Preface

Irom the Preface to the Third Edition, by Russell k.

Heskalaiee:

Between 1971 and 1973 1 audited all the
conrses medical students take in their frst two
years at the University of Minnesota. 1 was
amazed at the amonnt of physics 1 found in these
courses and how little of it is discussed in the
general physics course.

I found a great discrepancy between the
physics in some papers in the biological research
literature and what 1 knew to be the level of un-
derstanding of most biclogy majors or premed
students who have taken a year of physics. It was
clear that an intermediate-level physics course
would help these students, It would provide the

= physics they need and would relate it directly to
the biological problems where it is useful.

This book is the result of my having tanght
sueh a course since 1973, It is intended to serve
a= A text for an intermediate course tanght in
a phiveies department and taken by a variety of
majors, Sinee its primary content is physics, 1
hope that physics faculty who might shy away
from teaching a conventional biophysics course
will consider teaching it. | also hope that re-
search workers in biology and medicine will find
it a uselul reference to brush up on the physics
they need or to find a few pointers to the eur-
rent literature in a number of areas of bio-
physics, (The bibliography in each chapter is
by no means exhanstive; however, the references
should lead vou quickly into a field.) The course
offered at the University of Minnesota is taken
by undergraduates in a number of majors who
want to see more physics with biological applica-
tions and by graduate students in physies, hio-

physical sciences, biomedical engineering, phys-
iflll:li_;_\'. }Ir“l 1'1'” ]!i[ll‘]gﬁ'.

Becanse the book is intended primarily for
students who have taken only one year of
physies, | have tried to adhere to the following
principles in writing it:

. Calenlus is used withont apology. When an impor-

tant idea in caleulus is used for the first time, it is
reviewed in detail. These reviews are found in the

appendices,

The reader is assumed to have taken physics and to
know the basic vocabulary, However, 1 have tried to
present a logical development from first principles,
but shorter than whai would be found in an intro-
ditctory course. An exception is found in Chapters
1418, where some results from guantum mechanies
are used without deriving them from first principles,
(My students have often expressed surprise at this
change of pace.)

I have not intentionally left out steps in most deriva-
tions, Some readers may feel that the pace could be
faster, particularly after a few chapters. My students
have objected strongly when 1 have suggested step-
ping up the pace in class.

Each subject is approached in as simple a fashion as
possible. | feel that sophisticated mathematics, such
as vector analysis or complex exponential notation,
often hides physical reality from the student. 1 have
seen electrical engineering students who could not
tell me what is happening in an RO cirenit but conld
solve the equations with Laplace transforms.

The Fourth Edition follows the tradition of earlier

editions. The book now has a second author: Bradley
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1. Roth of Oakland University. Both of us have en-
jayed this collaboration immensely. We have added a
chapter on sound and oltrasonnd, deleting or shorten-
ing topics elsewhere, in order to keep the book only
slightly longer than the Third Edition. Some of the
deleted material is available at the book’s website:
htep: / fwww oakland.edu/ " roth/hobbie htm.

The Fourth Edition has 44% more end-of-chapter prob-
letns than the Third Edition; most highlight biological
applications of the physical principles. Many of the prob-
lems extend the material in the text. A solutions mannal
is available to those teaching the course. Instructors can
use it as a reference or provide selected solutions to their
students. The solutions manual makes it much easier for
an instructor to guide an independent-study student, In-
[ormation about the Solutions manual = available at the
hook's wehsite,

Chapter 1 reviews mechanics. Translational and ro-
tational equilibrium are introduced, with the forces in
the heel and hip joint as clinical examples. Stress and
strain, hydrostaties, incompressible viscous How, and the
Poiseuille Bernoulli eguation are discussed, with exam-
ples from the circulatory system. The chapter concludes
with a discussion of Reynolds number.

" Chapter 2 is essential to pearly every other chapter
in the book. It diseusses exponential growth and decay
and gives examples from pharmacology and physi oy
{including clearance). The logistic equation is discussed.
Sendents are also shown how to use semilog and log-log
graph plots and to determine power-law coefficients using
a spreadsheet, The chapter concludes with a brief diseus-
aion of sealing,

Chapter 3 is a condensed treatment of statistical
physics: average quantities, probability, thermal equilib-
vium, entrapy, and the first and second laws of thermody-
namics. Topics treated include the following: the Boltz
mann factor and its corollary, the Nernst equation; the
principle of equipartition of energy: the chemical poten-
tinl: the general thermodynamic relationship: the Gibbs
free energy: and the chemical potential of a solution. Yon
can plow through this chapter if you are a slave to thor-
onghness, touch on the highlights, or use it as a reference
a4 the topics are needed in later chapters,

(hapler 4 treats diffusion and transport of solute in
an infinite medium, Fick’s first and second laws of dif-
fusion are developed. Steady-state solutions in one, two
and three dimenszions are deseribed. An important model
ix a spherical cell with pores providing transport through
the eoll membrane. It is shown that only a small mumber
of pores are reguired to keep up with the rate of diffusion
toward or away from the cell, so there is plenty of room
on the cell surface for many different kinds of pores and
receptor sites. The combination of diffusion and drift {or
solvent drag) is also discussed. Finally, a simple random-
wall model of diffusion is introduced,

Chapler & discusses transport of fluid and neutral
solutes through a membrane. This might be a cell mem-

brane. the baserent membrane in the glomernlus of the
kidney. or a capillary wall. The phenomenclogical trans-
port equations including osmotic pressure are introdueed
as the first (linear) approximation to describe these flows,
Countercurrent transport is described. Finally, a hydro-
dynamic model is developed for right-cylindrical pores.
This model provides expressions for the phenomenalogi-
eal coefficients in terms of the pore radins and length, Tt
is also used to caleulate the net foree on the membrane
when there is flow.

After reviewing the electric field, electric potential, and
cirenits, Chapter 6 deseribes the electrochemical changes
that cause an impulse to travel along a nerve axon or
along o muscle fiber before contraction. Two maodels
are cansidered: electrotonus (when the membrane obeys
Ohm's law) and the Hodgkin-Huxley model (when the
membrane is nonlinear). Saltatory conduction in myeli-
nated fibers is deseribed. The dielectric properties of the
membrane are modeled in terms of its molecular strue-
ture. Some simple changes to the membrane conductiv-
ity give rise to a periodically repeating action potential.
Finally, a general relationship is developed between dif-
fusive transport, resistance and capacitance for a given
geometry.

Chapter 7 shows how an electrie potential is generated
in the medinm surrounding a nerve or musele cell, This
leads to the current dipole model for the electrocardio-
gram. The model is refined to account for the anisotropy
of the electrieal conductivity of the heart. We then discuss
electrical stimulation, which is important for pacemakers,
stimulating nerve and musele cells, and defibrillation. Fi-
nally. the model is extended to the electroencephalograni,

Chapter 8 shows how the currents in a conducting
nerve or muscle cell generate a magnetic field, leading 1o
i he magnetocardiogram and the magnetoencephalogram.
Some bacteria (and probably some higher arganisms)
contain magnetic particles used for determining spatial
orientation in the earth’s magnetic field, The mechanism
by which these bacteria are oriented is described. The de-
tection of weak magnetic fields and the use of changing
magnetic fields to stimulate nerve or muscle cells are also
discnssed.

Chapter 9 covers a number of topics at the cellu-
lar and membrane level. It begins with Donnan equilib-
rinm. where the presence of an impermeant ion on only
one side of a membrane leads to the buildup of a po-
tential difference across the membrane, and the Gony
Chapman model for how ions redistribute near the mem-
brane to generate this potential difference, The Debye
Hiickel model is a simple deseription of the neutralization
of ions by surrounding counterions. The Nernst Planck
equation provides the basic model for describing com-
bined diffusion and drift in an applied electric field. 1t also
forms the basis for the Goldman-Hodpkin Katz model
for zero total current in a membrane with a constant elec-
tric feld. Gated membrane channels are then discussed.
Noise is inescapable in all signalling situations. Alter



r]r.'.-'nl'nping the basic properties of shot noize and Johno-
son noise, we show how a properly adapted shark can
detect very wealk electric felds with a reasonable signal-
to-noise ratio, The chapter concludes with a discussion of
the basic physical principles that must be kept in mind
when assessing the possibility of biological effects of weak
electric and magnetic felds.

Chapter 10 describes feedback svstems in the body. Tt
starts with the repulation of breathing rate to stabilize
the carbon dioxide level in the blood, moves to linear
feedback systems with one and two time constants, and
then 1o nonlinear models. We show how nonlinear sys-
tems described by simple difference equations can exhibit
chaotic behavior, and how chaotic behavior can arise in
continuons systems as well. Examples of feedback svstems
include Cheyne-Stokes respiration, heat stroke, pupil size,
ogcillating white-hlood-cell connts, waves in excitable me-
elia, and pericd donbling and chaos in the heart.

Chapter 11 shows how the method of least squares un-
derlies several important techniques for analvzing data.
These range from simple curve Btting to discrete and con-
tinnous Fourier series, power spectra, correlation fune-
tions, and the Fourier transform. We then describe the
frequency response of a linear system and the frequency
spectrum of noise. We conclude with a brief discussion
of testing data for chaotic behavior and the importam
concept of stochastic resonance,

Armed with the tools of the previous chapler, we turn
to images in Chapler 12, lmages are analyzed from the
standpoint of linear svstems and convolution. This leads
o the use of Fourler analysis Lo deseribe the spatial fre-
quencies in an image and the reconstruction of an image
from its projections. Both Fourier techniques and filiered
backprojection are discussed,

Chapter 15 is new in the Fourih Edition. 1t discosses
aconstics, hearing, and medical ultrasound.

Chapter 14 disensses the visible, infrared, and altravi
plet regions of the electromagnetic speetrum. The scat-
tering amd absorption cross sections are introduced and
are used here and in the next three chapters. We then de-
seribe the diffusion model for photon transport in turbid
media, Biological examples of infrared scattering include
the near infrared, optical coherence tomography, Raman
seattering, and the far infrared. Thermal radiation emit-
ted by the body can be detected: the emission of infrared
radiation by the sun includes ultraviolet light, which in-
Jures skin. Protection from ultraviolet light is both pos-
sible and prudent. The definitions of various radiomet-
ric quantities have varied from one field of research to
another. We present a coherent deseription of radiomet-
rie, photometric and actinometric definitions. We then
turn to the eve, showing how spectacle lenses are used
to correct errors of refraction. The chapter closes with a
deseription of the quantum limitations to dark-adapted
VISIO,
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Chapter 15, like Chapter 3, has few biological examples
but sets the stage for later work. It deseribes how photons
and ionizing charged particles such as electrons lose en-
ergy in traversing matter. These interaction mechanisms,
both in the body and in the detector, are fundamental to
the formation of a radiographic image and to the use of
radiation to treat cancer.

Chapter 16 describes the use of x rays for medical di-
agnosis and treatment. It moves from production to de-
tection, to the diagnostic radiograph. We discuss image
quality and noise, followed by angiography, mamimogras
phy, fluoroscopy. and computed tomography, After hriefly
reviewing radiobiology, we discuss therapy and dose mes-
surement. The chapter closes with a section on the risks
from radiation.

Chapter 17 introduces nuclear physics and nuclear
medicine. The different kinds of radioactive decay are de-
seribedd. Dhose ealeulations are made nsing the Fractional
absorbed dose method recommended by the Medieal In-
ternal Hadiation Dose committes of the Society of Nu-
clear Medicine. Auger electrons can magnily the dose de-
livered to a cell or to DNA. This can polentially provide
new methods of trestment. Diagnostic imaging includes
single photon emission tomography and positron cmis-
sion tomography, Therapies include brachytherapy and
internal radiotherapy, A section on the nuclear physics of
radon closes the chapter.

Chapler 18 develops the physics of magnetic resonance
imaging. We show how the basic pulse sequences are
formed and nsed for slice selection, readont, image re-
construction and to manipulate image contrast. We close
with chemical shift imaging, Aow effects, functional MET,
and diffusion and dilfusion tensor MR

Biophvsies is a very broad subject. Nearly every branch
of physics has something to contribute, and the bound
arics between phvsics and engineering are blurred. Each
chapter could be much longer; we have attempted to pro-
vide the essential physical tools. Molecular biophysics has
been almost completely ignored: excellent texts already
exist, and this is not our area of expertise. This book has
hecome long enongh.

We wonld appreciate receiving any corrections or sug-
gestions for improving the book.

Finally. thanks to our long-suffering families. We never
understood what these common words really mean,
nor the depth of our indebtedness, until we wrote the
boolk.

Russell K. Hobhbie

Professor of Physics Emeritus, University of Minnesota
(hobbictumn.edu)

Bradley J. Roth

Associate Professor of Physies, Oakland University
{roth@oakland.edu)



