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Abstract

Background: Drug-resistant epilepsy (DRE) affects approximately one-third of epilepsy
patients who do not achieve adequate seizure control with medication. Vagus nerve
stimulation (VNS] is an adjunctive therapy for DRE, but its long-term effects on cortical
excitability remain unclear.

Objectives: This study aims to elucidate the long-term effects of VNS on
electroencephalography (EEG) aperiodic components in patients with DRE. Our objective

is to identify biomarkers that can serve as indicators of therapeutic efficacy and provide
mechanistic insights into the underlying neural processes.

Design: This longitudinal observational study focused on patients with DRE undergoing VNS
therapy at Sanbo Brain Hospital. The reduction in seizure frequency rates was quantified over
short-term (<1year), medium-term (1-3years), and long-term (=3years) intervals to assess
the therapeutic efficacy of VNS. Both the periodic and aperiodic components of EEG data were
analyzed.

Methods: Advanced signal processing techniques were utilized to parameterize the periodic
and aperiodic components of EEG data, focusing particularly on “offset” and “exponent.”
These measures were compared before and after VNS therapy. Correlation analyses were
conducted to explore the relationship between these EEG parameters and clinical outcomes.
Results: In all, 18 patients with DRE participated in this study. During the long-term follow-
up period, the responder rate was 55.56%. Significant decreases were observed in aperiodic
offset (p=0.022) and exponent (p=0.039) among responders. The impact of age on these
results was not significant. Correlation analyses revealed a negative association between
therapeutic efficacy and a decrease in offset (R=-0.546, p=0.019) and exponent (R=-0.636,
p=0.019).

Conclusion: EEG aperiodic parameters, including offset and exponent, have the potential to
serve as promising biomarkers for evaluating the efficacy of VNS. An understanding of the
regulatory influence of VNS on cortical excitability through these aperiodic parameters could
provide a basis for the development of more effective stimulation parameters and therapeutic
strategies.
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Introduction

Approximately one-third of epilepsy cases are
drug-resistant epilepsy (DRE).! Patients with
DRE fail to achieve adequate response after try-
ing two or more antiseizure medications (ASMs).
In recent years, non-pharmacological interven-
tions have been increasingly used, broadly cate-
gorized into resective epilepsy surgery,
neuromodulation approaches, and other non-sur-
gical methods.? Neurosurgical resection is recog-
nized as the most effective way to achieve
long-term seizure freedom and improve quality of
life in selected individuals with refractory focal
epilepsy.3* However, this option is not universally
available, as some patients are not candidates for
resective surgery due to an indeterminate epilep-
togenic zone after detailed preoperative evalua-
tion, or because their epilepsy is non-focal in
nature. For those unsuitable for resective surgery,
including individuals with non-focal epilepsy,
neuromodulation techniques such as vagus nerve
stimulation (VNS) offer viable therapeutic
alternatives.>

Since its approval by the FDA in 1997, VNS has
been an effective and relatively safe adjunctive
therapy for patients with DRE who are not ame-
nable to resection.® In both adults and children,
the efficacy of VNS may increase over time, with
long-term responder rates of 50% (56%—-63%)
and seizure freedom rates of 8%—12% observed
after multiple years of exposure.”-® In addition to
reducing the frequency of seizures, VNS has been
shown to have other benefits, including alleviat-
ing depression,® improving quality of life, and
decreasing economic costs.!® Despite its wide-
spread use, the mechanisms by which VNS
achieves these effects are not fully understood,!!
particularly regarding its long-term effects on cor-
tical neural activity.

Epileptic seizures are indicative of aberrant, syn-
chronous electrical activity within neuronal net-
works, resulting from an imbalance between
excitation and inhibition.!?13 It remains uncer-
tain whether VNS modifies this cortical imbal-
ance. An understanding of the changes in
electroencephalography (EEG) activity can pro-
vide insight into the cortical mechanisms involved
in VNS. Early studies revealed that VNS treat-
ment could cause desynchronization of cortical
electrical activity in rats.!* Alexander and
McNamara found that VNS increased the seizure
threshold in the kindling model.15> Furthermore,

they discovered that VNS modified neuronal fir-
ing rate and the composition of excitatory syn-
apses in the central nervous system.!® We aim to
investigate the cortical mechanisms of VNS by
examining whether VNS alters the excitatory—
inhibitory balance of brain networks.

In the past, the aperiodic component of EEG has
been either ignored or treated as a nuisance vari-
able that requires correction in spectral whiten-
ing.!” This may be attributed to the lack of
adequate computational tools and theoretical
frameworks. In pioneering work, Donoghue et al.
introduce an algorithm to parameterize neural
power spectra as a combination of an aperiodic
component and periodic oscillatory peaks.!®
Furthermore, they provide the “Fitting
Oscillations and One-Over-f” (FOOOF) toolbox.
This tool enables the computation of the aperi-
odic offset, which has been demonstrated to cor-
relate with neuronal population spiking,! and the
aperiodic exponent, which has been shown to
relate to the integration of underlying synaptic
currents.?®

There is a deficit of understanding regarding the
extent to which VNS modifies the cortical excita-
tion—inhibition balance and the corresponding
changes in EEG activity. This is a crucial factor
for improving therapeutic outcomes. The hypoth-
esis is that VNS can modify neuronal spiking rates
and the excitation—inhibition balance, thereby
decreasing seizure frequency. In this study, we
will compare the periodic and aperiodic compo-
nents of EEG before and after VNS treatment to
identify potential changes in neural activity
induced by VNS. By elucidating these changes,
we aim to enhance our understanding of how
VNS exerts its therapeutic efficacy, thereby pro-
viding insights that could inform the optimization
of VNS protocols and the development of novel
neuromodulatory treatments for epilepsy.

Materials and methods

Patient selection

In this study, we retrospectively analyzed patients
with DRE who underwent VNS at Sanbo Brain
Hospital from January 2008 to December 2022.
The inclusion criteria were as follows: (1) Patients
who met the International League Against
Epilepsy (ILAE) diagnostic criteria for DRE,! (2)
patients who underwent VNS implantation after
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a standardized preoperative evaluation for epi-
lepsy, (3) patients who were followed up for at
least 3years after VNS implantation, and (4)
patients who had eligible non-rapid eye move-
ment (NREM) stage II sleep EEG data available
for subsequent analysis without significant arti-
facts, such as those caused by muscle activity,
cardiovascular activity, or external factors related
to the EEG equipment. Patients were excluded if
they received additional antiepileptic treatments
after VNS implantation (such as new antiepileptic
drugs, ketogenic diet, or resective surgery), termi-
nated VNS treatment within 3 years of implanta-
tion, or had incomplete follow-up information.

Preoperative assessment

All patients underwent a comprehensive preoper-
ative evaluation, which included a detailed review
of their medical history, a comprehensive neuro-
logical examination, scalp video-EEG monitoring,
and neuroimaging, and neuropsychological assess-
ment. The proposed treatment strategies were dis-
cussed by the multidisciplinary team to ensure a
well-rounded approach. The team comprised
neurologists, pediatricians, epilepsy surgeons,
electrophysiologists, and neuropsychologists. The
objective of the collective evaluation was to ascer-
tain the etiology of each patient’s condition, rule
out treatable causes, and identify any age-depend-
ent epileptic syndromes that might be self-limiting
in the short term. We performed a comprehensive
analysis based on the type of epilepsy and its etiol-
ogy. Epilepsy types were categorized into focal,
multifocal, and generalized. Etiologies were clas-
sified into six major categories: structural, genetic,
infectious, metabolic, immune, and unknown.2!

VNS procedure, follow-up, and outcome
classification

The VNS surgery was conducted following the
comprehensive assessment. Two models of stim-
ulators were implanted: Model 103 (Demipulse;
LivaNova; London, United Kingdom) and Model
G111 (Beijing PINS Medical Co., Ltd.; China,
Beijing). Despite the different manufacturers,
both stimulators have demonstrated comparable
efficacy in clinical practice, supported by previous
studies and our own clinical experience.??2 The
use of standardized initial parameters for both
models of VNS stimulators was based on our
center’s programming protocol, which has been
developed and refined over the years.23 The initial

settings included an output current of 0.5mA, a
signal on time of 30s, and a signal off time of
5min. The signal frequency was kept at 30 Hz,
with a pulse width of 250 or 500 ms. In addition,
the magnet current was set to be 0.25mA higher
than the output current.

During outpatient follow-up, the current intensity
required for effective treatment was gradually
increased to a range of 1.25-2.25mA. Adjustments
for the LivaNova model were made in increments of
0.25mA, while adjustments for the PINS (Patient
Is No.1 alwayS) models were made in increments of
0.20mA. Most patients maintained the same on/off
times, but adjustments were made as necessary
based on individual patient response and tolerabil-
ity, ensuring personalized treatment optimization.

All enrolled patients were followed for at least
3years after VNS therapy. VNS outcomes were
evaluated at three distinct intervals: short term
(=<1lyear), medium term (1-3years), and long
term (=3years). Seizure frequency was deter-
mined by calculating the mean monthly seizure
rate. Response to VNS was defined as a reduction
in seizure frequency of more than 50%. In addi-
tion, outcomes were assessed using the VNS-
specific classification criteria proposed by
McHugh et al.24

EEG recording and preprocessing

In this study, EEG monitoring was conducted at
four time points: preoperatively, short term,
medium term, and long term after VNS implan-
tation. EEGs were recorded using a 64-channel
system with international standard 10-20 elec-
trode placements, utilizing a Nicolet recording
system. EEG data were acquired at a sampling
rate of either 512 or 1024 Hz. Electrode imped-
ance levels were maintained at or below 5kQ dur-
ing data acquisition. The EEG was initially
referenced online to the central midline electrode
site (Cz). For the analysis, data from a total of 19
scalp electrodes were included: Fpl, F3, C3, P3,
O1; F7, T3, T5; Fz, Cz, Pz; Fp2, F4, C4, P4,
02; and F8, T4, T6.

Five-minute segments of artifact-free NREM
stage II sleep EEG were selected for analysis.
NREM stage II sleep EEG was chosen due to its
stability and the prevalence of consistent brain
activity patterns, which are less likely to be
affected by external factors.2> The EEG data were
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pre-processed using the EEGLAB toolbox to
ensure data quality and to provide clear, reliable
signals for subsequent in-depth analysis.?® The
EEG signals were re-referenced to the average of
all electrodes. The data were then filtered with a
0.5 Hz high-pass filter and a 40 Hz low-pass filter,
and the sampling rate was downsampled to
256 Hz. Independent component analysis was
used to correct for residual artifacts, such as
minor muscle activity and other subtle sources of
noise that might still be present despite the initial
artifact-free selection. Each pre-processed EEG
segment was evaluated individually, and manual
artifact removal was performed as necessary to
ensure the highest data quality.

Analysis of the EEG periodic and aperiodic
components

In our study, we calculated the average periodic
(center frequency and power) and aperiodic (off-
set and exponent) components from EEG record-
ings obtained from 19 electrodes over 5-min
segments. For each patient, periodic and aperi-
odic values were derived from each EEG seg-
ment. These values were then compared between
pre- and post-VNS therapy to assess the effect of
VNS on these EEG markers. This comparison
aimed to provide insight into the neurophysiolog-
ical changes associated with the treatment,
thereby evaluating the efficacy and neural mecha-
nisms underlying VNS therapy.

EEG data were analyzed using the Brainstorm
toolbox for MATLAB (Natick, MA).2” Power
spectral density (PSD) was calculated in 0.5 Hz
steps from 0.5 to 40Hz using Welch’s method
(10s-time window, 0.5s-window length, and
50% overlap). The FOOOF toolbox was used to
calculate the periodic (center frequency and
power) and aperiodic (offset and exponent)
components.!8

The power spectrum density, PSD, was modeled
by three parameters, as shown in the following
equation:

PSD=L+3G,

n=0

where L is the aperiodic “background” signal,
with N total peaks extracted from the power spec-
trum, and Gaussians (G,) fitted to each peak.

The peaks were iteratively fitted by Gaussians, as
shown in the following equation:

G, =a *exp[_(F—_c)z]

2w?

with an amplitude a, center frequency ¢, band-
width of the Gaussian w, and the input frequen-
cies F. The aperiodic signal L was modeled by
four parameters, as shown in the following
equation:

L=b-log(k+F*)

where b is the broadband offset, x is the exponent,
and k is the knee parameter.

Calculation of the periodic components. The peri-
odic components were identified as oscillatory
peaks within the PSD. The center frequency and
power of these oscillatory peaks were determined
through a series of steps: first, the PSD was exam-
ined to locate peaks indicative of oscillatory activ-
ity; then, each identified peak was iteratively fitted
with a Gaussian function to accurately model the
center frequency and power of the oscillation;
finally, the center frequency (¢) and power (a?) of
each peak were extracted from the Gaussian fits.

Calculation of the aperiodic components. The
aperiodic “background” signal (L) was modeled
as a broadband offset and exponent. The param-
eters b (offset) and x (exponent) were used to
model the overall shape of the PSD. In this study,
F represents the vector of input frequencies,
which was set in the range of 0.5-40Hz. This
range was chosen to cover the spectrum of rele-
vant EEG frequencies, thus ensuring a compre-
hensive analysis of brain activity. The parameter
K, known as the “knee” parameter, was set to 0.
This setting indicates the absence of a knee,
resulting in a linear direct relationship between
the slope a and the exponent x, where x=—a. This
linear relationship simplifies the interpretation of
the data, as changes in the exponent directly
reflect changes in the slope.

The broadband offset reflects the uniform shift of
power across frequencies and describes the verti-
cal translation of the aperiodic component. In the
above model, the offset represents a global fre-
quency-independent adjustment of power levels
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across the entire spectrum. To better understand
the underlying neural mechanisms, Voytek et al.
emphasized the importance of separating the
broadband offset from periodic activity.?®8 The
broadband power shifts were shown to reliably
predict neuronal spiking and provide valuable
information concerning neuronal activity.!®

The slope of PSD in log—log space is equivalent to
the negative exponent due to the aperiodic activ-
ity exhibiting a 1/flike distribution, where power
decreases exponentially with increasing fre-
quency.?® This characteristic distribution is fun-
damental to understanding the neural dynamics
captured in EEG recordings. The excitatory—
inhibitory ratio can be inferred from the slope of
the 1/f power spectrum. Specifically, a steeper
slope corresponds to a lower ratio.3° This rela-
tionship indicates that a more negative slope sug-
gests relatively a higher level of inhibition within
the underlying neuronal populations.!® Analysis
of the slope provides critical insight into the bal-
ance between excitatory and inhibitory activity in
the brain, with a more pronounced negative slope
reflecting a dominance of inhibitory processes.

Statistical analysis

We used G*Power software to conduct a power
analysis to determine the appropriate sample size
for this study.3?! Using a significance level of 0.05
and a desired statistical power of 0.80, we deter-
mined that a sample size of 19 patients would be
sufficient to detect a medium effect size (Cohen’s
d=0.6) in the differences between pre- and post-
treatment conditions. This calculation was based
on preliminary data and literature suggesting a
larger effect size for VNS treatment. During the
patient enrollment process, slight adjustments
were made based on stringent inclusion criteria,
resulting in the final inclusion of 18 patients.

To assess the effect of VNS treatment, pairwise
comparison methods were used to assess signifi-
cant differences between pre-VNS baseline meas-
urements and post-VNS follow-up measurements.
Normality tests were first performed to determine
the distribution of the data. Paired z-tests were
applied for datasets that met normality assump-
tions and showed homogeneity of variance. In
cases where normality assumptions were not met,
the nonparametric Wilcoxon matched-pairs
signed-rank test was used. Statistical significance
was set at p<0.05, with p values corrected using

the original false discovery rate method proposed
by Benjamini and Hochberg.32

Analysis of variance (ANOVA) was performed to
examine the effect of age on changes in offset and
exponent. This step was crucial to ensure that any
observed effects were not confounded by age-
related differences, as aging has been associated
with EEG aperiodic activity.?8 Linear correlation
analysis was performed to clarify the relationship
between the reduction in seizure frequency and
the decrease in offset and exponent parameters.
By conducting these statistical analyses, we aimed
to validate that the observed changes in neural
activity were directly attributable to the VNS
intervention, independent of age, and to better
understand the potential mechanisms by which
VNS modulates neural dynamics.

Results

Clinical information

A total of 18 patients with DRE undergoing VNS
therapy were recruited for this study (Table 1).
The cohort consisted of 13 male and 5 female
patients. The average age at the time of surgery
was 14.87 £ 12.22 years, with a range from 2.60
to 50.40years. The age at seizure onset was
9.98 * 11.32years (range 0.50-46.00years),
and the duration of seizures prior to surgery
was 4.88 = 4.17 years (range 0.60—15.30 years).
Follow-up visits were scheduled in the short
(=<lyear), medium (1-3years), and long
(=3 years) term after VNS therapy. The short-
term follow-up averaged 6.75months (range
3.67-12.40 months), the medium-term follow-up
averaged 25.38months (range 14.60-32.23
months), and the long-term follow-up averaged
48.25 months (range 34.57-55.97 months).

We evaluated the efficacy of VNS treatment in
each patient with DRE. In the short term, the effi-
cacy rate was 61.11%, with 11 responders (8 clas-
sified as Mc Hugh I) and 7 non-responders. In
the medium term, the efficacy rate increased to
72.22%, with 13 responders (12 classified as Mc
Hugh I) and 5 non-responders. In the long term,
the efficacy rate was 55.56%, with 10 responders
(9 classified as Mc Hugh I) and 8 non-responders
(Figure 1).

Regarding the type of epilepsy, two patients pre-
sented with generalized epilepsy, and both
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Table 1. Patients’ demographic and clinical characteristics in long-term follow-up.

Variables Responders (n=10) Non-responders (n=8) p

Demographic data

Male/female 7/3 6/2 1.000

Age at surgery 17.54+14.19 11.536.72 0.314

Age at seizure onset 12.44+12.75 6.91+7.22 0.318
History

Febrile convulsions 2/10 1/8 1.000

Trauma 2/10 1/8 1.000

Encephalitis 1/10 2/8 0.559

Seizure characteristics

Duration (year) 5.1+4.68 4.61+3.08 0.814
Motor seizures 9/10 8/8 1.000
Seizures per month 27.23 + 40.25 39.26 +58.03 0.648
EEG
Regional 2/10 1/8 1.000
Multi-regional 3/10 4/8 0.630
Hemispherical 2/10 1/8 1.000
Generalized 3/10 1/8 0.588
Negative 0/10 1/8 0.444
MRI
Focal 3/10 1/8 0.588
Multi-focal 5/10 5/8 0.664
Negative 2/10 2/8 1.000
Etiology
Structural 4/10 3/8 1.000
Infectious 1/10 2/8 0.559
Genetic 0/10 1/8 0.444
Unknown 5/10 2/8 0.367

ASMs information

Number of ASMs 2.4+1.43 3.0+0.87 0.315

(Continued)
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Table 1. (Continued)

Variables

Responders (n=10)

Non-responders (n=8) p

VNS parameters

Models of stimulators (103/G111)  6/4 8/0
Output (mA) 1.50+0.20 2.03+0.21 0.000
Pattern 30s on, 5min off 30s on, 5min off
Frequency (Hz) 30 30
Pulse width (ms) 500/250 500/250
ASM, antiseizure medications; EEG, electroencephalography; VNS, vagus nerve stimulation.
(a) (b)
90 - 420 20 1
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Short-term

Mid-term Long-term

Figure 1. Longitudinal efficacy and classification of VNS therapy across different follow-up periods. (a)
Efficacy rate of VNS: this bar graph shows the number of responders (light green) and non-responders

(dark green) across three follow-up periods: short term (<1year), medium term (1-3years), and long term
(=3years). The overlaid line graph indicates the efficacy rate in reducing seizure frequency: 61.11% (short
term), 72.22% (medium term), and 55.56% (long term). (b) Mc Hugh classification across terms: stacked bar
charts illustrate the distribution of Mc Hugh classification scores from | (highest] to V (lowest) among patients.
These are shown for short-term, medium-term, and long-term follow-ups, with color gradients from light

green (Grade I) to dark green (Grade V).

Efficacy rate, the percentage of patients who responded to VNS therapy with a reduction in seizure frequency of more than
50%; Responders: patients who achieve a reduction in seizure frequency of more than 50% compared to their baseline
levels (pre-VNSJ; Non-responders: patients who achieve a reduction in seizure frequency of less than 50% compared to their

baseline levels.
VNS, vagus nerve stimulation.

exhibited a favorable response to VNS therapy.
Of the two patients with focal epilepsy, one exhib-
ited consistently poor outcomes throughout all
follow-up periods, whereas the other demon-
strated improvement over time. Among the 14
patients with multifocal epilepsy, the responses
were heterogeneous, with no significant differ-
ences observed (Supplemental Table 3). From an

etiological perspective, six patients had an
unknown etiology, with mixed responses. Four
patients demonstrated favorable outcomes, while
two exhibited unfavorable outcomes. All two
patients with an infectious etiology had poor out-
comes. Among the eight patients with a structural
etiology, the majority (six patients) showed
favorable outcomes, while two had unfavorable
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Figure 2. Analysis of periodic activity (center frequency and power) over multiple follow-up periods. (a-c) Center frequency changes:
analyzed for both R and NR across three follow-up periods: short term (<1year), medium term (1-3years), and long term (=3years])
after VNS. No significant changes were detected in any period. (d-f] Power fluctuations: evaluated for both responders and non-
responders across the same follow-up periods post-VNS treatment. All periods showed no significant differences.

NR, non-responders; NS, no significant changes; R, responders; VNS, vagus nerve stimulation.

outcomes. The single patient with a genetic etiol-
ogy exhibited unfavorable responses throughout
all follow-up periods (Supplemental Table 4).

Among patients with long-term follow-up, there
were no statistical differences between responders
and non-responders in terms of demographic
data, medical history, seizure characteristics,
EEG, MRI, etiology, and use of ASMs. There is
a significant difference in the output current of
VNS parameters between the two groups. Non-
responders exhibited a higher output current
compared to responders (1.50*+0.20mA vs
2.03 £0.21mA, p=0.000), suggesting more chal-
lenging treatment conditions for non-responders.

EEG periodic activity over different time periods
We evaluated the effect of VNS on EEG periodic
activity in patients with DRE over different fol-
low-up periods. Specifically, we compared the
center frequency and power of EEG signals before
and after VNS therapy. Our analysis showed no
significant changes in center frequency or power
across at any follow-up period for both respond-
ers and non-responders (Figure 2; Supplemental
Tables 1 and 2).

EEG aperiodic activity over different time

periods

We analyzed the effect of VNS on EEG aperiodic
activity in patients with DRE over different fol-
low-up periods, distinguishing between respond-
ers and non-responders. Both offset and exponent
values of EEG data were compared before and
after VNS therapy.

Offset over different time periods. There were no
significant changes in offset for both responders
and non-responders at short- and medium-term
follow-up. However, during long-term follow-up,
responders exhibited a significant reduction in off-
set values compared to pre-VNS implantation
(—=10.45+0.50vs —10.70 = 0.51, p=0.022, paired
t-test). By contrast, non-responders showed no
significant changes in offset during the long-term
follow-up period (Figure 3 and Table 2).

To further investigate the potential influence of
age on offset changes, we analyzed the relation-
ship between age and offset changes in both
groups. The analysis revealed no correlation in
either group (responders: R2=0.078, p=0.435;
non-responders: R?=0.052, p=0.588). These
results underscore that while VNS therapy
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Figure 3. Temporal analysis of offset reductions before and after VNS across different follow-up intervals. (a) Short-term offset
reductions: no significant differences in offset for both R and NR were observed between pre-VNS and post-VNS within 1year. (b)
Mid-term offset reductions: both responders and non-responders showed no significant offset changes from pre-VNS to post-VNS
over 1-3years. (c] Long-term offset reductions: responders exhibited a statistically significant reduction in offset from pre-VNS to

post-VNS after 3years (*p=0.02).

NR, non-responders; NS, no significant changes; Offset reduction, offset post-VNS minus pre-VNS; R, responders; VNS, vagus nerve stimulation.

Table 2. Offset over different time periods.

Time period Group Pre-VNS Post-VNS p Statistical method
Short-term follow-up
Responders -10.32 +0.45 -10.38+0.67 0.694 Wilcoxon matched pairs
Non-responders ~10.40+0.62 -10.46 +0.70 0.234 Wilcoxon matched pairs
Mid-term follow-up
Responders ~10.39 +0.48 -10.56 + 0.48 0.191 Wilcoxon matched pairs
Non-responders -10.26 +0.61 -10.38 +0.65 0.813 Wilcoxon matched pairs
Long-term follow-up
Responders -10.45+0.50 -10.70 = 0.51 0.022 Paired ¢ test
Non-responders -10.23+0.51 -10.27 +0.63 0.755 Paired t test

VNS, vagus nerve stimulation.

significantly reduces offset in the long term for
responders, age has no significant effect on offset
change in either group (Figure 5(a)).

Exponent over different time periods. Similarly, no
significant changes in exponent were observed in
either responders or non-responders at short- or
medium-term follow-up. At long-term follow-up,
the mean pre-VNS exponent for responders was
1.95+0.23, which decreased significantly to
1.76 £0.21 post-VNS (p=0.039, paired i-test).
Compared with pre-VNS, the post-VNS

exponent of non-responders showed no signifi-
cant change (Figure 4 and Table 3).

We examined the effect of age on changes in
exponent. The analysis showed no significant cor-
relation between age and exponent changes in
either group (responders: R>=0.091, p=0.398;
non-responders: R?=0.031, p=0.718). These
results indicate that VNS therapy significantly
reduces exponent in responders in the long term,
while age has no significant effect on exponent
changes in either group (Figure 5(b)).
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Figure 4. Differential impact of VNS on exponent reductions across various follow-up periods. (a) Short-term exponent reductions:
before and after VNS in responders (R) and non-responders (NR) within 1year. No significant changes were detected. (b) Mid-term
reductions exponent reductions: analyzing changes before and after VNS over 1-3years for both responders and non-responders.
No significant findings. (c) Long-term exponent reductions: evaluation of changes in responders and non-responders for periods
exceeding 3years. Responders showed a statistically significant decrease (*p=0.04). No significant findings in non-responders.

Exponent reduction, exponent post-VNS minus pre-VNS; NR, non-responders; NS, no significant changes; R, responders; VNS, vagus nerve
stimulation.

Correlation between offset and exponent with between excitatory and inhibitory neural activi-
frequency reduction ties. These findings suggest that VNS therapy,
The correlation analysis showed a significant neg- which significantly reduces seizure frequency, may
ative correlation between the percentage reduc- achieve its therapeutic effects by modulating corti-
tion in seizure frequency and the post-VNS cal excitability, as indicated by decreases in these
decrease in both offset (R=-0.546, p=0.019) aperiodic EEG parameters.
and exponent (R=-0.636, p=0.019). These
results indicate that a greater reduction in seizure Scalp EEG captures electrical activity over a
frequency is associated with more substantial larger spatial and temporal scale, resulting in a
decreases in both offset and exponent. This sug- more averaged and smoothed representation of
gests that the mechanisms underlying the efficacy the underlying local field potential.?® Synchro-
of VNS in reducing seizure frequency may involve nization between different neuronal groups can
significant modulation of cortical excitability, as occur not only through oscillatory activity but
reflected by the changes in these aperiodic EEG also within arrhythmic brain activity that lacks
parameters (Figure 6). apparent periodicity.33 The aperiodic activity of
EEG, which does not arise from any regular,
rhythmic process,?* has been relatively under-
Discussion explored. This aperiodic component can be char-
In our study, we found significant decreases in acterized by a 1/f function, where the “offset”
EEG aperiodic activity (offset and exponent) in reflects a uniform shift in power across all fre-
patients with DRE who responded to VNS ther- quencies, and the “exponent” characterizes the
apy at long-term follow-up. These changes were distribution pattern of aperiodic power across the
not present at short- and medium-term follow-ups broadband frequency spectrum.!8
and were absent in non-responders. This indicates
that the therapeutic efficacy of VNS on EEG ape- The broadband offset is important for the inter-
riodic components becomes more pronounced pretation of baseline power levels and to ensure
over extended periods in those patients who show that subsequent analysis of spectral peaks will not
a positive clinical response. There are significant be confounded by overall power variations.?>
negative correlations between the percentage Research has shown that the broadband power
reduction in seizure frequency and the decreases shift of subdural electrocorticographic potentials
in both offset and exponent. Greater reductions in  reflects cortical population activity.?¢ In addition,
seizure frequency were associated with larger the aperiodic offset is correlated with the blood-
decreases in aperiodic EEG markers. The signifi- oxygen-level-dependent signal from functional
cant decreases in offset and exponent in respond- MRI, indicating its relevance to neuronal activ-
ers imply that VNS may improve the balance ity.3” Roberta et al.3® found that the aperiodic
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Table 3. Exponent over different time periods.

Time period Group Pre-VNS Post-VNS p Statistical method
Short-term follow-up
Responders 1.99+0.23 1.89 +0.34 0.296 Paired t test
Non-responders 2.01+0.23 2.01+0.26 0.656 Wilcoxon matched pairs
Mid-term follow-up
Responders 1.97+0.21 1.89+0.36 0.349 Wilcoxon matched pairs
Non-responders 2.09+0.25 1.89 +0.38 0.625 Wilcoxon matched pairs
Long-term follow-up
Responders 1.95+0.23 1.76 +0.21 0.039 Paired t-test
Non-responders 2.07+0.21 2.08+0.24 0.938 Paired t-test
VNS, vagus nerve stimulation.
(3) Offset reduction during long term (b) Exponent reduction during long term
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Figure 5. Assessing the impact of age on offset and exponent reductions. (a) Relationship between age and offset reduction for R
and NR. The red line represents a weak correlation (R?=0.078, p=0.435), indicating no significant relationship with age for R. The
blue line shows an even weaker correlation (R2=0.052, p=0.588), confirming no significant age relationship for NR. (b) Relationship
between age and exponent reduction for R and NR. The red line shows a correlation (R2=0.088, p=0.404), still indicating no
significant relationship with age for R. The blue line illustrates a very weak correlation (R2=0.017, p=0.762), reinforcing the lack of a

significant relationship for NR.

Exponent reduction, exponent post-VNS minus pre-VNS; NR, non-responders; Offset reduction, offset post-VNS minus pre-VNS; R, responders; VNS,

vagus nerve stimulation.

offset decreased in responders after 1year of
VNS, while it increased in non-responders. In the
present study, by comparing EEG offsets between
pre- and post-treatment responders, we con-
firmed that VNS led to a significant reduction in
offsets in the long-term follow-up. Furthermore,
we found that there was a negative correlation
between the percentage reduction in seizure

frequency and decreases in offset. The reduction
in aperiodic offsets suggests the changes in neural
population mean firing rate,?® which may be the
mechanism by which VNS decreases seizure fre-
quency. However, this phenomenon was observed
only in long-term follow-up, which might imply
that neuronal population spiking rate adjustments
require extended periods.
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Figure 6. Correlations between reductions in offset and exponent and percentage reduction in seizure frequency. (a) Correlation
between offset reduction and the percentage reduction in seizure frequency. Each point represents an individual patient. The red
line depicts the linear regression model, with the pink-shaded region indicating the 95% confidence interval. There is a statistically
significant negative correlation (R=-0.546, p=0.019). (b) Correlation between exponent reduction and the percentage reduction in
seizure frequency. Each point denotes an individual patient. The blue line illustrates the linear regression model, surrounded by the
blue-shaded region representing the 95% confidence interval. A statistically significant negative correlation was found (R=-0.636,

p=0.019).

Exponent reduction, exponent post-VNS minus pre-VNS; Offset reduction, offset post-VNS minus pre-VNS; the percentage reduction in seizure
frequency, subtracting the seizure frequency post-VNS from the seizure frequency pre-VNS, dividing the result by the pre-VNS frequency, and then
multiplying by 100%; VNS, vagus nerve stimulation.

The aperiodic exponent in the 1/ function cor-
responds to the negative slope in log-log space
and serves as a critical parameter in characterizing
the aperiodic components of the PSD signal. The
slope is a crucial indicator of the balance between
excitation and inhibition within neural net-
works.30 Empirical evidence suggests that an
increased excitation—inhibition ratio may mani-
fest as a flatter PSD slope, indicating a reduction
in the synchronization of neuronal firing.3° In epi-
leptic networks, an imbalance between excitation
and inhibition may lead to hyper-synchronization
of neuronal electrical activity, thereby contribut-
ing to the occurrence of seizures.? In our study,
we observed a significant reduction in exponent
following VNS therapy. This reduction suggests a
rebalancing of the excitation—inhibition ratio.
Consequently, this shift is likely to contribute to a
reduction in pathological hyper-synchronization.
These findings are consistent with existing
research on the relationship between EEG aperi-
odic components and neural spiking activity and
support the potential of the exponent as a bio-
marker of therapeutic efficacy in VNS treatment.

VNS is hypothesized to exert its therapeutic effects
by modulating neural circuits involved in the regu-
lation of seizure activity.*! The vagus nerve

projects to several brain regions, including the
nucleus tractus solitarius, which, in turn, projects
to the thalamus, hypothalamus, amygdala, and
various cortical regions. Through these projec-
tions, VNS can influence the excitability of cortical
and subcortical networks,*? potentially rebalancing
the excitation—inhibition ratio within these circuits.
Rodent studies have shown that VNS reduces the
synchrony of epileptiform EEG activity and modu-
lates cortical excitability.#3 In addition, VNS may
exert its effects through other mechanisms, such as
the modulation of GABAergic function and neuro-
inflammation.> These combined effects contribute
to the overall efficacy of VNS in reducing seizure
frequency and severity.

The type of epilepsy may influence the efficacy of
VNS therapy. Previous studies have shown that
VNS works better in generalized epilepsy com-
pared to focal epilepsy.** In our study, both
patients with generalized epilepsy exhibited a
favorable response to VNS therapy, aligning with
the existing research. VNS may be more effective
in modulating widespread neural networks
involved in generalized epilepsy.#> The underly-
ing etiology of epilepsy also appears to influence
the response to VNS therapy.4*® The majority of
patients with a structural etiology (six out of
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eight) demonstrated favorable outcomes, while
two had unfavorable outcomes. Patients with a
structural etiology may benefit more from VNS
therapy, whereas those with an infectious or
genetic etiology might not experience the same
level of therapeutic benefit.

Previous studies on VNS have predominantly
focused on EEG periodic changes.4”¥# Our
research, however, places greater emphasis on the
importance of aperiodic components, within which
oscillations are embedded. By focusing on these
aperiodic components, our study provides a more
comprehensive understanding of the neural changes
induced by VNS. The reduction in the aperiodic
exponent and offset observed in our study indicates
a decrease in the synchronization of neuronal firing,
which is typically associated with pathological
hyper-synchronization in epileptic networks. The
observed changes in both offset and exponent val-
ues among long-term responders indicate a stabili-
zation of neuronal activity, which is crucial for the
therapeutic effects of VNS. By utilizing offset and
exponent values as biomarkers, our study provides
a phenomenological explanation for the observed
therapeutic effects of VNS. However, to fully eluci-
date the underlying mechanisms, further cellular-
level experiments are necessary.

This study has several limitations. The relatively
small cohort of patients analyzed may limit the
generalizability of the results and introduce
potential bias. In addition, the limited number of
EEG channels may not fully capture the com-
plexity of neural activity. The analysis confined to
scalp EEG recordings, which are susceptible to
artifacts, may not accurately reflect deeper brain
activity. Future research should incorporate larger
patient populations, high-density EEG configura-
tions, and intracranial recordings to validate and
extend these findings. These improvements
would provide a more comprehensive under-
standing of the effects of VNS on neural activity
and enhance its therapeutic application.

Conclusion

This study demonstrates that VNS exerts signifi-
cant long-term effects on EEG aperiodic activity
(offset and exponent) in patients with DRE.
Specifically, patients who responded to VNS
therapy exhibited significant reductions in both
offset and exponent during long-term follow-up.
These reductions were correlated with decreases

in seizure frequency, indicating that offset and
exponent may serve as reliable biomarkers for
predicting therapeutic efficacy. By precisely quan-
tifying and analyzing these EEG parameters, our
research provides an objective method for evalu-
ating VNS outcomes and explores the underlying
mechanisms by which VNS modulates neural
activity, particularly in controlling seizures. These
findings offer valuable insights for optimizing
stimulation parameters and therapeutic strate-
gies, thereby enhancing the precision and effec-
tiveness of clinical treatments.
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