
ORIGINAL RESEARCH
published: 19 July 2022

doi: 10.3389/fnins.2022.947236

Frontiers in Neuroscience | www.frontiersin.org 1 July 2022 | Volume 16 | Article 947236

Edited by:

Moussa Antoine Chalah,

GHU Paris Psychiatrie et

Neurosciences, France

Reviewed by:

Mohammad Dawood Rahimi,

Herat University, Afghanistan

Thorsten Rudroff,

The University of Iowa, United States

*Correspondence:

Jin-Bo Sun

sunjb@xidian.edu.cn

Specialty section:

This article was submitted to

Autonomic Neuroscience,

a section of the journal

Frontiers in Neuroscience

Received: 18 May 2022

Accepted: 20 June 2022

Published: 19 July 2022

Citation:

Zhao R, He Z-Y, Cheng C, Tian Q-Q,

Cui Y-P, Chang M-Y, Wang F-M,

Kong Y, Deng H, Yang X-J and

Sun J-B (2022) Assessing the Effect of

Simultaneous Combining of

Transcranial Direct Current Stimulation

and Transcutaneous Auricular Vagus

Nerve Stimulation on the Improvement

of Working Memory Performance in

Healthy Individuals.

Front. Neurosci. 16:947236.

doi: 10.3389/fnins.2022.947236

Assessing the Effect of Simultaneous
Combining of Transcranial Direct
Current Stimulation and
Transcutaneous Auricular Vagus
Nerve Stimulation on the
Improvement of Working Memory
Performance in Healthy Individuals
Rui Zhao 1, Zhao-Yang He 1, Chen Cheng 2, Qian-Qian Tian 2,3, Ya-Peng Cui 2,3,

Meng-Ying Chang 1, Fu-Min Wang 1, Yao Kong 1, Hui Deng 2,3,4, Xue-Juan Yang 2,3,4 and

Jin-Bo Sun 2,3,4*

1 School of Electronics and Information, Xi’an Polytechnic University, Xi’an, China, 2 Intelligent Non-invasive Neuromodulation

Technology and Transformation Joint Laboratory, Xidian University, Xi’an, China, 3 Engineering Research Center of Molecular

and Neuro Imaging of the Ministry of Education, School of Life Science and Technology, Xidian University, Xi’an, China,
4Guangzhou Institute of Technology, Xidian University, Xi’an, China

A previous study found that combining transcranial direct current stimulation (tDCS)

and transcutaneous auricular vagus nerve stimulation (taVNS) could evoke significantly

larger activation on a range of cortical and subcortical brain regions than the numerical

summation of tDCS and taVNS effects. In this study, two within-subject experiments

were employed to investigate its effects on working memory (WM). In experiment 1,

the WM modulatory effects of tDCS over the left dorsolateral prefrontal cortex (DLPFC),

taVNS, and simultaneous joint simulation of tDCS over the left DLPFC and taVNS (SJS-L)

were compared among 60 healthy subjects. They received these three interventions

between the baseline test and post-test in a random manner three times. In spatial

3-back task, there was a significant interaction between time and stimulations in the

accuracy rate of matching trials (mACC, p=0.018). MACCs were significantly improved

by SJS (p = 0.001) and taVNS (p = 0.045), but not by tDCS (p = 0.495). Moreover, 41

subjects in the SJS group showed improvement, which was significantly larger than that

in the taVNS group (29 subjects) and tDCS group (26 subjects). To further investigate the

generalization effects of SJS, 72 students were recruited in experiment 2. They received

tDCS over the right DLPFC, taVNS, simultaneous joint simulation of tDCS over the right

DLPFC and taVNS (SJS-R), and sham stimulation in a random manner four times. No

significant results were found, but there was a tendency similar to experiment 1 in the

spatial 3-back task. In conclusion, combining tDCS and taVNS might be a potential

non-invasive neuromodulation technique which is worthy of study in future.

Keywords: tDCS, taVNS, working memory, spatial n-back, simultaneous joint stimulation

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2022.947236
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2022.947236&domain=pdf&date_stamp=2022-07-19
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sunjb@xidian.edu.cn
https://doi.org/10.3389/fnins.2022.947236
https://www.frontiersin.org/articles/10.3389/fnins.2022.947236/full


Zhao et al. Concurrent tDCS+taVNS Improve Working Memory

INTRODUCTION

Working memory (WM) is central to a number of higher
order cognitive functions, the importance of which has been
underlined by the field of cognitive psychology (Chiesa
et al., 2011). On the one hand, the restricted amount of
information that can be stored in WM is one of the central
limitations of human cognition (Cowan, 2001), the differences
of which among individuals are associated with variation
in several important abilities, such as academic performance
(Gathercole et al., 2003). On the other hand, WM impairment
often occurs in a range of neuropsychiatric disorders, like
schizophrenia (Winograd-Gurvich et al., 2006), and plays a
crucial role in normal neurocognitive aging and the rapid
cognitive deterioration associated with dementias, such as
Alzheimer’s disease (Grady, 2012). Previous researchers widely
used drug therapies or behavior interventions to improve
WM, whereas at present, non-invasive transcranial electrical
stimulation (tES) techniques, such as transcranial direct current
stimulation (tDCS), are gradually becoming the mainstream
clinical treatment approaches (Constantinidis and Klingberg,
2016; Chase et al., 2020).

A number of studies have indicated that anodal tDCS
placed on both left (Ke et al., 2019) and right (Giglia et al.,
2014) dorsolateral prefrontal cortices (DLPFCs) would evoke
immediate positive effects on WM performance in both healthy
and clinical populations (Boggio et al., 2006; Giglia et al.,
2014; Ke et al., 2019). Although the mechanism of tDCS is
difficult to elucidate, researchers have suggested that tDCS
might influence the central nervous system (CNS) through
two mechanisms. First, tDCS may have a modulatory role on
neural activity through the influence on network-level neural
functions such as oscillatory dynamics (Liu et al., 2018; Chase
et al., 2020). These effects would emerge from small changes
in spike predictability and timing and may exert an effect
of cognition via an influence on neural coding (McDonnell
and Abbott, 2009). Second, at the cellular level, the changes
of cognitive functions may arise from an impact of tDCS on
membrane potentials and thus influence neural plasticity, that
is, long-term potentiation (Kronberg et al., 2017). Through
these two mechanisms, tDCS can exert effects on cognitive
performance through a top-down mechanism. However, several
recent meta-analysis studies casted doubt on the effects of
tDCS on modulating WM (Hill et al., 2016; Sloan et al., 2021),
which puts forward the further demand for more efficient
stimulation protocols.

At the same time, transcutaneous auricular vagus nerve
stimulation (taVNS) as an emerging cranial nerve stimulation
method has gained ever-increasing scientific interests in a

variety of cognition modulation and showed tremendous
potential (Adair et al., 2020; Neuser et al., 2020). The vagus
nerves, a kind of cranial nerve, belong to the peripheral
nervous system (PNS) (Adair et al., 2020). The vagus nerves

are intimately linked to perception and regulation of the
CNS, with “bottom-up” functions in cognition and clinical
disorders. It project to the nucleus tractus solitarii (NTS)

in the medulla, before relayed further to other brainstem
nuclei and higher order structures, including the thalamus,
hippocampus, amygdala, and insula (Goehler et al., 2000;
Saper, 2002). Recently, some brain imaging studies, such as
functional magnetic resonance imaging (fMRI) studies, found
that taVNS could influence a range of cortex and subcortex
regions, including the contralateral postcentral gyrus, bilateral
insula, frontal cortex, right operculum, left cerebellum, insula,
hippocampus, amygdala, and thalamus (Yakunina et al., 2017;
Badran et al., 2018). Moreover, behavioral studies have confirmed
that taVNS could improve a series of cognitive functions, such
as WM (Sun et al., 2021a), inhibitory control processes (Beste
et al., 2016), and divergent thinking (Colzato et al., 2018).
Considering similar modulatory effects and the complementary
modulatory mechanism of tDCS and taVNS (top-down and
bottom-up mechanisms) on cognition, the effects of their
simultaneous joint stimulation with dual-path mechanisms are
worthy of exploring.

Nowadays, the simultaneous joint stimulation methods have
already been used to find an optimized strategy to promote brain
activation, thereby improving cognitive functions. For instance,
the synchronized intermittent theta burst stimulation (iTBS) and
invasive vagus nerve stimulation (VNS) have provided a safe,
feasible, and potentially effective way for depression treatment
(George et al., 2020), while the anodal tDCS combined with
repetitive peripheral nerve stimulation (rPNS) could promote
motor hand recovery of the stroke patients (Sattler et al., 2015).
Nevertheless, the simultaneous joint stimulation techniques do
not always have positive effects. For example, researchers have
explored the effect of tDCS combined with functional electrical
stimulation (FES) on the activity of tibialis anterior muscles
and the static balance of individuals with hemiparesis stemming
from stroke, but there was no significant difference between the
effects of tDCS alone and combined tDCS and FES (Fruhauf
et al., 2017). Moreover, another study focused on the modulation
of corticospinal excitability found that the peripheral nerve
electrical stimulation (PES) combined with tDCS suppressed the
effect of tDCS, which indicated that the PESmight inhibit a slight
membrane potential fluctuation ofmotor cortical neurons caused
by tDCS (Adair et al., 2020). Considering the complexity of the
aforementioned dual-path mechanism, the effects of combined
tDCS and taVNS need to be further explored.

A recent brain imagining study has found that combining
tDCS and taVNS induced significantly larger activation on
a range of cortical and subcortical brain regions than the
numerical summation of tDCS and taVNS effects, including
the bilateral thalamus, pallidum, parahippocampal gyrus, dorsal
raphe nucleus, substantia nigra, and periaqueductal gray matter
(Sun et al., 2021b). Nevertheless, their synergistic effects on
cognitive abilities, especially onWM, are still unknown. Thus, the
current study employed two experiments with spatial and digit
n-back tasks to compare the modulatory effects of tDCS, taVNS,
and the combined stimulation of tDCS and taVNS (SJS) on WM
performance. We hypothesized that this SJS intervention would
be more effective in improving WM capacity than any single
stimulation technique.
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MATERIALS AND METHODS

Experiment 1
In the first experiment, three stimulation conditions were set
up, namely, tDCS over the left DLPFC (L-DLPFC tDCS),
taVNS, and combined tDCS over the left DLPFC and taVNS
(SJS-L). According to previous studies, there are some differences
between the left and right DLPFCs (Barbey et al., 2013), and the
anode on the left DLPFC would evoke significant modulatory
effects (Dubreuil-Vall et al., 2019). Thus, we employed anodal
left-DLPFC tDCS in the first experiment. In the standard taVNS
protocol, electrodes were placed in the left cymba conchae with
the anode outside (Neuser et al., 2020; Sun et al., 2021a), and the
same protocol was employed in the present study.

Participants
A total of 60 healthy students at Xidian University were
included in this experiment. All participants were right-handed,
non-smokers, and had no history of neurological disease
(e.g., epilepsy), psychiatric disorders (e.g., schizophrenia and
depression), or brain damage. Since the present study focused
on the modulatory effects on healthy participants, subjects who
had any regular medication use were excluded. No participants
reported ear injuries, drinking, or taking any medication 48 h
before the experiment. Before the experiment, the participants
were provided with information about the stimulation procedure
and experimental protocols and signed the informed consent.
The participants who successfully completed the experiment
received corresponding remuneration, and they could withdraw
from the experiment at any time if they did not wish to continue.
Overall, three students did not complete all the three sessions
because of personal reasons, and one student was excluded as
the spatial 3-back matching accuracy rate before one stimulation
condition was <30%. The final statistical analysis included 56
students (mean age 20.89 ± 1.92 years, range from 18 to 26
years; 31 female participants). The research was conducted in
accordance with the Declaration of Helsinki and was approved by
the institutional research ethics committee of the Xijing Hospital
of the Air Force Medical University.

Experiment Design
To test the facilitation of tDCS over the left DLPFC and its
combined effects with taVNS, we employed a within-subjects
design in this experiment, with each participant completing three
separate sessions, which had different stimulation conditions,
such as L-DLPFC tDCS, taVNS, and SJS-L. Every two sessions
were separated by a period of 3 days, such that participants
completed three different sessions at the first, fourth, and
seventh days (Sun et al., 2021a). The stimulation orders
were balanced between the participants. Before the formal
experiment sessions, the participants first came to the laboratory
to familiarize themselves with the experimental procedure and
practice the behavioral tasks (see the section of “Behavioral
task paradigm” for details). Then, each participant underwent
three formal sessions with different stimulation conditions. Each
session lasted about 90min, with a 10-min pre-test of the
State-Trait Anxiety Inventory (STAI; Cronbach’s α 0.90) and

Karolinska Sleepiness Scale (KSS), 10-min preparation of wearing
stimulation equipment of tDCS and taVNS and a testing current
intensity threshold of taVNS to reach a “moderate strong but not
painful sensation,” a 20-min pre-test of behavioral tasks (baseline
state), 30-min stimulation, and 20-min post-test of behavioral
tasks (post-stimulation state) (Figure 1). In all three sessions,
the stimulus electrodes of taVNS were placed at the left cymba
conchae, and the standard wet sponge electrodes of tDCS were
placed at the left frontal lobe and right orbitofrontal region (F3
and Fp2 in the 10–20 system) all the time, and it would always be
in good contact during the entire experiment session.

tDCS and taVNS Equipment and Parameters
Electrical stimulation equipment used in this study was provided
by XD-Kerfun Intelligent Non-invasive Neuromodulation
Technology and Transformation Joint Laboratory, Xidian
University, Xi’an, China, model BS-VNS-001, and was powered
by a current source. The stimulator had two channels: one
channel for taVNS and the other for tDCS. The tDCS channel
was connected to two standard wet sponge electrodes (5 ×

5 cm). The anode and cathode of tDCS were placed at the left
frontal lobe and right orbitofrontal region (F3 and Fp2 in the
10–20 system), respectively. The current intensity of tDCS was
set at 1mA, with a ramp of 30 s (de Boer et al., 2021). The
taVNS channel was connected to two silver chloride electrodes
(outer diameter 7mm). The anode and cathode of taVNS were
both placed in the left cymba conchae, with the anode outside
and 0.5 cm apart from the cathode. The electrical stimulation
waveform was a single-phase rectangular pulse, with a pulse
width of 500 µs and a frequency of 25Hz (Neuser et al., 2020;
Sun et al., 2021a; Shen et al., 2022). The current intensity was
set according to the sensory threshold of each subject. The
current was delivered with a cycle of 30 s on and 30 s off to avoid
habituation (Neuser et al., 2020; Sun et al., 2021a).

Since perceived and tolerated stimulation intensities vary
across participants, the current intensity was determined by each
participant by using the thresholdmethod tomatch the subjective
experience of the stimulation. The processes were the same as
used in our previous studies (Sun et al., 2021a). Briefly, the
participants were asked to give direct feedback on their feeling of
each stimulation intensity on a 10-point numerical rating scale
(NRS), ranging from (1) no perception to (3) light tingling to
(6) strong tingling to (10) intense pain. The stimulation started
with an intensity of 0.1mA and increased stepwise in 0.1mA
increments until the subject reported a slight feeling of pain
(corresponding to 7 or higher on the subjective sensation scale),
then decreased in 0.1mA increments until 0.1mA below the light
tingling threshold (corresponding to 3 or lower on the subjective
sensation scale). The protocol was repeated twice, and the average
of the intensities rated as 5 (mild tingling) was used as the
stimulation threshold.

Working Memory Tasks
In this experiment, there were two classical WM tasks (spatial
3-back WM task and digit 3-back WM task). Psychology
experiment computer program E-Prime version 3.0 was
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FIGURE 1 | Design of experiments 1 and 2.

employed to administer the tasks and record response accuracy
and reaction time of all the participants.

The n-back task is one of the most frequently used paradigms
in the assessment ofWM capacity (Jarrold and Towse, 2006). The
spatial and digit 3-back tasks in this experiment were organized
according to a block design paradigm during which participants
watched 72 stimuli in the task repeated in four blocks. During
testing, the task 3-back order was quasi-randomized (spatial
3-back, digit 3-back, spatial 3-back, digit 3-back). Each 3-
back level had the same number of “matching” (n = 24) and
“non-matching” (n= 48) responses. Before each 3-back task was
performed, the participants were required to complete a small
practice of that 3-back, and they could not allow to start the
formal experiment unless their accuracy rate reached more than
75%, and the average reaction time was <800ms. In the formal
task, each cycle consisted of a resting period of 5min immediately
followed by an activation block in which the 72 stimuli were
presented one at a time (400ms of exposure time), with an
interstimulus interval of 1,600ms (corresponding to 2,000ms
per trial). In the spatial 3-back task, the stimuli in the proposed
task consisted of nine different nine-square matrices, with one
of the squares marked with an “∗.” Each trial was inserted as a

picture format, with 257× 257 pixels of width and height. Stimuli
were presented in a pseudorandom order to avoid more than
three consecutive trials of the same type. The participants were
required to indicate whether each “∗” was in the same location as
three trials earlier. Response was forced choice and made with a
keyboard, with “J” required formatches and “F” required for non-
matches. The procedure of the digit 3-back task was the same as
the spatial 3-back task, but the stimuli were changed from the site
of “∗” to nine Arabic numbers (1, 2, 3, 4, 5, 6, 7, 8, and 9). The font
of each number was Times New Roman, and the font size was 72.

Data Analysis
Accuracy in matching trials (mACC), accuracy in mismatching
trials (mismACC), and reaction time in accurate trials (aRT)
on the 3-back tasks were used as the primary WM outcome
measures. Permutation test-based one-way and two-way
ANOVAs with 5,000 random samplings were employed to test
the main effects of stimulation and the interaction between
time and stimulation. First, one-way ANOVAs were used to
confirm that stimulation conditions did not significantly differ
in accuracy or response time at baseline (both p >0.05). Second,
effects of stimulation on accuracy and reaction time were first
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assessed separately using 2 × 3 repeated measures ANOVAs
with stimulation (SJS, L-DLPFC tDCS, and taVNS) and time
(baseline and post-test) as the within-subject factors. Significant
interaction effects were further explored via separate repeated
measures ANOVAs for each stimulation conditions to examine
changes over time (baseline and post-test). Additionally, one-
way ANOVAs were used to compare the change from baseline
(i.e., post-test) to pre-test scores (1-scores) between stimulation
conditions. Analysis of 1-scores allows for a direct comparison
of whether changes in WM capacity significantly differed
between stimulation conditions, and it was consistent with
previous research examining transcranial electrical stimulation-
reduced changes in WM performance (Murphy et al., 2020).
Pairwise comparisons with Bonferroni correction were used to
explore any significant main effects. Third, for WM outcome
measures which displayed significant changes over time, we
examined the consistency of improvements induced by SJS,
L-DLPFC tDCS, and taVNS by comparing the proportion
of participants in each stimulation group who demonstrated
improvements compared with baseline performance. Then, a
chi-square test was used to compare whether the proportion of
participants displaying improvements was significantly different
among the three stimulation groups. Finally, for WM outcome
measures which showed larger improvements in the SJS group
than L-DLPFC tDCS and taVNS groups, we further compared its
effects with the numerical summation effects of L-DLPFC tDCS
and taVNS (i.e., L-DLPFC tDCS+ taVNS).

Experiment 2
Since functions of left and right DLPFCs are different, to a
certain extent, the second experiment was developed to test the
specificity of tDCS sites. Thus, in this experiment, there are four
stimulation conditions, including tDCS over the right DLPFC
(R-DLPFC tDCS), taVNS, combined R-DLPFC tDCS and taVNS
(SJS-R), and sham stimulations. Additionally, some studies
suggested that the neural state created by tasks with different
difficulties might be differentially susceptible to modulation by
tDCS and thus might yield different outcomes in behavior
(Onton et al., 2005; Chase et al., 2020). Therefore, based on
experiment 1, we adopt spatial 1-back and 3-back tasks to test
the specificity of cognitive loads.

Participants
A total of 72 healthy students at Xidian University were included,
and the recruitment criterion was the same as in experiment 1.
Overall, five students did not complete all the four sessions of the
experiment because of their time constraints, three students were
excluded because of low accuracy rates in the spatial 3-back task
(at least the pre-test of one session was <30%), and one student
was excluded due to missing stimulation order data. Finally, 63
subjects were included in the statistical analysis (mean age 20.76
± 1.58 years, range from 18 to 25 years; 33 female participants).

Experiment Design
To further test the specificity of stimulation sites and cognitive
loads, this within-subject experiment included four stimulation
conditions, namely, SJS-R (simultaneous combined tDCS over

the right DLPFC with taVNS), R-DLPFC tDCS, taVNS, and
sham, with spatial 1-back and 3-back tasks. The basic procedure
was the same as the first experiment, except that each participant
needed to implement four independent sessions (Figure 1).

tDCS and taVNS Equipment and Parameters
Apart from placement of the anode and cathode of tDCS at the
right frontal lobe and left orbitofrontal regions (F4 and Fp1 in the
10–20 system), respectively, all the details of stimulation were the
same as experiment 1.

Working Memory Tasks
In this experiment, we employed 1-back and 3-back tasks with
spatial stimuli. There were four blocks (1-back, 3-back, 1-back,
and 3-back) with 72 experiment trials in each block. Each block
was separated by a 30-sec rest period. Before these four blocks,
there was a training block with 16 trials for 1-back and 3-back
task, respectively. The participants were instructed to press “F”
when the site of the symbol (“∗”) was the same as the 1-back or 3-
back trials earlier (i.e., “matching” trial), otherwise press “J.” Each
trial was inserted as a picture format, with 257 × 257 pixels of
width and height. Totally, one-third of the trials were matching.
Training trials were conducted before experiment trials, and the
participants could not start the formal experiment unless their
training accuracy rate reached more than 75% and the average
reaction time was <1,000ms. Psychology experiment computer
program E-Prime version 3.0 was employed to administer
the tasks and record response accuracy and reaction time of
all the participants.

Data Analysis
The data analysis processes were similar to experiment 1,
including permutation test-based one-way and two-way repeated
measures ANOVAs to test the difference in baseline performance
among the four stimulation conditions and the main effects of
time and stimulation and their interaction effects, and a chi-
square test to compare the proportion of participants in each
stimulation group who demonstrated improvements in accuracy
which were greater than simple practice effects, defined as the
mean change in performance displayed by the sham group
from baseline to post-test. For the outcome measures, which
exhibited significant interaction between time and stimulation,
we compared the effects of right SJS with the numerical
summation effects of tDCS and taVNS (tDCS+ taVNS). Finally,
to replicate the positive results in experiment 1 and investigate
the specificity of stimulation sites, we employed the full analysis
in mACC of the spatial 3-back task.

RESULTS

Experiment 1
Subjective Sensation
At the end of each session, the participants used the
NRS to quantify their pain sensation during the previous
stimulation condition. There was no significant difference in
the subjective sensation (using the NRS) evoked by the three
stimulation conditions.
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TABLE 1 | Means, standard deviations, and two-way ANOVA results of WM tasks in experiment 1.

Descriptive statistics Spatial 3-back Digit 3-back

aRT mACC mismACC aRT mACC mismACC

Time Stim Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Pre-test SJS 662.8 ± 150.4 0.816 ± 0.154 0.945 ± 0.074 572.2 ± 110 0.865 ± 0.137 0.959 ± 0.081

tDCS 650.5 ± 154.1 0.822 ± 0.143 0.95 ± 0.056 561.4 ± 116.2 0.875 ± 0.107 0.971 ± 0.032

taVNS 649 ± 154.3 0.825 ± 0.954 0.156 ± 0.049 557.4 ± 122.8 0.859 ± 0.158 0.967 ± 0.05

Post-test SJS 626.2 ± 142.7 0.877 ± 0.103 0.961 ± 0.064 550.1 ± 110.3 0.884 ± 0.109 0.968 ± 0.052

tDCS 617 ± 143.1 0.836 ± 0.126 0.961 ± 0.048 537.7 ± 110.3 0.874 ± 0.11 0.973 ± 0.032

taVNS 598.8 ± 137.2 0.856 ± 0.126 0.961 ± 0.052 530.9 ± 114.5 0.881 ± 0.132 0.971 ± 0.033

Permutaion-based RM ANOVA test

Time F (1,55) = 34.23*** F (1,55) = 20.51*** F (1,55) = 18.86*** F (1,55) = 32.02*** F (1,55) = 3.94 F (1,55) = 3.12

Stimulation F (2,110) = 1.14 F (2,110) = 1.39 F (2,110) = 0.307 F (2,110) = 0.95 F (2,110) = 0.09 F (2,110) = 0.99

Time×Stimulation F (2,110) = 1.13 F (2,110) = 6.27* F (2,110) = 1.03 F (2,110) = 0.10 F (2,110) = 1.63 F (2,110) = 0.40

*Corrected p-value smaller than 0.05.

***Corrected p-value smaller than 0.001.

All p-values were corrected by Bonferroni correction. SJS is the simultaneous joint simulation of tDCS over the left DLPFC and taVNS; SD means standard deviation; RM ANOVA means

repeated measures analysis of variance. The bold results are significant results.

TABLE 2 | Post-hoc of significant time–stimulation interactions.

Task Comparison Group mACC

Estimate SD t-test p-value*

Spatial 3-back Post-test vs. pre-test SJS 0.061 0.081 t(55) = 5.64 0.001

tDCS 0.013 0.069 t(55) = 1.46 0.429

taVNS 0.032 0.096 t(55) = 2.46 0.045

Group vs. Group SJS vs. tDCS 0.048 0.094 t(55) = 3.80 0.001

SJS vs. taVNS 0.029 0.105 t(55) = 2.09 0.120

tDCS vs. taVNS 0.018 0.105 t(55) = −1.29 0.633

*All p-values were corrected by Bonferroni correction. mACC is the accuracy rate in matching trials; SJS is the simultaneous joint simulation of tDCS over the left DLPFC and taVNS;

SD means standard deviation. The bold results are significant results.

Spatial 3-Back Working Memory Performance

Reaction Time in Accuracy Trials (aRT)
There were no significant difference in the pre-test among
three different stimulation groups [F(2,110) = 0.56, p =

0.565]. A significant main effect of time was observed
[F(1,55) = 34.23, p < 0.001], suggesting that participants’
performance was much faster in the post-test than in baseline.
No significant main effect of stimulation conditions and
interaction between stimulation and time was found (Table 1).
Considering the consistency of improvements, 44 subjects
(78.6%) in the SJS-L group, 37 subjects (66.1%) in the L-
DLPFC tDCS group, and 48 subjects (85.7%) in the taVNS group
showed improvements, and the difference in the improvement
proportion between three groups was significant [χ2

(2) =

6.21, p = 0.045]. However, no significant difference was
found between the SJS-L group and the L-DLPFC tDCS
group [χ2

(1) = 1.61, p = 0.174] or taVNS group [χ2
(1)

=

0.55, p = 0.458], while the taVNS group evoked a larger
improvement proportion than the L-DLPFC tDCS group
[χ2

(1) = 4.89, p= 0.027].

Accuracy Rate in Matching Trials (mACC)
There was no significant difference between the three groups in
baseline performance [F(2,110) = 0.24, p= 0.797]. The main effect
of time was significant [F(1,55) = 20.51, p < 0.001], suggesting
that participants had a higher accuracy rate in the post-test
than in baseline. The interaction between time and stimulation
conditions was significant [F(2,110) = 6.27, p = 0.018] (Table 1).
Post-hoc analysis revealed that mACC significantly increased
following SJS [t(55) = 5.64, p = 0.001] and taVNS [t(55) = 2.46,
p = 0.045], but not L-DLPFC tDCS [t(55) = 1.46, p = 0.442]
(Table 1). Direct comparison of stimulation conditions using
accuracy1-scores revealed significant group differences between
SJS-L and L-DLPFC tDCS [t(55) = 3.80, p = 0.001], but no
significant difference between SJS-L and taVNS was observed
[t(55) = 2.09, p= 0.114] (Table 2). Considering the consistency of
improvements, 41 students (70.7%), 26 students (44.8%), and 29
students (50.0%) in the SJS-L group, L-DLPFC tDCS group, and
taVNS group showed improvements, respectively, and there was
a significant difference in the improvement proportion between
the three groups [χ2

(2) = 9.19, p = 0.010], and the difference
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FIGURE 2 | Rain cloud plots of accuracy rate in matching trials (mACC) of the spatial 3-back task in experiment 1. Clouds and box plots represent the distribution of

1-scores between the post-test and pre-test in taVNS, tDCS, SJS-L (simultaneous joint simulation of tDCS and taVNS), and tDCS+taVNS (the numerical summation

effects of tDCS and taVNS) groups. Plots represent the 1-score of each participant in the four conditions. Dotted lines separate positive change data with negative

change data, and the number and proportion of subjects with improvements are presented in the clouds. The significant difference between tDCS and SJS-L groups

and the improvement proportion difference between SJS-L and taVNS and tDCS+taVNS are presented in the figure.
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between the SJS-L group and L-DLPFC tDCS group [χ2
(1) =

7.28, p = 0.007] and taVNS group [χ2
(1) = 4.61, p = 0.032]

was significant. However, the synergistic effects of SJS-L was
not significantly larger than L-DLPFC tDCS+taVNS [t(55) =

0.94, p = 0.351], while there was a significant tendency in the
improvement proportion between these two groups [41 students
vs. 31 students, χ2

(1) = 3.15, p= 0.072] (Figure 2).

Accuracy Rate in Mismatching Trials (mismACC)
There was no significant difference between the three groups
in baseline performance [F(2,110) = 0.73, p = 0.495]. The main
effect of time was significant [F(1,55) = 18.86, p = 0.001], and
the accuracy of the post-test was higher than that of baseline.
The interaction between time and stimulation was not significant
(Table 1). Considering the consistency in improvements, 31
students (53.4%), 29 students (50.0%), and 28 students (48.3%)
in the SJS-L group, L-DLPFC tDCS group, and taVNS group
showed improvements, respectively, and there was no significant
difference in the improvement proportion between the three
groups [χ2

(2) = 0.33, p= 0.846].

Digit 3-Back Working Memory Performance

Reaction Time in Accuracy Trials (aRT)
There was no significant difference between the three groups
in baseline performance [F(2,110) = 0.60, p = 0.552]. Except
for the main effect of time [F(1,55) = 32.02, p < 0.001],
no significant effects were found in this outcome measure
(Table 1). Considering the consistency of improvements,
38 students (67.9%), 42 students (75.0%), and 38 students
(67.9%) in the SJS-L group, L-DLPFC tDCS group, and taVNS
group showed improvements, respectively, and there was no
significant difference in the improvement proportion between
the three groups [χ2

(2) = 0.91, p= 0.634].

Accuracy Rate in Matching Trials (mACC)
No significant difference among three groups in baseline
performance was found [F(2,110) = 0.59, p = 0.556].
And no significant results were observed in this outcome
measure (Table 1).

Accuracy Rate in Mismatching Trials (mismACC)
No significant difference among three groups in baseline
performance was found [F(2,110) = 0.89, p = 0.414].
No significant results were observed in this outcome
measure (Table 1).

Experiment 2
Subjective Sensation
At the end of each session, the participants used the NRS to
quantify their pain sensation during the previous stimulation
condition. There was no significant difference in the subjective
sensation (using the NRS) evoked by the three stimulation
conditions (SJS-R, R-DLPFC tDCS, and taVNS).

Spatial 1-Back Working Memory Performance

Reaction Time in Accuracy Trials (aRT)
No significant difference in baseline performance among the
four stimulation conditions was observed [F(3,186) = 1.70,

p= 0.168]. The main effect of time was significant [F(1,62) =

46.93, p= 0.001]. The interaction between time and stimulation
was not significant (Table 3). Taking the average change of the
sham group as the threshold, 36 students (57.1%), 31 students
(49.2%), and 25 students (40.0%) in SJS-R, R-DLPFC tDCS, and
sham groups showed improvements, respectively, and there was
no significant difference in the improvement proportion between
the three groups [χ2

(3)
= 3.94, p= 0.268].

Accuracy Rate in Matching Trials (mACC)
No significant difference in baseline performance among the four
stimulation conditions was observed [F(3,186) = 1.24, p= 0.296].
Also no significant results were observed in this outcome
measure (Table 3).

Accuracy Rate in Mismatching Trials (mismACC)
No significant difference in baseline performance among the
four stimulation conditions was observed [F(3,186) = 1.34, p =

0.263]. Also no significant results were observed in this outcome
measure (Table 3).

Spatial 3-Back Working Memory Performance

Reaction Time in Accuracy Trials (aRT)
No significant difference in baseline performance among the four
stimulation conditions was observed [F(3,186) = 0.83, p= 0.479].
The main effect of time was significant [F(1,62) = 18.60, p =

0.001]. The interaction between time and stimulation was not
significant (Table 3). Taking the average change in the sham
group as the threshold, 34 students (54.0%), 33 students (52.4%),
and 34 students (54.0%) in SJS-R, R-DLPFC tDCS, and sham
groups showed improvements, respectively, and there was no
significant difference in the improvement proportion among
three groups [χ2

(3)
= 0.13, p= 0.988].

Accuracy Rate in Matching Trials (mACC)
No significant difference in baseline performance among four
stimulation conditions was observed [F(3,186) = 1.29, p = 0.279].
The main effect of time was significant [F(1,62) = 19.63, p =

0.001]. The main effect of stimulation and interaction effect
between stimulation and time was not significant. However,
there was a tendency similar to experiment 1. To be specific,
mACCs were significantly improved by SJS-R (p = 0.001) and
taVNS interventions (p = 0.026), but not by R-DLPFC tDCS
(p = 1.00) or sham (p = 1.00) (Table 3 and Figure 3). Taking
the average change of the sham group as the threshold (0.008),
46 students (73.0%), 28 students (44.4%), and 33 students
(52.4%) in SJS-R, R-DLPFC tDCS, and taVNS groups showed
improvements, respectively, and there was a significant difference
in the improvement proportion between the four conditions
[χ2

(3)
= 11.48, p = 0.009]. The proportion of participants in the

SJS-R group who demonstrated improvements was significantly
larger than that in the tDCS group [χ2

(1)
= 9.46, p = 0.006],

whereas there was only a significant tendency between the SJS-
R group and taVNS group [χ2

(1)
= 4.89, p = 0.081], or R-

DLPFC tDCS group and taVNS group [χ2
(1)

= 0.51, p = 1.00].

The synergistic effects of SJS was not significantly larger than
those of R-DLPFC tDCS+taVNS [t(62) = 0.22, p = 0.826], while
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TABLE 3 | Means, standard deviations, and two-way ANOVA results of WM tasks in experiment 2.

Descriptive statistics Spatial 1-back Spatial 3-back

aRT mACC mismACC aRT mACC mismACC

Time Stim Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Pre-test SJS 480.4 ± 92.0 0.911 ± 0.064 0.974 ± 0.023 604 ± 153.9 0.778 ± 0.142 0.941 ± 0.067

tDCS 474.1 ± 79.9 0.892 ± 0.095 0.981 ± 0.019 594.2 ± 170.2 0.787 ± 0.147 0.971 ± 0.945

taVNS 485.8 ± 87.4 0.904 ± 0.083 0.978 ± 0.023 606.1 ± 161.3 0.781 ± 0.151 0.938 ± 0.07

Sham 467.8 ± 86.5 0.892 ± 0.094 0.977 ± 0.023 583.3 ± 156 0.805 ± 0.119 0.955 ± 0.063

Post-test SJS 463.6 ± 86.5 0.889 ± 0.083 0.983 ± 0.016 579 ± 147.4 0.818 ± 0.133 0.949 ± 0.058

tDCS 455.3 ± 66.6 0.892 ± 0.083 0.983 ± 0.016 572.7 ± 149.7 0.798 ± 0.132 0.952 ± 0.052

taVNS 469.6 ± 88.6 0.072 ± 0.903 0.965 ± 0.087 588.9 ± 153.4 0.814 ± 0.951 0.13 ± 0.07

Sham 452.7 ± 82.4 0.883 ± 0.112 0.981 ± 0.025 562.5 ± 149.4 0.813 ± 0.123 0.952 ± 0.06

Permutaion-based RM ANOVA test

Time F (1,62) = 46.93*** F (1,62) = 2.31 F (1,62) = 0.03 F (1,62) = 18.60*** F (1,62) = 19.63*** F (1,62) = 7.49*

Stimulation F (3,186) = 2.39 F (3,186) = 1.55 F (3,186) = 1.94 F (3,186) = 1.31 F (3,186) = 0.69 F (3,186) = 1.04

Time×Stimulation F (3,186) = 0.10 F (3,186) = 0.86 F (3,186) = 2.07 F (3,186) = 0.13 F (3,186) = 2.51 F (3,186) = 1.88

*Corrected p-value smaller than 0.05.

***Corrected p-value smaller than 0.001.

All p-values were corrected by Bonferroni correction. SJS is the simultaneous joint simulation of tDCS over the left DLPFC and taVNS; SD means standard deviation; RM ANOVA means

repeated measures analysis of variance. The bold results are significant results.

there was a significant tendency in the improvement proportion
between these two groups [46 students vs. 35 students, χ2

(1)
=

3.46, p= 0.063] (Figure 3).

Accuracy Rate in Mismatching Trials (mismACC)
No significant difference in baseline performance among the four
stimulation conditions was observed [F(3,186) = 2.05, p= 0.109].
The main effect of time was significant [F(1,62) = 7.49, p =

0.041]. The interaction between time and stimulation was not
significant (Table 3). Taking the average change of the sham
group as the threshold, 39 students (61.9%), 42 students (66.7%),
and 42 students (66.7%) in SJS-R, R-DLPFC tDCS, and sham
groups showed improvements, respectively; however, there was
a significant tendency in the improvement proportion between
the three groups [χ2

(3)
= 7.56, p= 0.056].

DISCUSSION

The aim of the current study was to directly compare the
cognitive modulated effects of tDCS, taVNS, and their combined
stimulations (SJS) as neuromodulation tools for enhancing WM
in healthy adults. First, we replicated the positive effects of
taVNS on spatial 3-back task accuracy in our previous studies
(Sun et al., 2021a), while no significant results were found in
the tDCS group. However, when delivered using the common
stimulation parameters (Sun et al., 2021a,b), we found that
combining tDCS over the left or right DLPFC and taVNS,
and single taVNS could significantly improve spatial 3-back
WM task accuracy, whereas no significant cognitive effects were
observed following anodal tDCS over the left or right DLPFC,
or sham stimulation. Moreover, SJS induced more consistent
improvements in WM accuracy than tDCS, taVNS, or their
numerical summation effects.

To the best of our knowledge, this is the first study to explore
the synergistic effects of tDCS and taVNS on WM performance
and provides the evidence showing the SJS technique to be more
effective than anodal tDCS for enhancing WM performance
in healthy adults. The results of the current study are partly
consistent with those of our previous research (Sun et al., 2021b),
which found that SJS could evoke extensive activation in multiple
brain networks, and in several regions, the activation effects
were even stronger than those in the numerical summation
of the activation by tDCS and taVNS. Recently, peripheral
nerve arousal and vigilance were proposed as another possible
and important mechanism of tDCS (van Boekholdt et al.,
2021). Indeed, as tDCS is applied directly on the skin, and
the currents need to pass through the scalp before reaching
the cerebral cortex, localized peripheral nerves that distribute
in the scalp, such as occipital nerve and the trigeminal nerve
endings are exposed to much higher electric field strengths
than the underlying cortices (Adair et al., 2020; van Boekholdt
et al., 2021). Therefore, tDCS might exert effects through
both transcranial (top-down) and transcutaneous (bottom-up)
mechanism, which can be regarded as a simultaneous joint with
dual-path mechanism to some extent. Thus, the combination
with taVNS, one kind of peripheral nerve stimulation technique,
might reinforce this simultaneous joint mechanism of tDCS and
evoked better cognitive modulatory effects.

It is worth noting that in addition to improving the WM
task accuracy rate, SJS induced more consistent improvements in
WM accuracy than tDCS, taVNS, or their numerical summation
effects. In the current study, only 44.8% participants in the
L-DLPFC tDCS group and 44.4% students in the R-DLPFC
tDCS group demonstrated improvements in spatial 3-back task
accuracy. Consistent with this, Murphy et al. (2020) found
that only 31.25% of participants in the tDCS group displayed
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FIGURE 3 | Rain cloud plots of accuracy rate in matching trials (mACC) of the spatial 3-back task in experiment 2. Clouds and box plots represent the distribution of

1-scores between the post-test and pre-test in taVNS, tDCS, SJS-R (simultaneous joint simulation of tDCS and taVNS), and tDCS+taVNS (the numerical summation

effects of tDCS and taVNS) groups. Plots represent the 1-score of each participant in the four conditions. Dotted lines separate positive change data with negative

change data, and the number and proportion of subjects with improvements are presented in the clouds. The significant difference between tDCS and SJS-R groups

and the improvement proportion difference between SJS-R and taVNS and tDCS+taVNS are presented in the figure.
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improvements in task accuracy in their study (Murphy et al.,
2020). Moreover, effects of tDCS appear to be highly variable
at the individual level in previous studies, with experiment
research one meta-analysis suggesting that only 16% of subjects
showed the desired outcome in cognitive studies (Jacobson
et al., 2012). Additionally, 50.0 and 52.4% participants in taVNS
group displayed improvements, which suggested that taVNS
facilitated WM performance with a relatively high individual
difference. Supporting our hypothesis, combining tDCS with
taVNS could largely increase improvement consistency. The
underlying mechanisms of these improvements are currently
unknown. A possible explanation of our results is that the
modulatory effects of tDCS on neural activity depend on the
“baseline” neural activities, which are different in individuals,
while taVNS can influence neural baseline activities, making
them sensitive to tDCS intervention. As it is known, afferent
fibers from vagus nerves travel to the brainstem, where they
project to the NTS (Adair et al., 2020). The information of NTS
is integrated in the reticular formation (i.e., a large network
of nerves with nuclei clusters throughout the brainstem) and
further participates in the ascending reticular activating system
(ARAS): a system that contains a set of nuclei that release
neurotransmitters in the cortex, both directly and through
thalamic relays (Schwartz and Kilduff, 2015). The ARAS can
exert its influence on many basic behavioral processes through
these nuclei, such as locus coeruleus (LC) and the main source
of norepinephrine (NE) in the brain (Couto et al., 2006; Tyler
et al., 2015). NE is known to increase cortical excitability, drive
synaptic plasticity (Kuo et al., 2017b), and modulate cognition
(Sara, 2009). Importantly, the effects of NE have already been
reported as a mediator of tDCS effects (Monai et al., 2016; Kuo
et al., 2017a). Thus, taVNS might induce the release of NE
and modulate the cortical excitability, which would make neural
activity more sensitive to tDCS intervention.

Beyond our expectation, we did not observe significant
improvements in WM performance in both L-DLPFC tDCS
and R-DLPFC tDCS groups, with highly individual differences.
However, existing evidence for the facilitatory effects of anodal
tDCS over the DFPFC on WM performance in both healthy and
clinical cohorts is inconsistent, with several recent experiment
research (Murphy et al., 2020) and meta-analyses (Brunoni and
Vanderhasselt, 2014; Hill et al., 2016; Mancuso et al., 2016; Sloan
et al., 2021) showing that the improvement of tDCS on WM
capacity is modest and variable. It might cause by the effect of
tDCS on neural plasticity, which could facilitate task training
efficiency via improve task encoding but would not influence task
performance directly (Simonsmeier et al., 2018). Thus, the WM
enhancement potential of tDCS probably lies in its use during
training (Mancuso et al., 2016).

From experiment 2, we further found that the synergistic
effects of tDCS and taVNS on WM performance depended
on task difficulty but not on the stimulation site of tDCS.
Evidence is emerging that links tDCS-related improvement in
task performance to neural oscillations. However, the neural state
created by different tasks might be differentially susceptible to
tDCS modulation and thus might yield different outcomes in
behavior (Bikson et al., 2013). A difficult working memory task

might elicit increases in the theta frequency band (∼4–7Hz),
which is more sensitive to tDCS modulatory effects (Onton
et al., 2005). For example, Reinhart et al. have found that
tDCS enhanced behavioral performance on adaptive control
tasks, specifically on tasks with increased cognitive demands,
which might be associated neural oscillatory in the theta power
(Reinhart et al., 2015). Consistent with these findings, the current
study found that the modulatory effects of SJS were found in the
spatial 3-back task accuracy but not in spatial 1-back tasks.

However, there are still some limitations of the current study
and require further researchers in future. First, although results
from the present study revealed a stronger modulatory effect
of the combined tDCS and taVNS technique, especially in
improvement consistency, it was not clear how they interacted
in the cortex and influence individuals’ WM performance, which
needs more research with physiological signals in future. Second,
considering the synergistic effects of SJS on brain activation that
not only significantly larger than single tDCS and taVNS but also
larger than their numerical summation effects (Sun et al., 2021b),
further studies need to focus on which behavioral performance
is sensitive to these brain changes and can be modulated by the
synergistic effects of SJS. Third, since healthy subjects are easier
to recruit than patients and it is important to testify technique’s
effects before applying in clinical experiments, the participants in
the current study are healthy students. However, it is important
to test the effects of SJS in clinical cohorts or old populations in
future. Finally, research in future needs to focus on the influence
of stimulation parameters, such as the different effects of anode
and cathode, which might accelerate the application of tDCS,
taVNS, and their combined stimulation.

CONCLUSION

In summary, the current study showed a larger facilitation on
WM memory of combined tDCS and taVNS than single tDCS
and taVNS techniques, with a better tendency in increasing the
consistency of improvements than the numerical summation
of tDCS and taVNS, which makes it of important clinical
significance. Further investigating its effects, safety, and
specification may promote its clinical application. Additionally,
combined stimulation techniques put a novel thought in
non-invasive neuromodulation as tDCS combined with
peripheral nerve stimulation showed greater effects on the
motor recovery after stroke (Sattler et al., 2015); tDCS combined
with transcranial random noise stimulation (tRNS), another
transcranial stimulation, exhibited better facilitation on WM
(Murphy et al., 2020); and tDCS combined with taVNS, a
cranial nerve stimulation, also induced significant improvements
on WM in this study. Hence, the effects of other combined
stimulation techniques, like tDCS combined with trigeminal
nerve stimulation and the underlying mechanism of joint
stimulation, are worth investigating in future.

To sum up, combined tDCS and taVNS might be a new non-
invasive neuromodulation technique with great clinical prospect,
and we would investigate its application in the population with
cognitive impairment in future.

Frontiers in Neuroscience | www.frontiersin.org 11 July 2022 | Volume 16 | Article 947236

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Zhao et al. Concurrent tDCS+taVNS Improve Working Memory

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Research Ethics Committee of
the Xijing Hospital of the Air Force Medical University. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

RZ, HD, X-JY, and J-BS were guarantors of integrity of the
entire study. RZ, YK, X-JY, and J-BS contributed to study
concepts/study design. RZ, Q-QT, Y-PC, Z-YH, M-YC, and
F-MW contributed to data acquisition. RZ, Z-YH, CC, Q-QT,
Y-PC, and J-BS contributed to data analysis and interpretation.

RZ, Z-YH, CC, and J-BS contributed to the manuscript drafting
or manuscript revision. All authors contributed to manuscript
revision and read and approved the submitted version.

FUNDING

This study was funded by the Innovation Team and Talents
Cultivation Program of National Administration of Traditional
Chinese Medicine (Grant No. ZYYCXTD-C-202004), National
Key R&D Program of China (Grant No. 2021YFF0306500),
National Science Foundation of China (Grant No. 81901827),
Natural Science Basic Research Program of Shaanxi (Grant
Nos. 2021JQ-211, 2022JQ-649, and 2021JQ-656), Fundamental
Research Funds for the Central Universities (Grant No.
XJS201209), and Ph.D. start-up fund of Xi’an Polytechnic
University (Grant No. BS201914).

ACKNOWLEDGMENTS

We thank the subjects whose participation enabled this work.

REFERENCES

Adair, D., Truong, D., Esmaeilpour, Z., Gebodh, N., Borges, H., Ho, L., et al. (2020).

Electrical stimulation of cranial nerves in cognition and disease. Brain Stimul.

13, 717–750. doi: 10.1016/j.brs.2020.02.019

Badran, B. W., Dowdle, L. T., Mithoefer, O. J., LaBate, N. T., Coatsworth,

J., Brown, J. C., et al. (2018). Neurophysiologic effects of transcutaneous

auricular vagus nerve stimulation (taVNS) via electrical stimulation of the

tragus: a concurrent taVNS/fMRI study and review. Brain Stimul. 11, 492–500.

doi: 10.1016/j.brs.2017.12.009

Barbey, A. K., Koenigs, M., and Grafman, J. (2013). Dorsolateral prefrontal

contributions to human working memory. Cortex 49, 1195–1205.

doi: 10.1016/j.cortex.2012.05.022

Beste, C., Steenbergen, L., Sellaro, R., Grigoriadou, S., Zhang, R., Chmielewski,

W., et al. (2016). Effects of concomitant stimulation of the GABAergic

and norepinephrine system on inhibitory control - a study using

transcutaneous vagus nerve stimulation. Brain Stimul. 9, 811–818.

doi: 10.1016/j.brs.2016.07.004

Bikson, M., Name, A., and Rahman, A. (2013). Origins of specificity during

tDCS: anatomical, activity-selective, and input-bias mechanisms. Front. Hum.

Neurosci. 7, 688. doi: 10.3389/fnhum.2013.00688

Boggio, P. S., Ferrucci, R., Rigonatti, S. P., Covre, P., Nitsche, M., Pascual-

Leone, A., et al. (2006). Effects of transcranial direct current stimulation on

working memory in patients with Parkinson’s disease. J. Neurol. Sci. 249, 31–38.

doi: 10.1016/j.jns.2006.05.062

Brunoni, A. R., and Vanderhasselt, M. A. (2014). Working memory

improvement with non-invasive brain stimulation of the dorsolateral

prefrontal cortex: a systematic review and meta-analysis. Brain Cogn. 86, 1–9.

doi: 10.1016/j.bandc.2014.01.008

Chase, H. W., Boudewyn, M. A., Carter, C. S., and Phillips, M. L. (2020).

Transcranial direct current stimulation: a roadmap for research, from

mechanism of action to clinical implementation. Mol. Psychiatry 25, 397–407.

doi: 10.1038/s41380-019-0499-9

Chiesa, A., Calati, R., and Serretti, A. (2011). Does mindfulness training

improve cognitive abilities? A systematic review of neuropsychological

findings. Clin. Psychol. Rev. 31, 449–464. doi: 10.1016/j.cpr.2010.

11.003

Colzato, L. S., Ritter, S.M., and Steenbergen, L. (2018). Transcutaneous vagus nerve

stimulation (tVNS) enhances divergent thinking. Neuropsychologia 111, 72–76.

doi: 10.1016/j.neuropsychologia.2018.01.003

Constantinidis, C., and Klingberg, T. (2016). The neuroscience of workingmemory

capacity and training.Nat. Rev. Neurosci. 17, 438–449. doi: 10.1038/nrn.2016.43

Couto, L. B., Moroni, C. R., dos Reis Ferreira, C. M., Elias-Filho, D. H., Parada,

C. A., Pela, I. R., et al. (2006). Descriptive and functional neuroanatomy of

locus coeruleus-noradrenaline-containing neurons involvement in bradykinin-

induced antinociception on principal sensory trigeminal nucleus. J. Chem.

Neuroanat. 32, 28–45. doi: 10.1016/j.jchemneu.2006.03.003

Cowan, N. (2001). Themagical number 4 in short-termmemory: a reconsideration

of mental storage capacity. Behav. Brain Sci. 24 87–114. Discussion 114–85.

doi: 10.1017/S0140525X01003922

de Boer, N. S., Schluter, R. S., Daams, J. G., van der Werf, Y. D.,

Goudriaan, A. E., and van Holst, R. J. (2021). The effect of non-

invasive brain stimulation on executive functioning in healthy controls: a

systematic review and meta-analysis. Neurosci. Biobehav. Rev. 125, 122–147.

doi: 10.1016/j.neubiorev.2021.01.013

Dubreuil-Vall, L., Chau, P., Ruffini, G., Widge, A. S., and Camprodon, J. A. (2019).

tDCS to the left DLPFC modulates cognitive and physiological correlates of

executive function in a state-dependent manner. Brain Stimul. 12, 1456–1463.

doi: 10.1016/j.brs.2019.06.006

Fruhauf, A. M. A., Politti, F., Dal Corso, S., Costa, G. C., Teodosio, A. D. C.,

Silva, S. M., et al. (2017). Immediate effect of transcranial direct current

stimulation combined with functional electrical stimulation on activity of

the tibialis anterior muscle and balance of individuals with hemiparesis

stemming from a stroke. J. Phys. Ther. Sci. 29, 2138–2146. doi: 10.1589/jpts.29.

2138

Gathercole, S. E., Brown, L., and Pickering, S. J. (2003). Working memory

assessments at school entry as longitudinal predictors of National Curriculum

attainment levels. Educ. Child Psychol. 20, 109–122.

George, M. S., Caulfield, K. A., O’Leary, K., Badran, B. W., Short, E. B.,

Huffman, S. M., et al. (2020). Synchronized cervical VNS with accelerated theta

burst TMS for treatment resistant depression. Brain Stimul. 13, 1449–1450.

doi: 10.1016/j.brs.2020.08.002

Giglia, G., Brighina, F., Rizzo, S., Puma, A., Indovino, S., Maccora, S., et al.

(2014). Anodal transcranial direct current stimulation of the right dorsolateral

prefrontal cortex enhances memory-guided responses in a visuospatial working

memory task. Funct. Neurol. 29, 189–93.

Goehler, L. E., Gaykema, R. P., Hansen, M. K., Anderson, K., Maier, S. F.,

and Watkins, L. R. (2000). Vagal immune-to-brain communication:

a visceral chemosensory pathway. Auton. Neurosci. 85, 49–59.

doi: 10.1016/S1566-0702(00)00219-8

Frontiers in Neuroscience | www.frontiersin.org 12 July 2022 | Volume 16 | Article 947236

https://doi.org/10.1016/j.brs.2020.02.019
https://doi.org/10.1016/j.brs.2017.12.009
https://doi.org/10.1016/j.cortex.2012.05.022
https://doi.org/10.1016/j.brs.2016.07.004
https://doi.org/10.3389/fnhum.2013.00688
https://doi.org/10.1016/j.jns.2006.05.062
https://doi.org/10.1016/j.bandc.2014.01.008
https://doi.org/10.1038/s41380-019-0499-9
https://doi.org/10.1016/j.cpr.2010.11.003
https://doi.org/10.1016/j.neuropsychologia.2018.01.003
https://doi.org/10.1038/nrn.2016.43
https://doi.org/10.1016/j.jchemneu.2006.03.003
https://doi.org/10.1017/S0140525X01003922
https://doi.org/10.1016/j.neubiorev.2021.01.013
https://doi.org/10.1016/j.brs.2019.06.006
https://doi.org/10.1589/jpts.29.2138
https://doi.org/10.1016/j.brs.2020.08.002
https://doi.org/10.1016/S1566-0702(00)00219-8
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Zhao et al. Concurrent tDCS+taVNS Improve Working Memory

Grady, C. (2012). The cognitive neuroscience of ageing. Nat. Rev. Neurosci. 13,

491–505. doi: 10.1038/nrn3256

Hill, A. T., Fitzgerald, P. B., and Hoy, K. E. (2016). Effects of anodal transcranial

direct current stimulation on working memory: a systematic review and meta-

analysis of findings from healthy and neuropsychiatric populations. Brain

Stimul. 9, 197–208. doi: 10.1016/j.brs.2015.10.006

Jacobson, L., Koslowsky,M., and Lavidor, M. (2012). tDCS polarity effects inmotor

and cognitive domains: a meta-analytical review. Exp. Brain Res. 216, 1–10.

doi: 10.1007/s00221-011-2891-9

Jarrold, C., and Towse, J. N. (2006). Individual differences in working memory.

Neuroscience 139, 39–50. doi: 10.1016/j.neuroscience.2005.07.002

Ke, Y., Wang, N., Du, J., Kong, L., Liu, S., Xu, M., et al. (2019). The

effects of transcranial direct current stimulation (tDCS) on working

memory training in healthy young adults. Front. Hum. Neurosci. 13, 19.

doi: 10.3389/fnhum.2019.00019

Kronberg, G., Bridi, M., Abel, T., Bikson,M., and Parra, L. C. (2017). Direct current

stimulation modulates LTP and LTD: activity dependence and dendritic effects.

Brain Stimul. 10, 51–58. doi: 10.1016/j.brs.2016.10.001

Kuo, H. I., Paulus, W., Batsikadze, G., Jamil, A., Kuo, M. F., and Nitsche,

M. A. (2017a). Acute and chronic effects of noradrenergic enhancement on

transcranial direct current stimulation-induced neuroplasticity in humans. J.

Physiol. 595, 1305–1314. doi: 10.1113/JP273137

Kuo, H. I., Paulus, W., Batsikadze, G., Jamil, A., Kuo, M. F., and Nitsche,

M. A. (2017b). Acute and chronic noradrenergic effects on cortical

excitability in healthy humans. Int. J. Neuropsychopharmacol. 20, 634–643.

doi: 10.1093/ijnp/pyx026

Liu, A., Voroslakos, M., Kronberg, G., Henin, S., Krause, M. R., Huang, Y.,

et al. (2018). Immediate neurophysiological effects of transcranial electrical

stimulation. Nat. Commun. 9, 5092. doi: 10.1038/s41467-018-07233-7

Mancuso, L. E., Ilieva, I. P., Hamilton, R. H., and Farah, M. J. (2016).

Does transcranial direct current stimulation improve healthy working

memory?: A meta-analytic review. J. Cogn. Neurosci. 28, 1063–1089.

doi: 10.1162/jocn_a_00956

McDonnell, M. D., and Abbott, D. (2009). What is stochastic resonance?

Definitions, misconceptions, debates, and its relevance to biology. PLoS

Comput. Biol. 5, e1000348. doi: 10.1371/journal.pcbi.1000348

Monai, H., Ohkura, M., Tanaka, M., Oe, Y., Konno, A., Hirai, H., et al. (2016).

Calcium imaging reveals glial involvement in transcranial direct current

stimulation-induced plasticity in mouse brain. Nat. Communic. 7:11100.

doi: 10.1038/ncomms11100

Murphy, O. W., Hoy, K. E., Wong, D., Bailey, N. W., Fitzgerald, P. B., and

Segrave, R. A. (2020). Transcranial random noise stimulation is more effective

than transcranial direct current stimulation for enhancing working memory

in healthy individuals: behavioural and electrophysiological evidence. Brain

Stimul. 13, 1370–1380. doi: 10.1016/j.brs.2020.07.001

Neuser, M. P., Teckentrup, V., Kuhnel, A., Hallschmid, M., Walter, M., and

Kroemer, N. B. (2020). Vagus nerve stimulation boosts the drive to work for

rewards. Nat. Commun. 11, 3555. doi: 10.1038/s41467-020-17344-9

Onton, J., Delorme, A., and Makeig, S. (2005). Frontal midline EEG

dynamics during working memory. Neuroimage 27, 341–356.

doi: 10.1016/j.neuroimage.2005.04.014

Reinhart, R. M., Zhu, J., Park, S., and Woodman, G. F. (2015). Synchronizing

theta oscillations with direct-current stimulation strengthens adaptive control

in the human brain. Proc. Natl. Acad. Sci. U. S. A. 112, 9448–9453.

doi: 10.1073/pnas.1504196112

Saper, C. B. (2002). The central autonomic nervous system: conscious visceral

perception and autonomic pattern generation. Annu. Rev. Neurosci. 25,

433–469. doi: 10.1146/annurev.neuro.25.032502.111311

Sara, S. J. (2009). The locus coeruleus and noradrenergic modulation of cognition.

Nat. Rev. Neurosci. 10, 211–223. doi: 10.1038/nrn2573

Sattler, V., Acket, B., Raposo, N., Albucher, J. F., Thalamas, C., Loubinoux, I., et al.

(2015). Anodal tDCS combined with radial nerve stimulation promotes hand

motor recovery in the acute phase after ischemic stroke. Neurorehabil. Neural

Repair 29, 743–754. doi: 10.1177/1545968314565465

Schwartz, M. D., and Kilduff, T. S. (2015). The neurobiology of

sleep and wakefulness. Psychiatr. Clin. North Am. 38, 615–644.

doi: 10.1016/j.psc.2015.07.002

Shen, L. L., Sun, J. B., Yang, X. J., Deng, H., Qin, W., Du, M. Y., et al. (2022).

Reassessment of the effect of transcutaneous auricular vagus nerve stimulation

using a novel burst paradigm on cardiac autonomic function in healthy young

adults. Neuromodulation 25, 433–442. doi: 10.1111/ner.13521

Simonsmeier, B. A., Grabner, R. H., Hein, J., Krenz, U., and Schneider,

M. (2018). Electrical brain stimulation (tES) improves learning more

than performance: a meta-analysis. Neurosci. Biobehav. Rev. 84, 171–181.

doi: 10.1016/j.neubiorev.2017.11.001

Sloan, N. P., Byrne, L. K., Enticott, P. G., and Lum, J. A. G. (2021). Non-invasive

brain stimulation does not improve working memory in schizophrenia: a

meta-analysis of randomised controlled trials. Neuropsychol. Rev. 31, 115–138.

doi: 10.1007/s11065-020-09454-4

Sun, J. B., Cheng, C., Tian, Q. Q., Yuan, H., Yang, X. J., Deng, H., et al.

(2021a). transcutaneous auricular vagus nerve stimulation improves spatial

working memory in healthy young adults. Front. Neurosci. 15, 790793.

doi: 10.3389/fnins.2021.790793

Sun, J. B., Tian, Q. Q., Yang, X. J., Deng, H., Li, N., Meng, L. X., et al. (2021b).

Synergistic effects of simultaneous transcranial direct current stimulation

(tDCS) and transcutaneous auricular vagus nerve stimulation (taVNS) on the

brain responses. Brain Stimul. 14, 417–419. doi: 10.1016/j.brs.2021.02.010

Tyler, W. J., Boasso, A. M., Mortimore, H. M., Silva, R. S., Charlesworth, J. D.,

Marlin, M. A., et al. (2015). Transdermal neuromodulation of noradrenergic

activity suppresses psychophysiological and biochemical stress responses in

humans. Sci. Rep. 5, 13865. doi: 10.1038/srep13865

van Boekholdt, L., Kerstens, S., Khatoun, A., Asamoah, B., and Mc Laughlin, M.

(2021). tDCS peripheral nerve stimulation: a neglected mode of action? Mol.

Psychiatry 26, 456–461. doi: 10.1038/s41380-020-00962-6

Winograd-Gurvich, C., Fitzgerald, P. B., Georgiou-Karistianis, N., Bradshaw, J.

L., and White, O. B. (2006). Negative symptoms: a review of schizophrenia,

melancholic depression and Parkinson’s disease. Brain Res. Bull. 70, 312–321.

doi: 10.1016/j.brainresbull.2006.06.007

Yakunina, N., Kim, S. S., and Nam, E. C. (2017). Optimization of transcutaneous

vagus nerve stimulation using functional MRI. Neuromodulation 20, 290–300.

doi: 10.1111/ner.12541

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Zhao, He, Cheng, Tian, Cui, Chang, Wang, Kong, Deng, Yang

and Sun. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 13 July 2022 | Volume 16 | Article 947236

https://doi.org/10.1038/nrn3256
https://doi.org/10.1016/j.brs.2015.10.006
https://doi.org/10.1007/s00221-011-2891-9
https://doi.org/10.1016/j.neuroscience.2005.07.002
https://doi.org/10.3389/fnhum.2019.00019
https://doi.org/10.1016/j.brs.2016.10.001
https://doi.org/10.1113/JP273137
https://doi.org/10.1093/ijnp/pyx026
https://doi.org/10.1038/s41467-018-07233-7
https://doi.org/10.1162/jocn_a_00956
https://doi.org/10.1371/journal.pcbi.1000348
https://doi.org/10.1038/ncomms11100
https://doi.org/10.1016/j.brs.2020.07.001
https://doi.org/10.1038/s41467-020-17344-9
https://doi.org/10.1016/j.neuroimage.2005.04.014
https://doi.org/10.1073/pnas.1504196112
https://doi.org/10.1146/annurev.neuro.25.032502.111311
https://doi.org/10.1038/nrn2573
https://doi.org/10.1177/1545968314565465
https://doi.org/10.1016/j.psc.2015.07.002
https://doi.org/10.1111/ner.13521
https://doi.org/10.1016/j.neubiorev.2017.11.001
https://doi.org/10.1007/s11065-020-09454-4
https://doi.org/10.3389/fnins.2021.790793
https://doi.org/10.1016/j.brs.2021.02.010
https://doi.org/10.1038/srep13865
https://doi.org/10.1038/s41380-020-00962-6
https://doi.org/10.1016/j.brainresbull.2006.06.007
https://doi.org/10.1111/ner.12541
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	Assessing the Effect of Simultaneous Combining of Transcranial Direct Current Stimulation and Transcutaneous Auricular Vagus Nerve Stimulation on the Improvement of Working Memory Performance in Healthy Individuals
	Introduction
	Materials and Methods
	Experiment 1
	Participants
	Experiment Design
	tDCS and taVNS Equipment and Parameters
	Working Memory Tasks
	Data Analysis

	Experiment 2
	Participants
	Experiment Design
	tDCS and taVNS Equipment and Parameters
	Working Memory Tasks
	Data Analysis


	Results
	Experiment 1
	Subjective Sensation
	Spatial 3-Back Working Memory Performance
	Reaction Time in Accuracy Trials (aRT)
	Accuracy Rate in Matching Trials (mACC)
	Accuracy Rate in Mismatching Trials (mismACC)

	Digit 3-Back Working Memory Performance
	Reaction Time in Accuracy Trials (aRT)
	Accuracy Rate in Matching Trials (mACC)
	Accuracy Rate in Mismatching Trials (mismACC)


	Experiment 2
	Subjective Sensation
	Spatial 1-Back Working Memory Performance
	Reaction Time in Accuracy Trials (aRT)
	Accuracy Rate in Matching Trials (mACC)
	Accuracy Rate in Mismatching Trials (mismACC)

	Spatial 3-Back Working Memory Performance
	Reaction Time in Accuracy Trials (aRT)
	Accuracy Rate in Matching Trials (mACC)
	Accuracy Rate in Mismatching Trials (mismACC)



	DISCUSSION
	CONCLUSION
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


