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Abstract

:

Many previous studies have demonstrated that transcutaneous vagus nerve stimulation (VNS) has the potential to exhibit therapeutic effects similar to its invasive counterpart. An objective assessment of VNS requires a reliable biomarker of successful vagal activation. Although many potential biomarkers have been proposed, most studies have focused on heart rate variability (HRV). Despite the physiological rationale for HRV as a biomarker for assessing vagal stimulation, data on its effects on HRV are equivocal. To further advance this field, future studies investigating VNS should contain adequate methodological specifics that make it possible to compare the results between studies, to replicate studies, and to enhance the safety of study participants. This article describes the design and methodology of a randomized study evaluating the effect of short-term noninvasive stimulation of the auricular branch of the vagus nerve on parameters of HRV. Primary records of rhythmograms of all the subjects, as well as a dataset with clinical, instrumental, and laboratory data of all the current study subjects are in the public domain for possible secondary analysis to all interested researchers. The physiological interpretation of the obtained data is not considered in the article.
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1. Summary


Current knowledge of the vagus nerve anatomy in conjunction with evidence from basic experimental and clinical research has contributed to the fact that vagus nerve stimulation (VNS) is now actively investigated as a potential therapy for a number of conditions, including epilepsy [1,2,3], depression [4,5], migraine [6], tinnitus [7], heart failure [8,9,10], and other diseases [11,12,13,14]. There are two main methods of VNS: invasive and noninvasive (transcutaneous). Invasive VNS is used as a neuromodulatory technique for the treatment of depression and epilepsy in severe clinical cases where medicinal therapy has no significant effect on the disease. The method was approved by the U.S. Food and Drug Administration (FDA) in 1997 [15]. The implantable device (neurostimulator) consists of an electrode wrapped around the left vagus nerve and an implantable unit with a battery and a programmable pulse generator located under the collarbone. Although minimally invasive, the procedure is associated with various complications. The most common of them are bradyarrhythmia, the development of peritracheal hematoma, local infection (around the wound), dysfunction of the vocal cords and a subsequent change of the voice, shortness of breath, neck pain, cough, difficulty swallowing, etc. [16,17]. In addition, during the implantation of the neurostimulator, the vagus nerve is separated from the carotid artery in order to place the electrodes, which is also associated with an increased risk of arterial injury.



Transcutaneous VNS is a new alternative technique that is noninvasive, safe, and inexpensive. The main goal of developing this method was to overcome the limitations that exist for invasive stimulation, as well as to evaluate the physiological effects of such stimulation. A number of studies have shown that transcutaneous VNS has the potential to exhibit the therapeutic effects similar to those of its invasive counterpart. The stimulation is performed in specific locations by surface electrodes using low-frequency electrical currents, habitually aimed at the auricular branch of the vagus nerve (ABVN) or its cervical branch [18,19,20]. There are two possible explanations regarding the physiological mechanisms of noninvasive transcutaneous stimulation. The first of these implies that the stimulation of ABVN is associated with the activation of the afferent fibers of the vagus (ear → brain → vagus nerve → organ). The second mechanism implied involves direct activation of the efferent projections of the vagus nerve from the ear to the organs of the body (ear → vagus nerve → heart) [21]. Various diseases can lead to the loss or disruption of afferent feedback with the brain, making it impossible for the brain to adapt to changes in organs, functions, and/or environmental factors. As a physiological hypothesis, it is assumed that stimulation of the vagus fibers replaces the lost or impaired afferent feedback with the brain, causing systemic regeneration processes that can lead to a steady restoration of the functions of controlled organs, along with the repair of the corresponding sensory feedback [19].



ABVN stimulation activates vagal sensory fibers, thereby mimicking the sensory input to the brainstem and forming the so-called auriculo–vagal afferent pathway [22]. These fibers are projected directly onto the nucleus of the solitary tract (NST), which, in turn, has direct or indirect projections onto the nuclei that provide noradrenergic, endorphinergic, and serotonergic fibers in various parts of the brain that regulate the systemic parameters of the cardiovascular, respiratory, and immune functions. Hence, the expected body’s response to ABVN stimulation is systemic.



In most studies, the left vagus nerve has been the preferred site of stimulation. The study performed on animals by Ardell J.L. et al. established that the stimulation of the right vagus nerve was associated with an increased incidence of bradycardia, while left-sided stimulation was relatively safe [23]. This was associated with the fact that the right vagus predominantly innervates the sinoatrial node (SA), whereas the left vagus mostly innervates the atrioventricular (AV) node. It is also worth noting that the location around which the electrodes are wrapped during an invasive implantation of a VNS device in humans does not include its upper or lower branches going to the heart [24]. Despite this, the FDA-approved labeling of the VNS Therapy System devices implies that it is only intended for stimulating the left vagus nerve in the neck within the carotid sheath.



Currently, the use of transcutaneous stimulation of the ABVN is not limited to the treatment of depression and epilepsy. Its effect on the body has been studied in numerous publications, as well as in other disorders. Particular attention is paid to studying the efficacy of ABVN stimulation in various cardiovascular diseases (CVD) [25]. One of the key features mediating various CVDs (such as heart failure, hypertension, and obstructive sleep apnea) is sympathetic tone. This is due to the presence of a generally recognized connection between sympathetic activity and the production of biologically active molecules, high and stable levels of which adversely affect the heart and circulatory system. Consequently, the issue of using ABVN stimulation in heart failure as a means of modulating sympathovagal imbalance is currently actively being investigated. The obtained results showed that chronic VNS improved left ventricular function and patient survival [8,9,10].



The lack of similarity between behavioral studies, as well as numerous theories of physiological processes during VNS, make it necessary to determine a reliable biomarker for successful vagus nerve activation. Although many potential biomarkers have been proposed, most studies have focused on heart rate variability (HRV).



Despite the physiological rationale for HRV as a biomarker for evaluating ABVN stimulation, data on its effects on HRV are equivocal. Some studies established a significant decrease in the ratio of spectral characteristics LF/HF (low-frequency/high-frequency oscillations) during active stimulation compared with sham stimulation, implying an increase in the parasympathetic component of HRV [26,27,28,29]. However, other studies found no increase in HRV [30,31,32,33,34]. In addition, the issue of large methodological differences between studies remains important (e.g., different stimulation devices, stimulation sides (left vs. right) and precise locations, experimental design, reported HRV parameters, and stimulation protocols). All these factors reduce the comparability of the studies.



To further advance this field, future studies investigating VNS should contain adequate methodological details making it possible to compare the results between studies, to replicate studies, and to improve the safety of study participants. Accordingly, in 2021, the first international consensus document and recommendations for minimum reporting standards in studies on transcutaneous VNS were published [35]. Authors from 88 institutions around the world proposed a minimum set of reported indicators to manage future research in this area. The proposed items are related to the specific technical aspects of the device and stimulation parameters, as well as general recommendations, inclusion and exclusion criteria for participants, description of the results, and side effects.



Hence, the goal of our project was to collect and systematize data regarding an impact assessment of the short-term noninvasive stimulation of the ABVN on the parameters of HRV. This study is registered at http://clinicaltrials.gov. Its unique identifier is NCT05680337.




2. Data Description


Our research was conducted at multiple institutions: (1) Bakulev National Medical Research Center for Cardiovascular Surgery; (2) Federal Center for Cardiovascular Surgery (Astrakhan); and (3) Research Institute of Ochapovsky Regional Clinical Hospital #1 (Krasnodar). This study’s protocol complies with the ethical guidelines of the 1975 Declaration of Helsinki and the Ethical Guidelines for Epidemiological Research by the Russian Government.



The study was approved by the committees on human study participants of all the participating institutions and conducted according to the international standards of good clinical practice. Written informed consent was obtained from each patient prior to a randomization procedure. The design of the study is simple and pragmatic to maximize the possible practical application that can be extrapolated to real-world patients. The data were collected by all the authors and were received, verified, and analyzed at the Bakulev Center for Cardiovascular Surgery of the Russian Federation Ministry of Healthcare.



The parameters of HRV assessed in this study are presented in Table 1. Their physiological interpretation is not discussed in this article since it was specified in our previous publications [36,37,38,39]. In addition, the raw records of the rhythmograms of all the subjects in EDF format, as well as the dataset containing clinical, instrumental, and laboratory data of all the study subjects are available for possible secondary analysis to all interested researchers (2022 data, n = 71).



The dataset currently contains data on 71 patients. Their clinical, instrumental, and laboratory characteristics are presented in Tables S1 and S2. A comparative analysis of the studied HRV parameters at baseline and at all periods of the study is presented in Tables S3–S7.




3. Methods


The inclusion criterion for the study was the sinus rhythm of the prospective subject at the time of the experiment. All the patients were admitted to clinics for the purpose of diagnosis, and some were planned for surgical treatment. This contributed to the accuracy of our knowledge on the presence or absence of cardiac pathology in the prospective study participants based on invasive and noninvasive diagnostic procedures (echocardiography, coronary angiography, cardiac MRI, myocardial scintigraphy, etc.) and the results of laboratory diagnostic methods. In most earlier studies on the stimulation of the ABVN, the authors used apparently healthy volunteers [40,41,42,43,44]. The latter are rarely examined by instrumental diagnostic methods, such as echocardiography or biochemical blood tests. Furthermore, they have no access to assessing the presence or absence of coronary artery lesions based on selective coronary angiography.



The exclusion criteria for the study were the following pathological conditions: frequent ventricular and/or supraventricular extrasystoles, atrioventricular block, glucocorticosteroid intake within the last month, intake of any antiarrhythmic medicines except for beta-blockers, and severe chronic pathology of the liver and kidney.



Our study subjects were randomly assigned to two groups (T as in tragus and E as in earlobe), using the envelope method, according to the scheme 1:1. The treatment group T received active stimulation of the ABVN (tragus), while the control group E received sham stimulation (earlobe). The study algorithm included four five-minute time intervals of biological signal records: (1) initially at rest, (2) during the first 5 min of stimulation, (3) during the subsequent 5 min of stimulation, and (4) after the end of stimulation. Thus, the total duration of stimulation was 10 min.



The study was conducted in the evening hours (5:00–6:00 p.m.) before eating, so that the possible influence of daily fluctuations and postprandial influences on the autonomic regulation of the cardiovascular system were excluded and monotonous conditions for all the patients were created. The registration of the studied signals took place in a specialized functional diagnostics room that adheres to the medical requirements for such offices (temperature 21–24 °C, required humidity, lighting, wall covering, etc.), in the presence of a research doctor, without unauthorized persons. The influence of various kinds of sounds, etc., were also excluded.



The following equipment was also in the room: a digital electrocardiograph (“BTL Flexi ECG”, BTL, Newcastle, UK) and two Doppler echocardiographs (Sonoline Si-450, Siemens, Munich, Germany) (IE-33 Philips Medical Systems, Dallas, TX, USA). Of course, any electronic equipment located nearby could theoretically be the source of interference and noise. However, the equipment we use is legally certified in our country as medical equipment and can be used for medical purposes. In such devices, there are many methods of suppressing the influence of noise on the parameters of the studied signal.



All the patients were in a horizontal position at all points of the study. The first (initial, without stimulation) ECG recording was performed after the patient assumed a horizontal position for at least 10 min. During all the stages of the study, the patients’ breathing was arbitrary.



Electrical stimulation was performed in all the subjects in the same way, with a frequency of 20 Hz and a pulse length of 200 μs. Electric current pulse strength (mA) was selected individually, depending on the pain perception of the subject: it was set to 1 unit below the pain threshold. An important point of the study was the mandatory use of an electrically conductive gel at the point of contact between the electrode and the subject’s skin. This substantially reduced the electrical impedance of the skin and pain sensitivity, which contributed to the possibility of increasing the values of the electric current pulse strength and improved the tolerability of the procedure.



We used a Mercury stimulation device (Shenzhen Dongdixin Technology Co., Ltd., Shenzhen, China) ordered through STL (Moscow, Russia). The mode of operation was transcutaneous electrical nerve stimulation, low-frequency stimulation with bipolar (two-phase) rectangular electric current pulses. To record the biological signals, we employed a single-channel ECG recorder, Ritmer M1, with automatic calculation of the HRV parameters in the Ritmer web application (Biomedicine of the Future LLC, Moscow, Russia). We also used the medium viscosity gel Mediagel (Geltek-Medica LLC, Moscow, Russia) for ultrasound scan and therapy (Figure 1).



Figure 2 presents the options of attaching a cardiac event recorder to a patient and an image of a single-channel ECG in the Ritmer web application. Figure 3 demonstrates how the percutaneous surface electrode was attached.




4. User Notes


To obtain valid results, it is necessary to accumulate a larger array of records. In addition, systematization is important in future analysis. Given the fairly flexible inclusion and exclusion criteria, the cohort of study subjects will be quite heterogeneous. That is, the datasets will include, for example, patients with valvular heart disease, as well as patients with coronary atherosclerosis. It is logical that group-by-group analyses of these records will be more accurate and representative. With this goal in mind, we plan to accumulate records and perform their final analysis only when each group of patients reaches a sample size of roughly 300. This is a somewhat vague number, chosen empirically, with the expectation that it will be greater than the sum of all the subjects currently enrolled in experimental studies on the assessment of an auricular stimulation effect on HRV dynamics.
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Figure 1. Devices for conducting the research. 
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Figure 2. Options of attaching the cardiac event recorder to patients for ECG recording and the image of a single-channel ECG in the Ritmer device web application. 
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Figure 3. (A) Active stimulation of the auricular branch of the vagus nerve: tragus; (B) sham stimulation: earlobe. 
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Table 1. HRV parameters.






Table 1. HRV parameters.





	Parameter

(Acronym)
	Description





	HR
	Heart rate



	RRNN
	Mean duration of RR intervals



	NArr
	Percentage of arrhythmias and artifacts



	NN50
	Number of NN intervals that differ from neighboring ones by more than 50 ms



	pNN50
	Number of pairs of cardiac time intervals with a difference of more than 50 ms, % of the total number of cardiac time intervals in the array



	SDNN
	Standard deviation of the array of normal cardiac intervals



	D
	Variance of the array of normal cardiac time intervals



	MxDMn
	Difference between the maximum and minimum values of normal cardiac intervals



	MxRMn
	Ratio of the maximum to the minimum value of the RR interval



	RMSSD
	Root mean square of the successive differences of cardiac time intervals



	CV
	Coefficient of variation of the complete array of cardiac time intervals



	Mo
	Mode



	AMo
	Mode amplitude, the percentage of cardiac time intervals corresponding to the mode value



	IAB
	Index of autonomic balance



	IARP
	Index of the adequacy of regulatory processes



	APR
	Autonomic rhythm index



	IC1
	Index of centralization (HF+LF)/VLF



	IC2
	Index of centralization (VHF+LF)/LF



	SI
	Stress index of regulatory systems



	IARS
	Index of the activity of regulatory systems



	HF%
	Relative power of the high-frequency oscillations in the heart rate spectrum (0.15 to 0.4 Hz)



	LF%
	Relative power of the low-frequency oscillations in the heart rate spectrum (0.04 to 0.15 Hz)



	VLF%
	Relative power of the very low-frequency oscillations in the heart rate spectrum (0.0033 to 0.04 Hz)



	ULF%
	Relative power of the ultra-low-frequency oscillations in the heart rate spectrum (0.0033 to 0.04 Hz)



	TP
	Total power of the entire heart rate spectrum



	HF
	Power of high-frequency oscillations in the heart rate spectrum, absolute value



	LF
	Power of low-frequency oscillations in the heart rate spectrum, absolute value



	VLF
	Power of very low-frequency oscillations in the heart rate spectrum, absolute value



	ULF
	Power of ultra-low-frequency oscillations in the heart rate spectrum, absolute value



	LF/HF
	Ratio the percentage contributions of the low-frequency to high-frequency oscillations in the heart rate spectrum
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