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Preface




This book provides information on the design of cardiac pacemakers. As a professor of electrical engineering, I teach medical devices and instrumentation and am naturally interested in the design details of a cardiac pacemaker. It is the most important device electrical engineers have contributed to medicine with sales over $1 billion per year. I hope this book will enable readers to understand cardiac pacemaker design details so they are prepared to contribute to this expanding field.


I hoped to develop this book some years ago but could find little information in the literature. Designers in pacemaker companies would not reveal their designs to me because of the high competition among pacemaker companies. Recently I found many of the details of design in patents and was therefore able to develop the detailed design information presented in this book.


Medtronic, Inc. provided me with a database of patents. The contributors are all from the Department of Electrical Engineering at the University of Wisconsin–Madison. We divided up the topics, developed the chapters, and reviewed each other’s work to form a first draft. I sent this for review to several pacemaker companies and received invaluable suggestions for improvement I am most appreciative for the efforts of the following persons who organized their colleagues to perform reviews at their companies: Walter H. Olson of Medtronic, Inc.; Max M. Schaldach of Biotronik, Inc.; Bruce M. Steinhaus of Telectronics Pacing Systems; Robin Sneed of Intermedics Inc.; and Vasant Padmanabhan of Cook Pacemaker Corp.


Chapter 1 provides the background material necessary to understand normal functioning of the heart. It starts with cardiac cells, moves on to the specialized conduction system, then to the resulting electrocardiogram. Several factors cause the intrinsic heart rate to vary. Chapter 2 discusses autonomic control of heart rate. This knowledge is needed to design a pacemaker that varies its rate in response to the body’s needs.


In the diseased heart, the normal excitation pathways may become blocked. Unwanted pacing centers may assert control. Chapter 3 describes the mechanisms that cause the resulting arrhythmias. This information will help us design pacemakers that replace lost cardiac function. The electrocardiograph monitors the electrical signal of the heart. Chapter 4 shows us how to use the electrocardiogram to diagnose arrhythmias. From these diagnoses, we can determine the underlying problem and devise strategies for artificial pacemaker design.


Chapter 5 outlines the required components of an artificial pacemaker. It discusses temporary and permanent pacemakers, pacing indication, designation, mode, and selection. In addition to the pulse generator, the pacemaker must have a lead and electrode to deliver the pulse to the heart. Chapter 6 describes the electrode tip, which has an increased effective area to lower the voltage required to pace. It describes the necessary biocompatible materials required so that the lead will not cause the formation of blood clots.


A battery fills half of the volume of a typical pacemaker. Chapter 7 describes the many power sources that have been considered and the details of the presently used lithium iodide battery. It also includes circuits for extending the lifetime of the pacemaker and indicating the end of battery life. Cardiac waveforms are detected by sense amplifiers which use switched-capacitor circuits to minimize power consumption. Chapter 8 presents many circuits and electronic design techniques for amplifiers, filters, and comparators. It also discusses techniques for minimizing electromagnetic interference.


Artificial pacemakers contain microprocessors. Chapter 9 describes the rhythm required of the artificial pacemaker and details the functions of all the timers that are required to either wait for durations to expire or to reset when the heart provides intrinsic waveforms. Chapter 10 shows how these sensed waveforms control the timers and provide safety features when malfunction occurs.


Chapter 11 shows how the cardiac muscle responds to output pulses of varying durations and amplitudes. This chapter also details the circuitry that provides this output pulse. Physicians can use telemetry to change parameters in an implanted pacemaker. Chapter 12 describes how these telemetry systems operate and the safety codes that prevent inadvertent modification of stored parameters. These programming devices also extract stored data such as histograms of beat intervals.


Early pacemakers operated at a fixed rate. The next four chapters address methods that permit rates to vary. Chapter 13 outlines several methods for designing rate-responsive pacemakers that increase the heart rate in response to exercise. The next three chapters illustrate how the rate can be increased through the use of sensors: in Chapter 14 with piezoelectric sensors to sense body motion, in Chapter 15 with a thermistor to sense increase in blood temperature, in Chapter 16 to sense events in the electrogram or to use intracardiac impedance, in Chapter 17 to sense thoracic impedance and calculate minute ventilation.


The heart may lapse into the undesirably high rate of tachycardia. Chapter 18 shows how carefully timed pacings from the antitachy pacemaker can interrupt the tachycardia and restore normal rhythm. If the heart rhythm should proceed to ventricular fibrillation, there is a way to restore it to normal. Chapter 19 shows that the implantable cardioverter–defibrillator can provide a stepped response of shocks to restore normal rhythm.


Testing cardiac pacemakers is important. Chapter 20 shows the detailed design of a simple pacemaker tester. The tester can vary its rate to electronically exercise the response of the pacemaker. The book appendix provides the design and software of a microprocessor-based pacemaker. A glossary provides definitions of many words in both cardiology and electronics.


I would welcome your suggestions for improvement of future editions.


John G. Webster



Madison, Wisconsin
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