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PREFACE

When one thinks of an electric generator, the generator a power
.company uses to produce electricity comes to mind. It is a miracle of
modern technology, whose magic is only exceeded by another far more
complex electric generator—the human body.

There are some 425 muscles that would never move if internal and
external electric signals did not bid them to. The brain has been com-
pared to a computer of some advanced age. It receives data and is pro-
grammed by the senses. It can store over 6 billion bits of information.
All 6 billion bits can be evoked by proper stimulation. In sleep, in a .
coma, or in any other state, the brain generates electrical activity. When
this activity ceases, life ceases with it. In fact, this activity has become
the definition of life itself, indicating the dividing line between life and
death. The pacemaker inside the wall of the right atrium emits a series
of pulses which cause the heart to pump blood through the arteries.
Without electric signals sensing a lateral pressure differential within
our head, we would find our sense of balance impaired. Everything we
sense must be converted into electrical activity before the brain will
respond to it. A well-regulated feedback loop consisting of electric
signals functions through the autonomic nervous system to regulate
heart rate and other organs. As a source of electrical activity, the human
body is far more sophisticated than anything humans have invented.

Of all the revolutions that have taken place in history, by far the
most radical is the revolution in medical electronic technology. Yet the
biomedical engineering revolution is in its infancy. The best is yet to
come. At present we can monitor physiological data or use it for diag-
nosis. In the future, physiological electrical activity will become an
automatic extension of the nervous system itself, with th# results com-
pletely programmable. In the past, medicine has treated disease and
organic dysfunction after they have occurred. Computerized tabula-
tions of norms in physiological data are making preveritive medicine a
reality through mass population screening. Electronics can.reveal ad-
vance clues to every known disease and malfunction. The flights of the
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astronauts dramatized the fact that human physiological data can be
telemetered around the world at the speed of light. By combining ad-
vanced telemetering technique with satellite communications technol-
ogy, the most renowned medical specialist could be at the bedside of
any patient anywhere on the face of the earth.

The reyolution in medical electronics technology has created one:
problem. That is the desperate need for biomedical engineering techm
cians (BMETs) with the following qualifications:

1. A thorough understanding of the concepts involved in the applica-
tion of biomedical instrumentation and systems

2. An ability to maintain equipment in good operating condition even
when only second-rate test equipment is available

3. A talent for communicating effectively with physicians, describing
both the capabilities and the limitations of the hardware, to help
physicians make the most of their electronic tools

This text begins with a basic exploration of the biomedical fre-
quency spectrum and its physiochemical origins, then continues with a
discussion of how physiological data are changed into electric signals
or amplified. Once the electric signals are ready to be processed, we had
better make certain that no unwanted or nonmedical data are included.
Therefore, Chapter 4 explores interference and instability. Second
only to interference as a problem is maintaining biomedical fidelity
in the readout device. That is covered in Chapter 5. It would be impos-
sible for a text of this type to contain every circuit to be found in biomed-
ical instrumentation. Instead, this text explores in detail only those
circuits which are most commonly found in various types of medical
instrumentatior:.

Chapters 8 to 10 explore the troubleshooting of solid-state dev1ces,.
integrated circuits, and the entire system. Readers familiar with TTL
and CMOS concepts will find in those chapters a review of what they
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already know. However, an attempt has been made to relate this mate-
rial specifically to medical instrumentation. In addition, preventive
maintenance is constantly emphasized. Equipment failure at a critical
time can cost the patient’s life. Tha pages devoted to calibration are
specifically for the BMET who must feet high standards of reliability,
often with a limited or nonexistent test-equipment budget.

The population explosion and the expansion of rural medical facil-
ities point to an increasing reliance upon medical electronic tools. In

. some of the larger hospitals in the country, the single BMET has

already been updated by a team of biomedical technicians. The trend in
this direction will accelerate as the rapid influx of new electronic in- '
struments into hospitals continues.

As biomedical instrument systems become more and mere com-
plex, performing an increasing number of functions, the BMET will be
obliged to continue to study beyond the material presented in this text.
This material has been written to serve as a general reference to facili-
tate subsequent in-depth study in a particular area.

The problem-solving material after each chapter will test the
reader’s comprehension of the various concepts discussed. The ques-
tions do not belabor specific numbers and details, as these are soon
forgotten. Instead, the questions are geared to determine the extent of
the reader’s overall understanding of that chapter.

Joseph DuBovy
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chapter

Electric Signals from the Body

PART 1: ELECTRICAL ACTIVITY OF CELLS, TISSUE,
MUSCLE, AND THE NERVOUS SYSTEM

1-1
GENESIS

In 1775 Austrian mystic and physician Franz Mesmer announced that
he had discovered a force he called ““animal magnetism,” which per-
meated the universe. Mesmer’s concept of a mysterious force at work
within animals and humans was ridiculed by his fellow physicians. He
soon was forced to give up his flourishing medical practice.

However, only 16 years.later, in 1791, physiologist Luigi Galvani
made a startling observation. An electric suture had accidently touched
the dissected legs of a frog and the legs twitched violently. Galvani de-
clared that there was indeed a mysterious force at work within animals -
and humans as Mesmer had proclaimed. Galvani called this force “an-
imal electricity.” The process through which animal electricity func-
tioned became known as galvanism or a galvanic reaction. Several
years later Galvani’s friend Alessandro Volta placed dissimilar metal
pieces on both sides of his tongue and noticed a strong, unpleasant
taste. He had discovered more evidence of Galvani’s animal electricity.
Only this time it applied to humans. With the inivention of the galva-
nometer, this new force could be measured.

As technology advanced, the vacuum tube finally permltted bioelec-
. tric potentials of very small magnitudes to be observed, classified, and
analyzed. Bioengineering became a discipline that revolutionized med-
" ical science, and thus far we have only seen its early stages.

1-2
‘MOLECULES

Galvani’s animal electricity, or bioelectric potential, exists in all living
nerves, muscles, tissues, and cells. Its origin can be traced as far back as
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the molecule that combines to make up the cell. Even the molecule is
subject to the laws that govern the atom itself. However, once the elec-
trochemical energy of the atoms has bound them into a molecule, the
smallest unit in existence with its own chemical properties has been
created. A molecule may have identical atoms, as does hydrogen (H,),
or it may have dissimilar atoms, as does water (H:0). Molecules of rare
gases and hydrocarbons are highly volatile and easily evaporate (ob-
tain enough energy to leave the liquid and enter the surrounding atmo-
sphere). They are one.extreme of the nonpolar family of molecules. At
the other extreme are the nonpolar ionized (charged} molecules, such
as sodium chloride (table salt). These ions move about in all directions
in a uniform electric field and exert intense electrostatic energy on their
neighboring molecules.

A polar'molecule, on the other hand, does not develop intoan ion ca-
pable of moving about freely in a uniform electric field. The polarized
molecule will quickly orient itself whenever it encounters an electric
field. All polar molecules (like the nonpolar ion) will exert a powerful
attractive force on their neighbors. Polar molecules are less volatile
than nonpolar molecules, boiling at a much higher temperature. Most
of the organic compounds (alcohols, amines, esters, ketones, and ni-
triles) except for the hydrocarbons are polar molecules. Their elec-
trostatic force or electric moment is stronger than that of nonpolar mole-
cules. .

1-3
IONS IN SOLUTION

Ionized molecules such as sodium chloride (NaCl) move about in all
directions in a uniform electric field and exert a strong electrostatic
force on neighboring molecules. In liquid solutions these ions migrate
and thus conduct electric energy. These ions have become charge carri-
ers. In living tissue, it is ions that conduct the charge. In tissue or solu-
tions there are majority and minority carriers. A majority carrier may be
sodium or chlorine ions or intercellular potassium. Such ions occur in
large concentrations and are extremely mobile. When current flows,
they carry most of the charge. Minority ions exist in low concentrations .
and carry very little charge. For example, in a battery, ions move about
between electrolytes and thus are able to supply a substantial amount
of current. To a far lesser degree this “‘battery effect’” occurs in living
tissue. In the living cell, if the concentration of ions is low on one side
of a barrier and high on the other side, pressure builds up for an equali-
zation to take place, that is, for the high concentration to move over to
the low concentration. In other words, nature attempts to balance the
concentration gradient.

'2 INTRODUCTION TO BIOMEDICAL ELECTRONICS



Each ion can also be considered a charge carrier. Inside an electric
field, an electron (close to zero mass) is a charged particle influenced
by the surréunding field. Ions in solutions seek to equalize their con-
centrations across barriers as electrons move in accordance with the
surrounding field. An electric potential has thus been created. The
thrust to equalize .the concentration gradient is counterbalanced by
the electric charge. For example, in a pH glass electrode, only hydrogen
ions pass in a solution with pH below 7. This is called a hydrogen-ion
concentration. The voltage (electric potential) is determined by the
concentration of hydrogen ions outside the electrode.

The pH electrode, like the living cell, is selective as to the ions that
can pass through it. The pH electrode permits us to measure ion con-
centrations because a calibrated buffer (whose ion concentration is
known) is compared to the test solution outside (where the concentra-
tion is unknown).

14
CELLS

" The cell is the smallest system having all the characteristics that we as-
sociate with life. The cell will reproduce itself. The offspring of this re-
productive process will be affected by material within the parent cell
and the surrounding environment. As the new cell is formed, it will
collect data from the parent cell and store these data in nucleic acid
polymers. This storage takes place according to a specific code, and the
new cells contain functioning protein corresponding to that code. The
genetic code only serves as a foundation. The environment then be-
comes the leading influence on the future of the genetically coded data.
The building block af the genetic data is adenosine triphosphate (ATP).
Bioengineering as a discipline allows the researcher to plot the cell’s
growth and determine its future pattern. _

" :
1-5 ' -
THE CELL'S ELECTRICAL ACTIVITY

Electric potentlals in living tissue begins with the chemical reaction
within each cell. In this process, oxygen (O.) is brought to the cell and
waste is eliminated. Osmosis is the key to this process. Its function de-
pends on the body-water concentration remaining within narrow
limits. When the lower moisture limit is approached, osmoreceptors in-
form the brain by causing the secretion of ADH, an antidiuretic hor-
mone. ADH is carried to the kidneys, slowing the removal of water
from the body. Chemoreceptors monitor the carbon dioxide (CO.) and
oxygen (O.) levels and the pH of the blood. When the CO. level in-
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creases, the inspiratory center is commanded to breathe more, bringing ,
more air into the lungs and sending more O, to the tissues.

The proper chemical balance within cells and tissue both depends on
and determines their electrical activity. Every cell has a similar resting
electrical property. The outside of the cell has a potential of 65 milli-
volts (mV) compared to the inside of the cell. Potassium ions are con-
centrated inside the cell [155 milliequivalents per liter (mEqg/L)] and
sodium ions are concentrated outside the cell (145 mEq/L). There is
also a concentration of chloride ions outside the cell (105 mEq/L). The
cell has an electric resistance of 1000 to 10,000 ohms per centimeter
(Q/cm), a capacitance of 1 microfarad (uF), a dieléctric constant of 5,
and a phaseangle of 75°. DNA and RNA in the cell’s nucleus carry the
information that determines how the cell will grow. The cell’s energy
plant, mitochondria, is found in the cytoplasm surrounding the cell’s
nucleus. Glycogeri (a form of glucose) is stored in the chemical genera-
tor of the cell consisting of small canals. Enzymes in these canals
change glucose to glycogen for storage. When energy is needed, gly-
cogen is changed back into glucose.

In biomedical engineering we take advantage of the fact that a collec-
tion of living cells always has properties of resistance, displacement,
capacitance, and impedance. Transducers can be designed to convert
any of these parameters into electric signals. The cell’s power plant
(mitochondria) manufactures ATP (adenosine triphosphate) by the
reaction of O, with nutrients supplied by cellular cytoplasm. CO; (a
product of this reaction) is carried to the lungs, where it is eliminated
and new O is received. This cycle as well as all other bodily-cycles is
governed by the body’s electric signals. An intricate feedback loop is
the result. As each part of the body measures its own critical parame-
ters, it sends'signals in response to those measurements to maintain cy-
clical balance. Every time a muscle is moved, synapses in the spinal
chord respond to action potential pulses. Body regulators maintain a
fixed level for whatever variables they are responsible for, such as the
regulation of body temperature, blood composition, or blood pressure.
However, for these functions to maintain their balance, the entire elec-
tric system must be working properly, from the giant potentials of large
muscles down to the tiny voltages across the membrane of each cell.

1-6
MEMBRANE POTENTIAL

The skin that covers a sausage might be compared to the membrane
that surrounds the protoplasm of a living cell. A positive charge exists
on the outside of the cell, while a negative charge exists on the inside.
'When the cell is stable or at rest, there is a 70-mV potential between the
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inside and outside of the cell. The human muscle can be compared to
thousands of individual biological batteries or fibers lined up in paral-
lel. The nerve is draped across this bundle of fibers, as shown in Fig.
1-1b. When a nerve carries an electric impulse to the muscle, it sets in
motion a series of processes in which the membrane potential (70 mV)
disappears in the individual muscle fibers. The result is the contraction
of the muscle. After the collapse of the membrane potential, tissue cells
immediatély recharge to reestablish the membrane potential. This
charging time can be as high as a thousandth of a second, or a millisec-
ond. Both nerve and muscle tissue oxidize oxygen to maintain their
charge potential and their ability to quickly recharge. It was this charge-
" and-discharge cycle in the frog’s leg which startled Galvani into his dis-
covery of animal electricity. Sixty years later (1848) Hermann von:Helm-
holtz applied electric shocks to frog muscles at two different locations.
Then he measured the time between the nerve shock and the muscle’s
contraction, first at one location, then at another. Helmholtz measured
0.0013 second (s) between the two locations. He then was able to con-
clude that the impulse travels down the nerve at the rate of 30
meters/second (m/s), or 65 miles/hour (mi/h). Since those early experi-
ments it has been discovered that electric impulses travel faster down
larger-diameter nerve fibers and slower through narrower nerve fibers.
A fiber about 1 micrometer (um) wide, such as the nerves telling your
eyelids to blink, will conduct at approximately 1 m/s. However, nerve
fibers causing your thigh muscle to contract (25 um in diameter) can
conduct up to 100 m/s. Nerve-fiber temperature also determines how
fast electric signals can propagate, since nerve-conduction velocity in-

—70 mV exits across the
cell membrane within
the muscle at rest

Cut muscle

(a)
Fig. 1-1 (a) Voltmeter leads are attached to a section of cut muscle. A muscle can be com-
pared to thousands of individual batteries or fibers connected in parallel. Thus the volt-
age difference between the surface and the interior will reflect the voltage across the cell
membrane. The voltmeter reads the voltage, which is —70 mV. (b) The nerve is draped
across a bundle of muscle fibers. .
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