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Background: Previous studies found that transcutaneous auricular vagus nerve
stimulation (taVNS) was clinically effective in treating a case of treatment-resistant
depression (TRD). However, the brain neural mechanisms underlying the immediate
effects of taVNS treatment for TRD have not been elucidated.

Materials and Methods: Differences in the amplitude of low-frequency fluctuations
(ALFF) between TRD and healthy control (HC) groups were observed. The TRD group
was treated with taVNS for 30 min, and changes in ALFF in the TRD group before and
after immediate treatment were observed. The ALFF brain regions altered by taVNS
induction were used as regions of interest to analyze whole-brain functional connectivity
(FC) changes in the TRD group.

Results: A total of 44 TRD patients and 44 HCs completed the study and were included
in the data analysis. Compared with the HC group, the TRD group had increased ALFF
in the left orbital area of the middle frontal gyrus. After taVNS treatment, ALFF in the left
orbital area of the middle frontal gyrus and right middle frontal gyrus decreased in the
TRD group, while ALFF in the right orbital area of the superior frontal gyrus increased.
The FC in the left orbital area of the middle frontal gyrus with left middle frontal gyrus
and the right inferior occipital gyrus was significantly increased.

Conclusion: Transcutaneous auricular vagus nerve stimulation demonstrates
immediate modulation of functional activity in the emotional network, cognitive control
network, and visual processing cortex, and may be a potential brain imaging biomarker
for the treatment of TRD.

Keywords: treatment-resistant depression, taVNS, rs-fMRI, amplitude of low-frequency fluctuations, functional
connectivity
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INTRODUCTION

Major depressive disorder (MDD) is a common psychiatric
disorder characterized by depressed mood, cognitive impairment,
and somatic symptom disturbances (1). Epidemiological surveys
show that approximately 350 million people worldwide are
affected by MDD, and that by the end of 2030, MDD will
become the number one disease burden worldwide (2, 3). Despite
extensive studies, 30–40% of MDD patients do not respond
significantly to treatment (4). The most typical definition of
treatment-resistant depression (TRD) is that a patient does not
improve after at least two or more treatments of adequate
dose and duration (5). Compared with patients with non-TRD,
patients with TRD incur higher medical costs, are twice as
likely to be hospitalized, and are at a greater risk of suicide (6–
8). Therefore, clinicians must address significant challenges in
improving the clinical efficacy of TRD (9).

Currently, Several neuromodulation techniques, including
repetitive transcranial magnetic stimulation (rTMS) (10),
electroconvulsive therapy (11), deep brain stimulation (DBS)
(12), and magnetic seizure therapy (13), are available to alleviate
depressive symptoms and improve quality of life in patients with
TRD. However, the presence of potential side effects, high costs,
and complicated procedures limit their widespread application.

Vagus nerve stimulation (VNS) has received significant
attention in clinical research as an antidepressant treatment
technique. It was approved by the FDA in 2005 for the treatment
of TRD and has relieved the suffering of many patients (14, 15).
The implementation of VNS in the body stimulates the vagal
afferent brainstem pathway associated with emotion regulation
by sending electrical impulses to the left cervical vagus nerve,
which consequently regulates brain areas associated with emotion
regulation (16, 17). Although VNS is generally well tolerated and
can improve the mood of a patient, the risk of anesthesia and
surgery must be considered. An overall complication rate of up
to 12% and surgical complication rate of up to 8.6% have been
reported for VNS, which hinder its more extensive clinical use in
TRD patients (18).

A non-invasive method of VNS, namely, transcutaneous
auricular vagus nerve stimulation (taVNS), has been developed
to overcome the shortcomings of regular VNS (19). The auricular
region is the main distribution area of the auricular branch of
the vagus nerve. The peripheral vagus nerve mainly transmits
signals to the solitary bundle nucleus, and then directly or
indirectly affects the neurological activity of the brain through
other brainstem structures, such as the locus coeruleus and
parabrachial nucleus (20). Previous studies have shown that
taVNS produces similar effects as VNS in improving depressive
symptoms by stimulating the auricular vagus nerve and offers the
advantage of zero pain, non-invasiveness, and portability (21–
23). TaVNS can also clinically significantly improve depression,
anxiety, and drive symptoms in patients with TRD (24).
Meanwhile, taVNS has been used for MDD and other disorders
such as insomnia (25), disorders of consciousness (26), epilepsy
(27), and migraine (28). However, the immediate brain effects of
taVNS on TRD are yet to be elucidated.

In recent years, resting-state functional magnetic resonance
imaging (MRI) (rs-fMRI) has been gradually applied in the

fields of MDD (23), schizophrenia (29), autism (30), and
other psychiatric disorders, and the amplitude of low-frequency
fluctuation (ALFF) and functional connectivity (FC) have been
investigated using rs-fMRI. ALFF reflects the intensity of
spontaneous activity in a region of the brain over a short duration
based on the calculated average amplitude of low-frequency
oscillations in that region (31). FC is investigated based on
interactions within and between brain networks via the analysis
of correlations using time series between seed points or regions
of interest (ROI) and whole brain voxels (32). The combination
of ALFF and FC enable the disease to be investigated more
comprehensively.

Previous studies have shown that TRD is associated with
abnormal FC in the cognitive control network (CCN), default
mode network (DMN), and salience network (SN) (33, 34).
Previously, we showed that taVNS can alleviate the clinical
symptoms of patients with MDD by modulating the function
of the DMN and SN (23, 35, 36). A recent case report study
showed that taVNS significantly improved depressive symptoms
in patients with TRD after 8 weeks of treatment, and the
mechanism of efficacy may be related to the modulation of
FC between the rostral anterior cingulate cortex (rACC) and
precuneus, insula, and dorsolateral prefrontal cortex (DLPFC) by
taVNS (37). However, the mechanism underlying the immediate
brain effect of taVNS on TRD is yet to be elucidated.

Therefore, in this study, the immediate pre- and post-ALFF
and FC changes in patients with TRD treated with taVNS
are observed using rs-fMRI. We hypothesize that taVNS may
immediately modulate spontaneous neuronal activity in specific
brain regions of TRD patients, which will provide insights into
clinical studies of taVNS for TRD.

MATERIALS AND METHODS

Subjects
The TRD patients for this study were recruited from
Guang’anmen Hospital of the Chinese Academy of Chinese
Medicine Sciences, Beijing First Hospital of Integrated Chinese
and Western Medicine, and Xuanwu Hospital of the Capital
Medical University. All patients with TRD showed the initial
diagnosis of MDD in the fifth edition of the American Diagnostic
and Statistical Manual of Mental Disorders (DSM-V, 2015).
The inclusion criteria were as follows: (1) age, 18–70 years;
(2) 17-item Hamilton depression rating scale (HAMD-17)
score > 17, (3) right-handedness, and (4) no response to two or
more adequate doses and courses of antidepressant therapy. Fifty
gender- and age-matched healthy controls (HCs) (32 women
and 18 men) were included in the HC group, which reflected
the following: (1) age, 18–70 years; (2) HAMD-17 score < 7;
(3) right-handedness; (4) no history of any mental illness in
first-degree relatives.

The exclusion criteria for the patients and HCs were as
follows: (1) serious mental illness and other diseases such as
cardiovascular and cerebrovascular disorders; (2) history of
drug and alcohol abuse; (3) contraindications to MRI, such
as the presence of a heart pacemaker, metal fixed false teeth,
or severe claustrophobia; (4) pregnancy or lactating; and (5)
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bipolar disorder or suicidal ideation; (6) previous participation
in electrical stimulation therapy.

Study Design
A taVNS device (Hwato, SDZ-IIB, Suzhou, China) was used to
stimulate the patients, and the stimulation site was the patient’s
bilateral auricular concha area. Based on previous studies, the
following parameters were used in the experiments (35–37):
(1) frequency of 20 Hz, with wave width of less than 1 ms,
and (2) intensity of 4–6 mA (Adjusted to patient tolerance,
relatively moderate). The duration of the stimulation was 30 min
(Figures 1, 2).

Image Acquisition
All patients were subjected to MRI using a Magnetom Skyra
3.0-T scanner (Siemens, Erlangen, Germany). Before scanning
was performed, the patients were instructed to remain awake
and avoid active thinking. During scanning, the patients were
required to wear earplugs and noise-canceling headphones,
use a hood to immobilize their head, and lie flat on
the examination bed. The scanning procedure involved a
localizer scan, high-resolution three-dimensional T1-weighted
imaging, and BOLD fMRI.

The scanning parameters were as follows: for three-
dimensional T1-weighted imaging, the time repetition/time
echo = 2500/2.98 ms, flip angle = 7◦, matrix = 64 × 64, field
of view = 256 mm × 256 mm, slice thickness = 1 mm, slice
number = 48, slices = 192, and scanning time = 6 min, 3 s; for
BOLD-fMRI, the time repetition/time echo = 2000/30 ms, flip
angle = 90◦, matrix = 64 × 64, field of view = 240 mm × 240 mm,
slice number = 43, slice thickness/spacing = 3.0/1.0 mm, number
of obtained volumes = 200, and scanning time = 6 min,
40 s (Figure 2).

Image Processing
Functional Magnetic Resonance Imaging Data
Preprocessing
The acquired rs-fMRI data were preprocessed using MATLAB-
based DPARSF 5.1 software (DPARSF 5.11) (38), as follows:

1http://www.rfmri.org/DPARSF

(1) conversion of DICOM raw data to NIFTI format; (2)
removal of the first 10 time points to stabilize the data;
(3) slice timing; (4) realignment of head motion (removal
of patients with head movements greater than 2 mm in
any direction and motor rotation greater than 2◦); (5)
regression of covariates, including brain white matter signal,
cerebrospinal fluid signal, and head movement parameters; (6)
spatial normalization: functional images of all subjects were
converted to the Montreal Neurological Institute (MNI) standard
space using DARTEL; (7) resampling the functional images
to 3 mm × 3 mm × 3 mm cubic voxels and smoothing
functional images with a 6-mm Gaussian kernel of full width
at half maximum.

Amplitude of Low-Frequency
Fluctuations Analysis
The data were spatially normalized and smoothed, and
a fast Fourier transform was performed to switch the
time series to the frequency domain to obtain the power
spectrum. The square root of the power spectrum at each
frequency was calculated to obtain the average square root
of the ALFF measurement for each voxel within 0.01–
0.08 Hz. Finally, bandpass filtering (0.01–0.08 Hz) was
performed. To reduce inter-individual variability, the ALFF
was transformed to zALFF using Fisher’s Z-transformation prior
to statistical analysis.

Functional Connectivity Analysis
To investigate changes in brain circuit connectivity in patients
with taVNS-induced TRD, after smoothing and filtering the
pre-processed data, the AAL template of WFU_Pick Atlas_v3.0
software was used for ROI extraction (39). Subsequently, the
time series of the left orbital area of the middle frontal
gyrus was extracted, and the correlation coefficient of the time
series corresponding to the left orbital area of the middle
frontal gyrus, and all voxels of the whole brain was calculated.
Then the data was transformed with Fisher’s z to make it in
normal distribution.

FIGURE 1 | The study diagram shows the site of taVNS on the auricular surface.
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FIGURE 2 | This figure reflects to the experimental design, the subjects’ fMRI scans, the TRD patients treated with taVNS, and the exclusions. Resting-state brain
imaging data were acquired using 3.0 T magnetic resonance imaging (MRI) at 3 min and 20 s before (“pre_taVNS”) and 3 min after (“post_taVNS”) taVNS. The taVNS
was treated for 30 min immediately in the middle of the fMRI scan.

Statistical Analysis
Clinical Data Analysis
Clinical data were analyzed using SPSS 23.0 statistical software
(IBM Corporation, Somers, NY, United States). A two-sample
t-test was used to compare the age, education level, and
HAMD-17 scores between the two groups (the normality of
the data was evaluated via the Shapiro–Wilk test), and the
chi-square test was used to compare the gender between the
two groups. The threshold for statistical significance was set at
P < 0.05 (two tailed).

Functional Magnetic Resonance Imaging Data Analysis
Image data statistics were analyzed using DPARSF 5.0 software.
The participants’ gender, age, education level, and framewise
displacement (FD) metric (derived from Jenkinson’s formula)
were used as covariates, and the ALFF of the TRD and HC
groups were compared via a two-sample t-test. The participants’
FD metric was used as a covariate, and the paired-samples
t-test was performed to compare the ALFF and FC of the TRD
group before and after treatment. The ALFF and FC results
were corrected using the Gaussian random field (GRF), and
the corrected cluster levels were set at P < 0.05 (two tailed),
whereas threshold voxel levels of P < 0.005 were defined as
statistically different. Meanwhile, clusters comprising less than 60
voxels were removed.

RESULTS

Characteristics of Research Samples
Ninety-nine participants were screened. Four participants quit
early owing to claustrophobia or mental issues. Four TRD
patients and one HC were excluded because of excessive
head movements in the fMRI scan. Finally, 90 participants
were considered (44 in the TRD group and 46 in the HC
group) (Figure 2).

No statistical differences were observed between the two
groups in terms of gender, age, and years of education. By
contrast, a statistical difference was observed between the TRD
and HC groups in terms of the HAMD-17 scores. The duration
of disease in the TRD group was 42.36 ± 19.14 months (Table 1).

Functional Magnetic Resonance Imaging
Results
Differences in Amplitude of Low-Frequency
Fluctuations Between Treatment-Resistant
Depression and Healthy Control Groups
Compared with the HC group, the TRD group indicated an
elevated ALFF in the left orbital area of the middle frontal gyrus,
right inferior temporal gyrus, right thalamus, and left pallidum
(GRF correction, Table 2 and Figure 3).

Frontiers in Psychiatry | www.frontiersin.org 4 July 2022 | Volume 13 | Article 923783

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


fpsyt-13-923783 June 27, 2022 Time: 15:42 # 5

Sun et al. TRD, MRI, taVNS

TABLE 1 | Demographic and clinical variables.

Variable TRD group
(n = 44)

HC group
(n = 46)

t/χ2 P-value

Gender (M/F) 19/25 18/28 0.152 0.696a

Age (years) 44.13 ± 12.02 41.89 ± 12.91 0.853 0.396b

Education (years) 13.90 ± 3.40 13.36 ± 3.43 0.748 0.457b

Duration of illness (months) 42.36 ± 19.14 NA NA NA

HAMD-17 score 23.09 ± 3.12 1.06 ± 0.80 46.270 <0.001b*

TRD, treatment resistant depression; HC, healthy control; HAMD-17, 17-item Hamilton Rating Scale for Depression; NA, not applicable.
aThe P-values of gender distribution between the two groups were obtained by chi-square test.
bThe P-value obtained by two-sample t-test.
*Significant difference.

TABLE 2 | Differences in ALFF between the TRD and HC groups; changes in ALFF and FC after taVNS treatment in the TRD group.

Clusters Brain regions MNI peak Voxel size t-value (peak)

X Y Z

TRD group vs. HC group

1 Left orbital area of the middle frontal gyrus –12 39 –12 65 4.629

2 Right inferior temporal gyrus 48 –51 –9 89 5.038

3 Right thalamus 7 –4 1 118 3.134

4 Left pallidum –13 5 –5 170 3.694

Post_ALFF vs. Pre_ALFF

1 Left orbital area of the middle frontal gyrus –24 39 –9 116 –2.965

2 Right orbital area of the superior frontal gyrus 15 36 –18 82 4.255

3 Right middle frontal gyrus 33 12 51 130 –2.963

Post_FC vs. Pre_FC

1 Left middle frontal gyrus –33 57 12 90 3.954

2 Right inferior occipital gyrus 36 –81 –12 138 3.307

Pre, before taVNS treatment; Post, after taVNS treatment; ALFF, amplitude of low-frequency fluctuation; FC, functional connectivity; MNI peak, coordinates of primary
peak locations in the Montreal Neurological Institute space.

FIGURE 3 | Difference in ALFF between the pre-treatment TRD and HC groups. ALFF value of left orbital area of the middle frontal gyrus (A), right inferior temporal
gyrus (B), right thalamus (C), and right angular (D).
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Comparison of Post-treatment and
Pre-treatment Amplitude of
Low-Frequency Fluctuations in
Treatment-Resistant Depression Group
Compared with the pre-treatment TRD group, the post-
treatment TRD group indicated increased ALFF in the right
orbital area of the superior frontal gyrus and decreased ALFF
in the right middle frontal gyrus and left orbital area of the
middle frontal gyrus (GRF correction, Table 2 and Figure 4).

Comparison of Post-treatment and
Pre-treatment Functional Connectivity in
the Treatment-Resistant Depression
Group
Interestingly, we found that the difference in ALFF between the
TRD group immediately before and after treatment with between
the TRD and HC group partially overlapped in the left orbital area
of middle frontal gyrus. Therefore, we chose the left orbital area
of middle frontal gyrus as the ROI to observe changes in brain
circuit FC in patients with TRD treated with taVNS. After taVNS
treatment, the FC of left orbital part of middle frontal gyrus with
left middle frontal gyrus and right inferior temporal gyrus was
significantly elevated in TRD group (GRF correction, Table 2 and
Figure 5).

DISCUSSION

To our knowledge, this is the first study using rs-fMRI to observe
the mechanism of the immediate effect of taVNS treatment in
patients with TRD. The results of this study showed that the
cortico-striatal-pallidal-thalamic (CSPT) circuit was abnormal in
the TRD group compared to the HC group. After 30 min of
immediate treatment with taVNS in the TRD group, ALFF was
reduced in the left orbital area of the middle frontal gyrus and
right middle frontal gyrus, but increased in the right orbital area
of the superior frontal gyrus. In addition, the ROI-based FC
between the left orbital area of the middle frontal gyrus with
left middle frontal gyrus and right inferior temporal gyrus was
significantly increased.

We discovered that the TRD group indicated increased ALFF
in the left orbital area of the middle frontal gyrus, right inferior
temporal gyrus, right thalamus, and left pallidum as compared
with the HC group. In recent years, researchers discovered
that patients with depression exhibit a wide distribution of
localized abnormal brain functional areas as compared with HCs,
and these abnormal brain areas are located in the previously
proposed neuropathological circuit of depression, namely, the
CSPT neurotransmission pathway (40–42). The above mentioned
circuit is composed of distributed neuroanatomical loops that
connect the prefrontal cortex, basal ganglia, and thalamus in
an integrated manner to support different emotional, cognitive,
and motor processes (43, 44). The results of this study suggest
that most of these brain regions are involved in the CSPT
circuit. Previous studies have shown that the CSPT loop is
an important target for DBS in the treatment of TRD (12,

45). VNS modulates brain regions that are directly related to
emotion, including the amygdala, thalamus, and cerebral cortex
(which constitute the CSPT circuit), through the solitary nucleus,
which subsequently necessitates the treatment of TRD. These
findings provide a mechanistic basis for the taVNS treatment
of TRD (46).

In this study, we discovered that the TRD group exhibited
higher ALFF in the left orbital area of the middle frontal gyrus
as compared with the HC group. Interestingly, the ALFF in the
left orbital area of the middle frontal gyrus decreased in the
TRD group immediately after the treatment. The left orbital
area of the middle frontal gyrus is located in the prefrontal lobe
and constitutes the reward network (47, 48). A core symptom
of TRD is the inability to feel pleasure, and abnormalities in
the reward network are important in the pathogenesis of TRD
(49). The orbital frontal cortex (OFC) participates in emotion
regulation, sensory integration, pain regulation, and reward
prediction in the human body (50, 51). Additionally, previous
studies indicate that patients with TRD exhibit higher ALFF
in the frontal lobe than HCs (52). Therefore, the results of
this study suggest that the abnormal activation of the OFC
in TRD may be an important pathological mechanism and
that the DBS stimulation of the nucleus accumbens in patients
with TRD decreases metabolism in the subgenual cingulate
and OFC (53). Another task-state case report regarding VNS
for TRD shows a direct modulatory effect of VNS on brain
regions such as the OFC and polar prefrontal cortices in
patients with TRD (54). Therefore, the results of the present
study suggest that taVNS exerts an immediate modulatory
effect on the OFC in TRD patients and further suggests
that taVNS downregulates the emotion and reward network,
which may be a key mechanism by which taVNS functions in
patients with TRD.

After taVNS treatment was performed, we discovered that
the ALFF in the right middle frontal gyrus decreased in the
TRD group, whereas the FC of the left orbital area of the
middle frontal and left middle frontal gyrus increased. The
middle frontal gyrus is located in the DLPFC and is an important
component of the CCN. The CCN is vital to human emotion
regulation, cognitive activity, and behavioral functions (55, 56).
Meanwhile, the DLPFC determines the negative emotion and
behavior control (57, 58). Previous studies have shown reduced
FC between the DLPFC and angular gyrus in patients with TRD,
suggesting that reduced FC between the CCN and DMN is a
mechanism in the pathogenesis of TRD (33). In our previous
study, we discovered that symptom improvement in patients
with TRD was associated with an increase in the FC of taVNS-
induced rACC and DLPFC (37). Therefore, we speculated that
the immediate modulatory effect of taVNS on the CCN of TRD
may constitute its action mechanism.

Furthermore, we discovered that the FC of the right inferior
occipital gyrus increased in the TRD group after immediate
treatment with taVNS. The right inferior occipital gyrus belongs
to the visual cortex, which primarily acquires and processes visual
information, as well as participates in mental activities such as
emotion and attention (59, 60). Abnormalities in the functional
activity of neurons in the visual cortex of patients with TRD
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FIGURE 4 | Changes in ALFF between the post-treatment and pre-treatment. ALFF value of left orbital area of the middle frontal gyrus (A), right orbital area of the
superior frontal gyrus (B), right middle frontal gyrus (C).

FIGURE 5 | Changes in FC between the post-treatment and pre-treatment. FC value of left middle frontal gyrus (A), right inferior occipital gyrus (B).
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has been reported previously (61). Previously, we discovered
that the FC of the right rACC and occipital lobe increased in
patients with TRD after 2 months of treatment as compared
with during the pre-treatment period (37). Meanwhile, in two
different studies, immediate and long-term modulatory effects
of taVNS on the function of vision-related cortex in patients
with primary insomnia were demonstrated (25, 62). Therefore,
we speculate that the immediate modulation of the visual cortical
function by taVNS in patients with TRD may contribute to
its neuromechanism.

LIMITATION

This study presents a few limitations. First, it is preferable to
treat TRD with taVNS in the absence of antidepressants; however,
for ethical reasons, the patients did not discontinue their use
of antidepressants before enrollment. Therefore, the results of
this study may be affected by potential pharmacological factors.
Second, a sham taVNS group was not established for randomized
control in this study, which further demonstrates that the change
in outcome in the TRD group was due to taVNS. Third, This
study only compared the differences between TRD and HC, but
this study did not include the nTRD group. Therefore, the results
for brain regions with increased ALFF (TRD vs. HC) only suggest
that they are related to MDD but not to the pathophysiology
of TRD, and further studies are needed in the future. Finally,
the treatment parameters and immediate treatment time settings
were based on previous experiments with MDD and TRD.
Meanwhile, there is no uniformity in the selection of daytime
morning or afternoon immediate treatment. Therefore, the
settings of treatment parameters and treatment duration need to
be further optimized and harmonized in the future.

CONCLUSION

The present study used rs-fMRI technique to initially find that
the pathogenesis of TRD is associated with abnormal CSPT
circuits. taVNS has a direct modulatory effect on the functional
activity of the emotional and reward network, CCN and parts
of the visual processing cortex, indirectly improving abnormal

CSPT circuits in TRD patients, which may be a potential brain
focus for its treatment of TRD. This may provide some scientific
data and references for the long-term treatment of patients
with TRD by taVNS.
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piêciu przypadków klinicznych. Psychiatr Pol. (2021) 55:555–64. doi: 10.
12740/PP/OnlineFirst/115191

25. Zhao B, Bi Y, Li L, Zhang J, Hong Y, Zhang L, et al. The instant
spontaneous neuronal activity modulation of transcutaneous auricular vagus
nerve stimulation on patients with primary insomnia. Front Neurosci. (2020)
14:205. doi: 10.3389/fnins.2020.00205

26. Yu Y, Yang Y, Gan S, Guo S, Fang J, Wang S, et al. Cerebral
hemodynamic correlates of transcutaneous auricular vagal nerve stimulation
in consciousness restoration: an open-label pilot study. Front Neurol. (2021)
12:684791. doi: 10.3389/fneur.2021.684791

27. von Wrede R, Rings T, Schach S, Helmstaedter C, Lehnertz K. Transcutaneous
auricular vagus nerve stimulation induces stabilizing modifications in large-
scale functional brain networks: towards understanding the effects of taVNS

in subjects with epilepsy. Sci Rep. (2021) 11:7906. doi: 10.1038/s41598-021-
87032-1

28. Zhang Y, Huang Y, Li H, Yan Z, Zhang Y, Liu X, et al. Transcutaneous auricular
vagus nerve stimulation (taVNS) for migraine: an fMRI study. Reg Anesth Pain
Med. (2021) 46:145–50. doi: 10.1136/rapm-2020-102088

29. Sheffield JM, Barch DM. Cognition and resting-state functional connectivity
in schizophrenia. Neurosci Biobehav Rev. (2016) 61:108–20. doi: 10.1016/j.
neubiorev.2015.12.007

30. Dapretto M, Davies MS, Pfeifer JH, Scott AA, Sigman M, Bookheimer SY, et al.
Understanding emotions in others: mirror neuron dysfunction in children
with autism spectrum disorders. Nat Neurosci. (2006) 9:28–30. doi: 10.1038/
nn1611

31. Zang YF, He Y, Zhu CZ, Cao QJ, Sui MQ, Liang M, et al. Altered baseline
brain activity in children with ADHD revealed by resting-state functional MRI
[published correction appears in Brain Dev. 2012 Apr;34(4):336]. Brain Dev.
(2007) 29:83–91. doi: 10.1016/j.braindev.2006.07.002

32. Fingelkurts AA, Fingelkurts AA, Kähkönen S. Functional connectivity in the
brain–is it an elusive concept? Neurosci Biobehav Rev. (2005) 28:827–36. doi:
10.1016/j.neubiorev.2004.10.009

33. de Kwaasteniet BP, Rive MM, Ruhé HG, Schene AH, Veltman DJ, Fellinger L,
et al. Decreased resting-state connectivity between neurocognitive networks
in treatment resistant depression. Front Psychiatry. (2015) 6:28. doi: 10.3389/
fpsyt.2015.00028

34. Woody ML, Panny B, Degutis M, Griffo A, Price RB. Resting state
functional connectivity subtypes predict discrete patterns of cognitive-
affective functioning across levels of analysis among patients with treatment-
resistant depression. Behav Res Ther. (2021) 146:103960. doi: 10.1016/j.brat.
2021.103960

35. Tu Y, Fang J, Cao J, Wang Z, Park J, Jorgenson K, et al. A distinct biomarker
of continuous transcutaneous vagus nerve stimulation treatment in major
depressive disorder. Brain Stimul. (2018) 11:501–8. doi: 10.1016/j.brs.2018.01.
006

36. Fang J, Egorova N, Rong P, Liu J, Hong Y, Fan Y, et al. Early cortical biomarkers
of longitudinal transcutaneous vagus nerve stimulation treatment success in
depression. Neuroimage Clin. (2016) 14:105–11. doi: 10.1016/j.nicl.2016.12.
016

37. Li XJ, Wang L, Wang HX, Zhang L, Zhang GL, Rong PJ, et al. The effect
of transcutaneous auricular vagus nerve stimulation on treatment-resistant
depression monitored by resting-state fMRI and MRS: the first case report.
Brain Stimul. (2019) 12:377–9. doi: 10.1016/j.brs.2018.11.013

38. Chao-Gan Y, Yu-Feng ZDPARSF. A MATLAB toolbox for “pipeline” data
analysis of resting-state fMRI. Front Syst Neurosci. (2010) 4:13. doi: 10.3389/
fnsys.2010.00013

39. Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH. An automated method for
neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data
sets. Neuroimage. (2003) 19:1233–39. doi: 10.1016/s1053-8119(03)00169-1

40. Yeh PH, Zhu H, Nicoletti MA, Hatch JP, Brambilla P, Soares JC. Structural
equation modeling and principal component analysis of gray matter volumes
in major depressive and bipolar disorders: differences in latent volumetric
structure. Psychiatry Res. (2010) 184:177–85. doi: 10.1016/j.pscychresns.2010.
07.007

41. Sheline YI. 3D MRI studies of neuroanatomic changes in unipolar major
depression: the role of stress and medical comorbidity. Biol Psychiatry. (2000)
48:791–800. doi: 10.1016/s0006-3223(00)00994-x

42. Lu Y, Liang H, Han D, Mo Y, Li Z, Cheng Y, et al. The volumetric and
shape changes of the putamen and thalamus in first episode, untreated major
depressive disorder. Neuroimage Clin. (2016) 11:658–66. doi: 10.1016/j.nicl.
2016.04.008

43. Alexander GE, DeLong MR, Strick PL. Parallel organization of functionally
segregated circuits linking basal ganglia and cortex. Annu Rev Neurosci. (1986)
9:357–81. doi: 10.1146/annurev.ne.09.030186.002041

44. Haber SN, Calzavara R. The cortico-basal ganglia integrative network: the role
of the thalamus. Brain Res Bull. (2009) 78:69–74. doi: 10.1016/j.brainresbull.
2008.09.013

45. Amiri S, Arbabi M, Kazemi K, Parvaresh-Rizi M, Mirbagheri MM.
Characterization of brain functional connectivity in treatment-resistant
depression. Prog Neuropsychopharmacol Biol Psychiatry. (2021) 111:110346.
doi: 10.1016/j.pnpbp.2021.110346

Frontiers in Psychiatry | www.frontiersin.org 9 July 2022 | Volume 13 | Article 923783

https://doi.org/10.24869/psyd.2018.273
https://doi.org/10.1016/j.psychres.2017.08.029
https://doi.org/10.1016/j.psychres.2017.08.029
https://doi.org/10.1016/j.jns.2021.120095
https://doi.org/10.1016/j.brs.2021.08.010
https://doi.org/10.1002/14651858.CD013528.pub2
https://doi.org/10.4088/JCP.09m05888blu
https://doi.org/10.1016/j.jns.2022.120171
https://doi.org/10.1016/j.jns.2022.120171
https://doi.org/10.1016/j.psc.2018.04.005
https://doi.org/10.1212/wnl.59.6_suppl_4.s3
https://doi.org/10.3171/2016.1.PEDS15534
https://doi.org/10.1186/s12974-020-01732-5
https://doi.org/10.1186/s12974-020-01732-5
https://doi.org/10.1016/j.brs.2014.07.031
https://doi.org/10.1186/1472-6882-12-255
https://doi.org/10.1007/s00702-012-0908-6
https://doi.org/10.1016/j.biopsych.2015.03.025
https://doi.org/10.1016/j.biopsych.2015.03.025
https://doi.org/10.12740/PP/OnlineFirst/115191
https://doi.org/10.12740/PP/OnlineFirst/115191
https://doi.org/10.3389/fnins.2020.00205
https://doi.org/10.3389/fneur.2021.684791
https://doi.org/10.1038/s41598-021-87032-1
https://doi.org/10.1038/s41598-021-87032-1
https://doi.org/10.1136/rapm-2020-102088
https://doi.org/10.1016/j.neubiorev.2015.12.007
https://doi.org/10.1016/j.neubiorev.2015.12.007
https://doi.org/10.1038/nn1611
https://doi.org/10.1038/nn1611
https://doi.org/10.1016/j.braindev.2006.07.002
https://doi.org/10.1016/j.neubiorev.2004.10.009
https://doi.org/10.1016/j.neubiorev.2004.10.009
https://doi.org/10.3389/fpsyt.2015.00028
https://doi.org/10.3389/fpsyt.2015.00028
https://doi.org/10.1016/j.brat.2021.103960
https://doi.org/10.1016/j.brat.2021.103960
https://doi.org/10.1016/j.brs.2018.01.006
https://doi.org/10.1016/j.brs.2018.01.006
https://doi.org/10.1016/j.nicl.2016.12.016
https://doi.org/10.1016/j.nicl.2016.12.016
https://doi.org/10.1016/j.brs.2018.11.013
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.1016/s1053-8119(03)00169-1
https://doi.org/10.1016/j.pscychresns.2010.07.007
https://doi.org/10.1016/j.pscychresns.2010.07.007
https://doi.org/10.1016/s0006-3223(00)00994-x
https://doi.org/10.1016/j.nicl.2016.04.008
https://doi.org/10.1016/j.nicl.2016.04.008
https://doi.org/10.1146/annurev.ne.09.030186.002041
https://doi.org/10.1016/j.brainresbull.2008.09.013
https://doi.org/10.1016/j.brainresbull.2008.09.013
https://doi.org/10.1016/j.pnpbp.2021.110346
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


fpsyt-13-923783 June 27, 2022 Time: 15:42 # 10

Sun et al. TRD, MRI, taVNS

46. Sackeim HA, Rush AJ, George MS, Marangell LB, Husain MM, Nahas Z, et al.
Vagus nerve stimulation (VNS) for treatment-resistant depression: efficacy,
side effects, and predictors of outcome. Neuropsychopharmacology. (2001)
25:713–28. doi: 10.1016/S0893-133X(01)00271-8

47. Höflich A, Michenthaler P, Kasper S, Lanzenberger R. Circuit mechanisms
of reward, anhedonia, and depression. Int J Neuropsychopharmacol. (2019)
22:105–18. doi: 10.1093/ijnp/pyy081

48. O’Doherty JP. Reward representations and reward-related learning in the
human brain: insights from neuroimaging. Curr Opin Neurobiol. (2004)
14:769–76. doi: 10.1016/j.conb.2004.10.016

49. Barreiros AR, Breukelaar I, Mayur P, Andepalli J, Tomimatsu Y, Funayama
K, et al. Abnormal habenula functional connectivity characterizes treatment-
resistant depression. Neuroimage Clin. (2022) 34:102990. doi: 10.1016/j.nicl.
2022.102990

50. Kringelbach ML. The human orbitofrontal cortex: linking reward to hedonic
experience. Nat Rev Neurosci. (2005) 6:691–702. doi: 10.1038/nrn1747

51. Fumal A, Laureys S, Di Clemente L, Boly M, Bohotin V, Vandenheede M,
et al. Orbitofrontal cortex involvement in chronic analgesic-overuse headache
evolving from episodic migraine. Brain. (2006) 129(Pt 2):543–50. doi: 10.1093/
brain/awh691

52. Zhang A, Li G, Yang C, Liu P, Wang Y, Kang L, et al. Alterations of amplitude
of low-frequency fluctuation in treatment-resistant versus non-treatment-
resistant depression patients. Neuropsychiatr Dis Treat. (2019) 15:2119–28.
doi: 10.2147/NDT.S199456

53. Bewernick BH, Hurlemann R, Matusch A, Kayser S, Grubert C, Hadrysiewicz
B, et al. Nucleus accumbens deep brain stimulation decreases ratings of
depression and anxiety in treatment-resistant depression. Biol Psychiatry.
(2010) 67:110–6. doi: 10.1016/j.biopsych.2009.09.013

54. Critchley HD, Lewis PA, Orth M, Josephs O, Deichmann R, Trimble MR, et al.
Vagus nerve stimulation for treatment-resistant depression: behavioral and
neural effects on encoding negative material. Psychosom Med. (2007) 69:17–22.
doi: 10.1097/PSY.0b013e31802e106d

55. Jiao K, Xu H, Teng C, Song X, Xiao C, Fox PT, et al. Connectivity patterns
of cognitive control network in first episode medication-naive depression and
remitted depression. Behav Brain Res. (2020) 379:112381. doi: 10.1016/j.bbr.
2019.112381

56. Shen T, Li C, Wang B, Yang WM, Zhang C, Wu Z, et al. Increased cognition
connectivity network in major depression disorder: a FMRI study. Psychiatry
Investig. (2015) 12:227–34. doi: 10.4306/pi.2015.12.2.227

57. Fales CL, Barch DM, Rundle MM, Mintun MA, Mathews J, Snyder AZ, et al.
Antidepressant treatment normalizes hypoactivity in dorsolateral prefrontal

cortex during emotional interference processing in major depression. J Affect
Disord. (2009) 112:206–11. doi: 10.1016/j.jad.2008.04.027

58. Wang YL, Yang SZ, Sun WL, Shi YZ, Duan HF. Altered functional interaction
hub between affective network and cognitive control network in patients
with major depressive disorder. Behav Brain Res. (2016) 298(Pt B):301–9.
doi: 10.1016/j.bbr.2015.10.040

59. Renier LA, Anurova I, De Volder AG, Carlson S, VanMeter J, Rauschecker
JP. Preserved functional specialization for spatial processing in the middle
occipital gyrus of the early blind. Neuron. (2010) 68:138–48. doi: 10.1016/j.
neuron.2010.09.021

60. Li K, Zhang M, Zhang H, Li X, Zou F, Wang Y, et al. The spontaneous activity
and functional network of the occipital cortex is correlated with state anxiety
in healthy adults. Neurosci Lett. (2020) 715:134596. doi: 10.1016/j.neulet.2019.
134596

61. Guo WB, Liu F, Xue ZM, Xu XJ, Wu RR, Ma CQ, et al. Alterations of the
amplitude of low-frequency fluctuations in treatment-resistant and treatment-
response depression: a resting-state fMRI study. Prog Neuropsychopharmacol
Biol Psychiatry. (2012) 37:153–60. doi: 10.1016/j.pnpbp.2012.
01.011

62. Zhao B, Li L, Jiao Y, Luo M, Xu K, Hong Y, et al. Transcutaneous auricular
vagus nerve stimulation in treating post-stroke insomnia monitored by
resting-state fMRI: the first case report. Brain Stimul. (2019) 12:824–6. doi:
10.1016/j.brs.2019.02.016

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 Sun, Ma, Du, Wang, Guo, Luo, Chen, Gao, Li, Xu, Hong, Xu,
Yu, Xiao, Fang and Hou. 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 Psychiatry | www.frontiersin.org 10 July 2022 | Volume 13 | Article 923783

https://doi.org/10.1016/S0893-133X(01)00271-8
https://doi.org/10.1093/ijnp/pyy081
https://doi.org/10.1016/j.conb.2004.10.016
https://doi.org/10.1016/j.nicl.2022.102990
https://doi.org/10.1016/j.nicl.2022.102990
https://doi.org/10.1038/nrn1747
https://doi.org/10.1093/brain/awh691
https://doi.org/10.1093/brain/awh691
https://doi.org/10.2147/NDT.S199456
https://doi.org/10.1016/j.biopsych.2009.09.013
https://doi.org/10.1097/PSY.0b013e31802e106d
https://doi.org/10.1016/j.bbr.2019.112381
https://doi.org/10.1016/j.bbr.2019.112381
https://doi.org/10.4306/pi.2015.12.2.227
https://doi.org/10.1016/j.jad.2008.04.027
https://doi.org/10.1016/j.bbr.2015.10.040
https://doi.org/10.1016/j.neuron.2010.09.021
https://doi.org/10.1016/j.neuron.2010.09.021
https://doi.org/10.1016/j.neulet.2019.134596
https://doi.org/10.1016/j.neulet.2019.134596
https://doi.org/10.1016/j.pnpbp.2012.01.011
https://doi.org/10.1016/j.pnpbp.2012.01.011
https://doi.org/10.1016/j.brs.2019.02.016
https://doi.org/10.1016/j.brs.2019.02.016
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/psychiatry
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

	Immediate Modulation of Transcutaneous Auricular Vagus Nerve Stimulation in Patients With Treatment-Resistant Depression: A Resting-State Functional Magnetic Resonance Imaging Study
	Introduction
	Materials and Methods
	Subjects
	Study Design
	Image Acquisition
	Image Processing
	Functional Magnetic Resonance Imaging Data Preprocessing

	Amplitude of Low-Frequency Fluctuations Analysis
	Functional Connectivity Analysis
	Statistical Analysis
	Clinical Data Analysis
	Functional Magnetic Resonance Imaging Data Analysis



	Results
	Characteristics of Research Samples
	Functional Magnetic Resonance Imaging Results
	Differences in Amplitude of Low-Frequency Fluctuations Between Treatment-Resistant Depression and Healthy Control Groups

	Comparison of Post-treatment and Pre-treatment Amplitude of Low-Frequency Fluctuations in Treatment-Resistant Depression Group
	Comparison of Post-treatment and Pre-treatment Functional Connectivity in the Treatment-Resistant Depression Group

	Discussion
	Limitation
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


