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« Positive shifts of slow cortical potentials (SCPs) during the vagus nerve stimulation (VNS) period were
observed in responders.

« SCP shifts modulated by VNS were more effectively detected by EEGs with long enough time constant.

« Positive polarity of SCP shift on scalp EEG could be an effective marker for response to VNS.

ABSTRACT

Objective: We investigated whether vagus nerve stimulation (VNS) induces a positive shift of slow corti-
cal potentials (SCPs) in patients with >50% seizure reduction (responders) but not in non-responders.
Methods: We analyzed routine clinical electroencephalograms (EEGs) from 24 patients who were under-
going seizure treatment by VNS. The patients were divided into 2 groups by hardware time constant (TC)
of EEG: the TC 10-s group (10 patients) and TC 2-s group (14 patients). We compared SCPs at 5 electrodes
(Cz and adjacent ones) between the 2 states of VNS: during stimulation and between stimulations.
Seizure reduction was independently judged. Correlation between SCP (positivity or not) and seizure
reduction (>50% or not) was estimated.
Results: In the TC 10-s group, the correlation between SCP and seizure reduction was significant (p < 0.05)
(i.e., both good results in 4 and both negative results in 5). In TC 2-s group, the correlation between SCP
and seizure reduction was not significant (p = 0.209).
Conclusions: A positive shift of SCP recorded by using a TC of 10 s could be a surrogate marker for VNS
response.
Significance: SCP could be a biomarker of good responders to VNS.

© 2017 Published by Elsevier Ireland Ltd on behalf of International Federation of Clinical Neurophy-
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1. Introduction

Vagus nerve stimulation (VNS) is a palliative treatment option
for patients with intractable epilepsy who are not good candidates
for surgical resection (Connor et al., 2012). VNS uses an electrical
stimulator, like those in cardiac pacemakers, which is implanted
in the subclavicular area and delivers trains of electrical pulses to

1388-2457/© 2017 Published by Elsevier Ireland Ltd on behalf of International Federation of Clinical Neurophysiology.
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the left vagus nerve via bipolar stimulating electrodes (Terry et al.,
1990). The stimulation of the vagus nerve is intermittent, and the
usual stimulation condition is set to a signal on-time (VNS ON)
of 30 s followed by an off-time (VNS OFF) of 3-5 min (Heck et al.,
2002) repeatedly. Positive responses can be obtained within the
first 3 months of treatment (Salinsky et al., 1996), and the response
has a tendency to increase up to 18 months after surgery (De Taeye
et al., 2014). It has been reported that one third of patients have a
>50% reduction in seizure frequency, another one third show a
30%-50% seizure reduction, and the remaining one third show no
response (Boon et al., 2001).

Neuronal mechanisms of VNS for seizure suppression are not
clearly understood yet (Loddenkemper and Alexopoulos, 2008;
Fanselow, 2012). In experimental models of epilepsy, it has been
reported that VNS produced desynchronization of electroen-
cephalography (EEG) and blocking of spike waves (Zanchetti
et al., 1952) as well as an increased seizure threshold (De Herdt
et al., 2010). Krahl et al. (1998) demonstrated that the antiepileptic
effect of VNS was mediated by locus coeruleus. Chemical activation
of parafascicular nuclei, a part of the non-specific thalamocortical
projection system, inhibited epileptiform activity (Nail-Boucherie
et al., 2005). The thalamocortical projection system has a major
role in certain phenomena, such as consciousness, sleep, attention,
and idiopathic epilepsy (Hanbery and Jasper, 1954). In humans, a
positron-emission tomography (PET) study of VNS response
showed activation of the thalamus in patients with seizure reduc-
tion (Henry et al., 2004).

Zagon and Kemeny (2000) suggested slow hyperpolarization of
cortical pyramidal neurons of the parietal association cortex in
anesthetized rats as an underlying mechanism of action of VNS in
suppressing seizures. It is clinically useful to extract or record the
hyperpolarized state of the cortices in association with VNS in
humans by means of scalp EEG. Clinical EEG recorded by using an
alternate current (AC) amplifier with very long time constant (TC)
can detect slow cortical potential (SCP) or the direct-current (DC)
shifts that are generated by either cortical neurons, glias, or their
combination, depending on the type of SCP (Ikeda et al., 1996).

Based on previous research on animal studies and the following
observations in humans, it can be inferred that depolarization of
neurons, seen on EEG as negative SCP shifts, represents activation
of excitatory postsynaptic potentials and neuronal excitation.
Hyperpolarization of neurons, seen on EEG as positive SCP shifts,
represents activation of inhibitory postsynaptic potentials and
inhibition of neuronal activity (Prince, 1968; Ayala et al., 1973;
Ikeda et al., 1996). Production of scalp-recorded positive SCP by a
self-regulation training has been used for suppressing seizures,
and some patients have even become seizure free (Kotchoubey
et al.,, 2001; Strehl et al., 2005). On the basis of the above back-
grounds, we hypothesized that a positive SCP shift could appear
during VNS stimulation in patients with good response to treat-
ment and there could be an absence of positive SCP shift in patients
with poor response. Attempts to predict suitable candidates for
VNS were reported (De Taeye et al., 2014; Arcos et al., 2014), and
showed potential usefulness.

The goal of this retrospective study on data from three different
centers was to investigate whether scalp-recorded positive polarity
of the SCP shift could be used as a surrogate marker for treatment
response to VNS.

2. Methods
2.1. Patient profile
The study was approved by the ethics committees of the Kyoto

University Hospital, Kindai University Hospital and Hiroshima
University Hospital (IRB#E1736, #25-036 and #Epi1158 respec-

tively). A total of 24 patients (13 women) with intractable epilepsy
aged 28.8 + 17.2 (mean # standard deviation) years; ranging from 6
to 66 years, at the time of EEG, who have undergone VNS implan-
tation between November 2010 and August 2014 were studied. 10
patients were diagnosed as having symptomatic generalized epi-
lepsy and 14 as having symptomatic partial epilepsy. Their clinical
features and related conditions (VNS stimulation interval, time
constant of EEG recording and kind of metal for scalp electrodes)
are summarized in Supplementary Table S1.

The mean period between VNS implantation and the latest
available EEG recording was 12.2 (range, 4.2-36.7) months. The
mean follow-up period or post-implantation seizure assessment
at the last visit was 24.1 (range, 11.7-43.0) months, the mean time
interval between the EEG and last assessment was 11.9 (range,
0.0-28.8) months (Supplementary Table S2).

2.2. VNS stimulation and seizure frequency assessment

All patients underwent VNS device implantation (Cyberonics,
Houston, TX, USA), and the stimulation started within 1-2 weeks
after the operation. The stimulation time was from the pro-
grammed plateau VNS ON time plus 2 s of ramp-up time and 2 s
of ramp-down time (Fig. 1). The output parameters of the pulse
generator were individually adjusted, and the adjustment methods
were similar to those of other institutions (Labiner and Ahern,
2007). The cycles of stimulation were programmed to use a VNS
ON time of 30, except in Patient 16 (21 s), and a VNS OFF time
of 5, 3, or 1.8 min (Supplementary Table S1).

Seizure frequency was calculated on the basis of the patient’s
seizure diary when available or the records by the physicians-in-
charge at the time of the patient’s visit, if available. All types of par-
tial and generalized seizures were singularly counted. Baseline
monthly seizure frequency before VNS was calculated on the last
visit before VNS implantation, or for the patients with more than
one visit, the average of up to 3 monthly visits immediately before
the implantation was used.

The monthly seizure frequency was obtained by following 2
methods: (1) if the patient’s seizure diary was available, the
monthly average of all seizures during the 3 months preceding
the EEG recording was assessed; (2) if the seizure number was
obtained from the physician’s records, the monthly seizure
frequency was first calculated, and then the average number of sei-
zures in the 2 consecutive months before and in the month of EEG
recording was calculated. When the period between the 2 follow-
up visits was >3 months, the average number of seizures at the last
2 clinic visits was used as the number of seizures after the VNS.

If epilepsy surgery, such as corpus callosotomy, was performed
after VNS, the seizure frequency after the operation was excluded
from the analysis. In 4 patients with multiple types of seizures, an
accurate counting of atypical absence seizures was not available: in
3 patients, the frequency of atypical absence seizures only was not
calculated, and in the remaining 1 patient (Patient 8), the seizure
frequencies for each seizure type were not available. Seizure fre-
quency evaluation after VNS was calculated using the following
formula (Labar et al., 1998; Fraschini et al., 2013):

median VNS seizure(per month) — baseline seizure(per month)
baseline seizure(per month)

x 100(%)

On the basis of the VNS effect on seizure control, the patients
were divided into 2 groups: good responders (>50% reduction in
seizure frequency) and non-responders (<50% reduction in seizure
frequency). Seizure frequency was analyzed at the time of EEG and
at the last visit after VNS.
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Fig. 1. Schematic diagram of the analysis window of VNS epochs and control epochs. The control epoch for comparison with the VNS epoch is in the middle between 2VNS
epochs. The 34 s of stimulation time consists of a 2-s ramp-up, a 30-s plateau, and a 2-s ramp-down period. Black trapezoid = stimulation, thick line = control period, black
triangles = starting point of stimulation, open triangle = starting point of no stimulation.

2.3. EEG recording and analysis

2.3.1. EEG recording conditions

30 min scalp EEGs were recorded by using the EEG1100 or
EEG2100 (Nihon Kohden, Tokyo, Japan) with time constants of
10 s in 10 patients (TC 10-s group) and 2 s in 14 patients (TC 2-s
group). The signals were digitized with sampling rate of 200 Hz
or 500 Hz. The electrodes were placed according to the Interna-
tional 10-20 System (19 scalp electrodes and 2 references of Al
and A2). The types of electrodes used for the EEG recordings were
silver electrodes (Nihon Kohden, Tokyo, Japan) at Kindai University
and Kyoto University or tin electrodes attached to a special cap
(Electro-Cap, Eaton, OH, USA) at Hiroshima University. The elec-
trode impedance was maintained at <10 kQ at Kyoto University
and Hiroshima University and similar at Kindai University.

2.3.2. EEG analysis

We selected 5 electrodes, C3, C4, Fz, Cz, and Pz, because these
electrodes are relatively unsusceptible to electromyographic arti-
facts. The EEG signal recorded by those electrodes was shown ref-
erenced to linked earlobes on a digital display. Data analysis was
accomplished in an off-line manner by using Matlab R2012b
(MathWorks, Inc., Natick, MA, USA) on a personal computer
workstation. For extracting the SCP of the EEG recording, a high-
frequency filter of 0.2 Hz was applied to EEG in the C3, C4, Fz, Cz,
and Pz electrodes. To identify the stimulation period, a linked ear-
lobe lead or ECG linked to a system reference electrode derivation
was employed, and a low-frequency filter (LFF) of 30 Hz was
applied only on this channel. The onset points of each train of
VNS were marked on the EEG (Figs. 1 and 2A).

As shown in Fig. 1, we averaged the so-called VNS ON time
epoch “VNS epoch” (continuous 30s before VNS onset and the
following continuous 34 s of VNS) and the “control epochs,” (con-
tinuous 64 s between the 2 consecutive VNS epochs) separately,
with an exceptional 55 s in 1 patient (Patient 16, Supplementary
Figure S2D, E and F).

Artifacts and inappropriate electrographic signals in EEG were
treated by using the following 3 criteria:

1) Initial slow negative shifts most likely caused by electrode
potentials (Cooper et al., 1969; Epstein, 2011) were observed
at the beginning of the recording. This baseline shift almost
disappeared within 600 s whenever it was present on EEG.
Therefore, we measured the mean potential of the first
60 s in 5 electrodes of analysis, and if it was >150 uV, then
the first 600 s of EEG data were excluded (Fig. 2A). Details
of the generator mechanisms of this artifact in the present
study are explained in the Supplementary Figure S1.

2) EEG epochs with recording reset events, such as pausing in
the EEG recording or montage change in certain types of
EEG machine, were excluded because the recording reset
produced a correction of baseline shifts not infrequently
associated with large offset drift (Fig. 2A and Supplementary
Figure S2A).

3) Epochs containing transient electrographic  signal
amplitudes >400 nV (as the peak-to-peak amplitude of the
opposite polarity) were excluded from the analysis.

To determine the presence of difference between the above 2
waveforms at 5 electrodes, the Wilcoxon signed rank sum test
was calculated (Fig. 2C and Supplementary Figure S2C and F). A
positive shift of the SCP was considered to be “present” when it
was observed on the 5 electrodes during the stimulation period,
and the Wilcoxon test value was <0.05.

We excluded the EEG data of patients with VNS OFF time dura-
tions of 1.1 min from analysis, because the consecutive VNS epoch
and control epoch overlapped in each analysis window. When the
patients had more than one EEG record, the latest one was
included for analysis. EEGs were gathered by the coauthors from
Kindai University Hospital, Hiroshima University Hospital, and
Kyoto University Hospital. All EEGs were analyzed by the authors
(B.B., M.M. T.F, Kyoto University). Those processes were completely
independent of any EEG acquisition and selection.

2.4. Concordance between the SCP and response to treatment

Concordance was defined as when the patient was a good
responder and a positive polarity of the SCP shift was observed
or when the patient was a non-responder and a non-positive SCP
shift was observed. Any other combinations were judged as non-
concordant.

2.5. Statistical analysis

Statistical analysis was performed by using SPSS software
(version 15.0, SPSS Inc., Chicago, IL, USA). Fisher’s exact test using
2 groups of between-subject factors (responders vs. non-
responders, positive SCP shift present vs. positive SCP shift absent)
was performed to analyze the relationship between responders
and positive shift of SCP. In addition, Fisher’s exact test was also
employed to compare the two groups (TC 2-s and TC 10-s)
regarding the concordance ratio. Two-sided p values of <0.05 were
considered as indicating statistical significance.
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Fig. 2. EEG sample recorded with a TC of 10 s in Patient 1. A: EEG waveforms of selected channels. There were 2 recording gaps at 128 s and 1148 s, lasting for 42 s and 33 s,
respectively (shown by the first and last vertical lines in the figure). Black triangles enclosed in parentheses represent the excluded epochs because of initial slow drift artifact.
Vertical lines = recording breaks, black triangles = the starting point of the stimulation period, open triangles = the starting point of the no stimulation period within the
stimulation interval. B: Averaged EEG waveforms of the VNS epoch and control epoch. The EEG showed positive polarity of SCP shifts during stimulation. C: Quantification of

waveforms at 5 electrodes during stimulation of VNS epoch and no stimulation of control epoch.

3. Results
3.1. Effects of VNS on seizure frequency

Among 10 patients in the TC 10-s group, 3 patients (30%) had
seizure reductions of >50% at the time of EEG. At the last visit,
the number of responders was 4 (40%). Among the 14 patients in
the TC 2-s group, the number of responders at the time of EEG
was 5 (36%), and this number increased to 8 (57%) at the last visit
(Supplementary Table S2). The results of seizure reduction in
response to VNS are summarized in Tables 1 and 2. Among all 24
patients, 8 patients had seizure reductions of >50% at the time of
EEG, and the number of good responders was 12 (50%) at the last
visit. Increase in responder rate over time observed in our study
was consistent with previous studies (Morris and Mueller,, 1999;
Kuba et al., 2009).

3.2. Electrophysiological results

The mean of the period between VNS implantation and the lat-
est EEG recording was 12.1 months (range, 4.3-36.6 months).

3.2.1. TC 10-s group (Table 1)
In 10 patients, EEGs were recorded with a 10-s time constant.
Recorded VNS epochs were 7.6 + 3.0 (means * standard deviation).

After excluding epochs with artifacts, the final number of available
epochs for analysis was 4.1 + 1.6 per EEG record. Recorded control
epochs were 7.5 +3.2. After excluding epochs with artifacts, the
final number of available epochs for analysis was 4.4 + 2.0 (Supple-
mentary Table S3).

Representative waveforms of the whole, 30-min EEG are shown
in Fig. 2A. Averaged waveforms (Fig. 2B), amplitudes, and polarities
for 5 electrodes (Fig. 2C) are illustrated for each patient with and
without a positive shift of SCP (Supplementary Figure S2A, B and
C). In the final results, a positive polarity of the SCP shift (Fig. 2C)
was observed in 5 patients.

3.2.2. TC 2-s group (Table 2)

In 14 patients, EEGs were recorded with a 2-s time constant.
VNS epochs recorded = 10.6 + 5.7. After excluding epochs with arti-
facts, the final number of available epochs for analysis was
7.5 + 4.6 per EEG record. Control epochs recorded = 10.8 + 6.0. After
excluding epochs with artifacts, the final number of available
epochs for analysis was 8.1 £ 5.3 (Supplementary Table S3).

On some occasions, for instance, Patient 12 had 1 VNS signal
obscured by movement artifacts, whereas Patient 15 had 2 VNS
signals obscured by the movement artifacts, both during a hyper-
ventilation test on EEG. These 3 VNS signals were not included in
the analysis. Representative waveforms of the whole, 30-min EEG
are shown in Supplementary Figure S2D, E and F. In the final
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Table 1
The degree of positive polarity of slow cortical potential (SCP) shifts and response to VNS treatment in 10 patients in the TC 10-s group.

Patient Positive polarity of SCP shifts Response to VNS treatment Concordance

No. of electrodes P-value?® Yes/No At the time of EEG At the last follow-up At the time of EEG” At the last follow-up®

1 5 0.043 Yes NR R NC C

2 5 0.029 Yes R R C C

3 5 0.001 Yes NR NR NC NC

4 5 0.043 Yes R R C C

5 5 0.001 Yes R R C C

6 2 0.500 No NR NR C C

7 4 0.080 No NR NR C C

8 3 0.345 No NR NR C C

9 4 0.500 No NR NR C C

10 4 0.138 No NR NR C C

Yes = positive SCP shift was “present” (as defined in Methods); No = positive SCP shift was not “present”; R = Responder; NR = Non-responder; C = Concordant; NC = Non-

concordant.

@ p-value was analyzed by using the Wilcoxon signed rank sum test for 5 electrodes during 2 conditions of both stimulation and no stimulation.

> p=0.167.
¢ p=0.048 (Fisher's exact test).

Table 2

The degree of positive polarity of slow cortical potential (SCP) shifts and response to VNS treatment in 14 patients in the TC 2-s group.
Patient Positive polarity of SCP shifts Response to VNS treatment Concordance

No. of electrodes P-value® Yes/No At the time of EEG At the last follow-up At the time of EEG” At the last follow-up®

11 4 0.500 No NR NR C C
12 1 0.138 No NR NR C C
13 4 0.080 No NR NR C C
14 5 0.043 Yes R R C C
15 0 0.043 No NR R C NC
16 5 0.043 Yes R R C C
17 1 0.080 No R R NC NC
18 3 0.500 No NR NR C C
19 1 0.080 No NR NR C C
20 3 0.345 No NR NR C C
21 2 0.225 No R R NC NC
22 3 0.345 No R R NC NC
23 5 0.043 Yes NR R NC C
24 4 0.080 No NR R C NC

Yes = positive SCP shift was “present”; No = positive SCP shift was not “present”; R = Responder; NR = Non-responder; C = Concordant, NC = Non-concordant.
@ p-value was analyzed by using the Wilcoxon signed rank sum test for 5 electrodes during 2 conditions of both stimulation and no stimulation.

> p=0.505.
¢ p=0.209 (Fisher's exact test).

results, a positive polarity of the SCP shift was observed in 3
patients.

3.3. Concordance between SCP analysis and seizure reduction

In the EEGs of the TC 10-s group, 9 of 10 patients showed con-
cordance between the degree of seizure reduction and SCP results
at the last visit, and the correlation was statistically significant
(p=0.048, Fisher’s test). At the time of EEG, the correlation
between the 2 was not statistically significant (p = 0.167, Fisher’s
test) (Table 1).

In the EEGs of the TC 2-s group, the correlation between the 2
items was not statistically significant at the last visit (p = 0.209,
Fisher’s test) or at the time of EEG (p = 0.505, Fisher’s test) (Table 2).
However, the difference between the 2 groups was not significant
(Fig. 3).

4. Discussion

Our primary goal was to identify a biomarker of good respon-
ders to VNS treatment. Based on the reasonable assumption that
hyperpolarization or inhibitory properties of patients’ brain activ-
ity during stimulation is reflected by the positive polarity of SCP,

we compared the SCP between the stimulation (VNS epochs) and
control period of the stimulation interval (control epochs). The
only outcome of the study protocol was the correlation between
the degree of seizure reduction and degree of positive polarity of
the SCP shift.

On the basis of the TC value of the EEG recording, we purposely
divided the patients into 2 groups: the TC 10-s and TC 2-s groups.
Percentages of good responders to treatment were similar between
the 2 groups. The EEGs of the good responders at the last visit
showed positive shifts of the SCP during stimulation (p = 0.048,
Fisher’s test) in the TC 10-s group, but not in the TC 2-s group
(p=0.209) (Tables 1 and 2). These results suggest that a TC of
10s, but not a TC of 2's, could extract positive shifts of the SCP
appropriately.

Because routine scalp-recorded EEG was used in our analysis, to
avoid the external noise from the analysis, we applied 3 kinds of
criteria to exclude inappropriate samples (Supplementary
Table S3). We deleted almost half of epochs in the TC-10 s group
and nearly 30% of epochs in TC-2 s group.

Changes in the conventional EEGs with a LFF of 0.3 Hz (corre-
sponding to a TC of 0.5 s) during VNS have not been observed pre-
viously (Salinsky and Burchiel, 1993). However, consistent with
the study by Zagon and Kemeny, 2000, a positive polarity of the
SCP shifts during VNS was observed in our study.
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A. At the time of EEG

Mean of

B. At the last follow-up

TC2-s TC 10-s 119 Moot TC2-s TC10-s

C 10 8 C 9 9 —
— > *x

NC 4 2 NC 5 1 —

C = Concordance between SCP shift and seizure reduction was observed; NC = Non-concordance
between SCP shift and seizure reduction was observed; TC 2-s = TC 2-s group; TC 10-s = TC 10-s

group; **p = 0.048.

Fig. 3. A summary of Tables 1 and 2: a comparison of concordance and non-concordance in both TC 10-s and TC 2-s groups (number of patients). It showed the number of
patients exhibiting concordance and non-concordance between the degree of seizure reduction and SCP results in the TC 10-s and TC 2-s groups. The difference between the
TC 10-s and TC 2-s group results did not reach statistical significance: at the time of EEG and at the last follow-up, the p-values were 1.00 and 0.341 respectively.

Although it appeared only as an abstract, a previous study on
DC shifts involving DC-coupled amplifiers reported positive DC
shifts in 7 of 9 good responders to VNS during and immediately
after VNS off-time, whereas all 9 poor responders to VNS did not
show any positive shift (Sperner et al., 2005). Very similar to that
study, our study found positive polarity of the SCP shifts in good
responders during VNS stimulation. The difference between the 2
studies was the occurrence time of positive polarity of the SCP
shifts. Specifically, our study showed shorter positive shifts,
whereas the other study showed longer positive shifts. These
results are simply explained by the usage of DC amplifiers in their
study and AC amplifiers in our study.

To interpret the present findings especially regarding sensitiv-
ity, the following concern was considered. In the TC 10-s group,
the correlation between the seizure reduction and positive polarity
shift was not significant when seizure reduction was assessed at
the time of EEG recording, but it was significant when seizure
reduction was assessed at the last follow-up visit. The time differ-
ence between EEG recording and the last follow-up visit was on
average 11.9 £ 7.3 months (Supplementary Table S2). Thus, EEG
findings regarding the positive polarity of SCP shifts may precede
the clinical condition of seizure reduction. Future research could
solve whether the delayed effects are common and could assess
the underlying mechanism. In addition, a possible limitation of this
study is the usage of the Wilcoxon signed rank sum test as an index
of positivity of the SCP; although it is usually applied to the values
of trials or subjects, we applied the test to 5 electrodes and their
average amplitude.

Our findings are consistent with the study by De Taeye et al,,
2014, who found more positive P3 waves during VNS condition
in the good responder group. The P3 during VNS condition may
override on positive SCP observed in our study, resulting in aug-
menting of P3 amplitude in responders. In comparison with the
study by De Taeye, although small in the sample size, in our study
it showed statistically significant correlation between SCP and
response to VNS.

Recently, noninvasive methods of cranial nerve stimulation,
such as transcutaneous VNS (t-VNS), and trigeminal nerve stimula-
tion, such as of the forehead (DeGiorgio et al., 2013), have been
reported. The t-VNS is a noninvasive method of VNS, which stimu-
lates the vagus nerve, i.e., tragus, via the auricular branch; its anti-
convulsive effect in the first clinical data was equivalent to that of
VNS (Stefan et al., 2012). Activation and deactivation of different
brain regions by t-VNS were reportedly similar to those produced
by an implantable VNS (Frangos et al., 2015). Our findings support
the idea that for prediction of seizure reduction by VNS, scalp EEG
recorded with a TC of 10 s could be clinically useful if the vagal
nerve is properly stimulated noninvasively, such as by t-VNS
before VNS surgery. In this regard, use of EEG for prediction is quite

simple and straightforward. The current study findings support
further investigation of SCP as a surrogate marker in a larger
patient population.

5. Conclusion

This study compared scalp-recorded SCPs during VNS stimula-
tion period with the inter-stimulation interval respectively from
5 electrodes in patients undergoing VNS therapy. The comparison
showed that utilization of EEG with a long TC (10 s) revealed pos-
itive SCP shifts during VNS in good responders. Positive polarity of
SCP shifts could be a possible predictive biomarker of good
response to VNS treatment, which may help physicians in selection
of parameters and prediction of treatment outcomes before VNS
surgery if the vagal nerve can be transiently stimulated. In the
future, SCP could be investigated by EEG instruments with long
TCs in noninvasive stimulation techniques, such as t-VNS or
trigeminal nerve stimulation.
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