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Preface


“The aim of science is always to reduce complexity to simplicity”

William James

Following the success of the second edition of Electrocardiography of the Dog and Cat, published by Edra Publishing and translated into seven languages (Portuguese, Spanish, French, Italian, Polish, Korean, and Russian), we embarked on a new textbook project to complement our previous work. This collaborative effort stems from a decade-long partnership between the Cardiology departments of Clinica Veterinaria Malpensa, AniCura (Samarate, Italy), under the direction of Professor Roberto Santilli, and of Cornell University (Ithaca, New York, USA), led by Professor Romain Pariaut. Cardiology specialists from both institutions have contributed to this project, coauthoring chapters and providing images and electrocardiographic tracings.

Designed to cater to veterinary specialists in cardiology, anesthesia, intensive care, and emergency medicine as well as to general practitioners seeking to expand their knowledge of the analysis and treatment of arrhythmias in dogs and cats, this book explores rhythm disorders from both clinical and pathophysiological standpoints. For a better understanding of these disorders, each chapter includes detailed information on the cardiac electroanatomy and provides comprehensive descriptions of surface, dynamic, and endocavitary electrocardiographic findings with the latest discoveries in this field. For each rhythm disorder, medical and interventional treatment guidelines are included based on the available literature and the authors’ experience.

The book covers a wide spectrum of topics divided into six sections: I – Basic Science, II – Diagnostic Modalities, III – Therapeutic Modalities, IV – Tachycardias, V – Bradycardias, and VI – Specific Diseases. Section I addresses the electrophysiological mechanisms underlying cardiac arrhythmias and describes their correlation with autonomic nervous system activity, their classification, and their associated clinical findings. In Section II, the focus shifts to surface electrocardiography, offering insights into diagnosing various arrhythmias using specific analytical methodologies. This section also explains the nuances of prolonged dynamic monitoring using Holter devices to help readers in the analysis of electrocardiographic tracings and heart rate variability. Additionally, it provides a detailed description of basic electrophysiological studies and different stimulation techniques, essential for understanding rhythm disorders. Section III begins with a comprehensive review of antiarrhythmic drugs based on the Vaughan Williams classification, with information on their electrophysiological mechanisms, indications, dosages, interactions, and side effects. Anesthesia in dogs and cats is also addressed, given its relevance in treating animals with rhythm disorders. Section III further covers electrical therapy for arrhythmias, including cardioversion, defibrillation, pacemaker or defibrillator implantation, and radiofrequency catheter ablation techniques. Section IV thoroughly discusses clinical, surface electrocardiographic, dynamic, and endocavitary findings of supraventricular and ventricular tachycardias. Each arrhythmia is analyzed in relation to its anatomical and electrophysiological basis, followed by a discussion on clinical, electrocardiographic, and therapeutic characteristics. Diagnostic algorithms proposed by the authors are presented to aid in the understanding of supraventricular arrhythmias. Similarly, Section V focuses on various bradyarrhythmias. Disorders of the sinus node and intra-atrial, atrioventricular, and intraventricular conduction systems are explored, culminating in a discussion on agonal rhythms such as pulseless electrical activity and ventricular fibrillation. The book concludes with Section VI, which describes rhythm disorders associated with various pathological states, including channelopathies, hypertrophic and dilated cardiomyopathies, inflammatory cardiomyopathies, arrhythmia-induced cardiomyopathy, chronic mitral valve disease, and systemic disorders. The final chapters address the causes of syncope and sudden cardiac death in dogs and cats.

We extend our heartfelt gratitude to all our colleagues from the Cardiology departments of Clinica Veterinaria Malpensa, Anicura, and Cornell University, whose contributions have enriched this book. We also thank our European and North America colleagues who have referred cases for endocardial mapping and radiofrequency ablation over the years. A special expression of gratitude goes to the Silverman family for their encouragement and support through the Henry and Karen Silverman Initiative to Advance Treatment of Canine Arrhythmias, in honor of their beloved dog Rex. The collaboration between our institutions owes much to this generous initiative. We extend our warmest thanks to: Dr. Stefania Scarabelli from the Anesthesia department of Clinica Veterinaria Malpensa, Anicura, whose professionalism and experience have been instrumental in the success of electrophysiological studies, even in the most critical patients; the Anesthesia department at Cornell University for their professionalism; and the Surgery department at Clinica Veterinaria Malpensa, Anicura, led by Dr. Vincenzo Montinaro, for their invaluable assistance and competence during the execution of numerous interventional procedures. We would also like to acknowledge all the Cardiology residents at Clinica Veterinaria Malpensa, Anicura, and Cornell University for their dedication, passion, and eagerness to learn, which have inspired us to advance knowledge in this complex field of cardiology. Finally, we would like to thank Dr. Alessandra Maffei for the accurate research of electrocardiographic tracings, Elena Maria Rossini and Dr. Lucia Ramera for their invaluable help in proofreading, ensuring the accuracy and clarity of the text, and Matilda Bracaloni, Veronica Santilli, and the graphic designers at Edra Publishing for their expertise in executing the iconographic component accompanying the text.

Roberto Santilli, Romain Pariaut, Manuela Perego
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Mechanisms of arrhythmias


Romain Pariaut, Lawrence Santistevan

The mechanisms of arrhythmias can be broadly categorized into abnormalities of impulse conduction, abnormalities of impulse formation, or a combination of both (Table 1.1). Impulse conduction describes how an arrhythmia is perpetuated through the heart. Impulse formation describes how an arrhythmia is initiated.

Abnormalities of impulse conduction include reentry and conduction block; abnormalities of impulse formation include enhanced automaticity and triggered activity.

Usually, it is not possible to identify the exact mechanism of an arrhythmia during routine clinical evaluation and on a surface electrocardiogram. Advanced electrophysiological studies can however provide insight to the underlying mechanism. Importantly, one mechanism may be responsible for the initiation of an arrhythmia and another for its perpetuation. Understanding the mechanisms of arrhythmias remains a helpful tool in the management of rhythm disorders.1–4

TABLE 1.1. Summary of arrhythmic disorders, their site of origin and mechanisms (including abnormalities in impulse formation and conduction), and clinical examples.









	
Disorder


	
Mechanism/site of origin


	
Clinical example





	
Abnormal impulse formation





	
Automaticity





	
Enhanced normal automaticity


	
Enhanced automaticity of the sinus node, atrioventricular node, or His–Purkinje fibers


	

	[image: ] Focal junctional tachycardia

	[image: ] Nonparoxysmal junctional tachycardia

	[image: ] Sinus tachycardia







	
Enhanced abnormal automaticity


	
Enhanced automaticity of atrial or ventricular myocardium and tributary veins


	

	[image: ] Focal atrial tachycardia

	[image: ] Pulmonary vein firing







	
Depressed automaticity


	
Depressed automacity of the sinus node


	

	[image: ] Sinus node dysfunction







	
Parasystole


	
Ectopic focus within the myocardium protected by entry block


	

	[image: ] Atrial parasystole

	[image: ] Ventricular parasystole







	
Triggered activity





	
Early afterdepolarization


	
Phase 2 or phase 3 depolarization of the atrial myocardium, ventricular myocardium, or His–Purkinje fibers


	

	[image: ] Inherited ventricular arrhythmias (German Shepherd, English Springer Spaniel)

	[image: ] Torsades de pointes

	[image: ] Antiarrhythmics with proarrhythmic properties

	[image: ] Pulmonary vein firing







	
Delayed afterdepolarization


	
Phase 4 depolarization of the atrial myocardium, ventricular midmyocardium, or His–Purkinje fibers


	

	[image: ] Catecholaminergic polymorphic ventricular tachycardia

	[image: ] Digitalis toxicity







	
Abnormal impulse conduction





	
Conduction block


	
Functional, anatomical, physiological, or pathological block within the sinus node, atrioventricular node, or His–Purkinje system


	

	[image: ] Sinus exit block

	[image: ] Interatrial block

	[image: ] Atrioventricular block

	[image: ] Bundle branch block







	
Reentry


	

	[image: ] Anatomical/functional

	[image: ] Phase II reentry, reflection

	[image: ] Accessory pathways

	[image: ] Ventricular myocardium

	[image: ] Atrial myocardium

	[image: ] Atrioventricular node

	[image: ] His–Purkinje fibers




	

	[image: ] Monomorphic ventricular tachycardia

	[image: ] Accelerated idioventricular rhythm

	[image: ] Orthodromic atrioventricular reciprocating tachycardia

	[image: ] Atrioventricular nodal reciprocating tachycardia

	[image: ] Atrial flutter

	[image: ] Atrial fibrillation









THE CONCEPT OF HETEROGENEITY

The ventricular myocardium is comprised of different layers of cardiomyocytes that form a mosaic of cells with varying electrical characteristics. These include differences in action potential duration and refractoriness, which is particularly crucial during the repolarization phase. Cardiomyocytes can thus be further categorized as epicardial, mid-myocardial (or M cells), and endocardial myocytes. These differences in refractoriness contribute to the heart’s inherent heterogeneity. The action potentials of M cells and epicardial myocytes both exhibit a prominent phase 1 and phase 3 due to the prevalence of an outward potassium current (Ito). However, this current is almost nonexistent in endocardial cells, resulting in the absence of or a discrete phase 1 of the action potential. Epicardial cells exhibit a higher Ito density than M cells, which gives their action potential a prominent spike and dome appearance. Conversely, M cells have a longer action potential duration, likely due to a lower IKs density that prolongs phase 2 of the action potential.1–4

These differences in potassium handling create a transmural gradient of repolarization across the myocardium (Fig. 1.1).1–4 This transmural electrical heterogeneity can serve as a substrate for arrhythmogenesis, particularly in the presence of abnormal conditions such as heart failure, cardiomyopathy, ischemia, and drug therapy.


[image: ]


FIGURE 1.1. Concept of heterogeneity within the ventricular myocardium including the epicardium, M cells, and endocardium. Note the differences in action potential morphologies and durations, particularly during repolarization. The endocardial layer displays a slurred phase 1 due to a lower Ito current. M cells have longer action potentials due to a lower IKs current. The epicardial layer maintains a spike and dome appearance because of a prominent Ito current.



ABNORMALITIES OF IMPULSE CONDUCTION

REENTRY

Reentry occurs when an electrical impulse becomes entrapped in an abnormal circuit within the heart muscle that allows for its continuous excitation. In the normal heart, the electrical impulses from the sinus node propagate in an orderly manner within the myocardium to stimulate rhythmic contractions. However, if an area of the myocardium is in the refractory state and cannot conduct the normal electrical impulse secondary to a unidirectional block, it serves as a potential pathway for that initial impulse to reactivate the myocardial tissue once it has recovered excitability. A persistent re-excitation is known as a reentry and can perpetuate tachyarrhythmias.5,6

For a reentry circuit to form, certain prerequisites must be present:


	1. An area of nonconducting tissue (anatomical vs. functional).

	2. A pathway with a long refractory period where a unidirectional block occurs.

	3. A pathway with slow conduction velocity where impulse conduction occurs.

	4. An initiating trigger.



Therefore, a reentry circuit is typically comprised of two pathways, or branches, separated by an area of nonconducting tissue. These two branches can be differentiated into an α-branch, where antegrade conduction occurs, and a β-branch, where retrograde conduction takes place. Figure 1.2 describes the potential outcomes of a reentry circuit. A slow conduction velocity along the α-branch gives enough time for the β-branch to recover from a block, and the impulse conducts retrogradely up the β-branch. Once it reaches the α-branch again, the impulse may stop if the tissue is still in a refractory state or re-excite the α-branch initiating a second loop of reentry.

Initiation and maintenance of reentry depend on two critical parameters: the conduction velocity of electrical impulses along the reentrant pathways and the refractory periods of the circuit’s components. These two factors dictate the reentrant wavelength, which is calculated as the conduction velocity multiplied by the refractory period.5 For reentry to propagate, the reentrant wavelength must be equal to or shorter than the anatomical circuit available for the electrical impulse to propagate.
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FIGURE 1.2. Schematic representation of a reentry circuit containing two branches of impulse conduction separated by an area of nonconduction.



Reentry can be subdivided into two types: anatomical and functional. Moreover, six different models of reentry have been proposed:


	1. Ring model

	2. Leading circle model

	3. Figure-of-eight model

	4. Spiral model

	5. Reflection

	6. Phase II reentry



Anatomical reentry involves the presence of an anatomical obstacle around which an electrical impulse travels following a fixed path.5,6 Examples of anatomical obstacles include the valve annulus or areas of fibrotic tissue. As the anatomical circuit is typically slightly longer than the reentrant wavelength, this type of reentry possesses an excitable gap, which is an area of excitable myocardium that exists between the head and the tail of the electrical wavefront and allows for continuous reactivation and propagation of an arrhythmia. An increase in conduction velocity along the α-branch of the circuit or an increase in the refractory period in the β-branch may prevent the reentry from occurring. Conversely, a reduction in conduction velocity or an increase in the refractory period may promote the arrhythmia (Fig. 1.3). This type of reentry is also frequently termed circus reentry.

Examples of anatomical reentry circuits include orthodromic atrioventricular reciprocating tachycardia, atrioventricular nodal reciprocating tachycardia, atrial flutter, and some forms of ventricular tachycardia. These arrhythmias are examples of the ring model of reentry (Fig. 1.4).

Functional reentry does not require a fixed anatomical circuit to propagate. Rather, this form of reentry involves an ever-changing central core of functionally refractory tissue and therefore depends on the refractory period of excitable tissue. The wavefront of a functional reentry circuit causes cardiomyocytes within a circuit to be immediately reactivated by the wavefront once they have recovered since the head and the tail of the wavefront nearly overlap, leaving no excitable gap. These types of pathways typically follow the leading circle, spiral, and figure-of-eight models (Fig. 1.5). Circus reentry has also been described with functional reentry circuits but is mostly associated with anatomical reentry. Examples of functional reentry include atrial fibrillation, some forms of ventricular tachycardia, and ventricular fibrillation.

Reflection typically occurs in a linear rather than circular fashion. The impulse travels linearly and parallel to an area of depressed conduction in an antegrade direction. When the wavefront reaches the distal portion of tissue with decreased conduction, that tissue is then re-excitable, and the impulse then reverses its direction to reenter the circuit, and propagates in a retrograde direction, thereby creating a reentry loop (Fig. 1.6).

Phase 2 reentry is the development of an arrhythmia due to a change in the heterogeneity of the layers of the myocardium. Changes in refractoriness secondary to inward or outward ion currents can alter the morphology and duration of action potentials within the myocardial layers and potentially promote reentry during phase 2 (or dome phase) of the action potential. This can be observed with a decreased outward Ito current in the epicardium, resulting in changes in its spike and dome appearance. This is also described as the underlying cause of ventricular arrhythmias in humans with Brugada syndrome secondary to a mutation in the inward sodium channels, which has not yet been described in veterinary species.7
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FIGURE 1.3. An excitable gap associated with an anatomical reentry circuit. Notice how the excitable gap maintains an area of fully recovered and partially recovered cells between the head and the tail of the electrical wavefront. This helps potentiate the reentry circuit.
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FIGURE 1.4. An example of the ring model of reentry involving the presence of an accessory pathway, responsible in this case for orthodromic atrioventricular reciprocating tachycardia. a) Six-lead electrocardiogram of a dog with an accessory pathway. During the first part of the tracing, orthodromic atrioventricular reciprocating tachycardia is present and terminates abruptly with an atrial depolarization (P’) block in the atrioventricular node region. The following sinus beats conduct retrogradely as evidenced by the presence of a negative P’ wave in the ST segment. b) In this circuit, impulses from the atrium conduct antegradely down the atrioventricular node, into the ventricular myocardium, and then retrogradely through the accessory pathway back into the atrial myocardium. AP, accessory pathway; AVN, atrioventricular node; LBB left bundle branch; RBB right bundle branch.
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FIGURE 1.5. Examples of the different models of functional reentry. a) Schematic drawing of a functional reentry circuit. Compared to an anatomical reentry circuit, functional reentry circuits commonly do not contain an excitable gap; therefore, the head and the tail of the wavefront almost overlap, allowing for continuous reactivation and propagation of an electrical impulse. b) The leading circle model shows an electrical wavefront revolving around a core in a sustained state of refractoriness due to the constant activation of electrical impulses. There is no anatomical barrier present. c) The spiral model shows a refractory core (sometimes called a filament) around which the electrical wavefront rotates, like in the leading circle model. d) The figure-of-eight model shows two reentrant loops that travel around an area of nonconduction (green portions) and in opposite directions (counterclockwise and clockwise) but share a central portion of their circuits between the two areas of nonconduction.
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FIGURE 1.6. Reflection. In this model of reentry, a wavefront travels antegradely and parallel to an area of tissue with decreased conduction (green square). Once the wavefront reaches the distal end of the area of depressed conduction, that area is no longer refractory and becomes re-excited. The impulse then travels retrogradely within the tissue and can either be blocked at the proximal region or propagate reentry.



CONDUCTION DISTURBANCES

The impaired transmission of electrical impulses within the cardiac conduction system is known as a conduction block. These disruptions can lead to a partial or complete block of impulse conduction that can be secondary to a physiological or pathological block due to an anatomical block or functional block.

A partial block describes a decrease in the conduction velocity of a propagated impulse, while a complete block results in the abrupt termination of the conducted impulse.

A physiological block occurs due to the inherent properties of the cardiac conduction system. If an electrical wavefront is conducted with a short cycle length down a pathway that is still in its refractory state, then the impulse will not be conducted. This can result in complete block or partial block and potential aberrant conduction. These types of blocks are commonly identified with supraventricular tachycardias and result in second-degree atrioventricular block or bundle branch block; they are a mechanism that protects the ventricles from a rapid heart rate.

A pathological block occurs when there has been damage to the electrical conduction system (e.g., fibrosis, inflammation, or ischemia) that prevents impulse propagation. These can result in an anatomical block, which is caused by an anatomical lesion within the conduction system, or a functional block when an electrical impulse attempts to travel through a portion of the conduction system during its refractory state. Functional blocks can be termed rate-dependent blocks as different bradyarrhythmias and tachyarrhythmias can result in blocks occurring at different phases of the action potential.

Two types of functional blocks exist (Fig. 1.7):8


	[image: ] A tachycardia-dependent (or phase 3) block occurs when electrical impulses are blocked when they arrive at an area that has not yet recovered from refractoriness.

	[image: ] A bradycardia-dependent (or phase 4) block is due to decreased excitability of cardiomyocytes during diastole.
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FIGURE 1.7. Rate-dependent conduction block. a) Diagrammatic representation of a phase 3 conduction block, or tachycardia-dependent block. When a stimulus occurs during phase 3 of an action potential, most sodium channels are in an inactivated state and a new action potential is not generated. b) Example of phase 3 aberrancy (rate-dependent right bundle branch block). At the organ level, a phase 3 block limited to some areas of the myocardium leads to phase 3 aberrancy. When the cycle length of an arrhythmia is shortened, or a premature beat occurs, the electrical impulse is blocked (*) in one of the bundle branches that is still in its refractory state. This is commonly associated with a right bundle branch block because the right bundle branch has a longer refractory period than the left. This is also the mechanism of Ashman’s phenomenon. c) Diagrammatic representation of a phase 4 block. During periods of bradycardia or abrupt slowing of the heart rate, phase 4 of the action potential can be associated with spontaneous depolarization of the membrane potential in diseased tissues. As a result of a less negative membrane potential, fewer sodium channels are available, which can result in a conduction block when the next stimulus reaches the tissue. d) Example of phase 4 aberrancy (bradycardia-dependent aberrancy). At the organ level, a phase 3 block limited to some areas of the myocardium leads to phase 4 aberrancy (*).



ABNORMALITIES OF IMPULSE FORMATION

ENHANCED AUTOMATICITY

Automaticity is the ability for cardiac cells to undergo spontaneous depolarization, which results in an action potential and therefore in rhythmic contraction of the working cardiomyocytes. Automaticity is a characteristic of nodal cells due to their inherent ability to spontaneously depolarize.

The sinus node, or “dominant pacemaker”, exhibits the highest intrinsic rate of automaticity. In contrast, cells of the atrioventricular node, bundle of His, and Purkinje network—known as subsidiary pacemakers— have lower intrinsic rates and thus typically act as latent pacemakers. Tissues with pacemaker properties can also be found in the atrial and ventricular myocardium, particularly within the outflow tracts, tributary veins, and heart valves.7 However, subsidiary pacemakers can discharge at a faster rate than the underlying sinus rate when the automaticity of the sinus node is depressed or their own automaticity is enhanced.

Under normal conditions, subsidiary pacemaker cells are suppressed via overdrive suppression from the sinus node. When these subsidiary pacemaker cells are repeatedly activated, an accumulation of intracellular sodium ions occurs, which triggers the sodium–potassium ATPase pump. This process leads to hyperpolarization, meaning the membrane becomes more negatively charged. Hyperpolarization of the subsidiary pacemaker cells prevents them from initiating an action potential before the sinus node undergoes another depolarization cycle.

The ability for nodal cells to undergo spontaneous depolarization is due to the inherent presence of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, which results in a slow influx of sodium ions, or “funny” current (If), and therefore in a continuous slow rise of the membrane resting potential during diastole (phase 4 of the action potential). Once the threshold is reached, an action potential occurs due to an influx of calcium through T-type and L-type calcium channels (phase 0).

The slope of phase 4 to reach the threshold is also impacted by the autonomic nervous system: heightened sympathetic tone will increase the slope of phase 4 to threshold, thus resulting in an increased discharge frequency (or faster heart rate); conversely, heightened parasympathetic tone will decrease the slope of phase 4 to threshold and result in a decreased discharge frequency (or slower heart rate). These are the characteristics of enhanced or depressed automaticity, respectively. The firing rate of pacemaker cells is influenced by the maximum diastolic potential, the action potential threshold, and the slope of phase 4 of the action potential (Fig 1.8).3,5
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FIGURE 1.8. Concept of automaticity. Schematic representation of automaticity of the sinus node and the effects of enhanced and depressed automaticity. a) Normal sinus node firing. b) An increased slope of phase 4 results in increased frequency of discharges (faster heart rate). c), d) A more negative threshold potential (c) or a less negative resting membrane potential (d) may also result in more frequent impulse firing (faster heart rate). e) A decreased slope of phase 4 results in a decreased frequency of discharges (slower heart rate). TP, threshold potential; RP, resting potential.



ENHANCED ABNORMAL AUTOMATICITY

Contractile cells of the heart are usually quiescent unless stimulated by nodal cells and therefore do not possess inherent properties of automaticity. However, under abnormal conditions, these cells may acquire automaticity and predispose patients to abnormal rhythms such as premature beats and tachyarrhythmias (e.g., focal atrial tachycardia and ventricular tachycardia).

These acquired mechanisms of enhanced abnormal automaticity can be explained by abnormalities in the membrane potential: a more positive resting membrane potential is closer to the threshold for action potential generation, which may cause underlying contractile cells to become easily excitable. Causes of increased membrane potential include acidosis, hyperkalemia, and increased catecholamines. Enhanced abnormal automaticity is also more resistant to mechanisms of overdrive suppression than enhanced normal automaticity.5

TRIGGERED ACTIVITY

Triggered activity occurs when quiescent cells fire prematurely during an action potential due to a triggering event such as changes in autonomic tone, aberrant depolarizations, or drug effects. These triggering events result in oscillations, also known as afterdepolarizations, of their membrane potential after the onset of the action potential. Afterdepolarizations are categorized based on the phase during which they take place within the action potential. Whenever these oscillations reach the threshold potential, a new action potential is generated before complete repolarization of the initial action potential and results in a premature beat or a sequence of ectopic beats.

Afterdepolarizations are classified as:


	1. Early afterdepolarizations (EADs)

	2. Delayed afterdepolarizations (DADs)



EARLY AFTERDEPOLARIZATIONS

Early afterdepolarizations occur during phase 2 or phase 3 of the action potential and are typically associated with a prolonged action potential duration. Therefore, the ventricular mid-myocardial cells (M cells), characterized by their long action potentials, exhibit a higher inherent susceptibility to developing early afterdepolarizations. Moreover, early afterdepolarizations are more likely to occur during bradycardia, a condition associated with an increased action potential duration.

Early afterdepolarizations typically result from a reduction in the outward potassium currents, which are responsible for the repolarizing phases of the action potential. This leads to a prolongation of the action potential, thus allowing for recovery and reactivation of the L-type calcium channels and an influx of calcium. The increase in intracellular calcium then activates the sodium–calcium exchanger, which transports one calcium ion out of the cell for three sodium ions into the cell (net positive charge). This can result in a new, premature action potential if the membrane voltage crosses the threshold potential. An early afterdepolarization can occur when the membrane potential is -30 mV during phase 2 or -60 mV during phase 3 (Fig. 1.9a).6

Clinical situations that may promote early afterdepolarizations include heart block, acidosis, hypokalemia, hyperkalemia, and hypothermia. Some antiarrhythmic drugs may also predispose patients to early afterdepolarizations due to an effect on action potential duration, such as class Ia antiarrhythmics (quinidine and procainamide) and class III antiarrhythmics (sotalol via inhibition of the IKr current). In the German Shepherd dog, early afterdepolarizations have been described as the underlying cause of an inherited ventricular arrhythmia that typically occurs during periods of slower heart rates.9–12 A KCNQ1 genetic mutation causing QT prolongation in English Springer Spaniels has also been described and predisposes the breed to early afterdepolarizations and subsequent malignant arrhythmias.13 A QIL1 genetic mutation identified in Rhodesian Ridgebacks has also been described as predisposing the breed to ventricular arrhythmias that are likely associated with early afterdepolarizations.14,15

DELAYED AFTERDEPOLARIZATIONS

Delayed afterdepolarizations occur during phase 4 of the action potential because of an increased intracellular calcium concentration independent of L-type calcium channels. The increase in cytosolic calcium activates the sodium–calcium exchanger, leading to an influx of three sodium ions and an efflux of one calcium ion. This imbalance results in an intracellular net positive charge, potentially raising the membrane voltage to the threshold potential and triggering another action potential (Fig. 1.9b). Delayed afterdepolarizations are typically associated with disorders causing tachycardia.

Increased circulating catecholamines, digitalis toxicity, hypercalcemia, hypokalemia, and myocardial reperfusion can cause an increased predisposition to delayed afterdepolarizations.
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FIGURE 1.9. Triggered activity and afterdepolarizations. a) Early afterdepolarizations occurring during phase 2 (~-30 mV) or phase 3 (~-60 mV) of the action potential. If the early afterdepolarization reaches the threshold, it can generate a new action potential. b) Delayed afterdepolarizations occurring during phase 4 (~-90 mV) of the action potential. Note the shortened action potential duration, usually due to tachycardia. If oscillations (or afterdepolarizations) exceed the threshold, then a new action potential is triggered.
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Influence of the autonomic nervous system on arrhythmias


Manuela Perego, Alessandra Maffei

The autonomic nervous system is made up of the sympathetic and parasympathetic systems. The effects of the autonomic nervous system on the cardiac rhythm are potent and diverse. This is because the autonomic nervous system is regulated by several mechanisms, in particular by afferent signals arising from the kidney, the baroreceptors, the carotid bodies, and the intracardiac ganglionated plexi.1 The renal nerves are the main regulators not only of renal function but also of the circulating volume, cardiac output, and blood pressure. The carotid baroreflex originates mainly from baroreceptors located in the blood vessels that detect the local blood pressure. The carotid bodies are chemoreceptors located at the bifurcation of the internal carotid arteries; their main function is to regulate respiration so as to maintain normal arterial partial pressures of oxygen and carbon dioxide.1,2 Ganglionated plexi consist of conglomerations of autonomic ganglia, nerve axons, and interconnected neurons on the epicardial surface of the heart and have an important role in arrhythmia induction and maintenance.1

The cardiac nervous system is composed of an extrinsic and an intrinsic part. The extrinsic part includes the ganglia and nerves travelling to the heart. A ganglion is defined as a cluster of neurons located outside the brain. The sympathetic ganglia, also called paravertebral ganglia, are located within the sympathetic chain, while the parasympathetic ganglia, also called intrinsic cardiac autonomic system, are distributed in the epicardial area. The intrinsic nervous system includes the network of intracardiac ganglia and interconnecting neurons. The ganglia contribute to the modulation of cardiac electrophysiological properties by integrating the inputs from both the extrinsic and intrinsic cardiac nervous systems.3,4

While the normal heart can withstand the autonomic system’s activity in response to stressful stimuli (both mental and physical), the diseased or aging heart can develop significant rhythm abnormalities. This vulnerability characterizes both the specialized conduction system (i.e., sinus node; interatrial, internodal, atrionodal pathways; atrioventricular node; intraventricular conduction system; and Purkinje fibers) and the atrial and ventricular myocardium, with significant differences in their response to autonomic nervous system stimulation.1–4

The effects of sympathetic and parasympathetic activity vary considerably depending on the cardiac structure and/or function under consideration. Sinus node automaticity is particularly responsive to parasympathetic influence, while the atrioventricular node seems to be especially sensitive to sympathetic activity.1,2

The response of supraventricular structures to autonomic nervous system activity ranges from rapid compensatory or reflex sinus tachycardia to fast supraventricular arrhythmias, which can degenerate into atrial fibrillation. Derangements in ventricular rhythm due to intense autonomic activity can be most severe and trigger ventricular fibrillation and sudden cardiac death.1–6

AUTONOMIC NERVOUS SYSTEM AND SINUS NODE

The heart rate is determined by spontaneous electrical pacemaker activity in the sinus node. The cells within the sinus node (P cells) are the dominant pacemaker in the heart because, although they are characterized as having no true resting potential, they are able to generate regular and spontaneous action potentials. Unlike nonpacemaker cells, the depolarizing current (or funny current, If) of the action potential of P cells is mainly achieved through slow Ca2+ channels instead of fast Na+ channels. This results in a slow depolarization phase (phase 0). P cells are also characterized by spontaneous repolarization during phase 4 of the action potential; this triggers the next action potential when the membrane potential reaches the threshold (–30/–40 mV). This phase mainly depends on If channels. Normal sinus node function results from a balanced interaction between the intrinsic properties of the sinus node and extrinsic factors, among which the autonomic nervous system seems to be of particular importance. The role of the sympathetic and parasympathetic systems is mainly mediated by their influence on If channels.1,2 There is evidence supporting a combined role of If channels and Ca2+ clocks in the regulation of sinus node activity. The increase in the discharge rate of the sinus node P cells is mediated by an increased slope of phase 4 of the action potential and by an increase in the value of the resting potential, with less negative values. These effects are due to the release of noradrenaline, which causes protein kinase A-dependent phosphorylation of proteins; this regulates intracellular calcium balance and spontaneous sarcoplasmic reticulum calcium cycling.2 Vagus nerve activity mediated by acetylcholine release decreases the P cell discharge rate by decreasing the slope of phase 4 of the action potential and the value of the resting potential, which reaches more negative values. The more negative values of the resting potential are caused by an increased permeability of the sarcoplasmatic membrane to K+, which induces a hyperpolarized state of the cell.2 Sinus node activity is also influenced by other extrinsic factors such as hypoxia, exercise, and temperature.

The rhythmic fluctuation of the heart rate during breathing is called respiratory sinus arrhythmia and is mediated through the Hering–Breuer reflex. This reflex is triggered to prevent overinflation of the lung. After baroreceptor activation during inspiration, action potentials are sent through large myelinated fibers of the vagus nerve to the inspiratory area of the medulla. In response, the inspiratory area is directly inhibited, allowing expiration to occur.1,2 Because the Hering–Breuer reflex uses the vagus nerve as its neural pathway, it also has some cardiovascular system effects, as the vagus nerve also innervates the heart. During stretch receptor activation, the inhibitory signal that travels through the vagus nerve is also sent to the sinus node, causing an increase in heart rate. The heart rate returns to normal during expiration when stretch receptors are deactivated. When this process is cyclical, it is called respiratory sinus arrhythmia, which is a generally normal physiological phenomenon in which short-term tachycardia is observed during inspiration. Respiratory sinus arrhythmia constitutes an important measure of cardiovascular health, as it decreases with advancing age, thus reflecting decreases in cardiac and vascular elasticity and compliance and in the capacity of P cells to be activated.1

AUTONOMIC NERVOUS SYSTEM AND ATRIOVENTRICULAR NODE

The sinus and atrioventricular nodes respond differently to the same autonomic stimulus. Atrioventricular conduction is preferentially sensitive to sympathoadrenergic activity, whereas sinus node automaticity, like atrioventricular junctional automaticity, is especially responsive to parasympathetic influences.2

Most of the delay in conduction time occurs at the level of the atrioventricular node, which is richly innervated by autonomic nervous system fibers. An increased level of vagal stimulation prolongs the atrioventricular conduction time, while sympathetic drive increases conduction. Because the atrioventricular node is innervated by many vagal fibers, even relatively low levels of brief or sustained vagal stimulation may greatly alter atrioventricular node conduction.1–4

In normal conditions, there is a sympathetic preponderance over parasympathetic activity in the modulation of atrioventricular conduction velocity. This finding is directly opposed to the accentuated antagonism observed in the sinus node, where the parasympathetic drive is preponderant over sympathetic tone. At the level of the atrioventricular node, this implies that vagal stimuli are less effective when sympathetic activity increases.2–6

AUTONOMIC NERVOUS SYSTEM AND ATRIAL FIBRILLATION

The correlation between clinical and experimental models of atrial fibrillation and changes in autonomic system tone is well established. Both adrenergic and vagal stimulation can favor the onset of atrial fibrillation through complex mechanisms of shortening of the atrial refractory period and heterogeneity of refractoriness and conduction, which finally condition the wavelength of atrial fibrillation.9 Atrial fibrillation starts with a period of rapid ectopic activity, which may be caused by discharge of an automatic focus or afterpotentials, particularly in case of increased catecholamine levels.9 Vagal stimulation, on the other hand, causes hyperpolarization of the atrial fibers, which creates the conditions for reentry because P waves may become shorter than the time required to excite the whole atrial chamber.9 In fact, the delicate balance between these factors for perpetuation or termination of atrial fibrillation has been proven in both clinical and experimental studies. Clinical cases of paroxysmal atrial fibrillation suggesting a predominant vagal mechanism often display a pattern of atrial fibrillation that alternates with atrial flutter (Fig. 2.1).10 In contrast, electrocardiographic and electrophysiological aspects suggesting ectopic automatic foci predominate in adrenergic-dependent atrial fibrillation.2 Furthermore, sustained atrial fibrillation has been correlated with increased sympathetic nerve sprouting within the atrial myocardium, suggesting increased sympathetic hyperinnervation may play a role as a substrate for atrial fibrillation.1 In addition to the complex anatomic and physiological interactions between the various nerve structures, cardiac autonomic innervation is also constantly remodeling, especially during disease states. Pathological examinations of diseased hearts showed findings consistent with cardiac neural remodeling. Studies conducted on the mechanisms of nerve sprouting using a canine model of myocardial infarction revealed a persistent elevation of nerve growth factor levels in the aorta and coronary sinus within 1 month after myocardial infarction. Nerve growth factor and growth-associated protein-43 are transported retrogradely to the left stellate ganglion through retrograde axonal transport. The increased nerve growth factor levels then trigger nerve sprouting at the noninfarcted cardiac chambers. Increased atrial sympathetic innervation is associated with an increased incidence and duration of atrial fibrillation in affected animals.9 These studies show that, even in case of a cardiac injury at the level of the ventricle, neural remodeling may occur throughout the heart. Cardiac diseases can therefore potentially increase nerve activity and promote the development of both atrial and ventricular arrhythmias. In addition, atrial sympathetic nerve densities have been shown to be significantly increased in patients affected by atrial fibrillation, and the pathophysiological importance of autonomic remodeling has been documented in various animal models and in humans.9
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FIGURE 2.1. Ambulatory electrocardiographic recording of a neurally mediated transient loss of consciousness type 1A16 (see p. 424) due to inappropriate vagal reflex in a 12-year-old male Cavalier King Charles Spaniel. Note the initial sinus tachycardia, followed by progressive sinus bradycardia and then a prolonged sinus arrest (29 seconds), interrupted by a slow idioventricular rhythm. Around 50 seconds postinitiation of sinus arrest, vagal atrial fibrillation occurs (first arrow); it is then cardioverted into functional flutter (second arrow), which lasts around 2 minutes, and finally sinus rhythm is restored (third arrow). Y lead; each line corresponds to 30 seconds. Speed, 7.5 mm/s; calibration, 5 mm/1 mV.



AUTONOMIC NERVOUS SYSTEM AND FIRING FROM THE PULMONARY VEINS AND OTHER SITES

Pulmonary vein firing has been proven to be a mechanism for induction of atrial fibrillation in both human and veterinary medicine.11 The main theory explaining this mechanism is the “Ca2+ transient triggering” hypothesis, which states that norepinephrine (by sympathetic activation) augments the Ca2+ transient, and acetylcholine (by parasympathetic activation) shortens the pulmonary vein action potential duration. The reduced action potential duration causes an even greater myocyte Ca2+ overload, which leads to activation of the forward mode of the Na+/Ca2+ exchanger. This in turn induces the formation of early afterdepolarizations, and this triggered activity causes pulmonary vein firing. This hypothesis also helps explain why pulmonary vein firing often arises from the distal portion of the pulmonary veins, as this is where the action potential duration is the shortest (Fig. 2.2).11

Although pulmonary vein firing accounts for nearly 90% of initiation of paroxysmal atrial fibrillation in human medicine, non–pulmonary vein sites such as the ligament of Marshall and cranial vena cava are alternative sites for rapid firing and atrial fibrillation initiation.12 The initiation pattern of paroxysmal atrial fibrillation from the ligament of Marshall, cranial vena cava, or pulmonary veins is remarkably similar. The ligament of Marshall is richly innervated and was named “left atrial neural fold” by some anatomists in reference to the abundance of its autonomic neural elements. However, the relative abundance of sympathetic versus parasympathetic innervation in the ligament of Marshall has been a source of discrepancies, and while it has been shown to be a parasympathetic conduit in normal dogs based on both electrophysiological and immunohistochemical findings, other studies have demonstrated a sympathetic predominance in this ligament in dogs with chronic atrial fibrillation.12 Nevertheless, it is unquestionable that the ligament of Marshall provides an ideal substrate for triggered firing if the sympathetic versus parasympathetic balance is altered, or if both become hyperactive. Another common site for non–pulmonary vein firing is the cranial vena cava–atrial junction, which has been shown to have a high density of autonomic innervation.13
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FIGURE 2.2. Ambulatory electrocardiographic recording of pulmonary vein firing that degenerates into paroxysmal atrial fibrillation in a 5-year-old male Dogue de Bordeaux. Note the presence of rapid atrial activity (500 bpm) with different atrioventricular conduction ratios that degenerates into atrial fibrillation (arrow). X, Y, Z leads; speed, 25 mm/s; calibration, 10 mm/1mV.



AUTONOMIC NERVOUS SYSTEM AND SUPRAVENTRICULAR TACHYCARDIAS

Influences of the autonomic nervous system may cause modifications of the initiation, continuation, and discontinuation of supraventricular rhythm disturbances.1–6 In case of orthodromic atrioventricular reciprocating tachycardia, the arrhythmogenic substrate is well defined: the anatomical macroreentrant circuit is formed by the atrial myocardium, the atrioventricular node, the ventricular myocardium, and the accessory pathway. Manipulation of the autonomic nervous system has been extensively studied. Interestingly, sudden onset tachycardia has been demonstrated to cause an increase in sympathetic tone due to the drop in cardiac output and consequently in blood pressure.1–6 The adrenergic reaction may sometimes explain the occurrence of atrial fibrillation complicating the accessory pathway–mediated tachycardia. In case of increased vagal tone, early termination of the reentrant tachycardia may be achieved by blocking the impulse at the level of the atrioventricular node, thus decreasing the conduction velocity through this structure. The mode of initiation of reentrant tachycardia is more difficult to investigate than its termination, because the degree of vagal and sympathetic influence on the antegrade or retrograde limb of the circuit that favors the induction of the reentrant circuit is unknown.1–6 Focal atrial tachycardia depending on abnormal enhanced automaticity can be triggered by sympathetic stimulation, which can modify phase 4 of the action potential and thereby increase the discharge rate of the ectopic focus.2

AUTONOMIC NERVOUS SYSTEM AND VENTRICULAR ARRHYTHMIAS

The mechanism underlying the generation of ventricular tachycardia results from a complex interaction between multiple factors, one of them being the autonomic nervous system, in particular its adrenergic limb.1–6 The adrenergic nervous system can exert influence on the cardiac muscle through the nerve endings (neurogenic origin) or via epinephrine release from the adrenal glands to the bloodstream (humoral origin). The sympathetic stimulation caused by exercise can produce different effects on the cardiac tissue, depending on how it is transmitted. Neurogenic stimulation is characterized by a sudden appearance, short duration, and effects that are unequally distributed in the cardiac tissues.14 Humoral stimulation is more progressive, has a longer duration, and its effects are homogeneous. Exercise can cause ventricular tachycardia in both diseased and structurally normal hearts.14 Changes in the adrenergic tone can be crucial to the induction and maintenance of ventricular tachycardias. In addition, the increased adrenergic tone in heart failure plays a central role in the development of ventricular arrhythmias.14

The anatomical distribution of the sympathetic and parasympathetic nerves and their functional effects on the working myocardium and His–Purkinje tissue are still under active investigation.14 Both the vagal and sympathetic systems have direct and indirect effects on the ventricular tissue. In contrast to what occurs in the atria, vagal modulation usually does not have any detrimental effects, and adrenergic influences bear the responsibility for many ventricular arrhythmias.14 Benign forms of repetitive tachycardia are examples of the interplay between rate and adrenergic dependence. The rate dependence of some ventricular rhythm disturbances can explain the disappearance of premature ectopic ventricular beats at rest as well as during exercise, but there is also a strong correlation between the repetitive activity that follows the initial premature beat and the preceding heart rate.14 These mechanisms can be explored during prolonged electrocardiographic monitoring. Ventricular arrhythmias with a prolonged QT interval, either congenital or acquired, are preceded by abnormal ventricular repolarization. In these cases, the sympathetic drive can induce malignant polymorphic ventricular tachycardias or torsades de pointes mediated both by α- and β-adrenergic stimulation. In this syndrome, the vagal influence is considered protective.2

AUTONOMIC NERVOUS SYSTEM AND ARRHYTHMIAS IN HEART DISEASES

The refinement of experimental procedures has produced remarkable models for studying the mechanism of sudden death by combining acute ischemia and adrenergic stimulation, evaluating variations in the balance between sympathetic and parasympathetic tone, and exploring possibilities to treat the trigger and electrophysiological substrate of arrhythmias. Both α- and β-adrenergic effects may exacerbate arrhythmias by increasing afterpotentials in healed myocardial tissue.1–6 The role of the autonomic nervous system and more specifically the sympathetic nervous system in the occurrence of ventricular tachycardia and ventricular fibrillation is well established.2 Myocardial injury and infarction lead to cardiac sympathetic afferent activation, which in turn increases cardiac sympathetic outflow to the heart via the stellate, middle cervical, and thoracic sympathetic ganglia.1–6

In structural heart diseases, remodeling may have significant adverse effects at multiple levels, including the intrinsic cardiac nervous system, the extracardiac ganglia, and the central nervous system. Remodeling is aimed at improving cardiac performance (cardiac contractility and cardiac output) in the short term, but these changes become detrimental in the long term if left uncorrected. In fact, neurohormonal activation has been demonstrated to have a pivotal role in the development of congestive heart failure, which is usually associated with increased systemic levels and decreased cardiac levels of catecholamines. Myocardial infarction and fibrosis lead to denervation of sympathetic fibers in the scar area, which no longer responds to sympathetic stimulation. Myocardial scars also cause the loss of efferent sympathetic innervation in close noninfarcted areas, and attempted reinnervation or nerve sprouting occurs at the border zone of the damaged area. Localized nerve sprouting potentially exacerbates the heterogeneous cardiac activation and repolarization during sympathetic activation and promotes the onset and maintenance of ventricular tachycardia, which can potentially degenerate into ventricular fibrillation and sudden cardiac death.15

Studies in cats and canine models of ischemia revealed that sympathetic stimulation represents the trigger for ventricular tachycardia and ventricular fibrillation, by reducing the action potential duration, increasing dispersion of repolarization, and causing early afterdepolarizations.2 Experimental studies have shown that an increase in sympathetic tone predisposes to ventricular tachycardias and ventricular fibrillation, while an increase in parasympathetic tone had a protective effect. It is well known that circulating catecholamine levels are elevated in patients with congestive heart failure, thereby indicating an increased sympathetic tone.2 (Fig. 2.3).

Other than ventricular rhythm disturbances, structural heart diseases can also be associated with supraventricular arrhythmias. Atrial fibrillation is the most common arrhythmia and is associated with important morbidity and mortality rates. The electrophysiological and anatomical substrates underlying atrial fibrillation include atrial fibrosis, atrial stretch, oxidative stress, and abnormalities in calcium handling. An increase in the parasympathetic and sympathetic tone is involved in the genesis and maintenance of atrial fibrillation. On the one hand, sympathetic stimulation increases calcium transients and atrial ectopy from the pulmonary veins, which triggers atrial fibrillation by decreasing the duration of the effective refractory period and causes a nonuniform anisotropic conduction. On the other hand, an increase in parasympathetic tone reduces the duration of the action potential, thus favoring the induction of atrial fibrillation. Studies in canine models suggested that the development of atrial fibrillation may be associated with concurrent activation of both the sympathetic and parasympathetic limbs, rather than isolated overactivity in either one.16


[image: ]


FIGURE 2.3. Ambulatory electrocardiographic recording of sudden cardiac death occurring due to ventricular fibrillation in a 10-year-old female German Shepherd. The initial part of the tracing shows a persistent atrial fibrillation interrupted consecutively by three ventricular ectopic beats and one couplet (*), then a polymorphic ventricular tachycardia (arrow), which degenerates into ventricular fibrillation. Y lead; each line corresponds to 30 seconds. Speed, 7.5 mm/s; calibration, 5 mm/1 mV.



Myocardial infarction represents an uncommon structural heart disease in dogs and cats. A heterogeneous interruption of neurotransmission is present in both acute and chronic myocardial infarction.17 A transmural myocardial infarction can interrupt neural innervation and thus exert an effect on the noninfarcted, otherwise apparently normal, myocardium. Nonuniform electrophysiological effects of right and left sympathetic nerve stimulation have been shown to have an arrhythmogenic potential in several experimental settings.17 In particular, it has been hypothesized that the presence of myocardial infarction may create an area of autonomic nervous system imbalance not only in the damaged ischemic myocardium but also in the normal areas surrounding the ischemic lesion.17 In case of severe ischemia and infarction, neurotransmission to the infarcted area may cease. In addition, normal regions surrounding the infarction are characterized by heterogeneous sympathetic innervation for at least 3 weeks.17 The importance of restructuring of cardiac innervation due to ischemic disease is correlated to the phenomenon of nerve sprouting. Myocardial infarction leads to increased local release of nerve growth factor in the peri-infarct area, with a consequent increase in the density of sympathetic nerve endings. These structural changes lead to an increased risk of developing ventricular tachycardia and degeneration into ventricular fibrillation, with concomitant macro T wave alternans (Fig. 2.4).1
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FIGURE 2.4. Repetitive polymorphic ventricular tachycardia in a 9-year-old female Labrador Retriever with a myocardial infarct secondary to hypothyroidism and dyslipidemia. Note the presence of wide QRS complex tachycardia runs always preceded by a sinus beat with a beat-to-beat variation of the QRS morphology. The left precordial leads (V2–V6) show ascending ST elevation suggestive of myocardial hypoxia. Twelve leads (I, II, III, aVR, aVL, aVF, V1, V2, V3, V4, V5, V6); speed, 50 mm/s; calibration, 5 mm/1 mV.



AUTONOMIC NERVOUS SYSTEM AND HEART FAILURE

Different structural heart diseases are complicated by heart failure, which is characterized by a reduced cardiac output and increased myocardial stretch.18 The pathophysiology of heart failure is characterized by hemodynamic abnormalities that lead to neurohormonal activation and autonomic nervous system imbalance, with an increase in sympathetic tone and withdrawal of vagal activity. The presence of an autonomic imbalance directly contributes to the progression of the cardiostructural disease.18 In addition to the cardiac and extracardiac neural remodeling mentioned above, these changes further cause activation of sympathetic afferent fibers, which effectively increases sympathetic efferent outflow, and potentially reduces parasympathetic afferent neurotransmission from the carotid and aortic baroreceptors, thus decreasing vagal tone.15 Most of the data regarding the role of the autonomic nervous system in patients affected by heart failure were obtained in individuals with dilated cardiomyopathy and a reduced ejection fraction. In the acute setting, increased catecholamine levels help to increase ventricular contractility and heart rate in order to maintain cardiac output. Increased sympathetic activity also induces vasoconstriction of the arteries and veins, which contributes to the maintenance of systemic blood pressure by increasing systemic vascular resistance, venous return, and therefore ventricular preload. At the renal level, the increased sympathetic tone induces vasoconstriction of the efferent arterioles, which is mainly mediated by angiotensin II. This leads to an increased filtration fraction that allows glomerular filtration to be relatively well maintained, despite a decrease in blood flow through the afferent arterioles. The increased levels of noradrenaline and angiotensin II also stimulate proximal tubule sodium reabsorption, contributing to sodium retention and volume expansion.18,19 Studies in animal models have found a direct relationship between increased angiotensin-converting enzyme in the ventricles and the degree of ventricular dilation. Aldosterone has direct proinflammatory effects and leads to interstitial and perivascular fibrosis as well as hypertrophy.15 The chronic upsurge of the renin–angiotensin–aldosterone system activity leads to fibrosis and alterations in gap junctions and enhances dispersion of repolarization and electromechanical feedback.15 Finally, release of angiotensin II directly promotes ventricular arrhythmias, not only due to loss of urinary potassium and magnesium but also by directly increasing catecholamine (including norepinephrine) release from nerve endings through activation of prejunctional angiotensin II receptors.15

The elevated sympathetic tone in chronic phases of congestive heart failure leads to chronically elevated stimulation of the cardiac β-adrenergic receptor system, which in turn has a detrimental effect on the structural heart disease complicated by congestive failure. Recent studies in humans have shown that in chronic congestive heart failure, cardiomyocyte β-adrenergic receptor signaling and function are significantly altered and the heart presents a reduced adrenergic reserve. Cardiac β-adrenergic receptor dysfunction is characterized by a selective reduction in β-1 adrenergic receptor density at the plasma membrane (downregulation) and by uncoupling of β-1 and β-2 adrenergic receptors from G proteins (functional desensitization). Furthermore, chronic exposure of cardiomyocytes to catecholamines has been shown to have a toxic effect, as it causes cAMP-mediated calcium overload of the cell, with a resulting decrease in cardiomyocyte viability.18

AUTONOMIC NERVOUS SYSTEM AND SUDDEN DEATH

An increasing wealth of clinical and experimental research supports the epidemiological evidence that stressful stimuli, either physical or psychological, may trigger acute cardiovascular events, including cardiac arrhythmias and degeneration into ventricular fibrillation, and thus cause sudden cardiac death.20 Sympathetic activation represents the main aspect of the trigger for malignant cardiac arrhythmias.20 Furthermore, activation of either the sympathetic or the parasympathetic nervous system can not only alter heart rate and blood pressure but also play a fundamental role in the modulation of the electrophysiological properties of the atrial and ventricular myocardium, such as the depolarization and repolarization times and repolarization heterogeneity.16 Experimental studies have shown that sympathetic nervous system stimulation may be proarrhythmic on the ventricular myocardium, by favoring the induction of ventricular tachycardia and degeneration into ventricular fibrillation, while vagal nerve stimulation, partly by antagonizing sympathetic activity, reduces the potential for the development of malignant ventricular arrhythmias (see Fig. 2.3).20 In veterinary medicine, it has also been shown that sudden cardiac death can be caused by an imbalance of the autonomic nervous system characterized by increased vagal tone and concurrent sympathetic withdrawal.21 When this occurs, progressive sinus bradycardia followed by sinus arrest is associated with extreme coronary vasodilation with consequent myocardial hypoperfusion (Fig. 2.5) (see p. 439).
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FIGURE 2.5. Ambulatory electrocardiographic recording of repetitive neurally mediated transient losses of consciousness (type 1A)16 due to inappropriate vagal reflexes in an 8-year-old male Miniature Schnauzer. The initial part of the tracing shows sinus tachycardia, followed by progressive sinus bradycardia and sinus arrest interrupted by a slow idioventricular rhythm and then a slow junctional rhythm, which lasted 7.5 minutes. This is followed by a recurrence of the idioventricular rhythm (first arrow), interrupted by profound sinus bradycardia with ST segment depression (horizontal line) and a ventricular triplet (*). Sinus bradycardia is then restored for a few seconds and interrupted by an accelerated idioventricular rhythm, which culminates in a new sinus arrest lasting 32 seconds, a slow junctional escape rhythm, and, finally, electromechanical dissociation occurs and induces sudden death (second arrow). Y lead; each line corresponds to 30 seconds. Speed, 7.5 mm/s; calibration, 5 mm/1 mV.



AUTONOMIC NERVOUS SYSTEM AND NEURALLY MEDIATED SYNCOPE

Neurally mediated syncope is the most common form of transient loss of consciousness in both humans and dogs.22,23 It has a negative impact on quality of life and is associated with the owners’ psychological distress. Although neurally mediated syncope is a very common clinical entity, its mechanisms are not yet fully understood. The main mechanism involved is a dysregulation of the autonomic nervous system. The key elements in the occurrence of neurally mediated syncope are the role of the central and peripheral nervous systems in triggering the event, the role of the efferent parasympathetic and sympathetic branches, and the potential role of neurohumoral autonomic mechanisms. In predisposed individuals, different stimuli have been shown to trigger neurally mediated syncope. Depending on the stimulus (central or peripheral), an activation or inhibition of different pathways can occur. Neurally mediated syncope results from sympathetic nervous system withdrawal after an initial activation (accentuated antagonism), which induces venous and arterial vasodilation, and concurrent activation of the parasympathetic nerves, which induces sinus bradycardia or sinus arrest. However, while the final situation is a loss of consciousness, the initial trigger may activate different pathways, thereby leading to a different and complex autonomic response that may produce neurally mediated syncope with different patterns. Variations in sympathetic withdrawal and parasympathetic activation can therefore be seen, with a variable cardiovascular response. In fact, neurally mediated syncope can be characterized by a predominant vasodepressor reflex, by a predominant cardioinhibitory reflex, or it can present as a mixed type.23

Different studies in human medicine identified four different phases characteristic of neurally mediated syncope:
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Phase 1 is characterized by vasodilation with venous pooling at the level of the abdomen. The decrease in right venous return is associated with a 10–20% decrease in cardiac output, but because of the concomitant increase in heart rate, the stroke volume remains stable. At the same time, there is a decrease in systolic blood pressure associated with an increase in diastolic pressure; the mean systemic arterial pressure is therefore maintained. The increase in diastolic blood pressure is the consequence of a baroreflex-mediated vasoconstriction in both the skeletal and splanchnic arterioles.24–26 It has been demonstrated in anesthetized animals that the main mechanism maintaining cardiac output during phase 1 is decreased splanchnic vasoconstriction with filling of the downstream capacitance venules, which contain 20% of the blood volume. The decrease in transmural pressure determines their reaction, allowing more volume of blood to return to the right atrium by passive venous recoil and consequently increasing left preload. After a variable period of stability, all people experiencing neurally mediated syncope enter phase 2, which is characterized by a fall in cardiac output and systemic blood pressure. In phase 2, a gradual fall in cerebral blood flow velocity is also seen, which is proportional to the decrease in the mean arterial pressure. After another variable period of time, the individuals enter phase 3, which is characterized by a marked drop in systolic arterial blood pressure. In addition to this finding, which is mediated by sympathetic tone withdrawal, the concurrent increase in parasympathetic tone causes a decrease in heart rate. This period coincides with the signs reported by the owners, such as weakness and loss of posture. When the systolic blood pressure decreases below 60 mmHg, loss of consciousness occurs.23 Although most studies suggest that bradycardia is preceded by a fall in blood pressure, this may not be completely true, and in some cases, prolonged sinus arrest or third-degree atrioventricular block with concomitant sinus bradycardia can occur early in phase 3. These patients should be considered for pacemaker implantation.27 The final part of phase 3 is characterized by a fall in cardiac output and a significant increase in systemic vascular resistance. In adult humans, the decrease in cardiac output remains the dominant mechanism explaining hypotension, since the systemic vascular resistance is always above the baseline levels. Phase 4 corresponds to the recovery phase. The mechanism explaining the recovery of systolic blood pressure is mainly cardiac in origin and is based on increased venous return, which results in rapid recovery of left preload, stroke volume, and cardiac output following the Frank–Starling law. Not all individuals recover rapidly after phase 4. In fact, some patients can manifest a prolonged hypotensive state characterized by pale mucous membranes, a heart rate below normal limits (<60 bpm), and hypotension (systolic blood pressure <80 mmHg) for up to 5 minutes or even longer. The presence of pronounced bradycardia, abdominal discomfort, and nausea is consistent with increased vagal outflow from the nucleus ambiguus to the heart. A delayed recovery may also be associated with a prolonged decrease in stroke volume and cardiac output due to decreased contractility of the ventricles. This finding has been attributed to a combination of excess vagal activity and decreased sympathetic neural outflow to the heart. When the arterial baroreflex is impaired and there is a persistent inappropriately low heart rate and blood pressure, a sustained suppression of excitatory mechanisms occurs. In other words, the patient is not able to activate the central sympathetic pathways in order to overcome the exaggerated vagal activity.28

A different pathological entity is represented by vagal overactivity. Vagal overactivity may affect sinus node function, inducing prolonged sinus arrest, or atrioventricular node function, inducing third-degree atrioventricular block associated with sinus bradycardia.29 This condition is associated with an enhanced density of M2 and M3 muscarinic receptors at nodal structures. In experimental studies on rabbits, a significant correlation was found between the severity of bradycardia and cardiac muscarinic receptor expression levels, thus indicating that vagal overactivity was dependent on muscarinic receptor density. The increase in M2 receptor density is correlated with a negative chronotropic effect, and recent studies have shown that stimulation of M3 receptors mediates K+ currents inducing a hyperpolarized state of the cell.29,30
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Classification and clinical manifestations of arrhythmias


Roberto Santilli, Dolores María Porteiro Vázquez

The term arrhythmia refers to any type of rhythm caused by an electrical impulse that does not originate from the sinus node, does not follow normal conduction pathways, and/or results in a heart rate that is different from the physiological ranges.1 Rhythm disturbances can lead to severe hemodynamic effects if the cardiac output is affected; however, the presence or absence of a concomitant cardiac disease and peripheral vascular tone may play an important role in the maintenance of proper organ perfusion.2–5

The most common clinical signs associated with low cardiac output during arrhythmias are weakness, loss of postural tone, and syncope. Congestive heart failure signs, such as dyspnea due to pulmonary edema or ascites, can also be present if the hemodynamic changes last long enough to induce impaired myocardial function (arrhythmia-induced cardiomyopathy) (see p. 395).6,7

CLASSIFICATION OF ARRHYTHMIAS

Arrhythmias in dogs and cats can be classified according to the heart rate (bradycardia or tachycardia), origin (supraventricular or ventricular), anatomical substrate, electrophysiological mechanism (impulse formation or conduction disorders), rhythm (regular or irregular) or mode of presentation (single or organized ectopic beats) (Table 3.1).1,8

TABLE 3.1. Classification of rhythm disorders in dogs and cats.
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Bradycardia is defined as a heart rate below 60 bpm in the dog and 140 bpm in the cat.8 Healthy dogs can have heart rates lower than 60 bpm while sleeping, and cats can have heart rates below 140 bpm.8 The maximum heart rate is more variable and is closely related to the degree of sympathetic activation. Generally, a heart rate greater than 180 bpm in the dog and 220 bpm in the cat is considered tachycardia.

Bradycardia can be classified according to the disorder of origin: abnormal sinus node automaticity (sinus bradycardia, sinus arrest, sinus standstill), abnormal sinoatrial or intra-atrial conduction (sinoatrial or intra-atrial conduction block or delay), abnormal atrioventricular conduction (atrioventricular blocks or delay), or atrial mass (atrial standstill and sinoventricular rhythm).1,8

Tachycardias are classified as supraventricular or ventricular based on their anatomical substrate.1,8 A tachycardia is classified as supraventricular when it depends on one or more supraventricular structures, i.e., the sinus node, atrial myocardium, tributary veins, and atrioventricular node. The atrioventricular node can be critical to the perpetuation of tachycardia or a bystander, and for this reason supraventricular arrhythmias can be subclassified into atrioventricular node–independent (sinus tachycardia, focal atrial tachycardia, multifocal atrial tachycardia, atrial flutter, and atrial fibrillation) and atrioventricular node–dependent (focal junctional tachycardia, nonparoxysmal junctional tachycardia, atrioventricular nodal reciprocating tachycardia, and atrioventricular reciprocating tachycardia). Atrioventricular reciprocating or nodal reciprocating tachycardias also include the ventricular myocardium in their circuit.1,8

Ventricular tachycardias originate from ventricular anatomical structures including the ventricular walls, the specialized intraventricular conduction system, the Purkinje fibers, the left and right outflow tracts, the aortic root, and the initial segment of the pulmonary artery.1,8 Anatomical structures are important in the development of ventricular arrhythmias, but autonomic tone and other modulators play an important role in the onset of rhythm disturbances.9,10 Ventricular arrhythmias can be classified based on the QRS morphology on the surface electrocardiogram, which is a reflection of the electrophysiological mechanism.1,8 Ventricular tachycardia is described as monomorphic when all QRS complexes have the same morphology, pleomorphic if there is more than one QRS morphology during a run of tachycardia but the QRS complexes are not continuously changing, and polymorphic when the QRS complex morphology varies on a beat-to-beat basis. A bidirectional ventricular tachycardia is characterized by an alternating QRS morphology, characterized by a 180° shift of the electrical axis between consecutive QRS complexes.1,8

Tachycardias are defined as regular when the RR interval duration is constant, and irregular when the RR interval is variable.1,8 When the RR interval presents sudden or progressive changes in its duration (at least 20 ms), this can be defined as cycle length irregularity. This type of irregularity occurs in focal atrial tachycardia, in which a “warm-up” phase (progressive shortening of the RR interval) is observed, followed by a “cool-down” phase (progressive prolongation of the RR interval), and in atrial flutter with different atrioventricular conduction ratios. Finally, cycle length alternance refers to RR intervals that vary on a beat-to-beat basis.1,8

Depending on their duration, tachycardias can be classified as nonsustained (i.e., lasting less than 30 s), sustained (i.e., lasting more than 30 s or inducing loss of consciousness), incessant or permanent (i.e., lasting more than 12 hours), repetitive (i.e., runs of tachycardia alternating with sinus beats or sinus rhythm) and paroxysmal (i.e., initiating and terminating abruptly).1,8

Interatrial and intraventricular conduction abnormalities (interatrial and intraventricular blocks) are classified as a different identity.1,8

HEMODYNAMIC CONSEQUENCES OF ARRHYTHMIAS

The main factors contributing to a compromised cardiac output during arrhythmias are the ventricular rate, atrial activity (atrioventricular ratio, atrial contraction), the sequence of ventricular activation, and cycle length irregularity. Other important factors associated with hemodynamic effects are the duration of the arrhythmia, cardiac function, vasomotor tone, and drug therapy.2–5 If conditions promoting a low cardiac output are maintained for a long time, they can have an impact at the systemic and myocardial levels (arrhythmia-induced cardiomyopathy).6

Heart rate is an important determinant of myocardial function when there are changes in cardiac volume and myocardial contractility.2–5 A moderate increase in heart rate improves cardiac output because it increases the stroke volume by summation and improves the heart’s force of contraction (force–frequency relationship).2–5 Indeed, a faster heart rate facilitates the influx of calcium into the cytosol, thereby inducing a positive inotropic effect (positive staircase or Bowditch effect).2–5 However, beyond a certain heart rate, this inotropic effect is no longer seen (Fig. 3.1). This is because a shorter diastole reduces the cytosolic calcium levels available (negative staircase or Woodworth effect) and worsens ventricular ejection according to the Frank–Starling law as a result of reduced preload (length–tension relationship).2–5 A severely increased stimulation rate therefore decreases myocardial contractility and cardiac output. Conversely, a slow heart rate facilitates cardiac filling and improves cardiac performance (Frank–Starling law), but an extremely slow heart rate or prolonged ventricular arrest will not maintain an adequate cardiac output due to a reduced number of ejections (Fig. 3.2).
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FIGURE 3.1. Pressure tracing before and after the onset of orthodromic atrioventricular tachycardia in a 6-month-old male Labrador Retriever. The surface electrocardiogram (leads I, II, III, V1, V6) and endocardial mapping at different levels of the heart [coronary sinus ostium (CSp), great cardiac vein (CS2–CS4), posterior left atrium (CSd), His bundle (HBEp-HBEd), and ablation catheter placed at the right posteroseptal tricuspid valve annulus (ABLp-ABLd)] show 5 sinus beats followed by a sudden onset of orthodromic atrioventricular reciprocating tachycardia. Notice the drop in the systolic, mean, and diastolic pressures (arrow) after the onset of tachycardia. Speed, 25 mm/s; calibration, 5 mm/1 mV; pressure tracing scale in mmHg.




[image: ]


FIGURE 3.2. Third-degree atrioventricular block in a 9-year-old female German Shepherd. Note the slow idioventricular rhythm (30 bpm) with dissociated P waves at a faster rate (160 bpm). The simultaneous peripheral arterial pressure tracing shows a very high systolic pressure with a progressive fall in diastolic pressure during the long diastolic phase. The stroke volume in these cases is increased, while the cardiac output decreases. Twelve leads (I, II, III, aVR, aVL, aVF, V1, V2, V3, V4, V5, V6); speed, 25 mm/s; calibration, 5 mm/1 mV. Pressure tracing scale in mmHg.



Another example of improved myocardial contractility associated with arrhythmias is post-extrasystolic potentiation after premature ectopic beats.2–5 Even though cardiac output can be affected during premature ectopic beats (reduced contractile force due to decreased diastolic time), the beat that follows the compensatory pause produces a stronger cardiac contraction, thus increasing the stroke volume. Ectopic beats increase the duration of calcium channel opening during the absolute refractory period of the previous beat, so higher calcium currents are available in the next beat to increase the contractile force. The post-extrasystolic pause improves cardiac filling and contraction due to the length–tension relationship (Frank–Starling law) (Fig. 3.3).2–5

Sequential atrioventricular electrical and mechanical activity is important during the cardiac cycle to maintain a correct diastolic and systolic volume. Diastolic ventricular filling depends on atrial function and occurs in two phases, passive filling and active filling (atrial contraction). Atrial contribution to ventricular filling can be affected if atrioventricular dissociation is present (i.e., third-degree atrioventricular block, ventricular arrhythmias) or if atrial contraction is absent (atrial fibrillation).2–5 Atrial contraction contributes 10–15% of the end-diastolic ventricular filling volume. Loss of atrial contraction can compromise cardiac output but also increases the atrial and pulmonary arterial pressures, leading to congestive heart failure (forward failure) (Fig. 3.4).

Left bundle branch block or ventricular ectopic beats with left bundle branch block morphology produce abnormal ventricular activation and can induce hemodynamic effects impacting systolic function (interventricular dyssynchrony) (see p. 395).3

The irregularity of the cycle length during arrhythmias has important hemodynamic effects and is related to the length–tension relationship (Frank–Starling law) as explained above. The stroke volume changes according to variations in the end-diastolic volume; it decreases during a short RR interval and increases during a prolonged RR interval. A classic example of an arrhythmia associated with high blood flow variations due to irregular RR intervals is atrial fibrillation.3

Neurohumoral activation, metabolic changes, and cellular alterations caused by hemodynamic changes lead to impaired myocardial function called arrhythmia-induced cardiomyopathy.6 Rhythm and conduction disorders may also contribute to the worsening of an underlying previous myocardial disorder (e.g., familial dilated cardiomyopathy). Arrhythmias can be potentially fatal, especially in those patients that present an anatomical substrate (e.g., ischemia, cardiomyopathies, systemic diseases) or triggering factors (e.g., stress). The reduction in cardiac output triggers compensatory systems (i.e., adrenergic system, renin–angiotensin–aldosterone system, and vasopressin release) to maintain systemic perfusion.2 Over time, the increase in circulating volume combined with the elevation in atrial pressure can lead to bradycardia-induced cardiomyopathy and heart failure.

Adequate organ perfusion during arrhythmic disorders depends on a correct compensatory hemodynamic response, for example, with changes in peripheral vascular resistance and blood pressure regulated by vasomotor tone.2 An example of inadequate systemic blood pressure associated with bradycardia is reflex syncope (vasovagal syncope).11 This inappropriate reflex produces a cardioinhibitory (bradycardia) and vasodepressor (vasodilation) stimulation, such that the circulatory system is not able to maintain blood pressure even though cardiac output may be maintained during bradycardia.11
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FIGURE 3.3. Ventricular ectopic beats, atrial ectopic beats, and focal atrial tachycardia in a 7-year-old male Boxer. After three initial sinus beats, a late ventricular ectopic beat occurs and induces a pulse deficit (arrows), followed by a ventricular triplet, two couplets and one atrial ectopic beat, which induce different degrees of pulse deficit (arrows) and post-extrasystolic potentiation (*) (see text for explanation). The last part of the tracing shows a run of focal atrial tachycardia inducing mechanical alternans (horizontal line). Two mechanisms have been proposed to explain this phenomenon. Based on the Frank–Starling relationship, a strong beat leaves a small residual end-systolic volume, which then results in a decreased end-diastolic volume and in decreased contractile force development. After the weak beat, the end-diastolic volume is greater due to decreased ejection, which results in a greater contractile force in the next beat. The second mechanism proposed as a possible cause for mechanical alternans involves a beat-to-beat alternation of myocardial contractility. Leads I, II, III; speed, 25 mm/s; calibration, 10 mm/1 mV. Pressure tracing scale in mmHg.
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FIGURE 3.4. Pulse-wave Doppler profile of the mitral inflow during atrial fibrillation in an 8-year-old male Golden Retriever with persistent atrial fibrillation. Note the presence of early filling waves (E waves) without atrial contraction waves (A waves). Speed, 100 mm/s.



CLINICAL FINDINGS

The clinical signs associated with cardiac arrhythmias include weakness, exercise intolerance, collapse, and syncope.7 Syncope is defined as a transient loss of consciousness due to transient global cerebral hypoperfusion and is characterized by a rapid onset, short duration, and complete spontaneous recovery (see p. 421).11 Episodes are usually brief (5–20 seconds) and characterized by a loss of postural tone with no tonic-clonic movements; the mucous membranes are usually pale, and recovery is very rapid. In some cases, if the syncopal episode lasts longer than usual, tonic-clonic movements or sphincter relaxation (urination or defecation) may appear due to prolonged cerebral hypoxia.12 Collapse is defined as a sudden loss of postural tone that is not necessarily associated with a loss of consciousness.11 Arrhythmias can be associated with syncope and loss of postural tone when the fast or slow heart rate compromises the cardiac output and cerebral perfusion.11 Episodes of transient loss of consciousness in dogs are mainly associated with ventricular arrest (69%) and less frequently with sinus bradycardia (8.7%), sinus rhythm or sinus tachycardia (19.5%), and supraventricular or ventricular tachycardia (2.2%) (see p. 423).13 The presence of a cardiac structural disease can aggravate the clinical signs associated with the rhythm disturbance due to the compromised stroke volume (forward heart failure). If cardiac function is correct and the arrhythmia is not severe enough, it may just result in weakness or exercise intolerance.

Although this is less common, signs such as anxiety or odd behavior can sometimes be identified by owners. These signs are nonspecific of cardiac disease but could be caused by palpitations during fast rhythm, as described in human medicine.14 Another uncommon clinical sign of fast arrhythmias is head bobbing, which can sometimes be observed in dogs with supraventricular tachycardias, together with precordium bobbing.14

If a rhythm disturbance is associated with a structural cardiac disease (primary or secondary), the animal may present with clinical signs resulting from backward heart failure (congestive heart failure). The main sign of left-sided congestive heart failure is pulmonary edema, although cats can also present with pleural effusion. Tachypnea and respiratory distress are the most common signs associated with pulmonary edema or pleural effusion. The clinical signs caused by right-sided congestive heart failure include abdominal distension caused by ascites or pleural effusion. If ascites are severe, they may compromise the patient’s ability to breathe. Swollen extremities and ventral edema can be present in severe cases of right-sided heart failure.

While some highly symptomatic arrhythmias may not be associated with any adverse outcomes, some asymptomatic arrhythmias are life-threatening due to the risk of sudden cardiac death.3–4

PHYSICAL EXAMINATION

Mucous membranes appear pale in animals with a reduced cardiac output during severe tachycardia or bradycardia, and they may be cyanotic if the arrhythmia is associated with congestive heart failure and the animal has difficulty breathing.3–6

Jugular venous distension is indicative of high central venous pressure and can be seen when right-sided volume overload is reached in cases of advanced arrhythmia-induced cardiomyopathy. Jugular venous pulsation can be evident during atrioventricular dissociation (i.e., third-degree atrioventricular block, ventricular tachycardia) due to the contraction of the atrium against a closed tricuspid valve (cannon A wave in the venous waveforms). Pulsations of the carotid artery can easily be felt in patients with tachyarrhythmias.15

The femoral and tarsal artery pulse can be easily palpated in small animals. The palpable pulse is an indicator of pulse pressure (difference between the systolic and diastolic pressures) and is correlated with cardiac output and vasomotor tone.15 A weak pulse may be felt during tachycardia due to a reduced stroke volume or cardiac output associated with systolic dysfunction (arrhythmia-induced cardiomyopathy), while a bounding pulse may be palpated in bradycardias without ventricular arrest and is attributed to increased cardiac output during a prolonged diastolic time. A pulse deficit generally occurs with supraventricular or ventricular ectopic beats and with irregular supraventricular arrhythmias, such as atrial fibrillation.3–5 Pulse bigeminy is a beat-to-beat difference in pulse strength during ventricular bigeminy. Blood pressure should be measured in patients with arrhythmic disorders, but the value obtained may not be reliable when a pulse deficit is present and the oscillometric method is used.

Cardiac sounds can be abnormal during arrhythmic disturbances.16 The intensity of the first sound (closure of atrioventricular valves in systole) is increased during tachycardia and decreased during long PQ intervals. Physiological or paradoxical splitting of the second sound (closure of semilunar valves) occurs during ventricular ectopic beats. An atrial gallop (audible fourth heart sound) may be heard during a third-degree atrioventricular block. Rhythm variations can also be identified upon auscultation. Single ectopic beats are auscultated as early or delayed heart sounds when compared with the dominant rhythm, while series of ectopic beats may occur as self-limiting or sustained runs of tachycardia and can easily be distinguished from sinus rhythm. Finally, changes in cycle length (regularity or irregularity) can also be heard on auscultation and are sometimes helpful to identify arrhythmias such as atrial fibrillation (delirium cordis).17,18

Heart murmurs during arrhythmias are generally associated with valvular insufficiency in response to structural and functional changes of the ventricle and mitral annulus.16 Most murmurs are systolic, but mid-diastolic murmurs can be audible during third-degree atrioventricular block.

Abdominal distension, as described previously, can be related to ascites and splenomegaly or hepatomegaly in dogs with arrhythmia-induced right-sided congestive heart failure. Organomegaly can sometimes be confused with severe ascites. Jugular distension may be observed during abdominal compression (hepatojugular reflux) and suggests an elevated central venous pressure.

Physical maneuvers during tachycardia can have both a diagnostic and therapeutic value. Carotid sinus massage, eyeball pressure, and nasal planum massage cause a transient increase in vagal tone and tachyarrhythmias depending on the atrioventricular node for continuation can terminate or slow down with these maneuvers.19,20
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