechanisms are un-
likely to account fully for the observed physiological cou-
pling of GSR with CNV. A parsimonious explanation,
acknowledging organ-specific dissociability of visceromo-
tor control, is that the mechanisms specifically engaged
during GSR biofeedback training elicit direct corollary
changes on thalamo-cortical gating, rather than being me-
diated via parallel peripheral changes affecting afferent
chemoreceptor and baroreceptor traffic (2,26,27). Thus, the
reduction in seizures consequent on GSR modulation train-
ing may putatively be viewed as an epiphenomenon of
central processes. Cortical potential shift is an important
indicator of neural excitation related to epilepsy (3) and
direct biofeedback manipulation of slow cortical potentials
also leads to a reduction in seizure frequency (6 –9). Nev-

ertheless, although we demonstrated a strong correlational
relationship between CNV/SCP, GSR, and seizure reduc-
tion, this does not necessarily imply a causal link. Never-
theless, it may imply a shared central mechanism. Although
the effect of GSR control may mirror the control in central
arousal mechanisms (28), it is worth noting that there was no
direct relationship between tonic sympathetic level itself and
seizure frequency; however, there was correlation between per-
formance of biofeedback and seizure frequency change.

Our data link these central processes controlling cortical ex-
citability with peripheral autonomic arousal, an observation that
has widespread implications for behavioral interventions in
other neurological and psychological conditions. We ac-
knowledge, however, that the present study has limitations,
notably the lack of EEG data from control patients receiv-
ing sham biofeedback training. Also, our inferences regard-
ing the PINV and subcomponents of CNV are constrained
by our recording of the CNV from only Cz (consistent with
our previous study) (11). Recording from this single re-
cording site (for convenience) may have biased our sensi-
tivity toward certain cortical potentials, e.g., early versus
late components of the CNV and “frontal” PINV. Extension
of these investigations will therefore employ multiple sites
of EEG recording.

Finally, although we interpret the correlation between
seizure reduction and change in CNV amplitude within the
framework of neuroregulatory mechanisms controlling cor-
tical excitability, this interpretation remains provisional.

Figure 5. Comparison of different wave components. The amplitude of different CNV components (early wave, late wave) and the PINV plotted for all
conditions across all patients. The bar on the graph indicates standard error of the mean. The figure highlights the baseline shifts in overall and the early
component of the CNV consequent on a month of GSR biofeedback training (B1 and B2). CNV � contingent negative variation; PINV � post imperative
negative variation.
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Further confirmatory studies are required to validate the
treatment effects of GSR biofeedback in a wider clinical
trial and to reinforce our electrophysiological observations.

CONCLUSION
In summary, our study confirmed that volitional manip-

ulation of peripheral sympathetic activity, using GSR
biofeedback, induced short- and long-term changes in slow
cortical potential in patients with epilepsy. Acute increases
in sympathetic arousal level and the consequences of re-
peated GSR biofeedback training were accompanied by a
reduction of the CNV. In particular, the sustained changes
after GSR biofeedback training are likely to represent a
stabilization of neural responses to external stimuli that
may reduce overall cortical excitability with consequent
effects on seizure threshold. The observed therapeutic ben-
efit on seizure frequency was associated with an improve-
ment in GSR biofeedback skills and the changes in cortical
potential. Our results provide an insight into neural mech-
anisms controlling cortical excitability and highlight the

therapeutic potential of an accessible biobehavioral inter-
vention for reducing seizure frequency in patients with
drug-resistant epilepsy.

We are thankful to Peter Asselman for his technical support.
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