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1.3. Measurement 7

convenience we often use larger or smaller units such as the centimeter
(cm), one-hundredth of a meter; the millimeter (mm), one-thousandth of a
meter; the gram (g), one-thousandth of a kilogram; and the milligram (mg),
one-thousandth of a gram or one-millionth of a kilogram. ‘We sometimes
give quantities in English units such as feet, pounds, and gallons for easy
visualization, and we sometimes use the units common to a particular
branch of medicine (see Appendix B). :

The use of a unit implies that there is a ‘‘true’’ or standard unit to which
measurements with that unit can be compared. Most modern countries
have laboratories that specialize in the standardization of measuring-sys-
tems. In the United States, the National Bureau of Standards (NBS)’
located near Washington, D.C., performs this function. The NBS has
little contact with medicine, but it has played an important role in
standardizing the measurement of ionizing radiation in the treatment of

cancer. _
In medicine it is often convenient to measure quantities in nonstandard

units. For example, while the correct units for pressure involve force per
unit area such as newtons per square meter, dynes per square centimeter,
and pounds per square inch, blood pressure is generally expressed in
millimeters of mercury (Hg), a length of liquid! This length is the height of
a column of mercury that has a pressure at its base equal to the blood

pressure. We discuss pressure further in Chapter 6.

Let us give you an example of a nonstandard unit that is no longer used
but that is of historical interest. You recall (we hope) that Galileo discov-
ered the pendulum principle in church while watching a chandelier swing.
He used his pulse to time the period of the swing and found that the time
for one large swing was the same as the time for one small swing. This led
to his development of the pendulum clock. Shortly thereafter (in 1602)
Sanctorius, a medical friend of Galileo, invented the pulsologium (a sim-
ple pendulum) to measure the pulse rate of his patients. An assistant
adjusted the length of the pendulum until it swung in time to the pulse rate
as called out by Sanctorius. The pulse rate was then recorded as the
length of the pendulum.

There are many other physical measurements involving the body and
time. We can divide them into two groups: measurements of repetitive
processes, such as the pulse, and measurements of nonrepetitive pro-
cesses, such as how long it takes the kidneys to remove a foreign sub-
stance from the blood. Nonrepetitive time processes in the body range
from the action potential of a nerve cell (I msec) to the lifespan of an
individual.

Measurements of the repetitive processes usually involve the number of
repetitions per second, minute, hour, and so forth. For example, the pulse
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rate is about 70/min and the breathing rate is about 15/min. Different
frequencies in the electrical signals from the brain, caused by mental
activity, range from less than 1/sec to more than 20/sec. [A special unit,
the hertz (Hz), is used for cycles per second.]

Many subtle processes in man are repetitive. For example, the body has
a circadian (approximately 24 hr) rhythm that is present even when a
person is living in a deep cave without any way of telling the time.
Another biologically controlled clock is the very slow running clock that
governs a growing person’s mass. This clock causes the rate of growth to

fluctuate with a period of 14 to 18 months. '

In science accuracy and precision have different meanings. Accuracy
refers to how close a given measurement is to an accepted standard. For
example, a person’s height measured as 1.765 m may be accurate to 0.003

"m (3 mm) compared to the standard meter. Precision refers to the repro-
ducibility of a measurement and is not necessarily related to the accuracy
of the measurement. For example, an ill person measured her temperature
ten times in a row and got the following values in degrees Celsius (for-
merly called degrees centigrade): 36.1, 36.0, 36.1, 36.2, 36.4, 36.0, 36.3,
36.3, 36.4, and 36.2.* The precision was fairly good; with a variation of
0.2°C from the average value of 36.2°C. However, when compared to a
recently calibrated standard thermometer the thermometer was found to
be defective, reading 3°C low. This inaccurate thermometer would not be
satisfactory for clinical use. '

In general, it is desirable to have both good accuracy and good preci-
sion. However, sometimes an accurate measurement cannot be obtained
even with a measuring technique that has good precision, and in such
cases the precise but inaccurate measurement may be useful. For exam-
ple, the defective thermometer discussed previously could be used to
determine if a patient’s temperature was stable, rising, or falling. Some-
times the accuracy is limited by uncontrollable factors; for example, it is
difficult to accurately measure internal parts of the body, such as the
amount of mineral in bones. One technique for measuring the bone
mineral has.a precision of about 1% but an accuracy of 3 or 4% (see
Chapter 3, p. 59). The technique is nonetheless very useful for showing
changes in the amount of bone mineral. )

It is an accepted fact in science that the process of measurement may
significantly alter the quantity being measured. This is especially true in
medicine. For example, the process of measuring the blood pressure may
introduce errors (uncertainties). Although the data are scarce, it is gener-
ally believed that when an attractive woman is performing the measure-
ment, the blood pressure of a young man will increase. Similarly, a

*The normal body temperature is about 37°C or 98.6°F.
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handsome man may affect the blood pressure measurement of a female
patient. This type of error may also be introduced in taking a patient’s
history. The patient may not answer factually questions dealing with
personal matters, such as sex habits. Using computers for patient inter-
views is thought to reduce this type of error (see Chapter 20, p. 555).

A clinical measurement in itself does not necessarily détermine whether
a patient is well or ill. For each medical test there is usually a well-
established range of normal values. In addition, the values just above and
below the normal range are usually considered equivocal; no decision can
be made with certainty from these values. Also, the results of many
clinical laboratory tests can be affected by outside factors such as medica-
tions. In Chapter 20 (p. 561) we discuss how computers are used to sort
out such drug-test interactions. _

After a physician has reviewed a patient’s medical history, the findings
of the physical examination, and the results of clinical laboratory mea-
surements, he or she must decide if the patient is ill and if so, what the
illness is. It is not surprising that sometimes wrong decisions are made.
These wrong decisions are of two types: false positives and false nega-
tives. A false positive error occurs when a patient is diagnosed to have a
particular disease when he or she does not have it; a false negative error
occurs when a patient is diagnosed to be free of a particular disease when
he or she does have it. In some situations a diagnostic error can have a
great impact on a patient’s life. For example, a young woman was thought
to have a rheumatic heart condition and spent several years in complete
bed rest before it was discovered that a false positive diagnosis had been
made—she really had arthritis, a disease in which activity should be
maintained to avoid joint stiffening. In the early stages of many types of
cancer it is easy to make a false negative diagnostic error because the
tumor is small. Since the probability of cure depends on early detection of
the cancer, a false negative diagnosis can greatly reduce the patient’s
chance of survival.

Diagnostic errors (false positives and false negatives) can be reduced by
research into the causes-of misleading laboratory test values and by
development of new clinical tests and better instrumentation. Errors or
uncertainties from measurements can be reduced by using care in taking
the measurement, repeating measurements, using reliable instruments,
and properly calibrating the instruments. To illustrate how measurement
errors can be reduced, let us consider the problem of determining a
person’s weight accurately and precisely. (All characters in the following
discussion are fictitious.)

We began by having Sam, a willing subject, stand on a bathroom scale
while we carefully read the scale with a magnifying glass. Although ideally
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he should have been naked so that we would not later have to weigh his
clothes and correct for their weight, we decided to let him remain clothed.
We had him step off and on the scale several times to see if we got the
same weight each time, and we found small variations due to his positions
on the scale. The results are given in column 2 of Table 1.1. His average
(mean) weight was 156.3 Ib, with two-thirds of all the measurements
between 156.0 and 156.6 1b. This result can be written as 156.3 = 0.3 Ib.
The 0.3 1b is often referred to as the uncertainty or the standard deviation
(SD) of the measurements. (If you want to learn more about standard
deviations and related matters see Chapter 13 of the book by Stibitz listed
in the bibliography.)

It occurred to us that the bathroom scale might not be very accurate as
it was quite old. Someone suggested that we go to the local drugstore
where there was a coin-operated scale. He felt that surely it would be
accurate or the owners would not charge good money to use it! The
financial investment needed for the study seemed exorbitant. Since this
was unfunded research we decided to use several of the new scales at the
gymnasium instead. The results obtained on two of these scales are given
in columns 3 and 4 of Table 1.1. The means and uncertainties were 155.2
+ 0.2 and 155.5 = 0.2. As we were about to comment on the error of the
bathroom scale we recalled that Sam had eaten lunch and used the toilet
between weighings. It seemed best not to draw any conclusions since we
had not weighed either his food intake or his excreta.

~ As Sam stood on the scales at the gym we noticed that his weight jiggled
no matter how carefully he tried to stand still. Then someone suggested
that the jiggling might be due to the beating of Sam’s heart. He pointed out

Table 1.1. Results of Several Weighings on Different Scales

‘Bathroom Gym Gym Hospital..
Weighing Scale Scale #1 Scale #2 Scale
1. . 1563 155.0 155.6 156.0
2 155.9 155.2 155.4 156.2
3 156.0 155.3 ' 155.3 155.9
4 156.7 155.4 155.5 155.8
5 156.8 155.1 155.7 156.1
6 156.1 155.5 155.2 156.0
7 156.3 154.9 155.8 155.9
8 156.2 155.3 155.4 156.1
9 156.4 155.1 155.7 156.1
Mean 156.3 155.2 155.5 156.0

SD 0.3 0.2 0.2 0.1
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that each time the heart beats it forces a mass of blood upward which
forces the body downward (Newton’s third law), resulting in an apparent
increase in weight with each heartbeat. As the bulk of the rushing blood
reaches the first bend in the aorta and heads toward the feet it has the
opposite effect and causes an apparent decrease in weight. When we felt
Sam’s pulse we found it was synchronized with the jiggles.

It occurred to us that we could eliminate the jiggle if we had a scale that
responded much more slowly and would thus average the variations
caused by the heartbeat. Someone suggested that we stop at the local
hospital and use the beam balances, which are operated by sliding a
weight on a metal arm to-counterbalance through a lever system the
weight on the scale. Sure enough, we could no longer see the jiggle due to
the heartbeat. It was noticed that one scale reader was doing much better
than the others and getting the same value each time. However, instead of
looking for a balance while tapping the slider, he repositioned the slider to
the same point each time and then decided whether the scale was bal-
anced, and his data were thrown out as they did not represent indepen-
dent weighings. The results for one scale are given in column 5 of Table

1.1. The average weight was 156.0 = 0.1 Ib.
We asked one of the nurses how accurate the scales were and how often

they were checked. He told us that accur.cy was not a great concern
since an error of 1 1b is of no clinical impertance. He suggested that we
talk to the hospital physicist who should know about such things, and we"
found him in the radiotherapy area having a cup of tea. (He seemed to
have more interest in the technician he was chatting with than in our
scientific inquiry.) After we discussed our problem, he explained that all
measuring devices have some error. He said that if we wanted to pursue
this matter further we should contact the state’s Weights and Measures
Laboratory since it has calibrated weights for checking meat scales, and
so forth. We called this office. Although the people there were reluctant to
participate in our research project as it fell outside their job area, they did
~tell us that they had special weights that were kept only to check the
weights they used in their daily work. They said that these weights, called
secondary standards, had been compared to the primary standards at
NBS and that they had a certificate that they could show us to prove it.

We decided to drop the problem of calibrating the hospital scales as it
appeared to us that the nurse was right—an error of 1 Ib would not make
much difference. However, all this research aroused our interest in other
sources of error. Someone asked about the effect of breathing on body
weight. Does a person weigh more when his lungs are full than when they
are empty? We decided to try the experiment. Sam weighed the same
when he held a deep breath and after a forced expiration, but we noticed
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that as he took a deep breath and as he let out his breath his weight
appeared to jiggle. Someone remembered that air weighs about 1 glliter
and that the lungs hold about 5 liters. Since there are 454 g in 1 Ib, the
weight of the air in the lungs would be about 0.01 Ib, much less than we
could hope to see with our uncertainty of 0.1 Ib. Then someone else
remembered Archimedes’ principle. Since the body is in a *‘sea’” of air it
is buoyed up by the weight of the air displaced by the body. Thus it does
not make any difference whether the air is inside or outside the lungs. We
decided to calculate the buoyant effect for a 154 Ib (70 kg) person. The
body is about as dense as fresh water (that is why it just floats in fresh

water), and 1 kg of water has a volume of 1 liter. Thus a 70 kg person has a
volume of about 70 liters. Since a liter of air has a mass of about 1 g, the
buoyant effect on the body would be about 70 g or about 0.15 lb.

This exercise still did not explain why Sam’s weight appeared to change
when he breathed. We recalled that when we breathe in the diaphragm
lowers, causing the center of gravity to lower slightly; when we breathe
out, it rises slightly. The acceleration of the center of gravity downward at
the beginning of an inspiration causes a momentary apparent reduction in
weight; the acceleration of the center of gravity upward during expiration

Deep expiration

Deep inspiration

Lower border of
rib cage

)

Figure 1.2. - Levels of diaphragm during deep inspiration and deep expiration. Upon
inspiration, the center of gravity is lowered slightly.
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causes a similar increase (Fig. 1.2). We found that a larger effect waSI_i
produced when Sam breathed in and out more rapidly. - o
We decided to adjourn to a nearby bar to discuss other errors in gettmg
an accurate weight. Someone recalled that ¢he moisture evaporating con-
tinuously from the body surface as weli as from the lungs reduces the
weight slightly with time. Someone else remembered reading in Chapter 7
of this book that for each breath the ainount of carbon dioxide expired is
slightly less than the amount of oxygen absorbed, although he could not
remember what it amounted to. After another beer we dropped the prob-
lem of accurate weighing and \,omeone brought up the medical physics
problem of accurately measuring bladder pressure.
aslirenents are uncertain and inaccurate, (2) with
special effort we can redi fg the error and the uncertainty, (3) in many
. cases there 1s no need to improve the measurement because the quantity
being measured is Va‘rréble and (@) drinking beer increases bladder pres-
sure. :

BIBLIOGRAPHY
Camac, C. N. B. (compiler), Classics of Medicine and Surgery, Dover, New York, 1959.
Clendening, L. (compiler), Source Book of Medical History, Hoeber, New York, 1942.

Stibitz, G. R., Mathematics in Medicine and the Life Sciences, Year Book, Chicago, 1966.
Thompson, D. W., On Growth and Form, Cambridge U.P., London, 1961.

Tustin, A., ‘Feedback,”” Sci. Amer., 186-187, 48-55 (1952).

REVIEW QUESTIONS

1. Give three examples of the use of the word physical in medicine.

2. Can a medical engineer always be called a clinical engineer?

3. What would be a more descriptive title for a health physicist?

4. Explain in what sénse alcoholism is a disease that involves positive
feedback.

5. List three physical measurements usually made during a physical
examination.
6. Determine your age in minutes. Include an estimate of the error.
7. (a) Describe a method you might use for measuring the height of a
person who is still growing. What are the sources of error?
(b) Is measuring the height the best way of determining growth
changes? Can you think of other methods?
8.. Measure your pulse 10 times for 15 sec periods.
(a) What is your average pulse rate per minute?
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(b) Estimate the accuracy and the precision of this measurement. How
can the accuracy be improved?

The period of a simple pendulum is given byT = 27V1lg -wherel is the

length of the pendulum and g is the acceleration of gravity. Use the

pulsologium idea of Sanctoritis to determine the *‘length’" of your pulse

rate. :

What is the ratio of your pulse rate to your breathing rate? (It is usually

about four.)

The following systolic blood pres"sures (in millimeters of mercury)

were recorded for one individual over a period of several days.

\

112 128 . 10 117 133
127 118 17 124 112
123 127 114 o115 125
132 133 132 126 136
123 119 132 134 - 131
(a) Find the mean pressure P = 3P/n, where 3P, is the sum of all
(n = 25) values of pressure. ‘ ' ' '

(b) Find the standard deviation i e

7 n—1

(c) What are some general sources, of error in these measurements?
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Units

When we wish to speak of the physical quantity involved in a law or
principle, we must know how to measure the quantity. There is some
arbitrariness in the units used in neasurements, although scientists do try
to limit this arbitrariness. Scientists consider some physical quantities,
which are measured in terms of fundamental (internationally accepted)
units, as fundamental quantities; all other quantities are expressed in
terms of the fundamental quantities and are called derived quantities.

In the branch of physics known as mechanics, the fundamental quan-
tities are length, mass, and time and the fundamental units are the meter,
kilogram, and second. All other physical quantities involved in mechanics
can be expressed in terms of these fundamental units; for example, force
can be expressed as kilogram meters per second per second. For the other
branches of physics we need only use three more fundamental quantities
and units; they are temperature (kelvin), electric current (ampere), and
luminous intensity (candela). ~

All other physical quantities and units can be expressed in terms of
these six units, which were adopted in 1954 and 1960 and have the formal
name of International System, or SI, units (Table B.1). Some derived
quantities and units are given in Table B.2.

Unfortunately, the SI system has not been accepted throughout the
world (hotably in the United States and Canada). In addition, the various
branches of medicine use some unique units. In this book we use units
other than those derived from SI units when they are in common use in
medicine. Some of these non-SI units are given in Table B.3.
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Table B.1. International System (SI) Units

Quantity Unit Abbreviation

Length meter m

Mass kilogram kg

Time second sec

Current ampere A

Temperature kelvin K

Luminous intensity candela cd
Table B.2. Derived Units
Quantity Unit Abbreviation Dimensions
Force newton N kg m/sec?
Pressure pascal , Pa, N/m? kg/m sec?
Energy joule J, Nm kg m?*/sec?

" Power watt W, J/sec kg m?*sec?
Torque meter-newton 7, mN kg m?sec?
Electric charge coulomb C A sec
Electric potential volt v, JiC kg m?¥sec® A
Electrical resistance ohm Q, VIA kg mZ/sec® A?
-Capacitance farad F, C/V, C¥) sect A¥kg m?
Inductance henry H, J/A%, Qsec kg m?%sec? A?
Magnetic flux weber Wb, J/A, Vsec kg m?sec? A
Magnetic intensity tesla T, Wb/m?, kg/sec® A

Vsec/m?
Frequency hertz Hz sec™!
Disintegration rate becquerel Bq sec™?
Absorbed dose gray Gy, J/kg m?/sec?
Table B.3. Non-Sl Units
Quantity Unit Abbreviation
Mass gram g
Length foot ft
centimeter cm
Volume liter —
Time minute min
Force dyne —
poundgoree lb
Energy calorie cal
kilocalorie kcal
Power kilocalories/minute kcal/min
Pressure pounds/inch? ' psi
millimeter of mercury mm Hg
centimeter of water cm H,0
atmosphere atm
Temperature fahrenheit F
celsius C

574
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Standard Man Data

In medical physics, where we are often concerned with the anatomy
and physiology of humans, it is convenient to define a standard man.
While the standard man is nonexistent, the following somewhat arbitrary
values are useful for computational purposes:

Age 30 yr

Height 172 cm (5 ft 8 in.)
Mass 70 kg )
Weight 690 N (154 1b)
Surface area 1.85 m?

Body core temperature  37.0°C
Body skin temperature  34.0°C

Heat capacity 0.86 kcal/kg°C
Basal metabolism 38 kcal/m? hr, 70 kcal/hr, 1680 kcal/day
O, consumption "~ 260 ml/min
CO, production 208 ml/min
~ Blood volume 5.2 liters
‘Cardiac output 5 liters/min
Blood pressure - 120/80 mm Hg
Heart rate 70 beats/min
Total lung capacity 6 liters
Vital capacity 4.8 liters
Tidal volume 0.5 liter
Dead space 0.15 liter
Breathing rate 15/min.
Muscle mass 30,000 g 43% of body mass
Fat mass 10,000 g 14% of body mass

575
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Bone mass 7,000 g 10% of body mass
Blood mass o 5,400 g 7.7% of body mass
Liver mass ' 1,700 g 2.4% of body mass
Brain mass 1,500 g 2.1% of body mass
Mass of both lungs 1,000 g 1.4% of body mass
Heart mass 300 g 0.43% of body mass
‘Mass of each kidney 150 g 0.21% of body mass
Thyroid mass 20g 0.029% of body mass

Mass of each eye 15¢g 0.021% of body mass
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CHAPTER 1

Terminology, Modeling, and

Measurement

In this chapter we present three broad topics. First we examine what we
mean by medical physics and describe some related and overlapping
disciplines. In the next section we discuss modeling, a concept that is
essential in science, engineering, and medicine. We discuss and give
examples of feedback, an important feature of many models. In the last
section we discuss measurement. Most of this last section is a review of
material taught in an elementary physics course. As part of this last
section we discuss the problem of accurately measuring a person’s
weight. As you will see, this measurement is far from simple.

1.1. TERMINOLOGY

The field of medical physics overlaps the two very large fields of medicine
and physics. In this book the term medical physics refers to two major
areas: the applications of physics to the function of the human body in
health and disease and the applications of physics in the practice of
medicine. The first of these could be called the physics of physiology; the
second includes such things as the physics of the stethoscope, the tapping
of the chest (percussion), and the medical applications of lasers, ul-
trasound, radiation, and so forth.

The word physical appears in a number of medical contexts. Only a
generation ago in England a professor of physic was actually a professor
of medicine. The words physicist and physician have a common root in

1
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the Greek word physiké (science of nature). Today the first thing a
physician does after taking a medical history of a patient is to give him a
physical examination. During this examination he uses the stethoscope,
taps the chest, measures the pulse rate, and in other ways applies physics.
The branch of medicine referred to as physical medicine deals with the
diagnosis and treatment of disease and injury by means of physical agents
such as manipulation, massage, exercise, heat, and water. Physical
therapy is the treatment of disease or bodily weakness by physical means
such as massage and gymnastics rather than by drugs.

In principle, the field of biophysics should include medical physics as an
important subspecialty. In fact, biophysics is a relatively well-defined
field that has very little to do with medicine. It is primarily involved with
the physics of large biomolecules, viruses, and so forth, although it does
approach medical physics in the area of transport of materials across cell
membranes. Biophysicists conduct basic research that may improve the
practice of medicine in the next generation, while medical physicists
generally engage in applied research that they hope will improve the
practice of medicine in the current generation.

The field of medical physics has several subdivisions. Most medical
physicists in the United States work in the field of radiological physics.
This involves the applications of physics to radiological problems and
includes the use of radiation in the diagnosis and treatment of disease as
well as the use of radionuclides in medicine (nuclear medicine). Another
major subdivision of medical physics involves radiation protection of
patients, workers, and the general public. In the United States this field is

. often called kealth physics; this name was given to it during World War II
by members of the Manhattan Project (the group responsible for the
development of the atomic bomb). Health physics also includes radiation,
protection outside of the hospital such as around nuclear power plants and
in industry. Health physics is discussed in detail in Chapter 19.

Very often an applied field of physics is called engineering. Thus,
medical physics could be called medical engineering. However, for prac-
tical purposes if you meet an individual who refers to himself as a medical
physicist it is highly probable that he is working in the area of radiological
physics; a person who refers to himself as a medical engineer or biomedi-
cal engineer is likely to be working on medical instrumentation, usually of
an electronic nature. In addition, the medical physicist usually has a
bachelor’s degree in physics, while the medical engineer usually has a
bachelor’s degree in some field of engineering—usually electrical en-
gineering. In some areas, such as the applications of ultrasound in
medicine and the use of computers in medicine, you are likely to find
medical physicists and medical engineers in nearly equal numbers. (The
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word medical is sometimes replaced with the word clinical if the job is
closely connected with patient problems in hospitals, i.e., clinical en-
gineering or clinical physics.)

In the United States relatively few hospitals or medical schools have -
departments of medical physics or medical engineering, although they are
quite common in medical schools in the United Kingdom and in the
Scandinavian countries. The largest department of this type is in Glas-
gow, Scotland; in 1974 this government-supported Department of Clinical
Physics and Engineering of Western Scotland had over 150 professional
staff members serving the hospitals in the area. '

Although the terms medical engineering and biomedical engineering
are essentially synonymous, the word bioengineering has a much broader
meaning. Bioengineering involves the application of any engineering to
any biological area. Bioengineering includes medical engineering as an
important category, but it also includes other fields such as agricultural
engineering. Designing cow barns and manure spreaders are bioengineer-

ing problems!

1.2. MODELING

Even though physicists believe that the physical world obeys the laws of
physics, they are also aware that the mathematical descriptions of some
physical situations are too complex to permit solutions. For example, if
you tore a small corner off this page and let it fall to the floor, it would go
through various gyrations. Its path would be determined by the laws of
physics, but it would be almost impossible to write the equation describ-
ing this path. Physicists would agree that the force of gravity would cause
it to go in the general direction of the floor if some other force did not
interfere. Air currents and static electricity would -affect its path.
Similarly, while the laws of physics are involved in all aspects of body
function, each situation is so complex that it is almost impossible to
predict the exact behavior from our knowledge of physics. Nevertheless,
a knowledge of the laws of physics will help our understanding of physiol-
ogy in health and disease. . ' :
Sometimes in trying to understand a physical phenomenon we simplify
it by selecting its main features and ignoring those that we believe are less
important. Our description may be only partially correct, but it is proba-
bly better than none at all. In trying to understand the physical aspects of
the body, we often resort to analogies. Just as Christ taught his followers
by parables, physicists often teach and think by analogy. Keep in mind
that analogies are never perfect. For example, in many ways the eye'is
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analogous to a camera; however, the analogy is poor when the film, which
must be developed and replaced, is compared to the retina, the light
detector of the eye. In this book we often use analogies to help explain
some aspect of the physics of the body. We hope that we are successful,
but please remember that all explanations are incomplete to some degree.
The real situation is always more complex than the one we describe.

Many. of the analogies used by physicists employ models. Model mak-
ing is common in scientific activities. A famous nineteenth century physi-
cist, Lord Kelvin, said, "1 never satisfy myself until I can make a mechan-
ical model of a thing. If I can make a mechanical model I can understand
it’”” Some models involve physical phenomena that appear to be com-
pletely unrelated to the subject being studied; for example, a model in
which the flow of blood is represented by the flow of electricity is often
used in the study of the body’s circulatory system. This electrical model
can simulate very well many phenomena of the cardiovascular system. Of
course, if you do not understand electrical phenomena the model does not
help much. Also, as mentioned before, all analogies have their limitations..
Blood is made up of red blood cells and plasma, and the percentage of the
blood occupied by the red blood cells (the hematocrit) changes as the
blood flows toward the extremities. This phenomenon (discussed in Chap-
ter 8) is difficult to simulate with the electrical model.

Other models are mathematical; equations are mathematical models
that can be used to describe and predict the physical behavior of some
systems. In the everyday world of physics we have many such equations.
Some are of such general use that they are referred to as laws. For
example, the relationship between force F, mass m, and acceleration a,
usually written as F = ma, is known as Newton’s second law. There are
other mathematical expressions of this law that may look quite different to
a lay person but are recognized by a physicist as other ways of saying the
same thing. Newton's second law is used in Chapter 2 in the form F =
Amv/At, where v is the velocity, ¢t is the time, and A indicates a small
change of the quantity. The quantity mv is the momentum, and the part of
the equation A/A¢ means rate of change (of momentum) with time.

One of the physicist’s favorite words is function. The symbol for
function (f) should not be confused with the symbol for force (F ). The
equation W = f(H) means the weight W is a function of the height H. It
does not tell you how weight and height are related or what other factors
are involved. It is sort of a mathematical shorthand. In the medical field
we could write R = f(P) to indicate that the heart rate R is a function of the
power produced by the body P. The next step—to leave out the f and
write an equation that tells how the things are related to each other—is the

hard one.




image5.png
1.3. Measurement 5

. A medical researcher may use a model of some function of the body to
predict properties that were not originally suspected. On the other hand,
some models are so crude that they are only useful for serving as guides to
improved models.

Many functions of the body are controlled by homeostasis, which is
analogous to feedback control in engineering. An engineer who wants to
control some quantity that changes with time will take a sample of what is
being produced and use this sample as a signal to control the production to
some desired level. That is, some of the output is fed back to the source to
regulate the production. If the system is designed so that an increase in
the amount that is fed back decreases the production and a decrease in the
sample increases the production, the feedback is negative.-Negative feed-
back produces a stable control, while positive feedback, in which a
change in the sample fed back causes a change in the same diréction,
produces an unstable control.

A simple example of negative feedback is the control of house tempera-
" ture by a thermostat. The furnace produces heat, and the thermostat
samples the heat output via a thermometer. When the temperature rises
above a fixed point the thermostat sends a signal to the furnace to shut off
the production of heat. As heat is lost from the house, the temperature
falls until the thermostat reaches a preset pomt it then sends a signal to
turn on the heat again.

Negative feedback control is common in the body. For example one
important function of the body is to control the level of the calcium in the
blood. If the level'drops too low, the body releases some calcium from the
bones to increase the level in the blood. If too much calcium is released,
the body lowers the level in the blood by removing some via the kidneys.

While many of the control mechanisms -of the body are not yet under-
stood, various diseases have been found to be directly related to the
" failure of these mechanisms. For example, as the body grows, its cells
keep increasing in number until it reaches adult size, and then the body
remains more or less constant in size under some type of feedback
control. Occasionally some cells do not respond to this control and

become tumors.

1.3. MEASUREMENT

One of the main charactegistics of science is its ability to reproduably
measure quantities of interest. The growth of science is closely related to

the growth of the ability to measure. In the practice of medicine, early
efforts to measure quantities of clinical interest were often scorned as
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detracting from the skill of the physician. For example, even though body
temperature and pulse rate could be measured during the seventeenth
century, these measurements were not routinely made until the
nineteenth century. In this century there has been a steady growth of
science in medicine as the number and accuracy of quantitative mea-
surements used in clinical practice have increased.

Figure 1.1 illustrates a few of the common measurements used in the
practice of medicine. Some of these measurements are more reproducible
than others. For example, an x-ray gives only qualitative information
about the inside of the body; a repeat x-ray taken with a different machine
may look quite different to the ordinary observer.

In an introductory physics course many different types of measurement
are studied. In general, International System (SI) units, or metric units,
are used to measure various quantities (see Appendix B). Unfortunately,
they are not yet in common use in the United States as they are in most of

" the world. The basic SI units we use in this book are the meter (m) for
length, the kilogram (kg) for mass, and the second (sec) for time. For
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Figure 1.1. Some common measurements in the medical field.




