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FOREWORD

Biomedical engineering has significantly contributed to the success
of medicine in diagnosis and therapy during the last thirty years.
One of the most successful contributions has been the development
of pacemaker technology. Since the firstimplant in 1958, the concept
has evolved from a simple pulse generator to a powerful system
capable of not only stimulating, but sensing, programmability and
computer-based, decision-making technology. Today’s implantable
pacemakers demonstrate one of the most successful examples of the
interdisciplinary task of applying modern technology in the fields
of materials and electronics to medicine. The clinical treatment of all
types of arrhythmias has reached a standard that renders possible
not only emergency treatment but also increases the quality of life.
Despite these impressive advances, the artifical pacemaker is still
inferior to the physiological pacing system, especially regarding the
capability to adjust the stimulation rate to the hemodynamic require-
ments.

Electrotherapy of the Heart is a unique representation of this fascinat-
ing development. The author, Max Schaldach, is one of the founders
of pacemaker technology and is internationally known as a re-
searcher and professor in the fields of applied physics and biomedi-
cal engineering. He continues to contribute extensively to the field
of cardiac pacing in development, design and manufacture, and has
strongly influenced the technology to its present advanced state.

There is no doubt that this book will further promote research and

development in pacemaker technology with the aim of a more
physiological approach for the greatest benefit to the patient.

Graz, January 1992 Helmut Hutten



PREFACE

In 1958, the first implantable cardiac pacing system was developed
by Elmquist and implanted by Senning. Since then, the exemplary
collaboration between medicine and engineering has developed into
an extremely successful therapy.

The multidisciplinary nature of the technical task of pacemaker
development is based upon the diverse components of physiology,
electronics, physics, electrochemistry and the material sciences.
Progress in basic technologies such as microelectronics has made it
possible to design pacemakers which, in practice, has led to broad
clinical applications of treating a wide spectrum of arrhythmias. The
information presented here is not generally found in conventional
journals and textbooks and, therefore, may contribute to the inter-
disciplinary collaboration between biomedical engineering and the
medical profession.

This book, as its title suggests, highlights many of the recent and
most important technological advances and concepts in cardiac
electrotherapy to implement different approaches of adapting the
stimulation rate from a systems engineering standpoint to meet the
cardiovascular requirements. Innovations to solve the rate-adapta-
tion problem include physiological rate adaptation which operates as
a closed-loop control system. The artificial pacemaker and the
Autonomic Nervous system, in concert, reestablish chronotropy by
utilizing its physiological control elements. This approach is an
important milestone toward development of an "intelligent"
pacemaker capable of implementing a much broader concept of
electrotherapy for the heart.

As progress in neurocardiology suggests, monitoring of the
autonomic balance should result in a preventive pacing technique
which can be superior to pharmacological approaches and which
will finally replace the defibrillator.

May the multidisciplinary task of pacemaker development become
evident to the reader.

Erlangen, January 1992 M. Schaldach



Dedicated to

my colleagues and my friends
who have accompanied me
during the past thirty years.

Max Schaldach



CONTENTS

Basic Anatomy and Physiology of the Heart .................. 1
Position and Structureof the Heart ...................... 1
Generation and Tine Course of Excitation . ................ 5

Excitation-Contraction Coupling

and the Contraction Process ........................ 10
Physiology of the Heartbeat ............................... 13
The Pacemaker Potential and the Spread of Excitation . . ... 13
CardiacMechanics ............... ... ..ol 14
Adjustments of the Heartbeat .......................... 16
Neural-Humoral Control of Circulation ................. 19

Role of the Autonomic Nervous System in

Cardiovascular Regulation ......................... 22
Circulatory Regulation in Patients with Disorders of the
Heart’s Pacemaking or Conducting System ........... 23
Monitoring the Electrical Activity of the Heart ............... 29
Pathophysiology ............... ..o il 33
Disorders of the Pacemaking Function .................. 34
Disturbances of Conduction . ........................... 38
Therapy for Cardiac Rhythm Disturbances .................. 41

Electrotherapy in the Treatment of
Cardiac Rhythm Disturbances ...................... 42



xii Contents

Pacemaker Technology .................. ... it

Implantable Pacemakers: History, Current Status

and Trends . ....cov it e

Multiprogrammable Single-Chamber Pacemakers ... ...

Technical Solution for the Multiprogrammable

Single-Chamber Pacemaker ......................
Multiprogrammable Dual-Chamber Pacemaker . .......
Technical Solution for the Dual-Chamber Pacemaker ...
Controlled and Regulated Pacemakers ................

Control Aspects of Cardiac Output Adjustment ...........
Different Strategies of Rate Adaptation ...............

Forward Consideration of Disturbance Variables .......

Open-Loop Control Using Corporeal, Non-Cardiac

State Variables . . ..o

Rate Adaptation Using Cardiac Parameters ............

Status of the Application of Corporeal Control Parameters ...

Motion Energy as a Control Parameter ................

Central Venous Temperature as a Corporeal

ControlParameter ............ciiiiiiiinnn.

Cardiac Control Parameters .............................
Principles of Intracardiac Conductance Measurement . . .
Basic Aspects of Conductance .......................
AnisotropicImpedance ................ ...l
Employment of PEP for Rate Adaptation ..............
Improving the PEP Control: Conceptof VIP ...........

Unipolar Right Ventricular Conductance Measurement .

105

. 106

107
110
111
114

. 121



Contents xiii

ClinicalResults .......... ..., 127
Employment of Volume Information for Rate Adaptation .133
Conclusions ...ttt 142
The Stimulating Electrode ................................ 145
Electrode/Myocardium Interface ...................... 145
Helmholtz Doublelayer............................... 148
Electrical Characteristics ............ P 151
Electrode Materials .................................. 159
Porous Electrode ............. ... ... .. .l 160
TiN as an Electrode Material .......................... 162
ComparativeStudies ............... ... ... ... .. ..., 164
Materials in Pacemaker Technology ....................... 169
Definition of a Biomaterial ............................ 169
Summary of Biomaterials in CommonUse .............. 170
General Characteristics of Biomaterials ................. 172
Biomaterials in Soft-Tissue Implants ................... 174
Resistance to Corrosion . ............ ..., ... 175
Biocompatibility ............. ... oo 178
Quality Testing and Reliability ........................ 182
Physiological Characteristics of the Blood ............... 183
Interactions Between Blood and Artificial Surfaces . ...... 185
Determination of Blood Compatibility .................. 189
Pacemaker Power Sources ................................ 191
Battery Development................................. 192

State of the Art in Pacemaker Power Sources ............ 196



xiv Contents

The Elements of a Primary Battery .................... 197
Battery Performance ................. ... .. ... .. 200
Chemistry of the Lithium /Iodine-Polyvinylpyridine
(Li/I-PVP)System ...............ccooiininnnn.. 203
Design of Lithium/Iodine-PVPCells .................. 204
Discharge Characteristics of the Li/1,-PVP Battery ... .. ... 206
Cell Design and Qualification ......................... 207

Reestablishment of Physiological Regulation

—A Challenge to Technology ............................. 209
New Concepts in Electrotherapy of the Heart ........... 210
Conclusions ............. ... i i 212

Bibliography ......... ... ... ... . 215



