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Introduction: Major depressive disorder (MDD) is a disease with prominent individual, medical, and economic impacts. Drug therapy and other treatment methods (such as Electroconvulsive therapy) may induce treatment-resistance and have associated side effects including loss of memory, decrease of reaction time, and residual symptoms. Transcutaneous auricular vagus nerve stimulation (taVNS) is a novel and non-invasive treatment approach which stimulates brain structures with no side-effects. However, it remains little understood whether and how the neural activation is modulated by taVNS in MDD patients. Herein, we used the regional homogeneity (ReHo) to investigate the brain activity in first-episode, drug-naïve MDD patients after taVNS treatment.

Materials and methods: Twenty-two first-episode, drug-naïve MDD patients were enrolled in the study. These patients received the first taVNS treatment at the baseline time, and underwent resting-state MRI scanning twice, before and after taVNS. All the patients then received taVNS treatments for 4 weeks. The severity of depression was assessed by the 17-item Hamilton Depression Rating Scale (HAMD) at the baseline time and after 4-week’s treatment. Pearson analysis was used to assess the correlation between alterations of ReHo and changes of the HAMD scores. Two patients were excluded due to excessive head movement, two patients lack clinical data in the fourth week, thus, imaging analysis was performed in 20 patients, while correlation analysis between clinical and imaging data was performed in only 18 patients.

Results: There were significant differences in the ReHo values in first-episode, drug-naïve MDD patients between pre- or post- taVNS. The primary finding is that the patients exhibited a significantly lower ReHo in the left/right median cingulate cortex, the left precentral gyrus, the left postcentral gyrus, the right calcarine cortex, the left supplementary motor area, the left paracentral lobule, and the right lingual gyrus. Pearson analysis revealed a positive correlation between changes of ReHo in the right median cingulate cortex/the left supplementary motor area and changes of HAMD scores after taVNS.

Conclusion: The decreased ReHo were found after taVNS. The sensorimotor, limbic and visual-related brain regions may play an important role in understanding the underlying neural mechanisms and be the target brain regions in the further therapy.
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Introduction

Major depressive disorder (MDD) is a disease with prominent individual, medical, and economic impacts, characterized by pessimism, social isolation, low self-confidence and mental inhibition (Kessler et al., 2010; Stegmann et al., 2010). Drug therapy is currently the most common treatment for MDD, although it may induce drug-resistance (Miller et al., 2022) and have associated side effects such as loss of memory, decrease of reaction time, and residual symptoms. Other treatments on MDD patients such as electroconvulsive therapy (ECT) are mostly invasive and may have adverse cognitive effects and residual functional impairments (Wang et al., 2020). One-third of MDD patients do not respond to traditional treatments such as antidepressants, psychotherapy, or cognitive therapies (Fava, 2003). As a result, it is clinically urgent to develop a new effective treatment strategy for MDD.

Vagus nerve stimulation (VNS) has been approved as a treatment for treatment-resistant MDD (Daban et al., 2008). VNS has superior clinical results and higher remission rates in MDD treatment (Schlaepfer et al., 2008; Aaronson et al., 2017). However, as an invasive procedure, the technical challenges, surgical risks, and potential side effects have all restricted the wide use of VNS in clinical practice (Fitzgerald, 2013). A non-invasive way that stimulates the vagus afferent would be an important advancement in MDD treatment.

Transcutaneous auricular vagus nerve stimulation (taVNS) has been developed as a new method for non-invasively stimulating brain regions in a similar fashion to VNS in order to reduce depressive symptoms (Ventureyra, 2000; Fallgatter et al., 2005). The pattern of brain regions modulated by taVNS in MDD patients is similar to that obtained with VNS (Frangos et al., 2015; Fang et al., 2016). Some studies have shown that taVNS treatment can modulate the brain function of MDD patients and significantly improve depressive symptoms (Fang et al., 2016, 2017; Liu et al., 2016). However, The MDD patients in these investigations were treated with medication, which could affect changes in brain functions. The taVNS treatment has the advantages of being safe and non-invasive, and with no negative effects (Kraus et al., 2007).

These preliminary investigations have revealed that taVNS treatment has promising results in the treatment of MDD patients, but the underlying mechanisms need to be explored further. Regional homogeneity (ReHo) reveals the internal function of the brain and is linked to external behavioral manifestations. Previous research has suggested that abnormal ReHo could be the result of localized brain function imbalance or a decompensation reaction involving the entire brain network (Dai et al., 2012; Zuo et al., 2013). Multiple studies have shown that ReHo values in the precentral gyrus (PrCG) (Liu et al., 2021), the postcentral gyrus (PoCG) (Xia et al., 2019; Liu et al., 2021), the calcarine cortex (CAL) (Shen et al., 2017), the supplementary motor area (SMA) (Yan et al., 2021), and the lingual gyrus (LG) (Geng et al., 2019) are all increased in MDD patients compared with healthy controls (HCs).

The purpose of this study was to explore whether and how taVNS treatment modulated ReHo values in first-episode, drug-naïve MDD patients. Twenty-two MDD patients were given their first taVNS therapy at the baseline time, and resting-state MRI scanning was performed twice before and after taVNS. They then underwent a 4-week taVNS treatment. At the baseline and the 4-week follow-up, the 17-item Hamilton Depression Rating Scale (HAMD) (Hamilton, 1967) was used to determine the MDD severity. Before and after taVNS, paired t-tests were performed in MDD patients to assess ReHo alterations. Furthermore, Pearson correlation analyses were used to investigate the relationship between changes in ReHo values and clinical improvements in MDD patients before and after taVNS. We hypothesized that taVNS treatment of MDD patients significantly modulated ReHo values in some brain regions, and that changes in ReHo values in these brain regions may be perceived as the effective taVNS treatment of MDD patients in the underlying neural mechanisms.



Materials and methods


Subjects

This is a longitudinal research project. Twenty-two right-handed MDD patients, aged from 18 to 51, were recruited from the Mental Health Institute of Central South University’s Second Xiangya Hospital. Two certified psychiatrists used the Structured Clinical Interview to diagnose major depression using DSM-IV criteria. All the patients were experiencing their first episode of MDD and were untreated. This study enrolled patients who voluntarily provided informed consent and met the inclusion criteria. The 17-item HAMD was used to determine the severity of MDD. The total score of the 17-item HAMD was counted as 17 or more in all the subjects. Bipolar disorder, organic mental disorder, drug-induced depression, seasonal affective disorder, major sickness, pregnancy, postpartum depression, dementia or other cognitive impairment were taken as the exclusion criteria. Patients who refused to sign the consent form were also excluded.



Procedures

The purpose of the clinical experiment was to investigate the antidepressant effects of taVNS treatment. During the timespan of 4 weeks, all the patients got taVNS treatment. The fMRI scan was applied to the resting state before taVNS treatment, and another fMRI scan was applied in the same fashion 30 min after taVNS treatment.



Intervention

The afferent branch of the vagus nerve on the surface of the ear is stimulated by taVNS, which is the sole area with vagus nerve distribution on the body surface (Rong et al., 2012; Hein et al., 2013). The stimulation locations for taVNS are in the bilateral auricular concha area that has a dense dispersion of vagus nerve branches. Electrodes were applied to the ear area at the stimulation site after we cleaned the bilateral auricle area.

The followings were the stimulation parameters: (1) density wave set to 20 Hz with wave width smaller than 1 millisecond, and (2) intensity adjusted to the patient’s tolerance (typically between 4 and 6 mA). Each treatment lasted 30 min and was given twice a day (once in the morning and once in the evening) for at least 5 days a week during the treatment period (4 weeks).

All subsequent treatments were self-administered by the patients at home after proper instruction following the baseline MRI scan. Patients were also advised to fill out a patient diary booklet each day to record any side effects that were related to or coincided with therapy. The patient diaries were examined by the investigators at the end of the 4-week treatment.



Clinical outcomes

The 17-item Hamilton Depression Rating Scale was the primary clinical outcome measure in this study, with secondary outcome measures including the 17-item Hamilton Anxiety Rating Scale (HAMA), the Self-Rating Anxiety Scale (SAS), and the Self-Rating Depression Scale (SDS) measured at the baseline time and in 4-week follow-up.



Data acquisition

A 3.0 T MRI equipment (MAGNETOM Skyra, Siemens Healthcare, Germany) with a standard 20-channel combination head and neck coil was used to collect fMRI data. The subjects were instructed to stay awake, close their eyes, keep their heads motionless, and think about nothing during the scan. To rule out organic brain lesions, we used simple T2-weighted imaging MRI. T1-weighted high-resolution structural images were collected prior to the functional run using the three-dimensional fast spoiled gradient-echo sequence (echo time 2.07 ms, repetition time 2530 ms, matrix 256 × 256, field of view 256 mm × 256 mm, flip angle 7°, voxel size 1.0 mm × 1.0 mm × 0.9 mm, slice thickness 0.9 mm, gap 0.45 mm, 192 slices). The functional data was then collected using a blood oxygen level dependent sequence. The gradient echo echo-planar imaging sequence (echo time 30 ms, repetition time 2000 ms, matrix 64 × 64, field of view 224 mm × 224 mm, flip angle 90°, voxel size 3.5 mm × 3.5 mm × 3.5 mm, slice thickness 3.5 mm, gap 0.875 mm, 32 slices, parallel to the anterior commissure-posterior commissure line) was used to acquire T2-weighted functional images encompassing the entire brain. Before taVNS treatment, a resting-state fMRI scan was performed. After 30 min of continuous stimulations of the bilateral auricular area, the resting fMRI scan was done again.



fMRI data preprocessing

DPARSF V5.21 based on the MATLAB platform was used to preprocess and analyze the fMRI data (Version No. R2016a). The procedures were as follows: The data from 10 time points were discarded when the DICOM format was transformed. The head motion and acquisition delay between slices were adjusted in the fMRI pictures. The values for translation (mm) and rotation (degrees) for each subject were estimated (the individuals should have no more than 2 mm maximum displacement in x, y, or z and no more than 2° of angular motion for the entire fMRI scan). After slice acquisition correction and head motion correction, the fMRI images were resampled to 3 mm × 3 mm × 3 mm and registered to the standard space. For subsequent ReHo analysis, the resultant fMRI data were temporally bandpass filtered (0.01–0.08 Hz) to decrease low-frequency drift and physiological high-frequency respiratory and cardiac noise, as well as time series linear detrending. The significance level of the statistical map that resulted was set to p < 0.05 (FWE corrected).



Statistical analyses


Clinical data analyses

SPSS 25 was used for all statistical analyses of clinical ratings (IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp.). The treatment effects (baseline vs. week 4) in first-episode MDD patients were compared using a paired t-test.



fMRI data analyses

The changes in ReHo values before and after taVNS treatments were calculated using a paired t-test. Multiple comparisons were corrected using a threshold of a cluster-level p < 0.05 (FWE corrected).



Correlations

We calculated the improvement in HAMD scores after 4 weeks of taVNS treatment. In addition, pre-treatment and post-treatment ReHo values were extracted from resting state fMRI scans, and changes in ReHo values (post-treatment vs. pre-treatment) were calculated. Correlation between alterations of ReHo and changes of the HAMD scores were investigated using Pearson analysis.





Results


Clinical outcome

The baseline MRI scan was performed on the 22 patients across the entire research. Due to head motions, data from two patients were removed. At the end of week 4, two patient were removed from the research due to loss of follow-up. Of the 20 MDD patients who completed baseline resting state fMRI scans, only 18 received all the tests. Table 1 shows the patients’ demographics as well as the severity of their diseases.


TABLE 1    Demographic information and disease severity for MDD patients.
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Table 2 includes a summary of post-treatment clinical outcomes. Overall, the effects of taVNS treatment (pre-treatment vs. post-treatment) were substantial in all measurements. The scores from HAMD, HAMA, SDS, and SAS (HAMD: t = 8.756, p < 0.0001; HAMA: t = 4.916, p = 0.0001; SDS: t = 3.907, p = 0.0011; SAS: t = 5.823, p < 0.0001) all showed significant decline.


TABLE 2    Clinical outcome in MDD patients (pre-treatment and post-treatment).
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Regional homogeneity results

As shown in Table 3 and Figure 1, compared with ReHo values before treatments, ReHo values in MDD patients after treatments were significantly reduced in the left/right median cingulate cortex (MCC), the left precentral gyrus (PrCG), the left postcentral gyrus (PoCG), the right calcarine cortex (CAL), the left supplementary motor area (SMA), the left paracentral lobule (PAL), and the right lingual gyrus (LG) (p < 0.05, corrected). No significantly higher ReHo values were found in the whole brain.


TABLE 3    Brain regions with differences in ReHo values before and after stimulations in MDD patients.
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FIGURE 1
Brain regions with decreased ReHo (FWE corrected) in the first-episode MDD patients after taVNS are superimposed on a T1W template (first-episode MDD patients before and after treatment, paired-sample T-test). These regions included the left/right median cingulate cortex, the left precentral gyrus, the left postcentral gyrus, the right calcarine, the left supplementary motor area, the left paracentral lobule, and the right lingual gyrus with decreased ReHo after taVNS. The color bar signifies the T-value of the group analysis.




Correlations

Decreased ReHo in right MCC after taVNS was significantly correlated with HAMD improvements (r = 0.62, p = 0.006; Figure 2). In addition, the left SMA decreased ReHo after taVNS was significantly correlated with HAMD score improvements (r = 0.74, p < 0.001; Figure 3). The HAMD scale changes, right MCC brain image changes, left SMA brain image changes were consistent with normal distribution test.
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FIGURE 2
The right median cingulate cortex decreased ReHo after taVNS was significantly correlated with HAMD scores improvements (r = 0.62, p = 0.006, uncorrected).
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FIGURE 3
The left supplementary motor area decreased ReHo after taVNS was significantly correlated with HAMD scores improvements (r = 0.74, p = 0.0005, uncorrected).





Discussion

The present study examined neuroimaging changes with fMRI after taVNS and demonstrated that taVNS was an effective treatment for first-episode, drug-naïve depression. To the best of our knowledge, few studies have explored changes in abnormal neural activity (ReHo) after taVNS treatment in first-episode, drug-naïve MDD patients. The primary finding is that MDD patients exhibited significantly lower ReHo values in the left/right MCC, the left PrCG, the left PoCG, the right CAL, the left SMA, the left PAL, and the right LG after treatments compared with their ReHo values before treatments. Positive correlation was discerned between the decreased ReHo values in the right MCC and in the left SMA and the decreased HAMD scores. This work adds to the body of knowledge about changes in brain functions of MDD patients after taVNS treatments, which may offer researchers insights on the underlying neurological mechanisms of taVNS treatments for MDD.

After taVNS treatments, we detected a significant decrease of ReHo values in bilateral MCC in first-episode, drug-naïve MDD patients. In addition, the right MCC decreased ReHo after taVNS was significantly positively correlated with the decreased of HAMD scores. The MCC has been linked to cognitive regulation, negative affect processing, and pain processing (Wong et al., 2019; Brenner et al., 2021). Decreased functional connectivity (FC) between the MCC and other brain areas was attributed to decreased depression after antidepressant medication (Tan et al., 2020). The initial abnormal increase in resting-state FC from the visual cortex to the cingulate cortex was diminished by repetitive transcranial magnetic stimulation (rTMS), which was associated with relief of depressive symptoms (Zhang et al., 2021). Meta-analysis indicated that MDD patients have a higher amplitude of low-frequency fluctuations (ALFF) in the cingulate gyrus (Gong et al., 2020). Another meta-analysis found lower gray matter (GM) volume in the MCC in MDD patients (Wang et al., 2022). Changes in MCC structures and functions have been regarded as important dimensions to predict depression prognosis (Stuke et al., 2016; Cheng et al., 2017). In summary, the MCC is abnormal in functions and structures in MDD patients, suggesting the importance of MCC in the pathogenesis of MDD. In this study, we found that the neural activity status of MCC in MDD patients was decreased by taVNS, and this reduction was associated with improved longitudinal treatment outcomes. Therefore, we speculate that the functional regulation of MCC may be the effective brain mechanism basis of taVNS treatment for MDD patients.

After taVNS treatments, MDD patients had significantly lower ReHo values in the left SMA, implying that the SMA may act as a key hub of taVNS for antidepressant treatment in MDD patients. Researchers stated that motor movements, motor action sequencing and planning, and response inhibition are all controlled by the SMA (Mohebi et al., 2019; Dong et al., 2021). Compared with HCs, MDD patients were reported to have increased ReHo values in the SMA (Liu et al., 2012; Yan et al., 2021). A previous study discovered significantly higher FC in SMA in MDD patients (Pan et al., 2021). Researchers in treatment-resistant MDD have shown that SMA hypometabolism had active response to antidepressant medication (Jiang et al., 2018). Abnormal GM volume and GM density were found in SMA in MDD patients (Cheng et al., 2010; Jiang et al., 2018) and SMA can predict ECT treatment response in MDD (Jiang et al., 2018). The SMA is abnormal in functions, structures and metabolism in MDD patients, suggesting the importance of SMA in the pathogenesis of MDD. Previous studies (Liu et al., 2012; Yan et al., 2021) showed that the ReHo values of SMA in MDD patients were higher than those in HCs. However, in this study, taVNS significantly decreased the ReHo values of SMA in MDD patients, and the depressive symptoms were significantly relieved after 4 weeks, indicating that taVNS is an effective neuromodulation method for the treatment of MDD. In addition, decreased ReHo values in the left SMA after taVNS were significantly positively correlated with the decreased HAMD scores, further demonstrating the effectiveness of taVNS in the treatment of MDD after regulating SMA brain activity. Combined with these previous studies and our study, we speculate that SMA is expected to be one of the target brain regions for the treatment of MDD in the future.

Our findings indicated that the ReHo values of the left PrCG, PoCG, and PCL in first-episode MDD patients significantly decreased after taVNS treatments. The PrCG, PoCG, and PCL belong to the sensorimotor cortex and are engaged in cognitive functions (Wang et al., 2015), disorganized behavior (Dey et al., 2021), emotional processing (Li et al., 2016), and no-planning impulsivity (Zhang R. et al., 2020). Some recent studies have shown that the ReHo and ALFF values of PrCG and PoCG were higher than those of HCs in MDD patients (Xia et al., 2019; Liu et al., 2021; Yan et al., 2021). Another study found that rTMS reduces the activity of C fibers in the left PrCG and PoCG (Tamura et al., 2004). Previous neuroimaging investigations revealed increased FC between PrCG and other brain regions in MDD patients compared to HCs (Shen et al., 2015). Researchers showed that regional characteristics of neuronal activity in the PoCG was linked to depression severity (Tadayonnejad et al., 2015). In first-episode MDD patients, researchers discovered greater local efficiency of the right PCL when compared to HCs (Chen et al., 2022). Furthermore, stronger PCL-amygdala resting-state FC has been reported in mood disorders with suicidal behavior (Zhang R. et al., 2020). After cognitive behavioral therapy, FC between the PCL and other brain regions decreased in MDD patients (Pantazatos et al., 2020). Some neuroimaging investigations have demonstrated abnormal brain surface area and GM volume (Grieve et al., 2013; Schmaal et al., 2017), cortical thickness (Papmeyer et al., 2015; Bos et al., 2018), and GM density (Jiang et al., 2018) of PrCG, PoCG, and PCL in MDD patients. Taken together, these findings suggest that functional and structural impairments of PrCG, PoCG, and PCL in MDD patients may play an important role in the pathophysiology of MDD. Consistently, taVNS treatment regulated neural activity in these brain regions, and greatly relieved depressive symptoms in MDD patients in our study. taVNS may be involved in regulating cognitive functions and emotional processing in MDD patients, providing novel evidence for the importance of the abovementioned brain regions in regulating the underlying neural circuits and possibility of being the target brain regions in the future therapy

Decreased ReHo values were found in right LG and CAL in MDD patients after taVNS. The LG and CAL belong to the visual cortex and are involved in facial expression and emotion processing (Dima et al., 2018; Sun et al., 2018), and higher levels of visual processing (Fan et al., 2021). Researchers discovered that MDD patients had significantly higher ReHo in LG and CAL than HCs (Shen et al., 2017; Geng et al., 2019). The particular dynamic ALFF change for MDD was discovered in the LG and CAL (Peirce, 2015). Regional cerebral blood flow in the right LG and CAL gyrus was significantly reduced in depression patients treated with ECT as compared to medication (Shi et al., 2022). Patients had a lower functional connection degree (FCD) in the LG after rTMS than previously (Zheng et al., 2020). In veterans with MDD, a prior study found a link between depressed symptoms and increased FC between the CAL and the basolateral amygdala (McGlade et al., 2020). In addition, researchers discovered that baseline functional stability in the CAL could predict clinical symptoms improvement in depressed patients (Li et al., 2021). Some neuroimaging investigations have demonstrated abnormal GM volume (Jung et al., 2014; Zhang Y. et al., 2020), cortical thickness (Suh et al., 2019; Lee et al., 2021) of LG and CAL in MDD patients. An earlier study found a link between visual salience and depression symptoms (Miller et al., 2015). All of these findings highlight the importance of LG and CAL in the neuropathology of MDD, and abnormalities in the function, structure, and cerebral blood flow of LG and CAL may lead to MDD. Changed ReHo values of the LG and CAL in MDD patients was found after taVNS treatment, which can be speculated that the functional regulation of the LG and CAL might be the effective brain mechanism basis of taVNS treatment for MDD patients.

Based on the previous research on brain functions and structures and in combination with our study, we speculate that abnormal functional activation and structure of these brain regions may be closely related to MDD, but the relationship between structure and function is still unclear and needs to be investigated in the future. Besides, we speculate that the taVNS may relieve the emotional and cognitive symptoms of MDD patients by regulating the abnormal neural activities of these brain regions (MCC, PrCG, PoCG, CAL, SMA, PAL, and LG). These brain regions may be effective functional targets for taVNS treatments of MDD patients. This study has advanced our understanding of therapeutic mechanisms and contributed to the development of therapeutic targets for MDD.



Limitations and strengths

Some limitations of our study should be mentioned. First, because of the limited number of subjects in this study, additional investigations with bigger sample sizes will further validate the statistical power of the findings. Second, no HCs were recruited to be compared with the MDD patients in the brain function at baseline. Third, the current functional results were simply a preliminary investigation of the influence of taVNS transient changes in MDD patients. More functional studies are needed to confirm whether long-term taVNS treatments could improve effectiveness of treatment in MDD patients. Fourth, the results may be influenced by an unbalanced sex-matched cohort (5: 15). Despite the fact that we screened a large number of possible patients (both male and female), only a tiny percentage of them met the inclusion criteria, and the majority of them were females. Future research should try to avoid the imbalance of sex. Fifth, no patients in the placebo group were recruited. The design of the placebo group is very necessary, and we will include patients in the placebo group in future studies to reveal the brain regions that are sensitive to treatment.

The strengths of our study are also obvious. First, all of the MDD patients were first-episode, drug-naïve, and without any comorbidities. Second, we conducted a longitudinal study which tracked a 4-week follow-up clinical outcome. Third, the taVNS can non-invasively stimulate brain areas in a way similar to VNS in terms of reducing depressive symptoms with surgery free, low cost, and more safety.

In conclusion, taVNS is an effective method for MDD treatment. The ReHo changes in the left/right MCC, the left PrCG, the left PoCG, the right CAL, the left SMA, the left PAL, and the right LG may play an important role in the underlying neural mechanisms of taVNS treatment of MDD. In the future, studies with larger sample sizes and longitudinal cohort matched with HCs are much needed. We hope this work will aid clinicians in diagnosis and decision-making and in turn result in more informed treatments for MDD patients.



Data availability statement

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



Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of Guang’anmen Hospital, China Academy of Chinese Medical Sciences. The patients/participants provided their written informed consent to participate in this study.



Author contributions

SY and ZW: software, data curation, writing—original draft, and writing—review and editing. WY: software, data curation, and review and editing. CH, GZ, PL, and YC: data curation. HZ: review and editing. JF, WL, and JL: writing—review and editing and supervision. All authors contributed to the article and approved the submitted version.



Funding

This scientific work was supported by the Chinese National Natural Science Foundation (Nos. 81774433 and 82174282 to JF), Clinical Research Center for Medical Imaging in Hunan Province of China (No. 2020SK4001 to JL), Science and Technology Innovation Program of Hunan Province (No. 2021RC4016 to JL), Scientific Research Program of Hunan Provincial Health Commission (No. 202209044797 to JL), and Hunan Key Research and Development Program (No. 2018SK2136 to WL).



Conflict of interest

HZ was employed by MR Scientific Marketing, Siemens Healthineers Ltd.

The remaining 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.


Footnotes

1     http://rfmri.org/DPARSF


References

Aaronson, S. T., Sears, P., Ruvuna, F., Bunker, M., Conway, C. R., Dougherty, D. D., et al. (2017). A 5-year observational study of patients with treatment-resistant depression treated with vagus nerve stimulation or treatment as usual: comparison of response, remission, and suicidality. Am. J. Psychiatry 174, 640–648. doi: 10.1176/appi.ajp.2017.16010034

Bos, M. G. N., Peters, S., van de Kamp, F. C., Crone, E. A., and Tamnes, C. K. (2018). Emerging depression in adolescence coincides with accelerated frontal cortical thinning. J. Child. Psychol. Psychiatry 59, 994–1002. doi: 10.1111/jcpp.12895

Brenner, L., Zerlin, L., and Tan, L. L. (2021). Functional disruption of cortical cingulate activity attenuates visceral hypersensitivity and anxiety induced by acute experimental colitis. Sci. Rep. 11:2103. doi: 10.1038/s41598-021-81256-x

Chen, C., Liu, Z., Xi, C., Tan, W., Fan, Z., Cheng, Y., et al. (2022). Multimetric structural covariance in first-episode major depressive disorder: a graph theoretical analysis. J. Psychiatry Neurosci. 47, E176–E185. doi: 10.1503/jpn.210204

Cheng, Y. Q., Xu, J., Chai, P., Li, H. J., Luo, C. R., Yang, T., et al. (2010). Brain volume alteration and the correlations with the clinical characteristics in drug-naive first-episode MDD patients: a voxel-based morphometry study. Neurosci. Lett. 480, 30–34. doi: 10.1016/j.neulet.2010.05.075

Cheng, Y., Xu, J., Arnone, D., Nie, B., Yu, H., Jiang, H., et al. (2017). Resting-state brain alteration after a single dose of SSRI administration predicts 8-week remission of patients with major depressive disorder. Psychol. Med. 47, 438–450. doi: 10.1017/S0033291716002440

Daban, C., Martinez-Aran, A., Cruz, N., and Vieta, E. (2008). Safety and efficacy of vagus nerve stimulation in treatment-resistant depression. A systematic review. J. Affect. Disord. 110, 1–15. doi: 10.1016/j.jad.2008.02.012

Dai, X. J., Gong, H. H., Wang, Y. X., Zhou, F. Q., Min, Y. J., Zhao, F., et al. (2012). Gender differences in brain regional homogeneity of healthy subjects after normal sleep and after sleep deprivation: a resting-state fMRI study. Sleep Med. 13, 720–727. doi: 10.1016/j.sleep.2011.09.019

Dey, A., Dempster, K., MacKinley, M., Jeon, P., Das, T., Khan, A., et al. (2021). Conceptual disorganization and redistribution of resting-state cortical hubs in untreated first-episode psychosis: a 7T study. NPJ Schizophr. 7:4. doi: 10.1038/s41537-020-00130-3

Dima, D. C., Perry, G., Messaritaki, E., Zhang, J., and Singh, K. D. (2018). Spatiotemporal dynamics in human visual cortex rapidly encode the emotional content of faces. Hum. Brain Mapp. 39, 3993–4006. doi: 10.1002/hbm.24226

Dong, G. H., Dong, H., Wang, M., Zhang, J., Zhou, W., Du, X., et al. (2021). Dorsal and ventral striatal functional connectivity shifts play a potential role in internet gaming disorder. Commun. Biol. 4:866. doi: 10.1038/s42003-021-02395-5

Fallgatter, A. J., Ehlis, A. C., Ringel, T. M., and Herrmann, M. J. (2005). Age effect on far field potentials from the brain stem after transcutaneous vagus nerve stimulation. Int. J. Psychophysiol. 56, 37–43. doi: 10.1016/j.ijpsycho.2004.09.007

Fan, L., Zhong, Q., Qin, J., Li, N., Su, J., Zeng, L. L., et al. (2021). Brain parcellation driven by dynamic functional connectivity better capture intrinsic network dynamics. Hum. Brain Mapp. 42, 1416–1433. doi: 10.1002/hbm.25303

Fang, J., Egorova, N., Rong, P., Liu, J., Hong, Y., Fan, Y., et al. (2017). Early cortical biomarkers of longitudinal transcutaneous vagus nerve stimulation treatment success in depression. Neuroimage Clin. 14, 105–111. doi: 10.1016/j.nicl.2016.12.016

Fang, J., Rong, P., Hong, Y., Fan, Y., Liu, J., Wang, H., et al. (2016). Transcutaneous vagus nerve stimulation modulates default mode network in major depressive disorder. Biol. Psychiatry 79, 266–273. doi: 10.1016/j.biopsych.2015.03.025

Fava, M. (2003). Diagnosis and definition of treatment-resistant depression. Biol. Psychiatry 53, 649–659. doi: 10.1016/s0006-3223(03)00231-2

Fitzgerald, P. B. (2013). Non-pharmacological biological treatment approaches to difficult-to-treat depression. Med. J. Aust. 199, S48–S51. doi: 10.5694/mja12.10509

Frangos, E., Ellrich, J., and Komisaruk, B. R. (2015). Non-invasive access to the vagus nerve central projections via electrical stimulation of the external ear: fMRI evidence in humans. Brain Stimul. 8, 624–636. doi: 10.1016/j.brs.2014.11.018

Geng, J., Yan, R., Shi, J., Chen, Y., Mo, Z., Shao, J., et al. (2019). Altered regional homogeneity in patients with somatic depression: a resting-state fMRI study. J. Affect. Disord. 246, 498–505. doi: 10.1016/j.jad.2018.12.066

Gong, J., Wang, J., Qiu, S., Chen, P., Luo, Z., Wang, J., et al. (2020). Common and distinct patterns of intrinsic brain activity alterations in major depression and bipolar disorder: voxel-based meta-analysis. Transl. Psychiatry 10:353. doi: 10.1038/s41398-020-01036-5

Grieve, S. M., Korgaonkar, M. S., Koslow, S. H., Gordon, E., and Williams, L. M. (2013). Widespread reductions in gray matter volume in depression. Neuroimage Clin. 3, 332–339. doi: 10.1016/j.nicl.2013.08.016

Hamilton, M. (1967). Development of a rating scale for primary depressive illness. Br. J. Soc. Clin. Psychol. 6, 278–296. doi: 10.1111/j.2044-8260.1967.tb00530.x

Hein, E., Nowak, M., Kiess, O., Biermann, T., Bayerlein, K., Kornhuber, J., et al. (2013). Auricular transcutaneous electrical nerve stimulation in depressed patients: a randomized controlled pilot study. J. Neural. Transm. 120, 821–827. doi: 10.1007/s00702-012-0908-6

Jiang, R., Abbott, C. C., Jiang, T., Du, Y., Espinoza, R., Narr, K. L., et al. (2018). SMRI biomarkers predict electroconvulsive treatment outcomes: accuracy with independent data sets. Neuropsychopharmacology 43, 1078–1087. doi: 10.1038/npp.2017.165

Jung, J., Kang, J., Won, E., Nam, K., Lee, M. S., Tae, W. S., et al. (2014). Impact of lingual gyrus volume on antidepressant response and neurocognitive functions in major depressive disorder: a voxel-based morphometry study. J. Affect. Disord. 169, 179–187. doi: 10.1016/j.jad.2014.08.018

Kessler, R. C., Birnbaum, H. G., Shahly, V., Bromet, E., Hwang, I., McLaughlin, K. A., et al. (2010). Age differences in the prevalence and co-morbidity of DSM-IV major depressive episodes: results from the WHO world mental health survey initiative. Depress Anxiety 27, 351–364. doi: 10.1002/da.20634

Kraus, T., Hosl, K., Kiess, O., Schanze, A., Kornhuber, J., and Forster, C. (2007). BOLD fMRI deactivation of limbic and temporal brain structures and mood enhancing effect by transcutaneous vagus nerve stimulation. J. Neural. Transm. 114, 1485–1493. doi: 10.1007/s00702-007-0755-z

Lee, J. S., Kang, W., Kang, Y., Kim, A., Han, K. M., Tae, W. S., et al. (2021). Alterations in the occipital cortex of drug-naive adults with major depressive disorder: a surface-based analysis of surface area and cortical thickness. Psychiatry Investig. 18, 1025–1033. doi: 10.30773/pi.2021.0099

Li, G., Ma, X., Bian, H., Sun, X., Zhai, N., Yao, M., et al. (2016). A pilot fMRI study of the effect of stressful factors on the onset of depression in female patients. Brain Imaging Behav. 10, 195–202. doi: 10.1007/s11682-015-9382-8

Li, X., Zhang, Y., Meng, C., Zhang, C., Zhao, W., Zhu, D. M., et al. (2021). Functional stability predicts depressive and cognitive improvement in major depressive disorder: a longitudinal functional MRI study. Prog. Neuropsychopharmacol. Biol. Psychiatry 111:110396. doi: 10.1016/j.pnpbp.2021.110396

Liu, F., Hu, M., Wang, S., Guo, W., Zhao, J., Li, J., et al. (2012). Abnormal regional spontaneous neural activity in first-episode, treatment-naive patients with late-life depression: a resting-state fMRI study. Prog. Neuropsychopharmacol. Biol. Psychiatry 39, 326–331. doi: 10.1016/j.pnpbp.2012.07.004

Liu, J., Fang, J., Wang, Z., Rong, P., Hong, Y., Fan, Y., et al. (2016). Transcutaneous vagus nerve stimulation modulates amygdala functional connectivity in patients with depression. J. Affect. Disord. 205, 319–326. doi: 10.1016/j.jad.2016.08.003

Liu, P., Tu, H., Zhang, A., Yang, C., Liu, Z., Lei, L., et al. (2021). Brain functional alterations in MDD patients with somatic symptoms: a resting-state fMRI study. J. Affect. Disord. 295, 788–796. doi: 10.1016/j.jad.2021.08.143

McGlade, E., Rogowska, J., DiMuzio, J., Bueler, E., Sheth, C., Legarreta, M., et al. (2020). Neurobiological evidence of sexual dimorphism in limbic circuitry of US Veterans. J. Affect. Disord. 274, 1091–1101. doi: 10.1016/j.jad.2020.05.016

Miller, C. H., Hamilton, J. P., Sacchet, M. D., and Gotlib, I. H. (2015). Meta-analysis of functional neuroimaging of major depressive disorder in youth. JAMA Psychiatry 72, 1045–1053. doi: 10.1001/jamapsychiatry.2015.1376

Miller, J., Jones, T., Upston, J., Deng, Z. D., McClintock, S. M., Ryman, S., et al. (2022). Ictal theta power as an electroconvulsive therapy safety biomarker: a pilot study. J. ECT 38, 88–94. doi: 10.1097/YCT.0000000000000812

Mohebi, N., Arab, M., Moghaddasi, M., Behnam Ghader, B., and Emamikhah, M. (2019). Stroke in supplementary motor area mimicking functional disorder: a case report. J. Neurol. 266, 2584–2586. doi: 10.1007/s00415-019-09479-7

Pan, P., Wang, L., Wu, C., Jin, K., Cao, S., Qiu, Y., et al. (2021). Global functional connectivity analysis indicating dysconnectivity of the hate circuit in major depressive disorder. Front. Aging Neurosci. 13:803080. doi: 10.3389/fnagi.2021.803080

Pantazatos, S. P., Yttredahl, A., Rubin-Falcone, H., Kishon, R., Oquendo, M. A., Mann, J. J., et al. (2020). Depression-related anterior cingulate prefrontal resting state connectivity normalizes following cognitive behavioral therapy - CORRIGENDUM. Eur. Psychiatry 63:e66. doi: 10.1192/j.eurpsy.2020.61

Papmeyer, M., Giles, S., Sussmann, J. E., Kielty, S., Stewart, T., Lawrie, S. M., et al. (2015). Cortical thickness in individuals at high familial risk of mood disorders as they develop major depressive disorder. Biol. Psychiatry 78, 58–66. doi: 10.1016/j.biopsych.2014.10.018

Peirce, J. W. (2015). Understanding mid-level representations in visual processing. J. Vis. 15:5. doi: 10.1167/15.7.5

Rong, P. J., Fang, J. L., Wang, L. P., Meng, H., Liu, J., Ma, Y. G., et al. (2012). Transcutaneous vagus nerve stimulation for the treatment of depression: a study protocol for a double blinded randomized clinical trial. BMC Complement. Altern. Med. 12:255. doi: 10.1186/1472-6882-12-255

Schlaepfer, T. E., Frick, C., Zobel, A., Maier, W., Heuser, I., Bajbouj, M., et al. (2008). Vagus nerve stimulation for depression: efficacy and safety in a European study. Psychol. Med. 38, 651–661. doi: 10.1017/S0033291707001924

Schmaal, L., Hibar, D. P., Samann, P. G., Hall, G. B., Baune, B. T., Jahanshad, N., et al. (2017). Cortical abnormalities in adults and adolescents with major depression based on brain scans from 20 cohorts worldwide in the ENIGMA major depressive disorder working group. Mol. Psychiatry 22, 900–909. doi: 10.1038/mp.2016.60

Shen, T., Li, C., Wang, B., Yang, W. M., Zhang, C., Wu, Z., et al. (2015). Increased cognition connectivity network in major depression disorder: a FMRI study. Psychiatry Investig. 12, 227–234. doi: 10.4306/pi.2015.12.2.227

Shen, Z., Jiang, L., Yang, S., Ye, J., Dai, N., Liu, X., et al. (2017). Identify changes of brain regional homogeneity in early and later adult onset patients with first-episode depression using resting-state fMRI. PLoS One 12:e0184712. doi: 10.1371/journal.pone.0184712

Shi, Y., Li, J., Tong, P., Yang, J., Zhang, H., and Dong, L. (2022). Regional cerebral blood flow in major depression treated with electroconvulsive therapy: an arterial spin labeling magnetic resonance study. Neurocase 28, 246–250. doi: 10.1080/13554794.2022.2044861

Stegmann, M. E., Ormel, J., de Graaf, R., Haro, J. M., de Girolamo, G., Demyttenaere, K., et al. (2010). Functional disability as an explanation of the associations between chronic physical conditions and 12-month major depressive episode. J. Affect. Disord. 124, 38–44. doi: 10.1016/j.jad.2009.10.026

Stuke, H., Hanken, K., Hirsch, J., Klein, J., Wittig, F., Kastrup, A., et al. (2016). Cross-sectional and longitudinal relationships between depressive symptoms and brain atrophy in MS patients. Front. Hum. Neurosci. 10:622. doi: 10.3389/fnhum.2016.00622

Suh, J. S., Schneider, M. A., Minuzzi, L., MacQueen, G. M., Strother, S. C., Kennedy, S. H., et al. (2019). Cortical thickness in major depressive disorder: a systematic review and meta-analysis. Prog. Neuropsychopharmacol. Biol. Psychiatry 88, 287–302. doi: 10.1016/j.pnpbp.2018.08.008

Sun, H., Luo, L., Yuan, X., Zhang, L., He, Y., Yao, S., et al. (2018). Regional homogeneity and functional connectivity patterns in major depressive disorder, cognitive vulnerability to depression and healthy subjects. J. Affect. Disord. 235, 229–235. doi: 10.1016/j.jad.2018.04.061

Tadayonnejad, R., Yang, S., Kumar, A., and Ajilore, O. (2015). Clinical, cognitive, and functional connectivity correlations of resting-state intrinsic brain activity alterations in unmedicated depression. J. Affect. Disord. 172, 241–250. doi: 10.1016/j.jad.2014.10.017

Tamura, Y., Hoshiyama, M., Inui, K., Nakata, H., Qiu, Y., Ugawa, Y., et al. (2004). Facilitation of A[delta]-fiber-mediated acute pain by repetitive transcranial magnetic stimulation. Neurology 62, 2176–2181.

Tan, A., Costi, S., Morris, L. S., Van Dam, N. T., Kautz, M., Whitton, A. E., et al. (2020). Effects of the KCNQ channel opener ezogabine on functional connectivity of the ventral striatum and clinical symptoms in patients with major depressive disorder. Mol. Psychiatry 25, 1323–1333. doi: 10.1038/s41380-018-0283-2

Ventureyra, E. C. (2000). Transcutaneous vagus nerve stimulation for partial onset seizure therapy. A new concept. Childs Nerv. Syst. 16, 101–102. doi: 10.1007/s003810050021

Wang, J., Ji, Y., Li, X., He, Z., Wei, Q., Bai, T., et al. (2020). Improved and residual functional abnormalities in major depressive disorder after electroconvulsive therapy. Prog. Neuropsychopharmacol. Biol. Psychiatry 100:109888. doi: 10.1016/j.pnpbp.2020.109888

Wang, K., Hu, Y., Yan, C., Li, M., Wu, Y., Qiu, J., et al. (2022). Brain structural abnormalities in adult major depressive disorder revealed by voxel- and source-based morphometry: evidence from the REST-meta-MDD Consortium. Psychol. Med. Online ahead of print doi: 10.1017/S0033291722000320

Wang, X. L., Du, M. Y., Chen, T. L., Chen, Z. Q., Huang, X. Q., Luo, Y., et al. (2015). Neural correlates during working memory processing in major depressive disorder. Prog. Neuropsychopharmacol. Biol. Psychiatry 56, 101–108. doi: 10.1016/j.pnpbp.2014.08.011

Wong, T. Y., Sid, A., Wensing, T., Eickhoff, S. B., Habel, U., Gur, R. C., et al. (2019). Neural networks of aggression: ALE meta-analyses on trait and elicited aggression. Brain Struct. Funct. 224, 133–148. doi: 10.1007/s00429-018-1765-3

Xia, M., Si, T., Sun, X., Ma, Q., Liu, B., Wang, L., et al. (2019). Reproducibility of functional brain alterations in major depressive disorder: Evidence from a multisite resting-state functional MRI study with 1,434 individuals. Neuroimage 189, 700–714. doi: 10.1016/j.neuroimage.2019.01.074

Yan, M., Chen, J., Liu, F., Li, H., Huang, R., Tang, Y., et al. (2021). Disrupted regional homogeneity in major depressive disorder with gastrointestinal symptoms at rest. Front. Psychiatry 12:636820. doi: 10.3389/fpsyt.2021.636820

Zhang, R., Zhang, L., Wei, S., Wang, P., Jiang, X., Tang, Y., et al. (2020). Increased amygdala-paracentral lobule/precuneus functional connectivity associated with patients with mood disorder and suicidal behavior. Front. Hum. Neurosci. 14:585664. doi: 10.3389/fnhum.2020.585664

Zhang, Y., Yang, Y., Zhu, L., Zhu, Q., Jia, Y., Zhang, L., et al. (2020). Volumetric deficit within the fronto-limbic-striatal circuit in first-episode drug naive patients with major depression disorder. Front. Psychiatry 11:600583. doi: 10.3389/fpsyt.2020.600583

Zhang, Z., Zhang, H., Xie, C. M., Zhang, M., Shi, Y., Song, R., et al. (2021). Task-related functional magnetic resonance imaging-based neuronavigation for the treatment of depression by individualized repetitive transcranial magnetic stimulation of the visual cortex. Sci. China Life Sci. 64, 96–106. doi: 10.1007/s11427-020-1730-5

Zheng, A., Yu, R., Du, W., Liu, H., Zhang, Z., Xu, Z., et al. (2020). Two-week rTMS-induced neuroimaging changes measured with fMRI in depression. J. Affect. Disord. 270, 15–21. doi: 10.1016/j.jad.2020.03.038

Zuo, X. N., Xu, T., Jiang, L., Yang, Z., Cao, X. Y., He, Y., et al. (2013). Toward reliable characterization of functional homogeneity in the human brain: preprocessing, scan duration, imaging resolution and computational space. Neuroimage 65, 374–386. doi: 10.1016/j.neuroimage.2012.10.017



OPS/images/fnins-16-1018387-t001.jpg
Demographic data MDD patients (n = 20)

Gender (male/female) 5/15

Age (years) 27.70 £ 8.48
Years of education (years) 15.05 & 2.06
HAMD score 20.10 £ 3.09
HAMA score 20.20 £+ 7.89
SDS score 51.95 £ 6.56
SAS score 43.25 +7.60

Unless otherwise indicated values shown are mean 4 SD. MDD, major depressive
disorder; HAMD, Hamilton Depression Rating Scale; HAMA, Hamilton Anxiety Rating
Scale; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Depression Scale.





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neural activity changes in first-episode, drug-naïve patients with major depressive disorder after transcutaneous auricular vagus nerve stimulation treatment: A resting-state fMRI study



		Introduction



		Materials and methods



		Subjects



		Procedures



		Intervention



		Clinical outcomes



		Data acquisition



		fMRI data preprocessing



		Statistical analyses



		Clinical data analyses



		fMRI data analyses



		Correlations











		Results



		Clinical outcome



		Regional homogeneity results



		Correlations







		Discussion



		Limitations and strengths



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References

















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

Neural activity changes
in first-episode, drug-naive
patients with major depressive
disorder after transcutaneous
auricular vagus nerve stimulation
treatment: A resting-state fMRI
study











OPS/images/fnins-16-1018387-g003.jpg
HAMD Score(Post-Pre)

-0.4 -0.2 0.0 0.2 04 0.6
The left supplementary motor area(Post-Pre)






OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience






OPS/images/fnins-16-1018387-g001.jpg





OPS/images/fnins-16-1018387-g002.jpg
HAMD Score(Post-Pre)

-0.8 -0.6 -0.4 -0.2 0.0 0.2
The right median cinglate cortex(Post-Pre)






OPS/images/fnins-16-1018387-t002.jpg
Clinical
outcome

HAMD score

HAMA score

SDS score

SAS score

MDD patients (n = 18)

Pre-
treatment

20.11 £ 3.10

20.83 +£7.93

52.50 £+ 6.25

43.83+7.17

Post-
treatment

9.83 £4.03

10.67 £ 5.38

44.56 +7.81

37.50 £7.17

Effect of
treatment

t = 8.756,
p < 0.0001
t=4916,
p=0.0001
t=3.907,
p=00011
t=5.823,
p < 0.0001

Unless otherwise indicated values shown are mean 4 SD. MDD, major depressive
disorder; HAMD, Hamilton Depression Rating Scale; HAMA, Hamilton Anxiety Rating
Scale; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Depression Scale.





OPS/images/fnins-16-1018387-t003.jpg
Brain regions with lower ReHo Peak MNI coordinate
value in the MDD patients

X Y
Decreased ReHo values
The left/right median cingulate cortex 0 9
The left precentral gyrus -36 -30
The left postcentral gyrus -36 -30
The right calcarine fissure 21 -51
The right lingual gyrus 21 -51
The left supplementary motor area -3 -21
The left paracentral lobule -3 -21

36
54
54
-15
-15
54
54

-4.859

-5.208

-5.208
-5.8447
-5.8447
-3.886

-3.886

Voxel size

25
35
120
66
120
29
27

MNI, Montreal Neurological Institute; MDD, major depressive disorder. p < 0.05 (FWE corrected).





