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Implantable Cardioverter–Defibrillators XE  "Implantable Cardioverter–Defibrillators" 
Adrianus Djohan

One disadvantage of antitachycardia pacemakers is the possibility of a sustained tachyarrhythmia that is not terminated or even accelerated to ventricular tachycardia by antitachycardia pacing. The treatments that the physician has found to revert the tachycardia or fibrillation back to normal pacing are using cardioversion (which requires synchronization to an intrinsic depolarization) and defibrillation. Both cardioversion and defibrillation use a single energy pulse (much larger than the pacing pulse). It is applied directly to the heart, which causes synchronous stimulation of the heart (in the case of cardioversion) or asynchronous stimulation of the heart (in the case of defibrillation) so that the myocardium becomes refractory. This method is already known to be effective, and the challenge is to build the implantable device to sense the tachyarrhythmia accurately and deliver the pulse appropriately. 

19.1  Implantable cardioverter–defibrillator history

Mid 1960: Israeli cardiologist Michel Mirowski conceives of implantable defibrillator.


1969: Mirowski becomes head of coronary care at Sinai Hospital, Baltimore. He and associate Morton Mower, MD, personally fund research on defibrillator prototype. Prototype designed with William Staewen, CCE, and successfully tested in laboratory animals.


1970–1972: Mirowski and Mower enter patent agreement with Medtronic, Inc. on commercial development. Medtronic subsequently decides not to pursue the project and returns all patents.


1972–1980: Mirowski and Mower enter agreement with Medrad, Inc., of Pittsburgh to develop the implantable defibrillator. Engineers work to resolve fundamental development issues such as waveform, tissue conductivity, fibrillation detection, electrolytic capacitors, batteries, and packaging of the device. Preclinical animal testing continues.


1979–1980: Intec Systems, a subsidiary of Medrad, is granted an Investigational Device Exemption (IDE) by the FDA to continue clinical studies.


1980: First experimental defibrillator human implant takes place on 4 February at John Hopkins Hospital, Baltimore. The operation was a success, and the patient, a 57 year-old woman, is subsequently discharged with the implant in place.


1982: Cardioversion capability added to Intec’s experimental device, now called the automatic implantable cardioverter–defibrillator (AICD).


1983: Medtronic introduces an implantable tachycardia device with cardioversion capability. Intec files suit against Medtronic, alleging patent infringement.


1985: Intec is acquired by Eli Lilly & Co., which assigns the defibrillator business to its subsidiary, Cardiac Pacemakers, Inc. (CPI) of St. Paul, Minnesota. In October, FDA clears the first AICD (manufactured by CPI) for marketing. At Medtronic, new chief executive officer expedites research on “tiered therapy” pacer–cardioverter–defibrillator (PCD).


1988: Medtronic is enjoined from making, using, or selling implantable devices with defibrillation capabilities in the U.S. Research and manufacturing of PCD moved to the Netherlands; U.S. clinical trials postponed. Initial PCD model is implanted experimentally in Europe. CPI Ventak 1550 second-generation programmable ICD is FDA approved.


1989: Court of Appeals rules that patent statutes permit testing of devices for the purpose of satisfying FDA requirements even if the product is covered by a competitor’s patent. In November, Medtronic authorized to begin clinical implants of the PCD in the U.S.


1990: Supreme Court upholds appeals court ruling in patent infringement suit. Michel Mirowski, inventor of the Implantable defibrillation, dies.


1991: Commercial marketing of Medtronic PCD begins in Europe. Medtronic, Lilly, and CPI announce settlement of all litigation and an agreement to cross-license all relevant patents. CPI Ventak P, with low-energy cardioversion and first shock delay programmability, is approved by FDA.


1993: On February 11, Medtronic PCD 7217B first tiered therapy with epicardial lead was cleared for marketing by FDA. On April 30, the Cadence V-100, manufactured by Ventritex, Inc. of Sunnyvale, California, is cleared for marketing by FDA. On December 9, Medtronic Transvene transvenous lead system is cleared for marketing by FDA.


From the time line of the development of implantable cardioverter–defibrillators, the first device FDA approved was the CPI Automatic Implantable Cardioverter Defibrillation (AICD), and it was considered as a second-generation of the implantable defibrillator as opposed to the CPI experimental AID, which didn’t have cardioversion capability. The next two devices, which were approved by the FDA in 1993, the Medtronic PCD,CPIPRx and the Ventritex Cadence, are considered as the third-generation of ICD since they have added antitachycardia pacing, bradycardia pacing, biphasic waveform (only in Cadence), and tiered therapy, therapy that uses antitachycardia pacing to terminate ventricular tachycardia or ventricular fibrillation before resorting to a higher level of shock energy.


In spite of the relatively recent development of the ICD compared to those of pacemaker, the market of ICD sales alone already total $300 million/yr, and it is projected to reach $1 billion/yr by the end of the decade (Duclos, 1993). Life-threatening arrhythmias that claim over 400,000 American lives from sudden cardiac death (SCD) each year provide the impetus for development of these devices.

19.2  Sudden cardiac death XE  "Sudden cardiac death" 
Sudden cardiac death (SCD), a major problem in Europe and in North America, accounts for 1200 deaths in the U.S. every day. In the Framingham study, for deaths between the age of 35 to 64, nearly one out of three is caused by heart disease. Sudden death itself is defined as death occurring within 24 h of onset of symptoms. 


Depending on the underlying mechanism of SCD, the duration of illness before the death varies. For example, most SCD caused by ventricular tachycardia/ventricular fibrillation occurs in a few minutes. On the other hand, SCD caused by pump failure could take considerably longer.


SCD is a multifactorial problem that is usually associated with various forms of structural cardiac abnormalities that interact with acute triggers. Some of the more apparent triggers include myocardial ischemia, neurohumoral changes, electrolyte abnormalities, pharmacological agents, and electrophysiologic events (Naccarelli, et al., 1993). 

19.2.1 Role of ICD in preventing sudden cardiac death

Since the first automatic implantable cardioverter–defibrillator (ICD) developed by Michel Mirowski was implanted on February 4, 1980, more than 25,000 devices have been implanted worldwide. Many studies have demonstrated the efficacy of the ICD in preventing SCD in patients with life-threatening tachyarrhythmias. Figure 19.1 shows the survival curves constructed from a study on 52 patients wherein deaths are classified as sudden unless they were clearly otherwise. The one-year mortality rate from all causes was 22.9%, while the sudden death was 8.5%. The other curve called “expected mortality” refers to a successful out-of-hospital discharge of the defibrillator as a prevention of death. This was a figure used to estimate what might have been expected if the defibrillator had not been present and discharged appropriately. So this figure suggested approximately a 52% decrease in total mortality during the first year following ICD implantation.
Figure 19.1  Kaplan-Meier survival curve XE  "Kaplan-Meier survival curve"  showing changes in survival due to sudden death and total (any cause of death). “Expected” refers to an appropriate out-of-hospital defibrillation, which was assumed to have been fatal (mortality) if the defibrillation had not been present. From Naccarelli, G. V., and Veltri, E. P. (eds) 1993. Implantable cardioverter-defibrillators. Boston: Blackwell Scientific.

19.3  The ICD device

Figure 19.2 shows an example of a paper design of an ICD system based on a microprocessor. This system uses four integrated circuits and a set of discrete components. IC1 is the microprocessor, which communicates through data and address bus to IC4. IC4 has the band-gap voltage-reference circuit, which generates 1.235 V. It is used by the regulator to produce a 3-V power supply for the digital circuits, by the 12-bit general purpose analog-to-digital converter (ADC) to measure battery voltage and other diagnostic voltages, and by the pacing generator (pace atrium and pace ventricle). These both have a digital-to-analog converter (DAC) to provide a programmable pacing pulse. 
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Figure 19.2  Microprocessor-based third generation ICD From Carroll and Pless (1991).

Each pacing circuit communicates with the atrium (for pacing the atrium) or the ventricle (for pacing the ventricle) through two lines. One of the lines is a switchable ground, and the other is the pacing electrode, which is also the input to the sense amplifier in IC2. Both the atrial and ventricular pacing lines pass through the high-voltage protection circuits to keep the defibrillation voltages generated by the device from damaging the pacing circuit. 


The high-voltage (HV) control-and-regulate block is controlled by the microprocessor to charge a high-voltage capacitor in the HV charge block, and through a set of switches in the HV delivery block, the microprocessor delivers the cardioversion or defibrillation pulse to the heart.


IC2 is a microprocessor that runs the whole device. It provides timing, interrupt, telemetry, and sensing function. The sensed electrogram acquired by the sensing amplifier is amplified and digitized. The amplifier has multiple gain settings, which are under automatic gain control of the microprocessor to maintain constant peak voltage. IC3 provides ECG storage.


The crystal and monitor block has a 100-kHz crystal oscillator that provides clocks to the entire system. The monitor is a conventional RC oscillator that provides a back up clock if the crystal should fail.


This chapter will not explain every element in the system, but it will go through some elements that are different from the design of cardiac pacemaker, such as the battery, voltage down converter, and pulse generator circuit.

19.4  Battery

One of the major obstacles to the development of implantable defibrillators comes from the inadequacy of the power supply. The pacemaker pulses are in the range of 25 µJ, and they are about a millionth of the energy needed to defibrillate, which is in the range of 15–40 J. Conventional bradycardia or antitachycardia pacing produces peak current drains in the milliampere range, whereas defibrillation takes peak current in the range of 1–2 A for approximately 10 s during high-voltage capacitor charging operations. Lithium iodine batteries, which are used in the pacemaker, can not provide these high current requirements because the internal impedance is too high. 



There was a consideration of using nickel cadmium rechargeable cells for the implantable defibrillator, but it had limited initial appeal because of the need for frequent recharging. Rechargeable lithium power sources were also considered, but no manufacturer has developed a device that used them.


Lithium vanadium pentoxide battery XE  "Lithium vanadium pentoxide battery"  chemistry was developed for a National Aeronautics and Space Administration application in 1968. These battery cells have high charge density and output impedance low enough to efficiently charge the capacitor but still high enough to provide current limiting and prevent venting in case of a short circuit. The cells also tend to maintain their voltage even under loading with only a slight decline in voltage at the end of 40–50% of usable battery life. The property of maintaining the open circuit voltage is an undesirable characteristic because it has became harder to detect the end of life. A possible way for detecting the end of life of these battery cells is to measure the battery voltage when the battery is charging the capacitor, because under loading the battery exhibits a voltage that is related to its life time (see Figure 19.3).


Lithium vanadium pentoxide cells have been abandoned as the power source for defibrillators by most manufacturers in favor of lithium silver vanadium pentoxide cells. Lithium silver vanadium pentoxide cells have two particularly desirable features: they have much higher energy density and lower internal resistance than lithium vanadium pentoxide cells so the battery voltage gradually declines over time as the cells discharge. The last characteristic makes it very easy to detect the end of battery life as the open circuit voltage and the loaded battery voltage correlate with the remaining usable energy. Figure 19.3(a) shows the typical open circuit voltage for the lithium vanadium pentoxide cells, and Figure 19.3(b) shows the typical open circuit voltage for the lithium silver vanadium pentoxide cells.

Figure 19.3  (a) Discharge curve for lithium vanadium pentoxide, (b) discharge curve for lithium silver vanadium pentoxide. From Troup, P. J. 1989. Implantable cardioverters and defibrillators. Curr. Probl. Cardiol., XIV: 679–815.


Figure 19.3 shows that the vanadium silver pentoxide provides approximately 3.2 V per cell and typically two cells are connected in series in the defibrillator so that the battery voltage at the beginning of life is in the range of 6.4 V. Because the digital circuits take 3.3 V, there is a need for an efficient voltage down converter and regulation. Some ICD devices use two batteries: the lithium silver vanadium pentoxide for the high-voltage charging circuit and lithium manganese dioxide or lithium iodine for the low-voltage circuit. This arrangement eliminates the need of a voltage down converter.

19.5  Power supply down-conversion XE  "Power supply down-conversion"  and regulation

The most important feature of any battery-powered system is longevity. The limiting component in the life of those systems are almost invariably the battery ampere hour or charge capacity. It is also known that the power consumption of a digital system is approximately proportional to the square of the power supply voltage. Therefore reducing the voltage from 5 V to 3.3 V would yield twice the battery life.


In a system that uses a microprocessor, two operating voltages are required: a battery terminal voltage that is going to vary, depending on battery condition, from 6.4 V to 4.5 V at the end of the battery life and a regulated 3.3-V supply from which most of the device’s digital logic operates. It is also obvious that the 3.3 V supply has to be maintained, even though large current is being drained from the battery to charge the shock capacitor, because a voltage dip could cause a hardware reset to the either digital logic or the microprocessor and erase all the setups that are programmed by the physician.


As the need for a lower voltage becomes clear, the system could just use a linear voltage regulator without voltage down conversion, but substantial power would be dissipated in the regulator. The power loss in the regulator is given by



Ploss = Iload(Vbattery – Vregulator)
(19.1)

and it is a function of the voltage drop in the regulator. Thus, an efficient voltage down converter to an intermediate voltage in between the battery voltage and the regulated voltage would improve the efficiency of the systems. Efficiency  without a voltage down converter could be derived by dividing the power used in the digital circuit by the power supplied by the battery, and it could be simplified as






(19.2) 


With regulated voltage at 3.3 V and battery voltage at 6.4 V, the efficiency is 52%, and it would improve as the battery voltage goes down to 4.5 V, which gives efficiency only up to 73%. 


Using the down converter, the efficiency is defined as






(19.3)

where y is efficiency of the down converter. Assuming a lossless down converter, the intermediate voltage is equal to two-thirds of the battery voltage which is 6.4 V, the efficiency is 77% right from the beginning of the battery life. Figure 19.4 displays a possible circuit to reduce the battery voltage to an intermediate voltage. It uses capacitors as a switched capacitor voltage divider to divide the battery voltage into several intermediate voltages.


Switch S1 through S18 is driven by three different clock pulses that are out of phase and not overlapped. These clock pulses can be generated by the system clock using circuit shown in Figure 19.5. Switches SM1, SM2, and SM3 choose the intermediate voltage such that the intermediate voltage is always higher than the regulated voltage. For example, if five capacitors are used to implement the down converter, 3/5 of the battery voltage would be chosen at the beginning of the battery life to give an intermediate voltage at 3.84 V. As the battery voltage drops to 5.5 V, 4/5 of the battery voltage would be chosen to give an intermediate voltage at 4.4 V.
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Figure 19.4  (a) A voltage down converter consisting of three equal value capacitors, but it is not limited by the number of capacitor as more intermediate voltages are needed. (b) The arrangement of the capacitors during clock cycle P1, P2, and P3. From Pless and Ryan, (1989).


Voltage regulation derived from an intermediate voltage can then be implemented using a CMOS transconductance amplifier, which compares the feedback voltage and a reference voltage, as shown in Figure 19.6. OP1 and COMP1 work as a backup voltage regulator in case the intermediate voltage drops below the regulated voltage which will be detected by COMP1 and in turn disable OP2. As the current is not being supplied by OP2, the voltage at the inverting terminal of OP1 will drop to slightly below reference voltage, and OP1 will turn on and regulate the voltage, taking the supply directly from the battery terminals.
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Figure 19.5  (a) A digital circuit to generate three clock pulses. (b) Timing diagram showing the clock generated by circuit (a). From Pless and Ryan, (1989).

19.6  Pulse generator circuit

19.6.1 Pulse waveforms

Figure 19.7 shows output waveforms used in implantable cardioverter defibrillators. To conserve volume and weight, the capacitor is smaller than that used for external defibrillators. Thus, the exponential decay (tilt) is more rapid. A solid-sate switch closes at 4–8 ms to dump the charge. This truncates the waveform to yield a higher success rate than is the exponential is allowed to continue. The leads may be interchanged half way through to yield the single pathway biphasic truncated exponential waveform, which results in lower energy requirements. The leads may be switched to a different pair of electrodes half way through to yield the sequential biphasic truncated exponential waveform.
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Figure 19.6  Regulated power supply system for the digital circuit using a voltage down converter, voltage regulator, and backup regulator. From Pless and Ryan, (1989).
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Figure  19.7 Defibrillation wave forms. The monophasic truncated exponential waveform XE  "truncated exponential waveform"  is produced from a capacitor discharge that is truncated at about 5 ms. The biphasic truncated exponential waveform has its leads switched half way through.


The defibrillation threshold XE  "defibrillation threshold"  (DFT) is the shock magnitude at a given pulse duration just high enough to defibrillate. This causes a required change in transmembrane potential in a critical mass of the ventricles. The strength–duration relationship for pacing level energies does not seem to apply to defibrillation. During patient testing, a small shock puts the patient into defibrillation and then the patient shocked to determine the DFT. The ICD output is set higher to ensure success. It should not be set higher than needed or it might damage the myocardium. The ICD requires a large safety factor, which is usually expressed as shock energy minus the DFT.

19.6.2 Capacitor circuits

While many ICDs use a single capacitor, some use two capacitors. An efficient capacitor-charging technique was developed based on flyback principles, where energy was stored in an inductor and transferred to the capacitors during a short flyback pulse. Figure 19.8 shows the circuit to charge the capacitors and generate the shock pulse. The inductor was formed by the primary of T1 and the secondary is split into two coils having advantage of charging each of the series-connected energy storage capacitors to the same voltage, while providing a voltage doubler action requiring fewer turns on each secondary. Reducing the turns on each secondary also has the advantage of reducing the energy lost in repeatedly charging and discharging the stray capacitance of each secondary.
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Figure 19.8  A simplified schematic for the capacitor charging and pulse generator circuit in the implantable device.


The capacitors are discharged into the patient or the test load by silicon-controlled rectifiers (SCRs) Q2, Q3, and Q4 while D2 was added to protect the circuit from external defibrillation pulses. One interesting feature about the circuit is the use of R1 and D1, which constantly supply battery voltage to the electrolytic capacitors, as opposed to no voltage in the idle state, to reduce the effect of deforming over long periods of time when the capacitors are not charged. Most ICDs automatically fully charge and discharge the capacitors every few months.
19.6.3 The capacitors

 XE  "Capacitors for ICDs" 
Capacitors used in the implantable defibrillators have to be chosen for high energy density. Generally, a capacitor consists of two electrically conductive layers with dielectric or insulator in between. Many different constructions and materials are used for making capacitors, but, for an energy storage capacitor, there were two technologies to choose from: the electrostatic type, which uses film technology, and the electrolytic style. Because the capacitance values are proportional to the surface area, film capacitors optimized for high capacitance per volume are often the metalized type where a very thin film of metal is directly applied to a very thin film of dielectric. The layers are then wrapped around into a cylindrical structure containing as much surface interface as possible. These film capacitors can be built to accurate tolerance and are very reliable. Unfortunately, it is difficult to achieve high capacitance values at around 300 V as they have high energy density only at high voltage above 2500 V (Kolenik 1993).


In an aluminum electrolytic capacitor, a very thin layer of aluminum oxide is formed on the surface of an aluminum anode by an electrolytic process, where it acts as a dielectric. This dielectric can be made very thin and has high dielectric strength. By etching or roughing the surface of the anode, the contact surface area of the anode can be multiplied many times. The film is formed by oxidation and the thickness of the film is proportional to the oxidation voltage.


The forming process is important as it determines the maximal operating voltage that can be applied to the capacitors. If a higher operating voltage than the forming voltage is applied, high leakage current will flow. Deforming is one problem associated with this oxide layer. With the absence of voltage across the terminals of the capacitor, the thickness of the aluminum oxide layer is slowly reduced due to normal chemical reactions within the capacitors. If the capacitors were formed using a lower forming voltage, when higher voltage is applied, leakage current increases and performance differences can be noticeable as it takes longer to charge up the capacitors to the same voltage level. To solve these deformation problems, the early AICD from CPI used battery voltage to constantly charge the capacitors and stop the deformation process. Another technique, as in the Cadence VT-100 from Ventritex uses automatic capacitor maintenance in which the microprocessor will charge the capacitors to a factory preset voltage and discharge it through an internal load. Figure 19.9 displays some ICD devices from CPI and Medtronic with their dimensions and volume, which are primarily due to the size of the capacitors and battery, capacitance value, and energy output.

	
	AID

1300
	AID-B/BR

1400-1430
	Ventak

1500-1530
	Ventak

1550
	Ventak-P

1600
	PCD

7217
	Jewel

7219

	Height, cm
	7.1
	11.2
	10.8
	10.1
	10.1
	10.1
	8.8

	Width, cm
	4.6
	7.1
	7.6
	7.6
	7.6
	7.0
	6.3

	Depth, cm
	2.6
	2.5
	2.0
	2.0
	2.0
	2.0
	1.8

	Weight, g
	250
	292
	250
	235
	235
	197
	132

	Volume, cc
	145
	162
	148
	145
	145
	113
	83

	Capacitance, µF
	120
	125
	128
	128
	128
	120
	120

	Output, J
	25-35
	23-37
	23-37
	26-30
	0.1-30
	0.2-34
	0.2-34


Figure 19.9  The dimensions of some ICD devices, capacitance values, and range of energy output. From Troup, P. J. 1989. Implantable cardioverters and defibrillators. Curr. Probl. Cardiol., XIV: 679–815.

19.7  Lead system and implantation techniques

19.7.1 Electrodes and leads

Figure 19.10 shows that, after a thoracotomy XE  "thoracotomy" , patch electrodes XE  "patch electrodes"  may be sutured to the parietal pericardium or directly to the epicardial surface. These are made of titanium screen and may be backed with silicone rubber or polyurethane. Patch-to-patch defibrillation requires about 800 V. Patch-to-patch pacing could be achieved with about 5 V, but the large area electrodes require larger pacing currents. Therefore, separate small-area electrodes are used for pacing for reliable sensing and to reduce power consumption. XE  "Electrodes for ICDs" 
Figure 19.10  A thoracotomy through the upper dashed line permits placement of two patch electrodes for pulses and two screw-in electrodes for sensing and pacing. The lower dashed line incision permits placement of the pulse generator in the abdomen.


To avoid the trauma of a thoracotomy, platinum iridium transvenous leads may be used. A right ventricular catheter electrode or a coronary sinus electrode passes current through the left ventricle to a left chest wall subcutaneous patch (SQP) or submuscular patch electrode. Figure 19.11 shows that patch electrodes can be eliminated by using a single catheter with shocking electrodes in the superior vena cava and ventricle. 

Figure 19.11  The Endotak defibrillator consists of a single wire lead with shocking electrodes in the superior vena cava and ventricle (a, b) and a pacing/sensing electrode tip (c) in the heart’s apex. The lead is attached through a subcutaneous tunnel to a pulse generator (d) implanted in the abdomen.

19.8  Arrhythmia detection XE  "Arrhythmia detection" 
19.8.1 Automatic gain control XE  "Automatic gain control" 
ICD electrodes sense the 10-15-mV electrograms and easily detect the individual beats to determine the rate. The Cadence V-100 Series uses an automatic gain control circuit because the electrogram amplitude often changes significantly between sinus rhythm and tachycardia. If there is a rapid rhythm, the automatic gain control will respond more quickly to a change in electrogram amplitude (Ventritex, 1993a).

19.8.2 Fibrillation detection XE  "Fibrillation detection" 
Detection of fibrillation is based on a programmed rate criterion. The pulse generator classifies detected events based on both the individual interval and a running interval average. The arrhythmia cycle length must be shorter than or equal to the fibrillation detection interval to satisfy the detection criterion, and a minimum of 12 intervals is required. Detection of long intervals will not reset fibrillation detection as long as normal sinus rhythm is not detected. If sinus rhythm is detected prior to therapy delivery, charging is terminated and no therapy is delivered.


The fibrillation detection rate in the Defib Only configuration may be programmed from 140–207 bpm (430–290) ms). In the Tach and 2 Tach Systems, the range is 150–222 bpm (400–270 ms). 


A bigeminal rhythm may have intervals short enough to meet the fibrillation detection interval criterion and an average rate that meets the tachycardia detection criterion. Thus the pulse generator must detect more tachyarrhythmia intervals than sinus  intervals before a shock is delivered. After capacitor charging is complete, presence of an arrhythmia is confirmed before therapy is delivered (Ventritex, 1993a).

19.8.3 Tachycardia detection XE  "Tachycardia detection" 
Detection of tachycardia is based on both a programmed rate criterion and number of intervals. The pulse generator classifies detected events based on both the individual interval and a running interval average. The tachycardia detection rate in a 1 Tach System may be programmed from 102–200 bpm (590–300 ms). In a 2 Tach System, Tach A may be programmed between 102–182 bpm (590–330 ms). Tach B, which must be faster than Tach A, may be programmed between 109–200 bpm (550–330 ms). The number of intervals required for detection is programmable from 6 to 25, with an extended range of 30 to 100. After tachycardia has been detected and a therapy is delivered, a minimum of six intervals is required to detect tachycardia and initiate the next therapy (Ventritex, 1993a).


A tiered response is used. Morphology analysis is used to differentiate ventricular from supraventricular tachycardias. If sustained ventricular tachycardia is detected, antitachycardia pacing is implemented to prevent it from degenerating into ventricular fibrillation. Failing that, a larger shock is administered to perform synchronized cardioversion. If ventricular fibrillation occurs, a full shock is administered. 

19.9  Parameters of programmable defibrillator (Cadence CT-100 from Ventritex)

Figure 19.12 shows the Ventritex Cadence model V-100 Tiered Therapy defibrillator made by Ventritex, Inc., Sunnyvale, CA, USA. It is a third-generation antitachyarrhythmia device. The implantable pulse generator is multiprogrammable and is capable of defibrillation, low energy cardioversion, and antitachycardia and bradycardia pacing. The device was designed to be a defibrillator with other capabilities, not an antitachycardia pacemaker with backup defibrillation. During sequential tiered therapies, a therapy less aggressive than the previous therapy is never delivered. In addition, if less aggressive therapies, for example antitachycardia pacing (ATP), fail to terminate an episode of ventricular tachycardia after a programmed period of time, these therapies are abandoned.


The Model V-100 pulse generator, is designed for use with the Ventritex Cadence Programmer model PR-1000/1001. Programmer selections are made by selecting targets on the programmer screen with a light pen, and device programming and interrogation are accomplished via radio-frequency communication through a programming wand. The programming wand can be ethylene oxide gas sterilized for use in the operating room. The programmer is menu driven with parameter values selected from overlays that display the available range of selections.

Figure 19.12  Ventritex Cadence Model V-100 Pulse Generator and Models DP-5019 and DP-5038 Defibrillation Leads. From Ventritex. 1993a. Cadence; Tiered therapy defibrillator system; V-100 Series pulse generator and programmer, Sunnyvale, CA.


The Model V-100 pulse generator can be programmed to five different configurations: All functions off, Bradycardia pacing only, defibrillator with no tachycardia response (Defib only), defibrillator with tachycardia response/single tachycardia discrimination (1 tach system), or defibrillator with tachycardia response/tach A and tach B discrimination (2 tach system).

19.9.1 All functions off

In the all functions off mode, the pulse generator will not deliver tachyarrhythmia therapy or bradycardia pacing pulses. No tachyarrhythmia diagnostic information or electrocardiograms are stored. This mode can be used any time the patient is under continuous surveillance in the hospital. In addition, the pulse generator should be programmed to all function off during surgery utilizing electrosurgical units that might trigger high-voltage outputs from the device. The pulse generator is also shipped with all functions turned off.

19.9.2 Bradycardia pacing only

The pulse generator can provide ventricular inhibited bradycardia pacing without having the tachyarrhythmias features (detection and therapy) activated. This mode may be appropriate if the patient requires bradycardia pacing in the presence of an increased incidence of postoperative supraventricular tachyarrhythmias that may be detected by the device. However Kelly et al. (1994) found that oversensing occurred commonly, leading to device discharges or aborted shocks. The problem was solved by implantation of a separate permanent pacemaker in two patients.

19.9.3 Defibrillator with no tachycardia response (Defib only)

This configuration allows programming of the detection rate of one tachyarrhythmia. A maximum of six synchronous defibrillation shocks can be delivered during a tachyarrhythmia episode. Two of these shocks may be programmed in the range of 100–750 V; the remainder must be at the maximum of 750 V. The waveform can be programmed to be either biphasic or monophasic truncated exponential. Ventricular-inhibited bradycardia pacing may be programmed to a rate between 25–90 ppm, or turned off.

19.9.4 Defibrillator with tachycardia response/single tachycardia discrimination (1 tach system)

Two tachyarrhythmia detection rates can be programmed in this configuration: tachycardia (the slower rate) and fibrillation (the faster rate). Available tachycardia therapies include antitachycardia pacing and up to four synchronous cardioversion shock at three programmed levels or up to five synchronous cardioversion shocks at four programmed levels (without antitachycardia pacing). Antitachycardia pacing or one cardioversion shock between 50–750 V may be selected for the first tachycardia therapy. The second and third therapies (which can be turned off) are cardioversion shocks programmable between 50–750 V with the condition that successive therapy voltages must be greater than or equal to previous therapy voltages. One or two cardioversion shocks programmable between 550–750 V may be selected for the fourth therapy (which can also be turned off).

19.9.5 Defibrillator with tachycardia response/Tach A and Tach B discrimination (2 tach system)

Three tachyarrhythmia detection rates can be programmed in this configuration: Tach A (the slowest rate), Tach B (a faster rate), and fibrillation (the fastest rate). Tach A can be treated by delivering antitachycardia pacing and up to two synchronous cardioversion shocks at one programmed level or up to three synchronous cardioversion shocks at two programmed levels (without antitachycardia pacing).


Tach B therapies consist of synchronous cardioversion shocks only. The first therapy can be programmed between 50–750 V. One or two cardioversion shocks programmable between 550–750 V can be selected for the second therapy (which can be turned off)


An additional parameter, Extended High Rate (EHR), is used to detect sustained tachycardia in the event that the tachycardia therapies delivered within a programmable length of time have not been successful. After detection of fibrillation or Extended High Rate, a maximum of six synchronous defibrillation shocks can be delivered and they can be configured just as in the defibrillation mode only.

19.9.6 Fibrillation detection XE  "Fibrillation detection" 
Detection of fibrillation is based on a programmed rate criterion. The pulse generator classifies detected events based on both the individual interval and a running interval average. The arrhythmia cycle length must be shorter than or equal to the fibrillation detection interval to satisfy the detection criterion, and a minimum of 12 intervals is required. Detection of long intervals will not reset fibrillation detection as long as normal sinus rhythm is not detected. If sinus rhythm is detected prior to therapy delivery, charging is terminated and no therapy is delivered.


The fibrillation detection rate in the Defib Only configuration may be programmed from 140–207 bpm (430–290 ms). In the 1 Tach and 2 Tach Systems, the range is 150–222 bpm (400–270 ms).

19.9.7 Tachycardia detection XE  "Tachycardia detection" 
Detection of tachycardia is based on both a programmed rate criterion and number of intervals. The pulse generator classifies detected events based on both the individual interval and a running interval average. The tachycardia detection rate in a 1 Tach System may be programmed from 102–200 bpm (590–300 ms). In a 
2 Tach System, Tach A may be programmed between 102–182 bpm (590–330 ms). Tach B, which must be faster than Tach A, may be programmed between 109–200 bpm (550–300 ms). The number of intervals required for detection is programmable from 6 to 25, with an extended range of 30 to 100. After tachycardia has been detected and a therapy is delivered, a minimum of six intervals is required to redetect tachycardia and initiate the next therapy.

19.9.8 High-voltage waveform

Tachycardia and fibrillation therapy may be performed with either a biphasic or monophasic truncated exponential waveform. The selected waveform is used for all high-voltage therapy; it is not independently programmable for cardioversion and defibrillation. The biphasic waveform is generated by the concatenation of a positive polarity truncated exponential waveform and a negative polarity truncated exponential waveform.

19.9.9 Pulse width

The waveform pulse width is selected on the High Voltage Waveform Screen. If a biphasic waveform is selected, the duration of both the positive and negative phases are programmable. The selected pulse width is used for all high-voltage therapies and is not independently programmable for cardioversion and defibrillation.


The pulse width of a monophasic truncated exponential waveform is programmable from 3.0–12.0 ms. The biphasic waveform has a positive phase programmable from 3.0–10.0 ms and a negative phase programmable from 
1.0–10.0 ms.

19.9.10 High-voltage lead impedance

The high-voltage lead impedance, along with the programmed waveform, therapy voltage, and pulse width, is used for calculation of estimated delivered energy. Before the pulse generator has delivered any shocks to the patient’s implanted leads, no impedance data are stored in the device and “N/A” is displayed in the estimated impedance block on the Fibrillation Therapy and Tachycardia Therapy screens. After the pulse generator has delivered shocks to implanted leads, interrogation of the device will retrieve the measured impedance from the last shock and display it in the estimated impedance block.
19.10  Third-generation ICD XE  "Third-generation ICD" 
The third generation of implantable cardioverter–defibrillators are marked by devices that can give tiered therapy, antitachycardia pacing, bradycardia pacing, extensive diagnostic information, more complicated ventricular tachyarrhythmia and ventricular fibrillation detection algorithms, biphasic waveform, noncommitted shock, and capability to store electrocardiograms. Figure 19.13 shows a cutaway view of an ICD.

Figure 19.13  This cutaway view of a Jewel™PCD® Model 7219D implantable cardioverter–defibrillator from Medtronic, Inc., Minnepolis, MN shows that the battery and capacitor consume a large portion of the volume.

19.10.1 Biphasic waveform

Compared to epicardial lead systems, nonthoracotomy defibrillation lead systems require higher shock energies for effective defibrillation. When implanting a cardioverter–defibrillator with a nonthoracotomy lead system, getting sufficient defibrillation efficacy is a major issue. Several studies show that biphasic waveform pulses yield increased defibrillation efficacy when compared to defibrillation with monophasic waveforms. At present, there has not been sufficient study of the influence of biphasic defibrillation waveform pulses on the defibrillation efficacy of different nonthoracotomy defibrillation lead systems. Neuzner, et al. (1994) show for 30 patients that the mean defibrillation threshold (DFT) for monophasic shocks was 22.2±5.6 J, whereas the mean DFT for biphasic waveforms was 12.5±4.6 J.
19.10.2 Stored electrograms XE  "Stored electrograms" 
A major limitation of first and second generation implantable cardioverter–defibrillators has been the inability to determine the rhythm preceding shock therapy. The presence and severity of symptoms preceding ICD shock are unreliable indicators of the presence of sustained ventricular arrhythmias. Even rapid ventricular tachyarrhythmias may not produce significant symptoms prior to ICD shock. Physicians evaluating patients who have received a shock from the first or second generation ICD can not easily determine whether the detection was appropriate or inappropriate.


Several of the latest generation of ICD devices provide stored electrograms of electrical events leading to device therapy. Electrograms are recorded from either the local bipolar pacing lead combination used for ventricular pacing or from the wider bipolar pair of electrodes used for energy delivery. Stored electrogram information can be retrieved at the time of device interrogation following pacing or shock therapy so that an interpretation of the rhythm leading to device therapy can be made. However, bipolar electrograms come from a small volume of tissue and do not have the same morphology information used to diagnose arrhythmias that is found in surface ECG QRS complexes.
19.10.3 Noncommitted shock XE  "Noncommitted shock" 
Despite the documented safety and efficacy of implantable cardioverter–defibrillator therapy, most devices are committed to deliver a shock once detection criteria are satisfied and the device begins charging. Then spontaneous termination of ventricular tachycardia during capacitor charging can result in a shock delivered during sinus rhythm. Third-generation ICD devices offer advances in device detection and abortive shock capability. The Cadence continues to monitor the rhythm during device charging to determine if the arrhythmia persists. If a rate less than the rate that triggers therapy is detected, charging is terminated immediately and no therapy is delivered. Aborted therapy can occur only when the device has charged to deliver a shock, not when antitachycardia pacing therapy is initiated.
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19.12  Instructional objectives

19.1
Explain the concept of tiered therapy.

19.2
Explain how automatic gain control works.

19.3
Explain how tachycardia is detected.

19.4
Explain how fibrillation is detected.

19.5
Explain the problem of using a lithium vanadium pentoxide cell as a battery for the ICD and a technique to solve the problem.

19.6
Explain why voltage down conversion is needed and how to eliminate down conversion but without sacrificing the device longevity.

19.7
Explain why a second voltage regulator is needed 

19.8
Give the advantage of having two secondary coils in the pulse generator.

19.9
Explain the problem of deforming.

19.10
Explain the advantage of the stored electrogram in ICDs.
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