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Control Systems of the Heart

Corey L. Brown

In order for the development of cardiac pacemakers to occur successfully, the engineer must fully comprehend the control systems of the heart. The integrative processes that occur within the cardiac environment often make it difficult to gain such understanding. Some of the heart's control pathways remain uncertain in detail, while others offer a more diverse opportunity for control. This opportunity appears to exist in the autonomic nervous system (ANS), as it plays a large role in cardiac control and regulation. Moreover, a large amount of information is available regarding its physiological interactions. This chapter therefore focuses mainly on the innervation of the ANS and its control mechanisms. Other influences at the lowest and the highest levels of integrative cardiac control are included to provide a comprehensive overview.  

2.1  Cardiac control factors XE  "Cardiac control factors" 
The cardiac system is self-regulating. It is nearly impossible to consciously increase or decrease contraction rate due to its involuntary operation. The large number of influential factors affecting cardiac performance combine in a complex manner, thus providing the ability to adapt quickly and efficiently to the needs of the body. This is accomplished by two pathways. The intrinsic pathway represents the alterations occurring within the myocardial cells which do or do not depend on a change in the initial myocardial fiber length. The extrinsic pathway occurs primarily through neural and humoral adaptations (Levy, 1973). Figure 2.1 shows a hierarchical display of these pathways. These discrete interrelated biological interactions indicate that regulating any certain physiological control pathway is not easy. Often, it is difficult to measure a quantifiable parameter accurately. For example, the current techniques for measuring the end-diastolic volume of the ventricles are not able to provide predictable values (Levy, 1982). This is mainly due to the large number of factors on which the end-diastolic volume depends.


Figure 2.2 shows that changes in venous return and atrial pressure will have a direct influence on the end-diastolic volume. Note that a large number of influences regulate both parameters (venous return and atrial pressure), creating “2nd level effects”. These “2nd level effects” are actually what make it difficult to calculate the end-diastolic volume.


The intrinsic pathways represent the changes within the physical microenvironment of the heart. They are induced in three ways: preload, afterload, and contraction frequency. Preload refers to the initial tension prior to a contraction of the myocardial fibers. The preload mechanism XE  "preload mechanism"  is volume dependent and is the basis for the understanding of the Frank–​Starling effect. Therefore, afterload refers to the tension exerted on the myocardial fibers immediately after contraction. This is measured by ventricular elasticity—a parameter that is difficult to quantify as a result of complex geometry. The last of the inducers is contraction frequency, otherwise known as heart rate. This is a well known and measurable parameter. It plays a key indicating role for the condition of the heart and is easy to precisely measure, providing information on the heart’s condition.
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Figure 2.1  Hierarchical display of influential factors on overall cardiac performance.


The Frank–Starling law XE  "Frank–Starling law"  also provides essential information regarding the heart’s condition. It is a complex derivation of physical forces based upon properties of elasticity in the heart. In summation, the law states that an increase in contraction force will occur when an increase in muscle fiber stretch occurs. A nonlinear relationship exits between the two parameters and length–tension mechanisms are those which govern this relationship. Figure 2.3 graphically demonstrates the Frank–Starling law.


Meanwhile, the extrinsic pathway is made up mainly of chemical and neural influences. They are provided from all regions of the body and are integrative in nature. Figure 2.1 shows that the chemical factors contributing to the extrinsic pathways are ionic, gaseous, and hormonal. Ionic contributions are promoted through excitation–contraction coupling actions. Gaseous influences arise from changes in oxygen and carbon dioxide levels in the blood. The major effects of the hormonal components are coupled with the neural factors. There is much interdependency between the autonomic nervous system and the byproducts of the humoral factors. Specifically, norepinephrine XE  "norepinephrine"  (NE) and epinephrine XE  "epinephrine"  (EPI) are responsible for the combined effects.


There are no direct independent regulatory actions of the heart known to date. Thus, local intracardiac changes produce global differences ranging from cellular to organ levels in order for homeostasis to exist.  Many aspects of the extrinsic pathway are measurable. They also play a more dominant role in cardiac autoregulation. Hence, it is believed that the most successful means of control exist here. Figure 2.2 displays known extrinsic mechanisms and their effects upon each other which ultimately regulate the functionality of the cardiovascular system. These factors interact with each other to maintain bulk flow conditions throughout the body. At any given time, at least 5% of the total circulating blood travels through the capillaries. This is actually the goal and most important aspect of the system. For it is this 5% that provides the essential nutrients and removal of metabolic end products at the cellular level, keeping the individual alive.
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Figure 2.2  Flow chart of extrinsic influences controlling cardiac function. Solid lines indicate directly proportional effects. Dashed lines indicate inversely proportional effects.


In Figure 2.2, the top third represents the neural input factors, the middle third represents the chemical and physical influences, and the bottom third of the diagram characterizes cardiac performance. A comprehensive systems flow diagram is presented in order to explicitly detail the process of cardiac control.  Many factors considered in Figure 2.2 are not measurable as a means of control. The purpose here is to present the intricacy of the system which contributes to the difficult regulation process. 
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Figure 2.3  The Frank–Starling law of the heart. As the amount of exercise or stress on the cardiovascular system increases, movement along the curve to the right occurs. (From Rhoades, R., and Pflanzer, R. 1992. Human physiology. Saunders.)


The solid line arrows indicate directly proportional affects upon the succeeding factor. Thus, an increase in sympathetic activity to the heart resulting from a decrease in arterial baroreceptor firing, causes an increase in heart rate. Likewise, the dashed line arrows indicate inversely proportional affects upon succeeding factors. An increase in parasympathetic activity to the heart causes a decrease in heart rate. One can easily verify the regulatory effects by following any of the pathways. For example, hemorrhaging or other disturbances that cause a decrease in the mean arterial blood pressure XE  "mean arterial blood pressure"  (MABP) would cause a directly proportional decrease in the firing by the arterial baroreceptors. This sudden alteration within the body would then have multiplicative effects. They would either be excitatory or inhibitory. Hence, the decrease in arterial baroreceptor firing would cause increases in the sympathetic activity to the veins, heart, and arterioles and a decrease in the parasympathetic activity to the heart. These changes, after causing further alterations of their respective succeeding parameters, would ultimately create an increase in cardiac output and total peripheral resistance. These alterations reestablish the biological norm for the MABP which is approximately 90 mm Hg. Any other effects causing disturbances in the model result in integrative cooperation on all levels, restoring normal conditions. However, often certain parts of the body are either degenerated or dysfunctional, making it extremely difficult for this natural autoregulatory process to succeed. In these cases, the engineer must provide solutions.


Figure 2.2 by no means attempts to represent all influential factors of the heart. Other influences may exist that have not been determined to date. Any significant factors that exist are compiled in Figure 2.2. Significant factors are those which cause a moderate increase or decrease in cardiac performance (cardiac output, total peripheral resistance, heart rate, and stroke volume). The construction of the multiparametric model helps identify the required relevant data to optimize the clinical efforts and reduce the costs of obtaining significant and meaningful data.


There are also two well-developed ways of viewing the cardiac control system. Central–peripheral or peripheral–central are both analytically effective. The difficulty remains in the identification of the controlling factor and the controlled factor. 


In a central–peripheral analysis, the brain is perceived to control circulation. This is performed by specific afferent (baroreceptor) signals and by self-examination. The brain is informed through numerous afferent nerves regarding local organ conditions, thus any afferent activity would cause a cardiovascular response governed by central nervous control. The brain acts as the controlling factor and the cardiovascular response is the controlled factor.


The peripheral–central analytical viewpoint considers independent  organ operation. The heart adheres to Starling's law, whereby the filling process dictates its performance. Renal controlled filling of the vascular system exists without exterior control influences and organs operate by autoregulation (Strackee, 1993).


This natural autoregulatory loop XE  "autoregulatory loop"  viewed through either perspective ensures a timely response to situations of local malfunctions. At the same time, intuitive foresight is necessary for the engineer to decide where the most effective point of intervention exists.


Finally, the remainder of this chapter presents different control systems, providing insight towards developing solutions. The ANS is currently recognized as an important controlling factor (Schaldach, 1992) and is therefore presented in great detail. The coordination of other control systems is also detailed.

2.2  Autonomic physiology XE  "Autonomic physiology"  and control

The innervation of all tissues other than skeletal muscle is through the ANS. The ANS coordinates bodily functions needed for survival and acts to regulate the environment necessary for cells to function properly. Although inherent rhythmicity of the heart is due to its natural pacemaker, the sinoatrial node, continuous control of heart rate is dependent on the relative balance between sympathetic, parasympathetic, hormonal, and chemical impulses delivered from the brain to the sinus node.

2.2.1 Physiology


It is important to understand the human physiology that exists among the neural components before proceeding to the discussion of its control. Figure 2.4 shows that the ANS consists of two divisions: central and peripheral. The central division is composed of the hypothalamus, brain stem, and the spinal cord, whereas the peripheral division is composed of the nerves that innervate the organs of the body. There are two types: sympathetic and parasympathetic. The basis for this further subdivision is due to anatomical and physiological differences within the ANS. These nerve fibers include both afferent (sensory) and efferent (motor) neurons. The autonomic process operates in the following manner. First, it transmits sensory information from the visceral organs to the central ANS (affector stimuli). Then, instructions are sent from the central ANS to the smooth muscles and other cells of those organs, producing an automatic response (effector stimuli).
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Figure 2.4  The information pathway of the autonomic nervous system XE  "autonomic nervous system" . Both autonomic divisions exhibit similar processes of transmitting signals from and to their effector organs.


The function of the central division of the ANS is less integrative than the peripheral division. Activity of the hypothalamus is more directly related to control of the adrenal gland. Hence, the discussion of its regulatory process is included in the section on humoral control. The organization in the brain stem is actually not well understood with respect to cardiac control. The processes occurring in the region are extremely complex and lack precise definition. However, information regarding the spinal cord structure is available in detail. The preganglionic nerve cells are located in the interomedial lateral cell column. They have sensory fibers that enter the spinal cord from the dorsal roots carrying information from the target organ, while fibers leave from the ventral roots. The cell bodies of the sensory fibers are located in the dorsal root ganglia. Both the sympathetic and parasympathetic subdivisions exhibit this organization.


The peripheral division exhibits distinct and intricate modes of operation. This is essential due to the unpredictable actions of the cardiac system. The two branches of the ANS originate from different levels of the spinal cord. The sympathetic nerves that innervate the heart leave the thoracic region of the spinal cord between T1 & T4 (Figure 2.5). They terminate at the sinus node, conduction system, atria, ventricles, and coronary vessels. All blood vessels receive sympathetic fibers. In addition, organ systems are activated simultaneously, playing an important role during stress responses. In comparison, the parasympathetic nerve fibers leave the spinal cord from the brain stem and terminate at the sinoatrial and atrioventricular nodes, atrial and ventricular musculature and coronary vessels. Not all vessels receive input from this branch. It also activates different organ systems more independently.


The two subdivisions of the autonomic nervous system also differ in location of ganglia. Most of the sympathetic ganglia lie close to the spinal cord and form two chains, one on each side. They are known as the sympathetic trunks. The celiac, superior mesenteric, and inferior mesenteric ganglia make up the collateral ganglia. They lie closer to the innervated organs, farther away from the spinal cord (Figure 2.5). In contrast, the preganglionic fibers of the parasympathetic subdivision have long myelinated and unmyelinated axons. As a result, they innervate postganglionic nerve cells grouped near or in the target organ. This provides for very short axons of the postganglionic parasympathetic nerve cells. These ganglia can act either as automatic relay stations whereby they do not change the information they transmit to the target organ, or as important integrating centers capable of generating individualized responses. Figure 2.5 demonstrates the origin and pathway of the autonomic nerves. The specific attachment of neural networks to the heart is complex and still being researched. This specificity, once determined, will enhance opportunity for cardiac control.
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Figure 2.5  The anatomical display of the autonomic nervous system. The diagram depicts the innervation of the heart by both the sympathetic and parasympathetic nervous systems. The preganglionic fibers from both divisions are shown by the solid lines. Dashed lines show the location of the postganglionic nerve fibers. The sympathetic preganglionic fibers extend from the first to fourth thoracic vertebrae. The parasympathetic preganglionic nerve fibers are shown extending from the dorsal motor nucleus of the vagus nerve XE  "vagus nerve" . (From Vander, A. 1990. Human physiology. 5th Ed. McGraw Hill.)


The physiological differences are more complex in detail (Figure 2.6). This difference lies in the types of neurotransmitters and receptors available for synaptic activity in each of the ANS branches. The two major neurotransmitters in the ANS are acetylcholine and norepinephrine (NE). Cholinergic and adrenergic fibers are those that transmit acetylcholine and NE respectively. Acetylcholine is released at the synaptic terminals of all preganglionic neurons. In postganglionic nerve cells, NE is found in the terminals of sympathetic fibers, while acetylcholine is found in the terminals of the parasympathetic fibers. The sympathetic branch sometimes contains acetylcholine in the terminals of postganglionic fibers that innervate the skeletal muscle blood vessels.
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Figure 2.6  The neurotransmitter flow process of the sympathetic and parasympathetic nervous systems. Nicotinic receptors in the ganglia of the presynaptic neurons of both systems accept acetylcholine (ACH). Muscarinic receptors of the parasympathetic postganglionic neurons also accept ACH. Alpha and beta receptors of the sympathetic pathway have specific binding sites for norepinephrine (NE). (From Rhoades, R., and Pflanzer, R. 1992. Human physiology. Saunders.)


Many of the drugs that stimulate or inhibit various components of the ANS affect receptors for acetylcholine XE  "acetylcholine"  and NE. The acetylcholine receptors on the cell body of postganglionic neurons are different from the receptors on target cells of the parasympathetic branch. Cholinergic receptors are either nicotinic, those on postganglionic neurons, or muscarinic, those on target cells such as cardiac muscle. This classification evolves from receptor activation by nicotine or muscarine. Similarly, there are two types of adrenergic receptors XE  "adrenergic receptors" , alpha () and beta (). Generation of a second messenger and a greater sensitivity to isoproterenol XE  "isoproterenol"  by the receptors is the means for their differentiation (Vander, 1990).


The  and  receptors have subtypes 1, 2 and 1, 2 respectively. Their classification is due to anatomical location. The location of 1 and 1 receptors is on postsynaptic target cells of sympathetically innervated organs, while 2 receptors exist on the presynaptic terminals of noradrenergic fibers. The 1 receptors are equipotent to NE and epinephrine, whereas 2 receptors are more responsive to epinephrine, thus suggesting their activation by circulating hormones rather than by sympathetic stimulation. Figure 2.7 demonstrates the effects of the cholinergic and adrenergic influences on target organs.

	Area affected
	Parasympathetic

(cholinergic)
	Receptor type
	Sympathetic

(adrenergic)

	SA node
	Decrease in heart rate
	1
	Increase in heart rate

	AV node
	Decrease in conduction rate
	1
	Increase in conduction rate

	Atria
	Decrease

in contractility
	1
	Increase in contractility

	Ventricles
	Decrease

in contractility (minor)
	1
	Increase in contractility

	Coronary arterioles
	Dilates
	
	Constricts, dilates

	Veins
	None
	,

2
	Constricts

Dilates


Figure 2.7  Effects of autonomic nervous activity XE  "autonomic nervous activity"  throughout the coronary system. Neurotransmitter receptor types discussed in section 2.2.1 are also listed.


The ANS has four basic effects on cardiac performance. They are chronotropic (heart rate), inotropic (heart muscle contractility), dromotropic (conduction delay in the AV node), and bathmotropic (excitability). Inotropic effects are easily measurable and thus are useful in monitoring sympathetic and parasympathetic activity. Positive inotropic effects XE  "inotropic effects"  are exhibited by the sympathetic branch. Overall, the enhancement of calcium into the effector cell during the plateau phase of the action potential occurs (see Chapter 1). The parasympathetics cause negative inotropic effects. The sympathetic branch also experiences positive chronotropic and dromotropic effects. Likewise, the parasympathetic branch experiences negative effects.


Bathmotropic changes are minor influences as a result of sympathetic stimulation and offer no means for control. The sympathetic nerves act to increase the excitability of the myocardial cells by lowering the threshold potential. This parameter is not only minor in its influential aspects but conceivably unmeasurable as well. 


A number of methods exist that facilitate the monitoring of ANS activity. Systolic time intervals, ventricular inotropic parameters, and stroke volume can all be monitored by intracardial impedance measurements. The pre-ejection period (PEP) represents the time interval between the onset of ventricular excitation and the opening of the semilunar valves and is also a measure of ANS activity. Sympathetic activity acts to decrease the PEP duration, while the parasympathetics lengthen it (Schaldach, 1992).


In any control system it is essential to determine what is being controlled and what is doing the controlling. In the case of the cardiac system it is evident that the mean arteriolar blood pressure is the factor being controlled in a closed loop system. However, during exercise the baroreceptor operation is shut down and no longer acts as a control factor. In addition, the MABP is too difficult to measure due to the force of blood flow inside the cardiac muscle eliminating it as a measurable parameter for control. Another major controlling factor is the ANS and any measurable signal representing ANS activity may be used as a rate-adaptive method to meet the individual needs of the patient. The range in signal recognition is opportunistic towards the development of an efficient control process.

2.2.2  Sympathetic control XE  "Sympathetic control" 
In examining the control system, we must consider the proper and most effective parameters. These are no longer only cardiac output, arterial pressure, and heart rate. Metabolic alterations, chronotropic, inotropic, dromotropic, and bathmotropic changes are reflex response mechanisms that neural components effectively regulate. Of these, inotropic responses appear to provide the most useful measure of sympathetic activity (Schaldach, 1992). The duration of the pre-ejection period (PEP) facilitates this reasoning. However, we must ponder all of the alternatives in order to gain enough insight towards the establishment of an efficient control parameter. 


The sympathetic contribution to the overall operation of the heart appears to be substantial. The vast amount of research that focuses on developing the proper control pathways indicates that direct nervous control of myocardial effector cells provides a specialized and extremely efficient regulatory action (Randall, 1973). Hormonal and heterometric (intrinsic) controls are no longer believed to be the major or predominant control mechanisms. The neural innervation specifically at local control levels remains unknown due to the intricate meshwork of the nerve fibers. However, information obtained so far provides an optimistic foresight in achieving this goal; characterization of local neuron pathways for control purposes by using stimulation techniques. Until this occurs, specific control options are limited.

Local sympathetic effects

A large amount of work performed on the sympathetic peripheral nerves indicates a highly localized contractile response. Szentivanyi et al. (1967) discuss the specific distribution of these nerve fibers to muscle cells resulting from this specificity. It is widely known that stimulation of the cervical or stellate ganglion results in a positive inotropic response in the ventricles and other surfaces of the heart. Randall et al. (1984) also show that a more localized stimulation of the sympathetic nerve fibers results in an increased localized response. The response is found coming from a smaller surface area of myocardial tissue that contains the distribution of individualized nerve attachments. Increasing the distance of the stimulation site from the heart revealed an independent regulation of the localized myocardial tissues. The magnitude of the change in localized inotropic response decreases with an increase in distance from the localized myocardial tissue.


It is apparent that differences exist between the stimulation sites of the right and left sympathetic nerve branches. Positive chronotropic effects result from increases in concentration of norepinephrine and stimulation of the right and left ansae subclavia, both anterior and posterior. The right sympathetic nerve elicits a greater increase in heart rate than the left sympathetic nerve. Positive chronotropic effects indicate the high probability of a sinus rhythm due to the stellate excitation. The left side predominantly causes an increase in contractile force (positive inotropic effects). Stimulation of the stellate nerve can produce up to a 35–45% increase in right atrial inotropic activity. The left atria exhibits no response to such stimulation. Hence, if a neural rate-adaptive pacemaker is used, it would not be effective to sense the left atria if stimulating or pacing the stellate nerve. Subsequently, this is an important consideration for lead placement.


Another sympathetic nerve called the recurrent cardiac also elicits positive inotropic activity in the atria and considerable positive inotropic activity in the right ventricle (Woolsey et al., 1967). Notice that the left ventricle does not show such activity. Similar circumstances exist here that were just mentioned above. The craniovagal nerve is believed to contain only parasympathetic fibers. However, Woolsey et al. (1967) measured inotropic, chronotropic, and blood pressure increases in the right and left atria after the administration of atropine, an inhibitor of parasympathetic neurotransmitter activity. Ventricular increases up to 30% were also obtained, thus indicating a strong likelihood that sympathetic fibers are present in the craniovagal nerve.


Woolsey et al. (1967) also indicate that the left thoracic vagus and the ventrolateral cardiac nerves contain no sympathetic innervation of either the SA or AV node. This is a result of insignificant increases in heart rate or contraction force upon stimulation. They did find that norepinephrine caused distinct positive inotropic changes throughout the myocardium. This is an extremely common finding and considered well known. Therefore, the specificity of myocardial innervation is regionally distinct as well as sensitive to electrode pulse location.

Benefits of sympathetic mapping XE  "sympathetic mapping" 
The large number of sympathetic inputs to the heart provide a network of opportunities for coronary control. Overall, sympathetic nerves have an important influence on the dynamic performance of the heart. Recently, the neural influences of myocardial functionality indicate a potential of overpowering the traditional length–tension mechanisms.


Intracardiac distribution of sympathetic nerves provides accessibility to artificial stimulation for pacing purposes. Once the sympathetics attach to the heart, their distribution is through subepicardial pathways away from the point of entry. The benefit of mapping these subepicardial pathways is the ability to obtain positive inotropic responses from within the myocardial tissue. Thus, coordination with certain time intervals such as the PEP or ventricular inotropic parameter (VIP), may provide successful pacing control as they do not interfere with the natural control pathways. In addition, the PEP is not affected by heart rate. Therefore, there is no risk of any positive feedback.

Dynamic performance of sympathetic nerves

Observing the dynamic performance of sympathetic control provides information regarding parameter control. Implications of sympathetic inputs to the heart for overall control of stroke volume are common. Randall (1984) shows ventricular function curves that are different from work done by Starling. They differ in that they show no decrease in ventricular performance after an initial increase as a function of increasing filling pressure (end-diastolic volume). The work produced at a given filling pressure progressively increases with an increase in sympathetic activity if the heart rate is maintained constant. 


This process is extremely important to be able to analyze. Exercising, biking, and walking (even up/down stairs in cases of the elderly) are actions performed every day that easily alter the frequency of sympathetic activity in the cardiac nerves. This results in cardiac acceleration and compensation as necessary. Hence, the provision of supplemental acceleratory factors is necessary to augment ventricular filling. Increased rates of tension development and faster ejection velocity occur with shorter systolic periods while maintaining a constant stroke volume. 


Sympathetic impulses altering cardiac performance are highly predictable if the other factors modifying myocardial contractility are kept constant. Increases in ventricular and aortic pressures are clearly evident upon sympathetic stimulation. Interestingly, differences exist between left and right sympathetic stimuli. Left cardiac sympathetic stimuli exhibit increases in ventricular inotropic effects without altering chronotropic activity. Whereas, right sympathetic stimulation exhibits positive chronotropic effects in addition to the others.

Inotropic activity XE  "Inotropic activity"  and pressure changes

The increase in ventricular contraction strength causes an increase in pressure change among sympathetically stimulated hearts (during physical activity or emotional moments) compared to resting hearts. There is also a more rapid decrease in intraventricular pressure during isovolumic relaxation in the sympathetic stimulated case. The result of these inotropic actions is a shorter systole duration in the ventricular myocardium. Also, the length of diastole increases during each cardiac cycle. The time interval changes in conjuction with sympathetic stimulation can be used as a control mechanism for pacing. This is another example of the greater benefits that monitoring inotropic activity can have over chronotropic and dromotropic activities.


Positive inotropic activity causes the heart to empty faster and more completely. These positive inotropic effects produce subsequent arterial pressure pulses. The pulses are characterized by a greater systolic pressure rise than diastolic, a larger rise in systolic ejection, and a shortened isometric contraction period. These changes in ejection time can provide important information for cardiac pacing and control. 


Blood enters the ventricle from the atrium under a greater pressure and fills more rapidly. For constant cardiac cycle lengths, the diastole period is lengthened allowing for greater relaxation and filling of the ventricles. These influences are important during high heart rates. They allow for a more efficient cardiac function, postponing the occurrence of heart failure as much as possible. 


Decreasing the pressure in the carotid sinus increases the force of atrial systole by increasing sympathetic activity and decreasing vagal activity to the heart. Ventricular end-diastolic pressure and cardiac fiber length are varied by these baroreceptor mechanisms. Changes in systemic pressures act to modify ventricular inotropy, thus facilitating maximal operation under extreme conditions.


Randall (1984) shows that the heart is not completely dependent on the SA node pacemaker cells to induce cardiac acceleration. Heart rates obtained before and after SA node excision are not significantly different when left and right stellate ganglion XE  "stellate ganglion"  stimuli are administered. Thus, other supraventricular sites such as the Bachman's bundle, inferior left atrium and coronary sinus contribute to the overall control of heart rate. Positive chronotropic regulation occurring in alternative locations is beneficial for engineering purposes. These locations provide supplemental opportunities for sensing in order to improve cardiac performance. XE  "Bachman's bundle\;, inferior left atrium and coronary sinus contribute to the overall control of heart rate. Positive chronotropic regulation occurring in alternative locations is beneficial for engineering purposes. These locations provide supplemental opportunities for sensing in order to improve cardiac performance." 
2.2.3  Parasympathetic control XE  "Parasympathetic control" 
Parasympathetic control of the heart often contributes inverse effects in comparison to sympathetic influences. In this manner, it serves the human body as an autoregulatory mechanism. However, experiments show that vagal stimulation can act as a positive influence towards cardiac performance if proper stimulation timing intervals are exhibited (Randall, 1984).



The extensiveness of parasympathetic control ranges from vagal brain centers to peripheral aspects within the heart and coronary vessels. Inotropic, chronotropic, and dromotropic effects of parasympathetic control need to be well understood for effective cardiac pacing. Descriptions of these influences provide effective control options.

Influences in the SA node XE  "SA node" 
Rosenblueth and Simeone (1934) indicate that the percent chronotropic change induced by parasympathetic stimulation is independent of any sympathetic activity. Thus, sympathetic and parasympathetic influences on the SA node are independent of each other. Warner and Cox (1962) report that the cardiac response time to parasympathetic stimuli is faster than that of the sympathetics. Hence, steady state response is obtainable within a few beats with parasympathetic stimulation.


Shortly after a brief vagal stimulus (stimulus given to any of the parasympathetic nerves), the cell membrane becomes hyperpolarized. This releases acetylcholine at the vagal endings and diminishes the potassium conductance of the autonomic cells, thereby producing the hyperpolarization. These changes in potassium concentration are responsible for a secondary increase in chronotropic length. Also, this chronotropic deceleration indicates a reduction in the slope of SA node potential during diastole (Randall, 1984). The primary and secondary phases of deceleration are characteristically separated by a brief phase of cardiac acceleration. A dip exists between the S–T portion of the cardiac potential curve, causing the brief acceleration period. During this phase, the maximal diastolic potential in the SA node rises slightly to a less negative value due to an increase in sodium conductance. As vagal stimulation continues, the ventricles but not the atria increase towards a steady-state value.


Many investigators show that a brief vagal stimuli can have about a 15-s influence on the heart rate. The exact influence depends on the timing of the stimuli in the cardiac cycle. For example, if the cervical vagus nerve is stimulated once each cardiac cycle, the chronotropic response will depend on the timing of the stimuli relative to the phase of the cardiac cycle. Simultaneous sympathetic activity and the administration of glucagon are two other factors that can alter the relationship between the cycle phase and chronotropic response. It is possible that the engineer can use the different responses along the timing interval as a means of control. 


Vagal activity enhances the synchronization of SA nodal cells when repetitive brief bursts of pulses occur rather than equally spaced pulses during vagal stimulation. As the stimulation frequency of repetitive pulses increase, the P–P interval lengthens (Levy, 1970). These results confirm the negative chronotropic effects of vagal stimuli. However, a linear relationship does not exist between stimulation frequency and cycle length. In fact, a small change in stimulation frequency can result in a large change in cardiac cycle length (Randall, 1984). As an increase in stimulation frequency occurs, a  nonlinear decrease in cardiac cycle length results. Wallick shows similar behavior in the AV node (Wallick, 1979).


The innervation of the SA node occurs by the right caudovagal and craniovagal nerves and by the right and left thoracic vagus nerves. They travel along the superior vena cava, across the surface of the left superior atrium, dorsal to the aorta, and enter the heart through the superior pulmonary veins. There are other minor parasympathetic entrances to the heart. However, they are severed during surgical entrance. Hariman (1980) shows that the clusters of pacemaker cells are in poor communication in the SA node, thus the conduction velocity is slow between the cell clusters. Repetitive vagal activity coordinates the cell clusters in the SA node providing the aforementioned synchronization.

Influences in the AV node XE  "AV node" 
Both steady state and dynamic control exist in vagus-regulated atrioventricular conduction. The parasympathetic nerves depress AV conduction or display what are known as negative dromotropic effects. Continuous supramaximal series of vagal stimulation prolong AV conduction time (Irisawa et al., 1971). Bradydysrhythmias with variable degrees of heart block also result from similar continuous stimulation. Irisawa et al. (1971) also show that the negative dromotropic effects were linear as a function of stimulus intensity. Block does not occur until conduction time is lengthened about 60% from normal. The degree of dromotropic change is also dependent on simultaneous slowing of the SA node (Martin, 1977). In contrast to the combinatorial effects found in the SA node, the AV node experiences independent alterations by the two branches of the autonomic nervous system. 


Single stimuli or short bursts of stimuli to the parasympathetics are preferred towards studying the dynamics of dromotropic effects. Levy shows the variability of single stimuli experiments when the heart rate is not controlled by pacing (Randall, 1984). When the heart rate is held constant by pacing, single stimuli elongate the AV conduction time. As with the SA node, the timing during the phase of the cardiac cycle is important. As a decrease in the rate of stimulation from the first stimuli occurs, the magnitude of the change in AV conduction will decrease. In addition, the magnitude of response to a single stimuli is also dependent upon the atrial conduction rate.


The mechanism responsible for these results remains uncertain. However,  Hoffman (1960) shows an increase in action potential duration when AV conduction is lengthened due to electronic effects. In contrast, Levy (1982) proposes that it is due to longer refractory periods of the AV conduction system than the duration of the associated action potential (Randall, 1984). Hence, conflicting reports of the mechanism make it difficult to characterize as a means of cardiac control. If in fact longer refractory periods are responsible for the changes in conduction, control opportunities would exist based upon the timing of the refractory periods.

Combined chronotropic and dromotropic influences

It is rare and difficult to observe heart rate and conduction changes due to parasympathetic stimuli. De Beer (1977) successfully measured the effects on AV conduction using step changes in atrial pacing rate and parasympathetic stimulation. The results show an exponential time course of AV conduction after a step change in atrial pacing. Maximal parasympathetic stimulation increases the exponential time constant by a factor of four. These effects are independent of sympathetic activity. 


Levy and Martin (1977) also provide a focus on the interaction between the effects of AV conduction and heart rate. In order to measure the combined effects, stimulation to an unpaced and paced heart is necessary. Comparing the recordings of the heart rate and AV conduction time provides interesting results from similar parasympathetic stimuli. Their results indicate considerable nonlinear interactions between the direct and indirect vagal effects.


Two mechanisms cause these results. First, the vagal stimulus altered the atrial activation patterns indicating a shift in the cardiac pacemaking site. Second, by increasing the cycle length, the depressive effects of acetylcholine on AV conduction improve (De Beer, 1977). The details which remain unclear are the interactions between the heart rate and parasympathetic activity. 


Acetylcholine significantly reduces the atrial action potential. This results in a reduction of the atrial refractory period upon parasympathetic stimulation (Zipes, 1974). Acetylcholine effects on ventricular refractory periods remain unclear. It is certain that acetylcholine antagonizes adrenergic effects. The dispute exists over the degree of independent control of refractoriness by the parasympathetics. Regardless, the lengthening of refractory periods is beneficial in terminating arrhythmias which are sustained by a reentrant circuit. Conduction can be stopped if the refractory period is lengthened enough. This allows for the interruption of the reentrant feedback that maintains the arrhythmia.

Control of inotropic effects XE  "inotropic effects" 
Vagal stimuli also control inotropic effects both in the ventricle and atria. De Geest (1965) successfully shows negative inotropic effects up to 25% in the ventricles during maximal vagi stimulation. The regional distribution of efferent vagal fibers is highly specific. The inotropic effects are stronger at the base of the ventricle than at the apex. This is useful in determining the placement of electrodes if pacing by neural rate-adaptive mechanisms for maximal effects.


Atrial inotropic effects are more sensitive to vagal influences than ventricular effects are. This is due to higher concentrations of cholinesterase and richer intrinsic and extrinsic parasympathetic innervations. These factors result in more rapid onset and termination responses. Also, the diffusion distance of acetylcholine in the atria is much smaller than in the ventricle. However, these can not be independent factors as Priola et al. (1980) indicate. “The ventricular responses to intracoronary injections of acetylcholine have a slower onset and slower time course than do the atrial responses” (Randall, 1984).


Ventricular standstill occurs during vagal stimulation having an effect on cardiac function. This is usually followed by a brief period of positive chronotropy. Overdrive suppression is the mechanism that accounts for these events. The sinus rate is much faster than the ventricular pacemakers alone. Therefore, continuous overdrive of the idioventricular pacemaker cells occurs during normal operation. Inhibition of only the atrial and AV junctional pacemakers would result from this mechanism, revealing the suppression of the SA node on the idioventricular pacemakers. Ventricular standstill results from these events. Most of the overdrive suppression in the atria is due to the release of acetylcholine and the subsequent release of catecholamines. However, in the ventricles, the presence of potassium outside the cell membrane causes an initial decrease of the maximal diastolic potential which is then followed by an increase above normal values. Once ventricular drive occurs, the potassium concentration diminishes.


Thus, it is important to determine the proper timing of the burst of vagal activity. Depending on the phase impulse, contraction may either be completely or negligibly depressed. Both the SA and AV nodal regions are sensitive to this timing. Also, the ventricles and atria are independently sensitive to parasympathetic stimuli. This is important for maximizing the sensing roll of a pacemaker if neural rate-adaptive techniques are used.

2.2.4 Sympathetic-vagal interactions

Sympathetic-vagal interactions XE  "vagal interactions"  are quite important when considering coronary control. Many of the parasympathetic and sympathetic postganglionic nerve endings lie close together in the walls of the heart. This results in complex interactions when both branches of the ANS are stimulated simultaneously. Levy (1982) explains these interactions as accentuated antagonism. Under certain circumstances, the presence of sympathetic activity enhances the inhibitory effects of the parasympathetic activity. 


The mechanism regarding this unusual result is well understood. Both presynaptic and postsynaptic levels influence these interactions. The synapse is clearly between the postganglionic nerve ending and the effector cell. The presynaptic mechanism involves the inhibition of norepinephrine release cholinergically from the postganglionic sympathetic nerve terminals. The postsynaptic mechanism involves interactions at the effector cells. These interactions are governed by the cyclic nucleotides, cAMP and cGMP. Randall (1984) shows, “Either the addition of cholinergic antagonists or concurrent stimulation of the vagal nerves resulted in the reduction of norepinephrine released by the standard sympathetic stimulation.” The details of such mechanisms are complex and not useful in considering cardiac control. The most important aspect of these combined interactions is the increase of vagal effects during simultaneous sympathetic activity.

2.2.5 Neural control of blood pressure XE  "blood pressure" 
The maintenance of blood pressure is necessary for blood flow to the organs and cells of the body. Although it is difficult to measure this parameter as a means of cardiac control, it warrants focus as an influential factor in the cardiac control system (Figure 2.2). The desired mean arterial blood pressure is 90 mm Hg. Baroreceptors XE  "Baroreceptors"  located on structures in the heart such as the aortic arch and carotid sinus sense the blood pressure. Pressures above 90 mm Hg cause the stretch receptors to expand and discharge more action potentials. If the pressure drops below 90 mm Hg, the inverse occurs. 


The response to changes in the mean arterial blood pressure is complex, involving several areas of the brain. When the pressure rises above 90 mm Hg, the increased action potential activity in the fibers from baroreceptors activates a cardiovascular regulatory center in the brain stem. This is the depressor center and causes a reduction in blood pressure (Figure 2.8). Neurons in the depressor center synapse with preganglionic sympathetic nerve cells to inhibit their activation. This inhibition of sympathetic nerve cells reduces the heart's force of contraction and chronotropic activity. It also reduces the vasoconstriction of blood vessels. The depressor center also activates the nucleus of the vagus, another region of the brain stem which directly reduces heart rate. The net result of these actions produces a reduction in the mean arterial blood pressure. Figure 2.2 shows a complete pathway of events.
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Figure 2.8  The hypothalamus control of MABP. CO, Pa, and Rp are cardiac output, arterial pressure, and total peripheral resistance respectively.


Decreases in blood pressure below 90 mm Hg cause the baroreceptors to activate the cardiovascular pressor center, which is also located in the brain stem. The pressor center increases blood pressure in response to sudden decreases such as those due to hemorrhages. The pressor center stimulates the preganglionic sympathetic nerve cells to increase heart rate and inotropic effects. In addition, blood vessels constrict. Hence, the net effect of these actions increases the mean arterial blood pressure. For example, the hypothalamus affects the regulation of blood pressure by its excitatory inputs to the pressor center and preganglionic sympathetic neurons causing it to increase. These observations clearly indicate the sympathetic control of peripheral resistance.

2.3  Hormonal control XE  "Hormonal control" 
The hypothalamus plays an important role in hormonal control. Indirectly, activation of the dorsal hypothalamus increases blood pressure, while the ventral hypothalamus decreases blood pressure. These responses are commonly known as the fight or flight responses. Figure 2.9 provides the fight or flight responses of the hypothalamus directly related to cardiac control. These responses prepare the body during moments of stress when blood vessels to the skeletal muscles need to dilate and positive chronotropic and inotropic effects are necessary. 


The responses are mediated by the activation of the adrenal gland. The adrenal gland in turn secretes catecholamines (epinephrine and norepinephrine) and glucocorticoids. The adrenal gland consists of an outer area known as the adrenal cortex. This is where the production of glucocorticoids occurs. The central area is the adrenal medulla and is responsible for the secretion of the catecholamines. A direct connection of nerve fibers from the hypothalamus to the interomedial lateral nuclei (IML) and from it to the cells in the medulla carries out the release of catecholamines from the adrenal medulla. The catecholamine-secreting cells of the adrenal medulla function as postganglionic sympathetic cells. Of the synthesizing cells in the adrenal medulla, 20% produce norepinephrine. 

	Changes in physiological fight or flight response

	1. 
Increased blood pressure

	2. 
Increased heart rate

	3. 
Increased force of heart contraction

	4. 
Increased heart conduction velocity

	5. 
Increased depth and rate of ventilation

	6. 
Shift of blood distribution towards skeletal muscle and heart


Figure 2.9  Physiological responses by the hypothalamus XE  "hypothalamus"  pertaining to cardiac control.


The catecholamines that circulate in the blood affect the same receptors and target organs as postganglionic nerve cells. However, their actions are not as discrete as those generated by sympathetic nerve cells because they enter the blood. Circulating catecholamines have positive inotropic and chronotropic effects, causing the arteries of the skeletal and coronary muscles to dilate. The net effect of these actions is to provide more blood to skeletal muscles, heart, and brain and to reduce blood flow to the vegetative organs in the body. 


Several factors influence the function of the adrenal medulla. An individual's emotional state is a primary factor. The hypothalamus operates as the brain center for emotion. Stress-induced increases in nerve cell activity in the hypothalamus activate preganglionic sympathetic neurons. These preganglionic neurons then innervate and activate the adrenal medulla, causing the secretion of epinephrine and norepinephrine into the blood stream. Other factors such as the extreme loss of blood, hypothermia, and hypoxia will also activate the adrenal medulla, attempting to correct functional disorders and maintain a constant internal environment.


For control purposes, it is difficult to design a pacemaker that is rate-adaptive to the kinetic turnover rate of catecholamines in the adrenal medulla. However, they do play an integrative role in sympathetic activity, which can cause secondary effects at the cardiac level.
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2.5  Instructional objectives

2.1
Explain the difference between the intrinsic and extrinsic pathways of cardiac control.

2.2
Describe specifically how a decrease in arterial baroreceptor firing would cause arterial pressure change to occur.

2.3
Explain how the Frank–Starling Law is used in cardiac pacing.

2.4
List the neurotransmitter and receptor for each branch of the ANS (all options).

2.5
Describe why the postganglionic parasympathetic nerve cells have short axons.

2.6
Define the four basic effects of the ANS on cardiac performance. Be specific for both sympathetic and parasympathetic divisions and indicate whether an increase or decrease is induced as a result.

2.7
Explain how the individualized response of the peripheral distribution of sympathetics can be used as a control option of myocardial tissue contraction.

2.8 
Briefly explain the parasympathetic innervation and control of the SA node pacemaker cells.

2.9 
Describe the sympathetic and parasympathetic nerves that mainly control cardiac performance.

2.10
Explain the process of overdrive suppression and its control of ventricular pacemaker cells.

2.11
Explain the process of "accentuated antagonism".

2.12
Describe the neural effects of decreasing catecholamine concentrations.
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