Preface

Background and Motivation
The establishment of the clinical electrocardiograph (ECG) by the Dutch physician
Willem Einthoven in 1903 marked the beginning of a new era in medical diagnostic
techniques, including the entry of electronics into health care. Since then, electronics,
and subsequently computers, have become integral components of biomedical signal
analysis systems, performing a variety of tasks from data acquisition and preprocessing for removal of artifacts to feature extraction and interpretation. Electronic
instrumentation and computers have been applied to investigate a host of biological and physiological systems and phenomena, such as the electrical activity of the
cardiovascular system, the brain, the neuromuscular system, and the gastric system;
pressure variations in the cardiovascular system; sound and vibration signals from
the cardiovascular, the musculo-skeletal, and the respiratory systems; and magnetic
fields of the brain, to name a few.
The primary step in investigations of physiological systems requires the development of appropriate sensors and instrumentation to transduce the phenomenon of
interest into a measurable electrical signal. The next step of analysis of the signals,
however, is not always an easy task for a physician or life-sciences specialist. The
clinically relevant information in the signal is often masked by noise and interference,
and the signal features may not be readily comprehensible by the visual or auditory
systems of a human observer. Heart sounds, for example, have most of their energy
at or below the threshold of auditory perception of most humans; the interference patterns of a surface electromyographic (EMG) signal are too complex to permit visual
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analysis. Some repetitious or attention-demanding tasks, such as on-line monitoring
of the ECG of a critically ill patient with cardiac rhythm problems, could be uninteresting and tiring for a human observer. Furthermore, the variability present in a given
type of signal from one subject to another, and the inter-observer variability inherent
in subjective analysis performed by physicians or analysts make consistent understanding or evaluation of any phenomenon difficult, if not impossible. These factors
created the need not only for improved instrumentation, but also for the development
of methods for objective analysis via signal processing algorithms implemented in
electronic hardware or on computers.
Processing of biomedical signals, until a few years ago, was mainly directed
toward filtering for removal of noise and power-line interference; spectral analysis
to understand the frequency characteristics of signals; and modeling for feature
representation and parameterization. Recent trends have been toward quantitative or
objective analysis of physiological systems and phenomena via signal analysis. The
field of biomedical signal analysis has advanced to the stage of practical application
of signal processing and pattern analysis techniques for efficient and improved noninvasive diagnosis, on-line monitoring of critically ill patients, and rehabilitation and
sensory aids for the handicapped. Techniques developed by engineers are gaining
wider acceptance by practicing clinicians, and the role of engineering in diagnosis
and treatment is gaining much-deserved respect.
The major strength in the application of computers in biomedical signal analysis
lies in the potential use of signal processing and modeling techniques for quantitative
or objective analysis. Analysis of signals by human observers is almost always
accompanied by perceptual limitations, inter-personal variations, errors caused by
fatigue, errors caused by the very low rate of incidence of a certain sign of abnormality,
environmental distractions, and so on. The interpretation of a signal by an expert bears
the weight of the experience and expertise of the analyst; however, such analysis is
almost always subjective. Computer analysis of biomedical signals, if performed with
the appropriate logic, has the potential to add objective strength to the interpretation of
the expert. It thus becomes possible to improve the diagnostic confidence or accuracy
of even an expert with many years of experience. This approach to improved health
care could be labeled as computer-aided diagnosis.
Developing an algorithm for biomedical signal analysis, however, is not an easy
task; quite often, it might not even be a straightforward process. The engineer or
computer analyst is often bewildered by the variability of features in biomedical
signals and systems, which is far higher than that encountered in physical systems
or observations. Benign diseases often mimic the features of malignant diseases;
malignancies may exhibit a characteristic pattern, which, however, is not always
guaranteed to appear. Handling all of the possibilities and degrees of freedom in a
biomedical system is a major challenge in most applications. Techniques proven to
work well with a certain system or set of signals may not work in another seemingly
similar situation.
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The Problem-solving Approach
The approach I have taken in presenting material in this book is primarily that
of development of algorithms for problem solving. Engineers are often said to
be (with admiration, I believe) problem solvers. However, the development of a
problem statement and gaining of a good understanding of the problem could require
a significant amount of preparatory work. I have selected a logical series of problems,
from the many case-studies I have encountered in my research work, for presentation
in the book. Each chapter deals with a certain type of a problem with biomedical
signals. Each chapter begins with a statement of the problem, followed immediately
with a few illustrations of the problem with real-life case-studies and the associated
signals. Signal processing, modeling, or analysis techniques are then presented,
starting with relatively simple “textbook” methods, followed by more sophisticated
research approaches directed at the specific problem. Each chapter concludes with
one or more applications to significant and practical problems. The book is illustrated
copiously with real-life biomedical signals and their derivatives.
The methods presented in the book are at a fairly high level of technical sophistication. A good background in signal and system analysis [1, 2, 3] as well as probability,
random variables, and stochastic processes [4, 5, 6, 7, 8, 9] is required, in order to
follow the procedures and analysis. Familiarity with systems theory and transforms
such as the Laplace and Fourier, the latter in both continuous and discrete versions,
will be assumed. We will not be getting into details of the transducers and instrumentation techniques essential for biomedical signal acquisition [10, 11, 12, 13];
instead, we will be studying the problems present in the signals after they have been
acquired, concentrating on how to solve the problems. Concurrent or prior study of
the physiological phenomena associated with the signals of specific interest, with a
clinical textbook, is strongly recommended.

Intended Readership
The book is directed at engineering students in their final year of undergraduate
studies or in their graduate studies. Electrical Engineering students with a rich
background in signals and systems [1, 2, 3] will be well prepared for the material in
the book. Students in other engineering disciplines, or in computer science, physics,
mathematics, or geophysics should also be able to appreciate the material in the book.
A course on digital signal processing or digital filters [14] would form a useful link,
but a capable student without this topic may not face much difficulty.
Practicing engineers, computer scientists, information technologists, medical
physicists, and data-processing specialists working in diverse areas such as telecommunications, seismic and geophysical applications, biomedical applications, and hospital information systems may find the book useful in their quest to learn advanced
techniques for signal analysis. They could draw inspiration from other applications of signal processing or analysis, and satisfy their curiosity regarding computer
applications in medicine and computer-aided medical diagnosis.
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Teaching and Learning Plan
The book starts with an illustrated introduction to biomedical signals in Chapter 1.
Chapter 2 continues the introduction, but with emphasis on the analysis of multiple
channels of related signals. This part of the book may be skipped in the teaching
plan for a course if the students have had a previous course on biomedical signals and
instrumentation. In such a case, the chapters should be studied as review material in
order to get oriented toward the examples to follow in the book.
Chapter 3 deals exclusively with filtering for removal of artifacts as an important
precursive step before signal analysis. Basic properties of systems and transforms
as well as signal processing techniques are reviewed and described as and when
required. The chapter is written so as to facilitate easy comprehension by those who
have had a basic course on signals, systems, and transforms [1, 2, 3]. The emphasis
is on the application to particular problems in biomedical signal analysis, and not on
the techniques themselves. A large number of illustrations are included to provide a
visual impression of the problem and the effectiveness of the various filtering methods
described.
Chapter 4 presents techniques particularly useful in the detection of events in
biomedical signals. Analysis of waveshape and waveform complexity of events and
components of signals is the focus of Chapter 5. Techniques for frequency-domain
characterization of biomedical signals and systems are presented in Chapter 6. A
number of diverse examples are provided in these chapters. Attention is directed to
the characteristics of the problems one faces in analyzing and interpreting biomedical
signals, rather than to any specific diagnostic application with particular signals.
The material in the book up to and including Chapter 6 will provide more than
adequate material for a one-semester (13-week) course at the senior (fourth-year)
engineering level. My own teaching experience indicates that this material will

require about
hours of lectures, augmented with about  hours of tutorials
(problem-solving sessions) and  laboratory sessions.
Modeling biomedical signal-generating processes and systems for parametric representation and analysis is the subject of Chapter 7. Chapter 8 deals with the analysis
of nonstationary signals. The topics in these chapters are of higher mathematical
complexity than suitable for undergraduate courses. Some sections may be selected
and included in a first course on biomedical signal analysis if there is particular
interest in these topics. Otherwise, the two chapters could be left for self-study by
those in need of the techniques, or included in an advanced course.
Chapter 9 presents the final aspect of biomedical signal analysis, and provides an
introduction to pattern classification and diagnostic decision. Although this topic is
advanced in nature and could form a graduate-level course on its own, the material
is introduced so as to draw the entire exercise of biomedical signal analysis to its
concluding stage of diagnostic decision. It is recommended that a few sections from
this chapter be included even in a first course on biomedical signal analysis so as to
give the students a flavor of the end result.
The topic of data compression has deliberately been left out of the book. Advanced
topics such as nonlinear dynamics, time-frequency distributions, wavelet-based anal-
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ysis, chaos, and fractals are not covered in the book. Adaptive filters and nonstationary
signal analysis techniques are introduced in the book, but deserve more attention,
depth, and breadth. These topics will form the subjects of a follow-up book that I
intend to write.
Each chapter includes a number of study questions and problems to facilitate
preparation for tests and examinations. A number of laboratory exercises are also
provided at the end of each chapter, which could be used to formulate hands-on
exercises with real-life signals. Data files related to the problems and exercises at the
end of each chapter are available at the site
ftp://ftp.ieee.org/uploads/press/rangayyan/
MATLAB programs to read the data are also provided where required.
It is strongly recommended that the first one or two laboratory sessions in the
course be visits to a local hospital, health sciences center, or clinical laboratory to view
biomedical signal acquisition and analysis in a practical (clinical) setting. Signals
acquired from fellow students and professors could form interesting and motivating
material for laboratory exercises, and should be used to supplement the data files
provided. A few workshops by physiologists, neuroscientists, and cardiologists
should also be included in the course so as to provide the students with a nonengineering perspective on the subject.
Practical experience with real-life signals is a key element in understanding and
appreciating biomedical signal analysis. This aspect could be difficult and frustrating
at times, but provides professional satisfaction and educational fun!
RANGARAJ MANDAYAM RANGAYYAN
Calgary, Alberta, Canada
September, 2001
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