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Pulse Output XE  "Pulse Output" 
Michael K. Laudon

The function of the output circuit XE  "output circuit"  is to deliver periodic voltage pulses to the heart muscle. High standards of quality and durability are required for the design and implementation of the circuitry. A patient’s quality of life, and sometimes his/her life itself, depend upon the proper operation of the pacemaker. Malfunction of the unit generally results in an unhealthy and unhappy customer.


Design of the output circuit has evolved since the first pacemaker was implanted. Many early units had RC oscillators and transformer-coupled outputs. Quite a few of these devices were also constant current output sources. As time has progressed, these units have fallen out of favor and been replaced by devices with constant voltage capacitor discharge outputs and crystal oscillators. Other advances in pacemaker design, such as triggered and inhibited sensing, have created new problems which require solving. Some of these problems and their corresponding solutions are addressed in this chapter, along with the basic fundamentals for designing output circuitry. 

11.1  Considerations for output design

Cardiac pacemakers are required to deliver a stimulus pulse of sufficient magnitude and duration to cause heart muscle contraction. A typical stimulus pulse has a charge in the range of 0.1 to 50 µC and a duration of 0.1 to 2 ms (Ryan, 1989). To achieve a sufficient stimulation value and maximize the battery longevity, a pacemaker requires output pulse programmability of about ten amplitude and ten duration values (Ryan, 1989). All new implantable pacemakers are constant voltage sources, designed for a typical load impedances between 400 and 1000  (Furman et al., 1993). When designing an output circuit, it is important to understand the basics of heart stimulation in order to more effectively address the problem of maximal stimulation with minimal use of pacemaker energy. The following sections explain some of these basic concepts concerning pacemakers.

11.1.1 Strength–duration curve XE  "Strength–duration curve" 
Varying the pulse duration is a common and effective method of controlling the pacemaker output. Understanding the relation between the pacemaker pulse voltage amplitude and duration required for effective heart stimulation can help increase the pacemaker lifespan. In order to gain an understanding of what occurs during the output pulse, it is necessary to understand the strength–duration curve, shown in Figure 11.1(b).


Figure 11.1(a) shows a stimulation device (the pacemaker) in series with a cell membrane. Depolarizing (i.e. achieving a voltage drop of 20 mV across Rm) the membrane with different current values results in the strength–duration curve of Figure 11.1(b). In reality, while the load seen by a pacemaker is more complex than a simple membrane, the resulting strength–duration curve has the same characteristics as a cell membrane, with different current and voltage values. Thus, for the sake of simplicity, the membrane model will be used to explain the response of the heart to electrical stimulation.
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Figure 11.1  (a) A simplified version of a pacemaker stimulating a load. In this case, the load is simply a cell membrane. (b) The strength–duration curve associated with the circuit in part (a). While this specific curve relates to the depolarization of a single cell membrane, the strength–duration curve for stimulation of the heart has the same shape and characteristics. The rheobase is the minimal current that will cause the membrane to depolarize. The chronaxie time is the pulse duration required to cause depolarization when the stimulating current magnitude is twice the rheobase.


The stimulus threshold curve is explained with reference to Figure 11.1(b). The pulse amplitude is shown as the log of current versus the log of the pulse duration. This strength–duration curve can be plotted either as a voltage characteristic or as a current characteristic. The corresponding voltage curve is the same shape as the current curve, with current replaced by voltage. It is possible to show that the amount of charge used during pacing is minimized as the stimulus pulse amplitude is increased.


Assume that we model many parallel cell membranes by the single cell membrane in Figure 11.1(a) and that we choose component values of 1 F for the capacitor and 1  for the resistance. Depolarization of the cell membrane is achieved by providing enough current to cause the voltage drop across the membrane to change by approximately 20 mV. The stimulus current I is the sum of the current through the capacitance, ic, and the current through the resistance, iR,




.
(11.1)

The voltage drop across the membrane due to current flow can be found with the equation
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(Geddes, 1984). To depolarize the cell, V must equal –20 mV. With R equaling 1 , the minimal current which will achieve this is
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This minimal current value is the rheobase of the curve. The rheobase XE  "rheobase"  value is dependent upon the characteristics of the load (in this case the membrane). 


To illustrate the charge saved by increasing the amplitude and shortening the duration of the stimulus pulse, we will use current levels of 25 mA and 40 mA (remember that these values have no relation to actual pacemaker-induced currents in the heart). With a 25 mA current amplitude, the minimal duration of the square wave stimulus is
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This results in a stimulus time t  of 1.60 s. The total charge used (current  time) at this stimulus amplitude is 40 nQ. Now, if the 40 mA current pulse is used, the stimulus duration required to achieve depolarization is   
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with t equaling 0.69 s. The amount of charge used is only 28 nC. Therefore, the charge dissipated during excitation with the 40 mA stimulus amplitude is only 70% of that consumed when the stimulus is 25 mA. It is easy to see that shortening the duration of the stimulus pulse is effective in reducing charge consumption.


Although charge consumption is minimized when the pulse duration is shortened, energy is not. Assuming the pacemaker load (i.e. the heart) is a fixed value, energy usage can be shown by the following equation

 

                                                 (11.6)

where Z is the entire load impedance. The minimal product of voltage (or current) and duration is described by
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where I0 = voltage rheobase, tc is the chronaxie XE  "chronaxie"  time, t is the duration of stimulus, and I is the amplitude of the stimulus current. The chronaxie time is the stimulus duration when the stimulus current magnitude is twice the rheobase, and is near the point of minimal energy consumption. Combining Eqs. (11.6) and (11.7) results in the energy use at the chronaxie time tc being
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                                     (11.9)


If the stimulus duration XE  "stimulus duration"  is changed from the chronaxie time, then energy consumption goes up. For instance, with durations of one-fifth and twice tc the amount of energy used is
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The energy used with t = 0.2 tc and t = 2tc is 180% and 113%, respectively, more than what is used when t is equal to the chronaxie time. This energy consumption definitely influences the longevity of the pacemaker.


The stimulus threshold curve results from the interaction of the pacemaker patient’s heart and the electrode and is influenced by many factors. These include the size and nature of the stimulating electrode, the nature of the heart, the placement of the lead, epinephrine levels in the body, etc. Since numerous factors affect the threshold for cardiac pacing, a 100% safety margin is generally set (Furman et al., 1993). This means that the energy delivered while pacing should be 100% higher than the minimal amount of energy necessary to excite the heart. This can be easily determined using the strength–duration curve and energy equations previously mentioned. The threshold for excitation increases  by a factor of two to three after implantation due to inflammation and the development of scar tissue but then stabilizes after a month or so.


Changing now from working with current to voltage, the chronaxie time can be found by determining the stimulus threshold at two fixed voltages V1 and V2. The stimulus threshold at fixed voltages can be found by varying the pulse width until cardiac activity in response to pacing is barely present. The pulse widths associated with V1 and V2 are t1and t2 respectively. In equation form
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with V0 being the voltage rheobase (the minimal voltage required for stimulation). Manipulating Eqs. (11.11) and (11.12), we can find the chronaxie time
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The chronaxie time approximates the most efficient stimulation pulse duration (Furman et al., 1993). Thus, including the 100% safety factor, a preferable stimulus would have an amplitude of twice V0 and a duration of twice the chronaxie time. The duration is lengthened to twice the chronaxie time to achieve the safety margin. Such an adjustment is generally easier than changing the voltage level, since the timing circuit and pulse width selector can be more easily designed to deliver a plurality of pulse widths than are available from voltage converters. Note that the chronaxie time calculations in this paragraph were done with voltages, as all new cardiac pacemakers are constant voltage sources.

11.1.2  Unipolar and bipolar stimulation XE  "bipolar stimulation" 
 XE  "Unipolar stimulation" In a unipolar stimulating device, the electrode tip stimulates the heart, while the pacemaker unit serves as the reference. In a bipolar device, the lead has both a stimulating tip, the cathode, and a ring, the anode. The ring generally has a much larger surface area. The separation of the ring and tip are 2–3 cm, depending on the pacemaker model (Furman et al., 1993).


The current threshold of stimulation is the same for both unipolar and bipolar leads. The voltage threshold, however, is slightly higher for a bipolar lead because of the increased lead resistance (Furman et al., 1993). For instance, with a pulse duration of 0.1 ms, the impedance of a unipolar lead was found to be around 489 , while the bipolar impedance was 600  (Furman et al., 1993). This increased resistance during bipolar pacing is due to the ring area being much smaller than the pacemaker case area (which is the anode in unipolar pacing). Since resistance is a function of conduction path area, the anode in bipolar pacing has more resistance than in unipolar pacing. The extra tissue between the electrode and can in unipolar pacing can be neglected because tissue is a good conductor.


A benefit of a bipolar lead configuration is that the signal-to-noise ratio of the sensed heart signals is better than that found with unipolar leads. The bipolar sensing configuration eliminates much of the noise resulting from nearby muscle movement. However, as will be seen in the next section, bipolar stimulation can also have its drawbacks. Most modern devices can be changed from unipolar to bipolar configuration, and vice-versa, through telemetry (see Figure 8.23).

11.1.3 Cathodal vs. anodal stimulation
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Figure 11.2  Stimulation of a cell with the anode and the cathode. The cell becomes depolarized when the potential drop across the cell membrane is approximately –70 mV. The cathodal stimulation of magnitude –20 mV causes the potential drop across the membrane to reach the depolarization threshold. However, anodal stimulation causes a hyperpolarization of the cell, forcing the cell membrane potential opposite the desired direction. If the anodal stimulus is increased to a large enough value the cell will eventually fire, but the anodal stimulus magnitude required for depolarization can be from two to three times as much as the cathodal value. 


In all modern pacemakers, stimulation occurs at the cathode, while anodal excitation should not occur in any situation. The stimulating cathode is situated in or on the myocardium of the heart, while the anode is located distally near the heart (bipolar pacing), or remotely as a part of the pulse generator (unipolar pacing).


Figure 11.2 shows that the stimulus required for cell excitation is less with cathodal simulation than with anodal stimulation XE  "anodal stimulation" . The potential drop from the interior to exterior of a heart cell is about –90 mV when the cell is in its resting state. Lowering this potential drop to approximately –70 mV will cause to cell to exhibit an action potential. In the case of cathodal stimulation XE  "cathodal stimulation" , direct application of –20 mV lowers the extracellular potential to –20 mV, and the entire potential drop across the cell membrane is now –70 mV. This results in the cell firing an action potential. On the other hand, if cathodal stimulus is used the extracellular potential is raised in the positive direction, and the resulting drop across the cell membrane is now around –110 mV. This large voltage drop results in hyperpolarization of the cell, and no action potentials occur. Note that increasing the anodal stimulus level will eventually result in the cell firing. However, the magnitude of stimulus required from the anode can be two to three times what is required from the cathode.
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Figure 11.3  The cathodal and anodal excitation thresholds during the cardiac cycle, or strength-interval curves. The ECG above the strength–interval curve illustrates times during the cardiac cycle when stimulation can have adverse affects. The ventricular fibrillation (VF) period occurs during the first part of the T wave, while a multiple response (MR) period occurs during the second half of the T wave. Stimulation of the heart during the VF period may cause the heart to fibrillate, while stimulation during the MR period will cause the heart to have multiple responses to a single stimulation. The time after the T wave is the nonvulnerable period (NVP), where the heart can be successfully stimulated without complications. From Furman, S., Hurzeler, P., Mehra, R. 1977. Cardiac pacing and pacemakers IV. Threshold of cardiac stimulation. Am. Heart J., 94: 115–124.


Note also the myocardial response to stimulation during the refractory period. In early bipolar devices, the anode and cathode were nearly equal in size (Furman et al., 1977). It was found the anode of bipolar electrodes may have been responsible for some occurrences of ventricular fibrillation. In fact, Stevenson et al. (1986) found that anodal excitation can occur during bipolar stimulation, producing changes in local myocardial activation, potentially causing initiation of ventricular arrhythmias. 


This can be demonstrated with a strength–interval curve, shown in Figure 11.3. Sensitivity to anodal stimulation occurs earlier than cathodal sensitivity, shown by the earlier threshold drop of the anodal curve. Shown above the strength–interval curve is the corresponding ECG of the heart. During the T wave, the anode can easily cause stimulation. Due to this, multiple response (MR), which is more than one response to a single stimulation, and ventricular fibrillation (VF) conditions are more sensitive to anodal stimulation than they ever are to stimulus from the cathode (Furman et al. 1977). Other factors also contribute to the heart’s susceptibility toward MR and VF. The ratio of the surface area of the cathode to the anode is one factor, and another is the proximity of the anode to stimulatable tissue. One solution used to eliminate VF and MR is to increase the size of the anode, while keeping the cathode small. Another solution is to move the anode further away from the heart. While moving the anode helps to solve the problem of anodal stimulation, it also decreases the signal-to-noise ratio of the evoked heart responses, which are sometimes sensed to allow more effective stimulation of the heart. 

11.1.4 Output waveform XE  "Output waveform"  characteristics

Pacemakers should ideally deliver a square wave pulse from the cathode with characteristics similar to Figure 11.4(a). The duration and amplitude of the pulse should be adjustable. All modern pacemakers are of the constant voltage output type. Thus, the load impedance has a large effect on the stimulus current. A load with high impedance will have an excessively high threshold of stimulation, while a low impedance will result in large currents and premature battery drain. Furman et al. (1993) describes the four different pacemaker output designs which have been or are available.
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Figure 11.4  (a) A representation of an ideal stimulation pulse from a constant voltage stimulator. The voltage is measured from the stimulating tip to the reference (either the ring or the pacemaker can). Vdd can either be a fixed value, as in single voltage devices, or a programmable value, with variability dependent upon the pacemaker model. The period of stimulation T is variable in all devices. (b) A realistic depiction of a waveform appearing across the heart emitted from a capacitor discharge output circuit. Note that the drop in pulse voltage magnitude is dependent upon the size of the output capacitor. A larger capacitor will have a waveform which more closely resembles an ideal constant voltage. The small rise and exponential decay after the stimulus pulse is an afterpotential, which is discussed in section 11.3.

Single voltage–multiple pulse durations

These devices have a fixed output voltage, while the period of stimulation is variable. Most of these devices have an output voltage of 5.0 V. The pulse duration is commonly from 0.05 to 2.0 ms. The threshold of stimulation can be determined by successively decreasing the pulse duration until cardiac stimulation is barely existent. 

Dual voltage–multiple pulse durations

Devices with this designation have two output voltage levels, 2.5 and 5.0 V. The period of stimulation T is also variable similar to single voltage devices. Formerly, the 5.0 V setting was regularly used, and the 2.5 V setting was used in special cases when extremely low (at the time) thresholds of stimulation occurred. Now, with the advent of new low threshold electrodes, the 2.5 V setting is regularly used, and the 5.0 V setting used only in situations where 2.5 V is insufficient for stimulation. 

Quad voltage–multiple pulse durations

The voltages available to these devices are generally 2.5, 5.0, 7.5–8.2, and 10 V. Some generators in this category allow for only four pulse durations, corresponding to times where changing the pulse duration has the most effect (i.e. 0.25 to 1.0 ms). The 7.5 and 10.0 V settings should be used only for short term expediency. At these high voltages, battery energy is consumed rapidly. 

Multiple voltage–multiple pulse durations

Modern CMOS circuits allow 0.1 V voltage steps, and 0.01 ms steps in pulse duration. These multiple voltage output devices are becoming progressively more common. One consideration when designing devices with more variability is that a point is reached where the steps are too fine to have any practical benefit. Creating pacemakers with outrageous numbers of voltage steps and pulse durations is not actually necessary to improve their operation

11.1.5 Automatic output adjustment

To minimize energy drain, it is desirable to pace at a safety margin above the pacing threshold. Fröhlich et al. (1994) developed an Automatic Amplitude Adjustment (AAA), which is based on the measurement of the ventricular evoked response (VER). After each pulse is released, the VER is measured and analyzed. Because VERs have a longer duration than the intrinsic ECG, the pacing pulse is defined as capture if all measurements taken in a 60-ms window are higher than a programmed reference value. The algorithm avoids problems with fusion beats. Electrodes are shorted for 50 ms after pacing to minimize polarization problems. If no capture occurs, the pulse amplitude is increased until capture occurs, then a safety margin added.

11.2  Description of output circuitry

The constraints involved when working with pacemakers limit the liberties which can be taken designing the circuitry. One major constraint of pacemakers is the actual physical size of the unit. Minimizing the size of the unit while maximizing its effectiveness is a major concern. Capacitances must be kept as small as possible, as they require a large portion of the hybrid circuit space. Redundancy of critical components, used in devices where size is not as important a consideration, cannot be practiced in pacemakers. Thus, it is crucial that a design be rugged enough to last the 10 to 15 years which cardiac pacemakers are now expected to function.


Another limitation is the low voltage values available from the pacemaker battery. The voltage of a modern pacer battery is about 2.8 V, which is below the functional range of many standard components used in electronics. While the voltage in pacemakers can be stepped up, this should be avoided whenever possible due to the losses incurred when using voltage multipliers. The circuit must also function over a range of supply voltage values. As the lithium–iodine battery depletes, the magnitude of current which it can effectively supply decreases as the internal resistance of the battery increases. Since replacing or recharging the battery is out of the question, the pacemaker should still be able to operate under low battery conditions. 

11.2.1 Voltage multipliers XE  "Voltage multipliers" 
Multiplying the voltage is necessary in situations where the battery voltage of 2.8 V is not sufficient for the needs of the pacemaker, such as when multiple output voltages are desired. Stotts (1989), describes a method which is used in implantable devices requiring higher voltage levels.


Figure 11.5 shows the battery voltage Vbat, the battery resistance Rbat, the pump capacitor Cp, and the output capacitor Co, which is driving a load with load current IL. With a small battery resistance, Cp is charged to the battery voltage during Phase I. At the same time, the output capacitor is supplying charge to maintain the load current. During Phase II, the circuit is switched, as shown in Figure 11.5(b). Because the pump capacitor is in series with the battery voltage in this configuration, the entire voltage drop across capacitor Co is the battery voltage plus the voltage across Cp, which sums to twice the battery voltage. Since Phase II is the only time Co is supplied with charge, the average current from Cp is
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where T is the switching period, f is the frequency of switching, and V is the peak-to-peak ripple voltage on Cp. Since the charge supplied from Cp to Co is in turn supplied to the load,
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Defining the average output resistance of the voltage multiplier, Rm, to be V/IL, then 


 EMBED "Equation" \* mergeformat  

                               (11.17)


The average current from the battery is equal to the sum of the charge supplied during both phases. During Phase I, the battery supplies the pump capacitor with CpV. During Phase II, the pump capacitor supplies Co with CpV, while the battery is still supplying CpV. The average battery current is then
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The energy transfer efficiency  is defined as 

           

                                   (11.19)
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Figure 11.5  Circuit diagram of a voltage doubler XE  "voltage doubler" . (a) Phase I. During this time, the pump capacitor Cp is charged to Vbat and the output capacitor Co supplies charge to the load. (b) Phase II. The pump capacitor charges the output capacitor, which is still supplying the load current. Note the voltage drop across the output capacitor is twice the battery voltage (i.e. the battery voltage plus the drop across Cp, which also equals the battery voltage). If higher multiples of the battery voltage are needed, this doubling circuit can be cascaded with other doubling circuits. From Stotts, L. J. 1989. Introduction to implantible biomedical IC design. IEEE Circuits Devices Magazine, 5 (1): 12–18.

In the ideal case that the battery current is exactly twice the load current (Eq. (11.17)),  is exactly 100% (i.e. Vout/(2Vbat) = 1). In reality, the energy efficiency is actually very close to 100% with low values of ripple.


When the battery resistance gets large, the pump capacitor does not fully charge during Phase I, and does not discharge to the steady-state value in Phase II. This results in the pump capacitor charging to an average voltage of 
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The output voltage is the result of load resistance RL in series with voltage source 2Vpump, and the output resistance Rm. Thus,
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When the battery resistance is high, the output resistance of the multiplier is
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In general, Rm can be approximated by
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where n is the number of multiplication stages used.

11.2.2 Basic circuit

Figure 11.6 shows an example of a simple capacitor discharge system. The capacitor is periodically discharged across the load resistance (the pacemaker lead and heart) to stimulate the heart muscle. During operation, if the voltage at the base of the transistor is low, then the transistor will be in its nonconductive (off) state. In this situation, the capacitor charges to Vdd through the pull-up resistor. Upon reception of a signal at its base, the transistor goes into its conductive state, and ground voltage appears at the collector. Since the collector is now at ground, the voltage drop across the capacitor causes a voltage of –Vdd to appear at the load resistance. This causes stimulation and subsequent contraction of the heart muscle. After the pulse signal is removed from the base of the transistor, the transistor turns off, and the output capacitor recharges to Vdd.
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Figure 11.6  A simple version of the capacitor discharge output circuit. The capacitor initially charges to the voltage Vdd. Upon reception of a signal from either the microprocessor or a separate oscillator, the transistor is switched into its conductive state. This causes ground voltage to appear at the collector. Since the output capacitor is already charged with voltage Vdd, and the load resistance is connected to ground, a negative voltage –Vdd appears across the output resistance. This voltage induces current flow which stimulates the heart muscle to contract. (b) The output which appears across the heart.

11.2.3  Unipolar stimulating circuit XE  "Unipolar stimulating circuit" 
Blaser (1980) designed a slightly more sophisticated circuit shown in Figure 11.7. To understand the function of the circuit, assume that it is initially at steady state: all three capacitors have a charge of Vdd across them (noting that the 3.3-µF electrolytic capacitor has a polarity opposite that of the + sign), and both transistors are not in the conducting state. 
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Figure 11.7  A basic unipolar output circuit. A command from the microprocessor causes an output of -2Vdd to appear at the output. Adapted from Blaser (1980).


If a pulse is applied at the base of Q1, with sufficient magnitude to place the transistor in the conductive state, then the voltage at the collector of Q1 will effectively go to ground. Since capacitor A cannot discharge immediately, this forces the emitter voltage of Q2 to be shifted below the ground potential of the circuit. The base of Q2 is connected through the 15-kΩ resistance to ground and is switched into the conductive state when the emitter voltage drops. This changes the voltage at the collector of Q2 toward –Vdd. Just prior to Q2 being switched, the 3.3‑µF capacitor has a charge of positive Vdd appearing at the negative side of the capacitor. When the collector voltage of Q2 is abruptly changed toward –Vdd, the 3.3‑µF capacitor already has a voltage drop of Vdd across it. This causes a voltage close to –2Vdd to appear at the output electrode. The circuit acts as a voltage doubler. The zener diode is in place to limit the output voltage fluctuations, while the 33-F decoupling capacitor B connected from the supply rail to ground is in place to stabilize Vdd when a pulse is being delivered.


The duration of the output pulse can be controlled by adjusting the length of time that Q1 is in the conductive state. A controller attached to the base of the transistor could supply pulses with the duration adjusted internally by some logic implementation, or externally through telemetry. As an even more basic design, attachment of a fixed rate oscillator to Q1 and the battery directly to the supply line Vdd, would provide an output with a fixed voltage and fixed duration.

11.2.3  Bipolar output circuit

A bipolar stimulating circuit XE  "bipolar stimulating circuit"  is shown in Figure 11.8. The method of operation is similar to the basic circuit, but there is the added availability of two voltage levels. While primitive compared to some modern pacemakers which have as many as ten or more voltage levels, it is a distinct improvement over the single output voltage most early pacemakers had. It is also possible, with the use of voltage dividers or multipliers, to alter Vdd, giving added voltage selectivity to the device.


 EMBED Word.Picture.8  


Figure 11.8  A bipolar stimulating circuit. This device has the ability to select two different voltage settings, without changing the value of Vdd. With a logic 1 placed an line C, switch network one closes and switch network 2 opens, allowing pacing of the heart. Logic 1 on line A and logic 0 at line B results in a pulse of Vdd across the heart. Logic 1 on both A and B results in 2 Vdd across the heart. From Stindt and Wright (1981).


Assume initially the output capacitor is charged to Vdd. If the controller places a high output on line C, switch network one will be placed in the conductive state. The inverting gate inverts and delivers a low signal to switch network two, blanking the sensing amplifiers. This configuration allows pacing of the heart.


If the controller places a high signal on line A, transistor Q1 will remain off while Q2 is placed in its conductive state. A low signal on line B results in the nand gate emitting a high output, turning on Q4 and leaving Q3 off. A path of conduction is opened from ground, through Q4, through the output capacitor, through switch network one, through the heart, back through switch network one, and through Q2 to ground. This allows the output capacitor to deliver a stimulus with amplitude Vdd to the heart. If Vdd is the battery voltage, then the output would have a magnitude of 2.8 V, ideally. 


If the basic battery voltage is not adequate for stimulation, then the amplitude can be doubled. With line C high, the controller generates high signals on both lines A and B. Transistors Q2 and Q3 will be conducting, while Q1 and Q4 will be in their high impedance state. This permits a conduction path from Vdd through Q3, through the switches and heart, and finally through Q2 to ground. When transistor Q3 conducts, the side of the capacitor that is connected to Q3 goes to Vdd. With the addition of the voltage drop already across the capacitor, the output stimulus amplitude is doubled to 2Vdd or 5.6 V when Vdd is the battery voltage.


After stimulus has been applied to the heart, the output capacitor must be recharged. Setting both A and B low results in Q1 and Q4 conducting. This allows recharging of the output capacitor to occur through the same path as stimulus occurs. The net current flow through the leads is zero, leaving no opportunity for metallic ions to migrate into the heart muscle (iontophoresis). 


Figure 11.9 shows a slightly different method for bipolar pacing. This design eliminates the need for output capacitors. Since capacitors require relatively large volumes and can have long term reliability problems, a functional pacemaker design minimizing the number of capacitors used is desirable. However, this device is most likely not used exactly in this form, since the ring has the possibility of stimulating the heart during the first half of the stimulus phase. Another potential problem is that the output electrode is connected directly to the battery voltage. Unless there is a large decoupling capacitor, the supply voltage will drop drastically when Vdd is delivered directly to the load.
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Figure 11.9 (a) A device which delivers a biphasic stimulation XE  "biphasic stimulation" . The device is unique in that it does not require an output capacitor. (b) The waveforms appearing on the Pace input line and at the electrodes. From Duggan (1983).


When pacing, the circuit delivers a biphasic output pulse across the ring and tip of the electrode. If a logic 1 is placed at the ring enable, then Q4 is switched on, and the inverter delivers a logic zero to Q1, which is also switched on. Thus, Vdd appears at Q2 and ground appears at Q3. A logic 1 applied to the tip enable similarly results in Vdd being connected to Q6 and ground connecting to Q7.


Setting the pace enable to logic zero allows the flip-flop to be clocked by the pace input signal. Every pulse from the pace input will invert the values of the flip-flop outputs. For instance, a pace input of logic 1 results in a logic 1 at Q (of the flip-flop) and will place logic 0 at Q2 and Q3. This same input, resulting in logic 0 at Q prime, places logic 1 at Q6 and Q7. The final result of the pace input is that Q2 and Q7 are on, and Q3 and Q6 are off. With both ring and tip enables at logic 1, the voltage Vdd appears at the ring, and ground appears at the tip of the electrode. 


A second logic 1 appearing at the pace input signal will result in the flip-flop outputs inverting. Thus, logic 1 is placed at Q2 and Q3 and logic 0 is placed at Q6 and Q7. The end result is Vdd connecting to the tip and ground appearing at the ring. A stimulus has been applied across the heart, as shown by the differential electrode output in Figure 11.9. 

11.3  Electrode recovery time XE  "Electrode recovery time" 
After the pacemaker delivers a pulse to the heart, there is a period of time where sensing cannot occur. This effect is due to what is called the post-stimulus potential or afterpotential. In order to sense signals accurately, it is first necessary to remove the afterpotential which arises from charge stored at the electrode interface. Figure 11.10 qualitatively shows what occurs near the electrodes during and after a stimulus pulse.


Measuring the response of the heart to a stimulus pulse is desirable for a number of reasons. Tracking the threshold of stimulation, for instance, requires distinction between an effective pulse (one which causes the heart to contract), and a subthreshold pulse. Reliable sensing is impossible until the charges resulting from the stimulus dissipate sufficiently because the poststimulus potentials are much larger than those resulting from a heartbeat. In the case of a dual-chambered pacemaker, when an atrial stimulus occurs, detection of events in the ventricle is necessary for the microprocessor to operate the pacemaker efficiently. The stimulus at the atrium generally results in potentials appearing at the ventricle sensing electrode, which is called “cross-talk”. Cross-talk must also be minimized to allow effective sensing of intrinsic signals.

11.3.1 Electrode polarization XE  "Electrode polarization" 
Within the metal electrode, current is carried by electrons, while outside the electrode, it is mainly ions which cause current. At the electrode interface, electrons and ions interact and form an electrical double layer called the Helmholtz layer (see Figure 6.3). Introducing an electrical field across this layer decreases the membrane potential of cells nearby, and subsequently causes depolarization (if the field is of sufficient magnitude). Walton et al. (1985) state that the majority of the reactive portion of the load impedance results from this electrode interface.


In order to understand the electrochemical properties of the interface, a simplified model can be used. The model consists of the lead resistance in series with the parallel Faraday resistance XE  "Faraday resistance"  and Helmholtz capacitance shown in Figure 11.11. Figure 11.12 gives the typical resistance and capacitance values for the interface model. The capacitance of the double layer is
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Figure 11.10  Qualitative explanation of afterpotential XE  "afterpotential"  creation. (a) At the onset of a stimulus pulse, the ions present in the tissue near the ring and tip are randomly dispersed. (b) Upon application of the stimulus, the ions move toward their respective counterparts (i.e positive ions move toward the negative cathode, and vice-versa). (c) Immediately after stimulation, the ions must return to their quiescent state. The delay involved in the ion dissipation is what creates afterpotentials. The polarization increases as the length of stimulation increases, resulting in a rising load impedance during stimulation. This is another reason why stimulus pulse durations should be kept as short as possible. From Moses, H. W., Taylor, G. J., Schneider, J. A., Dove, J. T. 1987. A practical guide to cardiac pacing. Little, Brown.
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Figure 11.11  A simplified model of the electrode interface. Rl is the lead resistance, Ch the Helmholtz capacitance, and Rf is the Faraday resistance of the interface. The interface of the electrode and heart tissue results in Rf and Ch.

	
	Unipolar
	Bipolar

	Ch Tip
	1.9 F
	1.6 F

	Ch Ring
	-
	11 F

	Rf
	34.1 k
	43 k


Figure 11.12  Typical values for the Helmholtz capacitance XE  "Helmholtz capacitance"  and Faraday resistance. From Sutton, R. and Burgeos, I. 1991. The foundations of cardiac pacing, pt 1: an illustrated practical guide to basic pacing. Futura Publishing.
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                                        (11.26)

where A = surface area, d = thickness, and r = relative dielectric constant XE  "dielectric constant"  (which is between 5 and 80 depending on the thickness of the double layer) (Schaldach, 1990). The impedance of the system is

   

                                (11.27)

Neglecting the Faradic resistance, Schaldach (1992) describes the voltage drop across the Helmholtz capacitance as

 

                           (11.28)

where Va is the constant amplitude voltage applied to the Helmholtz capacitance (i.e. the stimulus voltage), Vc the voltage drop across the capacitor, and T is the period of applied stimulus. The afterpotential is
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               (11.29)

Equation (11.29) shows that an increase in either resistance R1 or capacitance Ch will decrease the magnitude of the afterpotentials. An increase in R1, however, is not acceptable because this causes an increase in energy consumption, and impairs sensing of evoked responses. Thus, an increase in the Helmholtz capacitance is the most acceptable solution. Since the relative dielectric constant 0 and thickness d are basically unaffected by electrode construction, the area is the only characteristic of the electrode which can be altered. Increasing the area of the electrode increases the Helmholtz capacitance. However, measurements done with different sized stimulating electrodes have shown that increasing electrode size increases the charge required for stimulation (Schaldach 1992). Thus, simply increasing the electrode tip size is not a solution. The tip must remain small while the active surface area is increased through other means. Using different electrode constructions such as porous tip and TiN coated have provided workable solutions (Schaldach, 1990). Chapter 6 presents other methods used to increase the tip area. While increasing the Helmholtz capacitance decreases the magnitude of afterpotentials, it increases the dissipation time constant. Thus, while the magnitude of the afterpotentials will be less initially with a large Helmholtz capacitance, they will remain for a much longer period of time. However, if the sense amplifiers are sensitive enough, the initial afterpotential value with large Ch may be small enough that it does not matter how long the dissipation period is. 


Methods to avoid or diminish afterpotentials other than altering electrode surfaces are also available. Standard practice calls for blanking the sense amplifier connected to the pacing lead for many milliseconds while the afterpotential dissipates. It is a goal of pacemaking design to shorten the blanking period by speeding the charge dissipation process. Speeding the dissipation can be achieved using methods which actively recharge the output amplifier.

11.3.2  Methods for decreasing electrode recovery time

One method of active recharge used to shorten the electrode recovery time is referred to as charge dumping XE  "charge dumping" . Figure 11.12(a) shows an example of a charge dump circuit. This method allows a low-impedance path for current to flow back into the stimulating lead. Large reverse currents flow through the lead system, dissipating the charge stored at the electrode interface. Charge dumping is generally done for about 10 ms immediately after an output pulse (Ryan, 1989). 


Figure 11.13(a) shows that a pulse is delivered to the heart in the usual fashion by turning on Q2. After Q2 is turned off, Q1 is turned on, resulting in a low-impedance recharge path. It should be pointed out that Q1 is left off for a short time between the stimulus and recharge. This is done to avoid a short circuit from the battery to ground. In addition to decreasing the blanking period, charge dumping increases the efficiency of the output stage by eliminating the power dissipation which occurs in the recharge resistor.
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Figure 11.13  (a) An example of a charge dump circuit. The switch control turns on either Q1 or Q2, but both transistors are never on at the same time. If a stimulus pulse is required, then Q2 is activated while Q1 is inactive. After the stimulus pulse is delivered, Q1 is activated to allow a low-impedance recharge of the circuit. The positive recharge pulse is delayed for approximately 0.4 ms to avoid short circuiting the battery to ground. Note that the recharge pulse occurs during the nonexcitable period of the heart, to avoid any complications involving anodal stimulation. (b) The output waveform with charge dump. The first pulse stimulates the heart, while the second recharges the capacitor and dissipates afterpotentials. From Sutton, R. and Burgeos, I. 1991. The foundations of cardiac pacing, pt 1: an illustrated practical guide to basic pacing. Futura Publishing.


Applying a biphasic stimulus has also been found effective in reducing the afterpotentials associated with cardiac stimulation. Figure 11.14 shows a method for providing a biphasic stimulation. The circuit consists of three transistors that are used as switches, an output capacitor Cout, a charge capacitor B, and capacitor A which is a power-supply decoupling capacitor. Figure 11.14(b) shows the voltage that appears at the output electrode. 


 Assume as an initial condition that the output capacitor and capacitor B are charged to Vdd/2. At time t1 (see Figure 11.14(b)), Q3 is turned on, and the output capacitor is charged for the period T1 until the voltage across it is nearly Vdd. At the same time, Q1 is turned on, and capacitor B discharges (its charge going into the output capacitor) until both sides are at Vdd. At time t2, Q1 and Q3 are turned off, and Q2 is turned on. This delivers a stimulation pulse of length Tst to the myocardium of the heart. At time t3, Q2 is turned off, and Q1 is turned on for period T2. The output capacitor and capacitor B recharge to Vdd/2. This provides the second positive recharge pulse. The switches are left open until the next stimulation is to occur.
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Figure 11.14  A biphasic stimulation circuit. (a)  Device which emits a positive pulse of Vdd/2, followed by a negative pulse of –Vdd, followed by another positive pulse of Vdd/2. (b) The voltage appearing at the output. Periods T1, T2, and Tst correspond with pulses from the timing circuitry shown in part (a). Adapted from Cals et al. (1982).


Figure 11.15 shows a different proposed method of quickly reducing the charge stored between the stimulating electrode and the reference electrode. Note that this was referenced from a bench model and may or may not currently be in use. At the end of an (atrial or ventricular) stimulus pulse, the stored charge is monitored, and short duration pulses are applied to the stimulating electrode to quickly reduce this charge. 


The output capacitor of Figure 11.15 is charged by the reference source, and when a pulse is supplied to Q1, a stimulus pulse occurs at the electrode. The stimulus width and amplitude are both variable. The width is changed by adjusting the time that Q1 is conducting, and the amplitude can be adjusted by changing the tapping of Pot 1. 


The reference voltage source, Vref, and node A are connected to the inputs of instrumentation amplifier, Amp 1. Amp 1 subtracts the voltage appearing at node A from the reference voltage. The result is amplified and added to an offset equal in magnitude to the reference voltage. The output of Amp 1 is connected through S1 to a capacitor, which acts as a sample and hold circuit. The capacitor should be a low-leakage polyester type capacitor. 


In operation, immediately after a stimulus pulse, S1 is closed and S2 opened for a preset period. The output of Amp 1 is sampled and held in the capacitor. Switch S1 is then opened and S2 closed for a preset period. This supplies a voltage pulse to node A, with the sample-and-hold capacitor located at the input of Amp 2 determining the magnitude and polarity of the pulse. Application of these poststimulus pulses speeds the dissipation of the stored charge at the electrode interface. Repeating the cycle a predetermined number of times returns the voltage at node A to a value close to Vref and the voltage at the stimulating electrode near ground. This then allows sensing of evoked responses to occur with the same electrodes used for stimulation.


 EMBED Word.Picture.8  


Figure 11.15  A circuit which delivers short duration pulses to eliminate the charge stored at the electrode interface. Vdd is the battery voltage, and Vss the negative battery voltage. Adapted from Economides et al. (1989).

11.4  Lead measurement

During implantation, the pacemaker lead can receive damage which affects the electrical insulation. This damage can go undetected and not affect the system until later in the service life of the unit. When the insulation is damaged, there can be a loss of sensing or a loss of capture due to less energy reaching the heart muscle. Since all new pacemakers are constant voltage output generators, changes in the lead resistance will have a large effect on current flow through the load (Furman et al., 1993). 


Other things may occur to alter the impedance characteristics of pacemaker leads. Fracture in a conduction coil can affect operation by increasing lead resistance. A complete fracture would result in no energy reaching the heart due to an infinite lead impedance. Improper contact of the electrode tip with the heart wall would also result in a high impedance.


Measuring the lead impedance XE  "lead impedance"  can indicate if any of the previously mentioned problems have occurred. In some situations, when a pacemaker is being replaced, the lead will be left in the patient, and only the pacemaker unit will be changed. In this case, it is important to know if the entire unit has failed or if the pacemaker is working, but the impedance of the lead(s) has risen to a level that prohibits proper function of the unit. The physician should be able to determine if the lead being left in the patient is in satisfactory condition. Knowledge of the lead impedance might also possibly allow logic circuitry to alter the output voltage in response to a change in impedance. For example, the output voltage amplitude could be increased if a high-impedance situation occurs, ensuring that enough energy reaches the heart to provide stimulation.

11.4.1 Lead-impedance measurement circuit

Figure 11.16 shows an abbreviated output circuit with lead-impedance measurement. The impedance may be measured at periodic predetermined intervals, or by an external telemetered command. When measurement occurs, the output capacitor is charged to Vdd and switches two and four are closed, allowing the capacitor to discharge through the known resistance Rknown while the counter is enabled and starts counting clock pulses. When the voltage across the output capacitor reaches Vdd/2, the counter stops and the time is stored as tknown. Then, the same operation is done again, except switches two and three are closed, which allows the output path to go through the lead and heart impedances, Rlead. The time for the voltage across the capacitor to reach Vdd/2 is measured again, this period being denoted as tlead. Rknown is constant and should be a precision resistor with a value between 1–3 kSince Vdd is relatively constant (until very near the end of the battery life), the only components which can change over time are the switches and the output capacitor. This necessitates that tknown be taken every time the lead impedance is measured. Otherwise, if all component values remained the same over time, tknown could be measured once and stored in memory. Such is not the case though, and tknown is measured every time a lead-impedance measurement occurs.


Because:
Vf = Vi exp(tknown/RC)
(11.30)
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Figure 11.16  (a) A lead-impedance measurement circuit. Closing S2 and S4 allows measurement of the capacitor discharge across a known resistance. Closing S2 and S3 allows measurement of discharge across the lead resistance. The time required for the capacitor to discharge to Vdd/2  is used to calculate the lead resistance value. (b) An example of the output capacitor voltage versus time for the two impedances. Measured times tknown and tlead are used in Eq. 11.33 for calculating the lead resistance. From Kuehn, 1993.

the relationship between the capacitance and the resistances Rknown and Rlead are shown by 
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                                (11.31) 
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                                    (11.32)

The value of Rknown is already known, so it can be used as a constant. The variable lead resistance is then found by setting Eqs. (11.31) and (11.32) equal to each other
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                  (11.33)
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                              (11.34)

The impedances of the switches will generally be insignificant and can be ignored, or they can be subtracted if their impedance value is known.


Figure 11.17 shows a different method to measure the lead impedance using a current mirror. This device consists of two transistors connected to the output after the load (heart). Neglecting the effect of finite , the output current through the load will be equal to the reference current. If the reference current is measured, with our knowledge of the output voltage we can find the impedance very simply using Ohm’s Law. The equation for finding the reference voltage is
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                               (11.35)
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Figure 11.17  Current mirror used to measure the output current. Measuring the reference current allows the lead impedance to be calculated using Ohm’s Law.

11.5  Output circuit protection

It is possible for  individuals with implanted cardiac pacemakers to come in contact with high voltages. These voltages can severely damage inadequately protected circuitry in the pacemaker. Such damage would be deleterious to the health of an individual relying on the damaged pacemaker. For instance, in the case of ventricular fibrillation, large voltages are applied across the heart in an attempt to revert the heart to normal rhythmic pulsation. The voltage used when defibrillating runs into the thousands, subsequently causing high currents to appear in the heart region. Electrosurgical units can also deliver high voltages to a patient. Open circuit voltages of these devices can range from 300 to 2000 V, with power into 500  loads ranging from 80 to 200 W (Neuman, 1992). There are also many natural situations where shock hazards can occur. In all of these situations, current tends to go through the pacemaker and associated electrode because they offer a path which is more conductive than the surrounding body tissue. Steps must be taken to remedy this situation.


Early protection circuitry XE  "protection circuitry"  involved placing one or more zener diodes between the output terminal and ground of the pacemaker. This eliminates the threat to pacer circuitry by opening a path for current that bypasses the pacemaker circuits, and limits the voltage which appears at the pacemaker itself. Pacing will continue to occur even in the event that cardioversion or some other high voltage event has occurred.

11.5.1 Pacemaker unit and lead protection

While the zener diode arrangement protects the pacemaker circuitry, high currents can still flow through the electrode tip and lead assembly. These high currents have been found to cause myocardial damage (Hauser, 1994). High currents can also increase the threshold of stimulation by causing fibrosis of the tissue near the electrode tip, which increases the separation of the tip and excitable tissue. 


Figure 11.18 shows protection devices that protect the unit and also limit the current flow through the lead(s). Figure 11.18(a) shows the block diagram of the protection circuitry, while Figure 11.18(b) and (c) are two current-limiting devices which can be placed in the box labeled Current Limiting Device in part (a). Figure 11.18(d) shows the current vs. voltage characteristics of the devices in parts (b) and (c).


The current-limiting device in Figure 11.18(b) is a symmetrical depletion mode device. The device is basically two field effect transistors connected in series. The gate and drain of each FET are shorted to each other by a conductor. When the voltage increases at the drain, it also increases at the gate. This causes a self-limiting effect where the current cannot become greater than a certain value. Referring to the current vs. voltage characteristics, when the drain voltage (i.e. the voltage received by the electrode) is small, the device acts as a resistor. This resistance should be minimal when in the linear range, in order to keep the load resistance low. Increasing the drain voltage causes the depletion regions to pinch off between the gates. The current then levels off, since the gate voltage increases in conjunction with the drain voltage. As the voltage increases, the current flowing through the electrode stays at a maximum of 20 mA. If the voltage occurring at the electrode is greater than ±1500 V, then breakdown occurs, and the current limiter fails. In this situation, large currents will flow through the lead. The pacemaker circuitry is still safe though, as the zener diode will limit the voltage that appears at the output capacitor and shunt the current flow to ground. But the lead(s) may be damaged when voltages of such large magnitudes occur (in which case the patient will probably also be damaged).   
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Figure 11.18  A pacemaker unit and lead protection device. (a) Block diagram of the device. (b) A current limiting device which can be placed in the box labeled current limiting device in part (a). The equivalent circuit of the system is shown. (c) A different current limiting device. (d) The current vs. voltage characteristics of current limiting devices (b) and (c). Adapted from Money (1982).


The device in Figure 11.18(c) is a different method for achieving current limitation. If a large positive voltage appears at the electrode, current flow will be limited by the BJT. Because the base of the transistor is tied to ground and the transistor is not in the conducting mode, current flow through the transistor will be minimal. If a large negative voltage were to appear at the electrode, the diode connected to the collector of the BJT would limit the flow of current. Thus, for positive voltages, the transistor is the current limiter, and for negative voltages, the diode limits the current. Both devices should be able to withstand voltage magnitudes of 1500 V. Note that for this circuit to be effective, the pacemaker cannot be emitting a stimulus pulse. This pulse would cause the voltage at the emitter of the transistor to go negative, and as a result, the BJT would be in its conductive state an allow large currents to flow. Thus, reception of large voltages at the electrode should cause inhibition of the pacemaker in order for this setup to be effective.
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11.7  Instructional objectives

11.1
For Figure 11.1(a), with the membrane resistance and capacitance 1 Ωand 1 µF, respectively, calculate the time required to depolarize the membrane with an applied current of 80 mA.

11.2
Describe why anodal stimulation of a cell requires a larger stimulus amplitude than does cathodal stimulation.  

11.3
Explain why anodal stimulation has a greater chance of causing ventricular fibrillation than cathodal stimulation.

11.4
List two constraints involved in output circuitry design.

11.5
Give a brief, qualitative description of voltage multiplication using a pump capacitor and switching network.  

11.6
Briefly explain why the waveform delivered by the circuit in Figure 11.9 may be considered undesirable.

11.7
Show, with a figure, the ion movements which create afterpotentials.

11.8
Explain why an increase in the lead resistance is not a desirable method for speeding the dissipation of afterpotentials.

11.9
Explain qualitatively how the lead impedance measurement circuit in Figure 11.15 works. For Rknown 1 kΩ, tlead 0.5 ms, and tknown 0.7 ms, calculate the lead resistance.

11.10
Describe how the device in Figure 11.18(b) can limit lead current during cardiac defibrillation.

11.11
Design an output circuit that includes device protection and output voltage variability.
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