
ORIGINAL ARTICLE

Mapping the modulating effect of transcutaneous
auricular vagus nerve stimulation on voxel-based
analyses in patients with first-episode major depressive
disorder: a resting-state functional magnetic resonance
imaging study
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Introduction: Seed-based analysis has shown that transcutaneous auricular vagus nerve stimulation
(taVNS) can modulate the dysfunctional brain network in patients with major depressive disorder
(MDD). However, the voxel-based neuropsychological mechanism of taVNS on patients with first-
episode MDD is poorly understood. The objective of this study was to assess the effects of an 8-week
course of taVNS on patients with first-episode MDD.
Methods: Twenty-two patients with first-episode MDD accepted an 8-week course of taVNS
treatment. Resting-state functional magnetic resonance imaging (rs-fMRI) scans were performed
before and after treatment. Voxel-based analyses were performed to characterize spontaneous brain
activity. Healthy controls (n=23) were recruited to minimize test-retest effects. Analysis of covariance
(ANCOVA) was performed to ascertain treatment-related changes. Then, correlations between
changes in brain activity and the Hamilton Depression Rating Scale (HAM-D)/Hamilton Anxiety Scale
(HAM-A) remission rate were estimated.
Results: Significant group-by-time interactions on voxel-based analyses were observed in the inferior
ventral striatum (VSi) and precuneus. Post-hoc analyses showed that taVNS inhibited higher brain
activity in the VSi, while upregulating it in the precuneus. Functional connectivity (FC) between the VSi
and precuneus decreased. Positive correlations were found between the HAM-D remission rate and
changes in brain activity in the VSi.
Conclusion: taVNS reduced the FC between VSi and precuneus by normalizing the abnormal
spontaneous brain activity of VSi in first-episode MDD patients.

Keywords: Non-invasive neuromodulation; taVNS; reward processing; major depressive disorder;
resting-state fMRI; ventral striatum

Introduction

Major depressive disorder (MDD) severely limits psycho-
social functioning and diminishes quality of life. Transcu-
taneous auricular vagus nerve stimulation (taVNS) is a
very promising noninvasive method for treating psycho-
logical disorders. As with invasive vagus nerve stimula-
tion, peripheral stimulating information aroused by taVNS
is conveyed into the central nervous system through the
solitary tract nucleus and then affects the extensive neural

circuits influenced by norepinephrinergic, serotonergic, and
dopaminergic neurons.1-3 Studies have shown that taVNS
significantly improves depressive symptoms as compared
with a sham procedure.4,5 An electroencephalogram
(EEG) study found that both invasive vagus nerve
stimulation and taVNS caused evoked changes in activity
across a set of highly distributed cortical networks that are
relevant to a diverse array of clinical, rehabilitative, and
enhancement applications.6 Functional magnetic reso-
nance imaging (fMRI) studies have revealed that, in
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healthy subjects, instant taVNS induces increased blood-
oxygen-level-dependent (BOLD) signals in the right cau-
date, bilateral anterior cingulate, cerebellum, left prefrontal
cortex, insula, precentral gyrus, and thalamus, while
decreasing BOLD signals in the amygdala, hippocampus,
parahippocampal gyrus, and temporal gyrus.7 Mapping the
modulating effect of taVNS on MDD patients at the level of
neural disturbances would benefit translation of taVNS into
clinical use.

The neural disturbances of MDD converge in many
limbic-cortical circuits.8 Namely, cognitive biases in
depression are facilitated by aberrant influence from
subcortical emotion processing, combined with attenuated
top-down regulation.9 In support of this, a meta-analysis of
positron emission tomography (PET) studies found altered
metabolism in the insula, limbic system, basal ganglia,
thalamus, and cerebellum in MDD patients.10 An earlier
meta-analysis also confirmed a convergent change in the
limbic-cortical brain circuit both in PET and fMRI datasets
of MDD patients.11 According to the limbic-cortical dysre-
gulation model, seed-to-voxel functional connectivity (FC)
analysis has found that taVNS can modulate some
pathological regions in MDD patients.12-17 However, a
recent study revealed that antidepressants can induce
permanent changes on intrinsic FC.18 Existing studies
have included patients both with first-episode and with
recurrent MDD. In addition to heterogeneity in patient
enrollment, FC analysis requires a preset region of interest
(ROI) according to prior knowledge. In contrast, voxel-
based analysis screens a certain brain region, commonly
the whole brain, to find the most significant changes
through rigorous statistical analysis. The most popular
voxel-based analyses are amplitude of low-frequency
fluctuation (ALFF),19 used for estimating local neural
activity by time-frequency transformation; regional homo-
geneity (ReHo),20 which evaluates the homogeneity of a
given voxel with its nearest neighbors; and functional
centrality degree (FCD), a theoretical graphic approach to
show a voxel’s FC degree centrality.21 Standard data
preprocessing and strict statistical correction are critical to
validate whether the results are robust.

Recently, an increasing number of studies have
revealed similar neural disturbances to those found on
PET imaging in MDD patients, but using voxel-based
analyses. For example, one study found that MDD patients
with non-suicidal self-injury showed higher ALFF in the
right lingual gyrus and right middle occipital gyrus, and
lower ALFF in the right superior frontal gyrus.22 Another
study found that MDD patients exhibited increased ReHo
in the left hippocampus and decreased ReHo in the left
orbitofrontal cortex.23 Moreover, using voxel-based ana-
lyses, changes in brain activity in some regions implicated
in the pathology of neurological and psychiatric disorders
have been correlated with therapeutic effects.24,25 How-
ever, few studies have employed voxel-based analysis to
map the modulating effect of taVNS.

In the present study, patients with first-episode MDD
were offered an 8-week course of taVNS and underwent
two fMRI scans, before and after treatment. Different
voxel-based analyses were employed to map the mod-
ulating effect of taVNS on these patients. Age- and

gender-matched healthy controls (HCs) were recruited at
the same time to minimize test-retest effects.

Methods

Participants

As shown in Figure 1, 28 patients were recruited in the
taVNS group. Two experienced psychiatrists conducted
a clinical interview to collect clinical information. Patients
were diagnosed as having first-episode MDD according to
the Structured Clinical Interview of the DSM-V.26 Patients
with comorbid Axis I disorders (except for anxiety
disorders) were excluded, as were those with Axis II
personality disorders or intellectual disability. The inclu-
sion criteria were: 1) a diagnosis consistent with DSM-V
diagnostic criteria for mild-to-moderate depression; 2) age
18 to 65 years; 3) right-handedness; and 4) a Hamilton
Depression Rating Scale (HAM-D) score between 8 and
24. The exclusion criteria were: 1) meeting diagnostic
criteria for any psychiatric disease other than depression;
2) history of any neurological diseases or serious
systemic diseases; 3) history of serious suicidal ideation
or suicidal behavior; and 4) any contraindications to fMRI
scanning. By week 8, 22 patients had completed two
sessions of fMRI scans (at 0 and 8 weeks). The 17-item
HAM-D and 14-item Hamilton Anxiety Scale (HAM-A14)
were assessed at the same time. Twenty-three age,
gender, and education-matched HCs were recruited from
the local community. All of the HCs had a HAM-D or HAM-
A score less than 7. They declared no recent experience
of depression (within 6 months before or during the
study), had no history of a psychiatric disorder in their
first-degree relatives, and had no history of use of
psychotropic medications. HCs with any substance
dependence or abuse and acutely suicidal were also
excluded. The HC group completed the same fMRI scans
but did not receive taVNS during the 8 weeks.

Transcutaneous auricular vagus nerve stimulation
(taVNS) treatment

The stimulation areas of the taVNS were located on both
sides of the cymba conchae (Figure 2). The stimulation
parameters were consistent with our previous stu-
dies.4,12,14-16 In brief, the dilatational wave was adjusted
to 4/20 Hz with a wave width of less than 1 ms, and the
intensity was adjusted based on the tolerance of the
patient (tingling but no pain sensation caused by the slight
electric current). Each treatment lasted 30 minutes and
was carried out twice a day (i.e., once in the morning and
once again in the evening), at least 5 days per week, for
the duration of the treatment period (8 weeks). The
patients were also instructed to record any side effects of
treatment in a diary.

Magnetic resonance imaging (MRI) data acquisition

rs-fMRI scans were performed with a Siemens 3.0T Skyra
MRI scanner (Siemens; Munich, Germany). A standard
birdcage with a 32-channel head coil, along with
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restraining foam pads, was used to minimize head
motion and scanner noise. The participants were told
to move as little as possible and keep their eyes closed
without falling asleep. After the scan, none of them
reported falling asleep during the scanning process.
Resting-state functional images were acquired using a
gradient echo planar imaging sequence with the follow-
ing parameters: repeat time = 2,000 ms; echo time = 30
ms; flip angle = 90o, field of view = 224� 224 mm;
number of slices = 32; slice thickness = 3.0 mm; and
volumes = 200. Then, high-resolution T1-weighted
structural images were acquired using the MPRAGE
sequence (repeat time = 2,530 ms; echo time = 2.98 ms;

voxel size = 1�1�1 mm3; field of view = 256�256 mm2;
slices = 43; slice thickness = 1 mm).

Functional magnetic resonance imaging (fMRI) data
preprocessing

rs-fMRI images were preprocessed with DPABI.27 The
first 10 time points for the spin saturation effects and
subjects’ adaptation were removed. Slices were adjus-
ted for timing and spatial realignment. The structural
images were coregistered to the functional images and
then segmented using diffeomorphic anatomical regis-
tration through exponentiated Lie algebra (DARTEL) to

Figure 1 Overall study protocol. Fifty-one subjects were enrolled in this study. Two-way repeat-measured analysis of
covariance (ANCOVA) was performed on each metric of voxel-based analysis to characterize the interactions between the
transcutaneous auricular vagus nerve stimulation (taVNS) group and the healthy control group. fMRI = functional magnetic
resonance imaging; HAM-A = Hamilton Anxiety Scale; HAM-D = Hamilton Depression Rating Scale.

Figure 2 The electroacupuncture stimulator was attached to the bilateral cymba conchae through electrodes on the skin
surface. The red dots show the target area of transcutaneous auricular vagus nerve stimulation (taVNS).
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compute transformations from the individual native
space to the Montreal Neurological Institute (MNI) space.
Several nuisance signals, including head motion para-
meters estimated by Friston’s 24-parameter model,28,29

linear trends, and mean signals of the white matter and
cerebrospinal fluid, were regressed from the normalized
image.

Following previous recommendations which contri-
bute to improving the reproducibility of fMRI studies,29-31

we used different strategies to minimize the impact of
micro head motion. First, each subject’s framewise
displacement (FD) value was estimated using Jenkin-
son’s formula; those who had an FD value greater than
0.2 were eliminated.30 Second, we cut the volumes with
micro head motion 4 0.5 mm in ReHo analysis for
scrubbing of ‘‘bad’’ time points. However, to ensure the
continuity of the time series, we did not perform such
scrubbing in the ALFF and FCD analyses.29 Further-
more, although no participant was excluded after
analysis of micro head motion and no significant
differences were found between the two groups, we
conservatively evaluated the effects of head motion on
our results by adding FD values as a covariate in the
statistics.

Despite the sample size, the limited signal-to-noise
ratio, and disputes in sampling and preprocessing
strategies
for fMRI data, existing voxel-based analysis studies
are sometimes contradictory.32-36 In the present study,
standard data preprocessing and strict statistical correc-
tion were performed to reveal the most significant brain
effect elicited by taVNS. The results were also cross-
validated by three different voxel-based analyses. The
ALFF values were calculated as the average square root
of the power spectrum range of 0.01-0.1 Hz and were
converted to a frequency domain through the fast Fourier
transform process.19 They were calculated in the
normalized images after smoothing into the MNI space
with a 6-mm full width at half maximum (FWHM)
Gaussian kernel. ReHo was calculated by voxels based
on Kendall concordance coefficient theory for the time
series of a given voxel with its 27 nearest neighbors.20

FC strength (FCS) maps were first computed as the
sum of the r value of the Pearson correlations of time
series between a given voxel and all of the other voxels.
FCD maps were binarily defined in FCS maps using a
summed r threshold of 0.25; this threshold has been used in
previous studies and is sensitive at detecting topological
alterations of brain disorders using voxel-wise degree
centrality approach.18,21,25,37 They were calculated in the
normalized images after band pass filtering (0.01-0.01 Hz),
which reduced the effects of low-frequency drift and high-
frequency noise. The ReHo and FCD maps were smoothed
into MNI space (with a 6-mm FWHM Gaussian kernel).
All of the calculated maps were transformed to z values
to make the data more in line with a normal distribution,
which also contributes to global signal denoising. FC
represents the Pearson correlations between the time
series of ROIs, which were characterized on ALFF and
defined as active or deactive regions. The FC metrics were
transformed according to Fisher’s r-to-z transformation.

Statistical analyses

Baseline clinical data were analyzed using t tests or Mann-
Whitney U tests as appropriate for data and chi-square tests
for categorical variables. Pre- and post-treatment HAM-D
and HAM-A scores were compared using paired t tests in
the taVNS group. All tests were two-sided, with p o 0.05
denoting statistical significance; R software and R studio for
Windows were used for all analyses.

Statistical analyses of fMRI metrics were performed
with DPABI; repeat-measures two-way analysis of covar-
iance (ANCOVA) and post-hoc analyses were performed
to compare the group (i.e., taVNS group, HC group)-
by-time (i.e., weeks 0 and 8) interactions (Figure 1). To
exclude the voxels showing significant changes over time,
the calculated metric of each voxel-based analysis result
was restricted within its corresponding mask (i.e., ALFF,
ReHo, FCD). We generated these masks by performing
paired t tests on each voxel-based analysis metric of the
HC group. The changes over time were defined with a
threshold of uncorrected p o 0.05.38,39 With this setup,
the interactions would display the neural changes that
were due to treatment vs. test-retest effects. Multiple
comparisons of the statistical maps were thresholded
according to Gaussian random field (GRF) theory,
combining cluster p o 0.05 with voxel p o 0.001 (two-
tailed). Post-hoc analyses were performed by two-sample
t tests for baseline between-group comparisons and
paired t tests for within-group comparisons in each group.
The above statistics were controlled for age, gender,
education, and FD values.

Ethics statement

The study was registered on the International Clinical
Trials Registry Platform (https://trialsearch.who.int/, no.
NCT03607331). All clinical investigative procedures were
conducted according to the principles expressed in the
Declaration of Helsinki. All patients were recruited using
advertisements and by sending flyers to the hospitals
involved in the study.

Results

Clinical outcomes

At baseline, there were no significant differences in age
(t = 0.569, p = 0.574), gender (w2 = 2.097, p = 0.350), or
education (Z = -0.824, p = 0.461) between the taVNS
group and the HC group. Significant reductions in HAM-D
and HAM-A score were observed after 8 weeks in the
taVNS group (Table 1).

Between- and within-group patterns

As in previous, large-sample studies, the taVNS group
showed abnormalities in cortical-subcortical regions.
Specifically, compared to HCs, the taVNS group showed
lower ALFF values in cortical regions (including the
dorsolateral prefrontal cortex and orbitofrontal gyrus)
and higher ALFF values in some subcortical structures
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(including the anterior cingulate cortex, dorsomedial
prefrontal cortex, ventral striatum, anterior thalamus,
hippocampus, and amygdala; pcluster o 0.05 and pvoxel
o 0.001, GRF corrected, two-tailed) (Figure S1, available
as online-only supplementary material). In the taVNS
group, within-group comparison showed decreased ALFF
values in the anterior cingulate cortex, dorsomedial
prefrontal cortex, and thalamus after 8 weeks of taVNS
treatment (Figure S2). No within-group difference was
found in the HC group.

Group � time interactions

As shown in Figure 3 and Table 2, group-by-time inter-
actions (pcluster o 0.05 and pvoxel o 0.001, GRF cor-
rected, two-tailed) indicate that, in MDD patients, taVNS
modulated a cluster mainly involving the inferior ventral
striatum (VSi) and anterior thalamus, and a cluster mainly
involving the precuneus, posterior cingulate cortex (PCC),
and paracentral lobe (precuneus cluster). Post-hoc
analyses revealed that the mean ALFF values in VSi
were significantly higher in the taVNS group compared to
the HC group at baseline, and reduced significantly after
treatment. The taVNS group showed increased ALFF
values in the precuneus cluster after 8 weeks of treat-
ment (Figure 3) (pcluster o 0.05 and pvoxel o 0.001, GRF
corrected, two-tailed). ReHo and FCD analyses showed
similar findings (Figure S3, available as online-only
supplementary material).

The FCs between the VSi and precuneus cluster defined
by ALFF analysis were estimated before and after taVNS
treatment. As VSi was mainly primarily associated with
medial orbitofrontal cortex (mOFC), involved in affective
division,40 we also generated a mOFC mask according to
the Brainnetome Atlas (http://atlas.brainnetome.org/down
load.html) as a control condition. We found the FC
between VSi and the precuneus cluster decreased after
taVNS treatment (t = 2.095, p = 0.048), while no significant
FC change was observed between the VSi and mOFC
(t = -0.05739, p = 0.934).

Further relationships were explored between the
changes in spontaneous brain activity and HAM-D/HAM-
A remission rate. We observed positive correlations

between the changes of mean ALFF values in the VSi
cluster and HAM-D remission rate (r = -0.763, p o 0.001)
(Figure 3). ReHo analysis showed similar findings (Figure
S3). In addition, we found a positive correlation between
the reduced VSi-precuneus FC values and the HAM-D
remission rate (r = -0.869, p o 0.001) (Figure S4,
available as online-only supplementary material).

Discussion

Our study showed that taVNS reduced HAM-D scores by
downregulating the spontaneous brain activity of the VSi
while upregulating activity in the precuneus and by
reducing the FCs between the VSi and the precuneus.

The striatum is the primary input nucleus of the basal
ganglia. Striatal subregions are involved in different
cortico-striatal-thalamic-cortical (CSTC) circuits for mana-
ging memory, learning, task execution, and reward
progression, some of which were demonstrated to be
associated with treatment mechanisms and responses in
MDD.41-44 CSTC abnormalities in patients with MDD are
closely related to reward deficiency. For example, low
motivation is associated with a blunted striatal response
to reward-related stimuli.45 Greater pretreatment reward
sensitivity and higher resting-state FC between bilateral
VSi are associated with a positive response to bupro-
pion.46 During loss vs. reward stimuli, higher coupling was
also found between the striatum and posterior default
mode network (DMN), which could also predict the
severity of depressive symptoms in MDD patients.47 As
in our study, MDD patients have shown striatum hyper-
activity in many rs-fMRI studies,18,48,49 and a combination
of mean ALFF and fractional ALFF in the right striatum
was selected as a feature of SVM to discriminate MDD
patients and HC. Above all, the hypofunctions in the
frontal-parietal cortex and hyperactivities in limbic struc-
tures found by our study are indicative of cortical-striatal
dysregulation in MDD patients. taVNS affects the neural
circuits influenced by norepinephrinergic, serotonergic,
and dopaminergic neurons.1-3 Our study found that an
8-week course of taVNS treatment was able to down-
regulate the VSi, and the clinical response to taVNS
treatment was associated with the reversal of abnormally

Table 1 Sample characteristics of the participants

Items taVNS (n=22) HC (n=23) w2/ t/z p-value

Age (years) 43.05614.90 44.0460.437 -0.569w 0.574
Gender (M/F) 4/18 5/18 0.914= 0.339
Education (years) 14.1663.01 14.5763.13 -0.824y 0.461
HAM-D, pre 16.6864.57 2.0460.43 0.0y o 0.001
HAM-D, post 6.1463.71 3.6562.04 76.5y o 0.001
HAM-D score D 10.5565.30 - 4.48|| o 0.001
HAM-A, pre 18.0966.80 3.4361.27 0.0y o 0.001
HAM-A, post 6.5564.59 3.0461.77 66.5y o 0.001
HAM-A score D 11.5567.39 - 4.43|| o 0.001

F = female; HAMA = 14-items of Hamilton Anxiety Scale score; HAM-D = 17-item Hamilton Depression Rating Scale score; HC = healthy
control; M = male; post = week 8; pre = baseline; taVNS = transcutaneous auricular vagus nerve stimulation.
w Independent t tests.
=Fisher’s exact tests.
yMann-Whitney U tests.
|| Paired t test.
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increased brain activity in the right VSi; the treatment-
related changes may be explained by the vagus-forebrain
projections.

The present study also found that taVNS upregulated
a cluster involving the precuneus and PCC, and that FC
reductions between VSi and the precuneus cluster
correlated positively with clinical response. The pre-
cuneus and PCC are involved in the posterior DMN, and
abnormal FCs within the DMN are frequently reported in
MDD. The PCC and VSi are anatomically linked brain
regions; a higher coupling was found between the
striatum and posterior DMN during loss vs. reward
stimuli in MDD patients, which also predicted the
severity of depressive symptoms.47 The increased FCs
between the two regions explain the biased reward
processing of MDD patients. Consistent with our study,
modulating effects of taVNS on the resting-state FCs
between the reward network and the affective network
were found in previous studies. For example, increased
FCs between the left VSi and rostral cingulate cortex
(rACC) were seen during the first taVNS session in MDD
patients.17 Another study found that FC value changes

between the posterior DMN and anterior insula, para-
hippocampus, and orbitofrontal cortex were associated
with HAMD remission.14 Overall, we speculate that
taVNS would relieve MDD symptoms by reducing the
abnormal coupling between the striatum and posterior
DMN, thus alleviating the biased reward processing
observed in MDD patients.

Some studies have reported results opposite to our
findings.50-53 For example, one fMRI study found that
ALFF in the ventral striatum (low at baseline) had
increased after 2 weeks of repeated transcranial magnetic
stimulation. Several reasons may contribute to these
differences: first, the limited sample size, different sample
characteristics, and the site effect of fMRI. Second, MDD
is a complex disease, and a large-sample study and meta-
analysis also showed contradictory subtypes among MDD
patients.54 Third, drug therapies have sustained effects on
patients with MDD.18,36 We speculate that the inversion of
regional activities may reflect the status of trends from
compensation to decompensation. Since we employed
different algorithms to validate our findings, we believe they
are robust.

Figure 3 Changes in amplitude of low-frequency fluctuation (ALFF) values between baseline and week 8 (8W). A) The warm
color shows the interaction in a cluster mainly involving the posterior cingulate cortex and precuneus; the cold color shows the
interaction located in the inferior ventral striatum (VSi), including the ventral caudate, nucleus accumbens, and anterior
thalamus. B) Post-hoc analysis of mean ALFF values of each cluster, as defined by the group-by-time interactions.
C) Relationship between the 17-item Hamilton Depression Rating Scale (HAM-D-17) remission rate and the changes in mean
ALFF values in the VSi cluster. 0W = week 0; GRF = Gaussian random field; HC = healthy control; taVNS = transcutaneous
auricular vagus nerve stimulation. * Post-hoc analysis p o 0.05; ** post-hoc analysis p 4 0.05.
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Nevertheless, we should interpret our data cautiously,
as voxel-based analyses are a more exploratory method
less based on actual neuroanatomy and can only reveal
the top 5% significant changes throughout the entire
brain. A recent study argued that small p-values may
conceal some important findings.55

Another limitation of this study is that, although
abnormalities in the temporal lobe and visual cortex have
been observed in MDD patients,46,56-59 our findings did
not show modulating effects on these regions. One
explanation was that the dysregulation in some subcor-
tical regions that appeared insensitive to treatment may
act as trait vulnerability markers, and the relatively strict
multiple-comparison correction makes our voxel-based
analyses only reveal the most significant brain regions
within potentially changed networks.

Striatal subregions were also involved in different
CSTC circuits, such as managing memory, learning,
and task execution. Cognitive impairment is common in
patients with MDD, even in those who are assessed as
being in remission. Our study did not assess any
cognitive-related scores. The potential therapeutic effect
of taVNS on cognitive function in MDD patients should be
explored in further studies.

In conclusion, our findings suggest that abnormalities
in the brain areas involved in reward processing and
emotion regulation could be normalized by taVNS in
patients with first-episode MDD outside of a task situation.
Standard strategies in fMRI preprocessing contribute to
consistent and robust results.
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