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Abstract

Transcutaneous vagus nerve stimulation (tVNS) may be a promising treatment for major 

depressive disorder (MDD). In this exploratory study, fMRI scans were acquired during 

continuous real or sham tVNS from 41 MDD patients. Then, all patients received real or sham 

tVNS treatments for four weeks. We investigated the functional connectivity (FC) of the nucleus 

accumbens (NAc) at different frequency bands during real and sham tVNS and explored their 

associations with depressive symptom changes after one month treatments. The results revealed: 

1) during continuous real and sham tVNS there are significant positive FC between the NAc and 

surrounding areas including the putamen, caudate, and distinct areas of the medial prefrontal 

cortex (MPFC) and the anterior cingulate cortex (ACC); 2) compared with sham tVNS, real tVNS 

increased the FC between the left NAc and bilateral MPFC/rACC in the slow-5 band(0.008–0.027) 

and between the right NAc and left insula, occipital gyrus, and right lingual / fusiform gyrum in 

the typical low band (0.008–0.09); and 3) the FC of the NAc-MPFC/rACC during real tVNS 

showed a negative association with Hamilton Depression Rating Scale (HAMD) score changes in 

the real tVNS group after one month treatment, but not in the sham group. Our findings 
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demonstrate that tVNS can modulate low frequency intrinsic FC among key brain regions involved 

in reward and motivation processing, and provide insights into the brain mechanism underlying 

tVNS treatment of MDD.
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Introduction

Major depressive disorder (MDD) is a prevalent mood disorder that often interferes with 

individuals’ daily lives, including occupational, social, and academic functioning, for 

extended periods of time[1, 2]. Transcutaneous vagus nerve stimulation (tVNS) has drawn the 

attention of researchers in recent years due to its implications in treating MDD without 

surgical intervention like its counterpart, vagus nerve stimulation (VNS) [3–7] .

tVNS stimulates the afferent auricular branch of the vagus nerve located on the surface of 

the ear[8], which in turn stimulates the release of the neurotransmitters norepinephrine and 

gamma-aminobutyric acid (GABA)[9]. As a non-invasive, safe, and low-cost neural 

modulation tool, tVNS has been widely applied to treat disorders such as MDD[10–14] and 

epilepsy[4, 15]. Conventional functional Magnetic Resonance Imaging (fMRI) approaches are 

widely used to investigate the blood oxygenation level – dependent response to brief 

stimulation via VNS and tVNS[16–21]. Vagus nerve stimulation has been found to activate 

and deactivate the limbic, sensory, cortical, and subcortical areas, such as the orbitofrontal 

cortex, superior and medial frontal cortices, dorsolateral prefrontal cortex, anterior cingulate 

cortex, temporal cortex, parietal area, amygdala, and nucleus accumbens.

Among these regions, the nucleus accumbens (NAc) is one of the well-studied regions in 

MDD patients [22–24]. The NAc is a nucleus adjacent to the septum within the ventral 

striatum, and animal studies have found that the excitatory afferent nerve inputs directly 

from the prefrontal cortex to the NAc[25]. Using functional connectivity analysis, researchers 

have found that there is an intrinsic functional connectivity between the NAc and the 

prefrontal cortex (PFC) in healthy human subjects during resting state[26, 27]. In MDD 

patients, the NAc showed activation deficits[28–30] and abnormal functional connectivity 

with the PFC during reward processing and emotion processing[31, 32], as well as during the 

resting state[33]. In our previous studies, we found that real tVNS, as compared with sham 

tVNS, could modulate the resting state functional connectivity of the default mode network 

and amygdala-related network [34, 35]. However, these studies have not investigated the 

changes in functional connectivity between the NAc and the PFC during continuous tVNS 

stimulation, which is crucial to illustrate the underlying mechanism of tVNS.

Low frequency oscillations are physiologically meaningful and generally linked to grey 

matter neuronal fluctuations [36–38], which have been further divided into two distinct 

frequency bands: slow-5 (0.008–0.027 Hz) and slow-4 (0.027–0.073 Hz). Recent studies 

have found that resting-state fMRI data filtered at the slow-4 and slow-5 bands separately 
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show different pathological findings underlying a variety of diseases, including Alzheimer’s 

disease[39], social anxiety disorder[40], Parkinson’s Disease[41], schizophrenia[42], as well as 

modulation effect of intervention[43]. The differences in functional connectivity between 

these specific bands further endorse the value of distinguishing between the slow-4 and 

slow-5 bands.

In this exploratory study, we investigated the NAc FC differences during continuous real and 

sham tVNS at different frequency band at baseline, and the association between the NAc FC 

changes during tVNS at baseline and the clinical outcomes changes after one month 

treatment. We hypothesized that tVNS would significantly modulate the FC of the NAc PFC 

network in adults with MDD, and the effects of tVNS would be dependent on the different 

bands of low frequency oscillations.

Materials and Methods

This study was registered at the Chinese Clinical Trial Registry Center (ChiCTR-

TRC-11001201). The full details of the study are reported in previous studies [14, 34, 44, 45], 

in which we investigate clinical outcomes and resting state functional connectivity changes 

before and after four weeks of tVNS treatment[14, 34], as well as in a block designed study 

that explored fMRI signal changes evoked by intermittent (30 seconds) real and sham tVNS 
[45]. In this exploratory study, we focus on how 6 minutes of continuous tVNS stimulation at 

baseline can modulate the FC of the NAc, a key region in the reward and motivation 

network, using a seed-to-whole-brain method. The results of this study have never been 

reported before.

Participants

The Institutional Ethics Committee of the China Academy of Chinese Medical Sciences 

approved this study. Due to safety and ethical concerns and to increase the homogeneity of 

the study, we only included participants with mild or moderate depressive symptoms. All 

methods were performed in accordance with the relevant guidelines and regulations. All 

patients were recruited using advertisements and by sending flyers to the hospitals involved 

in the study. As an exploratory fMRI study nested in the large clinical trial [44], only patients 

who completed the baseline MRI scans and four-week treatments were included in the data 

analysis. ICD-10 classification of mental and behavioral disorders was used for diagnosing 

MDD. Patients who voluntarily provided informed consent and met inclusion criteria were 

enrolled in this study.

Inclusion criteria—1) Meets ICD-10 diagnosis standards for a depressive episode: mild (2 

typical + 2 other core symptoms), moderate (2 typical + 3 other core symptoms); 2) 18–70 

years of age; 3) Agrees to stop taking anti-depressive or other psychiatric medications 2 

weeks before beginning the intervention; 4) Junior high or higher level education (to 

understand the scales); 5) Exhibited symptoms for 2 weeks to 2 years.

Exclusion criteria—1) Ongoing addiction to drugs and alcohol; 2) Bipolar disorder; 3) 

Organic mental disorder; 4) Drug-induced depression; 5) Seasonal affective disorder; 6) 
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Severe medical disorders; 7) Pregnant women; 8) Postpartum depression; 9) Dementia or 

other cognitive disorders; 10) Patients who do not agree to sign the consent form.

Procedures

We applied a single-blinded, non-randomized clinical study to investigate the antidepressant 

effects of real tVNS treatment. The first cohort of patients all received real tVNS treatment 

for 12 weeks. After demonstrating the effects of tVNS, we recruited a second cohort of 

patients who received four weeks of sham tVNS before shifting to real tVNS for eight 

weeks. The fMRI scans were applied during rest and continuous real or sham tVNS at 

baseline before the treatments started. In this manuscript, we investigated NAc-related FC 

during rest, continuous real and sham tVNS at baseline, and their association with clinical 

outcome changes after four weeks of real or sham tVNS treatments (Figure 1).

Intervention

All treatments were applied with an ear vagus nerve stimulator developed through the 

cooperation of the Institute of Acupuncture and Moxibustion, China Academy to Chinese 

Medicine Science (Beijing, China) and Suzhou Medical Appliance Factory (Jiangsu 

Province, China), featuring custom-designed ear clips (electrodes).

Real tVNS

The stimulation points for real tVNS are located in the auricular concha area where there is 

rich vagus nerve branch distribution (Figure 2). Real tVNS was applied on the concha area 

of both ears simultaneously during treatment except during the MRI scan in which tVNS 

was applied on the right ear. After the stimulation points were disinfected according to 

standard practice, electrodes were attached to the ear area (auricular concha) at the 

stimulation site. Stimulation parameters included: 1) density wave adjusted to 20 Hz with a 

wave width less than 1 millisecond and 2) intensity adjusted based on the tolerance of the 

patient (typically between 4–6 mA). Each treatment lasted 30 minutes and was carried out 

twice a day (once in the morning and once again in the evening), at least 5 days per week, 

for the duration of the treatment period (4 weeks).

Sham tVNS

The stimulation points for sham tVNS were located at the superior scapha (outer ear margin 

midpoint) where there is no vagus nerve distribution[46] (Figure 2). All procedures 

performed in the sham tVNS treatment group were identical to the procedures for the real 

tVNS group. This sham tVNS location has been applied in previous studies [44, 47, 48].

All real or sham tVNS treatments were self-administered by the patients at home after 

training. Patients were also instructed to complete a patient diary booklet each day to 

describe any side effects corresponding with or temporally related to treatment. The 

investigators checked all booklets at the end of the 4-week treatment.

Clinical outcomes

The primary endpoints of this study were the 24-item Hamilton Depression Rating Scale 

(HAMD), which were measured at week 0 and week 4.
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Neuroimaging data acquisition

There were two fMRI scans involved in this exploratory study: a baseline resting state fMRI 

scan and an fMRI scan during continuous real or sham tVNS stimulation. The acquisition of 

fMRI brain imaging data was conducted on a 1.5 Tesla GE Signa MRI system (GE 

Healthcare, Buckinghamshire, United Kingdom) equipped with a standard two-channel 

birdcage head coil. T1-weighted high-resolution structural images were acquired with the 

three-dimensional fast spoiled gradient-echo sequence (matrix 192×256, field of view 200 

mm, flip angle 15º, slice thickness 1.4 mm). Functional images encompassing the whole 

brain were acquired with the gradient echo echo-planar imaging sequence (echo time 30 

milliseconds, repetition time 2500 milliseconds, matrix 64×64, field of view 240 mm, flip 

angle 90º, slice thickness 3.0 mm, gap 0.5 mm, 41 slices, parallel to the anterior 

commissure-posterior commissure line). Image collection was preceded by four dummy 

scans to allow for equilibration of the MRI signal. The subjects were required to keep still 

during the two 6-minute fMRI scans.

Statistical analysis

Clinical data analysis—Statistical analysis was performed using SPSS 19.0 Software 

(SPSS Inc., Chicago, IL, USA). The HAMD was normally distributed in real and sham 

tVNS groups at baseline and after 4-weeks of treatment (all the Shapiro-Wilk data showed p 

> 0.05). Furthermore, the homogeneity analysis showed that the HAMD between real tVNS 

and sham tVNS groups were approximately equal (p > 0.05) at baseline and after 4-weeks of 

treatment. A two-sample t-test and a χ2 test were applied to compare the baseline 

characteristics of the subjects in the two groups. Repeated measures were applied to 

compare HAMD outcomes, and age and gender were included in the model as covariates.

fMRI data preprocessing and analysis

Functional BOLD data were preprocessed using CONN v16b [49] (http://www.nitrc.org/

projects/conn) and SPM 12 (Statistical Parametric Mapping. Wellcome Department of 

Cognitive Neurology, London, UK; implemented by MATLAB R2014b, Math Works, Inc., 

Natick, MA, USA). During preprocessing, images were realigned, segmented, and co-

registered to each subject’s high-resolution T1 scan, which was used to normalize to the 

standard Montreal Neurological Institute (MNI) template. Images were also smoothed using 

an 8 mm full-width at half-maximum (FWHM) Gaussian kernel. To explore the tVNS effect 

on the FC of different frequency bands, the fMRI data were filtered with three different 

frequency windows: 1) typical low frequency band: 0.008–0.09 Hz; 2) slow-5: 0.008 to 

0.027Hz; 3) slow-4: 0.027–0.073 Hz. Finally, the data were then submitted to motion 

correction using the artifact detection toolbox (http://www.nitrc.org/projects/

artifact_detect/). Time points in subjects’ scans were marked as outliers if the global signal 

exceeded three standard deviations from the mean or if scan-to-scan motion exceeded a 

0.5mm deviation[50].

Functional connectivity analysis was also conducted using the CONN toolbox. Left and 

right NAc seeds were generated from the IBASPM (atlas71) (http://www.thomaskoenig.ch/

Lester/ibaspm.htm) using WFU-Pick Atlas software (Figure 4A) [51]. FC measures were 

computed between a region of interest (ROI) and every other voxel in the brain.
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First-level correlation maps were produced by extracting the residual BOLD time course 

from each NAc seed and by computing Pearson's correlation coefficients between that time 

course and the time courses of all other voxels in the brain. Correlation coefficients were 

Fisher transformed into z-scores to increase normality and allow for improved second-level 

General Linear Model analyses.

Group analysis was applied using a random effects model. We first applied a one sample t-

test (within group) to investigate the NAc FC during rest, real tVNS, and sham tVNS. Then 

we performed a paired t-test to test the NAc difference during tVNS stimulation compared 

with the resting state fMRI, as well as a two sample t-test to compare the NAc FC difference 

between real and sham tVNS. To further explore the association between FC changes and 

corresponding clinical outcome changes, we also investigated the association between 

standard HAMD score changes (the post- and pre-treatment changes divided by the pre-

treatment HAMD score) and seed-based whole brain functional connectivity during tVNS 

stimulation at baseline. Age and gender were included as covariates. A threshold of a voxel-

wise p < 0.005 (uncorrected) and cluster-level p < 0.05 (family-wise error correction, cluster 

size > 50) was applied for correction of multiple comparisons.

Results

Clinical outcomes

Twenty participants in the real tVNS group and 21 subjects in the sham tVNS group 

completed baseline resting state and tVNS scans. Of the 41 subjects that began the study, 

only 37 subjects completed all four weeks of tVNS treatment and post-treatment clinical 

assessments. One participant from the sham tVNS group withdrew due to scheduling 

conflicts and three participants from the real tVNS group were dropped from the study at the 

end of week four (two patients could not administer the tVNS treatments, and one patient 

lost contact). Only subjects that completed four weeks of treatment were included in the 

final data analyses. All analysis were based on the initial treatment assignment. Table 1 

shows the demographic characteristics of the participants. There were no significant 

differences between the two groups with respect to age (p = 0.90), gender (χ2 = 0.13, p = 

0.72), and HAMD (p = 0.26) scores at baseline (Table 1).

A repeated ANCOVA measures analysis revealed a significant interaction between the 

treatment mode (real tVNS vs sham tVNS) and time points (pre vs post-treatment) on 

HAMD (p = 0.001) scores, with age and gender included as covariates of non-interest (Table 

1).

Functional connectivity results

One sample t-test analysis showed that across the three frequency bands (typical low 

frequency, slow-5 and slow-4), the functional connectivity patterns during real tVNS 

stimulation were similar to the functional connectivity patterns during resting state across all 

subjects (Figure 3, Figure S1 and Table 2, Table S1). During real tVNS stimulation, there 

was significant positive functional connectivity between the NAc and nearby brain 

structures, including the bilateral NAc and surrounding areas (putamen, caudate), as well as 
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distant brain regions, such as the bilateral orbitofrontal cortex (OFC), medial prefrontal 

cortex (MPFC), subgenual anterior cingulated cortex (sgACC), rostral anterior cingulate 

cortex (rACC), dorsal anterior cingulate cortex (dACC), and insula (Figure 3 and Table 2).

When comparing the NAc-related FCs during resting state and real tVNS across the three 

frequency bands using a paired t-test (within-group analysis), we found that in the slow-5 

frequency band, real tVNS induced increased FC between the left NAc and the bilateral 

MPFC/rACC (peak z value: 4.07; MNI coordinates: 4, 42, 20; cluster size: 336) compared 

with the resting state condition (Figure 4B). There were no NAc-FC differences in the 

slow-4 and typical frequency bands between the resting state condition and during real tVNS 

stimulation.

Similarly, functional connectivity analysis (Figure 3 and Table 2) during sham tVNS showed 

significant positive FC between the NAc and nearby brain structures, similar to the results 

observed in the resting state condition. Brain regions that exhibited significant positive FC 

with the NAc include the bilateral OFC, MPFC, sgACC and rACC. The paired t-test within-

group analysis did not find any NAc-FC differences between the resting state condition and 

sham tVNS across the three frequency bands.

The direct comparison between the real and sham tVNS groups (as shown in Table 3) 

showed that compared to sham tVNS, real tVNS increased the FC 1) between the left NAc 

and the bilateral MPFC/rACC in the slow-5 frequency band (Figure 4C red) and 2) between 

the right NAc and the left insula, inferior occipital gyrus and right lingual / fusiform gyrus in 

the typical low frequency band. There was no significant FC decrease in the real tVNS group 

compared to the sham tVNS group.

To further explore the association between FC changes and corresponding clinical outcome 

changes, we also investigated the association between standard HAMD score changes and 

NAc-related FC during tVNS stimulation. Age and gender were included as covariates. We 

found that in the slow-5 frequency, the standard HAMD score changes (the post- and pre-

treatment changes divided by the pre-treatment HAMD score) showed a significant negative 

relationship with the FC between the left NAc and clusters including the bilateral OFC, 

MPFC, sgACC and rACC (Figure 4B yellow) (peak coordinates: −18,38,-4; cluster size: 

2759; peak z value: 4.30), as well as the inferior frontal gyrus (peak coordinates: 40,30,-2; 

cluster size: 256; peak z value: 4.56) during real tVNS. No significant results were found in 

the sham tVNS group when we applied an identical analysis. Figure 4C shows a significant 

negative relationship between the FC from the overlapped (the difference analysis and the 

association analysis) rACC and the standard changes of HAMD in the real tVNS group; 

Figure 4D shows no significant relationship in the sham tVNS group (Pearson correlation).

Discussion

In this exploratory study, we investigated the functional connectivity of the NAc during 

continuous real and sham tVNS treatment in MDD patients. We found that compared to 

sham tVNS, real tVNS significantly increased intrinsic functional connectivity between the 

left NAc and bilateral MPFC/rACC in the slow-5 frequency band. The increased functional 
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connectivity between the left NAc and MPFC/rACC showed a significant negative 

correlation with changes in symptom severity, as measured by HAMD scores, in the real 

tVNS group, but not in the sham tVNS group.

Literature suggests that the antidepressant effect of VNS treatment is based on a bottom-up 

sensory information transformation, relaying information from the vagus nerve to brain 

regions through direct projections to the nucleus tractus solitarius and secondary projections 

to the limbic, paralimibic, and cortical regions[52]. These projections convey information 

from the gastrointestinal and respiratory systems to higher brain regions and may mediate 

the affective-emotional responses to pain[53]. Previous studies have demonstrated that VNS 

can modulate BOLD responses in widespread brain regions including the NAc, OFC, 

parieto-occipital cortex, temporal lobe, hypothalamus, amygdala, insula, thalamus, 

hippocampus, postcentral gryus, and brainstem[19, 34, 52, 54–57]. In addition, studies also 

suggest that VNS treatment may achieve its treatment effect by aiding the normalization of 

activity in the ventromedial prefrontal cortex, cingulate cortex, and limbic areas [56, 58, 59].

In the present study, we focused on low frequency oscillations in BOLD activity during 

continuous real tVNS and sham tVNS treatment. The typical low frequency band was 

divided into two other different frequency bands: slow-5, 0.008–0.027 Hz, and slow-4, 

0.027–0.073 Hz. Magioncalda and colleagues found that bipolar disorder patients showed 

decreased FC (especially in slow-5, 0.01–0.027 Hz) between the pregenual anterior 

cingulate cortex and the posterior cingulate cortex, inferior temporal gyrus, supragenual 

anterior cingulate cortex, and ventrolateral PFC[60]. Zhou and colleagues found that cervical 

spondylotic myelopathy patients showed decreased FC in the thalamo-motor, -

somatosensory, and -temporal circuits in the slow-5 band and increased FC between thalami 

and the bilateral primary motor, primary and secondary somatosensory, premotor, and right 

temporal cortices in the slow-4 band (0.027–0.073 Hz)[61], suggesting that different bands 

may be associated with different pathophysiological mechanisms.

Across the three different frequency bands, our results showed that during both real and 

sham tVNS, the bilateral NAc was functionally connected with surrounding regions and 

some distant regions, including the bilateral NAc / putamen / caudate and OFC / MPFC / 

rACC. Thus, neither real nor sham tVNS appeared to significantly disrupt the connectivity 

between the NAc and the network of brain regions seen during resting state [26, 62, 63]. 

However, tVNS can significantly modulate the existing FC of the NAc.

The NAc has long been thought to be the core structure involved in mediating reward, 

motivation, and emotion processes, and is implicated in numerous neurological and 

psychiatric disorders, including MDD[64]. Animal studies have revealed direct afferent fibers 

between the NAc and the prefrontal cortex[65, 66], amygdala[67], and hippocampus[68], as 

well as efferent fibers from the NAc to various areas of the basal ganglia and cingulum 
[64, 69].

The reward circuitry, which includes the NAc, prefrontal cortex, and ACC, can also predict 

antidepressant responses in MDD patients[70]. The OFC is believed to be important in 

signaling expected rewards/punishments of an action given the particular details of a 
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situation [71]; the MPFC is proposed to be involved in the modulation of visceral activity to 

affective stimuli [72] the sgACC is linked with the reward valuation learning system; and the 

rACC is responsible for reward and loss expectancy [74]. These brain regions have repeatedly 

shown abnormal activation in MDD patients [70, 75, 76]. Nahas and colleagues[56] found that 

three months of VNS therapy was associated with MPFC and ACC deactivation in MDD 

patients. We found that eight weeks of acupuncture treatment significantly increased the 

resting state FC between the right ventral striatum and the MPFC/ACC in MDD patients [77]. 

These results further endorse the role of NAc-ACC/MPFC functional connectivity in the 

treatment of MDD.

During real tVNS, we also found significantly increased FC between the right NAc and left 

insula compared to sham tVNS in typical frequency band. The insula plays an important role 

in reward and motivation processing and projects to the NAc[78, 79]. A previous study found 

that the duration of exposure to VNS influences the activation of the insula, which may also 

be associated with an improvement in depressive symptoms[56] . More studies are needed to 

confirm these findings and further clarify the regional neurobiological effects of tVNS on 

the insula.

We found that modulation of the FC between the NAc and the prefrontal cortex, especially 

the MPFC/rACC, by tVNS depended on the different low frequency bands. Only in the 

slow-5 frequency band did real tVNS show increased connectivity between the left NAc 

with the bilateral MPFC/rACC, as compared to resting-state baseline and sham tVNS 

stimulation. In our previous study [14] on treatment effects of real tVNS on the resting state 

functional connectivity of the default mode network before and after four-week tVNS 

treatment, we found that resting state functional connectivity changes between the MPFC/

rACC and default mode network (posttreatment minus pretreatment) were negatively 

correlated with the corresponding Hamilton Depression Rating Scale score changes, which 

is consistent with our current findings.

The origins and functional significances of the slow-5 and slow-4 frequency bands remain 

unclear; previous studies have suggested that lower frequency oscillations are responsible for 

the integration of large neuronal networks, while higher frequency oscillations are confined 

to smaller neuronal spaces[80]. Thus, as one of the phylogenetically older subcortical 

regions, the NAc, which is the main input of the basal ganglia[25], may contribute to fast 

local events that are modulated by widespread slow oscillations[80, 81]. More studies are 

needed to explore the network mechanisms of these low frequency oscillations.

In the typical low frequency band, real tVNS significantly increased the FC between the 

right NAc and the bilateral occipital gyrus compared with sham tVNS. The functional 

significance of the association between the NAc and occipital areas has not been 

determined[26]. Acupuncture treatment can also modulate the FC between different 

subdivisions of the basal ganglia (inferior rostral striatum, ventral rostral putamen, dorsal 

caudal putamen, dorsal caudate) and occipital regions [77]. Zhang and colleagues found that 

the occipital regions showed reduced connectivity network properties (nodal centralities) in 

MDD patients compared to healthy controls in the typical frequency band (0.01–0.1 Hz) [82]. 
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Further studies are needed to explore whether the posterior brain is involved in the long-term 

consolidated effects of treatment for MDD [34, 35, 77, 83].

This study has many limitations. First, the study employed a single-blind, non-randomized 

design. As tVNS was the only treatment for patients with mild and moderate MDD, with 

patients’ health in mind, we first enrolled a cohort who received real tVNS to test the 

efficacy of the treatment. After demonstrating the anti-depressive effect, a second cohort of 

patients was recruited for our sham tVNS group. There were no significant differences 

between the two cohorts with respect to baseline characteristics including age, gender and 

clinical scores; we thus expect that the design should not influence the validity of our fMRI 

study. Also, this was a single-blind study with evaluation of depressive symptoms using the 

24-item Hamilton Depression Rating Scale, which makes the study prone to clinician bias, 

further randomized studies are needed to confirm the conclusions drawn from our results. 

Third, studies on MDD assessing new strategies, such as neuromodulation, usually require at 

least 8 weeks of stable psychotropic medication doses. Our current study was only over a 

four-week period; therefore, the effects observed in the fMRI may be influenced partially by 

a short period of washout. Fourth, we did not collect data such as duration of current 

episode, number of previous episodes, medications used in the past, a refractoriness score, 

etc. These could be confounders and could contribute to significant group differences. Fifth, 

our study was an exploratory study to investigate the NAc-related network during tVNS 

stimulation in MDD patients and therefore, we did not include sample size calculations in 

the manuscript. Further studies should take this into consideration. Finally, since all 

treatments were administered by the patients themselves, we cannot provide accurate 

compliance rates for this study. Future studies are needed to further validate our findings.

In conclusion, we found that continuous real tVNS treatment can significantly increase 

functional connectivity between the nucleus accumbens and MPFC/rACC compared with 

sham tVNS treatment. Additionally, functional connectivity during continuous tVNS 

stimulation was significantly associated with a reduction in clinical severity. Our findings 

demonstrate the importance of NAc-MPFC/rACC functional connectivity in the efficacy of 

tVNS treatment for MDD.
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Figure 1. 
Experimental design
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Figure 2. 
Real tVNS was applied on the concha area where there is a rich vagus nerve distribution. 

Sham tVNS was applied at the superior scapha (outer ear margin midpoint) where there is 

no vagus nerve distribution.
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Figure 3. 
Functional connectivity results using a one-sample t-test of real tVNS and sham tVNS 

across different frequency bands. Slow-5 band, 0.008~0.027 Hz; slow 4 band, 0.027~0.073 

Hz; typical band, 0.008~0.09 Hz. The threshold was set to voxelwise p < 0.005, cluster wise 

p < 0.05, cluster size > 50. NAcL, left nucleus accumbens; NAcR, right nucleus accumbens.
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Figure 4. 
The standard change (post minus pre-treatment divided by pre-treatment) in HAMD scores 

was negatively associated with the FC between the overlapped area of the left NAc (blue 

seed) and MPFC/rACC. (A) Left NAc seed. (B) The significantly increased FC between the 

left NAc and bilateral MPFC /rACC during real tVNS stimulation compared with the resting 

state condition. (C) Continuous stimulation of the real tVNS treatment group showed 

increased FC between the left NAc and bilateral MPFC/rACC compared with the sham 

tVNS group in the slow-5 frequency band (red). Yellow is the association map between the 

left NAc and bilateral OFC/MPFC/sgACC/rACC at the slow-5 frequency band. (D) Scatter 

plot between stimulated FC increases of the NAc-MPFC/rACC and HAMD score changes 

across the real tVNS group. (E) Scatter plot showed no significant relationship between the 

stimulated FC of the NAc-MPFC/rACC and HAMD score changes across the sham tVNS 

group.
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Table 1

The demographic variables of the subjects in real and sham tVNS groups.

Item tVNS Sham Statistic p value

Age 40.85 (11.05) 40.35 (13.29) t (35)=0.12 0.90

Gender (Female/Male) 12/5 13/7 χ2=0.13 0.72

HAMD pre-treatment 30.47(4.37) 28.90 (4.01)

HAMD post-treatment 16.88 (5.84) 23.10 (4.53) F(1,33) = 14.39 0.001
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