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Abstract
Aims: This study investigated the impact of transcutaneous auricular vagus nerve 
stimulation (taVNS) on working memory (WM) in refractory temporal lobe epilepsy 
(rTLE) and the underlying mechanisms.
Methods: In this randomized double-blind study, 28 rTLE patients were subjected to 
an active or sham taVNS (a/s-taVNS) protocol for 20 weeks (a-taVNS group, n = 19; s-ta 
VNS group, n = 9). Patients performed visual WM tasks during stimulation and neural 
oscillations were simultaneously recorded by 19-channel electroencephalography.
Results: Compared with the baseline state, reaction time was significantly shorter 
after 20 weeks of taVNS in the a-taVNS group (p = 0.010), whereas no difference was 
observed in the s-taVNS group (p > 0.05). The power spectral density (PSD) of the 
theta frequency band in the Fz channel decreased significantly after a-taVNS during 
WM-encoding (p = 0.020), maintenance (p = 0.038), and retrieval (p = 0.039) phases, 
but not in the s-taVNS group (all p > 0.05).
Conclusion: Neural oscillations during WM were altered by taVNS and WM perfor-
mance was improved. Alterations in frontal midline theta oscillations may be a marker 
for the effect of taVNS on cognitive regulation.
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1  |  INTRODUC TION

Working memory (WM) is a core component of higher-level cogni-
tion functions, which constitute a system that combines attention 
control with temporary storage and information processing.1,2 WM 
consists of encoding, maintenance, and retrieval phases.3 WM im-
pairment is a feature of many neurologic and neuropsychiatric 
disorders such as attention deficit hyperactivity disorder3,4 and epi-
lepsy,5,6 and has no effective treatment.

Vagus nerve stimulation (VNS) is widely used in the treatment 
of epilepsy7 and has been shown to improve cognitive function, 
including WM,8,9 attentional processing,10 and associative mem-
ory.11 Transcutaneous auricular VNS (taVNS) is a non-invasive ap-
proach for cranial nerve stimulation and is a promising treatment 
for improving WM performance.12,13 Task accuracy was found to 
be improved in the post-taVNS state in healthy subjects perform-
ing a WM task.8 A longitudinal study with respect to the influence 
of long-term taVNS on cognitive function showed that taVNS did 
not improve verbal memory performance in patients with drug-
resistant epilepsy, while immediate recall and delayed recogni-
tion scores improved significantly after 6 weeks of acute invasive 
VNS treatment, suggesting that longer, repeated stimulation of 
the vagal pathway is effective.14 The impact of chronic taVNS on 
WM in patients with epilepsy and the underlying mechanisms are 
unknown.

Neural oscillations are involved in information encoding and 
transmission in WM.15 Theta activity is responsible for integrating 
top-down and bottom-up information processing and the alloca-
tion of cognitive resources.16 We previously demonstrated that the 
power of the theta frequency band was significantly higher than 
that of other frequency bands during a WM task and was higher in 
the frontal region than in other brain regions.17 Frontal theta power 
was found to be significantly lower in temporal lobe epilepsy (TLE) 
patients with WM impairment than in normal subjects during the 
WM encoding, maintenance, and retrieval phases; moreover, re-
duced frontal theta power during the encoding phase was associ-
ated with longer reaction times (RTs).17 VNS increased N1 amplitude 
and frontal alpha asymmetry during WM tasks and decreased error 
rates in patients with refractory epilepsy.18 In healthy subjects sub-
jected to acute active/sham taVNS during the Go/NoGo task, peak 
N2 amplitude in the frontal region was decreased as determined 
based on electroencephalography (EEG) event-related potentials.10 
Taken together, these studies suggest that VNS preferentially mod-
ulates task-related neural oscillations and is thus a more sensitive 
indicator of cognition than behavioral test performance.

Patients with refractory TLE (rTLE) often have WM deficits with 
associated alterations in neural oscillation.17,19,20 In this study, we 
examined the effects of chronic taVNS on WM in rTLE patients by 
performing EEG recordings during the encoding, maintenance, and 
retrieval phase of WM and analyzing changes in neural oscillations 
in the WM task state.

2  |  METHODS

2.1  |  Participants

A total of 30 patients with drug refractory TLE (rTLE) were recruited 
at Tianjin Medical University General Hospital. Inclusion criteria 
were as follows: (1) patients with rTLE as defined by the International 
League Against Epilepsy (2010 version)21,22; (2) diagnosed with TLE 
based on seizure symptomatology, 24-h video EEG monitoring, and 
magnetic resonance imaging findings; (3) right-handed; and (4) vol-
untarily signed the informed consent form and cooperated with the 
testing. Exclusion criteria were as follows: (1) a history of severe neu-
rologic, mental, or systemic diseases; (2) drug or alcohol abuse; (3) 
women who were pregnant or lactating; and (4) patients with a pace-
maker, vagus stimulator, or metal implant in the body. Participants 
were randomly divided into active and sham taVNS groups (a-taVNS 
group, n = 20; s-taVNS group, n = 10) in a 2:1 ratio. All subjects pro-
vided written, informed consent before participating in the study, 
which was approved by the Ethics Committee of Tianjin Medical 
University General Hospital.

2.2  |  VNS protocol

We used a randomized, double-blinded, within-subject study design. 
An 8-week baseline period preceded taVNS and patients did not re-
ceive any treatment besides antiseizure medications, during which 
seizure frequency was recorded. During the 20-week a-/s-taVNS 
treatment period, stimulation was delivered using a taVNS device 
(Jiangxi Xinzhile Medical Technology Co; TVNS-100) comprising two 
auricular electrodes connected to a control unit. The stimulating 
electrode was placed at the cymba conchae, which is heavily inner-
vated by the auricular branch of the vagus nerve.23 The active and 
sham taVNS frequencies were 25 and 1 Hz, respectively (Figure 1A). 
taVNS was performed 3–5 times a day for 30 min each. The stimu-
lus intensity was set to the maximum value acceptable to subjects 
(range: 30–50 V), with a pulse width of 250 μs.

Subjects were not informed of the type of stimulus (active vs. 
sham) or expected outcome. Two subjects (one in each group) with-
drew from the study during taVNS treatment.

2.3  |  WM task

Subjects performed a visual delayed matching-to-sample (DMS) 
task (Figure 1B) at the end of the baseline period before the first 
taVNS treatment and after the last treatment. Using images of ob-
jects from the Snodgrass image library24 as visual stimuli, a 0.5-s 
gaze point “*” was shown in the center of the screen at the be-
ginning of each trial; the encoding phase began when the “*” dis-
appeared. Four images were presented in sequence, each lasting 
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1 s and separated by 13 ms. After the fourth image disappeared, a 
“+” was shown on the screen to remind the participant of the 3-s 
maintenance phase. A probe image was then presented in the re-
trieval phase, and subjects had to decide whether the probe image 
matched one of the images in the memory set within 2 s. The test 
included 6 blocks of the task with 10 trials each. Task performance 
was measured by accuracy and mean reaction time (RT) of correct 
trials.

2.4  |  EEG recording and data preprocessing

Scalp EEG signals (19 channels) were recorded during the DMS task 
using a Nicolet One EEG system (Natus Medical) with a sampling 
frequency of 1024 Hz and impedance <5 kΩ. Scalp electrodes (Fp1, 
Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, 
and O2) were positioned according to the International 10/20 sys-
tem. The reference electrode was placed near Cz, and the ground 
electrode was placed on the forehead. The EEG signal was low pass-
filtered (100 Hz), notch-filtered (49–51 Hz), and re-referenced to 
the common average reference value. Eye movement and electro-
myography artifacts were removed from the original signals using 
the EEGLAB toolbox, and baseline drift was removed in MATLAB 
v2012b (MathWorks).

2.5  |  Analysis of neural oscillation pattern during 
WM phases

Short-time Fourier transform (STFT) was applied to EEG components 
in delta-  (0.05–4 Hz), theta-  (4–8 Hz), alpha-  (8–13 Hz), beta-  (13–
30 Hz), and gamma (30–100 Hz)-frequency bands to calculate power 
spectral density (PSD) during each WM phase using a 0.4-s–wide 
Hamming window and 0.5-Hz frequency smoothing.25 STFT was 
calculated as follows:

where x(t) represents the EEG signal and g(t) represents a window 
function. PSD values of different frequency bands were separately 
calculated for the encoding, maintenance, and retrieval phases, and 
the frequency band with the maximum PSD was defined as the prom-
inent frequency band of each WM phase and retained for subsequent 
analysis.

In order to determine the change in EEG power related to WM, 
the PSD of WM efficiency (Pwm) was calculated as follows:

(1)STFT(f , t) = ∫
+∞

−∞

[x(t)g(t − �)]e−j2�f�d�

(2)Pwm = Praw − Prs

F I G U R E  1 Experimental design and behavioral performance. (A) taVNS treatment protocol. The 8-week baseline period was followed by 
a 20-week a-/s-taVNS treatment period (taVNS frequencies of 25 and 1 Hz, respectively). Subjects received taVNS 3–5 times/day for 30 min 
each. (B) Visual WM paradigm. A 0.5-s gaze point (“*”) was shown at the beginning of each trial, followed by the encoding phase during which 
four images were presented in sequence, each lasting 1 s and separated by 13 ms. After the fourth image disappeared, a “+” was shown to 
indicate the beginning of the 3-s maintenance phase. A probe image was then presented in the retrieval phase, and subjects were required 
to determine whether the probe image matched one of the images in the memory set within 2 s. (C) RT in the WM task. Compared with the 
pre-taVNS state, RT was significantly shorter in the post-taVNS state in the a-taVNS group, whereas no significant difference in RT was 
observed between the pre- and post-taVNS states in the s-taVNS group. (D) Accuracy in the WM task. There was no significant difference 
in accuracy between pre- and post-taVNS states in the a-taVNS and s-taVNS groups. ACC, accuracy; DMS, delayed matching-to-sample; RT, 
reaction time; taVNS, transcutaneous auricular vagus nerve stimulation; WM, working memory. **p < 0.01.
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where Praw is the PSD of neural oscillations recorded during the WM 
task and Prs is the baseline PSD recorded in the resting state (i.e., 5 min 
with eyes closed before the start of the WM task).

EEG power of each WM phase was defined based on a previ-
ous study.17 Briefly, EEG power during the encoding phase was de-
fined as the average power of four peaks (100 ms around each peak) 
during encoding around the time the sequence images were shown; 
EEG power during the maintenance phase was defined as the aver-
age EEG power of the 3 s maintenance phase; and EEG power during 
the retrieval phase was defined as the average power between the 
two peaks after the appearance of the probe image (Figure S1).

In order to identify prominent brain region(s) involved in WM, 
EEG channels were grouped into five clusters: frontal region (Fp1, 
Fp2, F7, F3, Fz, F4, and F8); central-parietal region (C3, Cz, C4, P3, 
Pz, and P4); occipital region (O1 and O2); left temporal region (T3 
and T5); and right temporal region (T4 and T6). The PSD of the prom-
inent frequency band in each brain region during the WM task be-
fore taVNS stimulation was calculated and the brain region with the 
highest PSD was defined as the prominent brain region. The spatial 
distribution of PSD in the 19 channels of the prominent frequency 
band during WM encoding, maintenance, and retrieval phases was 
plotted separately, and the spatial distribution patterns before and 
after taVNS were compared to determine the effect of taVNS on 
neural oscillations during each phase.

2.6  |  Statistical analysis

Data are expressed as mean ± standard error of the mean unless oth-
erwise stated, and data normality was confirmed with the Shapiro–
Wilk test (p > 0.05). The t-test was used to assess the statistical 
significance of differences between groups, and Levene's test was 
used to assess the homogeneity of error variances between groups. 
The chi-squared test was used to analyze dichotomous variables. 
One-way analysis of variance was used to compare data in more than 
three groups with the least significant difference test used for post 
hoc analysis. Pearson's correlation analysis was used to evaluate the 
relationship between neural oscillation and WM task performance. 
All statistical analyses were performed using SPSS v25.0 (IBM), and 
the significance level was set at α = 0.05 (p < 0.05).

3  |  RESULTS

3.1  |  Behavior test performance

The demographic and clinical characteristics of subjects are shown 
in Table 1. Comparison of WM task performance before and after 
taVNS showed that compared with the pre-taVNS state, RT was sig-
nificantly reduced after taVNS in the a-taVNS group (pre-taVNS vs. 
post-taVNS:1085.72 vs. 961.50 ms, p = 0.010) (Figure  1C,D). There 
was no significant difference in accuracy before vs. after stimulation 
in the a-taVNS group (pre-taVNS vs. post-taVNS: 82.5% vs. 85.5%, 

p = 0.116). In the s-taVNS group, there was no difference in WM per-
formance before versus after taVNS (accuracy pre-taVNS vs. post-
taVNS: 78.8% vs. 82.1%, p = 0.730; RT pre-taVNS vs. post-taVNS: 
996.64 vs. 917.09 ms, p = 0.134).

3.2  |  Neural oscillation patterns in the pre-taVNS 
state during the WM task

Neural oscillation patterns in all subjects in the pre-taVNS state 
during the WM task are shown in Figure 2. Theta oscillations were 
observed during the WM task (Figure 2A). There were significant 
differences in the PSD of delta-, theta-, alpha-, beta-, and gamma-
frequency bands (a-taVNS group: F = 54.32, p < 0.001; s-taVNS 
group: F = 63.30, p < 0.001) (Figure 2B). The PSD of the theta fre-
quency band was significantly higher than that of other frequency 
bands both in the a-taVNS group (theta vs. delta, p < 0.001; theta 
vs. alpha, p = 0.026; theta vs. beta, p < 0.001; theta vs. gamma, 
p < 0.001) and s-taVNS group (theta vs. alpha, p = 0.014; theta vs. 
others, p < 0.001). There was no significant difference in the PSD 
of each frequency band between a-taVNS and s-taVNS groups 
(delta, p = 0.613; theta, p = 0.546; alpha, p = 0.496; beta, p = 0.804; 
gamma, p = 0.28). Thus, the theta-frequency band was considered 
the most prominent during the WM task. In terms of the distribu-
tion of neural oscillations, there were significant differences in theta 
PSD among the frontal, central-parietal, occipital, left temporal, 
and right temporal regions (a-taVNS group: F = 6.154, p < 0.001; s-
taVNS group: F = 8.434, p < 0.001) (Figure  2C,D). Theta PSD was 
significantly higher in the frontal region than in the central-parietal 
(a-taVNS group, p = 0.009; s-taVNS group, p = 0.004), left tempo-
ral (a-taVNS group, p = 0.014; s-taVNS group, p = 0.003), and right 
temporal (a-taVNS group, p = 0.001; s-taVNS group, p < 0.001) re-
gions. There was no significant difference in theta PSD between 

TA B L E  1 Demographic and clinical characteristics of subjects.

a-taVNS 
(n = 19)

s-taVNS 
(n = 9) p-Value

Age (years) 36.95 ± 11.63 42.00 ± 9.67 0.299a

Male/Female 15/4 7/2 0.944b

Education (years) 12.74 ± 3.21 11.82 ± 2.79 0.851a

Disease duration 
(years)

15.79 ± 13.41 15.09 ± 8.08 0.580a

Seizure frequency 
(per month)

5.17 ± 3.06 5.91 ± 3.40 0.393a

ASMs species 2.53 ± 0.50 2.82 ± 0.57 0.090a

MMSE score 27.20 ± 2.79 28.20 ± 2.14 0.449a

MoCA score 20.89 ± 5.67 21.82 ± 4.45 0.519a

Note: Values are mean and standard deviation.
Abbreviations: ASMs, antiseizure medications; MMSE, mini-mental 
state examination; MoCA, Montreal Cognitive Assessment.
at-test.
bChi-squared test.
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F I G U R E  2 Distribution of EEG oscillations during the WM task. (A) Average PSD curve as a function of frequency during WM. The x-axis 
indicates frequency, and the area between the two solid red lines indicate the theta-frequency range. The y-axis shows the average PSD of 
19 channels during the WM task. (B) Comparison of average PSD values among delta, theta, alpha, beta, and gamma frequencies during WM. 
The x-axis indicates the frequency bands, and the y-axis indicates the average PSD of 19 channels for each frequency band. The PSD of the 
theta-frequency band was significantly higher than that of the delta, alpha, beta, and gamma bands. There was no significant difference in 
average PSD of each frequency band between the a-taVNS and s-taVNS groups. (C) Spectral distribution of theta oscillation in all subjects. 
Power is indicated by color. (D) Histogram of average theta PSD in different brain regions. The average theta PSD was higher in the frontal 
and occipital regions than in other brain regions, and there was no significant difference in theta PSD in each brain region between a-taVNS 
and s-taVNS groups. (E) Histogram of theta PSD in different channels in the frontal region in all subjects. Theta PSD was higher in the Fz 
channel than in other channels. Cp, central-parietal region; F, frontal region; Lt, left temporal region; O, occipital region; Rt, right temporal 
region. *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.

F I G U R E  3 Patterns of neural oscillation during each WM phase in the pre-taVNS state. (A) Average PSD curve as a function of 
frequency during WM-encoding, maintenance, and retrieval phases. The theta-frequency band was prominent during each phase. (B) Spatial 
distribution of theta oscillations during each WM phase. Power is indicated by color. Theta PSD was concentrated in the frontal region, 
and the Fz channel was prominent. (C and D) Comparison of theta PSD in the whole brain (C) and Fz channel (D) between the a-taVNS 
and s-taVNS groups during each WM phase. There was no significant difference between the two groups in any WM phase before taVNS 
treatment. ns, non-significant.
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the frontal and occipital regions (a-taVNS group, p = 0.993; s-taVNS 
group, p = 0.738). Theta PSD was higher in the occipital region than 
in the right temporal region (a-taVNS group, p = 0.028; s-taVNS 
group, p = 0.012), whereas no difference was observed between the 
occipital and other regions (a-taVNS group: O vs. Cp, p = 0.054; O vs. 
Lt, p = 0.063; s-taVNS group: O vs. Cp, p = 0.079; O vs. Lt, p = 0.059). 
Thus, the frontal region was considered the prominent brain region 
during the WM task. Theta PSD in frontal (p = 0.681), central-parietal 
(p = 0.510), occipital (p = 0.233), left temporal (p = 0.432), and right 
temporal regions (p = 0.396) did not differ between the a-taVNS and 
s-taVNS groups.

In the frontal region, theta PSD differed among Fp1, Fp2, F3, Fz, 
and F4 channels (F = 9.074, p < 0.001), with theta PSD higher in the 
Fz channel than in the other channels (Fz vs. Fp1, p < 0.001; Fz vs. 
Fp2, p < 0.001; Fz vs. F3, p = 0.017; Fz vs. F4, p = 0.035) (Figure 2E). 
The Fz channel was therefore considered the most prominent chan-
nel during the WM task.

Patterns of neural oscillations in subjects were assessed during 
each WM phase in the pre-taVNS state (Figure 3). The PSD of the 
theta frequency band was higher than that of the delta-, alpha-, 
beta-, and gamma-frequency bands in the encoding, maintenance, 
and retrieval phases of WM (Figure 3A); theta PSD was mainly con-
centrated in the frontal region, especially the Fz channel (encoding: 

F = 10.85, p < 0.001; Fz vs. F3, p = 0.003; Fz vs. F4, p = 0.009; Fz 
vs. FP1, p < 0.001; Fz vs. FP2, p < 0.001; maintenance: F = 7.953, 
p < 0.001; Fz vs. F3, p = 0.012; Fz vs. F4, p = 0.032; Fz vs. FP1, 
p < 0.001; Fz vs. FP2, p < 0.001; and retrieval: F = 9.330, p < 0.001; 
Fz vs. F3, p = 0.002; Fz vs. F4, p = 0.008; Fz vs. FP1, p < 0.001; Fz vs. 
FP2, p < 0.001) (Figure 3B). There were no significant differences in 
theta PSD in the whole brain between a-taVNS and s-taVNS groups 
(encoding t = 0.438, p = 0.667; maintenance t = 0.076, p = 0.940; 
retrieval t = 0.590, p = 0.563) (Figure  3C), and no significant dif-
ferences in theta PSD in the Fz channel between groups in the 
pre-taVNS state during W-encoding (t = 0.416, p = 0.682), mainte-
nance (t = 0.814, p = 0.42), and retrieval (t = 0.150, p = 0.882) phases 
(Figure 3D).

3.3  |  Patterns of neural oscillation during each WM 
phase after taVNS

The spectral distribution of theta PSD in the pre- and post-taVNS 
states during each WM phase in the a-taVNS group is shown in 
Figure  4. Compared with the pre-stimulation state, theta PSD 
in the Fz channel was significantly lower in the post-taVNS 
state during WM encoding (t = 2.473, p = 0.020), maintenance 

F I G U R E  4 Characteristic theta oscillation patterns in the a-taVNS group during each WM phase. (A) Spectral distribution of theta power 
in the pre-taVNS state and the post-taVNS state during the encoding, maintenance, and retrieval phases of WM. (B) Representative plot 
of average theta PSD in Fz channel during the WM task. The x-axis shows the time course of the task; the left, central, and right areas 
separated by the solid black lines represent the encoding, maintenance, and retrieval phases of WM, respectively. The y-axis shows the 
average theta PSD in the Fz channel. (C) Comparison of theta PSDs in the Fz channel between the pre- and post-taVNS states during each 
WM phase. The theta PSD was reduced in the post-taVNS state compared with the pre-taVNS state. *p < 0.05.
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(t = 2.172, p = 0.038), and retrieval (t = 2.168, p = 0.039) phases. 
We compared the spectral distribution of theta PSD in the pre- 
and the post-taVNS states during each WM phase in the s-taVNS 
group and found no significant difference in theta PSD in the 
Fz channel between pre-  and post-taVNS states in the s-taVNS 
group during the WM-encoding (t = 0.256, p = 0.803), mainte-
nance (t = 0.350, p = 0.733), and retrieval (t = 1.082, p = 0.302) 
phases (Figure 5).

3.4  |  Correlation analysis between theta 
oscillations and memory test performance

The above results indicated that theta PSD in the Fz channel altered 
after stimulation in the a-taVNS group. We therefore conducted a 
correlation analysis to clarify the relation between the altered theta 
oscillations in the Fz channel in the post-taVNS state during each 
WM phase and memory test performance in the a-taVNS group 

F I G U R E  5 Characteristic patterns of theta oscillation in the s-taVNS groups during each WM phase. (A) Spectral distribution of theta 
power in the pre- and post-taVNS states during the WM-encoding, maintenance, and retrieval phases. (B) Representative plot of average 
theta PSD in Fz channel during the WM task. The x-axis shows the time course of the task; the left, central, and right areas separated by the 
solid black lines represent the encoding, maintenance, and retrieval phases of WM, respectively. The y-axis shows the average theta PSD in 
the Fz channel during the WM task. (C) Comparison of theta PSDs in Fz channel in the pre- versus post-taVNS states during each WM phase. 
There was no significant difference in theta PSD between the two states.

F I G U R E  6 Correlation between theta PSD in the Fz channel in the post-taVNS state during each WM phase and performance in the 
a-taVNS group. (A) Correlation between theta PSD and RT during each WM phase. (B) Correlation between theta PSD and ACC during each 
WM phase.
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(Figure  6). Theta PSD was positively correlated with RT during 
the encoding phase (r = 0.608, p = 0.006) and maintenance phase 
(r = 0.755, p = 0.001), but was unrelated to RT during the retrieval 
phases (r = 0.402, p = 0.088) (Figure 6A). A negative correlation was 
identified between theta PSD and ACC during the maintenance 
(r = −0.468, p = 0.043), whereas no correlations were observed be-
tween theta PSD and ACC during the encoding phase (r = −0.265, 
p = 0.272) and retrieval phase (r = −0.214, p = 0.378) (Figure 6B).

4  |  DISCUSSION

In this study, neural oscillations during each WM phase in the pre- 
and post-taVNS states were analyzed to explore the impact of taVNS 
on WM in rTLE patients. Our results showed that active taVNS treat-
ment improved WM behavior performance after 20 weeks, mainly 
by reducing the RT required for the task, and theta PSD in the Fz 
channel was reduced during the encoding, maintenance, and re-
trieval phases of WM. No similar effects were observed in the sham 
taVNS group.

Frontal midline theta (FMT) are theta oscillations recorded near 
the Fz channel that plays an important role in WM.26,27 In the cur-
rent study, FMT power was increased during the WM encoding, 
maintenance, and retrieval phases, as reported in previous stud-
ies.28–30 Source modeling based on scalp EEG and magnetoencepha-
lography data suggests that FMT may be generated by sources in the 
anterior cingulate and medial prefrontal cortex (PFC).31 During the 
encoding phase, the frontal region receives projections from the hip-
pocampus, and FMT regulates the gating system and mediates the 
sequential encoding of information.32–34 In the maintenance phase, 
FMT maintains the storage of task-relevant information by regulat-
ing posterior cortical activity through top-down control26,35,36 and 
mediates cognitive control functions.37 During the retrieval phase, 
the high power of frontal midline theta is associated with memory 
retrieval, reflecting task decision-making.30,38 Furthermore, FMT in-
creases with WM load, task difficulty, and cognitive effort,39–41 and 
alterations in FMT can predict WM behavior performance.26,27,42 In 
our study, compared with the pre-taVNS state, theta PSD decreased 
in the post-taVNS state, suggesting that subjects in the post-taVNS 
state require less cognitive effort to perform the same task.

Frontal midline theta activity associated with WM is regulated 
by the norepinephrine (NE) and γ-aminobutyric acid (GABA) sys-
tems.43,44 The concept of WM gating has been widely used to de-
scribe the mechanism by which WM can flexibly switch between 
maintenance and updating.45 As opposed to gate closing, gate open-
ing represents a switch from WM maintenance to updating, reflect-
ing active information encoding and decision-making.46 Prefrontal 
theta activity is known to be closely related to WM gating and 
strongly modulated by the NE system.47,48 Using the reference-back 
paradigm, Yu et al.34 recorded EEG signals and tracked pupil diame-
ter as an indirect measure of NE system activity. They found mod-
ulation of the dorsolateral prefrontal theta band synchronization 
process during gate opening and a strong correlation between theta 

synchronization and pupil diameter, suggesting an important role 
of the NE system in the time-on-task effects on WM gate opening. 
Mid-frontal and suprafrontal theta oscillations, which are known to 
reflect response selection and control processes associated with task 
maintenance,16,49,50 are regulated through gain adjustment mecha-
nisms in the NE system.51–53 NE improves the signal-to-noise ratio in 
neural circuits by modulating the ability of the neural network to dis-
tinguish between relevant and irrelevant information.51,54 Adelhöfer 
et al.55 found a significant positive correlation between the superior 
frontal gyrus theta band activity and pupil diameter time courses in 
healthy subjects during a response inhibition task. Theta oscillations 
are strongly modulated by correlated inhibitory control processes43; 
however, a strong correlation between pupil and theta oscillations is 
only seen in cases where inhibition of control processes is rarely re-
quired. This implies that the NE system modulates inhibitory control 
processes through theta band activity in the superior frontal gyrus 
when the likelihood of inhibiting a prepotent response tendency is 
low. Besides the NE system, the inhibitory neurotransmitter GABA 
is thought to contribute to the improvement of signal-to-noise ratio 
and inhibitory control,56 and also plays an important regulatory role 
in WM tasks and PFC neural oscillations.57 Increased striatal GABA 
levels were associated with better response inhibition and were 
predictive of the phase-locking factor in the frontal midline theta-
related Nogo-N2 time window.58

The potential mechanisms by which taVNS improves cognition 
are closely related to NE and GABA levels.59–61 Specifically, in taVNS 
treatment, stimulation is transmitted via vagal afferent fibers to the 
NTS, which directly or indirectly projects to various brain regions 
such as the locus coeruleus (LC), dorsal raphe nucleus (DRN), amyg-
dala, hippocampus, PFC, and motor cortex, and regulates free NE 
and GABA levels in the brain by activating the LC-NE system and 
NTS-GABA system.60,61 tVNS-induced simultaneous modulation of 
the GABAergic and NA systems induced better response inhibition 
performance during WM.9 Appropriate levels of NE enhance PFC 
function by activating frontal postsynaptic α2-receptors and act on 
hippocampal β-receptors to promote synaptic plasticity by facilitat-
ing long-term potentiation (LTP) in the hippocampal dentate gyrus, 
thereby enhancing cognitive performance.62,63 On the other hand, 
chronic VNS may have a neuroprotective effect by promoting an in-
crease in neurotrophic factor and NE release, reversing the reduced 
LC-NE levels and leading to improved cognition.64 VNS has been 
demonstrated to activate NTS to increase the release of GABA.65 A 
treatment of tVNS at 0.5 mA enhanced divergent thinking in healthy 
subjects and explained the positive effect of tVNS on divergent 
thinking by increasing GABA concentration.66 In patients with ep-
ilepsy treated with VNS for 1 year, a significant increase in hippo-
campal GABA-A receptor density was found to modulate cortical 
excitability and plasticity.67

Our results showed that prefrontal theta PSD during WM encod-
ing, maintenance, and retrieval phases was reduced after 20 weeks 
of taVNS treatment, and WM behavior performance was improved. 
The mechanism by which taVNS modulates PFC theta oscillations 
may be related to the regulation of NE and GABAergic systems by 
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taVNS. Diminished peak frontal NoGo N2 amplitude was found to 
be closely related to FMT in healthy subjects under tVNS, demon-
strating that fewer cognitive control resources are required for in-
hibitory control of prepotent responses after tVNS.10 Anodal tDCS 
to the left dorsolateral PFC significantly reduced RT and N200 am-
plitude, which was used as a measure of attentional effort in sub-
jects performing the state-dependent Flanker task.68 These results 
imply a better signal-to-noise ratio and easier and more efficient 
use of available cognitive resources for signal detection, suggesting 
the optimization of cognitive control by tDCS. Anodal tDCS of 2 mA 
in the superior frontal gyrus during inhibitory control eliminated the 
positive time-course correlation between pupil diameter and theta 
activity, suggesting that anodal tDCS eliminates NE-mediated mod-
ulation of theta band activity through a gain control process modu-
lated by the NE system and tDCS.55 In the current study, taVNS may 
modulate FMT with the NE and GABA systems, and future studies 
will examine the underlying neurophysiologic mechanisms.

The current study revealed alterations in neural oscillations 
during WM encoding, maintenance, and retrieval phases after 
chronic taVNS treatment (20 weeks) in rTLE patients. However, 
there were limitations to this study that should be noted. First, we 
examined only theta oscillations and additional studies are needed 
to determine the influence of taVNS on other frequency bands. 
Second, it was limited to the PFC, but neural oscillatory patterns 
in the hippocampus, sensory cortex, striatum, and other structures 
closely related to WM are also important and will be investigated in 
future research.
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