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Objectives: Dynamic changes in psychophysiological arousal are directly expressed
in the sympathetic innervation of the skin. This activity can be measured as tonic
and phasic fluctuations in electrodermal activity [Galvanic Skin Response (GSR)/skin
conductance]. Biofeedback training can enable an individual to gain voluntary control
over this autonomic response and its central correlates. Theoretically, control of
psychophysiological arousal may be harnessed as a therapy for epilepsy, to mitigate
pre-ictal states. Evidence is accumulating for the clinical efficacy of GSR biofeedback
training in the management of drug resistant epilepsy. In this review, we analyse current
evidence of efficacy with GSR biofeedback and evaluate the methodology of each study.
Method: We searched published literature pertaining to interventional studies of GSR
biofeedback for epilepsy, through MEDLINE and Cochrane databases (1950–2018).
Using percentage seizure reduction as an indicator of therapeutic efficacy induced by
GSR biofeedback, we used meta-analytic methods to summarize extant findings. We
also compare and contrast study design with relevance to the interpretation of outcomes.
Results: Out of 21 articles retrieved for GSR/EDA/Skin conductance biofeedback, four
studies were identified as interventional trials, involving 99 patients with drug-resistant
epilepsy in total. Three of these studies included a control group and a positive
therapeutic effect of biofeedback was reported in each of these. The difference in seizure
frequency percentage (Biofeedback—Control) was between −54.4 and −74.0% with an
overall weighted mean difference of −64.3% (95% CI: −85.4 to −43.2%). The response
rates (proportion of patients manifesting >50% reduction in seizure frequency) varied
from 45 to 66% across studies.
Significance: This timely evaluation highlights the potential value of GSR biofeedback
therapy, and informs the optimal study design of larger scale studies that are now
required to more definitively establish the utility of this non-invasive, non-pharmacological
interventional approach for drug-resistant epilepsy.
Keywords: epilepsy, biofeedback, galvanic skin response, skin conductance, electrodermal activity, autonomic
activity, behavioral therapy
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INTRODUCTION

significantly compromising the logistics of delivering the therapy.
Nevertheless, this study demonstrated a significant reduction in
seizure frequency with a response rate of 60% controlling for
non-specific effects of therapist contact. The efficacy of GSR
biofeedback has since been replicated in three studies (11–13).

Pharmacological therapy is the mainstay for the treatment of
epilepsy. However, about 30% of people with epilepsy are
drug-resistant and continue to have seizures despite optimal
medications (1). There are alternative treatment options
available for these patients, but these are limited to invasive
and costly neurosurgical procedures including resection, Vagus
Nerve Stimulation (VNS), Deep Brain Stimulation, and other
options such as dietary modification. Biofeedback approaches
offer non-invasive and likely cost-effective biobehavioral
interventions. There is accumulating proof-of-concept
evidence supporting biofeedback training as an efficacious
means of reducing seizures in patients with drug resistant
epilepsy (2–4).
Biofeedback training provides people with epilepsy a tool
to learn how to voluntarily control usually-autonomous
physiological signals: By providing conscious access to covert
responses, an individual can learn to increase or decrease a
physiological signal at will. Galvanic Skin Response (GSR)
is an “electrodermal” signature of the sympathetic nervous
innervation of the skin (5). GSR can be measured on the skin
surface and predominantly reflects the unopposed action of
sudomotor sympathetic nerves on secretory channels of eccrine
sweat glands: enhanced porosity increases electrical conductance.
GSR is familiar to many as the signal used in “lie detectors,”
since GSR amplitude reacts sensitively to emotional provocation,
salient thoughts, and attentional demand. Correspondingly, this
effect exemplifies the direct coupling between sympathetic sweat
gland innervation, measured by GSR, and brain states of affective
and cognitive arousal.

Known Neural Mechanisms
The neural mechanisms through which GSR biofeedback
might influence seizure thresholds were investigated in parallel
with this first clinical trial. Three neuroimaging/EEG studies
were conducted to characterize the detailed actions of GSR
biofeedback on brain function. GSR biofeedback was observed to
modulate activity across cortical and subcortical brain regions.
Strikingly, however, activity within medial prefrontal cortex
(MPFC) and orbitofrontal cortex (OFC) demonstrated a strong
inverse correlation with tonic GSR (skin conductance levels) (14).
These paralimbic cortices (MPFC and OFC) form a part of the
default mode network; DMN (15). Abnormalities in functional
activity and connectivity within the DMN have been reported in
patients with epilepsy and associate with loss of consciousness
during seizures (16, 17). Thus, repeated modulation of MPFC
and OFC with GSR biofeedback training might influence the
functional dynamics of this “consciousness” network.
A parallel neuroimaging study (18) also demonstrated that
cortical arousal, reflected in the generation of slow cortical
potentials during sensorimotor anticipation, is underpinned by
activity within thalamus, cingulate cortex and supplementary
motor area (SMA). Moreover, both healthy participants and
patients with epilepsy demonstrate a reduced amplitude of
(induced) slow cortical potentials after a course of GSR
biofeedback training to increase sympathetic activity (6, 19).
Together these studies linked changes in peripheral and central
arousal to functional shifts within cortical and subcortical
brain networks.
Lastly, a neuroimaging study in patients undergoing GSR
biofeedback training confirmed that reduction of seizures is
indeed linked to neural network changes involving the OFC
(13): Here, GSR biofeedback training strengthened the functional
connectivity between the OFC and the right amygdala. The
degree of the functional connectivity changes was related to the
reduction of patients’ seizure frequency, such that patients who
achieved greater right amygdala-OFC functional connectivity
demonstrated a larger reduction in seizure frequency after 1
month of GSR biofeedback training. Psychological outcomes
(reductions in anxiety and depression) did not account for either
the seizure reduction (11–13), or functional connectivity changes
(13). This indicates that changes in mental health states (such as
anxiety and depression) are not necessarily direct contributing
factors in reducing seizures. However, the positive correlation
between increased fronto-limbic functional connectivity and
degree of seizure reduction is worth further investigation. The
amygdala and OFC form a physical white matter pathway, the
uncinate fasciculus, thus repeated modulation of MPFC and
OFC with GSR biofeedback training may also alter emotional
cognition. Taken together these studies provide strong proof-ofconcept support and validation for GSR biofeedback training as
a promising approach to epilepsy management.

Development
Research into the effect of GSR biofeedback therapy on
epilepsy was initiated by Nagai in 1997. The methodology
was established through a series of neuroscientific studies,
initially in healthy participants. The first published study,
underpinning current GSR biofeedback methodology,
described the relationship between peripheral autonomic
activity and cortical excitation (6). Here, GSR amplitude was
observed to inversely predict an encephalographic (EEG)
index of cortical excitation; i.e., slow cortical potentials
where there is a direct current (DC) shift within the EEG.
Such DC shifts often precede epileptic seizures (7–9).
Consequently, it was hypothesized that enhancement of
peripheral sympathetic activity using GSR biofeedback may
suppress the pre-ictal DC shift; this provided the rationale for the
therapeutic use of GSR biofeedback training to reduce epileptic
seizures (6).
The first clinical trial was conducted using a randomized
controlled trial (RCT) design including a sham control (10).
It is rarely possible to implement a full and effective doubleblinding of behavioral (and cognitive) interventions without
Abbreviations: DMN, default mode network; EEG, electroencephalography; GSR,
galvanic skin response; MPFC, medial prefrontal cortex; OFC, orbitofrontal cortex;
TLE, temporal lobe epilepsy; VNS, vagus nerve stimulation.
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Other Biofeedback Therapies in Epilepsy
The first application of biofeedback to epilepsy was in 1970
using EEG as a physiological parameter (20, 21). The feedback
parameters of EEG biofeedback were broadly categorized into
(1) enhancement of sensorimotor rhythms, which are considered
to regulate thalamo-cortical circuitry (20), and (2) regulation
of slow cortical potentials, which modulate cortical excitability
(22). A meta-analysis of EEG biofeedback on epilepsy that
included 10 studies reported more than 70% of participants
achieved fewer seizures after EEG biofeedback training (4). The
focus of this systematic review/meta-analysis is another type
of biofeedback using GSR, the clinical effects of which appear
more quickly following a less complicated procedure compared
to EEG biofeedback.

Objectives
In this systematic review, we compared studies from the
perspectives of participant recruitment, intervention, outcomes,
and study designs to evaluate the efficacy of GSR biofeedback
therapy in reducing seizure frequency in people with drug
resistant epilepsy. The objective of this article is also to
draw together current evaluations of GSR biofeedback training
efficacy to inform next-stage investigations and potential clinical
introduction of a non-pharmacological intervention for drug
resistant epilepsy. We also aim to guide optimal design of a future
clinical trial.

MATERIALS AND METHODS
The methods used in this review follow the guidance of the
PRISMA statement (2009) (23).

Search Method and Data Collection
We searched the published literature using Medline and
Cochrane Library using the terms (“epilepsy” OR “seizures”)
AND “biofeedback” AND (“galvanic skin response” OR
“Electrodermal activity” OR “skin conductance”) published in
English between 1st January 1950 and 31st July 2018. The article
titles and abstracts were screened by YN and CIJ. The reports
consisted of research papers, review articles and commentaries.
The process of study selection is described in Figure 1.

FIGURE 1 | Flow chart of study selection.

and SD of the change in seizure frequency for the individual
control and biofeedback groups were collected from each study
(in duplicate by CIJ and YN) and the weighted mean percent
seizure frequency change was calculated individually for each
group, using all available data. The weighted mean percentage
difference, was then calculated for the studies that included both
a control group and biofeedback group. Fixed effect models were
fitted in Stata 15.1 using the metan command with the MantelHaenszel method. Fixed effects models were used due to the
limited number of available studies. I 2 was calculated where
appropriate to estimate the percentage of variation that was
due to heterogeneity between studies. In order to synthesize the
evidence for the efficacy of the intervention, the study procedures
of each articles were investigated in line with the PRISMA
statement (23). The bias report was independently written by CIJ
and reviewed by AS, neither of whom had conflicting interests in
the study outcomes.

Inclusion and Exclusion Criteria
Only studies published in peer reviewed journals were selected.
Articles were eligible for inclusion if they were interventional
trials of GSR biofeedback to increase sympathetic activity. All
non-interventional and follow-up studies were excluded. One
study (24), exploring an effect of decreasing sympathetic activity,
was also excluded from the formal analysis, however a description
of the study is presented in the Table 1 for information.

Data Analysis
The primary outcome of interest in this review is the percentage
difference in seizure frequency change between the control and
biofeedback groups, where percentage seizure frequency change
= (Post-averaged seizure frequency—baseline averaged seizure
frequency)/baseline averaged seizure frequency × 100. The mean
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TABLE 1 | Study details.
Study

Study design

Epilepsy
types

No of
patients

Age/gender Protocol

Length of
intervention

Outcome measures

Nagai et al., (10)

RCT, single blinded, sham
control

Varied

N = 21
B: 10
C: 8
Pilot: 3

16–60
M: 9
F: 9

Increase
sympathetic
activity

1 month

Seizure frequency,
GSR change

Micoulaud-Franchi
et al. (11)

Open study

TLE

N = 11

18–60
M: 2
F: 9

Increase
sympathetic
activity

3 months

Seizure frequency,
GSR change,
Psychological/cognitive measures

Scrimali et al. (24)

Case study

Brain
malformation
on right side

N=1

NA

Decrease
sympathetic
activity

24 months

Seizure frequency,

Kotwas et al. (12)

Controlled, single blinded

TLE

N = 30
B: 15
C: 15

18–65
M: 10
F: 20

Increase
sympathetic
activity

3 months

Seizure frequency,
GSR change,
Psychological/cognitive measures

Nagai et al. (13)

Controlled, semi RCT, single
blinded

TLE

N = 40
B: 20
C: 20

18–70
M: 16
F: 24

Increase
sympathetic
activity

1 month

Seizure frequency,
fMRI (functional connectivity
changes),
Psychological measures

RESULTS

active group, n = 20: treatment as usual group) with partial
randomization (deviation of 15%). These details are summarized
in Table 1.

Description of the Studies
Search Outcome
The electronic search found 221 articles. After eliminating 200
articles on the basis of relevance, 21 articles were left, of which 11
(52%) were research studies. Six studies were eventually selected
as interventional studies, however one article was removed as the
GSR biofeedback was provided with an atypical, instruction for
biofeedback. Another study was a follow-up report on long-term
effect of the intervention, which was again not analyzed but was
included in discussion. This left four interventional studies of
GSR biofeedback training in which the intervention was designed
to increase sympathetic activity.

Therapy Protocols
All selected clinical trials delivered active therapy in the form of
a face-to-face behavioral intervention. The pre- and post- seizure
frequencies were recorded for 3 months in all trials. In two trials
(10, 13), the intervention was provided in three sessions a week
(each 30 min training duration), over 4 weeks. In contrast, the
other studies (11, 12) provided 1 h sessions of the intervention
once a week for 12 weeks. In all studies, GSR biofeedback was
given to increase sympathetic activity. “Positive” visual feedback
was given to indicate the desired direction of GSR amplitude
change and was used by patients to voluntarily learn to control
this index of alertness.

Participants
All studies investigated adult patients with drug resistant epilepsy
(failure to respond to at least two appropriate anti-epileptic
drugs). Three of the four studies focused on patients with
temporal lobe epilepsy (TLE) (11–13). The average age of patients
were similar, with slight differences reflecting differences in the
age inclusion criteria. The mean baseline seizure frequencies were
also similar between all studies. The gender ratio was not equal.
Two studies recruited significantly more female, compared to
male, patients. The brief characteristics of the participants from
eligible studies are described in Table 1.

Study Quality
Blinding
None of the studies were fully double-blinded, consistent
with intrinsic difficulties in ensuring blindedness of behavioral
therapies. However, key aspects of this problem were mitigated
by allocating a follow-up assessor who was blinded to group
membership in the last study (13).

Participants’ Group Allocation
Study Designs

The first study (10) took the form of RCT, using a randomization
table. The fourth study (13) also attempted full randomization
as RCT, however this was not possible to achieve practically due
to geographical considerations that affected logistics of patients’
travel to the institution to receive behavioral therapy three times
per week. Deviation from full randomization affected 15% of
the participants. There is no mention of how participants were
allocated in the third study (12), thus selection bias cannot
be discounted.

In chronological order, the first study (10) was a RCT, with a sham
control condition. This study investigated 18 patients with drug
resistant epilepsy (n = 10: therapy active group, n = 8: sham
control group). The second (11) was an open-label study on 11
patients with TLE. The third study (12) was a controlled, nonrandomized trial with 30 patients (n = 15: therapy active group,
n = 15: treatment as usual group). The fourth (13) study was also
a controlled trial with 40 patients with epilepsy (n = 20: therapy
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Attrition

control groups. One study (13) investigated functional neural
connectivity changes before and after the GSR biofeedback.
This study identified increased functional connectivity between
the right amygdala and OFC was linked to reduction of
seizure frequency.

The first and fourth studies (10, 13) describe drop-out rates
for patients and the data were analyzed using intention-to-treat
analysis. There was no attrition reported in the other two studies.

Meta-Analysis of Individual Study Results
Seizure Frequency Change

DISCUSSION

In each of the studies, percentage seizure frequency change
was calculated for each group from the patients’ seizure
frequencies (see methods), before and after control or
biofeedback intervention. In the three studies including a
control group, the average percentage frequency change in each
control group was positive (i.e., more seizures), but all included
0 (no change) within their 95% confidence intervals (Figure 2).
The weighted estimate of the percentage seizure frequency
change across the control groups was 17.5% with 95% CI −0.6
to 35.7%, indicating no improvement (i.e., no reduction) in the
patients’ seizure frequency after receiving a control intervention.
In each of the active biofeedback groups of the four studies, the
percentage seizure frequency changes were negative (i.e., fewer
seizures) with 0 outside their 95% confidence intervals. This
mean reduction in seizure frequency was consistent between
studies, between −43.0 and −49.3%. The weighted estimate
across the four biofeedback groups was −46.4% with 95% CI
−54.6 to −38.3%, indicating a reduction in seizure frequency for
patients after receiving a biofeedback intervention (Figure 2).
The weighted mean differences in seizure frequency change
between the control and biofeedback groups in the three studies
that included both groups were negative with 0 outside their 95%
confidence intervals (Figure 3). This difference was consistent
between studies, between −54.4 and −74.0%. The weighted
mean difference across the three studies was −64.3% with 95%
CI −85.4 to −43.2%, indicating a reduction in seizure frequency
for patients receiving a biofeedback intervention compared to
the control intervention. It is worth noting that there was an
overall increased seizure frequency in the control group in all
controlled studies, presumably reflecting natural fluctuation of
seizure frequency.

This systematic review describes effects of GSR biofeedback
on reducing epileptic seizures in patients with drug resistant
epilepsy. Four interventional studies examined a total of 99
patients (56 in biofeedback groups). All studies demonstrated
a reduction in seizure frequency through biofeedback training
to increase sympathetic activity. This review also identified
differences in study procedures that impact interpretation of the
results as therapy outcomes and can inform the design of largescale trials of the utility and cost effectiveness of the therapy in
clinical settings.

Summary of Evidence
The principal outcome of this systematic review is the support of
evidence that GSR biofeedback training (to enhance sympathetic
activity) is a potentially effective therapeutic tool to reduce
epileptic seizures. Few studies have yet been conducted in this
area, but of particular note was the consistency of the beneficial
effect observed in patients with drug resistant epilepsy between
studies (weighted estimate of −46.4% with 95% CI −54.6 to
−38.3%). The magnitude of this effect is similar to that of other
interventions for epilepsy, e.g., new anti-epileptic drugs 21–
47% (25), VNS 30–70% (26) and ketogenic diets 30–55% (27).
Despite the encouraging overall outcome of this non-invasive
behavioral intervention, interpretations of the effect need to be
made with caution, not least in consideration of the differences
in design between studies. Out of three controlled trials, only
one study was conducted using both a fully randomized and
sham controlled design. All three trials with controls were single
blinded. Thus, none of the studies can robustly eliminate the
bias from expectation of therapists or patients. This is, however,
a general problem for all behavioral therapies: blindedness
is certainly one issue that has yet to be overcome when
characterizing the core effect of GSR biofeedback therapy. Full
randomization was attempted in two studies. However, this was
modified in one study on logistical grounds. This highlights
another difficulty associated with conducting pharmacologicalstyle RCTs in behavioral therapies, since the study often demands
that patients repeatedly travel to attend appointments for delivery
of the active therapy in contrast to treatment-as-usual controls.
While the intervention impacted positively on seizure
frequency, there was no correlation between seizure reduction
and changes in patients’ reported psychological states. In the trial
that used neuroimaging (13), fronto-limbic connectivity changes
predicted seizure reduction, however this functional connectivity
changes were not correlated with changes in mood symptoms.
Thus, the enhanced seizure control is putatively brought about
by better integration of central arousal with visceromotor
regulation (10) through a tonic modulation of amygdala—
OFC coherence. However, these effects on therapeutic outcome

GSR Change
The analysis of GSR was conducted in three of the four studies
(10–12). Each study demonstrated a significant correlation
between GSR amplitude and seizure frequency change: the range
of correlation was between 0.54 and 0.74.

Additional Analysis
Three studies (11–13) investigated alterations in secondary
psychological outcomes and how these were related to changes
in seizure frequency. Although there were observed changes in
patient scores on psychological questionnaires measuring levels
of anxiety and depression, no correlations were consistently
found between these questionnaires and seizure frequency
changes. Two studies (11, 12) also administered cognitive tasks
to investigate the effect of the therapy on emotional processes
by presenting emotional stimulation. However, no clear effect
of the GSR biofeedback intervention was observed on cognitive
outcomes, demonstrating no difference between therapy and
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FIGURE 2 | Forrest plot of the seizure frequency change within each group for each study. I2 -values indicate there was low heterogeneity between studies.

FIGURE 3 | Forrest plot of the difference in seizure frequency change between control and intervention groups. The I2 -value indicates there was low heterogeneity
between studies.

were not mediated by subjective emotional states. This suggests
that GSR biofeedback training can impact on pathological
changes within the brain and low-level neural processes possibly
supporting a core effect, rather than exerting therapeutic action
such as a placebo response.
In comparison with the meta-analysis of EEG biofeedback, the
GSR biofeedback studies were generally more robust than those
on EEG biofeedback, where nine out of ten studies recruited
fewer than 10 patients for open (non-controlled) interventions
(4). The efficacies of GSR or EEG biofeedback appear similar
however, as over 70% of participants demonstrated reduction
of seizures in both meta-analyses. It is also worth mentioning
that efficacy of GSR biofeedback can be observed as early
as at 2 weeks of training, on the other hand, the standard
training duration with EEG biofeedback is between 6 weeks and
6 months (3).
Overall, our literature analysis revealed the usefulness of GSR
biofeedback in epilepsy. There is a paucity of therapeutic usage
of GSR in clinical settings, although GSR is frequently used

Frontiers in Neurology | www.frontiersin.org

as a parameter of bodily arousal and increased attention in
psychological studies. It is expected that this informative and
easy to use autonomic parameter will be worthy of further
investigation in terms of its interaction with central functions and
with the other autonomic parameters.

Limitations and Future Trial
The number of published studies using GSR biofeedback
available for this systematic review was limited. Even
compared to studies using electroencephalography biofeedback
(neurofeedback), there is a paucity of studies utilizing (the
more accessible) GSR biofeedback as a behavioral intervention.
There is also little to indicate reporting bias, with unsuccessful
applications going unpublished. Despite this limitation, this
therapeutic approach appears promising. Future studies require
more stringent and standardized study designs to affirm clinical
efficacy in reducing epileptic seizures. Thus, at this stage,
this systematic review provides valuable insight for planning
such clinical trials. Across behavioral therapies, the issue of
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how to ensure blindness is a frequent focus of discussion
for such trials. Similar issues apply to surgical interventions;
since a clinician is actively responsible for delivering the
intervention, this constrains the installation of double-blinded
designs that are the gold-standard for pharmacological trials.
However, technological advances can potentially circumvent
this limitation. Digital technology with computerized and
online platforms for the therapy may represent a viable
alternative to face-to-face therapy that will not only permit
double blinded studies, but may broaden access and reduce
cost, enabling delivery of an effective non-drug treatment in
pharmaco-resistant epilepsy.
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ACKNOWLEDGMENTS
YN’s studies were supported by the Bial Foundation and the
Wellcome Trust. We thank Profs. Neil Harrison and Hugo
Critchley for stimulating discussion and for encouragement to
write this systematic review and meta-analysis.

REFERENCES
12.

1. Kwan P, Arzimanoglou A, Berg AT, Brodie MJ, Allen Hauser W, Mathern
G, et al. Definition of drug resistant epilepsy: consensus proposal by the ad
hoc Task Force of the ILAE Commission on Therapeutic Strategies. Epilepsia.
(2010) 51:1069–77. doi: 10.1111/j.1528-1167.2009.02397.x
2. Sterman MB. Biofeedback in the treatment of epilepsy. Cleve Clin J Med.
(2010) 77(Suppl. 3):S60–7. doi: 10.3949/ccjm.77.s3.11
3. Nagai Y. Biofeedback and epilepsy. Curr Neurol Neurosci Rep. (2011) 11:443–
50. doi: 10.1007/s11910-011-0201-3
4. Tan G, Thornby J, Hammond DC, Strehl U, Canady B, Arnemann K, et al.
Meta-analysis of EEG biofeedback in treating epilepsy. Clin EEG Neurosci.
(2009) 40:173–9. doi: 10.1177/155005940904000310
5. Venables PH, Christie MJ. Electrodermal activity. In: Martin I and Venables
PH, editors. Techniques in Psychophysiology. Chichester, John Willey (1980).
P. 3–67.
6. Nagai Y, Goldstein LH, Critchley HD, Fenwick PB. Influence of sympathetic
autonomic arousal on cortical arousal: implications for a therapeutic
behavioural intervention in epilepsy. Epilepsy Res. (2004) 58:185–93.
doi: 10.1016/j.eplepsyres.2004.02.004
7. Casper H, Speckman EJ. Cerebral pO2, pCO2 and pH: changes during
convulsive activity and their significant for spontaneous arrest of
seizures. Epilepsia. (1972) 13:699–725. doi: 10.1111/j.1528-1157.1972.
tb04403.x
8. Birbaumer N, Elbert T, Canavan AG, Rockstroh B. Slow cortical potentials of
cerebral cortex and behavior. Psychol Rev. (1990) 70:1–41.
9. Speckmann EJ, Walden J. Anti-epileptic effects of organic calcium
channel blockers in animal experiments. In: Schwartzkroin P, editor. Epilepsy:
Models Mechanisms and Concepts. Melbourne, VIC: Cambridge University
Press (1993). P. 462–86. doi: 10.1017/CBO9780511663314.019
10. Nagai Y, Goldstein LH, Fenwick PB, Trimble MR. Clinical efficacy of galvanic
skin response biofeedback training in reducing seizures in adult epilepsy: a
preliminary randomized controlled study. Epilepsy Behav. (2004) 5:216–23.
doi: 10.1016/j.yebeh.2003.12.003
11. Micoulaud-Franchi JA, Kotwas I, Lanteaume L, Berthet C, Bastien
M, Vion-Dury J, et al. Skin conductance biofeedback training in
adults with drug-resistant temporal lobe epilepsy and stress-triggered

Frontiers in Neurology | www.frontiersin.org

13.

14.

15.

16.

17.

18.

19.

20.

7

seizures: a proof-of-concept study. Epilepsy Behav. (2014) 41:244–50.
doi: 10.1016/j.yebeh.2014.10.017
Kotwas I, McGonigal A, Khalfa S, Bastien-Toniazzo M, Bartolomei
F, Micoulaud-Franchi JA. A case-control study of skin conductance
biofeedback on seizure frequency and emotion regulation in drugresistant temporal lobe epilepsy. Int J Psychophysiol. (2018) 123:103–10.
doi: 10.1016/j.ijpsycho.2017.10.005
Nagai Y, Aram J, Koepp M, Lemieux L, Mula M, Critchley H, et al. Epileptic
seizures are reduced by autonomic biofeedback therapy through enhancement
of fronto-limbic connectivity: a controlled trial and neuroimaging study. EBio
Med. (2018) 27:112–22. doi: 10.1016/j.ebiom.2017.12.012
Nagai Y, Critchley HD, Featherstone E, Trimble MR, Dolan RJ. Activity
in ventromedial prefrontal cortex covaries with sympathetic skin
conductance level: a physiological account of a “default mode” of brain
function. Neuroimage. (2004) 22:243–51. doi: 10.1016/j.neuroimage.2004.
01.019
Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman
GL. A default mode of brain function. Proc Natl Acad Sci USA. (2001)
98:676–82. doi: 10.1073/pnas.98.2.676
Danielson NB, Guo JN, Blumenfeld H. The default mode network and
altered consciousness in epilepsy. Behavioural Neurol. (2011) 24:55–65.
doi: 10.1155/2011/912720
Voets NL, Beckmann CF, Cole DM, Hong S, Bernasconi A, Bernasconi N.
Structural substrates for resting network disruption in temporal lobe epilepsy.
Brain. (2012) 135:2350–7. doi: 10.1093/brain/aws137
Nagai Y, Critchley HD, Featherstone E, Fenwick PB, Trimble
MR, Dolan RJ. Brain activity relating to the Contingent Negative
Variation (CNV): fMRI investigation. Neuroimage. (2004) 21:1232–41.
doi: 10.1016/j.neuroimage.2003.10.036
Nagai Y, Critchley HD, Rothwell JC, Duncan JS, Trimble MR. Changes
in cortical potential associated with modulation of peripheral sympathetic
activity in patients with epilepsy. Psychosomatic Med. (2009) 71:84–92.
doi: 10.1097/PSY.0b013e31818f667c
Sterman MB, MacDonald LR, Stone RK. Biofeedback training of
the sensorimotor electroencephalogram rhythm in man: effects on
epilepsy. Epilepsia. (1974) 15:395–416. doi: 10.1111/j.1528-1157.1974.
tb04016.x

April 2019 | Volume 10 | Article 377

Nagai et al.

Application of GSR Biofeedback in Epilepsy

27. Neal EG, Chaffe H, Schwartz RH, Lawson MS, Edwards N, Fitzsimmons
G, et al. The ketogenic diet for the treatment of childhood epilepsy: a
randomised controlled trial. Lancet Neurol. (2008) 7:500–6. doi: 10.1016/S14
74-4422(08)70092-9

21. Lubar JF, Bahler WW. Behavioral management of epileptic seizures following
EEG biofeedback training of the sensorimotor rhythm. Biofeedb Self Regulat.
(1976) 1:77–104. doi: 10.1007/BF00998692
22. Rockstroh B, Elbert T, Birbaumer N, Wolf P, Düchting-Röth A, Reker M,
et al. Cortical self-regulation in patients with epilepsies. Epilepsy Res. (1993)
14:63–72. doi: 10.1016/0920-1211(93)90075-I
23. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gøtzsche PC, Ioannidis
JPA, et al. The PRISMA statement for reporting systematic reviews
and meta-analyses of studies that evaluate health care interventions:
explanation and elaboration. PLoS Med. (2009) 21:e1000100.
doi: 10.1371/journal.pmed.1000100
24. Scrimali T, Tomasello D, Sciuto M. Integrating electrodermal biofeedback into
pharmacologic treatment of grand mal seizures. Front Hum Neurosci. (2015)
11:252. doi: 10.3389/fnhum.2015.00252
25. Cramer JA, Menachem EB, French J. Review of treatment
options for refractory epilepsy: new medications and vagal nerve
stimulation. Epilepsy Res. (2001) 47:17–25. doi: 10.1016/S0920-1211(01)
00286-8
26. Englot DJ, Chang EF, Auguste KI. Vagus nerve stimulation for
epilepsy: a meta-analysis of efficacy and predictors of response:
a review. J. Neurosurg. (2011) 115:1248–55. doi: 10.3171/2011.7.J
NS11977

Frontiers in Neurology | www.frontiersin.org

Conflict of Interest Statement: YN is named as the inventor on a patent for
biofeedback treatment of epilepsy. YN has two related patents pending. YN is
a director of a social enterprise: Biofeedback Global CIC (Community Interest
Company) that aims to feed any financial gain back into the community in order
to raise health care standards.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2019 Nagai, Jones and Sen. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

8

April 2019 | Volume 10 | Article 377

