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Abstract

:

Background: The primary purpose of this study was to preliminarily examine the effects of autonomic nervous system activity on the dorsolateral prefrontal cortex. Recent studies have examined approaches to modulating autonomic activity using invasive and non-invasive methods, but the effects of changes in autonomic activity during cognitive tasks on the dorsolateral prefrontal cortex have not been fully investigated. The purpose of this preliminary investigation was to examine changes in autonomic activity and blood oxygen saturation in the dorsolateral prefrontal cortex during reading tasks induced by vagus nerve stimulation using a microcone patch. Methods: A cohort of 40 typically developing adults was enrolled in this study. We carefully examined changes in autonomic nervous system activity and blood oxygen saturation in the dorsolateral prefrontal cortex during a reading task in two conditions: with and without microcone patch stimulation. Results: Significant changes in brain activation in the dorsolateral prefrontal cortext due to microcone patch stimulation were confirmed. In addition, hierarchical multiple regression analysis revealed specific changes in reading task-related blood oxygen saturation in the dorsolateral prefrontal region during microcone patch stimulation. Conclusions: It should be recognized that this study is a preliminary investigation and does not have immediate clinical applications. However, our results suggest that changes in autonomic nervous system activity induced by external vagal stimulation may affect activity in specific reading-related regions of the dorsolateral prefrontal cortex. Further research and evaluation are needed to fully understand the implications and potential applications of these findings.
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1. Introduction


For depression and anxiety, pharmacotherapies, such as selective serotonin reuptake inhibitors, and psychotherapies, such as cognitive behavioral therapy, are gaining evidence regarding their efficacy [1,2,3]. Simultaneously, however, they are costly and inaccessible to many individuals [4,5,6]. Therefore, noninvasive, low-cost, and accessible alternatives are also being investigated. For example, relaxation techniques, such as progressive muscle relaxation, have been studied [7]. These techniques are often used as part of psychological interventions in conjunction with psychotherapy to act on the autonomic nervous system [8], which is closely related to anxiety.



More recently, approaches that use external devices and stimuli to control autonomic nervous system activity have emerged. Such approaches include transcutaneous auricular vagus nerve stimulation (taVNS) [9,10] and dermal stimulation with microcone patches [11,12]. taVNS involves placing electrodes on the auricle to deliver weak electrical stimulation to the auricular vagus nerve, which is directly connected to the vagus nerve. taVNS stimulates the parasympathetic nervous system and consequently inhibits the sympathetic nervous system via the auriculovagal branch of the vagus nerve [13].



Although taVNS has been reported to inhibit sympathetic activity and the brainstem effects of stimulation-induced fluctuations on autonomic nervous system activity [14,15], the findings about its effects on the central nervous system and its efficacy in various conditions are mixed, due to factors such as patients’ characteristics, the equipment used, and its setting [10,16,17]. Finally, taVNS has been shown to have effects on depression as demonstrated by meta-analyses [18]. However, taVNS requires specialized techniques and equipment [10], and its mechanism of action is still in the process of elucidation.



In contrast, microcone patch skin stimulation directly stimulates the skin using a patch densely packed with extremely fine projections [11,12,19] and is suggested to change autonomic response or brain activity. Unlike taVNS, microcone patches do not require specialized techniques or equipment, and the patch itself is not considered a medical procedure, making it suitable for self-medication [12]. In a study on chronic pain, the microcone patch was reported to suppress the “slow” reflex involved in the emotional aspect of pain in the somatosensory nerves by up to 60% [19,20]. The suppression of the cardiac sympathetic reflex by microcone patches at rest has been found to affect the anterior cingulate gyrus [21].



In a preliminary study, we investigated variations in autonomic activity following the application of a microcone patch to the auricle, confirming that autonomic responses vary with stimulation [22]. If stimulation can regulate autonomic activity, it is anticipated that the activity of the limbic system, which is known for its inhibitory influence on autonomic activity [23,24], would also adjust in response. Furthermore, given the established antagonistic relationship between the medial and lateral prefrontal cortices [25], the effects are posited to eventually resonate within the lateral prefrontal cortex.



As mentioned above, it has been demonstrated that microcone stimulation alters the autonomic nervous system response and neural activity. However, previous studies have focused on responses during rest, and the effects of auricular stimulation with microcone patches during tasks remain unclear. Therefore, this study examined whether the autonomic nervous system influences brain activity during tasks through the use of microcone patches. If effective control of autonomic activity during tasks becomes achievable by stimulating the auricular branch of the vagus nerve using a microcone patch, this would be potentially beneficial for subjects coping with task-related stress.



Based on preliminary findings [22], we hypothesize that the regulation of autonomic activity through stimulation of the auricular branch of the vagus nerve might extend its influence to prefrontal cortex activity during tasks. To verify this, it was essential not to adopt simple tasks but to prepare tasks that involve multiple problem-solving strategies. In this study, we adopted a short-text reading comprehension task. It has been suggested that there is a link between reading, the strategies for that purpose, and the autonomic activity during this process [26,27]. In a reading comprehension task, when employing a bottom-up reading strategy, areas, including the frontal eye field, in the dorsolateral prefrontal cortex are activated [28,29]. Moreover, when decoding is slightly difficult to perform, using visuospatial working memory is common, which significantly activates the right dorsolateral prefrontal cortex [30]. In other words, typical reading activities do not require considerable activation of the right dorsolateral prefrontal cortex, and compensatory activation in this area is thought to be eliminated by the redistribution of cognitive resources [31].




2. Materials and Methods


2.1. Participants


Forty-three healthy students belonging to institutions of higher education were recruited through the institutes’ part-time job application system. The participants confirmed that they were right-handed and had no history of cerebrovascular, psychiatric, or ocular diseases through their self-reports as the eligibility criteria. They read a description of the study and provided informed consent. Three participants with missing data were excluded from the analysis; therefore, 40 healthy adults (25 males and 15 females) were finally included in this study. The mean overall age was 22.43 ± 3.22 years; 22.23 ± 1.50 years in males; and 22.79 ± 5.15 years in females. The experiment was performed according to the Declaration of Helsinki, and the study protocol was approved by the Research Ethics Committee of Tohoku University Kawauchi South District Medical Research on Human Subjects (No. 2020-6, approval date: 24 September 2020).




2.2. Task and Procedure


Two tasks—a short-text comprehension task and a reading comprehension task—were employed to evoke mental activity associated with prefrontal cortex function. The task was presented on a 28-inch monitor using PowerPoint in a room for psychological experiments at universities. The participants were instructed to adjust their chairs to modify the distance from the monitor and determine the most comfortable position. Subsequently, they were equipped with a pulse wave meter and near-infrared spectroscope (NIRS).



A schematic summary of this experimental procedure is shown in Figure 1. The experiment was performed with and without auricular stimulation with microcone patches, with one set of each condition separated by 1 week (within-subject block design). The order of each condition was randomized for each participant. Each set comprised a 2 min rest condition, followed by a 5 min task condition (block 1), then a 2 min rest condition, followed by a 5 min task condition (block 2), and finally a 2 min rest condition.



In the rest condition, the participants were instructed to relax and not think about anything while keeping their eyes open. In the task condition, the participants were instructed to answer general knowledge questions. They were required to answer the questions by operating the mouse using their dominant hand, which was not holding the pulse wave meter probe. All questions were five choice, with the difference between tasks 1 and 2 being that the choices were words (e.g. In the dictionary, it is appropriate to select one as the earliest one to appear. 1. Leg, 2. Autumn, 3. Bubble, etc.) or sentences (“When I twisted my ankle”, select an inappropriate response. 1. “Recover spontaneously, so it’s fine to leave it alone without particular concern”…, etc.). The questions for each were developed with reference to the Japanese language test on sentence comprehension [31,32]. Each task consisted of 30 questions presented randomly over a 5 min period. After answering one question, the next question was presented, and the subjects were taught to answer as quickly as possible within the time available. The difficulty of each block was adjusted to be uniform.



The average duration of the experiment, including obtaining informed consent and setting up the measurement of physiological indices for each participant, was approximately 30 min. All participants, including those who were excluded, were compensated after the experiment.




2.3. Characteristics of the Microcone Patch


For the skin stimulation method, we used a microcone patch. This patch comprises an 11 mm diameter circular base lined with 500 nanometer high silicon projections (Figure 2a). A microcone patch was fabricated with a diameter of 11 mm and a circular base, featuring 650 evenly distributed silicone protrusions, each with a height of 800 microns, a width of 50 microns, and a flat tip (Figure 1). Due to the need for a specialized mold for its creation, the production of the microcone patch leveraged a product by TOYORESIN Corporation, Ltd., known for its experience in manufacturing such patches. A notable feature of the microcone patch is its flexible material and the presence of minute protrusions. Moreover, the flat-tipped design ensures that while it stimulates the skin, it does not pierce into it. A previous study comparing microcone patches suggests that it is important that the silicone protrusions vibrate while in contact with the skin [19]. Skin stimulation via the microcone patch was achieved by initially attaching the patch to the inner earphone (Figure 2b) and then snugly securing the patched earphone. For the non-stimulation condition, a disk-shaped patch of the same size and material, but without the protrusions, was used, serving as a control.




2.4. Measurement of Autonomic Nervous System Activity


TAS-9view (YKC.Ink, https://ykcgroup.com/ (accessed on 4 March 2024)) was used to monitor the pulse wave of the participants. Note that the probe of the pulse wave meter was attached to the index finger of the non-dominant hand. Each autonomic nervous system index was calculated, monitored, and recorded within the device from the acquired pulse waves during the rest periods, as well as the task conditions. Specifically, pnn50 (%) was used to reflect vagal nerve tension and LF/HF was used to reflect sympathetic nerve tension, with both determined by pulse wave. The vagal tone index, pnn50 (%), was calculated by counting NN50 (intervals between heartbeat peaks exceeding 50 msec).




2.5. NIRS Recording and Preprocessing


The NIRS used in this study was a 4 CH wireless device produced by Astem (Hb131S; https://astem-jp.com/en/ (accessed on 4 March 2024)). NIRS setup is visualized in Figure 3. First, the subject’s Fpz was identified based on the international 10–20 system. Then, the Fpz was positioned between CH2 and CH4. The NIRS sampling rate was set at 10 Hz, and the values of oxygenated hemoglobin (OxHb) observed during each task and resting period were used as indices. Skin blood flow was also monitored during the tasks to account for its effects. To reduce noise as much as possible, a moving average was set to ‘3’ in the software.




2.6. Statistical Analysis


The signals representing the degree of OxHb from NIRS were corrected by subtracting the mean signal value during rest, and then, the averaged values during two tasks were computed for each subject/condition. Initially, the descriptive statistics of each indicator between conditions (with stimulation vs. non-stimulation) were compared using paired t-tests. To investigate the differential effects of the microcone patch with and without stimulation, a hierarchical multiple regression analysis was performed. Mean OxHb concentration from NIRS channels 1–4, which represent the activity of the lateral prefrontal cortex during the task, served as the dependent variable. Conversely, pnn50 (%) and LF/HF, indices of autonomic activity, were used as independent variables. Statistical analyses were performed using Python (ver. 3.9.12) and HAD (ver. 15.00). A threshold of p < 0.05 was set for determining statistical significance.





3. Result


3.1. Descriptive Statistics and Differences by Condition


The descriptive statistics are summarized in Table 1. The mean concentration of OxHb for CH1 was significantly higher in the stimulated condition (M ± SD = 0.022 ± 0.068) compared with the unstimulated condition (M ± SD = −0.006 ± 0.041, t(64.377) = 2.25, p = 0.028). In contrast, the mean concentration of OxHb for CH4 was significantly higher in the unstimulated condition (M ± SD = 0.009 ± 0.041) than in the stimulated condition (M ± SD = −0.018 ± 0.074). There were no statistically significant differences in the mean concentration of OxHb for CH2, CH3, LF/HF ratio, and pnn50 (%). The accuracy tended to be higher in the stimulated condition (M ± SD = 0.920 ± 0.056) than in the unstimulated condition (M ± SD = 0.895 ± 0.073), but it was not statistically significant (t(73.293) = 1.673, p = 0.099).




3.2. Hierarchical Regression Analysis


3.2.1. Patch-Stimulation Group


The results of the hierarchical multiple regression analysis under the stimulated condition are summarized in Table 2. In CH2 and CH3, the coefficient of determination of step 3 is statistically significant (CH2: F(3, 36) = 3.299, p = 0.031, R2 = 0.216; CH3: F(3, 36) = 4.214, p = 0.012, R2 = 0.198), while channel 1 showed a significant tendency (F(3, 36) = 2.542, p = 0.072, R2 = 0.175). In CH1, the effect of the LF/HF ratio was statistically significant for the mean OxHb concentration in step 3 (Β = 0.613, p = 0.019). In CH2, the effect of LF/HF ratio-by-pnn50 interaction was statistically significant for the mean OxHb concentration in step 3 (Β = 0.520, p = 0.037). In CH3, the effect of pnn50 (%) (Β = 0.519, p = 0.028) and LF/HF ratio-by-pnn50 interaction (Β = 0.756, p = 0.003) was statistically significant for the mean OxHb concentration in step 3. The coefficient of determination for CH4 was not statistically significant (F(3, 36) = 1.088, p = 0.367, R2 = 0.083) in step 3, and none of the explanatory variables were statistically significant either.




3.2.2. Non-Stimulation Group


There were no statistically significant models or independent variables noted across CH1 to CH4 in step 3 (Table 3).






4. Discussion


The aim of the present study was to determine whether changes in autonomic nervous system activity induced by the application of a microcone patch on the auricular branch of the vagus nerve affect activity in the lateral prefrontal cortex. The results showed differences in blood oxygen saturation in some CHs with and without stimulation and further showed that autonomic indicators influenced blood oxygen saturation indices in the lateral prefrontal cortex under the condition of a sentence comprehension task only, stimulated by the microcone patch. Previous studies have shown that ‘soft’ skin stimulation with microcone patches suppresses cardiac sympathetic activity and that this change affects resting activity in the anterior cingulate gyrus [21]. The present study is the first to demonstrate changes in the relationship between autonomic nervous system activity and pre-frontal hemodynamics during work with stimulation by microcone patches.



4.1. Effects of Simulation on the Cerebral Cortex via Changes in Autonomic Dictation Paths


Hierarchical multiple regression analysis with blood oxygen saturation in each channel of NIRS in the lateral prefrontal cortex as the dependent variable, LF/HF as a measure of sympathetic tone, and pnn50 (%) as a measure of vagal tone and interaction as independent variables showed that without stimulation with the microcone patch, significant results could not be obtained in all channels. However, during microcone stimulation, the results were significant in the posterior left dorsolateral prefrontal cortex (1CH and 2CH) and posterior right dorsolateral prefrontal cortex (3CH). In CH1, the effect of LF/HF was significant; in CH2, the interaction term between LF/HF and pnn50 (%) was significant; and in CH3, both the effect of pnn50 (%) and the interaction term between LF/HF and pnn50 (%) were significant. However, there was no statistically significant effect on 4CH.



Although identifying a specific anatomical region in CH1 is difficult because of the small number of channels, it is thought to reflect activity in the posterior left dorsolateral prefrontal cortex, which is a large region of language processing. This region is associated with language processing in general and cognitive control in particular and is centrally activated during reading tasks [29]. Conversely, CH4 showed increased brain activity during sentence comprehension in the non-stimulus condition compared to the stimulus condition. This region (right anterior DLPFC) is involved in visuospatial working memory. It has been suggested that compensatory reading strategies secondarily activate this region, particularly when the subject has difficulty in reading comprehension [30,33]. In our results, it is suggested that the stimulation in the patch changed brain activity so that compensatory brain activity was reduced and the original brain activity used in the reading task was increased. The remaining channels (CH2 and CH3) may have been areas less sensitive to reading and compensatory working memory use, but it cannot be ruled out that they may have just been underpowered due to the insufficient sample size in our study.



The hypothesis of this study is supported by the finding that the autonomic index of activity could affect the index of blood oxygen saturation in the lateral prefrontal cortex at specific CHs only during microcone patch stimulation. Regarding the effects on the old cortex reported in the previous study, a positron emission tomography study of microcone patches and a placebo applied to both cheeks reported significantly higher metabolism during stimulation in the anterior cingulate cortex; however, no significant differences were found in the somatosensory or insular cortices [21]. However, these experiments were performed under resting conditions and stimulation within physically and ethically acceptable limits and did not examine the effects of purposeful mental activity or specific anxiety or stress. Fluctuations in autonomic activity in everyday situations are commonly induced by exposure to anxiety and various stresses (e.g., workload and stress load), and if stimulation with the microcone patch acts on task- or situation-induced autonomic activity, it may affect the medial or lateral prefrontal cortex. Therefore, it is reasonable to assume that if microcone patch stimulation acts on task- or situation-induced autonomic activity, it will also affect the medial and lateral prefrontal cortices. Recently, the increasing number of reports on the effects of autonomic activity suppression on the central nervous system through various methods can also be seen as further supporting the directionality of this research [34]. Future clinical applications should consider various actual work situations and subjects.




4.2. Background and Mechanism of Action


Studies have suggested that microcone patch stimulation operates by inducing the production of endogenous opioids [21,35]. These naturally occurring opioid peptides are synthesized within the body as a result of physiological processes. Notably, microcone patch stimulation appears to inhibit the cardiac sympathetic reflex in a manner similar to the effects of morphine. This inhibitory response is nullified when opioid receptor blockers are introduced, which strongly underscores the pivotal role of the opioid system in this mechanism. The potency of the reflex-suppressing effect of microcone patches is significant, with some reports indicating its efficacy to be approximately 60% of that exhibited by morphine, an external source of opioids [19].



Additionally, recent research [13] has suggested that taVNS, such as that delivered through microcone patches, also influences the activation of the insular cortex. The insular cortex is notably rich in opioid receptors. Moreover, it serves as a central hub within the salience network, which orchestrates various cognitive functions. Previous studies have shown improved cognitive test performance requiring salience network and frontal lobe function as a result of using taVNS [35,36]. Auricular stimulation with the microcone patch may also possibly affect this performance, although the mechanism has not been found to be exactly the same as with taVNS.




4.3. Potential Clinical Applications


Our study has illuminated the influence of auricular stimulation using microcone patches on autonomic responses and frontal lobe activity during work-related tasks. Nevertheless, as we contemplate its broader clinical applications, there are essential considerations and challenges to address.



Primarily, understanding the microcone patch as a coping mechanism, not a foundational treatment, is crucial. Detailed evaluations of its efficacy, the longevity of its effects, and the potential for users to become acclimated to the stimulation are required. Moreover, evidence suggests that the effectiveness of the microcone patch varies based on both the site and intensity of its application [37]. Ensuring consistent and reproducible results is a pivotal concern.



However, the potential applications of microcone patches remain substantial. Their non-invasive nature [12] is a significant advantage, differentiating them from medical interventions, such as taVNS [10], and allowing for self-application without expert oversight. Their discreet design ensures that users can wear them without drawing undue attention. External medical devices often cause patients to suffer from associated prejudice [38]. However, the microcone patch used in this study may be easier for many to use because of its less conspicuous design.



Given these attributes, microcone patches might serve as invaluable self-administered tools for stress and anxiety relief. They could offer solace to individuals with mild anxiety or mood disturbances that do not warrant a clinical diagnosis. Additionally, their use in specific situations, such as aiding stutterers in conversations or dyslexics during reading, underscores their potential therapeutic value; this is because the stress involved in speaking and reading in these disorders amplifies their difficulties [39,40].




4.4. Limitations


Although our study indicates the potential effects of microcone patch stimulation on the activation of the dorsolateral prefrontal cortex during reading, several limitations persist. First, this study predominantly relied on NIRS-measured indices related to the dorsolateral prefrontal cortex and autonomic nervous system. To truly discern the mechanistic influence of the microcone patch, a more holistic brain imaging approach, particularly one that encompasses regions, such as the limbic system and medial prefrontal cortex, is warranted. Although NIRS was used as the method of estimating brain activity in this study, it may be useful to use more improved methodology such as head circumference reporting and registration using anatomical images from MRI to improve the accuracy of estimating the anatomical location of the region of interest. Second, autonomic nerve activity fluctuations can vary significantly based on work situations and individual perceptions. The effect may be attenuated in scenarios with lower task demands or when subjects perceive tasks as less challenging. Second, fluctuations in autonomic activity can be highly dependent on the task situation and individual perceptions. Effectiveness may be attenuated in scenarios where the task is less demanding or when subjects perceive the task to be less difficult. Although the pulse wave system was used in this study, it may be important to follow up with a combination of other methods, such as electrocardiogram. Third, the participants were healthy college students. To ensure the generalizability of our findings, it is essential to replicate the data in diverse demographic populations, including preclinical and patient populations, as well as in populations with different ages, genders, and various cognitive/psychological characteristics. Fourth, it is vital to recognize that the efficacy of the microcone patch is rooted in its array of microprojections. Broad stimulation of the same area without these microprojections will not replicate the observed effects [19]. It would be useful to accumulate studies on the characteristics of microcone patches themselves using various variations.





5. Conclusions


The present study identified effects on the dorsolateral prefrontal cortex of fluctuations in autonomic nervous system activity induced by skin stimulation with microcone patches. The effects indicate the potential for appropriate redistribution of cognitive resources associated with this activity. The microcone patch is a versatile tool for influencing autonomic activity and is expected to be applied to stress reduction and other applications in the future.







Author Contributions


Conceptualization, A.K.; experiment, A.K. and T.K.; formal analysis, A.K.; original draft preparation, A.K. and Y.M.; review and editing, A.K., Y.M. and T.K.; funding acquisition, A.K. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by TOYORESIN Co., Ltd., and was an industry–academia collaboration initiated by Tohoku University (acceptance number: J200000612).




Institutional Review Board Statement


This research was approved by the Research Ethics Committee for Medical Studies Involving Human Subjects of the Kawauchi South Campus of Tohoku University (approval number: 2020-6l approval date: 24 September 2020). The experiment was performed according to the Declaration of Helsinki.




Informed Consent Statement


Informed consent was obtained from all participants involved in this study.




Data Availability Statement


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




Acknowledgments


We express our profound gratitude to everyone who cooperated in this research. Special thanks are due to Onodera, and Koizumi, of the Kawasaki Research Lab. Additionally, we extend our deepest appreciation to Fukazawa and Ide of TOYORESIN Co., Ltd., for their invaluable support throughout this study.




Conflicts of Interest


A.K. received a research grant from TOYORESIN Co., Ltd., Shizuoka, Japan. The microcone patches used in this study were provided to A.K. by TOYORESIN Co., Ltd. Before the experiment, a conflict of interest review was conducted at the affiliated institution, confirming that there were no issues. The funders had no role in the design of the study; in the data collection, analyses, or interpretation; in the writing of the manuscript; or in the decision to publish the results.




References


	



Guidi, J.; Fava, G.A. Sequential Combination of Pharmacotherapy and Psychotherapy in Major Depressive Disorder: A Systematic Review and Meta-analysis. JAMA Psychiatry 2021, 78, 261–269. [Google Scholar] [CrossRef] [PubMed]

	



Santoft, F.; Axelsson, E.; Öst, L.-G.; Hedman-Lagerlöf, M.; Fust, J.; Hedman-Lagerlöf, E. Cognitive behaviour therapy for depression in primary care: Systematic review and meta-analysis. Psychol. Med. 2019, 49, 1266–1274. [Google Scholar] [CrossRef] [PubMed]

	



Szuhany, K.L.; Simon, N.M. Anxiety Disorders: A Review. JAMA 2022, 328, 2431–2445. [Google Scholar] [CrossRef] [PubMed]

	



Fabbri, C.; Kasper, S.; Zohar, J.; Souery, D.; Montgomery, S.; Albani, D.; Forloni, G.; Ferentinos, P.; Rujescu, D.; Mendlewicz, J.; et al. Cost-effectiveness of genetic and clinical predictors for choosing combined psychotherapy and pharmacotherapy in major depression. J. Affect. Disord. 2020, 279, 722–729. [Google Scholar] [CrossRef] [PubMed]

	



Greenberg, P.E.; Fournier, A.-A.; Sisitsky, T.; Simes, M.; Berman, R.; Koenigsberg, S.H.; Kessler, R.C. The Economic Burden of Adults with Major Depressive Disorder in the United States (2010 and 2018). PharmacoEconomics 2021, 39, 653–665. [Google Scholar] [CrossRef] [PubMed]

	



Lamoureux-Lamarche, C.; Berbiche, D.; Vasiliadis, H.-M. Health care system and patient costs associated with receipt of minimally adequate treatment for depression and anxiety disorders in older adults. BMC Psychiatry 2022, 22, 175. [Google Scholar] [CrossRef]

	



Khir, S.M.; Wan Mohd Yunus, W.M.A.; Mahmud, N.; Wang, R.; Panatik, S.A.; Sukor, M.S.M.; Nordin, N.A. Efficacy of Progressive Muscle Relaxation in Adults for Stress, Anxiety, and Depression: A Systematic Review. Psychol. Res. Behav. Manag. 2024, 17, 345–365. [Google Scholar] [CrossRef] [PubMed]

	



Dolbier, C.L.; Rush, T.E. Efficacy of abbreviated progressive muscle relaxation in a high-stress college sample. Int. J. Stress Manag. 2012, 19, 48–68. [Google Scholar] [CrossRef]

	



Kim, A.Y.; Kim, A.Y.; Marduy, A.; Marduy, A.; de Melo, P.S.; de Melo, P.S.; Gianlorenco, A.C.; Gianlorenco, A.C.; Kim, C.K.; Kim, C.K.; et al. Safety of transcutaneous auricular vagus nerve stimulation (taVNS): A systematic review and meta-analysis. Sci. Rep. 2022, 12, 22055. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, Y.; Wang, Y.; Wang, F.; Zhang, J.; Li, S.; Wu, M.; Li, L.; Rong, P. Transcutaneous auricular vagus nerve stimulators: A review of past, present, and future devices. Expert Rev. Med. Devices 2022, 19, 43–61. [Google Scholar] [CrossRef]

	



Watanabe, N.; Piché, M.; Hotta, H. Types of skin afferent fibers and spinal opioid receptors that contribute to touch-induced inhibition of heart rate changes evoked by noxious cutaneous heat stimulation. Mol. Pain 2015, 11, 4–15. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, N.; Nara, M.; Suzuki, S.; Sugie, M.; Yamamoto, T.; Hotta, H. Effects of gentle mechanical skin stimulation on subjective symptoms and joint range of motions in people with chronic neck and shoulder discomfort. J. Physiol. Sci. 2023, 73, 4. [Google Scholar] [CrossRef] [PubMed]

	



Briand, M.-M.; Gosseries, O.; Staumont, B.; Laureys, S.; Thibaut, A. Transcutaneous Auricular Vagal Nerve Stimulation and Disorders of Consciousness: A Hypothesis for Mechanisms of Action. Front. Neurol. 2020, 11, 545986. [Google Scholar] [CrossRef]

	



Clancy, J.A.; Mary, D.A.; Witte, K.K.; Greenwood, J.P.; Deuchars, S.A.; Deuchars, J. Non-invasive Vagus Nerve Stimulation in Healthy Humans Reduces Sympathetic Nerve Activity. Brain Stimul. 2014, 7, 871–877. [Google Scholar] [CrossRef]

	



Yakunina, N.; Kim, S.S.; Nam, E.-C. BOLD fMRI effects of transcutaneous vagus nerve stimulation in patients with chronic tinnitus. PLoS ONE 2018, 13, e0207281. [Google Scholar] [CrossRef] [PubMed]

	



Fang, J.; Rong, P.; Hong, Y.; Fan, Y.; Liu, J.; Wang, H.; Zhang, G.; Chen, X.; Shi, S.; Wang, L.; et al. Transcutaneous Vagus Nerve Stimulation Modulates Default Mode Network in Major Depressive Disorder. Biol. Psychiatry 2015, 79, 266–273. [Google Scholar] [CrossRef] [PubMed]

	



Badran, B.W.; Dowdle, L.T.; Mithoefer, O.J.; LaBate, N.T.; Coatsworth, J.; Brown, J.C.; DeVries, W.H.; Austelle, C.W.; McTeague, L.M.; George, M.S. Neurophysiologic effects of transcutaneous auricular vagus nerve stimulation (taVNS) via electrical stimulation of the tragus: A concurrent taVNS/fMRI study and review. Brain Stimul. 2017, 11, 492–500. [Google Scholar] [CrossRef]

	



Wu, C.; Liu, P.; Fu, H.; Chen, W.; Cui, S.; Lu, L.; Tang, C. Transcutaneous auricular vagus nerve stimulation in treating major depressive disorder: A systematic review and meta-analysis. Medicine 2018, 97, e13845. [Google Scholar] [CrossRef]

	



Hotta, H.; Schmidt, R.F.; Uchida, S.; Watanabe, N. Gentle mechanical skin stimulation inhibits the somatocardiac sympathetic: C-reflex elicited by excitation of unmyelinated C-afferent fibers. Eur. J. Pain 2010, 14, 806–813. [Google Scholar] [CrossRef]

	



Bardoni, R.; Tawfik, V.L.; Wang, D.; François, A.; Solorzano, C.; Shuster, S.A.; Choudhury, P.; Betelli, C.; Cassidy, C.; Smith, K.; et al. Delta Opioid Receptors Presynaptically Regulate Cutaneous Mechanosensory Neuron Input to the Spinal Cord Dorsal Horn. Neuron 2014, 81, 1312–1327. [Google Scholar] [CrossRef]

	



Watanabe, N.; Ishii, K.; Hotta, H.; Oda, K.; Sakata, M.; Toyohara, J.; Ishiwata, K. Differential human brain activity induced by two perceptually indistinguishable gentle cutaneous stimuli. NeuroReport 2013, 24, 425–430. [Google Scholar] [CrossRef] [PubMed]

	



Kawasaki, A.; Nakagawa, M. Can Micro-Cone Stimulation of the External Ear Canal Modulate Sympathetic Activity and PFA Function during VOT Task? International Society for Autonomic Neuroscience: Los Angeles, CA, USA, 2022; pp. 4–7. [Google Scholar]

	



Wong, S.W.; Massé, N.; Kimmerly, D.S.; Menon, R.S.; Shoemaker, J.K. Ventral medial prefrontal cortex and cardiovagal control in conscious humans. NeuroImage 2007, 35, 698–708. [Google Scholar] [CrossRef] [PubMed]

	



Critchley, H.D.; Mathias, C.J.; Josephs, O.; O’doherty, J.; Zanini, S.; Dewar, B.; Cipolotti, L.; Shallice, T.; Dolan, R.J. Human cingulate cortex and autonomic control: Converging neuroimaging and clinical evidence. Brain 2003, 126, 2139–2152. [Google Scholar] [CrossRef] [PubMed]

	



Maeoka, H.; Matsuo, A.; Hiyamizu, M.; Morioka, S.; Ando, H. Influence of transcranial direct current stimulation of the dorsolateral prefrontal cortex on pain related emotions: A study using electroencephalographic power spectrum analysis. Neurosci. Lett. 2012, 512, 12–16. [Google Scholar] [CrossRef] [PubMed]

	



Becker, D.R. Problems with inattention, reading comprehension, and autonomic regulation on the Stroop task. Infant Child Dev. 2020, 29, e2185. [Google Scholar] [CrossRef]

	



Becker, D.R.; Carrère, S.; Siler, C.; Jones, S.; Bowie, B.; Cooke, C. Autonomic Regulation on the Stroop Predicts Reading Achievement in School Age Children. Mind Brain Educ. 2012, 6, 10–18. [Google Scholar] [CrossRef]

	



Moss, J.; Schunn, C.D. Comprehension through explanation as the interaction of the brain’s coherence and cognitive control networks. Front. Hum. Neurosci. 2015, 9, 562. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Gong, D.; Zhang, Y.; Zhang, H.; Liu, G. The bottom-up information transfer process and top-down attention control underlying tonal working memory. Front. Neurosci. 2022, 16, 935120. [Google Scholar] [CrossRef]

	



Prat, C.S.; Just, M.A. Exploring the Neural Dynamics Underpinning Individual Differences in Sentence Comprehension. Cereb. Cortex 2010, 21, 1747–1760. [Google Scholar] [CrossRef]

	



Takahashi, T.; Mitani, E. Reading and Writing Fluency Task; Chiba Test Center Co., Ltd.: Chiba, Japan, 2022. [Google Scholar]

	



Okumura, T.; Kawasaki, A.; Nishioka, Y.; Wakamiya, E.; Miura, T.; Tamai, H. Comprehensive Assessment of Reading Domains (CARD) Guidebook; WEED PLANNIG Co., Ltd.: Otsu, Japan, 2014. [Google Scholar]

	



Fedorenko, E.; Behr, M.K.; Kanwisher, N. Functional specificity for high-level linguistic processing in the human brain. Proc. Natl. Acad. Sci. USA 2011, 108, 16428–16433. [Google Scholar] [CrossRef]

	



Alaerts, K.; Daniels, N.; Moerkerke, M.; Evenepoel, M.; Tang, T.; Van der Donck, S.; Chubar, V.; Claes, S.; Steyaert, J.; Boets, B.; et al. At the Head and Heart of Oxytocin’s Stress-Regulatory Neural and Cardiac Effects: A Chronic Administration RCT in Children with Autism. Psychother. Psychosom. 2023, 92, 315–328. [Google Scholar] [CrossRef] [PubMed]

	



Borges, U.; Knops, L.; Laborde, S.; Klatt, S.; Raab, M. Transcutaneous Vagus Nerve Stimulation May Enhance Only Specific Aspects of the Core Executive Functions. A Randomized Crossover Trial. Front. Neurosci. 2020, 14, 523. [Google Scholar] [CrossRef] [PubMed]

	



Ridgewell, C.; Heaton, K.J.; Hildebrandt, A.; Couse, J.; Leeder, T.; Neumeier, W.H. The effects of transcutaneous auricular vagal nerve stimulation on cognition in healthy individuals: A meta-analysis. Neuropsychology 2021, 35, 352–365. [Google Scholar] [CrossRef] [PubMed]

	



Kraus, T.; Kiess, O.; Hösl, K.; Terekhin, P.; Kornhuber, J.; Forster, C. CNS BOLD fMRI Effects of Sham-Controlled Transcutaneous Electrical Nerve Stimulation in the Left Outer Auditory Canal—A Pilot Study. Brain Stimul. 2013, 6, 798–804. [Google Scholar] [CrossRef] [PubMed]

	



David, D.; Werner, P. Stigma regarding hearing loss and hearing aids: A scoping review. Stigma Health 2016, 1, 59–71. [Google Scholar] [CrossRef]

	



Buchweitz, A.; de Azeredo, L.A.; Esper, N.B.; Dalfovo, N.P.; Picoli, F.; da Cunha, F.S.; Viola, T.W.; Grassi-Oliveira, R. Developmental Dyslexia and the Stress of Reading: A Social Stress Study of Neuroendocrine Response in Children. Mind Brain Educ. 2023, 17, 312–323. [Google Scholar] [CrossRef]

	



Van Lieshout, P.; Ben-David, B.; Lipski, M.; Namasivayam, A. The impact of threat and cognitive stress on speech motor control in people who stutter. J. Fluen. Disord. 2014, 40, 93–109. [Google Scholar] [CrossRef]








[image: Jcm 13 02399 g001] 





Figure 1. Experimental procedure. 






Figure 1. Experimental procedure.
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Figure 2. Microcone patch. (a) A microcone patch is applied to earbuds to stimulate the posterior wall of the ear canal. (b) Enlarged view of the microcone patch. The flattened tip prevents puncture. 
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Figure 3. NIRS setup. 
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Table 1. Descriptive statistics.






Table 1. Descriptive statistics.





	Index
	With Stimulation (M ± 1SD)
	Without Stimulation (M ± 1SD)
	Statistics





	CH1
	0.022 ± 0.068
	−0.006 ± 0.041
	t(64.377) = 2.25, p = 0.028



	CH2
	−0.017 ± 0.104
	0.013 ± 0.061
	t(63.06) = −1.549, p = 0.127



	CH3
	0.015 ± 0.090
	−0.006 ± 0.047
	t(59.146) = 1.329, p = 0.189



	CH4
	−0.018 ± 0.074
	0.009 ± 0.041
	t(60.99) = −2.017, p = 0.048



	LF/HF ratio
	1.450 ± 1.146
	1.530 ± 0.843
	t(71.665) = −0.355, p = 0.724



	pnn50 (%)
	16.486 ± 15.774
	18.858 ± 17.565
	t(77.115) = −0.635, p = 0.527



	Accuracy
	0.920 ± 0.056
	0.895 ± 0.073
	t(73.293) = 1.673, p = 0.099










 





Table 2. Hierarchical multiple regression analysis results for “with stimulation”.






Table 2. Hierarchical multiple regression analysis results for “with stimulation”.





	
CH

	
Step

	
Independent Variables

	
B

	
95% CI for B

	
Se B

	
β

	
p of β

	
R2

	
ΔR2






	
1CH

	
Step 1

	

	

	

	

	

	

	

	
0.133 *

	




	

	

	
Intercept

	
0.022

	
0.002

	
0.043

	
0.010

	

	

	

	




	

	

	
LF/HF

	
0.022

	
0.004

	
0.040

	
0.009

	
0.365

	
0.021

	

	




	

	
Step 2

	

	

	

	

	

	

	

	
0.145 †

	
0.012




	

	

	
Intercept

	
0.022

	
0.002

	
0.043

	
0.010

	

	

	

	




	

	

	
LF/HF

	
0.024

	
0.005

	
0.044

	
0.010

	
0.412

	
0.017

	

	




	

	

	
pnn50 (%)

	
0.001

	
−0.001

	
0.002

	
0.001

	
0.120

	
0.470

	

	




	

	
Step 3

	

	

	

	

	

	

	

	
0.175 †

	
0.029




	

	

	
Intercept

	
0.030

	
0.005

	
0.054

	
0.012

	

	

	

	




	

	

	
LF/HF

	
0.036

	
0.007

	
0.066

	
0.014

	
0.613

	
0.016

	

	




	

	

	
pnn50(%)

	
0.001

	
−0.001

	
0.003

	
0.001

	
0.319

	
0.193

	

	




	

	

	
LF/HF × pnn50 (%)

	
0.001

	
−0.001

	
0.003

	
0.001

	
0.280

	
0.265

	

	




	
2CH

	
Step 1

	

	

	

	

	

	

	

	
0.112 *

	




	

	

	
Intercept

	
−0.017

	
−0.049

	
0.015

	
0.016

	

	

	

	




	

	

	
LF/HF

	
−0.030

	
−0.059

	
−0.002

	
0.014

	
−0.334

	
0.035

	

	




	

	
Step 2

	

	

	

	

	

	

	

	
0.114

	
0.002




	

	

	
Intercept

	
−0.017

	
−0.049

	
0.015

	
0.016

	

	

	

	




	

	

	
LF/HF

	
−0.032

	
0.015

	
−0.001

	
0.015

	
−0.354

	
0.042

	

	




	

	

	
pnn50 (%)

	
0.000

	
0.001

	
0.002

	
0.001

	
−0.049

	
0.770

	

	




	

	
Step 3

	

	

	

	

	

	

	

	
0.216 *

	
0.102 *




	

	

	
Intercept

	
0.004

	
−0.033

	
0.040

	
0.018

	

	

	

	




	

	

	
LF/HF

	
0.002

	
−0.042

	
0.046

	
0.022

	
0.022

	
0.928

	

	




	

	

	
pnn50 (%)

	
0.002

	
−0.001

	
0.005

	
0.002

	
0.319

	
0.181

	

	




	

	

	
LF/HF × pnn50 (%)

	
0.003

	
0.000

	
0.006

	
0.001

	
0.520

	
0.037

	

	




	
3CH

	
Step 1

	

	

	

	

	

	

	

	
0.045

	




	

	

	
Intercept

	
0.015

	
−0.014

	
0.043

	
0.014

	

	

	

	




	

	

	
LF/HF

	
−0.017

	
−0.042

	
0.009

	
0.012

	
−0.212

	
0.189

	

	




	

	
Step 2

	

	

	

	

	

	

	

	
0.045

	
0.000




	

	

	
Intercept

	
0.015

	
−0.014

	
0.044

	
0.014

	

	

	

	




	

	

	
LF/HF

	
−0.017

	
−0.045

	
0.011

	
0.014

	
−0.218

	
0.218

	

	




	

	

	
pnn50 (%)

	
0.000

	
−0.002

	
0.002

	
0.001

	
−0.016

	
0.927

	

	




	

	
Step 3

	

	

	

	

	

	

	

	
0.260 *

	
0.215 **




	

	

	
Intercept

	
0.041

	
0.010

	
0.071

	
0.015

	

	

	

	




	

	

	
LF/HF

	
0.026

	
−0.011

	
0.062

	
0.018

	
0.327

	
0.163

	

	




	

	

	
pnn50 (%)

	
0.003

	
0.000

	
0.006

	
0.001

	
0.519

	
0.028

	

	




	

	

	
LF/HF × pnn50 (%)

	
0.004

	
0.001

	
0.006

	
0.001

	
0.756

	
0.003

	

	




	
4CH

	
Step 1

	

	

	

	

	

	

	

	
0.046

	




	

	

	
Intercept

	
−0.018

	
−0.041

	
0.006

	
0.012

	

	

	

	




	

	

	
LF/HF

	
−0.014

	
−0.035

	
0.007

	
0.010

	
−0.214

	
0.185

	

	




	

	
Step 2

	

	

	

	

	

	

	

	
0.054

	
0.009




	

	

	
Intercept

	
−0.018

	
−0.041

	
0.006

	
0.012

	

	

	

	




	

	

	
LF/HF

	
−0.016

	
−0.039

	
0.006

	
0.011

	
−0.253

	
0.153

	

	




	

	

	
pnn50 (%)

	
0.000

	
−0.002

	
0.001

	
0.001

	
−0.100

	
0.567

	

	




	

	
Step 3

	

	

	

	

	

	

	

	
0.083

	
0.029




	

	

	
Intercept

	
−0.010

	
−0.038

	
0.018

	
0.014

	

	

	

	




	

	

	
LF/HF

	
−0.003

	
−0.037

	
0.030

	
0.017

	
−0.054

	
0.835

	

	




	

	

	
pnn50 (%)

	
0.000

	
−0.002

	
0.003

	
0.001

	
0.095

	
0.708

	

	




	

	

	
LF/HF × pnn50 (%)

	
0.001

	
−0.001

	
0.003

	
0.001

	
0.277

	
0.295

	

	








Note. CI: confidence interval, ** p < 0.01 * p < 0.05, † p < 0.10.













 





Table 3. Hierarchical multiple regression analysis results for “non-stimulation”.
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CH

	
Step

	
Independent Variables

	
B

	
95% CI for β

	
Se B

	
β

	
p

	
R2

	
ΔR2






	
1CH

	
Step 1

	

	

	

	

	

	

	

	
0.003

	




	

	

	
Intercept

	
−0.006

	
−0.019

	
0.007

	
0.007

	

	

	

	




	

	

	
LF/HF

	
0.002

	
−0.014

	
0.019

	
0.008

	
0.051

	
0.757

	

	




	

	
Step 2

	

	

	

	

	

	

	

	
0.005

	
0.003




	

	

	
Intercept

	
−0.006

	
−0.020

	
0.008

	
0.007

	

	

	

	




	

	

	
LF/HF

	
0.001

	
−0.017

	
0.019

	
0.009

	
0.027

	
0.884

	

	




	

	

	
pnn50(%)

	
0.000

	
−0.001

	
0.001

	
0.000

	
−0.056

	
0.762

	

	




	

	
Step 3

	

	

	

	

	

	

	

	
0.066

	
0.061




	

	

	
Intercept

	
−0.001

	
−0.016

	
0.014

	
0.007

	

	

	

	




	

	

	
LF/HF

	
0.005

	
−0.013

	
0.024

	
0.009

	
0.103

	
0.582

	

	




	

	

	
pnn50(%)

	
0.000

	
−0.001

	
0.001

	
0.000

	
0.041

	
0.830

	

	




	

	

	
LF/HF × pnn50(%)

	
0.001

	
0.000

	
0.002

	
0.001

	
0.264

	
0.134

	

	




	
2CH

	
Step 1

	

	

	

	

	

	

	

	
0.009

	




	

	

	
Intercept

	
0.013

	
−0.007

	
0.033

	
0.010

	

	

	

	




	

	

	
LF/HF

	
−0.007

	
−0.031

	
0.017

	
0.012

	
−0.094

	
0.562

	

	




	

	
Step 2

	

	

	

	

	

	

	

	
0.010

	
0.001




	

	

	
Intercept

	
0.013

	
−0.007

	
0.033

	
0.010

	

	

	

	




	

	
