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Preface
to the
First Edition

As the world’s population grows, the need for health care increases.
In recent years progress in medical care has been rapid, especially in such
fields as neurology and cardiology. A major reason for this progress has
been the marriage of two important disciplines: medicine and engineering.

There are similarities between these two disciplines and there are dif-
ferences, but there is no doubt that cooperation between them has produced
excellent results. This fact can be well attested to by the man or woman who
has received many more years of useful life because of the help of a pros-
thetic device, or from careful and meaningful monitoring during a critical
illness.

The disciplines of medicine and engineering are both broad. They en-
compass people engaged in a wide spectrum of activities from the basic
maintenance of either the body, or a piece of equipment, to research on the
frontiers of knowledge in each field. There is one obvious common
denominator: the need for instrumentation to make proper and accurate
measurements of the parameters involved.



xii Preface to the First Edition

Personnel involved in the design, use, and maintenance of biomedical
instrumentation come from either the life sciences or from engineering and
technology, although most probably from the latter areas. Training in the
life sciences includes physiology and anatomy, with little circuitry, elec-
tronics, or instrumentation. For the engineer or electronics technician the
reverse is true, and anything but a meager knowledge of physiology is usually
lacking on the biomedical side.

Unfortunately for those entering this new field, it is still very young
and few reference books are available. This book has been written to help
fill the gap. It has grown out of notes prepared by the various authors as
reference material for educational courses. These courses have been
presented at many levels in both colleges and hospitals. The participants
have included engineers, technicians, doctors, dentists, nurses,
psychologists, and many others covering a multitude of professions.

This book is primarily intended for the reader with a technical
background in electronics or engineering, but with not much more than a
casual familiarity with physiology. It is broad in its scope, however, cover-
ing a major portion of what is known as the field of biomedical instrumen-
tation. There is depth where needed, but, in general, it is not intended to be
too sophisticated. The authors believe in a down-to-earth approach. There
are ample illustrations and references to easily accessible literature where
more specialization is required. The presentation is such that persons in the
life sciences with some knowledge of instrumentation should have little dif-
ficulty using it.

The introductory material is concerned with giving the reader a
perspective of the field and a feeling for the subject matter. It also in-
troduces the concept of the man-instrument system and the problems en-
countered in attempting to obtain measurements from a living body. An
overall view of the physiological systems of the body is presented and then is
later reinforced by more detailed explanations in appropriate parts of the
text. The physiological material is presented in a language that should be
readily understood by the technically trained person, even to the extent of
using an engineering-type analysis. Medical terminology is introduced early,
for one of the problems encountered in the field of biomedical instrumenta-
tion is communication between the doctor and the engineer or technician.
Variables that are meaningful in describing the body system are discussed,
together with the type of difficulties that may be anticipated.

It should also be noted that although reference works on physiology
are included for those needing further study, enough fundamentals
are presented within the context of this book to make it reasonably self-
sufficient.

All measurements depend essentially on the detection, acquisition,
display, and quantification of signals. The body itself provides a source of
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many types of signals. Some of these types—the bioelectric potentials
responsible for the electrocardiogram, the electroencephalogram, and the
electromyogram—are discussed in Chapter 3. In later chapters the measure-
ment of each of these forms of biopotentials is discussed. One chapter is
devoted to electrodes—the transducers for the biopotential signals.

With regard to the major physiological systems of the body, each seg-
ment is considered as a unit but often relies on material presented in the
earlier chapters. The physiology of each system is first discussed in general,
followed by an analysis of those parameters that have clinical importance.
The fundamental principles and methods of measurement are discussed,
with descriptions of principles of equipment actually in use today. This is
done in turn for the cardiovascular, respiratory, and nervous systems.
There are certain physical measurements that do not belong to any specific
system but could relate to any or all of them. These physical variables, in-
cluding temperature, displacement, force, velocity and acceleration, are
covered in Chapter 9.

One of the novel ideas developed in this book is the fact that, together
with a discussion of the nervou$ system, behavioral measurements are
covered as well as the interaction between psychology and physiology.

The latter chapters are devoted to special topics to give the reader a
true overall view of the field. Such topics include the use of remote monitor-
ing by radio techniques commonly known as biotelemetry; radiation techni-
ques, including X rays and radioisotopes; the clinical laboratory; and the
digital computer as it applies to the medical profession, since this is becom-
ing a widely used tool.

The final chapter is one of the most important. Electrical safety in the
hospital and clinic is of vital concern. The whole field becomes of no avail
unless this topic is understood.

For a quick reference, a group of appendices are devoted to medical
terminology, an alphabetical glossary, a summary of physiological
measurements, and some typical values.

The book has been prepared for a multiplicity of needs. The level is
such that it could be used by those taking bioinstrumentation in a community
college program, but the scope is such that it can also serve as a text for an
introductory course for biomedical engineering students. It should also
prove useful as a reference for medical and paramedical personnel with
some knowledge of instruments who need to know more.

The background material was developed by the authors in courses
presented at California State University, Los Angeles, and at various
centers and hospitals of the United States Veterans Administration.

In a work of this nature, it is essential to illustrate commercial systems
in common use. In many examples there are many manufacturers who pro-
duce similar equipment, and it is difficult to decide which to use as illus-
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trative material. All companies have been most cooperative, and we apolo-
gize for the fact that it is not possible always to illustrate alternate examples.
The authors wish to thank all the companies that were willing to supply
illustrative material, as well as the authors of other textbooks for some bor-
rowed descriptions and drawings. All of these are acknowledged in the text
at appropriate places.

The authors wish to thank Mrs. Irina Cromwell, Mrs. Elissa J.
Schrader, and Mrs. Erna Wellenstein for their assistance in typing the
manuscript; Mr. Edward Francis, Miss Penelope Linskey, and the Prentice-
Hall Company for their help, encouragement, and cooperation; and Mr.
Joseph A. Labok, Jr., for his efforts in encouraging us to write this book.

Los Angeles, California LEesLIE CROMWELL
FreD J. WEIBELL

ERricH A. PFEIFFER

Leo B. UsseLMaN



Preface
to the
Second Edition

It is extremely gratifying to write a book in a relatively new field and
achieve the wide acceptance enjoyed by the first edition of Biomedical In-
strumentation and Measurements. Many major Biomedical Engineering
and BMET programs have adopted the book over the last six years both in
the U.S.A. and abroad. The reviews by our professional colleagues have
also has been most encouraging and the remarks we have had from them and
from students with respect to the ‘‘readability’’ have been a stimulant to the
authors.

However, this field is dynamic and has progressed tremendously since
the book was written. When the authors and publishers decided that a
second edition should be prepared much soul searching was necessary to
decide on what changes should be made to improve the work. Obviously
everything had to be updated. Fortunately the original edition was written
in ‘‘building block’’ style so that this could be achieved with relative ease.
Also there were the constructive criticisms of our colleagues around the
world to consider.
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Perhaps the three major impacts on biomedical engineering in recent
years are the tremendous expansion of non-invasive techniques, the sophisti-
cation built up in special care units and, along with other fields, the greater
use of computers and the advent of microprocessors.

Taking all these facts together, the authors re-studied the book and
the field and decided on the direction for the new edition. With respect to
criticism, it was obvious, even after early adoptions, that the concept and
principles of transducers should be presented earlier in the work. The
original Chapters 1 and 2 were combined into a new introductory chapter
and a new Chapter 2 was written on basic transducers, including some
material drawn from the old Chapter 9. Chapter 9 was transformed into a
new chapter on non-invasive techniques with the major emphasis on ultra-
sonics, a field that has developed greatly in recent years. However, some
non-invasive techniques not covered in Chapter 9 are more appropriately in-
cluded in other chapters.

Most of the material on physiology and basic principles has not been
changed much, but the illustrative chapters contain many changes. Car-
diovascular techniques have progressed considerably as reflected in the
changes in Chapter 6. Because intensive care equipment and computers
have also changed, Chapters 7 and 15 were virtually re-written. New topics
such as echocardiography and computerized axial tomography have been
added. Over two thirds of the illustrative photographs are new to reflect the
many changes in the field.

This book now includes SI (Systeme Internationale) metric units, al-
though other measurement units have been retained for comparison. Paren-
theses have been used where two sets of units are mentioned. However, it
should be pointed out that the transition to SI metric units in the health care
field is far from complete. Whereas some changes, such as linear measure-
ments in centimeters, are now widely accepted others are not. Kilopascals is
rarely used as a measurement for blood pressure, mmHg still being preferred.
(1 mmHg is equal to 0.133 kilopascals.)

The authors again wish to thank the many manufacturers for their
help and photographs, and the hospitals and physicians for their coopera-
tion. These are individually acknowledged in the text. The authors also wish
to thank Mrs. Irina Cromwell for typing and assembling the manuscript and
Mrs. Elissa Schrader and Mrs. Erna Wellenstein for helping again in many
ways in the preparation of this book. We are also indebted to California
State University, Los Angeles, and the U.S. Veterans Administration for
encouragement and use of facilities.

LesLiE CROMWELL
Los Angeles, California Frep J. WEIBELL
EricH A. PFEIFFER









1

Introduction
to Biomedical
Instrumentation

Science has progressed through many gradual states. It is a long time
since Archimedes and his Greek contemporaries started down the path of
scientific discoveries, but a technological historian could easily trace the
-trends through the centuries. Engineering hds emerged out of the roots of
science, and since the Industrial Revolution the profession has grown rapidly.
Again, there are definite stages that can be traced.

1.1. THE AGE OF BIOMEDICAL ENGINEERING

It is common practice to refer to developmental time eras as ‘‘ages.’’
The age of the steam engine, of the automobile, and of radio communica-
tion each spanned a decade or so of rapid development. Since World War I1
there have been a number of overlapping technological ages. Nuclear
engineering and aerospace engineering are good examples. Each of these
fields reached a peak of activity and then settled down to a routine, orderly

1



2 Introduction to Biomedical Instrumentation

progression. The age of computer engineering, with all its ramifications,
has been developing rapidly and still has much momentum. The time for the
age of biomedical engineering has now arrived.

The probability is great that the 1970s will be known as the decade in
which the most rapid progress was made in this highly important field.
There is one vital advantage that biomedical engineering has over many of
the other fields that preceded it: the fact that it is aimed at keeping people
healthy and helping to cure them when they are ill. Thus, it may escape
many of the criticisms aimed at progress and technology. Many purists have
stated that technology is an evil. Admittedly, although the industrial age in-
troduced many new comforts, conveniences, and methods of transporta-
tion, it also generated many problems. These problems include air and
water pollution, death by transportation accidents, and the production of
such weapons of destruction as guided missiles and nuclear bombs. How-
ever, even though biomedical engineering is not apt to be criticized as much
for producing evils, some new problems have been created, such as shock
hazards in the use of electrical instruments in the hospital. Yet these side ef-
fects are minor compared to the benefits that mankind can derive from it.

One of the problems of ‘‘biomedical engineering’’ is defining it. The
prefix bio-, of course, denotes something connected with life. Biophysics
and biochemistry are relatively old ‘‘interdisciplines,”” in which basic
sciences have been applied to living things. One school of thought sub-
divides bioengineering into different engineering areas—for example, bio-
mechanics and bioelectronics. These categories usually indicate the use of
that area of engineering applied to living rather than to physical com-
ponents. Bioinstrumentation implies measurement of biological variables,
and this field of measurement is often referred to as biometrics, although
the latter term is also used for mathematical and statistical methods applied
to biology.

[Naturally committees have been formed to define these terms; the
professional societies have become involved.] The latter include the IEEE
Engineering in Medicine and Biology Group, the ASME Biomechanical and
Human Factors Division, the Instrument Society of America, and the
American Institute of Aeronautics and Astronautics. Many new ‘‘cross-
disciplinary’’ societies have also been formed.

A few years ago an engineering committee was formed to define bio-
engineering. This was Subcommittee B (Instrumentation) of the Engineers
Joint Council Committee on Engineering Interactions with Biology and
Medicine. Their recommendation was that bioengineering be defined as ap-
plication of the knowledge gained by a cross fertilization of engineering and
the biological sciences so that both will be more fully utilized for the benefit
of man.
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More recently, as new applications have emerged, the field has pro-
duced definitions describing the personnel who work in it. A tendency has
arisen to define the biomedical engineer as a person working in research or
development in the interface area of medicine and engineering, whereas the
practitioner working with physicians and patients is called a clinical
engineer.

One of the societies that has emerged in this interface area is the
Association for the Advancement of Medical Instrumentation (AAMI).
This association consists of both engineers and physicians. In late 1974,
they developed a definition that is widely accepted:

A clinical engineer is a professional who brings to health care facilities a
level of education, experience, and accomplishment which will enable
him to responsibly, effectively, and safely manage and interface with
medical devices, instruments, and systems and the use thereof during
patient care, and who can, because of this level of competence, respon-
sibly and directly serve the patient and physician, nurse, and other
health care professionals relative to their use of and other contact with
medical instrumentation.

Most clinical engineers go into the profession through the engineering
degree route, but many start out as physicists or physiologists. They must
have at least a B.S. degree, and many of them have M.S. or Ph.D. degrees.

Another new term, also coined in recent years, the ‘‘biomedical equip-
ment technician’’ (BMET), is defined as follows:

A biomedical equipment technician (BMET) is an individual who is
knowledgeable about the theory of operation, the underlying physio-
logic principles, and the practical, safe clinical application of biomedical
equipment. His capabilities may include installation, calibration, in-
spection, preventive maintenance and repair of general biomedical and
related technical equipment as well as operation or supervision of equip-
ment control, safety and maintenance programs and systems.

This was also an AAMI definition. Typically, the BMET has two
years of training at a community college. This person is not to be confused
with the medical technologist. The latter is usually used in an operative
sense, for example in blood chemistry and in the taking of electrocar-
diograms. The level of sophistication of the BMET is usually higher than
that of the technologist in terms of equipment, but lower in terms of the life
sciences.

In addition, other titles have been used, such as hospital engineer and
medical engineer. In one hospital the title biophysicist is preferred for their
biomedical engineers, for reasons best known to themselves.
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It is now possible to become professionally registered as a clinical
engineer, but unfortunately there are two different agencies who certify
clinical engineers, and the requirements have not been standardized. Some
states are also considering adding ‘‘biomedical’’ to their professional
engineering registration.

These definitions are all noteworthy, but whatever the name, this age
of the marriage of engineering to medicine and biology is destined to benefit
all concerned. Improved communication among engineers, technicians,
and doctors, better and more accurate instrumentation to measure vital
physiological parameters, and the development of interdisciplinary tools to
help fight the effects of body malfunctions and diseases are all a part of this
new field. Remembering that Shakespeare once wrote ‘‘A rose by any other
name . . .,”” it must be realized that the name is actually not too important;
however, what the field can accomplish is important. With this point in
mind, the authors of this book use the term biomedical engineering for the
field in general and the term biomedical instrumentation for the methods of
measurement within the field.

Another major problem of biomedical engineering involves com-
munication between the engineer and the medical profession. The language
and jargon of the physician are quite different from those of the engineer.
In some cases, the same word is used by both disciplines, but with entirely
different meanings. Although it is important for the physician to under-
stand enough engineering terminology to allow him to discuss problems
with the engineer, the burden of bridging the communication gap usually
falls on the latter. The result is that the engineer, or technician, must learn
the doctor’s language, as well as some anatomy and physiology, in order
that the two disciplines can work effectively together.

To help acquaint the reader with this special aspect of biomedical
engineering, a basic introduction to medical terminology is presented in Ap-
pendix A. This appendix is in two parts: Appendix A.1 is a list of the more
common roots, prefixes, and suffixes used in the language of medicine, and
Appendix A.2 is a glossary of some of the medical terms frequently en-
countered in biomedical instrumentation.

In addition to the language problem, other differences may affect
communication between the engineer or technician and the doctor. Since
the physician is often self-employed, whereas the engineer is usually
salaried, a different concept of the fiscal approach exists. Thus, some
physicians are reluctant to consider engineers as professionals and would
tend to place them in a subservient position rather than class them as equals.
Also, engineers, who are accustomed to precise quantitative measurements
based on theoretical principles, may find it difficult to accept the often im-
precise, empirical, and qualitative methods employed by their counterparts.
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Since the development and use of biomedical instrumentation must be
a joint effort of the engineer or technician and the physician (or nurse),
every effort must be exerted to avoid or overcome these ‘‘communication’’
problems. By being aware of their possible existence, the engineer or
technician can take steps to avert these pitfalls by adequate preparation and
care in establishing his relationship with the medical profession.

1.2. DEVELOPMENT OF BIOMEDICAL INSTRUMENTATION

The field of medical instrumentation is by no means new. Many in-
struments were developed as early as the nineteenth century—for example,
the electrocardiograph, first used by Einthoven at the end of that
century. Progress was rather slow until after World War II, when a surplus
of electronic equipment, such as amplifiers and recorders, became
available. At that time many technicians and engineers, both within in-
dustry and on their own, started to experiment with and modify existing
equipment for medical use. This process occurred primarily during the 1950s
and the results were often disappointing, for the experimenters soon learned
that physiological parameters are not measured in the same way as physical
parameters. They also encountered a severe communication problem with
the medical profession.

During the next decade many instrument manufacturers entered the
field of medical instrumentation, but development costs were high and the
medical profession and hospital staffs were suspicious of the new equip-
ment and often uncooperative. Many developments with excellent potential
seemed to have become lost causes. It was during this period that some pro-
gressive companies decided that rather than modify existing hardware, they
would design instrumentation specifically for medical use. Although it is
true that many of the same components were used, the philosophy was
changed; equipment analysis and design were applied directly to medical
problems.

A large measure of help was provided by the U.S. government, in par-
ticular by NASA (National Aeronautics and Space Administration). The
Mercury, Gemini, and Apollo programs needed accurate physiological
monitoring for the astronauts; consequently, much research and develop-
ment money went into this area. The aerospace medicine programs were ex-
panded considerably, both within NASA facilities, and through grants to
universities and hospital research units. Some of the concepts and features
of patient-monitoring systems presently used in hospitals throughout the
world evolved from the base of astronaut monitoring. The use of adjunct
fields, such as biotelemetry, also finds some basis in the NASA programs.
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Also, in the 1960s, an awareness of the need for engineers and techni-
cians to work with the medical profession developed. All the major engi-
neering technical societies recognized this need by forming ‘‘Engineering in
Medicine and Biology”’ subgroups, and new societies were organized.*
Along with the medical research programs at the universities, a need
developed for courses and curricula in biomedical engineering, and today
almost every major university or college has some type of biomedical engi-
neering program. However, much of this effort is not concerned with
biomedical instrumentation per se.

1.3. BIOMETRICS

The branch of science that includes the measurement of physiological
variables and parameters is known as biometrics. Biomedical instrumenta-
tion provides the tools by which these measurements can be achieved.

In later chapters each of the major forms of biomedical instrumenta-
tion is covered in detail, along with the physiological basis for the measure-
ments involved. The physiological measurements themselves are summarized
in Appendix B, which also includes such information as amplitude and fre-
quency range where applicable.

Some forms of biomedical instrumentation are unique to the field
of medicine but many are adaptations of widely used physical measure-
ments. A thermistor, for example, changes its electrical resistance with
temperature, regardless of whether the temperature is that of an engine or
the human body. The principles are the same. Only the shape and size of
the device might be different. Another example is the strain gage, which is
commonly used to measure the stress in structural components. It operates
on the principle that electrical resistance is changed by the stretching of a
wire or a piece of semiconductor material. When suitably excited by a
source of constant voltage, an electrical output can be obtained that is pro-
portional to the amount of the strain. Since pressure can be translated into
strain by various means, blood pressure can be measured by an adaptation
of this device. When the transducer is connected into a typical circuit, such
as a bridge configuration, and this circuit is excited from a source of con-
stant input voltage, the changes in resistance are reflected in the output as
voltage changes. For a thermistor, the temperature is indicated on a
voltmeter calibrated in degrees Celsius or Fahrenheit.

In the design or specification of medical instrumentation systems,
each of the following factors should be considered.

*An example is the Biomedical Engineering Society.
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1.3.1 Range

The range of an instrument is generally considered to include all the levels
of input amplitude and frequency over which the device is expected to
operate. The objective should be to provide an instrument that will give a
usable reading from the smallest expected value of the variable or parameter
being measured to the largest.

1.3.2. Sensitivity

The sensitivity of an instrument determines how small a variation of a
variable or parameter can be reliably measured. This factor differs from
the instrument’s range in that sensitivity is not concerned with the absolute
levels of the parameter but rather with the minute changes that can be
detected. The sensitivity directly determines the resolution of the device,
which is the minimum variation that can accurately be read. Too high a sen-
sitivity often results in nonlinearities or instability. Thus, the optimum sen-
sitivity must be determined for any given type of measurement. Indications
of sensitivity are frequently expressed in terms of scale length per quantity
to be measured—for example, inches per microampere in a galvanometer
coil or inches per millimeter of mercury.* These units are sometimes expressed
reciprocally. A sensitivity of 0.025 centimeter per millimeter of mercury
(cm/mm Hg) could be expressed as 40 millimeters of mercury per centimeter.*

1.3.3. Linearity

The degree to which variations in the output of an instrument follow input
variations is referred to as the /inearity of the device. In a linear system
the sensitivity would be the same for all absolute levels of input, whether in
the high, middle, or low portion of the range. In some instruments a certain
form of nonlinearity is purposely introduced to create a desired effect,
whereas in others it is desirable to have linear scales as much as possible
over the entire range of measurements. Linearity should be obtained over
the most important segments, even if it is impossible to achieve it over the
entire range.

1.3.4. Hysteresis

Hpysteresis (from the Greek, hysterein, meaning ‘‘to be behind’’ or ‘‘to
lag’’) is a characteristic of some instruments whereby a given value of the
measured variable results in a different reading when reached in an ascend-

*1 mm Hg is 133.3 pascals in the SI metric system; 1 mm Hg is also equivalent to 1 torr.
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ing direction from that obtained when it is reached in a descending direc-
tion. Mechanical friction in a meter, for example, can cause the movement
of the indicating needle to lag behind corresponding changes in the
measured variable, thus resulting in a hysteresis error in the reading.

1.3.5. Frequency Response

The frequency response of an instrument is its variation in sensitivity over
the frequency range of the measurement. It is important to display a
waveshape that is a faithful reproduction of the original physiological
signal. An instrument system should be able to respond rapidly enough to
reproduce all frequency components of the waveform with equal sensitivity.
This condition is referred to as a ‘‘flat response’’ over a given range of fre-
quencies.

1.3.6. Accuracy

Accuracy is a measure of systemic error. Errors can occur in a multitude of
ways. Although not always present simultaneously, the following errors
should be considered:

Errors due to tolerances of electronic components.

Mechanical errors in meter movements.

Component errors due to drift or temperature variation.

Errors due to poor frequency response.

In certain types of instruments, errors due to change in atmospheric
pressure or temperature.

6. Reading errors due to parallax, inadequate illumination, or exces-
sively wide ink traces on a pen recording.

W Hh W -

Two additional sources of error should not be overlooked. The first
concerns correct instrument zeroing. In most measurements, a zero, or a
baseline, is necessary. It is often achieved by balancing the Wheatstone
bridge or a similar device. It is very important that, where needed, balanc-
ing or zeroing is done prior to each set of measurements. Another source of
error is the effect of the instrument on the parameter to be measured, and

vice versa. This is especially true in measurements in living organisms and is
further discussed later in this chapter.

1.3.7. Signal-to-Noise Ratio

It is important that the signal-to-noise ratio be as high as possible. In the
hospital environment, power-line frequency noise or interference is com-
mon and is usually picked up in long leads. Also, interference due to elec-
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tromagnetic, electrostatic, or diathermy equipment is possible. Poor
grounding is often a cause of this kind of noise problem.

Such “‘interference noise,’’ however, which is due to coupling from
other energy sources, should be differentiated from thermal and shot noise,
which originate within the elements of the circuit itself because of the
discontinuous nature of matter and electrical current. Although thermal
noise is often the limiting factor in the detection of signals in other fields of
electronics, interference noise is usually more of a problem in biomedical
systems.

It is also important to know and control the signal-to-noise ratio in the
actual environment in which the measurements are to be made.

1.3.8. Stability

In control engineering, stability is the ability of a system to resume a steady-
state condition following a disturbance at the input rather than be driven
into uncontrollable oscillation. This is a factor that varies with the amount
of amplification, feedback, and other features of the system. The overall
system must be sufficiently stable over the useful range. Baseline stability is
the maintenance of a constant baseline value without drift.

1.3.9. Isolation

Often measurements must be made on patients or experimental animals in
such a way that the instrument does not produce a direct electrical connec-
tion between the subject and ground. This requirement is often necessary
for reasons of electrical safety (see Chapter 16) or to avoid interference be-
tween different instruments used simultaneously. Electrical isolation can be
achieved by using magnetic or optical coupling techniques, or radio
telemetry. Telemetry is also used where movement of the person or animal
to be measured is essential, and thus the encumbrance of connecting leads
should be avoided (see Chapter 12).

1.3.10. Simplicity

All systems and instruments should be as simple as possible to eliminate the
chance of component or human error.

Most instrumentation systems require calibration before they are
actually used. Each component of a measurement system is usually
calibrated individually at the factory against a standard. When a medical
system is assembled, it should be calibrated as a whole. This step can be
done external to the living organism or in situ (connected to or within the
body). This point is discussed in later chapters. Calibration should always
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be done by using error-free devices of the simplest kind for references. An
example would be that of a complicated, remote blood-pressure monitoring
system, which is calibrated against a simple mercury manometer.

1.4. INTRODUCTION TO THE
MAN-INSTRUMENT SYSTEM

A classic exercise in engineering analysis involves the measurement of
outputs from an unknown system as they are affected by various combina-
tions of inputs. The object is to learn the nature and characteristics of the
system. This unknown system, often referred to as a black box, may have a
variety of configurations for a given combination of inputs and outputs.
The end product of such an exercise is usually a set of input-output equa-
tions intended to define the internal functions of the box. These functions
may be relatively simple or extremely complex.

One of the most complex black boxes conceivable is a living organism,
especially the living human being. Within this box can be found electrical,
mechanical, acoustical, thermal, chemical, optical, hydraulic, pneumatic,
and many other types of systems, all interacting with each other. It also
contains a powerful computer, several types of communication systems,
and a great variety of control systems. To further complicate the situation,
upon attempting to measure the inputs and outputs, an engineer would soon
learn that none of the input-output relationships is deterministic. That is,
repeated application of a given set of input values will not always produce
the same output values. In fact, many of the outputs seem to show a wide
range of responses to a given set of inputs, depending on some seemingly
relevant conditions, whereas others appear to be completely random and
totally unrelated to any of the inputs.

The living black box presents other problems, too. Many of the im-
portant variables to be measured are not readily accessible to measuring
devices. The result is that some key relationships cannot be determined or
that less accurate substitute measures must be used. Furthermore, there is a
high degree of interaction among the variables in this box. Thus, it is often
impossible to hold one variable constant while measuring the relationship
between two others. In fact, it is sometimes difficult to determine which are
the inputs and which are the outputs, for they are never labeled and almost
inevitably include one or more feedback paths. The situation is made even
worse by the application of the measuring device itself, which often affects
t!le measurements to the extent that they may not represent normal condi-
tions reliably.

At first glance an assignment to measure and analyze the variables in a
living black box would probably be labeled “‘impossible’’ by most
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engineers; yet this is the very problem facing those in the medical field who
attempt to measure and understand the internal relationships of the human
body. The function of medical instrumentation is to aid the medical clini-
cian and researcher in devising ways of obtaining reliable and meaningful
measurements from a living human being.

Still other problems are associated with such measurements: the pro-
cess of measuring must not in any way endanger the life of the person on
whom the measurements are being made, and it should not require the sub-
ject to endure undue pain, discomfort, or any other undesirable conditions.
This means that many of the measurement techniques normally employed in
the instrumentation of nonliving systems cannot be applied in the instru-
mentation of humans.

Additional factors that add to the difficulty of obtaining valid
measurements are (1) safety considerations, (2) the environment of the
hospital in which these measurements are performed, (3) the medical per-
sonnel usually involved in the measurements, and (4) occasionally even
ethical and legal considerations.

Because special problems are encountered in obtaining data from liv-
ing organisms, especially human beings, and because of the large amount of
interaction between the instrumentation system and the subject being
measured, it is essential that the person on whom measurements are made
be considered an integral part of the instrumentation system. In other
words, in order to make sense out of the data to be obtained from the black
box (the human organism), the internal characteristics of the black box
must be considered in the design and application of any measuring in-
struments. Consequently, the overall system, which includes both the
human organism and the intrumentation required for measurement of the
human is called the man-instrument system.

An instrumentation system is defined as the set of instruments and
equipment utilized in the measurement of one or more characteristics or
phenomena, plus the presentation of information obtained from those
measurements in a form that can be read and interpreted by man. In some
cases. the instrumentation system includes components that provide a
stimulus or drive to one or more of the inputs to the device being measured.
There may also be some mechanism for automatic control of certain pro-
cesses within the system, or of the entire system. As indicated earlier, the
complete man-instrument system must also include the human subject on
whom the measurements are being made.

The basic objectives of any instrumentation system generally fall into
one of the following major categories:

1. Information gathering: In an information-gathering system,
instrumentation is used to measure natural phenomena and other
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variables to aid man in his quest for knowledge about himself and
the universe in which he lives. In this setting, the characteristics
of the measurements may not be known in advance.

2. Diagnosis: Measurements are made to help in the detection and,
hopefully, the correction of some malfunction of the system being
measured. In some applications, this type of instrumentation may
be classed as ‘‘troubleshooting equipment.”’

3. Evaluation: Measurements are used to determine the ability of a
system to meet its functional requirements. These could be classi-
fied as ‘‘proof-of-performance’’ or ‘‘quality control’’ tests.

4. Monitoring: Instrumentation is used to monitor some process or
operation in order to obtain continuous or periodic information
about the state of the system being measured.

5. Control: Instrumentation is sometimes used to automatically con-
trol the operation of a system based on changes in one or more of
the internal parameters or in the output of the system.

The general field of biomedical instrumentation involves, to some ex-
tent, all the preceding objectives of the general instrumentation system. In-
strumentation for biomedical research can generally be viewed as information-
gathering instrumentation, although it sometimes includes some monitoring
and control devices. Instrumentation to aid the physician in the diagnosis
of disease and other disorders also has widespread use. Similar instrumen-
tation is used in evaluation of the physical condition of patients in routine
physical examinations. Also, special instrumentation systems are used for
monitoring of patients undergoing surgery or under intensive care.

Biomedical instrumentation can generally be classified into two major
types: clinical and research. Clinical instrumentation is basically devoted to
the diagnosis, care, and treatment of patients, whereas research instrumen-
tation is used primarily in the search for new knowledge pertaining to the
various systems that compose the human organism. Although some in-
struments can be used in both areas, clinical instruments are generally
designed to be more rugged and easier to use. Emphasis is placed on ob-
taining a limited set of reliable measurements from a large group of patients
and on providing the physician with enough information to permit him to
make clinical decisions. On the other hand, research instrumentation is
normally more complex, more specialized, and often designed to provide a
much higher degree of accuracy, resolution, and so on. Clinical instru-
ments are used by the physician or nurse, whereas research instruments are
generally operated by skilled technologists whose primary training is in the
operation of such instruments. The concept of the man-instrument system
applies to both clinical and research instrumentation.
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Measurements in which biomedical instrumentation is employed can
also_be divided into two categories: in vivo and in vitro. An in vivo
measurement is one that is made on or within the living organism itself. An
example would be a device inserted into the bloodstream to measure the pH
of the blood directly. An in vitro measurement is one performed outside
the body, even though it relates to the functions of the body. An example
of an in vitro measurement would be the measurement of the pH of a sam-
ple of blood that has been drawn from a patient. Literally, the term in vitro
means ‘‘in glass,’’ thus implying that in vitro measurements are usually per-
formed in test tubes. Although the man-instrument system described here
applies mainly to in vivo measurements, problems are often encountered in
obtaining appropriate samples for in vitro measurements and in relating
these measurements to the living human being.

1.5. COMPONENTS OF THE
MAN-INSTRUMENT SYSTEM

A block diagram of the man-instrument system is shown in Figure 1.1.
The basic components of this system are essentially the same as in any in-
strumentation system. The only real difference is in having a living human
being as the subject. The system components are given below.

1.5.1. The Subject

The subject is the human being on whom the measurements are made.
Since it is the subject who makes this system different from other in-
strumentation systems, the major physiological systems that constitute the
human body are treated in much greater detail in Section 1.6.

1.5.2 Stimulus

In many measurements, the response to some form of external stimulus is
required. The instrumentation used to generate and present this stimulus to
the subject is a vital part of the man-instrument system whenever responses
are measured. The stimulus may be visual (e.g., a flash of light), auditory
(e.g., a tone), tactile (e.g., a blow to the Achilles tendon), or direct electrical
stimulation of some part of the nervous system.

1.5.3. The Transducer

In general, a transducer is defined as a device capable of converting one
form of energy or signal to another. In the man-instrument system, each






1.5. Components of the Man-Instrument System 15

transducer is used to produce an electric signal that is an analog of the
phenomenon being measured. The transducer may measure temperature,
pressure, flow, or any of the other variables that can be found in the body,
but its output is always an electric signal. As indicated in Figure 1.1, two or
more transducers may be used simultaneously to obtain relative variations
between phenomena.

1.56.4. Signal-Conditioning Equipment

The part of the instrumentation system that amplifies, modifies, or in any
other way changes the electric output of the transducer is called signal-
conditioning (or sometimes signal-processing) equipment. Signal-condi-
tioning equipment is also used to combine or relate the outputs of two or
more transducers. Thus, for each item of signal-conditioning equipment,
both the input and the output are electric signals, although the output signal
is often greatly modified with respect to the input. In essence, then, the
purpose of the signal-conditioning equipment is to process the signals from
the transducers in order to satisfy the functions of the system and to prepare
signals suitable for operating the display or recording equipment that
follows.

1.5.5. Display Equipment

To be meaningful, the electrical output of the signal-conditioning equip-
ment must be converted into a form that can be perceived by one of man’s
senses and that can convey the information obtained by the measurement in
a meaningful way. The input to the display device is the modified electric
signal from the signal-conditioning equipment. Its output is some form of
visual, audible, or possibly tactile information. In the man-instrumenta-
tion system, the display equipment may include a graphic pen recorder that
produces a permanent record of the data.

1.5.6. Recording, Data-Processing, and Transmission Equipment

It is often necessary, or at least desirable, to record the measured informa-
tion for possible later use or to transmit it from one location to another,
whether across the hall of the hospital or halfway around the world. Equip-
ment for these functions is often a vital part of the man-instrument system.
Also, where automatic storage or processing of data is required, or where
computer control is employed, an on-line analog or digital computer may be
part of the instrumentation system. It should be noted that the term
recorder is used in two different contexts in biomedical instrumentation. A
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graphic pen recorder is actually a display device used to produce a paper
record of analog waveforms, whereas the recording equipment referred to
in this paragraph includes devices by which data can be recorded for future

playback, as in a magnetic tape recorder.

1.5.7. Control Devices

Where it is necessary or desirable to have automatic control of the stimulus,
transducers, or any other part of the man-instrument system, a control
system is incorporated. This system usually consists of a feedback loop in
which part of the output from the signal-conditioning or display equipment
is used to control the operation of the system in some way.

1.6. PHYSIOLOGICAL SYSTEMS OF THE BODY

From the previous sections it should be evident that, to obtain valid
measurements from a living human being, it is necessary to have some
understanding of the subject on which the measurements are being made.
Within the human body can be found electrical, mechanical, thermal,
hydraulic, pneumatic, chemical, and various other types of systems, each of
which communicates with an external environment, and internally with the
other systems of the body. By means of a multilevel control system and
communications network, these individual systems are organized to per-
form many complex functions. Through the integrated operation of all
these systems, and their various subsystems, man is able to sustain life,
learn to perform useful tasks, acquire personality and behavioral traits, and
even reproduce himself.

Measurements can be made at various levels of man’s hierarchy of
organization. For example, the human being as a whole (the highest level of
organization) communicates with his environment in many ways. These
methods of communicating could be regarded as the inputs and outputs of
the black box and are illustrated in Figure 1.2. In addition, these various in-
puts and outputs can be measured and analyzed in a variety of ways. Most
are readily accessible for measurement, but some, such as speech, behavior,
and appearance, are difficult to analyze and interpret.

Next to the whole being in the hierarchy of organization are the major
functional systems of the body, including the nervous system, the cardio-
vascular system, the pulmonary system, and so on. Each major system is
discussed later in this chapter, and most are covered in greater detail in later
chapters. Just as the whole person communicates with his environment,

thes‘e major systems communicate with each other as well as with the external
environment.
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Figure 1.2, Communication of man with his environment.

These functional systems can be broken down into subsystems and
organs, which can be further subdivided into smaller and smaller units.
The process can continue down to the cellular level and perhaps even to the
molecular level. The major goal of biomedical instrumentation is to make
possible the measurement of information communicated by these various
elements. If all the variables at all levels of the organization heirarchy could
be measured, and all their interrelationships determined, the functions of
the mind and body of man would be much more clearly understood and
could probably be completely defined by presently known laws of physics,
chemistry, and other sciences. The problem is, of course, that many of the
inputs at the various organizational levels are not accessible for measure-
ment, The interrelationships among elements are sometimes so complex
and involve so many systems that the ‘“‘laws’® and relationships thus far
derived are inadequate to define them completely. Thus, the models in use
today contain so many assumptions and constraints that their application is
often severely limited.

Although each of the systems is treated in much more detail in later
chapters, a brief engineering-oriented description of the major physiological

17



18 Introduction to Biomedical Instrumentation

systems of the body is given below to illustrate some of the problems to be
expected in dealing with a living organism.

1.6.1. The Biochemical System

The human body has within it an integrated conglomerate of chemical
systems that produce energy for the activity of the body, messenger agents
for communication, materials for body repair and growth, and substances
required to carry out the various body functions. All operations of this
highly diversified and very efficient chemical factory are self-contained in
that from a single point of intake for fuel (food), water, and air, all the
source materials for numerous chemical reactions are produced within the
body. Moreover, the chemical factory contains all the monitoring equip-
ment needed to provide the degree of control necessary for each chemical
operation, and it incorporates an efficient waste disposal system.

1.6.2. The Cardiovascular System

To an engineer, the cardiovascular system can be viewed as a complex, closed
hydraulic system with a four-chamber pump (the heart), connected to flexi-
ble and sometimes elastic tubing (blood vessels). In some parts of the
system (arteries, arterioles), the tubing changes its diameter to control
pressure. Reservoirs in the system (veins) change their volume and char-
acteristics to satisfy certain control requirements, and a system of gates
and variable hydraulic resistances (vasoconstrictors, vasodilators) con-
tinually alters the pattern of fluid flow. The four-chamber pump acts as
two synchronized but functionally isolated two-stage pumps. The first
stage of each pump (the atrium) collects fluid (blood) from the system and
pumps it into the second stage (the ventricle). The action of the second
stage is so timed that the fluid is pumped into the system immediately after
it has been received from the first stage. One of the two-stage pumps (right
side of the heart) collects fluid from the main hydraulic system (systemic
circulation) and pumps it through an oxygenation system (the lungs). The
other pump (left side of the heart) receives fluid (blood) from the oxygena-
tion system and pumps it into the main hydraulic system. The speed of the
pump (heart rate) and its efficiency (stroke volume) are constantly changed
to meet the overall requirements of the system. The fluid (blood), which
flows in a laminar fashion, acts as a communication and supply network for
all parts of the system. Carriers (red blood cells) of fuel supplies and waste
materials are transported to predetermined destinations by the fluid. The
fh}id also contains mechanisms for repairing small system punctures and for
rejecting foreign elements from the system (platelets and white blood cells,
respectively). Sensors provided to detect changes in the need for supplies,
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the buildup of waste materials, and out-of-tolerance pressures in the system
are known as chemoreceptors, P, sensors, and baroreceptors, respectively.
These and other mechanisms control the pump’s speed and efficiency, the
fluid flow pattern through the system, tubing diameters, and other factors.
Because part of the system is required to work against gravity at times,
special one-way valves are provided to prevent gravity from pulling fluid
against the direction of flow between pump cycles. The variables of prime
importance in this system are the pump (cardiac) output and the pressure,
flow rate, and volume of the fluid (blood) at various locations throughout
the system.

1.6.3. The Respiratory System

Whereas the cardiovascular system is the major hydraulic system in the
body, the respiratory system is the pneumatic system. An air pump (dia-
phragm), which alternately creates negative and positive pressures in a sealed
chamber (thoracic cavity), causes air to be sucked into and forced out of a
pair of elastic bags (lungs) located within the compartment. The bags are
connected to the outside environment through a passageway (nasal cavities,
pharynx, larynx, trachea, bronchi, and bronchioles), which at one point is
in common with the tubing that carries liquids and solids to the stomach. A
special valving arrangement interrupts the pneumatic system whenever li-
quid or solid matter passes through the common region. The passageway
divides to carry air into each of the bags, wherein it again subdivides many
times to carry air into and out of each of many tiny air spaces (pulmonary
alveoli) within the bags. The dual air input to the system (nasal cavities) has
an alternate vent (the mouth) for use in the event of nasal blockage and for
other special purposes. In the tiny air spaces of the bags is a membrane in-
terface with the body’s hydraulic system through which certain gases can
diffuse. Oxygen is taken into the fluid (blood) from the incoming air, and
carbon dioxide is transferred from the fluid to the air, which is exhausted by
the force of the pneumatic pump. The pump operates with a two-way over-
ride. An automatic control center (respiratory center of the brain) main-
tains pump operation at a speed that is adequate to supply oxygen and carry
off carbon dioxide as required by the system. Manual control can take over
at any time either to accelerate or to inhibit the operation of the pump.
Automatic control will return, however, if a condition is created that might
endanger the system. System variables of primary importance are respira-
tory rate, respiratory airflow, respiratory volume, and concentration of
CO, in the expired air. This system also has a number of relatively fixed
volumes and capacities, such as tidal volume (the volume inspired or ex-
pired during each normal breath), inspiratory reserve volume (the addi-
tional volume that can be inspired after a normal inspiration), expiratory
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reserve volume (the additional amount of air that can be forced out of the
lungs after normal expiration), residual volume (amount of air remaining in
the lungs after all possible air has been forced out), and vital capacity (tidal
volume, plus inspiratory reserve volume, plus expiratory reserve volume).

1.6.4. The Nervous System

The nervous system is the communication network for the body. Its center
is a self-adapting central information processor or computer (the brain)
with memory, computational power, decision-making capability, and a
myriad of input-output channels. The computer is self adapting in that if a
certain section is damaged, other sections can adapt and eventually take
over (at least in part) the function of the damaged section. By use of this
computer, a person is able to make decisions, solve complex problems,
create art, poetry, and music, ‘‘feel’’ emotions, integrate input information
from all parts of the body, and coordinate output signals to produce mean-
ingful behavior. Almost as fascinating as the central computer are the
millions of communication lines (afferent-and efferent nerves) that bring
sensory information into, and transmit control information out of the
brain. In general, these lines are not single long lines but often complicated
networks with many interconnections that are continually changing to meet
the needs of the system. By means of the interconnection patterns, signals
from a large number of sensory devices, which detect light, sound, pressure,
heat, cold, and certain chemicals, are channeled to the appropriate parts of
the computer, where they can be acted upon. Similarly, output control
signals are channeled to specific motor devices (motor units of the muscles),
which respond to the signals with some type of motion or force. Feedback
regarding every action controlled by the system is provided to the computer
through appropriate sensors. Information is usually coded in the system by
means of electrochemical pulses (nerve action potentials) that travel along -
the signal lines (nerves). The pulses can be transferred from one element of
a network to another in one direction only, and frequently the transfer takes
place only when there is the proper combination of elements acting on the
next element in the chain. Action by some elements tends to inhibit transfer
by making the next element less sensitive to other elements that are attempt-
ing to actuate it. Both serial and parallel coding are used, sometimes
together in the same system. In addition to the central computer, a large
number of simple decision-making devices (spinal reflexes) are present to
control directly certain motor devices from certain sensory inputs. A
number of feedback loops are accomplished by this method. In many

cases, only situations where important decision making is involved require
that the central computer be utilized.



1.7. PROBLEMS ENCOUNTERED IN MEASURING
A LIVING SYSTEM

The previous discussions of the man-instrument system and the
physiological systems of the body imply measurements on a human subject.
In some cases, however, animal subjects are substituted for humans in order
to permit measurements or manipulations that cannot be performed
without some risk. Although ethical restrictions sometimes are not as
severe with animal subjects, the same basic problems can be expected in
attempting measurements from any living system. Most of these problems
were introduced in earlier sections of the chapter. However, they can be
summarized as follows.

1.7.1. Inaccessibility of Variables to Measurement

One of the greatest problems in attempting measurements from a living
system is the difficulty in gaining access to the variable being measured. In
some cases, such as in the measurement of dynamic neurochemical activity
in the brain, it is impossible to place a suitable transducer in a position to
make the measurement. Sometimes the problem stems from the required
physical size of the transducer as compared to the space available for the
measurement. In other situations the medical operation required to place a
transducer in a position from which the variable can be measured makes the
measurement impractical on human subjects, and sometimes even on
animals. Where a variable is inaccessible for measurement, an attempt is
often made to perform an indirect measurement. This process involves the
measurement of some other related variable that makes possible a usable esti-
mate of the inaccessible variable under certain conditions. In using indirect
measurements, however, one must be constantly aware of the limitations
of the substitute variable and must be able to determine when the relation-
ship is not valid.

1.7.2. Variability of the Data

Few of the variables that can be measured in the human body are truly
deterministic variables. In fact, such variables should be considered as
stochastic processes. A stochastic process is a time variable related to other
variables in a nondeterministic way. Physiological variables can never be
viewed as strictly deterministic values but must be represented by some kind
of statistical or probabilistic distribution. In other words, measurements
taken under a fixed set of conditions at one time will not necessarily be the
same as similar measurements made under the same conditions at another

21



L —

2 Introduction to Biomedical Instrumentation

time. The variability from one subject to another is even greater. Here,
again, statistical methods must be employed in order to estimate relation-
ships among variables.

1.7.3. Lack of Knowledge About Interrelationships

The foregoing variability in measured values could be better explained if
more were known and understood about the interrelationships within the
body. Physiological measurements with large tolerances are often accepted
by the physician because of a lack of this knowledge and the resultant in-
ability to control variations. Better understanding of physiological rela-
tionships would also permit more effective use of indirect measurements as
substitutes for inaccessible measures and would aid engineers or technicians
in their job of coupling the instrumentation to the physiological system.

1.7.4. Interaction Among Physiological Systems

Because of the large number of feedback loops involved in the major
physiological systems, a severe degree of interaction exists both within a
given system and among the major systems. The result is that stimulation
of one part of a given system generally affects all other parts of that system
in some way (sometimes in an unpredictable fashion) and often affects
other systems as well. For this reason, ‘‘cause-and-effect’’ relationships
become extremely unclear and difficult to define. Even when attempts are
made to open feedback loops, collateral loops appear and some aspects of
the original feedback loop are still present. Also, when one organ or ele-
ment is rendered inactive, another organ or element sometimes takes over
the function. This situation is especially true in the brain and other parts of
the nervous system.

1.7.5. Effect of the Transducer on the Measurement

Almost any kind of measurement is affected in some way by the presence of
the measuring transducer. The problem is greatly compounded in the
measurement of living systems. In many situations the physical presence of
the transducer changes the reading significantly. For example, a large flow
transducer placed in a bloodstream partially blocks the vessel and changes
the pressure-flow characteristics of the system. Similarly, an attempt to
measure the electrochemical potentials generated within an individual cell
requires penetration of the cell by a transducer. This penetration can easily
kill the cell or damage it so that it can no longer function normally. Another
problem arises from the interaction discussed earlier. Often the presence of
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a transducer in one system can affect responses in other systems. For exam-
ple; local cooling of the skin, to estimate the circulation in the area, causes
feedback that changes the circulation pattern as a reaction to the
cooling. The psychological effect of the measurement can also affect the
results. Long-term recording techniques for measuring blood pressure have
shown that some individuals who would otherwise have normal pressures
show an elevated pressure reading whenever they are in the physician’s of-
fice. This is a fear response on the part of the patient, involving the
autonomic nervous system. In designing a measurement system, the
biomedical instrumentation engineer or technician must exert extreme care
to ensure that the effect of the presence of the measuring device is minimal.
Because of the limited amount of energy available in the body for many
physiological variables, care must also be taken to prevent the measuring
system from ‘‘loading’’ the source of the measured variable.

1.7.6. Artifacts

In medicine and biology, the term artifact refers to any component of a
signal that is extraneous to the variable represented by the signal. Thus,
random noise generated within the measuring instrument, electrical in-
terference (including 60-Hz pickup), cross-talk, and all other unwanted
variations in the signal are considered artifacts. A major source of artifacts
in the measuring of a living system is the movement of the subject, which in
turn results in movement of the measuring device. Since many transducers
are sensitive to movement, the movement of the subject often produces
variations in the output signal. Sometimes these variations are in-
distinguishable from the measured variable; at other times they may be suf-
ficient to obscure the desired information completely. Application of
anesthesia to reduce movement may itself cause unwanted changes in the
system.

1.7.7. Energy Limitations

Many physiological measurement techniques require that a certain amount
of energy be applied to the living system in order to obtain a measurement.
For example, resistance measurements require the flow of electric current
through the tissues or blood being measured. Some transducers generate a
small amount of heat due to the current flow. In most cases, this energy
level is so low that its effect is insignificant. However, in dealing with living
cells, care must continually be taken to avoid the possibility of energy con-
centrations that might damage cells or affect the measurements.
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1.7.8. Safety Considerations

As previously mentioned, the methods employed in measuring variables in a
living human subject must in no way endanger the life or normal function-
ing of the subject. Recent emphasis on hospital safety requires that extra
caution must be taken in the design of any measurement system to protect
the patient. Similarly, the measurement should not cause undue pain,
trauma, or discomfort, unless it becomes necessary to endure these condi-
tions in order to save the patient’s life.

1.8. SOME CONCLUSIONS

From the foregoing discussion is should be quite obvious that obtain-
ing data from a living system greatly increases the complexity of instru-
mentation problems. Fortunately, however, new developments resulting in
improved, smaller, and more effective measuring devices are continually
being announced, thereby making possible measurements that had
previously been considered impossible. In addition, greater knowledge of
the physiology of the various systems of the body is emerging as man pro-
gresses in his monumental task of learning about himself. All of this will
benefit the engineer, the technician, and the physician as time goes on by
adding to the tools at their disposal in overcoming instrumentation prob-
lems.

When measurements are made on human beings, one further aspect
must be considered. During its earlier days of development biomedical ap-
paratus was designed, tested, and marketed with little specific governmental
control. True, there were the controls governing hospitals and a host of
codes and regulations such as those described in Chapter 16, but today a
number of new controls exist, some of which are quite controversial. On
the other hand, there is little control on the effectiveness of devices or their
side effects. Food and drugs have long been subject to governmental con-
trol by a U.S. government agency, the Food and Drug Administration
(FDA). In 1976 a new addition, the Medical Devices Amendments (Public
Law 94-295), placed all medical devices from the simple to the complex
under the jurisdiction of the FDA. Since then, panels and committees have
been formed and symposia have been held by both physicians and engineers.
Regulations have been issued which include ‘‘Good Laboratory Practices”’
and ‘‘Good Manufacturing Practices.’”” Although some control is essential,
unfortunately many of the new regulations are tied up with so much red

tape that producing new devices may be hazardous to one’s economic
health!
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Engineers in this field should understand that they are subject to legal,
moral, and ethical considerations in their practice since they deal with people’s
health. They should always be fully conversant with what is going on and
be aware of issues and regulations that are brought about by technological,
economic and political realities.

1.9. THE OBJECTIVES OF THIS BOOK

The purpose of this book is to relate specific engineering and in-
strumentation principles to the task of obtaining physiological data.

Each of the major body systems is discussed by presenting physio-
logical background information. Then the variables to be measured are
considered, followed by the principles of the instrumentation that could be
used. Finally, applications to typical medical, behavioral, and biological
use are given.

The subject matter is presented in such a way that it could be extended
to classes of instruments that will be used in the future. Thus the material
can be used as building blocks for the health-care instrumentation systems
of tomorrow.
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Basic Transducer Principles

A major function of medical instrumentation is the measurement of
physiological variables. A variable is any quantity whose value changes
with time. A variable associated with the physiological processes of the
body is called a physiological variable. Examples of physiological variables
used in clinical medicine are body temperature, the electrical activity of the
heart (ECG), arterial blood pressure, and respiratory airflow. The
physiological systems from which these variables originate were introduced
in Chapter . The principal physiological variables and their methods of
measurement are summarized in Appendix B and discussed in detail in
various chapters of this book.

Physiological variables occur in many forms: as ionic potentials and
currents, mechanical movements, hydraulic pressures and flows, tempera-
ture variations, chemical reactions, and many more. As stated in Chapter
1, a transducer is required to convert each variable into an electrical signal
which can be amplified or otherwise processed and then converted into
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some form of display. Electrodes, which convert ionic potentials into elec-
trical signals, are discussed in Chapter 4. Transducers for other types of
variables are covered in this chapter. The fundamental principles involved
in both active and passive transducers are presented, after which several
basic types of transducers used in medical instrumentation are discussed.

2.1. THE TRANSDUCER AND TRANSDUCTION PRINCIPLES

The device that performs the conversion of one form of variable into
another is called a transducer. In this book the primary concern is the con-
version of all other forms of physiological variables into electrical
signals. In this way a transducer is a component which has a nonelectrical
variable as its input and an electrical signal as its output. To conduct its
function properly, one (or more) parameters of the electrical output signal
(say, its voltage, current, frequency, or pulse width) must be a nonam-
biguous function of the nonelectrical variable at the input. Ideally, the rela-
tionship between output and input should be linear with, for example, the
voltage at the output of a pressure transducer being proportional to the ap-
plied pressure. A linear relationship is not always possible. For example,
the relationship between input and output may follow a logarithmic func-
tion or a square law. As long as the transduction function is nonambiguous
it is possible to determine the magnitude of the input variable from the elec-
trical output signal, at least in principle. Certain other variables may in-
terfere with the transduction process and can influence the accuracy of the
measurement system, such as the hysteresis error, frequency response and
baseline drift, which were discussed in Chapter 1.

Two quite different principles are involved in the process of convert-
ing nonelectrical variables into electrical signals. One of these is energy
conversion, transducers based on this principle are called active trans-
ducers. The other principle involves control of an excitation voltage or
modulation of a carrier signal. Transducers based on this principle are called
passive transducers. In practical applications, the fact that a transducer is
of the active or passive type is not usually significant. Occasionally, it is not
even obvious to which group a transducer belongs. The two transducer
types will nevertheless be described separately in the following sections.

2.2. ACTIVE TRANSDUCERS

In theory active transducers can utilize every known physical principle
for converting nonelectrical energy. However, not all principles are of
practical importance in the design of actual transducers, especially for
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biomedical applications. It is a characteristic of active transducers that fre-
quently, but not always, the same transduction principle used to convert
from a nonelectrical form of energy can also be used in the reverse direction
to convert electrical energy into nonelectrical forms. For example, a
magnetic loudspeaker can also be used in the opposite direction as a micro-
phone. Sometimes different names are used to refer to essentially the same
effect when used in opposite directions because the two applications were
discovered by different people. Table 2.1 shows these conversion prin-
ciples. These principles (with the exception of the Volta effect and electrical
polarization, both of which are treated in Chapter 4) are described in later
sections of this chapter.

TABLE 2.1. SOME METHODS OF ENERGY CONVERSION
USED IN ACTIVE TRANSDUCERS

Energy Form Transduced Form Device or Effect Reversible
Mechanical Electrical Magnetic induction Yes
Electric induction
Pressure Electrical Piezoelectric Yes
Thermal Electrical Thermoelectric Yes
Seebeck No
Electrical Thermal Peltier No
Light radiation Electrical Photoelectric No
Electrical Light Light-emitting diodes No
Injection laser
Chemical Electrical Volta No
Electrical Chemical Electrical polarization No
Sound Electrical Microphone Yes
Electrical Sound Loudspeaker Yes

2.2.1. Magnetic Induction

If an electrical conductor is moved in a magnetic field in such a way that the
magnetic flux through the conductor is changed, a voltage is induced which
is proportional to the rate of change of the magnetic flux. Conversely, if a
current is sent through the same conductor, a mechanical force is exerted
upon it proportional to the current and the magnetic field. The result,
which depends on the polarities of voltage and current on the electrical side
or the directions of force and motion on the mechanical side, is a conversion
from electrical to mechanical energy, or vice versa. All electrical motors
and generators and a host of other devices, such as solenoids and loud-
speakers, utilize this principle.

Two basic configurations for transducers that use the principle of
magnetic induction for the measurement of linear or rotary motion are
shown in Figure 2.1(a) and (b). The output voltage in each case is propor-
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tional to the linear or angular velocity. The most important biomedical ap-
plications are heart sound microphones, pulse transducers, and elec-
tromagnetic blood-flow meters, all described in Chapter 6.

Magnetic induction also plays an important role at the output of many
biomedical instrumentation systems. Analog meters using d’Arsonval
movements, light-beam galvanometers in photographic recorders, and pen
motors in ink or thermal recorders are all based on the principle of magnetic
induction and closely resemble the basic transducer configuration shown in
Figure 2.1(b).

It might be mentioned in passing that the principle of magnetic induc-
tion has an electrostatic equivalent called efectric induction. Microphones
based on this principle (condensor microphones) are now finding increasing
use in audio applications because of their wide frequency response and high
sensitivity. These microphones use an electret to create an electrostatic field
between two capacitor plates. Electrets—which are the electrostatic equiva-
lent of magnets—are normally in the form of foils of a special plastic
material that have been heat-treated while being exposed to a strong electric
field. It is conceivable that the principle of the electret microphone could
also be applied advantageously to biomedical transducers.

29
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2.2.2. The Piezoelectric Effect

When pressure is applied to certain nonconductive materials so that defor-
mation takes place as shown in Figure 2.2(a) a charge separation occurs in
the materials and an electrical voltage, Vp, can be measured across the
material. The natural materials in which this piezoelectric effect can be
observed are primarily slices from crystals of quartz (SiO.) or Rochelle salt
(sodium-potassium tartrate, KNaC,H,O¢®4H.0) which have been cut at a
certain angle with respect to the crystal axis. Piezoelectric properties can be
introduced into wafers of barium titanate (a ceramic material that is fre-
quently used as a dielectric in disk-type capacitors) by heat-treating them in
the presence of a strong electric field. The piezoelectric process is reversi-
ble. If an electric field is applied to a slab of material that has piezoelectric
properties, it changes its dimensions.

By cutting the slab from the crystal at a different angle (or by a dif-
ferent application of the electrical field in the case of the barium titanate)
the same effect can be obtained when a bending force is applied. Frequently,
two slices, with proper orientation of the polarity of the piezoelectric voltages,
are sandwiched between layers of conductive metal foil, thus forming the
bimorph configuration shown in Figure 2.2(b). The electrically equivalent cir-
cuit of a piezoelectric transducer, shown in Figure 2.2(c), is that of a voltage
source having a voltage, Vp, proportional to the applied mechanical force con-
nected in series with a capacitor, which represents the conductive plates
separated by the insulating piezoelectric material. The capacitive properties of
the piezoelectric transducer interacting with the input impedance of the
amplifier to which they are connected affect the response of the transducer.
This effect is shown in Figure 2.3. The top trace shows the force applied to the
transducer, which, after time 7, is removed again. While the electrical field
generated by the piezoelectric effect and the internal transducer voltage, Vp, of
Figure 2.2(c) follow the applied force, the voltage, V4, measured at the input of
the amplifier depends on the values of the transducer capacitance, C, and the
amplifier input impedance, R, with respect to the duration of the force (time
T'). If the product of R and C is much larger than 7, the effect of the voltage
division between these two components can be neglected and the measured
voltage is proportional to the applied mechanical force as shown in trace
2. To meet this condition, even for large values of T, it may be necessary to
make the amplifier input impedance very large. In some applications, elec-
trometer amplifiers or charge amplifiers with extremely high input im-
pedances have to be used. As an alternative, an external capacitor can be
connected in parallel with the amplifier input. This effectively increases the
capacity of the transducer but also reduces its sensitivity. Because the out-
put voltages of piezoelectric transducers can be very high (they have occa-
sionally even been used as high-voltage generators for ignition purposes),
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this approach may be permissible in certain applications. Changes of the
input capacity, and thus the sensitivity, can also be caused by the
mechanical movement of attached shielded or coaxial cables which can in-
troduce motion artifacts. Special types of shielded cable that reduce this ef-
fect are available for piezoelectric transducers.

If the product of resistance and capacitance is made much smaller
than 7, the voltage at the amplifier input is proportional to the time
derivative of the force at the transducer (or proportional to the rate at which
the applied force changes) as shown in trace 3 of Figure 2.3. If the product
of R and C is of the same order of magnitude as T, the resulting voltage is a
compromise between the extremes in the two previous traces, as shown in
trace 4. Because any mechanical input signal will contain various frequencies
(corresponding to different times, 7, in the time domain), a distortion of

N
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Figure 2.3, Output signal of a piezoelectric transducer
under different conditions. Trace 1: Force at the input of
the transducer. Trace 2: Qutput signal when the product
of R and C is much larger than T; the output voltage is
proportional to the force. Trace 3: Output signal if the
product of R and € is much smaller than T; the output
voltage is proportional to the rate of change of the force.
Trace 4: Qutput signal if the product of R and C is
approximately equal to T; the output signal is a com-
bination of the two other cases.

the waveform of the resulting signal can occur if these relationships are not

taken into consideration.

The piezoelectric principle is occasionally used in microphones for
heart sounds or other acoustical signals from within the body. A more im-
portant application of piezoelectric transducers in biomedical instrumenta-
tion is in ultrasonic instruments, where a piezoelectric transducer is used to
both transmit and receive ultrasonic signals. Principles of ultrasound and

biomedical applications are covered in Chapter 9.
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2.2.3. The Thermoelectric Effect

If two wires of dissimilar metals (e.g., iron and copper) are connected so
that they form a closed conductive loop as shown in Figure 2.4(a), a voltage
can be observed at any point of interruption of the loop which is propor-
tional to the difference in temperature between the two junctions between
the metals. The polarity depends on which of the two junctions is warmer.
The device formed in this fashion is called a thermocouple, shown in Figure
2.4(a). The sensitivity of a thermocouple is small and amounts to only 40
microvolts per degree Celsius ( «V/°C) for a copper-constantan and 53
pV/°C for an iron-constantan pair (constantan is an alloy of nickel and
copper).

The principle of active transducers requires that any electrical energy
delivered at the output of the transducer be obtained from the nonelectrical
variable at the input of the transducer. In the case of the thermocouple it
might not be quite obvious how the thermal energy is converted. Actually,
the delivery of electrical energy causes the transfer of heat from the hotter
to the colder junction; the hotter junction gets cooler while the colder junc-
tion gets warmer. In most practical applications of thermocouples this ef-
fect can be neglected. Because the thermocouple measures a temperature
difference rather than an absolute temperature, one of the junctions must
be kept at a known reference temperature, usually at the freezing point of
water (0°C or 32°F). Frequently, instead of an icebath for the reference
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junction, an electronic compensating circuit is used. The inconvenience of
having to make the whole circuit from the two metals used in the thermo-
couple can be overcome by using a double reference junction that connects
to copper conductors as shown in Figure 2.4(b).

Because of their low sensitivity, thermocouples are seldom used for
the measurement of physiological temperatures, where the temperature
range is so limited. Instead, one of the passive transducers described later is
usually preferred. Thermocouples have an advantage at very high tempera-
tures where passive transducers might not be usable or sometimes where
transducers of minute size are required.

The use of the thermoelectric effect to convert from thermal to elec-
trical energy is called the Seebeck effect. In the reverse direction it is called
the Peltier effect, where the flow of current causes one junction to heat and
the other to cool. The Peltier effect is occasionally used to cool parts of in-
struments {e.g., a microscopic stage).
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2.2.4. The Photoelectric Effect

The'selenium cell, shown in Figure 2.5(a), has long been used to measure the
intensity of light in photographic exposure meters or the light absorption of
chemical solutions. The silicon photoelectric cell, better known as the solar
cell, has a much higher efficiency than the selenium cell. Its spectral sen-
sitivity peaks in the infrared, however, while that of the selenium cell is
maximum in the visible light range. When operated into a small load resist-
ance the current delivered by either cell is proportional to the intensity of
the incident light. The voltage of these cells cannot exceed a certain value
(about 0.6 V for the silicon cell); if the light intensity or the load resistance is
such that the output voltage approaches this value, it becomes nonlinear.

2.3. PASSIVE TRANSDUCERS

Passive transducers utilize the principle of controlling a dc excitation
voltage or an ac carrier signal. The actual transducer consists of a usually
passive circuit element which changes its value as a function of the physical
variable to be measured. The transducer is part of a circuit, normally an
arrangement similar to a Wheatstone bridge, which is powered by an ac or
dc excitation signal. The voltage at the output of the circuit reflects the
physical variable. There are only three passive circuit elements that can be
utilized as passive transducers: resistors, capacitors, and inductors. It
should be noted that active circuit elements, vacuum tubes and transistors,
are also occasionally used. This terminology might seem confusing since the
terms ‘‘active’” and ‘‘passive’’ have different meanings when they are ap-
plied to transducers than when they are applied to circuit elements. Unlike
active transducers, passive transducers cannot be operated in the reverse
direction (i.e., to convert an electrical signal into a physical variable) since a
different basic principle is involved.

2.3.1. Passive Transducers Using Resistive Elements

Any resistive element that changes its resistance as a function of a physical
variable can, in principle, be used as a transducer for that variable. An or-
dinary potentiometer, for example, can be used to convert rotary motion or
displacement into a change of resistance. Similarly, the special linear poten-
tiometers shown in Figure 2.6 can be used to convert linear displacement in-
to a resistance change.

The resistivity of conductive materials is a function of temperature. In
resistors this characteristic is a disadvantage; however, in resistive tempera-
ture transducers it serves a useful purpose. Temperature transducers are
described in more detail in Chapter 9.
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In certain semiconductor materials the conductivity is increased by
light striking the material. This effect which occurs as a surface effect in cer-
tain polycrystalline materials such as cadmium sulfide, is used in photo-
resistive cells, a form of photoelectric transducer. This type of transducer is
very sensitive, but has a somewhat limited frequency response. A different
type of photoelectric transducer is the photo diode, which utilizes charge
carriers generated by incident radiation in a reverse-biased diode junction.
Although less sensitive than the photoresistive cell, the photodiode has im-
proved frequency response. A photo diode can also be used as a photoelec-
tric transducer without a bias voltage. In this case it operates as an active
transducer. The photoemissive cell (either vacuum or gas-filled) is only of
historical interest because it has generally been replaced by photoelectric
transducers of the semiconductor type.

Most transducers used for mechanical variables utilize a resistive ele-
ment called the strain gage. The principle of a strain gage can easily be
understood with the help of Figure 2.7. Figure 2.7(a) shows a cylindrical
resistor element which has length, L, and cross-sectional area, A. If it is
made of a material having a resistivity of r ohm-cm, its resistance is

R = reL/A ohms ( 2).

If an axial force is applied to the element to cause it to stretch, its
length increases by an amount, AL, as shown (exaggerated) in Figure
2.7(b). This stretching, on the other hand, causes the cross-sectional area of
the cylinder to decrease by an amount A A. Either an increase in L or a
decrease in A results in an increase in resistance. The ratio of the resulting
resistance change A R/R to the change in length A L/L is called the gage

factor, G. Thus;
AR/R

G=311
The gage factor for metals is about 2, whereas the gage factor for silicon (a
crystalline semiconductor material) is about 120.

Figure 2.7. Principle of strain gage; (a) cylindrical con-
ductor with length, L, and cross sectional area, A. (b)
Application of an axial force has increased the length by
L while the cross sectional area has been reduced by A.

A-BA (b)
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ment and Instrumenis. Allyn & Bacon, Inc.,
Boston, MA., by permission.)

The basic principle of the strain gage can be utilized for transducers in
a number of different ways. In the mercury strain gage the resistive material
consists of a column of mercury enclosed in a piece of silicone rubber tub-
ing. The use of this type of strain gage for the measurement of physiological
variables (the diameter of blood vessels) was first described by Whitney.
Mercury strain gages are, therefore, sometimes called Whitney gages. An
application of this type of transducer, the mercury strain gage plethysmo-
graph, is described in Chapter 6. Because the silicone rubber yields easily to
stretching forces, mercury strain gages are frequently used to measure
changes in the diameter of body sections or organs, A disadvantage is that
for practical dimensions the resistance of the mercury columns is inconven-
iently low (usually only a few ohms). This problem can be overcome by
substituting an electrolyte solution for the mercury., However, silicone rub-
ber is permeable to water vapor, so elastomers other than silicone rubber
have to be used as the enclosures for gages containing electrolytes.

When metallic strain gages are used rather than mercury, the possible
amount of stretching and the corresponding resistance changes are much
more limited. Metal strain gages can be of two different types: unbonded
and bonded. In the unbonded strain gage, thin wire is stretched between in-
sulating posts as shown in Figure 2.8(a). In order to obtain a convenient
resistance (120 Q is a common value), several turns of wire must be used.
Here the moving part of the transducer is connected to the stationary frame
by four unbonded strain gages, R, through R.. If the moving member is
forced to the right, R, and R, are stretched and their resistance increases
while the stress in R, and R. is reduced, thus decreasing the resistance of
these strain gage wires. By connecting the four strain gages into a bridge cir-
cuit as shown in Figure 2.8(b), all resistance changes influence the output
voltage in the same direction, increasing the sensitivity of the transducer by
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a factor of 4. At the same time, resistance changes of the strain gage due to
changing temperatures tend to compensate each other, In the form shown,
the unbonded strain gage is basically a force transducer. The same principle
is also utilized in transducers for other variables. For example, the blood
pressure transducers shown in Chapter 6 employ unbonded strain gages as
the transducer elements.

The principle of the bonded strain gage is shown in Figure 2.9, A thin
wire shaped in a zigzag pattern is cemented between two paper covers or is
cemented to the surface of a paper carrier. This strain gage is then cemented
to the surface of a structure. Any changes in surface dimensions of the
structure due to mechanical strain are transmitted to the resistance wire,
causing an increase or decrease of its length and a corresponding resistance
change. The bonded strain gage, therefore, is basically a transducer for sur-
face strain.

Related to the bonded wire strain gage is the foil gage. In this gage the
conductor consists of a foil pattern on a substrate of plastic which is manu-
factured by the same photoetching techniques as those used in printed c¢ir-
cuit boards. This process permits the manufacture of smaller gages with
meore complicated gage patterns (rosettes), which allow the measurement of
different strain components.

In semiconductor strain gages a small slice of silicon replaces the wire
or foil pattern as a conductor. Because of the crystalline nature of the
silicon, these strain gages have a much larger gage factor than metal strain
gages. Typical values are as high as 120. By varying the amount of im-
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purities in the silicon its conductivity can be controlled. With modern
manufacturing techniques developed for semiconductor components,
silicon strain gages can be made even smaller than the smallest foil gages. If
the structure whose surface strain is to be measured is also made of silicon
(e.g, in the shape of a beam or diaphragm), the size of the strain gage can be
reduced even further by manufacturing it as a resistive pattern on the silicon
surface. Such patterns can be obtained using the photolithographic and dif-
fusion techniques developed for the manufacture of integrated circuits. The
gages are isolated from the silicon substrate by reverse-biased diode junctions.

As with the unbonded gage, the resistance of a bonded strain gage is in-
fluenced by a change in temperature. In semiconductor strain gages, these
changes are even more pronounced. Therefore, at least two strain-gage
elements are usually used, with the second element either employed strictly for
temperature compensation, or as part of a bridge in an arrangement similar to
that shown in Figure 2.8(b) to increase the transducer sensitivity at the same
time.

2.3.2. Passive Transducers Using Inductive Elements

In principle, the inductance of a coil can be changed either by varying its
physical dimensions or by changing the effective permeability of its magnetic
core. The latter can be achieved by moving a core having a permeability higher
than air through the coil as shown in Figure 2.10. This arrangement appears to
be very similar to that of an inductive transducer. However, in the inductive
transducer the core is a permanent magnet which when moved induces a
voltage in the coil. In this passive transducer the core is made of a soft
magnetic material which changes the inductance of the coil when it is moved
inside. The inductance can then be measured using an ac signal.

+——— -

Displacement Figure 2.10. Example of variable in-

ductance displacement transducer.

Another passive transducer involving inductance is the variable reluc-
tance transducer, in which the core remains stationary but the air gap in the
magnetic path of the core is varied to change the effective permeability.
This principle is also used in active transducers in which the magnetic path
inchudes a permanent magnet.

The inductance of the coil in these types of transducers is usually not
related linearly to the displacement of the core or the size of the air gap,
especially if large displacements are encountered. The linear variable dif-
Jferential trans