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A pacemaker demands a very small power. A stimulus pulse of 5–19 mA at 1–10 V with a duration of 0.25–1.0 ms is delivered at a rate of 30–150 bpm. The average current drain is 30 µW. Thus a 2 A-h battery would last 21 years. Early batteries were rechargeable, followed by the zinc–mercury battery. Since 1972, the lithium battery has been the principal power source. Present batteries last more than 10 years. 

7.1  Materials

7.1.1 Early development

Nickel cadmium rechargeable battery

The first implant in 1958 was designed by Elmquist and used a rechargeable (secondary) nickel–cadmium battery XE  "nickel–cadmium battery" . It was inductively recharged by the transmission of energy to the implanted receiver. The cell voltage was 1.25 V and the capacity was 190 mAh. It was unsatisfactory because the lifetime was not long enough compared to a (primary) nonrechargeable battery. Also, it was not satisfactory to place the responsibility for recharging in the hands of patients, who in many cases were senile.

Zinc–mercury batteries

In 1958–1960, the zinc-mercury battery XE  "zinc-mercury battery"  was modified for longer shelf life for use in electric watches. For pacemakers, three to six cells in series provided 4–8 V. It became widely used in pacemakers, typically cast in epoxy, which was porous to the evolved hydrogen and permitted its dissipation. However, even with improvements, by 1970, longevity was only about two years.

Biological batteries XE  "Biological batteries" 
The concept of using power from within the body is attractive. Some have tried biogalvanic cells in which dissimilar electrodes and the body’s electrolytes yield power. Others have tried fuel cells that utilize oxygen from the blood and hydrogen from body proteins or glucose from the blood. Still others have converted body movement through piezoelectric generators or self-winding watch escarpments. None of these has proved practical.

Nuclear batteries XE  "Nuclear batteries" 
Practical nuclear batteries use plutonium (238Pu). It has a half-life of 87 years so the output degrades only 11% in 10 years. However it is highly toxic and 1 µg in the blood stream could be fatal. While early pacemakers used metallic plutonium, recent pacemakers use the ceramic plutonium oxide, which would reduce the possibility of spillage in case of the accidental impact of a rifle bullet. Patients receive less radiation than a control patient in Denver, CO, where solar radiation is poorly filtered (Greatbatch and Seligman, 1988).


The plutonium emits  particles, which impact upon the container and generate heat. Thermopiles of dissimilar p- or n-doped bismuth telluride generate the electricity for the pacemaker circuits.

7.1.2 Lithium batteries XE  "Lithium batteries" 
Fabrication

Since 1972, a variety of lithium batteries have been used. These include Li/SOCI2, Li/Ag2CrO4, Li/CuS, Li/I2-Polyvinylpyridine (PVP), and, in more limited use, Li/LiI(Al2)3/PbI2,PbS, Pb. The Li/I2-PVP is the principal pacemaker battery and yields 2.8 V (Schaldach, 1992).


The cathode is a complex of iodine and poly-2-vinyl pyridine (P2VP). Neither conducts electricity, but when mixed and heated at 149˚C for 3 days, they react into a black viscous paste that conducts electricity. This is poured into the battery when molten and cools to form a solid. When this paste contacts metallic lithium, a monomolecular layer of crystalline lithium iodine forms. It is a molecular semiconductor that passes lithium ions, as required for current flow, but not iodine molecules (Greatbatch and Seligman, 1988).

Reactions

Figure 7.1 shows that conventional current flows through a device from anode to cathode. For a battery, the current flows from the negative anode, through the battery, to the positive cathode. Oxidation of metal occurs at the anode,



Li Li+ + e–
(7.1)
and reduction of halide occurs at the cathode,



I2 + 2 e–  2 I–.
(7.2)

The combined reaction is,



2 Li + I2  2 LiI
(7.3)


 EMBED Word.Picture.8  


Figure 7.1  Conventional current flows from anode to cathode. The lithium reacts with the iodine to form lithium-iodide, which grows in volume and increases the resistance.

Resistance

The self-forming LiI discharge product is not a perfect barrier to iodine diffusion. Small cracks and grain boundaries may permit the iodine to diffuse along these interfaces and react directly with the lithium. This self-discharge reaction decreases the capacity.


The battery resistance builds up as the solid LiI electrolyte accumulates as in Figure 7.2. The anode is precoated with a solution of PVP to lower the resistance. The solvent evaporates, leaving a contiguous film of pure PVP on the entire anode surface. Later developments were the use of a cast film of PVP or impregnation of an inert substrate with a solution of PVP, drying the solvent, and cutting the material into the appropriate shape for pressing onto the anode (Greatbatch and Holmes, 1992). 

Figure 7.2  Internal cell resistance as a function of capacity for PVP-coated and uncoated lithium anode. From Schaldach, M. 1992. Electrotherapy of the heart. Springer-Verlag.


Figure 7.3, phase I shows that the voltage starts to decrease. In phase II, the cathode becomes starved of iodine and develops a higher impedance than the LiI electrolyte, causing the shoulder region of Figure 7.3. During phase III, the concentration of available iodine is so low that the voltage drops dramatically—a region well beyond the designed end of life XE  "end of life"  (EOL).

Figure 7.3  Typical low-rate, triple-phase rundown pattern of lithium–iodine battery for phase I, phase II, and phase III. From Greatbatch, W., and Seligman, L. J. 1988. Pacemakers. In J. G. Webster (ed.) Encyclopedia of medical devices and instrumentation. John Wiley & Sons.

7.2  Manufacturing

7.2.1 Construction

Figure 7.4 shows the internal construction of a central anode/case grounded cell with corrugated anode. Lithium is easily formed into sheets that can be cut to the required sizes. It is easily pressed into specific anode shapes. The lithium anode is coated three times with a solution of PVP. The solvent is evaporated to leave a contiguous film of pure PVP on the anode surface. The precoated central lithium anode is corrugated to increase its area and lower battery impedance. To obtain lower impedance, newer designs use more concentrated active materials and larger anode surface areas. Multiple anode surfaces may be used to lower the impedance. The complex of iodine and poly-2-vinyl pyridine (P2VP) is poured into the cathode case and allowed to cool (Schaldach, 1992). 


Lithium cells require encapsulation. This is done by a metal pin feedthrough surrounded by a bushing within a glass or ceramic insulator. 

Figure 7.4  Internal construction of central anode/case-grounded cell with corrugated anode. From Schaldach, M. 1992. Electrotherapy of the heart. Springer-Verlag.

7.2.1 Testing

To maintain high reliability, cells are designed conservatively. They are manufactured under stringent quality controls, as demanded by the Good Manufacturing Practices (GMP) issued by the Food and Drug Administration (FDA). Figure 7.5 shows that qualification testing is performed under accelerated test conditions (Schaldach, 1992). 

Nondestructive examinations

Thermal cycling

High pressure

Mechanical vibration

Temperature/humidity

Mechanical shock

Voltage/temperature

Seal terminal strength

Elevated temperature discharge

Destructive analysis

Solvent resistance

Figure 7.5  Qualification list for Li/I2-PVP cells (Shaldach, 1992).

7.3  End of life XE  "End of life" 
As the battery depletes, we need a means of determining that the end of life is approaching, so we can plan replacement of the battery on a scheduled, rather than an emergency basis.

7.3.1 Rate changes

As the battery of a pacemaker progressively discharges, the internal resistance can increase to the point that inadequate charging of the output capacitor occurs. If the capacitor fails to store enough charge between pulses, then there is the chance a stimulus pulse delivered could fail to cause contraction of the heart. Therefore, it is wise to ensure that the stimulus amplitude is always above threshold. 


Figure 11.6 shows one method for assuring adequate output amplitude Elmovist (1984). This circuit releases stimulation pulses only if a specific minimal voltage Vmin is reached. Every pulse delivered will be above threshold, and the heart is certain to be stimulated. 
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Figure 7.6  Low power operating circuit. (a) A schematic of the system. Monostable two is not allowed to fire unless the output capacitor has reached a minimal voltage Vmin. (b) The frequency of stimulation, internal battery resistance, and output voltage characteristics over time. When Ri is great enough that the output voltage doesn’t reach Vmin in 0.8 s, the frequency of stimulation begins to decrease. From Elmovist (1984).


Figure 11.6(a) shows that starting with both monostables low, the capacitor charges from the battery through battery resistance Ri and a fixed resistor. The output capacitor is connected to a comparator which compares the capacitor voltage value with a set minimal voltage Vmin. If the voltage at the capacitor is below Vmin, the comparator output is high and a logic 1 is delivered to the NOR gate, resulting in an output from the NOR gate which is low. Once the voltage at the output capacitor is greater than Vmin, the comparator output goes low, which delivers a logic 0 to the NOR gate. Assuming monostable one is already low, the output of the NOR gate becomes high. This activates monostable two, which is active for approximately 500 µs, and subsequently switches the transistor into its conductive state. Switching on the transistor allows the capacitor to discharge through the heart to ground. Activation of monostable two also activates monostable one. A logic 1 is supplied by monostable one to the NOR gate, which changes the NOR output back to low, for a minimum of 0.8 s.


The base frequency of the circuit is set by the timing of monostable one. When the internal resistance of the battery is low enough to allow the capacitor to reach Vmin before monostable one becomes low, then output pulses will occur every 0.8 s. Figure 11.6(b) shows that when the internal resistance Ri increases to the point that the output capacitor does not charge adequately in 0.8 s, the frequency of stimulation begins to drop. This frequency drop can be used as an indication of battery end of life. The stimulation frequency will continue to decrease as the internal battery resistance increases. It is possible to adapt this basic idea to more sophisticated pacing schemes. For instance, monostables one and two could be replaced by logic circuitry that allows for triggered and inhibited pacing, and different pulse durations. Other modifications can be made on this design as well. 

7.3.2 Capacitor chargeup

Frost (1986) designed a circuit that indicates depletion of the battery prior to rate changes. It momentarily switches the battery to a test capacitor. Figure 7.7 shows that pacemaker 12 is normally powered from battery VC. Switch S1 is opened momentarily and the pacemaker continues to be powered by filter capacitor CB. Switch S3 has discharged test capacitor CT and opens. Switch S2 closes and CT charges with a time constant  = RCT. The internal resistance of the battery R is determined from the charging characteristics shown in Figure 7.8 and is telemetered from the body.

Figure 7.7  This circuit measures internal battery resistance. Switch S1 that powers pacemaker 12 is opened. Switch S2 is closed so test capacitor CT charges up through battery internal resistance R (Frost, 1986).

7.3.3 Marking pulse XE  "Marking pulse" 
Moberg (1987) designed a circuit that calculates the battery charge consumed in microampere-hours and creates a marking pulse that can be read by the external ECG. It counts the number of stimulation pulses and uses pulse amplitude, pulse duration, and electrode impedance. Figure 7.9 shows that it generates a marking pulse whose timing depends on the remaining battery capacity. Figure 7.10 shows that normal pulses have increased voltage by charging two capacitors in parallel and discharging them in series. The smaller subthreshold marking pulse is inserted by a single capacitor.

Figure 7.8  VDD is common. When S3 opens, VBAT goes to –VC because voltage drop through R decreases to zero. When S2 closes, VBAT is clamped to VDD, then exponentially charges through R toward –VC. Comparator 14 detects time to reach VREF, which is a function of R (Frost, 1986).

Figure 7.9  After a stimulating pulse, a smaller nonstimulating marking pulse is placed at time X·100 ms, where X is remaining battery capacity in years (Moberg, 1987).

Figure 7.10  Circuit for voltage doubling and generating marking pulse. Through resistors 43 and 42, the battery charges the capacitors with switch positions shown. Then switches 29 and 30 are closed and switch 31 is opened, which generates a normal voltage doubled pulse by discharging the capacitors through the heart at 32. For generating a smaller marking pulse, switch 27 is closed for 1 ms (Moberg, 1987).

7.4  Power priority XE  "Power priority" 
Pless and Stotts (1986) designed a priority switching circuit for extending pacemaker life while providing a minimal voltage to a voltage-sensitive load. The pacemaker output circuit requires a large current to recharge the output capacitor between pulses. This current flows through the battery internal resistance and decreases the battery output voltage. This temporary decreased voltage can cause potentially dangerous intermittent malfunction of the control circuit and corresponding erratic operation of the pacemaker. 


Figure 7.11 shows a power distribution controller that selectively switches the battery between the output circuit and the control circuit. A hold-up capacitor Chold is connected in parallel with the control circuit in order to maintain at least a minimal operating voltage Vmin when the battery is disconnected from the control circuit and connected to power the output circuit.


Figure 7.12 shows that when the battery is near end of life and Rbatt = 10 kΩ, the power distribution controller most efficiently distributes the power to maintain controller voltage. Figure 7.13 gives typical data for a power priority system.

Figure 7.11  When voltage on the hold capacitor decreases to the minimum, switch S1 is closed to recharge it and switch S2 opened. To charge the pulse output capacitor, switch S1 is opened and switch S2 closed (Pless and Stotts, 1986).
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Figure 7.12  When voltage on the hold capacitor decreases to the minimum, switch S1 is closed to recharge it and switch S2 opened (Pless and Stotts, 1986).

	Typical circuit values
	

	Battery open circuit voltage
	2.8 V

	Control circuit minimal voltage
	2.2 V

	Control circuit current drain
	10 µA

	EOL battery resistance
	10 kΩ

	Chold
	10 µF

	Discharge times
	1 ms, 5 ms

	Oscillator frequency
	167 Hz

	Duty cycle
	16.7%


Figure 7.13 Typical circuit values for the power priority system (Pless and Stotts, 1986).

7.6  Instructional objectives

7.1
Explain why rechargeable batteries are unsatisfactory.

7.2
Describe the possible biological batteries.

7.3
Explain how the lithium–iodine battery is manufactured.

7.4
Describe the three phases of rundown for a lithium–iodine battery.

7.5
Explain how an end-of-life circuit can cause rate changes.

7.6
Explain how a capacitor charge-up circuit can indicate end of life.

7.7
Explain how a marking pulse can indicate end of life.

7.8
Explain how we can obtain a 5.6-V pulse from a 2.8-V battery.

7.9
Describe a power priority distribution controller.

7.10
Calculate the change in voltage when a typical control circuit current drain is drawn from a typical hold capacitor for a typical discharge time.
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