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Editorial on the Research Topic
 Methods on the Assessment of Human Baroreflex Function



The human baroreflex represents a crucial integrative neuronal negative feedback system which confines excessive blood pressure fluctuations into physiologically normal ranges (Robertson et al., 2012). Arterial baroreceptors within carotid sinuses, the aortic arch, and receptors in cardiopulmonary veins and right atrium sense pressure changes and transmit input through the glossopharyngeal nerve and vagus nerve to nucleus tractus solitarii (NTS) in the brainstem. During high blood pressure, baroreceptors respond to vascular wall stretch, which inhibits sympathetic pacemaker neuron in the rostral ventrolateral medulla (RVLM) via an inhibotry neuron in the caudal-ventrolateral medulla (CVLM). At the same time, excitatory projections from NTS increases cardiac parasympathetic drive from nucleus ambiguus (NA) and the dorsal motor nucleus of the vagus (DMNV), in turn increasing release of acetylcholine at the sinoatrial node and decreasing heart rate (details in Figure 1). During upright, blood pressure falls and unloads vascular wall, thereby reducing the activity of the baroreceptor afferent nerves which leads to decrease in cardiac vagal tone and increase in sympathetic activity. Sympathetic vasoconstrictor drive initiates release of norepinephrine from the sympathetic nerve terminals on the blood vessels. It causes both arterial vasoconstriction and venoconstriction and an increase in cardiac contractility and heart rate, all of which contribute to normalization of arterial pressure and cerebral perfusion (Figure 1).


[image: Figure 1]
FIGURE 1. Simplified anatomical and functional scheme of baroreflex function. Baroreceptors in the carotid sinus, aortic arch, right atrium and in the cardiopulmonary veins are activated-by (1) stretching and passing this information through the Vagus (X) or glossopharyngeal (IX) nerves to (2) the nucleus tractus solitarii (NTS) of the brain stem. The NTS projects to neurons in caudal ventrolateral medulla (CVLM) which (3) inhibits sympathetic pacemaker neurons in the rostral ventrolateral medulla (RVLM) and (4) reduces sympathetic outflow. This decreases heart rate, cardiac output, and (5) blood pressure. Activation of the NTS projects also to the nucleus ambiguous (NA) and dorsal motor nucleus of the Vagus (DMNV) and increases parasympathetic activity. Common methods to evaluate baroreflex function include (A) pharmacological challenge with vasoactive drugs, (B) spontaneous sequence analysis, (C) spectral analysis, (D) measurements of catecholamines, or (E) muscle sympathetic activity (MSNA) during orthostatic challenges.


Baroreflex lesions can affect the afferent limb, the peripheral limb, or the central integration centers. The clinical picture of patients with afferent baroreflex failure is characterized by unpredictable hypertensive crises, symptomatic hypotensive episodes, and orthostatic hypotension, demonstrating the importance of the baroreflex (Biaggioni et al., 2019). Patients with pure autonomic failure with postganglionic lesions experience disabling orthostatic hypotension. The correct assessment of human baroreflex is important not only for targeted treatment of autonomic dysfunction but also for prediction of cardiovascular risk in heart failure, hypertension, diabetes, and other cardiovascular diseases.

This Research Topic focuses on baroreflex measurements in humans. Baroreflex methods can be divided in pharmacological and non-pharmacological testing. Non-pharmacological testing includes measurements of baroreflex responses during neck suction, Valsalva maneuver, controlled breathing, exercise, and orthostatic stress. In addition, baroreflex sensitivity (BRS) can be assessed using analysis of blood pressure and heart rate variability, neural sympathetic activity, and modeling (Figure 1). Traditional baroreflex methods assume that the baroreflex system is an open loop system, but that is not the case for living human subjects. In animal studies, the closed loop can be opened surgically and pharmacologically. In humans, measurements in closed loop system are difficult. Pharmacological testing using vasoactive substances underestimate the effects, as the overall effect is determined by a combination of the direct peripheral effect on vascular tone and the indirect central baroreflex buffering (Jordan et al., 2002).

In this Research Topic, new methods for closed loop identification of baroreflex properties have been discussed. Kawada et al. described a method using white noise perturbation to measure central and peripheral arc properties. Yamasaki et al. proposed a novel analytical framework using equilibrium diagram to overcome the close loop open loop problem.

Measurement of baroreflex function using stimuli is the preferred approach, and it has some advantages in comparison to analysis of spontaneous fluctuations caused by biological noise. Neck suction is a direct non-pharmacological way to stimulate carotid baroreceptor and measure the physiological response. This complex technique is not available in the clinic. Pinheiro et al. developed an improved noiseless neck suction chamber device for use in clinic. Huang et al. used the Valsalva maneuver, and they compared it with spontaneous sequences method and BRS estimation using spectral methods. Dutra-Marques et al. used exercise as a stimulation to measure baroreflex response.

This Research Topic also includes improvement of traditional methods of baroreflex slope estimation in addition to novel approaches, such as analysis of baroreflex hysteresis, cross-correlations, and analysis of synchronization between heart rate and blood pressure. Heusser et al. derived a modified curve fitting model of the sigmoidal baroreflex curve, directly obtaining the baroreflex curve slope and other meaningful physiological parameters. Dabiri et al. used a novel ellipse analysis to characterize hysteresis of the spontaneous respiration-related cardiovagal baroreflex for orthostatic test. The proposed method, by considering gain and set-point changes during respiration, offers instructive insight into the resulting hysteresis of the spontaneous cardiovagal baroreflex with respiration as stimuli.

The influence of higher nervous activity on the cardiovascular system via autonomic control and baroreflex regulation has been neglected for a long time. This is especially the case in sleep, as baroreflex properties change during different sleep stages. Karavaev et al. proposed a quantitative measure representing the total percentage of phase synchronization between the low-frequency oscillations in heart rate and blood pressure. They showed that the degree of synchronization of the studied rhythms is higher in slow-wave sleep compared to the awake state but lower compared to the rapid eye movement sleep.

This Research Topic also presents new methods in detecting cardiovascular autonomic neuropathy in patients with Parkinson's disease, diabetes, and metabolic syndrome. Huang et al. compared spontaneous sequence and spectral BRS with baroreflex slope determined using the Valsalva maneuver in Parkinson's Disease. Yeh et al. proposed an advanced cross-correlation function method with adjustable threshold which was superior for early detection of autonomic neuropathy in diabetes mellitus. Dutra-Marques et al. compared spontaneous sequential baroreflex measures with the exercise responses in patient with metabolic syndrome to study baroreflex mechanisms and risks factors of metabolic syndrome.

Our hope is that readers will gain new insight of novel concepts and measures of baroreflex function. We thank all authors for their contribution to this area of research, as it demonstrates the importance of developing novel methods of baroreflex measures for the early detection of dysfunction and the improvement of treatment of our patients.


AUTHOR CONTRIBUTIONS

The draft was written by AD and proofread and approved by Y-DL. Both authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by Ministry of Science and Technology, Taiwan (contract number: MOST 110-2221-E-035-006-MY3). AD was partly supported by NIH R01 HL142583.



ACKNOWLEDGMENTS

In our capacity as topic editors, we would like to express our sincere appreciation to the authors of this Research Topic and our fellows who supported this work.



REFERENCES

 Biaggioni, I., Shibao, C. A., Diedrich, A., Muldowney, J. A. S., Laffer, C. L., and Jordan, J. (2019). Blood Pressure Management in Afferent Baroreflex Failure. J. Am. College Cardiol. 74, 2939–2947. doi: 10.1016/j.jacc.2019.10.027

 Jordan, J., Tank, J., Shannon, J. R., Diedrich, A., Lipp, A., Schröder, C., et al. (2002). Baroreflex buffering and susceptibility to vasoactive drugs. Circulation. 105, 1459–1464. doi: 10.1161/01.CIR.0000012126.56352.FD

 Robertson, D., Diedrich, A., and Chapleau, M. W. (2012). Editorial on arterial baroreflex issue. Auton. Neurosci. 172, 1–3. doi: 10.1016/j.autneu.2012.10.010

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Lin and Diedrich. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









 


	
	
METHODS
 published: 20 January 2021
 doi: 10.389/fphys.2020.613311






[image: image2]

Noiseless Variable-Pressure Neck Chamber Device to Assess the Carotid Baroreflex Function

Alessandro Pinheiro1,2*, Lauro C. Vianna3,4 and Jake C. Carmo5


1Faculty of Technology, University of Brasília, Brasília, Brazil

2Federal Institute of Education, Science, and Technology of Brasília, Brasília, Brazil
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Background: The blood pressure responses to baroreflex perturbations can be assessed only using the variable-pressure neck chamber technique. However, the application of this approach in hospital environments is limited owing to the loud noise emitted during its operation. This study was aimed at developing a noiseless neck suction chamber device (NCD) that could stimulate the baroreceptors located in the carotid sinus in humans.

Methods: A non-invasive device was developed to pressurize the carotid arteries externally. A microcontroller with a computer interface and neck chamber (3D-printed) was used. The anatomical neck chamber was fitted on six healthy, young, asymptomatic participants (five men; 32 ± 6 year), who were normotensive, nonsmoking, in sinus rhythm, free of known cardiovascular or metabolic diseases, and not consuming any acute or chronic medications. A suction of −60 mmHg was applied for 5 s, and the corresponding data were recorded. Before each study visit, the participants were instructed to abstain from caffeine, alcohol, and strenuous exercise for 12–24 h.

Results: In all the trials, a significant reflex bradycardia (−10 ± 2 bpm) and depressor response (−15 ± 4 mmHg) to neck suction were observed, consistent with the results in the literature. The neck chamber device operated noiselessly [sound pressure level (SPL) of 34.3 dB] compared to a regular vacuum-cleaner-based system (74.6 dB).

Conclusion: Using the proposed approach, consistent blood pressure and heart rate responses to carotid baroreflex hypertensive stimuli could be recorded, as in previous studies conducted using neck collar devices. Furthermore, the neck chamber device operated noiselessly and can thus be applied in hospital environments.

Keywords: blood pressure, baroreflex, neck suction, hypertensive stimulus, neck collar


INTRODUCTION

The arterial baroreflex system plays a pivotal role in the short-term regulation of blood pressure and cardiovascular variability (Eckberg and Sleight, 1992). Nevertheless, several factors (related to the sex, age, health, and environment of an individual; Cooper et al., 2007; Kim et al., 2011; Credeur et al., 2014; Kaufmann et al., 2020) may influence the gain and effectiveness of the baroreflex, along with the cardiovascular variability. Furthermore, many central neural structures help regulate the cardiovascular system and thus contribute to the integrity of the baroreflex (Chapleau et al., 1989). Notably, abnormalities in the arterial baroreflex function have been linked to a degradation of the cardiovascular variability, deterioration of the cardiovascular outcomes, and mortality in several diseases (La Rovere et al., 1998). Therefore, assessing the baroreflex function is of significance in both healthy and diseased individuals, especially in the context of the prognostic evaluation and assessment of the effect of the treatment.

Several methods have been developed to examine the baroreflex physiology in humans (Parati et al., 2000). In general, the baroreflex function is quantified by measuring the change in the heart rate and/or muscle sympathetic nerve activity in response to provoked and/or spontaneous changes in the blood pressure. However, the blood pressure responses to baroreflex perturbations cannot be evaluated using these approaches. The variable-pressure neck chamber technique offers a unique solution to this problem and exhibits several advantages including, but not limited to, the precise control of the rate, intensity, timing, and duration of the pressure stimulus, and realization of the selective activation or deactivation of the carotid baroreceptors by applying a measurable positive or negative pneumatic pressure to the neck region (Eckberg, 1977a; Fadel et al., 2003). Although these advantages highlight the utility of the variable-pressure neck chamber in assessing the carotid baroreflex function in human experimental investigations, the existing neck chamber devices produce a loud noise during their operation, similar to the suction sound of vacuum cleaners (Ludbrook et al., 1977; Cooper and Hainsworth, 2001). Moreover, noise annoyance is often associated with acute and chronic alterations in the cardiovascular system (Münzel et al., 2018), and hence, this confounding influence should be avoided in human cardiovascular physiology examinations. Consequently, it is essential to develop a noiseless variable-pressure neck chamber device.

Considering this background, this study was aimed at developing a noiseless neck suction chamber device (NCD) that could stimulate the baroreceptors located in the carotid sinus in humans. Furthermore, the neck chamber was developing using a 3D printer as a novel technique, with a focus on enhancing the subject comfort and pressure sealing.



MATERIALS AND METHODS


Ethics

All the study procedures were approved by the institutional research ethics committee (CAAE: 26228819400005103) in accordance with the Declaration of Helsinki. Written informed consent was obtained from the individuals for the publication of any potentially identifiable images or data included in this article.



Subjects

Data were collected from six healthy, young, asymptomatic participants (five men; mean ± SD; age: 32 ± 6 year; height: 1.7 ± 0.1 m; weight: 69 ± 7 kg; and body mass index: 24 ± 2 kg/m2), who were normotensive, nonsmoking, in sinus rhythm, free of known cardiovascular or metabolic diseases, and not consuming any acute or chronic medications. Before each study visit, the participants abstained from caffeine, alcohol, and strenuous exercise for 12–24 h.



Neck Chamber

The neck chamber device was built based on the principles described by Eckberg et al. (1975) and Raine and Cable (1999). The proposed device involved mechanical and electronic components controlled by software through a portable display. The device was designed to apply controllable pressure within a given range (from 0 to −80 mmHg) to stimulate the carotid baroreceptor.

The development of the neck collar was a very challenging step. After several “trial-and-error” experiences, we realized that the mandibular shape is a key element affecting chamber fit, independent of weight, height, and/or musculature. Our proposed equation is based on the idea of a V-shaped mandible and it was derived from six subjects. The average coordinates were obtained, representing the average natural curves of the specific body region. Three different sizes were designed to ensure that the device could fit people with different body structures. The coordinates were uploaded to software (Inventor Professional 2020, Autodesk, California, United States) to design the best curve to fit each size. Figure 1 shows the coordinates of the median size neck. The model with nine degrees of the curve (MATLAB R2018a, MathWorks, Massachusetts, United States) can be expressed as
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FIGURE 1. Points representing the coordinates to model a medium-sized human neck.


The neck chamber (Figure 2) was printed using a 3D printer (i3, RepRap, Bath University, United Kingdom), using a flexible filament (TPU 95A, National 3D, São Paulo, Brazil).

[image: Figure 2]

FIGURE 2. 3D design of the neck chamber, according to the coordinates.




Mechanical

The functional components in the mechanical part include a silent vacuum pump (Airmed D400 220 V/60 Hz, Sao Bernardo do Campo, Brazil) combined with a vacuum tank (10 L, Gasnag, São Paulo, Brazil) to ensure that the pressure can be varied sharply and rapidly. Owing to the vacuum tank, the pump does not need to operate during the entire test, thereby leading to a quiet operation. As shown in Figure 3, two valves (Tcontrol, AC220V2L3505, São Paulo, Brazil) are used. The release valve opens to provide negative pressure, and after this suction operation, the equalization valve opens, returning the pressure in the neck chamber to the ambient pressure. Two pressure sensors (NXP Semiconductor, MXP5010dp, Eindhoven, Netherlands) are installed, one in the tank and the other in the neck chamber. All the sensors were calibrated using an external pressure monitor (HT-1890, Rise, China) and a multimeter (MD-6130, ICEL, Manaus, Brazil). Through five calibration points, the respective voltage values were found for each pressure value manually adjusted by the syringe, according to the calibration scheme shown in Figure 4. All the mechanical processes are computer-controlled, as described in the subsequent section.

[image: Figure 3]

FIGURE 3. Diagram of the mechanical part of the neck chamber device.


[image: Figure 4]

FIGURE 4. Method of calibrating the pressure sensors. A syringe is used to vary the pressure of the sensor. The multimeter measures the voltage values at the sensor’s output.


Tests were performed to evaluate the noise produced by the proposed system. The REW software (Room EQ Wizard V15.9, John Mulcahy, United States) was used to analyze the sound pressure level (SPL). The SPL of the mechanical system was measured using a USB microphone (Kolke, KPI-271, Espírito Santo, Brazil) placed 1.5 m from the system.



Electronic

As shown in Figure 5, the NCD has three solid-state relays with optical coupling (k1, k2, and k3). Each relay is activated through the digital ports (PB0, PB1, and PB2) of the microcontroller ATmega328P-PU (MC). The MC, display, and relays are powered by a compact 5 V power supply (HLK-PM01, Hilink, Guangdong, China). The neck and tank pressure are continually updated at 115,200 bounds by a serial interface through the PD0 and PD1 digital ports (J7 and J8, respectively). The neck and tank pressure sensors are read the analog ports PC0 and PC1, respectively.

[image: Figure 5]

FIGURE 5. Schematic of the electronics of the neck chamber device, including the R-peak detector.


One ECG device (CardioMatic, MSC-6111, New York, United States) is connected to the system via the J10 analog MC port to provide suction when the R-wave peak occurs, directly to the peak detector circuit (Figure 5). Any ECG device can be used as long as it has an analog signal pertaining to the DII lead. The analog ECG signal is rectified in a half-wave using an operational amplifier (LM324). In general, the ECG signal can have different amplitudes, and each peak can be appropriately detected by the diodes that only lead to positive signals in direct polarization. In the last operational amplifier (IC1A), pin 3 has an original signal input, and pin 2 receives an attenuated signal through the voltage divider (R9 and R10). If the electric tension level in pin 3 is higher than that in pin 2, the output changes to high, thereby detecting the peak. The software continuously stores the duration of six consecutive RR intervals in the MC.

When the operator presses the “start” button, the MC checks whether there is a stable condition (i.e., variability less than 5% among six RR intervals). If it is stable, the exact moment to trigger the valves will be calculated based on the predicted RR interval duration (based on the stability of the previous six RR intervals), subtracted by the delay of the valves (~27 ms). Therefore, the valves are opened in ~27 ms before the next R-wave peak. This algorithm ensures that the suction is applied close to the R-wave peak. Figure 6 shows when neck suction starts in the QRS complex, considering the delay of the valves. The triggering system performance was evaluated using a variable ECG simulator (30, 60, and 120 bpm, Figure 7).

[image: Figure 6]

FIGURE 6. Neck suction start point is advancing due to valve delay.


[image: Figure 7]

FIGURE 7. Evaluation of ECG trigger at frequencies of 30, 60, and 120 bpm.


A user interface (Figure 8) was developed for a display (NX8048K070_011C, Nextion, Shenzhen, China). The display was touch-sensitive and capacitive and could ensure real-time serial communication (115,000 bps) with the MC. The time and pressure indicate the duration and intensity of the suction, respectively. Values such as the neck and tank pressure and R-R interval were transmitted to the display continuously. This interface could adjust the pressure (ranging from 0 to −80 mmHg) and time stimulus (0–60 s).

[image: Figure 8]

FIGURE 8. Graphical interface of the neck chamber device.


The neck suction was applied at <50 ms after the R-wave peak (Credeur et al., 2014; Barbosa et al., 2016; Ogoh et al., 2018). This timing (i.e., <50 ms) allows synchronicity between the pressure wave from the cardiac cycle (i.e., systole – the phase of the cardiac cycle when blood is being pumped out of the heart, which begins approximately 50 ms after the R-wave peak) and the neck suction pressure pulse at the carotid sinus (Eckberg, 1977b).



Protocol

After an explanation of the protocol to the participants, written informed consent was obtained, then a carotid ultrasound scanning was performed in all participants in order to check for the presence of atherosclerotic plaques. Then, the system operator set the protocol on the display. First, the operator set the duration of the stimulus (seconds) and suction intensity (mmHg). To maintain the selectivity of the neck suction to isolate the carotid-baroreflex-mediated responses, the stimulus was required to be brief to avoid any adaptation of the carotid baroreceptors or counteraction from the extracarotid baroreceptors (Fadel et al., 2003). The duration adopted in this study was 5 s, as it is the optimum duration for the stimulation to obtain peak heart rate and blood pressure responses (Eckberg, 1977a,b; Fadel et al., 2003).

The participants remained seated at least for 5 min to stabilize the cardiovascular components (Vianna et al., 2018). The respiratory movements were monitored using a belt placed around the abdomen (MLT 1132 Piezo Respiratory Belt Transducer, ADInstruments, Sydney, Australia). The blood pressure was continuously measured (beat-to-beat) through a photoplethysmography device (Human NIBP Controller, ADInstruments) placed on the middle finger of the non-dominant hand of the participants. All the signals were collected through an integrator (PowerLab 16/35, ADInstruments), at a sampling rate of 1 kHz.

After stabilizing the signals, the neck chamber was comfortably positioned to involve the anterior two-thirds of the neck (Querry et al., 2001; Krnjajic et al., 2016). Under resting conditions, each pressure stimulus was delivered to the carotid sinus during a 10–15 s breath-hold at the end-expiration phase to minimize the respiratory-related modulation of the heart rate and mean arterial pressure (Eckberg et al., 1980).

Four to five trials of neck suction were performed with a minimum of 45 s of recovery allotted between trials to allow all physiological variables to return to pre-stimulus values (i.e., three cardiac cycles average immediately preceding neck suction). Carotid baroreflex-mediated changes in cardiovascular variables were calculated from the pre-stimulus values and plotted on a beat-to-beat scale. The responses were calculated through the lowest value (nadir) obtained during neck suction and the respective pre-stimulus baseline. Changes in all cardiovascular variables in response to individual trials neck suction were averaged for each subject and then combined to provide a group mean (A. Kim et al., 2011). Of note, since the present system only operates to assess cardiovascular changes to neck suction, we were unable to model our data using the logistic model to determine a baroreflex sigmoidal curve fit.

All the data were presented as means. All variables showed normal distribution in the Shapiro–Wilk test. One-way repeated-measures ANOVA was used to compare pre-stimulus, neck suction, and post-stimulus. The Greenhouse–Geisser correction was used to adjust ANOVA results whenever sphericity was violated in the Mauchly test. The Bonferroni post hoc was used when significant F values were found. All analyses were two-tailed, and statistical significance was accepted for p < 0.05. Statistical analyses were performed using Statistical Package for the Social Sciences, version 20.0 for Windows (SPSS, Chicago, IL).




RESULTS

In all the trials of a representative subject, consistent reflex bradycardia (−10 ± 2 bpm) and depressor response (−15 ± 4 mmHg) to the neck suction were observed (Figure 9), and these responses are similar to those reported in the literature (Ernsting and Parry, 1957; Huang et al., 2016). The absolute (pre-stimulus: 87 ± 9 bpm; neck suction: 71 ± 7 bpm; post-stimulus: 81 ± 8 bpm; p < 0.01; Figure 10A) and relative (pre-stimulus: 0%; neck suction: −18 ± 2%; post-stimulus: −6 ± 2%; p < 0.01; Figure 10B) heart rate responses to neck suction were significantly different compared to pre-stimulus values.

[image: Figure 9]

FIGURE 9. Beat-to-beat tracings from a young man showing the temporal pattern of mean blood pressure (top), heart rate (mid), and chamber pressure (bottom) during acute carotid baroreceptor hypertensive stimuli (i.e., neck suction, −60 mmHg). Neck chamber placed on a participant (right panel).


[image: Figure 10]

FIGURE 10. Absolute and relative responses are shown in panels A, and B, respectively. The responses were calculated through the lowest value (nadir) obtained during neck suction and the respective pre-stimulus baseline, i.e., 3-bpm average immediately preceding neck suction. *p < 0.01.


The ECG trigger had a delay of less than 50 ms in all attempts, as shown in Figure 7. Four attempts of neck suction trials (−60 mmHg) were performed for each participant. The rate of pressure change was ~3,000 mmHg/s.

The proposed device had an average SPL of 34.3 dB, as shown in Figure 11, considerably smaller than that of the vacuum-cleaner-based device (74.6 dB). Note that, the SPL of a silent room is usually approximately 30–34 dB.

[image: Figure 11]

FIGURE 11. Top and middle panels show the original recording of the noise from the noiseless device and Vacuum cleaner-based system, respectively. Bottom panel shows the average noise responses within different environments.


After a five-point calibration of the sensors, the equation was obtained, which shows linearity between pressure and electrical voltage:

[image: image]

Where V is the voltage at the output pin of the pressure sensor, and p is the pressure (mmHg).



DISCUSSION

Several trials were performed on the participants to examine the efficacy of the proposed neck suction technique in terms of generating the reflex responses, in a similar manner as those reported in previous studies. Before each trial, the system operator set the values of pressure (−60 mmHg) and duration (5 s) for the carotid stimulus. In this study, a noiseless neck suction device was developed to activate the carotid baroreceptors in humans. In accordance with the main objective of the study, the developed device can perform noiselessly, thereby enhancing the participant comfort during the execution of the protocol and providing a suitable environment to examine the baroreflex physiology. The uniqueness of the proposed system pertains to the use of a vacuum tank in which the vacuum is stored, which enables the realization of a rapid and silent pressure change inside the neck collar whenever the neck suction is implemented. In comparison, the noise level of the conventional system used in the existing studies is significantly higher as the motor pump must be operated (vacuum cleaner motor) to provide a continuous vacuum source (Cooper and Hainsworth, 2001). Alternatively, a previous fMRI study has placed the neck suction engine outside the examination room (Makovac et al., 2018) aiming to reduce the noise, although no data were presented in terms of noise during its operation. In contrast, the advantages of the present system lie in the detailed open-source descriptions of the hardware, and electronics, and the development of a “silent” and reasonably portable neck suction device.

In the evaluation, the vacuum reservoir was noted to considerably influence the release and stability of the vacuum. Although the collar was pressurized instantaneously, extremely small fluctuations occurred on the negative plateau, although these were considered to be irrelevant taking into account their possible physiological impact on the carotid baroreflex-mediated reflex responses. The timing of the suction onset was satisfactory, as the peak of the R-wave was observed to exactly coincide with the beginning of the collar pressurization. Nevertheless, it is important to state that our proposed system works only in steady-state conditions. As such, the present algorithm/system does not work in the presence of cardiac arrhythmias or during the transition from rest to exercise (exercise onset). For carotid baroreflex testing in such conditions, the algorithm could be modified. Future studies should investigate its feasibility. In addition to the tank, the role of the malleable neck chamber was significant, as the flexible material allowed a better adaptation to the neck around the anterior two-thirds of the neck and enhanced the participant comfort. Furthermore, the applied silicone coating helped avoid any vacuum leakage.

To activate the carotid baroreceptors through the neck chamber technique, certain parameters must be suitably set. For example, the rate of pressure change in the neck chamber must be extremely high to provide an uniform stimulation throughout the 5 s suction window. Accordingly, in this study, the rate of change was set higher than ~3,000 mmHg/s, which is considered to be sufficient to extend the baroreceptors located in the carotid sinus (Eckberg, 1977a,b).

In the proposed device, the analog circuit for R-wave detection is an essential component because the circuit adapts the gain of the signal to the analog port of the MC, to supply a constant voltage. It is expected that the systems pertaining to a vacuum cleaner motor likely cannot adequately control the amount of suction compared to in the proposed device; nevertheless, further work is necessary to validate this aspect.

The neck collar could generate reproducible responses in the case of all the participants, and consistent carotid baroreflex-mediated responses to neck suction were observed, similar to those reported in the previous publications. The key advantage of the proposed NCD pertained to its quiet operation. The noise produced during a 1 min trial was slightly more than 30 dB (equivalent to that of a whisper); in contrast, the vacuum-cleaner-based system produces a noise of 70–80 dB (equivalent to a passenger car or a telephone ringing). Although we did not test how the acute exposure to noise could directly affect the reflex responses to the neck suction, it has been reported that intermittent exposure of monkeys to noise (85 dB) for 9 months significantly increased the blood pressure by 30 mmHg, even though the auditory system was not notably influenced (Münzel et al., 2018). Furthermore, according to the United States Environmental Protection Agency (1974), the noise levels in hospital environments should not exceed 45 and 35 dB during the day and night, respectively. The World Health Organization recommends a sound level of 30–40 dB in internal hospital environments (Berglund et al., 2000). The proposed neck chamber device, with its unique low noise operation, can thus be widely applied in hospital environments.



CONCLUSION

In the tests using the proposed device, consistent blood pressure and heart rate responses to carotid baroreflex hypertensive stimuli were observed, consistent with the results of previous studies involving the use of neck collar devices. Moreover, the proposed device could realize noiseless operation, thereby providing a sine qua non environment for the baroreflex assessment in human physiology laboratories.
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Exaggerated Exercise Blood Pressure as a Marker of Baroreflex Dysfunction in Normotensive Metabolic Syndrome Patients
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Introduction: Exaggerated blood pressure response to exercise (EEBP = SBP ≥ 190 mmHg for women and ≥210 mmHg for men) during cardiopulmonary exercise test (CPET) is a predictor of cardiovascular risk. Sympathetic hyperactivation and decreased baroreflex sensitivity (BRS) seem to be involved in the progression of metabolic syndrome (MetS) to cardiovascular disease.

Objective: To test the hypotheses: (1) MetS patients within normal clinical blood pressure (BP) may present EEBP response to maximal exercise and (2) increased muscle sympathetic nerve activity (MSNA) and reduced BRS are associated with this impairment.

Methods: We selected MetS (ATP III) patients with normal BP (MetS_NT, n = 27, 59.3% males, 46.1 ± 7.2 years) and a control group without MetS (C, n = 19, 48.4 ± 7.4 years). We evaluated BRS for increases (BRS+) and decreases (BRS−) in spontaneous BP and HR fluctuations, MSNA (microneurography), BP from ambulatory blood pressure monitoring (ABPM), and auscultatory BP during CPET.

Results: Normotensive MetS (MetS_NT) had higher body mass index and impairment in all MetS risk factors when compared to the C group. MetS_NT had higher peak systolic BP (SBP) (195 ± 17 vs. 177 ± 24 mmHg, P = 0.007) and diastolic BP (91 ± 11 vs. 79 ± 10 mmHg, P = 0.001) during CPET than C. Additionally, we found that MetS patients with normal BP had lower spontaneous BRS− (9.6 ± 3.3 vs. 12.2 ± 4.9 ms/mmHg, P = 0.044) and higher levels of MSNA (29 ± 6 vs. 18 ± 4 bursts/min, P < 0.001) compared to C. Interestingly, 10 out of 27 MetS_NT (37%) showed EEBP (MetS_NT+), whereas 2 out of 19 C (10.5%) presented (P = 0.044). The subgroup of MetS_NT with EEBP (MetS_NT+, n = 10) had similar MSNA (P = 0.437), but lower BRS+ (P = 0.039) and BRS− (P = 0.039) compared with the subgroup without EEBP (MetS_NT−, n = 17). Either office BP or BP from ABPM was similar between subgroups MetS_NT+ and MetS_NT−, regardless of EEBP response. In the MetS_NT+ subgroup, there was an association of peak SBP with BRS− (R = −0.70; P = 0.02), triglycerides with peak SBP during CPET (R = 0.66; P = 0.039), and of triglycerides with BRS− (R = 0.71; P = 0.022).

Conclusion: Normotensive MetS patients already presented higher peak systolic and diastolic BP during maximal exercise, in addition to sympathetic hyperactivation and decreased baroreflex sensitivity. The EEBP in MetS_NT with apparent well-controlled BP may indicate a potential depressed neural baroreflex function, predisposing these patients to increased cardiovascular risk.

Keywords: metabolic syndrome, cardiovascular risk, baroreflex sensitivity, muscle sympathetic nerve activity, cardiopulmonary exercise test, exercise blood pressure response


INTRODUCTION

Metabolic syndrome (MetS) is the overlap of cardiovascular risk factors (i.e., dyslipidemia, hypertension, insulin resistance, and visceral obesity) (Grundy et al., 2005) and has been found to increase the incidence of cardiovascular events and death up to 78% (Gami et al., 2007). Among these factors, visceral obesity is the most prevalent (90–100%) (Drager et al., 2009; Cepeda et al., 2015). High amount of visceral adiposity is associated with endothelial dysfunction (Romero-Corral et al., 2010) and impaired autonomic control (Triggiani et al., 2019), mechanisms related to blood pressure (BP) control, and regulation of cardiovascular function during exercise (Tzemos et al., 2015).

In hypertensive patients, arterial baroreflex sensitivity (BRS) is reduced, and this impairment has been found to be associated with increased sympathetic drive and higher BP (Laterza et al., 2007; Wustmann et al., 2009). Regardless of the presence of hypertension, the pathophysiological substrates of visceral obesity, dyslipidemia, and insulin resistance may alter autonomic control, predisposing MetS patients to increased cardiovascular risk (Gami et al., 2007). In fact, MetS is characterized by sympathetic hyperactivation, even in patients with MetS who do not have hypertension (Grassi et al., 2005). Undoubtedly, sympathetic hyperactivation and decreased BRS are involved in the progression of the MetS to cardiovascular disease (Trombetta et al., 2010).

The BRS is an important sophisticated autonomic mechanism in the regulation of the cardiovascular system, designated to buffer beat-to-beat fluctuations in arterial BP. Arterial baroreceptors are mechanosensitive nerves, located in the adventitia of the carotid sinus and aortic arch. An increase in BP causes vascular distension, and the baroreceptor deformation exerts reflex bradycardia and sympathoinhibition, which results in a vasodilation reflex. On the other hand, the baroreflex deactivation causes tachycardia reflex and elicits sympathetic-mediated vasoconstriction reflex. The main role of baroreflex is to maintain BP at physiological levels (Chapleau et al., 2001; Laterza et al., 2007). In humans, arterial baroreflex has been evaluated using several laboratory techniques, mainly by quantifying the reflex responses induced by the injection of vasoactive drugs or selective external stimuli of the carotid baroreceptors. A more recent non-invasive method, based on the computational analysis of spontaneous fluctuations in systolic BP and RR intervals, consists of a sensitive, simple, and inexpensive procedure that allows the quantification of spontaneous BRS in real-life conditions (Parati et al., 2000; La Rovere et al., 2008).

Since exercise induces physiological stress, the analysis of HR and BP responses during maximal progressive exercise may be used as a simple tool to test the integrity of autonomic control to adjust cardiac output. In this context, in a previous study we observed that MetS patients with the comorbidity obstructive sleep apnea (OSA) had impaired HR recovery after maximal exercise, and this seemed to be partly due to the sympathetic hyperactivity in these patients (Cepeda et al., 2015).

There are a large number of studies suggesting that the response (EEBP) during cardiopulmonary exercise test (CPET) that occurs in individuals with normal resting BP is predictive of risk for new-onset hypertension (Miyai et al., 2000; Farah et al., 2009; Tzemos et al., 2015) and cardiovascular disease (Schultz et al., 2013; Keller et al., 2017). Endothelial dysfunction, decreased proximal aortic compliance, and increased exercise-related neurohormonal activation seem to be the main mechanisms underlying this prognosis (Tzemos et al., 2015). The intrinsic risk posed by EEBP may be still higher in MetS patients, as they have pathophysiological substrates that have been consistently associated with autonomic and vascular dysfunction (Trombetta et al., 2010; Shimabukuro et al., 2016; Rodrigues et al., 2017).

Albeit the clinical relevance of EEBP is related to an increased risk of onset hypertension (Miyai et al., 2000), the underlying pathophysiological mechanisms have yet to be fully elucidated. Therefore, this study aimed to assess both whether normotensive patients with MetS have EEBP during maximal CPET and whether autonomic dysfunction, represented by impaired BRS and increased muscle sympathetic nerve activity (MSNA), is involved in this response.



MATERIALS AND METHODS


Study Population

In this prospective study, we recruited 72 newly diagnosed and unmedicated MetS patients from the Outpatient Unit of the Heart Institute (InCor), University of São Paulo Medical School, aged between 40 and 60 years, non-smokers, sedentary, with no history of alcohol consumption, and with no evidence of cardiopulmonary or skeletal muscle disorders. From the initial sample, the ones invited to participate in this study were only those 27 MetS (37.5%) without hypertension based on the office BP (SBP ≤ 139 and DBP ≤ 89 mmHg) (Mancia et al., 2013; Williams et al., 2019), and with normal BP confirmed by Ambulatory Blood Pressure Monitoring (ABPM: 24 h mean SBP/DBP < 130/80 mmHg; daytime < 135/85 mmHg; and nighttime < 120/70 mmHg) (Mancia et al., 2013; Williams et al., 2019), and we named this group as normotensive MetS (MetS_NT). Likewise, 19 age-matched subjects with normal BP (Williams et al., 2019), who presented only one or none of the other MetS risk factors, were enrolled in the study as a Control group (C). Part of these patients had also previously participated in other studies (Cepeda et al., 2015; Maki-Nunes et al., 2015; Rodrigues et al., 2017).

The study was approved by the Scientific Commission of the Instituto do Coracao (InCor), and by the Ethics in Research Commission of the Hospital das Clinicas HCFMUSP, Faculdade de Medicina, Universidade de São Paulo (#1222/05). All participants signed a written informed consent form.



Procedures and Measures


Experimental Design

All evaluations were carried out in about 2–3 weeks on subsequent visits. The subjects were instructed to abstain from caffeine and physical activity for the 48 h leading up to the evaluations. Initially, venous blood was collected after 12 h of overnight fasting to measure total serum cholesterol, triglycerides, HDL cholesterol (enzymatic method), and plasma glucose (standard glucose oxidase method). After a light meal, all subjects underwent three standard BP measurements, and assessment of body weight, height, body mass index (BMI), and waist circumference (WC). Then, the 24-h ambulatory blood pressure monitoring (ABPM) was placed. The next day, ABPM was removed and the autonomic evaluation was performed in a quiet room with controlled temperature (22°C). In a lying position, the patient’s leg was positioned for microneurography, and a microelectrode was placed on the peroneal nerve. After instrumentation and a 15-min rest period, the biological signals of MSNA, heart rate (HR) on the electrocardiogram (ECG), and BP on a beat-to-beat basis were recorded for 10 min at rest in a lying position using a software program (WinDaq Software, Transonic Systems, DATAQ Instruments Inc., Akron, OH, United States). When we did not succeed in assessing MSNA, a second attempt was made on another date. On another visit, a CPET was performed.

Also, individuals underwent a night polysomnography to assess the apnea/hypopnea index (AHI).



Metabolic Syndrome Diagnosis

Metabolic syndrome patients were diagnosed according to Adult Treatment Panel III (ATP-III) (Grundy et al., 2005), which requires meeting at least three of the five following diagnostic criteria: (1) elevated WC ≥ 102 cm in men (≥40 inches) and ≥88 cm in women (≥35 inches); (2) elevated triglyceride ≥ 150 mg/dl (1.7 mmol/L); (3) reduced HDL-c < 40 mg/dl (1.03 mmol/L) in men and <50 mg/dl (1.3 mmol/L) in women; (4) elevated systolic BP (SBP) ≥ 130 mmHg and/or diastolic BP (DBP) ≥ 85 mmHg; and (5) elevated fasting glucose ≥ 100 mg/dl (5.6 mmol/L).

In the present study, we selected MetS patients without hypertension (Williams et al., 2019).



Office Blood Pressure

Systolic BP and DBP were measured following the recommended procedure for routine office BP measurement and with appropriate cuff size (Williams et al., 2019; Barroso et al., 2020).



Ambulatory Blood Pressure Monitoring

The 24-h BP measurements were recorded using a continuous blood pressure monitor (model 90207, Spacelabs Inc., Redmond, WA, United States). The device was placed on the non-dominant upper limb of the patient early in the morning and was removed 24 h later. The device was programed to record BP readings every 10 min during wake (daytime) and every 20 min during sleep (nighttime). To validate the ABPM, at least 70% of expected measurements should be conducted in 24 h recording (Williams et al., 2019). Daytime and nighttime intervals were defined using sleeping times reported by the patients in diary cards (awake and asleep periods) (O’Brien et al., 2013). The subjects were instructed to maintain their habitual activities and to relax and straighten out the arm during waking hour measurements. Thresholds for hypertension diagnosis based on ABPM were 24 h mean ≥ 130 and or ≥80 mmHg; awake (daytime) mean ≥ 135 and or ≥85 mmHg; and asleep (nighttime) mean ≥ 120 and or ≥70 mmHg (O’Brien et al., 2013; Williams et al., 2019).



Muscle Sympathetic Nerve Activity

Muscle Sympathetic Nerve Activity was directly measured through a multiunit postganglionic efferent from the peroneal nerve using the microneurography technique, which consists of the impaction of a tungsten microelectrode to the peroneal nerve, as previously described (Fagius and Wallin, 1993; Trombetta et al., 2010).



Beat-To-Beat Arterial Blood Pressure and Heart Rate

During 10 min at rest in a lying position, mean BP was continuously and non-invasively monitored by Finometer, a finger photoplethysmography device (Finapres 2300; Ohmeda, Englewood, Co., United States) on a beat-to-beat basis (WinDaq Software, Transonic Systems, DATAQ Instruments Inc., Akron, OH, United States) at a frequency of 500 Hz. Simultaneously, HR was continuously monitored through the lead II of the ECG. The respiratory rate was monitored with a piezoelectric thoracic belt (Pneumotrace II, model 1132) placed around the upper abdomen.



Spontaneous Baroreflex Sensitivity

A computer-based technique was used to evaluate the BRS by measuring spontaneous fluctuations beat by beat of BP and HR (see above) in the time domain. This method consists of the identification of three or more sequential beats, characterized by either a progressive rise in SBP and enlargement of the R–R interval (reflex bradycardia) or by a progressive decrease in SBP and shortening of the R–R interval (reflex tachycardia). The consecutive and simultaneous increases in SBP and increases in R–R intervals represent spontaneous activation of baroreceptors (BRS+), and consecutive and simultaneous decreases in SBP and decreases in R–R intervals represent spontaneous deactivation of baroreceptors (BRS−) (Parati et al., 2000; La Rovere et al., 2008). Basically, the values generated by the WinDaq Software were plotted on an excel spreadsheet, with the beat-to-beat SBP values (mmHg), and R–R intervals (from ECG) in milliseconds (ms). After plotting the values side by side, we observed each consecutive sequence of the SBP (from 1 mmHg) and R–R interval (from 3 ms), and a slope by a linear regression was generated. Finally, all slopes were averaged, resulting in an index of the sensitivity of arterial baroreflex modulation of heart rate (BRS). The cuff used was adapted according to the size of the patient’s finger and arm (Parati et al., 2000; La Rovere et al., 2008).



Blood Pressure Response to Exercise and Functional Capacity

Blood pressure response to exercise and functional capacity were measured using a maximal CPET on cycle ergometer fitted with an electromagnetic brake (Medifit 400L, Medical Fitness Equipment, Maarn, Netherlands) using a ramp protocol. The workload increments of 10 or 15 W were added every minute at constant cadence (60–70 rpm) until exhaustion. Oxygen uptake (VO2) and carbon dioxide production (CO2) were determined by gas exchange on a breath-by-breath basis in a computerized system (SensorMedics, model Vmax 229, BuenaVista, CA, United States). Peak VO2 was defined as the maximum VO2 reached at the end of the exercise (Beaver et al., 1986). We used the following criteria to define maximal effort achievement: (1) when the subject no longer maintained a cadence of 60 rpm and was unable to continue exercising, thus demonstrating exhaustion, and (2) when the maximal respiratory exchange ratio (RER) was greater than 1.10 (Balady et al., 2010). HR was continuously monitored during all tests by 12-lead electrocardiogram. Both SBP and DBP (auscultatory method) were measured at baseline, every 2 min of the exercise protocol, at peak, and at the first, second, and fourth minutes of recovery. The peak exercise SBP was considered the highest SBP value achieved during the CPET, and, consequently, the EEBP was defined as a peak exercise SBP ≥ 210 mmHg in men and ≥190 mmHg in women, according to the Framingham criteria (Tsioufis et al., 2008, 2012).



Statistical Analysis

Statistical analysis was carried out using SPSS software (SPSS 20, Inc., Chicago, IL, United States). The data are presented as mean and standard deviation for parametric measurements and median and [interquartile range] for non-parametric measurements. The Kolmogorov–Smirnov and Levine tests were used to assess the normality and homogeneity of distribution of each variable studied. A Chi-square (χ2) test was used to assess categorical data differences. Comparisons between MetS_NT and C groups as well as between normotensive MetS with EEBP (MetS_NT+) and without EEBP (MetS_NT−) during CPET were carried out using Student’s t-test. The bivariate correlation (Pearson correlation) was conducted to test the association of peak SBP response during maximal CPET with baroreflex sensitivity (BRS−), association of triglycerides with peak SBP response during maximal CPET and association of triglycerides and BRS−. P < 0.05 values were considered statistically significant.



RESULTS

Figure 1 depicts participants’ flowchart of the study, which has two different parts. First, we compared MetS_NT patients with the C group. Then, we compared the subgroup of MetS_NT that presented EEBP (MetS_NT+) with those without EEBP (MetS_NT−) during CPET.


[image: image]

FIGURE 1. Participants flowchart. Note that there are two different parts in the study. First, we compared normotensive MetS patients (MetS_NT) with the control (C) group. Then, we compared the subgroup of MetS_NT that presented exaggerated exercise BP (MetS_NT+) with those without exaggerated exercise blood pressure response (MetS_NT−) during cardiopulmonary exercise test (CPET). ABPM, ambulatory blood pressure monitoring; MSNA, muscle sympathetic nerve activity.



Normotensive MetS Patients vs. Control Group

Table 1 displays physical characteristics, MetS risk factors, and AHI from polysomnography of the MetS_NT and C groups. Sex distribution, age, and functional capacity (peak VO2) were similar between groups. As expected, MetS_NT patients had higher weight and BMI and all MetS risk factors were impaired compared to C (Table 1). Regarding autonomic measurements, MetS_NT had lower BRS− (Figure 2A) and higher MSNA (Figure 2B) when compared to C. No difference was found in BRS+ (Figure 2A).


TABLE 1. Physical characteristics, metabolic syndrome (MetS) risk factors, and polysomnography measurements in normotensive metabolic syndrome patients (MetS_NT) and in control (C) group.
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FIGURE 2. Baroreflex sensitivity for increases (BRS+) and decreases (BRS−) in spontaneous BP fluctuations (A), and muscle sympathetic nerve activity [MSNA, (B)] in normotensive MetS patients (MetS_NT, n = 27) and control group (C, n = 19).


Table 2 shows BP of the ABPM recordings and BP response during CPET in the MetS_NT and C groups. It should be noted that the 24-h, daytime, and nighttime means of SBP and DBP were similar in the MetS_NT and C groups, excepted for nighttime DBP, which was higher in MetS_NT. During CPET, MetS_NT had higher SBP and DBP at peak and at the first minute of recovery than C (Table 2).


TABLE 2. Ambulatory Blood Pressure Monitoring recordings (ABPM) and BP response during cardiopulmonary exercise test (CPET) in MetS_NT and in C group.

[image: Table 2]Figure 3 demonstrates the absolute and relative frequency of EEBP response during maximal CPET in MetS_NT and C. Ten (37%) of the patients with MetS_NT (four men and six women) presented EEBP during CPET (i.e., peak exercise SBP ≥ 210 mmHg in men and ≥190 mmHg in women), and we named this subgroup as MetS_NT+. On the other hand, the prevalence of EEBP in the C group was significantly lower (P = 0.044), with only two in 19 individuals (two men), i.e., 10.5% presented EEBP response (Figure 3).
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FIGURE 3. Absolute and relative frequency of exaggerated exercise blood pressure (EEBP = peak exercise SBP ≥ 210 mmHg in men and ≥190 mmHg in women) response during maximal CPET in the MetS_NT and in C. Note that the prevalence was significantly lower in the C group (P = 0.044). Ten (37%) of 27 MetS_NT presented EEBP during CPET, whereas only two in 19 individuals (10.5%) presented EEBP in the C group.




MetS With EEBP (MetS_NT+) Versus MetS Without EEBP (MetS_NT−)

In Table 3, we presented comparisons between MetS_NT+ (n = 10) and MetS_NT− (n = 17, without EEBP) regarding physical characteristics, office BP, BP of the ABPM recordings (24-h, daytime, and nighttime averages of SBP and DBP), and BP response during CPET. The subgroups MetS_NT+ and MetS_NT− were similar in sex distribution, age, weight, BMI, and peak VO2 (Table 3) and AHI (P = 0.127).


TABLE 3. Physical characteristics, office BP, BP of the ABPM recordings, and BP response during CPET in normotensive MetS with (MetS_NT+) and without (MetS_NT−) exaggerated exercise BP response (EEBP) during maximal CPET.

[image: Table 3]Despite similar office BP (SBP and DBP), similar 24-h, daytime, and nighttime averages of SBP and DBP measured by the ABPM, these 10 MetS_NT+ who presented EEBP during CPET had higher SBP and DBP levels at peak of maximal exercise and higher SBP levels at the first minute of recovery (Table 3).

The MetS_NT+ subgroup had lower BRS+ and BRS− when compared to the MetS_NT− subgroup (Figure 4A), whereas MSNA was similar in the two subgroups (Figure 4B).
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FIGURE 4. Baroreflex sensitivity for increases (BRS+) and decreases (BRS−) in spontaneous BP fluctuations (A), and muscle sympathetic nerve activity [MSNA, (B)] in normotensive MetS patients who presented EEBP during maximal CPET (MetS_NT+, n = 10) and in normotensive MetS patients without EEBP during CPET (MetS_NT−, n = 17).


The univariate linear regression between peak SBP and BRS−, BRS+, and MSNA and between SBP at the first min of recovery and BRS−, BRS+, and MSNA in the MetS_NT subgroups with (MetS_NT+) and without (MetS_NT−) EEBP response during maximal CPET is shown in Table 4.


TABLE 4. Univariate linear regression between peak SBP and BRS−, BRS+, and MSNA and between SBP at 1st-min rec and BRS−, BRS+, and MSNA in normotensive MetS with (MetS_NT+) and without (MetS_NT−) EEBP response during maximal CPET.

[image: Table 4]Interestingly, only in the MetS_NT+ subgroup, we found a strong negative correlation between peak SBP and BRS− (Table 4 and Figure 5). Similarly, in MetS_NT+ we found a negative correlation between SBP at the first minute at recovery and BRS− (Table 4).
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FIGURE 5. Correlation between peak systolic BP (peak SBP) during CPET and spontaneous baroreflex sensitivity for decreases in blood pressure (BRS−) in the subgroup of normotensive patients with MetS who presented exaggerated SBP during CPET (MetS_NT+, n = 10).


In order to determine potential metabolic alterations related to impaired peak SBP during CPET, we analyzed the univariate and multivariate linear regression of all metabolic risk factors with peak SBP during CPET and with BRS− in the MetS_NT+ subgroup (Table 5). The univariate linear regression analysis showed a significant correlation between triglycerides with peak SBP and with BRS− (Table 5). For multivariate linear regression, we included all metabolic variables regardless of the previous “P” value in the univariate linear regression. In multivariate linear regression with peak SBP, no variable was found to be significant. On the other hand, with BRS− the triglycerides remained significant.


TABLE 5. Univariate and multivariate linear regression between peak SBP and metabolic risk factors and between BRS− and metabolic risk factors in the MetS_NT subgroups with EEBP (MetS_NT+) during maximal CPET.
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DISCUSSION

In the present study, we found that normotensive MetS patients exhibited higher values of peak systolic and diastolic BP during CPET when compared to normotensive controls, regardless of similar sex distribution, age, peak VO2, and AHI. In addition, they already presented sympathetic hyperactivation and decreased BRS−. Interestingly, some of these normotensive MetS patients (37%) had an EEBP response during maximal exercise (peak SBP ≥ 210 mmHg for men and ≥190 mmHg for women), in spite of similar office BP and similar averages of SBP and DBP at ABPM (24 h, daytime, and nighttime) when compared with normotensive MetS patients without EEBP response. Moreover, this prevalence of EEBP is higher in MetS_NT compared to C. We would like to point out that our MetS_NT subgroups, with or without EEBP response, were similar in age, sex, and functional capacity, factors that are known to impact EEBP (Schultz et al., 2015). However, the MetS_N subgroup that responds with EEBP (MetS_NT+) had lower BRS+ and lower BRS− than the subgroup without EEBP (MetS_NT−) (see Figure 4).

Our data corroborates a previous study conducted by Grassi et al. (2005). They found that sympathetic hyperactivation was not limited when MetS comprise hypertension as one of risk factors. However, unlike this previous study (Grassi et al., 2005), we found that patients with MetS with normal BP had attenuated BRS.

The major finding is that in the subgroup of normotensive MetS with EEBP response, the peak SBP was strong and negatively associated with BRS deactivation (see Figure 5). Therefore, the current study provides new and important findings on the autonomic mechanism involved in the EEBP response to exercise in these patients. Although office BP and BP in ABPM were similar (see Table 3), in this specific population with several metabolic risk factors the EEBP response denotes an arterial baroreflex dysfunction that seems to play a role in controlling BP during physiological stress, as it seems to do during exercise.

Notwithstanding using submaximal exercise and different measurement techniques as well as different SBP cutoff values to characterize EEBP, a recent community-based analysis from the Paris Prospective Study III (Sharman et al., 2018) has found similar results, observing that impaired BRS was independently associated with EEBP even among those with well-controlled resting BP. Nevertheless, this study that included 8,976 participants differs from ours in that the information pertaining to lifestyle and personal and family medical history (e.g., physical activity, disease status, and medication use) was achieved by self-administered questionnaires. Even so, this study reinforces that in normotensive subjects, decreased BRS seems to be a mechanistic pathway which may account for abnormal BP response to exercise.

It is well-established that adrenergic activation and baroreflex dysfunction are present in all hypertensive states (Grassi et al., 2007; Laterza et al., 2007; Seravalle et al., 2015). Likewise, exacerbation of BP during CPET is common in hypertensive patients (Schultz et al., 2015; Kader Abdel Wahab, 2016). Moreover, hypertensive patients with MetS had more than a twofold risk of exhibiting EEBP response than those without MetS (Tsioufis et al., 2012). Our aim in this study was to investigate whether this exacerbated BP response and autonomic changes were also detectable in the initial clinical phases of MetS, particularly in those patients without the presence of the hypertension component. Albeit it is consensus that decreased BRS is associated with increased sympathetic drive (Laterza, 2007) and higher BP (Wustmann et al., 2009), in our study only the BRS remained different between subgroups when we divided the normotensive MetS group (MetS_NT) by subgroups with (MetS_NT+) or without EEBP (MetS_NT−) response during maximal CPET, whereas MSNA did not. We cannot rule out that there was sympathetic hyperactivation at the peak of exercise in these patients with EEBP, since the measurement of MSNA was performed at rest, with the patients in a lying position. On the other hand, even in a small normotensive MetS group with EEBP response (n = 10), there was a strong negative association of peak SBP with BRS−, lending strength to the hypothesis that this autonomic reflex is an important pathophysiological mechanism underlying EEBP.

The mechanisms underlying an exacerbated BP response during exercise have yet to be fully understood and seem indeed to be multifactorial. So far, studies have pointed to endothelial dysfunction and changes in the intima-media thickness as the mechanisms underlying the exacerbation of BP during CPET in hypertension (Kader Abdel Wahab, 2016), perhaps caused by systemic vascular inflammation (Hamer and Steptoe, 2012). We may speculate that these alterations in turn may generate vascular resistance, causing arterial stiffness, and as such may be related to EEBP response in our sample. Indeed, in a previous study multivariate regression models clearly indicated that MetS, when compared to individual metabolic components, predicts impairment of endothelial dysfunction (Shimabukuro et al., 2016). To lend further support to this finding, a previous study conducted by our group involving MetS patients has demonstrated that impaired fasting glucose does play a role in vascular damage associated with sympathetic hyperactivation (Rodrigues et al., 2017). In another study with MetS patients, we found that the higher number of risk factors increase vascular dysfunction, as measured by pulse wave velocity (Lopes-Vicente et al., 2017). Additionally, besides age and increased SBP, altered triglycerides in the clustering worsened the stiffness of large vessels (Lopes-Vicente et al., 2017).

When hypertension is eliminated, controversy remains regarding the pathophysiological change and the EEBP response. In addition, only a few studies have focused on the effects of MetS on BRS (Grassi et al., 2005; Trombetta et al., 2010; Assoumou et al., 2012; Sharman et al., 2018). Sharman et al. (2018) demonstrated that impaired BRS, but not carotid stiffness, was independently associated with exaggerated exercise BP among those with well-controlled resting BP.

Our MetS population sample comprised recently diagnosed and unmedicated MetS patients without hypertension, a very common condition in middle-aged individuals who often do not consider themselves to be diseased. Our study brings a new perspective in that it lends prominence to the role of BRS as a key mechanism which may underlie the response of BP to CPET.

While elucidating the risk factors that impair autonomic control of BP during exercise in normotensive patients with MetS is indeed complex, given that these factors share pathophysiological pathways and seem to potentiate each other, the association of triglycerides with peak SBP may suggest the potential of this risk factor over some pathophysiological changes involved in hemodynamic control. However, the overlap of metabolic risk factors seems to be the main cause of the autonomic alteration in normotensive MetS patients.

In general, the overlap of several risk factors seems to be stronger in predicting the pathophysiological alterations related to attenuation of BRS as well as to EEBP response. Assoumou et al. (2012) have shown that decreased BRS slope was significantly correlated with MetS. Nevertheless, this association also independently was found for triglycerides and waist circumference in elderly patients with MetS (Assoumou et al., 2012).

Indeed, the overlap of several metabolic risk factors is the probable trigger to higher values of peak systolic BP during exercise, as shown by a previous study conducted by Tsioufis et al. (2012). They found that MetS in newly diagnosed hypertensive patients was associated with increased peak exercise BP and a higher frequency of EEBP, regardless of ambulatory BP levels and anthropometric characteristics. Our results extend this knowledge to the change in BRS in MetS without hypertension, which leads to the EEBP response that occurs beyond hypertension, predisposing these normotensive MetS with EEBP response to higher cardiovascular risk.

We have previously observed that OSA, a common comorbidity in patients with MetS, leads to a further impairment in autonomic control (Trombetta et al., 2010, 2013; Toschi-Dias et al., 2013; Cepeda et al., 2015). However, in the present investigation patients with hypertension as one of MetS risk factors were excluded, and our studied groups were similar in the AHI. Thus, OSA apparently did not affect BP response during exercise in these normotensive MetS patients, not even those with EEBP response.

Although several methods have been developed to study baroreflex function in humans, most of these techniques are of limited value for a daily practice in the clinical setting (La Rovere et al., 2008). Given that the BP measurement is a standard evaluation procedure during the graded exercise test, a routinely in-clinic exam, we may suggest the use of the Framingham criteria cutoff for peak SBP (≥210 mmHg in men and ≥190 mmHg in women) (Tsioufis et al., 2008, 2012) as a surrogate method to indicate probable baroreflex dysfunction in normotensive MetS patients.

In conclusion, the present study offers a new insight on the mechanisms underlying EEBP response to exercise and more particularly on the key role of BRS impairment in the increased BP response during exercise in normotensive patients with MetS. Our findings emphasize the importance of identifying EEBP response to exercise in MetS patients, even in those within the normal range of clinical BP, since exaggerated BP during CPET was associated with the baroreflex in MetS patients, which put these patients at a greater cardiovascular risk. Thus, an awareness of EEBP during maximal CPET in normotensive MetS patients should be part of any clinical interventions.


Limitations

There are some limitations in our study that merit discussion. Previous studies addressing the mechanisms underlying EEBP have been carried out with healthy volunteers. The association of risk factors (at least 3) in our sample of normotensive patients with MetS can cause interpretation bias, since any of the factors, according to their prevalence, may be involved in the EEBP during CPET (Thanassoulis et al., 2012).

We would like to point out that it has already been demonstrated that women have distinct pathophysiological pathways from men (Lambert et al., 2007; Lew et al., 2017), as well as increased adiposity along with differences in endothelial function and recruitment of inflammatory cells. Even though our sample is composed of male and female patients, this should not affect our results, since we did not find any differences in gender distribution between the studied groups.

In this study, the office BP was measured in a single visit. According to the “Brazilian Guidelines of Hypertension–2020” (Barroso et al., 2020), true hypertension is defined when systematically abnormal BP values are measured in the office, or more assertively by using out-of-office measurements by ABPM. Following the guidelines, in order to confirm hypertension, our patients underwent an ABPM.

Regarding the method used for determining the BRS, the venous vasoactive drug infusion technique has been largely used. However, the lack of selectivity in the response has been considered as one important limitation of the use of vasoactive drugs (La Rovere et al., 2008). Thus, we opted for the spontaneous method, since it reflects spontaneous beat-to-beat baroreflex at rest while providing a safe and reliable non-invasive assessment of human BRS. However, the sequence method used in the present study is just one of the spontaneous BRS methods in literature and other methods may quantify different aspects of the autonomic BRS control (Silva et al., 2019). Another limitation is that a spontaneous method used to study the arterial baroreflex estimates the feedback effects of SBP changes on pulse interval (PI) and reciprocal of heart rate, neglecting the simultaneously occurring feedforward effects of PI on SBP, induced through changes in cardiac output (Parati et al., 2019).

Assessing auscultatory BP during treadmill maximal exercise is sometimes difficult. We took great care to have reliable peak BP measurement, using a stationary electromagnetic brake cycle ergometer.
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ABBREVIATIONS

MetS, metabolic syndrome; C, control group without MetS; MetS_NT, normotensive MetS patients; CPET, cardiopulmonary exercise test; EEBP, exaggerated exercise blood pressure response during maximal cardiopulmonary exercise test, i.e., SBP ≥ 190 mmHg for women and ≥ 210 mmHg for men; MetS_NT+, normotensive MetS subgroup with EEBP response during CPET; MetS_NT−, normotensive MetS subgroup without EEBP response during CPET; BP, blood pressure; SBP, systolic BP; DBP, diastolic BP; HR, heart rate; BRS, spontaneous baroreflex sensitivity; BRS+, BRS for increases in spontaneous BP and HR fluctuations; BRS−, BRS for decreases in spontaneous BP and HR fluctuations; MSNA, muscle sympathetic nerve activity; ABPM, ambulatory blood pressure monitoring; OSA, obstructive sleep apnea; AHI, apnea/hypopnea index; BMI, body mass index; WC, waist circumference; ECG, electrocardiogram; VO2, oxygen uptake.
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Background: The sympathetic arterial baroreflex is a closed-loop feedback system for stabilizing arterial pressure (AP). Identification of unique functions of the closed system in humans is a challenge. Here we propose an analytic and integrative framework for identifying a static operating point and open-loop gain to characterize sympathetic arterial baroreflex in humans.

Methods and Results: An equilibrium diagram with two crossing functions of mechanoneural (MN) and neuromechanical (NM) arcs was analyzed during graded tilt maneuvers in seven healthy subjects. AP and plasma norepinephrine level (PNE), as a surrogate for sympathetic nerve activity, and were recorded after vagal modulation of heart function was blocked by atropine. The MN-arc curve was described as a locus of operating points during –7, 0, 15, and 60° head-up tilting (HUT) on a PNE-AP plane. The NM-arc curve was drawn as a line between operating points before and after ganglionic blockade (trimethaphan, 0.1 mg⋅ml–1⋅kg–1) during 0° or 15° HUT. Gain values were estimated from the slopes of these functional curves. Finally, an open-loop gain, which is a most important index for performance of arterial baroreflex, was given by a product of the gain values of MN (GMN) and NM arcs (GNM). Gain values of MN was 8.92 ± 3.07 pg⋅ml−1⋅mmHg−1; and GNM at 0° and 15° HUT were 0.61 ± 0.08 and 0.36 ± 0.05 mmHg⋅ml⋅pg–1, respectively. A postural change from supine to 15° HUT significantly reduced the open-loop gain from 5.62 ± 0.98 to 3.75 ± 0.62. The effects of HUT on the NM arc and open-loop gain seemed to be similar to those of blood loss observed in our previous animal studies.

Conclusion: An equilibrium-diagram analysis contributes to a quantitative and integrative understanding of function of human sympathetic arterial baroreflex.

Keywords: baroreflex, blood pressure, equilibrium diagram, feedback system, mechanoneural arc, neuromechanical arc, norepinephrine, open-loop gain


INTRODUCTION

Arterial baroreflex through sympathetic efferents is the most important negative feedback control system to attenuate the effects of rapid daily perturbations in arterial pressure (AP) (Guyton et al., 1972; Sato et al., 1999b). For example, the fall in AP during a postural change from lying to standing is instantaneously sensed by arterial baroreceptors which initiate an immediate compensatory vasoconstriction and increase in heart rate through activation of efferent sympathetic pathways. Without such compensatory baroreflex response, the simple standing maneuver would cause a fall in AP with the consequence of reduction of brain perfusing and possible loss of consciousness (Ketch et al., 2002; Parikh et al., 2002; Ondrusova et al., 2017).

Guyton et al. (1972) have developed an open-loop analytical approach for characterizing a physiological system with a feedback loop based on new concepts such as the Guyton’s equilibrium diagram for right atrial pressure, venous return, and cardiac output. This diagram enables us to quantitatively and analytically understand how the unique value of the cardiac output is determined by the cardiovascular system. A similar analytical approach for identifying a static operating point of sympathetic arterial baroreflex is needed to understand the mechanism by which AP and sympathetic nerve activity are determined under the closed-loop conditions.

Our previous animal studies with vascular isolation of baroreceptors revealed that the decomposition of the baroreflex loop into mechanoneural (MN) and neuromechanical (NM) arcs allows us to analytically determine the static operating point by equilibrating respective functional curves of the two arcs (Sato et al., 1999b). However, the baroreceptor isolation approach is not applicable to humans. The purpose of the present investigation was to develop a new method and integrative framework for analyzing sympathetic baroreflex control of AP in humans.



MATERIALS AND METHODS


Theoretical Considerations: Coupling of Mechanoneural and Neuromechanical Arcs

A simplified diagram representing characteristics of the sympathetic arterial baroreflex system is shown in Figure 1A. The vasomotor center modulates sympathetic vasomotor nerve activity (SNA) in response to the changes in AP produced by external disturbance to the cardiovascular system. The changes in AP are immediately sensed by arterial baroreceptors. Changes of efferent SNA with chronotropic and inotropic effects on the heart and vasoconstrictor effects on smooth muscles in peripheral vessels (Hainsworth and Karim, 1976; Robertson et al., 2012; Ichikawa et al., 2019) exert direct influence over AP counteracting the disturbance. As a result, the effect of external disturbance on AP is attenuated by arterial baroreflex. We denote a controlling element of the simplified baroreflex model as a MN arc and a controlled element as a NM arc. In the MN arc, the input is AP, and the output is SNA. In the NM arc, the input is SNA, and the output is AP. Because the variables characterizing the functions of the two arcs are common, we can superimpose the two functional curves and analytically identify the operating point, i.e., the point defined by AP and SNA under the closed-loop conditions of the feedback system, and as an intersection between them on an equilibrium diagram (Figure 1B). The validity of such an equilibrium-diagram analysis for arterial baroreflex has been verified by the previous animal study through a baroreceptor-isolation approach (Sato et al., 1999b).
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FIGURE 1. Conceptual scheme for integrative analysis of human sympathetic arterial baroreflex. Sympathetic arterial baroreflex is a feedback control system, which is divided into mechanoneural (MN) and neuromechanical (NM) arcs (A). In the MN arc, its input is a controlled variable, arterial pressure (AP), and its output is a manipulated variable, sympathetic nerve activity (SNA); in the NM arc, its input and output are SNA and AP, respectively. The functional curves of the two arcs can be superimposed on an equilibrium diagram (B). Under closed-loop conditions of the feedback system, its operating point should be a point of intersection between the two curves. PNE, plasma norepinephrine level. See text for detailed explanation of Points 0,1, and 2.


First, under the closed-loop conditions of the arterial baroreflex system, we draw the functional curve of the MN arc by loading an external disturbance, postural tilting, and on the NM arc. In a supine position, the arterial baroreflex system should operate at an intersection point (Point 0) of the two curves on an equilibrium diagram (Figure 1B). During head-up tilt (HUT) the functional curve of the NM arc is shifted downward, and the operating point should move downward and rightward toward higher SNA (Point 1).

Trimethaphan is a rapidly acting ganglionic blocking agent and can be used to abolish postganglionic neural activity and to nullify the responsiveness of SNA to AP change (Jordan et al., 1998; Shannon et al., 1998). Therefore, during trimethaphan the operating point should move leftward (SNA reduction) and downward (AP fall) (Point 2). Assuming that the PNE can be substituted for SNA, we can redraw the functional curves of the two arcs in the AP-PNE relationship. Therefore, the functional characteristics of the MN and NM arcs are expressed as the PNE response to AP and the AP response to PNE, respectively. Finally, we can identify the functional curve of the MN arc as the line passing through Points 0 and 1, and that of the NM arc as the line passing through Points 0 and 2. We can also estimate the gain of the MN arc (GMN) from the slope of the functional curve of the MN arc against the AP axis, and the gain of the NM arc (GNM) from the slope of the NM arc against the PNE axis. Finally, an open-loop gain, GL, is given by a product of GMN and GNM. GL is a most important index for performance of arterial baroreflex, because the effect of external disturbance should be attenuated to 1/[1 + GL] by the closed-loop feedback system (Riggs, 1963; Milhorn, 1966; Kent et al., 1972; Sato et al., 1999b).



Protocol

To test this concept, a following protocol with tilt and ganglionic blockade was conducted in human volunteers. The research protocol was approved by the ethical review board of Kochi Medical School (Reference number: 2021-4) and followed the Declaration of Helsinki and the ethical standards of the responsible committee on human experimentation.



Subjects

Seven normal male volunteers aged between 19 and 37 years participated in this study, which was held between November 21, 2001 and November 30, 2001. Their heights and weights were between 1.67 and 1.82 m, and between 57 and 86 kg, respectively.



Measurement

Each subject was placed on a tilting bed in a quiet and temperature-controlled room (20°C) about 2–3 h after lunch. Surface electrodes were attached to the chest for monitoring of electrocardiogram (ECG). AP was tonometrically measured with a continuous non-invasive blood pressure-monitoring instrument (JENTOW, Colin Electronics, Komaki, Japan) (Sato et al., 1993). The tonometric sensor was attached to the left radial artery. The left upper limb was fixed in shoulder abduction position at 90° of rotation with the use of an arm support. We kept the position of the sensor at the level of the clavicle to monitor the approximate pressure of the subclavian and carotid AP, because arterial baroreceptors sense AP at such regions. An indwelling needle was placed in a forearm vein. Blood was sampled and analyzed for measurement of PNE with an assay. Atropine (0.4 mg⋅kg–1) was infused via the forearm venous line to block vagal effects during the protocol (Halmagyi et al., 1969).



Estimation of Mechanoneural Arc

After a 20 min stabilization period in resting supine position, the posture of the subject was changed to a head-down position of 7°, supine position, HUT position of 15°, and HUT position of 60° every 5 min. The electrical signals of AP, ECG, and angle of the tilting bed were digitized at a rate of 500 Hz by means of analog-to-digital converter (AD12-8(PM); Contec, Tokyo, Japan) and stored. At the end of each 5-min period, blood was sampled for PNE assay.



Estimation of Neuromechanical Arc

While trimethaphan (Arfonad, Roche) was infused at a rate of 0.1 μg⋅kg–1⋅min–1, AP and ECG were recorded in a supine position for 5 min. After blood sampling, the posture of the subject was kept in a HUT position of 15° for 5 min under careful monitoring of AP and ECG. At the end of a study protocol, the last blood sampling was made.



Data Analysis

In each period, AP and heart rate were computed from the data for the last 30 s. AP was calculated by averaging of digitized values. PNE was measured by a high performance liquid chromatography (HLC-8030, Toso, Tokyo, Japan). The relationship between AP and PNE was analyzed for each subject. To characterize the functional curve of the MN arc, we plotted PNE values against AP values measured in four different body positions before trimethaphan infusion. A regression line was fitted to these four points by a least square method, and its slope and AP-axis intercept (APMN,0) was computed. The slope with respect to AP axis was considered as GMN. To identify the functional curve of the NM arc in supine position, we plotted supine AP values against PNE values before and after trimethaphan infusion. The line passing through the two points was calculated. The slope with respect to PNE axis, GNM(0), was considered as the gain of the NM arc in supine position. The AP-axis intercept of the line, APNM,0(0), was considered as the AP that is generated by the cardiovascular system at null PNE in supine position. To identify the functional curve of the NM arc in 15-degree HUT position, we plotted the AP values in 15-degree HUT position against PNE values before and after trimethaphan infusion, and calculated GNM(15) and APNM,0(15). The open-loop gains, GL(0) and GL(15), at the operating points in supine and 15-degree HUT positions were estimated from the product of GMN and GNM(0), and that of GMN and GNM(15), respectively.

Paired measurements were analyzed by a Wilcoxon signed-rank test or a Steel multiple-comparison test. Differences were considered significant at P < 0.05. Values are expressed as means ± SD.



RESULTS


Postural Tilting Tests

Effects of postural tilting on AP, heart rate, and PNE are shown in Figure 2 and Table 1. Under the baseline condition after atropine injection, head-down tilting increased AP and decreased PNE, and conversely HUT decreased AP and increased PNE. In response to AP changes, PNE exhibited opposite changes.
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FIGURE 2. Graph showing effects of postural tilting on arterial pressure (AP), and plasma norepinephrine level (PNE) during baseline and after trimethaphan infusion. Note that a reference level for AP measurement was not the heart but the clavicle; because the controlled or feedback variable of arterial baroreflex should be AP sensed by arterial baroreceptors localized in the wall of the aortic arch and carotid sinus. Values are means ± SD. See text and Table 1 for detailed explanation.



TABLE 1. Effects of postural tilting on arterial pressure (AP), heart rate, and plasma norepinephrine level.

[image: Table 1]
Trimethaphan significantly lowered both AP and PNE in supine and HUT positions. HUT significantly decreased AP, while it did not increase PNE during trimethaphan infusion. The compensatory responses of PNE to AP changes observed under the baseline condition vanished completely after trimethaphan infusion.



Estimation of Parameters of Two Arc Curves and Total Loop

Shown in Table 2 are the estimated values for parameters of two arc curves and open loop. GNM and GL were significantly reduced by HUT.


TABLE 2. Estimation of arterial pressure offset (AP), gain (G) of mechanoneural (MN) and neuromechanical (NM) arcs, and open-loop gain (GL).
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DISCUSSION

Here we proposed a model and mechanism for determination of the static operating point of sympathetic arterial baroreflex, showing an integrative framework is applicable to humans. The present results also revealed an important functional index for the regulatory system, open-loop gain, in humans. The open-loop gain, which is referred to as homeostatic index (Riggs, 1963; Milhorn, 1966), and is a measure of the ability of the regulatory system to buffer an impact of external disturbance.


Measurement of Controlled or Feedback Variable

During AP measurement in clinical settings, the arm should be horizontal at the level of the heart as denoted by the midsternal level. The reason for the arm position is that a hydrostatic difference in AP between the brachial artery and the heart should be nullified (Beevers et al., 2001). However, such knowledge should be reconsidered only when we measure AP to evaluate arterial-baroreflex function against orthostatic stress. A standing person with a height of 1.8 m who has AP of 100 mmHg at the level of his heart must have AP of 80–85 mmHg in his baroreceptor areas of aortic-depressor and carotid-sinus nerves because of a difference of 200–250 mmH2O in a hydrostatic level (Netea et al., 1998). It should be considered that the controlled or feedback variable of the arterial-baroreflex system should be the AP which is sensed by not the heart but arterial baroreceptors at the aortic arch, brachiocephalic trunk, and carotid sinus (Sato et al., 2002). According to these fundamentals of feedback control theory, we fixed an AP sensor at the level of the clavicle so that we could monitor the approximate value of baroreceptor AP during postural tilting (Yamasaki et al., 2003; Ichikawa et al., 2019).



Equilibrium-Diagram Analysis With Baroreceptor Isolation Approach

Our previous animal study (Sato et al., 1999b) made a first report on a new analytic framework for understanding sympathetic arterial baroreflex, i.e., equilibrium-diagram analysis of MN, and NM arcs. Using baroreceptor-isolation approach, we could impose any level or waveform of pressure on baroreceptors with a sophisticated servo pump. Under the open-loop conditions, relationship between baroreceptor pressure and SNA and that between SNA and AP were quantitatively measured, and then the operating point of the closed-loop conditions was predicted by equilibrium-diagram analysis. While in real time imposing instantaneous AP on vascularly isolated baroreceptors, we observed the operating point of the closed-loop conditions. Agreement between analytically predicted and actually observed operating points of the closed-loop conditions validated equilibrium-diagram analysis for sympathetic arterial baroreflex.

Our previous study with modeling and simulation revealed the effect of an external disturbance, loss of blood, on MN and NM arcs. The loss of blood volume in the range of 0.5-2% of body weight reduced GNM and APNM,0 dependently on its severity, while it did not affect any parameter of the MN arc. A graphical analysis with equilibrium diagram of MN and NM arcs helps us to understand a mechanism for a shift of the operating point after external disturbance to the circulatory system under the closed-loop or open-loop conditions of arterial baroreflex.



Equilibrium-Diagram Analysis in Humans

Although many earlier studies of arterial baroreflex elucidated its particular features, such as baroreceptor transduction properties (Sato et al., 1998), central mechanisms (Harada et al., 1993), and effector organ contributions in animals (Shoukas and Sagawa, 1973; Hainsworth and Karim, 1976) and humans (Jordan et al., 1998; Shannon et al., 1998), and few efforts have been made to elucidate an overall behavior of human arterial baroreflex. Accumulation of detailed knowledge of fragmentary components did not allow us to integratively understand how the arterial baroreflex is capable of attenuating the effect of external perturbation on human AP.

Shown in Figure 3A is a representative equilibrium diagram of human MN and NM arcs for understanding of the operating point of sympathetic baroreflex control of AP. Each arc curve is reproduced with its average parameters summarized in Table 2. The effects on the NM arc of HUT in humans seem to be very similar to those of blood loss in animals (Sato et al., 1999b). This similarity would result from a similarity in hemodynamic effects between the two types of external disturbances (Guyton et al., 1972; Yamasaki et al., 2006). Therefore, we suppose that HUT reduces cardiac preload and cardiac output (Critchley et al., 1997) and subsequently decreases GNM, and APNM,0 dependently on its angle. In terms of systems physiology, a block diagram of human sympathetic baroreflex control of AP against postural tilting can be drawn as shown in Figure 3B. Taken together, an imposition of the external disturbance, postural tilting, on the circulatory system is considered to alter GNM and APNM,0, and thus these parameters are regarded as functions of tilt angle φ. Therefore, the functional curve of the NM arc is expressed as follows: AP = GNM(φ) PNE + APNM,0(φ).
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FIGURE 3. Graphical representation of physiological meanings of gain factors of MN and NM arcs and a loop (A,C) against 15° head-up tilting (HUT), and block diagrams of sympathetic arterial baroreflex with (B) and without (D) a tilt-induced effect on the NM-arc gain. (A) The MN- (solid line), supine NM- (dotted line), and HUT NM- (dashed line) are reproduced with its average parameters summarized in Table 2. For a line of the MN arc, AP = – 1/GMN PNE + APMN,0; for a line of the NM arc in supine position, AP = GNM(0) PNE + APNM,0(0); and for a line of the NM arc in 15° HUT, AP = GNM(15) PNE + APNM,0(15). (C) The MN- and supine NM-arc curves are identical with (A) while the HUT NM-arc curve is assumed to move down in parallel with the supine NM-arc curve. Using equilibrium diagrams (A,C), we can graphically explain how sympathetic arterial baroreflex attenuates the effect of external disturbance on the circulatory system in humans. During baseline condition, the operating point moves from Point 1 to Point 2 along the functional curve of the MN arc in response to changes in tilt angle (A). The difference in AP before and after 15° HUT is estimated to be 6 mmHg. However, if the MN arc does not respond to AP change at all, the operating point should move down vertically from Point 1 to Point 3, and thus the AP difference before and after tilting is assumed to reach 24 mmHg. Consequently, the effect of 15° HUT on AP is considered to be attenuated to 1/4 by sympathetic arterial baroreflex. If this attenuation ratio is used for estimation of GL, it is calculated to be 3 according to the following formula: GL = 1/(attenuation ratio) – 1. However, the estimated value for GL is not consistent with GL(0). The reason for this inconsistency is that HUT affects GNM as well as APNM,0. If GNM were independent of tilt angle, the NM-arc curve in 15° HUT position would become parallel to that in supine position (C), and then the AP difference between Point 1 and Point 2 before and after tilting is assumed to be less than 4 mmHg during baseline condition. Therefore, the GL estimated from the attenuation ratio should exactly coincide with the GL(0). AP, arterial pressure; PNE, plasma norepinephrine level; APset, set-point value for AP; APNM,0, AP that is generated by the cardiovascular system at null PNE; GMN, gain for MN arc; GNM, gain for NM arc; φ, tilt angle. See text for detailed explanation.


Using the equilibrium diagram, we can graphically explain how sympathetic arterial baroreflex attenuates the effect of external disturbance on the circulatory system in humans. As illustrated in Figure 3A, the operating point moves from Point 1 to Point 2 along the functional curve of the MN arc in response to changes in tilt angle. The difference in AP before and after HUT with angle of 15° is estimated to be 6 mmHg during baseline condition. However, if the MN arc does not respond to AP change at all, the operating point should move down vertically from Point 1 to Point 3, and thus the AP difference before and after tilting is assumed to reach 24 mmHg. Consequently, the effect of 15-degree HUT on AP is considered to be attenuated to 1/4 by sympathetic arterial baroreflex. If this attenuation ratio is used for estimation of GL, it should be equal to three according to the following formula: GL = 1/(attenuation ratio)–1 (Kent et al., 1972; Sato et al., 1999b). However, the estimated value for GL is not consistent with GL(0). The reason for this inconsistency is that HUT affects GNM as well as APNM,0. If GNM were independent of tilt angle (Figure 3C), the NM-arc curve in 15-degree HUT position would become parallel to that in supine position, and then the AP difference between Point 1 and Point 2 before and after tilting is assumed to be less than 4 mmHg during baseline condition. Therefore, the GL estimated from the attenuation ratio should exactly coincide with the GL(0). Even though a block diagram similar to Figure 3D is well known as an explanation for function of arterial baroreflex with postural tilt-induced perturbation (Milhorn, 1966; Kamiya et al., 2014), it should be repeatedly emphasized that postural tilting should affect not only APNM,0 but also GNM as an external disturbance to the cardiovascular system (Figure 3B). The present results obtained by the equilibrium-diagram analysis would contribute to an integrative understanding of physiology of human sympathetic arterial baroreflex and pathophysiology of supine hypertension with orthostatic hypotension (Ketch et al., 2002; Parikh et al., 2002).

As proposed by our previous study with animals (Sato et al., 1999b), APMN,0 is assumed to be an approximation to a set-point value for a controlled variable of the feedback control system. When AP becomes higher than the set-point value, there is no response of PNE to AP. An integrative and analytic framework with the equilibrium diagram enables us to graphically understand the function of each component and variable of arterial baroreflex.



Open-Loop Gain

Many investigators have estimated the open-loop gain of sympathetic baroreflex control of AP by perfusing vascularly isolated areas such as one carotid sinus, both carotid sinuses, or the aortic arch at various pressures while measuring AP changes in animals. The ratio of AP change to baroreceptor pressure change, i.e., open-loop gain, was reported to be between 1.0 and 3.5 (Kent et al., 1972; Shoukas and Sagawa, 1973; McRitchie et al., 1976; Burattini et al., 1994; Sato et al., 1999a; Sunagawa et al., 2001). However, such an invasive approach is not applicable to humans, and thus open-loop gain of human baroreflex control of AP has been not yet clarified. Although baroreflex sensitivity or cardiac baroreflex gain is usually used as an index for human baroreflex function (Cooper and Hainsworth, 2001; Ogoh et al., 2006; Fisher et al., 2007; Horsman et al., 2013; Lund et al., 2018; Shahzad et al., 2018), such an index is not an effective surrogate for homeostatic index of arterial baroreflex (Riggs, 1963; Milhorn, 1966). To our best knowledge, this is the first study to present an equilibrium-diagram analysis of human sympathetic arterial baroreflex. Using this framework, we can outline the MN and NM arcs and estimate the open-loop gain.



Limitations

Our previous study with animals revealed an entire picture of the MN and NM arcs with sigmoidal shape by altering a sufficiently wide range of baroreceptor pressure (Sato et al., 1999b). The present human study, on the other hand, could not draw overall characteristics of the two arcs because it is quite difficult to make such a wide range of change in AP. As shown previously, however, the functional curves of the two arcs appeared to be linear in a limited range near baseline operating points of sympathetic arterial baroreflex.

Although PNE was used as an index of sympathetic nerve activity in the present study, PNE is considered to be determined by a difference between the norepinephrine spillover rate from postganglionic sympathetic nerve endings to plasma and the norepinephrine clearance (Esler et al., 1982). Therefore, the interpretation of PNE data, e.g., interindividual comparison of the gain of the MN or NM arc alone, should be made carefully; while, on the contrary, the estimated value for open-loop gain, which has no unit of measurement, has a physiological meaning even when being compared among individuals.

In this study, data were obtained from a small number of healthy and young volunteers. Therefore, we could not conclude that the parameters of the MN and NM arcs shown here are representative of a normal population. Further studies with a large number of healthy or diseased people at different ages are needed for an overall understanding of baroreflex function or dysfunction (Jordan et al., 1998; Shannon et al., 1998).



CONCLUSION

In the present study, an equilibrium-diagram analysis for functional curves of MN and NM arcs of human sympathetic baroreflex revealed the mechanism by which AP is stably controlled against postural tilting. Such an analytical framework would help a quantitative and integrative understanding of pathophysiology of arterial baroreflex dysfunction and failure.
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The arterial baroreflex system plays a key role in maintaining the homeostasis of arterial pressure (AP). Changes in AP affect autonomic nervous activities through the baroreflex neural arc, whereas changes in the autonomic nervous activities, in turn, alter AP through the baroreflex peripheral arc. This closed-loop negative feedback operation makes it difficult to identify open-loop dynamic characteristics of the neural and peripheral arcs. Regarding sympathetic AP controls, we examined the applicability of a nonparametric frequency-domain closed-loop identification method to the carotid sinus baroreflex system in anesthetized rabbits. This article compares the results of an open-loop analysis applied to open-loop data, an open-loop analysis erroneously applied to closed-loop data, and a closed-loop analysis applied to closed-loop data. To facilitate the understanding of the analytical method, sample data files and sample analytical codes were provided. In the closed-loop identification, properties of the unknown central noise that modulated the sympathetic nerve activity and the unknown peripheral noise that fluctuated AP affected the accuracy of the estimation results. A priori knowledge about the open-loop dynamic characteristics of the arterial baroreflex system may be used to advance the assessment of baroreflex function under closed-loop conditions in the future.
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INTRODUCTION

The arterial baroreflex system is one of the most important negative feedback systems that stabilize arterial pressure (AP). Identifying the dynamic characteristics of the arterial baroreflex system is essential to understand the homeostasis of AP in daily activities. When we focus on sympathetic AP controls, the arterial baroreflex system can be divided into two principal subsystems (Ikeda et al., 1996). One is the neural arc subsystem, which defines the relationship between a baroreceptor pressure input and efferent sympathetic nerve activity (SNA). The other is the peripheral arc subsystem, which defines the relationship between SNA and AP. The neural and peripheral arcs can be regarded as the controller and the plant of the arterial baroreflex system, respectively. Under normal physiological conditions, the arterial baroreflex system operates as a closed-loop negative feedback system. Changes in AP affect SNA, whereas changes in SNA, in turn, affect AP. This closed-loop operation hampers the application of a nonparametric frequency-domain system identification method based on a conventional transfer function analysis because the Fourier transformation is mathematically noncausal.

Although we reported a nonparametric frequency-domain closed-loop identification method in previous studies (Kawada et al., 1997; Kawada and Sugimachi, 2016, 2019), the method was described as a set of equations. A certain gap exists between a set of equations and its implementation to programming. This paper, therefore, provides sample codes for the analytical method with sample data files. Although the codes were written in good faith, they could contain unexpected errors. The use may be limited because the codes were developed for analyzing specific datasets. The programs are explained using open-source software GNU Octave and Scilab so that most readers can test the codes on their own (see Appendix). However, the programs were originally developed in commercial software Matlab (MathWorks). The readers are asked to understand those limitations and use the programs on their responsibility. Most figures were drawn on the basis of screenshots so that the readers can easily follow the results of the sample codes.

A dilemma faced frequently in the medical engineering field is that the accuracy of system identification is not parallel with the usefulness of the identification result. Even if the system identification is not perfect, the result may remain useful for diagnosis, risk stratification, prediction of prognosis, and so on. In this article, however, accuracy was sought as a goal of the closed-loop identification. Before explaining the method of closed-loop identification, we will review open-loop dynamic characteristics of the arterial baroreflex system including those in animal models of cardiovascular diseases. The open-loop dynamic characteristics of a system are regarded as the answer to the closed-loop identification. If the closed-loop identification is successful, the identification result will conform to the open-loop dynamic characteristics. After reviewing the methods and results of an open-loop analysis applied to open-loop data, we will discuss a closed-loop analysis. In the section of the closed-loop analysis, we will discuss an open-loop analysis erroneously applied to closed-loop data, followed by a closed-loop analysis applied to closed-loop data.



MATERIALS AND EQUIPMENT

The sample data were obtained from past studies (Kawada et al., 1997, 2001). All animal experiments were performed following strict accordance with the Guiding Principles for the Care and Use of Animals in the field of Physiological Sciences, as approved by the Physiological Society of Japan. The experimental protocols were reviewed and approved by the Animal Subject Committee at the National Cerebral and Cardiovascular Center.

The detailed experimental setup was described previously (Kawada et al., 1997, 2001). For the open-loop analysis, the AP was recorded via a catheter-tip, high-fidelity pressure transducer inserted from the femoral artery in anesthetized rabbits. The heart rate (HR) was derived from the AP signal through a cardiotachometer. The carotid sinus baroreceptor regions were isolated from the systemic circulation so that the baroreceptor input pressure was controlled externally with a servo-pump system. The vagal and aortic depressor nerves were sectioned bilaterally at the neck to minimize confounding reflex effects from the aortic arch and cardiopulmonary regions. Efferent SNA was recorded from a branch of the cardiac sympathetic nerve. The nerve signal was amplified and bandpass filtered between 150 to 1,000 Hz. The signal was then full-wave rectified and low-pass filtered with a cut-off frequency of 30 Hz using an analog circuit. Although SNA was expressed in μV, the absolute magnitude of SNA varied depending on the recording conditions, such as the contact between the electrodes and nerve. After the completion of the preparation, the carotid sinus pressure (CSP) was adjusted to AP to obtain the closed-loop operating point of the carotid sinus baroreflex. After that, the CSP was perturbed according to a binary white noise signal around the operating point pressure.

For the closed-loop analysis, the isolated carotid sinuses were connected to the left common carotid artery. Hence, the carotid sinus baroreflex operated as a closed-loop system despite the isolation of the carotid sinus regions. A catheter for blood withdrawal and infusion was inserted from the other femoral artery and placed at the abdominal aorta.



OPEN-LOOP ANALYSIS


Time-Series Data

See the Appendix to set up GNU Octave. Figure 1 shows the first 10 s (2,000 points) of the sample data file “rabbit1-open.dat,” which can be drawn by the following codes:


A = recread(′c:/SampleData\rabbit1-open.dat′, 4);

figure, recplot(A(:, 1:2000), 200);
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FIGURE 1. Time series of carotid sinus pressure (CSP), sympathetic nerve activity (SNA), arterial pressure (AP), and heart rate (HR) obtained in one rabbit. CSP was perturbed according to a binary white noise signal. A slight delay was observed between an increment in CSP (vertical dotted lines) and the suppression of the burst activity of SNA.


The user-defined function recread reads the data file into a matrix variable A. The first argument specifies the data file name. The folder name needs to be changed according to the location of the sample data file. The second argument specifies the number of channels in the data file as 4. The user-defined function recplot plots the time series data. The sampling rate (200 Hz) is specified as a numeric argument. Alternatively, the time-axis data can be provided as the first input argument of recplot as follows:


A = recread(′c:/SampleData\rabbit1-open.dat′, 4);

t = (0:2000 − 1) / 200;

figure, recplot(t, A(:, 1:2000));



When neither the sampling rate nor the time-axis data are specified, the abscissa indicates the number of data points. The first channel of Figure 1 indicates CSP, which was changed every 500 ms according to a binary white noise signal. Small ripples were present at high and low values of CSP owing to a limited performance tuning of the servo-pump system. In the second channel, SNA was suppressed during the high CSP level. A closer look indicates a certain delay between the increment of CSP and the suppression of the burst activities of SNA. The third and fourth channels represent the AP and HR signals, respectively. Since the data file is a bare binary file, the number of recorded channels and the format of the stored value need to be known separately. It is advisable to check the waveform of each signal before processing the data. If the data are not decoded correctly (for instance, if the number of recorded channels is wrong), the signals are corrupted.

Depending on the system under study, the original sampling rate may be unnecessary to capture the overall system dynamic characteristics. Typically, we down-sampled the signals from 200 to 10 Hz. Figure 2 illustrates the whole data of “rabbit1-open.dat” after 10-Hz resampling, which can be obtained from the following codes:


B = recresample(A, 20);

figure, recplot(B, 10)
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FIGURE 2. Time series of carotid sinus pressure (CSP), sympathetic nerve activity (SNA), arterial pressure (AP), and heart rate (HR) after 10-Hz resampling. Typically, the data from the first 120 s were discarded to analyze the stationary portion of the data. Sg1 through Sg8 denote the half-overlapping segments for the open-loop transfer function analysis.


The user-defined function recresample down-samples the data by simply taking an average of each signal every 20 points. After the resampling, the information on the systolic and diastolic pressures of AP is lost. If one wants to analyze the systolic and diastolic pressures, those values need to be obtained before the resampling procedure.



Conventional Linear Transfer Function Analysis

The neural arc transfer function from CSP to SNA, the peripheral arc transfer function from SNA to AP, and the transfer function of the total reflex arc from CSP to AP were estimated. Although the data before initiating the CSP perturbation were not recorded on the file, a transition from no perturbation to binary perturbation occasionally caused transient changes in the SNA and AP responses. To analyze the stationary portion of the data, we typically discarded the data for the first 120 s (1,200 points) after the initiation of the CSP perturbation. The 10-Hz resampled data were then divided into eight half-overlapping segments of 1,024 points each (Figure 2). The segment length was 102.4 s, which corresponded to the fundamental frequency (f1) of 0.0098 Hz of the Fourier transformation. Depending on the system under study, the segment length would need to be adjusted. As a rule of thumb, the phase value of the estimated transfer function at the lowest frequency approaches zero radians for a system with a positive response and −π radians for a system with a negative response when the segment length is sufficiently long to capture the system dynamic characteristics. The segment length may need to be prolonged when the phase value at the lowest frequency is not close to either zero or −π radians. An increase in the number of (non-overlapped) segments contributes to reducing the random errors in the transfer function estimation (Bendat and Piersol, 2010). However, too long an observation period would violate the assumption that the system under study can be regarded as time-invariant.

In each segment, a linear trend was removed, and a Hanning window was applied. Next, the frequency spectra of the input signal, X(f), and the output signal, Y(f), were obtained through the fast Fourier transformation. Ensemble averages of the input power, XX(f), output power, YY(f), and cross spectra between the input and output signals, YX(f), were calculated over the eight segments. The linear transfer function is then obtained using the following equation (Bendat and Piersol, 2010):

[image: image]

The magnitude-squared coherence function can also be obtained using the following equation (Bendat and Piersol, 2010):

[image: image]

The coherence function indicates the linear dependence of the output signal on the input signal in the frequency domain. The zero coherence indicates that the output signal is linearly uncorrelated with the input signal. The unity coherence indicates that the output signal is completely explained by the linear dynamics with the input signal.



Plotting the Transfer Functions

Since the transfer function is complex-valued, it can be described by the modulus (absolute value) and phase angle as follows:
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The modulus of the transfer function is referred to as gain because it describes the amplitude ratio of the output signal to the input signal at each frequency. The phase of the transfer function describes the difference in the phase between the input and output signals at each frequency.

A caveat in plotting the estimated transfer function is that f in the above equations needs to be interpreted as an index of the frequency relative to the fundamental frequency. In addition, the lower bound of the array subscript (the integer number pointing to the element in the array) is 1, not 0, in programming languages that use a matrix as an elementary variable including GNU Octave and Matlab. Hence, the first element of the transfer function, H(1), corresponds to the direct current component of the Fourier transformation, which is not used in the transfer function analysis. The second element, H(2), represents the transfer function at the fundamental frequency (f1 = 0.0098 Hz). The (1 + k)th element, H(1 + k), represents the k-th harmonic component observed at (k × f1) Hz.

When we use a programming language allowing 0 for the lower bound of the array subscript (such as Microsoft Visual Basic) and implement the Fourier transformation accordingly, the situation is different. The first element becomes H(0), and the relation with the frequency index becomes more straightforward; i.e., H(k) represents the k-th harmonic component at (k × f1) Hz.



Open-Loop Dynamic Characteristics of the Neural and Peripheral Arcs


Neural Arc

Figure 3 illustrates the open-loop dynamic characteristics of the baroreflex neural arc obtained from the following codes:


[H1 C1 IP1 OP1] = calctf(B, [1 2]);

IP1 = IP1 / 10 / 0.3746; OP1 = OP1 / 10 / 0.3746;

figure, subplot(1, 2, 1), tfplot(H1, C1, ′r′);

subplot(2, 2, 2), psplot(IP1), subplot(2, 2, 4), psplot(OP1);
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FIGURE 3. Open-loop transfer function of the baroreflex neural arc, H1 (A), the input power of the carotid sinus pressure (CSP), IP1 (B), and the output power of the sympathetic nerve activity (SNA), OP1 (C). The neural arc revealed high-pass or derivative characteristics, which means that dynamic gain increased as the frequency increased from 0.01 to 0.5 Hz.


The user-defined function calctf calculates the transfer function from channel 1 (row 1, CSP) to channel 2 (row 2, SNA) of the matrix variable B and returns the neural arc transfer function, H1, coherence function, C1, input power spectra, IP1, and output power spectra, OP1. Since the power spectra were calculated on the basis of the unit sampling rate of 1 Hz, they need to be divided by 10 to adjust the values for the 10-Hz resampling data. Further, the power spectra were not corrected for process loss caused by the window function. In the case of the Hanning window, the correction factor of 1/0.3746 may be applied. The denominator of the correction factor for the segment length of 1,024 can be obtained from the following calculation:


c = sum(hanning(1024).∧ 2) / 1024



where “^2” denotes the element-wise application of the power of 2.

The user-defined function tfplot plots the transfer function and the coherence function. The common logarithm (the logarithm with base 10) of the gain value and the phase value are plotted against the common logarithm of the frequency (a Bode plot). The third input argument of tfplot dictates that the phase is plotted in the range from −2π to 0 radians rather than the default range from −π to π radians. The user-defined function psplot plots the power spectra. The upper frequency bound of the abscissa displayed by tfplot and psplot was 5 Hz, which is half of the sampling frequency of 10 Hz. When the sampling rate of the analyzed data is different from 10 Hz, the sampling rate needs to be specified as a numeric argument for tfplot and psplot. The lower frequency bound of the abscissa displayed by tfplot and psplot was determined from the length of H1, which equals the segment length of 1,024. By default, the lower frequency bound is the same as the fundamental frequency (10/1,024 = 0.0098 Hz).

The dynamic gain of the neural arc transfer function increased as the frequency increased from 0.01 to 0.5 Hz (Figure 3A). These characteristics are referred to as the high-pass or derivative characteristics of the neural arc (Ikeda et al., 1996). The input power spectra showed that CSP power was fairly constant up to 1 Hz and dropped sharply, making a nadir at 2 Hz (Figure 3B). The nadir occurs at the frequency corresponding to the switching interval of the CSP input signal (500 ms). Since the input power is the denominator to calculate the transfer function (Eq. 3.2.1), the input power at a given frequency needs to be sufficiently large for a stable estimation of the transfer function. A white noise signal, which is rich in frequency components, is an ideal input signal to rigorously test a system within a short observation period (Marmarelis and Marmarelis, 1978). Since a theoretical white noise is unrealizable, a band-limited white noise signal is used in actual applications. In this example, the input power decreased to 10 mmHg2/Hz (the red horizontal dotted line) at approximately 1.5 Hz, and hence, the transfer function may be reliable up to 1.5 Hz at the most. The peak in the gain plot at 2 Hz was the artifact due to the division by small numbers at the nadir of the input power. The coherence function reduced to near zero in the frequency range above approximately 1.2 Hz in these data.

The phase of the neural arc transfer function was close to −π radians at the lowest frequency, indicating that the signal inversion for the negative feedback occurred in the neural arc. The inhibitory neurons projecting from the caudal ventrolateral medulla to the rostral ventrolateral medulla are responsible for signal inversions (Masuda et al., 1992). The phase plot is slightly convex-upward relative to −π radians. The phase was delayed as the frequency increased from 0.2 to 1 Hz. A discontinuous phase deflection was observed at approximately 0.7 Hz, which was accompanied by a discontinuous drop in the coherence at the same frequency. The gain plot also shows a small deflection at 0.7 Hz. The SNA power had a sharp peak at 0.7 Hz (Figure 3C). This peak is considered a physiological noise of SNA associated with endogenous respiratory activity, which was linearly uncorrelated with the CSP input signal.



Peripheral Arc

Figure 4 illustrates the open-loop dynamic characteristics of the baroreflex peripheral arc obtained from the following codes:


[H2 C2 IP2 OP2] = calctf(B, [2 3]);

IP2 = IP2 / 10 / 0.3746; OP2 = OP2 / 10 / 0.3746;

figure, subplot(1, 2, 1), tfplot(H2, C2, ′r′);

subplot(2, 2, 2), psplot(IP2), subplot(2, 2, 4), psplot(OP2);
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FIGURE 4. Open-loop transfer function of the baroreflex peripheral arc, H2 (A), the input power of the sympathetic nerve activity (SNA), IP2 (B), and the output power of the arterial pressure (AP), OP2 (C). The peripheral arc revealed low-pass characteristics, with the slope of decreasing gain between 0.1 and 0.5 Hz close to the –20 decibel/decade (the oblique red line). The vertical dotted lines indicate that the frequency of the peak in the SNA power (endogenous respiratory frequency) is not the same as the frequency of the peak in the AP power (artificial ventilation frequency).


The peripheral arc transfer function was calculated between channel 2 (row 2, SNA) and channel 3 (row 3, AP) of the matrix variable B. The dynamic gain of the peripheral arc transfer function decreased as the frequency increased from 0.05 to 1 Hz, indicating the low-pass characteristics of the cardiovascular response to SNA (Figure 4A). A sharp peak was observed at 0.58 Hz in the gain plot. This peak was due to the AP fluctuations at the frequency of artificial ventilation (35 cycles/min). The frequency of the peak in the AP power (0.58 Hz) was different from the frequency of the peak in the SNA power (approximately 0.7 Hz) (Figures 4B,C). The mechanical inflation and deflation of the lungs affected AP independently of SNA. Hence, the peak in the gain plot at 0.58 Hz, which was accompanied by a discontinuous drop of the coherence, does not represent the true characteristics of the AP response to SNA. The decreasing slope of dynamic gain between 0.1 and 0.5 Hz was close to the line of the −20 dB/decade (the oblique red line), which means that the dynamic gain decreased to 1/100 with a 10-fold increase in the frequency.

The phase approached 0 radians at the lowest frequency, suggesting that the steady-state AP response to a step input in SNA was positive. The phase was delayed as the frequency increased and reached −2π radians at approximately 0.6 Hz. Although the phase was wrapped between −2π and 0 radians in this plot, we may unwrap the phase by assuming a continuous phase change along the frequency axis.




Mathematical Models of Transfer Functions


Model Description

Enumerating all gain and phase values on the Bode plot is one way to describe the estimated transfer function. However, by fitting a mathematical model to the estimated transfer function, we can describe the transfer function with only a few parameter values. The neural arc transfer function may be described using the following mathematical model (Kawada et al., 2002):

[image: image]

where j denotes the unit imaginary number (j = [image: image]). Kn, fc1, fc2, and Ln denote the steady-state gain (in μV/mmHg), the corner frequency relating to the derivative characteristics (in Hz), the corner frequency relating to the high-cut characteristics (in Hz), and the pure delay (in s), respectively. The negative sign in front of Kn indicates that the signal is inverted through the neural arc. The dynamic gain of H1model asymptotically approaches Kn as the frequency tends to 0.

The peripheral arc transfer function may be described using a second-order low-pass filter with pure delay as follows (Kawada et al., 2002):
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where Kp, fn, ζ, and Lp denote the steady-state gain (in mmHg/μV), the natural frequency (in Hz), the damping ratio (dimensionless), and the pure delay (in s), respectively. Depending on the value of ζ, the system behaves as underdamped (0 ≤ ζ < 1), critically damped (ζ = 1), or overdamped (1 < ζ). The dynamic gain of H2model asymptotically approaches Kp as the frequency tends to 0.

The structure of the mathematical model is not uniquely determined for a given transfer function. As an example, the denominator of H1model could have the same form as that of H2model, in which case the total number of parameters in H1model increases from 4 to 5 (Petiot et al., 2001). Although an increase in the number of parameters of the mathematical model can improve the fitting ability of a model to the estimated transfer function, the meaning of each parameter may become more complicated. Further, possible interdependence between parameters makes the parameter estimation more unstable.



Parameter Estimation

The fitting of the mathematical model to the estimated transfer function requires nonlinear least-squares fitting. Although there are many ways to perform such a task, we provided the user-defined function simplex based on a method described by Nelder and Mead (1965). Although the convergence of this method is slow, it has a merit in that it does not require a derivative form of the target function. A risk of the convergence to a local minimum needs to be noted, though the risk is not specific to this method.

The error function for the least-squares fitting is difficult to assign because the transfer function is complex-valued. Empirically, we use the following error function, which gives a reasonable fitting result on the Bode plot:
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where Hest and Hmodel denote the estimated and model transfer functions, respectively. N represents the number of data points from the lowest frequency used for the fitting. During the implementation to the programming, the fact that Hest is discrete and Hest(1) corresponds to the direct current component needs to be considered.

Figure 5A depicts the fitting result of H1model to the neural arc transfer function, which was obtained from the following codes:


x = (0:512)′/(1024/10);

H1model = @(x, p) − p(1) ∗ (1+x/p(2) ∗ 1j)./(1 + x/p(3) ∗ 1j).∧2. ∗ exp(−2 ∗ pi ∗ x ∗ p(4) ∗ 1j);

pout1 = simplex(x(2:151), H1(2:151), [abs(H1(2)) 0.1 1 0.5], H1model);

H1fit = [H1model(x, pout1); zeros(511,1)];

figure, subplot(1, 2, 1), tfplot([H1 H1fit], C1, ′r′);
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FIGURE 5. Fitting results of the mathematical models to the estimated transfer functions for the neural arc, H1 (A), and for the peripheral arc, H2 (B). The smooth orange lines represent the transfer functions of the mathematical models, H1fit (Eq. 3.5.1) and H2fit (Eq. 3.5.2). Kn, the steady-state gain of H1fit; fc1, the corner frequency describing the derivative characteristics of H1fit; fc2, the corner frequency describing the high-cut characteristics of H1fit; Kp, the steady-state gain of H2fit; fn: the natural frequency of H2fit.


The first line defines the variable x as the array of frequency values, including 0 for the direct current component. For instance, x(1) is 0, x(2) is the fundamental frequency, x(3) is the second harmonic frequency, and so on. The upper bound of x corresponds to half of the sampling rate; i.e., x(513) = 5.

The second line defines the target function, H1model, based on Eq 3.5.1. The variable p is the array of parameters, such that p(1), p(2), p(3), and p(4) correspond to Kn, fc1, fc2, and Ln, respectively. In the above definition, H1model takes the variables x and p as the input arguments and returns the transfer function values corresponding to x.

The user-defined function simplex performs nonlinear least-squares fitting. The first and second arguments of simplex are the frequency and the corresponding transfer function values, respectively. Only the first 150 points from the fundamental frequency were used. Note that the subscript range should be “(2:151)”, not “(1:150)”, to skip the direct current component. The third argument of simplex gives initial parameter values for Kn, fc1, fc2, and Ln. The initial value for Kn was given as the absolute value of H1(2) rather than a hard number because the dynamic gain of the neural arc varied significantly depending on the absolute amplitude of SNA (e.g., the quality of the SNA recording, position of the electrode relative to the nerve, etc.). Alternatively, we may use arbitrary units for presenting SNA after normalizing SNA values by the average dynamic gain value of H1 in the frequency range, for instance, below 0.03 Hz (Kawada et al., 2001). When the SNA is normalized, the initial value for Kn can be unity. The last argument of simplex specifies H1model as a target function.

The variable pout1 receives the array of parameter values for Kn, fc1, fc2, and Ln that attained the minimum value of the error function. In this example, the parameter values of pout1(1) = 0.066, pout1(2) = 0.035, pout1(3) = 0.598, and pout1(4) = 0.198 were obtained.

H1fit is the fitting result calculated based on x and pout1. Since the user-defined function tfplot determines the frequency axis based on the length of the transfer function data, the length of H1fit needs to be adjusted to 1,024 points for its proper presentation on the Bode plot. For this purpose, an array of zeros was added, but this has nothing to do with a zero-padding procedure to increase the frequency resolution. If H1fit does not fit to H1 well by visual inspection of the Bode plot, the initial parameter values need to be changed according to the profile of H1. For instance, the initial value for fc2 may be selected near the frequency of the maximum gain within the fitting range (Figure 5A).

Figure 5B depicts the fitting result of H2model to the peripheral arc transfer function, which was obtained from the following codes:


H2model = @(x, p) p(1)./(1+2 ∗ p(3) ∗ x/p(2) ∗ 1j +(x/p(2) ∗ 1j).∧2). ∗ exp(−2 ∗ pi ∗ x ∗ p(4) ∗ 1j);

pout2 = simplex(x(2:101), H2(2:101), [abs(H2(2)) 0.1 1.5 1],

H2model);

H2fit = [H2model(x, pout2); zeros(511,1)];

subplot(1, 2, 2), tfplot([H2 H2fit], C2, ′r′);



The target function, H2model, is defined based on Eq. 3.5.2. For the peripheral arc, only the first 100 points from the fundamental frequency were used to determine the parameters of H2model. The initial parameter values for Kp, fn, ζ, and Lp were given as the third argument of simplex. The initial value for ζ was arbitrarily assigned to 1.5, but a different value could be tested. After the fitting was performed, parameter values of pout2(1) = 8.812, pout2(2) = 0.049, pout2(3) = 0.925, and pout2(4) = 0.962 were obtained in this example. Using the variables x and pout2, the fitting result was calculated as H2fit and compared with H2 using tfplot.

In the user-defined function simplex, the fitting weight of the error between the model and estimated transfer functions is reduced by a factor of 1/k according to Eq. 3.5.3 because the data points become denser as the frequency increased on the Bode plot. The error function can be modified if needed as an optional input argment to simplex:


w = 1./(1:100)′. ∗ C2(2:101);

pout2 = simplex(x(2:101), H2(2:101),

[abs(H2(2)) 0.1 1.5 1], H2model, w);

H2fit = [H2model(x, pout2); zeros(511,1)];

subplot(1, 2, 2), tfplot([H2 H2fit], C2, ′r′);



In the above codes, the array for the fitting weight is provided, taking the coherence, C2, into consideration. When the coherence value at a given frequency is low, the fitting weight of the error is reduced. The resulting H2fit, however, was not changed much in this example.




Simulation of Baroreflex Dynamic Characteristics


Design of a Block Diagram

Once the parameters of the model transfer functions are determined, a closed-loop baroreflex response can be simulated by using software such as Xcos (Scilab) and Simulink (Matlab). In the following examples, Xcos was used. Before constructing a block diagram in Xcos, the following variables need to be defined on the Scilab console:


fc1 = 0.035; fc2 = 0.6; Ln = 0.2;

fn = 0.049; zeta = 0.92; Lp = 0.96;



Figure 6A illustrates the block diagram simulating the baroreflex response to a step pressure perturbation (“dynamic_step.zcos”). The neural and peripheral arc transfer functions can be implemented using a function block named CLR. The frequency response of a system described in the s-domain can be obtained by replacing s with jω, where ω = 2πf. For instance, the first-order low-pass filter with a corner frequency of fc can be converted from the frequency domain to the s-domain as follows:
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FIGURE 6. (A) A block diagram of the arterial baroreflex system for simulating the closed-loop arterial pressure (AP) change in response to a step pressure perturbation. The red capital letters denote the types of function blocks of Xcos (Scilab). SNA, sympathetic nerve activity; Ln, the pure delay relating to the neural arc; Lp, the pure delay relating to the peripheral arc. (B) A block diagram that lacks the dynamic characteristics of the neural arc.


Hence, the CLR block describing the neural arc, excluding the parameters of dynamic gain and pure delay, can be designed as
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Likewise, the CLR block describing the peripheral arc, excluding the parameters of dynamic gain and pure delay, can be designed as

[image: image]

As a tip of programming, the constant π (3.14159…) is given by “pi” in GNU Octave and Matlab, whereas it is given by “%pi” in Scilab. The pure delay can be implemented using a TIME_DELAY block. For convenience, the delay was defined by a variable Ln or Lp rather than by a hard number. The buffer size of the TIME_DELAY block was increased to 4,096 to avoid an error relating to the short of the buffer size. The gain of the total reflex arc can be assigned using a GAINBLK block. The gain value was set to −1 to reflect the negative feedback nature of the total reflex arc.

The step input can be implemented using a STEP_FUNCTION block. The step time was set at 10, and the final value was set at −30, which means that a pressure disturbance of −30 mmHg was imposed at 10 s. The output from the STEP_FUNCTION block was then combined with the output from the peripheral arc using a SUMMATION block. The number of inputs to the SUMMATION block was set to 2. The output from the SUMMATION block was displayed on a CSCOPE block. The refresh period parameter of the CSCOPE block was set to 60. The CSCOPE block requires a clock input, which was generated by a CLOCK_c block. The interval of the CLOCK_c block was set at 0.005 s (200 Hz), which is the rate at which the visualization is refreshed. The output from the SUMMATION block can also be stored on a workspace variable A using a TOWS_c block. The buffer size of the workspace variable was set to the time resolution (200 Hz) multiplied by the total simulation time (60 s).



Role of the Neural Arc

The contribution of the neural arc to the baroreflex-mediated dynamic AP response can be examined by removing the CLR block of the neural arc from the simulation (Figure 6B, “dynamic_step_no_neural.zcos”). The simulation result is then stored on another workspace variable B. Figure 7 compares the simulation results with and without the neural arc, which was obtained by the following code on the Scilab console:


t = (0:length(A.values) − 1)′ / 200;

figure, plot(t, [A.values B.values]);
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FIGURE 7. Simulation results showing the effect of the neural arc on the closed-loop arterial pressure (AP) response to a step pressure perturbation. The neural arc shortened the recovery time as assessed by the first point that reached the steady-state response.


When the first recovery point that exceeded the steady-state response was used to compare the response speed, the removal of the neural arc delayed the recovery of AP by a few seconds in this example. Although the actual baroreflex system is nonlinear and the presence of the pulsatility affects the AP response (Chapleau et al., 1989; Kawada et al., 1992, 2002), the simulation results suggest that the neural arc accelerates the baroreflex-mediated AP response (Ikeda et al., 1996).



Static Nonlinearity of the Baroreflex

Although we do not treat the nonlinearity of the baroreflex in this article, the open-loop static characteristics of the neural arc approximated an inverse sigmoidal function. By contrast, the static characteristics of the peripheral arc approximated a straight line within the physiological response range of the baroreflex (Kawada and Sugimachi, 2016). These static characteristics may be implemented in the simulation, which helps interpret certain aspects of the baroreflex characteristics, such as the dependence of the baroreflex gain on the pulsatility of AP (Kawada et al., 1992, 2002) and on AP waveforms (Kawada et al., 2017).




Open-Loop Dynamic Characteristics of the Total Reflex Arc


Total Reflex Arc

The neural and peripheral arc subsystems are serially connected to constitute the total reflex arc. When the two transfer functions, H1 and H2, are serially connected, the overall transfer function, H3, is obtained from the product of H1 and H2 in the frequency domain. In theory, the gain of H3 is a product of gain values of H1 and H2. The phase of H3 is a sum of phase values of H1 and H2. This result can easily be understood using a polar form of the transfer function as follows:
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where G1 and θ1 are the gain and phase values of H1, respectively, and G2 and θ2 are the gain and phase values of H2, respectively.

The open-loop dynamic characteristics of the total reflex arc can be directly estimated as a transfer function from CSP to AP using the following codes:


[H3 C3] = calctf(B, [1 3]);

figure, subplot(1, 2, 1), tfplot(H3, C3);



The dynamic gain of the total reflex arc decreased as the frequency increased, indicating the low-pass characteristics (Figure 8A). The peak at 0.58 Hz is an artifact relating to the artificial ventilation frequency. The decreasing slope of dynamic gain between 0.1 and 0.5 Hz was less steep than the line of the −20 dB/decade (the oblique red line) observed for the peripheral arc (Figure 4, left) and close to the line of the −10 dB/decade (the oblique green line). The increasing slope of dynamic gain in the neural arc (Figure 3, left) contributes to increasing dynamic gain values of the total reflex arc between 0.1 and 0.5 Hz. This is the reason why the closed-loop AP response to an exogenous pressure perturbation becomes faster with the neural arc than without (Figure 7; Ikeda et al., 1996).
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FIGURE 8. (A) Open-loop transfer function of the baroreflex total loop, H3. The slope of decreasing gain between 0.1 and 0.5 Hz was less steep than that of the –20 decibel/decade (the oblique red line) and was close to that of the –10 decibel/decade (the oblique green line). (B) Comparison of H3 (the blue lines) and the product of the neural and peripheral arc transfer functions (H1 × H2, the orange lines).


The phase at the lowest frequency approached π radians, but this result needs to be interpreted as −π radians because of the causality between CSP and AP under baroreflex open-loop conditions. The causality came from the isolated baroreceptor preparation where CSP was controlled independently of AP. The phase delayed as the frequency increased and reached −π radians (or should be interpreted as −3π radians) at approximately 0.5 Hz.



Comparison With a Product of Neural and Peripheral Arc Transfer Functions

In actual datases, the total reflex arc transfer function, H3, does not exactly equal the product of H1 and H2 because of the nonlinearity of the system and the presence of noise in the system. The following codes are used to compare H3 and the product of H1 and H2:


[H1 C1] = calctf(B, [1 2]); [H2 C2] = calctf(B, [2 3]); [H3 C3] = calctf(B, [1 3]);

subplot(1, 2, 2), tfplot([H3 H1. ∗ H2], C3);



where “H1. ∗ H2” indicates the element-wise multiplication of H1 and H2. As can be seen in Figure 8B, there was a deviation of H3 (the blue lines) from the product of H1 and H2 (the orange lines) mainly in the lower frequency range. When the calculations of the cross and power spectra are written down, the three transfer functions are estimated as
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where E[] represents the ensemble averaging operation over multiple segments. X∗ denotes the complex conjugate of X; i.e., X∗ = a − bj when X = a + bj. Dividing H3 by H1 yields
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The right-hand side of Eq. 3.7.3 is not the same as the equation for calculating H2 in Eq. 3.7.2. Figure 9A illustrates a block diagram of a baroreflex open-loop experiment. CSP is controlled independently of AP. Nc represents the unknown central noise that fluctuates SNA, such as that derived from a central command. Np represents the unknown peripheral noise that fluctuates AP, such as that associated with artificial ventilation. If Np is absent, and the peripheral arc subsystem is purely linear, the relationship between SNA and AP can be described as

[image: image]
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FIGURE 9. (A) A conceptual block diagram describing the open-loop analysis of the carotid sinus baroreflex. Carotid sinus pressure (CSP) was controlled independently of arterial pressure (AP) by using a baroreceptor isolation procedure. H1 and H2 represent the linear transfer function of the neural and peripheral arcs, respectively. SNA, sympathetic nerve activity; Nc, unknown central noise; Np, unknown peripheral noise. In the open-loop conditions, Nc does not affect CSP during the estimation of H1, and Np does not affect SNA during the estimation of H2. (B) A conceptual block diagram describing the closed-loop operation of the carotid sinus baroreflex. A distinct difference from the open-loop experiment (9A) is that Nc inevitably affects AP through H2 (the green arrows) during the estimation of H1, and Np inevitably affects SNA through H1 (the red arrows) during the estimation of H2. These closed-loop signal transductions hamper the application of the conventional open-loop analysis to the closed-loop data.


Substituting AP in Eq. 3.7.3 with Eq 3.7.4 yields
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The above transformation assumes that H2 is time-invariant during the observation period and can be treated as a constant with respect to the ensemble averaging operation. Hence, when Np is absent and the peripheral arc subsystem is purely linear, H3/H1 mathematically equals H2; i.e., the product of H1 and H2 equals H3.

Next, let us suppose that Nc is absent and the neural arc subsystem is purely linear. In this case, the relationship between CSP and SNA can be described as
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Substituting SNA in the calculation of H2 in Eq. 3.7.2 with Eq. 3.7.6 yields
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Hence, when Nc is absent and the neural arc subsystem is purely linear, the product of H1 and H2 again equals H3. The fact that H3 was not the same as the product of H1 and H2 in the actual datasets (Figure 8B) suggests that both Nc and Np were present during the experiment. It may be of note that the nonlinear system responses in the neural and peripheral arcs are treated as Nc and Np, respectively, from the viewpoint of the linear systems analysis. The nonlinearity of the total reflex arc was estimated in different papers (Moslehpour et al., 2015, 2016a,b).

On a different note, E[] can be replaced with a summation, Σ[], when E[] appears in both the numerator and denominator of the calculation as follows:
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where X(f) and Y(f) denote the Fourier transforms of the input and output of the system, respectively, and M denotes the number of segments for the ensemble averaging operation.




Species Differences

The derivative characteristics of the neural arc and the low-pass characteristics of the peripheral arc are commonly observed for rabbits and rats (Kawada and Sugimachi, 2016). Figures 10A–C represent the neural arc, peripheral arc, and total reflex arc transfer functions, respectively, pooled from 12 Japanese white rabbits. In these plots, the SNA values were normalized by the averaged dynamic gain value of the neural arc below 0.03 Hz and expressed in arbitrary units (au). The parameter values of the models (smooth orange lines) fit to the averaged transfer functions were fc1 = 0.058 Hz, fc2 = 0.482 Hz, Ln = 0.181 s, fn = 0.058 Hz, ζ = 1.208, and Lp = 0.782 s. Figures 10D–F represent the neural arc, peripheral arc, and total reflex arc transfer functions, respectively, pooled from 12 Wistar-Kyoto rats. The parameter values were fc1 = 0.161 Hz, fc2 = 1.023 Hz, Ln = 0.118 s, fn = 0.074 Hz, ζ = 1.115, and Lp = 0.474 s. The total reflex arc transfer function may be roughly described with a first-order low-pass filter with pure delay. The corner frequency and the pure delay were 0.038 Hz and 1.410 s, respectively, in rabbits. They were 0.029 Hz and 0.871 s, respectively, in rats. The data derived from Sprague-Dawley rats can be found in a previous article (Kawada and Sugimachi, 2016).
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FIGURE 10. The neural arc (A), peripheral arc (B), and total reflex arc (C) transfer functions pooled from 12 Japanese white rabbits. In panels (B) and (C), the transfer gain shows a peak at artificial ventilation frequency (35 cycles/min = 0.58 Hz). The neural arc (D), peripheral arc (E), and total reflex arc (F) transfer functions pooled from 12 Wistar-Kyoto rats. In panels (E) and (F), the transfer gain shows a peak at artificial ventilation frequency (80 cycles/min = 1.33 Hz). The black lines represent mean ± SE values. The smooth orange lines indicate mathematical models fit to the averaged transfer functions. The vertical dotted lines indicate the upper limit of the frequency range used for fitting. The total reflex arc transfer function was modeled with a first-order low-pass filter with pure delay. au, arbitrary units.


As for the total reflex arc transfer function, dogs also show low-pass characteristics with the natural frequency near 0.02 Hz (Kawada et al., 1992). Changes in vascular properties rather than ventricular properties contribute to the dynamic AP response to CSP (Sakamoto et al., 2015). In humans, the gain of the transfer function from AP to SNA and that from SNA to AP were calculated using closed-loop data (Ando et al., 1997). While the results indicate the derivative characteristics of the neural arc and the low-pass characteristics of the peripheral arc, further research is required regarding the accuracy of those gain estimations, as discussed in section Closed-Loop Analysis.



Animal Models of Cardiovascular Diseases

Open-loop dynamic characteristics of the carotid sinus baroreflex in animal models of cardiovascular diseases are briefly reviewed. In a rat model of chronic heart failure following myocardial infarction, the baroreflex-mediated dynamic AP regulation was depressed in both the magnitude and response speed, mainly due to the attenuation of the dynamic gain in the peripheral arc (Kawada et al., 2010). The depressed dynamic AP regulation may partly explain why non-compliance with salt and water restriction easily leads to acute decompensation even in stable cardiac patients (Lepage, 2008). Spontaneously hypertensive rats showed well-preserved dynamic characteristics of AP regulation compared with normotensive rats despite having significantly higher baseline AP (Kawada et al., 2011). Hence, changes in the baroreflex dynamic characteristics are not generally predictable from changes in static characteristics of the AP regulation, such as that determined from an inverse sigmoidal relationship between input and output pressures (Sata et al., 2015). In a streptozotocin-induced rat model of type 1 diabetes, fc2 (the corner frequency for the high-cut characteristics in the neural arc) was lower and ζ (the damping ratio in the peripheral arc) was larger compared with normal rats (Kawada et al., 2018), which suggests derangements in both the neural and peripheral arcs. Depending on types of diseases, functions of the neural and peripheral arcs are differently affected, though we do not have corresponding human data. An assessment of the baroreflex dynamic characteristics in humans will enable the creation of human baroreflex models in health and diseases. The human baroreflex models would add a component of autonomic control to a so-called “digital twin” of a patient, on which we will be able to tailor treatment strategies (Corral-Acero et al., 2020).




CLOSED-LOOP ANALYSIS

Although the open-loop analysis of the arterial baroreflex is straightforward, it requires baroreceptor isolation preparation and cannot be used in human studies. A closed-loop analysis of the baroreflex dynamic characteristics is a necessary study direction. We examined whether the system dynamic characteristics obtained from closed-loop analysis conformed to those obtained by open-loop analysis.


Why Does Open-Loop Transfer Function Analysis Not Work Correctly on Closed-Loop Data?


Numerical Consideration on Open-Loop Analysis Applied to Closed-Loop Data When Endogenous Noises Exist in Both the Neural and Peripheral Arcs

Figure 9B illustrates a block diagram of the arterial baroreflex under closed-loop conditions. Nc and Np represent the unknown central and peripheral noise, respectively. The relationship between AP and SNA through the neural arc is described in the frequency domain as
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The relationship between SNA and AP through the peripheral arc is described as

[image: image]

Why does conventional open-loop transfer function analysis not work correctly on these data? Let us treat AP and SNA as the input and output signals, respectively, to estimate the neural arc transfer function. The ensemble average of the cross spectra between terms of Eq. 4.1.1 and AP yields
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The description of the frequency is omitted for the sake of brevity. The center dot denotes the multiplication of two complex values (at each frequency) in this article. Since H1 represents the system characteristics of the neural arc and is assumed to be time-invariant during the observation period, it is placed outside the ensemble averaging operation. Under baroreflex closed-loop conditions, E[Nc⋅AP∗] does not diminish asymptotically because Nc affects AP through the peripheral arc (the green arrows in Figure 9B). Hence, the following equation, which ignores E[Nc⋅AP∗], yields a biased estimation of H1:
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The same argument holds for estimating the peripheral arc transfer function under the baroreflex closed-loop conditions. When calculating ensemble averages of the cross spectra between terms of Eq. 4.1.2 and SNA, E[Np⋅SNA∗] does not disappear because Np inevitably affects SNA through the neural arc (the red arrows in Figure 9B). Hence, the following equation, which ignores E[Np⋅SNA∗], also yields a biased estimation of H2:

[image: image]



Numerical Consideration on Open-Loop Analysis Applied to Closed-Loop Data When Endogenous Noise Exists Only in the Neural or Peripheral Arc

When Np is absent and Nc alone activates the baroreflex system, the input-output relationship through the peripheral arc becomes

[image: image]

Calculating ensemble averages of the cross spectra between terms of Eq. 4.1.6 and SNA yields

[image: image]

Since Np = 0, the estimation of H2 using the right-hand side of Eq. 4.1.5 is not biased in this case:

[image: image]

Next, calculating ensemble averages of the cross spectra between terms of Eq. 4.1.6 and AP yields

[image: image]

Comparing Eq. 4.1.9 with Eq. 4.1.4, we have

[image: image]

Hence, H1biased is an inverse of H2 and does not reflect H1 at all. To summarize, when only Nc exists, H2 can be estimated accurately, but H1biased simply returns an inverse of H2 regardless of the profile of H1. Conversely, when only Np exists, H1 can be estimated accurately, but H2biased returns an inverse of H1. In the actual datasets, the relative accuracy of H1biased and H2biased depends on the relative magnitude of Nc and Np (Kamiya et al., 2011).



Erroneous Application of Open-Loop Analysis to Closed-Loop Data

The sample data file “rabbit2-vx.dat” contains SNA and AP signals obtained from an anesthetized rabbit after vagotomy but before isolating the carotid sinus baroreceptor regions. Hence, the carotid sinus baroreflex operated as a closed-loop feedback system. Figure 11 illustrates the results of an erroneous application of the conventional open-loop analysis to the closed-loop data, which was derived from the following codes:


A = recread(′c:/SampleData/rabbit2-vx.dat′, 4);

B = recresample(A, 20);

[H1b C1b] = calctf(B, [3 2]); [H2b C2b] = calctf(B, [2 3]);

figure, subplot(1, 2, 1), tfplot(H1b, C1b, ′r′); subplot(1, 2, 2),

tfplot(H2b, C2b, ′r′);




[image: image]

FIGURE 11. The neural arc (A) and peripheral arc (B) transfer functions as estimated from an erroneous application of conventional open-loop analysis to the closed-loop data obtained from an anesthetized rabbit. H1b and H2b were derived from Eqs. 4.1.4 and 4.1.5, respectively. A fixed relation of angle(H1b) = –angle(H2b) was observed. C1b equals C2b.


In the gain plots, H1b and H2b roughly captured the derivative characteristics of the neural arc and the low-pass characteristics of the peripheral arc, respectively. However, the phase plot of H1b was convex downward rather than upward in the frequency range from 0.01 to 0.5 Hz. Numerically, the phase of the transfer function is derived from the cross spectra in the numerator of the transfer function calculation because the input power spectra in the denominator are real-valued. For the application of the conventional open-loop transfer function analysis to the closed-loop data, the phase of H1b was derived from E[SNA⋅AP∗] (Eq. 4.1.4), whereas the phase of H2b was derived from E[AP⋅SNA∗] (Eq. 4.1.5), which is (E[SNA⋅AP∗])∗. Because angle(X) = −angle(X∗), there is a fixed relation of angle(H1b) = −angle(H2b). Hence, the phase plots in Figure 11 cannot be simultaneously correct for H1b and H2b over the entire frequency range. This means that gain plots cannot be simultaneously correct for H1b and H2b, either, because gain and phase are inseparable quantity of a transfer function. We cannot tell about the causality between SNA and AP from the results of the conventional open-loop analysis applied to the closed-loop data. As a numerical consequence (Eq. 3.2.2), C1b equals C2b.

When the rabbit is under conscious conditions, the magnitudes of Nc and Np and their balance may be different from those under anesthetized conditions. The sample data file “rabbit3-awake.dat” contains SNA and AP signals obtained from a conscious rabbit sitting in a small box. The SNA was recorded from a branch of the renal nerve via a pair of stainless-steel wire electrodes implanted using a sterile procedure a few days before. The AP was measured via a catheter inserted into the central ear artery under local anesthesia. The carotid sinus baroreceptor regions and the vagal and aortic depressor nerves were kept intact. The result of an erroneous application of the conventional open-loop analysis to the closed-loop data is shown in Figure 12. Although we expected that the situations of the identifiability of the system dynamic characteristics would differ between conscious and anesthetized conditions, Figure 12 seems qualitatively similar to Figure 11, despite the differences in the experimental preparations (intact vs. sectioned vagi, the recording of renal vs. cardiac sympathetic nerve).


[image: image]

FIGURE 12. The neural arc (A) and peripheral arc (B) transfer functions estimated by an erroneous application of conventional open-loop analysis to the closed-loop data obtained from a conscious rabbit. H1b and H2b were derived from Eqs. 4.1.4 and 4.1.5, respectively. There was a fixed relation of angle(H1b) = –angle(H2b). C1b equals C2b.





Closed-Loop Identification With Exogenous Pressure Perturbation


Numerical Consideration

Figure 13 illustrates a block diagram of the arterial baroreflex under closed-loop conditions with an exogenous pressure perturbation. V and Hv denote the command of the exogenous pressure perturbation and the transfer function from V to AP, respectively. The relationship between SNA and AP through the peripheral arc is described in the frequency domain as

[image: image]
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FIGURE 13. A conceptual block diagram describing the closed-loop identification of the carotid sinus baroreflex using an exogenous pressure perturbation. H1 and H2 represent the linear transfer function of the neural and peripheral arcs, respectively. V and Hv represent the command for the exogenous pressure perturbation and the transfer function from the command signal to arterial pressure (AP), respectively. Nc, unknown central noise; Np, unknown peripheral noise; SNA, sympathetic nerve activity.


For the closed-loop identification, calculating ensemble averages of the cross spectra between terms of Eq. 4.1.1 and V yields

[image: image]

When V is a white noise signal, Nc and V become statistically independent, and E[Nc⋅V∗] asymptotically diminishes. Hence, the neural arc transfer function can be estimated from the following equation:

[image: image]

Once H1 is estimated, Nc can be estimated from Eq. 4.1.1 as

[image: image]

Calculating ensemble averages of the cross spectra between terms of Eq. 4.2.1 and Nc yields

[image: image]

In the above equation, E[Np⋅Nc∗] asymptotically diminishes because all linear couplings between SNA and AP are expressed by H1 and H2 in the diagram shown in Figure 13, and Np and Nc are linearly uncorrelated, by definition. The last term, E[V⋅Nc∗], also asymptotically diminishes when V is a white noise signal. Accordingly, the peripheral arc transfer function can be estimated from the following equation:

[image: image]

It should be noted that the reliability of the H2 estimation depends on the properties of Nc. Inputs from higher brain centers generate Nc, as evidenced by the variation of SNA under a fixed CSP (Moslehpour et al., 2016b). However, if there is not enough power of Nc in a certain frequency range, the H2 estimation becomes unreliable because of divisions by small numbers. For calculating H2, a direct estimation of Nc is not necessary. Substituting Nc in Eq. 4.2.6 with Eq. 4.2.4 yields

[image: image]



Application of Closed-Loop Identification

The sample data file “rabbit4-closed.dat” contains SNA and AP signals during an exogenous pressure perturbation induced by blood withdrawal and infusion obtained in an anesthetized and vagotomized rabbit. Figure 14 depicts the 10-Hz resampled data of the whole recording. The first channel represents the command signal for blood infusion (a positive value) and withdrawal (a negative value). The command was changed according to a binary white noise signal with a switching interval of 1 s. The second and third channels represent SNA and AP signals, respectively. In the fourth channel, HR showed a decreasing trend in this example.


[image: image]

FIGURE 14. Time series of a command signal for an exogenous pressure perturbation, sympathetic nerve activity (SNA), arterial pressure (AP), and heart rate (HR) after 10-Hz resampling. The data from the first 120 s were discarded to analyze the stationary portion of the data. Sg1 through Sg8 denote the half-overlapping segments for the closed-loop transfer function analysis.


Figure 15 illustrates the results of a closed-loop identification, obtained from the following codes:


A = recread(′c:/SampleData\rabbit4-closed.dat′, 4);

B = recresample(A, 20); figure, recplot(B, 10);

[H1c H2c] = opeclo(B, [1 3 2]);

figure, subplot(1, 2, 1), tfplot(H1c, ′r′); subplot(1, 2, 2), tfplot(H2c, ′r′);
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FIGURE 15. The neural arc (A) and peripheral arc (B) transfer functions as estimated by a closed-loop identification method with an exogenous pressure perturbation by blood infusion and withdrawal. H1c and H2c were derived from Eqs. 4.2.3 and 4.2.6, respectively.


The user-defined function opeclo calculates the open-loop transfer functions from the closed-loop data with an exogenous pressure perturbation. The second argument of opeclo specifies the channels in the following order: the command signal, the AP signal that is directly affected by the exogenous perturbation, and the SNA signal. In Figure 15, the estimated H1c and H2c captured the derivative and low-pass characteristics, respectively. The phase plot of H1c revealed the out-of-phase relationship with a slightly convex-upward shape. The phase plot of H2c showed that the phase approached 0 radians at the lowest frequency and delayed with increasing frequency. In contrast to Figures 11, 12, the phases of H1c and H2c did not show a fixed relation of angle(H1c) = −angle(H2c). However, the estimation of H1c in the frequency range above 0.5 Hz was more dispersed than that derived from the open-loop experiment (Figure 3). This is partly because the switching interval for the blood infusion and withdrawal was 1 s, and the input power of the exogenous pressure perturbation decreased in the frequency range above 0.5 Hz. The estimation of H2c in the lower frequency range was more dispersed than that derived from the open-loop experiment (Figure 4). This result is partly because the estimation of H2c relies on the unknown endogenous noise component of SNA. There were no statistically significant differences between the transfer function parameters estimated via the closed-loop method and those estimated via the open-loop method in the same animals, excepting fc2 in the neural arc (Kawada et al., 1997). The parameter fc2 was not compared because the lack of input power in the higher frequency range hampered a reliable estimation of fc2 in the closed-loop method.





LIMITATIONS

First, we did not treat the cardiac branch of the arterial baroreflex partly because most of the data were obtained from anesthetized animals with vagotomy. The vagal branch exerts a rapid HR response compared with the sympathetic branch (Kawada et al., 2019). For the analysis of clinical data, whether the dynamic properties of the cardiac branch can be estimated accurately under conditions with the intact vagi needs to be examined because cardiac vagal nerve activity predominantly regulates HR in humans under resting conditions (Hori and Okamoto, 2012).

Second, the AP regulation involves mechanisms other than the arterial baroreflex such as autoregulation and blood volume control. The autoregulation manifests in association with blood flow control. For instance, cerebral blood flow is autoregulated near constant over a wide pressure range, while it could be more pressure passive during low cardiac output conditions (Lie et al., 2021). The blood volume control by the kidneys is essential for long-term AP control. An open-loop analysis on the baroreflex-mediated AP changes and associated urine output function may provide a clue to connect the arterial baroreflex and the blood volume control (Kawada et al., 2020). Further studies are clearly required for an integrative understanding of the AP regulation.



CONCLUSION

Although there are many closed-loop identification studies, validation is made indirectly on the basis of the predictability of the output signal from the input signal. In this article, we compared the results of a closed-loop identification with the open-loop dynamic characteristics of the baroreflex system. Although the frequency-domain closed-loop identification employing an exogenous pressure perturbation was successful in separately assessing the transfer functions of the neural and peripheral arcs, there remains an issue of estimation accuracy in the higher frequency range of the neural arc and in the lower frequency range of the peripheral arc. Further efforts are required to identify open-loop dynamic characteristics of the arterial baroreflex system from closed-loop data. Alternatively, a priori knowledge about the open-loop dynamic characteristics of the arterial baroreflex system may be used to advance the assessment of baroreflex function under closed-loop conditions. In this regard, Mannoji et al. (2019) proposed that the ratio of power spectra of AP between two frequencies be used to derive an index of baroreflex gain. Clinical data demonstrated that aging steepens the slope of the AP power spectra, probably reflecting the deterioration of the arterial baroreflex in older subjects (Mano et al., 2021). The noninvasive nature of the AP power spectral analysis is an advantage of the method. On the other hand, information on the index of baroreflex gain alone is insufficient to construct a cardiovascular simulator that enables the prediction of dynamic AP changes in response to interventions. Clinical application of closed-loop identification of baroreflex properties awaits further investigations.
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APPENDIX


Setup of GNU Octave

GNU Octave is available at https://www.gnu.org/software/octave/. The sample codes were tested using GNU Octave, version 6.2.0 (Local) (GUI). After installing the GNU Octave, the path for user function files (*.m) needs to be added through the [SetPath] command in the [Edit] menu. Execute “demo_open” to generate Figures 1–8. Execute “demo_closed” to generate Figures 11–15.



Setup of Scilab

Scilab is available at https://www.scilab.org. The sample codes were tested using Scilab version 6.1.0 (64-bit) Desktop. Open “dynamic_step.zcos” in Xcos after initializing the parameters used in the block diagram (see section “Design of a Block Diagram”).
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Arterial baroreflex assessment using vasoactive substances enables investigators to collect data pairs over a wide range of blood pressures and reflex reactions. These data pairs relate intervals between heartbeats or sympathetic neural activity to blood pressure values. In an X-Y plot the data points scatter around a sigmoidal curve. After fitting the parameters of a sigmoidal function to the data, the graph’s characteristics represent a rather comprehensive quantitative reflex description. Variants of the 4-parameter Boltzmann sigmoidal equation are widely used for curve fitting. Unfortunately, their ‘slope parameters’ do not correspond to the graph’s actual slope which complicates the analysis and bears the risk of misreporting. We propose a modified Boltzmann sigmoidal function with preserved goodness of fit whose parameters are one-to-one equivalent to the sigmoidal curve’s characteristics.

Keywords: baroreflex curve, baroreflex gain, baroreflex sensitivity, RR interval, muscle sympathetic nerve activity, sigmoidal curve fitting, Boltzmann sigmoidal equation


INTRODUCTION

Baroreflexes play an important role in the regulation of the circulatory system. As negative feedback systems they stabilize arterial pressure around the so-called operating pressure. This feature is also known as blood pressure buffering to prevent large deviations from its setpoint. Often cardiovascular diseases are associated with impaired baroreflexes. Therefore, baroreflex quantification may be useful to assess the current state, progression, and therapeutic improvements of cardiovascular diseases. Moreover, precise baroreflex measurements can help unravel complex physiologic or pharmacologic mechanisms (Heusser et al., 2016).

Although there are numerous methods to evaluate baroreflex function they all share the same basic principle of relating the reflex response (output) to the stimulus intensity (input). Typically, systolic arterial pressure is taken as input and heartbeat interval (RR interval, RRI) as output. The quantitative relationship between these parameters is used to characterize the so-called cardiac or vagal or cardiovagal baroreflex. Baroreflex gain or sensitivity is the most reported index. Values range from virtually zero in patients with complete baroreflex failure (Heusser et al., 2005) up to 40 ms/mmHg in trained athletes (Baumert et al., 2006). In cardiovascular laboratories, investigators may be interested in baroreflex mechanisms over a wide range of blood pressures that does not only include the linear part of the stimulus–response relationship but also saturation and threshold portions (Parati et al., 2000). Such data can be obtained by injection or infusion of the vasoactive substances sodium nitroprusside (vasodilator) and phenylephrine (vasoconstrictor). In an X-Y plot, data pairs relating RRI or sympathetic neural activity to blood pressure readings scatter around sigmoidal curves.

Logistic functions (Verhulst, 1838) are widely used for sigmoidal curve fitting, whose prototype was invented to describe population growth with saturation (Figure 1). This function has four characteristic values: Bottom = 0.0, Top = 1.0, and maximum Slope = 0.25 at Midrange = 0.0.


[image: image]

FIGURE 1. Logistic function. The logistic function (without any parameters) represents the prototype of widely used functions for sigmoidal curve fitting to appropriate classes of two-dimensional experimental data. The graph has four characteristic values: Bottom = 0.0, Top = 1.0, maximum Slope = 0.25 at Midrange = 0.0, which is the abscissa of the curve’s central inflection point.


Most real data that follow a sigmoidal X-Y relationship have other characteristics than the prototypic logistic function. For example, as can be seen from the curve in Figure 2, RR intervals show asymptotic behavior against a lower and upper limit (Bottom and Top) of the baroreflex response which are different from 0.0 and 1.0 of Verhulst’s logistic function. Likewise, the abscissa value of the central inflection point (Midrange) and the slope of the graph at that point (Slope) vary from Verhulst’s values, 0.0 and 0.25, respectively. In 1972, Kent et al. proposed a generalized 4-parameter logistic function, often referred to as Boltzmann sigmoidal equation, to model the baroreflex relationship between systemic arterial and carotid sinus pressure (see Equation 1 in Table 1). Kent et al. used A1..A4 as parameter names. In the following, we will use the more informative terms [B]ottom, [T]op, [R]ange (= T–B), [S]lope, and [M]idrange (or V50). Numerous investigators have applied the equation in its original form or variants thereof for sigmoidal curve fitting to their two-dimensional data (Table 2). The usefulness of the method has been confirmed for decades. It should be particularly emphasized that all 4-parameter equation variants yield absolutely identical output after ideal fitting of the 4 parameters. In other words, after successful fitting of the equations’ parameters to the same data their graphs would perfectly overlap. This statement applies to the traditional equations as well as our modified Equation 8 which will be presented in the Methods section.


[image: image]

FIGURE 2. Discrepancy between the equations’ Slope parameters and their graphs’ slopes. The five function boxes in the middle column of the figure implement the versions of the 4-parameter logistic equations in Table 1. The parameters [B]ottom, [T]op, and [M]idrange are identically set for all functions while [S]lope settings differ. However, the functions’ graphs are identical. In other words, the curves representing them are exactly superposed (bottom right). Their identical Slopes at the inflection point at Midrange are 16.12. Hence, there is a discrepancy between [S]lope parameter settings in the functions (middle column) and the functions’ graphs (on the right).



TABLE 1. Versions of 4- and 5-parameter Boltzmann sigmoidal equations.

[image: Table 1]

TABLE 2. Selected references referring to variants of the 4-parameter Boltzmann sigmoidal equation.

[image: Table 2]
Ishikawa et al. introduced a fifth parameter (Equation 6) to account for data asymmetry (Ishikawa et al., 1984). According to Ricketts and Head (Ricketts and Head, 1999) Sigmaplot (formerly SPSS now Systat Software Inc.) offers a very similar asymmetric sigmoidal curve fitting equation (Equation 7). The latter authors propose their own asymmetric function (not shown).

The upper part of Figure 2 shows the nomenclature related to functions by taking the example of the Boltzmann sigmoidal function which has 4 parameters (2nd column). The lower part of the figure shows example parameter values that have been obtained by parameter optimization (nonlinear curve fitting) to fit the example data as given in Results section “Curve fitting by means of the modified Boltzmann sigmoidal equation to experimental data.” What all these 5 traditional equations have in common is that their Slope parameters (2nd column) do not represent the slopes of the resultant graphs at their steepest portion at Midrange (see superposed curves in the 3rd column) as naïve users might expect.

The misnomer has several drawbacks. First, there is the risk of using the fitting result ‘as is’ by users who are not aware of the mismatch. Second, users who know about the problem that the parameter represents a surrogate only, called, e.g., “gain coefficient” (do Carmo et al., 2007), “coefficient for the determination of gain” (Scrogin et al., 1994), “slope factor” (Shade et al., 1990), “slope coefficient” (Leitch et al., 1997; Kanbar et al., 2007), “slope parameter” (Devanne et al., 1997), “curvature parameter” (Schenberg et al., 1995), “curvature coefficient” (Cardoso et al., 2005), or “coefficient of curvature” (Leitch et al., 1997), have to determine the true value by further calculation. Third, curve fitting algorithms may need decent starting values or intervals for parameter optimization to successfully converge. Suitable presets for Bottom, Top or Range, and Midrange can be visually derived by the user from X-Y plots of the experimental data. Yet, the Slope parameter as visually estimated from the plots deviates from a useful preset. The latter needs further calculation which complicates the preparation step for curve fitting. Forth, scientific novices cannot readily understand why, after successful curve fitting, three of the four parameter values are equivalent to the graph’s characteristics but Slope (baroreflex gain) is not.

Here we propose a modified Boltzmann sigmoidal equation that ensures one-to-one correspondence between the parameter names and the mathematical characteristics of the resultant graphs. The proposal will simplify sigmoidal curve fitting and, in particular, avoid misinterpretation and misreporting of baroreflex sensitivity.



METHODS

Equation 8 is our proposal for a modified Boltzmann sigmoidal equation:

Modified Boltzmann sigmoidal function

[image: image]

Linear form of the equation for usage in fitting tools

[image: image]

The range T–B can be replaced by R. Then, the four parameters would be B, R, M, and S. The formula is not meant to better fit the data; the goodness of fit is exactly the same as for the other 4-parameter variants of the formula (see superposed curves in Figure 2 and report screenshots in Figure 3). Rather, our intention is to reconcile parameter naming and meaning. In the following, we are going to mathematically prove that the four parameters of the modified equation, namely [B]ottom, [T]op, [M]idrange, and [S]lope, exactly reflect the graph’s characteristics. We will do so point by point with the implicit understanding that [S]lope ≠ 0 and [R]ange = [T]op–[B]ottom > 0.0. Normally, the relationship between RR interval and blood pressure has a positive slope. In contrast, the relationships between heart rate or sympathetic nerve activity and blood pressure feature negative slopes.


[image: image]

FIGURE 3. Screenshots of GraphPad® Prism report tables after fitting different Boltzmann sigmoidal functions to real cardiac baroreflex data. We used the nonlinear curve fitting tool of GraphPad Prism (GraphPad, RRID:SCR_002798) to fit the four parameters of the Boltzmann sigmoidal functions related to Equation 1, Equation 4, and Equation 8 to experimentally obtained cardiac baroreflex data from a previous study (Heusser et al., 2016). The result tables report identical values for the optimized parameters Bottom, Top, and Midrange (V50). However, Slopes in line #6 are different. The only Slope that corresponds to the actual slope of the curve (see slope triangle in Figure 4: 16.12 ms/mmHg) is reported by our proposed WYSIWYG Equation 8 as can be expected according to Results section “The [S]lope parameter’s value really represents the slope of the modified Boltzmann sigmoidal curve at the inflection point.” Furthermore, the screenshots exemplify that, after parameter fitting, the resulting graphs are absolutely identical since the Goodness of Fit quantifiers are identical (lines #19–21) which is in agreement with the exactly overlapping curves in Figure 4. Sy.x is a variant of the standard deviation of the residuals that takes the degrees of freedom into account: Sy.x = sqrt [(sum of squared residuals) / (n – degrees of freedom)].




RESULTS

Sections “[B]ottom is the lower limit of the function” through “The [S]lope parameter’s value really represents the slope of the modified Boltzmann sigmoidal curve at the inflection point” prove the correspondence between parameter naming and functional meaning. Captions comment the stepwise proof construction. Section “Threshold and saturation” derives calculation of threshold and saturation pressure. Section “Curve fitting by means of the modified Boltzmann sigmoidal equation to experimental data” exemplifies the usefulness of our proposed equation using real baroreflex data from healthy and diseased subjects, and in section “Practicing curve fitting by means of the modified Boltzmann sigmoidal curve” we invite the readers to test the method on simulated data.


[B]ottom Is the Lower Limit of the Function

With positive slopes the graphs asymptote to [B]ottom toward the left:


(1)S > 0, T–B > 0


a.[image: image], x → −∞ ⟹ z → +∞

b.[image: image]

c.[image: image]

d.[image: image]





With negative slopes the graphs asymptote to [B]ottom toward the right:


(2)S < 0, T–B > 0


a.[image: image], x → +∞ ⟹ z → +∞

b.[image: image]
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d.[image: image]







[T]op Is the Upper Limit of the Function

With positive slopes the graphs asymptote to [T]op toward the right:


(3)S > 0, T–B > 0


a.[image: image], x → +∞ ⟹ z → −∞
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With negative slopes the graphs asymptote to [T]op toward the left:


(4)S < 0, T–B > 0


a.[image: image], x → −∞ ⟹ z → −∞
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[M]idrange (V50) Is the Abscissa of an Inflection Point

Using the abbreviations
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our proposed equation can be written as

[image: image]

To prove the assertion we need the first, second, and third derivatives. They are:
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Below we outline that the necessary but not sufficient condition for [M]idrange to be the abscissa of an inflection point of the modified Boltzmann sigmoidal equation, namely f″ (M) = 0, is fulfilled. Note that [M]idrange is passed as x argument to Equation 11:
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Given that we disallow [G]radient, which is 4∗[S]lope, to be zero, the sufficient condition for [M]idrange to be the abscissa of an inflection point, namely f‴(M) ≠ 0, is fulfilled, too, as demonstrated below. Note that [M]idrange is passed as x argument to Equation 12:
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The Point at x = [M]idrange (V50) Is the Only Inflection Point of the Function

In order for our proposed function to have only one inflection point, f″(x) = 0 must be true for only one x value. To show that this is the case, we reuse Equation 11 while highlighting two crucial terms by enclosing them in curly brackets:

[image: image]

f″ (x) may become zero if at least one of the factors shown in curly brackets above becomes zero.

As ez for all z ∈ ℝ cannot be zero, we have to figure out how to zero the factor on the right:

[image: image]

Calculating the function’s value for x = [M]idrange using Equation 8

[image: image]

shows that it is halfway between the limits [B]ottom and [T]op in analogy to the logistic function prototype whose value is 0.5 at its inflection point (Figure 1).



The [S]lope Parameter’s Value Really Represents the Slope of the Modified Boltzmann Sigmoidal Curve at the Inflection Point

Here we reuse the abbreviations and first derivative as outlined for Equation 9 in section “[M]idrange (V50) is the abscissa of an inflection point”:
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and we pass [M]idrange as x argument to the first derivative:

[image: image]



Threshold and Saturation

Midrange is an abscissa-related curve characteristic. In our examples (Figures 2, 4), it is the arterial pressure around which pressure disturbances are effectively buffered by the reflex response. Bottom and Top are distinct ordinate values that represent the upper and lower limits of the reflex response. Abscissa values corresponding to Bottom and Top could indicate the pressure range in which the reflex can operate. Unfortunately, such values do not exist for mathematical reasons, since sigmoidal functions show asymptotic behavior against Bottom and Top. The practical solution was to define Threshold and Saturation as the abscissas, where the sigmoidal curve crosses the 5 and 95% margins of the function’s range (Range = Top – Bottom) (Sabharwal et al., 2004; McDowall and Dampney, 2006). Consequently, the ordinate interval related to Threshold and Saturation covers 90% of the reflex response range (Figure 4). The following derivation is guided by a corrective proposal (McDowall and Dampney, 2006).


[image: image]

FIGURE 4. Fitting different Boltzmann sigmoidal functions to real cardiac baroreflex data. Sigmoidal curve fitting to real data from a previous study (Heusser et al., 2016) and illustration of related terminology. After fitting the four parameters of three different equations to these data the resultant function curves overlap exactly. The slope triangle denotes the maximum slopes of the three sigmoidal curves at their inflection point. See Results “Curve fitting by means of the modified Boltzmann sigmoidal equation to experimental data” for more information.


To calculate Threshold and Saturation the first step is to rearrange our proposed Equation 8 to solve for x:
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In the second step, we have to pass Bottom + 5% of Range as y argument:

[image: image]

In the third step, we have to pass Bottom + 95% of Range as y argument:

[image: image]

Intermediate steps as above.
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Result summary: Threshold and Saturation can be calculated using the formula

[image: image]

Passing the data obtained by curve fitting (Figure 4)

[image: image]

results in Threshold pressure = 97.3 mmHg and Saturation pressure = 151.5 mmHg.



Curve Fitting by Means of the Modified Boltzmann Sigmoidal Equation to Experimental Data

Cardiac baroreflex data have been experimentally obtained earlier in a double-blind, randomized, cross-over study in healthy subjects (Heusser et al., 2016). Stepwise infusions of the vasodilator sodium nitroprusside and the vasoconstrictor phenylephrine elicited blood pressures changes over a large range which is needed for baroreflex curve construction. Comparison of these curves after intake of placebo (see Figure 4) and ivabradine (not shown) challenged the so-called use-dependence of ivabradine and might explain its potential for untoward effects. Such an insight would not have been possible with spontaneous methods for baroreflex quantification.

The data points in Figure 4 relate RR intervals and systolic pressures. They have been binned in 5-mmHg intervals. Bin means are represented as open circles and standard deviations as error bars. Circles related to bins with only one data point lack error bars. Curve fitting procedures were weighted according to the number of data points in each bin. As examples, three variants of the Boltzmann sigmoidal equation, namely Equations 1, 4 and 8 – the latter being our proposal – have been fitted to the data. All three resulting baroreflex curves exactly overlap. Consequently, the goodness of fit (see lines #19–21 in the screenshots in Figure 3) is identical for the three equations. The inserted slope triangle in Figure 4 pertains to the maximum slope of the curves at their central inflection points. The lengths of the triangle’s sides have been chosen for purely graphical reasons. Their ratio of 322.4 ms/20 mmHg = 16.12 ms/mmHg denotes the cardiovagal baroreflex sensitivity (baroreflex gain). In contrast, the Slope parameters reported after curve fitting using traditional versions of the Boltzmann equation (Equation 1: +0.1086 and Equation 4: +9.211) do not correspond to the curve’s actual slope of +16.12 ms/mmHg (line #6 in the screenshots in Figure 3). In contrast, if the modified Boltzmann equation is used all 4 parameter values reflect the graph’s characteristics properly. Hence, only the modified equation features ‘what you see is what you get’ (WYSIWYG).

The modified equation can also be used in patients with disorders of autonomic cardiovascular regulation. The data in Figure 5 represent responses to low-dose injections of sodium nitroprusside (0.25 μg/kg) and phenylephrine (6.25 μg/74 kg) in such a patient. In healthy subjects, these test interventions would hardly change arterial pressure because of the buffering capacity of intact baroreflexes. Yet, in the patient, who also suffers from sympathetic vasoconstrictor incompetence (data not shown), the RR-interval response range is less than 100 ms despite a provoked change in systolic pressure of more than 100 mmHg. Moreover, the baroreflex gain (2.41 ms/mmHg) is much smaller than in healthy subjects. The gray data in Figure 5 are scaled as in Figure 4 for easy visual comparison.


[image: image]

FIGURE 5. Cardiac baroreflex curve in dysautonomia with marked reductions in response range and baroreflex sensitivity. Sigmoidal curve fitting using Equation 8 has been applied to real data from a patient with dysautonomia. The lower representation of the same data and fitting curve (gray) allows for visual comparison between healthy and diseased subjects because the resolution of the related ordinate on the right (gray) is similar to that in Figure 4. Note the marked reduction in response range (<100 ms) and baroreflex gain (2.41 ms/mmHg).




Practicing Curve Fitting by Means of the Modified Boltzmann Sigmoidal Curve

Interested readers are referred to the Microsoft Excel spreadsheet in the Supplementary Material. The spreadsheet generates two-dimensional data (blood pressure + RR intervals) with adjustable noise. Equation 4 and Equation 8 have been chosen for sigmoidal curve fitting by means of the Excel Solver Add-in. We also suggest to imitate the solver’s attempts to find a good fit by manual adjustments of the equation parameters. By doing so, the reader will realize that adjustments are more direct and easier to achieve when the modified Boltzmann equation is used.




DISCUSSION

Boltzmann sigmoidal equations are frequently used for nonlinear curve fitting to two-dimensional data. Their usefulness has been confirmed for decades. Commonly used forms of the equation have 4 parameters that represent the lower and upper limit or range of the data, the abscissa of the inflection point, and the slope at the latter. They are variants of the formula proposed by Kent et al. (Kent et al., 1972) to provide “a generalized mathematical model of the carotid sinus reflex which contains parameters with meaningful physiological interpretation.” However, while three of the four parameters are directly related to the visible characteristics of the fitting curve, the slope parameter is not. Instead, the actual slope of the curve has to be determined separately. We proposed a modification of the Boltzmann sigmoidal function without this weakness to assist users expecting “what you see is what you get” (WYSIWYG). We mathematically proved that the function’s parameters are one-to-one equivalent to the resultant curve’s characteristics and successfully applied the method to real and artificial baroreflex data. The proposed equation looks slightly more complicated than conventional variants, but it offers some benefits. Once the user has entered the formula in his/her favorite fitting tool, the extra work is loaded onto the computer instead of the user. The traditional mismatch between the slope parameter and the graph’s actual slope is resolved. After the fitting procedure has reached an acceptable result, the reported parameters can be taken as they are computed without any additional postprocessing. The goodness of fit is exactly the same as for the existing variants of the Boltzmann sigmoidal function.

Parameter identifiers like A1..A4 (Kent et al., 1972; Miki et al., 2003; McDowall and Dampney, 2006; do Carmo et al., 2007), P1..P4 (Saad et al., 1989; Itoh and van den Buuse, 1991; Kawada et al., 1992; Bartholomeusz and Widdop, 1995; Sampaio et al., 1999), m1..m4 (Bealer, 2003), a..d (Veelken et al., 1994; He et al., 1999), or a0..a3 (Stewart et al., 2021) are commonly used. More informative names are also assigned to some parameters (Verberne et al., 1987; Schenberg et al., 1995; Cardoso et al., 2005), e.g., BP50, HRmin, and HRmax. The slope parameter, however, continued to be a nomenclatural problem, e.g., “ß is the parameter that governs the slope of the barocurve, i.e., the gain of the baroreflex” (Schenberg et al., 1995) or “dx = a curvature coefficient that is independent of range” (Lee et al., 2002). We hope that our proposal will encourage researchers to embrace meaningful parameter names for sigmoidal curve fitting, including Slope without uncertainty. In our opinion, the more direct identifiers [B]ottom and [T]op as used in Equation 8 should be preferred over [B] and [R]ange, even if we used [R]ange in the Results Section for brevity. In so doing, parameter presetting during the curve fitting preparation step, as often required by fitting tools, is simplified.

Our proposal has the same limitations as the conventional equations. For instance, data asymmetry is not considered (Ishikawa et al., 1984; Ricketts and Head, 1999), and the approach is not able to cope with baroreflex hysteresis (Studinger et al., 2007). The method can only be successfully applied if the blood pressure excursions are large enough to cover the nonlinear parts of the response. Moreover, there is an issue that may occur in vasoactor infusion protocols, namely that the operating pressure after stepwise increasing infusion of sodium nitroprusside may be lower than before. Thus, subsequent infusion of phenylephrine starts from lower pressures than with nitroprusside infusion. This ‘fracture’ in the baroreflex data needs to be handled before curve fitting to prevent slope overestimation. We used Microsoft Excel and the Excel Solver Add-in to illustrate the ideas behind this work using simulated data (see Supplementary Material) because this spreadsheet software is widely known (Microsoft Excel, RRID:SCR_016137). We do not claim particular suitability or superiority over other tools and did not compare curve fitting capabilities of different tools.



CONCLUSION

Using the proposed WYSIWYG variant of the 4-parameter Boltzmann sigmoidal function for nonlinear curve fitting yields exactly the same results as the traditional ones. In contrast, after successful curve fitting, the resultant value for the Slope parameter can be taken “as is” without any further calculation. Thus, usage of the WYSIWYG equation instead of traditional variants is less time-consuming, cumbersome, and error-prone. The equation has a sound mathematical background which promotes correct physiological interpretation of the results. We encourage the reader to benefit from these advantages.
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The cardiovagal branch of the baroreflex is of high clinical relevance when detecting disturbances of the autonomic nervous system. The hysteresis of the baroreflex is assessed using provoked and spontaneous changes in blood pressure. We propose a novel ellipse analysis to characterize hysteresis of the spontaneous respiration-related cardiovagal baroreflex for orthostatic test. Up and down sequences of pressure changes as well as the working point of baroreflex are considered. The EuroBaVar data set for supine and standing was employed to extract heartbeat intervals and blood pressure values. The latter values formed polygons into which a bivariate normal distribution was fitted with its properties determining proposed ellipses of baroreflex. More than 80% of ellipses are formed out of nonoverlapping and delayed up and down sequences highlighting baroreflex hysteresis. In the supine position, the ellipses are more elongated (by about 46%) and steeper (by about 4.3° as median) than standing, indicating larger heart interval variability (70.7 versus 47.9 ms) and smaller blood pressure variability (5.8 versus 8.9 mmHg) in supine. The ellipses show a higher baroreflex sensitivity for supine (15.7 ms/mmHg as median) than standing (7 ms/mmHg). The center of the ellipse moves from supine to standing, which describes the overall sigmoid shape of the baroreflex with the moving working point. In contrast to regression analysis, the proposed method considers gain and set-point changes during respiration, offers instructive insights into the resulting hysteresis of the spontaneous cardiovagal baroreflex with respiration as stimuli, and provides a new tool for its future analysis.
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INTRODUCTION

Blood pressure in humans is governed by the arterial and cardiopulmonary baroreflex, an essential part of the autonomic nervous system. Here, changes in pressure, e.g., spontaneous due to breathing or artificial due to vasoactive drug administration, act as stimuli on baroreceptors. The subsequent changes in heart rate, stroke volume, and total peripheral resistance following changes in the parasympathetic and sympathetic nervous systems compose the reflex response, which, in fact, aims to buffer changes in pressure (Kaniusas, 2012). In particular, sequences of pressure values and the associated heart rate values due to efferent vagal activity to the sinoatrial node form the cardiovagal baroreflex hysteresis loop (deBoer et al., 1987; Bertinieri et al., 1988; Parati et al., 1988; Turjanmaa et al., 1990; Saul et al., 1991).

Chapleau et al. (1988) show, in animals, that a change in static pressure levels induces a dominant sigmoidal relationship between the pressure and baroreceptor activity (of the carotid sinus), whereas this relationship is almost linear for the pulsatile pressure (Chapleau and Abboud, 1987). A linear regression over the linear portion of the sigmoidal function between systolic pressure and heart rate values determines the cardiovagal baroreflex gain, known also as baroreflex sensitivity (BRS; deBoer et al., 1987; Parati et al., 1988; Turjanmaa et al., 1990). A reduced BRS value BRS is usually associated with cardiovascular failure (La Rovere et al., 2008), orthostatic intolerance (Cooper and Hainsworth, 2002), neurally mediated syncope (Benarroch, 2008), and amplified pain perception (Suarez-Roca et al., 2019).

For rising and falling systolic pressure values, an elliptical shape of the baroreflex hysteresis becomes dominant (Chapleau and Abboud, 1987; Eckberg and Sleight, 1992; Rudas et al., 1999). The baroreceptor activity seems to be stronger for downward pressure changes as compared with upward pressure changes (Chapleau and Abboud, 1987). However, comparisons of BRS for upward and downward pressure changes yield controversial results; e.g., upward changes yield higher BRS in Studinger et al. (2007), whereas no differences are observed in De Maria et al. (2019). A spontaneous cardiovagal baroreflex cycle (CBC) results in a course of spontaneous and periodic breathing, which is composed of rise-to-fall and/or fall-to-rise pressure sequences with the associated heart rate values. The presence of hysteresis and varying baroreceptor activity highlight the necessity to consider directional changes of both pressure and heart rate values in terms of the fitted CBC.

To investigate large parts of nonlinear and asymmetrical hysteresis, a wide range of (spontaneous or induced) pressure changes is needed as usually can be used only in animal studies (Chapleau and Abboud, 1987) and also in humans with vasoactive substances (Rudas et al., 1999; Studinger et al., 2007). Small changes of pressure would mainly disclose only the linear parts of the hysteresis near the working point. To investigate the baroreflex, common autonomic provocations include orthostatic tests, head up tilt tests, neck chamber testing, handgrip tests, and the Valsalva maneuver (Hainsworth, 1998; Convertino, 2001; La Rovere et al., 2008; Hart et al., 2011; Ichinose and Nishiyasu, 2012; De Maria et al., 2019; Incognito et al., 2019) as well as pharmacologic interventions (La Rovere et al., 1998; Ler et al., 2010; Hart et al., 2011; Taylor et al., 2013; Incognito et al., 2020). Here, the provoked pressure changes provide a possibility to extract the sympathetic outflow of the autonomic nervous system (e.g., by recording sympathetic nerve activity to the blood vessels) and the corresponding parasympathetic vagal outflow (e.g., by recording heart periods) in terms of baroreflex regulation (Saul et al., 1991; Hart et al., 2011; Taylor et al., 2013).

For instance, the orthostatic stress as a simple, noninvasive test, reduces the spontaneous BRS from supine to standing (from 17.5 to 7.65 ms/mmHg; Steptoe and Vögele, 1990) by elevating the vascular sympathetic outflow in response to gravitationally relocated blood volume as assessed by studies without considering the directional change in pressure and, thus, without considering hysteresis. Vasoactive substances (to increase and/or decrease blood pressure) were used to investigate the mechanical arm of the baroreflex over a wide range of pressure changes, reflecting the relationship between the systolic blood pressure and the carotid artery diameter, known as the modified Oxford method (Hunt et al., 2001; Studinger et al., 2007; Ler et al., 2010; De Maria et al., 2019). Here, the coinvestigated neural arm reflects the associated changes in heart rate and carotid artery diameter (Smyth et al., 1969).

From a processing perspective, the morphology of the (spontaneous and nonspontaneous) CBC hysteresis is characterized using quantitative and qualitative parameters. Variability of up and down baroreflex sequences were investigated for orthostatic test and different age (Rudas et al., 1999; Taylor et al., 2013; De Maria et al., 2019). Studinger et al. (2007) show how the baroreflex resets the next heart period solely by the neural arm with the vasoactive substance administration process. Mechanical and neural baroreflex arms were investigated for continuous blood pressure changes (Studinger et al., 2007; Taylor et al., 2013, 2014). Whereas BRS for rising and falling blood pressure (e.g., 12 ms/mmHg during supine versus 7.5 ms/mmHg during treadmill activity; De Maria et al., 2019) using vasoactive substances is usually considered in quantitative terms, an alteration in the working point on the hysteresis is usually subjected to qualitative analysis only (Studinger et al., 2007). Independent up and down sequences were assessed without considering their succession in time and, thus, neglecting the neuronal arm accounting for respiration-related directional pressure changes from one sequence to another (Bertinieri et al., 1985; Steptoe and Vögele, 1990; De Maria et al., 2018, 2019). A bivariate phase-rectified signal averaging technique was used to quantify upward and downward sequences (De Maria et al., 2018). A 3-D planar ellipse method was introduced to describe both arms of the baroreflex using vasoactive substances (Ler et al., 2010).

In this work, we propose a novel approach using sophisticated ellipse analysis to characterize cardiovagal baroreflex hysteresis on two levels: (i) cardiovagal hysteresis due to the respiration-related spontaneous pressure change (i.e., not pharmacologically induced), and (ii) cardiovagal hysteresis due to the static pressure change in the course of the orthostatic test. In contrast to the state of the art, we separately consider the up and down sequences of spontaneous pressure changes (for expiration and inspiration, respectively), which show individual values of BRS and then compose a full ellipse (for a whole respiratory cycle) with its own BRS. This BRS accounts for all three: mechanical arm, neural arm acting within single sequences, and neuronal arm accounting for directional pressure changes (set-point changes). Spontaneous and intrinsic regulatory processes are considered only without any artificial pressure perturbation and without the associated cofactors/interferences affecting barosensory vessel mechanics. In addition, we analyze quantitatively the working point changes of the baroreflex during the orthostatic test using our ellipse-based analysis. Here, we employ the maneuver of the change in posture to vary the static blood pressure in a binary way and, thus, to characterize the position and change of the working point and the sigmoidal behavior of the CBC.



MATERIALS AND METHODS

This study was performed on the EuroBaVar data set1, provided by the Working Group on Blood Pressure and Heart Rate Variability of the European Society of Hypertension. The electrocardiogram data consists of 42 recordings of 21 subjects (17 females, median age = 38.4 years, median height = 1.65 m, median weight = 64.1 kg, and median body mass index = 23.3 kg/m2), including both series of recordings, series A (n = 8) and series B (n = 13), and both positions, supine and upright, each position lasting for 10–12 min. Informed consent was obtained, and the study was approved by the Paris–Necker committee for the protection of human subjects in biomedical research. Study subjects were composed of 12 normotensive, 4 healthy, 3 hypertensive (1 treated with medication and 2 nonmedicated), one diabetic, and one heart transplantation patients. The detailed data can be found in Laude et al. (2004) and Choi et al. (2006). Noninvasive monitoring devices were used such as a three-lead electrocardiogram (Cardiocap II; Datex Engstrom, Helsinki, Finland) and a continuous beat-to-beat blood pressure monitor (Finometer MIDI; Finapres Inc., Enschede, Netherlands) with all signals recorded at a 500-Hz sampling rate.

The respiratory signal was not recorded. However, we assume that up and down sequences in each CBC are due to the respiratory sinus arrhythmia and correspond to expiration and inspiration phases, respectively (Silva et al., 2019). This is because other nonrespiratory periodic modulating mechanisms in the frequency region of the respiration were not present during recordings.

In the recorded data, RR-intervals of the duration RR, the systolic pressure PS, and the diastolic pressure PD were identified and verified visually. Up and down baroreflex sequences with three or more beats, i.e., in which PS and RR values progressively increased or decreased, were extracted in all recordings. Only those PS and RR sequences were considered that had a mutual correlation coefficient >0.85, i.e., the sequences that were assumed to reflect predominantly the cardiovagal BRS (Hughson et al., 1993). There was no minimum PS change required for the sequence to be valid. If an up sequence was immediately followed by a down sequence or vice versa, both sequences were considered as CBC. Consequently, for n consecutive up and down sequences (with n > 2), we end up with (n −1) CBCs.

As illustrated in Figure 1C, the resulting CBC as a function of PS (x-axis) and RR (y-axis) shows a polygon shape. Here, the filled points represent the up sequence, and the empty points represent the down sequence.
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FIGURE 1. Identification of the spontaneous CBC in the course of respiration for elliptic processing. (A) Electrocardiogram signal ECG with rising RR values for the marked intervals #1 to #3 (expiration) and falling RR for the intervals ♢1 to ♢3 (inspiration). (B) The blood pressure P with the associated rising and falling systolic pressure PS values. (C) Vertices with filled dots correspond to rising PS and RR, and empty dots correspond to falling PS and RR. The shown ellipse represents the overall ellipse of the image-based procedure.



Ellipse Analyses for Nonintersecting Sequences

To approximate CBC—composed of nonintersecting sequences only—with ellipses, we identified them in the 2-D area (encompassed by x- and y-axes) in a way that ellipses enclose the whole polygon while exhibiting the minimum area. For this, an iterative procedure of the convex minimization problem, known as the Khachiyan algorithm (Kumar and Yildirim, 2005), was employed.

For the ellipses to show the same area as the original polygons, we linearly downscaled these resulting ellipses with respect to their centers but without changing their orientation angle with respect to the x- and y-axes. Here, the center of the ellipse, its minor and major axes, as well as the orientation angle comprise the representative parameters of CBC.



Ellipse Analysis for all Sequences

In the case that up and down sequences have one or more intersection points as it is often the case (see Supplementary Material), multiple closed polygons necessarily appear (Supplementary Figure 1). Because the aforementioned method considers only nonintersecting sequences, we estimate the best fitted ellipse for both nonintersecting and intersecting sequences using a proposed image-based procedure.

First, we cropped the 2-D area of the prospective CBC with the pixel resolution of 0.1 mmHg × 0.1 ms from the minimum values of PS (=75 mmHg) and RR (=500 ms) of all recordings to the respective maximum values (175 mmHg and 1,500 ms) of all recordings. Thus, the resulting image had a total resolution of 1,000 × 10,000 px2. The image was binarized with black color outside of the polygon and white color inside of it (Supplementary Figure 1).

Then, a bivariate normal distribution is fitted into each closed polygon within the generated binary image. The covariance matrix of the distribution determines the shape of the distribution. The contour lines of each distribution form an ellipse. In particular, the direction and length of the major and minor axes of the ellipse for each closed polygon are given by eigenvectors and eigenvalues of the covariance matrix. The orientation angle of the respective closed polygon is given by the first eigenvector and represents the respective angle between the major axis and the x-axis. The intersection of the major and minor axes determines the weighted center of the ellipse shape (for each closed polygon).

Consequently, we end up with as many ellipses as closed polygons. The area AO of the overall ellipse for CBC is defined as the sum of respective individual areas AI of the closed polygons, whereas the center coordinates (xO, yO) of the overall ellipse and its orientation angle θO resulted out of a weighting procedure considering individual ellipses with their center coordinates (xI, yI) and individual orientation angles θI for each closed polygon to give
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Because the individual closed polygons show comparable values of θI in the range of ±1%, the total length lO_MAJOR of the major axis of the overall ellipse is simply estimated as the sum of respective lengths lI_MAJOR of major axes of all individual closed polygons. The total length lO_MINOR of the minor axis for CBC resulted out of a weighting procedure of individual lI_MINOR—in analogy with Eq. 1—to give
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All formed individual and overall ellipses are visually controlled to encompass closed polygons. The value of BRS for CBC is estimated out of θO based on
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To quantitatively assess the share of intersecting and nonintersecting up and down sequences forming hysteresis of CBC, each sequence is fitted individually with a subellipse (as illustrated within the inset of Figure 8 by dashed subellipses). A ratio a/(b/2) is built of the minor axis (=a) of each subellipse to the half of the minor axis (=b/2) of the overall CBC ellipse. Nonoverlapping sequences show a/(b/2) ≤ 1, whereas those with an overlap show a/(b/2) > 1.



Regression Method

Linear regression analysis was applied to the selected sequences of PS and RR. Ascending and descending trends were separately assessed. For the linear regression analysis, the sequences of PS and RR were used without any delay in between (Figure 1C; Steptoe and Vögele, 1990).



Statistics

A paired t-test was used to compare the mean BRS and the mean magnitudes of the hysteresis (defined as the maximum change in RR for a constant PS) as well as to compare PS, PD, and RR between supine and standing positions. A Wilcoxon signed rank test was used to compare the median BRS values between supine and standing positions. The differences were considered statistically significant when the error probability p < 0.05. Data are presented as median and/or interquartile range (IQR), supplemented by mean ± standard deviation. All data were processed and analyzed in MATLAB R2020b (The MathWorks Inc., Natick, MA, United States).




RESULTS


Beat-to-Beat Analysis for Respiration

Figure 1 illustrates consecutive up and down sequences of RR (Figure 1A) and PS (Figure 1B) in the course of respiration for a single recording, forming a spontaneous CBC (Figure 1C). In fact, the up sequence reflects expiration, whereas the down sequence reflects inspiration, in line with the process of respiratory sinus arrythmia. An ellipse is shown in Figure 1C that approximates a closed polygon, composed of P intervals and PS values for the points #1 to #3 (up sequence) and ♢1 to ♢3 (down sequence) as estimated by the image-based procedure. The median respiration rate for standing was 12.6 (12.7 ± 2) 1/min, whereas that for supine was 11.1 (11.3 ± 1.9) 1/min.



Beat-to-Beat Analysis for Postural Changes

A detailed beat-to-beat analysis of up and down sequences composing the spontaneous CBC is shown in Figure 2 for supine and standing. In particular, the beat-to-beat deflections of PS (Figure 2A) and RR (Figure 2C) illustrate that the maximum PS deflection occurs at the onset of expiration in both supine and standing. The standing position has a higher deflection in PS and a lower one in RR than the supine position, which already indicates a higher baroreflex efficiency in supine with stronger smoothed changes in PS. In particular, the mean deflection in PS in standing amounts to about ±2.4% and in supine to ±1.8% (Figure 2B) considering single beat-to-beat deflections, whereas the mean deflection in RR follows a reverse trend, i.e., in standing, it amounts to about ±2.5%, whereas in supine to ±3% (Figure 2D).
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FIGURE 2. Beat-to-beat analysis of up sequences composed out of ith points, i.e., from #1 to #3, and down sequences out of ♢1 to ♢3 points; both sequences compose the spontaneous CBC for supine and standing. (A) The differences between the consecutive (i+1) and i values within the sequence of the systolic blood pressure PS. (B) Normalized differences of (A). (C) The differences between the consecutive (i+1) and i values within the sequence of RR values. (D) Normalized differences of (C). (E) The associated values of the baroreflex sensitivity BRS for all differences.


Figure 2E shows that the mean value of BRS for standing is only about half of that in supine (=53%), which again highlights the higher baroreflex efficiency in supine. It is instructive to observe that the magnitude of deflections in PS is inversely related to the values of BRS and is proportional to those in RR, which confirms the buffering activity of baroreflex—proportional to BRS—with respect to PS at the cost of RR variability (Figures 2B,D). Please note that the lowest value of BRS results at the first two beats of up sequences, i.e., at the start of expiration.



Ellipse Analysis for Postural Changes

Figure 3A compares ellipses for supine and standing for all recordings, including median and IQR ellipses of all estimated (overall) ellipses based on an image-based procedure. The distributions of RR and PS are illustrated in Figures 3B,C for supine and standing. In fact, the median values of these distributions determine the center coordinates of median ellipses (Figure 3A). For visual simplicity, IQR ellipses in Figure 3A are relocated in a way that their centers overlap with the center of the associated median ellipses. As expected, the angle θO increases from the 25th to the 75th quantile as also confirmed by quantitative data in Table 1.
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FIGURE 3. The effect of postural changes on the estimated ellipses of the spontaneous CBC in the course of respiration. (A) Supine versus standing is illustrated; the shaded regions mark interquartile ranges, and bold lines mark median values. Inner and outer ellipses represent, respectively, the 25th to 75th interquartile, and the middle ellipse is the median ellipse. The supine position displays more elongated and steeper hysteresis (with respect to the axis of the systolic pressure PS) than the standing position. The inset to the left shows the schematic behavior of the whole hysteresis, including both postural positions. The frequency distributions of (B) PS and (C) RR-values RR for supine and standing with p as the probability.



TABLE 1. Characteristic parameters of the overall ellipses of spontaneous cardiovagal baroreflex cycles for supine and standing (Figure 3).

[image: Table 1]
In the supine position, the ellipses are more elongated and steeper than in standing (Figure 3A). Quantitative data in Table 1 confirms that lO_MAJOR and θO are statistically larger, whereas lO_MINOR is statistically smaller for supine than standing. For supine and standing positions, the median of lO_MAJOR is 70.8 (IQR 61.4) and 48.4 (IQR 29.4), whereas the median of lO_MINOR is 3.6 (IQR 3.4) and 5.8 (IQR 4.2), respectively. In particular, the median of θO amounts to 85.8° for supine, which implies that the median ellipse is steeper by 4.3° than for standing. The resulting center of concentric ellipses (median and IQR ellipses) for supine is located at (108.1 mmHg, 778.1 ms), i.e., at higher values than for standing with its coordinates (106.3 mmHg, 624.1 ms).

Figure 4 shows decomposed median and IQR ellipses from Figure 3A in that closed-loop courses of PS and RR are derived over the respiratory period with the normalized duration of 2π. In both cases, for supine (Figure 4A) and standing (Figure 4B), a delayed course of RR with respect to PS is visible, an intrinsic property of the baroreflex with PS acting as stimulus and RR representing a delayed response. The delay is significantly smaller for supine than standing (39.4° versus 41.3° for median courses) as confirmed by numerical data in Table 2, indicating again a more effective baroreflex in supine. The delay increases from the 25th to the 75th interquartile (Table 2).
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FIGURE 4. Derived courses of PS and RR out of the estimated median and IQR ellipses for the spontaneous CBC. The shaded regions represent the 25th and 75th interquartile ranges. (A) Supine. (B) Standing. The respective maxima and delays are marked between median-related courses of PS and RR.



TABLE 2. Characteristic parameters of the derived courses of PS and RR out of the estimated median and IQR ellipses of spontaneous cardiovagal baroreflex cycles for supine and standing (Figure 4).
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The peak-to-peak deflection of the median PS over 2π is smaller for supine (5.8 mmHg with IQR 1.9 mmHg) than for standing (8.9 mmHg with IQR 2 mmHg), whereas the peak-to-peak deflection of the median RR is larger for supine (70.7 ms with IQR 61.5 ms) than for standing (47.9 ms with IQR 30 ms). This clearly indicates a higher BRS and, thus, an increased baroreflex efficiency for supine than standing and is in line with data from Figures 2A–D.



Ellipse Parameters for Postural Changes

Figure 5 shows the distributions of AO (Figure 5A) and the ratio lO_MINOR/lO_MAJOR (Figure 5B) of the estimated overall ellipses for supine and standing. The median AO for supine was 209 mmHg. ms (339 ± 516) and for standing 224 mmHg. ms (346 ± 527) with no statistical difference in between. However, for the ratio, there was a statistical difference (p < 0.005) with 0.11 (0.12 ± 0.8) for standing and 0.05 (0.07 ± 0.06) for supine, i.e., the ellipses for supine are significantly slimmer than for standing, which confirms the qualitative observation in Figure 3A.
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FIGURE 5. Distribution of (A) the area AO of the estimated ellipses of the spontaneous CBC and (B) the ratio of minor to major axis length (=lO_MINOR/lO_MAJOR) for supine and standing with p as the probability of the distribution.


The radar plot in Figure 6 summarizes PS, PD, RR, AO, BRS (for both up and down sequences), and the ratio lO_MINOR/lO_MAJOR of the spontaneous CBCs for supine and standing using an image-based procedure. Each box length represents the 25th to 75th IQR with an indicated median value (see denoted axis for RR in Figure 6). The supine position shows significantly elevated RR and BRS and significantly depressed PD, lO_MINOR/lO_MAJOR for supine in comparison with standing, whereas there is no significant difference found in AO and PS. In particular, the supine position with the median of 15.7 ms/mmHg shows a significantly higher BRS than standing with only 7 ms/mmHg. Likewise, the supine position has a larger RR as compared with standing (778 versus 624 ms).
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FIGURE 6. Radar plot of PS, PD, RR, AO, BRS, and the ratio lO_MINOR/lO_MAJOR of the spontaneous CBC for supine and standing. Whereas medians of RR and BRS are elevated, PD and the ratio lO_MINOR/lO_MAJOR are declined for supine than standing. The values AO and PS do not significantly change for postural change.


Figure 7 illustrates that the baroreflex-related variability ΔPS of PS as a function of RR (Figure 7A) is reduced, whereas ΔRR of RR as a function of PS (Figure 7B) is elevated for supine as compared with standing as a consequence of steeper ellipses in supine than standing (Figure 3A). The median magnitude of the formed hysteresis is about 50 ms and 3.7 mmHg for supine and about 32 ms and 5.8 mmHg for standing, in agreement with Figure 2C. For supine, this highlights a stronger baroreflex responses (in ms) at a given value of PS and a stronger smoothing of blood pressure (in mmHg) at a given value of RR.
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FIGURE 7. The magnitude of hysteresis loop (Figure 1C) in terms of changes (A) ΔPS of PS as a function of RR and (B) ΔRR of RR as a function of PS of the estimated ellipses of the spontaneous CBC for supine and standing (Figure 3A). The magnitude along PS is increased and along RR is reduced for standing as compared with supine.
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FIGURE 8. The probability p for the overlap of up and down sequences within the hysteresis of the estimated ellipses of the spontaneous CBC for supine and standing. The ratio a/(b/2)—for the definition, see the inset figure to the right—goes to zero the broader the width of the hysteresis (=b) and the more linear is the down sequence or, in analogy, the up sequence (linearity is inversely proportional to a). For a/(b/2) ≤ 1, the up and down sequences do not overlap; otherwise, sequences overlap with their strong fluctuations. Intersected sequences forming the hysteresis are less frequent (17.4% of all cases) than nonintersected sequences.


Figure 8 shows that the majority of CBC ellipses for supine and standing, respectively, are composed of nonoverlapping sequences. Namely, 83.4 and 81.8% of ellipses for supine and standing, respectively, show the ratio a/(b/2) ≤ 1.




DISCUSSION

The present work introduces a novel ellipse-based method to characterize hysteretic behavior of the spontaneous CBC as governed through spontaneous respiration and, thus, spontaneous pressure changes. The applicability and rationale of the method are shown for orthostatic tests when comparing supine and standing.


Beat-to-Beat Analysis

The beat-to-beat analysis of Figures 1, 2 considers separately up and down sequences of spontaneous CBC (for expiration and inspiration, respectively) with individual BRS values, forming a base for ellipses (for the whole respiratory cycle) with its own BRS. An inverse relationship between beat-to-beat deflections in PS and RR is clearly evident (Figure 2), and it highlights the rationale of the baroreflex to buffer changes in blood pressure at the cost of the heart-rate variability. The maximum deflection in PS from one beat to the next can be seen at the onset of expiration (Figure 2A), where arterial vessels are maximally unloaded in the course of the respiration cycle (Figure 1C). In fact, barosensory vessels are more distensible for falling pressure than rising given relatively large changes in the pressure (Lénárd et al., 2000). Higher individual BRS result for supine than for standing (Figure 2E).



Baroreflex Hysteresis – General Perspective

For expiration, both PS and RR increase, whereas the baroreflex resets at the end of expiration and then lowers PS and RR for inspiration. In particular, the last beat of each sequence forms an initial condition for the subsequent sequence (for baroreflex activity), namely, for its first beat. Consequently, the formed (median) ellipse of the spontaneous CBC with up and down sequences shows a particular hysteretic width and shape. Because more than 80% of the spontaneous CBC ellipses are composed of nonoverlapping sequences (Figure 8), it underscores even more a hysteresis behavior of CBC. Hystereses characteristics seem to be characteristic for supine and standing (Figure 3A), i.e., for the change in the working point of the baroreflex following changes in the static blood pressure in the course of an orthostatic test.

The hysteresis behavior of CBCs—or the width of the fitted ellipse of the cardiovagal CBC—is due to heterogenicity in nature, speed, and population of afferent baroreceptors (Seagard et al., 1990) in addition to nonlinear mechanics of barosensory vessels and neuronal mechanisms (Studinger et al., 2007). The fast myelinated Aβ and Aδ fibers from baroreceptors are more sensitive to the pulsatile pressure change (Seagard et al., 1990; Rogers et al., 1993, 1996), whereas slow C fibers (and small A fibers) sense the absolute blood pressure changes. In addition, a relatively slow mechanical response of baro-sensory vessels (Bonyhay et al., 1997) and sympathovagal balance (Levy and Zieske, 1969) contributes to the hysteresis behavior of CBCs. The hystereses is also clearly favored by the observed delay between the RR and PS courses (of about 40°; see Figure 4).



Baroreflex Hysteresis – Supine Versus Standing

In supine, the median ellipse is steeper and more elongated (Figure 5B), indicating a higher baroreflex efficiency here. Namely, the proposed elliptic method shows that the median ellipse is elongated in the RR direction in supine with the significantly larger median θO of 85.8°, the significantly larger median deflection in RR of 70.7 ms (baroreflex output) for the significantly smaller median deflection in PS of 5.8 mmHg (baroreflex input) as compared with standing with the respective values 81.5°, 47.9 ms, and 8.9 mmHg (Tables 1, 2). The resulting median values of BRS of the spontaneous CBC are significantly higher for supine with 15.7 ms/mmHg than standing with 7 ms/mmHg. The hysteresis area AO shows no statistical differences between supine and standing; however, the ratio of minor to major axes lO_MINOR/lO_MAJOR indicates a significantly slimmer ellipses for supine than standing. Therefore, the elliptic method uncovers that the hysteresis elongation of the spontaneous CBC is larger, whereas the associated hysteresis width is smaller for supine than standing. Likewise, the hysteresis magnitude along RR with the median of 50 ms for supine is larger than 32 ms for standing, whereas the reverse is true for PS, indicating a stronger smoothing action for supine (Figure 7).

The integrated BRS is reduced for standing due to a hypothesized reduction in the neural component of the baroreflex (Taylor et al., 2013). Namely, the gravitational pooling of blood within peripheral veins reduces the cardiac filling pressure, which, in turn, reduces the arterial blood pressure (Rowell, 1986; Nixon, 1988). The barosensory vessels become less inflated, whereas the afferent (vagal) activity of baroreceptors declines (Steinback et al., 2005; Taylor et al., 2013) and reduces the BRS of the spontaneous CBC in standing (Figure 3A) with damped respiratory sinus arrythmia (Faes et al., 2011). In addition, the autonomic nervous system increases the total periphery resistance in standing while accelerating the sympathetic outflow (Incognito et al., 2019); e.g., higher angles of the tilt table elevate the muscle sympathetic nerve activity (Cooke et al., 1999). This outflow seems to add more nonlinearity through the efferent sympathetic pathway (Wang et al., 1993; Ursino, 1998) to the hysteresis of the spontaneous CBC than for supine, resulting in a wider hysteresis for standing.

The center of the estimated ellipse moves for positional changes, which shape the overall sigmoid shape of the baroreflex with the moving working point from supine to standing (Figure 3A). The right wing of the overall hysteresis marks the rising blood pressure, whereas the left wing marks the falling blood pressure, in line with stronger baroreceptor activity for increasing blood pressure than decreasing at a given blood pressure value (Chapleau and Abboud, 1987; Chapleau et al., 1988; Rudas et al., 1999). The local hystereses of CBCs lose their steepness and widen for standing in comparison to supine with the aforementioned changes in the local inclination angle θO and the local BRS. In terms of quantitative analysis, the working point of the baroreflex decreases significantly from 778 ms for supine to 624 ms for standing, whereas there is no significant change in PS (Figure 6). Although individual spontaneous CBCs illustrate cardiopulmonary baroreflex regulation with respiration as stimulus, the overall baroreflex shape illustrates baroreflex regulation with static blood pressure changes (stemming from positional changes) as stimulus for both arterial and cardiopulmonary baroreflex (Fadel and Raven, 2012). Likewise, whereas the spontaneous CBC corresponds rather to the linear portion of the overall hysteresis and is controlled predominantly by the parasympathetic system, the overall hysteresis shows a sigmoidal shape and is determined by the interplay of both parasympathetic (vagal) and sympathetic outflows (Chapleau and Abboud, 1987; Chapleau et al., 1988; Ursino, 1998).

Detailed analysis of up and down sequences forming CBCs (Supplementary Table 1 and Figure 2A) shows that up sequences tend to be steeper than down sequences for supine, whereas the reverse is true for standing. In fact, this difference in steepness tends to widen the formed hysteresis in the course of respiration. The larger width of hysteresis, such as in standing as compared with supine, underscores the reduced neural component of the baroreflex for standing than supine (Taylor et al., 2013), whereas the gain control is under the influence of both neural and mechanical components of baroreflex (Studinger et al., 2007).

The basic applicability of the elliptic method of CBC can be illustrated by considering spontaneous deflections of PS. This deflection for up sequences is about 4.3 and 7.3 mmHg for supine and standing (as medians), respectively, and for down sequences about 5.2 and 7.3 mmHg for supine and standing, respectively. Compared with this, the elliptic method confirms these differences with 5.8 and 8.9 mmHg for supine and standing, respectively (Table 2). The elliptic method offers also insights into the time domain (Figure 4) in that it discloses a delayed RR course with respect to the PS course over the spontaneous breathing cycle. Namely, the courses of PS and RR follow the same trend in rising and falling as governed by the BRS, and once the pressure direction changes, the course of RR still follows its trend with a median delay of about 40° for spontaneous breathing. The delay is qualitatively comparable with that during paced breathing at 0.1 and 0.25 Hz, showing the respective delays of 60° down to 0° (Cooke et al., 1999; Karemaker and De Boer, 2017). The observed delay by 39.4° for supine is less than 41.3° for standing (Table 2) for spontaneous breathing, indicating a seemingly increased baroreflex efficiency in supine and a reduced contribution of the slow sympathetic baroreflex arm (Cooke et al., 1999). However, it should be noted that not only baroreflex, but also respiratory sinus arrythmia itself affects the observed RR values, whereas the latter effect depends on the respiration rate and even reaches its maximum at 0.1 Hz (Angelone and Coulter, 1964). Thus, the perceived change in the baroreflex efficiency from standing to supine should be considered with caution.

For paced breathing at the median respiratory frequency of 0.2 Hz, the delay changed from 53° for 80° tilt down to −12° for supine (Cooke et al., 1999; Karemaker and De Boer, 2017), whereas our data for spontaneous breathing with the median respiratory frequency of 0.18 Hz (0.19 ± 0.03) and 0.21 Hz (0.21 ± 0.03) for respective supine and standing show a delay of about 40°. Thus, paced breathing in supine seems to show lower and even reversed delays (i.e., a noncausal relationship between blood pressure and heart rate) as compared with spontaneous breathing. The type of respiration and the respiration rate clearly affect the amount of RR changes, the relationship between PS and RR, and a resulting change of θO (related to the delay amount). The delay is a result of the different BRS values for up and down sequences and the set-point changes of the baroreflex when going from up to down sequences (and vice versa) as well as different latencies of neural and mechanical arms (Bonyhay et al., 1997; Studinger et al., 2007) and the sympathovagal interplay (Masuda et al., 1984). In fact, Figure 4 shows how the mechanical and neural arms work in concert. Please note that only the neural arm is responsible for this set-point change during pressure direction changes (Studinger et al., 2007).



Methodological Issues

In our study, spontaneous respiration served as a modulatory input to the arterial pressure to characterize the hysteretic behavior of the spontaneous CBC. Derived parameters of the resulting ellipses, each for a single respiratory cycle, are suggested to characterize the spontaneous variability of hysteresis and, thus, to characterize the spontaneous CBCs. The spontaneous CBC has an advantage of considering only respiration-related baroreflex function, minimizing influence of other cofactors impacting baroreflex function. Here, the duration of the recording is not limited by the duration of any artificial perturbating stimulus and, thus, allows long-term investigations of the cardiovascular system in (chronic) conditions other than (temporary) clinical settings.

We considered sequences of PS and RR without any delay in between regardless of the actual level of heart rate to keep the number of valid respiratory-related cycles of CBCs as high as possible. However, authors in Pickering and Davies (1973) show that mutually undelayed sequences of PS and RR correlate best for heart rate below 75 1/min, whereas for higher heart rates, the value of PS corelates best with the next RR value.

Baroreflex sequences were already analyzed without differentiating them into up and down sequences and without any vasoactive pressure induction (Bertinieri et al., 1985; Steptoe and Vögele, 1990; Hughson et al., 1993; Choi et al., 2006), analyzed with their differentiation for postural changes including head-up tilt (De Maria et al., 2018, 2019), or for vasoactive pharmacological substances inducing pressure changes in a relatively wide range (such as the modified Oxford method; Studinger et al., 2007; Taylor et al., 2013). In contrast, the proposed closed-loop ellipse method not only differentiates up and down sequences, but also explicitly considers their natural succession over the course of the spontaneous respiration cycle without using any artificial stimulus. In particular, the analyzed respiration-related CBC reflects a natural baroreflex during natural posture changes in contrast to head-up tilt or other artificial stimuli. The proposed method and its derived parameters, such as inclination angle θO, covers the neural and mechanical arms of the baroreflex without measuring the barosensory vessel diameters. In contrast to the state of the art, the considered closed-loop CBC has an advantage in considering pressure direction changes from expiration to inspiration and vice versa, thus considering the associated resetting of the baroreflex from one sequence to another (set-point changes). This yields a more robust estimation of the spontaneous cardiovagal hysteresis wings (Figure 1C).

Whereas, in the classical Oxford method, PS is perturbated via pharmacological substances by >10% of the baseline PS (usually by >15 mmHg; Taylor et al., 2013) to characterize the cardiovagal baroreflex, we use the spontaneous respiration-related perturbation of PS in a smaller range of about 5.1 ± 3% (mean ± STD) of the baseline PS for supine (5.6 ± 3.7 mmHg) and of about 7.1 ± 4% for standing (7.9 ± 4 mmHg); compare with Table 2. Thus, the proposed ellipse method characterizes the spontaneous CBCs without any pharmacological perturbations in the rather linear portion of baroreflex hysteresis with deflections of PS in the approximate range of 7.9 ± 4 mmHg (Figure 3A).

Supplementary Table 1 compares BRS values for up and down sequences as estimated with the classical linear regression method and our proposed ellipse method, the latter being applied to individual up and down sequences as well as sequences composing CBC, see Supplementary Figure 2. There are no significant differences between both methods when considering up and down sequences, which is in line with De Maria et al. (2019) but contrasts with Eckberg and Sleight (1992) and Studinger et al. (2007). However, it can be observed in Supplementary Table 1 and Supplementary Figure 2 that sequences contributing to CBC (Supplementary Figure 2B) tend to show higher BRS than all sequences (Supplementary Figure 2A). In addition, the ellipse method on CBCs (Eq. 3) shows significantly higher median BRS for both supine and standing when compared with BRS for all sequences calculated with either the regression or ellipse method (Supplementary Table 1 and Supplementary Figure 2). This is because most of the up and down sequences (>80%; see Figure 8) do not overlap, their individual gains are usually different (with this difference even depending on the posture; see Supplementary Figure 2C), and the set-points of the baroreflex “jump” from up to down sequences (and vice versa) when the direction of the pressure changes, all of them affecting BRS of the whole CBC (Figure 1A). In particular, the first beat of expiration has the maximum deflection in PS (Figure 2A) and a little change in RR (Figure 2C), which pushes more weight to the lower part of the CBC and, thus, aligns the resulting ellipse toward larger θO and, thus, larger BRS of the whole CBC.

The larger BRS of the whole CBC as well as larger BRS of sequences contributing to CBC (Supplementary Table 1) in comparison with BRS of individual up and down sequences may highlight the additional effects of the neural arm involved in the set-point change. This is because the individual sequences account for only both the mechanical and the neural arms acting within the single sequence.

In addition, it can be observed in Supplementary Table 1 that mean and median values strongly differ in some instances. This is due to frequent outliers that account for about 10% of all data points and, thus, affect the mean BRS but not the median BRS. The attained BRS using the proposed ellipse method were highly correlated by about 0.99 (p < 0.005) with BRS from the regression method in both supine and standing.

Because our analysis shows that about 17.4% of all up and down sequences forming CBC intersect with each other (Figure 8), whereas the Khachiyan algorithm (Kumar and Yildirim, 2005) cannot deal with intersected sequences, we focus on the image-based procedure. As an advantage, this procedure can consider both intersecting and nonintersecting sequences of CBCs.



Limitations

The data extraction from the EuroBaVar data set shows that only 3 out of 21 subjects (A1, A6, B8) contributed most of the up and down sequences, fulfilling the criteria to form a CBC in supine and standing; for absolute numbers, see Figure 9. Subject A5 mostly contributed to CBCs in supine. Sequences forming CBCs did not exist or were fewer than five in cases such as A3, B4, B5, B10, and B13. Although the analyzed subject pool is heterogenous, healthy subjects A1, A5, A6, and B8 seem to determine our results. This is because the observed results with healthy subjects yielded no statistical differences from those of all subjects. In addition, the relative number of outliers in the calculated BRS was quite high with about 10% and, thus, may have influenced the results, especially the observed differences between supine and standing. Because the proposed method uses consecutive up and down sequences with three or more beats to form CBC, i.e., in the course of the whole respiratory cycle, there must be six or more beats, high respiratory and slow cardiac rates might not meet these preconditions to form a proper CBC. In addition, weak dominance of the respiratory sinus arrhythmia, i.e., a weak modulation of the heart rate by respiration, may have influenced the detection of up and down sequences related to the respiration cycle. Because the respiration cycle was indirectly assessed from the respiratory sinus arrythmia and not directly measured, it may also influence our results. Here, paced breathing would have improved the formation and reliability of the formed CBC. The paced breathing could serve as a basis to differentiate respiration contribution (high-frequency components) from nonrespiratory components (low-frequency components) in terms of the frequency analysis to investigate the respiratory-related latencies during postural changes (Cooke et al., 1999; Karemaker and De Boer, 2017). Because the respiration rate affects BRS (Lehrer et al., 2003), the varying respiration rate may have also influenced our results. Moreover, our study characterizes the cardiovagal hysteresis for supine and standing only and not for extreme changes in blood pressure as would be necessary for the assessment of the complete baroreflex hysteresis.


[image: image]

FIGURE 9. Absolute number of used up and down sequences and sequences forming CBCs in all subjects of EuroBaVar data set.


There are also indications that tidal volume may affect cardiovagal BRS (Tzeng et al., 2009). However, as the tidal volume was not measured during the study, we can only assume that it had no influence on BRS, which is supported by the observation in Graf and Riedel (2017) that postural changes had no significant effects on the median tidal volume.




CONCLUSION

A novel ellipse method is proposed to model and analyze spontaneous baroreflex sequences forming hysteresis during respiration and for changing posture from supine to standing. Gain and changes in set-points of sequences as well as the working point of baroreflex are considered with the method accounting for integrated mechanical and neural arms of the cardiovagal baroreflex. Observed differences between supine and standing offer instructive insights and provide a basis for future application of the proposed method in analyzing the arterial baroreflex under different conditions and stimuli.
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Supplementary Figure 1 | The spontaneous CBC with overlapping up and down sequences. (A) The up sequence (#1 to #4) intersects with the down sequence (♢1 to ♢3). (B) The generated binary image of the intersected sequences with the two separated regions and the respective subellipses (red) for each region. (C) The generated overall ellipse (bold black) out of subellipses (gray) as based on Eqs 1–3.

Supplementary Figure 2 | The baroreflex sensitivity BRS assessed by the linear regression (LR) and the proposed ellipse (E) method for individual up and down sequences, CBC, and for supine and standing. (A) BRS of up sequences using LR and E methods, down sequences using LR and E methods (from the left to the right). (B) BRS of sequences forming CBC, up and down sequences using LR, up and down sequences using E. (C) BRS of up and down sequences using LR and E, BRS of CBC (Eq. 3). (D) BRS of up and down sequences forming CBC, LR versus E method.

Supplementary Table 1 | Comparison of baroreflex sensitivity BRS values [median (mean ± standard deviation)] assessed by the linear regression and the proposed ellipse method for individual up and down sequences and for supine and standing. For comparison, BRS from the cardiovagal baroreflex cycles (CBC; Eq. 3) is provided, compare with Figure 6.


FOOTNOTES

1http://www.eurobavar.altervista.org
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Synchronization of the Processes of Autonomic Control of Blood Circulation in Humans Is Different in the Awake State and in Sleep Stages
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The influence of higher nervous activity on the processes of autonomic control of the cardiovascular system and baroreflex regulation is of considerable interest, both for understanding the fundamental laws of the functioning of the human body and for developing methods for diagnostics and treatment of pathologies. The complexity of the analyzed systems limits the possibilities of research in this area and requires the development of new tools. Earlier we propose a method for studying the collective dynamics of the processes of autonomic control of blood circulation in the awake state and in different stages of sleep. The method is based on estimating a quantitative measure representing the total percentage of phase synchronization between the low-frequency oscillations in heart rate and blood pressure. Analysis of electrocardiogram and invasive blood pressure signals in apnea patients in the awake state and in different sleep stages showed a high sensitivity of the proposed measure. It is shown that in slow-wave sleep the degree of synchronization of the studied rhythms is higher than in the awake state and lower than in sleep with rapid eye movement. The results reflect the modulation of the processes of autonomic control of blood circulation by higher nervous activity and can be used for the quantitative assessment of this modulation.
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INTRODUCTION

Arterial baroreflex plays an important role in the functioning of the autonomic nervous system (Subramanian et al., 2019). It is involved in the regulation of blood pressure (BP) (Osborn et al., 2005; Albaghdadi, 2007), heart rate (HR) (Lanfranchi and Somers, 2002), and respiration (Guyenet, 2014). According to a number of studies, the baroreflex and the processes of autonomic control determine the complex dynamics of blood circulation, in particular, the non-linear dynamics of heart rhythm (Tan, 2013; Ernst, 2017; Karavaev et al., 2019). It is known that autonomic control loops are sensitive to changes in the physiological state of healthy subjects (Ivanov et al., 1999; Valente et al., 2018; Ishbulatov et al., 2020). There is a significant change in baroreflex functions with aging (Sharma and Goodwin, 2006; Schumann et al., 2010; Shiogai et al., 2010; Elliott et al., 2016; Parashar et al., 2016; Natarajan et al., 2020; Pietri and Stefanadis, 2021). Impaired baroreflex regulation and impaired heart rate variability often accompany cardiovascular diseases (Kiselev et al., 2012a,b; Ponomarenko et al., 2013; Swenne, 2013; Karavaev et al., 2016). Therefore, the baroreflex sensitivity and the activity of autonomic control processes are often used to assess the physiological state of subjects and act as the markers of the development of pathologies of various systems of the body (Lázaro et al., 2019; Hadaya and Ardell, 2020; Wessel et al., 2020).

The regulation of the cardiovascular system and respiration is influenced by cortical structures that influence the baroreflex regulation under normal conditions (Furness, 2006; Duschek et al., 2013; Jerath and Beveridge, 2020) and during the development of pathologies (Lewis et al., 2006; Molkov et al., 2014). Considerable attention of researchers is paid to the peculiarities of baroreflex regulation and autonomic control of cardiovascular system during sleep (Brandenberger et al., 2003). The analysis of experimental signals in such studies involves the use of different methods for the assessment of baroreflex function and autonomic control (Shaffer and Ginsberg, 2017). Historically, the first are methods of statistical, correlation, and spectral analysis of RR-intervals (Task Force of the European Society of Cardiology [TFESC], 1996), which reflect the processes of frequency modulation of the HR by the autonomic control loops (Prokhorov et al., 2021). The analysis of RR-intervals traditionally includes the study of the so-called Low-Frequency (LF) band (0.04–0.14 Hz), which is mainly associated with the processes of sympathetic control of heart rate (Wagner and Persson, 1998), and the High-Frequency (HF) band (0.14–0.40 Hz), which is associated with the processes of parasympathetic control (Task Force of the European Society of Cardiology [TFESC], 1996; Lewis et al., 2006). Information about sympathetic regulation of blood pressure can be obtained by analyzing blood pressure signals in the LF-band (O’Leary and Woodbury, 1996; Elstad et al., 2011; Orini et al., 2012). At the same time, the frequency components of the blood pressure signal in the HF-band are mainly associated with the mechanical conduct of the respiration process into the vessels (Bernardi et al., 1996; Dash et al., 2010; Javed et al., 2010).

Despite considerable interest in the problem, the existing number of works describing the activity of autonomic control loops in the awake state and in different sleep stages: rapid eye movement (REM) and non-REM (NREM) demonstrates some contradictory results. In particular, in a seminal study (Somers et al., 1993) it is noted that the activity of the sympathetic branch of the autonomic control system increases in the REM sleep and decreases in the stages of NREM sleep relative to the awake state. Other studies show a decrease (Berlad et al., 1993; Parmeggiani, 1994), increase (Hornyak et al., 1991; Somers et al., 1993; Van de Borne et al., 1994) or the absence of changes (Vanoli et al., 1995) in the activity of sympathetic regulation of blood circulation in REM sleep compared with NREM sleep (Elsenbruch et al., 1999) showed a statistical difference between spectral assessments of the signals of systolic blood pressure (SBP), diastolic blood pressure and RR-intervals in the awake state, NREM and REM sleep; and (Legramante et al., 2003) shows their significant fluctuation depending on the sequence of the REM and NREM stages during the night.

The study (Zemaityte et al., 1984) revealed increases in the activity of the parasympathetic branch of the autonomic nervous system during REM sleep and decreases in NREM sleep state relative to the waking state. Such observations are explained by the modulation of the activity of the centers of autonomic control by the processes of higher nervous activity (Van Roon et al., 2004; Cheng et al., 2010).

In addition to the use of typical spectral assessments, baroreflex sensitivity assessments are often used (Laude et al., 2004; La Rovere et al., 2008; Maestri et al., 2009). However, the effectiveness of its use for the diagnosis of different sleep stages remains an open question. Thus, an increase in the sensitivity of the arterial baroreflex in sleep was noted in Smyth et al. (1969), Conway et al. (1983), Pagani et al. (1988), Parati et al. (1988), and Van de Borne et al. (1994). Moreover, special experiments have shown that an increase in baroreflex sensitivity is not a simple consequence of decreasing in mean arterial pressure during sleep (Smyth et al., 1969). The authors of Bristow et al. (1969) and Nakazato et al. (1998) show no significant changes in different sleep stages.

Furthermore, it is worth noting, that although several methods have been developed to study baroreflex sensitivity in humans, most of these techniques are of limited value for daily practice and require specialized pharmacological or mechanical manipulations (Smyth et al., 1969; Eckberg et al., 1975; Palmero et al., 1981; Airaksinen et al., 1993; Bernardi et al., 1995; Mortara et al., 1997; Pinna et al., 2000).

Nevertheless, the study of baroreflex function and autonomic control during sleep is of great importance in patients and healthy subjects, and research interest in this issue does not decrease (Guilleminault et al., 1981; Lombardi et al., 2019).

Thus, although the analysis of heart rate variability properties seems to correlate with the psychophysical state of the patient and the baroreflex function is associated with sleep stages, the sensitivity of linear analysis methods is limited (Billman, 2013).

Therefore, more sensitive non-linear methods of analysis are used in recent years. Such methods aim at assessing different measures of complexity in RR-intervals and blood pressure signals (Pichot et al., 2016; Ishaque et al., 2021). Earlier in the work (Karavaev et al., 2009) we proposed a quantitative measure representing the total percentage S of phase synchronization between the LF oscillations in RR-intervals and BP (Karavaev et al., 2021). In the works (Kiselev et al., 2012a,b, 2016b), we showed that the previously proposed method (Karavaev et al., 2009) is promising for solving problems of medical diagnostics. This measure allows us to predict the development of complications of myocardial infarction (Kiselev et al., 2012a), to select the drug therapy for arterial hypertension (Kiselev et al., 2012b), and to obtain important information about the structure of interactions between the elements of autonomic control of the cardiovascular system (Kiselev et al., 2020). In work (Ponomarenko et al., 2021), we showed a change in the coherence of respiration processes and parasympathetic regulation of the heart rate in the HF-band in the awake state and different stages of sleep. However, studies of the synchronization of the processes of autonomic control of blood circulation in the LF-band with changes in the physiological state of the subjects during sleep and awake state remain unknown.

Therefore, the purpose of this work is to identify changes in the synchronization of processes of autonomic control of the HR and BP when analyzing the LF-components of RR-intervals and blood pressure signals in the awake state, REM and NREM stages of sleep, as well as to study the possibility of classifying such states during the analysis of synchronization and other assessments characterizing the properties of heart rate variability (Task Force of the European Society of Cardiology [TFESC], 1996) and baroreflex sensitivity (Pagani et al., 1988).



MATERIALS AND METHODS


Object of Study

Figure 1 shows a simplified schematic illustration of the object of study. The autonomic nervous system is actively involved in the control of HR and BP, using baroreflex functions (Task Force of the European Society of Cardiology [TFESC], 1996; Ringwood and Malpas, 2001). The work (Kiselev et al., 2020) shows, this control is provided by relatively independent processes that interact with each other. Information about the processes of autonomic control of HR and BP can be extracted from the LF-components of RR-intervals and BP signals (Task Force of the European Society of Cardiology [TFESC], 1996; Ringwood and Malpas, 2001; Prokhorov et al., 2003). It shows that these LF-components can be synchronized, and the degree of their synchronization correlates with the state of the cardiovascular system (Karavaev et al., 2009). It is known that the wake-sleep state control network of the central nervous system modulates the activity of the elements of the autonomic nervous system, and this influence changes during the transition from the awake state to sleep stages (Van Roon et al., 2004; Cheng et al., 2010). Thus, the degree of synchronization between the processes of autonomic control of HR and BP should reflect the effect of the wake-sleep state control network of the central nervous system on the autonomic nervous system.
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FIGURE 1. A simplified schematic illustration of the study.




Experimental Data

We analyzed the electrocardiogram (ECG), BP, and respiration signals of 22 male patients (mean age 52 ± 10 years, body mass index 32.4 ± 6.0 kg/m2) obtained in a clinical study (Peter et al., 1989; Grote et al., 1995). All patients were hospitalized due to obstructive breathing disorders during sleep (mean respiratory disturbance index 47.2 ± 27.3 n/h), and arterial hypertension was also revealed in the patients. Recordings were made before the therapy.

The ECG signal was recorded in standard lead I according (Kligfield et al., 2007). The BP signal (time dependence of blood pressure during invasive arterial pressure monitoring) was recorded with an invasive monitoring system from the radial is artery. The respiration signal was recorded with a flowing oronasal airflow. All signals were filtered with the bandpass of 0.03–45 Hz and sampled at 100 Hz. For each subject, we extracted three 20-min fragments from the night record, one corresponding to the awake state, one to the stage S3 of NREM sleep, and one to REM sleep. The awake state and sleep stages were scored in accordance with the recommendations of Rechtschaffen and Kales (1968) by means of electro-oculogram, electroencephalogram, and electromyogram. The analyzed fragments did not contain artifacts or long periods of apnea.



Total Percentage of Phase Synchronization

To analyze the degree of synchronization between the LF oscillations in HR and BP, we use a quantitative measure representing the total percentage S of phase synchronization of the studied processes. The method is based on the approach for detecting synchronization of complex systems from the analysis of their non-stationary time series (Karavaev et al., 2009; Kiselev et al., 2016a). Comparison of the proposed method with other known methods for detecting synchronization showed its higher sensitivity (Borovkova et al., 2020, 2021).

Figure 2 illustrates the main stages of the method. From the experimental ECG signal we extract a sequence of RR-intervals, i.e., a series of time intervals between the two successive R peaks. To obtain equidistant time series from not equidistant sequence of RR-intervals, we approximate it with cubic b-splines and resampled with a frequency of 5 Hz. Then, we filter the sequence of RR-intervals and the signal of BP using a filter with the bandpass of 0.06–0.14 Hz. After that, we resample the filtered BP signal with a sampling frequency of 5 Hz. The filtered signals are normalized so that their maximum amplitude is equal to unity.
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FIGURE 2. Schematic illustration of the method for estimating the total percentage S of phase synchronization. (A) ECG signal; (B) RR-intervals. Dots show experimental values of RR-intervals, interpolation by cubic β-splines is shown by a line; (C) the BP signal; (D) the power spectrum of the RR-interval signal; (E) power spectrum of the blood pressure signal. The bandwidth of the bandpass filters is marked in pink and blue on the power spectra graphs; (F) signals of RR-intervals and blood pressure filtered in the LF-band and normalized to unity amplitude; (G) instantaneous phases of the filtered signals of RR-intervals and blood pressure; (H) the instantaneous phases difference of the signals and an illustration of the automatic procedure for finding the epochs of synchronization. Orange bracket marks a window sliding along the time series Δϕ(t) with a shift of 1 discrete sample. w is the sliding window width. The orange line is a linear approximation of the time series Δϕ(t) in every sliding window. αi is the slope of the approximating line in ith sliding window. α0 is the method parameter, maximum slope angle, dj is the length of jth epoch of synchronization. Parameter L has the meaning of the minimum length of the synchronization epoch; (I) illustration of the procedure for calculating the index of the total percentage of phase synchronization S. T is the time series length, d1 and d2 are the length of the identified epochs of synchronization. The epochs of synchronization are shown in yellow.


Next, we define the instantaneous phases ϕ1(t) and ϕ2(t) of the filtered RR-intervals and BP signal, respectively, as the angle of rotation of the radius vector on the plane [image: image], where x(t) is the analyzed signal and [image: image] is the Hilbert transform of x(t),

[image: image]

where P.V. means that the integral is taken in the sense of the Cauchy principal value on a time series (Rosenblum and Kurths, 1998). Then, we calculate the difference of instantaneous phases ϕ1(t) and ϕ2(t):

[image: image]

The presence of 1:1 phase synchronization of two processes is defined by the condition:

[image: image]

where C is a constant (Pikovsky et al., 2001). Thus, in the epochs of synchronization, Δϕ(t) demonstrates horizontal plateaus, the oscillations on which are determined only by the measurement noise.

For automatic detection of phase synchronization epochs, we use the following algorithm. A window with a width w moves along the time series of Δϕ(t) with a shift of one sample (0.2 s). Using the method of least squares, we linearly approximate Δϕ(t) in each ith moving window by calculating a slope αi. The presence of synchronization is defined by the condition |αi|≤α0, where α0 is the method parameter. To reduce the influence of random fluctuations of instantaneous phases, we use an additional condition dj≥L for the detection of phase synchronization, where dj is the length of the jth epoch of synchronization and L is the method parameter. Specialized statistical tests carried out in the study (Borovkova et al., 2020, 2021) allow us to choose the following parameters of the method: w = 22 s, α0 0.004 rad, L = 10 s. These values are used throughout the paper.

A sufficiently wide w window (more than 2 characteristic periods of oscillations) allows one to reduce the influence of phase noise. The method’s algorithm assumes that the epoch is identified as an epoch of synchronization if the slope of the approximating straight line remains below the threshold value for a continuous-time interval with a length of at least L (about 1 characteristic period). In this case, the window w is shifted each time by one sample of discrete-time. Such conditions make it possible to increase the accuracy of diagnostics of the boundaries of the epoch of synchronization when moving the window w between synchronous and asynchronous epochs. Then we calculate the total length of the identified epochs of phase synchronization and express it as a percentage relative to the time series length of the entire record. The total percentage of phase synchronization is calculated as follows:

[image: image]

where T is the time series length of the entire record and N is the number of epochs of synchronization. The calculation of the phase synchronization index S uses the LF-filtered time series of RR-intervals and BP as a whole: 20-min time series (6000 samples at a sampling rate of 5 Hz).

The method for calculating measure S is implemented using the Python programming language. The program is available for free use at1.



Statistical Significance of the Index S

Signals of complex systems of biological nature are usually non-linear, non-stationary, and susceptible to noise and artifacts of different nature. Therefore, each values of index S obtained from experimental data was accompanied by the estimate the statistical significance. For each 20-min pair of ECG and BP signals, we generate a statistical ensemble of 100 pairs of surrogate time series by randomizing the phases of the Fourier-harmonics of analyzed signals in accordance with the method proposed in Theiler et al. (1992) and Schreiber and Schmitz (1996). This method for surrogate data preparation preserves periodogram of the experimental signals, but destroys couplings between them. Then, we calculate a total percentage of phase synchronization Sk, k = 1,…,100 for each kth pair of surrogates and sorted Sk values in ascending order. The measure S calculated from the experimental signals is considered statistically significant (p < 0.05) if it is greater than the 95th Sk value calculated from surrogate data.



Heart Rate Variability Indices

Some well-known works (Smyth et al., 1969; Pagani et al., 1988; Vanoli et al., 1995; Nakazato et al., 1998; Elsenbruch et al., 1999; Legramante et al., 2003) show a change in the baroreflex function and, as a consequence, the values of common assessments characterizing the properties of heart rate and blood pressure change during the transition from the awake state to different stages of sleep. Linear methods of spectral and statistical analysis of signals are often used for these investigations (Task Force of the European Society of Cardiology [TFESC], 1996). The following assessments are widely used to separate the awake state and different stages of sleep: Xmean (ms) - mean length of RR-intervals, SDNN - the standard deviation of length of the RR-intervals, HFRR (ms2) - the power of the spectrum of the HF components of the RR-intervals and BP, LFRR (ms2) - the power of the spectrum of the LF components of the RR-intervals. We calculate these assessments in this work. We used the first 5 min of the RR-interval signal. The calculation of the assessments of heart rate variability was carried out by the well-known methodological recommendations (Task Force of the European Society of Cardiology [TFESC], 1996).



Baroreflex Sensitivity Index

Baroreflex sensitivity (BRS) is also a recognized tool for assessing the autonomic control of the cardiovascular system.

In this work, the assessment of the baroreflex sensitivity was carried out based on spectral analysis of the signal of RR-intervals and systolic blood pressure and was used along with other typical tools for diagnosing the stages of sleep and the awake state (Smyth et al., 1969; Pagani et al., 1988; Legramante et al., 2003). BRS assessments are often based on calculating the power spectral density of the RR-intervals and SBP signals in the LF and/or HF frequency bands (Pagani et al., 1988; Legramante et al., 2003; Dietrich et al., 2010). In Dietrich et al. (2010), results showed similar values of BRS assessments carried out by different methods. Therefore in this paper, BRS was assessed by calculating the alpha index in accordance with the recommendations (Pagani et al., 1988).

In this work the BRS was assessed based on the signals of the RR-intervals and the signal of SBP. To calculate the assessment of BRS, we isolated a non-equidistant sequence of peaks from invasive BP signal (one peak per cardiocycle - at the moment of systole). Subsequently, this non-equidistant series of the SBP signal and the RR-intervals signal was interpolated with a cubic β-spline up to a sampling frequency of 5 Hz. The power spectra were calculated from them, and the integrated power in the LF-band (0.04–0.15 Hz) was estimated.
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where f1 0.04 Hz, f2 0.15 Hz, is [image: image] the integrated power of the spectrum of the LF-component of the RR-intervals, [image: image] is the integrated power of the spectrum of the LF-component of the SBP.

This assessment of BRS estimate is based on the assumption of a high degree of linear correlation between RR-intervals and SBP variability in the LF-band. This method is simple enough to quickly estimate BRS based on standard spectral characteristics.



Statistical Analysis

We used receiver operating characteristic (ROC) to assess the quality of the binary classification of calculated indices for different pairs of states (REM vs awake, REM vs. NREM, and NREM vs. awake).

Let us illustrate the procedure for constructing ROC-curves by analyzing the S index as an example. To construct the ROC curve for each pair, we went through the threshold value of the parameter of total percentage of phase synchronization S0 from 0 to 100% with step 1%. Each threshold value S0 we compared with grades Si, i = 1,..,22 for all subjects in the first (in each matched pair) state and Sj, j = 1,..,22 – in the second state. To estimate TPR, we calculated the split of results Si> S0. To estimate FPR we calculated the split of results Sj > S0. Each point on the ROC curve shows the relationship between TPR and FPR for each threshold value S0. Comparison of the ROC curves was carried out in the course of calculating the characteristic - Area Under the Curve (AUC).

Similarly, we constructed ROC curves for the other comparable assessments. At the same time, for the Xmean and HFRR indices, for classifying states in accordance with the results a priori known from Oh et al. (2019), it was assumed that during the transition from the awake and REM sleep to the deep sleep, the assessments should increase, and for other cases-decrease.

For each ROC-curve, we found the threshold value of the index corresponding to the put off point (the point closest to the point TPR = 1.0, FPR = 0.0). For put off points, we calculated the odds ratio and p-value.

To check the reliability of differences in the estimates of the mean values of assessments for different stages, we used the Kruskal-Wallis test (Kruskal, 1952), which takes into account multiple testing, and the Mann-Whitney U-test (Mann and Whitney, 1947), which does not take into account the correction for multiple testing but allowing for pairwise comparison.




RESULTS

Figure 3 shows the experimental signals and the results of their analysis for one of the subjects in the awake state, NREM sleep, and REM sleep. Figures 3A–C present the ECG signals in the awake state, NREM sleep, and REM sleep, respectively.
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FIGURE 3. Experimental signals, their Fourier power spectra and the difference of instantaneous phases for the subject No. 1 (No. C04Z1N2) in the awake state (first column), NREM sleep (second column), and REM sleep (third column). (A–C) ECG signals; (D–F) RR-intervals. Experimental values are shown with dots and interpolation by cubic β-splines is shown with line; (G–I) BP signals; (J–L) Fourier power spectra of RR-intervals; (M–O) Fourier power spectra of BP signals. The bandpass of filtering is shown in the power spectra plots in pink and blue; (P–R) Phase differences. Epochs of phase synchronization are shown in yellow.


RR-intervals show low variability, that typical in subjects at rest (Figures 3D–F). BP signals in the awake state, NREM sleep, and REM sleep are presented in Figures 3G–I, respectively. The values of BP correspond to those observed in healthy subjects (Young et al., 2020). The power spectra of the RR-intervals are shown in Figures 3J–L, while the power spectra of the BP signals are shown in Figures 3M–O. These power spectra are normalized to the maximum value in the three considered states, which takes place for NREM sleep. The characteristic peaks in the LF-band of power spectra are associated with the processes of autonomic control and baroreflex activity, while the peaks in the HF-band are associated with the respiration.

In the spectra of RR-intervals, the power in the LF-band in the awake state is higher than in NREM sleep and lower than in REM sleep. This is consistent with the known results (Somers et al., 1993; Kantelhardt et al., 2002). On the contrary, the power in the HF-band in the awake state is lower than in NREM sleep and higher than in REM sleep. This result agrees well with other studies (Zemaityte et al., 1984; Bartsch et al., 2012).

In the power spectra of BP signals, the HF-component is most pronounced in NREM sleep. Oscillatory activity in the HF-band of BP signal is usually related to the respiratory driven BP oscillations through changes in the intra-thoracic pressure if the respiratory frequency remains within the normal limits (Dornhorst et al., 1954; De Boer et al., 1987; Sleight et al., 1995; Conci et al., 2001). The study of such effects was beyond the scope of this paper.

Figures 3P–R depict the dependences Δϕ(t) for the awake state, NREM sleep, and REM sleep, respectively. The length of phase synchronization epochs in REM sleep is noticeably greater than in other two states. In the awake state, Δϕ(t) slowly fluctuates around 0. In NREM sleep, a slow positive trend of Δϕ(t) is observed, which indicates that the instantaneous phase of LF-component in RR-intervals grows faster than the phase of LF-component in BP signal. In REM sleep, a negative trend of Δϕ(t) takes place that indicates the faster increase of the phase of BP signal LF-component with respect to the phase of LF-component in RR-intervals. However, the sign of trend in Δϕ(t) differs in different subjects. In Figure 3, the total percentage S of phase synchronization is 29.6% in the awake state, 43.3% in NREM sleep, and 65.8% in REM sleep. All these values are statistically significant.

Figure 4 presents the results of the analysis of synchronization between the studied processes of autonomic control of blood circulation. In Figure 4A, the S values in the awake state, NREM sleep, and REM sleep are shown for each of 22 subjects. In all subjects, the S values in REM sleep are higher than in the awake state. In 18 subjects, the S values in REM sleep are higher than in NREM sleep. The difference between the S values in the awake state and in NREM sleep is less pronounced. From all S values in Figure 4A, only five values (two values in the awake state and three values in NREM sleep) are not significant. Figure 4B shows the distribution function F calculated for significant S values. In Figure 4C, box-and-whisker diagrams for S values are presented. From these figures it follows that, on average, S takes the highest values in REM sleep and the lowest values in the awake state. The most pronounced difference is observed between S values in the awake state and in REM sleep stage. In NREM sleep, the S values have high variance and are on average higher than in the awake state and lower than in REM sleep, Figure 4C.
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FIGURE 4. (A) S values in the awake state, NREM sleep, and REM sleep for each of the subjects. Statistically insignificant S values are shown with white squares and white triangles. (B) Distribution function for S. (C) Box-and-whisker diagrams for S values in the awake state, NREM sleep, and REM sleep. The box boundaries are the first and third quartiles, the horizontal line is the median, the whiskers are the minimum and maximum values. Figures (B,C) include only statistically significant S values (p < 0.05). The asterisks in panel (C) correspond to the p-level of intergroup differences, assessed using the Mann-Whitney U-test: p= 0.01 for “*” and “**” and p< 0.01 for “***”.


The quantitative results of comparing the changes in the total percentage of phase synchronization S with known assessments in the awake state and different stages of sleep are presented in Table 1.


TABLE 1. The values of the calculated assessments in the awake state and in sleep stages.
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Table 1 shows that the index S demonstrates the best divergence of the distributions of values between awake state and REM sleep compared to other indices.

Table 2 gives the results of a pairwise test of the statistical significance of intergroup differences using the Mann-Whitney U-test and the Kruskal-Wallis test, which takes into account multiple testing.


TABLE 2. Statistical significance of intergroup differences in the awake state and in sleep stages using different assessments.

[image: Table 2]
Tables 1, 2 show that pairwise testing with the Mann–Whitney U-test shows that the index S separates REM sleep and awake state, as well as REM sleep and NREM sleep. SDNN and LFRR separate groups REM sleep and NREM sleep, as well as NREM sleep and the awake state. HFRR separates group NREM sleep and the awake state. This is confirmed by the results of multiple testing using the Kruskal-Wallis test (Table 2), which confirms significant group differences for all of the listed indices, except for the LFRR.

Thus, only 4 out of 6 assessments demonstrated significant intergroup differences between the compared states for the experimental sample used. At the same time, only the S index made it possible to separate the REM sleep and the awake state groups significantly.

ROC analysis was carried out to assess the capabilities of the compared assessments when solving the problem of classifying of the awake state and sleep stages.

Figure 5 shows the ROC-curves for the S index. The ROC analysis results for the index S are consistent with the results of the analysis of intergroup differences. S demonstrates a noticeably better ability among the compared indices to classify REM sleep and the awake state (red line in Figure 5A), slightly worse results for REM and NREM sleep (red line in Figure 5B), worst of all these assessments allows classifying NREM sleep and awake states (Figure 5C). Among other assessments, the SDNN and HFRR, LFRR indexes can be noted, for classifying the REM sleep and NREM sleep (black, orange and purple lines, respectively, in Figure 5B) and NREM sleep and awake states (black, orange and purple lines, respectively, in Figure 5C). The BRS assessment shows the ability to classify NREM sleep and awake state (green line in Figure 5C).
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FIGURE 5. ROC curves for classifying the awake state and sleep stages. TPR is true positive rate and FPR is false positive rate. (A) REM and awake state. (B) REM and NREM. (C) NREM and awake state. The diagonal line is shown with black dashed line. Put off point is marked with colored dots.


The quantitative results of comparing the possibilities of classifying states using these assessments are shown in Table 3.


TABLE 3. Results of the ROC analysis for classifying the awake state and sleep stages for the compared assessments, as well as the p-value and odds ratio for the put off points of the ROC curves.
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Thus, Table 3 shows that the degree of synchronization of the processes of autonomic control of blood circulation with the calculation of the S index, in contrast to other assessments, makes it possible to classifying the state of REM sleep and the awake state. In Figure 5, the ROC-curve for this pair of states is higher than the other two ROC-curves. It gives good results TPR = 0.86 and specificity FPR = 0.14 for put off point (Table 3). The S and SDNN indexes differentiate between REM sleep and NREM sleep. The SDNN and HFRR indices differentiate between REM sleep and NREM sleep. The LFRR indice differentiate between NREM sleep and the awake state. Significant results (p < 0.05) are highlighted in bold.



DISCUSSION

The baroreflex function ensures the operation of the loops of autonomic control of blood circulation, which sensitively react to changes in the physiological state of the body. The studies (Mrowka et al., 2000, 2003; Shiogai et al., 2010; Bartsch et al., 2012) shows a statistically significant change in the cardiorespiratory synchronization and direction of coupling with aging. It is shown that the degree of cardiorespiratory synchronization in healthy subjects, on average, correlates well with the depth of sleep, being minimal in REM sleep and higher in deep sleep than in the awake state (Bartsch et al., 2012). Thus, the study of synchronization between the rhythms of the cardiovascular system gives important information about the state of the subjects and reflects physiological changes in the dynamics of the loops of baroreflex regulation in different stages of sleep.

In this paper, in different sleep stages, we study the phase synchronization of oscillations in the autonomic control loops of HR and BP, the activity of which is manifested mainly in the LF-band. The signals of these loops demonstrate complex chaotic non-stationary dynamics (Karavaev et al., 2019). To detect and quantify the synchronization between these signals, we used the previously proposed the method of synchronization analysis (Karavaev et al., 2009) and applied it to experimental signals of BP and RR-intervals. The method is implemented as freely distributed software.

The analysis of subjects in the awake state and different sleep stages allows us to reveal a number of interesting features. Despite the well-known effect of a decrease in the power of LF-oscillations in RR-intervals in NREM sleep (Somers et al., 1993), synchronization of the processes of autonomic control of blood circulation in NREM sleep increases with respect to the awake state (Figure 4). At the same time, we reveals the maximal synchronization during REM sleep, for which (Bartsch et al., 2012) reported the minimal values of cardiorespiratory synchronization. Our results confirm the conclusions obtained with the use of mathematical models in Van Roon et al. (2004) and Cheng et al. (2010) that the baroreflex function modulation by cortical structures has a complex independent nature. The change in the synchronization of the studied processes at different sleep stages can be explained by the change of the degree of effective interaction of these processes caused by such modulation. Presumably, the mechanisms of these interactions are realized through the brain stem structures (nucleus tract us solitarius, dorsal motor nucleus, nucleus ambiguous, and others), which interact with each other and with the structures of the cerebral cortex (Van Roon et al., 2004; Guyenet, 2014).

The potential of using the analysis of autonomic processes instead of the analysis of electroencephalograms is noted in Mayer et al. (2021) in the study of cardiorespiratory interaction. Currently, the classification of stages 1–3 of deep NREM sleep is successfully carried out by analyzing the instantaneous powers of various frequency components in electroencephalograms (Hassan and Subasi, 2017; Nakamura et al., 2017; Gupta and Pachori, 2021). At the same time, respiration, cardiac activity, and muscle tone also change significantly with the onset of NREM sleep (Flores et al., 2007; Noble and Hochman, 2019; Vanneau et al., 2021). However, the state of REM sleep is still reliably diagnosed only by assessing the eye dynamics and accompanying muscle activity (Liu et al., 2020). Some studies demonstrate certain changes in muscle activity and electrical activity of the brain, but these changes are not specific and very individual. In practice, the classification of REM sleep by automatic systems is very difficult (Cesari et al., 2018; Tripathy and Acharya, 2018). Nevertheless, it seems that this state may be described by analyzing the dynamics of various physiological signals, and not just based on the assessment of the appearance of eye movements.

The importance of this problem is emphasized by the fact that changes in the quality and quantity of REM sleep stages correlate with statistical assessments of mortality and the development of pathological conditions (Galbiati et al., 2019; Leary et al., 2020). At the same time, the known approaches based on estimates of linear spectral and statistical characteristics demonstrate a low sensitivity of the classification of REM sleep. The measure S used in our paper is based on the assessment of non-linear interactions of autonomic control loops of blood circulation and is promising for developing sensitive algorithms for the automatic classification of the REM sleep stage and the awake state. However, our analysis fails to discriminate between NREM and awake states, although such task is also important for the clinical and research practice. The indices BRS and S compared in our study showed different properties in distinguishing between the awake state and different stages of sleep. This is due to the different nature of these measures. Baroreflex sensitivity characterizes the changes in the response of baroreceptors caused by the changes in blood pressure. The result can be manifested in a change in the intensity of oscillations of the BP signal and RR-intervals in the LF-band. The index S characterizes a fundamentally non-linear effect of the phase coupling of oscillations in the loops of autonomic control of blood circulation. When calculating S, information on the dynamics of amplitudes of oscillations is not taken into account. For example, phase synchronization (and, accordingly, the index S) can increase with a decrease in the LFRR oscillation power (and, accordingly, BRS), which can be seen from Table 1. Thus, the index S is not as a pure index of baroreflex sensitivity, but it provides important additional information on a non-linear interaction of the autonomic control loops. Therefore, in the studies of the dynamics of the autonomic control of blood circulation, the S and BRS indices do not replace, but complement each other, characterizing the features of the phase and amplitude dynamics, respectively, of analyzed systems. In the future, it looks promising to combine the advantages of the index S for detecting REM sleep with the capabilities of known approaches for classifying stages of NREM sleep, for example, using machine learning methods.

In this study, we analyze BP signals recorded by arterial catheterization in apnea patients. It is known that this pathology affects the processes of autonomic control (Guilleminault et al., 2005). Unfortunately, we are not able to compare the results of the analysis of patients and healthy subjects, since we do not have invasive BP records of healthy subjects. We expect that healthy subjects may have quantitative differences in S values compared to patients with apnea, but we assume that the conclusion about the differences in S values in different sleep stages and in awake state will remain valid. This assumption is based on the fact that we excluded from the analysis the signal epochs with apnea attacks. To clarify this important issue, we plan to compare the synchronization between the LF-components of RR-intervals and photoplethysmogram signals in apnea patients and in healthy subjects.



CONCLUSION

The first methods for the assessment of human baroreflex function are based on statistical and spectral analysis of HR. However, such simple linear methods often lack the sensitivity to identify important features of this function in different physiological states. In these states, various systems of the body often change their properties simultaneously, demonstrating coherent and synchronous behavior. When studying such complex collective dynamics, non-linear methods of analysis have certain advantages. An example of such a non-linear method is the method based on the assessment of the degree of synchronization between the processes of autonomic control of HR rate and BP. This method exploits such a sensitive characteristic of the signal as its instantaneous phase. This approach allows us to identify the changes in the degree of coordinated behavior of the studied processes upon modulation of the baroreflex function by the processes of higher nervous activity.

We have found that in NREM sleep, the degree of synchronization of the LF-components of RR-intervals and BP signals is higher than in the awake state and lower than in REM sleep. The measure S may be promising for the development of algorithms for the automatic classification of sleep stages, especially for detecting REM sleep. The results of our study confirm the influence of the processes of higher nervous activity on the baroreflex function. Such influence can be considered in terms of modulation of the effective strength of coupling between the investigated loops of autonomic control.
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Background: Autonomic disorders are an important non-motor feature of Parkinson’s disease (PD). Baroreflex sensitivity (BRS) is often used as an indicator of cardiovascular autonomic function, and it is clinically significant. Several different methods of BRS assessment have been described. We evaluated and compared the efficiency of several methods of BRS assessment for additional insight into the underlying physiology and the determination of its severity in patients with PD.

Materials and Methods: Eighty-five patients with PD underwent cardiovascular autonomic testing. The Composite Autonomic Scoring Scale (CASS) was used to grade the severity of autonomic impairment and to define the presence of cardiovascular autonomic neuropathy (CAN). BRS was assessed using the Valsalva maneuver (BRS_VM). In addition, spontaneous BRS was computed using the sequence method and the spectral method.

Results and Conclusion: There was considerable agreement between the different methods of BRS assessment. Nevertheless, BRS_VM exhibited a higher degree of correlation with cardiovascular autonomic function than spontaneous BRS indexes obtained by the sequence or spectral method. BRS_VM, rather than spontaneous BRS, also had a predictive value for the presence of CAN to the diagnostic criteria by CASS in patients with PD.

Keywords: baroreflex sensitivity, Valsalva maneuver, sequence method, spectral method, Parkinson’s Disease


INTRODUCTION

Autonomic disorders have been recognized as an important non-motor feature of Parkinson’s disease (PD) (Martinez-Martin et al., 2011; Kim et al., 2014). Several studies have demonstrated that patients with PD exhibit decreased baroreflex sensitivity (BRS) (Szili-Torok et al., 2001; Blaho et al., 2017). The pattern of autonomic impairment provides an important clue to differentiate patients with PD from those with multiple system atrophy (Kimpinski et al., 2012; Pavy-LeTraon et al., 2018). In patients with severe autonomic failure, adrenergic impairment and decreased BRS cause orthostatic hypotension, which has a considerable impact on the patient’s quality of life. Furthermore, patients with PD have recently been found to have an increased risk of cardiovascular or cerebrovascular events (Alves et al., 2020; Park et al., 2020). The decreased BRS noted in patients with PD may be a contributing factor for the increased cardiovascular risk.

Baroreflex sensitivity (BRS) in humans can be assessed using several different methods (Parati et al., 2000). Generally, these methods are divided into two categories: In the first category, BRS is assessed in a laboratory setting using an external stimulus that triggers a change in the blood pressure (BP) and a subsequent change in the heart rate (HR). In the second category, BRS is determined using spontaneous oscillations of BP and HR without external interventions. There is no “gold standard” method for BRS evaluation, as different methods may describe different aspects of baroreflex modulation. Nevertheless, certain methods may be especially suitable under specific circumstances or can be more clinically significant than others for a particular group of patients.

There is a paucity of studies regarding the comparison of various methods of BRS assessment in patients with PD. This study aimed to evaluate BRS in patients with PD using three different methods and to compare the clinical relevance of each method. Our hypothesis is that it may provide additional insight into the underlying physiology to evaluate the diversity of various BRS assessments. Therefore, an optimal assessment can be chosen in a specific clinical context or for a certain group of patients.



PATIENTS AND METHODS


Study Design and Patient Selection

We prospectively evaluated patients with a definitive diagnosis of idiopathic PD according to the clinical diagnostic criteria and magnetic resonance image findings (Hughes et al., 1992; Heim et al., 2017). The exclusion criteria were as follows: (1) cognitive impairment leading to inability to follow our instructions; (2) a known history of cardiovascular or cerebrovascular events; (3) presence of cardiovascular autonomic neuropathy related to diabetes or other etiologies; and (4) presence of an implanted pacemaker or any type of arrhythmia that prevented BRS assessment. The Institutional Review Committee on Human Research of the hospital approved this study (IRB 201901802B0). All participants received verbal and written information about the purpose of the study and signed informed consent forms.



Clinical Assessment of Parkinson’s Disease

The clinical assessments of PD were performed using the Hoehn and Yahr Scale (Hoehn and Yahr, 1967) and the Unified Parkinson’s Disease Rating Scale (UPDRS) (Martinez-Martin et al., 1994), and took place during the “off” state, which was defined as 12 h or more after administration of the last dose of antiparkinsonian therapy. The age at disease onset, sex, body height, body weight, body mass index (BMI), disease duration, and levodopa dosage [expressed as Levodopa Equivalent Dose (LED)] (Tomlinson et al., 2010) were recorded for all participants. The autonomic symptoms profile of each patient was assessed using the Composite Autonomic Symptom Score 31 (COMPASS 31) questionnaire (Sletten et al., 2012), and the cognitive function was evaluated using the Cognitive Abilities Screening Instrument (CASI C v2.0).



Autonomic Function Testing

All participants underwent a standardized evaluation of cardiovascular autonomic function during the “off” state, including heart rate response to deep breathing (HRDB), the Valsalva maneuver (VM), and the head-up tilt test (Low, 2003). In addition, 5 min of resting ECG recording and continuous BP monitoring were performed in the interval between the VM and the head-up tilt test. To avoid the influence of depth and frequency of breathing on spontaneous BRS, the patients had 10 min of rest between the end of VM and the 5-min recording of HR and BP. As for the number of VM testing, we followed the standardization of autonomic testing recommended by Low (2003); VM was repeated until 2 reproducible responses were obtained. The mean value of BRS_VM from these repeated procedures was registered. To avoid potential variability due to circadian rhythms, all tests were performed between 9:00 a.m. and 12:00 p.m. Patients receiving medications known to cause orthostatic hypotension or otherwise affect testing results were asked to stop drug treatment for a period corresponding to five half-lives before testing, provided that it was not detrimental to their wellbeing.

The HR was recorded continuously using a standard three-lead ECG monitor (Ivy Biomedical, model 3000; Branford, CT, United States), and the BP was measured continuously using beat-to-beat photoplethysmographic recording (Finameter Pro, Ohmeda; Englewood, OH, United States). The Valsalva ratio (VR) and HRDB parameters were obtained using the WR Testworks software (WR Medical Electronics Company, Stillwater, MN, United States) and calculated as described by Low (2003). The severity of the patient’s cardiovascular autonomic impairment was graded using the Composite Autonomic Scoring Scale (CASS) (Low, 1993). The patients were considered to meet the definition of cardiovascular autonomic neuropathy (CAN) if they exhibited a minimum CASS score of one in both the cardiovagal and the adrenergic domains or a minimum score of two in a single domain; that is, when the CASS score was equal to or higher than two.



Baroreflex Sensitivity Assessment

The BRS was assessed using three different methods: the Valsalva maneuver (BRS_VM) in the laboratory, and the spontaneous BRS by sequence and spectral methods. BRS_VM was calculated by least-squares regression analysis from changes in HR and BP during the early phase II of the VM. In contrast, spontaneous BRS was computed from BP and HR records at rest, and then the BRS_seq and α-index (both at low frequency, α-LF, and in high frequency, α-HF) were obtained. The computation was performed using the Nevrokard™ BRS software package (Nevrokard, Slovenia) according to a previously described criteria to estimate BRS_seq (Huang et al., 2020). For the spectral method, the oscillations of systolic BP and the RR interval were transformed to the frequency domain using fast Fourier transform. The spectral powers were divided into two frequency bands: LF (0.04–0.15 Hz) and HF (0.15–0.4 Hz). The BRS α-index was computed as the mean of the square roots of the ratios of the spectral powers of RRI to SBP in the LF and HF ranges (α-LF and α-HF, respectively) if the coherence between these two signals was > 0.5.



Statistical Analysis

Data are expressed as mean ± SD or median (interquartile range, IQR) for continuous variables and as median (IQR) for ordinal variables. Associations between the measurements were evaluated using the Pearson correlation test for normally distributed continuous variables or by the Spearman non-parametric test for continuous variables with skewness or ordinal variables. Furthermore, receiver operating characteristic (ROC) curves were generated for the BRS indexes that showed significant differences between the experimental groups for predicting the presence of CAN. The threshold for statistical significance was set at p < 0.05. All statistical analyses were conducted using IBM SPSS Statistics v23 statistical software (IBM, Redmond, WA, United States).




RESULTS


Demographic Data of Patients With Parkinson’s Disease

The 85 patients recruited in this study included 42 men and 43 women. Of the 85 patients, ten exhibited suboptimal effort in the performance of VM, which prevented the computation of a valid CASS score. Of the remaining 75 patients, 35 had CAN and 40 did not. The demographic data per group are listed in Table 1. Their demographic data, as well as their functional status (UPDRS), LED, and medication information, are listed in Table 1. In addition, 22 age- and sex-matched subjects (11 men and 11 women) were selected from the control database of our autonomic laboratory. Their autonomic parameters are listed in Table 2 as normal reference of our laboratory.


TABLE 1. Baseline characteristics of enrolled subjects and controls.
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TABLE 2. Comparison of parameters of autonomic function and composite autonomic symptom scale 31 between PD with or without CAN.

[image: Table 2]


Comparison Between Patients With and Without Cardiovascular Autonomic Neuropathy

Table 2 shows the values for autonomic symptom profile (COMPASS 31 score), cardiovascular autonomic function (autonomic parameters and CASS score), and BRS indexes calculated by the different methods in patients with and without CAN. Among the COMPASS 31 scores, the orthostatic intolerance, bladder, and total weighted scores were significantly different between the two groups. All cardiovascular autonomic parameters and the CASS score, as well as the subscores, showed a significant difference between the two groups with the exception of BP change during head-up tilt, which appeared to be higher in the CAN group but did not reach statistical significance. Regarding the BRS indexes, significant differences between the groups were only observed in BRS_VM. Neither of the autonomic parameters showed significant difference when comparing the group of non-CAN with normal reference, but all of the autonomic parameters except the two α-indexes (α-LF and α-HF) showed significant difference when comparing the group of CAN with normal reference. (The statistical results of the comparison with normal reference are not listed in Table 2).



Correlation Analysis Between Composite Autonomic Scoring Scale and the Different Baroreflex Sensitivity Indexes

Table 3 shows the results of the correlations between CASS and the BRS indexes. BRS_VM exhibited significant correlations with the CASS score and with the subscores in both cardiovagal and adrenergic domains (Figure 1). BRS_seq exhibited significant correlations with the CASS score and cardiovagal subscore, but not with the adrenergic subscore. There was no significant correlation between the α-index and the CASS score. The correlation analysis also evaluated the relationship between each BRS index. The correlation between BRS_VM and α-LF was not significant. There were significant correlations among all the other BRS indexes.


TABLE 3. Correlation analysis between CASS and different BRS indexes.
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FIGURE 1. Relationship between baroreflex sensitivity obtained by Valsalva maneuver and Composite Autonomic Scoring Scale in patients with Parkinson’s disease.




Diagnostic Accuracy for Cardiovascular Autonomic Neuropathy Using Receiver Operating Characteristic Curve Analysis

The significant statistical analyses for predicting the presence of CAN using the ROC curve analysis are listed in Table 4. Only BRS_VM showed diagnostic accuracy for the presence of CAN (p < 0.05). The cutoff value for the presence of CAN in patients with PD was 1.25 (AUC = 0.76, p < 0.0001), and the sensitivity and specificity were 74% and 60%, respectively (Figure 2 and Table 4).


TABLE 4. Sensitivity, specificity, and area under the curve using receiver operating characteristic curve analysis for baroreflex sensitivity obtained by Valsalva maneuver in predicting cardiovascular autonomic neuropathy.
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FIGURE 2. The receiver operating characteristic curve for the presence of cardiovascular autonomic neuropathy in patients with Parkinson’s disease. The diagnostic accuracy of baroreflex sensitivity obtained by the Valsalva maneuver is shown based on the receiver operating characteristic curve analysis.





DISCUSSION


Major Findings

Despite the remarkable agreement between the different methods for BRS assessment, BRS_VM had stronger correlation with CASS, which represents the severity of autonomic impairment, compared to spontaneous BRS indexes. BRS_VM also had a higher predictive value for the presence of CAN according to the diagnostic criteria by CASS in patients with PD than spontaneous BRS indexes.



Comparison of Different Baroreflex Sensitivity Assessments

To estimate BRS, the VM method explores the arterial baroreflex modulation of the heart through the quantification of tachycardia that occurs during the initial decrease in the BP at early phase II. An alternative method uses bradycardia during the subsequent increase in BP after the cessation of expiratory pressure (phase IV) (Goldstein et al., 1982). The former was selected because phase IV can be absent in patients with autonomic impairment such as the ones recruited for the present study (Sandroni et al., 1991). The disadvantage of BRS_VM is that the VM also triggers alterations in the chemoreceptor and cardiopulmonary receptor activity, which makes HR responses less specific. Specificity is also reduced by the concomitant stimulation of skeletal muscle receptors due to increased muscle tone during VM (Parati et al., 2000). Finally, active cooperation of the subjects being tested is required. This should be particularly taken into account in patients with PD, a certain proportion of whom fail to achieve the required effort due to motor or pulmonary dysfunction. This was the reason we did not manage to obtain valid CASS and BRS_VM data from ten of the patients that we had originally recruited. Spontaneous BRS techniques do not require any external intervention on the subject being tested, thus avoiding the aforementioned limitations. However, they still present some disadvantages. The sequence method is of limited use in patients with autonomic dysfunction such as the ones that participated in the present study because diminished BP fluctuations lead to a lack of a significant correlation with changes in the RR interval (Oka et al., 2003). The α-index is also unsuitable for these patients because of the small coherence between BP and HR (< 0.5). Our data showed no significant correlation between the α-index and the CASS score (Table 3), but the correlation was actually significant between α-HF and the CASS score in the subgroup of non-CAN (Spearman’s rho = –0.550, p = 0.005). In other words, the correlation between CASS and α-HF was disrupted due to the existence of CAN. To sum up, spontaneous BRS may not be suitable to be used in patients with known autonomic impairment, such as the PD patients in this study.

There was a significant correlation between each of the BRS measures obtained by different techniques, but no correlation between BRS_VM and α-LF was identified. α-LF is influenced by additional factors such as Mayer waves in addition to baroreflex modulation (Julien, 2006; Silva et al., 2019). In subjects with intact autonomic function, baroreflex modulation is the key factor to determine α-LF. However, the influence from other factors becomes prominent in patients having autonomic impairment with reduced baroreflex modulation, such as the PD patients in our study. The reason may explain the lack of correlation between α-LF and BRS_VM in our patients. In contrast to our results that showed a significant correlation between BRS_VM and spontaneous BRS (except α-LF), the study by Yang et al. revealed a positive association between spontaneous sympathetic BRS and VM sympathetic BRS, but no correlation between spontaneous and VM cardiovagal BRS (Yang and Carter, 2013). We did not measure sympathetic BRS in the current study. The inconsistency in cardiovagal BRS may be due to different ages (much younger in Yang’s study) and different characters (healthy subjects vs. patients with PD) of study subjects. Various BRS estimates are not interchangeable. A finding noted in a certain study cannot be applied to subjects with different context.



Baroreflex Sensitivity in Patients With Parkinson’s Disease

Blunted BRS has been noted in previous reports (Szili-Torok et al., 2001; Blaho et al., 2017). Our data revealed that reduced BRS was noted in the CAN group but not in the non-CAN group. Furthermore, the significant difference was exhibited in BRS_VM and BRS_seq, but not in α-LF or α-HF. The finding supports the aforementioned notion that α-index is unsuitable to be used in these PD patients.



Study Limitations

There are some limitations to our study. First, we only had the database of the control group from our autonomic laboratory as normal reference for comparison. Although the case number was only 22, our normal reference of spontaneous BRS is similar to the one reported by Tank et al. (2000). Second, the study recruited only patients with comparatively better functions at a relatively early stage. We are uncertain whether our results can be applied to patients in advanced stages of PD. In addition, we only had early phase II for computing BRS_VM, and thus only tachycardia to BP decrease was assessed in the present study. BRS_VM can also be computed in phase IV to assess the function of bradycardia response to BP increase. As mentioned above, however, it was not done in the study because a certain part of our enrolled patients had absent phase IV due to adrenergic impairment. Finally, only three assessment methods for BRS were used in this study due to the laboratory settings and software availability. Further studies that include additional methods are required to comprehensively elucidate baroreflex modulation.




CONCLUSION

Our results showed considerable agreement between different methods for BRS assessment. Among them, BRS_VM had stronger correlation with CASS and was the only method that had a significant predictive value for the presence of CAN in patients with PD.
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Diabetes mellitus (DM) is a chronic disease characterized by elevated blood glucose levels, which leads over time to serious damage to the heart, blood vessels, eyes, kidneys, and nerves. DM is of two types–types 1 or 2. In type 1, there is a problem with insulin secretion, and in type 2–insulin resistance. About 463 million people worldwide have diabetes, and 80% of the majority live in low- and middle-income countries, and 1.5 million deaths are directly attributed to diabetes each year. Autonomic neuropathy (AN) is one of the common diabetic complications, leading to failure in blood pressure (BP) control and causing cardiovascular disease. Therefore, early detection of AN becomes crucial to optimize treatment. We propose an advanced cross-correlation function (ACCF) between BP and heart rate with suitable threshold parameters to analyze and detect early changes in baroreflex sensitivity (BRS) in DM with AN (DM+). We studied heart rate (HR) and systolic BP responses during tilt in 16 patients with diabetes mellitus only (DM−), 19 diabetes mellitus with autonomic dysfunction (DM+), and 10 healthy subjects. The ACCF analysis revealed that the healthy and DM groups had different filtered percentages of significant maximum cross-correlation function (CCF) value (p < 0.05), and the maximum CCF value after thresholds was significantly reduced during tilt in the DM+ group (p < 0.05). The maximum CCF index, a parameter for the phase between HR and BP, separated the healthy group from the DM groups (p < 0.05). Due to the maximum CCF index in DM groups being located in the positive range and significantly different from healthy ones, it could be speculated that BRS dysfunction in DM and AN could cause a phase change from lead to lag. ACCF could detect and separate DM+ from DM groups. This fact could represent an advantage of the ACCF algorithm. A common cross-correlation analysis was not easy to distinguish between DM− and DM+. This pilot study demonstrates that ACCF analysis with suitable threshold parameters could explore hidden changes in baroreflex control in DM+ and DM−. Furthermore, the superiority of this ACCF algorithm is useful in distinguishing whether AN is present or not in DM.

Keywords: baroreflex sensitivity, diabetes mellitus, autonomic neuropathy, blood pressure, heart rate, advanced cross-correlation function


INTRODUCTION

Diabetes mellitus (DM) is a chronic disease with elevated blood sugar in the human body. The WHO team indicates that DM is a widespread and challenging health problem due to its high growth prevalence and impact on national economies. It was also revealed that 463 million adults have the condition globally and that it has been steadily increasing over the years (Gregg et al., 2021). Uncontrolled DM with increased blood sugar (hyperglycemia) causes serious damage to the heart, blood vessels, eyes, kidneys, and nerves. Diabetic autonomic neuropathy (DAN) is a common complication of diabetes that involves the autonomic nervous system. Because all the human body organs, including the cardiovascular system, are regulated by the parasympathetic and sympathetic divisions of the ANS (Vinik et al., 2003), patients with DAN would have a high risk of inducing renal failure, heart disease, stroke, blindness, and death.

The ANS controls and modulates blood pressure (BP) and heart rate (HR) interaction rapidly through arterial baroreflex. A negative feedback system buffers fluctuations to maintain HR and BP during varying conditions in daily life (Heusser et al., 2005; Robertson et al., 2012; Kaufmann et al., 2020). Cardiovascular variability and baroreflex effectiveness may be influenced by age, gender, reflex, humoral, behavioral, and environmental factors (Laitinen et al., 1998; Lanfranchi and Somers, 2002). Baroreflex measurement and assessment could be used as an index for circulatory regulation at the sinoatrial node (Lanfranchi and Somers, 2002; Jíra et al., 2006; La Rovere et al., 2008; Dutra-Marques et al., 2021; Heusser et al., 2021). A previous study reviewed approaches to measure baroreflex sensitivity (BRS), using the sequence method, cross-correlation method, cross-spectral method, synchronization index, cross multiscale entropy, joint symbolic dynamics, similarity index, etc., in DM. The study revealed that DM has baroreflex impairment with reduced baroreflex response and prolonged baroreflex (Javorka et al., 2011; Xiao et al., 2019; Cseh et al., 2020). Abnormal baroreflex function could indicate autonomic cardiovascular imbalance early (Ziegler et al., 2018; Cseh et al., 2020). Present BRS analysis methods based on HR and BP analysis might not be able to observe the sympathetic baroreflex component by its nature (Persson et al., 2001; Swenne, 2013; Kawada et al., 2021). Therefore, impaired baroreflex function could not always be detected due to this limitation or other reasons (Laude et al., 2004).

The cross-correlation function (CCF) estimates the relationship level between the two signals. It can be used to find hidden temporal similarities (Derrick and Thomas, 2004). This method has been applied to characterize autonomic and baroreflex control (Westerhof et al., 2004; Silvani et al., 2011). For instance, the method (cross-correlation BRS, xBRS) was applied to test EUROBAVAR data, including patients with a heart transplant and DAN. As a result, a different baroreflex delay was measured in patients compared with healthy subjects (Westerhof et al., 2004). Furthermore, CCF has been used successfully to evaluate cerebral autoregulation to find differences between healthy individuals and patients (Czosnyka et al., 1996; Steinmeier et al., 1996; Panerai et al., 2000, 1996; Chiu and Yeh, 2001). Recently, cross wavelet analysis was applied to follow BRS change in the time–frequency domain to understand sympathetic participation (de Boer and Karemaker, 2019). However, some non-stationary factors (e.g., weak baroreflex, frequent arrhythmias, respiratory, etc.) and unknown peripheral noise could affect the accuracy of the BRS estimation results. Therefore, a new baroreflex assessing procedure was needed to increase reliability (Persson et al., 2001; Swenne, 2013; Kawada et al., 2021; Pinheiro et al., 2021; Yamasaki et al., 2021). The purpose of this study is to propose an advanced cross-correlation function (ACCF) with suitable threshold parameters to reduce noise and inaccuracy in estimating baroreflex properties. We hypothesize that this approach (ACCF) can detect early changes in BRS in the DM group.



MATERIALS AND METHODS


Subjects and Measurement

In total, 35 age-matched patients with DM were enrolled in this study. There were 16 patients without autonomic neuropathy (AN) (DM−, 55.63 ± 15.49 years) and 19 patients with DM with AN (DM+, 65.87 ± 11.11 years). In addition, 10 healthy subjects (57.40 ± 8.41 years) were recruited. Medication was withdrawn during the study period. The AN was determined by the clinical autonomic reflex tests (R–R variation, Valsalva maneuver, and postural BP testing) (American Diabetes Association, 1992). The patients had no other cardiovascular disease and no significant BP difference (p > 0.05) among groups in the supine position. This study was approved by the Research Ethics Committee of Cheng-Ching General Hospital, Taiwan. Subjects were examined on a tilting table with a motor-driven change from horizontal supine to upright positions. Data acquisition was started after a 10 min relaxation period in the resting position. Then, the subject was head-up tilted to 75° within 4 s to induce BP fluctuation. A continuous arterial blood pressure (ABP) signal was acquired at 60 Hz sample frequency for 5 min by Finapres (Model 2300, Ohmeda, Englewood, CO, United States) during supine and head-up tilt positions. Signals were analyzed with their own developed system using the software—LabVIEW language (Chiu and Yeh, 2001; Chiu et al., 2005).

Figure 1 shows the representation of the ABP signal. While the ABP pulse signal was acquired continuously by Finapres, SABPi (ith systolic arterial blood pressure) is the waveform peak through time index in the ith ABP pulse beat. Therefore, SABPi is the maximum BP value calculated by the ith pulse beat. The systolic arterial blood pressure (SABP) value was calculated using each pulse as follows:

[image: image]
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FIGURE 1. Representation of the ABP signal, the red circle is the blood pressure wave peak.


Simultaneously, systolic BP was aligned with the R–R interval, and instantaneous HR was derived from the point at which the systolic BP event occurred. In the previous studies, beat-to-beat BP and HR could be recorded by photoplethysmography. The accuracy of beat-to-beat non-invasive measurement via finger arterial pressure using Finpres was confirmed (Novak et al., 1994; Buclin et al., 1999).



Advanced Cross-Correlation Function Estimation


Cross-Correlation Function Estimation for Baroreflex Sensitivity

Cross-correlation is a method to assess the similarity degree of two series data sets. The cross-correlation function (CCF) could provide a measure of association between time-series signals (Derrick and Thomas, 2004). In this study, the SABP signal and the beat-to-beat HR signal as the input data for estimation. The relation and phase between the SABP and the HR signals can be used to evaluate the baroreflex function. The cross-correlation and phase between BP and HR depend on the autonomic baroreflex control. Therefore, it could explore changes in baroreflex mechanisms for health and disease.

Let the cross-correlation function be expressed as CCF(k), W is the length of the window, k is the number of peak-to-peak displacement points, and N is the total signal length. Assume that the SABP and HR signals are represented as f(n) and g(n), respectively. To assess the autonomic nervous system in specific frequency bands, f(n) and g(n) signals were bandpass filtered in low frequency (LF) ranges before applying the CCF. Where the LF range is 0.07–0.15 Hz, assume that bandpass filtered f(n) and g(n) signals are [image: image]and [image: image], respectively. The CCF between [image: image]and [image: image] can be calculated as follows:

[image: image]

where [image: image] is an estimation of the cross-covariance in the ith time window and defined as

[image: image]

[image: image]

where N is the total number of cardiac cycles, W is the window width, and k is the time lag. In this study, +k means that HR follows BP. CCFi(⋅) is the outcome of CCF between [image: image] and [image: image] in the ith time window.



Advanced Cross-Correlation Function Estimation Using the Thresholding

As described in section “Cross-Correlation Function Estimation for Baroreflex Sensitivity,” the original CCF estimation has N = 256, W = 64, and no other threshold following the CCF estimation. Figure 1 shows typical 2D figures using the CCF estimation. Due to i = 1 to N − W+1, there are 193 CCF curves in this study. A typical 2D representative figure is shown in Figure 1.

In ACCF estimation, we set thresholding parameters for k to improve some limitations and filter some noise to avoid a result bias. The thresholding was as follows:

Followed the CCF estimation, we set N = 256, W = 64, and −5 ≦ k ≦ 5.

The ACCF with thresholding between [image: image]and [image: image] can be calculated as follows:

[image: image]

where the threshold = 0, 0.3, 0.5, 0.7.

Figure 2 shows the representative plot of all CCF curves without threshold. Figures 3–6 are the representative plot of all CCF curves with different thresholds, respectively.


[image: image]

FIGURE 2. (A) Representative plot of all CCF curves without thresholding, (B) mean CCF value (x) and SD ([image: image]), and (C) distribution bar chart of maximum CCF index during tilt in a healthy subject.



[image: image]

FIGURE 3. (A) Representative plot of CCF curves with thresholding [–5 ≦ k ≦ 5 and CCF(k) > 0], (B) mean CCF value (x) and SD ([image: image]), and (C) distribution bar chart of maximum CCF index during tilt in a healthy subject.



[image: image]

FIGURE 4. (A) Representative plot of CCF curves with thresholding [–5 ≦ k ≦ 5 and CCF(k) > 0.3], (B) mean CCF value (x) and SD ([image: image]), and (C) distribution bar chart of maximum CCF index during tilt in a healthy subject.



[image: image]

FIGURE 5. (A) Representative plot of CCF curves with thresholding [–5 ≦ k ≦ 5 and CCF(k) > 0.5], (B) mean CCF value (x) and SD ([image: image]), and (C) distribution bar chart of maximum CCF index during tilt in a healthy subject.
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FIGURE 6. (A) Representative plot of CCF curves with thresholding [–5 ≦ k ≦ 5 and CCF(k) > 0.7] (B) mean CCF value (x) and SD ([image: image]), and (C) distribution bar chart of maximum CCF index during tilt in a healthy subject.






RESULTS


The Filtered Proportion of Maximum Cross-Correlation Function Value

The filtered value was the proportion of CCF values that passed the threshold set for all CCF values without thresholds. Figure 7 shows ACCF results for the supine position. The filtered value was higher in the healthy group than in the DM groups when the CCF threshold was set to be greater than 0 (CCF > 0). This threshold of CCF > 0 permits separating the healthy group from DM groups (p < 0.05) in the resting position. The two DM groups, DM− and DM+, also showed significantly different filtered values (p < 0.05). It revealed the effect of AN on DM that the relation level between BP and HR by the maximum CCF value. The filtered amount of CCF values in the DM+ group always keeps the lower percentage values at every threshold.


[image: image]

FIGURE 7. The plot of filter % with different thresholds by ACCF results in the supine position. Filtered maximum CCF value (% to all CCF values) using the threshold CCF > 0, 0.3, 0.5, and 0.7 in resting position in healthy (blue), diabetes mellitus (DM–, red), and DM with autonomic neuropathy (DM+, green). Threshold CCF > 0 allowed to differentiate healthy, DM–, and DM+.


Figure 8 shows the ACCF results of tilt. The filtered value (% of all CCF values) was higher in the healthy than those in the DM+ group when the CCF threshold was set at CCF > 0, CCF > 0.3, and CCF > 0.5. The healthy group could be significantly separated from the DM+ group (p < 0.05).
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FIGURE 8. The plot of filter % with different thresholds by ACCF results in a tilting position. ACCF results of tilt. Filtered maximum CCF value (% to all CCF values) using the threshold CCF > 0, 0.3, 0.5, and 0.7 in resting position in healthy (blue), diabetes mellitus (DM–, red), and DM with autonomic neuropathy (DM+, green). CCF thresholds of >0, >0.3, and >0.5 allowed for the differentiation of healthy and DM+ individuals.


The filtered CCF values tended to be lower with the higher threshold in healthy and DM groups using the threshold setting. In the DM+ group, the least filtered percentage of CCF values was always kept at every different threshold. It could show a more significant difference between the healthy group and DM+ group in an upright position.



Maximum Cross-Correlation Function Index With Threshold

Figure 9 shows the filtered maximum CCF index in the resting supine. When the threshold setting for maximum CCF value is greater than 0, 0.3, and 0.5, the filtered maximum CCF index could significantly separate the healthy group from the DM group (p < 0.05). It also indicated that the phase between HR and BP was prolonged in DM. In addition, the two DM groups could be separated significantly (p < 0.05) when the threshold was set to 0, 0.3, and 0.5.


[image: image]

FIGURE 9. The plot of the maximum CCF index with different thresholds by ACCF results in the supine position. ACCF phase analysis during resting supine. Filtered maximum CCF index in healthy (blue), diabetes mellitus (DM–, red), and DM with autonomic neuropathy (DM+, green). When the threshold setting was greater than 0, 0.3, and 0.5, the filtered maximum CCF index could significantly separate the healthy group from the DM– and DM+ group (p < 0.05). It also indicates that the phase between HR and BP was prolonged in DM.


Figure 10 shows the filtered maximum CCF index during tilt. The filtered maximum CCF index value was greater during the upright position when the threshold was set at greater than 0, 0.3, 0.5, and 0.7. The max CCF index could completely separate the healthy group from the DM (p < 0.05). In addition, the two DM groups could be separated (p < 0.05) when the threshold was set to 0, 0.3, and 0.5.
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FIGURE 10. The plot of the maximum CCF index with different thresholds by ACCF results in a tilting position. ACCF phase analysis during tilt. Filtered maximum CCF index in healthy (blue), diabetes mellitus (DM–, red), and DM with autonomic neuropathy (DM+, green). When the threshold setting was set greater than 0, 0.3, 0.5, and 0.7, the filtered maximum CCF index could significantly separate the healthy group from the DM– and DM+ groups (p < 0.05). In addition, the two DM groups could be separated (p < 0.05) when the threshold was set to 0, 0.3, and 0.5.




Comparison of Maximum Cross-Correlation Function Value in Response to Head-up Tilting

Figure 11 shows the estimated CCF value after filter during tilt. The results indicate that when the threshold for CCF was set greater than 0, 0.3, and 0.5, the estimate of maximum CCF values of the DM+ group was reduced significantly (p < 0.05) in response to tilting, while CCF did not change in healthy.
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FIGURE 11. Maximum CCF value response to tilt in healthy (red), diabetes mellitus (DM–, purple), and DM with autonomic neuropathy (DM+, orange) after thresholding of CCF > 0, 0.3, 0.5, and 0.7.


Figure 12 shows the filtered maximum CCF value after thresholding during tilt position. When the threshold was greater than 0, 0.3, and 0.5, the maximum CCF values were significantly lower in DM+ (p < 0.05) than in the DM− group. Moreover, when the threshold was greater than 0 and 0.3, the maximum CCF values of DM+ were significantly lower (p < 0.05) than those in the healthy group. Thresholding CCF > 0, 0.3, and 0.5 during tilt distinguished between DM+ and DM−.
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FIGURE 12. The filtered maximum CCF value in healthy (blue), diabetes mellitus (DM–, red), and DM with autonomic neuropathy (DM+, green) using the threshold CCF > 0, 0.3, 0.5, and 0.7 during tilting position. The symbol “*” and “#” mean the p-value smaller than 0.05 in t-test.





DISCUSSION

To the best of our knowledge, this is the first study to investigate baroreflex performance and differences using the ACCF to observe progress in baroreflex dysfunction from healthy to DAN. The thresholding for maximum CCF value showed that the DM+ group showed the least filtered percentage relative to all CCF values. In addition, the percentage of filtered value in the DM+ group was significantly different from the healthy group. That could indicate that the baroreflex function mediated the relationship between BP and HR is increased more than those in healthy and DM− groups. This difference could not be found using a common CCF analysis method without a threshold (Figure 10).

In addition, the maximum CCF value after thresholding is significantly reduced during tilt in the DM+ group. In clinical practice, AN diagnosis requires a series of complex tests. It is worth noting that during upright, maximum CCF values after thresholding were significantly different in the DM+ group from those in the healthy and DM− groups. This fact could represent an advantage of the ACCF algorithm to distinguish DM+ or DM−. We demonstrated that setting the threshold for maximum CCF value in the estimation process could differentiate between DM+ and healthy groups and even DM+ and DM− groups. It is known that the BRS is reduced in patients with DM and cannot counteract BP fluctuations effectively. Furthermore, patients with DM+ are unable to regulate their HR, blood vessel tone, and other parameters due to baroreflex dysfunction, which raises the risk of cardiovascular disease (Kuusela et al., 2002; Yu et al., 2011; Fuchs and Ehelton, 2020).

Furthermore, we could show that the phase between BP and HR, determined by the maximum CCF index in the ACCF estimation, is different in healthy and DM groups. A negative lag represents a phase-lead characteristic (BP leads HR) (Chiu and Yeh, 2001; Chiu et al., 2005). Recently, de Boer and Karemaker (2019) assessed BRS by cross wavelet analysis and head-up tilt. The results enabled the estimation of cross-spectra and derived quantities of BRS during time and frequency conditions. Some researchers assumed that baroreflex dysfunction causes a reduction of phase-lead to nearly zero time delay (Steinmeier et al., 1996). Our results confirm the previous support. In this study, Figures 9, 10 show the maximum CCF index of ACCF estimation results, which indicates the maximum CCF index in the healthy group, was in the negative range for both resting and tilting positions. Thus, the analysis results of the healthy and DM+ groups were confirmed by a previous report (Westerhof et al., 2004), and it may be standard for normal BRS function.

Interestingly, the maximum CCF index in DM groups was located in the positive range and was significantly different from those in the healthy group. We speculated that BRS dysfunction in DM and AN could cause a change from phase-lead to phase-lag. Furthermore, in line with previous studies, baroreflex response was reduced, and the delay was prolonged (Javorka et al., 2011; Xiao et al., 2019; Cseh et al., 2020), which supported the assumption. Therefore, we proposed an advanced cross-correlation function to estimate BRS in healthy and DM groups. Our results revealed that significant differences between the groups would be shown when the threshold setting for maximum CCF value was 0–0.5. It might be suggested that the proposed thresholding of maximum CCF from 0 to 0.5 improves the separation of DM+ and DM−.



CONCLUSION

Advanced CCF analysis with suitable thresholding improves the detection of changes in DM’s BRS. The new method could explore hidden changes in circulatory system component characteristics and BRS performance and provide new insight and risk prediction in patients with DM.
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Controls (n = 22) PD patients (n = 85)*

CAN (n = 35) Non-CAN (n = 40) Total (n = 85)
Age, years 66.6 + 7.8 68.0 + 8.7 63.3 + 9.6 67.5+9.7
Sex (men/women) 1111 16/19 19/21 42/43
Height (m) 1.60 £0.10 1.568 £0.08 1.569 £0.07 1.59 + 0.07
Body weight (kg) 63.0+ 13.4 63.4 £10.4 62.9 +12.3 63.4 +£11.3
Body mass index (kg/m?) 243+35 254 +£42 247 £4.5 250+4.2
Disease duration, years - 6.0+44 58+4.8 55+44
LED (mg/day) - 918.3 +585.6 799.4 + 600.1 828.4 £ 575.7
UPDRS total score* - 31 (283, 37] 22.5[15, 35.3] 2718, 37.5]
UPDRS | # - 2[1,3] 1100, 2] 2[1,3]
UPDRS Il (ADL score) ¥ - 11 (7, 14] 7.51[5,13.8] 10 [5, 18]
UPDRS Il (motor score) ® - 18 [14, 25] 13.5[9, 19] 16[10.5, 22]
Cognitive abilities screening instrument - MBr175 89.3+7.1 83.6 +13.9
Total weighted COMPASS 31 score - 19.7 £11.8 14.0+93 16.1 £ 10.6
Anti-Parkinsonian medications®
Levodopa - 34 34 75
Dopamine agonist (Pramipexole/Ropinirole) - 23 30 56
MAO-B inhibitors (Selegiline/Rasagiline) = 12 14 30
COMT inhibitors (Entacapone) = 5 6 12
Amantadine - 4 4 8

*Ten of the patients were unclassified due to a lack of a valid score of Composite Autonomic Scoring Scale. ® = All the patients took more than one kind of anti-
Parkinsonian medications.

CAN, cardiovascular autonomic neuropathy; UPDRS, Unified Parkinson’s Disease Rating Scale; LED, Levodopa equivalent dose, MAO-B, monoamine oxidase B, COMT,
catechol-o-methyl-transferase; COMPASS, Composite Autonomic Symptom Scale.

a = “Total UPDRS” score is the combined sum of parts I, Il, and lll. B = I. Mentation, behavior, and mood. y = Il. Activities of daily living (ADL). & = lll. Motor examination.
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Indexes Subject’s state Point of ROC curve intersection with the diagonal
AUC TPR FPR put off point p-value Odds ratio
S, % REM vs awake 0.92 0.86 0.14 49 <0.01 40.1 (5.8-368.6)
REM vs NREM 0.73 0.77 0.27 53 <0.01 9.1 (1.9-46.6)
NREM vs awake 0.59 0.59 0.45 40 0.55 1.7 (0.4-6.8)
Xmean, ms REM vs awake 0.56 0.50 0.36 904 0.54 1.8 (0.4-7)
REM vs NREM 0.54 0.68 0.50 969 0.36 2.1(0.5-8.8)
NREM vs awake 0.62 0.64 0.36 929 0.13 3.1(0.8-12.7)
SDNN, ms REM vs awake 0.54 0.45 0.41 61 1.00 1.2(0.34.7)
REM vs NREM 0.74 0.77 0.41 663 0.03 4.9(1.1-22.9)
NREM vs awake 0.74 0.68 0.36 663 0.07 3.8(0.9-16.1)
HFgg, ms? REM vs awake 0.55 0.36 0.23 9903 0.51 1.9 (0.4-9)
REM vs NREM 0.62 0.68 0.41 203 0.13 3(0.8-13)
NREM vs awake 0.69 0.68 0.36 103 0.07 3.8(0.9-16.1)
LFrr, ms® REM vs awake 0.50 0.50 0.41 353 0.77 1.4 (0.4-5.7)
REM vs NREM 0.68 0.59 0.36 263 0.23 2.5(0.6-10.3
NREM vs awake 0.69 0.82 0.45 293 0.03 5.4 (1.2-27.2)
BRS REM vs awake 0.50 0.47 0.25 15.88 0.34 2.7 (0.5-15.4)
REM vs NREM 0.47 0.59 0.44 14.36 0.61 1.8 (0.4-8.5)
NREM vs awake 0.53 0.75 0.44 14.74 0.09 4.5(0.8-26.7)

Statistically significant (o < 0.05) values are highlighted in bold.
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Indexes p-values Mann-Whitney U-test Kruskal-Wallis test
REM vs. awake REM vs. NREM NREM vs. awake
S, % <0.01 0.01 0.01 <0.01
Xmean, MS 0.49 0.65 0.18 0.42
SDNN, ms 0.63 <0.01 0.01 <0.01
HFggr, ms? 0.97 0.05 0.01 0.03
LFpg, ms? 0.99 0.04 0.03 0.05
BRS 0.95 0.70 0.82 0.96

Pairwise comparisons were made using the Mann-Whitney U-test, multiple testing using the Kruskal-Wallis test. Statistically significant (o < 0.05) values are

highlighted in bold.
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S, %
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SDNN, ms
HFRR, m82
LFpR, m32
BRS

Awake

38.46 (32.99; 45.31)
901.83 (800.13; 1051.96)
62.02 (38.02; 90.46)
83.84 (42.05; 150.47)
397.57 (248.53; 722.90)
15.14 (13.32; 17.93)

NREM

48.24 (42.08; 61.69)
982.15 (877.66; 1075.63)
35.93 (26.87; 49.84)
209.37 (97.07; 539.01)
199.18 (98.20; 373.10)
13.27 (11.35; 21.56)

REM

56.1 (50.23; 59.58)
932.72 (797.13; 1093.44)
60.26 (40.13; 93.33)
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15.98 (10.19; 19.80)

Values are presented in the format: median (first quartile; third quartile).
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MetS_NT(n = 27)

Ambulatory blood pressure monitoring (ABPM)

SBP 24 h (mmHg)
Daytime (mmHg)
Nighttime (mmHg)
DBP 24 h (mmHg)
Daytime (mmHg)
Nighttime (mmHg)
BP response during CPET
SBP Peak (mmHg)
1st min rec (mmHg)
DBP Peak (mmHg)

1st min rec (mmHg)

117 +£8
123+ 8
104 £8
6+7
81:=£:8
71+£10

195 £ 17
188 + 16
91+ 11
87[82-91]

C(n =19)

116+9
120+9
107 £ 12
78+ 9
82+9
64+7

177 £ 24
167 + 21
79+10
78[73-83]

0.670
0.366
0.405
0.322
0.756
0.014

0.007
0.001
0.001
0.007

Data expressed as Mean + SD.

SBF, systolic blood pressure; DBP, diastolic blood pressure. Bold indicates the
values that were significant (P < 0.05).
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MetS_NT+(n = 10) MetS_NT-(n = 17) P

Physical characteristics

Sex (F/M) 6/4 5/12 0.249
Age (years) 48+ 6 45+ 8 0.305
Weight (kg) 88.6 + 10.4 88.1+14.0 0.923
BMI (kg/m?) 33.1+£3.7 30.7 £ 3.8 0.114
Peak VO, (mi/kg/min) 24.0+6.8 27.0+6.2 0.256
Office BP measurements
Office SBP (mmHg) 120+ 5 116+7 0.089
Office DBP (mmHg) 81+7 80+6 0.620
Ambulatory blood pressure monitoring (ABPM)
SBP 24 h (mmHg) 119+7 115+8 0.215
Daytime (mmHg) 124+ 7 12249 0.530
Nighttime (mmHg) 107 +£5 102+9 0.153
DBP 24 h (mmHg) 76+8 rdt--rd 0.906
Daytime (mmHg) 81+8 81+8 0.811
Nighttime (mmHg) 64+7 64+8 0.879
BP response during CPET
SBP Peak (mmHg) 210+ 12 186 + 14 <0.001
1st-min rec (mmHg) 198 +£ 14 1824 15 0.025
DBP Peak (mmHg) 98 + 11 87 +9 0.007
1st-min rec (mmHg) 90[80-110] 85[70-105] 0.217

Data expressed as mean + SD.

BMI, body mass index; peak VOo, maximal oxygen uptake; SBP, systolic blood
pressure; DBPR, diastolic blood pressure. Bold indicates the values that were
significant (P < 0.05).
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Peak SBP SBP 1st min rec

R P R P
BRS+ —0.10 0.786 —0.41 0.312
MetS_NT+ (n = 10) BRS— -0.70 0.024 —0.73 0.041
MSNA 0.40 0.283 0.56 0.148
MetS_NT— (n = 17) BRS+ 0.16 0.652 0.37 0.209
BRS— —0.02 0.933 0.28 0.361
MSNA 0.19 0.558 —0.25 0.519

BRS+, spontaneous baroreflex sensitivity for increases in BP; BRS—, sponta-
neous baroreflex sensitivity for decreases in BP; MSNA, muscle sympathetic nerve
activity; SBR, systolic blood pressure; DBP, diastolic blood pressure. Bold indicates
the values that were significant (P < 0.05).
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Peak Univariate linear Multivariate linear

SBP regression regression

R P B (95% CI) P
WC 0.10 0.794 0.06 (102-111) 0.877
Glucose 0.02 0.964 0.16 (94-107) 0.654
Triglycerides 0.66 0.039 0.68 (84-156) 0.195
HDL-c —0.42 0.221 —0.04 (39-51) 0.934
BRS-— Univariate linear Multivariate linear

regression regression

R P B (95% CI) P
WC 0.45 0.188 0.218 (102-111) 0.367
Glucose —0.36 0.301 —0.477 (94-107) 0.064
Triglycerides 0.71 0.022 —0.775 (84-156) 0.034
HDL-c —0.31 0.382 —0.030 (39-55) 0.913

BRS—, baroreflex sensitivity for decreases in spontaneous blood pressure; WC,
waist circumference;, HDL-c, high-density lipoprotein cholesterol. Bold indicates
the values that were significant (P < 0.05).





OPS/images/fnins-15-680195/fnins-15-680195-g003.jpg
A>usanbaay anjosqy

O without EEBP
W with EEBP

MetS_NT

100 1

T
o
(o))

80 1
5 =
60 A1
50 1
40 A1
30 1
U ™

(9%) Adouanbaay aaney

10 1

O ~

MetS_NT





OPS/images/fnins-15-680195/fnins-15-680195-g004.jpg
MSNA (burst/min) W

40 -
357
301
25
20 1
137
10 1

18 -
16 -
14 -
12 *
10 A
g o
6 -
4

D -

'

— P=0.039 —

BRS+

— P=0.039 —

P=0.437

BRS-

MetS_NT+

MetS NT-

O MetS NT+
@ MetS_NT-





OPS/images/fnins-15-680195/fnins-15-680195-g005.jpg
BRS- (ms/mmHg)

9

R =-0.71
P=0.023

7

170

1

180

T T 1

190 200 210
peak SBP (mmHg)





OPS/images/fnins-15-680195/fnins-15-680195-t001.jpg
MetS_NT(n = 27)

Physical characteristics

Sex (M/F) 16/11
Age (years) 46+7
Weight (kg) 88.3+12.6
BMI (kg/m?) 31.6+3.9
Peak VO, (ml/kg/min) 2569+6.4
MetS risk factors

WC (cm) 106 £ 8
Glucose (mg/dl) 102 £ 12
Triglycerides (mg/dl) 199 [142-256]
HDL-c (mg/dl) 39+9
Office SBP (mmHg) 117 [115-120]
Office DBP (mmHg) 80+ 8
AHI (events/h) 14.5[10-19]

C(n =19)

9/10

48 £7
702+£11.0
263+25
251671

90 +9
93+8
98 [71-124]
51+ 11
111 [108-114]
7049
8.0 [1-15]

0.463
0.320
<0.001
<0.001
0.884

<0.001
0.004
0.005

<0.001
0.004

<0.001
0.091

Data expressed as mean + SD.

BMI, body mass index; peak VO, maximal oxygen uptake;, WC, waist circumfer-
ence; HDL-c, high-density lipoprotein cholesterol; SBF, systolic blood pressure;
DBR diastolic blood pressure; AHI, apnea/hypopnea index. Bold indicates the

values that were significant (P < 0.05).
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Significant parameters Cutoff value AUC (95% CI) Sensitivity (%) Specificity (%) p-value

BRS_VM 1.256 0.76 (0.64-0.87) 74 60 < 0.0001*

*o < 0.01; ROC, receiver operating characteristic; BRS_VM, baroreflex sensitivity obtained by Valsalva maneuver; AUC, area under the curve.
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Spearman correlation BRS_VM BRS_Seq a-LF a-HF

r p r P r P r P
Composite autonomic scoring scale -0.52 < 0.0001* -0.28 0.02* -0.06 0.72 -0.37 0.01*
Adrenergic sub score -0.41 0.001* -0.11 0.34 -0.01 0.94 -0.24 0.12
Cardiovagal sub score -0.43 < 0.0001* -0.30 0.01* -0.10 0.52 -0.35 0.02*
Different BRS indexes
BRS_VM - - 0.279 0.024* 0.033 0.840 0.424 0.007*
BRS_seq - - 0.571 < 0.001* 0.936 < 0.001*
a-LF - - 0.492 0.001*
a-HF - -

* Indicates that p-value < 0.05.

CASS, Composite autonomic scoring scale; BRS, baroreflex sensitivity; BRS_VM, baroreflex sensitivity obtained by Valsalva maneuver; BRS_seq, baroreflex sensitivity
obtained by sequence method; a-LF, o index in low frequency; a-HF, a index in high frequency.
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Normal reference (n = 22)

PD patients (n = 75)

CAN (n = 35) Non-CAN (n = 40) p-value
Composite autonomic symptom scale 31
Orthostatic intolerance 0 1.7+£1.2 0.6+04 0.01*
Vasomotor score 0 0.7+03 0.7+ 0.6 0.72
Secretomotor score 0 21418 20+1.6 0.64
Gastrointestinal symptoms score 0 554 3:5 51+36 0.64
Bladder score 0 20+1.7 13+1.2 0.02*
Pupillomotor score 0 B.7 = 2:7 45+26 0.22
Total weighted COMPASS score 0 19.7 £11.8 140+93 0.02*
Cardiovascular autonomic function
Composite autonomic symptom scale 0 27+1.0 0.5+£03 < 0.0001*
Adrenergic subscore 0 1.0+08 0.5+03 < 0.0001*
Cardiovagal subscore 0 1.7+£09 04 +02 < 0.0001*
Heart rate response to deep breathing (beats/min) 11.0 £ 4.6 51+1.8 104 £ 4.9 < 0.0001*
Valsalva ratio 1.56+0.2 1.3+03 14 +£02 0.02*
BP drop during head-up tilt (mmHg) 2.2(-2.8,9.5) 11.0 (3.0, 24.0) 5.0(-1.0, 12.8) 0.08
Baroreflex sensitivity methods
BRS_VM (ms/mmHg) 23+15 1.3+0.38 22+1.3 0.001*
BRS_Seq (ms/mmHg) 8.0+4.0 57+286 6.5 3.0 0.2
a-LF (ms/mmHg) 85145 8479 7.7 +£46 0.72
a-HF (ms/mmHg) 11.0+£6.9 1855 121 +£94 0.09

Values are expressed as mean + SD or median [interquartile range (IQR)], “p < 0.05 (the comparison is between groups of CAN and non-CAN).
CAN, cardiovascular autonomic neuropathy; BF, blood pressure; BRS_VM, baroreflex sensitivity obtained by Valsalva maneuver; BRS_seq, baroreflex sensitivity obtained
by sequence method; a-LF, o index in low frequency; a-HF, a index in high frequency.
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Angle of bed, degrees -7 0 +15 +60

Baseline
Arterial pressure, mmHg 91 + 14~ 87 +13 79 £ 11* 59 + 13*
Heart rate, beats.min~" 96+ 9 98 + 13 100 £ 15 118 £ 15*

Norepinephrine, pg.mi—" 83 £ 25 92 +24 129 +19* 278 + 42*
After trimethaphan

Arterial pressure, mmHg 61 + 10t 46 + 15%¢t
Heart rate, beats.min~" 89 + 16t 86+ 17+
Norepinephrine, pg.mi~" 47 £ 11+ 40 + 11+

Note that a reference level for measurement of AP was not the heart but the clavicle;
because the controlled or feedback variable of arterial baroreflex should be AP
sensed by arterial baroreceptors localized in the wall of the aortic arch and carotid
sinus. Values are means + SD. *P < 0.05 from supine position. +P < 0.05 from
baseline. See text and Figure 2 for detailed explanation.
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Parameter Estimated value

MN arc

G, pg-mi~"-mmHg " 8.92 + 3.07
APMN, 0, mmMHg 103.0+ 9.5
Correlation coefficient -0.96 + 0.05
NM arc

Supine position

Gnm(0), mmHg-ml-pg~! 0.61 +0.08
APNwm, 0(0), mmHg 341+49
Head-up position of 15 degrees

Gnm(15), mmHg-ml-pg™" 0.36 + 0.05*
APNwm, 0(15), mmHg 33.4+86
Open-loop gain

GLO) 5.62 + 0.98
G(15) 3.7540.62*

Note that values for open-loop gain have no unit. AP is the estimated pressure
at zero neural activity. Values are means + SD. *P < 0.05 from supine
position. See section “Materials and Methods” for detailed explanation of defini-
tion of parameters.
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