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Logic Flow and Timing Diagrams XE  "Timing Diagrams" 
Beejahn A. Afsari

The main goal of cardiac pacing is to artificially stimulate a dysfunctional heart to mimic a normal heart. In normal hearts there is a specific sequence of excitation, as described in section 1.6. When this sequence breaks down (abnormal conduction, blocks, etc.) the pacemaker should intervene and perform the appropriate action at the appropriate time. 


This chapter presents some of the basic timing cycles of pacemakers. The approach taken is to start with the simplest pacemaker and use that as a building block. Logic flow diagrams XE  "Logic flow diagrams"  are given in preparation for the following chapter on  pacemaker hardware. 

9.1  Single chamber pacemakers XE  "Single chamber pacemakers" 
In single chamber pacemakers, all timing cycles begin and end by pacing or sensing one chamber. In a ventricular based pacemaker (VOO, VVI, VVT), the ventricle determines all timing events. Similarly, in an atrial based pacemaker (AOO, AAI, AAT) the atrium determines all timing events.

9.1.1  Definitions

Lower rate interval XE  "Lower rate interval"  (LRI)
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Figure 9.1  In a ventricular based single chamber pacemaker the LRI is defined as the longest period between consecutive paced or sensed ventricular events. The shaded bar represents time.

Figure 9.1 shows that the LRI (also known as the automatic interval) is the longest period between consecutive paced or sensed events occurring in the relevant chamber. The pacemaker keeps track of the LRI by utilizing a timer. If the timer expires before an event is sensed, the pacemaker will stimulate the chamber and reset the timer. The programmed LRI value defines the minimal number of beats per minute (bpm) as #bpm = 60/LRI (s). For example, if the LRI were equal to 600 ms, the minimal number of bpm would be 100. The LRI is determined by the physician and is based on the patient’s age, fitness level, activity level and lifestyle.

Upper rate interval XE  "Upper rate interval"  (URI)

Figure 9.2 shows that the URI is the shortest period allowable between paced or sensed events, while still maintaining one-to-one (1:1) atrioventricular (AV) synchrony. 1:1 AV synchrony means that for every atrial beat there is a corresponding ventricular beat. Once the URI is reached, 1:1 AV synchrony can no longer be maintained. At this point special algorithms are used in order to pace efficiently. These algorithms are discussed in section 9.2.4. For sensor driven modes (VVIR, AAIR) and dual chamber tracking modes (DDDR, DDD, VDD), the URI is used to limit the maximal rate at which the pacemaker can pace. This rate is also determined by the physician and depends on the patient’s age, activity level, fitness level, and lifestyle.


The URI becomes a factor when ventricular activity begins to occur too rapidly. The URI, based on the VRP is: upper rate (bpm) = 60/VRP (s). A number of algorithms for dealing with the URI are discussed in section 9.2.4.
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Figure 9.2  In a sensor driven or dual chamber tracking mode pacemaker, the upper rate interval (URI) is defined as the shortest allowable period between paced or sensed ventricular activities. In comparing this figure to Figure 9.1 above, the difference is that the distance between the QRSs is longer in Figure 9.1. This symbolizes a longer time interval.

Refractory period XE  "Refractory period"  

A pacemaker refractory period is distinguished from the natural physiologic cardiac refractory period. A pacemaker refractory period is a period during which a channel’s sensing mechanism is blanked to incoming electrical signals. Refractory periods are essential in pacemakers for the following reasons: (1) the output pulse of the pacemaker must be prevented from reentering the input amplifying system; (2) the pacemaker should not be disturbed by a QRS signal emanating from a paced ventricular beat; and (3) to avoid the sensing of after-potentials (Barold, 1971).


You may recall from Chapter 8, that the input amplifiers are blanked for a period of time to avoid sensing during paced events. The difference between the blanking period and the refractory period is that the refractory period is greater than or equal to the blanking period. Obviously nothing can be sensed when the amplifiers are blanked, however, through software or hardware, the blanked interval can be extended to provide a longer refractory period.


Refractory periods can be lengthened or shortened through programming. A physician may lengthen the refractory period in order to avoid sensing the preceding QRS complex, T wave, or the after-potential of a paced beat. On the other hand, a physician may shorten the refractory period to allow sensing of premature ventricular contractions that are not being sensed because they fall within the current, long, refractory period. When dealing with dual chamber pacemakers (VDD or DDD), lengthening of the atrial refractory period can help avoid endless loop pacemaker-mediated arrhythmias (Moses, 1991).

Ventricular refractory period (VRP)

Figure 9.3 shows that in a ventricular-based single chamber pacemaker, the VRP is defined as the period following a paced or sensed ventricular activity during which no sensing occurs. The pacemaker is rendered insensitive to incoming signals. More advanced, modern pacemakers may sense during this period and use the information gathered to dictate some future activity. 


The VRP can either be programmed or set at the factory.  Typical values for the VRP are 200–350 ms. 
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Figure 9.3  The VRP begins when a ventricular event is paced or sensed. It lasts for a set amount of time, typically 200–350 ms.
Noise sampling interval XE  "Noise sampling interval" 
The noise sampling interval has been integrated into the ventricular refractory period (VRP) of modern pacemakers. During the noise sampling interval, if a significant amount of electromagnetic interference is sensed, the pacemaker will pace the ventricle regardless. This is done because if there is a lot of EMI, the true ventricular signal will be difficult to sense.

9.1.2  Modes XE  "Modes"  

In discussing the various modes of single chamber pacemakers, we will focus on ventricular based systems. Atrial based systems operate exactly the same as their ventricular counterparts, except that they sense and pace the atrium as opposed to the ventricle. The goal of this section is not to comprehensively examine all single chamber pacemaker modes. Instead, it is to examine specific modes and study their timing cycles.  

VOO and AOO modes

The VOO pacemaker is the most basic. This pacemaker paces the heart at a fixed rate with no regard for underlying cardiac activities. Pacing at a constant, preset rate is referred to as asynchronous pacing XE  "asynchronous pacing"  (also known as fixed rate pacing). A single timing interval is employed in these relatively simple pacemakers. Each time a pulse is delivered, the internal timer is reset. While the pacemaker is in this mode, if there does happen to be underlying spontaneous heart activity, the stimuli will be effective only outside of the cardiac refractory period, as the cardiac tissue is unresponsive to stimuli during the cardiac refractory period.


Figure 9.4 is a logical flowchart representing a VOO pacemaker. The diagram uses a counter to keep track of time, however, any circuitry capable of tracking time could be used (i.e. a simple RC circuit). Suppose a pulse has just been delivered. The counter is reset and counting begins anew. The counter is continually incremented until the LRI is reached. The LRI corresponds to the programmed (or factory specified) lower rate interval. Once the LRI is reached, the pacer delivers a pulse and the cycle is repeated.
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Figure 9.4  Flowchart of events in a VOO pacemaker. Upon delivering a pulse, the counter is reset, and a new timing interval begins. The counter is continually incremented until the count value is greater than the LRI. At this point a pulse is delivered and the cycle is repeated.


Pacemakers of this type were popular in the early days of pacemaker technology because they worked well and were electronically simple. In today’s market place, pacemakers without sensing abilities are obsolete.  

VVI and AAI modes

The VVI mode of pacing delivers a ventricular stimulus whenever the heart neglects to do so. This pacemaker employs two timing cycles, the lower rate interval (LRI) and the ventricular refractory period (VRP).


Figure 9.5 shows that a VVI pacemaker’s timing cycle always begins and ends with either a paced or sensed ventricular event. Suppose that the pacemaker has just delivered a pulse, its internal counters are reset and the pacemaker waits, continually incrementing its internal counters. The pacemaker monitors the ventricular channel for a QRS complex. If a QRS complex is sensed, and the ventricular refractory period expires, the counter is reset, and the cycle begins again. If the LRI expires before an event is sensed, a pulse is delivered by the pacemaker, and then the counter is reset.

VVIR and AAIR

In rate-adaptive single chamber pacemakers, the rate-adaptive circuitry adjusts the length of certain timing intervals. For example, at any given time, the lower rate interval can either be the basic programmed lower rate interval (LRI) or the constantly changing,  sensor-controlled LRI (Singer and Kupersmith, 1993). The shortest possible LRI is equal to the pacemaker’s programmed URI. The rate of change at which the intervals are adjusted depends on the software algorithm which processes the sensor’s data. These details are covered in Chapters 14, 15, 16, and 17.
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Figure 9.5  Logical flow diagram representing the VVI mode of a single chamber pacemaker.  All timing cycles begin and end with either a paced or sensed ventricular event. Assume that a pulse has just been delivered, all counters are reset, and counting commences. If the pacemaker detects a ventricular event, and the VRP has not expired, it is treated as noise and the VRP reset. If no event is detected prior to the expiration of the LRI, a pulse is delivered.

9.2  Dual chamber pacemakers XE  "Dual chamber pacemakers" 
The dual chamber pacemaker has the ability to sense and pace both the atrium and the ventricle. Ever since the late 1970s, the use of the dual chamber pacemaker has been steadily growing. As of 1986, an estimated 50–70% of all permanent pacemakers implanted were dual chamber. One probable explanation for their adoption is that they most closely mimic the function of the physiologic heart.

9.2.1  Definitions

Because of their increased complexity, dual chamber pacemakers require several additional definitions.

Atrioventricular interval XE  "Atrioventricular interval"  (AVI)

Figure 9.6 shows that the AVI is the electronic analog to the P–R interval. The AVI is the programmed interval from a paced or sensed atrial event to the following paced or sensed ventricular event.


The importance of the AVI is that it gives the ventricle time to fill following an atrial contraction. An optimal AVI, which is necessary for maximal hemodynamic benefit,  may cause up to a 40% increase in ventricular end diastolic volume in patients with sinus rhythm (Benchimol et al., 1965). If a pacemaker has a programmable AVI, and the physician has equipment to noninvasively measure cardiac output (i.e. pulsed Doppler), an optimal AVI could be determined by pacing at a fixed rate, varying the AVI, and measuring cardiac output. However, if the above experiment can not be performed, it has been found that an AVI of 150 or 200 ms provides a patient with maximal cardiac output, when paced at 80 and 110 bpm (Haskell and French, 1986). 
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Figure 9.6  The AVI is the programmed interval from a paced or sensed atrial event to the following paced or sensed ventricular event.

Ventriculoatrial interval XE  "Ventriculoatrial interval"  (VAI)

Figure 9.7 shows that the ventriculoatrial interval (VAI)—also known as the atrial escape interval XE  "atrial escape interval"  (AEI)—is the time between a paced or sensed ventricular event to the next atrial event. The VAI can be derived by subtracting the AVI from the LRI (Barold, 1988). The VAI is important in that it provides a link between the atrium and the ventricle.
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Figure 9.7  The VAI is defined as the time between a paced or sensed ventricular event to the next consecutive atrial event. It can be derived by subtracting the AVI from the LRI.

Postventricular atrial refractory period XE  "Postventricular atrial refractory period"  (PVARP)

The PVARP, as shown in Figure 9.8, is an atrial refractory period following a paced or sensed ventricular event. The PVARP is designed to prevent the atrial channel from falsely sensing a ventricular signal and interpreting it as an atrial signal. The PVARP’s programmed interval is usually set longer than the retrograde ventriculoatrial conduction time in order to prevent the atrial channel from sensing retrograde atrial depolarization (Barold, 1988). This interval can either be set at the factory or programmed by the physician and is typically 
300–350 ms.
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Figure 9.8  The PVARP is an atrial refractory period following a paced or sensed ventricular event. 

Total atrial refractory period XE  "Total atrial refractory period"  (TARP)

The TARP represents the total amount of time that the atrial channel is refractory. It consists of two separate timing intervals previously discussed. The TARP begins with a paced or sensed atrial event and extends through the AVI. The atrial sensing amplifier is always refractory for the duration of the AVI. Finally, the TARP ends with the completion of the PVARP. Therefore, Figure 9.9 shows that the TARP is equal to the sum of the AVI and the PVARP. The duration of the TARP defines the shortest possible upper rate limit.
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Figure 9.9  The TARP is the sum of the AVI and the PVARP. It represents the total amount of time that the atrial channel is refractory.

Summary 

Figure 9.10 summarizes all of the timing intervals that have been covered in the chapter.

9.2.2  DDD pacemakers

A DDD pacemaker XE  "DDD pacemaker"  senses and paces both the atrium and the ventricle. A simple DDD pacemaker can be made by taking a VVI pacemaker and adding an atrial channel (Bernstein et al., 1987). In doing so the simple DDD pacemaker possesses six timing intervals: the LRI, the VRP, the URI, the AVI, the VAI, and the PVARP.


The atrial and ventricular channels of a DDD pacemaker are intimately linked and the events in one channel influence the other (Barold et al., 1989). For example, suppose the atrial channel has just paced the atrium or sensed an atrial event. Now the AVI begins. When the AVI timer expires, if no QRS complex has been sensed, the pacemaker will deliver a ventricular pulse. Following ventricular activity, the VAI begins. If no P wave is detected before the completion of the VAI, the pacemaker will deliver a pulse. Otherwise, if a P wave were detected, the atrial channel is inhibited. Figure 9.11 shows the basic flow of events in a DDD pacemaker. Figure 9.12 shows all the intervals of a DDD pacemaker.


The VRP and the TARP are employed to prevent timers from resetting incorrectly.  If a pacemaker does not have a separately programmable URI, the TARP will function as the URI. 

	Interval
	Abbr.
	Starts with:
	Ends with:
	Purpose

	Lower rate interval
	LRI
	P or S ventricular event
	Next P or S ventricular event
	Sets the minimal number of beats per minute

	Upper rate interval
	URI
	P or S ventricular event
	Next P or S ventricular event
	Sets the maximal number of beats per minute

	Ventricular refractory period
	VRP
	P or S ventricular event
	Timed out
	Prevents crosstalk, oversensing, and undersensing

	Atrioventricular interval
	AVI
	P or S atrial event
	Either a S QRS complex or a P ventricular beat.
	Mimics AV conduction, analogous to P–R interval. Provides time for ventricle to fill following an atrial contraction.

	Ventriculoatrial interval
	VAI
	P or S ventricular event
	P or S atrial event
	Ensures an atrial pulse following a ventricular pulse.

	Postventricular atrial refractory period
	PVARP
	P or S ventricular event
	Timed out
	Ensures atrium doesn't falsely sense ventricular activity

	Total atrial refractory period
	TARP
	P or S atrial event
	Completion of  PVARP
	Ensures atrium doesn't falsely sense ventricular activity


Figure 9.10  This table lists all the timing intervals from the chapter. “P” = paced, “S” = sensed and “Timed out” = interval is a fixed amount of time and expires only after the time elapses.

9.2.3  Additional features of DDD pacemakers

Ventricular blanking period XE  "Ventricular blanking period"  (VBP) and ventricular safety pacing (VSP) XE  "ventricular safety pacing (VSP)" 
The VBP and the VSP are two timing intervals used to help prevent crosstalk and are incorporated into the current atrioventricular interval (AVI). Crosstalk in electromagnetics is the influence of one signal on another. Similarly, in cardiac pacing, crosstalk is the incorrect sensing of one channel by another. This occurs when the pacemaker stimulates the atrium and the ventricular channel incorrectly senses this signal as a spontaneous ventricular pulse.
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Figure 9.11  Flowchart of events in a DDD pacemaker excluding refractory periods. Suppose that a ventricle pulse has just been delivered, the pacemaker watches the atrial channel for a spontaneous P wave. If the VAI times out, the pacer delivers a pacing pulse to the atrium; otherwise, the atrial output is inhibited. The pacemaker now watches the ventricle for a spontaneous QRS complex. If it is detected the ventricular output is inhibited, otherwise the pacemaker delivers a pacing pulse.


Figure 9.13 shows that the VBP is a brief 10–60‑ms interval that begins with the release of the atrial stimulus and continues for a brief period after the atrial output pulse. The ventricular blanking period can be thought of as an absolute ventricular refractory period. In some more sophisticated pacemakers, the ventricular blanking period automatically adjusts based on the programmed atrial output levels and ventricular sensitivity.


Following the VBP comes the VSP period. It encompasses the next 
60–120‑ms of the AVI. During the VSP period, any signal (crosstalk, QRS complex, etc.) sensed by the ventricular channel will not inhibit the pacemaker. Instead, the sensed signal will initiate a pulse to be delivered by the pacemaker. If the sensed signal were a QRS complex, the delivered pulse will fall in the refractory period. If the sensed signal were indeed crosstalk, the AVI will be abbreviated due to the early release of the QRS complex. Once the VSP period is complete, any subsequent sensed signals will inhibit the pacemaker’s output.
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Figure 9.12  AS = atrium sensed; VS = ventricle sensed; AP = atrium paced; VP = ventricle paced; striped boxes = interval terminated early due to spontaneous cardiac activity. An inverted P wave or QRS complex symbolizes that it was initiated by the pacemaker. The first sensed atrial event initiates the first AVI. Since the first QRS complex is spontaneous, it causes the first AVI to be prematurely terminated, and it also causes the first VAI to begin. At the completion of the first VAI, an atrial pulse is delivered. Due to the spontaneous second QRS complex, the second AVI is prematurely terminated. The second VAI begins. It is terminated early due to the spontaneous P wave (the third P wave above). At the end of the third AVI, a QRS complex is paced, since none were detected. The third VAI times out, and a P wave is paced. At the completion of the AVI, a QRS complex is paced, since none were detected.
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Figure 9.13  The VBP and the VSP are two timing intervals incorporated into the AVI. The VBP is an absolute blanking period in the first half of the AVI. The VSP is incorporated into the second half of the AVI.

The advantages of using a VBP and a VSP, as opposed to a long VBP, are that it helps alleviate undersensing by the ventricular channel. Therefore, the VSP optimizes the ventricular sensing by keeping the VBP short.

Hysteresis XE  "Hysteresis"  

Hysteresis is not a feature exclusive to DDD pacemakers, it can be incorporated into any pacemaker mode. Hysteresis occurs when the heart’s spontaneous rhythm is greater than the LRI. In other words, as the spontaneous rate drops below a preset limit, the pacemaker begins pacing at a defined higher rate until the heart’s spontaneous rhythm is at that rate; at which point the pacemaker stops stimulation. For example, if the heart drops below 50 bpm, the pacemaker will kick in and begin pacing at 70 bpm. Once the heart starts pacing at 70 bpm, the pacemaker’s output will again be inhibited.  


One potential danger is that if the paced beat were to travel retrograde through the AV node and consistently capture the atrium, the patient would tend to be locked into the relatively rapid pace.

Separately programmable URI

Another additional feature of the DDD pacemaker is a separately programmable URI. In pacemakers without this feature, the TARP functions as the upper rate interval (URI). The advantage of having a separately programmable URI, provided that the URI is longer than the TARP, is that more sophisticated upper rate response algorithms are available. These are discussed in the following section.

9.2.4 Upper rate response of DDD pacemakers

Since early in the chapter, the upper rate interval has been an integral timing interval in many pacemakers. But, how does the pacemaker respond when the atrium beats faster than the programmed upper rate? There are a number of algorithms used, none of which are ideal.


The two methods discussed here depend on the complexity and sophistication of the pacemaker. The fixed ratio block method uses the AVI and the PVARP, to define the upper rate limit. The Wenckebach method has a separately programmable upper rate limit, which gives these pacemakers a more desirable upper rate response.

Fixed-ratio block XE  "Fixed-ratio block" 
The fixed-ratio block method is the simplest way for a DDD pacemaker to control the upper rate limit. As the atrial rate continues to increase, P waves occurring within the TARP (remember that the TARP is equal to the PVARP plus the AVI) are ignored or blocked. The degree of block depends on the atrial rate and where the P wave occurs in the pacemaker timing cycle (Barold, 1988). Figure 9.14 is a simplified diagram illustrating 2:1 fixed ratio block. Note that for every two spontaneous atrial events a single ventricle beat is paced. As the atrial rate continues to increase, more and more P waves get blocked, eventually leading to n:1 fixed ratio block.
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Figure 9.14  S = sensed; P = paced; U = unsensed; inverted QRS complex = QRS complex initiated by the pacemaker. In this diagram, the sinus node is pacing at a constant, rapid rate. The first P wave is sensed, this event initiates an AVI. At the completion of the AVI the ventricle is paced. The second P wave goes undetected, or is blocked, since it falls within the PVARP. The third P wave is then detected. Note that the ventricle beats once for every two atrial beats, this represents 2:1 fixed ratio block.

Wenckebach pacemaker response XE  "Wenckebach pacemaker response" 
Figure 9.15 shows that in order for a pacemaker to implement the Wenckebach type of an upper rate response, a separately programmable URI is necessary. In addition, the URI must be programmed longer than the TARP. In these pacemakers, as the atrial rate increases, the AVI is lengthened so as not to yield a ventricular pacing pulse prior to the end of the upper rate limit. As atrial rate increases further, and P waves begin to fall within the PVARP, fixed-ratio block then occurs. The amount of time that the AVI is lengthened is equal to the URI minus the TARP.


The advantage with the Wenckebach response is that it avoids the sudden reduction of ventricular rate (which commonly occurs in fixed ratio block). In addition, this method also helps maintain some degree of AV synchrony at higher atrial rates. 
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Figure 9.15   S =  sensed; P = paced. Example of Wenckebach upper rate response. Note that as the atrium begins to speed up, the AVI is extended so that a ventricular pulse is not delivered before the expiration of the URI.
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9.4  Instructional objectives

9.1
Define and illustrate the following terms: LRI, URI, and VRP.

9.2
Explain the significance of the refractory period.

9.3
Define and illustrate the following terms: AVI, VAI, PVARP, and TARP. 

9.4
Without looking at Figure 9.11, draw a flowchart for a simple DDD pacemaker.

9.5
Give some advantages to using a VBP and a VSP as opposed to a long VBP.

9.6
Explain when the AVI is prematurely terminated.

9.7
Give an advantage to having a separately programmable URI.

9.8
Explain the differences between fixed-ratio block and Wenckebach response. 
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