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Preface

The autonomic nervous system (ANS) is a very complex, multilayer neural network 
that maintains physiologic homeostasis in response to internal and external stimuli. 
It has both central and peripheral anatomical and physiological integration. ANS 
can be considered as a subsystem of the nervous system that possesses several levels 
(groups) for receiving, transmitting, generating, and processing information; an 
“artificial intelligence” biological system.

This book enriches our current understanding about various ANS subjects. It begins 
with a short introductory chapter by the editors that reviews the application of 
electroceuticals therapies in various ANS states.

The first section is the Introduction

The second section includes three chapters. The first chapter, written by Dr. Sato 
et al., reviews the importance of the ANS in a healthy lifestyle and sleep status for 
healthy aging. The second chapter, written by Dr. Moacir et al., presents a narrative 
review of heart rate variability as a homeostasis level index. Finally, the chapter by 
Dr. Mayowa et al. reviews the literature about the ANS–stress relationship.

The third section includes six chapters. The first chapter, by Prof. Alexandrova et al.,  
discusses general anesthesia and the ANS. The second chapter, by Dr. Wiyarta 
et al., is about heart ANS basic science and clinical application. The third chapter 
by Dr. Robert Drury highlights the new emerging technologies for ANS assessment 
in ambulances. The fourth chapter by Prof. Lopez presents a detailed description 
of the central control of the larynx in mammals, and the fifth chapter by Prof. 
Chandrasekaran focuses on signaling pathways that regulate axonogenesis and 
dendritogenesis in sympathetic neurons. The final chapter, written by Prof. Svorc, 
describes ANS changes under general anesthesia in rats.

The diversity of the subjects presented in the book make it a valuable reference for 
future researchers.

Theodoros Aslanidis
Consultant-Researcher,

ICU, St. Paul General Hospital,
Thessaloniki, Greece

Senior Lecturer,
College of Offshore and Remote Medicine,

Pretty Bay, Malta
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Chapter 1

Introductory Chapter: 
Electroceuticals of Autonomic 
Nervous System
Christos Nouris and Theodoros Aslanidis

1. Introduction

The electrical stimulation of human tissue for therapeutic purposes is not a recent 
concept. Scientists have long ago dallied with the idea of delivering electrical cur-
rent with implanted devices on human tissue for the development of highly selective 
organ-specific treatment, instead of using systemic pharmacotherapy. Back on the 
70’s Braunwald tested electrical stimulation of the carotid sinus nerve to treat cardiac 
disease [1]. Nowadays, cardiac pacemaker/defibrillator is widely applied as an electri-
cal device used to deliver a current discharge on myocardial tissue in the attempt of 
setting the pace of cardiac activity or resetting cardiac electrical stability [2].

The nervous system is very appealing for the application of this notion. As an 
interconnected network of many billions of cells which communicate by sending 
electrical impulses, the nervous system regulates a vast landscape of organ function. 
Neuroscience has made a great deal of effort over the last century to understand how 
information is presented and processed by neuronal circuits in the brain and spinal 
cord. Neural interface technologies have been used for stimulation and recording. 
Electrical current applied to specific parts of the nervous system causes neurons to 
transmit signals to their targets, whereas in other cases electrical stimulation may 
disrupt the signal being conveyed by nearby neurons. Neurostimulation technol-
ogy offers new opportunities. Ιn recent years stimulation of neural structures have 
been used for treatment of neurological disorders and injury. Paralyzed people have 
been able to move [3], lost hearing has been restored with cochlear implants [4] and 
Parkinson’s disease’s symptoms have been alleviated with deep brain stimulation.

Neurostimulation can be delivered selectively to specific parts of the nervous 
system by several means. Neural structures can be stimulated with electrical cur-
rent passed through the skin or with non-implantable methods such as transcranial 
magnetic stimulation, focused ultrasound and high-frequency electrical fields. 
However, the mainstay of neurostimulation is implantation of electrodes within the 
body, a process which requires complex surgery on delicate neural tissues. The Central 
Nervous System (CNS) areas contain anatomically overlapping cell populations with 
diverse functions. Thus, lowering an electrode into a deep brain structure has the 
risk of producing non-selective effects and damaging surrounding areas. Autonomic 
Nervous System, which is used by the brain to influence other organs in the body, is 
different, though.
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2. Specific applications

The Autonomic Nervous System (ANS) comprises neural cell bodies located in 
CNS and peripheral ganglia. The fibers of ANS neurons get mixed within cranial 
and spinal peripheral nerves creating afferent and efferent bundles that supply 
smooth muscle and glands. This way, complex peripheral neural networks that 
influence the function of internal organs are in intimate association with their 
target tissues [5]. These peripheral neural networks are located in the thorax and 
viscera influencing the function of internal organs. Functions controlled by these 
neural networks include tracheal and bronchial secretions, cardiac activity, arte-
riole diameter, pancreatic cell secretions, gastrointestinal motility and secretions, 
urinary bladder contraction, immune system function and mobilization of energy 
stores from liver and fat [6–8].

The aforementioned explain why ANS peripheral nerves and ganglia are prin-
cipal targets for electrical neurostimulation therapy. They are typically located 
peripherally and so are easily accessed by surgery with lower risk of tissue damage. 
They lack the anatomical and physiological complexity of CNS regions, thus lower-
ing the possibility of non-selective adverse effects. Finally, they are implicated in 
a large variety of body functions making it appealing to try to produce therapeutic 
effects by “fine tuning” their complex interactions.

The control of complex neural circuits with electroceutical therapy for treat-
ment of diseases is based on the novel concept of the neural fulcrum. That is, when 
bioelectric interventions push the autonomic neural networks in one direction, the 
endogenous reflex control pushes back. The result is that, although there are minimal 
changes in basal function, the response of the entire network to stress is restrained. 
This way the hyperdynamic reflex responses, commonly associated with disease 
progression, are counteracted [9].

Stimulation of organs’ neural circuits requires sophisticated implantable electronic 
devices. These medical devices are called electroceuticals and they incorporate novel 
biocompatible materials, miniature electronics and computer software to modulate 
neuronal signaling. Over the past few years research focused on developing electronic 
devices for selective organ-specific treatment and fewer side-effects. The goal is to 
produce electroceuticals with grater selectivity and fewer complications [10]. In addi-
tion to functionality, device miniaturization, conformability, biocompatibility, and/or 
biodegradability are the main engineering targets [11].

Electroceutical targeting of the ANS highlights recent advances in the field of 
electrical neuromodulation and contributes to the treatment of numerous diseases. 
Targeting of cardiac disease is one clear example. The T1–T2 region of the paraver-
tebral chain has been identified as a critical nexus point for sympathetic control of 
the heart [12]. Application of an electroceutical device to the T1–T2 region blocks the 
sympathetic outflow to the heart without compromising basal cardiac function. In 
this case electroceuticals aim to restrain the hyperdynamic sympathetic response/
withdrawal of central parasympathetic tone which is implicated in the pathophysi-
ology of heart failure [13] and arrhythmias [14]. Electrical stimulation of nerves 
innervating the carotid sinus activates local baroreceptors resulting in reduced 
sympathetic outflow and augmented parasympathetic tone providing effective 
treatment for patients with resistant hypertension [15]. Spinal cord stimulation is 
also used for pain management [16] and for promoting neural repair and regenera-
tion after injury or for modulating neural plasticity mechanisms that may assist to 
recover lost functions [17].
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Vagus nerve is an important therapeutic target of electroceuticals because it 
contains afferent and efferent pathways implicated in the communication between 
brain and abdominal organs. Gastrointestinal tract, pancreas and hepatic portal 
vein are innervated by vagal branches and their malfunction is linked to gastroin-
testinal, metabolic and inflammatory diseases. Abdominal vagus nerve stimula-
tion is supported by clinical trials and has been approved for the treatment of 
gastrointestinal motility disturbances like gastroparesis [18] and for weight loss in 
moderately obese patients [19]. Cervical vagus nerve stimulation has been shown 
to reduce inflammatory cytokines and have anti-inflammatory actions [20] that 
extend for a long period of time after brief stimulation, providing promising results 
for clinical remission of Crohn’s disease [21] and rheumatoid arthritis [22]. Cervical 
vagus nerve stimulation devices are also used to control epileptic seizures [23] 
and treatment-resistant depression [24]. In this case the therapeutic mechanism is 
unclear, but large-scale changes in CNS activity are indicated by functional imag-
ing studies [25]. However, the efficacy of vagus nerve stimulation in the treatment 
of epilepsy and depression is low (30%), because reduced stimulatory levels are 
obligatory in order to avoid adverse effects from non-selective stimulation of the 
cervical vagus trunk.

Bladder dysfunction affects a large population and control of bladder function 
is implicated in the field of electroceuticals of ANS. Sacral nerve stimulation is 
approved for treatment of urinary incontinence [26], while the efficacy of the method 
in neurogenic bladder dysfunction after spinal cord injury is under exploration [27].

Despite the application of electroceuticals of ANS in modern medicine and their 
participation in the treatment of several pathological conditions with important clini-
cal effects, this technology has still a long way to go. The studies published include a 
large variety of organ systems, target nerves and diseases and the parameters of elec-
trical stimulations used are diverse regarding amplitude, pulse duration, duty cycle 
and frequency. These parameters were often developed in animal studies and applied 
directly to human studies, and they were mostly empirically determined without in 
depth understanding of the underlying effects of stimulation.

3. Conclusions: perspectives

Electroceutical devices of ANS are unquestionably part of future medicine. An 
ongoing challenge is to refine electrode position and clarify stimulation patterns 
in order to achieve increased nerve region and physiological pathways selectivity. 
Another goal is to develop closed-loop circuits which use sensors designed to quantify 
neural activity from axons. This dynamic readout will be used by the device’s control 
center to adjust and “tune” the level of neuromodulation. Wireless power delivery to 
implanted electrodes using focused beam-forming energy to avoid complex or follow-
up surgery for the removal of an implanted battery is also under research.

However, the most important parameter, remains the development of a deeper 
understanding of the underlying biological effects of electrical neurostimulation. 
Comprehension of precise molecular and physiological changes of ANS during elec-
trical stimulation is the golden key for more effective future electroceutical devices.

Conflict of interests
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Chapter 2

Healthy Lifestyle, Autonomic 
Nervous System Activity, and Sleep 
Status for Healthy Aging
Miki Sato, Feni Betriana, Ryuichi Tanioka, Kyoko Osaka, 
Tetsuya Tanioka and Savina Schoenhofer

Abstract

With the super-aging society, it is important to pay attention to the quality of life 
of older people so that they can face healthy aging. Lifestyle, particularly exercise, 
autonomic nervous system activities, and sleep status are factors that affect the 
quality of aging. This chapter explores how those three variables are related and what 
strategies can be employed to maintain and enhance these variables to prepare. (1) 
The combination of healthy lifestyles, adequate physical activity, healthy dietary 
patterns, moderate alcohol consumption, and nonsmoking were related to the risk of 
cardiovascular diseases. (2) For older people, being physically active is important to 
the improvement of their physical and mental functions and keeping them indepen-
dent and mobile. The increasing HRV after exercise might be caused by increasing 
vagal tone and decreasing sympathetic activity. (3) To reach healthy aging, people 
should maintain the proper function of autonomic balance activities. This is impor-
tant because slowing down the decline in sympathetic status might delay many geriat-
ric complaints. (4) To achieve healthy aging, maintaining a healthy sleep is essential. 
Thus, the key to a lifestyle that facilitates healthy aging is a balance of regular physical 
exercise and adequate sleep, which mediates and is mediated by autonomic nervous 
system activity.

Keywords: autonomic nervous activity, lifestyle, exercise, sleep status, healthy aging, 
and older people

1. Introduction

The world is experiencing an increasing population of older people. Older people 
are defined by the World Health Organization as people aged 65 years and older [1]. 
By 2030, it is predicted that 1 in 6 people will be aged 60 years and over, and between 
2020 and 2050 people aged 80 years and older will triple to 426 million people 
worldwide [2].

Unfortunately, increasing age often occurs along with increasing health problems 
among many older people. A total of 80% older people were reported to have at 
least one chronic condition, while 68% of older people have two or more chronic 
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conditions, including hypertension, high cholesterol, diabetes, heart failure, depres-
sion, and dementia [3].

Not only chronic diseases, but sleep problems were also frequently reported as a 
common problem among older people. A study involving 54,722 respondents in 16 
countries found that the prevalence of sleep problems among older people in Europe 
ranged from 16.6% in Italy and Denmark to 31.2% in Poland [4]. Another study by 
Kim et al. [5] among 3074 older people in South Korea revealed that 29.2% of the 
participants experience insomnia, while Bhaskar et al. [6] found that 33% of the 
participants in their study also suffered from chronic insomnia. Insomnia among 
older people is significantly related to heart disease, anemia, or depression [5], all of 
which affect healthy aging.

Healthy aging refers to a process of developing and maintaining the functional 
abilities that allow older people to be and to do things for their well-being [7]. For 
older people to perform functional abilities, various factors need to be taken into 
consideration, such as maintaining good sleep and healthy behaviors, including a 
healthy diet, physical exercise, and refraining from tobacco use [2].

Another factor that contributes to healthy aging is maintaining the balance of the 
autonomic nervous system (ANS). ANS is a component of the peripheral nervous 
system that regulates the involuntary physiological process of our body, involving 
blood pressure, heart rate, respiration, digestion, and sexual arousal [8]. ANS is com-
monly assessed by heart rate variability (HRV), a measure of the variation in time 
between each heartbeat [9]. HRV decreases with aging independent of pathological 
conditions or medication use, potentially suggesting that cardiac autonomic modula-
tion diminishes due to normative aging. Men and women showed similar rates of HRV 
decline [10].

Understanding how a healthy lifestyle, particularly exercise, ANS, and sleep status 
are related might assist healthcare professionals to promote healthy aging and prepare 
older people toward healthy aging.

2. Framework of healthy aging

Healthy aging is characterized by the maintenance of the functional abilities that 
enable older people to experience well-being [7]. Healthy aging does not mean that 
older people are free of disease, but the influence of their diseases is minimal  
that they can still maintain their well-being [7]. The increasing life expectancy 
resulted in an increasing number of older populations in the world. With super-
aging society, it is important to pay attention to the quality of life of older people. 
Lifestyle particularly exercise, autonomic nervous system activities, and sleep status 
are factors that affect the quality of aging. This chapter explores how those three 
variables are related and what strategies can be employed to maintain and enhance 
these variables to prepare for and achieve healthy aging. (1) The combination of 
healthy lifestyles, adequate physical activity, healthy dietary patterns, moderate 
alcohol consumption, and nonsmoking were related to the risk of cardiovascular 
diseases. (2) Being physically active is important to improve their physical and 
mental functions and keeping them independent and mobile. (3) To reach healthy 
aging, people should maintain the proper function of autonomic balance activities. 
(4) To achieve healthy aging, maintaining a healthy sleep is essential. A healthy sleep 
involves several dimensions such as adequate sleep duration, good sleep quality, the 
absence of sleep problems, and appropriate sleep timing. Thus, the key to a lifestyle 
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that facilitates healthy aging is a balance of regular physical exercise and adequate 
sleep, which mediates and is mediated by autonomic nervous system activity.

Healthy aging as a relationship between exercise, ANS activity, and adequate 
sleep is depicted in Figure 1. The key to a lifestyle that facilitates healthy aging is a 
balance of regular physical exercise and adequate sleep, which mediates and is medi-
ated by ANS activity. In this chapter, the authors explore the relationships among 
healthy lifestyle, physical exercise habits, ANS activity, and adequate sleep to prepare 
for healthy aging.

3. Health promotion activities for healthy older people

Table 1 presents the activities that can promote healthy aging and the risk factors 
that might hinder the achievement of healthy aging.

Maintaining a healthy lifestyle is essential to reaching healthy aging. Some ele-
ments of a healthy lifestyle include regular physical exercise [12, 13], maintaining an 
adequate sleep duration [14], and consuming a healthy diet [15].

Figure 1. 
Relationship of maintaining an appropriate lifestyle for healthy aging as physical exercise habit, autonomic 
nervous activity, and an adequate sleep pattern [11].

No. Health promotion activities Risk factors

1. Physical activity habits Sedentary lifestyle or having little physical activity

2. Maintaining an adequate sleep Sleeping fewer than or more than 7–8 hours

3. Consuming a healthy diet Excessive alcohol consumption

4. Nonsmoking Smoking cigarettes

5. Maintaining normal body weight Obesity or malnutrition

Table 1. 
Health promotion activities for healthy older people.
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Dietary patterns also play an important role in healthy aging. People with higher 
diet quality were found to have a higher quality of life score [15]. Healthy dietary pat-
terns such as the Nordic diet and Dietary Approaches to Stop Hypertension (DASH) 
diet were reported to improve self-rated health and quality of life among older people 
[15]. The Nordic diet is described as a diet with a higher intake of plant foods, egg, 
fish, and vegetables [16], and the DASH diet is a plant-focused diet, rich in fruits and 
vegetables, nuts, with low-fat and non-fat dairy, lean meats, fish and poultry, mostly 
whole grains, and heart-healthy fats [17]. DASH diet has been proven to decrease 
cholesterol and blood pressure and is associated with a lower risk of heart disease, 
diabetes, stroke, kidney stone, and several cancers [17].

The combination of these healthy lifestyles, adequate physical activity, healthy 
dietary pattern, moderate alcohol consumption, and nonsmoking were related to a 
57% lower risk of cardiovascular diseases (CVD) and a 67% lower risk of fatal CVD 
than performing none or one of these healthy lifestyle behaviors [18].

Conversely, some unhealthy behaviors contribute to poor aging and increased 
mortality risk, including sedentary lifestyle, excessive alcohol consumption, smok-
ing cigarettes, obesity or malnutrition, sleep duration fewer or more than 7–8 hours, 
having little physical activity, eating between meals, and not eating breakfast.

4. The importance of exercvise and problems with sitting behavior

Exercise and physical activity are beneficial to people of all ages. Particularly for 
older people, being physically active is important to the improvement of their physi-
cal and mental functions and keeping them independent and mobile [13]. Habitual 
physical activity might lower cardiovascular mortality among older people [12]. In 
a longitudinal Cardiovascular Heart Study, which was conducted among 985 older 
adults for over 5 years, it was found that older people who increased walking pace or 
walking distance showed favorable HRV indices more than those who decreased walk-
ing pace or distance [12]. The finding that exercise improved HRV was also confirmed 
by another study [19]. Compared with older people who did not perform the exercise, 
those who performed exercise training three times per week for 16 weeks showed a 
significantly greater increase in HRV indices [19]. The increasing HRV after exercise 
might be caused by increasing vagal tone and decreasing sympathetic activity [20].

In relation with physical activity, two conditions that commonly occur to older 
people are sarcopenia and dynapenia. Sarcopenia is a syndrome characterized by 
loss of skeletal muscle mass and function, which is related to physical disability, 
poor quality of life, and death [21]. Alternatively, dynapenia is the age-related loss 
of muscle strength that is not caused by neurological or muscular disease [22]. A 
sedentary lifestyle is a major risk factor for chronic disease, frailty, and sarcopenia as 
well. Physical activity is defined as any movement produced by contracting skeletal 
muscles that increase energy expenditure [23].

For a person with sarcopenia, it is important to ensure that the patient receives 
correct and sufficient nutrition and maintains adequate exercise [21]. Resistance 
training is an effective way to increase muscle mass and strength, regardless of 
protein supplementation [24].

Although the importance of physical activities has been specified [25], walking 
activates muscle activity. Figure 2 shows that the electric potential of each muscle 
rises during the stance phase. Also, the measured electromyographic (EMG) activities 
were significantly correlated with the heal-to-toe pressure of the left foot [26]. When 



15

Healthy Lifestyle, Autonomic Nervous System Activity, and Sleep Status for Healthy Aging
DOI: http://dx.doi.org/10.5772/intechopen.101837

people walk, the heel-to-toe pressure shifted serially from the heel to the metacarpo-
phalangeal (MP) joint to toe area during the standing phase, while the pressure was 
zero during the swinging phase [26]. Physical activity includes daily activities such as 

Figure 2. 
The typical surface EMG activity recorded during walking freely at 0.5 km/h in a 21-year-old man, the 
relationship between the sole pressure and lower limb muscle strength. (A) Electromyogram: Tibialis anterior, 
gastrocnemius, rectus femoris, hamstrings. (B) Sole, pressure of heel-to-toe, pressure: Heel, Chopard joint, 
metatarsophalangeal (MP) joint, lateral, thumb, little toe. ST: Standing period, SW: Swinging period. This figure 
was modified based on Dr. Tetsuya Tanioka, his doctoral dissertation in 2001, Kochi University of Technology.

Figure 3. 
A 21-year-old man, the relationship between sole pressure and lower limb muscle strength when walking with a 
walker (rollator) in a 21-year-old man, the relationship between the sole pressure and lower limb muscle strength. 
(A) Electromyogram: Tibialis anterior, gastrocnemius, rectus femoris, hamstrings. (B) Sole, pressure of heel-
to-toe, pressure: Heel, Chopard joint, metatarsophalangeal (MP) joint, lateral, thumb, little toe. ST: Standing 
period, SW: Swinging period. This figure was modified based on Dr. Tetsuya Tanioka, his doctoral dissertation in 
2001, Kochi University of Technology.
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standing up from a chair and climbing stairs, as well as walking or biking [23]. As you 
can see from the figure, these activities are intentional movements for health benefits.

However, it has been reported that older adults exhibit greater interstride dynamic 
instability of muscle activation patterns during gait [27].

The higher activation for the tibialis anterior, while walking slower might be caused 
by a deviation from the natural walking pattern of the participant [28]. On the con-
trary, it has been suggested that walking with a four-wheeled walker (rollator) con-
sistently reduced EMG muscle activity in all lower extremity muscle groups and that 
increased weight-bearing lead to an increased reduction in muscle activity. Rollator-
walking reduces lower-limb muscle activity, but trunk-sway remains unchanged as 
stability is likely gained through forces generated by the upper limbs [29].

As shown in Figure 3. High activation of the tibialis anterior is also observed from 
the electromyogram when walking with a walker.

From the above information, we can see that walking activates the muscles of the 
lower limbs.

Lower limb muscle strengthening has an impact beyond reducing the risk of falls 
because the subjects who performed muscle-strengthening activities showed improve-
ment in other areas such as balance, flexibility, and functional capacity. Lower limb 
muscle strength training is effective for preventing falls. However, this training should be 
accompanied by the training of other skills, such as balance and gait, and education [30].

5. Characteristics of ANS activity in older people and healthy aging

The balance of the ANS activity is an important element for healthy aging. In older 
people, the incidence of many diseases occurs, and chronic diseases often appear 
along with the dysfunction of the ANS [31].

Sympathetic nervous activities are dominant during the daytime due to human 
activities, working, tension, and stress. On the other side, parasympathetic nervous 
activities are dominant during nighttime as people are more relaxed, at rest, and 
asleep. The sympathetic and parasympathetic nerve is switched as needed to main-
tain balance in the body [32]. If the ANS is in place, this switching will go smoothly. 
However, if switching is disturbed, it leads to various physical and mental disorders.

Figure 4 shows that sympathetic activation is associated with daytime work, 
tension, and stress, and parasympathetic activation is associated with rest, relaxation, 
and sleep. These autonomic nerve activities must be properly switched and balanced. 
It is important to activate the sympathetic nerve activity with moderate exercise, lead-
ing to the recovery mode of the parasympathetic nerve. It is also important to activate 
the parasympathetic nerve activity by having relaxing meals and bathing.

In older people, ANS, both sympathetic and parasympathetic activities, commonly 
change. However, it was reported that varied responses existed among changes in 
sympathetic parameters with age, including increase, decrease, or unchanged [33]. A 
cross-sectional study which was conducted among 62 healthy persons in India found 
that sympathetic and parasympathetic responses declined with the increasing age 
[33]. Another study revealed that sympathetic nervous activity is significantly found 
to increase during rest as people age [31].

Furthermore, a study by Fuji et al. [34] found that during awake, sympathetic 
activity, which is indicated by high-frequency (HF) power/low-frequency (LF) 
power ratio, showed a positive correlation with human activity, which was measured 
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by actigraph. In contrast, the parasympathetic activity, which was indicated by HF 
power, increased and showed negative correlations with human activity and sympa-
thetic nervous activity [34]. Figure 5 shows the typical example of the correlation 
between sympathetic and parasympathetic activities in a healthy person. Healthy 
people have high daytime activity values measured by actigraphy and low nighttime 

Figure 4. 
Sympathetic and parasympathetic activities during daytime and nighttime.

Figure 5. 
A typical example of a significant positive correlation between LF/HF and activity count in a healthy person [34].
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activity. Sympathetic activity is high during the day in proportion to the activity 
measured by the actigraph, and parasympathetic activity is high during sleep.

To reach healthy aging, people should keep the balance and maintain the proper 
function of autonomic balance activities. This is important because slowing down the 
decline in sympathetic status might delay many geriatric complaints [33].

Two aspects that are frequently mentioned to influence the balance of autonomic 
activities are physical exercise and sleep. A 1-hour exercise training which is per-
formed three times a week shows improvement in heart rate variability among older 
people [19]. Meanwhile, poor sleep quality is adversely associated with HRV, heart 
rate, and blood pressure [35].

6. Sleep status and healthy aging

To achieve healthy aging, maintaining healthy sleep is essential. A healthy sleep 
involves several dimensions such as adequate sleep duration, good sleep quality, 
absence of sleep problems, and appropriate sleep timing [36, 37].

Insufficient sleep duration and long sleep duration adversely affect physiological 
and psychological health. A short sleep duration (less than 6 hours) [14, 38, 39] and 
long sleep duration that is more than 9 hours [14] are associated with higher preva-
lence and increased risk of cardiovascular disease, diabetes, stroke, hypertension, and 
dementia. A study among 10,129 subjects in Iran found that those who slept <6 hours 
showed a significant risk of CVD, coronary heart diseases (CHD), and hypertension, 
while those who slept for 8–8.9 hours showed the lowest level of myocardial infarction 
[38]. Another study among 218,155 participants in Australia found that those who 
slept <6 hours and > 9 hours had a higher risk of heart diseases, diabetes, stroke, and 
hypertension compared with those who slept for 7 hours [14].

Not only adequate sleep duration, but the absence of sleep problems is another 
criterion of healthy sleep. Unfortunately, older people often experience sleep prob-
lems due to age-related sleep changes, which result in early waking and fragmented 
sleep [40]. The common sleep problems, including short sleep duration, poor sleep 
quality, and later bedtimes are associated with increased food consumption, poor 
dietary habits, and obesity. Low protein intake was related with difficulty to initiate 
sleep and poor quality of sleep, while high protein intake and low carbohydrate intake 
were associated with difficulty to maintain sleep [41].

To improve sleep quality, mood, and quality of life, aerobic physical activity 
with sleep education about behaviors that help promote sleep can be an effective 
treatment [42].

Figure 6 shows sleep duration and risk of sleep-related diseases.

Figure 6. 
Sleep duration and risks of sleep-related diseases in older adults.
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7. Conclusion

This chapter explored the influence of a healthy lifestyle, physical exercise behav-
ior, ANS activity, and adequate sleep on healthy aging. To reach healthy aging, it is 
recommended that older people adopt a healthy lifestyle, which involves being physi-
cally active, consuming a healthy diet, quitting tobacco, and reducing excessive alco-
hol use. A healthy lifestyle, particularly physical exercise and healthy sleep improve 
the balance of ANS activity in older people. The ANS involves important aspects for 
healthy aging. It is also suggested to maintain healthy sleep with adequate duration of 
7–8 hours. Short sleep (<6 hours) and oversleep (>9 hours) increase the risk of CVD, 
coronary heart disease, diabetes, stroke, and hypertension. With these aspects to keep 
in mind, healthcare professionals are encouraged to promote activities and a healthy 
lifestyle to help older people reach healthy aging with good quality of life.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 3

Heart Rate Variability as a Marker 
of Homeostatic Level
Moacir Fernandes de Godoy and Michele Lima Gregório

Abstract

Many variables have been used as homeostatic level markers. Heart Rate 
Variability (HRV) has been frequently cited as an indicator of homeostatic status. 
Low levels of HRV are associated with aging, disease, or increased risk of death. We 
present a study based on more than 10.5 million data collected from the literature, 
associating the degree of global clinical impairment of individuals, with their respec-
tive HRV data, seeking to establish a classification of Homeostatic Levels. Three 
specific variables were evaluated: heart rate (HR), the root-mean-square of successive 
differences between adjacent normal RR intervals in a time interval (RMSSD) and the 
HF band (HF ms2). It was possible to detect significant differences between the 83,927 
data from healthy individuals and the 382,039 data from individuals with significant 
homeostatic impairment. It was demonstrated that the RMSSD is very sensitive to 
the worst homeostatic state, presenting a behavior independent of age and that the 
values found in the general population do not match the values of apparently healthy 
individuals. An alphanumeric classification of the homeostatic level in a three-level 
architecture was proposed, with three stages for each level, which may be extremely 
useful in prognostic assessment and decision-making about individual people.

Keywords: autonomic nervous system, heart rate variability, homeostatic level

1. Introduction

The human organism is a dynamic, deterministic, non-linear system that shows 
a sensitive dependence on initial conditions. The amount of cells in the human body 
is extraordinarily large. A study carried out by Eva Bianconi with collaborators from 
Italy, Greece and Spain, concluded with the number of 3.72 ± 0.81 × 1013, or approxi-
mately 37 trillion cells. There is already an estimate of the amount of cells that need to 
be removed daily in a healthy human adult, seeking to maintain the body’s stability. 
That number reaches the extraordinary value of 150 billion cells a day! If we remem-
ber that the total amount of cells is approximately 37.2 trillion, we conclude that, per 
day, a healthy human individual loses 0.4% of its cell mass [1].

It is inferred, then, that for the maintenance of life through the proper, harmo-
nious and stable functioning of these cells, in addition to the restoration of lost 
elements, it is mandatory to spend energy. The clinical concept that refers to this 
condition of maintenance of conditions of stability is Alostasia. Through Alostasia, 
Homeostasis is maintained.
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The name Homeostasis was created by Walter B. Cannon, in 1932. Literally 
translated, homeostasis means “staying the same”, but this is not entirely accurate. In 
reality, homeostasis is not a static state; rather, it is a dynamic state.

In biology, homeostasis is classical, the state of steady internal, physical, and 
chemical conditions maintained by living systems. This is the condition of optimal 
functioning for the organism and includes many variables, such as body temperature 
and fluid balance, being kept within certain pre-set limits, and which we will call 
from now on, as the Homeostatic Level.

One of the fundamental elements for the control of the Homeostatic Level is the 
Autonomic Nervous System (ANS), with its different components, the sympathetic 
nervous system, the parasympathetic nervous system and the enteric nervous system [2].

The effects of aging on the autonomic nervous system are multiple and vary 
between and within both sympathetic and parasympathetic portions. Normal human 
aging is associated with changes in autonomic control of several bodily functions, 
particularly those served by cardiovascular and thermoregulatory systems [3].

The assessment of the autonomic nervous system has been possible through 
the quantification of a biological marker called Heart Rate Variability (HRV). The 
literature is extremely rich in studies on HRV, and its high applicability in terms of 
diagnosis and prognosis is a consensus.

It is possible to study HRV in different domains, namely time, frequency and non-
linear. In these domains, different variables have already been described, each with its 
greater or lesser sensitivity.

Briefly, however, we can highlight three of them among those with the greatest 
clinical applicability: heart rate (HR), the root-mean-square of successive differences 
between adjacent normal RR intervals in a time interval (RMSSD) and the HF band 
representing the power in the frequency range between 0.15 and 0.4 Hz (HFms2) [4].

2. Heart rate

Resting heart rate has ceased to be just another vital sign and has become a 
relevant cardiovascular risk marker. It has long been known that life span is inversely 
related to resting heart rate in most organisms. The classic article by Levine [5], 
shows the existence of an inverse semilogarithmic relation between heart rate and life 
expectancy among mammals, suggesting a predetermined number of heart -beats in a 
lifetime, with a magic average number of 7.3 ± 5.6 × 108 heart-beats/lifetime.

Boudoulas KD et al. [6], make an excellent review relating heart rate, life expec-
tancy and the cardiovascular system. They conclude that many factors regulate heart 
rate, and it may be these factors, rather than the heart rate itself, which determine 
survival, but heart rate has multiple direct effects on the cardiovascular system, 
regardless of the regulatory mechanisms. These effects directly affect the cardiovas-
cular system in multiple ways that, in turn, may affect survival.

From a pathophysiological point of view, the main finding is that resting heart rate 
is associated with shear and endothelial function in humans [7].

The impact of increased resting heart rate on prognosis is validated in the general 
population in patients with hypertension, coronary artery disease, or heart failure 
and irrespective of age, cardiovascular risk factors, or comorbidities, although there 
is still no definitive confirmation of the prognostic effect of heart rate reduction with 
the use of drugs such as ivabradine, on primary combined events [8].
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3. RMSSD

RMSSD is the root-mean-square of successive differences between adja-
cent  normal RR intervals in a time interval, expressed in millisseconds, and is 
the primary time domain measure used to assess parasympathetic sources of 
HRV [4].

Several studies have shown a reduction in RMSSD values in the presence of 
disease or aging, reflecting a reduction in heart rate variability. Maurer CW et 
al., in 2016 [9], evaluated the behavior of the autonomic nervous system in 35 
patients with functional movement disorders (FMD) compared to 38 healthy 
controls. They found a significant reduction in RMSSD in patients with FMD 
(P = 0.02), as well as an increased mean heart rate (P = 0.03), concluding that 
decreased vagal tone may reflect increased stress vulnerability in patients with 
FMD.

DeGiorgio, CM et al. [10], studied 19 subjects with intractable partial seizures, 
at least three per month, in a randomized clinical trial of omega-3 fatty acids in 
epilepsy. They looked for whether or not there was a correlation between heart 
rate variability and the estimated risk of Sudden Unexplained Death in Epilepsy, 
quantified by the SUDEP-7 Inventory. They found that the RMSSD was inversely 
correlated with the SUDEP-7 score, r = −0.64, p = 0.004. Subjects with higher 
SUDEP-7 scores had reduced levels of HRV (RMSSD). Other time-dependent 
measures of HRV (SDNN, SDANN) were not significantly correlated with SUDEP 
risk scores.

In another study, Maheshwari A et al. [11] evaluated a large group of 12,543 
individuals from the general population, participating in The Atherosclerosis Risk 
in Communities Study. They were looking for a relationship between low HRV and 
sudden cardiac death (SCD). During a median follow-up of 13 years, 215 SCDs were 
identified. In the group in which sudden deaths occurred, there was a statistically 
significant difference in heart rate (70.3 ± 13.8 bpm versus 67.7 ± 10.3 bpm; P = 0.008) 
and in HF power ms2 (1.6 ± 1.5 Ln versus 2.1 ± 1.3 Ln; P < 0.0001). As for the RMSSD, 
there was no statistically significant difference between the groups, but in both 
conditions, the values were below the ideal values for normality (27.3 ± 28.3 ms versus 
29.2 ± 23.3 ms; P = 0.25).

Based on the knowledge that sepsis is associated with marked alterations in 
hemodynamic responses, autonomic dysfunction and impaired vascular function, 
Bongiorno Junior et al. [12], explored the prognostic utility of cardiac output (CO), 
stroke volume (SV), indices of vagal modulation (RMSSD and SD1), total heart 
rate variability (HRV) and flow-mediated dilation (FMD) of the brachial artery 
(%FMD) in 60 patients recruited at an intensive care unit. They found that in the 
group of 39 patients who did not survive, HR was higher (105 ± 27 bpm versus 
84 ± 15 bpm; P = 0.02) and it was observed that the RMSSD and SD1 indices could 
be predictors of endothelial function and RMSSD could predict the risk of death in 
these patients.

The ROC Curve of RMSSD was useful in predicting 28-day mortality in patients 
with sepsis. The area under the curve was 0.784 (0.656–0.881). The value of 10.8 ms 
was chosen as the cut-off point for RMSSD (sensitivity of 77.1%, specificity of 73.9%, 
the positive likelihood ratio of 2.96 and negative likelihood ratio of 0.31. With RMSSD 
≤10.8 ms, the mean survival time was 23.1 days and with RMSSD>10.8 ms, the mean 
survival time was 23.1 days).
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4. HF ms2

There are three main spectral components in an HRV spectrum named as high 
frequency (HF), low frequency (LF), and very low frequency (VLF) bands. The HF band 
represents the power in the frequency range between 0.15 and 0.4 Hz. HF power is gener-
ally believed to represent respiration-linked changes in heart rate and is generally accepted 
as a measure of respiratory sinus arrhythmia (RSA), or the parasympathetic contribution 
to HRV. RSA refers to the acceleration in heart rate that occurs during inspiration (due to 
the cardiovascular control center’s inhibition of vagal outflow) and the subsequent heart 
rate deceleration that occurs during expiration, due to vagal restoration [13, 14].

Doheny et al. in 2015 [15], evaluated the possibility of using a non-invasive biomarker 
that allows early detection of patients at risk of necrotizing enterocolitis (NEC), that is an 
acute neonatal inflammatory disease that may lead to intestinal necrosis, multi-system 
failure and death. For that, they used the high frequency (HF) component of heart rate 
variability. They studied 70 stable preterm infants (gestational age 28-35 week). HF ms2 
was 21.5 ± 2.7 ms2 in infants that remained healthy and 3.9 ± 0.81 ms2 in those that later 
developed stage 2 + NEC (P < 0.001). The cut-off value in the ROC curve was 4.68ms2, 
predictive for developing NEC with sensitivity and specificity of 89% and 87%, and posi-
tive and negative predictive values of 50% and 98%, respectively. They concluded that HF 
ms2 may serve as a potential, non-invasive predictive biomarker of NEC-risk in infants.

In 2004, Abramkin et al. [16], studied 188 patients to compare the prognostic 
value of different noninvasive reflex tests on days 4-11 of myocardial infarction. The 
age varied from 34 to 75 years, 68% were men, and 93.6% were on beta-blockers, all 
without heart failure NYHA IV on the day of tests. HF power < 65 ms2 during active 
standing (OR 28.8, 95% CI 4.1-104.2; p = 0.001, positive predictive value 29.4%) was 
an independent predictor of sudden cardiac death.

In a meta-analytic study carried out in 2021 by Heimrich et al. [17], the objective was 
to verify whether the analysis of heart rate variability could indicate decreased parasym-
pathetic tone in patients with Parkinson’s disease. A total of 47 studies were evaluated, 
including 2772 individuals, 1566 of which had Parkinson’s Disease (65.0 ± 0.6 years) 
and 1206 were healthy controls (62.6 ± 1.0 years). Based on 24 studies, it was possible to 
detect that the FH ms2 was significantly lower in the group of patients with the disease 
(145.2 ± 41.1 versus 219.4 ± 48.8 ms2; P = 0.002; heterogeneity 91%).

5. Objective

Considering that the heart rate (HR), the root-mean-square of successive differ-
ences between adjacent normal RR intervals (RMSSD) and the HF band power in 
the frequency range between 0.15 and 0.4 Hz (HFms2), can help to differentiate the 
homeostatic level between individuals with severe impairment and high risk, and 
healthy individuals, we performed an intensive review of the literature by collecting 
published data involving the aforementioned variables, in search of a cutoff value for 
defining homeostatic reference levels and creating an individualized diagnostic coding.

6. Method

Based on research projects linked to FAPESP - Brazil (2017/12529-7) and  
CNPq -Brazil (308,555/2018-0), studies involving the use of one or more of the 
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three variables mentioned above were evaluated. In total, it was possible to analyze 
164 studies involving the heart rate of individuals with importantly compromised 
homeostatic level (HL_ic), 181 studies involving the heart rate of apparently 
healthy individuals (HL_ah), 179 studies involving the RMSSD of individuals with 
HL_ic, 221 studies involving the RMSSD from HL_ah subjects, 125 studies involv-
ing the HF ms2 of subjects with HL_ic and 155 studies involving the HF ms2 of 
HL_ah subjects. Obviously, there were concurrent studies in certain situations. Due 
to a large number of references, they are cited separately and available in a supple-
mentary file.

7. Statistical analysis

Data were presented as mean and standard deviation, weighted mean, quantities, 
percentages and correlation coefficients. Comparisons between groups were made 
by analysis of variance or the Kruskal-Wallis test and its post-tests, according to the 
indication. Correlation graphs were constructed and Box-Whisker graphs were used 
for illustration. An alpha error of 5% was accepted, with P values less than or equal 
to 0.05 being considered significant. The statistical software used was StatsDirect 
version 3.3.5 (03/22/2021).

8. Results

The total amount of data analyzed was extremely high. Table 1 below indicates the 
amounts for each variable under conditions of significantly compromised and appar-
ently healthy homeostasis, as well as the mean and standard deviation values for the 
age of the group, the mean and standard deviation of the variable, and the weighted 
mean of the variable.

N References N Data Age  
[Mean ± SD]

Variable  
[Mean ± SD]

Variable 
[weighted 

mean]

P-value

HR HL_ic 
bpm

164 365,195 48.7 ± 20.7 97.6 ± 20.1 85.7

HR HL_ah 
bpm

181 22,443 32.9 ± 21.7 75.9 ± 18.9 69.7 P < 0.0001

RMSSD 
HL_ic ms

179 10,014 54.4 ± 16.5 22.8 ± 19.9 27.4

RMSSD 
HL_ah ms

221 35,531 30.1 ± 19.3 45.6 ± 18.8 32.5 P < 0.0001

HF ms2 HL_ic 
ms2

125 6830 54.2 ± 15.2 173.7 ± 181.4 155.9

HF ms2 
HL_ah ms2

155 25,953 32.7 ± 19.7 565.2 ± 459.1 468.1 P < 0.0001

Table 1. 
Distribution of the number of studies included, amount of data per variable, according to homeostatic level 
(importantly compromised [HL_ic] or apparently healthy [HL_ah].
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As the behavior of heart rate variability is related to age, linear correlation cal-
culations were made between age (predictor) and the variable to be predicted (HR, 
RMSSD or HFms2) in the HL_ic and HL_ah groups (Table 2; Figures 1–6).

Variable Simple linear regression Correlation 
coefficient (r)

Correlation 
coefficient (r2)

Two sided 
P-values

HR HL_ic −0.493334 age + 121.57553 −0.532497 0.283553 < 0.0001

HR HL_ah −0.444059 Age + 90.500925 −0.510337 0.260444 < 0.0001

RMSSD HL_ic −0.159605 Age + 31.493563 −0.131765 0.017362 0.0787#

RMSSD 
HL_ah

−0.520603 Age + 61.235545 −0.534807 0.286018 < 0.0001

HFms2 HL_ic −2.572467 Age + 313.130404 −0.215726 0.046538 0.0157

HFms2 HL_ah −11.218318 Age + 932.609833 −0.480536 0.230915 < 0.0001
#Correlation coefficient is not significantly different from zero.

Table 2. 
Distribution of simple linear regression, correlation coefficients (r and r2) and two-sided P-values, by homeostatic 
condition.

Figure 1. 
Correlation graphs (age x heart rate) in the groups of individuals with importantly compromised homeostatic 
level (HL-ic) and apparently healthy (HL_ah).

Figure 2. 
Correlation graphs (age x RMSSD) in the groups of individuals with importantly compromised homeostatic level 
(HL-ic) and apparently healthy (HL_ah).
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Figure 3. 
Correlation graphs (age x HF ms2) in the groups of individuals with importantly compromised homeostatic level 
(HL-ic) and apparently healthy (HL_ah).

Figure 4. 
Scattergram (HR in bpm) for the groups of individuals with importantly compromised homeostatic level (HL- ic; 
red circles) and apparently healthy (HL_ah; blue squares).

Figure 5. 
Scattergram (RMSSD in ms) for the groups of individuals with importantly compromised homeostatic level (HL- 
ic; red circles) and apparently healthy (HL_ah; blue squares).
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A moderate negative correlation was found between heart rate and age, both in 
cases with significant homeostatic impairment and in apparently healthy cases. There 
was also a moderate negative correlation between RMSSD and age, and between 
HFms2 and age in the apparently healthy group. The fact that there was only a weak 
negative correlation between HFms2 and age in the group with significant homeo-
static impairment and also the absence of correlation between RMSSD and age in this 
impaired group, was noteworthy. This may suggest that RMSSD is a more effective or 
sensitive biological marker of homeostasis, revealing changes regardless of age.

It became also relevant to evaluate the data of the three selected variables, in the 
group composed of individuals named as being from the general population (HL_gp). 
Thus, from the global data survey carried out, a number of 10,121,910 were obtained 
from individuals from the general population, in different age groups. The values 
of mean, standard deviation, weighted mean, mean age ± standard deviation and 
number of articles consulted are found in Table 3 and Figure 7.

Comparative statistical analysis between the 3 groups (HL_ah, HL_ic and HL_gp) 
for the three selected variables, using the Kruskal-Wallis test with post-test Dwass-
Steel-Chritchlow-Fligner, showed a non-significant difference between HR HL_ah 
versus HR HL_gp (P = 0.6228); the statistically significant difference between HR 
HL_ah versus HR HL_ic (P < 0.0001); the statistically significant difference between 
HR HL_gp versus HR HL_ic (P < 0.0001).

Figure 6. 
Scattergram (HF in ms2) for the groups of individuals with importantly compromised homeostatic level (HL- ic; 
red circles) and apparently healthy (HL_ah; blue squares).

Heart rate RMSSD HF ms2

Data (N) 144,817 5,098,117 4,878,976

Mean 71.1 30.3 273.1

Standard Deviation 5.8 12.5 266.2

Weighted mean 68.3 43.2 569.2

Age (mean ± SD) 51.0 ± 15.3 48.9 ± 16.8 50.9 ± 13.8

References 110 138 118

Table 3. 
Data and values were obtained in the assessment of the general population (HL_gp).
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Regarding the variable RMSSD, there was a statistically significant difference 
between RMSSD HL_ah versus RMSSD HL_gp (P < 0.0001); the statistically significant 
difference between RMSSD HL_ah versus RMSSD HL_ic (P < 0.0001); the statistically 
significant difference between RMSSD HL_gp versus RMSSD HL_ic (P < 0.0001).

In the comparative analysis of the variable HF ms2, there was a statistically significant 
difference between RMSSD HL_ah versus RMSSD HL_gp (P < 0.0001); statistically 
significant difference between RMSSD HL_ah versus RMSSD HL_ic (P < 0.0001); statis-
tically significant difference between RMSSD HL_gp versus RMSSD HL_ic (P = 0.0002).

Therefore, it is concluded that data from the so-called general population are not 
suitable to be considered as a normal condition and this must be taken into account 
when this group is used as a control group.

Finally, based on the weighted average of the results in Table 1, on the scatter plots 
involving the group of individuals with significant homeostatic impairment and the 
group of apparently healthy individuals, we propose a classification model for the 
individual homeostatic level. This classificatory model is a three-level, three-stage 
alphanumeric coding, designed as follows:

Level A: Heart Rate (bpm)
Stage A1: Heart Rate less than 70 bpm
Stage A2: Heart Rate between 70 and 85 bpm
Stage A3: Heart Rate above 85 bpm

Level B: RMSSD (ms)
Stage B1: RMSSD above 32 milliseconds.
Stage B2: RMSSD between 32 and 28 milliseconds.
Stage B3: RMSSD less than 28 milliseconds.

Level C: HF ms2

Stage C1: HF ms2 above 468 ms2

Stage C2: HF ms2 between 468 and 156 ms2.
Stage C3: HF ms2 less than 156 ms2.

Thus, a totally healthy individual, with an excellent Homeostatic Level and, there-
fore, with very low risk, would receive the A1B1C1 classification. An individual with a 

Figure 7. 
Box-whisker graphs of the distributions of values for heart rate (A), RMSSD (B) and HF ms2 (C) variables, by 
the homeostatic level group.
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high basal heart rate, a very low RMSSD value and a very low HF power value would 
be classified as A3B3C3 indicating high severity, low homeostatic level and, therefore, 
at high risk. Several intermediate combinations would be possible characterizing 
the current state of each case. The figure below illustrates the full set of possibilities 
(Figure 8).

In conclusion, the present analytical study, based on an extensive amount of 
data published in the literature (more than 10.5 million values), referring to three 
recognized variables of heart rate variability markers of the level of homeostasis, 
allowed us to define cut-off levels indicative of apparently healthy or with important 
homeostatic compromise. It was possible to conclude that values obtained in the 
general population are not equivalent to normal values, a fact that must be considered 
when this group is used as a control. It was also possible, to elaborate a very simple 
alphanumeric classification with practical applicability in the characterization of the 
individual homeostatic level.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 

Figure 8. 
Set of possibilities in the alphanumeric classification of the individual homeostatic level (Created by the authors).
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Chapter 4

Impacts of Environmental Stressors 
on Autonomic Nervous System
Mayowa Adeniyi

Abstract

Stress can be described as the perception of discomforts physically, psychologically, 
or physico-psychologically. During stress, the perceived discomfort indicates there is 
a deviation from homeostasis. In stress, there is a nonspecific physiological response 
to stressors, a group of stress-inducing phenomena. Stress-inducing phenomena can 
be defined as environmental insults, such as perturbed levels of light, temperature, 
chemicals, ambient oxygen, and noise. Response to stress occurs via the chemical 
messenger-mediated sympathetic nervous system including the autonomic-adrenal 
axis. Furthermore, the chemical messenger-mediated sympathetic nervous system 
determines nonhormonal effects which are often devised as general stress markers. 
Examples of general stress markers include changes in heart rate, heart rate variabil-
ity, blood pressure, body temperature, blood glucose, baroreflex sensitivity, among 
others.

Keywords: stress, autonomic nervous system, hormonal stress markers,  
nonhormonal stress markers

1. Introduction

The autonomic nervous system is a nervous control saddled with the regulation 
of vegetative functions, moderating homeostatic processes in the body. It mediates 
growth, reproduction, digestion, respiration, blood pressure, heart rate, thermoregu-
lation, osmoregulation, penile tumescence, maintenance of glucose, and electrolyte 
balance in the body. It connects the peripheral organs in the body with the central 
nervous system. The autonomic nervous consists of the parasympathetic nervous 
system and the sympathetic nervous system.

The parasympathetic nervous system plays important role in the homeostasis and 
restoration of homeostasis. It is evoked during rest and relaxation. Parasympathetic 
signals are transmitted from one neural cell to another cell through cholinergic 
nerve endings. Examples of such nerve endings include preganglionic cholinergic 
nerve fibers, postganglionic cholinergic nerve fibers, and preganglionic sympathetic 
cholinergic nerve fibers and postganglionic sympathetic cholinergic nerve fibers. The 
acetylcholine released by parasympathetic nerve fibers binds with muscarinic recep-
tors (m1-m5) to elicit specific responses.

In some cases, parasympathetic activities are not directly mediated by acetylcholine 
but by other chemical messengers. For instance, the cholinergic nerve endings to 
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cavernosal arterioles increase the expression of nitric oxide synthase leading to the 
secretion of nitric oxide causing vasodilation and increased blood flow to penile 
erectile tissues. Vagal nerve endings in the stomach secrete nitric oxide leading to 
expansion of the stomach before the arrival of bolus (receptive gastric relaxation) and 
relaxation of the stomach in the presence of bolus (adaptive gastric relaxation).

The parasympathetic nervous system originates from the cranial nerves and 
sacral segments of the spinal cord (craniosacral outflow). Usually, the preganglionic 
parasympathetic cell bodies are situated in the cranial nerves and sacral segments of 
the spinal cord. However, the parasympathetic ganglia are located close to the effec-
tor structures. This makes the postganglionic nerve fibers shorter. Examples are otic 
ganglion, sphenopalatine ganglion, submaxillary ganglion, ciliary ganglion, among 
others. Effects of parasympathetic innervation may either be excitatory (involving 
the development of excitatory postsynaptic potential) or inhibitory. Examples  
of the inhibitory effects of parasympathetic stimulation include decreased heart rate, 
the force of cardiac contractility, and blood pressure. Other effects include miosis, 
increased gastrointestinal motility and secretion, peripheral vasodilation, increased 
cutaneous blood flow, penile, and clitoral tumescence among others.

The sympathetic nervous system evolved to enable organisms to cope with the 
emergency, specifically, increased metabolic demand associated with an emergency, 
flight, and fight. The sympathetic nervous function is executed by the thoracolumbar 
outflow of the spinal cord and lower brain areas. Unlike the parasympathetic nervous 
system, the sympathetic ganglia are situated close to the spinal cord and from where 
postganglionic fibers originate to innervate effectors. The effect of sympathetic 
stimulation is mediated through binding with adrenergic receptors (alpha and beta 
receptors). The effects of sympathetic stimulation are increased heart rate and cardiac 
contractility, increased blood pressure, mydriasis, decreases gastrointestinal motility 
and secretion, peripheral vasoconstriction among others. It is interesting to note that 
many phenomena can elicit sympathetic nervous activity. One of them is stress.

Stress is a perception of physical, psychological, or physico-psychological strains 
or discomforts. During stress, the discomfort perceived physically, psychologically 
or physical-psychologically represents deviations from what the human body has 
recognized as normal. Stress is characterized by a nonspecific physiological response 
to stressors, stress-inducing phenomena. Stress-inducing phenomena can be defined 
as environmental insults, such as perturbed levels of light, temperature, chemi-
cals, ambient oxygen, and noise. In terms of rapidity of physiological response to 
stress, the chemical messenger-mediated sympathetic nervous system including the 
autonomic-adrenal axis plays a major role. Furthermore, the chemical messenger-
mediated sympathetic nervous system is a determinant of nonhormonal effects which 
are often used as general stress markers, such as change in heart rate, heart rate vari-
ability, blood pressure, body temperature, blood glucose, baroreflex sensitivity, skin 
conductance, among others. The chapter looks at different forms of environmental 
stressors and their autonomic characterizations.

2. Stress

Stress is a perception of physical, psychological, or physico-psychological strains 
or discomforts. Stress as a sensation of discomfort may be subjective, that is, qualita-
tive. For instance, during a prolonged examination procedure, a student may report 
having muscle ache or nausea without any confirmatory screenings. In objective 
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cases, medical assessments are done to ratify the existence of stress [1]. Examples of 
these include determinations of catecholamine, cortisol, prolactin, heart rate, blood 
pressure, body temperature, brain rhythm, cardiac rhythm, blood glucose, respira-
tory rate, peripheral oxygen saturation, urine specific gravity among others. During 
stress, the discomfort perceived either physically or psychologically or both repre-
sents deviations from what the human body has recognized as normal. For example, 
sudden standing elicits perception of physical and physico-psychological strains 
because of the sudden diversion of a large amount of blood to structures below the 
heart including the lower extremities at the detriment of other structures including 
the brain. Events such as driving a car, teaching a crowd of students, having sexual 
intercourse, exposure to high altitude or low atmospheric oxygen tension, exposure 
to noise, or running a 100meter race and nighttime study [2, 3] will result in the 
perception of physical and physico-psychological discomfort in naïve individuals. 
It is important to add that a measure of stress is beneficial for physical fitness and 
health status. This is simply known as eustress. An example of eustress is exercise, 
any programmed and purposeful physical activity. This invariably means that it is not 
all physical, psychological, and psychophysical sensations of discomfort that can be 
imaged as harmful. For instance, in order to be able to run a marathon race, a high V02 
max is needed. Achieving this high V02 max through training is not unassociated with 
sensations of discomfort. The term “distress” comfortably describes all sensations of 
discomfort either physically, psychologically or both that are not beneficial to human 
health and survival [4].

Furthermore, sudden standing, driving a car for the first time, acute exposure to 
high altitude or low atmospheric oxygen tension, exposure to unfamiliar noise, or 
executing new physical tasks like running a 100meter race, clearly indicate that stress 
is part of man. If stress is part of man, then, are there natural defensive, protective, 
and modulatory mechanisms that come into play during stress? The human body was 
designed to respond to stress nonspecifically through two mechanisms and they are 
hormonal and nonhormonal mechanisms. Hormonal mechanisms operate through 
the autonomic-adrenal axis, hypothalamo-hypophyseal-adrenal axis, tuberoinfun-
dibular dopamine axis, and autocrine, paracrine, and neurohormonal pathways. The 
nonhormonal mechanisms are outcomes of hormonal mechanisms. Examples include 
changes in heart rhythms, blood pressure, skin conductance, blood glucose, body 
temperature, respiratory rate, peripheral oxygen saturated among others.

Any agents or conditions that orchestrate deviations from what the human body 
has recognized as normal or homeostatic are known as a stressor. They are stress-
inducing situations and events [1]. These agents may be exogenous, chemical, and 
biological. Information made available by Study.com indicates hyperthermia results 
in discomfort. In diurnal mammals, secretions of melatonin predicates photic signals. 
Hence, disruption of photic signal and photic stress impairs melatonin secretion 
resulting in circadian desynchronization, impaired glucose homeostasis [2, 3], weight 
gain, diabetes mellitus, sexual disorder, and breast cancer [3]. Thermal changes, 
unfamiliar noise, job-related mental and physical exertions [4], job loss, increase in 
expected work output, overcrowding, marital problem, irregular lighting, bereave-
ment, barotrauma, traveling, exposure to low atmospheric oxygen, economic hard-
ship, heightened family needs and demands, drug and chemical use, and abuse are 
stressors. Hence, they demonstrate a huge tendency of triggering certain effects. The 
effects produced depend on the type of stressor. For instance, metabolic perturbation 
and cytokine production can be produced by chemical stressors. Intake of tobacco 
brings about an increase in metabolic rate causing tachycardia, palpitation, tachypnea 
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among others. Alcohol induces secretions of cytokines such as dopamine, endorphin, 
and serotonin secretion resulting in motivation and addiction. Direct and indirect 
trauma on the body tissues such as epithelium, muscles, connective tissues, and 
neural structures and pain-mediating cytokines such as substance P and glutamate are 
results of both physical and chemical stressors. Both physical and chemical stressors 
may activate hormonal mechanisms through the autonomic-adrenal axis, hypotha-
lamic hypophyseal-adrenal axis, tuberoinfundibular dopamine axis, autocrine, para-
crine, and neurocrine pathways resulting in the release of norepinephrine, dopamine, 
cortisol, prolactin, prostaglandins interleukin-6, leptin, dehydroepiandrosterone, 
salivary alpha-amylase, alpha tumor necrosis factor, ghrelin, and growth hormone. As 
widely believed, human existence has always revolved around not only the surround-
ings but also the conditions of the environment (Psychology second course) [5].

3. Effect of photic stress on autonomic nervous system

Indiscriminate and prolonged exposure to light has a great deal of impact on the 
autonomic nervous system. Yasushi et al., [6] examined the effect of exposure to 
bright light (5000 lux) on sympathetic nervous activity for a period of 20 minutes. 
The authors reported that exposure increased heart rate while no change was noticed 
in blood pressure. Muscle sympathetic nerve activity was found to increase after 
exposure. Sleep is an autonomic phenomenon, Katsanis et al., [7] reported that expo-
sure to color light stimulation shortened time for sleep onset and influence heart rate 
variability in healthy humans. Specifically, color light preference was found to lower 
frequency/high-frequency ratio. The study simply indicated that color light prefer-
ence induces parasympathetic nervous stimulation leading to enhancement of sleep.

To demonstrate the role of dynamic lighting system after fatigue, Maietta et al., 
[8] utilized a self-reported questionnaire and heart rate variability to measure the 
autonomic nervous system. There was a rise in parasympathetic nervous mechanisms 
in the dynamic lighting system within 25 minutes. Heart rate variability means 
interbeat time interval. Usually, heart rate variability is inversely related to heart rate. 
This implies the higher the heart rate variability, the small the heart rate. Schaefer and 
Kraft [9] studied the impacts of light stress courtesy of illumination with a colored 
fluorescent light on autonomic regulation and heart rate variability. He studies the 
exposure of 12 healthy individuals to red, blue, and green light (700 lux) for 10 min-
utes. With a green light, there was a reduction in high-frequency components; thus 
indicating that illumination with colored light can affect heart rate variability.

Glucose metabolism is influenced by the autonomic nervous system. The islet, the 
birthplace of insulin and glucagon. is innervated by autonomic nerve fibers. Target 
tissues, such as the liver, muscles, and adipose tissues, express receptors for these 
hormones. The expression of these receptors is necessary for the hormone to exert 
its effects. Hormone resistance or hormone tolerance occurs when there is a reduc-
tion in the levels of expressed hormone receptors. Sympathetic stimulation of islet is 
widely known to increase glucagon secretion. Usually, glucagon, when secreted, is in 
immature form (preproglucagon) which will become activated through intracellular 
mechanisms. On the other hand, sympathetic stimulation brings about the break-
down of hepatic glycogen and gluconeogenesis. Exposure to light at night was found 
to increase glucose intolerance in rats. Specifically, the green light was shown to exert 
more glucose intolerance. However, blue and red lights did influence glucose intoler-
ance. At 50 and 150 lx, greater glucose responses were produced than 5–20 lx [10]. 
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The study results clearly showed that the intensity of light exposure affects glucose 
homeostasis.

When C57Bl/6 J mice were placed on constant light in a bid to understand how 
constant length–induced circadian rhythm abnormality affects energy metabolism 
and insulin sensitivity, Coomans et al., [11] showed a pronto decline in the ampli-
tude of circadian rhythm. Energy expenditure fell by −13% and food intake rose 
by +26% culminating in pronto weight gain. Energy metabolisms, insulin sensitiv-
ity, and endocrine functions of the islet are autonomically controlled processes. 
Parasympathetic stimulation of the pancreatic islet through m4 receptors results 
in a CAMP-mediated increase in the secretion of preproinsulin, which will then be 
converted to insulin. In the quantification of insulin sensitivity, it is not only insulin 
secretion that receives consideration. Insulin sensitivity which examines the respon-
siveness of target tissues to insulin is essential. Insulin sensitivity involves both the 
reception of insulin by target tissue and associated transduction.

Similarly, a study by Abulmeaty et al., [12] investigated the impact of prolonged 
continuous exposure on energy homeostasis as well as adropin expression, RORα, 
and Rev-erb-α nuclear receptors in 32 rats over a period of 3 months. Continuous 
light exposure was found to raise total energy expenditure. Lowered respiratory 
quotient and Rev-erb-α hepatic and renal nuclear receptors coupled with elevation in 
RORα and plasma levels of adropin and expressions. The study indicated the possible 
involvement of adropin, RORα, and plasma levels of adropin in energy homeostasis. 
The parasympathetic nervous system is a component of the autonomic nervous 
system concerned with energy restoration and homeostasis.

Melatonin secretion is an autonomically dependent process. The pineal-innervat-
ing postganglionic fibers from the superior cervical ganglion are known to secrete 
norepinephrine. Elsaid and Fahim [13] showed that maternal exposure to excess 
artificial light using female rabbits orchestrated a decline in maternal melatonin. 
In addition, epidermal vacuolation, swollen mitochondria, and shrunken indented 
nuclei were gotten. As far as the fetus was concerned, reduced thickness of the 
epidermis, decreased hair follicle number, raised collagen surface area, suppressed 
proliferating cell nuclear antigen-positive cells were gotten. It is possible that excess 
light-induced suppression of melatonin is responsible for maternal and fetal histologi-
cal changes in the study. Furthermore, light also influences body temperature and the 
reproductive cycle. Specifically, in rodents’ study, exposure to light stress has been 
shown to lengthen the estrous cycle and estrous cycle ratio [2, 3, 14] and impairs 
body temperature rhythm [15]. Light exposure may also influence the activities of 
antioxidant enzymes. At least, a study has shown that ovarian glutathione peroxidase 
increased in light-deprived rats [16].

Sleep is another autonomically controlled mechanism. Sympathetic nervous 
stimulation through activation of alpha or beta receptors results in increased corti-
cal activities, thereby promoting alertness. On the other hand, the parasympathetic 
nervous system elicits a reduction in cortical activities, eliciting rest and sleep. 
Stenvers et al., [17] reported a novel means of creating circadian desynchronization in 
rats. In their study, they exposed rats to 12-hour of light with the intensity of 150–200 
lux and natural 12 hours of dark or 12-hour light (150–200 lux) and 12-hour dark (5 
lux). The amplitude of REM and NREM sleep rhythms was attenuated with 12 hour-
light (150–200 lux) and 12-hour dark (5 lux). Although 12-hour light (150–200 lux) 
and 12 hour-dark (5 lux) did not affect glucose tolerance and body weight, there 
was a reduction in suprachiasmatic expression of the clock gene and desynchronized 
locomotive activity.
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Ishida et al., [18] showed that exposure to light orchestrated the expression of the 
adrenal gland gene and the underlying mechanism involved suprachiasmatic nucleus-
sympathetic nervous system connection. One of the most extensively documented 
suprachiasmatic nucleus-sympathetic nervous system connections is the retinohypo-
thalamic-pineal gland pathway, through which ambient light passes through intrinsi-
cally photosensitive mesopic retinal ganglionic cells to the suprachiasmatic nucleus 
of the anterior hypothalamus and from there to the pineal gland via superior cervical 
ganglion. Before the advent of the electric bulb in 1860, human functions were 
governed by the natural light/dark cycle that consisted of 12 hours of daylight and 
12 hours of dark. Cailotto et al., [19] reported that exposure to nocturnal light exerted 
a rapid effect on peripheral clock gene expression with autonomic hepatic innervation 
being found to be essential for the photic signals from the suprachiasmatic nucleus.

Kalsbeek et al., [20] identified gamma aminobutyric acid (GABA) as the endog-
enous mechanism involved in the transmission of photic signals from the suprachi-
asmatic nucleus to the pineal gland. In the study, the authors showed the role of the 
chemical messenger by administering GABA antagonist to some parts of the supra-
chiasmatic nucleus. The presence of GABAergic projection between ventrolateral and 
dorsolateral parts of the suprachiasmatic nucleus has also previously been reported.

4. Effect of thermal stress on autonomic nervous system

Exposure to thermal stress has a profound effect on the autonomic nervous system. 
Niimi et al., [21], in a study, examined the effect of heat stress on the sympathetic 
nervous system in human subjects on the sympathetic nervous system. Nine subjects 
were deployed for the study and they were exposed to heat stress through the rise 
in environmental temperature gradually from 290°C to 400°C. Muscle sympathetic 
nerve activity, tympanic temperature, plasma arginine vasopressin, cutaneous blood 
flow, heart rate, blood pressure, cardiac output, and mean arterial blood pressure 
were monitored. The rise in muscle sympathetic nerve activity, tympanic tempera-
ture, cardiac output, mean arterial blood pressure, and cutaneous blood flow were 
recorded when heat stress was applied. Crandall et al., [22] exposed seen subjects to 
whole-body heating through the infusion of 15 ml/kg of warm water. Skin blood flow, 
heart rate, arterial blood pressure, muscle sympathetic nerve activity, and sublingual 
temperature were measured. The authors observed that thermal exposure raised 
muscle sympathetic nerve activity but central venous blood and mean arterial blood 
pressure were unaffected. However, mean arterial pressure was found to increase 
when the effect of arterial baroreceptor loading on muscle sympathetic nerve activ-
ity during heat stress was conducted. Low et al., [23] examined the possibility that a 
shift from moderate to severe thermal stress would raise muscle sympathetic nerve 
activity and sympathetic nerve activity continuously. Thirteen subjects were made to 
undergo passive thermal stress that raised body temperature by 1.3°C. There was a rise 
in mean cutaneous temperature. Mean body temperature, heart rate, and skin vascular 
conductance by thermal stress exposure. There was also a transient increase in muscle 
sympathetic nerve activity with thermal stress. Cui et al., [24] investigated the role of 
thermal stress in the alleviation of muscle sympathetic nerve activity during gravita-
tional stress. The authors found that there was a rise in sublingual temperature, sweat 
rate, cutaneous blood flow, heart rate, and muscle sympathetic nerve activity during 
whole-body heating. However, the rise in muscle sympathetic nerve activity which 
occurred in response to gravitational stress was not assuaged by thermal stress in 
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human subjects. Cutaneous heating depressed the high-frequency component of heart 
rate variability but raised the ratio of low-to-high frequency component and mayer 
waves. However, there was no increase in baroreflex sensitivity with cutaneous heating 
[25]. Kaho et al., [26] investigated how thermal stress affects heart rate variability in 
freely moving ruminant animals. They measured autonomic nervous system markers 
such as heart rate variability, temperature-humidity index, among others. Heart rate 
variability was reported to decline with temperature-humidity index. Their study 
showed that high thermal stress may affect the autonomic equilibrium of ruminant 
organisms by inducing the sympathetic nervous system nonlinearly. Wilson and Ray, 
[27] reported that whole-body heating raised heart rate, internal temperature, and 
muscle sympathetic nerve activity but mean arterial blood pressure was unaffected.

5. Effect of chemical stress on autonomic nervous system

Chemical stressors such as exogenous chemicals have an influence on the auto-
nomic nervous system. Geraldes et al., [28] reported increased chemosensitivity 
as well as baroreceptor reflex disruption, sympathetic hyper-excitation, increased 
heart rate, and high blood pressure. Shvachiy et al., [29] investigated the impact of 
intermittent exposure to lead on autonomically controlled body functions such as 
cardiovascular and respiratory functions. High blood pressure, impaired baroreflex 
sensitivity and tachypnea were recorded following intermittent exposure to lead. 
In addition to the fact that chemical stressors suppressed parasympathetic actions 
in infancy and childhood, the effect may be scourged even during intrauterine life. 
Jurczyk et al., [30] in their review showed that prenatal exposure to alcohol decreased 
heart rate variability. Prolonged alcohol exposure has been linked with an increased 
risk of heart disease [31]. Decreased heart rate variability implies a high heart rate. 
Yu et al., [32] intended to examine the association between blood lead and autonomic 
nervous activity (heart rate variability and median nerve conduction velocity in 328 
adult males aged 28 years. The authors found no association between blood level con-
centration and autonomic nervous activity. Liao et al., [33] reported that there was an 
association between exposure to airborne heavy metals and autonomic dysfunction 
in 82 young adults. Other airborne chemical stressors which have been reported to 
impair autonomic nervous activity, raising systolic blood pressure and diastolic blood 
pressure and disturbing other autonomically controlled structures include dust [34], 
cadmium [35], aluminum [36], lead [37], and oil spillage [38].

6. Effect of hypoxic stress on autonomic nervous system

The environment is the primary source of oxygen in the body. Hypoxic stress 
represents the sensation of discomfort associated with exposure to the low partial 
pressure of oxygen. Exposure to high altitudes (3000–4000 m) has been reported to 
lead to depression of heart rate variability power spectra [39]. Exposure to hypoxia 
and hypercapnia has been reported to raise sympathetic burst frequency. However, 
hypoxia was found to produce a long-lasting effect on sympathetic activation in 
human subjects than exposure to hypercapnia [40]. Excessive hypoxia also causes 
disruption of peripheral chemoreceptors and hyperviscosity. Hyperviscosity leads to 
increased pulmonary blood pressure, right cardiac failure, inadequate brain perfu-
sion, and death [41].
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7. Effect of noise stress on autonomic nervous system

Unlike note, noise is produced when sound waves are emitted from multiple 
sources. Noise has been reported to impact autonomic nervous activity. Goyal et al., 
[42] exposed 200 adult males to noise intensity of greater than 80 dB for about 
6 months. Noise exposure increased heart rate and systolic blood pressure. Idrobo-
Ávila et al., [43] in their systematic review noted that noise exposure increased 
heart rate and blood pressure and caused alteration in both high frequency and low 
frequency/high-frequency ratio. Chen et al., [44] examined the connection between 
occupational exposure to noise and high blood pressure using 1390 workers exposed 
to occupational noise. The authors reported that noise exposure caused an increase in 
systolic blood pressure and diastolic blood pressure. According to the study, the prev-
alence of high blood pressure was found as 17.8% in those who were exposed to noise 
and 9% in those who were not exposed to noise. Hey also claimed that there existed a 
stronger regression coefficient between diastolic blood pressure and noise exposure. 
Noise intensity, cumulative noise exposure, and years of exposure were related to high 
blood pressure risk. de Souza et al., [45] claimed that exposure to noise was associ-
ated independently with high blood pressure at 75–85 dB. The study recruited 1729 
subjects who were petrochemical workers. The authors also found that age, body mass 
index, and gender were associated with high blood pressure independently. A study 
by Brahem et al., [46] was conducted on 120 electricity workers who were exposed to 
noise. Prevalence of high blood pressure was found in workers who were exposed to 
noise. Systolic blood pressure and diastolic blood pressure were higher in workers who 
were exposed to noise. Kuang et al., [47] showed that increasing years of exposure to 
occupational noise increased systolic blood pressure and diastolic blood pressure.

8. Summary

Environmental stressors such as ambient threshold changes in light, heat, noise 
atmospheric oxygen, and chemical phenomena have a great impact on the autonomic 
nervous system causing impairment in general stress markers. Environmental stress-
ors orchestrated an increase in systolic blood pressure, diastolic blood pressure, mean 
arterial blood pressure and disrupted baroreflex sensitivity in both males and females. 
Derangement in body temperature and blood glucose and suppression of melatonin 
were also consequences of environmental stressors in both human beings and ani-
mals. Future studies will examine in detail the molecular mechanisms that underlie 
environmental stressor-induced changes in general stress markers.
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Nervous System: Control  
and Management in Neurosurgery
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and Yulia Mikhailovna Zabrodskaya

Abstract

The chapter is devoted to the control and management of the autonomic nervous 
system during general anesthesia in neurosurgery. The brainstem and supratentorial 
cerebral centers of autonomic regulation are the most important structures for con-
trol and management during general anesthesia using pharmacological defense with 
α2-adrenergic agonists and opioid analgesics. We discuss the questions of the depth 
of anesthesia (BIS-monitoring) and antinociceptive defense, variability of heart rate 
(variational cardiointervalometry), hemodynamic monitoring during neurosurgical 
operation, intraoperative thermometry, the meaning of trigeminocardiac reflex and 
its classification in neurosurgery, perioperative events causing autonomic distress 
syndrome development and methods of its prophylaxis and treatment, pathomor-
phological signs of vegetative distress syndrome. Control of the neuromuscular block 
and photoplethysmography assessment of perfusion index (PI) as methods of the 
adequacy of general anesthesia and neurovegetative stability.

Keywords: general anesthesia, premedication, autonomic nervous system, 
neurosurgery, brainstem autonomic centers, depth of anesthesia, trigeminocardiac reflex, 
variability of heart rate, autonomic distress syndrome

1. Introduction

Scientific and clinical interest in the problem of control and management of the 
autonomic nervous system in various fields of surgery and anesthesiology is due, in 
our opinion, to the relationship of the initial vegetative status of the patient (tone, 
reactivity of the ANS) and anesthesia techniques with the peculiarities and compli-
cations of the intra- and postoperative period; the development of cardiovascular 
(cardiac arrhythmias, hemodynamic instability, arterial hypertension), respiratory 
complications during surgery and in the early postoperative period, the occurrence 
of postoperative nausea and vomiting (PONV), postoperative delirium (POD), the 
severity of pain syndrome.

In neurosurgery, the relevance of this problem is due to the participation of 
autonomous control mechanisms in the autoregulation of cerebral circulation and 
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cerebral vascular tone, which directly affects the intraoperative state of the brain, 
perfusion pressure of the brain, stability of its volume, and compliance—the most 
important characteristics reflecting the adequacy of anesthetic provision.

The literature describes prognostic predictors of complications, such as postop-
erative delirium, with the sympathetic pattern of the autonomic nervous system in 
otolaryngology surgery [1, 2], the formation of neuropathic pain and postoperative 
nausea and vomiting with the predominance of parasympathetic influences, etc.

Thus, it is extremely important to take into account the initial version of the tone 
of the autonomic nervous system. Monitoring and managing the balance and reactiv-
ity of the links of the autonomic nervous system during the preparation of the patient 
for surgery and during the operation and anesthesia itself will allow to obtain a result 
in the form of reducing the risks of perioperative complications.

2. The brain and the autonomic nervous system

2.1  The structure of the sympathetic and parasympathetic links of the autonomic 
nervous system

The leading role in maintaining the constancy of the internal environment of the 
body is played by the department of the nervous system, which regulates the activity 
of internal organs, glands of internal and external secretion, blood, and lymphatic 
vessels—the autonomic nervous system.

Autonomic neurons are located mainly in the spinal cord—sympathetic in the 
thoracic region, parasympathetic in the sacral region (Figure 1A and B).

2.1.1 Segmental division of the autonomic nervous system

Segmental parts are also embedded in the brain stem—the nuclear apparatus of the 
vagus nerve; the vegetative nucleus of the VII nerve, the fibers to the sublingual and 
submandibular glands and the vessels of the meninges; the vegetative nucleus of the 
IX nerve, from which the tympanic nerve begins, going to the parotid gland, and the 

Figure 1. 
The structure of the sympathetic (A) and parasympathetic (B) links of the autonomic nervous system.
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vegetative nucleus of the oculomotor nerve (Yakubovich-Edinger-Westphal nucleus), 
the fibers of which are involved in the regulation of pupil size (Figure 2) [3, 4].

The number of neurons included in segmental devices exceeds the number of 
neurons in the brain [5]. Stem nuclear formations are homologs of the lateral horns of 
the spinal cord, as well as motor and sensory nuclei of the brain stem are homologs  
of the anterior and posterior horns.

2.1.2 Suprasegmental vegetative nervous system

This integrative system combines the reticular formation of the brain stem, hypothal-
amus, thalamus, amygdala, hippocampus, septum, together with their connecting paths, 
which form a functional system, called the limbic-reticular complex (Figure 3) [4].

The limbic system provides the integration of somatic and vegetative nervous 
system—regulation of the autonomic, hormonal functions that provide various forms 
of activity, including in conditions of general anesthesia and surgical exposure [6, 7].

2.2 Cerebral blood flow and autonomic nervous system

Both parts of the ANS—sympathetic and parasympathetic—are actively involved 
in the regulation of cerebral vascular tone and blood supply to the brain [8]. The lead-
ing role in the sympathetic innervation of cerebral vessels is played by the upper cer-
vical and stellate ganglia. The proximal 2/3 of the basilar artery and vertebral arteries 
are innervated by the superior cervical ganglion. The anterior, middle, and posterior 
arteries receive nerve fibers from ganglion cells of the trigeminal ganglion [9].

The sympathetic nervous system participates in protecting the microcirculation 
of the brain from hemodynamic overloads and thereby preserves the blood-brain 
barrier and protects brain tissue during significant increases in systemic blood pres-
sure in extreme situations [5, 8, 10]. It is assumed that the trigger for autoregulation 

Figure 2. 
Brainstem autonomic nervous centers [4].
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of excessive narrowing of the cerebral arteries is reflexes from the baroreceptors of 
the aorta, carotid sinuses, and dura mater, which are realized through the sympa-
thetic nervous system [11]. In response to the stimulation of these receptors, central 
impulses arise, traveling along the sensitive fibers of the IX and X pairs of cranial 
nerves to the nucleus of a single pathway located in the medulla oblongata. After 
processing these signals via efferent pathways, information reaches the executive 
organs—the heart, blood vessels, kidneys, adrenal glands, and also through the par-
ticipation of neuroregulatory systems, an integrative response of the brain is triggered 
in the mechanisms of autoregulation of cerebral circulation [8].

Stimulation of parasympathetic nerves increases cerebral blood flow. The mecha-
nisms of vasodilation of brain vessels during activation of the parasympathetic ner-
vous system are not specified. It is assumed that under the influence of acetylcholine, 
the content of cyclic guanosine monophosphate (cGMP) increases and the activity of 
cGMP-dependent protein kinase increases. It is also possible that under the influence 
of acetylcholine released in synapses, the exchange of potassium and sodium ions 
changes, and sodium-potassium ATPase is also involved [12]. The large arteries of the 
base of the brain are innervated by serotonin-containing fibers of sympathetic origin. 
To date, it has been established that constriction or dilation of blood vessels under 
the influence of serotonin is caused both by direct action on smooth muscle cells of 
cerebral vessels, and indirectly through activation of serotonin receptors (HT1, HT2) 
on perivascular nerve terminals or vascular endothelial cells [13, 14].

2.3  Mechanisms for the implementation of stress reactions with the participation 
of autonomous regulation centers

The stress reactions are based on activation and tension of the hypothalamic-pitu-
itary-adrenal system and the adrenergic system [15, 16], then an increased synthesis 

Figure 3. 
Limbic system of the brain. Sagittal section through the brain hemispheres (a). Medial view from the right 
hemisphere of the brain (b). Enlarged image of the limbic system (c) [4].
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of glucocorticoids and the release of catecholamines in the blood and target organs 
is triggered [17]. The hippocampus has an inhibitory effect on the neurosecretory 
system of the hypothalamus and protects it from excessive stress [18]. The hippocam-
pus is also able to inhibit adrenocortical activity and, thus, influence the duration and 
dynamics of the stress reaction [19, 20]. It is known that emotional stress triggers a 
powerful stimulation of sympathetic arousals [21, 22], then there is a decrease in the 
sympathetic and secretory activity of the adrenal glands [23–25], and the body moves 
to a different metabolic level with the formation of stress resistance [26, 27].

An imbalance of the links of the autonomic nervous system can lead to the devel-
opment of autonomic distress syndrome in the perioperative period [5, 28, 29].

2.4 Surgical stress and central mechanisms of stress response realization

It is proved that various neurotransmitter systems of the brain are involved 
in the reactions of the central nervous system to surgical stress—the adrenergic, 
dopaminergic, cholinergic system since pathological reflexes from the surgical 
wound are realized through the vagal nuclear complex in the form of vegetovi-
sceral efferent responses [12]. A hypermetabolic state causes [30, 31] the need 
for tissues for oxygen increases, and the activity of the cardiovascular system 
increases [15, 32–35]. It is proved that the intensity of reactions of the links of 
the hypothalamic-pituitary-cortical-adrenal system depends on the type of stress 
factor and the initial functional state of this system [36, 37]. Arteriole spasm leads 
to an increase in total vascular resistance, microcirculatory and rheological disor-
ders, the consequence of these pathophysiological changes will be a redistribution 
of the volume of circulating blood, hypovolemia, tissue and organ ischemia and 
hypoperfusion, violations of acid-base and water-electrolyte balance, increased 
peroxidation reactions [38]. Surgical stress causes changes in the permeability 
of cell membranes, their ultrastructural damage, which will result in a decrease 
in the functional reserves of organs [36]. The result of surgical stress will be the 
development of multiple organ dysfunction with the progression of cardiovascular, 
respiratory failure; impaired liver, kidney, gastrointestinal tract, immunological 
reactivity, and regulation of the aggregate state of blood in the form of hyperco-
agulation [29, 39].

3.  The role of the autonomic nervous system in limiting stress reactions 
under conditions of neurosurgical influence

The autonomic nervous system has a modulating effect on compensation mecha-
nisms and their adequacy in response to surgical trauma [40]. The brainstem and 
supratentorial cerebral centers of autonomic regulation are the most important struc-
tures for control and management during general anesthesia using pharmacological 
defense with α2-adrenergic agonists and opioid analgesics. Daily monitoring of heart 
rate variability in neurosurgical patients, along with the calculation of the autonomic 
Kerdo index, in the early postoperative period showed distinct eutonia after removal 
of a brain tumor under general anesthesia with the opioid analgesic fentanyl in com-
bination with the α2-adrenergic agonist clonidine [41]. Dysfunction of the autonomic 
nervous system can lead to disruption of adaptation in response to surgical interven-
tion, the development of severe hemodynamic reactions, and complications of the 
early postoperative period [28, 42–44].
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3.1  Assessment of the functional state of the autonomic nervous system in 
neurosurgical patients

To assess the vegetative status of neurological patients, some authors have pro-
posed generalizing methods [6, 45]. To assess the state of the autonomic nervous sys-
tem in the perioperative period, some authors used indicators such as the autonomic 
Kerdo index, a study of daily heart rate variability and their mathematical models, 
including in patients with intracranial hypertension [46–48].

3.1.1 Assessment of the type of vegetative tone

The Kerdo index is the “gold standard” for assessing the type of vegetative tone. 
When studying the ratio of diastolic pressure and the number of pulse beats per min-
ute, it was suggested that changes in the ratio of diastolic pressure and the number of 
pulse beats are associated with shifts in vegetative tone.

The calculation of the vegetative Kerdo index is carried out according to the formula:

  (1)

where VI is the vegetative index, D is the value of diastolic pressure; HR is the 
heart rate in 1 minute.

Interpretation of the results—complete vegetative equilibrium (eutonia)—
VI = 0 − +7; sympathotonia—VI > +7; parasympathotonia—VI < +7 and negative 
values.

The evaluation of the indicator in dynamics allows us to trace the degree of stress 
and drug effects on the tone of the ANS.

The interpretation of the calculated values assumes that the minute volume (MV) 
of the heart with sympathotonia is greater than in a calm state with parasympathoto-
nia. In turn, MV is associated with the compensation of the circulating blood volume 
(CBV) by peripheral resistance within physiological boundaries. It can be assumed 
that fluctuations in the minute volume are approximately expressed in terms of pulse 
rate, and changes in peripheral resistance are expressed through diastolic pressure. 
This explains the fact that with sympathotonia the pulse rate increases and the 
diastolic pressure decreases; with parasympathotonia the pulse rate decreases and the 
diastolic pressure increases. This implies a decrease or increase in the vegetative index 
toward negative or positive values.

3.1.2 Assessment of vegetative reactivity

The assessment of vegetative reactivity in our study was carried out using the 
Dagnini-Aschner test and the Cermak-Goering sinocarotide reflex.

3.1.2.1 The ocular reflex (Danyini-Ashner)

The test was carried out as follows—after 15 minutes of lying at rest, the patient’s 
heart rate is calculated for 1 minute (baseline background). Then the pads of the 
fingers are pressed on both eyeballs until a slight pain appears. After 15–25 seconds, 
the heart rate is recorded for 20 seconds.

Normally, after a few seconds from the beginning of the pressure, the heart rate 
slows down by 6–12 beats per 1 minute.
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With a normal slowing of the heart rate, normal vegetative reactivity is noted; 
with a strong slowdown (parasympathetic, vagal reaction)—increased vegetative 
reactivity; with a weak slowdown—decreased vegetative reactivity; in the absence of 
slowing—perverted vegetative reactivity (sympathetic reaction).

Due to the different initial heart rates (more or less than 70–72 beats per 1 minute), 
it is possible to calculate according to the Galu formula:

where HRS is the heart rate in the sample; HRI is the initial heart rate.
The slowing down of the pulse according to the Galu formula is equal to:

  (2)

The normal value for the ocular reflex is −3.95 ± 3.77.

3.1.2.2 Evaluation of the Cermak - Goering sinocarotid reflex

The technique of the test—after a 15-minute adaptation (rest) in the supine posi-
tion, the heart rate is calculated in 1 minute—the initial background. Then alternately 
(after 1.5–2 seconds), the fingers (index and thumb) are pressed on the area of the 
upper third of the m. sternocleidomastoideus slightly below the angle of the lower 
jaw until the carotid artery pulsates. It is recommended to start the pressure from the 
right side since the effect of irritation on the right is stronger than on the left. The 
pressure should be light, not causing pain, for 15–20 seconds. From the 15th second, 
the heart rate begins to register for 10–15 seconds. Then the pressure is stopped and 
the heart rate is calculated in a minute. It is also possible to register the state of the 
after effect at the 3rd and 5th minutes after the cessation of pressure. Sometimes 
blood pressure and respiratory rate are recorded.

Interpretation—the values obtained in healthy subjects, that normal vegetative 
reactivity, are taken as a normal change in heart rate. The normal value of M ± a for 
the synocarotide reflex is 4.9 ± 2.69.

Values above normal indicate increased vegetative reactivity, that is increased 
parasympathetic or lack of sympathetic activity, lower—a decrease in vegetative 
reactivity. An increase in heart rate indicates a perverse reaction.

3.1.2.3 The study of the functions of the segmental part of the autonomic nervous system

The study of the functions of the segmental part of the autonomic nervous system 
is carried out by conducting an orthostatic test.

The state of the sympathetic efferent pathway is determined according to changes 
in blood pressure associated with the transition to the vertical position of the patient. 
The difference in systolic blood pressure is calculated in the supine position and at the 
3rd minute after the patient gets up.

Interpretation—a decrease in systolic blood pressure by less than 10 mm Hg is a 
normal reaction indicating the integrity of efferent vasoconstrictor fibers; a decrease 
by 11–29 mm Hg is a borderline reaction; a drop by 30 mm Hg and more is a patho-
logical reaction indicating efferent sympathetic insufficiency.

The state of the parasympathetic efferent pathway is determined by measuring the 
heart rate when getting up. In healthy people, the heart rate increases rapidly when 
getting up (the maximum figure is noted after the 15th heartbeat) and then decreases 
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after the 30th heartbeat. Normally, the quotient of the division of the first value to the 
second should be equal to 1.04 or more; 1.01–1.03—borderline result; 1.00—insuf-
ficiency of vagal influences on the heart.

3.2 Localization of the brain tumor and vegetative status

The results obtained in the neurosurgical clinic allowed us to conclude that 
when the tumor was localized in the middle and posterior cranial fossa, there was 
a predominance of activity of the parasympathetic link of the nervous system [41]. 
Dysfunction of stem structures in the posterior cranial fossa, irritation of the brain 
stem due to tumor growth with irritation of the nuclei of the caudal group of cranial 
nerves, in patients with a tumor of the IV ventricle—nuclei and formations of the 
rhomboid fossa, vagal nuclear complex can serve as an explanation for the predomi-
nance of the parasympathetic tone of the ANS in patients with a tumor of supratento-
rial localization.

A few studies were devoted to the analysis of the vegetative status of neurosurgical 
patients in the perioperative period [41, 44, 49–51]. It was found that the localization 
of the brain tumor had a significant effect on the vegetative status [51]. Thus, with 
supratentorial localization of the tumor in the temporal lobe, patients had sympathi-
cotonia with an average level of the personal and high level of situational anxiety. This 
can be explained both by the direct involvement in the pathological tumor process of 
the structures of the mediobasal parts of the temporal lobes (amygdala, hippocampus) 
according to the neuroimaging data presented in the medical history and by indirect 
irritation of the brain structures forming the limbic system of the brain. In patients 
with frontal lobe tumors, there was a predominance of sympathicotonia with a high 
level of personal and an average level of situational anxiety on the eve of surgery. 
It is known that central noradrenergic systems (in particular, the structures of the 
brainstem—locus coeruleus) play a significant role in the occurrence of vegetative 
disorders with pronounced anxiety and fear. Through the ascending pathways, this 
zone has a connection with both the hypothalamic-pituitary system and the structures 
of the limbic-reticular complex (hippocampus, amygdala, frontal cortex). Through the 
descending pathways, noradrenergic structures are connected to the peripheral parts 
of the sympathetic nervous system. Irritation of the frontal lobes due to tumor growth 
probably explains the activation of the sympathetic link of the ANS in this category of 
patients.

3.3  Assessment of the vegetative and psycho-emotional status of neurosurgical 
patients before operation

The inclusion in the preoperative examination of an anesthesiologist of meth-
ods of functional and dynamic examination of the autonomic nervous system to 
determine the tone of the sympathetic and parasympathetic links of the autonomic 
nervous system before surgical treatment and assessment of psycho-emotional status 
[31, 51–54] in elective neurosurgical patients, pain syndrome assessment with the 
help of VAS of pain allows the anesthesiologist to prescribe an individual premedica-
tion to create a vegetative-stabilizing effect, anxiolysis, reducing the afferent flow 
of information to the brain to create a functional rest of the central nervous system 
before surgery.

The result of effective premedication will be a smooth induction of anesthesia and 
a satisfactory intraoperative state of the brain.
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Recommended premedication schemes for elective neurosurgical patients, 
depending on the level of personal anxiety and the initial tone of the ANS links, are 
presented in Table 1 [51].

According to modern concepts, the therapy of hyperactivity of the sympathetic 
nervous system is carried out by influencing the centers that control the work of the 
cardiovascular system and are located in the brain stem, the most important of which, 
apparently, is the rostral-ventrolateral region of the medulla oblongata (RVLM) [55]. 
Various types of receptors are located in this zone, including α2-adrenergic receptors 
and imidazoline receptors (Figure 4) [55]. It has been shown that imidazoline recep-
tors of subtype 1 (I1) located in RVLM take an active part in blood pressure control, 
exerting a significant regulatory effect on the activity of the sympathetic nervous 
system [55].

4. General anesthesia and ANS: control and management in neurosurgery

4.1 Anesthesia depth control (BIS monitoring)

The key anatomic structures of the central nervous system (CNS) that contribute 
to the state of consciousness are—the brain stem, the pons, the thalamus (thalamic 
nuclei), and the brain cortex with their connecting neural pathways [56].

General anesthetics (propofol, sevoflurane, desflurane) inhibit the excitatory 
arousal pathways originating in the brain stem and pons or potentiate the sleep path-
ways that control them [57]. The brain stem and pontine nuclei have been known to be 
essential in maintaining cortical arousal and forming the so-called ascending reticular 
formation [57].

The most important task of an anesthesiologist during neurosurgical operation 
is to keep anesthesia depth sufficient for security vegetative stability of the patient 

Figure 4. 
RVLM and central adrenergic and imidazoline 1-receptors location [55].
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under the condition of general anesthesia during neurosurgical manipulations espe-
cially on the brain stem anatomic structures, cerebral arteries (clipping of cerebral 
aneurysm), etc. For this purpose, it is necessary to use BIS monitoring. The main 
component of the BIS monitor is the bispectral analysis, which evaluates the phase 
relations from a single-channel EEG signal measured from the patient’s forehead. The 
BIS index is a dimensionless number from 0 to 100. For neurosurgery, the optimal 
means of BIS index is around 40 so during total intravenous anesthesia (TIVA with 
propofol, opioid μ-agonist fentanyl) as inhalational general anesthesia (sevoflurane, 
desflurane). Control of the depth of TIVA during brain tumor removal (giant tri-
geminal schwannoma) is reflected in Figure 5.

4.2 Intraoperative antinociceptive defense

Nociceptive stimulation during neurosurgical interventions on the brain, spine 
and spinal cord, peripheral nerves triggers activation of the sympathetic link of the 
autonomic nervous system, aseptic systemic inflammatory response [29, 34, 58]. As 
you know, the actual “pain” receptors are located in the skin, periosteum, and dura 
mater. Anticipating the development of such a scenario is possible when drugs from 
the NSAID group are included in the premedication scheme, in particular, ketopro-
fen, ketonal, lornoxicam [59]; the use of the technique of locoregional anesthesia in 
neurosurgery [60, 61]. There are both proponents of this approach and its opponents 
who associate the administration of NSAIDs in the perioperative period in neurosur-
gical patients with their negative effect on platelet aggregation and additional risks of 
postoperative hemorrhagic complications [59].

The concept of multimodal multicomponent analgesia in neurosurgical practice 
finds successful implementation in the form of proactive administration of NSAIDs 
at the stage of premedication (before the skin incision), locoregional anesthesia using 
naropin, at the stage of induction and maintenance of anesthesia—opioid analgesic 
(fentanyl) and α2-adrenergic agonist (clonidine or dexmedetomidine), when sutur-
ing a skin wound—paracetamol [53, 62–64].

On the main stage of the neurosurgical operation (brain tumor removing, cerebral 
aneurysm clipping, spinal hord tumor, AVM removing, etc.) antinociceptive defense is 
carried out with opioid analgesic μ-agonist fentanyl 3.5–5.0 mcg/kg/h + α2-adrenergic 
agonist clonidine 0.5 mcg/kg/h or dexmedetomidine 0.2–0.4 mcg/kg/h.

Figure 5. 
BIS-monitoring (rose line, BIS = 36) during general anesthesia (TIVA) in patient with brain tumor removal (the 
image is taken from the private archive of I. A. Savvina).
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Neurovegetative stabilization with such a method and doses of drugs will be sufficient 
for cupping of central hemodynamic reactions during neurosurgery [65–69].

4.3 Hemodynamic monitoring

Hemodynamic monitoring is necessary and mandatory part of intraoperative 
monitoring according to Helsinki Declaration on Patient Safety in Anesthesiology 
(2010). Noninvasive, invasive hemodynamic monitoring, on the base of technology 
“PiCCO,”—all options are used in neurosurgery—arterial blood pressure systolic, 
diastolic, mean (BP), cardiac index (CI), stroke index (SI), global end-diastolic 
volume index (GEDVI), stroke volume variability (SVV), left ventricular con-
tractility index (LVCI), total peripheral vascular resistance index (TPVRI), intra-
thoracic blood volume index (ITBVI), extravascular lung water index (EVLWI), 
pulmonary vascular permeability index (PVPI) [67, 69–71]. The choice of kind and 
volume of hemodynamic monitoring in neurosurgery is determined by the patient’s 
condition (ASA classification), operation position, localization of brain tumor, 
supposed blood loss, etc. The level of neurovegetative stabilization is controlled on 
the basis of the evaluation of the hemodynamic profile of the patient and depth of 
anesthesia (Figure 6) [71].

4.4 Monitoring of neuromuscular conduction

Monitoring of neuromuscular conduction is mandatory for neurosurgical patients 
for reliable and deep relaxation because the surgical manipulations on the brain 
structures and cerebral vessels require absolute immobility and synchronization with 
apparatus of artificial lung ventilation for warning of the rise of intrathoracic pres-
sure when the scull is still closed (dura mater does not open), especially in the patients 
with intracranial hypertension. Remember that potentiation of neuromuscular block 
is possible under the condition of water-electrolytic disorders, acid-base state viola-
tions, neuromuscular diseases, hypothermia. Control of residual neuromuscular 

Figure 6. 
Intraoperative hemodynamic monitoring during craniofacial block-resection (the image is taken from the 
private archive of I. A. Savvina). Non-invasive and invasive hemodynamic monitoring on the base of technology 
“PiCCO”: monitor PHILIPS “IntelliVue MX 800” (A); monitor PULSION Medical Systems “PiCCOplus” (B).
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block is necessary for decision-making about the extubation of neurosurgical patients 
in the early postoperative period or the operating room. Musculus adductor pollicis 
and nervus ulnaris are the most often used for acceleromyography (registration of 
single twitch (ST); train of four (TOF); post-tetanic count (PTC)).

4.5 Intraoperative thermometry

Intraoperative control of central (rectal, esophageal) and peripheral (skin) 
temperature is necessary for timely exposure of malignant hyperthermia dur-
ing inhalational general anesthesia (sevoflurane, for example) and monitoring 
of balance between heat products and heat dissipation in the patient under the 
condition of general anesthesia with or without controlled hypothermia. Also, 
it is necessary when the neurosurgical operation is carried out on the anatomic 
structures of the third ventricle of the brain and the hypothalamic zone because 
neurosurgery may cause immediate water-electrolyte disorders and violations of 
thermoregulation [42].

4.6 Variational cardiointervalometry (heart rate variability)

Variational cardiointervalometry is the noninvasive method of evaluation of the 
functional state of the cardiovascular system and general condition of the patients 
and healthy persons. The condition of the vegetative nervous system and mechanisms 
of regulation of heartbeat is estimated by some statistic, geometric, and special 
spectral characteristics including R-R intervals, HR, level HR, Baevsky tension index, 
the balance of the sympathetic and parasympathetic influences (LF/HF), index of 
centralization (IC), etc. [71, 72]. In neurosurgical patients when calculating the Kerdo 
index after anesthesia induction and after extubation of patients, a distinct tendency 
to the state of hypertension was revealed [41]. A significant decrease in heart rate 
variability was observed in patients with the voluminous formation in the posterior 
fossa with intracranial hypertension syndrome [50]. It should be noted that the 
perioperative results of monitoring heart rate variability were obtained using total 
intravenous anesthesia with the inclusion of α2-adrenergic agonist clonidine, along 
with dexmedetomidine, used as a component of neurovegetative stabilization in the 
structure of general anesthesia for neurosurgical interventions on the central nervous 
system [60, 65, 66, 70, 73, 74]. This method gives the possibility to estimate the preva-
lence of vegetative tone—sympathetic or parasympathetic or eutonia in neurosurgical 
patients under the condition of general anesthesia including patients with intracranial 
hypertension [47–50].

4.7 Method of photoplethysmographic evaluation of the perfusion index

The value of perfusion index PI (N 4–5%) characterizes the volumetric peripheral 
arterial capillary blood flow [75]. An increase in PI is regarded as excessive perfusion 
as a result of redistribution of peripheral blood flow and arterioplegia. A decrease in 
PI values is an early and sensitive sign of adrenergic activity and peripheral vasocon-
striction. This indicator is not so informative when assessing the adequacy of anesthe-
sia during the neurosurgical intervention.

The criteria for the adequacy of anesthesiological maintenance in neurosurgery 
are a volume-stable, moist, pulsating, nonhyperemic brain [67, 70].
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4.8 Postural circulatory reactions under general anesthesia in neurosurgery

Postural circulatory reactions under general anesthesia in neurosurgery are the most 
expressed when it is necessary to change horizontal position on the operating table to 
the operating position “sitting,” pron-position, position on the side, lounge position.

Complications associated with the surgical position during neurosurgical inter-
ventions on the posterior cranial fossa [67] are presented in Table 2.

It is important to estimate the volemic status of the patient, and if the hypovolemia 
is obtained to start its correction with intravenous infusion of crystalloids (15 ml/kg) 
and colloid (5 ml/kg) solutions to avoid hypotension during seating of the patient.

4.9 Trigeminocardiac reflex in neurosurgery

The central subtype of trigeminocardiac reflex arises during intracranial impact 
on the nerve root, central portion of the trigeminal nerve, gasser knot when deep acti-
vation of cardiac vagus branch, and depression of lower cardiac sympathetic nerve 
are discovered. Usually, it is manifested by bradycardia and arterial hypotension  
[68, 69, 76, 77]. Figure 7 shows the giant trigeminal schwannoma (the image is 
taken from the private archive of I. A. Savvina). The removal of this tumor was 

Complications Sitting position Pron-position Position on the side Lounge position

Pulmonary

Ventilation 
and perfusion 
complications

+ + + +

Increased pressure 
in the upper 
respiratory tract

0 ++ 0+ 0

Tense 
pneumocephalus

+ + 0 0

Cardiovascular

Hypotension ++ ++ 0 +

Rhythm 
disturbances

++ ++ + ++

The need for 
hemotransfusion

+ ++ +− +

Other complications

Compression of the 
eyeballs

0 +++ ++ +

Compartment 
syndrome

+ 0 0 0

Venous air 
embolism

+++ ++ + ++

Paradoxical air 
embolism

++ + ? ?

Table 2. 
Complications associated with the position during neurosurgical interventions on the posterior cranial fossa [67].
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Figure 7. 
Giant trigeminal schwannoma (shown by yellow arrow) on CT scan (the image is taken from the private archive 
of I. A. Savvina).

Figure 8. 
Pathways of trigeminocardiac reflex [69]: (A) long ciliary nerve; (B) short ciliary nerve; (C) ciliary ganglion; 
(D) optic nerve; (E) maxillary nerve; (F) winged ganglion; (G) mandibular nerve; (H) auditory ganglion; (1) 
gasser knot; (2) trigeminal nerve; (3) sensor nucleus of trigeminal nerve; (4) short internuclear fibers; (5) motor 
nucleus of vagus; and (6) vagus.
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accompanied by the central subtype of trigeminocardiac reflex (bradycardia and 
arterial hypertension as the variant of central TCR) [69, 77].

Figure 8 shows the pathways of trigeminocardiac reflex [69].

5.  Vegetative distress-syndrome and pathomorphological signs of 
insufficiency of ANS

The ANS performs an organizing and trophic function along with endocrine and 
other anatomical and physiological functional systems [78, 79]. Numerous experimental 
studies on the plasticity of the nervous system in various injuries of the central nervous 
system demonstrate the lack of specificity of changes in neurons—in the structure of the 
neuron nucleus appears invagination of the nuclear membrane, chromatin condensation, 
swelling of mitochondria, and all cisternal structures [80, 81]. These structural changes 
appear at any impact on the body, they are a universal ultrastructural expression of the 
general adaptation syndrome [78]. It is known that the structural and functional plastic-
ity of the nerve cells is unusually high, but the appearance of morphological alterations 
occurs earlier and persists much longer than functional changes. Pathomorphological 
studies of the ANS performed on autopsy material of deceased neurosurgical patients 
revealed severe dystrophic and destructive changes at all levels of the ANS [82].

5.1 Afferent department of visceral reflexes

A pathomorphological study of the structures of the ANS afferent department 
(receptor apparatuses and sensitive nerve fibers (dendrites) that perceive and con-
duct afferent impulses), spinal (Th2–Th4; L1–L4; S2–S3), and similar cranial nerve 
ganglia (trigeminal, inferior vagus node) revealed that regardless of the nature of 
acute cerebral damage, there are widespread and irreversible violations of the struc-
ture and function of the components of the afferent department [28, 82].

Thus, we are talking about the partial or complete death of the sensitive nervous 
apparatus, the state of which largely determines the reactivity and plasticity in the 
implementation of an adaptive reaction. Similar changes are found not only in the 
intramural plexuses but also in the trunk of the vagus nerve, which carries afferent and 
preganglionic fibers to intramural neurons; in the posterior roots of the spinal cord, 
where the axons of the neurons of the sensitive spinal ganglia pass. These are nonspe-
cific reactive changes (marginal chromatolysis with preservation of the nucleus, central 
chromatolysis with preservation of the nucleus, central chromatolysis with “sintering” 
of lumps of Nissl substance along the periphery of neurons, hyperchromatosis of the 
nuclei and cytoplasm of the cell in combination with edema and without it), as well as 
destructive irreversible phenomena (karyolysis with wrinkled hyperchromic nucleus, 
hydropic changes with the formation of vacuoles and karyolysis, karyorexis in combi-
nation with swelling of the neuron body). A motley kaleidoscope of changes reflects 
the stages of neuronal death depending on local conditions (for example, the acidity of 
the environment, the degree of hypoxia, hydration of the ganglion, etc.).

5.2 Central parts of the autonomic nervous system

The central parts of the ANS are associative (insertion) links of visceral reflexes. The 
associative link of the sympathetic nervous system is represented by the nuclei of the 
lateral horns of the gray matter of the spinal cord in the thoracolumbar region. During 
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spinal cord examination at the level of Th2–Th4, Th12, and L1–L2; the insertion link 
of the parasympathetic nervous system at the mesencephalic (Yakubovich-Westphal-
Edinger nucleus), bulbar (vegetative vagus nerve nucleus), and sacral (S2–S3) levels in 
the associative links, regardless of the etiological factor, widespread damage to structures 
and, presumably, disorders of the function of nerve cells, which are mostly irreversible, 
were noted [74]. Thus, we are talking about partial or significant damage to the associa-
tive link, from which the efferent vegetative pathway begins.

Neurites (axons of associative neurons) of the peripheral nerves reach the auto-
nomic ganglia, where they end with synapses. Thanks to synapses, all the links of the 
visceral reflexes are interconnected and, if necessary, can act as a whole. Significant 
reactive changes were also revealed in the synaptic apparatus of the associative 
links (sympathetic and parasympathetic)—argyrophilia (affinity of synaptic rings 
to nitric acid silver) and hypertrophy of synapses. Destructive changes in the form 
of fragmentation, granular-lumpy decay of presynaptic nerve fibers, and synaptic 
structures formed by them on associative neurons are more pronounced in long-term 
critical conditions of the patient, clinical manifestations of sympathetic hyperactiv-
ity syndrome [28, 82, 83]. Nonspecific reactive changes (central and peripheral 
chromatolysis, acute cellular swelling, process staining, hyperchromatosis of nuclei 
and cytoplasm) were detected in the central parts of the sympathetic and parasym-
pathetic nervous system. Irreversible destructive phenomena were standard (karyo-
cytolysis, karyolysis). They reflect the different stages of neuronal death. There was 
also a lively glial reaction [83].

Thus, from a morphological point of view, the most dramatic situation develops in 
the associative link of the sympathetic nervous system.

The death of neurons nuclei in all parts of the hypothalamus (large-cell nucleus of 
the anterior hypothalamus, small-cell nuclei of the middle hypothalamus, nuclei, and 
pathways of the posterior) was also noted [83].

5.3 Efferent section of the visceral reflexes

The efferent autonomic pathway is represented by neurites of associative neurons 
(preganglionic fibers) and effector neurons and their neurites (postganglionic fibers). 
The latter reach the innervated tissues, where they realize their impact. The studied 
sympathetic ganglia (cervical-thoracic or stellate, 2nd–6th thoracic paravertebral, 
abdominal plexus) are connected by preganglionic fibers with sympathetic centers 
of the spinal cord; parasympathetic ciliary node—with the Yakubovich-Westphal-
Edinger nucleus; Auerbach and Meissner plexuses—with the autonomic nucleus of 
the vagus nerve.

In acute cerebral injury, extensive structural and functional disorders of the main 
components of the autonomic ganglion—neurocytes are revealed; at the same time, 
the “management” of special functions of some organs (glands, smooth muscles of 
internal organs and vessels, heart muscle, ciliary and pupillary muscles, etc.) and 
the general adaptive and trophic function suffer [83]. A motley pattern of reactive 
changes is observed in the sympathetic ganglia—central and peripheral chromatoly-
sis, total chromatolysis with preservation of the nucleus and nucleolus and “sintering” 
of chromatophilic substance along the edge of the neuron body, hyperchromatosis 
of the nucleus and perinuclear edema, wrinkling of nuclear material into a homoge-
neous structureless mass with total chromatolysis (Figure 9).

Reactive changes in the parasympathetic ganglia were nonspecific—destructive 
changes were standard (karyolysis, karyocytolysis), a pronounced reaction from the 
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glia was noted in the ganglia (the number of glial cells (satellites) closely adjacent to 
the perikaryon of the neurocyte and penetrating it increased around the neurocytes).

The last link of the visceral reflexes is postganglionic fibers, which, as part of 
nerve trunks and bundles, penetrate all organs and tissues of the body, where they 
form effector nerve endings. The efferent section of the visceral reflex arches also 
detects gross dystrophic changes.

The duration of the patient’s stay in critical condition correlates with the number 
of damaged and dead neurons—the longer the period, the more widespread the 
damage to the ANS was. The death of neurons and their processes can also be caused 
by their functional overload, excessive functional stress, malfunctions in the rhythm 
of work, etc.

Some patients who have suffered severe critical conditions recover and return to life 
with a deeply disabled ANS with a sharply narrowed range of adaptive reactions [28].

Death can occur from the disintegration of the organism as a system with the relative 
safety of the components of the system (organs) with far from exhausted reserves [83].

Thus, the totality of dystrophic and necrobiotic changes detected in the ANS is the 
morphological equivalent of vegetative distress syndrome and ANS insufficiency.

6. Conclusion

To summarize, it is obvious that the autonomic nervous system is one of the 
main systems of life support. Control and monitoring of its functional activity is 
especially important when the patient is under the condition of general anesthesia. 
Neurosurgery causes specific central hemodynamic reactions related to reflexes from 
the brainstem. Management of autonomic reactions and vegetative tone are possible 
with neurovegetative stabilization and control of the depth of anesthesia.
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Chapter 6

Heart Autonomic Nervous 
System: Basic Science and Clinical 
Implications
Elvan Wiyarta and Nayla Karima

Abstract

The heart has an intrinsic conduction system that consists of specialized cells. 
The heart receives extensive innervation by both sympathetic and parasympathetic 
systems of the ANS. The ANS influences most heart functions by affecting the SA 
node, AV node, myocardium, and small and large vessel walls. The sympathetic sys-
tem carries an excitatory effect on heart functions. Conversely, the parasympathetic 
system has inhibitory effects on heart functions. ANS abnormalities in terms of 
anatomy and physiology can cause various heart abnormalities. ANS abnormalities 
associated with electrical abnormalities can cause a variety of heart manifestations. 
Besides electrical abnormalities, ANS also correlates with ischemic heart disease. 
Following electrical and ischemic instability, ANS also have direct effect on action 
potential duration restitution. By understanding the mechanism of influence of the 
anatomy and physiology of the ANS heart and its influence on various heart abnor-
malities, we can determine the appropriate therapeutic approaches. Therapeutic 
approaches in neurocardiology fall into two focuses: applying novel treatment and 
interaction of non-drug and multiple drugs treatments.

Keywords: heart, sympathetic, parasympathetic, autonomous, neurology

1. Introduction

The heart has an intrinsic conduction system that consists of specialized cells. It 
can spontaneously depolarize to initiate heartbeats from its rhythmic pacing dis-
charge and coordinate heart electrical activity [1, 2]. The sinoatrial (SA) node is the 
first pacemaker that starts the electrical impulse resulting in the depolarization and 
contraction of the atrium. This electrical impulse is distributed throughout the heart 
through the internodal pathway, atrioventricular (AV) node, AV bundle, branches of 
the bundle of HIS, and through Purkinje fibers. Without the extrinsic (hormonal and 
neural) influences, the SA node creates about 100 beats per minute; however, to meet 
the body’s oxygen requirement under variable conditions, cardiac output (and thus 
heartbeat) must vary. This is where the autonomic nervous system (ANS) of the heart 
plays a role [2].
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2. Basic science in the ANS of the heart

The heart receives extensive innervation by both sympathetic and parasympa-
thetic systems of the ANS. The cardiac efferent preganglionic sympathetic neurons 
originate from the lateral horns of the spinal cord’s upper thoracic segment (T1-T4) 
and leave the spinal cord through the ventral (anterior) roots of the corresponding 
spinal cord nerves. As they reach the superior cervical, medial cervical, cervico-
thoracic/stellate, and thoracic ganglia of the paravertebral sympathetic nerve chain 
(SNC), they synapse onto the postganglionic nerves, namely the cardiac cervical 
nerves and cardiac thoracic nerves, which travel to the heart along with the epicardial 
vascular structure [1–4].

The cardiac efferent preganglionic parasympathetic neurons originate in the 
medulla oblongata’s dorsal motor nucleus and nucleus ambiguus. They travel 
bilaterally within two vagal nerves and synapse onto the postganglionic nerve fibers 
in the vagal nerve ganglia located in the cardiac plexus, at the base of the heart  
[3, 4]. Cardiac plexus consists of a complex network of various nerves including the 
sympathetic, parasympathetic, and cardiac nerves as well as some tiny parasym-
pathetic ganglia to control cardiac activity. The cardiac plexus is divided into two 
parts: (1) the superficial part located in the aortic arch concavity and (2) the deep 
part located between the trachea and the aortic arch. Both parts are connected to 
provide cardiac autonomic innervation [3].

Most of the cardiac afferent fibers travel in sympathetic cardiac nerves. The 
first-order sympathetic-sensitive afferent fibers have their cell bodies in the first 
4–5 thoracic ganglia. They synapse with the second-order fibers in the spinal cord, 
where they cross the median line and ascend along the anterior spinothalamic tract 
(ventral spinothalamic fasciculus) to the posteroventral nucleus in the thalamus. 
Parasympathetic afferent fibers in the heart primarily function as a mediator for some 
cardiac reflexes, responding to activation of stretch receptors in the atria (Bainbridge 
reflex) and left ventricle (Jarisch-Bezold reflex) [3].

The ANS influences most heart functions by affecting the SA node, AV node, myo-
cardium, and small and large vessel walls [2]. The ANS regulates heart rate (chronotropic 
effect), myocardial cells contractility (inotropic effect), signal conductivity (dromo-
tropic effect), excitability (bathmotropic effect), as well as coronary vascular tone and 
myocardial blood flow. As the sympathetic and parasympathetic systems have opposite 
effects on heart functions, the final effect on the heart is the net balance between the two 
systems. However, their influence differs by their distribution in the heart [2, 3].

The sympathetic system carries an excitatory effect on heart functions and is acti-
vated in emergency, stressful situations, or any other situations that require increase of 
cardiac output; therefore, it is also known as “fight or flight response” [2]. It controls 
heart function mainly in three effects: (1) It speeds up the depolarization of the sinus 
node increasing heart rate (positive chronotropic), (2) increases conduction velocity in 
the AV junction, atria, and ventricles (positive dromotropic effect), (3) increases myo-
cardial contractility both in the atria and ventricle (positive inotropic effect) [2, 3]. Most 
of these effects are mainly mediated by the β1 adrenergic receptors as they predominate 
in healthy human hearts, whereas β2 receptors are primarily concentrated in the atria and 
ventricles thus their functions are linked to the inotropic effect. Both β1 and β2 recep-
tors are distributed in all regions of the heart, nevertheless [3]. In addition, sympathetic 
activation also promotes constriction of the coronary arteries leading to an increase of 
cardiac output, which is mediated by α1 and α2 receptors, and dilatation mediated by β2 
receptors in the coronary arteries [2, 3].
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Conversely, the parasympathetic (vagal) system has inhibitory effects on heart 
functions. It is activated under restful conditions and is therefore known as rest and 
digest response [2]. It slows down sinus node activity resulting in a decrease of heart 
rate, slows down electrical conduction through the AV nodes and conduction system, 
causing delayed conduction and AV block, decreases atria contractility, and promotes 
dilatation of the coronary arteries, which result in decreased cardiac output. On 
atrial cells, parasympathetic activation decreases contractility yet shortens the action 
potential duration causing an increase in conduction speed, thus leading to reentrant 
tachyarrhythmias. As parasympathetic fibers are predominantly distributed to the 
atria while poorly distributed to the ventricles, parasympathetic activation does not 
significantly affect intraventricular conduction and ventricles’ contractility. The para-
sympathetic system influences the heart through the M2 receptor and the coronary 
arteries through M3 receptors [3].

Both sympathetic and parasympathetic preganglionic neurons release acetylcho-
line (Ach) and are called cholinergic; however, their postganglionic release different 
neurotransmitters. Sympathetic postganglionic neurons release norepinephrine 
(which resembles epinephrine/adrenalin, thus referred to as adrenergic) while most 
parasympathetic postganglionic neurons release acetylcholine.3

3. Influence of ANS on electrical abnormalities in heart

ANS abnormalities in terms of anatomy and physiology can cause various heart 
abnormalities. ANS abnormalities are associated with electrical abnormalities which 
cause heart problems. This can cause a variety of manifestations. In this section, we 
will discuss more the electrical abnormalities associated with ANS abnormalities in 
the heart.

3.1 Ventricular arrhythmias

Ventricular arrhythmia remains a common cause of sudden cardiac death in 
myocardial infarction (MI) patients. Following a myocardial ischemic injury, sym-
pathetic axon fibers within the scar become dysfunctional, degenerate, and die. 
However, contrary to the central neurons, peripheral neurons commonly regener-
ate back to their target, a phenomenon called nerve sprouting [4, 5]. This efferent 
sympathetic regeneration is triggered by nerve growth factor (NGF), which levels 
are found to be increased after MI, and causes hyperinnervation in the infracted are 
of the heart thereby promoting ventricular arrhythmia. Studies using 123I-meta-
iodobenzylguanidine (MIBG) have shown evidence of sympathetic reinnervation in 
the infracted hearts after MI. A study conducted by Cao et al. [6] demonstrated that 
the high density of nerve fibers was significantly higher in the peripheral to the area 
of necrotic tissue of failed hearts. Chen and colleagues also support this phenom-
enon’s discovery that infusion of NGF to the stellate ganglion causes an increase of 
nerve density and QT interval prolongation, therefore increases and prolongs ventric-
ular arrhythmias [4, 6–8]. Furthermore, there have been findings that demonstrate 
a notable decrease in parasympathetic tone in patients with comorbidities (such as 
coronary artery disease, MI, and diabetes) during sleep despite the unopposed sym-
pathetic activity, creating a higher risk of ventricular arrhythmia. Another electrical 
phenomenon following MI that leads to ventricular arrhythmia is an occurrence of 
heterogeneous distribution of hyperinnervation of sympathetic nerves, particularly 
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in the border zone (despite the remaining viable myocardial cells), which can lead to 
impulses and therefore initiate tachyarrhythmia. On another note, interventions that 
reduce sympathetic nerve activity have been shown to reduce the risk of arrhythmias 
in MI patients, both in humans and animals [6]. Some therapies that are suggested to 
reduce the risk of ventricular arrhythmia include cervical sympathectomy and spinal 
cord stimulation (inhibiting cardiac sympathetic tone while enhancing parasympa-
thetic tone). Future therapies may focus on preventing nerve sprouting by inhibiting 
nerve growth or attaining regional cardiac denervation by ganglia ablation [4].

3.2 Atrial fibrillation

The influence of ANS on the pathogenesis of atrial fibrillation (AF) had been 
discovered since 1978 [3]. In the beginning, AF was thought to be a sympathetic-
mediated phenomenon; however, studies have shown that sympathetic and para-
sympathetic systems may contribute to the pathogenesis. Sympathetic-mediated 
arrhythmia may occur because of β-adrenergic signal pathway activation, which 
increases Ca2+ transient. On the other hand, parasympathetic activation through Ach 
stimulation on muscarinic receptors (mainly M2 in the heart) causes a shortened 
duration of action potential (thus increasing conduction speed) in atria, causing 
arrhythmias [4, 9]. Studies by Scherf et al. suggested that local application of either 
aconitine or Ach in the heart may lead to rapid focal firing or AF, which could be 
terminated by removing the focal source of firing [10, 11]. Whether an AF episode is 
predominately sympathetic-mediated or parasympathetic-mediated may depend on 
comorbidities; lone and nocturnal AF (where parasympathetic is profoundly domi-
nant) in patients with normal hearts is usually parasympathetic-mediated whereas 
AF in patients with organic heart disease or disorders such as phaeochromocytoma 
or hyperthyroidism is usually sympathetic-mediated. In addition, parasympathetic-
mediated AF episodes usually occur weekly, predominantly at night, last for a few 
hours, and are preceded by progressive bradycardia. In contrast, sympathetic-
mediated AF episodes usually occur during the daytime, during exercise, or under 
stress. The current primary endpoint target of the ablation procedure is the pulmo-
nary vein isolation (PVI), thereby predisposing to reentrant phenomena and high 
density of nerves. However, studies have demonstrated that direct stimulation to the 
ganglionated plexus could result in AF, whereas ablation of the corresponding plexus 
may reverse the alteration of conduction speed [3, 8]. Multiple clinical studies were 
conducted to compare whether combining ganglionated plexus (GP) ablation with 
PVI or PVI alone is more effective in suppressing AF, one of which is done by Katritsis 
et al. l who found that combination of GP ablation and PVI showed higher success 
compared to PVI alone [9].

3.3 Long QT syndrome

Long QT syndrome (LQTS) is characterized by prolonged ventricular repolariza-
tion (prolonged QT interval), leading to polymorphic ventricular tachycardia and, 
therefore, risk of sudden death. It is a heterogeneous syndrome resulting from several 
cardiac ion channels. Arrhythmias in LQTS patients are often emotional or physi-
cal stress-related, and sympathetic activation has been suggested as an important 
triggering factor. However, the response to this trigger may vary depending on LQTS 
syndrome. For instance, LQTS type 1 has more prominent and prolonged effects 
from sympathetic activation than LQTS type 2 [4]. A study has been conducted by 
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Shamsuzzaman [12] to record sympathetic activity using muscle sympathetic nerve 
activity (MSNA) and skin sympathetic nerve activity (SNA). The result of the study 
demonstrated that in LQTS patients, the baseline of MSNA is very low and further 
accompanied by slower heart rates and reduced LF. In contrast, the baseline of skin 
SNA is normal, indicating that LQTS patients have region-specific decreased cardiac 
sympathetic drive. In such a setting, surges of sympathetic stimulation caused by 
emotional or physical stress may lead to cardiovascular events [12].

3.4 Brugada syndrome

Brugada syndrome is an inherited channel disorder characterized by sodium 
channel abnormality (and thus ECG abnormalities) that predisposes to ventricular 
arrhythmias and sudden death despite structurally typical hearts [4, 13, 14]. Another 
exciting characteristic of Brugada syndrome is that ventricular fibrillation and 
sudden death mainly occur at rest or during sleep, which is the period of parasym-
pathetic dominance. Furthermore, clinical characteristics and typical ECG changes 
can be variable over time and are influenced by external factors, such as exercise 
and pharmacological intervention. Exercise can diminish ECG signs of Brugada 
syndrome, while on the contrary, drugs that interact with the ANS innervation can 
unmask or intensify the signs. For this occurrence, studies have suggested that the 
ANS is involved in the natural history of the syndrome. Prior studies have shown a 
sympathetic-parasympathetic tone imbalance in patients with Brugada syndrome. A 
study by Wichter et al. demonstrated a reduced I-MIBG reuptake, either because of 
a reduced number or function of efferent sympathetic neurons and a reduced trans-
porter capacity for NE reuptake, which indicated a presynaptic adrenergic dysfunc-
tion [14]. According to the authors of this study, this reduced sympathetic tone may 
impact protein phosphorylation and spatial calcium heterogeneity, thus leading to 
arrhythmias, especially in the downregulation of adrenergic activity or in parasympa-
thetic dominance [14].

4. Influence of ANS in heart failure and myocardial infarction

Besides electrical abnormalities, ANS also correlates with ischemic heart disease. 
Following a transmural myocardial infarction (MI), sympathetic fibers within the 
scar become denervated and die. However, denervation also occurs in the non-
infarcted sites distal to the infarction early after occlusion, resulting in a neurotrans-
mission disruption, nerve sprouting, and denervation supersensitivity even in the 
viable myocardium cells. Not all sites are denervated equally, this disruption leads to a 
heterogeneous change of effective refractory period (ERP). Together with decreased 
protection from vagal denervation, this leads to ventricular arrhythmias [4].

As with heart failure, myocardial dysfunction caused by cardiac insult activates 
neurohormonal mechanisms, including activation of the sympathetic system and 
the renin-angiotensin-aldosterone system (RAAS) axis. Increased activation of the 
sympathetic system causes an increase in NE delivery to myocardial cells. High local 
catecholamine level leads to ventricular hypertrophy and increase susceptibility 
to arrhythmia, which worsens the heart’s function and, in turn, further increases 
sympathetic tone [15]. This activation is initially essential to compensate for the 
weakened myocardial function; however, in the long term, this activation leads 
to further deterioration of cardiac function, worsening heart failure, and cardiac 
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decompensation. Besides sympathetic activation, there has been evidence of reduced 
parasympathetic function, which further worsens heart failure. Heart failure can also 
cause denervation, creating nerve sprouting and electrical remodeling, leading to 
ventricular arrhythmia and sudden cardiac death [4, 16].

5. Effect of the ANS on action potential duration restitution

Following electrical and ischemic instability, ANS also have a direct effect on 
action potential duration restitution. The destabilization of activation wavefronts 
is associated with the alteration in action potential duration (APD) resulting from 
the alteration of the previous diastolic interval, called restitution. Steepened APD 
restitution curve slope has been associated with complex, unstable dynamics, 
while a decrease of the steepness of the curve by drugs may suppress ventricular 
arrhythmia [17–19]. A study in porcine models by Taggart et al. has shown that 
sympathetic stimulation with adrenaline (α – and β-adrenergic agonist) steepens 
the APD restitution curve [20]. The same effect was confirmed in humans with 
normal ventricles by a more recent study using isoprenaline (β-adrenergic agonist) 
and adrenaline, demonstrating that both adrenaline and isoprenaline steepen the 
APD restitution curve at the minimum range of 40 ms. This evidence suggests a 
mechanism in which the sympathetic nervous system is contributed to inducing 
arrhythmia and ventricular fibrillation [16]. Additionally, a study conducted in an 
isolated rabbit heart model demonstrated that parasympathetic activation exerts 
a contradictory effect, reducing the steepness of the slope, thereby suppressing 
ventricular fibrillation [21].

6. Therapeutic approaches involving ANS in the heart

By understanding the mechanism of influence of the anatomy and physiology of 
the ANS heart and its influence on various heart abnormalities, we can determine 
the appropriate therapeutic approaches. Therapeutic approaches in neurocardiology 
fall into two focuses: (1) applying novel treatment and (2) interaction of non-drug 
and multiple drugs treatments. Patients with cardiomyopathy are suggested to have 
increased sympathetic innervation and decreased parasympathetic innervation; 
therefore, interventions aiming to reduce sympathetic tone and thereby increas-
ing parasympathetic tone are beneficial to reduce the susceptibility of ventricular 
arrhythmia sudden cardiac death. Some options of approaches include the following 
options [4].

6.1 Selective sympathetic blockade

Multiple studies have shown that in patients with heart failure, pharmacologi-
cally inhibition of sympathetic activity may reduce the risk of sudden cardiac death. 
Current pharmacological therapies include β-blockers (β-receptor antagonist) 
and angiotensin-converting enzyme inhibitors (ACE-I), which are the mainstay 
approaches for early hypertension and other cardiovascular disease associated with 
dysautonomia [22]. Surgical techniques, for instance, sympathectomy, reduce the risk 
of comorbidities in patients with hypertension and reduce the incidence of ventricu-
lar arrhythmia [22].
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6.2 Cardiac autonomics modulation therapies

Pharmacological therapies such as β-blockers, ACE-I, angiotensin receptor block-
ers (ARB), aldosterone antagonists, and statins are proven to decrease the risk of 
sudden cardiac death in patients with ischemic cardiomyopathy. In addition, these 
drugs also provide modulations of the ANS by decreasing sympathetic activity and 
increasing parasympathetic activity. Through baroreflex, Angiotensin II decreases 
vagal bradycardia. This effect can be reversed with ACEI and ARB by increasing 
parasympathetic output to the heart. In an experimental study using rat models with 
ischemic cardiomyopathy, aldosterone antagonist and ACEI showed a decrease of 
myocardial NE content, demonstrating an antisympathetic effect. Statin therapies 
show several mechanisms in normalizing sympathetic activity and cardiovascular 
reflex regulation, such as increased baroreceptor sensitivity for heart rate control, 
reducing angiotensin II-induced sympathetic responses, decreasing baseline of 
renal sympathetic activity, and downregulating mRNA and protein expression of 
Angiotensin II type I receptors as well as NADP oxidase subunits of the heart [4].

6.3 Resynchronization therapy

Biventricular pacing has been suggested to improve hemodynamic status in 
patients with intraventricular conduction delay and reduced ejection fraction and 
decreased sympathetic tone in patients with hypertension, thus shifting the auto-
nomic balance of the heart to a less sympathetic more parasympathetic profile [4]. 
Proper cardiac resynchronization therapy (CRT), in the short term, results in left ven-
tricular systolic function improvement and mitral regurgitation reduction, providing 
a more optimal ventricular filling. Over a more extended period, CRT promotes left 
ventricular reverse remodeling, leading to significant functional capacity, survival, 
and quality of life improvements [23].

6.4 Parasympathetic function mortality and cardiovascular risk

Several measurements that can be used to index parasympathetic function/activity 
include resting heart rate, heart rate recovery (heart rate decrease following termina-
tion of exercise), heart rate variability, and baroreflex sensitivity (the responsiveness of 
the cardiovascular system to blood pressure changes). Several studies have shown that 
reduced parasympathetic function is associated with mortality and leads to risk factors 
for cardiovascular diseases. Those risk factors include biological factors such as hyper-
tension, diabetes, abnormal cholesterol; lifestyle factors such as tobacco use, physical 
inactivity, and overweight; and non-modifiable factors such as age and family history [4].

6.5 Vagal stimulation

Vagal nerve stimulation (VNS) is a non-pharmacological intervention to normalize 
autonomic imbalance, directly stimulating the vagus nerve to improve parasympa-
thetic tone and reflex. VNS has been shown to improve left ventricular hemodynamics 
and increase heart rate variability. VNS also results in better vagal reflex and nitric 
oxide expression, improvement of the renin-angiotensin system, inflammatory cyto-
kines modulation, reduced heart rate, risk of ventricular arrhythmias, and mortality 
[24]. A recent multinational, randomized clinical trial called INOVATE-HF (Increase 
of vagal tone in CHF) demonstrated that VNS significantly resulted in favorable effects 
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on quality of life, NYHA functional class, and 6-min walking distance. However, the 
ventricular end-systolic volume index was not significantly different [25].

6.6 Renal denervation

Renal efferent signals regulate renin secretion, water and sodium retention, and 
intrarenal vascular distribution. Efferent signals (as a response to sensory signals from 
renal) activate sympathetic fibers, inhibit parasympathetic fibers, and cause a release 
of catecholamines, which in pathology conditions such as myocardial infarction or 
heart failure, can increase the risk of arrhythmia [26]. Catheter-based renal denerva-
tion (RDN) is a neuromodulation treatment that includes catheter-based ablation to 
the renal artery wall, thus reducing the afferent and efferent sympathetic activity in 
the kidney and globally [26–28]. It has been used to treat drug-resistant hypertension. 
However, the role of RDN has also been studied as adjunctive therapy in patients with 
ventricular tachycardia and heart failure. By reducing circulating catecholamines, 
RDN reduces the electrical heterogeneity in the scarred myocardium and border zone 
regions and thus decreases susceptibility to ventricular arrhythmia and sudden cardiac 
death [26]. RDN has also been suggested to reduce blood pressure, reduce NT-proBNP, 
and improve NYHA class symptoms in patients with heart failure. Therefore, RDN is 
suggested to be favorably impactful for hypertension, MI, and heart failure [28].

7. Conclusion

The heart receives extensive innervation by both sympathetic and parasympa-
thetic systems of the ANS. The sympathetic system carries an excitatory effect on 
heart functions, while the parasympathetic system has inhibitory effects on heart 
functions. ANS abnormalities associated with electrical abnormalities can cause a 
variety of heart manifestations, including ventricular arrhythmias, atrial fibrilla-
tion, Long QT Syndrome, and Brugada Syndrome. Besides electrical abnormalities, 
ANS also correlates with ischemic heart disease. Following electrical and ischemic 
instability, ANS also have a direct effect on action potential duration restitution. By 
understanding the mechanism of influence of the anatomy and physiology of the 
ANS heart and its influence on various heart abnormalities, we can determine the 
appropriate therapeutic approaches. Therapeutic approaches in neurocardiology fall 
into two focuses: applying novel treatment and interaction of non-drug and multiple 
drugs treatments, such as selective sympathetic blockade, cardiac autonomics modu-
lation therapies, resynchronization therapy parasympathetic function mortality and 
cardiovascular risk, vagal stimulation, and renal denervation.
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Appendices and nomenclature

Acetylcholine   neurotransmitters in ANS
ANS    the autonomic nervous system consists of sympa-

thetic and parasympathetic components
Atrial fibrillation   electrical heart abnormalities which are generally 

characterized by arrhythmias on electrocardiogram 
findings

AV block    heart abnormalities based on block of the cardiac 
conduction system in the AV node

AV node   heart node located at the atrioventricular junction
Bainbridge reflex   compensating reaction occurring in an increase in 

heart rate after an increase in cardiac preload
Baroreflex    compensating reaction occurring in an increase in 

heart rate after an increase in cardiac preload
Hyperinnervation  excessive innervation
Jarisch-Bezold reflex  bradycardia, hypotension, and apnea
Myocardial infarction   heart abnormalities in the form of damage to 

heart cells due to lack of blood supply to the cells 
concerned

Neurocardiology   the branch of neurology that studies the nervous 
system of the heart

NYHA functional class   The New York Heart Association’s (NYHA) func-
tional classification system assists in classifying 
individuals with congestive heart failure based on 
their symptoms.

Pulmonary Vein Isolation  a treatment used to treat atrial fibrillation, an 
irregular heart rhythm.

SA node    a cluster of cells in the right atrium. These cells 
can deliver electrical impulses to the heart muscle 
cells, causing them to contract regularly and 
autonomously.

Sympathetic nerve chain  ganglionated chain from the skull base to the coccyx
Vagal nerve stimulation   refers to any procedure that stimulates the vagus 

nerve, whether physical or electronic.
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Chapter 7

New and Emerging Technologies 
for Integrative Ambulatory 
Autonomic Assessment and 
Intervention as a Catalyst in the 
Synergy of Remote Geocoded 
Biosensing, Algorithmic Networked 
Cloud Computing, Deep Learning, 
and Regenerative/Biomic 
Medicine: Further Realization of 
Multidomain Personalized Health
Robert L. Drury

Abstract

While the important role of the autonomic nervous system (ANS) has been  
historically underappreciated, recently there has been a rapid proliferation of empiri-
cal, methodological and theoretical progress in our more detailed understanding of 
the ANS. Previous more simplistic models of the role of the ANS using the construct 
of homeostasis have been enhanced by the use of the construct of allostasis and a 
wide variety of technological innovations including wearable and implantable biosen-
sors have led to improved understanding of both basic and applied knowledge. This 
chapter will explore in particular heart rate variability (HRV) as a rich variable which 
has developed an extensive literature, beginning with predicting all-cause mortality, 
but now encompassing a wide variety of disease and illness states; cognitive, affective 
and behavioral processes and performance optimization. A critical analysis of HRV 
from the perspective of complex adaptive systems and non-linear processes will be 
included and innovative future uses of HRV will be described.

Keywords: ANS, HRV, Digital epidemiology, Smart health, regenerative and biomic 
medicine
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1. Introduction

This chapter was inspired by and dedicated to our friend and colleague Wasyl J. 
Malyj, PhD (April 30, 1947–Oct. 6, 2014), shown in Figure 1. Wasyl was a scientist, 
bioinformatics pioneer, and early adopter of the central importance of heart rate vari-
ability (HRV) in health and wellness. Wasyl’s achievements spanned fields as diverse 
as computer science, bioinformatics, genomics, nutritional science, and most relevant 
here, the significant role of heart rate variability in human health and performance. 
His role as Founding Director of the Medical Informatics Program at the University of 
California, Davis, and School of Medicine brought together his expertise in biomedi-
cine, genomics, and advanced computational and network analysis skills, which he 
applied productively to the genomic understanding of nutritional science. We are 
in awe of his intellectual contributions and pay tribute to his role as a mentor and 
supporter of developing scientists and engineers, including ourselves. As his career 
matured, Wasyl became increasingly involved in developing applied technologies to 
harness HRV for health care research and practice, and examples of his contributions 
will be cited in the latter part of this chapter.

Integrative Management is a subcategory of i4P Health [1], which identifies the 
centrality of integrative, personalized, prescriptive, preventive, and participatory 
principles and practices in safe and effective health promotion, care and maintenance. 
Integrative Management emphasizes that the relationship between healthcare practi-
tioner and patient is central to achieving an outcome of improved health and wellness. 
This is often referred to as “empowering the patient”, who is seen as a central member 
of the treatment team. In this paper, we explore the advantages of using the integra-
tive approach to managing chronic stress, and how new and emerging technologies 
clearly lead to successful outcomes in this area of health promotion. Integrative health 
and medicine focus on the whole person and make use of all appropriate assessment 
and therapeutic approaches that are informed by evidence. Integrative health care is 
inherently transdisciplinary. Inter-professional and traditional allopathic medicine 

Figure 1. 
Drs. Malyj (R) and Drury (L) exploring algorithm development from an elevated perspective.
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is but one of several aspects of holistic health care. The Integrative Management 
framework depends on the diagnosis, treatment, and prevention of disease provided 
by a team of allied health professionals that includes the health-seeking individual, 
making optimal personal health and not just simply medical disease management, the 
central focus. Thus, this approach broadens the focus to include a comprehensive set 
of independent (diagnostic) and dependent (outcome) measures.

2. Autonomic nervous system functioning

While the important role of the autonomic nervous system (ANS) has been his-
torically underappreciated, recently there has been a rapid proliferation of empirical, 
methodological, and theoretical progress in our more detailed understanding of the 
ANS. Previous more simplistic models of the role of the ANS using the construct of 
homeostasis have been enhanced by the use of the construct of allostasis and a wide 
variety of technological innovations including wearable and implantable biosen-
sors have led to improved understanding of both basic and applied knowledge. This 
chapter will explore in particular, heart rate variability (HRV) as a rich and complex 
variable that has generated extensive literature, beginning with predicting all-cause 
mortality, but now encompassing a wide variety of disease and illness states; cogni-
tive, affective, and behavioral processes and performance optimization. A critical 
analysis of HRV from the perspective of complex adaptive systems and non-linear 
processes will be included and innovative future uses of HRV will be described.

Normal ANS function reflects an adaptive level of interplay between the para-
sympathetic nervous system (PNS) and sympathetic nervous system (SNS) that 
produces a response to physical and psychophysiological challenge and stress. The 
PNS produces cardiac deceleration (“rest and digest” or “tend and befriend”) and 
the SNS produces cardiac acceleration (“fight or flight” and stress response), while 
extreme stress elicits the “freeze” or “deer in the headlight” response, technically 
termed death feigning and can actually lead to death. However, chronic stress devel-
ops into hyper-arousal of the SNS, a process referred to as “HPA overdrive” because 
of the involvement of the hypothalamic-pituitary-adrenal axis. HPA overdrive 
causes excess glucocorticoid signaling, receptor downregulation, an end to normal 
negative feedback regulation of the stress response, and proliferation of peripheral 
pro-inflammatory cytokines by catecholamines. Thus, chronic stress reinforces more 
stress responding in a feed-forward cycle accompanied by a neuro-modulator pre-
sentation that is similar to depression. Psychological catastrophizing and rumination 
further augment the prolonged stress response and are core aspects of the expression 
of chronic stress. The work of Bruce McEwen of Rockefeller University and associates 
on allostasis and allostatic load identifies adaptive and maladaptive outcomes in the 
stress and coping process.

The negative health effects of chronic stress can be reduced by Autonomic Self-
Regulation (ASR) because ASR dampens HPA hyper-arousal, calms the SNS, stimulates 
robust PNS activity, and restores normal ANS function. ASR further empowers patients 
to overcome the psychological sources of stress that accompany chronic nociceptive 
pain and self-regulate their emotions. ASR is defined as the technique of Heart Rate 
Variability (HRV) Biofeedback (HRVB) that incorporates (1) paced resonant frequency 
breathing (RFB), (2) focused attention or Mindfulness, and (3) positive emotional cog-
nitions including those such as acceptance, compassion, gratitude, prayer, and love. ASR 
can rehabilitate the ANS that has been dysregulated by sensitized chronic nociceptive 
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pain. Although HRV can be quite simply defined as a variation in the time interval 
between heartbeats recorded either from the ECG or a plethysmographic (pulse) sensor, 
this simple definition belies the complexity that exists in both the quantitative analysis 
of inter-beat interval (IBI) data and the fundamental systemic physiological processes 
that underlie HRV. Healthy HRV contains a regular pattern of increasing and decreasing 
IBI’s between consecutive beats that increases HRV, while unhealthy HRV is relatively 
low due to either little variation between IBI’s or random, unorganized differences 
between consecutive beats. In the late 1970s, low HRV was found to be a powerful 
clinical predictor of sudden cardiac mortality after myocardial infarction [2, 3]. By the 
late1980’s, research revealed that adaptive cognitive performance was related to high 
HRV [4] and certain forms of mental disorder were related to low HRV [5].

3. Biofeedback

Biofeedback in general is simply defined as the process of gaining greater aware-
ness of physiological functions using instruments that provide information on the 
activity of those same systems, with the goal of being able to control them volition-
ally. In addition to HR, physiological processes that can be controlled with biofeed-
back include electroencephalogram electromyogram and skin conductance. Clinically 
accurate measurement of IBI dates back to the beginning of the twentieth century, 
but it was the electronic digitization of computer software and increased computing 
power that made the quantitative analysis of HR and calculation of HRV easy and 
simple, accounting for the proliferation of interest in HRV. While breath or breath-
ing training is an ancient practice with numerous forms, the production of HRV 
Coherence depends critically on RFB which paced breathing around 6 breaths per 
minute. The response of the ANS to RFB increases the amplitude of HRV rhythmic 
variation because 6 breath cycles/minute (= 10 seconds/cycle = 0.1 cycle/second =0.1 
HZ) is the resonant frequency of the entire cardiovascular system (respiration, heart 
rate, baroreflex, and vasomotor tone) and parasympathetic outflow peaks [6]. Today, 
HRVB is widely and popularly taught and learned globally, building on the work of 
Gewirtz and Lehrer. Continual improvements in software algorithms and hardware 
have produced tools that are more efficient, more sensitive, more adaptable, more 
meaningful, and better visualized for collection and analysis of HRV data.

4. Heart rate variability

While HRV monitoring in the past has been done as a static ‘snapshot’ of HRV 
status with sensors cabled to a desktop or laptop computer, the future is ambulatory, 
real-time, and dynamic in naturalistic settings. Development of different platforms is 
being solicited by small business development grants by NIH/ARPA-H, DoD/DARPA, 
and NSF, in the private entrepreneur market, and university research to create wear-
able systems that are effective for reliable measurement of IBI in naturalistic environ-
ments, including home, employment, and battle settings. But many issues remain 
to be resolved before this movement gets going full steam into clinical practice and 
utility for clinical pain management: HRV does not have an accepted “gold standard” 
definition; not all devices have bridged from research quality to FDA approved; 
questions of privacy, confidentiality, and HIPAA compliance for HRV data are being 
confronted; third party reimbursement is poor to non-existent.
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Fitness watches continuously track HR and can transfer data to a software dash-
board that can compute HRV. Recent clinical research with an Apple watch app tracked 
people with epilepsy and found that seizures are often related to stress and missed 
sleep. Small chest patches with electrodes contain highly miniaturized fully-featured 
circuits for ECG detection. Vests are available that have HR electrode sensors and 
include additional sensors such as 3-axis accelerometers, respiration, skin conduc-
tance, and even more sophisticated physiological measures such as skin and ambient 
temperatures, “pulse-transit-time” (an indirect measure of systolic blood pressure), 
and EMG. The ultimate goal in signal acquisition is an entirely unobtrusive and long-
lasting electrode array and signal transmission system which connects with networked 
devices since belts, cords, and watches are frequently not used reliably over long 
durations by many users. The rapidly advancing technology of biofilms with electronic 
monitoring capabilities will certainly assist in creating an unobtrusive, durable, and 
reliable HR acquisition technology. In addition to engineering fixes to this problem, the 
Quantitative Self Movement is making this type of assessment more culturally accept-
able, with some individuals even having hardware installed in their bodies.

Ambulatory HRV monitoring has become a player in the health informatics “big 
data” movement. What is envisioned is having wireless transmission of HR data 
through processing algorithms in the cloud or through separate servers. The large-
scale application of this plan falls into data mining protocols, from which new and 
important insights about basic HRV properties can be extracted. On the individual-
ized level, transmitted HR data can be analyzed for comparability with normal 
healthy individuals and known physical and mental clinical populations as has been 
demonstrated by Jarczok et al. [1, 20].

Beginning in 1984, Wasyl Malyj’s work anticipated the current groundswell of 
interest in heart rate variability and the use of biocomputation in the analysis of com-
plex data sets. Since his initial work, the tiny literature has grown exponentially and 
now includes over 21,000 citations in a recent PubMed search of the term heart rate 
variability or HRV. Malyj’s patented “Trainable adaptive focused replicator network 
for analyzing data” classifies signal patterns using array elements that “learn” to repli-
cate predetermined sub-groups. This advanced wireless signal processor inputs physi-
ological measures through large-scale databases and Malyj’s patented FFT/neural 
network and pattern recognition algorithm. The result is fast matching of patient data 
to (1) provide predictive warning of acute health crises, and (2) real-time evaluation 
of diagnostic & treatment options for complex patient needs, using matched clinical 
records from other, similar cases. This is the bridge to individualized medical care 
plus a way to fill gaps in patient-doctor communication, as opposed to the averaged 
approaches dictated by today’s dominant insurance/corporate models for efficient 
health care this, then, represents a very distinct form of personalized medicine.

Surely, one futuristic method of HR monitoring which is now a reality is remote 
real-time detection of pulse. Researchers have successfully deployed several different 
systems that measure pulse with as much accuracy as ECG: near field radar embedded 
in a smartphone camera programmed to display pulses as micro-movements invisible 
to the eye; video processing algorithm magnifying subtle changes in color reflecting 
redness due to pulse pressure on skin; microwave Doppler radar and more specu-
latively, satellite measurement of carotid artery pulsations. This is an age when the 
science-fictional Star Trek medical tricorder for whole-body scanning examination 
is no longer apocryphal (see discussion of “Berkeley Tricorder” that follows). And 
the acquisition, algorithmic analysis, real-time therapeutic feedback, and actionable 
information based on HRV are within technological reach.
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Unfortunately, despite the optimistic outlook that follows from the recounting so 
far of opportunities for individualized and personalized integrative management of 
health and wellness, we must acknowledge that the United States healthcare care  
system suffers from significant conceptual and operational shortcomings. 
Theoretical and conceptual limitations of the traditional biomedical model are 
gradually being addressed and a fuller range of independent and dependent vari-
ables are being used, which include both individual factors and environmental 
issues. Because of these limitations, the United States with perhaps the highest per 
capita expenditure of health funds has both lower quality of outcomes and safety 
of the modern industrial nations. These relatively poor results come from both 
business practices by both the pharmaceutical and healthcare industries and inad-
equate governmental and regulatory These multiple factors are poorly integrated 
conceptually but this chapter proposes an initial synthesis of emerging technologies 
that can contribute useful, practical, and inexpensive indicators of health status and 
outcome, both for clinical and population health interventions. Such technologies 
can also be used for interventions such as biofeedback and patient education and 
self-regulation. It is axiomatic that from the scientific standpoint which can guide 
rational policy, without reliable and valid metrics, our understanding and ability to 
act is severely limited. While far from definitively addressing all of the multifarious 
issues of health care, a wedding of advanced technologies will catalyze progress in 
integrating consilient scientific knowledge. The potential role of HRV as a catalyst 
emerges as a practical way to improve this condition since it is a highly sensitive 
indicator of a wide variety of pathological conditions, diseases, and health-related 
phenomena. This venture is in the early development stage, but the concept has been 
proven and demonstrated and awaits the applications of appropriate resources to 
advance to operational capability.

Historically, major improvements in human health have come from public health 
interventions that target technological factors such as creating sanitary and salubri-
ous environments. John Snow’s removing the Broad Street pump handle terminated 
the London cholera epidemic and temporarily shutting down their coal-fired power 
plants ended a killer smog. As technology has continued to evolve, the concept of 
“smart technology” has emerged and led to the term Internet of Things (IoT). It is 
now reasonable to propose an Internet of Healthy Things (IoHT), which should be 
conceptualized as a public utility, rather than a consumer marketed commodity. 
Capra and Luisi’s [7] complex adaptive systems framework can be applied to use 
sensor acquired bio information with networked cloud computed deep learning 
algorithms to produce significant improvements in health for both individuals and 
populations. We will now describe an emerging opportunity to use remotely acquired 
and network processed HRV to catalyze such a development.

5. HRV application

While the understandable major concern of most individuals is their own health 
status and that of their primary support network, understanding of population health 
and its dynamics are essential to informed policy development and practice guide-
lines. This is extremely timely since the current ongoing global SARS Cov 2 pandemic 
has devastated the health and lives of millions and the lack of monitoring and testing 
has been a major determinant of the unfortunate course of the multiple waves of vari-
ants of concern. Several examples of previous work that set the stage for the proposed 
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HRV model will be described as preconditions for a “perfect storm” of technological 
evolution [8, 9].

The first example is described by the National Institute of Standards as “Analysis 
as a Service” (AaaS) [10] and was developed by IBM [11]. Watson Analytics (WA) 
carries out multiple cloud-based data analyses and displays them in multiple formats 
as shown in Figure 2.

Guidi et al [12] used WA to demonstrate proof of concept for a cloud-based HRV 
data acquisition and analysis system which can make accurate clinical diagnostic 
decisions differentiating patients with Heart Failure from normal individuals on the 
basis of HRV. As illustrated in Figure 3, the process involves data acquisition using the 
PhysioBank and PhysioNet [13] to obtain and categorize standardized ECG data sets 
into the appropriate format of R to R intervals using the PhysioNet HRV Toolkit. The 
accuracy of prediction using HRV is displayed in Figure 4 and compared to data from 
published literature, These statistics were compared to the data available in the current 
literature and predictive accuracy of 90% was derived. This study demonstrates proof 
of concept that cloud computing can generate accurate HRV data. Figure 4 shows the 
results concerning accuracy of prediction using the Total Power HRV (TOT_PWR) 
statistic with predictive accuracy data.

The second example is the work of King et al. [14], who showed that on-scene 
accident triage decisions using a brief remotely obtaining HRV sample produced 
superior decisions to those of on-scene EMTs when requesting expensive but 
potentially life-saving helicopter evacuation. They used the standard deviation of 
non-normal intervals (SDNN), one of the candidates for broader use of HRV, and 
showed a sensitivity of 80% and specificity of 75%. Both the King nad Giudi studies 
provide proof of concept for the important role that HRV can play in healthcare set-
tings, including triage and other diagnostic processes. It has also been demonstrated 
[8] that HRV can detect septicemia well before any clinical symptoms or signs 
emerge and that COVID-19 can be detected seven to nine days before symptoms 
emerge [1]. Beyond identifying pathological states and conditions, HRV has also 
been used to study important psychosocial functions such as executive functioning 
and resilience [1, 15].

As has been suggested in my previous work [8], technical developments in 
biosensors, microelectronics, computer networking, algorithmic data analysis such 
as deep learning, psychological self-regulation, and control allow a synergistic 
confluence which allows multiparameter continuous individual or population data 

Figure 2. 
IBM’s Watson Analytics multiply modalities. Reproduced from Guidi et al. [12].



Autonomic Nervous System - Special Interest Topics

96

for both assessment and intervention by means of a miniature electronic device. 
Interestingly, such a device, shown in Figure 5, originally dubbed by Dr. Malyj the 
“Berkeley Tricorder” was indeed loosely described in the prescient science fiction 
of Robert Heinlein in his masterpiece Starship Troopers and popularized in Star Trek. 
The therapeutic use of the device was described by Drury et al. [16]. The ECG data 
acquired can be easily analyzed by both linear and nonlinear HRV statistics. Using 
such devices in a networked fashion through secure encrypted data processing would 
realize the fictional ability Heinlein described where military team members would 
be in constant nonverbal communication and awareness of the functional state of 
each of their fellow combat team members. Such technology could easily be created 
to use algorithmic analysis of the aggregated HRV, respiration, and accelerometry 
data to indicate categorical personnel status indications: fully operational, impaired, 

Figure 3. 
Workflow diagram used in the WA process by Guidi and colleagues. Reproduced from Guidi et al. [12].

Figure 4. 
WA Results using HRV Total Power as the predictor in the Guidi et al study. Reproduced from Guidi et al. [12].
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disabled or dead, which would allow mission sensitive special operations personnel 
to be instantly and continuously aware of overall team functional ability and allow 
for fine-grained command and control on scene and at higher levels of command for 
decision support.

A similar technological approach could be taken to routinely monitor individual 
and population health status and would facilitate the early identification of deviations 
from healthy health parameters. Rather than waiting for the emergence of symptoms 

Figure 5. 
Demonstrating the use of a wireless multi-parameter biosensor in conditions of rest, exercise, and recovery which 
was transmitted in real time to a laptop computer via Bluetooth Reproduced from Drury et al. [16].
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necessitating intensive, heroic, and highly expensive inpatient ICU treatment, this 
approach would constitute a less expensive Extensive Care System (ECS) which 
would blend population health, epidemiological methods with ipsative clinical 
intervention which could range from health promotion and disease prevention to 
multidimensional clinical treatment interventions. Such an application should be 
deemed Digital Epidemiology or Smart Health. Since this type of system would not 
require verbal input from patients, it could be used in assessing the health status 
of those who traditionally underreport symptoms, such as the elderly, and act as a 
check on possible overutilization because of the extensive baseline data available for 
individuals. Given the potential for Bluetooth enhanced bidirectional voice commu-
nication, if desired, verbal health promotion prompts and instructions could be easily 
delivered as well. Further, the use of smartphones with apps, which are widely used 
worldwide, even when little or no more conventional infrastructure exists, is practical 
and scalable.

This type of performance capability monitoring would also be valuable in voca-
tional settings where fatigue and exhaustion are factors since the system described 
here could be enhanced with a continuous performance task, which would detect 
increasing signal detection errors, a sensitive measure of fatigue. The same tech-
nology could be configured to assess the ongoing ability of elders and vulnerable 
populations for independent living and detect the early onset of symptoms and HRV, 
a biomarker of disease, disability, and functional status. A similar data acquisition 
system using Bluetooth connection to cell devices could function as a digital epidemi-
ology tool that would be particularly valuable in developing countries where cell-
phones are a primary means of communication. With the addition of EEG and EMG 
sensors, this device would be fully capable of conducting all-night polysomnography 
(PSG) in the patients’ home, thereby surpassing the “gold standard” sleep laboratory 
PSG, with a “platinum” PSG in the natural sleep environment, eliminating the well 
documented “first-night effect” of sleeping in the foreign setting of a sleep laboratory, 
and enhancing the ecological validity of the field of polysomnography.

These uses are being facilitated and expanded by the rapid development of 
advanced miniaturized sensors and data acquisition materials. For example, Blaschke 
et al. [17] have described the use of flexible graphene-containing solution gated 
field-effect transistors to acquire high fidelity EEG signals in a noninvasive and unob-
trusive manner. Similarly, Coleman and colleagues [18], with support of the Gates 
Foundation have described the use of ultra-thin stretchable and flexible devices which 
include adhesive peeled attachment nodes for long-term continuous monitoring of 
electrophysiological data. Thus, the field of advanced materials is progressing rapidly 
and can play an integral role in the development of iP4 Health, as can developments in 
genomics, data mining, cloud computing, regenerative medicine, and microbiomics 
[18], which have high synergistic potential.

An example of this synergistic potential is the use of HRV and other ANS tech-
niques and concepts in the area of stem-cell and regenerative medicine. Gogolu et al. 
[19] summarize literature demonstrating the viability of using pluripotent human 
stem cells in generating enteric nervous system progenitors, while Major et al. [20] 
outline the step-wise differentiation of forebrain late oligodendrocyte progenitor cells 
(OPCs) from human pluripotent stem cells in defined chemical in vitro culture condi-
tions. The enteric nervous system (ENS) is a key component of our enhanced view 
of the ANS, described as the Central Autonomic System by Thayer and Lane [21] and 
Benarroch [22]. Recently, Liu [23] has summarized the important and complex rela-
tionship between the microbiome, stress, and HRV. The close relationship between 
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the nervous system, stem cell biology, and the microbiome is highly significant as an 
area of great importance for further research. In particular, stem cell interventions 
may allow modification and repair of key anatomical and physiological structures and 
processes.

6. Conclusion

Given the importance of global health highlighted by the Gates Foundation’s 
Grand Challenges and others [24], a great advantage could be obtained by the use of 
the rapidly proliferating cellular networks that have leapfrogged traditional wired 
telephony and made higher computing power available through smartphones. The 
multi-parameter data acquisition, processing, and analysis system described above 
could be easily integrated into existing cellular networks and provide extensive health 
status monitoring in less developed and poor areas of the world. The great advantage 
of HRV is its high sensitivity to a very wide and diverse inventory of disorders and 
conditions, although it is not highly specific in identifying discrete pathology. This 
makes it ideal for ongoing primary health surveillance and screening in the natural 
environment, while follow-up evaluation is focused on specific identification and 
treatment of the condition. Given the digital nature of the HRV signal (interbeat 
intervals), it also streamlines algorithmic analysis and case identification to health 
personnel.

We now have the opportunity to apply new HRV technologies and algorithms in a 
dynamic way for a modest cost to yield powerful gains in research and development 
of individualized i4P health enhancement. One starting point is the use of technolo-
gies for ambulatory self-monitoring, with reliance on point-of-service medical service 
resources reduced, lowering costs with fewer side effects. The approaches described 
here represent an inflection point for translational research and development which 
may advance health care significantly. Despite the clearly inadequate conceptualiza-
tion and deployment of the current “healthcare” system (actually a “cost contain-
ment, chronic disease management” system), the bottom line proposed here is using 
HRV with a suite of sister technologies as a catalyst for better health, safety and 
quality of life and more efficient allocation of expensive healthcare resources in an 
accessible manner to achieve truly smart health and wellness(IoHT).
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Abstract

Speech is a complex process that requires the coordination of multiple structures 
of the phonatory system regulated by the central nervous system. Specifically, the 
larynx is the key point necessary for the vocal folds to come into contact to convert 
the air that comes out of our lungs into sound. Vocal emission involves the genesis 
of a precise and prolonged expiration that provides an adequate pressure/air flow 
component to generate a subglottic pressure compatible with vocalization. The 
starting point for voluntary vocal production is the laryngeal motor cortex (LMC), a 
common structure in mammals, although the specific location within the cortex dif-
fers in humans. LCM projects to the periaqueductal gray matter (PGM), which leads 
to pontomedullary structures to locate the generators of laryngeal-respiratory motor 
patterns, necessary for vocal emission. All these regions present a high expression of 
FOXP2 transcription factor, necessary for brain and lung development that is closely 
related to vocalization. These central structures have in common that not only convey 
cardiorespiratory responses to environmental stress but also support vocalization. 
At clinical level, recent studies show that central circuits responsible for vocalization 
present an overactivity in certain speech disorders such as spasmodic dysphonia due 
to laryngeal dystonia.

Keywords: central nervous system, laryngeal motor cortex, laryngeal motoneurons, 
periacueductal gray matter, FOXP2, vocal emission, speech, laryngeal dystonia

1. Introduction

Central control of vocalization involves the activation of different interrelated 
brain structures in complex networks. Vocalization in mammals depends on a net-
work originating in the laryngeal motor cortex, which projects to the mesencephalic 
Periaqueductal Gray Matter (PAG). The PAG modifies the activity of all pontomedul-
lary structures responsible of generating all the laryngeal-respiratory motor patterns, 
necessary for vocal emission. These pontomedullary generators control the pattern 
and intensity of activation of respiratory, laryngeal, oropharyngeal, and craniofacial 
motor neurons [1].
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Vocal emission involves the genesis of a precise and prolonged expiration that 
provides an adequate pressure/air flow component to generate a subglottic pressure 
compatible with vocalization. The nucleus ambiguus (nA), where laryngeal motor 
neurons are concentrated, is mainly responsible for this. All these regions present a 
high expression of the FOXP2 factor. FOXP2 is a transcription factor necessary for 
brain and lung development that is closely related to vocalization. Throughout the 
evolution of the human species, synaptic connectivity and plasticity in the circuits of 
the basal ganglia were increased, improving motor control and human cognitive and 
linguistic abilities [2].

Vocal fold abduction and adduction are known to be accomplished by two distinct 
populations of motor neurons located within the caudal third of the nA. It can be 
divided into three main parts: the compact formation (with motor neurons that inner-
vate the esophagus), the semi-compact formation (with motor neurons that innervate 
the pharynx and the cricothyroid muscle of the larynx innervated by the superior 
laryngeal nerve) and the sparse formation (with motor neurons that innervate the 
laryngeal muscles except the cricothyroid) [3].

In previous work by our research group, the activity of the laryngeal motor 
neurons of nA and the reflex mechanisms involved in respiratory laryngeal responses 
have been characterized, suggesting that the parabrachial complex (PBc) and the A5 
region (A5) have a role in modifying the activity of laryngeal motoneurones localized 
in the nA and accordingly the striated laryngeal muscles of the upper airway [4, 5] 
(Figure 1). Pontomedullary respiratory nuclei: PBc, A5, the nucleus of the solitary 
tract (NTS), nA and retroambiguous nuclei (nRA), paraambiguous (nPA) and retro-
facial (nRF) integrate inputs from central and peripheral receptors and from superior 
structures to produce changes in the basic respiratory rhythm (eupnea). These 
changes are a prerequisite for survival (for example, tachypnea associated with the 
defense reaction, which increases the supply of oxygen preparing to fight or defend, 
or the response of gasping reset in the event of intense anxiety with respiratory 
alkalosis). But these changes in respiration are also necessary to maintain a constant 

Figure 1. 
Laryngeal and respiratory responses to electrical stimulation in the medial (a) and lateral (b) parabrachial 
nucleus and (c) to glutamate microinjection in the A5 region. Phrenic nerve discharge, respiratory airflow, pleural 
pressure, subglottic pressure and integrated phrenic nerve discharge showing an expiratory facilitatory response 
with an increase of subglottic pressure during electrical stimulation (20 mA, 0.4-ms pulses, 50 Hz for 5 s) in the 
medial parabrachial nucleus, an inspiratory facilitatory response with the decrease of subglottic pressure during 
electrical stimulation (10 mA, 0.4-ms pulses, 50 Hz for 5 s) in the lateral parabrachial nucleus and an expiratory 
facilitatory response with an increase of subglottic pressure during a glutamate injection (10 nl over 5 s) in the A5 
region. The arrow shows the onset of injection.
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expiratory flow that allows vocalization. It is known that Periaqueductal Gray Matter 
(PAG) is a key point in coordinating the efferent activity from limbic, cortico-
prefrontal and cingulate afferents, modifying the activity of all these mesencephalic-
pontomedullary nuclei [2].

2. PAG as a key point in vocalization

The PAG presents a large number of afferences. The most important have their 
origin from the prefrontal cortex, amygdala and hypothalamus. Its efferent projec-
tions to different pontine nuclei allow it to coordinate different patterns of cardiore-
spiratory and motor responses depending on the type of stimulus. Other functions of 
PAG include thermoregulation, participation in wakefulness and sleep mechanisms, 
or modulation of neuropathic pain or urination. At the clinical level, we know that its 
activity is modified in different neurodegenerative processes such as Alzheimer’s and 
multisystemic atrophy [6–9].

All these higher structures that project to the PAG integrate visual, auditory and 
somatosensory information in the context of basic mechanisms for survival, main-
taining an efferent tone on the PAG which, in turn, projects on the pontomedullary 
respiratory nuclei involved in respiratory rhythmogenesis to change from eupnea to a 
rhythm adapted to vocalization or growling. Specifically, the nRA is the perfect target 
to convert passive breathing into active breathing to generate motor activities that 
produce changes in abdominal pressure, in addition to modifying the activity of the 
motor neurons that are located in the nA and that control the caliber of the pharynx 
and larynx [10, 11]. Stimulation of PAG and nRA is known to produce vocalization 
[12] and lesions in PAG cause mutism in animals and humans [13, 14] and vocal-
ization and problems in the production of voice when lesions occur in nRA [15]. 
However, the electrophysiological influence of PAG on these pontomedullary nuclei 
has not yet been described.

3. Vocalization in apes: PAG-laryngeal motor cortex connectivity

Regarding the studies of the pathways that participate in voluntary and invol-
untary vocalizations, there is a model that explains vocal control that includes two 
hierarchically organized pathways. Involuntary vocalizations are innate and require 
a different control mechanism than that which dominates voluntary vocalizations or 
speech [16, 17]. These emotional expressions, such as crying or laughing, are directed 
by the emotional system, made up of specific pathways that target the brain stem 
and spinal cord [18, 19]. Specifically, research carried out with the squirrel monkey 
has determined that the system includes: the cingulate gyrus, the PAG, and various 
pontine and medullary nuclei [20–24].

The PAG receives projections from the upper limbic regions and from cortical 
areas such as the anterior cingulate gyrus, insula, and orbitofrontal cortex. In addi-
tion, it maintains connections with the caudal part of the nRA. The nRA has direct 
access to the motor neurons involved in vocalization, that is, it controls the motor 
neuron groups that innervate the soft palate, pharynx, and larynx, as well as the dia-
phragm, intercostal, abdominal, and pelvic muscles. Its final objective is to control/
modify the intra-abdominal, intrathoracic and subglottic pressure, the control of 
which is essential to generate vocalization.
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In primates, vocalizations, in addition to activation of the PAG, can be produced 
by electrical stimulation of the hypothalamus [20, 25, 26], amygdala [20], bed 
nucleus of the stria terminalis [22], orbitofrontal cortex [27] and anterior cingulate 
gyrus [28], since all these regions have a strong connection with the PAG [29–33]. The 
only necessary condition is that the PAG was intact [13, 34, 35].

On the contrary, if areas that are not connected with the PAG, such as the 
motor or premotor cortex, are stimulated, no vocalizations are produced [36, 37]. 
These results emphasize the essential role of the PAG in the production of vocal-
ization in primates as well as in humans. This coordinating role in the generation 
of vocalization is also demonstrated by the fact that the activation of the caudal 
levels of the PAG can generate partial vocalizations through its connection with 
the nRA [10, 38, 39].

In summary, the input of the stimulus occurs in the primary integrating center 
of vocalizations (VOC). Next, the superior temporal gyrus, the supplementary 
motor area and the insula, will be in charge of modulating the stimulus. Once the 
output from the VOC is produced, the stimulus can be directed to the corticobulbar 
pathway and cerebellum directly or, on the contrary, it can go from the cingulate 
gyrus, the PAG, the pons, until reaching the reticular area of the medulla; which 
has access to the nA ipsilaterally and contralaterally [40]. On the other hand, the 
voluntary production of voice in human beings consists of a sound modulation of 
sound. This production depends directly on the laryngeal motor cortex, that is, 
the production of voluntary vocal emissions in humans, requires the activation of 
this cortex, located in the dorsal portion of the ventral zone of the primary motor 
cortex, and its direct connection with the laryngeal motor neurons of the nA, 
which are in charge of controlling the laryngeal muscles for the emission of learned 
vocal patterns [41].

However, it has been shown that during speech emissions there is a joint acti-
vation of the voluntary and involuntary system [19]. An involuntary activation 
of the path takes place automatically to give the vocal emissions the appropriate 
emotional character. Therefore, stimulation of the pathway that originates in the 
primary motor cortex and runs through the PAG and nRA is required; in addition 
to the activation of the pathway that goes from the laryngeal motor cortex directly 
to the corticomedullary fibers, which will activate the motor neurons of the face, 
mouth, tongue, larynx and pharynx, to control the production of words and 
phrases.

Finally, vocal control will depend on the primary motor area, a bilateral structure 
that is responsible for laryngeal control and orofacial musculature [42], in addition 
to the activation of the superior temporal gyrus to compensate for alterations in the 
auditory feedback of the tone used during phonation. Likewise, two feedback loops 
are put into operation that provide the motor cortex with the information necessary 
to carry out motor commands for phonation. One of these loops includes the basal 
ganglia, while the other involves the cerebellum. However, these structures seem 
unnecessary for the production of innate vocal patterns [43, 44].

Therefore, we see that emotional emissions in humans require bilateral activa-
tion of the laryngeal motor cortex (Figure 2) [45]. Furthermore, the system for 
the production of speech involves a predominant activation of the left hemisphere, 
including the superior temporal gyrus, the anterior insula, the basal ganglia, and the 
cerebellum. For this production, the activity of the cingulate gyrus and the PAG is 
also necessary, in variable degrees, to associate the emotional character with the vocal 
production.
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4. Other structures functionally related to the PAG

Other intermediate structures project both to the laryngeal motor cortex and the nA. 
One of these structures is PBc, cited above [46]. Neuronal unit recording experiments 
demonstrate the presence of neuronal activity during vocalization [47], suggesting that 
this nucleus is involved in laryngeal motor coordination as an intermediate nucleus of 
proprioceptive information between the cortex and the nA. In addition, recent work 
has shown that both cPB and PAG have high immunoreactivity to the expression of the 
FOXP2 gene, demonstrating that both regions are primarily involved in modulating the 
expiratory flow necessary for the production of the sound and voice [2].

In one of the latest works carried out by our research group, we have demonstrated 
that the column corresponding to the dorsolateral PAG is involved in the control of 
defense response [48, 49], which is associated with tachycardia, hypertension and 
redistribution of blood flow. This sympathetic response is mediated by the rostro-
ventrolateral medulla (RVLM), which, in turn, activates sympathetic preganglionic 
neurons present in the intermediolateral column of the spinal cord. These projections 

Figure 2. 
Scheme of squirrel monkey brain coronal section showing the voluntary and involuntary pathways controlling the 
larynx.
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are ultimately responsible for the sudden increase in blood pressure. It is also known 
that the increase in blood pressure is produced by indirect activation of the RVLM by 
other less studied pathways [50–52].

The dorsolateral PAG does not have direct connections with the RVLM but 
has very dense connections (afferents and efferents), with the hypothalamic area 
responsible for the activation of the RVLM during the defense response. We know 
that the cardiorespiratory activity of dorsolateral PAG neurons depends on the 
activity of these hypothalamic neurons [52, 53]. Likewise, our group has shown 
that there are functional connections from this hypothalamic area and other pons 
structures such as the parabrachial complex (cPB) [54, 55] and A5 area [56, 57]. 
Both regions are rich in FOXP2 expression. Our research group has shown the 
importance of the interrelation between some of these hypothalamic-midbrain 
and pontomedullary structures involved in cardiorespiratory control. More 
specifically, we have focused on the analysis of these interactions by analyzing the 
defense response evoked from specific areas of the hypothalamus (dorsomedial 
hypothalamic area and perifornical area (DMH-PeF)) [54–57] and midbrain 
(PAG) (Figures 3 and 4) [48, 49].

Originally, the stimulation of these areas evokes a series of cardiorespiratory and 
autonomic changes that characterize the defense response [58]. The defense response 
prepares the animal for situations environmental stresses that require a rapid loco-
motor response characterized hemodynamically by hypertension, tachycardia and 
redistribution of blood flow from abdominal and visceral areas to the skeletal muscles 
of the extremities. Additionally, this response is accompanied by mydriasis, increases 
in respiratory rate and tidal volume and vocalization [56].

Recent publications propose DMH-PeF as one of the main areas of the hypothala-
mus that generate the defense response carried by the PAG [59]. Disinhibition of 
DMH-PeF after microinjection of bicuculin (GABA receptor antagonist) produces 
an increase in renal sympathetic activity and blood pressure that has been attributed 
to the activation of neurons in RVLM [60, 61]. The administration of bicuculin also 
produces an increase in heart rate, which decreases between 30 and 50% due to the 
inhibition of Rafe Pallidus with muscimol [62–64]. In addition, there is morphologi-
cal evidence of projections from the DMH to the Rafe Pallidus [65]. The results seem 
to show that the pressor and tachycardia cardiovascular responses, typical of stress, 
evoked from this region, including in the DMH-PeF, would present two descending 

Figure 3. 
Extracellular recordings of two putative cells were recorded from the A5 region. (A) Silent neuron (upper 
trace, 4 superimposed sweeps) with constant-latency responses to HDA stimulation (lower trace). The cell was 
demonstrated to be orthodromically activated from the HDA. (B) Silent neuron (upper trace, 4 superimposed 
sweeps). The lower trace shows constant latency responses (4 superimposed sweeps) to the dlPAG stimulation.
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routes, one responsible for the increase in blood pressure, via RVLM, and the other 
responsible for the increase in heart rate, via Pale Rallidus. Both responses use the 
PAG as an intermediate station [60].

5. Preliminary results

In previous studies, we have characterized the activity of laryngeal nA motor 
neurons and the reflex mechanisms involved in respiratory laryngeal responses. We 
have also described the existence of a network of hypothalamic-midbrain-pontomed-
ullary nuclei that modulate the cardiorespiratory responses produced to certain types 
of stress. Bearing this in mind and knowing that many of these structures express 
FOXP2 and participate in vocalization processes, the limited number of existing pub-
lications that study the electrophysiological relationships between the neural circuits 
involved in the control of laryngeal activity is striking.

Recently, we have been able to carry out a series of preliminary experiments with 
the techniques that we had been using for years and that we are taking up again. The 
results of this previous approach include the “in vivo” recording of laryngeal motor 
neurons and the recording of subglottic pressure and laryngeal resistance using the 
technique of “isolated glottis in situ” and the analysis of the changes that occur in 

Figure 4. 
Instantaneous respiratory rate (upper trace), respiratory flow, pleural pressure, instantaneous heart rate and 
blood pressure in a spontaneously breathing rat, showing the cardiorespiratory response evoked on PAG (upper 
figures) or HDA (lower figures) stimulation before [A, a] and after [B, b] the microinjection of muscimol (50 nl 
over 5 s) in the A5 region. The arrows indicate show the onset of the HDA/PAG electrical stimulation.
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these parameters. During electrical stimulation of the study areas. These works have 
led to two publications in international congress proceedings; [66] in Proc Physiol 
Soc 43, PC208 and [67] in J Physiol Biochem, 74 (Suppl 1) and two communications 
presented at the SENC Congress in Santiago de Compostela (2019), concluding that 
not also PAG but CnF seem to modify the activity of laryngeal motoneurons.

6. Clinical implications

Therefore, all these central structures described have in common the fact that they 
convey cardiorespiratory responses to environmental stress and support vocalization. 
Recent studies show that the laryngeal microstructure and its innervation undergo the 
same changes during development in rodents and humans [68] and that the central 
circuits responsible for vocalization present an overactivity in certain speech disorders 
of central origin such as spasmodic dysphonia due to laryngeal dystonia [69].

Laryngeal respiratory apnea is frequently a particularly serious clinical manifesta-
tion, as occurs in newborn apnea or central sleep apneas, caused by immaturity or 
abnormalities of central respiratory control in these individuals, causing an exagger-
ated response of the respiratory system, the laryngeal adduction reflex [70].

Furthermore, it is also known that spasmodic dysphonia, a focal form of dystonia, 
is a neurological alteration of the voice that manifests with involuntary “spasms” of 
the vocal cords, which result in speech interruptions and affect the quality of the 
voice. The two recognized types of spasmodic dysphonia are adductor spasmodic 
dysphonia (intermittent excessive closure of the vocal cords) and abductor spasmodic 
dysphonia (prolonged opening of the vocal cords). The cause of spasmodic dysphonia 
is unknown, although there is some consensus that behind it there is an alteration 
of the central nervous system, especially at the level of motor control. Specifically, 
alterations have been described in the circuit of the ganglia of the base, cerebellum 
and sensorimotor cortex, and structural alterations in the corticobulbar and cor-
ticospinal tracts, which are the nerve tracts that come into contact with the bulbar 
neurons responsible for phonation [69]. A better description and knowledge of the 
individual contribution of each of the nuclei that make up this hypothalamic-mid-
brain network on the central control of laryngeal motor neurons, would allow a better 
understanding not only of normal phonatory control, but would also contribute to a 
better understanding of the central alterations produced in this type of dystonia as 
well as in other disorders at the vocal level.

Paradoxical laryngeal adduction movements are characterized by adduction or 
approximation of the vocal cords during the respiratory cycle (especially during the 
inspiratory phase), which causes airway obstruction at the laryngeal level. The result-
ing dyspnoea and stridor are frequently confused with asthma, but do not respond to 
treatment with steroids and bronchodilators, since the glottic narrowing is indepen-
dent of the caliber of the bronchial lumen. The origin of this intermittent interruption 
of transglottic airflow due to paradoxical laryngeal adduction remains to be eluci-
dated. It has been linked to laryngeal irritation from agents such as gastroesophageal 
reflux or acute severe stress [71].

On the other hand, the pressor response and tachycardia associated with the 
stimulation of the DMH-PeF and PAG, mediated by the cPB nuclei and A5 Area, are 
of immediate interest for the knowledge of certain types of hypertensions classified 
clinically as “essential”. We believe that knowledge of the mechanisms involved in the 
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inhibition of the baroreceptor reflex, which could mediate this type of hypertension, 
will allow us to provide new data that will contribute to better explaining the mecha-
nisms of neuronal interactions between the hypothalamic-midbrain regions and the 
pontomedullary cardiorespiratory and laryngeal control centers implicated in this 
type of pathology.

7. Summary and perspectives

During the last two decades, Health Sciences research has evolved from a purely 
biological perspective towards a biopsychosocial model of health and disease. As 
a result, it has been found that there is a relationship between voice disorders and 
neuro-vegetative responses associated with emotional responses, mainly those 
related to anxiety and stress. These responses are generated by the activation of 
the hypothalamic defense areas and are carried by the PAG and pontomedullary 
structures such as the PBc and A5. The emotional response intervenes, along with 
other psychological factors, on the tone of the laryngeal muscles causing spasmodic 
dysphonia or laryngeal dysphonia. This occurs because the laryngeal muscles appear 
to be extremely sensitive to emotional stress generated by anxiety, anger, irritability, 
impatience, frustration, and depression, which can lead to spasmodic dysphonia or 
laryngeal dystonia [69]. Along these lines, Demmink-Geertman et al. [72] confirmed 
that, due to the characteristics of the higher pitch of the female voice, this effect is 
greater in women of all ages and that, above all, it affects professionals who use the 
voice as a means of work. This fundamentally affects women involved in teaching 
tasks. Only in Andalusia, the number of teachers is 132,985, and in Spain, they exceed 
750,000, of which 71.9% are women. The percentage is particularly relevant in early 
childhood (97.6%), special (81.7%) and primary (81.4%) education. At least 21% have 
vocal involvement and 15.8% of sick leave is due to voice problems (FETE-UGT 2019 
teaching report). Knowing the pathophysiology of the mechanisms by which stress 
produces alterations in the functionality of the vocal cords would allow the develop-
ment of adequate treatments for these pathological processes.

Therefore, new contributions are needed to add new perspectives to a series 
of pathologies that are related to mechanisms that have their origin in these 
hypothalamic-midbrain regions, such as the so-called central apneas associated with 
hypertension [70], apneas associated with sudden death infantile syndrome [73], 
paradoxical laryngeal adduction movements [71] and muscular tension dysphonia 
secondary to stress [74].
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Chapter 9

Signaling Pathways Regulating 
Axogenesis and Dendritogenesis in 
Sympathetic Neurons
Vidya Chandrasekaran

Abstract

The post-ganglionic sympathetic neurons play an important role in modulating 
visceral functions and maintaining homeostasis through complex and reproducible 
axonal and dendritic connections between individual neurons and with their target 
tissues. Disruptions in these connections and in sympathetic nervous system function 
are observed in several neurological, cardiac and immune-related disorders, which 
underscores the need for understanding the mechanisms underlying neuronal polar-
ity, axonal growth and dendritic growth in these neurons. The goals of this chapter 
are to explore our current understanding of the various growth factors, their signaling 
pathways, downstream effectors and interplay between these pathways to regulate 
different stages of axonal and dendritic growth in sympathetic neurons.

Keywords: sympathetic neurons, growth factors, neurotrophins, cytokines, BMPs, 
axons, dendrites

1. Introduction

The sympathetic nervous system is an important component of the peripheral 
autonomic nervous system responsible for controlling the visceral functions of the 
body to maintain homeostasis and the “flight or fight response” [1]. The sympathetic 
pathway is composed of two neurons – a preganglionic neurons located in the inter-
mediolateral horn of the spinal cord, originating from the thoracolumbar region of 
the spinal cord and the postganglionic neuron that is, in most cases, located in the 
paravertebral sympathetic ganglia chain on either side of the spinal cord. Some of the 
preganglionic axons synapse with pre-vertebral sympathetic ganglia such as the celiac, 
mesenteric and pelvic ganglia, which innervate the gastrointestinal and urinary tracts 
and are not part of the sympathetic chain [2]. The superior cervical ganglia (SCG) is 
the first and the largest ganglia in the sympathetic chain and innervates most of the 
tissues in the head and neck region including the pineal gland, cerebral blood vessels, 
carotid body, vestibular system, muscles in the iris, lacrimal glands and piloerector 
muscles. Of the sympathetic neurons, SCG neurons are one of the most studied to 
understand various aspects of neuronal development in the peripheral nervous sys-
tem. In recent years, the observation of autonomic dysfunction in many diseases such 
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as Parkinson’s disease, cardiac disorders, multiple system atrophy, multiple sclerosis, 
diabetes and immune-related disorders, has renewed an interest in understanding 
neuronal development and maintenance of sympathetic neurons [3–11].

During early development, the precursors of the post-ganglionic sympathetic neu-
rons are derived from the trunk neural crest cells, which then migrate ventrally along 
the neural tube, through the anterior portion of the sclerotome and coalesce near the 
dorsal aorta to form the sympathetic ganglia [12]. In rodents, the neural crest migra-
tion occurs between E8 and E11, with cells forming coalesced sympathetic ganglia 
around E12–E14 with the more rostral ganglia forming before the caudal ones. Studies 
on the early sympathetic neuron specification and neural crest migration show that 
growth factors such as neurotrophins, semaphorins and ephrins are important for 
migration of these neural crest cells, with bone morphogenetic proteins (BMPs) being 
important for their differentiation into sympathetic neuronal lineage. The exposure to 
BMPs leads to the induction o of transcription factors such as Phox2b, Mash1, Hand2, 
Gata3, Insm1, Sox4 and Sox 11, which lead to the survival of these neurons and their 
differentiation into noradrenergic neurons [12]. Following the specification of these 
neurons, the next crucial step to create a functional sympathetic network is the 
extension and maturation of axons and dendrites. In this chapter, we will explore the 
pathways that are important for establishing and refining axonal and dendritic arbors 
in sympathetic neurons.

2. Growth factors and signaling pathways involved in axonal growth

Following the specification of sympathetic neurons, the first sign of neuronal 
polarity is the extension of a single axon from the cell body [13]. In rodents, although 
the initiation of axonal growth from sympathetic ganglia starts as early as E12, most of 
the axonal growth occurs around E14–E15, with target innervation continuing into first 
few weeks of postnatal life [13–15]. Axonal growth has three stages – initiation of axons 
from the post-ganglionic neurons, elongation of the axons towards the final targets 
and finally target innervation which involves branching as well as restriction of axonal 
growth. Research using cultured sympathetic neurons in vitro and in vivo studies have 
identified multiple growth factors, extracellular matrix molecules and downstream 
signaling targets, involved in different stages of axonal growth and axonal guidance, 
functioning either as activators or inhibitors of axonal growth. In this section, we will 
examine the various molecules and their roles in these three stages of axonal growth.

2.1 Hepatocyte growth factor

Hepatocyte growth factor (HGF) or scatter factor is one of the few growth factors 
that appears to be involved in initiation of axonal growth in sympathetic neurons. 
Both HGF and its receptor Met tyrosine kinase are co-expressed in the sympathetic 
neurons throughout embryonic, starting as early as E12.5, with HGF being secreted 
by the sympathetic neurons and functioning as an autocrine regulator of axonal 
growth [16–18]. Treatment of cultured sympathetic neurons with HGF induces 
axonal growth and enhances the axonal growth promoted by nerve growth factor 
[16]. Also, inhibition of HGF activity through treatment with anti-HGF antibodies 
and Met signaling mutants show decreased axonal growth and branching compared 
to wildtype embryos [17–19]. Although HGF promotes survival of sympathetic neu-
roblasts, it is not necessary for the survival of post-mitotic sympathetic neurons [17]. 
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Furthermore, in vitro studies and studies on docking site mutants for Met receptors 
suggest that HGF exerts its effects on axonal growth in mice through activation of 
the mitogen-activated protein kinase (MAPK) pathway and PI-3 K pathway [20]. 
Although lack of HGF signaling in vivo results in decreased axonal growth, it does 
not lead complete lack of axons in sympathetic neurons, suggesting the involvement 
of other factors in the first step of axonal growth.

2.2 Artemin

Artemin, a member of the glial derived neurotrophic factor (GDNF) family 
ligands (GFLs) plays an important role in the axonal elongation and guidance of the 
postganglionic axons to their targets [21–24]. In addition to Artemin, other members 
of the GDNF family, including GDNF and Nerturin have been shown to enhance 
neurite growth in subpopulations of sympathetic neurons [21, 22, 24]. Artemin 
mRNA is expressed at high levels near the dorsal aorta around E12.5 and then in the 
smooth muscles of many of the blood vessels along which the sympathetic axons 
migrate to their targets [25, 26]. The receptors for Artemin – Ret and GFRa3 are 
both expressed in the sympathetic ganglia as early as E11.5 and then expression gets 
restricted to subsets of cells later in embryonic development [26–29]. Treatment of 
nascent sympathetic ganglia (E13.5) with artemin induces axonal growth with axons 
showing branching and radial outgrowth. Also, axonal growth from explant cultures 
of the ganglia are directed towards beads coated with artemin, suggesting artemin has 
the ability to guide axons to their targets [30]. In addition, Artemin knockout mice 
show decreased axonal growth postnatally, [31] and mice lacking either GFRa3 or 
Ret show reduced, depleted or abnormal neuronal projections and abnormal branch-
ing indicating that Artemin signaling mediated by Ret:GFRa3 receptor complex is 
necessary for proper migration of sympathetic neurons during development [26, 28]. 
Although early studies suggest a role for Artemin in sympathetic neuron survival 
with the superior cervical ganglia being smaller in Artemin, Ret and GFRα3 knockout 
animals compared to wild type animals [29, 32], more recent studies suggest that the 
decreased neuronal cell numbers in the absence of Artemin signaling are an indirect 
effect of aberrant axonal migration and target innervation [28]. Taken together, the 
data suggest that the members of the GDNF family act as early guidance molecules to 
promote axon elongation and target innervation.

2.3 Neurotrophins

Neurotrophin family of growth factors – nerve growth factor (NGF), neuro-
trophin-3 (NT-3), neurotrophin-4 (NT-4) and brain derived neurotrophic factor 
(BDNF) have been implicated in many aspects of neuronal function, including 
differentiation, survival, axonal growth and dendritic growth [33–37]. These neuro-
trophins are synthesized and secreted as proneurotrophins, which are the proteolyti-
cally cleaved to generate mature neurotrophins that activate different isoforms of Trk 
tyrosine kinase receptors (Trk) and p75 neurotrophin receptors (p75NTR) and activate 
a variety of downstream signaling pathways [33–36, 38].

2.3.1 Nerve growth factor

NGF synthesis begins in targets of sympathetic neurons in concert with the 
arrival of the sympathetic axons and is correlated with increased expression of 
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TrkA [39–43]. Although NGF is necessary for survival for sympathetic neurons 
in the early stages, the neurons lose their dependence on NGF for survival in the 
later stages in vivo and in vitro [42, 44, 45]. Exposure of sympathetic neurons to 
exogenous NGF, overexpression of NGF in the target tissues or adding NGF to 
compartments containing the distal axons leads to increased axonal growth and 
hyperinnervation of the target tissues [46–51]. Conversely, mice lacking NGF 
or TrkA (NGF receptor) show decreased survival of sympathetic neurons and 
decreased target innervation [52–54]. In addition to NGF, proNGF promotes axonal 
elongation and branching in postnatal sympathetic neurons through activation of 
the p75NTR receptor rather than the TrkA receptor [55].

NGF’s axonal growth effects are independent of its effects on neuronal survival. 
Mice lacking both NGF and Bax, a pro-apoptotic gene necessary for apoptosis in 
sympathetic neurons [56, 57], show normal early axonal growth and guidance along the 
vasculature but show differential loss of innervations in the different target tissues with 
sympathetic innervation being completely absent in salivary glands and cardiac ven-
tricles, reduced in the liver and unaffected in the trachea [58]. These evidence supports 
the argument that NGF is important for axon growth of the distal axons and target 
innervation. It is interesting to note that this requirement for target-derived NGF in 
the terminal axonal growth varies between the different targets, suggesting that other 
growth factors are important for target innervation in some of these tissue [58].

NGF’s effects on axonal growth are primarily mediated through activation of the 
TrkA receptors. NGF and phosphorylated TrkA are retrogradely transported in endo-
somes from the axon terminals [59–62] and regulate axonal growth through changes 
to cytoskeletal proteins and transcription factors such as cyclic AMP response element 
binding protein (CREB) and early growth regulator 3 (Egr3) [49, 63–67]. Also, local 
reintroduction of NGF to NGF-deprived neurons in culture results in profuse axonal 
growth, suggesting that NGF promotes axonal growth both locally and through 
retrograde signaling [68]. NGF also upregulates the expression of its receptor TrkA in 
sympathetic neurons [41] and activates downstream effectors such as PI-3Kinase-Akt 
pathways and MAPK pathways leading to cytoskeletal changes resulting in axonal 
growth [69]. In addition, NGF, through its binding to TrkA receptors, activates glyco-
gen synthase kinase-3 (GSK-3), which results in the phosphorylation of microtubule-
associated protein 1B (MAP1B) and decrease in MAP1B phosphorylation is correlated 
with decreased axonal growth [70]. NGF signaling during axonal elongation and ter-
mination is dependent on activation SHP-2, a protein tyrosine phosphatase. Inhibition 
of SHP-2 in vitro leads to decreased axonal growth by inhibiting extracellular signal-
regulated kinase (ERK) signaling, however interfering with SHP-2 signaling results in 
increased axonal density within the targets [71]. Also, studies suggest that Wnt 5a is 
upregulated in sympathetic targets in response to NGF, and blocking Wnt5a activa-
tion using an antibody suppresses NGF-induced axonal growth [72]. Early growth 
response (Egr) proteins – Egr1 and Egr3 are induced by NGF signaling in sympathetic 
neurons with inhibition of Egr1 in vitro using a dominant negative and Egr3 knockout 
in vivo show decreased neurite outgrowth and target innervation [49, 73, 74]. Recent 
studies have suggest a role of non-coding RNAs and post-translational modifications 
downstream of NGF signaling during axonal growth [75, 76]. Untranslated axonal 
mRNA Tp53inp2 upregulates NGF-TrkA signaling during axonal growth [75] and 
NGF-dependent prenylation of proteins such as Rac GTPase appears to be important 
for receptor trafficking to promote axonal growth [76].

Once the axons reach the target, NGF-TrkA signaling increases the expression 
of Coronin-1, a protein that interacts with the actin cytoskeleton [77]. Coronin-1 
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acts as a molecular switch to convert downstream effectors of NGF-TrkA from the 
PI-3 K pathway to calcium signaling, leading to the suppression of axonal growth and 
branching [77, 78].

2.3.2 Neurotrophin 3 (NT-3)

In addition to NGF, neurotrophin-3 is expressed in sympathetic neurons, 
although its main receptor TrkC is expressed at low levels in neonatal sympathetic 
neurons [44, 79–81]. NT-3 mutant mice show severe defects in their sympathetic 
nervous system with 50% fewer neurons, and defects in axonal branching and 
axonal innervation of target tissues such as the pineal gland and cardiac myocytes 
[82–84]. In addition, neurotrophin-3 (NT-3) promotes axonal growth and branching 
in sympathetic neurons in vitro [41, 84]. Overexpression of NT-3 in adipose tissue 
leads to increased sympathetic innervation through its activation of TrkC receptors 
[85]. However, NT-3’s effects on axonal growth are mediated by activation of TrkA 
receptors as opposed to TrkC, with NT-3 selectively promoting neurite outgrowth 
rather than for survival in neonatal sympathetic neurons [41]. Although both NGF 
and NT-3 signal using the same receptor, unlike the NGF-TrkA complex, NT-3-TrkA 
complex does not mediate retrograde signaling [61]. Recent studies also suggest that 
NT3-TrkA complex prevents axons from branching into intermediate targets and 
enables larger growth cones in the absence of Coronin-1, through activation of  
Ras-MAPK and PI3K-Akt pathways [86].

2.3.3 Brain-derived neurotrophic factor (BDNF)

Similar to other neurotrophins, BDNF is expressed in sympathetic neurons and 
sympathetic neuron targets [79, 87], and serves as target-derived growth factor for 
pre-ganglionic sympathetic neurons [88]. Unlike NGF and NT-3, BDNF null mutants 
show a slight increase in the number of sympathetic neurons compared to wildtype 
animals, indicating that BDNF is not important for survival of sympathetic neurons 
[89]. Addition of exogenous BDNF inhibits axonal growth and inhibiting BDNF 
activity using antibodies against BDNF promotes axonal growth in sympathetic 
neurons in vitro [79]. Also, BDNF +/− and BDNF −/− mice show hyperinnervation of 
the target tissues [87]. Although Trk B (the main BDNF receptor) is not present in 
sympathetic neurons [41], the sympathetic axons express p75NTR during target inner-
vation [87] and BDNF’s effects on axonal growth are mediated through its interaction 
with this receptor. BDNF-p75NTR signaling inhibits the activity of NGF-TrkA complex 
leading to axonal growth inhibition in vitro and axon pruning in vivo [87, 90].

2.4 Tumor necrosis factor superfamily

Multiple members of the tumor necrosis factor superfamily (TNFSF) are known to 
regulate axonal growth in sympathetic neurons. Members of the TNFSF act as either 
as membrane-bound ligands or soluble ligands once cleaved from the membrane 
and bind to receptors belonging to the TNF superfamily (TNFRSF) [91, 92]. These 
molecules can also serve as reverse signaling molecules with TNFRSF acting as ligands 
and membrane-bound TNFSF functioning as receptors [93].

TNFa protein is present in postnatal SCG neurons throughout the cell body and 
neurites with strong immunoreactivity for TNF receptors R1 (TNFR1) in the cell 
body and in target tissues [94]. tnfa−/− and tnfr−/− mice show decreased innervation of 
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sympathetic targets, with no effect on neuronal numbers [94]. While soluble TNFa 
inhibits NGF-induced axonal growth in vitro through activation of NF-kB [95], the 
reverse signaling mediated by TNFR1 at the axon terminal enhances axonal growth 
and target innervation through elevation of opening of T-type calcium channels 
leading to rapid activation of protein kinase C, ERK1 and ERK2 [94, 96]. Another 
TNF superfamily member – receptor-activator of NF-κB (RANK, also known as 
TNFRSF11A)) is expressed in embryonic and early postnatal sympathetic neurons, 
while its ligand RANKL is expressed in target tissues [97]. Similar to TNFa, local 
activation of RANKL-RANK signaling is necessary for axonal growth effects, and 
addition of soluble RANKL or activation of RANK signaling inhibits NGF-induced 
axonal extension and branching, through activation of NF-κB signaling [97]. The 
glucocorticoid induced tumor necrosis factor receptor related protein (GITR) and its 
ligand GITRL are also expressed in sympathetic neurons [98]. The activation of GITR 
by its ligand GITRL leads to activation of ERK signaling and the downregulation of 
NF-kB signaling pathways and regulation of both of these pathways are necessary 
for NGF-induced axonal growth [98, 99]. A recent study showed that TWE-PRIL, an 
alternative spliced form that combines extracellular domain of one TNFSF member 
APRIL (TNFSF13) and the transmembrane and cytoplasmic domains of another 
member TWEAK (TNFSF12), is expressed in developing SCG neurons [100]. April 
−/− mice show increased axonal growth in the presence of NGF, that can be rescued by 
overexpression of TWE-PRIL. TWE-PRIL reverse signaling leads to axonal growth 
inhibition by preventing NGF-dependent activation of ERK [100]. Similarly, CD40 
(TNFRSF5) and its ligand CD40L are expressed in embryonic and early postnatal 
SCG neurons [101]. While CD40 by itself does not affect axonal growth, the reverse 
autocrine signaling mediated by CD40-CD40L enhances NGF induced axonal growth 
in these neurons, especially when there is low NGF with high levels of NGF inhibiting 
CD40 and CD40L expression [102].

Interestingly, two TNF family members have differential effects on paravertebral 
and prevertebral ganglia. Unlike SCG targets which showed hypoinnervation in 
tnfa−/− and tnfr−/− mice, the targets of the prevertebral sympathetic ganglia showed no 
change in innervation and reverse signaling mediated by TNFR1 did not alter axonal 
growth from prevertebral ganglia neurons [103]. Similarly, CD40 null mutants show 
hyperinnervation in targets of prevertebral ganglia and CD40-CD40L reverse signal-
ing inhibits axonal growth in prevertebral ganglia neurons [101].

2.5 Extracellular matrix proteins

As axons extend from the sympathetic ganglia to the target, they are exposed 
to a complex environment composed of extracellular matrix molecules such as 
laminin, collagen, fibronectin and thrombospondin. Laminin, collagen IV and 
thrombospondin promote axonal growth in perinatal superior cervical ganglia 
neurons in vitro and mediate their effects on axonal growth through activation 
of specific classes of integrin receptors [104–107]. Exposure of SCG neurons to 
laminin leads to formation of multiple axons, whereas neurons exposed to collagen 
IV extend only a single axon suggesting distinct signaling pathways downstream of 
integrin activation [104, 105, 108]. In addition, exposure to laminin causes bundling 
of microtubules, leading to rapidly growing axons [109]. Conversely, chondroitin 
sulfate proteoglycans inhibit axonal growth in cultured neonatal SCG neurons 
and may be responsible for lack of sympathetic reinnervation of the heart during 
ischemia-reperfusion injury [110].
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2.6 Other signaling pathways involved in axonal growth

Interleukin 1b (IL-1b) and Interleukin 1 receptor (IL-1R) are expressed in neona-
tal sympathetic neurons with IL-1R1 being present in the cell body and axons, and 
IL-1b being expressed in the sympathetic neurons and target tissues [111, 112]. IL-1b 
inhibits axonal growth in cultured sympathetic neurons by promoting the nuclear 
translocation of NF-kB [112].

Ceramide, a lipid second messenger, generated from glycosphingolipid metabo-
lism or sphingomyelin metabolism is known to be important for cell proliferation or 
cell death downstream of extracellular agents such as TNF, interleukins and other 
molecules [113, 114]. Although newly synthesized glycosphingolipids are not impor-
tant for axonal growth, when added to the distal axons ceramide inhibits neuronal 
outgrowth, possibly by decreasing the uptake of NGF by the distal axons [113, 114].

3.  Growth factors and signaling pathways involved in dendritic growth 
regulation

Dendritogenesis in post-ganglionic sympathetic neurons begins around E14, 
with maturation of dendritic arbor continuing into postnatal development [13, 115]. 
Sympathetic neurons extend multiple dendrites with complex branching patterns. The 
size of the dendritic arbor is dependent on size of the target field and neuronal activity, 
suggesting that dendritic complexity is determined by the needs of the targets [116–120]. 
Similar to axonal growth, dendritogenesis can be divided into 3 stages – initiation of 
dendrites, elongation and branching of dendrites, and maturation coupled with prun-
ing of the dendritic tree. In this section, we will explore the current understanding of 
the various growth factors, their signaling pathways and interactions between them to 
influence dendritic arborization in sympathetic neurons.

3.1 Bone morphogenetic proteins (BMPs)

Members of the bone morphogenetic protein (BMP) family are important for 
dendritic growth initiation in sympathetic neurons in vitro and in vivo. BMPs bind 
and activate a heterotrimeric receptor complex of transmembrane serine/threonine 
kinase receptors made of type I receptor – BMP receptor type I A (BMPR1a), also 
known as activin receptor-like kinase-3 (ALK-3) or BMP receptor type IB (BMPR1b), 
also known as ALK-6, and one of the three type II receptors – BMPRII, Activin type II 
or IIB (Act II or ActRIIB). The activation of these kinases leads to phosphorylation of 
receptor Smads (Smads 1, 5 and/or 8), which complex with Smad 4 to translocate to 
the nucleus and regulate gene expression [121–123].

Sympathetic neurons and glial cells in the SCG from embryonic and postnatal 
ganglia express mRNA and protein for BMP-5, BMP-6 and BMP-7 [108, 124, 125]. 
Also, BMPR1a, BMPRIIB, ActRII and BMPRII are present in mouse SCG through 
later stages of embryonic development into postnatal life [126, 127], suggesting 
that BMP signaling pathway is functional in sympathetic neurons during periods 
of dendritogenesis. BMP-5, BMP-6, BMP-7 initiate dendritic growth in cultured 
perinatal sympathetic neurons by activation and translocation of the Smad complex 
and regulating gene expression [108, 128, 129]. Conditional knockouts of BMPR1a 
or both BMPR1a/1b show a decrease in dendritic length and branch complexity 
compared to congenic wildtype animals but do not show complete absence of 
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dendrites [130]. Also, BMP receptor knockouts showed a dramatic decrease in total 
dendritic length, branching and soma size later in postnatal development suggest-
ing that BMP signaling may be important for maintenance of dendrites, rather than 
initiation of dendrites in vivo [130]. This difference in BMP function in vitro and in 
vivo may stem from the presence of other receptors such as the activin receptors to 
mediate BMP signaling [131]. Interestingly, although transfection of Smad1 domi-
nant negative mutant blocks BMP-7-induced dendritic growth in vitro, the SCG 
neurons in conditional Smad 4 knockout mice show an increase in dendritic length 
and total dendritic arbor [130], suggesting that Smad 4 may play a limiting role in 
vivo and BMPs may be signaling through Smad-dependent and Smad-independent 
pathways for dendritic growth regulation.

Transcriptome and miRNome analyses have identified over 250 genes and over 
40 microRNAs whose expression are altered in response to BMP-7 treatment in 
cultured sympathetic neurons during the period of dendritic growth initiation 
[132, 133]. Of the genes, p75NTR mRNA and protein are strongly upregulated by 
BMP-7 signaling in cultured SCG neurons. BMP-mediated effects on dendritic 
growth are not observed in p75NTR knockout mice, with p75NTR knockout mice 
showing stunted dendritic arbor compared to wildtype. Conversely, overexpression 
of p75NTR phenocopies the dendritic growth effects of BMP-7, suggesting that this 
is an important target of BMP-7 during dendritic growth regulation [132, 134]. 
However, p75NTR ligands, interplay between neurotrophins and BMP in activating 
p75NTR and downstream effectors of p75NTR signaling responsible for dendritogen-
esis in sympathetic neurons still need to be elucidated. Of the microRNAs identi-
fied, three miRNAs – miR-21, miR-23b and miR-664-1* may regulate dendritic 
growth downstream of BMP-7 in sympathetic neurons in vitro [133]. Also, signal-
ing pathways mediated by ubiquitin-proteasome system and by reactive oxygen 
species are suggested to be downstream of Smad signaling in sympathetic neurons 
in vitro with proteasome inhibitors and antioxidants inhibiting BMP-7 induced 
dendritic growth [135, 136].

3.2 Neuronal activity dependent dendritic growth

Electric field stimulation or treatment of sympathetic neurons with potassium 
chloride can lead to neuronal depolarization and this neuronal activity triggers 
dendritic growth in postganglionic sympathetic neurons by the activation of cal-
cium calmodulin dependent kinase II (CaMKII) [137]. Also, inhibition of integrin-
linked kinase (ILK) using an siRNA prevents activity-dependent dendritic growth 
in sympathetic neurons in vitro, whereas pharmacological inhibition of glycogen 
synthase kinase-3β (GSK-3β) enhances activity-dependent dendritic growth in 
these neurons [138, 139].

3.3 Nerve growth factor and fibroblast growth factor

NGF was one of the earliest growth factors recognized as important for dendritic 
growth with NGF injections leading to enhanced dendritic growth in sympathetic 
ganglia [116]. However, NGF, by itself, is unable to induce dendritic growth in 
cultured perinatal SCG neurons, but is required for BMP-7 induced dendritic growth 
[129, 140]. One of the downstream targets of NGF for dendritic growth appears to 
be Egr3 with Egr3−/− mice showing significant decrease in the number of primary 
dendrites, total dendritic length and maximum extent of dendritic arbor [74].
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Fibroblast growth factor receptor 1 (FGFR1) is expressed in adult SCG neurons 
and its nuclear localization increases in perinatal sympathetic neurons upon BMP-7 
exposure [141, 142]. Also, expression of mutant FGFR1 decreases the dendritic 
growth induced by BMP-7 in sympathetic neurons, through the activation of the 
integrative nuclear FGFR1 signaling pathway [142].

Interestingly, stimulation of the MAPK signaling pathways has differential effects 
on activity-dependent dendritic growth and BMP-7 induced dendritic growth. 
While pharmacological inhibition of ERK activity using PD98059 inhibits activity-
dependent dendritic growth, the treatment with the same inhibitor enhances BMP-7-
induced dendritic growth [137, 139, 143]. Stimulation of the MAPK signaling through 
overexpression of MEK1 leads to inhibition of BMP-7 induced dendritic growth and 
the inhibition of MAPK signaling pathway with dominant negative MEK1 or ERK2 
mutant increases the number of dendrites and total dendritic arbor in BMP-7 treated 
[143]. Further studies are needed to understand the opposing roles of ERK in  
BMP-induced vs. activity-dependent dendritic growth.

3.4 Cytokines

Several members of the cytokine family have been shown to regulate dendritic 
growth in sympathetic neurons. These growth factors function through the activation 
of the Janus kinase (JAK), leading to the nuclear translocation of proteins known 
as signal transducers and activators of transcription (STAT) [144]. In perinatal 
sympathetic neurons, interferons gamma (IFNg), leukemia inhibitory factor (LIF) 
and ciliary neurotrophic factor (CNTF) decrease the number of primary dendrites 
and total dendritic arbor, without affecting axonal growth and neuronal survival. In 
addition, these cytokines can lead to retraction of pre-existing dendrites through the 
activation of STAT proteins [145–147]. In addition to activating STATs, IFNg activates 
Rit, (a small GTPase related to Ras GTPase) and p38-MAPK pathway to effect the 
dendritic retraction observed in these neurons [148]. Rit is expressed in sympathetic 
neurons and has opposite effects on axonal and dendritic growth. Dominant nega-
tive Rit transgenes decrease axonal elongation but enhance BMP-7 induced dendritic 
growth in an ERK-signaling dependent manner and constitutively active Rit enhances 
number of axons and axonal branching in sympathetic neurons while inhibiting 
dendritic growth [149].

3.5 Cytoskeletal proteins

Dendritic growth and remodeling requires changes to the actin and microtubule 
cytoskeleton [150, 151]. Signaling pathways downstream of Rho GTPases act as 
 intermediates to connect extracellular signals and actin cytoskeletal remodeling 
during dendritic growth [152]. In cultured sympathetic neurons, BMP-7 treatment 
increases the GTP bound RhoA [153] and decreases GTP-bound Rit [149], with no 
effects on other small GTPases. In cultured SCG neurons, BMP-7 induced dendritic 
growth requires the activation of RhoA [153], suggesting that activation of this 
GTPase may be the link to actin cytoskeleton remodeling necessary for dendritic 
growth.

The microtubule polarity in axons is different from that in dendrites. Unlike 
microtubules in axons, which have a uniform polarity, microtubules in dendrites have 
a mixed orientation that is driven by the different motor proteins [154, 155]. A kinesin 
related motor protein kinesin 6 (also known as CHO/MKLP1) mRNA and protein are 
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expressed in cultured embryonic sympathetic neuron, with CHO/MKLP1 protein 
extending from the cell body to the newly formed dendrites [156, 157]. Two other 
kinesin related motors – Kinesin 5 (also known as Eg5 or Kif11) and kinesin 12 (also 
known as Kif15) – are also expressed in embryonic sympathetic neurons [158, 159], 
with kinesin 5 associating only with the microtubule cytoskeleton and kinesin 12 being 
enriched in the dendrites and associating with both actin and microtubule cytoskeleton 
[158–160]. Treatment with antisense oligonucleotides against kinesin 6 lead to an 
increase in axonal length but a decrease in dendritic width and inhibition of BMP-
7- induced dendritic growth in these neurons [156, 157]. Knockdown of kinesin 12 in 
cultured embryonic SCG neurons using an siRNA lead to longer axons that are less 
branched than control neurons and decrease in dendritic width [157, 160]. Both kinesin 
6 and 12 appear to be important for the mixed polarity of microtubules in the dendrites 
with a decrease in these kinesins leading t0 fewer minus-end directed microtubules in 
the dendrites and increased frequency of microtubule transport. Similar to the others 
kinesins, inhibition of kinesin 5 leads to increase in axonal length, however a decrease 
in kinesin5 also leads to axons being non-responsive to navigational cues [161, 162]. 
In addition to a decrease in dendritic width like other kinesins, a reduction in kinesin 
5 causes a decrease in dendritic length, a small decrease in number of dendrites and 
a significant effect on dendritic morphology especially during dendritic maturation 
stages [163]. In contrast to other kinesin mutants, a decrease in kinesin 5 leads to more 
minus-end microtubules in the dendrites [163]. Interestingly, kinesin5 appears to be 
regulated by phosphorylation with more phosphorylated kinesin5 being localized to 
the dendrites, suggesting that kinesin5 could be a potential link between signaling 
pathways and the cytoskeletal remodeling during dendritogenesis [163].

3.6 Other signaling pathways involved in dendritic growth

Retinoic acid synthesis enzymes and signaling pathway components are expressed 
in embryonic sympathetic neurons and activation of retinoic acid signaling in embry-
onic SCG neurons in vitro inhibits BMP-7 induced dendritic growth [164]. Similarly, 
pituitary adenylate cyclase 38(PACAP 38) and vasoactive intestinal peptide (VIP) are 
released by the preganglionic neurons and in cultured perinatal sympathetic neurons, 
PACAP38 and VIP decrease the number of dendrites and the total dendritic arbor of 
BMP-7 treated neurons. This effect is mediated through activation of the PAC1 recep-
tor leading to the phosphorylation and nuclear translocation of cyclic AMP response 
element binding (CREB) protein, with inhibition of adenylate cyclase activity leading 
to enhanced dendritic growth [165].

4. Limitations of current research and the path forward

Sympathetic neurons have been long regarded as an important model system for 
studying neuronal differentiation. Due to increased recognition of the importance 
of sympathetic nervous system dysregulation in many diseases, there has been a 
renewed interest in understanding the mechanisms controlling neuronal differentia-
tion, target innervation and neuronal survival in these neurons. Significant strides 
have been made in understanding axonal growth over the past 70 years in vitro and in 
vivo but there are still questions that need further exploration. While we understand 
the importance of individual growth factors for axonal growth, many of the null 
mutants show some innervation of target tissues. That still leaves the question of how 
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much each of these growth factors contribute to initiation and elongation of axons 
during normal development and how their signaling pathways are coordinated to 
regulate final axonal growth in different paravertebral and prevertebral ganglia.

In comparison to axonal growth, our understanding of dendritic growth in these 
neurons is much more limited. Most of the studies on sympathetic neurons have 
been limited to cultured SCG neurons, which leaves the question of whether similar 
signals are important for regulation of dendritic growth in other paravertebral and 
prevertebral ganglia. Even in the SCG, many disparate signaling pathways including 
BMP, NGF, cytokine, ROS, ubiquitin-proteasome, etc. have been shown to control the 
dendritic tree in vitro. However, it is unclear which of these interactions are crucial 
for dendritic arborization in vivo in the SCG and how these pathways coordinately 
regulate dendritogenesis.

Finally, additional whole genome analysis looking at transcripts, proteins and 
non-coding RNAs is needed to fully understand the downstream mediators of both 
axogenesis and dendritogenesis to identify the common regulators controlling neuro-
nal polarity and function in these neurons.
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Chapter 10

The Autonomic Nervous 
System, Sex Differences, and 
Chronobiology under General 
Anesthesia in In Vivo Experiments 
Involving Rats
Pavol Svorc Jr and Pavol Svorc

Abstract

The aim was to evaluate the current state of the autonomic nervous system (ANS) 
activity under general anesthesia using heart rate variability (HRV) in dependence on 
the light-dark (LD) cycle in healthy, sexually mature, spontaneously breathing, zoletil-
anesthetized (30 mg/kg) Wistar rats of both sexes after a 4-week adaptation to an LD 
cycle (12 h:12 h). The animals were divided into four experimental groups according 
to sex and light period (n = 20 each). RR interval duration, spectral power at very-low-
frequency (VLF), low-frequency (LF) and high-frequency (HF), total spectral power 
of HRV, and the LF/HF ratio were analyzed. Sympathetic and baroreceptor activity 
was decreased, and parasympathetic activity was increased in both sexes and in both 
light periods. Regarding sex differences, HRV was significantly lower in females versus 
males in the light period. In the dark period, females exhibited higher HRV than males. 
Regarding LD differences, in females, HRV was lower in the light versus the dark 
period, unlike males, in which HRV was higher in the dark versus the light period of 
the rat regimen day. Sex differences in the activity of the ANS were apparent in rats, 
persisted under general anesthesia, and were dependent on the LD cycle.

Keywords: HRV, sex, general anesthesia, chronobiology, rat

1. Introduction

The role of the autonomic nervous system (ANS) and its organ-specific functions 
have, in large part, been elucidated. Analysis of heart rate variability (HRV) is a popu-
lar tool for the assessment of autonomic cardiac control. Small periodic fluctuations 
in heart rate are well known to physicians and scientific investigators. Because these 
fluctuations are caused by the varying activity of the ANS, an examination of HRV is 
needed to obtain information about the functional status of the ANS. Heart rate and 
changes in heart rate are sensitive indicators of ANS function; therefore, cardiovascular 
autonomic regulation is considered to be the most reliable indicator of ANS activity.
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HRV describes the beat-to-beat variation in heart rate and is used to quantify 
the interplay between the sympathetic and parasympathetic divisions of the ANS. 
Although patterns of HRV demonstrate considerable promise for clarifying issues 
in clinical applications, the inappropriate quantification and interpretation of these 
patterns may obscure critical issues or relationships, and may impede—rather than 
foster—the development of clinical applications [1].

HRV analysis, which supports the evaluation of successive RR intervals using elec-
trocardiographic (ECG) methods, has been a powerful tool in the assessment of auto-
nomic cardiac control [2]. For example, in humans, reduced HRV is associated with 
an increased risk for ventricular arrhythmia and has been shown to be an independent 
prognostic factor for mortality in patients with cardiac disease(s) [3, 4]. On the other 
hand, some studies have demonstrated that analysis of HRV spectral performance in 
rats is an ineffective method for detecting heart-related autonomic control disorders in 
some experimental models of myocardial infarction or diabetic neuropathy [5–7].

1.1 Chronobiology of HRV

The ANS is an important control system that affects the function of many organs, 
and its activity is affected by various factors, including age [8], sex, and internal 
processes, such as circadian rhythm and hormonal fluctuations that slowly rise 
and fall over the course of 24 h. Circadian fluctuations in HRV parameters in rats 
were confirmed in a study by Hashimoto et al. [9], who reported that sympathetic 
nerve activity predominates in the dark phase. The ratio of low frequency (LF) to 
high frequency (HF) demonstrated a nocturnal pattern, and the value in the dark 
phase was significantly higher than in the light phase. In 2001, Hashimoto et al. [10] 
extended the monitoring of circadian rhythmicity in HRV to diabetic rats. Although 
diabetic autonomic neuropathy modifies circadian rhythms in HRV in diabetic WBN/
Kob rats, in healthy nondiabetic Wistar rats, significant light–dark (LD) differences 
were detected in some of the monitored HRV parameters. In both age-different and 
pre-diabetic Wistar and diabetic WBN/Kob rats, no LD differences were found in the 
LF parameter of HRV; however, significant LD differences in the HF parameter were 
detected, except in older diabetic rats. Significant LD differences were found in the 
LF/HF ratio, but only in prediabetic Wistar rats.

In a telemetry study, Mamalyga [11] described fluctuations in ANS activity 
during a 24 h period, in which the control groups of male rats exhibited the greatest 
predominance of sympathetic activity between 12:00 h and 24:00 h. Similarly, in 
this time range, the LF parameter and LF/HF ratio exhibited higher values, and the 
HF parameter of HRV exhibited lower values. Analysis of multiday ECG recordings 
demonstrated the predominance of different mechanisms of heart rhythm regula-
tion in experimental and control rats over a 24 h period. More severe dysfunction of 
neuroautonomical mechanisms of regulation in experimental rats was reflected in 
circadian dynamics. Further evidence supporting the existence of circadian rhythms 
in ANS activity was obtained in a study by Hsieh et al. [12], who monitored various 
physiological signals after implantation of sensors into the abdomen of rats and were 
recorded without interruption for >10 days. There was no difference in sleep/wake-
fulness patterns, physical activity, body weight, and autonomic functioning assessed 
according to HRV among control, sham, and experimental rats. Continuous record-
ing further revealed circadian rhythms in HRV parameters, namely a 24 h cycle in 
RR intervals, the total power of HRV, and HF and LF powers of the RR spectrum. As 
such, we believe that this information may be useful in future biobehavioral studies.
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In common practice, experiments are performed during “regular” working hours, 
even after the synchronization of rats to the LD cycle (12 h:12 h). Although this 
synchronization is often described in the methods section of these studies, the time of 
day when the experiments are performed is not reported. Therefore, it is assumed that 
the experiments are performed during the day (i.e., during the light) and, thus, on 
“sleeping” rats in their inactive period of the regimen day. However, the question is, 
what are the reactions of animals in their active period if there are fluctuations in the 
functions of individual systems in both sexes? Is there alternative reactivity of these 
systems, or is there a uniform reaction in both sexes? Therefore, if sex differences in 
the results of various experimental studies are documented, it is necessary to respect 
this fact. As such, future studies should decode these questions and try to include 
females in experiments whenever possible.

In the planning stages and design of in vivo experiments, researchers often 
encounter multiple problems, one of which can be the actual methodology. 
Established and proven methods are often used and are precisely focused on the 
type of experiment, whereas other factors that may affect and, consequently, lead to 
misinterpretation of the results are not taken into account.

1.2 Anesthesia

However, approaches based on ECG recordings of animals in an anesthetic state 
are not ideal nor valid for HRV analysis due to significant heart rate fluctuations asso-
ciated with impaired autonomic modulation of the heart [13, 14]. In addition, anes-
thesia may contribute an important additional risk for animal mortality under some 
pathological conditions such as myocardial infarction and diabetes mellitus [15–17]. 
General anesthesia weakens autonomic function and baroreflex control. This side 
effect should be avoided as much as possible because it limits the ability of the subject 
to respond to physiological challenges during surgery [18]. Therefore, any research 
intervention that could affect aspects of the ANS and its impact(s) on internal organs 
should take into account the anesthetic used. Intravenous anesthetics may have differ-
ent qualitative and quantitative effects on the peripheral ANS and, thus, may alter the 
activity of the sympathetic or parasympathetic divisions of the ANS.

1.3 Sex

In the vast majority of experimental studies, only male rats are used; however, 
there is also the other sex (i.e., female), in which differences may already exist in the 
very essence of the monitored functional system and exhibit a different response 
to interventions. At the same time, the study of sex differences is a driving force for 
development and, in many cases, the basis of health and medicine. However, there 
are opinions that the investigation of sex differences is ineffectual and does not merit 
extensive research [19].

Although there are several reasons why female animals are omitted, the primary 
rationale is simple—males and females are biologically different. Among other 
reasons, some scientists consider males to be representative of humans and differ-
ences from male norms are considered to be atypical or abnormal. Others attempt to 
“protect” females from the adverse effects of various interventions [20]. Still, others 
generalize findings from males and females, regardless of differences and, gener-
ally speaking, most scientists use male rats because they want to avoid accounting 
for hormonal cycles in females, which may reduce the homogeneity of the study 



Autonomic Nervous System - Special Interest Topics

144

population and affect the impact of experimental interventions [21]. When females 
are included in experiments, two problems arise—the sample size is effectively 
halved—the economic aspect; and the dispersion of results increases. One explana-
tion for the increased variance is the simple fact that males and females are different 
and these differences increase the range of variability. However, if males and females 
are mixed, scientists may find a beneficial effect of a tested drug, for example, that 
lowers blood pressure, in both sexes [19]. On the other hand, on obtaining results 
from in vivo experiments in rats, errors in general interpretation may arise due to 
differences related to sex, and these discrepancies occur not only in behavioral 
studies [22–24]. Furthermore, there are also sex-dependent differences in drug 
metabolism and the action of liver enzymes [25], in the internal environment [26], 
in the activity of the ANS and cardiovascular system [27, 28], and most probably, in 
other functions as well.

As such, whether to acknowledge sex differences in in vivo experiments involving 
rats becomes a legitimate concern. Presently, however, there are relatively little data 
regarding sex differences in ANS activity or ANS activity during anesthesia. During 
resting conditions, male rats exhibit a significantly higher heart rate and lower HRV 
parameters than female rats. This occurs not only during the active but also during the 
inactive phase of the daily cycle of rats [27]. Further in vivo rat studies have con-
firmed results reported by Koresh et al. [27]—that there are significant sex differences 
in HRV and depend on the LD cycle, even under conditions of general anesthesia 
[28]. LD differences with nonsignificantly lower HRV were found in females in the 
light part compared to the dark part of the regimen day, in contrast to males, in which 
HRV was significantly higher in the light part of the day.

These data support the concept that sex-based variations should also be taken into 
account, given that females in human and animal studies exhibit different mecha-
nisms of cardiovascular regulation [29]. Although these data suggest that if there 
are sex differences in individual cardiovascular parameters, they are predominantly 
regulated by the ANS. Logically, therefore, if sex differences exist in cardiovascular 
activities, sex differences in the circadian oscillations of individual divisions of the 
ANS must also exist in parallel.

The aim of the present study was not to downplay or critique the excellent and 
valid results of experimental in vivo studies involving rats but to raise awareness to 
the possibility of improving the design of the experiments themselves, not only by 
respecting sex differences, but also chronobiological principles. Accordingly, the 
primary goal of this investigation was to determine whether there are sex differences 
in ANS activity, measured according to HRV dependence on the LD cycle (a paral-
lel to the circadian rhythm) in healthy, sexually mature, spontaneously breathing, 
zoletil-anesthetized rats.

2. Materials and methods

2.1 Ethics approval

The present study conformed to the Guide for the Care and Use of Laboratory 
Animals published by the United States National Institutes of Health (publica-
tion number 85–23, revised 1996). The study protocol was approved by the Ethics 
Committee of the Medical Faculty of Safarik University (Kosice, Slovak Republic; 
permission number 2/05 and permission number ŠVPS SR: Ro4234/15–221).
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2.2 Animals

The experiments were performed using Wistar albino rats (weight, 340 ± 40 g, 
3–4 months of age) acquired from a breeding and vendor company (VELAZ, Koleč, 
Czech Republic, certificate number 70029/2013-MZE-17214), with veterinary regis-
tration number CZ 21760118.

2.3 Adaptation

The animals were quarantined for 2 weeks in the Laboratory of Research 
Biomodels of the Medical Faculty of Safarik’s University in Košice (official number SK 
UCH 08018) and adapted to an LD cycle (12 h light:12 h dark [intensity of constant 
artificial illumination during the light period, 80 Lux]); 40–60% humidity; cage 
temperature 24°C; two animals/plastic cage for 4 weeks. The rats were fed a standard 
pellet diet, with ad libitum access to food and water. Animal handling was performed 
by the professional staff of the animal facility.

2.4 Anesthesia

Anesthesia (zoletil, 30 mg/kg, Virbac, France) was administered in prescribed 
doses in the adaptation room by intraperitoneal injection based on the weight of the 
animal. After testing the effect of anesthesia (loss of uprighting reflexes, reaction to 
painful stimulus), the animals were transferred to the operating room, where they 
were fixed to an experimental table on which subcutaneous electrodes were used 
to record ECG and HRV. Again, the depth of anesthesia was assessed depending on 
whether the painful stimulus caused noticeable motor movements (minimal limb 
movement and muscle tension change) or cardiovascular responses such as changes in 
heart rate or onset of heart rhythm disorders.

2.5 Experimental groups

The effect of the light period on the monitored parameters was examined after 
adaptation to an LD cycle, with the light period from 06:00 h to 18:00 h. The effect 
of the dark period was monitored after adaptation to the inverse setting of the LD 
cycle (i.e., with the light period from 18:00 h to 06:00 h). The animals were randomly 
divided into four experimental groups (n = 20 each) according to sex and light condi-
tions—group 1, female (light period); group 2, female (dark period); group 3, male 
(light period); and group 4, male (dark period). In in vivo experiments, at least 20 
animals are valid sample size for statistical processing.

2.6 Protocol

HRV was analyzed using the ID Instruments computer system for biopotential 
recording from an average of 220 heart cycles, 20 minutes after administration of 
anesthesia at 09:00 h—12:00 h using separate animals. In analyzing HRV parameters, 
the focus was on the evaluation of RR interval duration spectral power at very-low-
frequency (VLF, 0.003–0.04 Hz), low-frequency (LF, 0.04–0.15 Hz), and high-
frequency (HF, 0.15–0.4 Hz), total spectral power of HRV, and the LF/HF ratio. The 
experiments were performed throughout the year and the results were averaged inde-
pendently of the season and, in females, independently of the estral cycle. All animals 
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(i.e., 20/20) were included in the statistical analysis. Before and after administration 
of the anesthetic, as well as during measurement, there were no adverse events or 
unexpected changes in HRV or ECG parameters, although considerable variability 
was observed. On completion of the measurement, the animals were transferred to 
the animal facility.

2.7 Statistical analysis

Data are expressed as mean ± standard deviation (SD). Data were analyzed using 
InStat (GraphPad, San Diego, CA, USA). The Tukey–Kramer test was used to compare 
data from the groups, and differences with p < 0.05 were considered to be statistically 
significant.

3. Results and discussion

3.1 RR interval

Evaluation of the RR interval can sometimes be problematic because different 
effect(s) of the anesthetic on this parameter has been described. The data reported in 
Table 1 indicate values of the duration of the RR interval from telemetry studies and 
under different types of general anesthesia according to sex and dependence on the 
LD cycle (Figure 1).

Baseline RR interval analysis from telemetry studies [9, 7, 27, 30, 31] involving male 
Wistar rats, in which a chronobiological approach was applied, indicates that there 
is a circadian rhythm in the duration of RR intervals in rats, with a lower RR interval 
duration during the active (i.e., dark) period of the regimen day. Although adaptation 
of animals to the LD cycle was described in these articles, exactly what time of day the 
measurements were performed was not reported, nor whether they were average values 
from the entire 24 h period or only from certain time intervals the measurements were 
performed and recorded. The averaged results of baseline RR interval duration indicate 
that sex differences are exhibited in both the light and dark period of the rat regimen 
day; however, more experimental studies are needed to confirm this conclusion.

When comparing the duration of the RR interval in male rats from telemetry 
studies, it is clear that the shorter duration occurred during the dark period, which 
corresponds to a higher heart rate. Under zoletil anesthesia, a shorter RR interval was 
found in both light phases of the rat regimen day compared with values from telemetry 
studies, indicating a tachycardic effect of this anesthetic. The shortened duration of the 
RR interval corresponded to increased heart rate in both sexes in both lighted periods 
of the regimen day. Among females, LD differences were not observed in the duration 
of the RR interval (light, 142.30 ± 25.19 ms vs. dark, 134.97 ± 9.09 ms), in contrast to 
males, in which a significantly (p < 0.001) longer RR interval was recorded during the 
light part of the day (light, 145.05 ± 8.51 ms vs. dark, 124.68 ± 5.14 ms). Sex differences 
were found only in the dark (i.e., active) part of the day, with significantly shorter RR 
intervals in males. On the other hand, significant LD differences were maintained in 
males but eliminated in females. Addtitionally, compared to values reported in telem-
etry studies (Table 1), the RR interval was shorter, indicating a higher heart rate.

Our results, therefore, indicate that in zoletil-anesthetized rats, LD differ-
ences were maintained only in males but not in females. Considering the results of 
telemetry studies by Molcan et al. [50, 51], heart rate exhibits a significant circadian 
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rhythm in non-anesthetized rats, in which the heart rate in the dark period fluctu-
ated from 347 beats/min to 363 beats/min, and from 309 beats/min to 321 beats/min 
in the light period. Thus, it appears that although zoletil exerts a tachycardic effect, 

Light period Dark period

Anesthesia Female Male Female Male

Telemetry studies 168.7
(167.3–170.1)

(n = 1)

163.2
(157–168.5)

(n = 2)

140.2
(139.5–141)

(n = 1)

145.9
(142.6–149.2)

(n = 2)

Pentobarbital 177
(174–180)

(n = 1)

— 165
(163–167)

(n = 1)

—

Ketamine 271.1
(231.5–310.7)

(n = 2)

— 213.1
(194.1–232.1)

(n = 2)

—

Tribromoethanol — — — —

Thiopental — — — —

Urethane — — — —

Zoletil
(Present study)

142.30
(117.1–167.5)

145.05
(136.5–153.6)

134.97
(125.9–144.1)

124.68
(119.5–129.8)

Data presented as the average RR interval duration (ms) (range); (n, number of experiments from which RR interval 
was evaluated).

Table 1. 
Duration of RR interval from telemetry studies and for different types of general anesthesia according to sex and 
dependence on the light–dark cycle.

Figure 1. 
Distribution of average values and ranges of RR intervals from telemetry studies and under different types of 
general anesthesia in male rats, without specification of synchronization to the light–dark cycle or the time of day 
when the experiments were performed. Tel – Telemetry studies (168.5(165.6–171.5), n = 3) [7, 30, 31]; pent –  
Pentobarbital (161.1(156.1–165.7), n = 6) [32–37]; Ket – Ketamine (183.8(140.2–189.8), n = 5) [38–42]; Trib – 
Tribromoethanol (166(154–174), n = 1) [43]; Thitop – Tiopenthal (186.2(170.3–202.1), n = 4) [44–47];  
Uret – Urethane (187.5(183.7–191.2), n = 2) [48, 49]; zoletil – Zoletil anesthesia (145.05(136.5–153.6), n = 1) 
[presented results]. Data presented as average RR interval duration (ms) (range); (n, number of experiments 
from which RR interval was evaluated).
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it can eliminate―or, at least modify―the circadian rhythm of heart rate, but 
only in females.

Such elimination or modification of LD differences in heart rate among females 
may also be partly explained by the greater sensitivity of females to acidosis, 
hypoxia, and hypercapnia under general anesthesia [52]. Previous studies have 
described the effect of hypoxia on the modulation of daily rhythmicity [53–57]. 
The fact that hypoxia modifies circadian oscillations of important variables, such 
as body temperature and metabolism, can lead to the expectation that the rhythms 
of many functions are interrupted by hypoxia on the basis of their relationship 
with the primary variables. Such a relationship likely contributes to a greater 
parasympathetic effect(s) on the heart [58]. Additionally, the effect of anesthetics 
can contribute to the loss or modification of rhythmicity. For example, in female 
rats under pentobarbital anesthesia, parasympathetic activity increases and 
sympathetic and baroreflex activity decreases; however, LD differences in heart 
rate are eliminated. Under ketamine/xylazine anesthesia, a preference toward 
parasympathetic activity was increased and sympathetic and baroreflex activity 
was depressed, resulting in significant bradycardia but with the maintenance of 
LD differences [59].

The paradox, under ketamine/xylazine anesthesia, therefore, remains—on the 
one hand, there is clearly evident increased parasympathetic activity and, on the 
other hand, increased heart rate. This paradox has been described by several authors 
[60–65], who assumed that stimulation of the vagal nerve releases catecholamines, 
which in turn can affect heart activity. This is also probably the case with zoletil 
anesthesia, which may have a similar effect on the release of catecholamines through 
higher parasympathetic activity, and is particularly evident in males in both light 
periods of the regimen day. Because sympathetic tone is significantly reduced and 
parasympathetic tone dominates, it is assumed that the duration of RR intervals is 
predominantly determined by the parasympathetic system.

3.2 HRV analysis

Despite the large variation in HRV spectral powers under zoletil anesthesia, in 
terms of sex differences, parasympathetic activity dominated in both sexes and in 
both light periods. In terms of sex differences, female HRV was significantly lower 
compared to males in the light period, while in the dark part of the regimen day, it 
was, in contrast, significantly higher in females compared to males (Figure 2).

Sympathetic activity dominates the normal life cycle of rats [7, 65] and zoletil 
anesthesia increases parasympathetic activity in both sexes. Similar results have been 
reported in previous studies. Administration of the anesthetic agent tribromoethanol 
in male Wistar rats [66], ketamine hydrochloride and diazepam in albino Wistar rats 
[67], and ketamine/xylazine and pentobarbital in females [59] resulted in predomi-
nant parasympathetic activity. However, our results indicate that precisely defining 
changes in HRV are difficult due to significant variability, which in turn makes it 
difficult to attribute sex differences. Thus, we agree with the opinion described in the 
introduction that approaches based on ECG recording under general anesthesia are 
not fully valid for HRV analysis.

In males under zoletil anesthesia—spectral power of HF (parasympathetic activ-
ity, r = 0.96) during the light and dark periods of the regimen day, spectral power of 
LF (baroreflex activity, r = 0.95), but also spectral power of HF (parasympathetic 
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activity, r = 0.81) significantly contributed to changes in the total spectral power of 
HRV. Sympathetic activity is practically not involved in the formation of the total 
spectral power of HRV. The participation of individual spectral powers, as well as 
the total spectral power of HRV in the duration of RR intervals, is minimal in both 
lighted periods of the rat regimen day (Table 2). After analysis of the dependence 

Figure 2. 
Representation of heart rate variability (HRV) spectral powers in a rat model under zoletil anesthesia in both 
sexes. VLF – Spectral power of the very low frequency of HRV; LF - spectral power of the low frequency of HRV; 
HF - spectral power of high frequency of HRV; TSP – Total spectral power of HRV. Yellow columns – Light period 
of the rat regimen day; blue columns – Dark period of the rat regimen day.

Variable Sex, light cycle

Female, light Female, dark Male, light Male, dark

RR-VLF r = 0.54 r = 0.58 r = 0.34 r = −0.13

RR-LF r = 0.47 r = 0.59 r = 0.26 r = −0.12

RR-HF r = 0.37 r = 0.60 r = 0.20 r = 0.06

RR-TSP r = 0.51 r = 0.61 r = 0.28 r = 0.06

TSP-VLF r = 0.6 r = 0.87 r = 0.59 r = 0.05

TSP-LF r = 0.99 r = 0.99 r = 0.59 r = 0.95

TSP-HF r = 0.92 r = 0.89 r = 0.96 r = 0.81

Bolded values indicate statistically significant dependence between single parameters. VLF – spectral power of the very 
low frequency of HRV; LF - spectral power of the low frequency of HRV; HF - spectral power of the high frequency of 
HRV; TSP – total spectral power of HRV.

Table 2. 
Correlation coefficients of RR interval duration between spectral powers of heart rate variability (HRV) and the 
share of individual spectral powers in changes in the total spectral power of HRV.
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of the duration of RR intervals on the total spectral power of HRV, we came to the 
conclusion that the duration of RR intervals (i.e., heart rate) is not regulated by the 
ANS in both light periods of the rat regimen day. We assume that other mechanisms 
are likely involved in the regulation of heart rate and are activated by zoletil.

In female rats under zoletil anesthesia, the spectral power of LF (baroreflex 
activity, r = 0.99) and spectral power of HF (parasympathetic activity, r = 0.92) 
contributed significantly to changes in the total spectral power of HRV during the 
light period of the day and during the dark period proportionally in all three spec-
tral powers of HRV. Sympathetic activity in both lighted periods was involved in the 
formation of the total spectral power of HRV in females (Table 2). After analysis 
of the dependence of the duration of RR intervals on the total spectral power of 
HRV, we found that the duration of RR intervals (i.e., heart rate) was under the 
regulatory influence of the ANS in both lighted periods of the rat regimen day 
(light, r = 0.51; dark, r = 0.61) with proportional representation of all three spectral 
powers of HRV.

We conclude that there are sex differences in the total spectral power of HRV in 
zoletil-anesthetized Wistar rats. In the light period in females, HRV was significantly 
lower than in males, and vice versa in males in the dark period of the regimen day. 
This means that, in females, the myocardium may be more sensitive to ANS regula-
tory interventions in the dark versus the light period. It is generally accepted that 
decreased HRV is a predictor of myocardial infarction mortality and increased HRV 
is associated with decreased morbidity and mortality. From this point of view, in 
zoletil-anesthetized female Wistar rats, during the active (dark) period, there is 
greater electrical stability in the myocardium than during the inactive (light) period. 
On the contrary, in males, the heart more sensitive reacts to changes in ANS activity 
in the light versus the dark period of the regimen day.

In females, changes in HRV were the result of sympathetic (i.e., VLF) and barore-
flex (i.e., LF) activities and, in males, parasympathetic (i.e., HF) activity dominated. 
Among females, changes in RR were primarily due to changes in HRV, whereas in 
males, changes in HRV had no effect on RR in both lighted parts of rat regimen 
day. The results of these studies show that not only sex—but also the time of day 
experiments are performed—also plays an important role [68]. However, supportive 
evidence of HRV changes in rats during a 24 h period is lacking.

The LF/HF ratio can be used to quantify the changing relationship between sympa-
thetic and parasympathetic nerve activity (i.e., sympathetic-vagal balance) [69–71]. The 
exact interpretation of the LF/HF ratio also depends on the assumption that physiological 
interventions always cause mutual changes in parasympathetic and sympathetic activity.

Our results demonstrate that the LF/HF ratio depends on the light periods of 
the regimen day. In females in the light period, the LF/HF ratio was significantly 
higher and in the dark period, significantly lower than in males. These conclusions, 
however, should be interpreted with caution. In a study addressing the meaning of 
HRV examination, Billman [72] questioned the evaluation of the LF/HF ratio. The LF 
component of HRV does not provide a cardiac sympathetic response index, but rather 
reflects a complex and not a readily recognizable mixture of sympathetic, parasym-
pathetic, and other unidentified factors with parasympathetic factors, which account 
for the largest part of the variability in this frequency range. As a result, it is difficult 
to recognize the physiological basis for LF/HF. In addition, a relatively large amount 
of data suggests that the spectral power of the HF component cannot be attributed 
solely to changes in cardiac vagal efferentation, further compromising the accurate 
interpretation of the LF/HF ratio [72].
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4. Conclusions

In in vivo experiments, homeostatic regulatory mechanisms are not eliminated. 
This means that experimental results are a reflection of a direct but significantly 
intravariable response of the animals to the administration of anesthetic. On the 
evaluation of HRV in in vivo conditions, replacement and reduction of animals are 
not possible; however, knowledge about sex differences during anesthesia in the 
dependence on LD cycle in ANS activity may improve the quality of experimental 
design. There is little to no data regarding sex differences, and we do not have any 
data regarding changes in ANS activity depending on the LD cycle under general 
anesthesia. Further research is needed to assess the responses of other species because 
the effect of zoletil is essentially not described in experimental practices.

Based on our results, we conclude that under zoletil anesthesia, sympathetic 
(VLF) and baroreceptor (LF) activity were decreased, and parasympathetic (HF) 
activity was increased in both sexes and in both light periods. LD differences were 
preserved mainly in the HF component; thus, the circadian rhythm in parasympa-
thetic activity likely also exists in both sexes. In terms of sex differences based on the 
total spectral power of HRV, our results suggest that HRV, in the light period of the 
rat regimen day, was significantly lower in females versus males. In the dark period, 
females exhibited higher HRV than males. In terms of LD differences, in females, 
HRV was lower in the light versus the dark period, unlike males, in which HRV was 
higher in the dark versus the light period of the rat regimen day.
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