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Mechanisms of Cardiac Arrhythmias

Geoffrey M. Weinberg

Be still my beating heart.
— Poets, lovers, and musicians

As one can tell from the often repeated quote above, many people over the years have placed a great deal of emphasis on the heart’s rhythm, but none have had so great an interest as those who suffer physical ailment: the cardiac patient. Deviation in the heart’s rhythm from physiologically normal behavior is often associated with reduction in the quality of life—if it doesn’t result in death. Clearly, restoration of the heart’s natural rhythm is desirable. To meet this goal, the physician or pacemaker engineer must first understand the underlying mechanisms of the cardiac arrhythmia. This chapter provides a working knowledge of the causes for and mechanisms of cardiac rhythm disturbances.


Cardiac arrhythmias may be classified by their underlying mechanisms into three groups: arrhythmias of abnormal impulse initiation, abnormalities of impulse propagation, or simultaneous abnormalities of both impulse formation and propagation. Figure 3.1 expands on this classification while providing the basic outline of this chapter. 
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Figure 3.1  Classification of cardiac arrhythmias XE  "arrhythmias"  by mechanism. From Hoffman, B. F. and M. R. Rosen. 1981. Cellular mechanisms for cardiac arrhythmias. Circulation Research, 49: 1–15.

3.1  Automaticity

Automaticity XE  "Automaticity"  is the ability to generate a spontaneous action potential. Given the proper conditions, this action potential can spread over the heart and initiate a beat by the mechanisms described in Chapter 1. All cardiac cells can display this property, but, in a normal heart, most do not. Depending on the location within the heart, therefore, automaticity may be may be classified as either normal or abnormal. In certain cases, either normal or abnormal automaticity may result in arrhythmias. 


Sections 3.1.1 and 3.1.2 define normal and abnormal cardiac tissue. Section 3.1.3 describes the mechanisms for enforcing the normal sequence of cardiac excitation, and sections 3.1.4 and 3.1.5 discuss the arrhythmias that result from error in normal pacemaker control.

3.1.1 Normal automaticity

Cardiac cells that are normally automatic are called pacemaker cells, and Figure 3.2 shows a hypothetical membrane potential recording. The cell does not maintain a constant resting membrane potential but slowly depolarizes from the maximal diastolic potential until reaching the threshold. Upon reaching threshold, the cell depolarizes rapidly; the result is initiation of an action potential XE  "action potential" . This slow depolarization is called phase 4 depolarization or diastolic depolarization, and Chapter 1 describes the mechanisms that give rise to this behavior. 
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Figure 3.2  Hypothetical membrane potentials from a pacemaker cell. The cell does not achieve a constant resting potential following an action potential but repolarizes to a maximal diastolic potential and then slowly depolarizes until threshold. This slow depolarization is called phase 4 depolarization or diastolic depolarization.


As described in Chapter 1, the dominant pacemaker of the heart is normally the sinus node which fires at the rate of 60–100 beats per minute in the adult. Other cells capable of spontaneous diastolic depolarization are found in the specialized fibers of the atria, AV junction, and the His–Purkinje system. Normal rates in adults are 40–60 beats per minute in the AV junction (AV node and His bundle) with more distant pacemakers generating spontaneous impulses at even lower rates. In vitro, peripheral Purkinje fibers usually beat at less than 12 beats per minute (Lazzara, 1980). 


These nonsinus pacemakers are called latent or escape pacemakers XE  "escape pacemakers" . Should the sinus node fail, the next fastest pacemaker usually assumes the role of pacing the heart. This secondary pacemaker lies dormant (latent) until the sinus node is removed, allowing the latent pacemaker’s rhythm to become visible. The mechanism for maintaining the pacemaker hierarchy will be discussed in section 3.1.3.


A pacemaker’s rate is determined by three factors: the maximal diastolic potential, the threshold potential, and the rate or slope of diastolic depolarization (dd in Figure 3.3(a)). Figure 3.3(b) shows that a more negative maximal diastolic potential of the cell membrane causes depolarization over a greater voltage range; therefore, it takes longer to reach threshold and the rate of impulse generation slows (dashed curve). Conversely, a more positive maximal diastolic potential increases the pacemaker rate. Figure 3.3(c) shows that a less negative threshold potential results in an increased depolarization time to threshold, decreasing the pacemaker rate. A more negative threshold potential, therefore, increases the pacemaker impulse generation rate. Figure 3.3(d) shows the effect of changing the rate of diastolic depolarization. Decreasing the rate (reducing the slope) results in increased time to reach threshold which slows the pacemaker rate. Increasing the slope results in an accelerated rate of impulse formation.
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Figure 3.3  (a) Normal pacemaker activity with spontaneous diastolic depolarization (dd). (b) The pacemaker rate decreases with a more negative maximal diastolic potential. (c) The pacemaker rate decreases with a more positive threshold potential. (d) The pacemaker rate decreases with a decrease in the slope of the diastolic depolarization phase. From Wit, A. L. and M. J. Janes. 1992. The ventricular arrhythmias of ischemia and infarction. The electrophysiological mechanisms. Futura Publishing.

3.1.2 Abnormal automaticity

Unlike the specialized pacemaker cells discussed above, normal atrial and ventricular myocardial cells do not exhibit automaticity. Working atrial and ventricular cells do not normally have spontaneous diastolic depolarization nor do they spontaneously initiate impulses even after having been unstimulated for long periods of time. When a cell’s resting potential has been lowered below its normal levels (made more positive), however, spontaneous diastolic depolarization may occur and cause repetitive impulse initiation. This is called depolarization-induced automaticity or abnormal automaticity. Figure 3.4 shows this effect. Note that a reduced membrane potential is not the only criterion for abnormal automaticity: if it were, the sinus node would have to be considered abnormal. The distinction between normal and abnormal automaticity is that the latter occurs in cells which have undergone major changes from their normal membrane potentials  (Wit and Rosen, 1989). Whether the result of experimental investigations or cardiac disease, abnormal automaticity only occurs in cardiac cells when major reductions have occurred in the membrane potentials. 
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Figure 3.4 Abnormal automaticity in normal cardiac tissue results from changing the baseline transmembrane potential. (A) Stimulating a normal cardiac fiber shows the appropriate action potential. (B) No spontaneous action potentials are initiated if the fiber is not stimulated. Raising the membrane potential to –50 mV by a current applied through a microelectrode (C) results in spontaneous action potentials. The cardiac tissues reverts to normal behavior upon restoration of the normal membrane potential. From Waldo, A. L. and A. L. Wit. 1994. Mechanisms of cardiac arrhythmias and conduction disturbances. In R. C. Schlant and R. W. Alexander (ed.) The heart, arteries, and veins. 8th ed. With permission of McGraw–Hill, Inc.


Abnormal automaticity is not confined to any specific latent pacemaker cell type but can occur anywhere in the ​heart, and the required membrane potential can vary from –70 to –30 mV. Cells in the Purkinje system, for example, which exhibit normal automaticity at large membrane potentials, also show abnormal automaticity with reduced membrane potentials. 


It is likely that several different mechanisms cause abnormal automaticity by affecting pacemaker ion currents, but it is unclear which mechanism is responsible in each of the different pathological conditions in which abnormal automaticity occurs. One possible mechanism is a decrease in outward K+ current which normally repolarizes the cell; incomplete repolarization could result in a reduced maximal depolarization  (Frame and Hoffman, 1984). The action potential that results from abnormal automaticity may be the slow response type which depend on slow, inward Ca2+ channels because the Na+ channels responsible for the fast response are deactivated at reduced membrane potentials XE  "membrane potentials"   (Waldo and Wit, 1994). 


A clinical example of abnormal automaticity is accelerated idioventricular rhythm caused by Purkinje cells in an ischemic region after myocardial infarct. In this arrhythmia, normally quiet Purkinje fibers in the damaged heart muscle suddenly assume control of the heartbeat. This may be explained by examining the results of the myocardial infarct. Occlusion of blood supply to a given myocardial region results in insufficient oxygenation (ischemia) bringing about rapid changes in the electrolytes of the tissue  (Clark, 1992). Loss of K+ and uptake of Na+ (Ca2+, H+ and water accumulate as well) within the ischemic cell result in a reduced membrane potential which can lead to automaticity. Note that arrhythmias caused by abnormal automaticity will not be visible unless the rate of the abnormal focus is greater than the dominant pacemaker.

3.1.3 Pacemaker suppression XE  "Pacemaker suppression" 
Normally the pacemaker of the heart, the sinus node maintains its dominance by depolarizing all other potential pacemakers before they have a chance to initiate a beat. Figure 3.5 shows that the sinus node simply outpaces all other latent pacemakers, resetting them before they reach threshold on their own. This is not the only mechanism, however, by which the pacemaker hierarchy is enforced. Overdrive suppression XE  "Overdrive suppression"  and cell–to–cell interactions also work to suppress latent pacemakers.

 
 EMBED Word.Picture.8  


Figure 3.5 Pacemaker suppression. (A) The sinus node outpaces the latent pacemaker causing it to fire before it reaches its threshold (T) spontaneously. If the sinus node is removed (B) and there is no overdrive suppression, the latent pacemaker initiates action potentials at its naturally slower rate (longer period) (C). In the presence of overdrive suppression, diastolic depolarization is inhibited (D). This has been exaggerated for clarity.

Overdrive suppression

The bottom trace of Figure 3.5 indicates that not only are the latent pacemakers prevented from reaching threshold when being driven by the sinus node, the slope of their diastolic depolarization is actually inhibited. This effect is called overdrive suppression and can be demonstrated by stimulating a Purkinje fiber at a rate of 90 impulses/min. It takes more than 20 s after termination of the stimulation before the first spontaneous impulse arises. The rate gradually increases until normal intrinsic rates have been restored (Van Capelle, 1987).


The mechanism of overdrive suppression is ion–based. Na+ enters a cell during each action potential, and, when a pacemaker cell is driven at rate faster than its intrinsic rate, the intracellular concentration of Na+ increases. The Na+–K+ pump activity increases in an attempt to restore normal transmembrane electrolyte gradients. Since the pump extrudes 3 Na+ for each 2 K+ brought in, there is a net positive current out of the cell which hyperpolarizes the membrane and counteracts diastolic depolarization  (Frame and Hoffman, 1984). Although this hyperpolarization is slight, only a few extra millivolts are enough to cause slowing or even complete suspension of spontaneous depolarization.


Chapter 1 indicates that the ion channels of the cardiac membrane are voltage regulated; in fact, as the resting membrane potential is reduced, fewer Na+ channels are active. The amount of Na+ that enters the cell during stimulation, therefore, is directly related to the resting membrane potential: small membrane potentials result in few active Na+ channels and small amounts of Na+ entering the cell while large membrane potentials lead to many active Na+ channels and a correspondingly large Na+ influx.


This voltage regulated Na+ influx has important effects on overdrive suppression. Since abnormal automaticity occurs at reduced resting membrane potentials, the amount of Na+ flowing in during each stimulation is reduced. The activity of the Na+–K+ pump, therefore, is not increased to the same degree that occurred in the normal situation described above. Since the Na+–K+ pump is responsible for the overdrive effect, abnormal automaticity does not display the magnitude of overdrive suppression that occurs in normal automatic cells. In fact, the amount of overdrive suppression of spontaneous diastolic depolarization is directly related to the membrane potential at which the automaticity is displayed. Purkinje fibers with automaticity at depolarized potentials of –60 to –70 mV still exhibit some overdrive suppression, although less than those fibers with automaticity at –90 mV. Purkinje fibers XE  "Purkinje fibers"  rarely show overdrive suppression at less than –60 mV (Dangman and Hoffman, 1983).

Cell to cell interactions

Electronic interaction between pacemaker cells and nonpacemaker cells in the surrounding myocardium may also suppress subsidiary pacemakers. This may be important in preventing AV nodal automaticity in which the AV nodal cells, which have an intrinsic pacemaker rates nearly as fast as the sinus node’s, can capture the heart. While these cells are not easily suppressed by overdrive, they may be suppressed by current flowing between the node and the surrounding atrium. Because non–pacemaking cells have membrane potentials that are more negative than the pacemaking cells, the resulting current flow between them counteracts the diastolic depolarization, inhibiting automaticity  (Wit and Rosen, 1989).

3.1.4 Arrhythmias arising from the sinus node

Because the sinus node is the dominant pacemaker of the heart, alterations in its rate may lead to arrhythmias. Sinus tachycardia results when the sinus node fires at rates in excess of 100 beats per minute. Conversely, sinus bradycardia occurs when the sinus node fires at less than 60 beats per minute. Note that either of these two conditions may be either normal or abnormal. Sinus tachycardia can be the appropriate response to external factors such as exercise, fever, or hypotension. In well-conditioned athletes, sinus bradycardia can be the normal response to exercise-increased parasympathetic stimulation. In the average person, however, sinus bradycardia more often reflects an abnormality of the sinus node and escape pacemakers due to disease, abnormalities in parasympathetic stimulation, or outside factors such as drugs (Myerburg et al., 1994)

3.1.5 Arrhythmias arising from ectopic pacemakers XE  "ectopic pacemakers" 
Arrhythmias due to automaticity also result when the site of dominant pacemaking shifts from the sinus node to any ectopic (nonsinus) pacemaker. Sinus node dominance can be compromised in several ways: sinus node suppression of subsidiary pacemakers may be reduced, inhibitory influences between nonpacemaker and pacemaker cells may be removed, or secondary pacemakers may be enhanced so that they fire faster than the sinus node.

Removal of sinus inhibition XE  "sinus inhibition" 
The normal sinus inhibition of subsidiary pacemakers can be removed for several reasons. Sinus node disease or increased parasympathetic activity may slow or stop all sinus activity (Burne and Levy, 1988). The sinus impulse can also be blocked by exit block, sinoatrial block or AV block (see section 3.3). On the other hand, an ectopic pacemaker may be protected from suppression if it is in a region that exhibits entrance block. This type of block, however, must allow the protected pacemaker’s impulses to propagate into the surrounding heart tissue (unidirectional block is discussed in section 3.4). A protected pacemaker is called a parasystolic focus, but since a parasystolic focus is the result of a combination of abnormalities in impulse generation and conduction, it will be discussed later in section 3.5.


Even with normal sinus rates, however, there may be little overdrive suppression of pacemakers with abnormal automaticity. The result is that even temporary sinus pauses or a long sinus cycle time can allow an ectopic beat, even if its rate is less than the sinus rate, to capture the heart for one or more beats. Because of the effects of overdrive suppression, normally automatic pacemakers would most likely remain quiet during the relatively short sinus pauses. It is also possible that the depolarized membrane potential at which abnormal automaticity occurs might result in entrance block which could lead to parasystole.

Removal of cell to cell interactions

The second cause for ectopic rhythms is the removal of inhibitory influences of the surrounding myocardium. Decreasing the coupling between latent pacemaker cells and the surrounding nonpacemaker tissue may remove the inhibitory current flow described in section 3.1.3 and allow the latent pacemakers to fire at their intrinsic rates. Coupling can be reduced by fibrosis, which can separate myocardial fibers, or by factors that increase the intracellular Ca2+ levels  (Waldo and Wit, 1994). Fibrosis in the atrial portion of the AV junction may free the nodal pacemakers from suppression by the atrial tissue and allow them to control the ventricular rhythm. Purkinje fiber pacemakers may be separated from damaged ventricular muscle cells during myocardial infarct allowing the Purkinje fibers to fire at their normal intrinsic rates (Waldo and Wit, 1994). Note that some inhibition of the sinus node is still necessary for impulse initiation to shift to uncoupled pacemaker sites because they still have slower intrinsic rhythms than the sinus node and are subject to suppression.

Enhanced pacemaker activity

The third mechanism of shift to an ectopic rhythm is enhanced pacemaker activity. Even during normal sinus rhythm, an enhanced latent pacemaker may become active. One cause may be increased sympathetic nervous activity. Sympathetic release of norepinephrine enhances the slope of diastolic depolarization, increasing the rate of pacemaker cells. Sympathetic stimulation, therefore, may allow the ectopic membrane potential to reach threshold before the sinus node can suppress it, resulting in a premature impulse or automatic rhythm (Winkle, 1983). In the subacute phase of myocardial ischemia, increased activity of the sympathetic nervous system may enhance automaticity of Purkinje fibers, allowing them to escape sinus node suppression  (Waldo and Wit, 1994).


Enhancement of normally latent escape pacemaker activity may not require sympathetic stimulation, however. First, flow of current between normal tissue and partially depolarized cardiac tissue in an ischemic region might enhance automaticity in the normal region (Katzung et al., 1975). Secondly, inhibition of the electrogenic Na+–K+ pump due to hypoxia or ischemia decreases the repolarization current, resulting in a net increase in inward current and possibly in enhanced automaticity. Finally, stretching enhances normally latent pacemakers. Stretch can induce rapid automatic rates in Purkinje fibers with normal maximal diastolic potentials and may occur in areas after acute ischemia or in ventricular aneurysms in hearts with healed infarcts. Stretch of the ventricles can also induce arrhythmias in the intact heart although the origin of the ectopic impulses has not yet been identified  (Waldo and Wit, 1994).


As with normal pacemaker cells, the firing rate of an abnormally automatic focus may also be raised above that of the sinus node, leading to arrhythmias. This, of course, presupposes that the abnormal focus is not suppressed by the sinus node or blocked from exciting the surrounding myocardium. The firing rate is directly related to the level of membrane potential. The greater the depolarization, the faster the rate. Experiments have shown firing rates in muscle and Purkinje fibers of 150 to 200 impulses per minute at membrane potentials less than –50 mV, sometimes even allowing the ectopic focus to capture the heart  (Waldo and Wit, 1994).

3.2  Triggered rhythms

Triggered rhythms XE  "Triggered rhythms"  are caused by afterdepolarizations XE  "afterdepolarizations" , which are oscillations in the membrane potential following an action potential. There are two types of afterdepolarizations. One occurs early during the repolarization of the membrane, an early afterdepolarization, and the other occurs after the repolarization is complete or nearly complete, a delayed afterdepolarization. When either type is large enough to reach threshold, the resulting action potential is called a triggered action potential. Triggered activity, therefore, differs from automaticity in that at least one action potential (the trigger) comes before the train of pulses. Automatic rhythms can arise spontaneously following long periods lacking in electrical activity; whereas, triggered rhythms cannot arise spontaneously. Triggered activity will cause arrhythmias when impulse initiation shifts from the sinus node to the triggered focus. For this, the rate of triggered impulses must be faster than the rate of the sinus node, an event that may be brought about when the sinus node has been slowed or inhibited, when it has been blocked, or when the triggered focus is intrinsically faster.


Section 3.2.1 describes early afterdepolarizations while section 3.2.2 discusses delayed afterdepolarizations. Each section defines the characteristics of the afterdepolarization, the mechanisms that cause it, the arrhythmias that result, and the likely effects of electrical stimulation.

3.2.1 Early afterdepolarizations

Early afterdepolarizations XE  "Early afterdepolarizations"  (EADs) occur during repolarization of an action potential initiated from a normal membrane potential. They appear as sudden positive changes in membrane potential; instead of following the normal course of repolarization, the membrane suddenly shifts toward depolarization (Figure 3.6). As will be shown below, this shift can result from any factor that decreases outward current (carried by K+) or increases the inward current (carried by Na+ or Ca2+). 

Characteristics of early afterdepolarizations

Early afterdepolarizations often arise from the plateau of an action potential but can also occur during the rapid repolarization of phase 3 (see Figure 1.8). Figure 3.6(a) shows a subthreshold EAD following an action potential, but, in some cases, the EAD can reach threshold and trigger a second action potential before the repolarization of the first has completed. This second action potential may also be followed by an EAD which can trigger another impulse. Figure 3.6(b) shows this triggered rhythm. Note that the train of impulses occurs at the reduced membrane potential at which the EADs originate. Also, unlike automaticity, there could have been no EAD and no train of triggered potentials without the initial action potential.
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Figure 3.6 (a) Normal transmembrane potential of a Purkinje fiber during propagation of an action potential followed by a subthreshold early afterdepolarization (EAD) shown by a dashed line. (b) Normal action potential propagation followed by two EADs that reach threshold resulting in two more spontaneous action potentials. From Waldo, A. L. and A. L. Wit. 1994. Mechanisms of cardiac arrhythmias and conduction disturbances. In R. C. Schlant and R. W. Alexander (ed.) The heart, arteries, and veins. 8th ed. With permission of McGraw–Hill, Inc.


The membrane potential at which the triggered action potentials occur determines both the rate of triggered activity and whether the triggered sequence can propagate into the surrounding tissue (Waldo and Wit, 1994). At the more positive membrane potential of the plateau, the rate of triggered activity is more rapid than if the EAD occurs later during phase 3 repolarization. Triggered action potentials during plateau have slow upstrokes, however, and conduction of these action potentials may sometimes block. The faster upstrokes of the later EADs allow them to propagate more easily. These upstroke velocity differences can be explained by the specific currents active at the time. Late phase 3 triggered upstrokes are likely to be carried by the fast acting Na+ channels, but at plateau and early phase 3 where the Na+ channels are inactivated, action potentials are most likely caused by the slower Ca2+ channels .

Mechanisms of early afterdepolarizations and triggered rhythms

Early afterdepolarizations can occur in almost any type of cell but have been most studied in cardiac Purkinje fibers and ventricular muscle cells. EADs and triggered activity have been produced experimentally under a variety of conditions, most causing marked delays in repolarization of heart cells. Slow heart rate and drug toxicity are two examples  (Bigger, 1994). Events that increase inward current components or decrease outward currents are expected to result in conditions favorable to EADs (Wit and Rosen, 1989).


When the rate of stimulation is markedly slowed, the outward current generated by the Na+–K+ pump is reduced, especially when the extracellular K+ is lower than normal. At physiological ranges of cycle lengths (1000–700 ms), EADs have occurred rarely in the studies on isolated cardiac fibers, but as cycle lengths increase and repolarization is prolonged, EADs are more likely to occur. Another important observation is that a longer drive cycle results in a greater number of impulses triggered by EADs (Waldo and Wit, 1994)


Once EADs have reached a steady-state amplitude at a constant drive cycle length, any event that shortens the drive cycle reduces the EAD amplitude  (Waldo and Wit, 1994). A single premature depolarization accelerates repolarization and will reduce the accompanying EAD. Triggered activity, therefore, is not likely to follow a premature stimulus. Treatments that shorten action potential duration are therapeutic. Rapid pacing, increasing extracellular K+ concentration, and drugs that increase K+ conductance tend to eliminate EAD and triggered activity. Note that each of these methods shares common property: increased K+ conductance in heart muscle  (Bigger, 1994).

Arrhythmias caused by early afterdepolarizations

Torsade de pointes XE  "Torsade de pointes"  is a ventricular tachycardia characterized by alternating positive and negative QRS polarity and changing amplitude in an undulating pattern over 5 to 20 beats. Because experimental arrhythmias that resemble torsade de pointes are induced by agents known to induce early afterdepolarizations, it is hypothesized that naturally occurring torsade de pointes may sometimes be caused by EADs (Cranefield and Aronson, 1988). Antiarrhythmic drugs which prolong the duration of Purkinje fiber action potentials such as sotalol and quinidine can cause EADs and triggered activity. Both drugs block the repolarizing K+ current, and the arrhythmias associated with their use may also result from EADs  (Waldo and Wit, 1994).


As mentioned above, slowing the heart rate facilitates the appearance of early afterdepolarizations; therefore, it seems likely that some tachycardias that follow bradycardia are the result of EAD triggered activity. It has also been suggested that tachycardias in patients with long QT interval syndrome (in which there may be a long action potential duration) may be triggered  (Wit and Rosen, 1989).

Effects of electrical stimulation on early afterdepolarizations

Overdrive stimulation should prevent triggered tachycardias since rapid stimulation usually decreases the duration of the action potential, and, as mentioned above, any event which shortens the drive cycle length tends to reduce EAD amplitude. On the other hand, once overdrive stimulation is stopped, the tachycardia may reappear as the action potential duration lengthens. Like cells with abnormal automaticity, overdrive does not easily terminate or suppress tachyarrhythmias resulting from EADs  (Wit and Rosen, 1989).

3.2.2 Delayed afterdepolarizations

Delayed afterdepolarizations XE  "Delayed afterdepolarizations"  (DADs) are small transient depolarizations (about 10 mV) that occur shortly after the maximal diastolic voltage has been achieved during repolarization of an action potential (Figure 3.7, solid line). Under normal conditions, cells in the coronary sinus and in the AV valves can present DADs, but under abnormal conditions, many cell types can generate them  (Bigger, 1994).
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Figure 3.7 The solid line shows a transmembrane action potential followed by a subthreshold delayed afterdepolarization (DAD). The dashed trace shows the result if the DAD reaches threshold and triggers extra action potentials. From Waldo, A. L. and A. L. Wit. 1994. Mechanisms of cardiac arrhythmias and conduction disturbances. In R. C. Schlant and R. W. Alexander (ed.) The heart, arteries, and veins. 8th ed. With permission of McGraw–Hill, Inc.

Characteristics of delayed afterdepolarizations

Triggered impulses occur when DADs reach the threshold potential for activation of the upstroke of the action potential (Figure 3.7, dashed line). Each triggered action potential may also be followed by a DAD that may or may not reach threshold. If it doesn’t, no additional action potentials are evoked. Often, the first triggered action potential is followed by a short or long train of triggered action potentials. Note that the rising phase of the afterdepolarization may merge with upstroke of the evoked action potential. The resulting transmembrane potential recording may look like diastolic depolarization of a normal automatic pacemaker. As with early afterdepolarizations, however, cells with DAD-triggered activity are unable to generate an action potential spontaneously. They require a stimulating action potential to initiate rhythmic activity.

Mechanisms of delayed afterdepolarizations and triggered rhythms XE  "triggered rhythms" 


Delayed afterdepolarizations usually occur in a variety of conditions that feature an increase in myoplasm and sarcoplasmic reticulum (SR) levels of Ca2+ above normal levels (Waldo and Wit, 1994). The SR is a specialized tubule system that surrounds the muscle fibers and stores Ca2+ needed for muscle contraction. During an action potential, Ca2+ flows into the cell. This initial rapid change of Ca2+ levels causes the SR to release even more Ca2+, enhancing contraction of the cell. Repolarization of the membrane then induces the SR to sequester the free Ca2+, allowing relaxation. If intracellular Ca2+ is very high or if catecholamines or cyclic adenosine monophosphate are present (both of which enhance sarcoplasmic uptake of Ca2+), the Ca2+ levels in the SR may rise to a critical level, resulting in a second release of Ca2+. This secondary release of Ca2+ results in a oscillatory, transient inward (TI) current across the membrane which is responsible for the DAD. How the second release of Ca2+ causes the TI is still unclear, however. After one or more afterdepolarizations, intracellular Ca2+ levels drop because Na+–Ca2+ exchange extrudes Ca2+, and the membrane potential stops oscillating .


One cause of DAD-triggered activity is digitalis toxicity. One possible mechanism is that digitalis inhibits the Na+–K+ pump resulting in a measurable increase in Na+ levels at toxic doses. The increased intracellular Na+ concentrations ​decrease the Na+ gradient that drives the Na+–Ca2+ exchange, reducing Ca2+ extrusion and increasing intracellular Ca2+ levels. The result is a net inward Na+ current which can lead to DADs  (Cranefield and Aronson, 1988).


Catecholamines are also an accepted cause of DADs. They may cause delayed afterdepolarizations by increasing the slow inward Ca2+ current as well as enhancing sarcoplasmic uptake  (Wit and Rosen, 1989). 


Delayed afterdepolarizations and triggered activity may also occur without pharmacological agents, catecholamines, or increased levels of Ca2+. Triggerable fibers have been found in animal models and in apparently normal human atrial myocardial cells (Wit and Rosen, 1989) .


Because the transient inward current that causes delayed afterdepolarizations is at its maximum around –60 mV, the possibility of triggered activity depends on the level of the membrane potential. In digitalis toxic Purkinje fibers, there is a range of maximal diastolic potentials near –70 mV over which the amplitude of DADs is greatest (Wasserstrom and Ferrier. 1981) . When DADs occur at these favorable membrane potentials, any action that hyperpolarizes or depolarizes the membrane tends to reduce the amplitude of the DADs and suppress any DAD-​triggered rhythms (Waldo and Wit, 1994). Similarly, if there are no DADs in the presence of digitalis and the membrane is outside this window, any action that brings the membrane into this range often induces DADs. A similar DAD dependence on membrane potential has been shown in atrial fibers of the coronary sinus and Purkinje fibers from infarcts  (Waldo and Wit, 1994).


Delayed afterdepolarization amplitude is affected by the duration of the action potential. Longer action potentials allow more Ca2+ to enter the cell, favoring DADs. Drugs such as quinidine, which prolong action potentials (APs), may increase DAD amplitude while those such as lidocaine, which shorten the action potential duration, may decrease DAD amplitude  (Waldo and Wit, 1994).


Delayed afterdepolarization amplitude also depends on the number of action potentials preceding it. After a period of inactivity, a single AP will result in a small DAD or none at all. With continued stimulation, the DADs increase in amplitude and triggered rhythms may occur  (Waldo and Wit, 1994). 


The period of stimulation, however, also affects DAD amplitude; triggered activity can arise if this cycle length is reduced below some critical value. Figure 3.8 shows this cycle length dependency in an atrial fiber located in the canine coronary sinus. Stimulation with a cycle period of 2000 ms resulted in a 5 mV DAD following the last stimulated action potential. In the center, stimulating the cells every 1500 ms led to a final afterdepolarization amplitude of 15 mV. On the right, a drive cycle period of 1200 ms ended in triggered activity with a 20 mV DAD just before initiation. A decrease in the length of even a single drive cycle, a premature impulse for example, results in an increase in the amplitude of the DAD that follows the premature beat, and arrhythmias caused by DADs can be expected to be initiated by a spontaneous or paced increase in heart rate (Wit and Cranefield, 1977) .
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Figure 3.8  Effects of stimulation frequency on delayed afterdepolarization amplitude. Decreasing the period (increasing the frequency) results in increased DAD amplitudes. Reproduced with permission from Wit, A. L. and P. F. Cranefield. Triggered and automatic activity in the canine coronary sinus. Circulation Research, 41: 435–445, Copyright 1977 American Heart Association.


These delayed afterdepolarization mechanisms have an interesting effect on triggered rhythms caused by delayed afterdepolarizations; they often terminate spontaneously. In triggered rhythms induced by catecholamines, the rate gradually slows until the activity stops. This spontaneous termination is caused, in part, by an increase in the intracellular Na+ that results from the increased number of action potentials during the tachycardia. The activity of the Na+–K+ pump increases to return the cell to normal ion concentrations, but, as with automatic cells, the pump generates a net outward current, which increases the maximal diastolic potential and pushes the membrane out of the “window” conducive to DADs. A sufficient increase in pump activity will terminate the triggered rhythm  (Wit and Rosen, 1989).


Spontaneous termination in a digitalis induced rhythm, on the other hand, probably operates by a different mechanism. Termination in characterized by an acceleration in rate and a decrease in action potential amplitude and depolarization. Since digitalis inhibits Na+–K+ pump, termination is likely to be related to the Na+ or Ca2+ buildup in the cell following the increase in rate. The ionic buildup may decrease the gradients leading to DADs until they can no longer reach threshold and trigger action potentials  (Wit and Rosen, 1989).

Arrhythmias caused by delayed afterdepolarizations

Delayed afterdepolarizations can reach threshold to cause triggered action potentials especially if the rate of stimulation is fast enough. Digitalis XE  "Digitalis"  induced ventricular arrhythmias can be initiated by pacing at rapid rates, and as toxicity increases, the DAD train increases. Introduction of catecholamines into the canine coronary sinus causes atrial tachycardia with the characteristics of triggered activity (Malfatto et al., 1988). Some naturally occurring atrial tachycardias induced by the sympathetic nervous system, therefore, are probably caused by DADs (Waldo and Wit, 1994). Ventricular muscle and Purkinje fibers can also develop DADs in the presence of catecholamines, and sympathetic stimulation may cause some of the ventricular arrhythmias that accompany exercise, ischemia, or infarction .

Effects of electrical stimulation on delayed afterdepolarizations

As mentioned above, an increase in heart rate or a premature stimulus may initiate a triggered tachycardia. Paradoxically, overdrive or a premature stimulus may also terminate triggered tachycardias due to delayed afterdepolarizations.


During a brief period of overdrive which is only moderately faster than the triggered rate, the maximal diastolic potential often decreases (becomes less negative). Following the overdrive, the triggered rhythm may actually be faster than it was before, possibly because of the reduced maximal potential. The result is acceleration which is hardly the desired effect. The accelerated rate then slows and the maximal diastolic potential increases to pre–overdrive levels.


If the overdrive stimulation is increased to a critical rate or duration, however, termination of the rhythm may occur. For example, following overdrive suppression in a catecholamine dependent triggered rhythm, the maximal diastolic potential becomes more negative and the rate slows until the activity stops. This is brought about by increased Na+​–K+ pump activity. Overdrive increases the number of action potentials per second, and, since Na+ flows into the cell with each action potential, the total concentration of intracellular Na+ also increases. The Na+​–K+ pump increases to compensate and generates a net outward current which tends to hyperpolarize the cell. Termination occurs when the membrane potential is pushed out of the window of values favorable to DADs. This is similar to the mechanism described for spontaneous termination  (Wit and Rosen, 1989).


Overdrive stimulation also terminates digitalis induced rhythms, but as described during the discussion of spontaneous termination, the mechanism does not depend on increased Na+–K+ pump activity. It is likely that termination depends on accumulation of Na+ or Ca2+ in the cell resulting from overdrive  (Wit and Rosen, 1989).


A single premature stimulus may also end triggered activity. This stimulus is followed by an increased hyperpolarization. Because the next depolarization starts from a more negative potential, it may not be able to reach threshold, terminating the tachycardia. A premature stimulus is more likely to terminate a triggered tachycardia if a period of overdrive precedes it  (Wit and Rosen, 1989).

3.3  Slowed conduction XE  "Slowed conduction"  and block

Thus far, the mechanisms for arrhythmia have been defects in impulse formation. Now, abnormalities of impulse conduction will be examined. 


Delay of cardiac impulses can occur anywhere in the heart, and it can be general or localized. Therapy with a type IC antiarrhythmic drug, for example, leads to delay in all cardiac tissue, while tissue injured in infarction may conduct impulses slowly even though the surrounding tissue conducts normally. On the other hand, conduction delay may be normal: one example is the increased time for AV nodal conduction of a premature beat. Conduction delay will play a large role in tachycardias caused by reentry (section 3.4)


 If the delay is extreme, the impulse may be blocked. There are two forms of block: bidirectional and unidirectional. Because unidirectional block is so intimately tied with reentry, discussion of this will be also postponed until section 3.4.

3.3.1 Conduction delay XE  "Conduction delay"  

Areas of slow conduction may be anatomically normal; the AV node, for example introduces an electrical delay between the atria and ventricles that allows ventricles to fill completely before they contract. Areas of slow conduction, on the other hand, may exist where they are not normally expected. This latter type of slow conduction is not present during normal sinus rhythm but is functionally present during an arrhythmia. Tissue damaged by myocardial infarct is one example.


There are several causes of slow conduction that may lead to arrhythmias: changes in membrane current, changes in the cable properties of the cell, anisotropy, or changes in gap junction resistance.

Changes in current

The speed and amplitude of depolarization XE  "depolarization"  in cardiac fibers is governed by the membrane potential of the tissue. Changes from normal membrane potentials, therefore, may result in slowed conduction and arrhythmias.


Recall that the fast Na+ channels are responsible for the speed of the action potential upstroke. ​Because Na+ channels are voltage gated, the fraction of open channels depends largely on the membrane potential level at which the cell is activated. Immediately after depolarization, the Na+ channels are inactivated because of the positive membrane potential. During repolarization, progressive numbers of channels are reactivated. If the cell is stimulated before repolarization has completed, not all the channels will be able to pass the Na+ ions. The inward Na+ current and the resulting speed and amplitude of activation are reduced because not all the channels are active. 
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Figure 3.9 The relationship between action potential slew rate XE  "slew rate"  vs. membrane potential at the time of activation. (a) Slew rate decreases with reduced membrane potentials. (b) The effect of a premature stimulus on cardiac tissue that has previously been activated. The dashed line at stimulus A shows that the rate of depolarization is reduced because a stimulus occurred at a reduced membrane potential. A premature stimulus at B results in a faster action potential than the stimulus at A, but it is not fully normal because the tissue has not fully repolarized. From Waldo, A. L. and A. L. Wit. 1994. Mechanisms of cardiac arrhythmias and conduction disturbances. In R. C. Schlant and R. W. Alexander (ed.) The heart, arteries, and veins. 8th ed. With permission of McGraw–Hill, Inc.


Figure 3.9(a) shows that the action potential slew rate decreases with decreasing resting membrane potentials. Figure 3.9(b) shows that the amplitude of the resulting action potential depends on the degree to which the cell has repolarized (greater repolarization results in increased amplitude of the second action potential). Because these impulses are conducted by partially inactivated fast Na+ channels, they are called depressed fast responses.


There is also a slow response inward current carried by Ca2+ channels, which contributes to the upstroke of the action potential. The threshold for the Ca2+ channels is about –30 to –40 mV compared with the –70 mV of the fast Na+ channels; therefore, this current inactivates much more slowly. In cells with resting membrane potentials smaller than –60 mV (when membrane conductance is very low or when catecholamines are present) this normally weak current may produce action potentials that propagate slowly and are prone to block. Slow response action potentials can occur in diseased cardiac fibers but can also occur in some normal tissue of the heart such as the cells of the sinus and AV nodes where the maximal diastolic potential is normally smaller than –70 mV  (Waldo and Wit, 1994).

Changes in cable properties XE  "cable properties" 
Slowed conduction can also be explained in terms more familiar to the engineer: cardiac fibers can be modeled as cylindrical cables.


The electrotonic spread of any change in membrane potential is determined by the “length constant” of the cell. In a cylindrical cable of uniform properties, this length constant XE  "length constant" , , is given by


 EQ \R(\f(.i.Membrane Resistance;, Internal + External Resistance)) 
(3.1)


Physically, a change in potential on the fiber will cause the potential one length constant away to change by about 1/e of the applied potential. With a greater length constant, a point further out along the fiber can be stimulated. The velocity of conduction, therefore, increases with an increasing  (the distance covered per unit time is greater). If all other influences are held constant, the conduction velocity will increase when the membrane resistance increases and decrease when either or both of the longitudinal resistances increase  (Cranefield and Aronson, 1988).


The length constant typically ranges from 0.5 to 2.5 mm, meaning that a 100 mV action potential will cause cardiac tissue two  away (1 to 5 mm) to depolarize to threshold. In a passive cable, a 100-mV impulse causes a depolarization at two  of 100/e2 or approximately 13.5 mV. Cardiac fibers are not passive, however. The effective length constant is reduced during the upstroke of an action potential in an excitable fiber so that the actual voltages experienced at two length constants will be somewhat different  (Cranefield and Aronson, 1988).


The external longitudinal resistance (resistance to current flow in the extracellular space) can rise significantly if the extracellular space is reduced during swelling of injured cells (Cranefield and Aronson, 1988). This swelling may occur during ischemia; in fact, merely interrupting perfusion, which causes a loss of “stiffness” in the tissues, can also cause an increase in intracellular resistance. Ischemia may also raise the intracellular longitudinal resistance by “uncoupling” at the location of the intercalated discs or ischemia may lower membrane resistance by increasing external K+ .

Anisotropy XE  "Anisotropy" 
The cable properties just mentioned also form the basis of cardiac anisotropy: conduction velocity depends on the direction in which it is being measured. During conduction, axial current flows from one cell to the adjacent cell through the gap junctions of the intercalated disks. These disks form a major source of resistance along the fiber bundle. The structure of the myocardium that governs placement of these disks, therefore, has a large effect on fiber resistance and conduction.


Muscle fibers are arranged in unit bundles in which cells are tightly connected with each other. Each unit bundle is connected with others but the connections only occur in a lateral direction at intervals of 100–150 m (Waldo and Wit, 1994). The result is that the myocardium is better connected along the long axis because of the low frequency of connections between the unit bundles and the high frequency of connection within the bundle itself. The result is a reduced axial resistivity relative to a transverse direction and a corresponding difference in conduction velocity predicted by cable theory.


There are two types of anisotropy: uniform and nonuniform. Uniform anisotropy (Figure 3.10(a)) is characterized by an advancing wavefront that is smooth in all directions (longitudinal and transverse to fiber direction). In one experiment in normal septal muscle, conduction in the longitudinal direction was found to be 0.51 m/s and in the transverse direction 0.17 m/s (Spach and Dolber, 1985). As the direction of propagation changed between the two, the conduction velocity changed monotonicly  (Waldo and Wit, 1994).
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Figure 3.10 Anisotropy. The cardiac fibers are arranged parallel to each other. (a) In fibers with uniform anisotropy, intercalated disks connect the cells within each fiber and the cells between fibers. Because the disks joining cells within the fiber are broad and numerous, resistivity in the longitudinal direction is low. Fewer connections between fibers result in a higher transverse resistivity. (b) Nonuniform anisotropic fibers lack connections between fibers, resulting in increased transverse resistance.


Cardiac tissue exhibiting nonuniform anisotropy is tightly coupled electrically in the longitudinal direction but not in the transverse direction: there are areas in which the connections between parallel fibers are absent (Figure 3.10(b)). As a result, propagation in the transverse direction is interrupted so that the action potential must take a highly irregular, zig–zag conduction path (Spach and Dolber, 1986). There is also a nonuniform transition in conduction velocities between the two directions (normal anisotropic has a continuum of velocities between the two perpendicular directions). ​In a study using pectinate muscles from older patients, the mean fast velocity was 0.69 m/s and slow velocity was 0.07 m/s, a ratio of nearly 10 despite the normal resting potential and fast action potential of the atrial cells  (Waldo and Wit, 1994).


Nonuniform anisotropic properties can arise when the muscle bundles become separated transversely by the ingrowth of fibrous tissue. These longitudinally oriented insulating boundaries prevent connections, thereby increasing the resistance. This can occur with age or with disease. In healing infarcts, fibrosis can separate the surviving muscle bundles in the epicardium over the infarct, reducing side-to-side connections. Measurements show conduction to be about four times faster in the longitudinal direction  (Bigger, 1994).


Anisotropy is not limited to the tissue level, however. On a macroscopic scale anisotropy can influence conduction at sites where bundles of cardiac fibers come together. Marked slowing can occur at fiber junctions where there is an abrupt change of fiber direction. As the fibers come together, they are less likely to be oriented longitudinally: transverse conduction may result as the impulse passes from one fiber to the next. The result is increased axial resistance (Gardner et al., 1984) . Cable–like structures without extensive branching, such as the His bundle, bundle branches, or Purkinje fibers, conduct faster and with a greater safety factor than tissues with extensive three-dimensional branching  (Bigger, 1994).

Changes in gap junction resistance XE  "gap junction resistance" 
An increase in intracellular resistance may also result from increased gap junction resistance (ions can not move as freely). Computer modeling showed that conduction velocity could be decreased dramatically by increasing disk resistance. Decremental conduction and block result (Rudy and Quan, 1987) . 


Intracellular Ca2+ may be the most important influence on gap junction resistance in pathological situations. A significant rise in intracellular Ca2+ increases resistance to current flow through the junctions and eventually leads to physiological uncoupling of the cells  (Waldo and Wit, 1994). Intracellular Ca2+ can rise with ischemia.

Delay with normal conduction

Cardiac signal conduction may be slowed even though conduction velocities along the route are normal. An increased path length explains what would appear to be a paradoxical situation. For example, a lesion or a defect along the conduction route from the sinus node to the AV node would force the impulse to take the longer detour. The impulse is delayed because it has to travel a greater distance, not because it is moving slowly.

3.3.2 Conduction block XE  "Conduction block" 
Block of cardiac impulses can occur under several different scenarios. An impulse may arrive at tissue that is unexcitable because the tissue is still refractory after a recent depolarization or because the tissue is abnormally depolarized. Block may occur because the strength of the propagating wavefront is insufficient despite the fact that tissue is fully excitable (decremental conduction XE  "decremental conduction"  and block). It may also occur because tissue is intrinsically unable to conduct (scar tissue from prior infarct or surgical incision).


If block does occur, arrhythmias may arise in several different ways. Normally, if the sinus impulse fails to propagate to right atrium (sinus node exit block or sinoatrial block), an ectopic pacemaker will take control of the heart. If the AV conduction system is blocked so that the ventricles are not stimulated at an appropriate rate, an ectopic pacemaker distal to that block may assume control of pacemaking. Under some conditions, however, an escape pacemaker may not arise quickly enough or at a clinically significant rate. A period of asystole (an absence of electrical or mechanical activity), marked bradycardia or both may appear. Block may also appear in one of the bundle branches.


The blocks discussed above prevent conduction of impulses in both directions. A special form of block, unidirectional block, will be discussed in detail in the next section.

3.4  Reentry XE  "Reentry"  and unidirectional block XE  "unidirectional block" 
Normally, the action potential from the sinus node dies out after orderly depolarization of the atria, AV conduction system, and the ventricles. The impulse does not usually conduct backwards because the tissue just stimulated is refractory and, therefore, unable to generate a second action potential. As a result, the normal heart must wait for new sinus pulse for each subsequent heart beat. 


Reentry occurs when the action potential does not die out but continues to propagate and reactivate the heart. Almost all clinically important tachyarrhythmias are due to reentry  (Waldo and Wit, 1994). Reentry can occur almost anywhere in the heart and can assume many sizes and shapes.


Section 3.4.1 explains the concept of reentry by example. Section 3.4.2 outlines reentry classifications. Section 3.4.3 explains the general requirements for reentry while section 3.4.4 describes in detail one of the most important requirements: unidirectional block. Finally, section 3.4.5 introduces reflection: a special case of reentry.

3.4.1 Circus reentry XE  "Circus reentry"  example

Reentry was first demonstrated in 1906 by Mayer in the excitable ring of a jellyfish, and his experiment serves as a convenient illustration of the basic properties of reentry.


Figure 3.11 shows Mayer's experiment. At the center of the loop of jellyfish is a hole which serves as a central area of block around which the reentrant wave can circulate. Figure 3.11(a) shows the normal case. Stimulation at a single point results in two wavefronts that circulate around the ring in opposite directions. When they reach each other, they are extinguished because the cells on either side are refractory. 


Figure 3.11(b) shows a unidirectional block created by compressing the jellyfish tissue. The wavefront rotating clockwise is stopped at the block, but the counter-clockwise pulse continues to travel. Immediately after stimulation, the compression is removed (Figure 3.11(c)). By the time the counter-clockwise pulse reaches the point where the block had been, the tissue is past its refractory period. This can occur if the pulse must pass through regions of slow conduction or if the loop is large enough that even at normal conduction speeds, the tissue has time to recover its excitability. The counter-clockwise pulse can then reexcite tissue that it has already passed through. This process continues, with the pulse circulating to stimulate itself.
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Figure 3.11 Mayer’s experiment demonstrating reentry. (a) Stimulation results in extinguished propagation wave when the two branches meet. (b) Application of a compression block stops clockwise excitation. (c) The block is removed quickly. Because of the time to traverse ring, the counter-clockwise pulse sees excitable tissue and the pulse initiates another loop. From Waldo, A. L. and A. L. Wit. 1994. Mechanisms of cardiac arrhythmias and conduction disturbances. In R. C. Schlant and R. W. Alexander (ed.) The heart, arteries, and veins. 8th ed. With permission of McGraw–Hill, Inc.


If the block is bidirectional, each pulse circulates until it reaches the block and dies. The cells behind the wavefront are refractory and unable to be stimulated again while the cells ahead are incapable of being stimulated. Thus, the unidirectional block is essential for initiating the reentrant rhythm.


The wavefront will continue to circulate provided a few prerequisites have been met; reentry requires a region of unidirectional block, a central unexcitable area around which to circulate, and an action potential wavelength that is shorter than the length of circuit. Wavelength is defined as the product of the conduction velocity of the circulating wavefront and the effective refractory period of the tissue of the reentrant circuit  (Waldo and Wit, 1994). The effective refractory period is defined as the time between the beginning of depolarization and the time at which the earliest impulse is capable of further propagation in the conduction system  (Alpert, 1980).

3.4.2 Classification

Reentry can occur in many different forms and it is useful to classify them on the basis of their pathways.

Ordered reentry XE  "Ordered reentry" 
Reentry in which the circulating wavefront continuously reenters the same stable pathway is called ordered reentry. Ordered reentry usually consists of a well-defined anatomic pathway, an example of which is the reentrant circuit in Wolff–Parkinson–White (WPW) syndrome, an AV reentrant tachycardia. In this arrhythmia, impulses travel from the atrium down through the AV node and His–Purkinje system into the ventricle and then back through an accessory AV connection.


Ordered reentry need not be defined by an anatomical pathway, however. Functional circuits which depend on cellular electrophysiological properties can also cause ordered reentry if these properties are confined to a specific location and reentry occurs only in that location. 


Examples of ordered reentry are atrial flutter, most monomorphic ventricular tachycardias, AV nodal reentrant tachycardia, AV reentrant tachycardia with an accessory pathway, and sinus node reentrant tachycardia.

Random reentry XE  "Random reentry" 
In random reentry, propagation occurs in reentrant pathways that continuously change their size and location with time. Some examples are atrial fibrillation and ventricular fibrillation.

3.4.3 Prerequisites

From the Mayer example of reentry, it is clear that a reentrant circuit requires that several prerequisite conditions be satisfied.


1. Reentry requires a suitable region of heart with electrical characteristics capable of supporting reentry. Additionally, for random reentry, the path must contain a critical mass of cardiac tissue to sustain the several simultaneously circulating reentrant wavefronts. It is virtually impossible to achieve sustained fibrillation in ventricles of very small normal mammalian hearts and just as difficult to achieve sustained fibrillation of the normal atria  (Waldo and Wit, 1994).


2. The excitation wavefront must encounter unidirectional block. Without unidirectional block, the case described in Figure 3.11(a) results: the waveform extinguishes itself when it meets the other branch of the impulse.


3. The activation wave must be able to circulate around a central area of block. In the jellyfish experiment the hole prevented the impulse from taking a short cut across the ring where it may have extinguished in the still refractory tissue.


4. Tissue initially activated must have sufficient time to recover excitability. There must always be a gap of excitable (either fully or partially) tissue ahead of the circulating wave.


5. Reentry requires an initiating trigger which brings one or more of the conditions to a critical state. The trigger starts the cycle by being blocked on one path and circulating around the other way. Note that the trigger beat may unrelated to the reentrant tachycardia and may occur by any mechanism. One possible but unrelated trigger may occur during catheterization of the heart. The catheter may stimulate a premature beat if it forcibly hits the heart wall (a mechanical cause) . Also, the trigger need not be premature; it may be a normal sinus beat. In permanent nonparoxysmal AV junctional reentrant tachycardia XE  "reentrant tachycardia" , there exists permanent unidirectional block and a region of very slow conduction. The sinus impulse has enough delay through the circuit that it always finds excitable tissue  (Waldo and Wit, 1994).


Several of the prerequisites will now be discussed in more detail, but since unidirectional block is so important to reentry, it will be discussed in its own section 3.4.4.

Areas of slow conduction in reentry

The wavelength of the circulating reentrant waveform is the product of conduction velocity of the wavefront and the effective refractory period of the tissue through which the wave is propagating. Recall that the effective refractory period is defined as the time between the beginning of depolarization and the earliest time at which an impulse is capable propagation.  (Alpert, 1980). For reentry to occur, the wavelength of reentrant excitation must be shorter than the length of the pathway. This guarantees that the impulse always finds excitable tissue.


Note that an area of slow conduction is not absolutely required. Reentry can occur at normal conduction velocities so long as the path length is long enough. The jellyfish ring is one example. For virtually all clinically relevant reentry circuits due to ordered reentry, however, the path length would be too small (or the reentrant wavelength would be too large) given a constant speed of conduction. The action potential would travel too quickly around the circuit and reach tissue that is still refractory; thus, almost all the reentrant arrhythmias have regions of slow conduction  (Waldo and Wit, 1994).


Areas of slow conduction arise by the mechanisms discussed in section 3.3. Conduction slow enough to cause reentry may occur in diseased cardiac cells with persistently small membrane resting potentials of about –60 to –70 mV. Slow conduction is a normal property of these nodes, and either node may be a critical portion of a reentrant circuit, for example AV reentrant tachycardia.
. At these potentials, about 50% of the Na+ channels are inactivated. Slow response action potentials can also occur in some normal tissue of the heart such as the cells of the sinus and AV nodes where the maximum diastolic potential is normally smaller than –70 mV

Slow conduction in reentry may also be caused by other factors besides those that affect current. Anisotropic circuits usually remain fixed and can cause ordered reentry (Waldo and Wit, 1994). Anisotropy can slow conduction enough to cause reentry in small anatomic circuits or in functional pathways: circuits in nonuniform anisotropic bundles can be as small as 2 to 4 mm2. Also, the circuits are elliptical or rectangular because of the directional differences in conduction with the long axis in the direction of the fast, longitudinal direction. Circuits with this shape can have a smaller size than circular circuits such as the leading circle (see below) .


Changes in the effective refractory period of the cardiac tissue may also facilitate reentry. A decrease in the refractory period decreases the wavelength of reentrant impulse, thereby decreasing the necessary size of the reentrant circuit. If the wavelength decreases, the need for slow conduction also decreases. 


The effective refractory period of cardiac fibers may be shortened during rapid tachycardias because of rate-dependent shortening of action potential duration. In atrial muscle the refractory period is shortened by acetylcholine released during vagal stimulation making atrial fibrillation easier to induce. Action potential durations and effective refractory periods are also decreased in the ventricle during reperfusion following small periods of ischemia or in some of the ventricular muscle cells in chronic ischemia  (Waldo and Wit, 1994).


Changes in gap junctional resistance and other factors that affect the fibers’ cable properties are also expected to contribute to the slow conduction necessary for most forms of reentry.

The reentrant substrate XE  "reentrant substrate" 
Reentrant tissue can be located anywhere in heart, and the circuit can have a great number of shapes, sizes and types of cardiac tissues. The reentrant substrate can be anatomic such as a loop of fibers in the Purkinje system; it can be functional and defined by electrophysiological properties of the tissue as shown in models of atrial flutter; or it can be a combination of the two as has been suggested for some intraatrial reentrant rhythms such as atrial flutter or ventricular tachycardia  (Waldo and Wit, 1994).

Central area of block in reentry

The central area of block necessary for reentry may be anatomical (static), functional (dynamic), or combination of the two. Anatomic block is the result of a nonconductive region in the center of the reentrant circuit. One example is atrial flutter found in patients who previously have had a Mustard procedure to repair transposition of the great vessels  (Waldo and Wit, 1994). The procedure involves making a large incision in the atrial wall.


Functional block occurs when there is a block of impulses in otherwise excitable cardiac tissue. During the healing phase of myocardial infarction, a dynamic block may be formed in the ischemically damaged but surviving cells  (Bigger, 1994). The ventricular excitation wavefront enters the ischemic zone to find an arc of refractoriness. The excitation wave moves slowly around the edges of the arc and around the back until it reaches a point near the center which by this time has recovered its excitability. The wavefront then conducts through the center and back down the sides for a reentrant circuit causing tachycardia. Figure 3.12 shows the reentrant pathway.
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Figure 3.12 Dynamic block leading to reentry. (a) The impulse finds the central portion of the ischemic area refractory and is blocked. The impulse travels slowly around the central block and around the backside. (b) By this time the central portion has regained its excitability and the wavefront conducts back to where it started. From Bigger, J. T. 1994. Electrophysiology, diagnosis, and management. In R. C. Schlant and R. W. Alexander (ed.)The heart, arteries, and veins. 8th Ed. Reproduced with permission of McGraw–Hill, Inc.

3.4.4 Unidirectional block

Unidirectional block XE  "Unidirectional block"  results when impulse cannot conduct in one direction along a bundle of cardiac fiber but can conduct in the opposite direction. It is critical for the initiation of reentry and can arise in a number of different ways.

Regional differences in refractory period

If there are differences in the duration of the effective refractory period that occur in adjacent areas, conduction of an appropriately timed premature impulse may be blocked in the region with the longest refractory period.


In Figure 3.13(a), a premature beat arises in a region of short refractory period. The top trace shows a quick decline from the maximally depolarized level. Because the tissue has been stimulated previously, conduction down the left path blocks. That tissue on the left has a long refractory period, and, since the strength of the action potential is related to the membrane level at which it is evoked (section 3.3.1), the second potential is too weak to initiate another depolarization. Conduction precedes down the right path, however, because that tissue has a short refractory period and has had time to repolarize almost fully. 


Figure 3.13(b) completes the reentrant circuit. By the time the wavefront circulates to the left branch, the tissue has had time to recover its excitability. Since the tissue at the top and the right of the circuit have short refractory periods, they too are excitatory. If the time around the loop is long enough for the left branch to repolarize sufficiently before the next stimulation, reentry will continue. 
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Figure 3.13 Reentry around an anatomically defined circuit with unidirectional block caused by regions with differing refractory periods. (a) A premature beat is blocked in the left branch because its long refractory period renders the tissue unable to fire again. The action potential propagates through the right branch, which exhibits quick recovery (short refractory period). (b) By the time the right branch action potential reaches the left branch, the tissue is ready to be stimulated. A reentrant waveform has been established. From Wit, A. L. and M. J. Janes. 1992. The ventricular arrhythmias of ischemia and infarction. The electrophysiological mechanisms. Futura Publishing.


Notice that in order for the unidirectional block to occur, the premature impulse must arise in a region with a short effective refractory period so that it occurs before the action potentials in the left pathway have repolarized. Also, the unidirectional block created is transient, and this type of block can cause initiation not only in anatomic circuits but also in functional circuits. 


An example of functional reentry based on refractory period differences has been termed the leading circle model. Small pieces of isolated rabbit left atrium are stimulated to a stable reentrant tachycardia by precisely timed premature impulses in regions previously activated at regular rates (Allessie et al., 1977). A premature impulse blocks in fibers with long refractory periods and eventually returns after the area has recovered (section 3.4.4). Figure 3.14 shows that the excitation circulates around a central area that is kept refractory because it is constantly depolarized by the circulating wavefront (a functional central area of block). The circumference of the leading circle may be as small as 6 to 8 mm and represent a pathway that is just long enough to allow for stimulation even though the tissue is still partially depolarized. Conduction through the depolarized circuit, therefore, must be slowed.
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Figure 3.14 Leading circle reentry. The premature impulse blocks in the fibers with long refractory periods (0) and conducts in the short refractory fibers (1 – 5). The impulse eventually returns to the site of initiation, but, by that point, the tissue has recovered (6 and 0) . The central area of block remains blocked by the constant depolarization of the radially conducted impulses.


The different refractory periods of the atrial fibers in close proximity with each other made the reentry possible, and canine models indicate that atrial flutter may operate by the leading circle mechanism  (Waldo and Wit, 1994). 


For reentrant arrhythmias due to regional differences in refractory periods, therefore, both a trigger (the premature impulse) and the appropriate substrate (reentrant circuit) are needed. The cause of the trigger is quite different from the arrhythmia it initiates. It may arise spontaneously by automaticity or may be result of triggered activity. It may even be induced by electrical stimulus during programmed stimulation.


The differences in the effective refractory periods (called the dispersion) required for a reentrant circuit may be quite small. In the atria, the minimal dispersion could be in the range 11 to 16 ms, well within normal physiological range of variation (Waldo and Wit, 1994). In the ventricles, where the refractory periods are much larger, the difference between the longest and shortest refractory period duration is on the order of 40 ms. Unlike the atria, the differences in refractory periods is not large enough to allow reentry initiated by premature impulses. Differences in refractory periods must be increased to 95 to 145 ms before a premature stimulus can trigger a reentrant circuit .


The refractory period XE  "refractory period" ’s dispersion is not the only factor that determines a premature impulse’s ability to stimulate reentry, however. Relatively long and short refractory areas must be reasonably close to each other so that a premature stimulus can reach the areas of long action potentials in enough time to cause block. The size of block is also critical. If it is too small, an impulse traveling through the area of unidirectional block may not be delayed sufficiently to allow the site of the premature beat to repolarize.

Asymmetrical depression of excitability

Unlike the transient block discussed above, unidirectional block may also be persistent and independent of a premature stimulus. It is often associated with depression of transmembrane potentials and excitability of cardiac fibers (section 3.3.1) . This block might occur if a pathological condition affects the heart asymmetrically. For example, action potential upstrokes in a bundle of fibers may be diminished by reduction of blood flow to the fibers, but the depression may be greater at one end of the bundle than at the other.


In Figure 3.15, a poorly perfused region of cardiac tissue experiences its greatest reduction in signal conduction on the right side. An impulse approaching from the left (solid arrows), will pass through areas of increasing resistivity creating action potentials that are smaller than the previous one until they are too weak to depolarize the normal tissue at the right end. An impulse from the right side, however, does propagate through the depressed region (white arrows). The large current from the normal impulse propagates far into the region and past the area of enhanced resistivity. This stimulates an action potential in the middle of the region that may propagate with enough strength to clear the site of block.
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Figure 3.15  Asymmetrical differences in conduction depression can give rise to persistent unidirectional block. The shaded region of the cardiac fiber bundle has reduced action potential conduction with the greatest area of depression occurring on the right side. An action potential initiated from the left is progressively reduced until it can no longer initiate an action potential (black arrows). The action potential from the right is able to clear a large area of depression and propagate through the block (white arrows). Reprinted from Wit, A. L. and Rosen. 1989. In P. W. MacFarlane and  T. D. Veitch Lawrie (ed.) Comprehensive electrocardiology, theory and practice in health and disease. Copyright 1989, page 826, with kind permission from Elsevier Science Ltd., The Boulevard, Langdon Lane, Kidlington 0X5 1GB, UK. 
Geometric factors causing unidirectional block

Geometric factors related to tissue architecture may influence impulse conduction and perhaps lead to unidirectional block. Normally, impulses can conduct rapidly in either direction of cardiac fibers. This conduction is asymmetrical, however, but it is usually of no physiological significance (Wit and Rosen, 1989) .


This asymmetry is the result of several factors. Bundles of muscle are composed of interconnecting and frequently branching fibers of different diameters. An impulse in one direction encounters an different sequence of fiber diameter changes than an impulse propagating in the other direction: the pathway configuration is not the same in each direction.


Theoretical analysis indicates that impulses flowing from small diameter fibers to large diameter fibers experience a decrease in conduction velocity at the junction because the larger fiber acts to sink the flowing current (there is suddenly more membrane to depolarize to threshold) (Wit and Rosen, 1989) . When an impulse flows into a region with an abrupt increase in branching, conduction transiently slows because of the larger current sink now provided by the increased membrane surface area. From large to small fibers, an increase in conduction velocity is predicted.


Theoretically, if there is enough of a difference in the two cable diameters, an impulse conducting from a small to large fiber will block while the impulse flowing the other way will continue unimpeded. Junctions between Purkinje and muscle cells are probable sites for unidirectional block based on this mechanism. At certain places, propagation from muscle to Purkinje fibers is possible while propagation from Purkinje fibers to muscle is not. The asymmetry results from difference in mass between the Purkinje fiber bundle (the small diameter cable) and the large muscle layers (large diameter cable). It is not likely this makes the normal heart likely to exhibit reentry because the myocardium is quickly excited by the many other Purkinje-to-muscle junctions where the geometry is not sufficient to cause block. If myocardial conduction has been slowed and the coupling resistance at the junctions has been increased due to ischemia, however, these sites may become important in initiating reentry  (Waldo and Wit, 1994).

 
It is unlikely that geometric disparities large enough to cause unidirectional block exist except at the Purkinje–muscle junctions mentioned above. There is a large safety factor for conduction: an action potential is carried by an excess of current over the amount needed to stimulate the next group of cells to threshold.

Unidirectional block due to fiber differences, therefore, requires an abnormal action potential and decreased excitability  (Waldo and Wit, 1994). A weakened stimulus brought about by an increased resting membrane potential may allow the directional differences to seem exaggerated. The signal may then block in one direction.


Anisotropic properties of cardiac muscle may also at times contribute to the formation of unidirectional block. In anisotropic muscle, the safety factor for conduction is lower in the longitudinal direction than in the transverse direction, a fact that is opposite to that predicted by continuous cable theory "membrane capacitance" . This low safety factor is due to a large current load associated with the low axial resistivity and large membrane capacitance in the longitudinal direction. In uniformly anisotropic muscle, a decrease in inward current during depolarization may result in a proportionally greater slowing of longitudinal conduction than of transverse conduction. This inward current may occur during a premature impulse. Block, however, usually occurs simultaneously in both directions. In nonuniform anisotropic muscle, however, premature activation can result in a longitudinal block even while the transverse conduction continues  (Waldo and Wit, 1994).


In contrast, when the coupling resistance between cells is increased, conduction of all impulses will be blocked in the transverse direction first. This occurs because there are fewer gap junctions connecting the muscle bundles transversely than longitudinally (Figure 3.10(b)). Increasing the coupling resistance reduces the number of functional transverse connections below the level needed to maintain conduction before a similar event occurs in the longitudinal direction. Unlike longitudinal block of a premature impulse that is transient, block in transverse direction by increased coupling resistance is bidirectional and should not cause reentry  (Waldo and Wit, 1994).


Anisotropy can also result in unidirectional block at sites of muscle bundle branching. The rapid change in fiber direction causes slowing of the wavefront and this, coupled with insufficient axial current caused by a depressed action potential upstroke, can result in a unidirectional block (Wit and Rosen, 1989).

3.4.5 Reflection XE  "Reflection" 
Reflection is used to describe reentry in a linear bundle in which two excitable regions are separated by an area of depressed conduction.


Figure 3.16 shows two fibers in a depressed region. The top fiber also contains a unidirectional block. An impulse approaches from the left at position I, but the top bundle blocks. The impulse travels through the region of slow conduction along the bottom fiber until it reaches the other side of the unidirectional block where it propagates in a retrograde direction. By this time, because of the slowed conduction, the original site of initiation has regained its excitability, and the impulse exits both fibers at position II.


Reflection results in a premature beat that may induce fibrillation by acting as the trigger for another reentrant circuit  (Gettes, 1984).
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Figure 3.16 Reflection in two fibers in a region of decreased conduction. The top fiber also contains unidirectional block. An impulse initiated at I, blocks in the top fiber but continues along the bottom. Once on the other side, the impulse propagates in a retrograde direction to exit both fibers at II. From Wit, A. L. and J. T. Bigger. 1975. The electrophysiology of lethal arrhythmias; possible electrophysiological mechanisms for lethal arrhythmias accompanying myocardial ischemia and infarction. Circulation , 52 (III): 96–115.

3.5  Simultaneous impulse generation and conduction abnormalities

Many of the arrhythmias already discussed rely on the interaction of several simultaneous abnormalities; however, often, they were unrelated. Reentry, for example, requires certain areas of delayed conduction as well as a trigger to start the reentrant rhythm. The source of the trigger is not relevant; it only matters that a trigger occurs. In the next two examples, the arrhythmia arises from a specific combination of both abnormal impulse generation and conduction.

3.5.1 Parasystole XE  "Parasystole" 
A latent pacemaker may be protected from overdrive suppression if it is surrounded by a region that blocks sinus impulses (entrance block). This block must be unidirectional, however, so that the latent pacemaker impulses can propagate into surrounding myocardium. A protected pacemaker is called a parasystolic focus. An impulse may exit the focus and excite the heart if the outside tissue is not refractory. The results can be premature beats or even tachycardia.

3.5.2 Phase 4 block

Block of an impulse may occur if an impulse arrives at a location (the His bundle or bundle branches for example) that is partially depolarized during spontaneous phase 4 depolarization (diastolic depolarization) but has not yet reached threshold. This spontaneous diastolic depolarization can depolarize the tissue sufficiently to inactivate the fast Na+ channel, resulting in failure of propagation  (Waldo and Wit, 1994).
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3.7  Instructional objectives

3.1
Explain the differences between normal and abnormal automaticity.

3.2
What causes abnormal automaticity?

3.3
Define overdrive pacing. How does it affect automatic rhythms?

3.4
Explain how automaticity may cause arrhythmias.

3.5
Explain the causes of early afterdepolarizations. 

3.6 
How do early afterdepolarizations lead to cardiac arrhythmias?

3.7
Explain the causes of delayed afterdepolarizations. 

3.8
How do delayed afterdepolarizations lead to cardiac arrhythmias?

3.9 
What is the difference between a triggered rhythm and an automatic rhythm?

3.10
Describe the conditions that lead to areas of slowed conduction in the heart.

3.11
How does bidirectional conduction block cause arrhythmias?

3.12
Define reentry using the jellyfish model as an example. 

3.13
Describe the classification system of reentrant arrhythmias.

3.14
Discuss the essential features that allow reentry to occur?

3.15
Explain how a unidirectional block might arise in the cardiac tissue.

3.16
Define reflection. Why is it significant? 
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