Bjorn E. W. Nordenstrém

Biologically Closed
Electric Circuits

CLINICAL, EXPERIMENTAL AND
THEORETICAL EVIDENCE FOR AN
ADDITIONAL CIRCULATORY SYSTEM

Nordic Medical Publications




Biologically Closed
Electric Circuits

This One

i




Biologically Closed
Electric Circuits

CLINICAL, EXPERIMENTAL AND
THEORETICAL EVIDENCE FOR AN
ADDITIONAL CIRCULATORY SYSTEM

by
Bjorn E. W. Nordenstrom, M D

Karolin k I 1tttbmckhlm Swd

Nordic Medical Publications



(©) 1983 Bjorn E. W. Nordenstrom, Karolinska Institutet, Stockholm, Sweden.
All rights reserved. Permission to reproduce material from this book must be obtained from the author.

This book may be obtained from
Nordic Medical Publications
Grev Turegatan 2, 5-11435 Stockholm, Sweden

CGraphic Design by Jerk-Olof Werkmister
Printed in Sweden by Almqgvist & Wiksell, Uppsala 1983

[SBN 91-970432-0-6



FOREWORDS

To contribute a preface to this work of Bjorn Norden-
strom is an honour for a French-speaking colleague, but
above all it is a great responsibility with respect to the
international scientific community, because the opin-
ions expressed in this preface have the potential of
influencing the speed of diffusion, study, and accept-
ance of the extraordinarily original and fruitful ideas
of this work. “Biologically Closed Electric Circuits”
marks no less than a major point in the evolution of
our understanding of biologic science.

Nordenstrém’s theory offers important implications
throughout the entire range of normal and pathologic
physiology. With profound conviction, I dare assert
that no vital process can be fully understood without
considering this new electrophysiologic theory. A vast
field of multdisciplinary research is opening before
us. Numerous concepts which today are confused,
including even chemotaxis, are here clarified.

Consider a collection of tissues, organs, interstitial
fluid, blood vessels, lymphatic channels and excretory
canals. Such tissues, e.g., vessels, were found to func-
tion as insulated electric “cables”. Their contents of
blood plasma conduct current effectively inside the
relatively insulating vessel walls to join the conducting
interstitial tissue fluid over the blood capillaries. Dif-
ferences of electric potential (no matter whether cre-
ated normally, pathologically or artificially) will create
electric fields throughout the body. Current will flow
preferentially in conducting pathways, inducing ionic
and electroosmotic transports over both short and long
distances. These transports will produce diverse bio-
logic effects.

This idea, so simple and logical, is supported by
numerous experiments in this work. As the course
of experimentation progressed, Bjorn Nordenstrim
found himself led beyond the concept of the biological-
ly closed electric circuit to predict the existence in
organisms of an electrical circulatory system—a sys-
tem not only as complex as the circulation of the blood
but also one which intervenes in all physiologic activi-
ties.

To the reader of this book I offer specific advice:
begin by reading not only the summary Chapter I but
also on pages 327-328 the 27 lines of Section G
(“Physiological capacity of BCEC systems™), which
will immediately stimulate one’s interest in this new
theory and incite a wish to deepen one's knowledge
of it.

This work is very clear. I feel little need for lengthy
considerations of its scientific merit, but I cannot resist
emphasizing the fascinating and broad medical scope
of this book, i.e., a new view on carcinogenesis and a
therapeutic mode against cancer which theoretically
offers possibilities against diverse inflammatory states,
fractures, atheromas and neurologic complications of
various diseases (e.g., hepatic coma). Moreover, this
book offers new scientific bases which will reorient
future research on a wide range of hitherto poorly
understood processes, e.g, acupuncture, oral galva-
nism, meteorologic influences on human beings, types
of adipose tissue, diverse secretory mechanisms, diur-
nal cycles and embryogenesis. This list of disparate
functions leaves unmentioned many other applica-
tions. In particular, extrapolation of the theory at the
intracellular level offers many possible consequences.

The coming years will see a wealth of experimenta-
tion derive from this new approach to electrophysio-
logy. Its full importance is today impossible to appre-
ciate. For example, disparities of findings noted here-
tofore between in vitro and in vivo work can now be
assessed anew. The implications of Nordenstrom's
theory appear far-reaching even beyond today’s most
enlightened suspicions.

Facques C. Hauton, D.M. D .Sc.

Professor of Biochemistry

Institut National de la Santé

et de la Recherche Médicale
Université d"Aix-Marseille 11, France
(translation from French,

John H. M. Austin, M.D.)
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Biopotentials have fascinated me for many vears, and
when [ found that small positive potentials existed on
skin carcinomas relative to normal tissue [ searched for
an explanation, feeling that it was of fundamental
Importance.

It was my search for more information that led me
to Bjorn Nordenstrim. The vast amount of material he
had collected in searching for an explanation of the
corona structures around a variety of pulmonary neo-
plasms and inflammatory lesions, surprised me.
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This book is an account of his research and, as so
often happens, it touches on fields beyond the ariginal
observations. The potentials, although small, which he
measured in many tumours seemed to be a major
factor in warter transport, cell movement, etc. Repro-
ducing these electrical conditions in vitro as well as in
vivo produced histological evidence of cellular trans-
formations, migration of cells and ions and transport
of tissue water, indicating that electrical forces must be
of fundamental importance to maintain, €.g., homeo-
stasis.

The way in which the morphology of breast adipose
tissue changes under the influence of small D.C. cur-
rents and, in particular, how the histology is so differ-
ent according to the position of the tissue in the poten-
tial gradient, is convincing evidence of cellular changes
brought about by electricity.

The extracellular fluid and its regulation we know is
fundamental to controlling cell division. lonic differ-
ences lead to potential differences in the body between
cells and between one organ and another. Currents of
the order of microamperes flow across the edge of
wounds, and limb regeneration, even finger tip regen-
eration in children, has been reported to be connected
to these currents.

The new concept of energy conversion in tissue over
biologically closed electric circuits (BCEC) described
in this book offers a unified theory even for such
diverse phenomena as acupuncture and the effect of
electromagnetic fields on man and increases our un-
derstanding of the mechanism of tumour growth.

The test of a good theory is if it indicates further
experiments. The treatment of lung tumours by direct
current was such an experiment which has produced
positive results in those patients treated so far. This
encouraging application alone justifies the concept of
BCEC and should encourage us to seek further appli-
cations of this theory.

I once heard a Professor say that writing a book
was like giving birth to a baby. This book took my
friend many hours of toil, not only in its conception
but in meticulous measurement and experimentation.
The time, in my opinion, is ripe for a new look at the
importance of electricity in biology and therefore [ am
sure that this is a book not “born premarurely”.

Bernard W. Waison, Ph.D.
Professor of Medical Electronics
St. Bartholomew's Hospital
London, England
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Progress in Natural Science, including Medicine, de-
pends on the interaction between ideas and tech-
niques. In this book both aspects are amply represent-
ed. I may venture that the superb X-ray technique of
Nordenstrom revealed to him new structures around
tumours in the lung and the breast which he calls the
corona structures. In the search for their origin he
made use of various techniques, which led 10, e.g., a
mapping of the electric potential distribution across
tumours and normal tissues in vivo and in tissue mod-
els. This started a new train of ideas.

All the evidence pointed to the existence of local
electric current flow on a macroscopic scale in living
tissue, His overall conclusion is that the blood ves-
sels, not excluding even the large ones, are current
carrying cables which, in combinarion with other con-
ducting tissue media as, e.g., interstitial tissue fluid,
allow closed electric circuits to operate over large dis-
tances (Nordenstrom’s nomenclature: BCEC, Biologi-
cally Closed Electric Circuits). One specific circuit
particularly considered in this book is called VICC
{Vascular-Interstitial Closed Circuit). The activation of
such a circuit must lead to various physiological ef-
fects and possibly structural modifications.

VIII Forewords

Nordenstrom’s new views may appear startling to
most physiologists, who are familiar with the old ideas
of local nerve circuits, injury potentials, electrotonus,
etc, which appear in the traditional textbooks. An
important distinction, however, is the question of di-
mensions and location. While the nerve events take
place in domains with the magnitude of millimetres,
Nordenstrém’s BCEC represent electrogenic systems
for long range selective transports of material and dis-
tant functional effects in the entire body beyond cen-
timetric even to the metric range, i.e., between
OTgans.

I will now comment particularly on two physiologic
aspects related to Nordenstrém’s concept of BCEC:

1. The electric current as a driving force for water
movement, i.¢., electroosmosis,
2. The energetics of the current flow.

For more than a century electric potentials and
currents have been discussed as driving forces for ions
in the body fluids, mostly relating to nerve and mus-
cles. The fact that theoretically, electrical forces are
involved in the transport of the universal solvent,
water, has by and large been neglected. The enormous



literature on “fluid balance’” and “oedema formation™
is based mainly on purely colloid-osmotic concepts.
This is paradoxical, because the fixed charges, located
in the ionic structure of protein-lipid membranes of
the body, ought to mediate a force moving the mobile
solvent water, providing an electric potential field is
present. This is certainly the case in most living mem-
branes and is also shown by Nordenstrém in his pro-
file mapping mentioned above. The complex nature of
electroosmosis may be unfamiliar to medico-physiolo-
gists, but is explained in many of the informative
illustrations in his book.

However, in spite of the theoretical probability of
the importance of electroosmosis, the evidence for
its significance in biological material has been scanty
and inconclusive. The reason may be that the
systems studied have been on the microscopic or cellu-
lar levels. The detection of small degrees of swelling
and shrinkage indicating water-transfer is very diffi-
cult. Only recently, I. Tasaki and K. Iwasa reported,
for the first time, such events during action potentials
on isolated, unmyelinated nerve fibres, using a sophis-
ticated mechano-optical device (Upsala | Med Sci &5,
211-215, 1980).

At this “to be or not to be” stage of in vivo electro-
osmosis, Nordenstrém’s new views on macroscopic sys-
tems may change the scenario radically. Nordenstrém
deals with the loose, spongy lung (and breast) tissue,
where the mechanical restriction to swelling—shrinkage
is minimized as compared with more compact cellular
assemblies. Here the BCEC systems have ample space
to operate. An additional advantage is that the direct
observation by X-ray or histological or local biochemi-
cal analysis (of water—fat ratios, etc) could be utilized.

The final results of numerous experiments, some
with ingenious model systems, lead the author to the
conclusion that lomg distance control of water shifts
operates; this is identified tentatively as electroosmosis
and/or electrophoretic effects. Most interesting with
respect to electrophoresis are some illustrations of the
massive accumulation of different blood cell elements
in certain vascular areas, exposed to external current
flow. These experiments must reactivate discussions on

the process of leukopedesis. These citations may serve
as examples of the many effects which are logical
consequences of an acceptance of the principle of
BCEC.

As implied above, the energetics of the electric cur-
rent production is involved. Nordenstriém clearly real-
izes thar this is a “big” problem. He distinguishes the
energetic behaviour of, what he calls, ionars (collec-
tions of ions) from ergonars (collections of ergons, i.e.,
nonionic energetic components) in the release of elec-
tromotive forces and the modulations of conductivity
of BCEC systems. Thus he approaches the riddles of
biological current formation, i.e., the “fuel cells".
This is indeed a crucial problem in electrobiology. The
great variety of terms in the contemporary literature
such as salt batteries, active transport, ion-pumps,
metabolic potentials, channels, gates, etc bear witness
to the fact that the links berween metabolism and
electric currents are only vaguely understood, at least
at the present. It is therefore evident that many of the
electrochemical steps in the generation of electromo-
tive forces to drive BCEC systems have to be consid-
ered in the future. Nevertheless, the primary energetic
prerequisite for transport of currents over BCEC chan-
nels, i.e., metabolic potential differences, are since
long well established facts.

At this point I conclude my review of Professor
Nordenstriim’s great interdisciplinary work by turning
back to its origin, the observations of new structures in
pathological conditions and the following advances:
electrochemical treatment of tumours, the thorough
analysis of the mechanism of water transport, and
many other consequences of biologically closed electric
circuits, all fine achievements. The overriding impli-
cation is the realization that electric current can act on
tissue structure formation and by virtue of that partici-
pate in regulation of cell function and tissue transfor-
mation. This has an impact for the future and is also a
bridge between clinical and theoretical sciences.

Torsten Teorell, M.D.

Emeritus Professor of Physiclogy
University of Uppsala, Sweden

S BT

Many important discoveries have been made through
further investigations of seemingly trivial features that
may well have been generally observed, but neglected.
Pulmonary radiography has undoubtedly been one of
the most widely performed radiographic examinations
over the years. When Bjérn Nordenstrém's curiosity

led him to look into the mechanism behind the corona
that can be radiographically demonstrated around pul-
monary lesions, he encountered a hitherto unknown
biological system.

The further evidence the author presents in favour
of his concept of Biologically Closed Electric Circuits
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(BCEC) is remarkable, and takes the reader on a fasci-
nating and thrilling journey through the tissues of
the human body in health and disease during which
generally accepted ideas of pathogenetic mechanisms
are challenged. Thus, fundamental tissue reactions
such as fibrosis and scarring, thrombosis, pathological
vascularization, leukocyte accumulation, etc are given
alternative explanations to those generally accepted.
Hitherto obscure and vividly debated reactions such as
oral galvanism and the effects of acupuncture are ex-
plained.

The concept of BCEC is based not merely on sound
speculations but is supported by careful and uncon-
ventional experiments. The author’s long experience
of close cooperation with pathological anatomists has
made it easy for him to relate the concept of BCEC 1o

srructural tissue alterations. The book can, in fact, be
regarded as an alternative introduction into the field of
pathological anatomy.

A hallmark of a good book is a feeling of losing a
good friend and stimulating company when you close
it after having read its last page. This was my feeling
when my reading of this book was over. [ do not feel
too sorry, however, because I will repeatedly go back
to this new friend of mine to benefit from its rich
source of stimulating ideas for further research.

Arme Ljungguist, M.D.
Professor of Pathology
Karolinska Institutet
Stockholm, Sweden
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Summary

This book leads stepwise to the identification of a basic
biologic concept: energy conversion in lssue over biologi-
cally closed eleciric circuits (BCEC). Originally, this line
of research developed from the observation that some
seemingly strange structures are radiographically
sometimes apparent in vivo around masses in the pe-
riphery of the lungs. Because of an appearance similar
to the corona of the sun, these morphologic alterations
were called the corona structures. It will be suggested
that these structures represent modifications of tissue
over a BCEC system, shortly to be explained, activated
by a nonspecific injury of tissue.

Injury to tissue represents a source of release of
energy, which induces closed circuit transports over
BCEC channels, leading in turn to structural modifica-
tions in tissue. These modifications are of considerable
interest because they represent a result of the process of
healing. Consequently, knowledge of BCEC mecha-
nisms may increase our undersianding of how tissues
heal. Indeed, it will be shown thart artificial activation
of BCEC mechanisms can even lead to beneficial ef-
fects in disease. Therefore, the theoretical and practi-
cal importance of BCEC as a basic biologic concept has
made it necessary to devote most of this book to the
identification of such circuits, including their activa-
tion and their function.
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BCEC systems are possible because tissues differ in
conductance and structure. Several kinds of BCEC can
therefore be distinguished. The circuit particularly
identified and studied in this investigation is the vascu-
lar-interstiial closed cireunt (VICC).

BCEC systems are activated not only by the release of
energy in tissue injury but also by physiologic polarization
af tissues. This finding opens many possibilities for
new understanding of normal and abnormal function
and structural development of tissue.

This summary will concentrate on principles which,
in the opinion of the author, are capable of bringing
some new light on a number of biologic problems
which presently are poorly understood. The original
observations which led to the description of the corona
structures will therefore be treated here only briefly,
because associated problems reflect only one specific
instance of the general principle. On the other hand,
the corona structures represent a set of specific facts
from which the general principle of BCEC systems has
been inferred. Anvone interested in a full insight into
the principle of BCEC systems is advised, therefore, to
review the chapters in which the corona structures are
described and analysed.

Physicochemical potentials are central to the biokinetic
mechanism to be described. The importance of a so-
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called injury potential has long been known, for exam-
ple, as a source of error in bioelectric measurements.
Its possible role in “clinical™ injury of tissue has been
neglected to a remarkably large extent. Current re-
search tends to concentrate on “local” biochemical
reactions in different kinds of injury to tissue.

After the development in the 1960's of techniques
for percutaneous needle biopsy of pulmonary masses,
attempts were made to supplement the biopsies with
recordings of electric potentials in tissue. Two types of
electrodes were used. In one series ol patients, mixed
redox-diffusion potentials of pulmonary masses were
measured by means of metal electrodes, In another
series, diffusion potentials were measured over nonpo-
larizable electrodes. In both types of measurements it
was found that focal pulmonary lesions, mostly malig-
nant tumours and granulomas, sometimes show an elec-
tric potential in relation to surrounding tissue. It soon
became apparent that mixed potentials of lesions may
develop under certain circumstances. These potentials
are, when present, reproducible for each individual
lesion. They are inconsistent among lesions in terms of
polarity, even when lesions which are histologically
similar are compared. This unexpected finding was
interpreted as follows.

Locally injured tissue can be regarded as a site
which liberates catabolic energy. This energy gives rise
to a physicochemical potential difference in relation
to surrounding noninjured tissue. Such potential dif-
ferences are, in all probability, the results of local in-
jury in tumours, for example caused by spontaneocus
necrosis, haemorrhage or infection. By means of such
local processes of degradation, different regions of
tissue polarize in relation to each other. Polarizing
regions of tissue therefore tend spontaneously to
equalize their physicochemical gradients. It is also a
well known physical fact that any spontaneous reaction
induces opposing reactions. The total process then
attenuates in a fluctuating fashion as entropy of the
system increases. A series of in vitro experiments was
performed, showing how this tendency of increasing
entropy can be modified. Varving the influence of
movable or fixed matrices was found to affect both the
speeds of reactions and their “final” structural appear-
ances.

The gradients of potential observed in vivo in pul-
monary masses therefore appear to reflect instanta-
neous stages of fluctuating and attenuating differences
of potential. Any attempts, therefore, to determine the
“absolute” magnitude of the potential gradient, with-
out knowledge of at least the age of the degrading
process become of no or little value. Next, in vitro
experiments were performed on spontaneously degrad-
ing blood during hypoxia, to simulate at least some of
the conditions common to degradation in vivo of ne-
crotizing tissue. In these experiments, diffusion poten-
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tials measured with Ag-AgCl electrodes were observed
to fluctuate by 250 mV while pH varied between 6.5
and 7.5, which is =60 mV.

Determinations of tissue potentials in vivo of this
kind are of rather limited value for even further rea-
sons. Potentials of normal tissue, used as reference to a
degrading tissue, can be anticipated to vary in differ-
ent tissues as a function of their varying metabaolic
phases. Assuming the existence of a closed circuit
system, the electric resistance of the circuit will deter-
mine both the rate of losses of potental (from a de-
fined potential difference) and the rate of generation of
the potential difference. Blood plasma and interstitial
fluid are the anticipated conducting media of vascular-
interstitial closed circuit (VICC) channels. The resis-
tivity of each of these media is about 0.7 ohm-m. The
numerous interstitial and vascular channels between a
degrading tissue and its surroundings should then, in
all probability, allow substantial leak of current
through tissue. Moreover, the magnitude of potential
difference indicates nothing about the important fac-
tor, the quantity of current transported.

Besides diffusion potentials, redox potentials must
also be considered in the activation of BCEC systems.
We will shortly return to these potentials, to which a
separate chapter is devoted. For the time being, we
may conclude thar electric potential differences can be
measured between degrading tissue of a tumour, infec-
tious lesion or granuloma in relation to the surround-
ing and presumably normal tissue, both by means of
polarizable metal electrodes and nonpolarizable
Ap-AgCl electrodes. The “profiles of tissue potential®
obtained are reproducible in each lesion, but show
varving polarity among different lesions. This result
has been interpreted as an effect of the age of the
necrolizing process in an injured tissue, which can be
expected to present a fluctuating potential difference.

It should be apparent that in a biologically closed
electric circuit, such as a VICC, even small electrical
gradients working over a long time may give rise to
substantial transport of ions. BCEC must also be con-
sidered to function between normal regions of tissue or
even between different organs under the influence of
regional differences in metabolic activities. For exam-
ple, normal dog liver showed, relative to peritoneal
fluid, that slowly fluctuating potentials can be induced
by epinephrine, isoprenaline, glucagon and Vamin®
{an amino acid and electrolyte preparation for paren-
teral nutrition).

The release of energy of degrading tissue appears to
be coupled to systems of selective ionic transport
through BCEC channels. The energy transformation
of healing represents in this view a continually chang-
ing, fluctuating and attenuating process of electric
transport amongst tssues. Ebbs and flows of ionic
transport are induced, securing an appropriately time-



dependent supply of anions and cations for the healing
process. Healing is achieved when the injured tissue
has equilibrated with its surroundings. This equilibri-
um means that both the injured tissue and the sur-
rounding tissues have changed. The driving force in
these events is therefore not confined exclusively to the
injured tissue but also involves the physiologically
fluctuating metabolic potentials of the surrounding
normal tissue. The integrated function of physicoche-
mical forces over BCEC is, in the author’s opinion,
important not only for understanding tissue healing
but also for understanding normal functions of tssue
and morphogenesis.

The morphologic basis for closed circuit transports in-
cludes selective pathways for flow of current in tissue.
This property should be evident because different tis-
sues and tssue fluids possess different resistivities.
Differences in conductive properties are known for
fat, bone, muscle, tissue fluid, bloed, kidney, liver,
lung and brain tissue. The possibility that certain
materials and structures may function as electrically
conducting branches of closed circuit systems in tissue
does, however, not appear to have been previously
considered. As an introduction to the identification of
vascular-interstitial closed circuits (VICC) as one ex-
ample of BCEC, the process of corrosion of metal in
vivo was studied.

Two types of corrosion in vivo have been defined.
Uncomplicated corrosion is the type of corrosion which
occurs when a piece of iron is placed in salt water.
The driving force derives from the relatively anodic
and cathodic parts of the metal. Metal dissolves at the
anode depending on closed circuit transport of ions in
the water, redox reactions at the anode and cathode,
and transport of electrons in the metal. Such a process
now appears to be identifiable radiographically in vivo
on the basis of changes in the metal surfaces and
adjacent tissues. The second type of corrosion is called
complicated corvosion. In this case, driving electro-
chemical potentials are created between an injured
tissue (e.g., due to trauma, blood clots, necrosis, infec-
tion), adjacent noninjured tissue and the metal. Even
this type of corrosion may be radiographically identi-
fied. The energy in this type of corrosion is channel-
ized over closed circuits, which in part have to be
located in the tissue. Among the tissues which might
fulfil the requirements of a separated conductor, blood
vessels were the first studied.,

Direct measurements of resistivity of vessel walls in
vivo on dogs showed that “large” blood vessels (i.e.,
visible to the unaided eves) function as relatively insu-
lating and electrically conducting “cables”. The walls
of vessels present an electric resistivity which is at least
200-300 times higher than the conducting blood plas-
ma and surrounding interstitial fluid, each of which
have a resistivity only slightly higher than that of

physiologic saline solution. Blood plasma and intersti-
tial fluid, moreover, connect electrically over the capil-
lary membranes.

The vascular-interstitial channels have been tested
directly in vivo in animal experiments which show that
vessels constitute preferential pathways for electric
current, within certain limits. Therefore, in addition
to the property of serving as mechanical transport
channels, the “large’ blood vessels also function as insu-
lated, electrically conducting “cables”. After vascular-
interstitial closed circuits (VICC) are recognized. it
will become apparent that other biologically closed
electric circuits must also exist. Such circuits may
include conducting media such as urine, peritoneal
fluid, excretory material in ducts, etc., in various com-
binations with vascular or interstitial channels in tis-
sues.

Consider a necrotic tumour, electrochemically po-
larizing in relation to surrounding normal tssue (Fig.
I:1). The vascular-interstitial closed circuit (VICC)
consists of vascular and interstitial branches, electri-
cally connecting the tumour and its surroundings.

This circuit is seemingly very simple. A closer look
at its different parts will soon disclose its complexity
(Chapter XII). Its function includes the requirement
of at least two (but very likely numerous) interposi-
tioned redox steps for each closed circuit. Such redox
steps are anticipated to function as electrode-equi-
valent sites for transfer of electrons. There is no doubt
that redox reactions take place in biologic material, but
their location and the structure of such sites for BCEC
systems have vet to be established. Experimental evi-
dence is presented suggesting that the location of one
type of such sites is adjacent to fibrous membranes.

Blood, flowing in vessels with electrically insulating
walls, contains a conducting part in the plasma and a
nonconducting part in the blood cells. The membranes
of the ervthrocyvtes add a high resistance and capaci-
tance in series and parallel with the plasma, which is a
relatively good conductor. The erythrocytes can be
regarded as a movable matrix while the vessel walls
function as a structural matrix. An increase of haema-
tocrit or contraction of a vessel will consequently in-
crease intravascular electrical resistance.

The conducting medium, the plasma, obtains its
conducting properties by the presence of water, elec-
trolytes and charged, complex molecules. These com-
ponents are evidently prerequisites for the function of
BCEC systems. Another group of compounds can also
be recognized with equally important but different
properties for the function of BCEC svstems. These
are the nonionic compounds, which modulate conduc-
tivity and are able to “save” their electric energy until
conditions are suitable for its release. Some of the most
important sources of energy are present in this group,
e.g., oxygen and glucose. These considerations lead us

Summary 3



—— —_— e = -

L1

Necrotic

s
N N Selective
tissue )

N over ViCC
. “" P‘r DEF
s llee
S|
NN
3SR ST
( v,
IEN

|
|
|
I
I
|
|
|
!

“

o

-

4

A
T

0,

s 0;;
2354

-+—— [ Insulating vascular walls

Conducting blood plasma

I Insulating tissue matrix
Conducting interstitial fluid

/1 Capillary walls
(open pores)

I IV Redox sites
L £7°  Contracted capillaries (closed

Ty pores) and surfaces of thrombus
2N

-"z'

%

Potential difference

Fig. I:1. Stmplified principle of the vascular-interstinial closed
circmat (VICC), Local processes of intratumoural degradation
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mical “injury potential’ berween the tumour and surround-

to the problem of activation and function of BCEC
SYSIems.

We may recognize that metabolically produced ions
will appear temporarily within BCEC channels, as
groups of 1ons. These groupings are possible as a result
of diffusion and mechanical transport {circulation), dif-
ferences in 1onic mobility, gravity, influences of matrix
properties, lonic recombinations, etc. A resulting and
measurable difference of electrical potential (e.g. . an in-
jury potential) will become apparent. Such collections
of separated lons giving rise to a net gradient of electric
potential, compared with a “reference™ tissue within a
BCEC, are here tentatively called ionars. Two ionars of
different ionic charges then represent a driving electro-
motive force of a BCEC system. The energy of an
ionar couple depends, however, not only on its electric
gradient. The total energy gradient is a composition of
chemical, electric, volume-pressure and gravitational
energies. Furthermore, the energy components are
interdependent even as each 15 available for energy
exchange. Chemical energy, for example, when ex-
changed between two reactants must be preceded by
transports which take place in different steps. For
instance, oxvgen and glucose are transported in bulk
in the blood stream over long distances before these
compounds reach a working muscle. In the muscle,
other steps of transport then follow, including selec-
tive transports. The vascular-interstitial closed circuit
(VICC) serves as such a selective system of transport,
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ing normal tissue. Suggested sites of redox reactions of the
circuit are indicated at the capillary membrane and vascular
thrombus.

although by definition it also is an integrated part of
the mechanical system of indiscriminate bulk trans-
port. Its closed circuit function depends consequently
on the characteristics of the material transported. At
the same time, the superimposed driving electromotive
force causing the closed circuit transports will also
influence both “local” and distant chemical reactions in
the circuit. Such distant effects in VICC include ele-
ments of structural modification and selective distribu-
tion of materials contributing to the maintenance of ho-
meostasis. The function of VICC with regard to their
content of ionic and nonionic compounds will now be
briefly reviewed.

The electric energy of tons and groups of 1ons (ionars) is
immediately available, unlike the electric energy of
nonionic compounds, e.g., oxygen and glucose. These
energetic compounds are here named ergons (Greek,
ergon = work), analogous to ions. Collections of ergons
are here called ergonars, analogous to ionars. The ne-
cessity of introducing these terms is a consequence of
the closed circuit functions of BCEC systems.

Ergons are carriers of balanced electric charge, but
under certain circumstances become electrically active.
After activation thev obiain electroneganivity in relation
to their surroundings. In this transformation the ergon is
turned inte an ion. Conversely, appropriate metabolic
change of an ion may result in the creation of an ergon.

The existence and function of ergons appear to be a
prerequisite for the existence of highly developed or-



ganisms, which require special systems such as circula-
tion of the blood for transportation of energetic com-
pounds. During transport, ergons “save” their electric
energy, unlike ions, which are available instantaneous-
Iy for electric interactions. Special couplings of oxvgen
to haemoglobin are known to exist. Oxygen is thereby
prevented from starting immediate reactions with sur-
rounding material, e.g., in the blood stream. The
blood pigment packs the oxygen in a protective trans-
port cover. This mechanism therefore functions to
maintain the ergonic state of oxygen. The transport and
storage of oxygen in the skeletal muscles of deep div-
ing mammals is an extreme example of how efficiently
this mechanism is utilized to preserve the ergonic
character of oxygen.

Ergons as well as ions carry four energetic factors
(chemical, electric, volume-pressure, gravitational).
The interaction between the chemical and electric
components of energetic compounds is treated theo-
retically and experimentally. Electrolytic experiments
have been performed with water {an ergonar) and with
water and a supporting electrolyte (KCI, an ionar) in
the presence of a stabilizing matrix. These experi-
ments illustrate important principles of interaction of
1ionars and ergonars in the activation of BCEC systems.
The electric energy in ergons is available only after
activation by their surrounding media. This principle
is demonstrated experimentally in models in which
electrolysis of the ergonar water produces proton and
hydroxyl ionars as well as matrix-adsorbed hydrogen
and oxvgen ergonars. Such a driven system can actual-
Iy then be turned into a self-driving svstem, in which
the metal electrodes become activators for release of
the electric energy of the ergonars.

The metal electrodes, providing the in vitro experi-
ments with sites for redox reactions, should logically
have their biologic counterparts within BCEC systems.
The existence of redox reactions in biology is well
established. A morphologic, organized structural ana-
logue to metal electrodes in tissue is, however, still to
be found. Several possibilities exist to localize such
sites: one was attempted. When direct current was
passed between flat platinum electrodes over tissue,
[fibrous membranes were easily produced at the electrode
surfaces. In clinical medicine, fibrous tissue is known
to develop around cardiac pacemaker devices and their
electrode against the myocardium. Such fibrosis may
eventually interrupt the current, because fibrous tissue
is electrically insulating. One possibility for finding
sites for redox steps may therefore be to look for
locations of fibrous membranes. Many fibrous mem-
brane structures are easily accessible, e.g., organ cap-
sules, muscle fasciae and cerebrospinal dura, as well as
less accessible, e.g., basement membranes, tissue
septa and cellular membranes. In vivo experiments in
dogs were therefore performed as follows: direct cur-

rent was passed between one platinum electrode in the
inferior vena cava and one in a glass cylinder (filled
with 2M KCI in litmus-agar), placed against the ex-
posed spleen or liver. Depending on the direction of
current flow, reversible litmus reactions were produced at
the surface of the organ as at the surface of an interposi-
tioned meral. One possible explanation of these reac-
tions may be that electrode-equivalent redox reactions
have taken place at the organ surface. An aliernate
mechanism may be that metabolic products separated
electrophoretically immediately under the liver sur-
face. Whartever the mechanism, the experiments dem-
onstrate that interphasic accumulation of material can
be produced by leading direct current across the sur-
face of an organ. Further studies on production of
fibrous membranes in vitro by direct current support
the theory that fibrous membranes may be explained as
interphase deposition of material (*‘electrode deposiion’)
within BCEC systems. When metabolic polarization of
an organ, e.g., the liver, is asynchronous in relation to
surrounding organs, ebb and flow transport of anions
and cations should take place, leading to the develop-
ment of fibrous membranes. The membranes can be
expected to grow under the influence of the polariza-
tion current until the membrane becomes sufficiently
thick to interrupt the current.

After this introductory description of the principle
of BCEC systems, some specific observations and
problems will be reviewed:

Water transport in a closed circuir has been devoted a
full chapter. Prerequisites for electroosmosis are ana-
lyzed in in vitro and in vivo experiments. Four mecha-
nisms of electric water transport are distinguished.
Electroosmotic transport between electrodes has also
been demonstrated in vivo in animals and in pulmo-
nary parenchyma in man in connection with direct
current treatment of inoperable lung tumours,

Effects on cells and tissues after application of direct
current are described throughout this book in in vitro
and in vivo studies. Specific reactions at the anodic and
cathodic electrode surfaces are described, as well as
induced field effects and electrophoretic effects. In in
vitro electrophoresis of blood, red blood cells show
laking of blood pigment around the anode, while pig-
ment near the cathode accumulates in the centres of
the red cells. Observations also suggest that anodic
acidity and cathodic alkalinity may influence the polar-
ity of the blood pigment. Thus, repelling and attract-
ing of intracellular blood pigment have been observed.
Moreover, haemoglobin may arrange in peculiar pat-
terns in the erythrocytes. Many red blood cells were
found actually to fuse into monstrous cell-like units,
with strange arrangements of blood pigment.

Massive accumulation of leukocytes has been pro-
duced around the anode, when applied to dog mesen-
tery and lung. It is suggested that the local attraction
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of leukocytes (which carry a surplus of fixed electrone-
gative surface charges) in tissue injury is caused by the
driving electric force of the degrading tissue, during its
electropositive phase over the VICC, This explanation
represents a clearly definable mechanism for attraction
of leukocytes in tissue injury as an alternative to the
prevailing, but in many respects vague, concept of so-
called chemotaxis. In vessels directing the blood flow
toward the cathode, leukocytes are accumulated as a
result of interference between blood flow and the ca-
thodic field.

Thrombosts is also produced in the anodic field.
Platelets, like other cells, are known to carry a surplus
of electronegative charges. Accumulation of platelets
may therefore also depend on electrophoresis in addi-
tion to other factors such as steric location and magni-
tude of charges. When a lesion in ussue polarizes
spontaneously, the anodic phase may lead to micro-
thromboses in capillaries in or near the lesion. The
resultant focally decreased blood flow may contribute
to local dystrophy of tissue. This mechanism probably
contributes to the local “emphysema’ which is some-
times seen around lung lesions. Local development of
thrombosis around an anode will also cause blindly
ending vascular pockets. Radiographic contrast media
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Fig. I:2, Squamous cell car-
cinoma in the right upper
lobe, surrounded by a 3 mm
wide radiolucent zone sepa-
rating the tumour from a su-
perolateral, 2-3 cm broad,
radiopaque zone, This ra-
diograph from 1954, con-
taining two of the corona
structures (an “A" and “B”
zone) became the impetus
for the present study. Stasis,
atelectasis, cancer growth or
infection can not adequately
explain the presence and ap-
pearance of the radiolucent
and radiopaque zones,

injected into the blood stream will then appear on
angiography as the delayed ‘‘contrast enhancement”
which is often seen around tumours.

The radiographic coroma structures somelimes seen
around lung tumours are described and analvsed rather
extensively as one example of an activated BCEC sys-
tem causing structural modifications. The corona
structures include a radiolucent “A" zone around a
tumour, a radiopaque “B" zone outside the “A" zone
(Fig. I:2), radiating structures of various lengths
extending from the surface of the tumour into sur-
rounding tissue, and small arches, which connect to
form arcades at the interface of the “A” and “B”
zones. Furthermore, the corona structures include ir-
regularly narrowed vessels and circumferentially dis-
placed tissue structures, including vessels, around the
tumour. These structural modifications can be ex-
plained as transformations of tissue in a polarizing
BCEC system activated by degrading processes in the
tumour. The corona structures could therefore be re-
produced in in vitro and in vivo experiments.

Radiologic differential diagnosis of corona struc-
tures is also described and analysed. The radiopaque
“B" zone mainly represents electroosmotic accumula-
tion of water during an electropositive phase of polar-



ization of the tumour, The “B” zone can be distin-
guished from focal thickening of the pleura, atelecta-
sis, neoplastic extension to the pleura and a previously
undescribed finding called a pleural retraction pocket.
This latter finding is produced by hydropenic retrac-
tion of fibrous radiating structures during anodic (elec-
tropositive) driving phase of the tumour. As overlying
visceral pleura is retracted, an intrapleural pocket re-
mains filled with pleural fluid. Further radiographic
signs named lamellae and infiltrated strands are also
described and analysed.

Radiographically observed corona structures are not
specific for any kind of lung tumour, benign or malig-
nant. This unexpected result led to consideration of
the possibility that we here are encountering a more
general biologic mechanism (which later on developed
into the concept of BCEC),

Clinical and experimental studies of the corona
transformation in lung tissue imply strongly that cor-
responding pathophysiological mechanisms ought to
be found in other organs as well. To test this possibil-
ity, the human female breast was selected for study.
Mammary structure and function obviously differ con-
siderably from pulmonary structure and function. The
breast has the additional advantage that it is easily
accessible for in vivo radiographic-pathologic correl-
ative studies.

Corona structures around breast cancers can be
shown radiographically rather commonly. These struc-
tural changes are the same as those seen around lung
tumours, including “A" and “B" zomes, arches and
arcades, radiating structures, circular displacements of tis-
sue structures and refraciion of certain fibronc compo-
nents within the radiating structures.

Electric potential measurements (with nonpolariza-
ble Ag-AgCl electrodes over KCl bridges) were also
performed, which showed that reproducible potential
differences could be demonstrated between twmowr and
surrounding tissue n certain instances of breast cancers.
Like lung tumours the polarity of the tumour was
sometimes electronegative, sometimes electropositive,
in relation to surrounding tissue.

Mammary tissue water in relation to fat was shown
in in vitro and in vivo experiments to move from the
anode toward the cathode in an electrically closed
circuit. This movement produces radiographically de-
tectable differences of attenuation between hvdropic
and hydropenic far tissue.

Fat and water were then measured quantitatively in
“A™ and “B" zones after in vitro electrophoresis of
dog fat tissue. High fat content and low water content
appeared in **A" zones. High water and relatively low
fat content were found in “B” zones. When electrone-
gative fat is mobilized adjacent to the cathode in elec-
trophoresis, it moves interstitially toward the anode
and there enters the fat cells. This movement is, how-

ever, countered by that of fat from the anodic field,
which obtains a reversed polarity under influence of
anodic acidity. Eventually the moving fat boundaries
will meet in the middle as a zone of cathodic and
anodic fat. In wvivo electrophoretic experiments in
breast fat of dogs with quantitative determinations of
relative fat and water content indicate that spontane-
ous development of radiographic “A” and “B" zones
around a breast tumour can be explaimed as in vive
electraphoretic transports over a BCEC. Quantitative fat-
water determinations arcund human breast cancers
were found to support this hypothesis.

Circumferential structures around breast masses,
which may be benign but are usually malignant, con-
stitute a new radiographic sign, which should focus the
physician’s attention to a centrally located process
which may be a carcinoma. These structures around a
breast cancer are usually produced by realignment of
interlobular fat septa. Sometimes peritumoural vessels
are narrowed and positioned in a circular fashion, very
similar to the findings seen around focal lesions in the
lung. The mechanisms of these changes seem in prin-
ciple to be the same for both lung and breast.

Radiating structures around breast cancers often
contain both malignant cells and pathological vessels
close to the tumour. Farther out in breast tissue the
radiating structures contain fibrous tissue but not ma-
lignant cells. Some of the fibrous tissue Is birefringent.
Some of the nonbirefringent tissue is hygroscopic, A
theory is presented, supported by in vitro experi-
ments, that the hveroscopic tissue elements in radiating
structures shrink in the hydropemic “A" zone, producing
skin retractions. When the radiating structures reach
close 1o the skin, these retractions contribute to lower-
ing the local turgor pressure and facilitate the accumu-
lation of tissue water in “skin thickening”. The water,
it is suggested, moves to this hydropic “B" zone as an
electroosmotic transport of fluid from driving anodic
to cathodic tissue within a spontaneously polarizing
BCEC.

The well known accumulation of white blood cells
both inside and around a carcinoma of the breast can
readily be explained as an electrophoretic pheno-
menon. Experimental support for this theory is pre-
sented. When a tumour polarizes spontaneously (as by
local necrosis or bleeding) and enters an electropositive
driving phase, compared to its surroundings, the elec-
tronegative white blood cells will accumulate electrophor-
etically over VICC channels.

A pathologic finding, often recognized but hitherto
unexplained, is a red-vellowish zone in the fat tissue
around a malignant tumour. Similar changes of colour
of breast fat have been produced electrophoretically in
vivo in the dog and in vitro in human mammary fat
tissue around the anode. It was also found that the so-
called atrophic fat tissue around breast cancers, well
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known to pathologists, occurs adjacent to the electro-
positive electrode in in vivo and in vitro electrophore-
sis.

Fibrous tissue commonly develops around carcino-
mas, by mechanisms previously poorly understood.
Electrophoresis of normal fat tissue from human fe-
male breasts offers new approaches to the study of this
phenomenon. The application of closed electric cir-
cuits was found to transform tissue and cell elements
in breast far tissue. Two tvpes of new fibrous tissue
were found to develop in vitro.

Anodic fibrous tissue appears microscopically to con-
tain many fibroblast-like cells and large amounts of
fibrous, partly birefringent, dense material. Irregular
or circular arrangements of the fibres are often seen.
This material appears to develop inside interstitial
spaces at the time as fat cells loose their contents.

Cathodic fibrous nsswe appears microscopically to
form a delicate network (later it becomes more coarse)
of partly birefringent material. It does not contain
fibroblast-like cells. This tissue looks as if it develops
by thickening of cell membranes while other parts
atrophy. The intracellular material develops a reticular
pattern of thin structures before it gradually disap-
pears. Similar types of spontaneously developed fibro-
sis have also been found near cancers as regions of
well-developed anodic and cathodic fibrosis.

Fibrotic tissue of different gross morphologic ap-
pearances can be produced. Thus, fibrous membranes
of anodic and cathodic types can be produced by using
flat electrodes. When these electrodes are provided
with small protrusions, which lead to electrical edge
enhancement, radiating fibrous structiures develop. They
can often be observed as thin fibrous streaks of irregu-
lar course between the electrodes in the in vitro speci-
men. Further variation of fibrotic tissue is obtained by
changing the polarity of the electrodes. This switch
has led to the development of mixed anodic and ca-
thodic types of fibrous tissue.

Inside newly developed cathodic and anodic fibrosis, fat
cells wundergo remarkable transformanions and develop
structures which look like primitive ductal and vascular
channels.

Under the influence of weak unidirectional direct
current (a few microamperes during 2-5 weeks), hu-
man breast fat develops in the anodic field solid *‘rods™
of an epithelial type of cells. The rods arrange them-
selves lengthwise in the fibrous tissue in anodic groups
surrounded by a sheet of circular fibres, containing
fibroblast-like cells. Eventually the groups develop
each a central lumen. These structures, which are best
developed close to the anode, have an appearance very
much like endogenously developed fibroadenosis in breast
nssue.

Close to the cathode, fat cells are simultaneously
transformed into small “cells” with light cytoplasm

8  Summary

and a dark point-like nucleus (haematoxylin-eosin).
They arrange themselves in cathodic groups around a
central fibrous material. This material extends with
radiating structures between the “‘cells” tw a circular
fibrous enclosure (without fibroblasts). The cathodic
groups of cells arrange themselves as cathodic cores in
the direction of the newly formed cathodic fibrous
tissue. Some of these cores lose their cells and leave a
fibrous channel without cellular elements in its wall.
Some cores gradually modify their cells and continue
as anodic rods in the middle of the specimen. The light
cathodic cells then gradually stain dark red-blue with
haematoxylin-eosin.

Some cells in the cathodic field develop channel-like
structures which have an appearance similar to endogen-
ously developed pathological vessels.

The same type of cathodic channels, with an appear-
ance of pathological vessels and anodic channels with
fibrous walls containing fibroblast-like cells, could also
be produced in normal, subcutaneous, human, ab-
dominal fat specima. Further, in cathodic breast fat
and abdominal fat, fibrous channels also develop with-
out fibroblasts or cellular elements.

When bidirectional current was passed over breast
far, thin anodic channels were produced. They con-
tained fibroblast-like cells in their walls.

The proposed existence of a fluctuating potential aris-
ing after injury to tissue is supported by in vitro experi-
ments in which microcalcificarions were produced in
breast fat tissue. Fat removed from normal human
breasts was exposed to direct current (e.g., 25 cou-
lombs at 10 V). Anodic, intracellular, “bush-like”
structures developed. They contained no calcium, but
could be identified in microradiographs. At this point
the current over the tissue sample was reversed. Dur-
ing this second phase, calcium precipitated in the bush-
like matrix, which now had the histologic appearance of
spontaneously developed microcalcifications in breast
CANCET.

Fat itself is a relatively poor electric conductor. The
electric current over small specimens of fat ussue is
therefore, after a few hours, usually in the range of a
few microamperes. The time of treatment was there-
fore extended over weeks. During such long time
periods, the current seems to protect the specimen
from bacteriological decomposition.

Not only weak currents but also low energies of
current are capable of modifying the structure of tis-
sue, when the forces are allowed to act over a long
time. Thus, the weak electric pulses around pacemak-
er devices and the intracardiac electrode can cause
fibrous tissue to form, but only after relatively long
periods of time. Such considerations may support the
theory that metabolic polarization of tissues or organs
should also be capable of producing substantial ionic
transports over BCEC systems. Fibrotic tissues such as



tissue membranes and organ capsules may be the re-
sult. The studies presented suggest also that pathologi-
cal conditions in which calcium precipitates in tissue,
including healing of fractures by electric current
(which has been attempted by previous researcher),
need investigation in terms of BCEC.

The structural changes around carcinomas of the
breast are remarkably similar to the structural changes
around masses in the lung, despite the differences in
basic morphology of the two organs. It has therefore
been concluded that the biokinetic background for
their development may essentially be the same. The
central mechanism for such modifications of structure
appears related to physicochemical polarization of tis-
sues within biologically closed electric circuits.

Under the assumption that the BCEC systems repre-
sent a physiologic transport mechanism which influ-
ences normal functions, including healing, it seems
reasonable to speculate that artificial activation of
BCEC systems offers the possibility of enhancing healing.

Direct current used for therapeutic purposes (elec-
trochemical trearment) raises many possibilities either
for separate treatments with direct current or for com-
binations with other techniques.

Verified cancers occasionally heal spontaneously, ac-
cording to well established reports in the literature.
Several possible explanations have been advanced and
also criticized. In addition to the commonly suspected
immunologic or hormonal causes, it is suggested here
that the mechanism of healing via the VICC system
may be involved.

It 1s assumed that cancers, which develop internal
necrosis, bleeding or infection obtain a release of cata-
bolic energy which will activate their VICC system.
This represents the start of a process of healing, includ-
ing accumulation of leukocytes, production of fibrosis,
microthromboses and other changes in the environ-
ment of the tumour. In favourable cases, such changes
around the tumour may preclude its survival. More
commonly, such changes should only slow the rate of
neoplastic growth, because of insufficient release of en-
ergy for complete healing of all wumour tissue. An
additional supply of energy to drive the VICC system
is, however, possible over implanted electrodes con-
nected to an external electric source of power,

The suggested mechanism of a natural, but rarely
complete process of spontancous healing of cancers
and how this mechanism may be supported, formed
the rationale for a series of electrochemical treatments
of cancer,

A localized cancer may even offer rather favourable
possibilities for therapy with direct current between
implanted electrodes connected to an external source
of DC power. After an earlier pilot study to introduce
a self-driving injury reaction by local electrocoagulation
of tumours, five patients with inoperable metastases in

the lung were treated with direct current. This type of
treatment represents, during treatments, an externally
driven system. [t offers the advantage that any magni-
tude of energy can be applied to activate the biologic
circuits. The drawback is, however, that we still do
not know enough about the mode of application tw
optimize the technique. As soon as the current is
interrupted, a self~driving system will start in the tis-
sues. The direction of current will now reverse, com-
pared to the applied current. The ussues will take over
the initiated process of healing,

Electrochemical treatments have now been further
modified and applied in a trial series of 26 cancers in
20 patients. The study shows that some peripheral
nonoperable lung tumours can be treated successfully
in patients with poor cardiorespiratory or general con-
dition. The tumour electrode is made anodic because
cancer cells are generally considered to carry a surplus
of fixed electronegative surface charges. In this way
the tumour cells are kept attracted to the anode during
treatment.

After treatment, 13 of the tumours gradually disap-
peared or decreased in size, usually during the first
three or four months. One of these tumours later
increased in size. Thirteen patients have died, five
from multiple metastases, four from brain metastases,
one each from bronchopneumonia, abuse of alcohol,
myocardial infarction, and suicide. The treatments
have been free of mortality. Complications (e.g..
pneumothorax) have been minor.

Electrochemical treatment of tumours offers a new
and promising therapeutic possibility. The technique
of treatment, including the electronic equipment and
electrodes, is, however, still far from optimized.
Treatment of tumours with direct current might also
be supplemented by chemotherapeutic compounds
provided with a suitable charge. Experiments were
performed which suggest that such a medium, after
injection into the blood stream, might then become
attracted electrophoretically to the tumour during ap-
plication of direct current,

The treatment with direct current produces around
tumours radiographically visible structural changes of
an appearance which can not be distinguished from
spontaneously developed corona structures.  These
changes include “A’ and “B" zones, radiating fibrous
structures, arches and arcades, and narrowing and
circular displacement of vessels.

The fornfation of new vessels i healing of myury 15
still not well understood. Newly formed pathological
vessels are often found inside and around malignant
tumours. In vitro experiments on far tissue have
shown that application of direct current through an
excised specimen is able to transform the tissue into
primitive channels. It is anticipated, on the basis of
these observations, that a spontaneous flow of current
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over a BCEC system is likely to be a main factor in the
development of tissue channels. Future research may
disclose the role of an activated VICC system for the
formation of new vessels,

As knowledge of BCEC mechanisms increases, oth-
er closed circuit therapeutic measures may become
possible, e.g., healing of wounds, fractures and infec-
tions. The inconsistent results of previous attempts to
improve healing of fractures by electric current is, in
the opinion of the author, dependent on lack of know-
ledge about how the treatments should be coordinated
with the physiologic mechanisms.

A large number of chemicals, physical and biologic
factors ave capable of inducing cancer. They all seem to
have the capability, direct or indirect, of polarizing
ussue. A wmdirectional acnvation of BCEC systems by
weak currents over a long time will change the mternal and
external environment of cells. Surviving, modified cells
still capable of multiplying may then possibly produce
neoplastic tissue. It 15 suggested that activated BCEC
svstems, under certain circumstances, represent a common
Sfactor in carcinogenesis.

An acceplance of the principle of BCEC systems leads
logically to @ number of interesting consequences. The last
chapter of this book discusses some of these conse-
quences. Thus, it will be seen that poorly understood
events or even rather obscure phenomena such as
acupuncture and oral galvanism mayv be explained on
the basis of BCEC systems.

An important function of BCEC systems, not pre-
viously mentioned, must now be touched upon.
Closed circuit electric transports are always associated
with the creation of magnetic fields around each cir-
cuit. Such electromagnetic systems can be influenced
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by external electromagnetic fields, by the principle of
superimposition. A flow of current in a BCEC system
will consequently produce electromagnetic felds.
Moreover, an external magnetic field moving in rela-
tion to BCEC circuits will produce a flow of current in
the BCEC channels. The BCEC svstem then can be seen
to act as a receptor for external electromagnetic forces.
Such forces, both man-made and natural, are parts of
our normal surroundings and within certain limits
evidently well tolerated. A continuous separation of
electric charges takes place in the atmosphere., When
these collections of charges (ionars) move by winds,
strong electromagnetic fields are created. Before thun-
derstorms, during certain winds such as the Fohn
winds in Central Europe, and sometimes even during
ordinary changes of weather, many organisms includ-
ing human beings react in various ways. Headaches,
hemicrania, epileptic fits, joint pains, increase in traf-
fic accidents and the like are reported. From a physical
standpoint the moving electromagnetic external fields
must induce transport of current in the channels of
BCEC systems. When these currents exceed physio-
logic tolerance, the organism will react. Such phenom-
ena are most easily explained as a disturbance of ho-
meostasis. An ordinary Faraday's cage will not protect
against such interferences. The energy of activation of
BCEC systems 1s tied to the moving magnetic fields.
Their high power of penetration would probably re-
quire a chamber of steel with perhaps one inch thick
walls for protection.

It 15 the hope of the author that the reader will proceed
o read the followwing chaprers, because this summary con-
tams many shoricuts and stmplifications.



II.

Radiographic detectability
of corona structures

Clinical radiologic research based on large numbers of
examinations is hampered by the fact that the quality
of routine radiographs varies widely. This fact in turn
may limit various aspects of a study. Not only do
techniques of image production vary, but also inter-
pretation and documentation of images are not stan-
dardized. For these reasons, the extraction of basic
information about specific problems in diagnostic ra-
diology is often difficult to collect and to present in
statistically treatable terms. Furthermore, the collec-
tion of clinical radiologic information i1s frequently a
discontinuous process influenced by personal interest,
training, and trial and error. Improved examination
technique increases knowledge, which in turn im-
proves technigue. This feedback makes clinical radio-
logic research a dynamic process. The statistical pre-
requisite of uniformity is therefore often very difficult
to achieve in any large study.

Twenty-eight vears ago the author was impressed by
chest radiographs of a patient with a peripheral carci-
noma of the lung and a peculiar pattern of air-filled
lung separating peripheral “atelectasis” from the car-
cinoma (Fig. 1: 2). In the next decade not one single
additional case was recognized among several thou-
sand patients with lung tumours. The explanation is
not to be found simply in inadequate techniques of

radiographic examination. It is manly the result of
lacking knowledge about what to look for. Radiolo-
gists’ visual search patterns are of fundamental impor-
tance in diagnostic radiology. Improved visual search
can lead to improvements not only of radiographic
technique, but also to improved rates of detection of
specific radiologic findings.

Similar situations, familiar to experienced radiolo-
gists, are probably infrequently appreciated by our
non-radiological colleagues who have not been exposed
to the almost impossible task of combining long-term
research with standardization in radiologic technique
and interpretation. So-called “routine technique™ in
chest radiography varies considerably between differ-
ent institutions and different radiologists. So-called
“special films”, e.g., oblique chest radiographs, vary
even more in technical quality. Also, radiographic
quality has gradually improved over the past decades
for a multitude of technical reasons.

With this background it 15 obvious that exact statis-
tical figures over three decades of personal experience
can not always be presented. Nevertheless, on the basis
of personal experience of reviewing chest radiographs
of more than 7000 patients with tumours in the lungs,
the author estimates that corona structures of the lung,
described in 1969 (1), should now be recognized on
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“routine” examinations in 20 to 30 per cent of patients
whose tumours are peripheral to the hila and larger
than approximately 2.5 cm.

Some technical radiographic and radiologic com-
ments are now in order. So-called routine radiographs
are often far from sufficient as a basis for proper
clinical radiological research. One or two of the signs
of corona structures may be detected on a single chest
radiograph, but all the signs are rarely seen on one
radiograph. Different projections and exposure tech-
niques are often required. For reasons which will be
described later, certain structural signs are sometimes
completely lacking. A “good routine technique” is,
however, essential for the preliminary detection of the
radiographic signs. Some general remarks will, for that
reason, be made on the author’s technique of chest
radiography.

The importance of oblique views in routine chest
radiography 1s unfortunately seldom fully recognized.
In our institution oblique views are included in the
routine procedure for chest radiography, in addition to
the traditional posteroanterior and lateral views. Any
physician with experience in bronchography will im-
mediately understand why the oblique views are of
fundamental importance for a radiologic approach to
structural analysis of the lungs.

In the lungs, only the central bronchi and the cen-
tral pulmonary vessels are oriented predominantly in
the sagittal and coronal planes. For structural analyses
of the peripheral pulmonary parenchyma, oblique pro-
jections are very helpful (30°=40° to the left and to the
right). Sometimes fluoroscopic examination may per-
mit exact positioning and coning of the x-ray beam to
optimize exposure technigue.

Exposure time must be kept as short as possible o
eliminate blur caused by motion. When exposure time
exceeds 10 ms, motion blur often prevents the recogni-
tion of the radiating structures, arches and arcades.
This motion blur is mostly caused by the pulsations of
the pulmonary vessels and the transmitted pulsations
of the heart. Exposure timers usually require pro-
longed exposure time, which is paid for by unnecessary
motion blur. They also interfere with the use of shut-
ters in chest radiography, which is even more serious
with regard to image quality and dose reduction. Ex-
posure timers can advantageously be omitted in chest
radiography. Exposure time also can be reduced by
elevating tube kilovoltage at the expense of filament
current. 150-190 kVp has therefore been our standard
in routine filming. At these energy levels a decrease in
contrast will occur. This drawback 15, however, coun-
terbalanced by the reduced disturbing effect of the
calcium of the ribs. The exposure time can in frontal
and oblique views be kept at 1-6 ms at 300 mA
current. Lowering of contrast by this technique is of
obvious disadvantage for the recognition of density
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differences between the “A" zone and surrounding
tissue. Radiographs obtained with relatively low ube
tension improve contrast between the “A” zone and
“B" zone but at the expense of considerable loss in
resolution of detail.

Other radiographic technical considerations pertain
to clinical radiologic study of small objects. X-rays are
generated in a focal spot of a small but finite area, e.g.,
0.3 by 0.25 mm®. The size of the effective focal spot in
relation to the size of the object is critical, as also is the
homogeneity of the x-ray output. Variations of intensi-
ty from different parts of the focal spot may not only
produce distortion of the image but actual false im-
ages, e.g., multiplication of structures in the radio-
graph.

A final radiographic point concerns those structures
which produce lines as fine as threads in a radiograph.
Is it really possible to see in the lung threadfine struc-
tures whose diameters are of the order of the diamerter
of a small focal spot, i.e., are considerably less than
one mm? Is it not likely that for radiography to show
such threadfine structures they must have an absorp-
tion coefficient considerably higher than the surround-
ing tissue? Perhaps these structures are shaped as thin
sheets and are oriented tangentially to the beam?

In histological sections of lungs which in radio-
graphs have shown threadfine structures, no calcium
or other opaque material which could produce a
marked increase in absorption has ever been reported.
A dense absorber, however, is not a prerequisite for
the production of radiographically visible, threadfine
opacities. The material in these structures may have
the same absorption coefficient as the material of sur-
rounding lung tissue. The amount of material per unit
volume in the threadfine structures may be greater
than in the surrounding lung. Superimposition of a
large number of threads may also produce such effects,
The individual thread-structure might “drown™ as an
average increased density compared with the density
of surrounding lung. If many small structures are
randomly dispersed they will appear in the radiograph
as a result of summation, which statstcally can be
expressed as a gaussian distribution. It is therefore
important to recall that the images of the threads do
not necessarily correspond to specific threads in the
tissue. Instead, we see their statistical representation.

The biokinetic principles of structural development
around lung lesions have also been studied in the
female breast. These studies were performed as it
seemed likely that the principles might be valid also in
organs other than the lung. The female breast was
selected because anatomically and physiologically it is
very different from lung and because it offers suitable
conditions for finely detailed radiographic studies.

The case material of breast tumours is selective.
Mammograms from routine health examinations and



from patients with breast symptoms have been studied
with regard to the possible existence of structural
changes similar to those observed in the lung. No
quantitative estimation of the structural changes has
been attempted. It was found in a mixed material from
several hospitals that strikingly similar structural
changes can sometimes be observed around breast and
lung cancers. The biokinetic mechanisms proposed to
explain these similarities were then examined by dif-
ferent in vitro and in vive studies in dogs.

The radiographic studies were made both with con-
ventional radiographic breast examinations using com-
pression of the breast and in certain cases xeroradio-
graphy without compression. Most of the “conven-
tional” mammographies were made with “Diagnost
M (Philips/C. H. F. Miiller), which is provided with
a built-in six pulse generator. The tube potential has
usually been 25-30 kVp, the rotating molybdenum
anode has had a nominal 0.6 mm focal spot. To the
beryllium window has been added a molybdenum fil-
ter. The focus-film distance has usually been 40 cm.
The exposures have been made with an automatic

exposure timer (Amplimat) and a mobile ionization
chamber and light localizer. Standard craniocaudal,
lateral and oblique projections have been available in
all cases,

Sampling of cellular material for diagnosis and im-
planting of electrodes for measurements of electric
potentials in breast tumours were made with a stereo-
taxic instrument, Mammotest (Tekniska Réntgencen-
tralen AB, P.O. Box 50100, $-104 05 Stockholm, Swe-
den).

For the implantation of electrodes in lung tumours,
a versatile biplane fluoroscopic unit was also developed,
which is now available under the trade name of
Angioscope (Siemens-Elema AB, Fack §-171 20 Solna,
Sweden).
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III.

Corona structures around
malignant and benign
neoplasms in the lung

Despite the frequency of pulmonary neoplasms in con-
temporary radiologic experience, corona structures
around these neoplasms have thus far not enjoyved
adequate description. In this chapter it is attempted 10
correct this deficiency in radiologic analysis of lung
tumours.

Previously, three of the corona structures have been
reported, the “A” and “B"” zones and the radiating
structures (6). Once the author became aware of these
characteristic appearances, their presence became de-
tected around approximately 25 per cent of pulmonary
masses larger than about 2.5 ¢m in diameter and pe-
ripheral to the hila. Additional corona structures are
now found. Previous descriptions were incomplete.

To appreciate the analysis in this book of the func-
tional and morphologic significance of the corona
structures, their accurate description 15 essential. In
this chapter, the most important radiographic coronal
manifestations will first be described: the “A™ and
“B" rzones, radiating structures, the arches and ar-
cades, circular structure displacement and vascular
narrowing. Other radiographically visible structures
will then be described: lamellae, infiltrated strands,
and retraction pockets. All of these structural changes
will be seen in later chapters 1o represent interactions
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among specific pathophysiological events induced by
the pathological tissue (see, e.g., Chaprer XV).

As a preliminary example, Fig. III: 1 illustrates a
centrally necrotic adenocarcinoma in the periphery of
the right upper lobe. All the corona structures are
usually not evident in a single radiograph. The radio-
graphic signs may be quite subtle,

A. “A” zone

The “A™ zone is radiographically seen as a halo or
arcuate radiolucent area around all or a portion of an
intrapulmonary radiopaque mass (Figs. I1I: 1-9). The
“A" zone is less opaque than the surrounding pulmo-
nary parenchyma. The width of the “A"” zone ranges
from 2 mm to 8 cm in the present material, but it is
usually between 5 to 30 mm wide. The width often
varies in different parts of the zone. The inner border
of the “A” zone is limited by the surface of the
Lumour.

The outer border of the “A™ zone 15 usually ill-
defined (Figs. III: 2, 4, 5). In the periphery of the “A™
zone, radiopacity frequently increases gradually until



Fig. [11:1. Well differentiated adenocarcinoma of lung,
frontal radiograph. A radiolucent, 1-2 ecm broad, “A" zone
(A} surrounds the tumour. The “B™ zone (B) lies peripheral

to the “A" zone, and is smaller and slightly more radiopague.

Histologically, the centre of the cancer was necrotic, evi-
dent on the radiograph as ill-defined, central radiolucency
(N, Structures radiate from the tumour's surface. An opa-
gue v-shaped band, here called a lamella (L), overlies the
mass. At the sharp interface berween the “A" and “B"
zones, a 2 cm long arcade (arrows) is seen. Close inspection
suggests it is formed by a number of tiny arches, each 1-2
mm broad.

Fig. [I1: 3. Squamous cell carcinoma, left upper lobe.

{a) Left anterior oblique radiograph shows radiating struc-
tures, including lamellae (arrows). “A™ and “B" zones are
correspondingly labelled. (b) Left posterior oblique radio-

Fig. 111: 2, Poorly differentiated squamous cell carcinoma of
the left lung, frontal radiograph. The tumour is surrounded
bv a radiolucent A" zone, which is diffuse, irregular, and
0.5-1 cm broad. Its outer margin is indistinct.

graph shows a 12 mm broad, radiclucent “A" zone (A).
Along its superolateral portion a radiopague “B" zone (B)
has a well-defined margin against the “ A" zone (arrowheads).
Elsewhere the margin of the “A" zone is poorly defined.
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Fig, I11:4. Small cell carcinoma, upper lobe, left lung,
frontal radiograph. The “A" zone is about 5 mm wide. A
“B" zone is seen as an irregular infilration lateral to the tu-
mour. The border between the radiolucent “A" zone and
the radiopaque “B" zone is poorly defined.

it reaches the level of the surrounding lung parenchy-
ma.

A sharp outer border of the “A" zone, on the other
hand, is observed characteristically only against a “B”
zone situated between the tumour and the periphery of
the lung (Figs. I: 2, III: 1, 3, 9). Computerized tomo-
graphy will occasionally be more sensitive than plain
radiographs in detecting these changes (Figs. I11: 8,
34).

No characteristic malignant cell wype is associated
with corona changes. An “A" zone can be seen around
different histological tvpes of malignant tumours in the
tung.

For some time the author thought that an “A’ zone
was a radiographic sign of cancer. It is not so. An A"
zone can be found around some benign tumours as
well as around primary and metastatic lung tumours of
different types and degrees of differentiation. (As will
be seen in the next chapter, corona structures may
even develop around inflammatory lesions.) Two cases
will now illustrate an “A” zone around a benign tu-
mour.

In Fig. III: 6 a, a hamartoma is seen surrounded by
some discrete, 5—6 mm long, radiating structures and
an irregular circle of vessels 4-5 cm in diameter. Six
vears later (Fig. [1I: 6 b), a radiolucent zone, 5-12 mm
broad, surrounds the tumour. This zone is indistin-
guishable from an “A" zone as seen around a malig-
nant tumour. Confirmation of the marked radiolu-
cency of the “A" zone is shown by a densitometric
recording across the lung, the “A” zone and the tu-
Mour.
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Fig. I11: 5. Carcinoma of breast, metastatic to the upper
lobe, left lung, frontal radiograph. The tumour is surround-
ed by a faint, radiolucent “A™ zone medially, inferiorly, and
laterally. The periphery of the *A" zone is poorly defined.

Another hamartoma (Fig, II1: 7) is illustrated sur-
rounded by a 1-8 mm broad “A"™ zone. A photograph-
ic “edge enhancement™ and *“Mach effect™ (7, 11) as
possible sources of error can be excluded in this case
because of the irregular and variable width of the “A”
zone. Furthermore, comparable differences of density,
€.g., between ribs and lungs, do not show any edge
enhancement artefacts in this radiograph. '

Computerized tomography may be more sensitive to
“A" zone radiolucencies than plain radiographs. Fig.
III: 8 ¢ shows a plain radiograph of a metastatic mela-
noma in the right upper lobe. Noclear “A" zone can be
seen around the tumour. In the computerized tomo-
gram (Fig. II1: 84), on the other hand, the radiolu-
cent zone is easily recognized, as well as circular devi-
ation of vessels around the “A'" zone.

' Evaluation of density differences in photographic films is subject
ta several errors: the so-called adjacency effects and Mach effects
must be considered. The most common errors are the appearance of
enhanced density along the edge of a dense area, known as the
border cffect. and decreased density outside the border effect,
known as the fringe effect. The border effect is often referred w as
the Mach line and the two effects together as the edge effect. They
are partly produced during film development because the developer
affects not only the surface of the film but also the emulsion.
Honzontal diffusion of fresh developer within the emulsion en-
hances the developing process within a nearby area of higher expo-
sure. On the other hand, the reactive products of development also
diffuse in the opposite direction through the boundary of different
exposure. Such reactive products tend to inhibit development in the
less exposed side of the boundary. The edge effect occurs within a
relatively restricted area adjacent to the boundary where the expo-
sure gradient 15 steep; usually it is less than a millimetre wide. The
visual analogue to the photographic border and [ringe effects is
called the Mach effect. Physiologically an intense stimulus of part of
the retina results in a lower signal from adjacent retinal cells. This
compensatory mechanism is called lateral inhibition. The intense
signal is on the other hand enhanced. This visual mechanism en-
hances considerably the visual recognition of structures.



Fig. 11]: 6. Hamartoma, right lung, frontal radiograph.
(@) A radiolucent “A” zone surrounding the tumour is
suggested. () Six vears later, the tumour has grown
shightly. An “A” zone now definitely surrounds it, The
peripheral margins of the “*A’" zone are generally indis-
tinct. (¢) A densitometric recording of the radiograph

b is shown, obtained at the level of the black horizon-
tal line. Peaks of the tracing are obtained by the low at-
tenuation for x-rays in the “A™ zone.

Fig I11I:7. Hamartoma, right lung, frontal radiograph. A
narrow “A" zone of varying width surrounds the tumour. A
pulmonary vessel (arrow) appears not to traverse the “A™
Zone.

Fig. [11: 8. Pulmonary metastasis from an extrathoracic ma-
lignant melanoma. (@) Frontal radiograph, right upper lobe.
Mo definite A" zone is apparent. () Computerized tomo-
graphv shows a radiolucent A" zone around the rumour,

Blood vessels appear deviated around the margin of the “A™
Zone.

_*.
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B. Small arches and arcades

Before a general description of the different appear-
ances of the “B" zone can be offered, specific descrip-
tion is appropriate for those parts of the interface of
the “A" and “B" zones which are well defined, 1.e.,
the arcades and small arches.

Wherever the “A" zone sharply borders the “B"
zone, small arches characterize the interface. Each arch
is from one to five mm wide. The convexities of these
arches are always directed away from the lesion. The
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Fig. 111:9. Moderately well differentiated squa-
mous cell carcinoma, upper lobe, left lung (same pa-
tient as in Fig. I11: 27.) A small arcade (arrows)
formed by 1-2 mm wide arches is seen between A"
and “B" zones in (a) left anterior oblique, (b) pos-
teroanterior, and (¢) leflt posterior oblique radio-
graphs. The convexities of the arches and arcades
are directed away (rom the surface of the tumour.
The junction between the two zones is well demar-
cated superolaterally (seen as a slightly undulating
line or arcade). The individual arches of the arcade
can be most easily recognized in o and b, The pres-
ence of an arcade comprised of small arches is an
important diagnostic sign differentiating a “B" zone
from local thickening of the pleura.

arches hang together in rows which are here called
arcades. The arches and arcades often appear as a line
or lines of increased radiopacity. Characteristic exam-
ples of small arches forming arcades between “A™ and
“B" zones can be seen in Figs. III: 1, 9, 10, 13.
Small arches forming a short arcade are seen in Fig.
II1: 9. In the left anterior oblique projection (a), the
arcade (arrow) projects over the mid-part of the tu-
mour, a moderately well differentiated squamous cell
carcinoma. In the posteroanterior view (b), the arcade
is seen superior and lateral to the tumour. In both a



Fig. I 10, Large cell car-
cinoma in the right lung of a
67-year-old man. Coarse
structures radiate more or
less perpendicularly to the
surface of the tumour. They
pass through the 2-4 cm
broad “A" zone into the
“B™ zone. In a postervante-
rior radiograph (a), the in-
terface between the “A™ and
“B' zones (arrows) IS seen
as a slightly undulating line.
In the right posterior ob-
lique projection (&), the in-
terface is seen as individual,
small, 2-3 mm wide arches
forming a 10 cm long ar-
cade.

and b the convexities of the 1-2 mm wide arches are
each directed away from the tumour. Some small radi-
ating structures in b can also be seen in the ““A” zone,
ending at the edges where the small arches make con-
tact with each other.

This tumour contains a cavity with some air and has
an indentation in its inferior border (¢). It is likely that
the indentation represents partial collapse of the sur-
face of the tumour. Such collapse may cause the for-
mation of what are here called lamellae, which are seen
either at the surface or projected over the tumour as

opaque thick lines (see Section F on formation of
lamellae).

This case also illustrates the importance of radiogra-
phic positioning of the patient for correct analysis of
structures. Oblique projections in this instance aided
differential diagnosis of the radiopacity here called the
“B" zone. Distinguishing a “B" zone from local pleu-
ral thickening may be important clinically.

The small arches and arcades may be found seem-
ingly far from a pulmonary tumour. A giant cell carci-
noma, seen in the posteroanterior view (Fig. III: 10,
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Fig. [II: 1. Demonstration of disappearance of “B" zone
and arcade after injection of air into the pleural space. Pleo-
morphic carcinoma (17 in a 61-vear-old man. (a) "A" and
“B" zones in a 15° right posterior oblique radiograph. The
arcade, a biconvex interface, defines the superolateral mar-
gin of the “A" zone. The junction of the two convexities (ar-
row) appears retracted toward the tumour. (&) 20° right an-
terior oblique projection. Radiating structures are seen supe-

has a central air-filled cavity and rather coarse radiat-
ing structures which are arranged more or less perpen-
dicularly in relation to the tumour surface. The radiat-
ing structures pass through a 4 cm broad “A" zone
and deeply into a **B”" zone. The interface between the
“A” and “B" zones 15 well demarcated in Fig.
III; 10 a (arrows). In the right posterior oblique view
(b}, a projection is chosen which shows a row of small
arches forming one slightly curved arcade. These arch-
es each have a width of about 3 mm (arrows). The
positions and clear definition of the interface between
the “A" and “B" zones, as well as the passing of the
radiating structures through the interface, indicate
that the arcade is not caused by the interlobar pleura.
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rior to the tumour. Arrows indicate the arcade. (¢) and (d)
Same projections as a and b, respectively, after insufflation
of air into the pleural space. The pleural space is open, the
“B" zone has disappeared, and the visceral pleura is normal
(arrows). In this case, the disappearance of the “B zone
suggests that it was caused by a local fluid collection in the
lung between the tumour and the pleura.

C. “B” zone, including its
demonstration in a dog model

The “B" zone is a region of increased radiopacity
peripheral to the **A" zone. Its opacity is greater not
only than that of the “A" zone burt also than that of
normal lung. It often, but not always (see, e.g., Fig.
I:2), extends from the periphery of the radiolucent
“A™ zone to the pleura. A number of representative
examples will be reviewed.

In Fig. III: 1 the “A" zone is very prominent, while
the “B" zone appears only as a rather discrete radiopa-
city superolateral to the “A” zone. At the interface



Fig II: 12, Vanishing “B" zone after injection of air into
the pleural space. (@) Squamous cell carcinoma in the right
lung of a 68-vear-old woman. Irregular, tiny, radiating struc-
tures and A" and "'B" zones are present. A “B" zone in
broad contact with the pleura should not be misinterpreted

between the “A™ and “B" zones a 2 cm long arcade is
seen as 4 slightly undulating line.

The poorly differentated squamous cell carcinoma
in Fig. III: 3 is surrounded by a clearly visible “A”
#one, particularly apparent in a left posterior oblique
projection (b). The B zone is seen laterally to the
“A” zone between the chest wall and the row of arches
{arrowheads).

The “A" zone around the small cell carcinoma in Fig.
III: 4 15 only about 2 mm wide. Lateral to the tumour
is also seen an irregular (5 1.5 cm) radiopacity which
represents a “B" zone. The presence of an “A" zone
between the tumour surface and this opacity (the “B"
zone) is here of decisive importance for the differential
diagnosis between a “B" zone on the one hand, and
tumour, atelectasis, pleural thickening or broncho-
pneumonia on the other.

Whenever the increased radiopacity extends to the
chest wall, thickening of the pleura becomes an alter-
nate diagnostic possibility to a “B™ zone, as in the
moderately well differentiated squamous cell carcino-
ma in Fig. II1:9¢, In such instances local pleural

as pleural thickening or extension of tumour into the chest
wall. (B) After air was injected into the pleural space, the
“B" zone disappeared. Normally thin visceral pleura (ar-
rows) is evident medial to the air cap.

thickening will not show an opaque line of arches such
as in Fig. III: 9a—c. A direct proof of the real character
of this type of radiopacity can be presented as follows:

The pleomorphic adenocarcinoma seen in Fig.
IIT: 11 shows a typical “B" zone in direct contact with
the pleura (Fig. III: 11a). In another projection (Fig.
IT: 11 b) the tumour is seen surrounded by some radi-
ating thin structures. After air was introduced into the
pleural space, the *“B" zone disappeared (Fig.
II:11¢, d, corresponding to Fig. I1I: 11 a, b, respec-
tively). The visceral pleura is thin and normal over the
lung.

A similar case is shown in Fig. II1: 12 4. This squa-
mous cell carcinoma shows irregular *pleural thicken-
ing"' (B) lateral to the tumour. Aflter air was intro-
duced into the pleura (b), the pleural space is seen o
be open, the visceral pleura appears normally thin, and
the “pleural thickening™ has disappeared.

Finally, a squamous cell carcinoma is seen in Fig.
III: 13 @ surrounded by an “A" zone and a “B" zone.
The inferior part of the “B" zone shows a sharp
borderline. The upper border is unsharp and vanishes
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diffusely. The small arches form an arcade between
the “A” and “B" zones, not easily seen in Fig.
III: 13 a. Using a high resolution image intensifier it
became possible to identify the small arches (Fig.
III: 13 b). After a small amount of air was introduced
into the pleura, the “B" zone disappeared (Fig.
III: 13¢). The pleural space is seen to be free and the
visceral pleura normally thin.

These examples indicate the practical importance of
recognizing a “‘B" zone. Hazy radiopacity peripheral
to a tumour does not necessarily represent the usually
considered possibilities of pneumonia, atelectasis,
pleural thickening or a direct overgrowth by the tu-
mour. It may be caused by a “B" zone which disap-
pears when the pleural space is opened.

Already these observations suggest the origin of the
“B" zones. In some way tissue fluid must be involved.
If increased fluid in lung peripheral to a tumour is
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Fig. III: 13. Vanishing “B" zone after air placed in the pleu-
ral space. (@) Squamous cell carcinoma in the apical segment
of the right lower lobe in a 72-vear-old man. “A" and “B"
Zones can be seen, the “B" zone extending to the pleura.
The interface between “A’" and “B" zones consists of small
arches forming a 3—4 cm long arcade. (#) 1-2 mm wide arch-
es at the interface of the “A™ and “B" zones are seen in a
100 100 mm radiograph obtained from the output phos-
phor of a high resolution image intensifier, The margin of
the *'B" zone is unsharp superiorly and sharp inferiorly (for
further discussion, see Fig. I11: 19 and text). (¢} After a per-
cutaneous needle biopsy, a small amount of air entered the
pleural space, revealing a normally thin visceral pleura, The
“B" zone and the arcade with small arches have disappeared.

caused by lymphatic stasis, then an early consequence
of such stasis should be widening of the lymphatic
channels peripheral to the tumour. An example of this
possibility is suggested in Fig. III: 14. A rather large
tumour 15 seen in the posterior basal segment of the
right lower lobe. In pulmonary parenchyma distal to
the tumour a “B™ zone is seen, only 1-2 mm wide but
10 cm long. Irregularly non-branching structures are
evident in the parenchyma between the umour and
the “B™ zone. These structures are each a millimetre
wide, linear, and have been interpreted as widened
interlobular spaces (arrows), analogous to Kerley's B-
lines (4). The radiographic appearance of this narrow
“B" zone differs from that of a normal interlobar
pleura. Comparison can also be noted superiorly in
Fig. III: 14, where a portion of normal interlobar pleu-
ra between the middle and upper lobes is seen (7).
In experimental attempts to produce at least some of



Fig. If]: 14. Large carcinoma in the lower
right hilar region of a 52-year-old man. A
1.5 mm thick and 10 ¢cm long “B" zone (B)
is seen in the lung parenchyma 1-1.5 cm
from the chest wall. Between the tumour
and the “B" zone some nonbranching
structures, each a mm wide, can be seen
(arrows), interpreted as widened interlobar
spaces due to stasis of lymph. Along the lat-
eral chest wall and in the interlobar fissure
(7 there 15 no evidence for an increased
amount of pleural fluid.

Fig. [1I; 15, Experimental
demonstration of focal pul-
monary oedema by an artfi-
cial “tumour™ in a dog lung,
and the subsequent disap-
pearance of the vedema. (a)
Lateral projection, anterior
and cranial portions of a
dog's chest. (b) After percu-
taneous injection of 1.5 ml
of a polymerizing plastic
material mixed with barium
sulphate powder, an artifi-
cial radiopaque umour was
produced. (¢ After three
months an infiltration simu-
lating atelectasis or thick-
ened pleura was seen be-
tween the pleura and the
plastic tumour. (d) The post
maortem specimen showed
no pleural thickening or in-
filtration in the lung corre-
sponding 1o the infiltration
seen in vivo, The infiltration
has been interpreted as local
oedema due 1o blocking of
the draining lvmph channels
of the lung by the plastic
“tumour”’. The occurrence
and disappearance of the in-
filtrate in the dog, as in liv-
ing patients, is further dis-
cussed in Fig. I11: 16,

Malignant and benign neoplasms

23



wi
=0

Plaural —_— — Hilus
space |
\' Interiobulas
spaces
P 9
B
a T
=
I 5 ook
B> #
F» R
'q-l: q—:m

Fag. I11: 16. Proposed mechanism for local oedema periph-
eral to a tumour in lung. A tumour (T} may obstruct some of
the draining lvmphatic channels and interlobular spaces be-
tween pleura and hilar lvmph nodes. Local pressures (1) will
change. altering flow of tissue Mluid (). Oedema will occur
between the pleura and the tumour. For further explanation,
see 1ext.

the radiographically observed changes, experiments
were performed in ten dogs.

On the preliminary assumption that a tumour me-
chanically blocks lymph drainage, ‘‘tumours” were
produced in the dog lungs by percutaneous injection of
a polymerizing material (Crystic Tea® with an accel-
erator Butanox™) made of liguid plastic admixed with
barium sulfate powder. After the injection of 1.5 ml
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into the lung parenchyma, the material formed a solid,
radiopague “‘tumour”.

In Fig. II1: 15a, a lateral view is seen of a dog's
anterior upper lobes before the injection. Fig. b shows
the solid plastic “tumour™ one hour after the injec-
tion. In Fig. ¢, three months later, the plastic *‘tu-
mour’ has shrunken and lies in a cavity. Between the
“tumour™ and the pleura is seen an infiltration simu-
lating pleural thickening or atelectasis. The dog was
then desanguinated under deep general anaesthesia.
The removed lung did not show any changes in the
pleura. The radiograph seen in Fig. d was taken after
gentle inflation of the specimen. No thickening of the
pleura, atelectasis or infiltration can be seen in the
lung. At microscopic examination it was found that the
plastic “rumour™ was lying as a free body in a cavity
which was outlined by a fibrous membrane. Otherwise
no pathological changes were observed in the sur-
rounding lung parenchyma or the pleura. In five of the
ten dogs, radiographs revealed a “B" zone peripheral
but not adjacent to the tumour, vet post mortem
analysis showed no abnormalities in the apparently
involved lung or pleura.

These experiments with plastic “tumours™ in dog
lungs have convinced the author that these “tumours™
block the lymphatic drainage between the pleural
space and the hilum, thereby producing local oedema
by stasis. As soon as the pleural space is opened,
whether in vive or post mortem, fluid must leave the
“B" zone due to retraction of the lung parenchyma

Fig. I1I: 17, Two incongruent *B™
zones. Centrally located, cavitating car-
cinoma in 3 63-vear-old man. The two
“B" zones (arrows) are thin, each about
2 mm wide and several cm long. For ex-
planation, see Fig, I11: 19.



and loss of the previously locally elevated turgor pres-
sure in the lung. The pleural fluid is drained, art least
in part, from the pleural space via the lymphatic chan-
nels in the interlobular and perivascular spaces toward
the hilar lymph nodes and mediastinal lvmphatic chan-
nels (2, 12).

The direction of flow from the pleural space into the
interlobular lvmphatics of the lung was carlier studied
by the author in dogs by means of lipiodol injection
into the pleural space. Lymphography in man later
also showed (5) that after lipiodol was injected slowly
into the azygos lymph node via a thin needle, respira-
tion influenced its movement in the lvmphatic chan-
nels of the mediastinum. During expiration the lym-
phatics are kinked and the flow of lipiodol decreased.
During inspiration the lymphatics become stretched
and the forward flow of lipiodol increased.

When a tumour grows in pulmonary parenchvma
and blocks some of the lymphatics, stasis with local
oedema can be expected to occur, as indicated in
Fig. III:16. A decreasing mean pressure gradient
P,>P>P, will be changed by a blocking tumour (77,
so that the direction of emptying of tissue fluid in the
blocked area will be altered. The pressure P> of the
tissue fluid close to a blocked draining channel must
be elevated above the pleural pressure P, before it can
enter the blocked channel. This alteration suggests the
flow of tissue fluid Q> diminishes. Fluid collects in the
lung nissue and lymphatic channels beiween the tu-
mour and the pleura.

In lung only partly within the blocked area or nearly
freely emptying, less oedema can be expected. This
consideration can explain why the border of the “B”
zone is diffuse or fading in certain portions. A sharp

Fig. [If:19. Diagrammatic ex-

planation of Figs. I11I; 17 and

18, Transverse section a
through left upper lobe.

{a) Tumour (T located cen- S
trally in a segment, not in-
volving segmental border (5]
or interlobar fissue. Single
“A" and “B" zones then de-
velop. (h) Tumour growing
over the interface (5} berween
tWo segments may give rise 1o
two separate *'B” zones. That
part of the *B"” zone which
reaches segmental or lobar de-
marcation will end sharply.
Ortherwise it will appear un-
sharp (see also Fig. IT1: 13 a).
Differences of distance be-
tween tumour and “B" zones
may develop from differences
of hyvdrostatic counterpressure
in different parts of the lung
vs. electroosmotic outflow of
witer from the tumour,

Fig, I 18, Squamous cell carcinoma in a 76-year-old
woman in the upper part of the right lung. Two arcades,
each with small arches, appear as incongruent sectors of cir-
cles (arrows). For explanation, see Fig. 111: 19,

borderline can, however, also be present in certain
sites where the oedema extends toward obliterated
interstitial spaces or interfaces between two pulmonary
segments or lobes.

Wherever lymphatic collaterals are extensive in rela-
tion to the size of blocking mass, demonstrable lymph-
oedema may not be present. This consideration may
explain the observed rarity of radiographic “B" zones

unsharp
borders

shar
borders

Eissura Fissure
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Fig. [11: 20, Interlobular Nuid accumulation peripheral toa
carcinoma of the anterior segment, right upper lobe, in a 35-
vear-old man. (a) Posteroanterior projection. Three thin lin-
ear structures are apparent without definite contact with the
tumour (arrows). (&) In the lateral view an “A” zone and
“B’ zone are seen. A linear structure (arrow) starts with a
triangular base at the *B" zone and tapers gradually inward
toward the tumour. Inferior 1o the “A’ and “B" zones a tri-
angular atelectatic density (X is seen. (¢) After needle biopsy
a minimal amount of air appeared in the pleural space (two
arrows). The “A" and “B" zones disappeared, but atelecta-
sis (A7) remained. The linear structure (single arrow ) is sull
present. It is interpreted as an interlobular space distended
by cedema fluid retained in the space by capillary force.

when tumours are situated relatively far from the pleu-
ra. Occasionally not one but rwe “B" zones may be
seen peripheral to a solitary mass (Fig. I11: 17). In this
example of a bronchogenic carcinoma with a central
air-containing cavity, the “B" zones are seen as two
curved structures, about 2 mm thin and several cm
long. Two arcades may sometimes appear as incongru-
ent sectors of circles. Fig. I1I: 18, for example, shows a
squamous cell carcinoma extending between the right
upper and lower lobes with incongruent arcades be-
tween corresponding “A’ and “B” zones.

When local lymphoedema is viewed as one of the
important mechanisms for producing “B” zones, it is
easy to explain the development of two *B" zones by
only one tumour. This phenomenon probably depends
on the location of the tumour in relation to segmental
anatomy of the lung, schemartically illustrated in a
horizontal cross section of the left lung in Fig. II1: 19.
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For instance, if a tumour (T is centrally located in the
anterior segment of an upper lobe (Fig. III: 194), the
site of any local lvmphoedema will be somewhere be-
tween the pleura and the tumour. Sharply demarcated
borders may then develop against any limiting struc-
ture, e.g., the interlobar pleura or an interlobular
septum. In Fig. I1I: 19 b the tumour is situated in two
adjoining pulmonary segments. Such a location will
cause local obstruction of lvmph flow in different parts



of the segments according to differences in sizes of the
segments, hydrostatic pressures, etc. Such differences
explain why a “B" zone sometimes shows one sharp
edge while the other may be unsharp and appears to
vanish into the lung parenchyma.

The fact that the lymphoedema (*“B" zone) does not
extend to the edge of the rumour will be discussed
rather extensively later on. Arches and arcades, radiat-
ing structures, displacements of tumour-surrounding
structures, narrowing of vessels, as well as the forma-
tion of the “A" zones will be seen to relate to the
development of pathological electric polarization
which, under certain conditions, may occur in a tu-
mour or tumour-like lesion.

D. Interlobular fluid
accumulation

In the course of performing percutaneous needle bi-
opsies of pulmonary masses surrounded by “B" zones,
a frequent observation has been that the zones vanish
totally (or nearly totallv) whenever air enters the pleu-
ral space. Even small pneumothoraces induce this
change.

The case shown in Fig. I1I: 20 (bronchogenic carci-
noma, right upper lobe) is particularly instructive be-
cause it illustrates the effect of a small pneumothorax
on the “A" and “B" zones and on three, thin, rather
distinct, linear structures which appear separated from
the surface of the tumour, as seen on frontal view (a).
In the lateral view (b) one of these structures is seen to
have a triangular or funnel-shaped base in the “B”
zone and a line gradually tapering inward in the “A"
zone (arrow). After needle biopsy of the tumour, a 2
mm broad pneumothorax (two arrows) appeared (c).
Most of the “A"™ and “B" zones then disappeared,
including the funnel-shaped base of the thin line,
which still can be seen isolated from the centrally
located tumour (single arrow). The density (X)), inferi-
or to the “A" and “B" zones and appearing to connect
the tumour and pleura, has been interpreted as focal
atelectasis not influenced by the pneumothorax. The
thin line in the “A" zone has been interpreted as local
fluid in an interlobular space on the basis of tapering
shape, broad connection with the border of the “B”
#zone, and absence of contact with the tumour. The
retention of the thin line in spite of disappearance of
most of the fluid speaks for such an interpretation,
because fluid in the interlobular space may be retained
by capillary force.

Fug. [11:21. Well differentiated squamous cell carcinoma in
a 66-year-old man. Extremely thin, radiating structures
make the tumour surface appear unsharp and “hairy”".

E. Radiating structures

These structures, when present, emerge [rom the sur-
face of the lesion and show a wide range of appearances.
The radiating structures may be coarse or thin (Figs.
II: 1, 3, 9-11, 21-27). Often they extend several cen-
timetres out into the pulmonary parenchyma. Some-
times they are very short. Often they are unevenly

Fig. I11:22. Small primary adenocarcinoma in a 65-year-old
man. Short, blunt, radiating structures emanate from the -
mour.
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Fig. I[11:23. Well differentiated squamous cell carcinoma in
a 63-year-old woman. (a) Posteroanterior projection. Granu-
lar radiating structures surround the tumour. (k) Lateral
projection. {¢) Posteroanterior view one year later (the pa-
tient had refused treatment). In spite of expanding growth of
the tumour, structures are still seen radiating from its sur-
face.

Fig. I11: 24. Metastatic breast carcinoma in an 82-year-old
woman. Numerous, long, coarse radiating structures are ori-
ented perpendicular to the surface of the tumour, No pre-
formed channels in the lung, such as lvmphatics, have this
course.

Fig. I1I:25. Metastatic adenocarcinoma in the left upper
lobe of a 58-year-old woman, The tumour is adjacent to the
pleura. Fine structures radiate more or less perpendicular to
the surface of the tumour. Their courses diverge with respect
to the hilum, whereas lymphatics and other preformed chan-
nels of the lungs have a convergent course, The direction of
the radiating structures is therefore related mainly to the sur-
face of the tumour and not to the underlying gross morphol-
ogy of the lung.




distributed around a lesion. Radiating structures are
not necessarily seen when “A” and “B" zones are
present (Fig. III: 2, 4-7, 18).

Radiating structures can be extremely thin. In Fig.
III: 21 the surface of a well differentiated squamous
cell carcinoma looks “hairy”.

The structures can be very short and blunt (Fig.
III: 22, a small primary adenocarcinoma). Note that
this tumour is also surrounded by a 0.5-1 cm broad
“A" zone,

Radiating structures occasionally appear discontinu-
ous, so the periphery of a tumour may seem grainy
(Fig. II1: 23, a well differentiated squamous cell carci-
noma). This case also illustrates the behaviour of the
structures around a tumour as it grows. At initial
presentation (Fig. II1:23a, &), radiating structures
and a certain displacement of vessels away from the
tumour are evident. The patient refused treatment.
One vear later (Fig. ILI: 23 ¢), vessels are still displaced
around the rumour and radiating structures remain
perpendicularly arranged around its surface despite
considerable growth of the tumour. Now a clearly
visible A" zone is also present. This case shows that
both radial arrangement of structures around the tu-
mour and the “A™ zone have not developed as a result
of umour collapse or contraction, such as might be
caused by internal necrosis with subsequent inward
retraction of surrounding lung structures. As the tu-
mour grew, so did the radiating structures.

Radiating structures can be numerous, long, and
rather coarse (Fig. III: 24, metastatic breast carcino-
ma). They are consequently not a sign of primary
cancer. They are arranged more or less perpendicular-
Iy to the surface of a tumour (Figs. III: 25 and 26).

An important feature of the radiating structures is
that their directions are generally independent of existing
preformed channels in the lung. The radiating structures
develop perpendicularly to the surface of the lesion.
No preformed channels such as lvmphatics can expiain
the configurations seen in Figs. I11: 21-26.

Tumour cells are sometimes seen histologically in
the radiating structures close to the tumour surface
(3). Often no tumour cells are present in the distal
parts of the radiating structures, which consist of “*fi-
brotic™ material.

The independence of the radiating structures from
existing morphologic channels of the lung can be seen
especially well for tumours situated close to the pleura.
For example, the tumour in Fig. II1: 25 is situated in
the left upper lobe close to the pleura. Radiating struc-
tures appear more or less perpendicular to the surface
of the tumour. They diverge in relation to the hilum.
Draining lymph vessels, on the other hand, mainly
converge toward the hilum.

Fig. IT1: 26, Poorly differentiated squamous cell carcinoma
in the right upper lobe of a 60-year-old man. The tumour,
adjacent to the pleura, shows radiating structures at its sur-
face. Their courses diverge, indicating that they are not fol-
lowing pulmonary lvmphatic channels.

F. Coarse radiating structures:
lamellae and infiltrated
strands

Some radiating structures around pulmonary neo-
plasms often appear denser or thicker than neighbour-
ing radiating structures. A representative example is
seen in Fig. III: 27, projected over the tumour as a
dense line. In Fig. III: 9 a—¢, which represents differ-
ent projections of the same case, at least two such
structures are seen. They are typically seen at the
edge, outside the tumour (Fig. II1: %a) or projected
over the tumour (Fig. III: 9a—), depending on the
projection used. In Fig. II1: 27 a of the same patient, a
10° left anterior oblique projection reveals two cross-
ing, linear, dense structures projected over the tu-
mour, The posteroanterior projection (Fig. I11: 27 b},
however, shows linear structures mainly separated
from the tumour. The obliquely crossing linear struc-
tures are outside the tumour and extend through the
“A" zone to the “B" zone (Fig. III: 27 ¢). In this pro-
jection the tumour also shows an air-containing cavity
and an indentation on its inferior margin.

Central necrosis causing partial collapse of a tumour
15 known to occur from time to time. In such in-
stances, structures close to the surface of the tumour
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and resorption of air
leading to asymmetric
tumour collapse and
formation of lamellae

Fig. I11:28. Proposed principle of formation of lamellae.
Stage 0: A bronchus enters a pulmonary mass, Stage 1: Ex-
centric local necrosis develops in the tumour and thin radiat-
ing structures develop perpendicular to its surface. Stage 2:
Mecrotic debris leaves the tumour via the bronchus and is re-
placed by air. Stage 3: The bronchus becomes blocked, lead-

Fig. I11:27, Squamous cell carcinoma in the left upper
lobe of a 70-vear-old man. Same patient as in Fig. [11:9.
(@) At least two linear structures (arrows) cross each other
over the tumour as seen in 10° left anterior oblique pro-
jection. (&) In the posteroanterior view these structures are
seen partly projected adjacent 1o the lateral aspect of the -
mour. A" and “B" zones are also seen, Small arches form
an arcade. (¢) The two linear structures, the “A™ and B
zones, and the arcade are seen in a 35° left anterior obligue
projection. Note excentric air-containing cavity () in the
mumour. Radiating structures in association with a partal
collapsed, necrotic tumour are here preliminarily called la-
mellae. For further explanation, see Fig. I11: 28,

Stage 2

evacuation
of debris
and inlet
) of air

lamellae (90° projection)

ing to resorption of the air in the tumour cavity. .'!.s:.'rmmnr'u:
collapse of the tumour tissue will then produce local con-
glomeration of radiating structures in the surrounding lung
tissue, Lamellae developed in this way may in certain projec-
tions appear as if they are crossing the tumour.



may undergo positional changes. Already developed
radiating structures will then show partial displace-
ments in relation to each other, as is interpreted to
have been the case in Fig. II1: 27. Fig. II1: 28 summa-
rizes this explanation of the pathogenesis of the dense
linear structures:

A tumour (Stage 0) develops central necrosis and
radiating structures into the surrounding pulmonary
parenchyma (Stage 1). Necrotic material empties
through the supplying bronchus and air enters the
remaining cavity (Stage 2). When the bronchus later
becomes blocked, presumably by growth of the -
mour, the air resorbs and the rumour partally col-
lapses. As a consequence, the radiating structures be-
come displaced (Stage 3). This process gives rise to
coarse, asymmetrical, dense, linear structures, which
are here called lamellae. They appear in radiographs
either at the edge of the tumour or appear as if they
Were crossing it.

Other mechanisms for the development of lamellae
from radiating structures are also possible. For in-
stance, altered water content or tissue atrophy may
cause local changes in lung tissue. Local electroosmo-
tic effects on the distribution of pulmonary water
around a mass will later be presented as one of the
integrated factors in the development of the radiolu-
cent “A" zone (Chapter 1X). Vascular effects, con-
nected with the development of local tissue atrophy
within the “A" zone, will be treated in Section G and
in Chapter XIV. These effects, in brief, comprise
field-induced changes on local blood supply around a
locally polarized tissue within a closed electric circuit.

Parual displacement of structures in the lung 15 also
known to take place in local emphysema. Such dis-
placement is probably the case around the necrotizing,
poorly differentiated, cavitary, squamous cell carcino-
ma seen in Fig. II1: 29. In the selected left posterior
oblique projection, five coarse and broadbased radiat-
ing structures can be seen perpendicular to the tumour
surface. In this case the mass is clearly not collapsed,
suggesting that the coarse radiating structures derive
their shape and direction from emphysematous
changes in the pulmonary parenchyma.

Coarse radiating structures can therefore develop
around a tumour without any appreciable partial col-
lapse of a necrotic centre. When emphysema is present
in lung around a tumour, the structures may be called
infiltrated strands. In this way a distinction may be
suggested regarding the development of coarse radiat-
ing structures,

The idea has been forwarded in the literature (810}
that “linear shadows™ crossing a tumour is a diagnos-
tic sign of malignancy. In the author’s opinion, most
linear structures which seem to cross a tumour are
merely lamellae superimposed over it. Obliquities of
radiographic projection are usually essential for proper

Fig. IIT:29. Poorly differentiated squamous cell carcinoma
in the left upper lobe of a 78-year-old man (left posterior
obligue projection). A large cavity in the tumour contains air
and fluid. Lung surrounding the tumour is irregularly em-
physematous. Along the anterolateral aspect of the tumour,
broad-based triangular structures radiate among emphyse-
matous bullae. Although necrotic, the tumour has not col-
lapsed. In such case the radiating structures may be called
infiltrated strands.

appreciation of the linear changes. When a linear
structure appears to cross through a tumour, it is
likely that this structure is outside the tumour. There
are virtually no reasons why a malignant tumour
should develop a dense “linear structure” crossing
through it.

G. Narrowing and circular
displacement of vessels
around lung tumours

The reader may already have noticed that vessels
around some of the presented tumours are narrow,
tapered and of irregular calibre. In addition the vessels
seem to deviate in a circular fashion as if they were
avoiding the tumour (Fig. I1I: 8). These radiographi-
cally observable structural changes will now be de-
scribed in connection with the illustrated cases in Figs.
II1: 3034,

A metastasis from a breast carcinoma {Fig. [1I: 30)
shows circularly arranged, rather thick vessels which,
on first glance, simulate an “A” zone. No clear radio-
graphic evidence, however, of increased radielucency
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Fig. [11:30, Circular displacement of vessels around a
tumour, Metastatic breast carcinoma, anterior segment, left
upper lobe, in a 53-year-old woman. (¢) Posteroanterior pro-

is evident in the area between the tumour surface and
the circularly arranged vessels.

A poorly differentiated squamous cell carcinoma
(Fig. I11: 31} is seen in the anterior segment of the left
lower lobe. Some vessels appear narrow, as seen supe-

Fug. [1i: 31, 47-vear-old man. Poorly differentiated squa-
mous cell carcinoma., anteromedial basal segment, left lower
lobe, (a) Posteroanterior projection. Lung tissue close to the
surface of the tumour shows absence of large vessels. (b) In
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jection. (h) Lateral projection. Circularly running vessels
(arrows) are seen 1-2 cm from the surface of the tumour.

rior to the tumour in the frontal view (@), In the lateral
view (b), large vessels superior to the tumour appear
displaced away from its surface. Anterior to the mass
is a striking lack of small vascular branches. At least
two fairly large vessels are considerably narrowed and

the lateral view large vessels superior to the umour are seen
displaced away from its surface. Around the umour are also
seen locally narrowed, irregular vessels (arrows),




Fig. I11:32. Three metastases from carcinoma of the breast
in a 55-year-old woman. {a) The largest tumour is surround-
ed by vessels (arrow). A translucent ring, 2-4 mm broad,
surrounds the tumour. (k) Mine months later the tumours
have grown. The large metastasis still shows a 2—4 mm avas-

peripherally irregular. By their slightly anterior devi-
ation from the tumour they also give a visual impres-
sion of a radiolucent zone anterior to the mass. The
average visual radiographic density, however, in this
area is not clearly decreased.

The development of narrow, tapered, irregular and
circularly displaced vessels is preferably studied by
systematic inspection of radiographs from different
times in the natural history of the tumours. For in-
stance, in Fig. III: 32 three metastases from a breast
carcinoma are seen in the left lung. The large central
metastasis is surrounded by (a) circularly positioned
vessels (arrow) and a zone, 2-3 mm broad, {ree of
vessels. Nine months later (5) all three metastases have
increased in size. The largest tumour has increased in
length from 18 to 23 mm. The vessel above it (arrow)
appears increased in length, as if this vessel had been
stretched. Note that the distance to the tumour is
unchanged. Another vessel, branching medial to the
tumour, also undergoes progressive displacement of its
branches away from the tumour during the observa-
tion period. A comparison of small vessels within 5-6
cm of the tumour also shows that a regional general
narrowing of vessels has developed during the nine
months interval.

Another example is illustrated in Fig. I11: 33, Fig. a
shows the left lung of a 46-year-old man in 1962. The
vessels have smooth walls and ordinary course and
calibre. Eleven years later (b), a small tumour is seen

A= B 586 Novdenstrdm

cular zone, The vessels superior to this zone are now
stretched (arrow), Two vascular branches medial to the -
mour have moved apart. The calibres of vessels appear de-
creased within a region of 5-6 cm diameter around the
tumour.

in the left lung. The vessels in the superomedial part
of the lung seem to have the same calibre as in 1962,
Some vessels already are tending to deviate away from
the region of the tumour. Nine months later (¢}, the
tumour has grown considerably. Radiating structures
are now seen perpendicular to its surface. The vessels
are particularly narrow in the lower lobe inferior 1o the
tumour, The vessels also have irregular walls and are
displaced away from the tumour, as compared with
Figs. a and b. Only the large, central pulmonary artery
and the vessels in the superomedial part of the lung
have about the same calibre in the three different
examinations. A semiaxial projection (d), from the
same time as Fig. ¢, shows clearly a circular deviation
of a narrow vessel superior to the tumour.

The displacement of vessels is often difficult to
observe in ordinary plain films. Fig. 1I1: 34 a, for ex-
ample, shows a squamous cell carcinoma in the poste-
rior basal segment of the right lower lobe. Arrows here
point to a radiolucent zone medial to the tumour. In a
computerized tomogram, however (Fig. III: 345b), a
zone one centimetre broad is easily recognized be-
tween the umour and circularly displaced vessels.
Later experimental demonstration (Chapter XIV) will
show that the circular deviation and narrowing of
vessels are likely to be caused by extensive thromboses
and atrophy of the lung tissue around the tumour,
This locally degenerated tissue is then passively dis-
tended by surrounding nonatrophied tissue.
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Fig. I11:33. Gradual circular displacement and decrease in
calibre of vessels surrounding a primary adenocarcinoma in
the left upper lobe of a 57-vear-old man. (a) Age 43, Vessels
appear normal. (b} Age 56. A tumour, about 10 mm in diam-
eter, 15 s¢en in the left lung, The vessels in the hilum and the
medial part of the upper lobe have about the same calibre as
seen in . Around the tumour the vessels appear narrow.

Within a 6 cm diameter they take a circular course. (c) Age
37. A radiolucent “A" zone appears around the tumour. Ra-
diating siructures are also seen. The vessels are now more
narrow than in b and deviate in a circular fashion, particu-
larly inferior to the tumour. (d) Age 57, Semuaxial projection
shows narrowing and circular deviation of vessels superior to
the tumour,



H. Differential diagnosis:
“B” zone, pleural thickening
and “‘retraction pocket”.
Pathogenesis of local
retraction of lung and pleura

That a “B" zone can easily be distinguished from
atelectasis by the injection of a small amount of air into
the pleura has previously been shown (Figs.

Fig. I11: 34, Circular displacement of vessels around a squa-
mous cell carcinoma of the right lower lobe in a 68-vear-old
man. (a) Posteroanterior projection. A barely visible radiolu-
cent zone is seen medial to the carcinoma (arrows).

(b) Transverse computerized tomogram at the level of the
centre of the tumour, Large pulmonary vessels medial to the
tumour seem to avoid its surface. The radiolucent zone ap-
pears here clearly interposed between the vessels and the
mass.

[I1: 11-13). A “B" zone and a density of pleural origin
can usually be distinguished on the basis of radiologic
findings on plain films, even though conclusive proof
may require injection of air into the pleura.

The different findings are schematically illustrated
in Fig. III: 35, The “B" zone (a) has broad, diffuse,
hazy, ill-defined, intrapulmonary borders except
where 1t reaches an anatomic borderline, such as a
segmental or interlobar septum, where the margin is
sharp. An arcade of small arches can often be demon-
strated, The “B” zone disappears after injection of air
into the pleura (#). Locally thickened pleura (¢) is
usually irregular. Its distal ends usually taper. The
pleural space is often obliterated so that local pneumo-
thorax is impossible (d). A “retraction pocket” (¢} is
characterized by linear strands which connect with a
funnel-shaped density continuous with the convex
margin of the lung. After air is injected into the pleural
space (f), the densitv may completely disappear. The
lung tissue is then seen to be limited by persisting local
retraction of the visceral pleura.
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Thickened pleura Retraction pocket

Fig. I1I: 35, Differential diag-
nosis of local “pleural thick-
ening”. A “B" zone (a) disap-
pears when (&) air has entered
the pleural space. (¢) True lo-
cal pleural thickening. The
pleural space is obliterated,
corresponding to the thicken-
ing. It does not open when

(d) air enters the pleural
space. (¢) Visceral pleura re-
tracted toward a tumour by
shrinking fibrous strands (ra-
diatng structures). A refrac-
riom pocket of the pleura allows
local accumulation of pleural
fluid. This fluid disappears
after (f) the injection of air
into the pleura, but the retrac-
tion of the lung tissue persists.

Fig, I1I: 36. Pleural retraction pockets lateral 1o a squamous
cell carcinoma, left lung, 77-year-old man. (a) Posteroanter-
ior projection. A radiolucent A" zone surrounds the -
mour. A “B" zone (arrows) was first suggested in lung adja-
cent to the lateral chest wall. (b) Lateral projection. (¢}
Transverse computerized tomogram reveals two funnel-
shaped pleural densities typical of retraction pockets (RIP),
oppaosite two lateral protrusions of the tumour,



Fig, [1:37. Pleural retraction pocket (arrows) adjacent to an
adenocarcinoma in the left upper lobe of a 69-year-old man.
(a) Posteroanterior and (b) oblique radiographs. (¢) Postmor-
tem radiograph of the left upper lobe, distended by negative
external pressure. Numerous small radiating structures sur-
round the rumour but are not visible in the in vivo radio-
graphs a and b. One of these radiating structures extends 1o

1 W =3 -. A
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the retracted funnel-shaped surface of the lung. {(d) Histo-
logical section of some of the radiating structures reveals fi-
brotic strands and neoplastic cells in their bases. The devel-
opment of this structural combination is discussed later
(Chapters IX: E and XVI: J). It depends on a mechanism
which will be shown 1o be responsible also for the develop-
ment of so-called skin thickening in breast cancer.
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The radiographic appearance of what is here named
a retraction pocket is illustrated in Fig. III:36.
Posteroanterior (@) and lateral () projections show a
squamous cell carcinoma in the left lung surrounded
by a radiolucent “A” zone. Two funnel-shaped pleural
densities are situated laterally, indicated by arrows in
the posteroanterior view. Some linear tissue structures
are also seen between the tumour and the funnel-
shaped structures. A computerized tomogram (¢)
shows that the two funnel-shaped structures connect
with the pleura and point opposite two protrusions of
the tumour. These pleural changes show the radiogra-
phic appearance typical of retraction pockets.

Retraction pockets are also illustrated (Fig. III: 37 a,
b) near a moderately well differentiated adenocarcino-
ma. In this case, extremely thin radiating structures
were not seen in the plain radiographs. The lung,
slightly inflated in a postoperative radiograph (c),
shows the thin radiating structures and the retracted
lung tissue between the tumour and the pleura. In a
histological section (d), some of the small radiating
structures are seen. They contain some vessels and
tumour cells close to the tumour mass. Far out in the
lung parenchyma the radiating structures consist of
only “fibrous™ tissue.

A preliminary explanation for the development of a
retraction pocket can now be proposed.

Retracted lung tissue between a tumour and the
pleura is often easily recognized. Fibrotic radiating
structures from the surface of a tumour also are often
easily recognized. It is well known that scar tissue
shrinks slowly after its initial formation (1). This phe-
nomenon can most easily be explained as a process of
dehydration of a material with hygroscopic properties.
The radiating structures around carcinomas of both
lung and breast often contain a mixture of different
fibrotic materials. Some of these materials are also
birefringent (1) and show different degrees of tortuo-
sity in relation to other adjacent fibrotic materials. The
solubility in water of different fibrous tissues in the
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body is known to vary considerably (1). For instance,
the predominant material of tendons is collagen, which
is insoluble in water, unlike other fibrotic tissues.
Variations in the degree of stretching and relaxation of
radiating structures may therefore be produced by
variations of water content of different fibrous materi-
als. It will be shown in Chapter IX that the remaining
prerequisite for local hygroscopic stretching and
shrinking in radiating structures-local variations of
their water content—is also present. Furthermore, it
will be shown in Chapter XVI that the retraction
pockets in the lung correspond to so-called skin thick-
ening and retraction of the skin in cancer of the breast.
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IV.

Corona structures around
inflammatory lesions,
including those of silicosis

Corona structures of different malignant and some
benign neoplasms have thus far been presented. In
fact, the author originally described a *“‘corona ma-
ligna™ (1) and believed for years that the different
radiologic signs reported here were observed only
around malignant tumours. It was therefore of consid-
erable interest when a tuberculous granuloma was
found which also showed several of the corona struc-
tures.

This rather large tuberculoma, first observed in
1967, is shown in Fig. IV: 1 a. Situated in the middle
lobe of the right lung, it shows an “A" zone, radiating
structures, some lamellae and deviation of the vessels
in the surrounding lung parenchyma. Needle biopsies
were performed on four different occasions because of
the suspicion of malignancy. Neoplastic cells were
never found. The biopsies revealed only necrotic mate-
rial and chronic inflammatory cells suggestive of a
tuberculous granuloma. Chest radiographs over an &
year period did not change. Tuberculin skin test was
positive. The diagnosis of tuberculoma was actually
presumed rather than absolutely proven, but the evi-
dence provides virtual certainty that the mass was
inflammatory and not neoplastic.

A pneumothorax, about 3 cm broad, developed in
1969 after one of the needle biopsies (Fig. IV:158).

The pleural space is open and the visceral pleura
locally thickened. The lung is irregularly collapsed.
The tuberculoma contains an air cavity and is sur-
rounded by an A" zone. In contrast to ohservations
of most malignant lung tumours, the “A" zone re-
mained almost unchanged in spite of partial collapse of
the lung. An explanation of this phenomenon could be
that this particular case represents a pathologic condi-
tion in the lung which has persisted relatively un-
changed over several years, resulting in a more or less
permanent structural rearrangement of the tissue,

Fig. IV: 1 ¢ shows the lesion in 1971 when no air was
present in the pleura. The cavity of the lesion had
resorbed, to be replaced by a concavity in the supero-
lateral part of the lesion and the formation of a lamella
in the adjacent pulmonary parenchyma. The radiolu-
cent “A™ zone around the lesion is apparent. Vascular-
ity is possibly reduced in the “A” zone.

A verified tuberculous granuloma is illustrated in
Fig. 1V: 2. Situated in the apical segment of the right
lower lobe, this lesion shows an ““A’" zone, a “B" zone
and some radiating structures. Irregular dense opacity
is caused by pleural calcification, presumed to be unre-
lated to the corona changes.

Corona structures can also be seen around a myce-
toma within a large central air-containing cavity (Fig.
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IV: 3). The lesion 1s surrounded by rather coarse radia-
ting structures and narrow irregular vessels, some of
which are circularly displaced around the lesion
[arrows).

Finally, silicotic granulomas are illustrated in the
right and left upper lobes (Fig. IV: 44, b). Both show
radiating structures and “A’" and “B" zones.

The different malignant and benign tumours in
Chapter III and the various non-neoplastic, inflamma-
tory lesions in this chapter all share several corona
changes. The possibility of a common denominator
behind these similarities will therefore be discussed in
the following chapter.
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Fig. I'V: I. Tuberculous granuloma, unchanged for 8
vears. Diagnosis also based on four separate aspiration
needle biopsies. (a) Age 46. An “A" zone, thin radiat-
ing structures, some lamellae and displacement of ves-
sels are evident around the lesion. (b) Two vears later a
prneumnothorax was produced during a needle biopsy.
The pleural space is free. The lesion contains air-filled
cavities, Note the persistent “A’" zone despite partial
collapse of the lung. (c) After two more vears, radiating
structures and a radiolucent zone are apparent. The su-
perolateral aspect of the lesion 1s now concave, indicat-
ing a partial collapse of this portion. The lesion no long-
erappears cavitary. Vessels around the “A" zone remain
circularly displaced. A new lamella is seen in the lung
close to the concave surface of the tuberculoma.
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Fig, IV: 2. Tuberculous granuloma in the apical segment of
the right lower lobe in a 35-vear-old man. “'A" and "B"”
zones are seen. Radiating structures are present. (a) Postero-
anterior, (b) 10° right posterior obligue and (¢) 2(0° right an-
terior oblique projections. Incidental pleural caleification
causes the irregular densities inferomedial to the granuloma
inaand k. The caleification partially projects over the gran-
uloma in c.
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Fig. IV: 3, 60-year-old woman. Mycetoma ( Mycobacterium radiating structures. The surrounding lung parenchyma con-
I1I) of the middle lobe showing central air-filled cavity and tains some narrow and circularly displaced vessels (arrows).

Fig. IV: 4. 70-year-old man. Silicotic granulomas in the rgne
{a) and left (&) upper lobes. Radiating structures and A"
and "B" zones surround the lesions.
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V.

Discussion of the radiological
observations of corona

structures

The existence of corona structures around a variety of
pulmonary neoplasms and inflammatory lesions has
been described in the previous two chapters. The
morphologic and pathophysiologic background of
these structural changes is in many ways confusing and
may appear difficult to explain.

No direct correlation has been found with the histo-
logical type or degree of cellular differentiation of the
tumours. The structural changes-here called “A™
and “B" zones, arches and arcades, radiating struc-
tures, narrowing and displacement of vessels-may or
may not be present in squamous cell carcinomas, ade-
nocarcinomas, oat cell carcinomas or mixed cell carci-
nomas, in primary as well as in metastatic tumours.
The structural changes have occasionally also been
observed in the presence of different inflammatory
lesions. Finally, some of the changes have been ob-
served around hamartomas.

The structures are often very delicate and therefore
may be difficult to recognize. As discussed in Chapter
11, special attention is required for the technigue of the
radiographic examination. So-called “routine™ frontal
and lateral views of the lungs are not always sufficient
for radiological identification and evaluation of the
signs.

The “B" zone around malignant tumours has been

found to disappear whenever air 1s introduced into the
pleural space. This evidence strongly suggests that the
“B" zone is fluid, locally collected in the lung tissue,
probably due to the mechanical blocking of lymphatic
channels between the pleura peripheral to the mass
and the hilar lymph nodes. Supporting this assump-
tion is the finding that it was possible to produce such
a fluid collection in the lung in dogs after the place-
ment of an artificial “tumour” of plastic material in
the pulmonary parenchyma.

The experiments in dogs are equivalent to the situa-
tion in patients in regard 1o the mechanical effects of a
real tumour or tumour-like lesion. A tumour in a
patient may be expected to block the draining lympha-
tic channels between the pleura and the hilum, result-
ing in lymphatic stasis. Indeed, it would seem reason-
able to expect frequent local accumulation of fluid in
the parenchyma peripheral to a pulmonary mass. Such
a mechanism is also capable of explaining the disap-
pearance of the “B” zone in the dog experiments and
in patients after some air is introduced into the pleural
space. For these same reasons it can now also be
understood that the “B" zone has not been observed
in postoperative specimens examined by qualified
pathologists. As soon as the mechanical conditions
which exist in situ are changed, e.g., by the opening of
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the pleural space, some of the prerequisites for the
presence and demonstration of local cedema (*“B"
zone) will disappear.

A consequence of this discussion is also that a “B"
zone peripheral to a pulmonary cancer should not be
musinterpreted as malignant extension to the pleura,
local bronchopneumonia, local pleural thickening or
atelectasis. The “B" zone appears to be a harmless
oedema and by no means a contraindication to opera-
tive removal of a tumour,

Recognizing the radiographic signs which identify a
“B" zone is of evident practical importance. The fol-
lowing radiographic signs should be looked for:

1) A pulmonary opacity between a tumour or tu-
mour-like lesion and the pleura.

2) Interposition of a radiolucent “*A™ zone between
the lesion and the zone of increased opacity.

3) A sharp borderline in the shape of small arches
forming an arcade.

4) The outer contours of the opacity appearing ei-
ther to “vanish diffusely” into the adjacent lung or w
end in a well demarcated line shadow such as interlo-
bar pleura or an intrapulmonary seprum.

5) The presence of enlarged interlobular spaces ex-
tending between a tumour and the pleura.

6) Disappearance of the opacity after injection of air
into the pleural space.

Whenever an “A" zone can be seen between the
surface of a mass and a peripheral, local increase in
pulmonary opacity (“B" zone), neoplastic overgrowth
or atelectasis can be excluded as possible causes of the
“B" zone.

It has been pointed out that a “B" zone, which
means lymphoedema due to local stasis in the periph-
ery of the lung parenchyma, may be present in the
absence of a definite “A"™ zone. In this situation, the
only absolutely conclusive proof of the presence of a
“B" zone is the sign of disappearance of the “B" zone
lymphoedema after injection of air into the pleural
space. The explanation, however, that “B” zones are
caused by local pulmonary oedema does not entirely
explain their location. Between the pleura, the “B”
zone, and the blocking lesion, an “A” zone may be
interpositioned, which also needs explanation.

Other signs requiring explanation are the formation
of arches and arcades at the interface berween the “A™
and “B™ zones, the existence of radiating structures,
and the observed narrowing and displacement of ves-
sels in the lung parenchyma near a pulmonary lesion.
These vascular changes may seem difficult to under-
stand, and can be tied to some earlier observations in
this field.

In 1946 and 1951 Marchal and Marchal (3, 4) re-
ported diminished pulsations in the lung parenchyma
around malignant tumours. They made this important
observation by means of direct fluoroscopy with a
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photocell between the subject and the screen. They
considered these diminished pulsations to be a sign of
malignancy. The observations of decreased pulsations
around the tumours are in agreement with the author’s
observations of a decrease in calibre and irregular
contours of the pulmonary vessels around the tu-
mours,

Roentgen densitometry was also applied by the au-
thor in 1954 (5, &) in studying the effects of balloon
occlusion of pulmonary arteries. These studies showed
that the occlusion of a central pulmonary artery causes
a considerable decrease in calibre of the pulmonary
vessels and a decrease in the blood pressure and blood
volume in the lung distal to the occlusion. Bronchial
arterial blood then shunts into the occluded pulmo-
nary arterial branches distal to the level of obstruction.
These branches then contain blood of higher arterial
oxygen saturation than simultaneously obtained sys-
temic arterial blood. The presence of such arterial
blood in a pulmonary artery should, according 1o the
well known experiments by von Euler and Liljestrand
(2), cause local vasoconstriction. [t should also be
noted that in studying specimens of lung tumours, we
have found (1) that thrombosis is often found in the
vessels around malignant tumours.

From this discussion it is evident that several factors
may be responsible for the radiologically observed
structural changes (corona changes). Because these
changes are very often seen together, it is likely that
they depend on one or several common factors which
are present under certain conditions.

The examples of inflammatory lesions as well as
neoplasms may allow us to conclude that “A" and
“B" zones, radiating structures, arcades, lamellae, de-
viations and narrowings of adjacent vessels are by no
means specific to the histologic type of lung tumour.
These structures can be found in association with a
wide variety of benign and malignant tumours as well
as with different tumour-like inflammatory lesions
such as granulomas.

This finding does not mean that the reported radio-
logic signs are not specific. In fact, as will be seen,
they are actuallv a verv specific manifestation of a
constellation of biokinetic and mechanical events
which may occur in several pathological conditions in
the lung (as well as in other organs). These events will
further be discussed as they occur in experimental
models. Next it is appropriate to turn to some of the
electrical properties of the lung and pleura.
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VI.

Electric potentials in

normal lung, pleura and liver
and in focal pulmonary lesions,
including bronchogenic

carcinoma

A. Preliminary studies
1. Introduction

The possibility that pulmonary tumours sometimes
may polarize electrochemically in relation to surround-
ing tissue is investigated in this chapter.

The variety of pathological conditions in which the
described radiological signs have been found suggests
that the signs are dependent on some common factors,
Internal bleeding and necrosis, for instance, must be
considered as phenomena common to various neo-
plasms and tumour-like inflammatory lesions.

Aurtolysis characterizes necrosis. Cellular elements
are destroyved. Molecules are split. The result is entire-
ly new physical and chemical conditions in the in-
volved regions. Their relation to the surrounding tis-
sues have here been studied by means of electrophysio-
logical techniques.

This chapter describes a study of electric potentials
of the lung and pleura in 27 dogs and in 119 patients
with various pulmonary lesions. Supplementary ex-
perimental studies on electric potential of the liver and
the effect of short circuiting subcutis (15 dogs and 3
rabbits) are also included. This latter part of the study
was carried out to facilitate the evaluation of possible
influences of reference tissues.
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2, Procedures

An obstacle in the studies of patients was to obtain
permission to introduce electrodes for the measure-
ments. For ethical reasons the procedures had o be
carried out as a compromise between the generally
accepted technigues of needle biopsy for cytologic
diagnosis and optimal techniques for measuring elec-
tric potentials. In a first series, polarizable metal elec-
trodes were used and in a second series nonpolarizable
Ag-AgCl electrodes in KCI bridges.

Stainless steel electrodes for the measuring of bio-
electrical events have been used by Grundfest, et al.
(6). They developed stainless steel microelectrodes by
mechanical sharpening and electropointing. Careful
analyses of the electrical properties of different metal
electrodes have been performed by Weinman and
Mabhler (19) and of stainless steel electrodes by Ged-
des, et al. (5). The advantages and limitations of stain-
less steel electrodes are therefore well known.

The technique of percutaneous transthoracic needle
biopsy for sampling of cellular material from the lung
is now well established (3, 10, 11) and accepted in
many institutions as a routine procedure in selected
patients,

The diameter of the stainless steel biopsy needles is

0.9-1.0 mm. Their length is 16 ¢cm. Nonpolarizing



electrodes, however, with these dimensions and a com-
bined capability to sample cytologic material for clini-
cal diagnosis could not be obtained. Stainless steel
biopsy needles were modified so as to become elec-
trades for preliminary measurements of mixed electric
potentials in the lung. The needles were coated with
an insulating layer of Teflon, 0.1 mm thick. Despite
the fact that increasing needle thickness is accompa-
nied by an increased likelihood of complications,
mainly pneumothorax, this very slight increase in
thickness of the needles was considered acceptable.
The insulation at the tip of each needle was scratched
off so the steel could make contact with the tissue. The
needles were in the preliminary series connected to an
electrocardiographic amplifier. Later, nonpolarizable
clectrodes were used connected to a DC amplifver
(Grass Polygraph).

Electric potentials were then measured between a
grounded subcutaneous reference electrode, also of
stainless steel, and the exploring electrode, inserted
percutaneously under local anaesthesia and fluorosco-
pic control into the lung (8). The exploring electrode
was moved manually as evenly as possible from the

Fig. VI: 1. Absence of sig-
nificant potential difference
between tumour and sur-
rounding lung. Poorly dif-
ferentiated squamous cell
carcinoma in the left lower
lobe of a 55-year-old wom-
an. On insertion of the nee-
dle electrode into the tu-
mour (In ant}, as it lay with-
in (Centre) and as it passed
through the posterior wall
(Post), only small irregular
deflections of the electric
potential and regular electric
fluctuations from the heart
were recorded (upper trac-
ing). On withdrawal of the

chest wall through the lung tssue into the actual
lesion. The electric potential difference was traced
continuously. Cellular material from the lesion was
aspirated by attaching a syringe to the hub of the
needle-electrode. Several insertions were usually made
through the walls of the lesion in order to check the
reliability of the tracings and to sample representative
cellular material.

After a series of 22 normal dog experiments, it was
found that a reproducible tissue profile of electric
potentals of the normal lung of the dog could be
rather easily identified with this technique. With this
background, a preliminary study on patients was be-

gum.

3. Case material

Electric potentials of pulmonary lesions were mea-
sured in 107 patients.

The groups shown in Table VI: 1 were studied, the
verification being based on cytologic, bacteriologic and
postoperative histologic examinations.

Post

electrode (bottom tracing),
similar small deflections
were recorded from the pos-
terior wall of the mass (Out
post), in the centre (Centr)
and from the anterior wall

{Ant).

Out post

\
Y
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Table VI: 1

Benign tumours (neurilemmoma 3, cysts 2) 3
Inflammarory lesions (pleuroma 3, mberculoma 9,
fibrous tuberculous nssue 11, chronic non-

specific inflammation 11, mycetoma 2) 36
Merastases 12
Bronchogenic carcinomas 47
Diagnosis not proved 7
4. Results

{a) Repeated insertion and removal of the exploring
electrode revealed a spatial pattern of potential, the
“electric potential profile of tissue”, usually reproduc-
ible for each lesion.

(&) Malignant tumours of similar size, location and
histological type may show completely different pat-
terns of electric potential.

For example, Figs. VI:1 and 2 show the radio-
graphs and tracings of potential from two poorly dif-
ferentiated squamous cell carcinomas, each 45 cm in

S T LR
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size (frontal projection), located in the left and right
lower lobes, respectively, of two different patients.

The left-sided tumour (Fig. VI: 1) showed no defi-
nite or reproducible changes of potential at its surfaces
or inside the mass in comparison with the adjacent
pulmonary parenchyma.

The right-sided tumour (Fig. VI: 2) showed a very
distinctly positive surface potential. The upper curve
shows the tracing on a single slow insertion and retrac-
tion of the electrode. The lower curve shows repeated
insertions and retractions, performed about three
times more rapidly.! The bottom tracing shows the
exposure markings (Exp) during simultaneous cinera-
diography (50 frames/sec) with the roentgen beam
perpendicular to the axis of the needle-electrode. A
rough correlation could be obtained in this way be-
tween the positions of the electrode point in the tissue

! The repeared insertion of the needle is part of an accepred tech-
nigue for aspiration biopsy (3). As continuous negative pressure is
applied in the needle, repeated insertions through the tumour sur-
face produce a packing of potentially diagnostic cells into the needle
from different parts of the tumour. The tracings of electric potential
and the sampling of cell material were, however, made separately.

Fig. VI: 2. Electropositive
tumour in lung. Poorly
differentiated squamous
cell carcinoma in the right
lower lobe of a 74-year-old
man. Positive electric po-
tential was obtained in re-
lation to surrounding lung
rissue as the electrode en-
tered the umour (In ant),
A lay within it (Centre), and
1\ was removed (Out). These
[ findings were constant
both on one slow insertion
and retraction of the elec-
trode (top tracing) as well
V as on more rapid and re-
peated manoeuvres (mid-
dle tracing). C = inside
P the tumour; L = lung.

[ Bottom tracing shows ex-
posure markings at cinera-
diography (frame frequen-
cv, S0sec) for the identifi-
cation of the electrode tip
in the tissues and its corre-
lation with the tracings of
potential.



Fig. VI: 3. Electronegative tu-
mour in lung. Metastatic me-
lanosarcoma in the right up-
per lobe of a 57-vear-old wom-
an. Internal necrosis was
found on aspiration of cellular

material. A negative potential
was present inside the rtumour
compared with the surround-
ing lung tissue, shown upon
slow anterior insertion (1n

ant) and further passage
through posterior wall (In
post) of the exploring elec-
trode (top tracing continues in
the middle tracing). The same
profiles of tissue potential
were obtained upon more rap-
id, repeated insertions and re-
tractions of the electrode (bot-
tom [racing ).

and the different parts of each tracing of electric po-
tential.

(c) Regions of damaged tissue showed locally nega-
tive or positive potentials in relation to the surround-
ing lung tissue, This correlation was obtained by samp-
ling the cells of these regions through the needle
electrode. In fact, this finding appeared to be useful in
the selection of suitable sites for biopsy. When the
combined biopsy electrode-needle was inserted into a
tissue in which potential was negative or positive, as
compared with the surrounding tissue, the sampled
cell marerial was usually necrotic and therefore cytolo-
gically nondiagnostic.

Such a case 1s illustrated in Fig. VI: 3, which shows
a large metastatic melanosarcoma in the right upper
lobe. It appeared to be extensively necrotic on needle

S~ 824586 Nordenstros

Out ant
—

In ant In ant

—>

aspiration biopsies from five sites. The electric poten-
tial profile of the tissue showed small but distinctly
negative deflections inside the tumour compared to
surrounding lung tissue, One slow insertion to the
centre of the tumour and out through the posterior
wall is seen in the top and middle tracings in Fig.
VI: 3. Repeated insertions and retractions of the elec-
trode through the anterior wall of the tumour are
shown in the bottom tracing.

(d) Negative surface potentials and elevated internal
potentials were also encountered in malignant tu-
mours. A similar type of electric potential profile of
tissue was also encountered in local infections.

{e) A positive surface potential and negative internal
potential were also observed in granulomas. A wber-
culous granuloma, for example, is seen in postero-
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Fig. VI:5. Electric potential
between inflammatory le-
sion in the lingula and sur-
rounding lung in a 50-year-
old man. A negative poten-
tial was obtained at the pe-
riphery of the lesion, and a
positive potential inside the
lesion as the exploring elec-
trode entered the lesion and
then was retracted into the
lung parenchyma.

[ 1mv

anterior and lateral views in Fig. V1: 4a and b. Vessels
around the lesion appear circularly displaced. Fig.
VI:4c¢ and d show the needle electrode inside the
lesion. Positive fluctuations of potential were seen
when the needle-electrode entered the lesion. The
positive surface potential was then followed by a deep-
ly negative potential inside the mass. When the elec-
trode was retracted from the centre to the surface of
the lesion, a new positive potential deflection appeared
imiddle tracing). When these two manoeuvres were
combined rapidly (bottom tracing), i.e., insertion to
the centre and immediate retraction, a combination of
the top and middle tracings was obtained.

A “reversed” profile of tssue potential was also

Fig. VI:4. Electropositive surface potential of a tuberculoma
in relation to surrounding lung tissue. Right upper lobe of a
42.vear-old woman: (a) posteroanterior and (b) lateral views,
(c) and {d) biopsy electrode in lesion. When the electrode en-
tered the lesion (top tracing, In ant) a positive surface poten-
tial was observed. Upon retracting the electrode from the
centre of the lesion into lung anterior to it (middle tracing,
Our ant}, a new positive potential was obtained. Upon rein-
serting the electrode into the lesion and immediate pulling it
back into the lung parenchyma, a summation of the individ-
ual top and middle tracings was obtained (bottom tracing).

observed occasionally, as in the nonspecific inflamma-
tory lesion seen in Fig. VI: 5. As the needle electrode
was inserfed and then retracted, the corresponding
tracing showed a negative deflection with the “explor-
ing"” electrode at the periphery and a positive with the
electrode inside the tumour. The inflammatory lesion
seen in Fig. VI:6 also gave rather consistently small
negative deflections of potential when the needle elec-
trode was passed through its anterior and posterior
margins, as shown in the three tracings.

(f) Both malignant tumours and inflammatory le-
sions showed, to a large extent, similar types of pro-
files of electric tissue potential. They also showed
considerable variation among individual patients, al-
though each lesion revealed a consistent pattern of
fluctuations of potential on repeated tracings.

The magnitude of the differences of potential could
never be predicted beforehand. In 20 (19%) of the 107
cases, positive or negative potential differences exceed-
ed 12 mV, compared with surrounding normal tissue.
In eleven cases (10%), potentials of 30 to 50 mV were
observed. No significant potential difference was
found in 20 cases. In 56 cases the potential profile of
tissue showed multiple small positive and negative
deflections.

The variability of the different types of potential
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In post

T ——

In ant In post Fig. VI:6. Slightly negarive
[t mv - > electric potential inside a
nonspecific pulmonary in-
flammarory lesion in a 58-
= e . P year-old man. Each of the
T e three tracings depicts an
electronegative lesion, com-
In ant In post pared 1o surrounding lung.

differences illustrated above appeared initially to be
unexplainable. The reproducibility of the fluctuations
of the tissue potential in the individual cases indicates,
however, that specific differences of electric potential
do sometimes exist between lesions in the lung and
surrounding tissue. No attempts have been made thus
far to determine ‘“‘absolute values™ of such potential
differences because their functional effects, in terms of
flow of electric current (a main topic of this book),
depend not only on the generation of potential gradi-
ent but also on the characteristics of existing circuitries
and times of current flow.

As will be seen in later chapters, electric polarization
of tissues, giving rise to electric transports, fits into a
logical explanation for the development of structures
and various functions.

Before reporting these studies, however, we should
briefly discuss possible sources of local polarization of
tissue. Local changes of the physicochemical potential,
e.g., at the surface and inside a lesion as compared
with surrounding normal tissue, can be expected to
develop in two principal ways: (a) by the “normal”
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metabolism of the actual pathologic process, or (b)
additionally, by a “complicating™ pathologic process,
i.e., local necrosis, bleeding or infection.

In the case of “normal” pathologic metabolism,
tissue-specific physicochemical potentials might be ex-
pected. The electric potential, however, appears most
unlikely to permit differential diagnosis of normal and
pathologic tissues.

In the case of a degrading process in a normal tissue
or tumour, the total physicochemical potential can be
expected to change as an injury potential. In this view
it is understandable why tissues such as malignant
tumours very often, but not always, show electric
polarization as a consequence of the internal bleedings
or local necrosis common to neoplastic tissues. The
“accidental” local development of necrosis, bleeding,
infection or similar factors is probably the most likely
background for the development of local electrochemi-
cal changes in malignant tumours.

To investigate the accumulation of local charge,
e.g., at the surface of certain lesions, the local effects
of short circuiting of normal tissue were assessed.



Studies were performed first in normal subcutaneous
tissue of the dog, then in human pulmonary masses
found to have an elevated electric surface potential in
relation to surrounding normal tissue, Finally, experi-
ments were performed to charge and discharge tissues.

B. Short circuiting of
different parts of normal
subcutaneous tissue

The possible influences of local differences of charge
in tissues require some considerations of the character-
istics of colloids.

When in aqueous suspension of low ionic concentra-
tion, practically all organic and inorganic colloids are
electronegative in the pH range of 5 to 10 (14). The
zeta potential in such systems (see also Fig. X:8)
varies generally between —14 to —34 mV, Proteins
with zeta potential values less negative than —14 mV
are usually unstable. Stability characteristics of col-
loids are presented in Table VI: 2 as a functon of their
zeta potentials, according to Riddick (14).

Tissue

Table VI: 2
Average zeta
potential
Stability characteristics (millivolts)
Maximum agglomeration and precipitation Dw +3

Range of strong agglomeration and
precipitation +5t0 =5

Threshold of agglomeration -10to —15
Threshold of delicate dispersion ~16tw =30
Moderate stability -31w -40
Fairly good stability -4l o —60
WVery good stability —61 to =0
Extremelv good stability —E1 to =100

Proteins of living tissue also fall into these catego-
ries, although as pH decreases they become less elec-
tronegative. Even the average level of electric potential
of living tissue maintains a net negative charge, usually
well below the threshold values for colloid agglomer-
ation and precipitation (14). Within a tssue, levels of
electric potential can be expected o vary. Hypotheti-
cally, then, experimental levelling of the densities of
ionic charge among different regions of a tissue should
be expected to alter the normal electrochemical envi-
ronment and most likely interfere with usual tissue
functions. This hypothesis was tested in the subcutis
of three normal dogs in the following way:

Fig. Vi:7. Short circuiting
of different parts of the sub-
cutis of a dog. {a) The right
side of a dog was shaved and
aregular pattern of ink dots
were placed on the skin. ()
Two regions of tissue of dif-
ferent potental (1 and IT)
were connected with each
other by an external wire
Tail {over ground). The conduct-
ing electrolyies in the inter-

potential 0—,
+ .

Ground

stitial fluid complete a
closed circuit, allowing a
levelling of the assumed dif-
lerences of tissue potential.
The resultant levelling is re-
corded as changes in the lo-
cal electric potential under
each dot in relation 1o a dis-
tant, grounded reference tis-
sue (subcutis of the rail).
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Table VI: 3. Deflections of potennal (tn mV, numernically negahve) in the subcunis of the dog pictured in Figs, VI: 7 and 8§

Grounded sites of short circuit of the subcutis are indicated by X. For explanation, sec text
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15 200 18 22 24 24 28 2B IO W I 28 M %R
4 ] 4 3 52 0 % 3 5 3
5 40 2F y I 28 3 2 2 34 3

Each animal was anaesthetised with an intravenous
injection of sodium pentobarbital. One side of the
chest and abdomen was shaved. 275 to 300 dots were
made with ink to form corners of squares 2 cm apart
all over the shaved skin (Fig. VI: 7 a). Different parts
of the subcutis were then connected to each other over
a common ground (Fig. VI: 7 b). The electric potential
of the subcutis corresponding to each of the ink dots
was then determined versus a distant grounded refer-
ence electrode in the animal’s tail.

Electrodes of mechanically stable steel were used to
permit perforation of the skin. The potental differ-

w
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ence between each measuring point and the reference
electrode was determined with a Brush DC-potential
mstrument (Mark 220, input impedance 10 meg-
ohms). One examiner inserted the exploring elec-
trode while the numerical readings of the potential
differences were read and noted by assisting examin-
ers. Insertions of the electrode were made in a trans-
verse scanning mode at each of the skin dots. Care was
taken to introduce the exploring electrode into the
space berween the subcutis and the fascia of underly-
ing muscle, without entering the muscles. This place-
ment was most easily achieved by a slight lifting of the

Fig. Vi:8. Three-dimen-
sional display of electric po-
tentials in the subcutis of a
dog, as represented by cor-
responding lengths of hang-
ing white strings. The upper
ends of the strings represent
zero, 50 that each individual
tracing in the experiment re-
presents a negative value in
comparison to the reference
electrode. Fig. a shows a
longitudinal view and b a ce-
phaled view, which means
the short side of the display
of strings. Two sites of the
subcutis were short circuited
{indicated by X, in Table
VI:3). As seen in b, a “tun-
nel” of low values of poten-
tial is present between the
two short circuited sites.




Table VI:4. Deflections of potential (in mV, numerically negative) in the second part of the experiment in the subcuris of the dog in

Figs. VI:7 and 9

Grounded short circuit sites of the subcutis are indicated by X. For explanation, see text
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skin as the needle electrode was introduced. The read-
ings were made immediately on entrance of the elec-
trode into the subcutis. The sites of tracings of poten-
tial and their corresponding readings were correlated
at the conclusion of each experiment.

In the dog seen in Fig. VI: 7 a, points in the subcutis
of the right shoulder and hind leg were short circuited
over ground for 30 minutes. Measurements of poten-
tial were then made during the following 20 minutes of

Fig. VI: 9. Three-dimen-
sional display of electric po-
tentials of the subcuus in the
second part of the experi-
ment on the dog in Fig.
VI:7a. Fig. a represents a
longitudinal view and b a ce-
phaled view. For the pre-
vious 30 minutes, two short
circuits of the subcutis were
made perpendicular to the
short circuiting represented
in Fig. VI: 8. The positions
of the short circuited sites
are indicated in Table VI: 4
by X markings. Two new
“tunnels” (a) of low poten-
tials are present berween the
rwo pairs of short circuiting
sites. For explanation, see
text.

continued short circuiting between each of 276 record-
ing sites and the reference electrode. After the numeri-
cal tracings were recorded (Table VI: 3), they were
displaved as three-dimensional histograms (Fig. VI: 8).
Each histogram was made simply by colouring pieces
of white wool strings with dark ink so that the unco-
loured parts corresponded to the actual readings of
potential. The strings were then hung in a pattern
corresponding to the sites and values of each reading.
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Table VI: 5. Deflections of potential (in negarive mV, except as indicated by a +

in the subcuris over the area of shaved skin

sign ) when many grounded sites were short circuited

Same dog as pictured in Figs. VI: 7 and 10. For further discussion, see text
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The three-dimensional display of the readings is then
seen in two photographs taken at right angles (Fig.
W1: 8). The distribution and magnitude of the numeri-
cal values represent negative millivolts. The electrical-
ly short circuited sites of the subcutis are indicated by
(X)) in Table VI: 3. A “tunnel” of relatuvely less nega-
tive values of potential than in the surrounding subcu-
tis was found to bridge the two electrically connected
sites (X)) in the subcutis,

A second part of the experiment was performed one
hour after the previous short circuit connections had
been removed. Four new sites in the subcutis were
grounded, two anteriorly and two posteriorly along the

Fig. VI: I0. Three-dimensional display of electric potentials
in dog subcutis after short circuiting of the subcutis across
many sites. Potentials were measured between the exploring
electrode and a grounded subcutaneous reference electrode
(in the tail). As seen in Table VI: 5, very small negative and
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midportion of the long side of the examination area.
The short circuit was again maintained for 30 minutes.
Thereafter, the electric potential was measured be-
tween each of the 276 sites and the reference electrode,
as above. The results of this part of the experiment are
seen in Fig. VI: 9, while the corresponding numerical
values of potential and sites of grounded short circuit
connections appear in Table VI:4, Two new “tunnels™
of lowered negative values of potential have appeared
somewhat obliquely across the middle of the area of
examination, corresponding to the regions between the
sites of the short circuits.

A third part of the experiment on the same dog was

even positive potentials were obtained. The zero level is here
indicated by small pieces of white plastic tubing. Fig. a re-
presents a view of the long and b a view of the short side of
the display of strings.




performed after additional short circuiting of the sub-
cutis across many sites (Fig. VI: 10, Table VI: 5). In
this situation the potential differences were found to
be either slightly negative or even positive. In the
display seen in Fig. VI: 10 the zero level is represented
by small pieces of plastic tubing on the strings. At
autopsy, examination of the subcutis revealed only a
few minor blood stains but no large haemorrhages.
Similar results of the three parts of the experiment
were also found in the two other dogs tested.

The experimental results in these 3 dogs indicate
that the average level of potential of normal subcutis
may be changed by external short circuiting of two or
more regions of the tissue. The effects of such a
measure are mostly regional and localized, as might be
expected, to the tissue most immediately between the
electrodes. As illustrated in Figs. VI:8 and VI: 9,
which were performed in the same animal, a recovery
of the levels of potential took place between the first
two parts of the experiments. This capability shows
that the produced changes may be reversible.

These effects on subcutaneous electric potentials
indicate that electrical transport developed preferen-
tially in the tissue between the short circuited elec-
trodes. This difference of potential then appeared o
tend to equalize after 30 minutes in a closed circuit. A
change of the distribution of electrical charges between
electrodes can therefore be anticipated to influence
function of the tissues near the electrodes, resulting in
a change in an electropositive direction of electronega-
tive potentials between the electrodes. This finding
may be regarded as an interference with the electrone-
gative potential normally generated physiologically in
the tissue. In Chapter XVIII, these experimental re-
sults will be utilized to explain acupuncture.

C. Induced levelling of
the electric potential
of pulmonary lesions

When an exploring nonpolarizable Ag-AgCl electrode
or polarizable metal electrode is moved through the
lung into a focal lesion, reproducible profiles of elec-
tric potential are usually obtained in relation w a
grounded reference electrode in the subcutis. Imped-
ance of the recording instrument must be sufficiently
high, (=10 megohms. See also Fig. X1I1: 9).

When a recording instrument of “low” impedance
(e.g., 1-2 megohm) is used, current can be demon-
strated to leak through the instrument, thereby dimin-
ishing the potential difference of the tissues. Fig.
VI: 11 shows such a tracing of potential while the
exploring electrode touched many times against the
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Fig. VI:11. Local discharge of a bronchogenic carcinoma
with elevated surface potential in relation to surrounding
lung over a low impedance (2 megohm) voltmeter. Grounded
reference electrode in the subcutis. The tip of an exploring
electrode was moved repeatedly against the surface of the w-
mour. The surface potential of the tumour was imitially ele-
vated but progressively decreased as current leaked through
the recording instrument.

surface of a bronchogenic carcinoma which had an
elevated surface potential. The grounded reference
electrode was positioned subcutaneously about 25 cm
from the lesion. Large deflections of potential are seen
on the left side of the tracing at the beginning. The
amplitudes of the deflections then diminish, as seen on
the right side of the tracing.

A similar experiment in tracing the profile of electric
potential in tssue is illustrated in Fig. VI: 12, when
picking movements were made with the exploring
electrode against different parts of the surface of a
tuberculous granuloma. Large fluctuations of the elec-
tric potential were seen initially at various parts of the
surface of the lesion (top tracing). During a second
series of picking movements of the electrode against
the surface (bottom tracing, left) and then a third
series of picking movements (bottom tracing, right),
the average amplitude of the deflections decreased.
The lowering of amplitudes was larger between the
first and second than between the second and third
series of picking movements.

An experimental analogue to this study will be pre-

Fig. VI 12, Local discharge of a tuberculous granuloma
with elevated surface potential in relation to surrounding
lung. Grounded reference electrode in the subcuts. Repeat-
ed contact of the tip of the exploring electrode against the
surface of the granuloma showed initially large potential dif-
ferences (upper tracing). Later, these diffferences diminish-
ed in amplitude (on left and right of lower tracing). For fur-
ther discussion, see text.

mv | |

N 'Tﬂ., II:. ] | l |
-h' L-‘1 : | | |I

Wiy u

| | &
et EES——————— ) 1] |

- ™
T —— . f A
ey

Electric potentials 57



sented in Chapter XIII, Fig. 9, where the leak of
current through a low impedance recording system has
been studied and utilized for similar purposes.

The experimental levelling of the surface potential
of a lesion in relation to a reference tissue can be most
easily explained as a closed circuit discharge of tissues
which may be regarded as a conglomeration of biogal-
vanic cells. If this hypothesis is correct, then it should
also be possible experimentally to charge and dis-
charge specific tissues or regions of tissue.

D. Experimental charging and
discharging of tissue

Testing of the clinical observations on local discharge
of a tissue was carried out in five dogs in the following
way (see also charging of tissue in tumours of patients
in Chapter XVII}.

A 1.8 mm thick catheter was introduced via a fem-
oral vessel into the lumen of the aorta or the inferior
vena cava of the anaesthetized animal (sodium pento-
barbital). A platinum electrode was inserted into the
catheter, which was irrigated continuously with phys-

Fig. VI:13. Anificial electric charging and discharging of
living tissue of a dog. One platinum electrode was placed
against the mesentery and one in the lumen of the aorta via a
femoral catheter. A 23 volt potential, giving initially 6.5 mA
current, was applied between the electrodes for 15 minutes.,
1.8 volts were then measured between the electrodes. The
current flow between the electrodes was then read by means
of a digital microamperemeter in parallel with the voltmeter.
The initial part of the discharge took place very rapidly be-
tween the cessation of applying potential to the electrodes
and the first measurement. Inital current values are there-
fore not included.
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iologic saline solution. The abdomen was surgically
opened. Another platinum electrode was directly
placed against tissues of various organs, e.g., mesen-
tery. A direct current potential of predetermined mag-
nitude was applied between the electrodes for one 1o
several minutes. The potential difference between the
two electrodes was then measured with a millivolt-
meter immediately after interruption of current flow.
The electrodes were then short circuited over a mi-
croamperemeter in parallel with the millivoltmeter.
The values of current and potential were then read at
regular intervals and plotted against time.

These experiments revealed in the 5 dogs that in
vivo an artificial electrical charging and discharging of
a tissue was easily demonstrated.

Thus, in the experiment illustrated in Fig. VI: 13 a
potential of 23 volts at an initial current of 6.5 mA was
applied between the aorta and a mesenteric electrode
in a dog. After 15 minutes, a potential of 1.8 V was
measured between the electrodes. The electrodes were
then connected to each other over the microampere
meter. The current-time integral of the discharge is
fllustrated in Fig. VI:13. The initial values are not
included because initial discharge was very rapid.

Differences of electric impedance and ionic concen-
tration in different tissues allow local variations of
electric charges. These charges can be artificially
changed when the tissues are electrically connected to
each other over electrodes and an external conductor.
Thus, short circuiting between tissue regions of differ-
ent electric potentials can level that potential differ-
ence. Moreover, when an external source of direct
current is connected into the circuit, an artificial local
charging of tissues can be obtained. Different tissues
such as fat, muscle, viscera, bone, blood, interstitial
fluid, cell membranes, etc., are also known to have
different resistivities (see Chapter XII). It is therefore
logical to regard tissues as composed of numerous
galvanic cells with different capacity. A tumour or
granuloma with an electric potential in relation to the
surrounding rissues should therefore contain a surplus
of cations or anions in relation to surrounding tissue.
Why and how such ionic separations occur in vivo is
another problem, which will be considered later.

E. Control studies of electric
potentials of normal and
pathological tissues

At this stage of experimentation the existence of elec-
tric potential between a pulmonary lesion and sur-
rounding lung was checked with a modified technique.
This part of the study was performed in a group of



fifteen patient-volunteers. In these studies nonpolari-
zable Ag-AgCl electrodes with KCl-agar bridges were
used. The electric potentials of normal lung, pleura
and liver in dog will be described as a background to
discussions of integrated influences by “reference”
tissues.

1. Electrodes, recording of potentials,
and techniques of cell sampling

Nonpolarizable Ag-AgCl electrodes with KCl bridges
were used in order to explore the possibility that diffu-
sion potentials participate in the development of the
observed electric potentials of lung lesions.

Silver strings, 155 mm long and 0.25 mm thick,
were each soldered to electrical cables. The site of
soldering was protected with Araldite® and a plastic
tube. The strings were polished and chemically
cleaned (CCl; 15 minutes, | M HNO; 2 minutes,
10% (COOH); 5 minutes). The surfaces of the silver
strings were then coated with a laver of Teflon (954-
103) in liquid suspension. The Teflon was allowed to
dry with the string in a vertical position. The string
was then placed in an oven for 5 minutes at a tempera-
ture of 260°. In this manner two Teflon layers were
applied to the surface of the string. The distal 5 mm of
the Teflon lavers were then scratched off the string
and the surface polished and cleaned chemically as
described above. A chloride layer was applied to the
0.04 cm® of silver surface (0.9% NaCl solution, cur-
rent of 0.4 mA between the string and an equally
cleaned silver plate, duraton 50 seconds).

Electrodes manufactured in this way were then kept
in the dark in a 2 M KCI solution. Their electrical

a Plain AgCl electrode
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cables were connected to each other and to a carbon
rod, which was also placed in the KCI solution, as
recommended by Cooper (2). Because carbon is slight-
ly cathodic with respect to silver-silver chloride, a
small chloriding current was maintained. Electrodes
treated in this way show good electrical stability, com-
parable to what has been reported by Cooper (2) and
Geddes and Baker (4).

Salt bridge carviers were manufactured from hard
radiopaque Teflon tubes, Teflon coated cannulas (1.2
mm thick), or in dog experiments, glass capillaries.
They were filled with 3 M KCl solution in 2 % agar.

Cyiological sampling followed by electric potential
studies was performed through hard Teflon tubes.
These tubes (165 mm long, 1.5 mm thick) were pro-
vided with a plastic three-way stopcock and an in-
dwelling, 1 mm thick, biopsy cannula. Each tube was
inserted under local anaesthesia in the skin through a 3
mm incision. The tube was advanced under fluo-
roscopic control to the edge of the lesion. Cytologic
material was then sampled by means of a screw needle,
0.55 mm thick, inserted through the cannula into the
tissue, according to the technique previously described
by the author {11). After removal of cellular material,
a new needle was inserted through the plastic tube and
advanced to the distal wall of the lesion, where again
cellular material was sampled.

The lumen of the plastic tube was then filled with
the sterile agar—KCl solution, which shortly before was
made liquid by placing the agar—K.Cl bottle in boiling
water. The Ag-AgCl electrode was introduced into the
plastic tube with the proximal part secured in the hub
of the stopcock. Care was taken not to introduce air
bubbles, both when filling the tube with the KCl-agar
material and when inserting the electrode.

A corresponding, grounded, reference electrode was
also introduced into the subcutis of the chest wall,

AgCl electrode with salt bridge (3M KCI in 23 agar)

Fig. VI: 14. Stability tests of Ag-AgCl electrodes in 0.9%
MaCl. (a) Drift of 6 microvolts during a 30 minute period.
Fluctuations < # 10 microvolts. (&) Same electrodes in

0.9 % NaCl with interconnecred 3 M KCl-agar bridges. Po-
tential drift of 100 microvolts during a 30 minute period.
Fluctuations < +40 microvolts.
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Fig. VI: 15, Profile of electric potential of tissue through the
chest of a dog in relation 1o subcutaneous grounded refer-
ence electrode. Anteroposterior radiograph. Needle elec-
trode was inserted from the left side through the chest, an-
terior and superior to the heart, While the exploring elec-
trode was removed, 30 mV positive potentials are seen when

Electric potential of the tssues was recorded during
withdrawal of the exploring electrode. When record-
ings were made during cineradiography (frame speed
50/sec), the position of the electrode was determined
by comparing the cine frames with the markings of the
frame exposures on the same chart paper as the electric
potentials.

The impedance of the recording circuit was usually
in the kiloohm range. The input impedance of the
recording instrument (Grass Polvgraph direct current
recorder) is 10 megohms.

Stability of the electrodes was tested repeatedly and
found entirely satisfactory (Fig. VI: 14).

After primary amplification of the input signal, the
outgoing signal was fed back into parallel-coupled,
secondary amplifiers. This arrangement permitted
separate treatment of amplification and filtering of
individual tracings, which appeared necessary because
the actual tissue potential profiles could not be predict-
ed.

In instances when the tissues were fibrotic or other-
wise hard, salt bridges of higher mechanical stability
than the Teflon tubes were used. Biopsy needles, 1.2
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mediastinum

pleura

the electrode traversed the left and right pleurae. Two posi-
tive tissue potentials are also seen upon traversing the media-
stinum. Small regular “spikes” represent a superimposed
electrocardiogram. These are of lower amplitude in the chest
wall than in the lungs.

mm thick, were then coated with double Teflon layers
on their inside and outside surfaces in the same way as
the Teflon coating on the electrode surfaces. Salt
bridges within these needles have shown excellent me-
chanical stability but preclude use of these needles for
combined cytologic sampling and studies of electrical
potential. On the other hand, several tracings of elec-
tric potential can be made during insertion and with-
drawal of the instrument.

2. Electric potentials of pleura and lung

The preliminary studies of electric potential of lung
revealed certain characteristics of the profile of electric
potentials of two specific tissues. These profiles could
be identified as related to specific structures by means
of high speed cineradiography.

The electric potential of pleura and lung, studied in
22 dogs, appeared as follows. Tracings were made with
the polarizable stainless steel electrodes and with the
nonpolarizable Ag-AgCl electrodes provided with a
salt bridge in a glass capillary.



In Fig. VI: 15, a frontal view is seen of the thorax of
a dog with the exploring, Teflon-coated, polarizable,
stainless steel electrode inserted through the anterior
and superior part of both lungs. The noninsulated tip
of the electrode is situated in the soft tissues of the
right thoracic wall. The grounded reference electrode
is positioned in the subcutis of the left side of the
thorax but is not seen in the radiograph. The exploring
electrode was pulled as evenly as possible out of the
chest as electric potential was traced continuously.

A series of positive fluctuations of potential differ-
ences appeared in the chest wall or the pleura. The
section of tracing corresponding to lung shows a rela-
tively even level of potential. A superimposed electro-
cardiogram shows very small fluctuations in the chest
wall compared with the lung, where the amplitudes
also increased as the tp of the electrode moved toward
the heart.

The potentials of chest wall-pleura were further
investigated. When the electrode was passed through
the pleura in a dog, positive fluctuations of potential
are seen in Fig. VI: 16 before (upper tracing) and after
(lower tracing) the introduction of some air into the
pleural space. When the electrode was introduced and
removed, about 20 mV positive deflections of potential
were seen at the site of contact between pleura and
chest wall. After some air was put into the pleural
space, the electrode was introduced and pulled out,
but slowly. This tracing shows a large positive deflec-
tion of potenrial before the tip of the electrode reached
the air-filled pleural space. When the retracted tip
reached the air in the pleura, rapid oscillations oc-
curred due to the open circuit. At the touch of the
visceral pleura these oscillations disappeared. The po-
tential in the lung was approximately the same as
observed previously in the chest wall. Positive deflec-
tions of potential of the type that occur on traversing
the parietal pleura were not observed from the visceral
pleura in dog or man.
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Fig. Vi:17. Electrical potentials at the pleura, upon four in-
sertions and retractions of a Ag-AgCl electrode in a thin
glass capillary with KCl agar salt bridge. Grounded reference
electrode of the same construction was positioned in the sub-
cutis of the chest wall, Resp = pneumotachygraphic record-
ing of respiration. The exploring electrode was inserted from
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Fig. VI: i6. Demonstration of electric potential of pleura in
dog. As the exploring electrode passed between the chest
wall and lung, about 20 mV of potential difference was re-
corded, corresponding to the pleura (upper tracing). When
air was present in the pleural space (lower tracing), the same
manoeuvre shows that the potennal difference is related o
the parietal pleura. As the electrode is inserted or withdrawn
through the air-filled pleural space, an open circuit is cre-
ated, causing rapid oscillations. Stainless steel electrodes.

In Fig. VI:17 a control study is shown of the elec-
tric potential of pleura and lung in the dog, using the
same recording equipment and the nonpolarizing
Ag-AgCl electrodes inserted into glass capillaries filled
with KCl-agar. The grounded reference electrode was
positioned in the subcutis of the right chest wall. The
exploring electrode was inserted from the opened ab-
dominal cavity through the diaphragm into the lung
close to the costophrenic sulcus. The glass capillary
could then be moved repeatedly from the lung to the
pleurae and chest wall. As in previous studies, positive
deflections of potential were obtained at the contact
with the inner surface of the chest wall. These deflec-
tions, corresponding to the parietal pleura, have a
magnitude of about 20 mV in relation to the pulmo-
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the abdominal cavity through the diaphragm into the lung,
and then moved from the lung to the chest wall (Ch) and
back. Each movement to and from the parietal pleura caused
two deflections of potential. These pleural potentials were
used in the studies of tissue potential profiles of pulmonary
masses to localize the tip of the exploning electrode.
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nary parenchyma. The potential deflections of the
pleura were present in all the twentytwo dogs and are
also detectable in man (see Fig. VI: 21).

After repeated needlings in the same place, the tis-
sue profile of electric porential of the lung sometimes
varies slightly, which may result from small haemor-
rhages in the track of the electrode. The superim-
posed electrocardiogram usually shows a lower ampli-
tude in the chest wall than in the pulmonary parenchy-
ma.
Discussion. Agostoni (1) published in 1972 an exten-
sive physiologic review of the pleura, including 268
references. From this source and further search of
more recent literature, it appears that pleural electro-
physiology has not been a subject of previous study.

Mo attempts have been made here to evaluate the
functional significance of the positive potential of the
pleura. It seems possible, however, that the mecha-
nism for in vivo development of membranes and organ
capsules which is proposed in Chapter XII is also valid
for the development of the fibrous pleural membranes.

The distinctive electrical changes observed upon
inserting and retracting an electrode through the chest
wall and the lung have become a helpful landmark for
topographic localization of the electrodes during trac-
ing of electric potentials of normal and pathological
lungs.

The thickness of an air layer in the pleura can easily
be measured directly with an exploring needle elec-
trode. The electrode is slowly pulled out from the
lung. When an open circuit with high frequency dis-
turbances is observed, the external position of the
needle in relation to the skin is noted. After further
retraction of the needle, the circuit will close when the
parietal pleura is reached. Assuming the needle was
approximately perpendicular to the pleural surface,
the distance the needle was pulled across the open
circuit indicates the thickness of the air layer in the
pleura.

3. Fluctuating “demand potential™
of a “reference tissue” (liver)

Considerable technical difficulties were encountered in
the study of normal variations of pulmonary electric
potentials in vivo. To investigate the possibility that
such variations might be caused by outside events,
€.g., metabolic changes in an organ or “‘reference”
tissue, any organ or tissue might be studied. The liver,
more easily accessible than the lung, was chosen for
these studies.

The experiments shortly to be described suggest the
concept that physicochemical potential of a normal
tissue changes during different phases of its metabolic
activities. These changes represent what might be
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called physiological “demand potentials™ (see further
Chapter XII).

As previously stated, a tissue may be regarded as
composed of multiple galvanic cells of variable charge.
During different functional states they may be
charged or discharged. In such events the nervous
system may integrate metabolic activities and the func-
tions of ignition and balancing. Individual cells and
grouped populations of cells may then, by their “phy-
sicochemical, metabolic demand potential”, influence
their surroundings. Accordingly, demand potentials
may be traced to partial functions within a cell, a
whole cell, a group of cells or a seemingly arbitrary
large part of a “tssue region” such as an organ. It
follows that a recording of an electric demand potential
of a tissue also depends on geometry, size and location
of the electrodes, These relationships include the inte-
grated electro(-physico)-chemical potentials of the tis-
sue components around the “‘exploring” electrode,
around the “reference” electrode and interconnected

Fug. VI: 15, Electrical potentials from the gastric and hepatic
parenchvma of a 24 kg dog. The potentials were measured in
relation to a grounded sponge, soaked in saline solution in
the abdominal cavity. (a) Rhythmic fluctuations of potential
from the liver. Their freguency is similar but their amplitude
lower and of a slightly different pattern than that of the
stomach. These rhythmic fluctuations are independent of
respiration and of cardiac electrical activity. The maxima of
the fluctuations of potential of the liver and the stomach var-
ied from (@) out of phase to (b) almost in phase. Low or high
amplitudes of the fluctuations of gastric potential were not
accompanied by corresponding changes of amplitude in fluc-
tuations of hepatic potential. Rhythmic fluctuations of he-
patic potential have not been previously described.
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conducting tissues. A short report has previously been
presented on this problem by the author (9).

In 18 experiments (15 dogs, three rabbits), laparo-
tomy was performed. An Ag-AgCl electrode was
placed under the hepatic capsule through a polyethyl-
ene tube (2 mm thick, filled with 3 M KCI solution in
2% agar). The grounded reference electrode was
placed either in the subcutis or connected to a sponge
sheet soaked in 0.1 M KCI solution and placed in the
abdomen between the stomach and liver. An exploring
electrode was also placed under the serosa of the stom-
ach, which is known to produce rhythmic fluctuations
of potential, induced by the nervous system (7, 12-13,
15-18). Respiration was recorded as pressure changes
in a corrugated rubber tube, slightly stretched and tied
around the lower part of the chest.

Fig. VI: 18 shows representative electric potentials
of dog liver and stomach, compared to a grounded
subcutaneous electrode.

These experiments revealed rhythmic fluctuarions
of electric potential from the liver, usually at a fre-
quency of 3-5 per minute. The fluctuations, previous-
ly undescribed, were not produced by respiration,
cardiac activity or bowel movements. Sometimes these
fluctuations were almost synchronous with those of the
stomach (Fig. VI: 18b). Sometimes they were asyn-
chronous (Fig. VI: 18 a). The waxing and waning pat-
tern from the stomach is interpreted as an interference
phenomenon of superimposed transmitted impulses.
The electric potential fluctuations in the stomach are
known to be of neurogenic origin (7, 12-13, 15-18).
As in the stomach, fluctuations of potential in the liv-
er parenchyma are probably also of neurogenic ori-
gin. Most likely they represent secretory electric im-
pulses to the organ. The hepatic electric potentials
could be altered by pharmacological agents. In the
experiment illustrated in Fig. VI: 19, one electrode
was inserted into the liver and one connected to a
grounded sponge sheet soaked in 0.1 M KCl between

2min

the liver and the stomach. After intravenous injection
of pharmacological agents as morphine, epinephrine,
glucagon, histamine, antihistamine and others, differ-
ent changes of amplitude were produced in the rhyth-
mic fluctuations of hepatic potential. Previously unde-
scribed slow waves of electric potential were also pro-
duced (Fig. VI1:19). Epinephrine drove the potential
in a downwardly positive direction {note relatively low
amplification and slow speed of the recording). The
time-voltage integral is roughly dose-related. Isoprena-
line gave a slow wave in the electronegative direction,
while glucagon and the amino acid nutrition com-
pound Vamin® also produced electropositive deflec-
tions. Usually the 3-5 per minute fluctuations changed
their frequency and amplitude after administration of
the agents which produced the slow waves.

Other organs, e.g., pancreas and kidney, have also
shown fluctuations of electric potential similar to those
shown in the liver. The rhythmic 3-5 per minute
potential fluctuations and the accompanying slow po-
tential wave, artificially induced by different metaboli-
cally active agents, represent examples of “‘demand
potentials” of a normal tissue. It is evident that “de-
mand potentials’ of any tissue will influence gradients
of potential in relation to locally injured tissue as well
as to adjacent, but differently activated, normal tis-
sues.

4. Electric potentials of pulmonary
carcinomas

In these studies the electric potentials were recorded
with the Grass Polygraph DC instrument and the de-
scribed Ag-AgCl electrodes. Thus, a technique differ-
ent from the preliminary was used.

Difficulties were encountered in obtaining a suffi-
ciently large number of patients for detailed analysis of
tissue polarization in different lung lesions. Permission
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Fig. VI: 19, Electrical activity in a dog liver, recorded in

vivo with Ag-AgCl electrodes over KCI bridges. An abdomi-
nal reference electrode was grounded. The rhythmic electri-
cal fluctuarions of the liver show a frequency of about 4.5 per

minute. Intravenous injections of different pharmacological
agents were each followed by a slow electrical wave, also pre-
viously undescribed. The time-voltage integral of these
waves was found to be dose-related, within certain limits.
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Fig. VI:20. Poorly differentiated myosarcomatous metasta-
sis in the left lower lobe of a 63-year-old woman. Cellular
material was obtained via a needle through a percutaneously
inserted plastic tube. The tube was next advanced through
the tumour into the lung tissue and filled with 3 M KCl in
2% agar. An Ag-AgCl electrode was then introduced into
the wbe. During retraction of the electrode, with bridge, the
electric potential was recorded (Fig. VI: 21) against a corre-
sponding grounded nonpolarizable electrode introduced into
the subcutis of the chest wall.

nowadays must be obtained from a patient only after it
has been explained that the procedure is part of a
research program and not exclusively to his or her own
benefit. In rwelve patients from whom permission
could be obtained, the actual technique of examination
has given essentially the same main information as was
obtained in the preliminary study: tumours in the lung
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do sometimes (8 patients) show an electric potential
difference in relation to surrounding lung parenchy-
ma. This potential difference is sometimes electroposi-
tive, sometimes electronegative in relation to a ground-
ed subcutaneous reference electrode.

A poorly differentiated myosarcomatous metastasis
in the lung is seen in Fig. VI: 20. The tumour was
surrounded by an “A” zone, 2 cm broad. Two trac-
ings of electric potential were simultaneously obtained
from the mumour (Fig. VI:21). Filters of different
frequency were used. The tracings show from left to
right the electric potential difference in lung behind
the tumour, then differences of about 3 mV of poten-
tial in three portions of the tumour, a region of in-
creased amplitudes of ecg fluctuations in the A" zone
and lowered ecg amplitudes in the “B" zone, an elec-
tropositive “pleural spike™ and finally the potential of
the chest wall. It should also be noted thar in at least
one part of the tumour the electric potential was nega-
tive in relation to that of the surrounding lung.

The appearance of a higher amplitude of the super-
imposed ecg in the *A" zone compared with the “B"”
zone is of certain interest. As will be seen later ({Chap-
ter XVI), it is possible to produce “A™ and “B" zones
experimentally. A tracing of the electric potential
across such zones during the production of superim-
posed pulses simulating an ecg can also produce the
sudden change of amplitude between the “A” and
“B" zones.

This phenomenon can be explained as a change of
conductivity depending, for instance, on differences in
1onic composition or concentration between the “A™
and “B” zones. The “A” and *“B" zones seem in this
way to be characterized by bioelectrical correspon-
dences to their radiographic appearances.

Fig. VI:22 illustrates a squamous cell carcinoma
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Fig. VI: 21, Electric potential profile through the lung and
the tumour shown in Fig. V1: 20. Two simultaneous tracings
obtained with different amplifications and cut-off filters.
When the exploring electrode was retracted from the lung
behind the tumour, small electrocardiographic (ecg) fluctu-
ations can be seen superimposed on the left in the lower trac-
ing. Upon entering the tumour surface | I Jy the electrode re-
vealed a positive electric potential. Compared to the levels of
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potential in the surrounding pulmonary parenchyma, a re-
gion of relatively negative potential can be seen inside the tu-
mour. When the electrode entered the “A" zone of the lung,
increased ecg fluctuations are seen until the “B" zone ( ; ]
was entered, where the magnitude of ecg fluctuations is ap-
proximately halved until the pleura was reached. After the
exploring electrode traversed the pleura ( | ), the ecg fluctu-
ations from the chest wall are relarively very small.



Fig. VI:22. Squamous cell carcinoma, right upper lobe of a
64-year-old woman. (a) Posteroanterior projection. The tu-
mour is surrounded by a radiolucent “A" zone. Irregular
structures are at the surface of the tumour. An arcade (ar-
rows) is suggested at the edge of the “B" zone. (b) Shallow

surrounded by a radiolucent “A” zone. Arrows in Fig.
VI: 22 a indicate a row of small arches at the interface
between an “A" and “B" zone. Fig. VI:22b shows
the tumour and the surrounding parenchyma after the
development of a pneumothorax 1.5 ¢m broad. The
electric potential difference was measured between the
inserted exploring electrode and the grounded refer-
ence electrode in the subcutis. The exploring electrode

Fig. VI: 23, Electric potentials in the tumour shown in Fig.
VI:22. (a) Posteroanterior view of tumour and electrode.
{b—d) Lateral views of tumour and electrode with corre-
sponding parts of the recordings of electrical potential. Ele-
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right anterior oblique projection after needle biopsy. A 1.5
¢m pneumothorax is present. The pleura is thin and the

pleural space open, The “B" zone has partly disappeared.
See also Fig. VI: 23,

was then slowly pulled out. During this retraction of
the electrode, the exact position of the electrode tip
was determined by cineradiography (Fig. VI:23). At
the posterior and anterior parts of the tumour the
tracing reveals an electropositive deflection of poten-
tial in relation to the surrounding lung. The interior of
the tumour, on the other hand, shows a relatively
electronegative potential.

vation of electrical potential is seen in the posterior and an-
terior parts of the tumour in relation o both surrounding
lung and the interior of the tumour. Grounded reference
electrode in subcutis.

hdbte
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Fig. VI: 24. Two inflammatory granulomas (arrows) in a 56-
year-old man. The electric potential of the upper lesion
shows a 15 mV negative deflection in relation to the sur-
rounding lung.

Fig. VI: 24 shows two pulmonary nodules in the
right lung of a patient who was referred for diagnostic
needle biopsy. The exploring needle electrode was
inserted through the upper of the two lesions (diame-
ter 1.5 cm). Tracings of potential were obtained, re-
vealing a 15 mV negative potential difference in rela-
tion to the surrounding lung. Two samplings of cells
were taken from the upper and three from the lower
lesion. Histologically the material from all samplings
showed macrophages, some inflammatory cells and
tissue debris, but no neoplastic cells. The cytologic
results indicated that the lesions were inflammatory
granulomas.

Electric potential differences also were found in
nonneoplastic pulmonary masses (30 of 36 patents,
84%) (see Section A. 3).

F. Summary and conclusions

These studies of electric potentials, especially in differ-
ent pulmonary lesions in relation to a grounded refer-
ence electrode in the subcutis of the chest wall, have
revealed:
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1) Repeated insertion and retraction of the exploring
electrode usually produced reproducible differences of
potential between the lesion and the surrounding lung.
This has been the case with polarizable metal elec-
trodes as well as with nonpolarizable electrodes.

2) In certain neoplasms and inflammatory lesions,
the potental of the periphery of the lesion was elevat-
ed or lowered in relation either to the surrounding
lung or 1o the centre of the tumour. In other lesions no
potential difference was present between the lesion
and the surrounding lung in comparison with the ref-
erence electrode. These findings have shown no corre-
lation to the cellular type or bacteriologic nature of the
lesion.

3) The cause for this seeming disparity has been
suspected to depend on the presence or absence of
local tssue injury. When regions in a lesion showed
potential differences (positive or negative) in relation
to the surrounding lung, sampled cytologic marterial
was often necrotic and therefore unsuitable for specific
diagnosis. Statistical proof of such a correlation is
hampered by many predictable and unpredictable
variables and would therefore require a very large ma-
terial, which is yet not available.

4) The complex but reproducible appearances of the
electric potentials in different lung lesions allow only
preliminary assumptions about their possible origin.
Neoplasms and granulomas frequently develop sponta-
neous bleeding or necrosis, a finding common in any
case material. Such local injuries should have electro-
physiological correspondence in an electric injury po-
tential (a well established concept). The occasional
finding of polarized lesions in the lung appears to
support this assumed correlation. Discussion in subse-
quent chapters of physicochemical polarization of in-
jured tissue will provide explanations for variations of
¢lectric polarity of the lesions and their relation to
structural medifications inside and outside lesions.

The idea is advanced thar different regions in cells
and tssues can be regarded as conglomerations of
galvanic cells of different capacity and charge.
Thus, short circuiting of different parts of normal
subcutis in the dog produced marked local decrease of
electronegative potential. The application of an exter-
nal direct current between two subcutaneous elec-
trodes produced marked local accumulation of charges
in the tissues, which discharged relatively slowly after
a short circuit was established. This finding led to
studies of spontaneous electric activity in other organs.
These studies are of principal interest because normal
metabolism in the tissue surrounding a lesion should
influence the internal physicochemical gradients be-
tween the tissues. More easily accessible tissues than
the lung were therefore selected for these studies.

5) Rhythmic fluctuations of potential in dog livers
(frequency about 3-5 per minute, amplitude about 1



mV) were measured against a grounded reference elec-
trode in the abdomen or subcutis. These fluctuations
of electric potential have not been described previous-
ly, except for a preliminary report (9), and most likely
are of neurogenic origin. After intravenous injection of
pharmacologic agents (epinephrine, histamine, iso-
prenaline, glucagon and others) dose-related waves of
slowly changing potentials could be induced. These
findings, also previously undescribed, show how a
normal tissue apparently may develop electric poten-
tial gradients in relation to a surrounding tissue. It is
suggested that the rhythmic endogenous waves of the
liver represent neurogenic potentials which trigger
metabolic events of the organ, e.g., secretion. The su-
perimposition of rhythmic potentials and slow poten-
tial waves then represent a “demand potential” in the
organ. The appearance of such demand potentials can
be expected to depend on factors including size and
shape of activated tissue, size, shape and location of
the electrodes.

6) Parietal pleura, but not visceral, demonstrates a
high “spike” of positive potential ({15-20 mV) when an
exploring electrode is passed through the chest wall
into the lung. This spike was found to be a reliable
landmark in studying the electric potentials of pulmo-
nary lesions.

7) Electrocardiograms superimposed on the tracings
of the lung tissue potential profile show higher ampli-
tude in the “A” than in the *B” zones. The explana-
tion for this finding depends not simply on spatial
location of the electrodes but also on differences of
conductivity between these zones.

8) The metabolic activities of lung, stomach, liver
and probably many other tissues may vary local electri-
cal charge, here identified by the presence of waves of
slowly changing potential. Furthermore, local injury
in an organ will produce a local accumulation of
charges (“injury potential™), e.g., by diffusion of ionic
products of decomposition. A potential is then created
between the injured tissue and the surrounding nonin-
jured tissues, each possessing their own metabolic po-
tentials. This concept is important because the differ-
ences of potential between injured and surrounding
noninjured tissue, in the author’s opinion, provide the
energy necessary to drive the processes of healing.

The existence of physiological polarization of tissues
or organs should, however, also lead to the develop-
ment of normal structural modifications. With the
latter possibility in mind, the presence of well-defined
spikes of electrical potential, such as described for the
pleura, are of interest. As illustrated in Fig. VI: 25,
well-defined potential differences are also observable
when the exploring electrode passes the peritoneal
membrane and liver capsule and the reference elec-
trode is positioned in the subcutis of the abdominal
wall. Associated problems will be treated in Chapter

Subeutis Liver Subcutis
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Fig. VI: 25, Tracing of potential of abdominal wall and liver
in dog. The exploring electrode was inserted from subcutis
through abdominal wall into liver and back to subcutis. A
grounded reference electrode was placed subcutaneously. A
negative and then positive deflection was obtained between
the subcutis and the liver parenchyma, showing regular fluc-
tuations of potential {frequency about 4-5 per minute). In
the subcutis smaller fluctuations of the same frequency are
seen (arrows), presumably transmitted from the liver. On re-
traction, electrode passes an air gap between the liver and
the abdominal wall. The hepatic capsule showed a positive
deflection of potential.

XII, where a mechanism for development of mem-
branes is outlined.

The information collected in this chapter is prelimi-
nary but indicates that electro{-chemical) energy gradi-
ents may be identified between different tissues. These
gradients appear to express differences of local mera-
bolic activities of normal tissue or differences between
normal and injured tissue. The utilization of such
energy gradients depends largely on the suggested
system of selective transport of material which is here
called biologically closed electric circuits (BCEC).
This system will be particularly considered in Chapter
XII. Chapter XIII outlines the driving energy of this
system. An understanding of the function of BCEC
systems requires, however, further studies of its com-
ponents, which will be presented in Chapters VII-XI.
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VII.

Spontaneous development
of a fluctuating injury
potential 1n tissue

The incidence of necrosis in pulmonary cancers is
difficult to estimate. According to Byrd et al. (2),
cavitation develops in approximately 10 per cent of
primary pulmonary neoplasms. Found almost exclu-
sively in squamous cell carcinomas, cavitation is rare
in undifferentiated and alveolar cell carcinomas (3, 5).
Because necrotic material i1s not always replaced by air
which is radiographically evident in cavitation, the 10
per cent value probably represents a low estimate for
the incidence of necrosis in pulmonary neoplasms. In
the author’s experience, adenocarcinomas and meta-
static cancers in lung may also be necrotic, but the lung
tumours which are most frequently necrotic are defi-
nitely primary squamous cell carcinomas.

The low incidence of cavitation in such highly ma-
lignant tumours as undifferentiated bronchogenic car-
cinomas is difficult to explain. One possible explana-
tion would be that such cancers tend to obstruct cen-
tral bronchi by rapid and continuous overgrowth so
that endobronchial evacuation of the necrotic material
is seldom possible.

Rapid growth of a malignant tumour is generally
thought to cause imbalance between nutritional supply
and demand, leading to necrosis. Compression or inva-
sion of an artery supplying the tumour may also pro-
duce necrosis. Erosion of a nutrient vessel also may

produce internal bleeding and thereby increase inter-
nal pressure, inducing necrosis. A thrombus in a blood
vessel in a lung cancer may be regarded as a metaboli-
cally isolated tissue which will be subject to autolytic
changes.

Injury of tissue may be produced by circulatory,
metabolic, mechanical, chemical and electrical factors,
heat or radiation. From a physical point of view, any
of these sources can produce an electrical injury poten-
tial.

Consider hepatic autolysis as an example of necrosis.
Almost no light microscopic changes can be seen dur-
ing the first six hours (1). Thereafter, cell membranes
gradually disintegrate and nuclei start to show pykno-
sis. Mitochondria then begin to swell and vacuoles
appear in the cytoplasm (11). After about 24 hours
karvolysis is observed. After 48 to 72 hours most cells
are necrotic. Electron microscopically, changes can be
observed soon after hypoxia. Saladino and Trump
(13), studving slices of mouse liver, observed the earli-
est autolytic changes in mitochondria after a mere 5
minutes of hypoxia.

When lack of oxvgen injures a tissue, lysosomes
liberate soluble hydrolytic enzymes (7). These en-
Zymes are most active in an acidic environment, spread
into different parts of the cell, and reach a maximum
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intracellular concentration after 3 to 4 hours (7). Lyso-
somal enzymes appear to be of central importance in
proteolytic degradation of cells, a point recently
stressed by Marzella (12). After lysosomal enzymatic
digestion is established, other cellular enzymes are
then continually liberated in the tissue (1, 10, 14).

Hydrolases initiate lysosomal action in the liver of
starved rats exposed to carbon tetrachloride, according
to De Duve, et al. (B). The soluble hydrolytic enzymes
are released across the lipoprotein membrane of the
lysosome in a primary attack which appears to derive
from ischaemic injury to the centre of the lysosome. In
addition to the release of lysosomal hydrolases, autoly-
sis is accomplished also by acid phosphatases, cathep-
sin, J-glucuronidase, acid ribonuclease and acid des-
oxyribonuclease (8, 9).

Studies in organs other than the liver further indi-
cate that the liberation of lysosomal enzymes is one of
the earliest reactions in the development of autolysis
(12).

In its early stages, autolysis includes an increase in
tissue weight and then an accumulation of intracellular
calcium. Dawkins, et al. (6) have attributed the in-
crease in weight to an osmotic effect. This osmotic
weight increase is also an indication of the ongoing
destruction of molecules, which as a physical process
can be characterized as a catabolic liberation of energy.

As cells die, they lose their metabolic functions and
become more acid in reaction (4). They change their
permeability characteristics for ions and macromole-
cules. Influx of water swells their protoplasm. Granu-
lar bodies appear. Cytoplasm and nuclei coagulate and
disintegrate into debris (4).

The studies of electric potential of lung tumours and
granulomas (Chapter VI) revealed that potential gradi-
ents of varying magnitude and polarity may be present
in lung lesions, relative to a surrounding reference
tissue. These gradients may be electronegative, elec-
tropositive or even zero. Usually, reproducible profiles
of potential could be obtained from any particular kind
of lesion.

No correlation could be found between the tissue
profiles of electric potential in different tumours of
corresponding size, location or histologic type. The
variability of the profiles of potential among different
tumours (and sometimes in different parts of the w-
mours) nullified attempts at quantitative correlation.
Empirically, however, it became evident eventually
that necrotic material could be obtained by aspiration
biopsy from most of the polarizing lesions.

This preliminary empirical information was next
turned into directed research attempting to explain the
finding of inconsistent electrical potential in histologi-
cally similar lesions. Tumours are known sometimes to
contain internal bleeding or necrotic regions of varying
extent (2, 3, 5). These changes are a form of injury to
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tissue, which should produce electrochemical injury
potentials. Necrosis or haemorrhage may well explain
why a tumour of particular histologic type, size and
location presents electric polarization in relation to
surrounding noninjured tissue in one patient while a
seemingly corresponding tumour in another patient
does not show such changes.

Furthermore, focal autolysis in a lesion might be
expected to cause local variations in electrochemical
potential. Age of the locally degrading process may
also be a factor. Controlled research on these problems
would be extremely difficult to carry out in vivo in the
lung. As focal internal haemorrhage in a lesion is very
probably involved in the process of polarization, blood
was chosen as a readily accessible tissue to study in
attempting to explain the possible origin of electrical
polarization of lung lesions.

A. Degradation of blood

The development of local necrosis in a surviving sub-
ject is not restricted to hours or a few days. The whole
process may be found to modify the tissues during
months or even years. In the present in vitro experi-
ments, the spontaneous degradation of blood during
hypoxia was studied over the relatively long time peri-
ods of one to eight weeks. These studies were arranged
to simulate, at least approximately, the spontaneous
degradation of clotted blood inside a tumour.

Fresh human blood was studied under sterile condi-
tions with regard to spontaneous pH and changes of
electric diffusion potential (Fig. VII: 1). Twenty to 50
ml of fresh sterile blood were placed in a sterile collo-
dium bag which was suspended in a jar containing
1000 ml of circulating Ringer's solution at 37°C.
Three Ag—AgCl electrodes with KCI bridges and three
pH electrodes were placed through holes in a rubber
stopper, fitted to the bag opening. A grounded refer-
ence (Lazaran) Ag-Ag Cl electrode with KCl bridge
was inserted in the Ringer's solution. The surface of
the blood and the Ringer’s solution was covered with a
2 cm thick layer of sterile liquid paraffin to prevent
contact of air with the fluids. The entire apparatus was
then kept inside a sterilized plastic cover.

The pH of the blood and its change of diffusion
potential in relation to the grounded reference elec-
trodes were recorded intermittently during the experi-
mental periods, which varied from one to eight weeks.
Experiments on six different samples of human blood
and two samples of dog blood were performed. Sam-
ples of the blood were taken at different times to
confirm bacteriologic sterility.

The results of these studies showed that pH of the
blood decreased rapidly during the first days (Fig.



VII: 2). The three separate pH electrodes showed
some internal differences despite careful calibration
before the experiments. Control calibrations after the
experiments usually showed some differences among
the electrodes, particularly after they had been im-
mersed in the blood over several weeks. These dispari-
ties probably are a function of different adsorptions of
various proteins on the glass surface of the electrodes,
an unavoidable aspect of the experiment.

A spontaneous lowering of the pH during the first
days took place equally in human and in dog blood.

Measurements of pH and simultaneous electric po-

Fig. VII: 1. Apparatus for determination of pH and electric
diffusion potential of spontaneously degrading blood. A col-
lodium bag is filled with blood (1) without citrate or heparin
and suspended in Ringer’s solution (2) circulating at 37°C.
Three pH electrodes (3) and three Ag-AgCl electrodes (4)
{one of each illustrated) pass through a rubber stopper (5)
and are immersed in the blood. A grounded Lazaran refer-
ence electrode (6) is placed in the Ringer’s solution. A cover-
ing thick layer of liquid paraffin (not illustrated) prevents
contact of air with the blood and Ringer's solution. A stirrer
(7} circulates the Ringer’'s solution.
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Fig. VII: 2. Spontaneous changes of pH in degrading human
blood (without citrate or heparin) during 40 days. Inmitially,
pH lowered rapidly. Tracings are from each of the three
electrodes.

tential of diffusion in the blood in relation to the
Ringer's solution are illustrated in a representative
example in Fig. VII: 3. The diffusion potential of the
blood showed considerably greater fluctuations than
the pH. The changes of potential spanned as much as
200 mV during the first days and 250 mV between the
maximum and minimum fluctuations during the ex-
periment. The pH fluctuated in this experiment about
one pH unit (equivalent to 61.54 mV at 37°C). The
arrow “sterile” shows the time when a sample of blood
was taken for bacteriological culture. This sample was
sterile. Some hours after the sampling, the pH and the
electric potential showed large fluctuations. A new
blood sample taken 8 days later showed the growth (X))
of nonfermenting, gram-negative, aerobic rods.

Early development of acidity in the spontaneously
degrading blood has been a constant finding in these
experiments. Initially, the corresponding electric dif-
fusion potential has shown large electropositive fluctu-
ations. Later, a varying pattern of fluctuations of pH
and diffusion potential has been observed, including a
tendency toward increasing stabilization. Inlet of air or
infection of the blood has always disturbed this ten-
dency immediately. .

These experiments have been performed 1o obtain
information about electrical changes of blood degrad-
ing over a relatively long period of time. It is apparent
that control of the experimental conditions could be
improved, e.g., with regard to glucose level and oxy-
gen content of the blood at the beginning of the experi-
ments. Deviations from in vive conditions apply in
these experiments also to several other variables, e.g.,
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Fig. VII: 3, Spontaneous fluctuations of pH and electric dif-
fusion potential of spontaneously degrading human venous
blood. The fluctuations of the “total™ diffusion potential are
considerably more pronounced than the changes of pH. The
early electropositive and electronegative fluctuations of the
diffusion potential cover a span of about 200 mV. The last

composition of the surrounding medium and the simu-
lation of a tumour barrier by the semipermeable collo-
dium membrane. Furthermore, immersion of elec-
trodes for several weeks in blood causes apposition of
material on their surfaces, which must disturb their
sensitivity. Besides the pH and the difference of “to-
tal” diffusion potential, redox potentials should also be
studied in this way, but were not included in the
present initial study. In performing an experiment on
hypoxic degradation of blood we have, however, al-
ready by definition, this important additional factor in
mind. So far we may limit ourselves to conclude that
the actual experiments support the view that the spon-
taneous hypoxic degradation of blood includes a focus
of electric “injury” polarization in relation to a “nor-
mal” surrounding medium. Evidently this is also a
dynamic process characterized by considerable electri-
cal fluctuations in the early phases, followed by even-
tual attenuarion as the reactions drive toward equilibri-
um,
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sterile bacteriological test sample was obtained after 40 days.
After this sampling, the pH and electric potential suddenly
moved in an electronegative direction. New sampling of the
blood showed bacterial growth (gram-negative aerobic rods),
presumably caused by bacterial contamination during the
previous sampling.

B. The fluctuating
electrochemical potential of
an injured tissue

The spontaneous changes in electric potential of hy-
poxic blood can be regarded as a degrading molecular
process in which an electrochemical injury potential
develops. This process is catabolic; it liberates energy.
Its progress in one direction will, as in all spontaneous
reactions, induce counter-reactions. Eventually this
combination will lead to a fluctuating attenuation
toward equilibrium. The actual electric (physicoche-
mical) potential should therefore vary depending on
the phase of development of the degrading tissue.

This mechanism may explain the observed variety in
electric potentials of lung tumours in vivo.

Cell death is known to be accompanied by a series of
events in which the lysosomes play an important role.
Lysosomal liberation of different enzymes leads to
decomposition and splitting of cellular molecules. The



necrotic mass may liquify by the action of hydrolytic
EnzZymes.

Energy produced by the degrading processes now
becomes of particular interest. To explain the changes
of electrical activity and pH illustrated in Fig. VII: 3,
the following synthesis of known facts may be offered.

Many well-known chemical reactions participate in
the early production of acidity in autolysis. During
hypoxia, oxidation of glucose to CO; and water will
deplete locally available resources of oxygen. Contin-
ued glucolysis will proceed as anaerobic production of
lactic acid, a main compound responsible for local
tissue acidity. Experiments of Gallagher, et al. (9)
suggest that one of the first manifestations of tissue
injury is a loss of ATP. As oxvgen levels in autolysing
tissue progressively diminish, the Krebs cycle de-
creases in gquantitative importance. As ATP diminish-
es, the ATP-ADP system turns into an irreversible
hydrolvtic reaction,

ATP+H;0—=ADP+phosphate+H™ +energy.

The initial phase of low pH (Fig. VII: 3) only repre-
sents a minor part of the early electropositive potential
difference between degrading blood and a surrounding
reference medium. A multitude of reactions are known
to take place in autolysis of tissue (9, 15). It is, howev-
er, here beyond the intentions or even necessary to
discuss many of the complex, possible series of bio-
chemical events described in autolysis. It may be suffi-
cient to establish that degrading tissue develops an
carly electropositive transient phase which is partly
caused by acidity.

The early acidity (Fig. VII: 2) is evidently explain-
able as a statistical, intermediate phenomenon between
the production and disappearance of acidic products
by diffusion, migration and recombination.

Because protons among all ions possess the fastest
rates of diffusion and a high tendency to recombine
with counterions, the relative loss of protons is prob-
ably the leading reaction in the events which subse-
quently drive the tissue in an electronegative direction.
The tendency of the degrading blood to change from
electropositive to electronegative is further enhanced
by hypoxic production of anions, e.g., phosphate ions,
which gradually appear as ATP undergoes hydrolysis.
Other sources for the production of phosphate ions are
phosphocreatinin, phosphoarginine and polymeta-
phosphate. An accumulation of phosphate ions is of
particular interest for the eventual development of
calcifications in tissue injury.

When degrading tissue turns electronegative, differ-
ent cations will be attracted to the accumulating an-
ions. In particular, Ca™" and Mg™ " will be attracted
to the accumulating phosphate ions and should preci-
pitate as calcium and magnesium phosphate when the

appropriate isoelectric regions for these compounds
have been reached. In this way the development of
apatite, which is the most common calcium-containing
salt deposited in injured tissue, can be explained. As
apatite forms and anions then become depleted, the
overall reaction might then be anticipated to drive
again in the electropositive direction.

An overview now must consider the observed elec-
trical events as applving to a large number of ions of
different sizes, electrical charges, concentrations and
specific activities. Thermal factors, pressure, gravity,
externally superimposed electromagnetic fields, con-
vection, diffusion and local circulation must further
interact with this behaviour. One factor which will be
particularly considered in this work is the effect of
bologically closed electric circuits between a pathologi-
cal injured tissue and the surrounding normal tissue,
electrochemically polarizing against each other.

It is ecasy to understand that a local injury of any
kind represents a region with a level of entropy, which
under the influence of factors, such as those men-
tioned above, must drive toward a higher level. Af-
ter the injury has healed macroscopically, a pseudo-
equilibrium is reached (as further transformations of
tissue will take place, but at a slow rate). The differ-
ences in speed and intensity of the partial reactions
during different stages of their development can be
anticipated to result in a fluctuating but attenuating
sum of the partial reactions. This perspective gives an
explanation for the sometimes electronegative, some-
times electropositive polarity of an injured tissue in
relation to its surroundings. The injured tissue pre-
sents different phases in its development. As a conse-
quence of this view, it can be seen that sampling of
material for measurements of electric potential (and
chemical analysis) of injured tissue is rather meaning-
less unless the results are related to the momentary
phase of the natural history of the injury.

Thus far the presentation has mainly been con-
cerned with electrical factors in tissue polarization,
while concentration-activity, pressure-volume and
gravity have as yet received only passing mention. The
important chemical forces will next be briefly dis-
cussed (Chapter VIII), followed by an experimental
demonstration of interactions between electrical and
chemical forces (Chapters X, XI.
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VIII.

Concentration-dispersion forces

A brief review of intermolecular

physical behaviour

Present knowledge of concentration and dispersion
forces is incomplete in many respects (7, 11). Sull,
their importance can often be recognized, even if only
indirectly. This chapter offers a short survey of these
forces. Some physical models will be presented in
Chapters IX and X. Implications of these models will
then be illustrated in further experimental studies of
structural development in vivo (Chapter XI).

The concentration-dispersion forces are long-range
or short-range (3, 4), depending on the presence or
absence of exchange of electrons among molecules.
Long-range forces are of three main types: electrostat-
ic, induction and dispersion (2, 3, 5). The short-range
forces are of two main types: overlap repulsion (van
der Waals’ forces) and fixed-charge electrostatic
forces. They all constitute extremely complex, inter-
acting variables, even in relatively *‘simple” and uni-
form systems such as water. These forces, still obscure
in many respects, are of fundamental importance to
the physical behaviour of matter.

The interactions of concentration forces constitute a
basis for understanding the development of structure
in normal and pathological tissues. The structural
changes around the pulmonary and mammary lesions
presented in this book may be regarded as induced by
local degeneration of tissue, a rather specific situation

in which these forces come into play. Before some of
these aspects of structural development of tissue are
considered, physical aspects of concentration and dis-
persion forces will be briefly surveved (3, 6-10,
12-16).

The interaction between two particles or molecules
A and B may be written as a potential energy function
U,z The force between A and B depends on their
separation d and the spatial orientation of their polar
moments, which may be induced or permanent. Be-
tween A and B the force F,; is written:

ikAB

d'—‘l‘-‘
where the function is negative when the net force is
attractive and positive when the net force is repulsive
(4). The constant k is specifically determined by AB,
and the exponential function of d by the rotational or
stationary potential energy of particles.

For an infinite separation of particles the U,p ap-
proaches zero. When two particles approach each oth-
er within a distance of, e.g., some molecular diamerers,
the U,p is either positive, zero, or negative. For most
particles the observed value is negative, as in condens-
ing water, or zero, as in clustered water molecules with
a finite volume. The low compressibility of ice shows

Fr‘.LH=
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REPULSION

ATTRACTION

Fig. VII1: 1. Besides “ordinary™ electrostatic {orces, attrac-
tive and repulsive forces of the van der Waals™ tvpe are im-
portant for structural development. F = force; R = distance
dependence of potential energy; d = distance between two
particles. Van der Waals' forces are both (a) long-range at-
tractive and (&) short-range repulsive. The relationship of
force F and distance d is expressed as the resultant force ¢,
i.e., a+h, represented by the curve c=kid’, where k is a con-
stant that depends on the particles. At any distance shorter
than d, the repulsive force increases rapidly, which prevents
matter from collapsing.

that when values of d are less than those for which
Uap is zero, the UUyy rapidly increases in positive
value. This positive potential energy function counter-
acts the possibility of collapse of matter.

The principle 1s illustrated in Fig, VIII: 1, showing
the well known distribution curve of resultant poten-
tial energy (¢), composed of attractive (a) and repulsive
(b) forces. Such forces vary experimentally and theo-
retically for different kinds of matter and their degree
of purity (4). For instance, different kinds of carbon
(such as coal, graphite, and diamond) present a wide
range of internal cohesion. Fixed angulation or rota-
tion of particles also influence the resulting forces.

In a system of many particles it is assumed that most
but not all of the concentration forces are pairwise
additive (3).

Among the three types of so-called long-range
forces, electrostatic forces (I) are either repulsive or
attractive. They also are pairwise additive according to
the principle of superposition (simple addition) of the
fields. Electrostatic forces dominate large separations.
In the case of dipole-induced dipoles (I1), however, the
forces are not pairwise additive. They arise by the
interactions of the permanent electrical moments of
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particles. The long-range dispersion forces (III) are ex-
clusively attractive and pairwise additive. These forces
are also called concentration forces (9, 10, 11).

Thus, long-range forces acting upon several parti-
cles can be written as a sum of the individual electrical
forces and dispersion (concentration) forces, when
consideration is given to the spatial orientations and
rotational moments of the participating particles.
Derivation of the contributions of the long-range
forces to Iy have been given by Hirschfelder, et al.
(&), as follows:

I) The long-range electrostatic forces may be written
as a series

U electrostatic = U+ Upp+Ugyt ...

where each partial term is a potential energy function
of separation, orientation, as well as electrical mo-
ments of the particles (see also Fig. X:2). Unu repre-
sents the potential energy function of the electrical
charges 1™ and u~ of a g dipole. It may be described
by the function (u*/d) f, where f is a function of
angulation and 4 the distance between the two charges.
Uug is a similar function between the neighbouring
and artracting opposite charges of the uu dipole and
another dipole of charges Q" and Q. Ugp is the
similar function for the Q0 dipole. Likewise, all other
combinations of dipoles in the given collection of parti-
cles are added into this electrostatic series. The values
of Ui and Upg are much smaller than Upu. They
fall off, according to Margenau (11), proportionally to
d™ % and d7°, respectively, whereas Uuu is propor-
tional to d 3,

II) The long-range induction forces produce balanced
net forces between particles without additive effect on
surrounding matter (3). Their importance for structur-
al development within a given field should therefore
depend to a large extent on the dielectric properties of
the material in which induction takes place.

III) The third type of long-range forces, the concen-
tration forces (dispersion, London—van der Waals, co-
hesive adsorption forces), are believed to arise as a
specific dipole effect on a particle by electron move-
ment in an adjacent particle. Thus London (9, 10) has
shown that the overall energy function Uy, may be
written as a series of exclusively additive terms propor-
tinal to —k/d® for each pair of particles. The concen-
tration forces can be determined bur require know-
ledge of the particular wave function for ground and
excited states of the electrons. Formulas for their cal-
culation have been developed (8, 10, 13, 15).

The counterbalance of the negative long-range at-
tractive forces is the repulsive short-range van der
Waals' forces. These forces rapidly increase their
dominance within distances of approximately 3 A.
This effect depends on the increasing repulsion caused
by overlap of the electronic charge clouds of particles



as they move closer to each other (11, 12). This repul-
sive potential energy is described by a term propor-
tional to e or d™" where p and n are constants (n
varies between 9 to 24) (3).

A potential function for overlap repulsion between
water molecules was described by Kamb (7) in the
form
Urer-'lul =4A* (%) '
where 0=276x10"% cm (“collision diameter” of the
molecules). Two pairs of coefficients and exponents
were derived: A*=2.7 kcal molufe—", n=10 and A*=
4.0 kcal mol™', n=9 for ice of two different energy
contents.

Interatomic forces and short-range molecular forces
are known to be integrated into the combined or hy-
brid movements of orbital electrons around atoms of a
molecule (3, 4). Two electrons move with opposite
spins in each orbit around the molecule, producing
internal bonds of the molecule within certain sections.
The variations in electron density of certain sections of
the orbits allow interactions between adjacent mole-
cules, When external forces have vanished, this muru-
al process produces an equilibrium configuration of
the participating nuclei. The short-range repulsive
forces must then be balanced by an electrostatic attrac-
tive charge. This attraction is limited to the binding
regions of the molecule, whereas all other regions tend
to separate the molecules. A specific molecular orien-
tation takes place at the binding sites. The balance of
the forces involved in the binding follow the Hell-
mann- Feynman rule (3, 4), which states that the
forces acting on the nucleus of a separated molecule
are the sum of the electrostatic forces arising from the
other nuclei and the force derived from electronic
charge density.

In the discussion on physicochemical potental, the
chemical potential contains the activity component a;.
The influence of this factor is not simply a martter of
concentration of j. The “total activity” of solute j is
related to both its concentration and other energy
components, which are included as an activity coeffi-
cient, y;:

@ =,

The activity coefficient is usually synonymous with the
electric characteristics of solute j and differs for
charged particles in water solution by their electrical
charge from the activity being caused only by the
concentration. This variation was recognized by De-
bye and Hiickel (1) who also found that, as the concen-
tration increases, the electrical fields of the 1ons inter-
fere increasingly with each other. Consequently, local
accumulations of a species of ions of varying concen-
tration will interact different internally and with sur-

rounding reactants. The activity factors for ions in
solution also vary by their different net electric charge
in relation to the activity of surrounding media. In
addition, thermal factors, pressures, gravity and exter-
nal electric fields will, of course, also influence ionic
dispersion. In a local region around any ion, the elec-
tric forces influence the movement of other ions. As
concentration increases, the distance between lons de-
creases, which facilitates ion-ion interactions.

The presented view of ionic potential has its corre-
spondence in the molecular potential of certain bio-
logically active nonionic compounds. Associated prob-
lems are particularly considered in the presentation of
the ionar-ergonar concept of energy exchange over
biologically closed electric circuits (Chapter XIII), an
important prerequisite for the utilization of their bio-
logically stored electrical energy.

This condensed survey of some characteristics of molecu-
lar and particulate forces of artraction and repulsion may
on first impression seem far distant from problems of
structural modification in biological material. It is not so.
These forces constitute important partial functions in a
complicated system of many interacting forces, all of which
must be considered in arder to understand related problems.

Some of these functions will next be shown in stud-
ies of movement of water in organized tissue (Chapter
IX) and then of the behaviour of particles, 1.e., nonor-
ganized corpuscular elements (Chapter X).

Gross morphologic development of tissue is compli-
cated particularly by the superimposition of both vari-
able and more stable interacting components. Among
these components, convection, diffusion, and tissue
matrices constitute important factors. To this group
belongs also a hitherto overlooked, important compo-
nent: biologically closed electric circuits.
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IX.
Water

Electroosmotic transport over closed electric circuits

In Chapters III-V it is indicated that tumours in the
lung may produce local accumulation of fluid (a “B”
zone) between the pleura and the lesion, due o block-
ing of draining pathways between the pleura and the
hilum. The fluid accumulation in the lung is often
seen separated from the surface of the tumour by
another zone, which shows radiographic signs of de-
crease in fluid content (an “A* zone). The existence of
the two zones may be explained as a result of local
lymphoedema produced by stasis and an electroosmo-
tic process. Electroosmotic transport of water in tissue
will be described in this chapter as a function of
biologically closed electric circuits (BCEC).

A. Movement of water into
necrotic tissue

Early stages of autolysis of a tissue include increased
weight of the tissue and accumulation in it of calcium
(21, 32). Conway and McCormack (18) showed that
the freezing point depression of autolyzing tissue in-
creases rapidly, indicating an increased osmotic pres-
sure. Furthermore, direct measurements of ionic con-
centrations in injured tissue indicate that the increased

weight and swelling are caused mainly by a net uptake
of water, sodium and chloride (45, 59).

When hypoxia induces injury of tissue, proteolytic
enzymes are released (32). Molecular degradations en-
sue, thereby increasing the osmotic properties of the
injured tissue (63). Water then enters the tissue. Lo-
cally increased fluid pressure should also contribute to
a further progression of the necrosis.

Water content of mammalian tissues may also in-
crease during hypoxia, without permanent damage to
cells (2, 81). It has been suggested (63) that the intra-
cellular fluids are hypertonic and that respiration gov-
erns water balance of tissue because energy is expend-
ed for active transport of water out of the cells.

Increased content of water in necrotic neoplasms
can also be expected for other reasons. Consider the
case of fixed negative charges in the matrix of a tu-
mour barrier (defined as the viable tissue surrounding
a necrotic centre) and the presence of a closed electric
circuit containing a gradient of electric potential over
the barrier. Electroosmotic flux of water should then
take place toward the cathodic tissue. Such a biologi-
cally closed electric circuit (BCEC) and its activation
will be described in Chapters XII and XIII. For the
moment, we will assume only that BCEC systems exist
and investigate the consequences of such a mechanism
on transport of water in tissue. In the case a tumour is
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electropositive in relation to the surrounding tissue, an
outward flow of water, away from the tumour, should
take place. This effect should then be detectable radio-
graphically as a hydropenic A" zone and the dis-
placed water, if locally accumulated around a tumour,
as a hydropic “B" zone. Conventional radiographic
techniques, however, are not capable of identifying a
local increase in water content inside a tumour with a
cathodic centre.

B. Intercellular space and
movement of water through
tissue

An important effect of forces of attraction and repul-
sion in tissue is connected with the existence of inter-
cellular spaces. These forces balance each other, leav-
ing a distance d open (Fig. VIII: 1). The rapidly in-
creasing component of repulsion force therefore pre-
vents adjacent cells from achieving ‘‘absolute con-
tact”.

It is easy to understand that the space d should be
of considerable importance for the functions of cells
and ussues. Physically, a space must be present be-
tween individual cells. Biologically, a space sufficient-
ly large to allow water and solutes to pass between the
cells is an obvious prerequisite for cellular funcrions.
Current belief is that the adhesive bonds generally
maintain intercellular distances of no greater than 5 A
and that the repulsive forces maintain intercellular
distances of no less than 3 A (7, 15, 20). The size of a
water molecule has been found to be 0.9572+0.0003 A
(7, 8). The vibrational state does affect the dimensions
of the water molecule, but only slightly (22, 40). Pas-
sage of water molecules between cells is therefore
physically possible. The space d 15 indeed a space of life.

A further possibility is that passage of water mole-
cules between cells may open further the intercellular
space for new molecules, the attraction forces between
adjacent cells having lessened. Whatever the mechan-
isms may be to modify the space d, it is obviously a
large enough space to permit the entrance of water.

C. Fixed surface charges
on cells

Bernstein (9, 10) proposed in 1902 the “membrane
theory” on the basis of the Nernst-Planck concept of
the liquid junction potential (see Chapter XIII). He
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thereby identified fundamental physical characteristics
of molecules and cells. Diffusion potentals across
membranes and electrical phenomena of living cells
and tissue became to a certain extent explainable.

Bethe and Toporoff (11} next pointed out, in osmo-
tic studies, that the direction of deviation of the con-
centration potential from the liguid junction potential
correlates with the electrokinetic charge of a mem-
brane.

Teorell (82, 88) formulated in the 1950's his
“fixed” charge theory, that ionic membranes have
two Donnan equilibria and one net diffusion potential.
Mever and Bernfeld, (57) in particular, and later many
others (17, 24, 37, 38, 43, 44, 55, 56, 6669, 71-74,
77,79, 80, 93) have further extended the basic concept
of fixed charges of membranes and their many impor-
tant functions in biology. For example, fixed surface
charges are considered to exist on the surface of both
plant and animal cells (1, 36, 90-92). Large molecules
of organic substances containing a polar part are often
arranged periodically in so-called pseudocrystallinic
aggregates (15). Such aggregates are present in cellu-
lose, wood, silk and cotton wool, as well as in many
animal proteins (3, 29). Some of these aggregates are
in the form of surface-coating lipoproteins with a mi-
celle structure, The polar parts of these molecules at
the cell surfaces are thought to act as fixed surface
charges (27). The water-absorbing properties of many
substances are also considered to depend on the fixed
charges of the absorbing material. Cotton wool, which
has a large surface per weight, may absorb as much
water as 25 times its weight (3).

The surfaces of cells are known to carry fixed elec-
tropositive and electronegative charges (92). A surplus
of negative charges almost always characterizes the
surfaces of cells (1, 92). Two adjoining cells electro-
statically attract each other at certain sites where the
fixed charges have opposite polarity (1, 4, 36, 38, 50,
75, 91). These charges are important for the mechani-
cal strength of tissue. Fixed surplus charges are also
important constituents in the structural prerequisites
for transmembranous and regional transport of water
in interstitial tissues (61, 75, 94).

D. Liquid water: structure
and energy

Before we can discuss electroosmosis adjacent to
lung lesions, some physical properties of water must
be reviewed (26, 42, 44, 62, 77). The structural fea-
tures of liquid water depend largely on its ability to
form bonds by combinations of the molecular orbits of
electrons of its hydrogen and oxygen atoms. Liquid



water also appears in polymers that possess a varying
degree of vibrational characteristics (7, 8).

In ice, representing the lowest energy level of water,
hydrogen-bonded clusters of water molecules form te-
rrahedrons (26). As energy content in liquid water
increases, the numbers of tetracoordinated bonds de-
crease. Thus triple, double and unbonded water mole-
cules appear progressively as energy increases to the
level of vapour, which represents the highest level of
energy content (60, 75). The difference in energy be-
tween the levels for the tetrabonded and unbonded
water molecules is estimated to be 2.7 kcal/mole.
Brownian and vibrational movements of water mole-
cules constitute an important part of their total free
ENErgy content.

Because a water molecule possesses a permanent
dipole moment, it will orient itself within an electric
field, i.e., liquid water is “structured” in a way similar
to what takes place in the formation of ice (60). An
augmentation of the dipole moment will also develop
when the molecule is exposed to an electric field.

E. Electroosmosis: transport
mechanisms Types I-IV

The mode of water transport in electroosmosis is
known to a certain extent (44, 70, 77).

Transport of water by use of fixed charges on cellu-
lar surfaces can be demonstrated in the following ex-
periment (Fig. IX:1). Cotton wool is packed in the
lower part of a U-shaped glass tube, forming “capilla-
ries”. A matrix now exists of spaces or channels among
the cotton fibres. Water is poured into the tube. Two
clean platinum electrodes are immersed in the water.
When an electric potential is applied between the elec-
trodes, water moves from the positive to the negative
side of the system until an equilibrium is obtained
between the electroosmotic and hydrostatic pressures.
This flow of water, against a hydrostatic pressure, may
be regarded as a primitive form of “active transport™
(defined as transport against an energy gradient), for
which the presence of suitably sized capillaries lined
with fixed charges is just as essential as the applied
electric field. Such transport of water (electroosmotic
water transport of what may be called Type I) can be
assumed to take place without concomitant electrolysis
of water molecules. In a simplified version, Fig. IX:2
illustrates this electroosmotic transport of Type 1.

1. Type I electroosmosis

When an applied electric field is strong enough 1o
break up clustered water molecules, a field orientation
or “structuring” of the molecules will take place.

T=824586 Nordenstrom

Electro-
osmotic
force

Hydrostatic

Cotton wool

Fig. IX: . Electric transport of water. Cotton wool is
packed in the lower part of a U-shaped glass tube, which is
partly filled with water. Two clean platinum electrodes are
immersed in the water. When an electric potential difference
is applied between the electrodes, water is moved in the
“capillaries™ of the wool from the electropositive to the elec-
tronegative side of the system. An equilibrium is obtained
between opposing electroosmotic and hydrostaric forces.

Simultaneously, the molecules and dielectric compo-
nents of the matrix will increase their dipole moments.
The dimensions of the matrix of “capillaries” are also
important. Lined with fixed charges, the capillaries
must be small enough to prevent hydrostatic return.
Under these conditions, water will move in the capil-
laries in a predictable way.

Negative surface charges of the capillaries will push
some of the oriented molecules (Fig. IX: 2, site X) and
pull some of them (site ¥7). Vibrational and rotational
movements of the water molecules can still take place
in irregular capillary channels (77). Certain molecules
will be transported along the matrix secondary to the
motion of the molecules in sites X and Y. The pres-
ence or absence of net electrostatic forces on a mole-
cule of water in the matrix largely depends on the
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Fig. IX: 2. Electroosmotic water transport. Four mecha-
nisms can be identified. Type [ transport requires fixed elec-
tric charges on the surfaces of the dielectric matrix (e.g., cot-
ton wool). These charges are negative in cotton wool and tis-
sue, leading to a net movement of water molecules from an-

ode 1o cathode, The energy for this transport is suggested 1o
derive from the applied electric field transforming the energy

of the water molecules. The transformations include break-
ing of clustered water molecules, and reduction of their vi-
brational and rotational molecular movements. A net move-
ment of water is produced by electrostatic interaction be-
tween the dielectric matrix and aligned water molecules.
Type [T transport is electrophoretically linked and requires a
closed electric circuit but no fixed surface charges on the di-

location of the fixed negative charges in relation to the
actual charge distribution of the water molecules. Dur-
ing transport in the matrix, the dipoles of the molecule
and the fixed charges are exposed to synchronously
fluctuating forces from their electrical fields, depend-
ing on their spatial locations in relation to each other.
A different dipole moment of the field-oriented water
molecules is also to be expected depending on their
location in the positive or negative side of the superim-
posed electric field.

The direction of water flow in electroosmosis is
determined by the polarity of the surplus of fixed
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CHARGED POLYMERS

DIPOLE INDUCTION
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electric “capillary’ walls. When water is ionized, the differ-
ent speeds of migration of ions and their recombination cre-
ate a net transport of water., Type [T transport 1s cationic. It
is based on the fact that cations adsorb water molecules, but
anions do not, The cations therefore selectively carrv water
molecules in a closed circuit. This type also includes trans-
port of ionic polymers of water. Twpe I'V electroosmosis (in-
duction-adsorption) takes place in matrices close to an elec-
trode and does not require fixed surface charges on the “cap-
illary" walls. Water molecules undergoing dipole induction
by the electric field are transported (adsorbed) to an adjacent
charged electrode surface, irrespective of its polarity. The
“capillaries” of the matrix may be thought of as mechanical
rectifiers.

charges of the capillaries (C), within a defined electric
field.

E- [E VE*
or, E if*)ﬁ*

Sollner (77) studied electroosmosis through a typical
unoxidized collodium matrix membrane of high poros-
ity. Thereafter he oxidized the same membrane with
heparin, which is electronegative, and prepared an-



other membrane with protamine, which is electroposi-
tive. An electroosmotic flow was then obtained for a
107* M KCl-water solution (current intensity, 0.1
mA/cm®) as follows:

Unoxidized collodium

membrane +2 840 mm*/100 em* hour
Oxidized collodium

membrane +4640 mm*/100 cm*'hour
Protamine collodium

membrane — 4380 mm*/100 em* hour

The rate of transport of water depends on several
factors: magnitude of the electric field over the pores,
the membrane porosity (number and size of pores),
and the magnitude, density and geometry of fixed
charges. As voltage increases over the electrodes,
movement of water will increase. A similar effect can
be obtained by placing the electrodes closer to the
matrix, due to the increase of intensity of the electric
field.

The size of the “capillary’’ channels also may be
critical. If the channels are too large, hydrostatic pres-
sure will cause water to return. This effect may reduce
the difference between the fluid levels or may even
lead to no difference at all.

2. Type II electroosmosis

The mechanisms of *‘electroosmotic water transport”
are complex. It is easy, for example, to recognize that
water can also be transported as a result of electrolysis
followed by migration of protons and hydroxyl ions
and their recombination. In such instances semiper-
meable membranes or capillary channels need not be
charged (Fig. IX: 2). The membranes or channels then
act simply as a mechanical hindrance to convection.
In Type II electroosmosis, diffusion and electro-
phoretic migration of participating ions in an applied
electric field determine where the recombined water
molecules will be found. The transport mechanism of
the migration derives from the mobility of ions. Proton
movement, for instance, is defined as 36 2 - 10~ cm?
V! 57! at strong dilutions and 25°C; the corre-
sponding value for hydroxyl ions is 20.7 - 10™* ¢m®
V~! s7! (41). Their distance of rec;mbinatinn into
6.2

36.2 4207
%4 of the interelectrode distance from the electroposi-
tive electrode. This value is, however, also modified
by different adsorption properties of ions in a matrix
as well as by gravitation. (We will here refer o Fig.
XIII: 7 which, besides serving a different purpose, also
illustrates Type 1l electroosmosis. ) In this experiment a
10 volt DC potential was applied between two plati-
num electrodes on litmus paper soaked in water. By
electrolysis of water, protons are produced at the an-
ode and hydroxyl ions at the cathode. The ions mi-

water can then be expected 1o be or about

grate in the electric field and recombine to form wa-
ter. Due to differences of mobility of the ions, a net
transport of water will occur toward the cathode (see
Fig. IX:2). Gravity considerably influences the posi-
tion of the recombination zone, an effect which can
casily be observed by slight tilting of the electrolytic
specimen. Water transport of this kind (electroosmo-
sis, Type II) increases in importance as voltage in-
creases and is, in fact, a special case of electrophoresis.
In the conventional view of electrophoresis, transport
of electrons in the electrical cables requires a corre-
sponding electrical transport in the water. This trans-
port has been explained as depending on proton jumps
on water molecules (26), after their 1onization at the
electrode surfaces. However, electrolysis of water can
be induced immediately on applying a potential differ-
ence over water, despite the fact that water is a good
electrically insulating medium. Some dissociation of
water is evidently present for an initial ionic flow of
current, but other mechanisms may also be involved.
Dielectric induction and structuring of water mole-
cules adjacent to the electrode surfaces can, for in-
stance, be regarded as the initial prerequisite for redox
reactions at the electrode surfaces. Water molecules
are thereby oriented in an optimal way to consume
electrons from the cathode and to donate electrons to
the anode. The reaction products then diffuse and
migrate in the electric field. This mechanism is com-
patible with the relatively slow transport of OH™ and
H" ions in the direction from the electrode surfaces to
the zone of recombination, which should be a barrier
of resistance for the passage of protons and hydroxyl
ions.

3. Type III electroosmosis

Another of the mechanisms of electroosmotic water
transport depends on differences in behaviour of ca-
tions and anions (Fig. IX: 2). It is known that cations
may become hydrated, but not anions (41). When ions
migrate in the electropositive part of an electric field,
cations should then carry water molecules adsorbed on
their surfaces. A corresponding adsorption and trans-
port by anions should not occur in the opposite direc-
tion. The resulting net electrophoretic water transport
might then be looked on as a primitive form of “medi-
ated” transport. A release of transported water mole-
cules from the carrier can even be predicted when the
aggregate enters a region of high pH.

4. Type IV electroosmosis
Finally, an electroosmotic partial function may be dis-

tinguished (Fig. IX:2). Within a matrix, which does
not need to be lined with fixed charges, strong dipoles
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Fig  IX:3. Apparatus for circular electroosmotic transport of
water. The electroosmotic chamber consists of two perforat-
ed plastic (perspex) plates. Cotton wool is compressed be-
tween the plates. On the other side of each plate is a plati-
num electrode and a vertical tube. The tops of the vertical
tubes are connected by a slightly tilted mbe. The apparatus
15 filled with water up 1o the level of the lower end of the tilt-
ed connector. Positive voltage is applied to the right elec-
trode and negative to the left one. Electroosmotic flow of wa-
ter will then take place from the right 1o the left chamber.
Increased hydrostatic pressure of the elevated left column of
water will be limited by the flow of water from the left to the
right vertical tube over the slightly tilted tube. The circular
movement of water will then be seen as a dripping of water
from the “mouth” of the tilted tube. This flow will continue
for a while. Then it will slow and stop spontaneously, de-
spite maintenance of the voltage over the electrodes.

Fig. IX:4. Pressures in electroosmotic transport of water:
The tilted connecting tube in the apparatus shown in Fig.
I’X: 3 has been replaced by a pressure transducer in the left
vertical tube. Upon application of a 20 volt DC potential be-
tween the electrodes (left negative, right positive) a rapid rise
in pressure (phase a) was followed by a slow rise (phase b).
Two minutes later, when the electric potential generator was
turned off, the pressure rapidly diminished (phase ¢). Phase
a is thought mainly to be caused by Type I electroosmosis,
and phase & by continued electrophoretic water transport
{mainly Types II and I11 electroosmosis). The remaining
pressure (d minus ¢) is produced by gas formed in the left
chamber. The electrophoretic water transport during phase
b is caused by pressure ¢ minus a.

b
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may be induced in the molecules close to a charged
electrode. These inductions will cause a net attraction
force (adsorption) of water to any charged electrode,
regardless of its polarity. The matrix in this Type IV
electroosmosis serves then as a rectifier for the trans-
ports.

F. Two distinguishable
pressure variables in
electroosmotic transport
of water

One critical question is whether appreciable electroos-
motic water transport can occur at voltages low enough
not to create electrolysis of water. Different opinions
have been presented in the literature on this problem
(76).

Helmholtz (39) found electrolysis of water to start at
about 1.64 V. Bartoli (6) found the valuetobe 1.23 V.
Part of the movement of water during electrolysis in
electroosmosis is then connected with the formation of
H.0" and its polymers (corresponding to Type 111
electroosmosis). In search of further insight into the
mechanisms of electroosmosis, the behaviour of water
in terms of transport pressures was assessed experi-
mentally,

1. Experimental methods and results

An electrophoretic apparatus was constructed as
shown in Fig. IX: 3. It consists of a chamber and two
platinum electrodes, each attached to electrical cables.
Between the clectrodes, wvarious materials can be
placed under compression between two perspex plates
with multiple holes. Vertical tubes are connected with
the right and left parts of the apparatus. A slightly
tilted tube connects the tops of the vertical tubes. In
the arrangement shown in Fig. IX:3, the electro-
phoretic matrix consists of compressed cotton wool,
When, for instance, 10 volts are applied between the
platinum electrodes, the right one positive and the left
negative, water will flow through the cotton from right
to left. This flow results in a return of water from the
left to the right side through the slightly tilted tube,
appearing as dripping of water from the mouth of the
tilted tube.

The degree of compression of the cotton wool, the
distance between the electrodes, and the potential dif-
ference each were found to influence the transport of
water. These influences were seen as differences in
numbers of drops of water per unit time. The rate of
water transport was not found to be constant. It
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Fig. IX: 5. Pressures in electroosmotic transport of water
when fourteen DC pulses of one second each were applied.
The rapid pressure phase returned to the initial level of pres-

reaches a maximum after some time, depending on
voltage, then decreases and eventually stops complete-
ly. This change in water transport is associated with
formation of gas at the electrodes, which also elevates
the free fluid levels in both vertical tubes. The tem-
perature of the water will simultaneously rise, the
more rapidly as voltage is elevated. After transport of
water has stopped, renewed transport can be obtained
by elevation of the electric potential between the elec-
trodes. The water will then start to flow with increas-
ing speed, again reaching a maximum and then retard-
ing until it again stops.

These preliminary observations were further studied
by removing the tilted communicating tube and con-
necting a pressure transducer (Statham P23 DC) to the
left or right vertical tube, which was closed by an air-
tight stopper of low compressibility. The apparatus
was filled with water, replacing all air pockers. The
pressures were recorded by means of a Grass 7B Poly-
graph.

When a constant potential of 20 V was applied
between the electrodes for 2 minutes, two components
appeared in the changing pressures obtained from the
electronegative side of the system (Fig. IX:4). Iniual-
ly, pressure increased rapidly (phase @) and then it
rose slowly and steadily (phase ). When the voltage
was switched to zero, the pressure diminished immedi-
ately (phase ¢), which is larger than the initial elevation
of pressure (a). The new base level of the pressure was
elevated, at the value 4 minus c.

In the next experimental variant, the values of (a)
and (c) were the same during a consecutive series of 14
applications of square voltage pulses of one second
duration each (Fig. IX:5). The voltage pulses varied
from 20 down to 2 V (Grass 588 stmulator). The
magnitudes of the initial @ pressures were directly
proportional to the applied voltages (Fig. [X:6).

12 10 9 8 7 6 5 4 3 2

sure after each of these short pulses, indicating that remain-
ing effects of ionization and gas formation must have been
minimal.

Intermittent applications of 20 V for 2 minutes each,
separated only by turning the applied voltages off and
then immediately on, gave results which are shown in
Fig. IX: 7. The slow phase now steadily built up the
pressure in the system. lonization causing the forma-
tion of gas, visible on the electrodes as bubbles, is the
probable main source of this increase. The insert in
Fig. IX: 7 shows the increasing total pressure (d) of the
system. At the same time, the rapid phase (a) also
shows increasing values with each repeated application
of 20 V. This effect is possibly a consequence of
increasing lonization of water, which should relatively
enhance Type II1 electroosmosis.

Fig. IX: 6. Electroosmotic transport of water: hydrostatic
pressures increase during a series of one second pulses of in-
creasing voltage. The pressures were proportional to the po-
tential differences between the electrodes (voltages ranged
between 0.4 and 20 volts). The relationship suggests linear
correlation.

mm
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15 B
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Fig. [X: 7. Electroosmotic transport of water: pressures in-
crease during intermittent applications of 20 volts for periods
of 2 minutes each. The slow pressure phases caused the pres-
sure in the system to increase continually, an effect due
mainly to gas, forming as a consequence of ionization. Such

2. Discussion of pressure changes
and electric transport of water

It is now apparent that two separate phases of pressure
changes are integrated in electroosmotic water trans-
port.

The slow, continuous pressure phase is obviously con-
nected with ionization and the formation of gas in the
system. This phase is not easily recognized at low
voltages with pulses of up to 20 V of 1 sec duration.
Gas formation and consequently also lonization are not
particularly prominent with this mode of application
of voltage.

The rapid pressure phase is easily observable at low
and high voltages and immediately on the application
of a voltage difference between the electrodes. Voltage
pulses between 0.4 to 20 V and of 1 sec duration each
have shown linear correlation with the pressures, im-
plying that they may be extrapolated to zero. These
findings have not been described previously.

The gradual increase in magnitude of the rapid
pressure phase on repeated applications of voltage
shows that this phase also is partly coupled to the
mechanism of the slow continual pressure phase and
most likely to Type III electroosmosis.

In the author's opinion, the rapid pressure phase in
these experiments corresponds mainly to the transport
process which is sometimes called anomalous elec-
troosmosis (77), while the slow and rapid pressure
phases are both included in what is usually called
electroosmosis. [t seems questionable to make a dis-
tinction between anomalous osmosis and electroosmo-
sis, because each includes all four tvpes of transport
mechanisms. The internal relative importance of the
Type I-III mechanisms for net transport of water
changes as ionization increases. According to the pres-
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events can also explain the progressive increases of the rapid
pressure phases (a). The insert shows the relation at two
minute intervals (n) between the total pressures (d) in the
system and the rapid pressure phases (a).

sure measurements, the rapid pressure phase is an
instantaneous electric field effect which is most clearly
demonstrated upon application of short pulses of volt-
age.

The “low™ wvoltages, e.g., 10-20 V between the
electrodes, are “high’ compared with what can usually
be expected in biologic situations. Still, extrapolation
of the rapid pressure phase with short voltage pulse
suggests that electroosmosis also can occur over very
low voltages between the electrodes. This observation
is of interest, because it suggests that small gradients
of potential should also be able to include transport of
water. The amount of water transported may even be
large when the forces are allowed to work over a long
time.

A more critical problem is that proof has not yet
been put forward, demonstrating in tissues any chan-
nelizing mechanism which could function as a closed
electric circuit in vivo. Such a circuit is a prerequisite
for electroosmosis. Chapters XIT and XIII are devoted
to this problem.

So-called anomalous osmosis, known since its first
description by Dutrochet in 1835 (25), has been much
studied (5, 34, 35, 46-51, 70, 78). Graham suggested
that anomalous osmosis is a special kind of osmosis
(33). Bartell and Loeb (5, 52-54) have suggested that
spontaneous electroosmosis occurs whenever electro-
lytes, but not non-electrolytes, diffuse across a charged
membrane.

A double layer of high field strength on the surface
of cells, including vascular endothelium, is normally
about 10° to 10* volts per centimetre (64). These
electric fields are caused by fixed cellular charges
which correspond in vivo to the fixed surface charges
in vitro in the cotton wool experiments. The magni-
tude and direction of anomalous osmosis directly de-



pend on the fixed charges of membranes (77). De-
pending on the polarity of these charges, as well as the
concentration differences across the membrane,
anomalous osmosis may be positive or negative.

In the author’s opinion, all transport of water via a
closed electric circuit is electroosmosis, This transport
comprises four integrated but different mechanisms
(Fig. IX: 2). These may be characterized as follows:

Electroosmosis of Type I seems to be almost synony-
mous with previous descriptions of “anomalous (elec-
tro) osmosis”. It is characterized by its dependence on
a surplus of fixed negative or positive charges in “cap-
illaries”. Type I electroosmosis may therefore also be
described as fixed charge electroosmosis. Its field-in-
duced rapid change of pressure correlates directly with
the magnitude of the voltage applied over the matrix.

Electroosmosis Type IT does not require fixed charges
in the matrix. It involves electrolysis of water, diffu-
sion and migration of H* and OH™ ions and their
recombination into water as a special case of electro-
phoretic transport. Type II electroosmosis is charac-
terized by the slow elevation of pressure, which is not
directly proportional to the magnitude of the voltage
applied over the martrix. Type II electroosmosis may
also be described as electroosmosis by fonic recombina-
mon.

Type IIT electroosmosis is closely related to Type I1
electroosmosis. Its mechanism is based on ionic hydra-
tion (77) but applies only to cations. Cations therefore
carry water and water polymers from the electroposi-
tive to the electronegative part of the electric field.
This function may therefore be looked on as a primi-
tive form of mediated transport. Type 111 electroosmo-
sis may also be described as cationic electroosmosts.

Lastly, a Type IV electroosmosis may be recognized.
It takes place in a matrix close to charged electrodes,
which by induction produce a net attractive force on
nearby water molecules. In Type IV, no fixed charges
are necessary in the matrix. The water molecules will
always move 1o the adjacent charged electrode regard-
less of its polarity. Type IV electroosmosis may also be
described as field-induced osmosis and should be regard-
ed as a special case of Type I electroosmosis. In Type
IV electroosmosis the charged electrodes include the
functions of both the applied field and the fixed
charges.

G. Transport energy 1n
Type I electroosmosis

The driving force in anomalous osmosis (fixed charge
clectroosmosis) through cell membranes, according to
Sollner (77), may possibly be the streaming potential

which occurs as an electrolyte diffuses. According to
this view, the streaming potential difference as a
source for the driving force should require a closed
circuit, which may exist but is not yet demonstrated.
Other authors have suggested that the whole electroos-
motic process can be explained as an electrophoretic
transport of water (47—49, 58). This latter explanation
is evidently oversimplied, because now two different
phenomena of electric transport of water can clearly be
distinguished by their pressure characteristics.

The energy of electroosmosis of the fixed charge
type may possibly derive from the thermal energy of
water. This consideration merits discussion.

According to Wagman et al. (89), and Cottrell {19),
the following energies are associated with the forma-
tion of a molecule of water:

keal mol™'

(1) Energy of formation from atoms

at 0 K —=219.34
(2) Zero-point vibrational energy 13.25
(3) Electronic binding energy

= (1) minus (2) -232.59
(4) Enthalpy of formation at 25°C =22.54
(5) Bond energy of O-H bond at

0K =Wwx(l) 109.7
(6) Dissociation energy of H-O 101.5
(7) Dissociation energy of

H-OH = (1) minus (&) —117.8

The free molecular energy of nonhydrolyzed water
molecules is stored as vibrational and rotational move-
ments. This energy could be available for Type 1
electroosmosis as follows: an electric field can be an-
ticipated to restrict molecular movements. This re-
striction will lead either to (a) loss of energy to the
surroundings, or (b) modification of kinetic energy
from the previous vibrational and rotational move-
ments into directed transport of the molecules, or (¢} a
combination of both possibilities.

The breaking of clusters of bonded water molecules
{16, 30, 31) and their “structuring” by an electric field
means that the amount of *‘available” free energy of
the water is modified in some way. This energy, which
is part of the total energy content of water, cannot
spontaneously return to its initial equilibrium state
unless the electric field is removed. Some reactions
toward an increase of entropy are still possible, but
toward a different stage of equilibrium, which in the
presence of fixed surface charges in capillaries may
lead to transcapillary electroosmotic transport of Type
I.

The restriction of brownian movements of water
molecules by an applied electric field might, theoreti-
cally, be reflected in a temperature change of the
water. The effects of different water temperature on
electroosmotic transports as well as different electrode
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Fig, IX: 8. Electroosmotic transport of warter: temperature
effects. Temperature and pressure were recorded in the ap-
paratus for electric water transport, immersed in a thermo-
stat (C-controlled water bath, A sensitive (0.01°C=1 mm
deflection) electrothermometer (E) was placed in the cotton
wool matrix (M). Matrix temperature was measured against
a reference electrothermometer in ice water in a thermos
flask (T"). One second pulses of 10 to 40 volts were applied
((¥) over the matrix at equilibrated matrix temperatures
against the thermostat water in ranges from + 1°C to 4+ 50°C.
The displacements of water were determined over the pres-
sure transducer (7).

potentials on water temperature were therefore studied
(Fig. IX:8).

The temperature of water inside the matrix of “cap-
illaries” (cotton wool) was measured with a sensitive
(£0.01°C) electrothermometer (Philips Chromel Alu-
mel Thermocoax). The electroosmotic apparatus was
immersed in a thermostatically controlled water bath.
A sensitive pressure transducer (Statham P23 DC) was
connected to the branch of the electronegative side
while a mercury thermometer for rough controls was
inserted into the open opposite branch. The electro-
thermometer was positioned with its tip in the cotton
wool matrix and its reference electrode in a thermos
flask containing ice water. Single electric potential
pulses of one second duration were produced by a
sguare pulse generator. Pressure changes in the elec-
tronegative side of the system were amplified and
recorded (Grass Polygraph Model 7B).

When stable temperature levels were applied to the
external bath and measured inside and outside the
apparatus, variations from +1°C o +50°C did not
influence the electroosmotic pressure elevations as po-
tential pulses of 10 to 40 volts of 1 sec duration each
were applied over the electrodes.
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At the same ume, no elevation or depression of
temperature was observed within the cotton wool ma-
Trix.

The range of water temperature in these experi-
ments, +1°C to +50°C, includes most of the actual
range of biologic temperatures. The absence of detect-
able influence of water of different temperatures on
electroosmotic pressure as well as the absence of de-
tectable temperature changes within the cotton wool
matrix during electroosmosis suggest two possible ex-
planations. First, the sensitivity of the pressure and
temperature recording devices may have been too low,
which is not very likely. Second and more likely, the
transformation of the available free energy of water
may correlate directly with the energy level of the
applied electric field. This possibility is consistent
with the previously described experimental results
(Fig. IX:6), showing a linear relation berween applied
electrode voltages and fixed charged (Type I} elec-
troosmotic pressures. This explanation is in itself not
particularly remarkable: isothermal reactions are com-
monly encountered in biology.

H. Experimental
electroosmosis in dog and
human lung tissue

Normal, fresh, peripheral lung tissue from 2 dogs and
2 humans after pneumonectomy were each carefully
minced. The tissue materials were then washed repeat-
edly in water. Each specimen was placed under slight
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compression between the perforated perspex plates in
the electroosmotic apparatus (Fig. 1X:9). The appara-
tus was then filled with water. Voltage was applied
between the electrodes. Pressure was recorded in the
two water chambers,

These electroosmotic experiments revealed that hu-
man and dog lung tissue behaved in the same way as
cotton wool.

From these experiments it is apparent (Fig. IX:9)
that short pulses through a closed electric circuit can
induce similar rapid pressure gradients over fresh hu-
man and dog lung tissue and cotton wool. Electroos-
motic water transport may possibly, therefore, also
take place in the lung, e.g., as Type 1 electroosmosis
(= fixed charge electroosmosis = “‘anomalous osmo-
sis”"). Such a possibility, however, warrants some fur-
ther considerations.

I. Electroosmotic flow of
water: local displacement of
water in the formation of
“A” and “B” zones around
a tumour

Many studies have estimated the possible importance
of electroosmosis in biology (14, 20, 23, 25, 26, 28, 34,
35, 46, 65, 70, 77, 85). A small electroosmotic move-
ment of water toward the negative pole in the large
cells of Niuella was found by Blinks and Airth (13, 14)

20V

Fig. IX: 9. Electrophoretic transport of water: matrix of
freshly minced tissue from the lung of a dog. Pressure eleva-
tion in the electronegative side (left upper) and correspond-
ing lowering in the electropositive side (left lower) of the ap-
paratus for electric water transport. Twenty volts for one
second were applied across the electrodes. Reversed pres-
sures were obtained when the polarity of the electrodes was
reversed (right upper and lower pulses). Dog and human
lung tissue each appear to allow electric transport of water in
the same way as does compressed cotton wool. In this expen-
ment traces of blood and electrolytes were present. Never-
theless, the rapid pressure phases were of approximately the
same magnitude as those with a matrix of dejonized water
and cotton wool (cf, Fig. 1X: 5).

but only at potential differences of 1-2 ¥V, which they
considered to be 20 times greater than common bio-
logical levels.

An exceedingly small electroosmotic flow has been
demonstrated in Nitella by Fenson and Dainty (28),
but they concluded the flow was too small to be of
physiological significance. 20 mm* H>O/coulomb was
transported by electroosmosis. The physiological cur-
rent across the membrane by ion transfer is about
1077 A/em®, which should allow a water flow of only
2%107° HoO cm ™ * sec™ .

According to these calculations, electroosmotic flow
should have minimal if any significant function in
biology. Further information in the literature suggests
otherwise. Sawver, et al. (64}, state that transverse
streaming potentials or pressure equivalent electroos-
mosis (65) exist as a result of pumping of positively
charged ions and water {compare Type III, cationic
electroosmosis) through the negatively charged *Swiss
cheese” pores of blood capillary walls. A pressure drop
of as much as 100 mm Hg is then maintained across at
most a few microns of intima. The electric double
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Fig. IX: 10. A tumour in the lung obstructs lymphatic flow
toward the hilum by blocking some of the interlobular
spaces. Oedema then develops in the tissue between the tu-
mour and the pleura. Electroosmosis will move water away
from the wumour, in the presence of a closed electric circuit
between an electropositive tumour surface and a relatively
electronegative, surrounding pulmonary matrix of narrow
channels lined with fixed negative charges. An equilibrium is
obtained berween the electroosmotic pressure and the elevar-
ed hydrostatic turgor pressure. The ourward displacement of
water will produce a radiopague *“B" zone, which may also
be called a hyvdropic zone. The displaced water will be re-
placed by increased quantity of air in the alveoli, contribut-
ing to the radiolucent (hydropenic) “A’ zone.

layer at the vascular interface and at the surfaces of the
cells within the walls presents a surprisingly high field
strength. It approaches 10® to 10* volts per transmem-
branous cm (64). As indicated by Teorell (83-86) and
others, certain cellular functions can be explained by
assuming electroosmotic  transmembranous water
transport. Thus, pressure-volume changes in cells
might be coupled to transmembranous concentration
changes of flow and to a postulated closed circuit
electric transport over the cell membrane, producing
electroosmotic flow. In this way an electrochemical-
mechanical system could be described which may have
a biological correspondence (87).

The polarity of the net surface charge of cellular
surfaces has been reported to be almost exclusively
electronegative (4, 12, 36, 92). One curious exception
are spirochaetes, which carry a positive net surface
charge (1).

Previous investigators of electroosmosis in biology
have dealt with these problems in connection with
transmembranous water transport.

In the present investigations the possibility of inter-
stitial water transport is of particular interest. The
basic physical requirements for such a mechanism are
narrow channels with fixed charges, a closed electric
circuit and a driving electric potential gradient.

The network of intercellular spaces forming such
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channels (“capillaries™) in lung tissue appear to pos-
sess the capacity to produce electroosmosis, according
to the in vitro experiments here presented. Because
most mammalian cells are provided with a surplus of
fixed negative surface charges, it can be anticipated
that the electroosmotic water transport is partly medi-
ated by these surface charges of the cells, analogous to
the case with cotton wool. This possible Type [
mechanism of electroosmosis does not exclude the
presence of other mechanisms of electroosmosis in
tissue.

The assumption that electroosmotic water transport
is likely to produce “A” and “B” zones around differ-
ent lung lesions still requires an electric potential gra-
dient in a closed electric circuit. Chapter VII suggests
that a possible energy source for activation of such a
circuit is local degrading of tissue due to injury, bleed-
ing, local necrosis, infection, etc. Chapter XII will
present the structure and Chapter XIII the principle of
activation of such a closed circuit. This circuit will be
seen to permit an understanding not only of electroos-
mosis in tissue but also of several aspects of structural
development and function.

For the time being, we may preliminarily assume
that the prerequisites exist for electroosmotic water
transport. Fig. IX: 10 illustrates some consequences in
the lung. A tumour blocks the interstitial channels
which normally carry fluid centrally from peripheral
lung and the pleural space. Stasis results and fluid
collects berween the tumour and the pleura. Let us
also assume that an electric field is superimposed be-
tween the electropositive tumour and the surrounding
parenchyma and that the interstitial spaces are lined
with a surplus of fixed negative charges. Furthermore,
let us assume that a closed electric circuit exists be-
tween the tumour and the surrounding tissue.

Given these prerequisites, water must move through
the tissue away {rom the surface of the tumour. The
hydrostatic (turgor) pressure and the electroosmotic
pressure must then equilibrate. A hydropenic “A™
zone and a hydropic “B" zone will form.

The author has attempted to determine the actual
water content in the “A"” and “B’’ zones in human
lungs after pneumonectomy and in animals post mor-
tem. These attempts have been unsuccessful in demon-
strating changes in water content in lung peripheral
to tumours, despite radiologic demonstration in vivo
of the two zones. This negative result is readily ex-
plained by the fact that the mechanical changes on
opening the chest will modify the pressure conditions
which allow tissue water to be retained in the hydropic
zones. As has radiographically been shown earlier, the
“B" zone, representing local accumulation of fluid in
tissue, disappears immediately after the introduction of
air into the pleural space.

(In the female breast “A" and “B" zones also may



develop around carcinomas. In such cases it has been
possible to demonstrate a difference in water content
between the “A” and “B" zones. These studies are
reported in Chaprer XVI.)

Later we will return to the problem of local elec-
[roosmotic water transports in vivo, in connection with
therapeutic polarization of tissues (Chapter XVII). At
this point, however, it is now appropriate to consider
the corpuscular effects of chemical concentration
forces and superimposed electric fields,
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X.

Corpuscular movement and
structural development

Effects of molecular and electric field forces

Part of the mutual attraction of biologic cells depends
on the presence of electronegative and electropositive
charges on their surfaces (12, 21, 36). Electronegative
charges dominate, causing cells to move to the anode
during electrophoresis. Mutual attractions of adjoining
cells take place at charge sites of opposite polarity.
Superimposed electric fields can influence this electro-
static adhesion in a ussue (1, 27).

Red and white blood cells and platelets normally
repel each other by their negative surface charges (20,
37). They also are repelled by normal vascular intima,
which is negatively charged (28, 29). Toxic or me-
chanical injury to the intima can reverse its charge,
leading to deposition of blood cells on the injured
vessel wall (26, 30, 31, 32). These effects are consid-
ered, at least in part, to result from forces of electro-
static attraction and to constitute an important part of
coagulation.

In addition to electrostatic forces, so-called molecu-
lar attraction and repulsion forces also influence cellu-
lar adherence (as briefly surveved in Chapter VIII).
The normal forces of molecular attraction between
blood cells are relatively weak. In organized tissues,
such as bone and muscle, these forces are relatively
strong (18, 35).

Forces of attraction and repulsion among neoplastic

cells are often abnormal and considered an important
risk factor for tumour spread (22). This risk may even
be enhanced by certain anions, including heparin (2,
4, 10, 11, 13, 14, 34). The forces of attraction and
repulsion are therefore important for the behaviour of
cancers, e.g., metastatic seeding via the blood stream
and local spread into the tissues surrounding a malig-
nant tumour (12). This and the following two chapters
will show experimentally in vitro how the effects of
molecular and superimposed stationary electric field
forces compete to produce several of the radiographi-
cally observed modifications of structure around tu-
mours. A demonstration follows of how such effects
can be produced in vivo in the dog (Chapters XI, XIV)
and in man (Chapters XVI and XVII).

The radiographically observed structural changes
which have been described around lung masses are
caused not only by displacement of water. Very dis-
tinct radiating structures, more or less linear, have a
different origin. In every living tissue there are various
kinds of nonorganized cells such as blood cells and
subcellular material such as fragments of dying cells,
macromolecules, etc. Electrical and molecular forces
influence their movements, qualitative transforma-
tions and structural adaptations to their environment.
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Fig. X: 1. In vitro production of radiating structures, arches
and “A” and “B" zones, Light transillumination photo-
graphs of a glass jar. An aluminium ball with a slightly irregu-
lar surface (small protruding edges) is glued to the bottom
of the inside of the jar. The ball and aluminium foil lining
the inner surface of the jar are each connected by cables 1o a
DC potential gencrator. Liguid paraffin is poured into the
jar 10 the level of the middle of the ball. (a) Short circuit of
terminals. Dielectric semolina grains sifted onto the liquid
surface have arranged themselves as a ring between the alu-
minium terminals. (b) Five second exposure during applica-
tion of 1.5 kV potential. The semolina grains have started to
move in the electric field. (¢) Ten seconds later, the grains
are arranged in radiating structures around the ball with
preference for the protruding edges (electric field enhance-
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ment), (d) Ten seconds after ¢, Grain movements have
stopped, showing radiating structures, a halo or “A" zone, a
higher concentration of grains outside the halo (a “B" zone)
and small “‘arches™ forming an “arcade’ at the interface be-
tween the “A" and “B" zones. Note that each “arch™ is
supported at the base by two radiating structures. (¢) More
grain sifted unevenly on the paraffin (continued 1.5 kV po-
tential berween terminals). The local groups of grains within
the “B" zone in d now act as concentration foci. Molecular
forces compete with the electrostatic forces of the applied
field and attract the new semolina grains toward the concen-
tration centra. (f} 20 seconds after e. State of equilibrium.
Density of the “B"™ zone has increased. Size of the A" zone
has decreased,



A. Experimental model:
molecular forces and a
superimposed electric field
combine in vitro to form
corona structures

Radiating structures, arches and “A" and “B" zones
can be shown in vitro as follows: a piece of aluminium
foil was shaped into a small ball, 2.5 cm in diameter.
Its surface was made slightly irregular (Fig. X:1). It
was connected to an electric cable and glued to the
centre of the bottom of a glass jar, 11 cm in diameter.
The inner wall of the jar was covered with a thin
aluminium foil connected to another cable. The jar
was filled with a laver of liquid paraffin one cm deep.
The cable of the aluminium ball was then connected to
one terminal of an electric DC generator and the cable
from the periphery of the jar to the second terminal.
An electric potential ranging between zero and 1.5 kV
could be applied between the ball and the periphery.
The jar was placed over a light box, permitting transil-
lumination with cold light. A camera was mounted
above the jar for photography.

The jar (Fig. X:1a) is seen from above after both
the periphery and the central ball have been grounded.
Some semolina grains, which are dielectrics, have been
sifted onto the surface of the paraffin. The grains all
float on the surface and move together as a ring around
the ball (exposure duration, 5 seconds each, Fig.
X:la—f). When a 1.5 kV positive (or negative) poten-
tial is applied between the ball and the periphery, the
semolina grains start to move rapidly (Fig. X:1b).
The movements are demonstrated by their motion
blur. About 15 and 25 sec after the application of 1.5
kV potential, the grains form radiating structures per-
pendicular to the ball surface (Fig. X: 1 c—d). Varying
distances separate the radiating structures of grains.
Between them appear small “arches”, which together
form an *“arcade”. Each “arch” is supported at its
base by radiating structures. The radiating structures
and arches combine to give a picture similar to that of
the flat, inner surface of a divided citrus fruit (Fig.
X:led). A zone similar to the A" zone is seen as a
“halo™ around the ball. The regions with higher con-
centration of grains correspond to the “B" zone. A
new photograph (Fig. X:1e) was obtained shortly
after some more semolina grains had been sifted un-
evenly over the surface. The potential of 1.5 kV was
kept unchanged. Nearly all grains are seen to move
again to achieve a new ““final” equilibrium (Fig.
X: 1.

If the positive 1.5 kV potental on the ball is
switched to a 1.5 kV negative potential, the position of

the structures does not change, indicating that the
switch does not induce any mechanical moment.

The structural developments in this experiment re-
sult from interaction between molecular forces of the
semolina grains and cellular redistributions caused by
the superimposed electric field.

B. Molecular and electrostatic

forces in the development
of “A” and “B” zones

After the central ball and periphery were given the
same ground potential, semolina grains sifted onto the
surface of the liquid paraffin moved together to form a
ring between the ball and the periphery (Fig. X: 1a).
This movement occurs as a result of the forces of
internal molecular attraction among grains (see Chap-
ter VIIT). Localization of the grains has produced “A”
and “B" zones around the ball. Had no metal ball
been present in the centre of the jar, the grains would
have produced a circular plate in the centre. The
presence of the ball in the centre constitutes a “*foreign
body™ in the system, which breaks the internal attrac-
tion forces in a radial direction. This vector of radial
force therefore tries to make the doughnut-shaped ring
as thin as possible. This tendency is counteracted by a
vector of circular force. Under these circumstances a
“noncorpuscular™ “A" zone and a “corpuscular”
“B" zone must develop.

From this part of the experiment it is important to
realize that structural development creating “A™ and
“B™ zones can occur in ways other than as a result of
electroosmotic movement of water (see Chapter 1X).
Actually, it is not even necessary o assume that the
central ball {or in vivo a wumour) is polarized com-
pared to its surroundings.

According to the laws of electrostatics, flux from the
surface of a charged body is proportional to its total
charge. Moreover, the electric field is a gradient of a
potential which declines as the square of the distance
from the body. The circulation of the field is zero.

When the central ball and periphery are grounded,
the first semolina grains sifted onto the liquid paraffin
surface move immediately together to form a ring, as
described. When a potential difference is produced
between the ball and the periphery of the jar, the
location of the grains is disturbed immediately. Under
the influence of the created electrostartic field, dipole
moments are induced in the grains. These moments
orient their long axes along the steepest gradient of the
field, i.e., radially in these experiments. The tendency
of accumulation will produce one maximum locus
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close to the ball. A second maximum locus, but of
lower magnitude, is created at the periphery of the jar.
Inirially, grains close to the charged ball will accelerate
toward it, while simultaneously those close to the pe-
riphery will move in the opposite direction toward the
wall of the jar. A minimum (zero) is present some-
where between the two terminals in the place where
the grains had previously formed a “B" zone.

The total electric field is therefore a plus-minus
potential gradient with an imaginary circulation of the
field equal to zero. In an intermediate zone adjacent to
the zero equipotential, where the applied electrostatic
field is weak, the attraction {concentration) forces (15)
of the grains will be powerful enough to influence their
internal arrangements. When the local concentration
of grains is high, they will even produce dense groups
or nuclei, which then compete with each other and the
applied field forces. In this way the irregular “B" zone
accumulation is created as seen in Fig. X:1f.

The position of the zero potential in the applied
field is governed by the distance between the terminals
and the magnitude of the charge per surface unit of the
terminals. Because the ball is smaller than the periph-
ery, the zero equipotential will be positioned closer to
the periphery than to the ball.

C. Edge enhancement and
radiating structures

The basic situation just described is modified by the
irregular surface of the ball. Protrusions of edges on
the surface of a charged body will always enhance the
electric field at such points. This fact was utilized in
constructing the artificial “tumour™. Small protruding
edges, simulating the irregular surface of a tumour,
were all over the surface of the crumpled piece of alu-
minium foil.

A smooth, polished, spherical ball in the centre
would present a “smooth”, “homogeneous”, out-
wardly decreasing strength of the electric field. No
clearly visible, linear arrangement of grains could then
develop. The irregular surface of the central ball, how-
ever, makes linear developments possible.

Small corpuscles, such as semolina grains, located in
the vicinity of the charged central ball will therefore
be attracted initially to protruding edges of the ball.
Single grains touching the surface of the ball or the
peripheral terminal will then rebound (they really
bounce back), be reattracted, and so on in an oscilla-
tory way until they are adsorbed at the surface. Even-
tually, grains near the ball settle on its protruding
edges. The external field of the ball now starts at the
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Fig. X: 2. Development of radiating structures. (a) Radial
apposition of grains by induced dipole moments in dielectric
corpuscular elements. Lateral repellent forces stabilize the
radiating structures. (b) Lateral apposition of grains pro-
duces stabilization by both dipole-induced attraction and
long-range forces of molecular attraction. Enhancements of
the electric field at protruding edges determine the positions
of the radiating structures.

distal part of these grains. Deposition of grains will
concentrate at the edges rather than between protru-
sions. This concentration of grain at the edges results
in a growing accentuation of the edge effect (Fig.

X:2a).

D. Stabilizing effects on
radiating structures

The apposition of dipole-induced grains into radially
directed chains is stabilized by lateral repellent forces
between induced equipotential charges of the grains
(Fig. X:2a). These repellent forces counteract the
forces of attraction. A sidewise stabilizing effect on
radiating structures may also be produced by different
degrees of sidewise dipole-induced forces of opposite
polarity. Long-range molecular attraction forces even-
tually produce an additional, sidewise mechanical sta-
bilization (Fig. X:25).

In this way linear structures are produced in the
experimental model, forming visible “field lines” or
“radiating structures”.

E. Development of “arches”
and ‘“‘arcades”

The peripheral ends of the radiating linear structures
border the bulk of semolina grains by a series of small
“arches”, which are convex outward (Fig. X: 3). Adja-
cent arches originate on each side of the same radiating
structure. The individual arches hang together in a
row (“‘arcade™).
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Fig. X: 3. Formation of small arches. Edge enhancement of
the irregular surface of the central ball creates variations in
intensity of the electric field around the ball. Captured semo-
lina grains form radiating structures, developing from the
edges, in turn forming supporting pillars for the small arch-
es. Attraction forces among the bulk of grains contribute to
forming the arches. A circumferential vector acts as a force
of concentration to diminish cross-sectional diameter of the
ring of grains around the ball. A radial vector of concentra-
tion acts to expand the ring.

The presence of these structures may therefore in
part be explained as a result of variations in intensity
of the applied field, due to the uneven surface of the
central ball. In part the effect also is due to the com-
petitive forces of molecular attraction among semolina
Erains.

The forces of molecular attraction can be divided
into two vectors. (Consider for a moment the experi-
ment as planar, the grains floating in one layer on the
liquid paraffin.) One vector (Fig. X: 3) is circular and
tries to move the grains closer to the central ball. The
other vector is radial, acting to expand the circle. Both
vectors contribute to the formation of the arches.

A stabilizing effect for the bulk of semolina grains
probably can also be ascribed to the arches and radiat-
ing structures. The main bulk of semolina grains con-
tracts as a result of their forces of internal attraction.
As grains interact they obtain a position of equilibrium
between long-range forces of attraction and short-
range forces of repulsion. This equilibrium is modified
at the inner edge of the circularly arranged mass of
grains by the attraction forces of grains localized at the
attachments of the radiating structures.

In this view the circular arrangement of the main
bulk of semolina grains, leaving a relatively free zone
(A" zone) around the central ball, may be looked on
as a special case of a complete arch, 1.e., a ring. The
small arches at the inner border of the ring can be
regarded as incomplete rings. Their appearance as
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arches or semicircles depends on summations of molec-
ular and electrostatic forces. Edge enhancements of
the central ball not only make the surrounding electro-
static field inhomogeneous, but also initiate the pro-
duction of radiating structures.

F. Inertness and
matrix functions

Interacting molecular and electrostatic forces can read-
ily and efficiently be influenced by matrix structures.
The effect of an artificial matrix on corpuscular move-
ments will be illustrated in the following experiment.

A plastic mosquito met stretched over a circular
frame was placed on a surface of liquid paraffin in a
glass jar, which in turn was placed on top of a light
box. An aluminium ball was placed in a hole in the
centre of the net. The ball was connected by a wire to a
DC generator. The grounded periphery of the jar was
connected to the other terminal.

Horse hair in pieces 0.5-1.0 mm long was cut by an
electric razor and strewn over the net and liquid sur-
face. The ball was charged to a 0.7 kV potential
relative to the periphery. The jar was then subjected to
vibrations from a small electric motor. The pieces of
horse hair then oriented themselves in a pattern of
radiating structures within the mosquito net matrix

Fig. X:4. Effect of a matrix on the development of radiating
structures in an electric field. A plastic mosquito net was
stretched over a frame and placed on a surface of liquid paraf-
fin. Pieces of horse hair, cut with a razor, were sifted over
the surface as a 0.7 kV potential was applied between the
central aluminium ball and the periphery. Moments of iner-
tia were overcome by subjecting the jar to vibrations. The
hairs then oriented themselves in a radial direction in the
squares of the matrix. Dipole induction by the applied elec-
trical field produces this result.
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(Fig. X:4). After the voltage generator was switched
off, the pattern remained.

The experiment illustrates the creation of a modified
structural pattern by positional change of small pieces
of horse hair under the influence of an applied electric
field and vibrations. The latter served the purpose of
reducing the restrictive effects of the narrow spaces of
the matrix and the moment of inertia of the small
horse hairs. In vivo, corresponding effects may be
induced by different kinds of physicochemical ener-
gies, including mechanical effects by tissue matrices
and movements of tissues.

G. Energy potential of
corpuscular distribution

A “Type I electroosmosis was suggested in Chapter
IX. Its transport energy was explained partly as a
transformation of available free energy (e.g., vibra-
tional and rotational movements of the water mole-
cules).

In a static system the degree of randomness of distri-
bution of participating reactants represents one source
of free energy (19). In the experiments with semolina
grains this energy potential was created by sifting the
grains onto the liquid surface. Depending on how
evenly or unevenly the grains were distributed, differ-
ent distributions of energy and patterns of “final”
equilibria were created.

As an instance of matrix interference, an aluminium

Fig. X: 5. A special case of “matrix™ interference. Alumin-
ium ball glued to the bottom of a jar and partly surrounded
by liquid paraffin. Semolina grains were sifted as evenly as
possible over the whole surface. After about 10 seconds and
close to a visible cessation of movement of the grains, they
present a ““‘net’"-like structure (5-second exposure). The fix-
ation of the ball constitutes a special case of matrix interfer-
ence by restricting free participation of the ball in the reac-
tions. This restriction influences indirectly the development
of the surrounding structural pattern.
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ball was fixed on the bottom of a jar filled with liquid
paraffin up to the level of the middle of the ball (Fig.
X:5). No voliage difference was applied between the
ball and the periphery of the jar in this experiment.
Semolina grains were then sifted as evenly as possible
over the liquid surface. After about 10 seconds, the
pattern of structure obtained represents a stage “‘close
to equilibrium™. The ring of grains around the ball has
here the appearance of a net.

One of the interacting factors, the centrally located
metal body, is immobile in this experiment. This fix-
ation constitutes a mechanical restriction on free par-
ticipation of the ball and can be considered as a special
case of matrix interference. Were the ball allowed to
float on the surface, a completely different pattern of
equilibrium would be created. In this and in similar
ways, the spontaneous reactions cad be made to under-
go different experimental modulations. Depending on
the initial energy potential, as determined by the de-
gree of randomness of distribution, the system will
produce different patterns of equilibria in its drive to
increase entropy. How the interacting forces deter-
mine initial motion and final equilibrium in these
reactions is a problem closely related to statistical me-
chanics.

An example of transient, modulated interactions
within such a system is shown in Fig. X:6. Saline
solution was poured into a glass jar to a depth of 2 em.
Underneath the jar a layer of air and a thick glass plate
served as a heat protective system between the jar and
a cold light source, which was used only during short
periods of transillumination for photography. Carbon
particles covered with dextran (Charcoal radioim-
munoassay particles, Schwarz/Mann, Orangeburg,
New York) were distributed irregularly on the surface.

The particles of different charcoal preparations be-
haved differently on the surface of the salt solution.
Some sank to the bottom, others floated as rather firm
conglomerations. One preparation of particles, howev-
er, floated as an evenly dispersed layer, unwetted on
the fluid surface. Such a layer of charcoal particles was
spread on the liquid, covering about half of the total
surface. Energy was then supplied to the system by a
brief and rapid stirring. A shellacked aluminium ball,
about 1 ¢m in diameter, was dropped in the middle of
the jar. The ball floated easily on the surface of the salt
solution. A glass cover was placed on top of the jar to
prevent disturbances by external air motion.

Immediately on contact of the ball with the fluid,
nearby particles moved away from the ball, creating a
“halo™ free of particles around the ball. The ball then
started to accelerate toward one of the largest concen-
trations of particles. During this movement a persist-
ing zone free of particles was present in front of the
ball, which by its movement divided and stirred the
grouped carbon particles. As the ball decelerated, the



Fig. X: 6. Reactants mutually delaying spontaneous equilib-
rium. Dextran-coated carbon particles floating on the sur-
face of saline solution were stirred briefly, producing an un-
even distribution. A shellac-painted, light aluminium ball
was dropped in the jar. Moton blur (5-second exposures) in-
dicates movements of the ball’s motion. The drive toward
equilibrium of the system is disturbed by continuous interac-
tions of the reactants. Areas of high concentration of parti-
cles easily attract the ball, which then moves them apart by
its moment of inertia. The stirring effect of the ball then cre-
ates new attraction centres of concentrated particles, and so

particles formed new concentration centres, one of
which was strong enough to attract the ball. The ball
again accelerated, split this concentration centre and
stirred the particles. In this way, eventual equilibrium
of the system is considerably delayed.

Initially, the ball mostly crossed the centre of the
jar, tending to split the carbon layer in two parts (Fig.

on. Reaching equilibrium in the system s thereby consider-
ably delayed. Figs. a and b show the ball initially near the
centre of the jar. Fig. ¢ shows the ball bumping against the
wall of the jar. Figs. d—h show the ball progessively moving
in circles at a speed of about one turn per minute. The ball
was still moving 17 hours after the start of the experiment, at
a rate of one circular turn close to the wall of the jar in 3 min-
utes (Fig. 1). Experiments of this kind must be carefully pro-
tected from interferences by external forces (temperature, air
motion, etc. ).

X:6a, b). The ball accelerated regularly toward the
largest group of grains. Sometimes the ball bounced
off the wall of the jar (Fig. X:6¢). Gradually over the
next hour a more circular pattern of movements devel-
oped (Fig. X: 6 d—f). Splitting of the particulate groups
decreased but considerable stirring of the carbon parti-
cles remained.
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For the next two hours the ball circulated with a
speed of about one circular turn per minute. After 17
hours it still was circulating at a speed of about one
turn in three minutes. The ball then followed rather
closely the periphery of the jar, without touching it
The carbon particles formed a more nearly uniform
mass than earlier (Fig. X: 61).

The gradual extinction of the reaction in this experi-
ment was thus remarkably slow compared with, for
instance, the experiment illustrated in Fig. X: 5.

An essential point in experiments of this type is that
very small changes may considerably influence the
reaction. In this experiment many factors are involved:
concentration of the salt water {(which influences the
water potential), physical characteristics of the ball
(size, weight and shape), size and shape of the glass jar
in relation to the quantity of reactants, dielectric prop-
erties of the materials, the initial distribution of the
grains and positioning of the ball, etc.

The seemingly simple experiment illustrated in Fig.
X:6is in fact very complicated. If we knew the forces,
resistances and initial particle distribution we should,
at least theoretically, be able to determine particle
motion and “final™ particle distribution (which has to
be defined). This is all in reality an extremely compli-
cated task, even if the basic principles are known.
Some general remarks may, however, be offered.

Consider a large number of interacting corpuscles
(e.g., semolina grains) and assume that the force be-
tween any two of the corpuscles depends only on their
distance of separation. As the corpuscles approach
each other, long-range attraction forces will cause
them to accelerate, overcoming friction and moments
of inertia. As the corpuscles become very close, e.g.,
within a few A, short-range forces will increase rapidly
until the corpuscles repel each other and bounce at the
collision.

When many corpuscles (n) interact, the potential
energy is the sum of all the energy pairs, which can be
represented by a well-known exponential function:

= ~E&T
ni.ﬁ'l = Myal €

where e * is the Boltzmann factor, & the Boltzmann

constant = 8.617x 107 electron volts/corpuscle, T =
absolute temperature and E the energy of each corpus-
cle (5).

As corpuscles collide, energy is randomly gained or
lost by individual molecules. A randomly dispersed
large number of corpuscles therefore presents a poten-
tial of very complicated patterns of energy exchange,
movements and “final” equilibrium.

‘The situation is further complicated by the presence
of one or several bodies which differ from the bulk of
reacting elements in size, mass, degree of friction or
fixation to the surroundings, electrical properties,
temperature, etc. The sum of all the deviating factors
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of such a body makes it more or less “foreign” to its
surroundings. These factors and the degree of initial
randomness of corpuscular distribution will influence
the “final” spatial state and the time it takes to reach
such an equilibrium.

H. Structural effects of
molecular concentration
forces

To whart extent do molecular forces and superimposed
electric field forces each contribute to the development
of experimental corona structures? What biologic con-
ditions may be so represented?

In the experiment shown in Fig. X:1a, when both
the ball and the periphery of the jar were short circuit-
ed, an A" zone free of semolina grains and a “B”
zone with accumulated grains were produced. After
the application of 1.5 kV between the ball and the
periphery, a new equilibrium was created after some
time (Fig.X:1b-f), showing permanent, radiating
structures and small arches and arcades at the interface
between the “A™ and “B" zones.

At first glance, the creation of a superimposed field
may seem to be necessary to create radiating structures
and arcades. There is, of course, no doubt that the
superimposed strong electric field is highly capable of
producing these structures in a short time. However,
energy levels of 1.5 kV are biologic rarities. In certain
species (Electrophorus, Torpedo, Malopterus, Raja
and others), instantaneous levels as high as 600 V are
known to be generated (24). Usually, however, poten-
tial differences are of the order of 0.1 V in biology
(24). An often neglected component is time, which
permits various small gradients to produce consider-
able effects. We will later return to this exceedingly
important issue.

As yet, however, we have not sufficiently penetrated
the role of concentration-dispersion forces in structur-
al development. In the experiments, let us now consid-
er the events between the sifting of grain onto the
liquid surface and the state of equilibrium (Fig. X: 1a)
in which the grains form a ring at a distance from the
central ball, creating “A” and “B” zones. These
events will be illustrated in the following experiment,
which slightly modifies the situation in Fig. X:1a in
an informative way.

An “inert” metal, a stainless steel razor blade, was
used (Fig. X:7). Because a meniscus at the liquid-
metal interface might disturb particle distribution, a
sharply edged object was chosen to minimize possible
meniscus effects. The sharp edges were also chosen



A

Frg. X: 7. Production of radiating structures as well as “A"
and “B" zones by concentration forces. A stainless steel ra-
f zor blade was placed in a glass jar containing hguid paratfin.

y F The edges of the blade were at the same level as the hiquad.

F After the sifting of semolina grains evenly over the liquid,
light transillumination photographs were taken at 5-second
exposures. (@) Moton blur of semolina grains shows “radiat-
ing structures’ by radial outward movement of grains close
to the razor blade and radial inward movement of peripheral
grains, (&) The razor blade breaks the concentration forces of
the grains in the centre of the jar. At equilibrium an “A"

zone free of grains is seen around the razor blade and a “B”

zone as a surrounding ring of grains (some grain structures

appearing in the A" zone represent grains which sank 1o

the bottom of the jar), (¢) Aflter additional uneven sifting of

more semoling grains, a new pattern of grain movements is
evident to centres of high concentration of grains. A few
grains are attracted to the edge of the razor blade by contact
adsorpuon.
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because they might cause edge enhancement. To vary
this effect locally, part of the blade was serrated with a
file. The razor blade was fixed to the top of a2 2 cm
high rubber stopper in the centre of a glass jar, which
was then filled with liquid paraffin up to the edges of
the razor blade. By inserting wedges of wood under
the jar and adjusting the amount of fluid, the surface
of the fluid was brought to the horizontal plane of the
edges of the blade. When a light beam was shined
across the fluid-metal interface, no meniscus could be
seen. Semolina grains were then evenly distributed
over the liguid surface.

The photographs in Fig. X:7 were made with an
exposure time of 5 seconds, shown by motion blur of
the initial movements of the distributed grains (Fig.
X:7a). They created a radiating pattern of move-
ments, some of a distance even greater than the length
of the blade. These radiating structures are produced
by concentric movements of peripheral grains and
centrifugal movements of those grains which were
dispersed close to the razor blade. After about 10
seconds (Fig. X:7b) nearly all of the grains were
concentrated at a certain distance from the edges of the
razor blade, showing an equilibrium as a ring. An A"
zone, about one cm wide and almost free of grains, is
seen between the inside of the ring and the edges of the
blade. A few grains adhere to the edge of the blade
(some blurred grains can be seen in the “A" zone, but
these are heavy grains which sank initially to the bot-
tom of the jar).

Some more grains were next distributed unevenly
on the surface. An uneven pattern of grain movements
was then created by concentrations of focally attracting
grains (Fig. X:7¢).

The first part of this experiment illustrates that the
formation of a “halo” or “A” zone around the razor
blade does not depend on a meniscus forming at the
interface between the metallic edge and the fluid. It
also does not depend on a superimposed electric field.

The “radiating structures” seen in Fig. X:7a are
mainly produced by molecular concentration forces of
inwardly and outwardly moving grains. The equilibri-
um distribution of the grains in Fig. X:7 b shows an
influence of the razor blade in the shape of the A"
zone, which roughly follows the shape of the blade.
The razor blade acts by breaking up the attraction
forces of the grains, which would otherwise form a
mass without a hole in the centre. Only minimal dis-
tant electrostatic induction can take place through the
interpositioned dielectric medium, the liquid paraffin.
The NHE potential of +0.25 V of the chrome-steel is
very weak in comparison with the long-range attrac-
tion forces of the grains. The electric field of the blade
influences the surrounding media only within a dis-
tance of a few A. Only a few single grains are therefore
seen adsorbed to the edge of the metal. Even the

102  Molecular and electrostatic forces

serration of part of the metal edge does not visually
alter the relations among the interacting forces.

When the supply of grains was uneven (Fig. X:7¢),
local areas with high concentration of grains competed
with each other and the metal. Altered routes of move-
ments of grains can be produced in this way.

In this section we have now seen that radiating
structures and *“A™ and “B"" zones can be produced
simply by concentration forces without the application
of a superimposed electric field.

I. Electrolytic double layers

Molecular concentration forces have been discussed in
this chapter only in terms of the behaviour of semolina
grains as morphologically visible, corpuscular, dielec-
tric elements. These forces of molecular concentration
act between charged or uncharged particles of any size.
An example of these forces is the phenomenon known
as electrostriction, which gives rise to a decreasing vol-
ume when an electrolyte solution becomes increasingly
concentrated. Important effects also take place at the
interphases between a charged body and charged parti-
cles in a solution. In an ionic milieu, electrical charges
and concentration forces interact, leading to boundary
phenomena which have been well studied in, e.g.,
colloid chemistry (6, 16, 25, 33).

We will therefore start with a short discussion of the
interactions between a metal surface and an electro-
lyte.

Regardless of how “inert™ a metal is made, polariza-
tion will occur at its surface when it 1s immersed in an
electrolyte solution or it is implanted in living tissue.
This polarization leads to the development of an elec-
trolytic double layer. The structure of the electrolytic
double layer was described by Helmholtz, Nernst,
Gouy, Chapman, Stern and Freundlich (3, 7, 9, 17,
23, 33). It is now assumed, mainly on the basis of
works by Stern (33) and Freundlich (77, that an equi-
librium is obtained under the influence of electrostatic
forces, concentration forces and specific adsorption
forces. The theory further assumes that thermal mo-
tion modifies an outer, so-called diffuse, layer. Briefly,
this equilibrium is described as follows:

Electrostatic attraction of ions in a solution at the
surface of a charged body will create a thin, firm layer
(Stern layer, inner Helmholtz layer) of counterions
(Fig. X:8). This layer balances electrostatcally the
surface charge of the body. Just outside the inner firm
layer, a mobile layer exists which is called the outer
Helmholtz layer. In this layer, ions of the same polar-
ity as those in the firm layer decrease in concentration
{charge density) as a function of their distance from
the particle. These ions are moving in relation to the



Fig. X: &. The zeta potential of a colloid. A
net electronegative particle in a colloid will
attract positive ions to its surface, balancing
the charge of the particle. The concentration
of ions in this firm layer will attract more ions
of the same kind. This attraction can be con-
sidered as a specific type of adsorption which
is stronger than the electrostatic attraciion of
counterions. In this way a “'slipping potential
plane” will be created of an cutwardly de-
creasing number of electronegative ions. The
potential gradient of the slipping plane con-
stitutes the zeta potential.

firm layer due to their thermal energy. This outer part
of the electric double layer is partly mixed with coun-
terions, which increase outwardly in concentration un-
til a zero potential region is reached where positive and
negative ions appear in balance with each other. The
counterions are, of course, also under the influence of
thermal motion. The potential difference between the
firm layers and the zero region constitutes the zeta
potential of Freundlich (7). The enormous importance
of this potential in biology and particularly for the
stability of colloids has been stressed particularly by
Riddick (25).

The interactions are, however, even more complex
than as thus far presented. Consider the following
example: A silver plate is placed in a 1.0 M AgNO;
solution. Ag* will be attracted to the silver plate,
which will become positively charged. NO, will pro-
duce a negatively charged layer in the solution outside
the positive laver. One may therefore anticipate that
some specific adsorption or attraction forces exist between
Ag and Ag', stronger than the electrostatic forces
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between Ag™ and NOj. In general, related or identi-
cal kinds of matter show some kind of preference for
themselves. Thus iron “likes” iron, carbon carbon,
etc. Another example of preferential attraction is the
tendency of attraction between cations and water mole-
cules, while anions do not present such tendencies. It
is very likely that such preferences play a role in the
formation of electrolytic double layers.

Fig. X: 8 illustrates how a colloid particle is built up
around an electronegative nucleus. The nucleus at-
tracts positive counterions from the surrounding medi-
um to the extent that the particle’s negative charge
becomes neutralized. The concentration forces of the
Stern layer then compete with the solution pressure
and with the electrostatic attraction forces of the sur-
rounding electronegative ions. The result is an out-
wardly decreasing concentration of positive and an
inwardly increasing concentration of negative ions.
These forces create the potential gradient outside the
Stern layer which represents the zeta potential.

The spatial distribution of these interphase phenom-
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ena is only a few A, but nevertheless of considerable
importance in the physiologic behaviour of cells and
membranes.

Consider the present study of transformations of
tissue around a centrally necrotizing tumour. The via-
ble periphery constitutes a ‘““‘tumour barrier”, which is
a special case of semipermeable “membrane”. It is
anticipated that its intercellular spaces function as a
sieve for large macromolecules, cells, cellular frag-
ments, etc. Such “corpuscular” elements, carrying
fixed surplus charges, are available in the surrounding
tissues. Factors important to developing transmem-
branous potential gradients in the cell should therefore
also be important for transbarrier potential differences
of a necrotizing tumour. Structural changes such as
“A" and “B" zones, radiating structures, narrowing
and displacement of vessels, arches and arcades are
radiographically seen in vivo around lesions in an ap-
pearance, strikingly similar 1o what has been shown
experimentally in vitro in this chapter. This remark-
able similarity, however, can not be explained only as
an effect of molecular forces. Adsorption to interposi-
tioned matrices of a biologic tissue will, of course,
interfere with concentration forces of movable parti-
cles. We may therefore postulate that other forces also
are involved in these structural developments. A su-
perimposed electric field is the only known force
which can produce long distance structural effects
through an existing tissue matrix. This possibility,
however, requires the development of electric polariza-
ron of tissue within a closed electric circuit. From in vitro
studies we are now ready to turn to experiments in
vivo.
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XI.

Structural effects of an artificial
tumour in dog lung

A. Experimental studies

To study modification of structure surrounding a tu-
mour in the lung of a living animal, experiments were
performed in which an artificial “rumour™ was im-
planted in a dog. The “tumour™ was constructed of
radiographic density and internal structural appear-
ance sufficient to be identifiable in radiographs (Fig.
XI: 1). Two used, small, disc-shaped, mercury batter-
ies were glued together, leaving a millimetre separat-
ing their contact surfaces. This separation made it
possible to find comparable projections of the “tu-
mour” in radiographs exposed during different exami-
nations. An aluminium foil was wrapped around the
glued batteries and shaped into a ball about 1 ¢cm in
diameter. The metal foil shielded completely any re-
sidual charge of the two batteries and served also as a
support for two outer, electrically insulating layers of
shellac. The insulating shellac thereby prevented tis-
sue fluids from corroding the aluminium.

A thoracotomy, incising the right 6th intercostal
space, was performed on a 40 kg dog. A small incision
was then made in the posteromedial part of the apical
segment of the right lower lobe. A small haemostat
was inserted 2 cm into the lung tissue to create a small

pocket, in which the artificial tumour was placed. No
obvious bleeding appeared when the pocket was cre-
ated. The pocket was then closed with two silk su-
tures. After the chest was surgically closed, air was
aspirated from the pleural space. Radiographs taken
immediately after surgery revealed no visible structur-
al changes of the lung parenchyma lateral and anterior
to the “tumour’ (Fig. XI: 1).

When the completely recovered animal was exam-
ined 17 days later, chest radiographs showed a radiolu-
cent zone around the “tumour™ (Fig. XI: 2a). Lateral
to this zone the lung shows a zone of relative increase
in x-ray absorption (arrow). The interface between the
two zones shows also some arch-like formations. No
air or increased amount of fluid was present in the
pleural space, For comparison, the appearance of a
“hale™ around the same “tumour”, examined before
operation and surrounded by semolina grains on liquid
paraffin, is seen in Fig. XI: 2 5.

A recording of the tissue profile of electric potential
was then made in the same dog using Ag—AgCl elec-
trodes and KCl bridges, as previously described
{Chapter VI). The potential was recorded between a
grounded subcutaneous electrode and the exploring
electrode in the lung. Fig. XI: 3 shows the recording
of potential as the exploring electrode was moved in
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Fig. XI: 1. Effects of implanting an artificial “tumour™ in tectable. The batteries were wrapped in aluminium foil,

the apical segment of the right lower lobe in a dog are illus- which served as electric shielding. The surface of the foil was
trated in Figs. 1-8. The “rumour” consisted of two small painted with two layers of shellac to prevent corrosion and
mercury batteries glued to each other, | mm apart, to make insulate electrically the “tumour”™ from the surrounding tis-
the in vivo orientation of the “tumour” radiographically de- sue. (@) Anteroposterior and (b) lateral radiographs.

8k A

Fon S A
tions around the artificial *umour™.
(@) Seventeen days after implantation, the “tumour” is surrounded
by a radiolucent “A" zone, 1-1.5 cm broad. Laterally the interface
i5 seen as a suggested arcade against a radiopague “B" zone («).
The pleura also became thickened locally after the thoracotomy, a
finding veryfied at atuopsy. (b) A similar “A" zone around the same
“tumour™ was also demonstrated in a preceding in vitro experi-
ment (see Chapter X, Section G) with semolina grains sifted on a
liquid paraffin surface. Note the slightly undulating edge (arcade)
of the semolina grains at this stage of their structuring. Earlier
phaeas of the same process are presented in Fig. XI: 6d, ¢ and the
earliest phase in Fig. XI:7c.
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Fig. XI: 3. Two tracings of the profile of electric tissue po-
tential, each with different cut-off filters. Two grounded
Ag-AgCl electrodes with KCl bridges were employed, one
placed in the subcutis. The exploring electrode was ad-
vanced to the artificial *“tumour” and then pulled back 1o
the chest wall. The DC tracing shows a positive surface of
the “tumour” ( 1 ) in relation to the surrounding lung. % in-
- -

the lung to the “tumour” and then away from it. A
potential difference of 8-10 mV was found between
the “tumour” surface and surrounding lung on each of
many recordings. The profile of tissue potential shows
a pattern rather similar to that shown in the patient
illustrated in Figs. VI: 20, 21.

The possibility of an air pocket around the “tu-
mour’' due to the operative procedure is excluded by
these recordings. Fluoroscopic control permitted easy
guiding of the electrode to the “tumour”. If the probe
had entered a pathologic air-filled cavity, an open
circuit with high frequency oscillations should have
been created. This possible finding never happened in
any of the movements of the electrode in different
directions to the ““tumour™.

The electrode caused some small haemorrhages in
the lung parenchyma. These changes were seen radio-
graphically as diffuse haziness and focal parchy radio-
pacities around the “tumour” in the parenchyma of
the radiolucent zone (Fig. XI:4).

The animal was then allowed to live for two more
weeks for further studies. At fluoroscopy the “ru-
mour” was seen oscillating with a frequency of about
100/min due to the transmission of cardiovascular
movements. Also respiratory movements required
some kind of control in order to avoid radiographic
motion blur, which threatened to jeopardize the analy-
ses of the pulmonary structures.

Motion blur in the radiographs was therefore con-
trolled by means of intravenous injections of acetyl-
choline. A single dose of 0.25 mgkg body weight
produced respiratory and cardiac standstill for 4 to 12
seconds, followed by spontaneous recovery (1, 2). Fig.
XI: 5 shows an ecg tracing of cardiac arrest induced for
6 seconds after the intravenous injection of 10 mg of
acetylcholine in the dog 14 days after the experiment
shown in Fig. XI: 3.

dicates the interface berween “A" and “B" zones. ] indi-
cates pleura. Compare also the measurements of electric po-
tential shown in Figs. VI: 20, 21. The elevation of the elec-
tric potential of the *tumour™ surface has been interpreted
as caused by injured tissue adjacent to the “tumour’ as a re-
sult of the implantation.

Now a well-defined arcade is seen at the interface
between one radiclucent and one radiopaque zone,
which can be identified as “A" and “B" zones (Fig.
XI: 6a). The orientation of the “tumour™ corresponds
to that in the radiograph b and photograph ¢. For
comparison, the preceding study with semolina grains
(d, &) shows a clear formation of arcades and even some
incomplete radiating structures.

Fig. XI:4. After insertion of the electrode, hazy and patchy
radiopacities appeared in the “A' zone, interpreted as local
accumulation of blood.
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Fig. XI: 5. For optimal radiographic demonstration of struc-
tures in the living dog, temporary respiratory and cardiac ar-
rest was induced in this case for 6 seconds, by intravenous
injection of acetylcholine (0.25 mg per kilogram body

Fig. XTI 6. Arches and arcades around an artifical rumour in
dog lung. Radiographs obtained during induced temporary
respiratory and cardiac arrest (Fig. XI: 5). An interface be-
tween “A" and B zones can be seen as small arches form
an arcade (arrowheads). Figs. b and ¢ show the actual orien-
tation of the artificial tumour. For comparison, a preceding
in vitro experiment (d, e,-see also Figs. X1: 2, 7) with a “w-
mour” illustrates two phases in the formation of small arches
and a circular arcade as an interface between the “A™ zone
(halo) and the “B" zone (the surrounding grains). Some faint
linear radiating structures are also seen.
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weight). The simultaneous ecg tracing served as indicator of
the period of time during which radiographic exposure
avoided motion blur.

In certain projections (Fig XI:7a, b) some coarse
radiating structures could also be seen of the local
haemorrhage in the lung tissue produced during the
recordings of potential two weeks previously. Some of
these coarse structures can be seen extending from the
“tumour” in a superolateral direction toward the pleu-
ra. Figs. d and ¢ show the actual orientation of the
“tumour” and ¢ the similar movements of semolina
grains in the preceding in vitro experiment.

Subsequent desanguination and necropsy of the dog
showed a local pleural adhesion corresponding to the
thoracotomy wound. No pleural or parenchymatous
changes were seen corresponding to the “A” zone, as
seen radiographically in vivo. After the lungs and the
adherent part of the chest wall were removed, focal
increased opacities, corresponding to the sites of the
bleeding, were seen in radiographs of the slightly in-
flated lung parenchyma (Fig. XI:8). No structural
arrangements of the type seen in the radiographs in
vivo could be found. Histologic examination of the
lung revealed only some irregular infiltrations of blood
in the lung parenchyma.

B. Discussion

The aluminium “‘tumour™ in the animal experiment
was painted with shellac in order to prevent any possi-
ble development of corrosive electric currents between
the metal and the surrounding tissue. The metal
itself, efficiently shielding the internal nucleus, would
furthermore be expected to induce only a very weak,
static, dipole-induced electric field on the external
surface of the shellac. Electrostaric field effects around
the tumour can therefore be expected to produce only
minimal effects on the surrounding tissue very close o



Fig XI:7. (a, b) Coarse
radiating structures, repre-
senting rearranged blood,
extend superolaterally
from the “tumour” sur-
face (two different radio-
graphic projections). (¢} A
similar phase of radial
movement of semolina
grains is shown in a pre-
ceding in vitro experiment
(see Figs. XI: 2, 6). The
actual orientation of the
“tumour’’ is shown in ra-
diograph 4 and photo-
graph e.

the shellac surface. The magnitude of such field effects
should correspond to those produced at the edges of
the razor blade experiment illustrated in Fig. X:7. In
spite of these precautions, “A™ and “B"" zones, arches
and radiating structures all developed in vivo around
this “tumour™ in the lung. In the absence of a closed
electric circuit (Chapter X), only concentration forces
among small particles, e.g., semolina grains, can pro-
duce corona structures (*A’ and “B" zones, arches
and arcades, and even to some extent radiating struc-
tures). The hydropenic “A’ and hydropic “B" zones
caused by water displacement, however, cannot be
produced simply by concentration forces. A closed
electric circuit, as in the case of electroosmotic water
transport (Chapter X), is a necessary requirement.

A closed electric circuit should also be necessary for
the development of radiating structures extending two
to three cm into a tissue matrix. The blood corpuscles
outside the artificial “tumour” presented radiating
structures, oriented against the “tumour’’. This result
is an impossibility as a function only of the concentra-
tion forces of blood corpuscles. These forces, which
were distributed unevenly to one side of the *“tumour”,
should instead create their own concentration centres
outside the “tumour”. The only known force that can
possibly produce radiating structures of the observed
extensions and locations in the lung is a closed circuit

Fig. XI: 8. After desanguination of the dog, the lung and ad-
jacent chest wall were removed en bloc. The radiograph
shows the specimen after slight inflation of the lung. No
structures are evident corresponding to “A" and “B" zones
observed in vivo, Some irregular infiltrations around the
“tumour” represent local blood. This experiment illustrates
some of the critical discrepancies between an examination in
vivo and at necropsy. In the lung the distension of the paren-
chyma in vivo by subatmospheric intrapleural pressures and
by vascular perfusion pressures are of particular importance
in structural analyses.

&
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Fig. XI:9. Postmortem radiograph of slightly inflated lung
with multiple metastases from carcinoma of colon. Note
faint radiolucent areas (**A" zone) around several tumours.

electric field. Nevertheless, we have already argued
that the “tumour” itself, by virtue of its insulating
shellac layer, is excluded from any closed circuit tissue
channels. The only remaining possibility to explain the
development of the radiating structures must be the
creation of tissue injury during the implantation of the
tumour. Tissue, including blood, adjacent to the im-
planted tumour should then have polarized electro-
chemically against surrounding noninjured tissue. In
order to resolve our dilemma we are now forced logi-
cally to postulate that a closed electric circuit must
exist between surrounding normal tissues and degrad-
ing blood and cell material adjacent to the “tumour®.

The corona structures observed radiologically
around the artificial “tumour™ were disarranged or
not evident after removal of the lung. This finding is
not surprising. As soon as the chest is opened in any
animal, the mechanical factors in the lung parenchyma
are changed. The effects of subatmospheric pleural
pressures, interstitial and intravascular fluid pressures,
etc., are changed radically compared to the situation in
vivo. These differences appear to explain why radiolo-
gic observations in vivo of structures in the lung (pro-
duced by fluid and movable cellular elements) are not
readily recognized on histologic or radiographic exami-
nations of removed lungs. This situation should hold
at least when the pathologic condition has been present
for only a relatively short period of biologic time, e.g.,
2 weeks. Permanent fixations of the structural arrange-
ment are, however, possible. Thus, faint radiolucent
“A" zones are seen in Fig. XI: 9, which is a postmor-
tem radiograph of a slightly inflated lung, containing
many small metastases from a carcinoma of the colon
{radiograph kindly submitted to the author by Dr. L.
Kreel, Northwick Park Hospital, Harrow, Middlesex,
England). Similar findings can also be seen in vivo in
processes of long duration, e.g., a granuloma (Fig.
IV: 1) even after a pneumothorax has been produced.

Factors contributing to the development of corona
structures are reviewed in Fig. XI: 10. The tumour in
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Fig. XI: 10. Factors producing corona structures around a
tumour during an electropositive phase. Surrounding tissue
is electronegative. Transport of material takes place over a
postulated biologically closed electric circuit (BCEC). The
tumour blocks the local flow of pleural fluid toward the hi-
lum. Electroosmosis acts to prevent this fluid from moving
near the surface of the tumour, giving rise to a perifocal halo,
the “A" zone (hydropenic zone). The displaced tissue water
produces increased opacity, a “B" zone (hvdropic zone). At
the interface berween these zones hydrostatic turgor pressure
and electroosmotic pressure balance each other. Small arches
develop at the interface of the “A” and “B" zones. Electric
edge enhancement at small protrusions of the rtumour surface
causes dipole induction in dielectric movable materials,
which form radiating structures. Their hygroscopic material
contracts in the hydropenic zone, contributing to the shape
of the arches and 1o the production of retraction pockets in
the pleura.

this figure is represented as polarized electropositively
in relation to surrounding lung tissue. The existence of
a biologically closed electric circuit across polarizing
regions of tissue is postulated in Fig. XI: 10. Note that
protrusions on the surface of the tumour locally en-
hance the electric field. Under the combined influence
of the forces within an activated closed circuit and of
the physicochemical forces of ionic and nonionic mov-
able materials in the tissue matrix, different structures
will become produced or modified. One of the most
characteristic modifications in the circuit is transport
of water. Water moving in a closed electric circuit
through a matrix of cotton wool or lung tissue was
demonstrated in Chapter IX. Cotton wool and lung
each carry a surplus of fixed electronegative charges,
so water moves from anode to cathode. Such move-



ment will produce a hydropenic (radiolucent) “A”
zone around an anodic tumour. Movement of water
will also produce a hydropic (radiopaque) “B” zone
outside the “A" zone when water moves against a
hydrostatic pressure. Equilibrium is then created be-
tween the two opposing forces, giving rise to an inter-
face, seen as a row of arches forming an arcade. The
actual structural changes seen in radiographs are, how-
ever, created not only by water but also by movement
and reorientation of charged or dielectric corpuscular
elements, i.e., cells, cellular debris, macromolecules
and electrolytes. Concentration forces also contribute
to the development of radiating structures and arches
(as well as nonhydropenic and noenhydropic A" and
“B" zones, respectively), as shown in vivo in this
chapter. The radiating structures around tumours con-
sist mainly of fibrous, partly hygroscopic, partly non-
hygroscopic material. Within the hydropenic zone a
local scar-shrinking effect may occur. Such a shrinking
of a well-developed radiating structure extending to
nearby pleura should then be able 1o produce a retrac-
tion pocket (see also Chapters III and XVI).

At this juncture it must be evident to the reader that

for all components of corona structures to develop,
particularly over distances of several centimetres, elec-
tric forces acting over closed circuits are a prerequisite.
We have now arrived at a point central to the study of
tissue transformation by local electrochemical polariza-
tions between tissues. The introduction of this concept
will make it easier to understand not only the corona
structures but also phenomena connected with tissue
healing and tissue development. In the next two chap-
ters a mechanism will be described which permits
extensive transformations of tissue over long periods of
time at low voltage gradients. This mechanism will
now be described as the biologically closed electric
circuit (BCEC).
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XII.

Biologically closed
electric circuits (BCEC)

When an electrolyte is brought in contact with a metal,
an electric double layer will develop at their inter-
face (26, 27). This interaction can be regarded as a
structuring process, usually in a zone no thicker than a
few A. This restricted spatial extension of the electric
double layer and of its surrounding diffuse layer,
indicates that further explanation is required for the
uneven distribution of material sometimes seen radio-
graphically (Fig. XII: 1) within one to two millimetres
adjacent to metallic fixation devices in tissue. Corro-
sion is one factor to consider. Associated events are
always connected with electric transports over closed
circuits between relatively anodic and cathodic sites.
In tissue, such mechanisms should involve electric
transports over the metal and conducting tissue chan-
nels and also include at least one anodic and one
cathodic site of reaction. Multiple reaction sites of
different kinds and their corresponding conducting
channels will be seen shortly in a variety of combina-
tions.

Corrosion of metallic devices in vivo will be de-
scribed in this chapter as a radiographically detectable
expression of closed electric circuits. A preliminary
description will be offered of a dynamic interaction
between tissue and metal during corrosion in vivo. A
description will then follow of a mechanism in tissue
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which appears to be of importance for understanding
the development of normal and pathologic structures
in tissue. The mechanism takes place over what will be
called biologically closed electric circuits (BCEC).

A. Corrosion in vivo

Corrosion is often encountered in vivo around metallic
surgical implants. Often misinterpreted radiologically,
the process is called “bone resorption” because the
implant appears as if it were resting in a bony cavity
containing a narrow (1-3 mm) space between the im-
plant and a radiopaque line seemingly defining a cavi-
tary wall (Fig. XII: 1).

The differential diagnosis between a real cavity in
bone surrounding a loose implant and corrosion
around a well-fixed implant is a very important clinical
problem which has been largely ignored. A discussion
of some of these problems at current levels of under-
standing has been presented by Frank and Zitter (18).

The electrochemical stability of a metal is given by
its normal potential, related to the standard normal
hydrogen electrode (NHE). The normal potentials of



Table XII:1. Nermal potentials of metals and metal-blood

potennials in relation to normal hydrogen electrode (NHE)

Metal/Metal ion Resting potential
standard electrode  at metal-blood
potential interface

Meral (V, NHE) (V, NHE)

Mg -2.375 —1.360

Al —1.670 —0.750

Cd —-0.402 —0.050

Cu +0.346 +0.025

Ni —0.230 +0.029

Au +1.420 +0.120

Pt +1.200 +0.125

some metal-metal ion combinations and some metal-
blood potentials are shown in Table XII: 1 (68).

Corrosion of a metal implant means that an electro-
chemical interaction with electrolytes in the surround-
ing tissue partially destroys the metal. Redox reactions
take place, in which oxidation means delivery of elec-
trons to the metal and reduction means acceprance of
electrons by the tissue from the metal. The process of
corrosion requires an anode, a cathode, an electrolyte
and at least one closed circuit between anode and
cathode,

Different “inert” metallic prostheses contain local
differences in quality of the metal. Such local changes
in metal, for instance, can be created by a hammer-
stroke during surgery, producing a local “injury po-
tential” in the metal. The varying potentials of the
connected internal regions of a metallic prosthesis con-
stitute its relatively anodic and cathodic parts. Sur-
rounding electrolytes complete the electric circuit.
Current will flow through such a galvanic “*battery”.
The anodic (negative) or “‘active” part of the metal is
the donor of electrons and becomes corroded (oxi-
dized). The cathodic (positive) or “passive” (noble)
parts of the metal form the electron acceptor and is
the site of reduction. The cathodes do not corrode.
Chemical analyses of bone tissue close to metal im-
plants have been performed by Ferguson, Laing and
Hodge (16}, who found metal in the tissue in concen-
trations significantly higher than expected, despite the
supposedly “noncorrosive” character of the metallic
implant,

The dissolution of metal takes place at the anode:

e.g., Metal = Metal®* +2e .

Metal ions will then either diffuse in the solution or
combine with hydroxyl ions as a precipitate:

Metal’* +20H "~ = Metal(OH),.

The solubility of hydroxides of different metals var-
ies with ionic concentrations and values of pH in the
tissue fluid (Fig. XII: 2) (65).

9824586 Nordmsirom

Fig. XII: 1. "“Uncomplicated corrosion™ between metal and
bone, radiographically seen at the lateral aspect of a metal
prosthetic implant in the hip. A radiopaque metal deposit
lies parallel and 1-2 mm lateral to the shaft of the prosthesis
(black arrows). The deposit appears farthest from the bone
opposite a shightly irregular dent (white arrows). The dis-
tance between the surface of the metal and the metallic de-
posit in the bone is greatest in this region. Note that no
“line™ is present opposite the distal part of the prosthesis.

Corrosion requires a complete electric circuit. The cor-
roded part of the metal {under the metal deposit) constitutes
the anode, the noncorroded part the cathode. Tissue electro-
Ivtes represent the “external™ ionic part of the electric cir-
cuit, the metal between the anode and cathode the electronic
“internal” part of the circuit.

When resistivity of the “‘external” conducting medium is
high, corrosion will usually be enhanced close to the transi-
tion zone between the anedic and cathodic parts of the met-
al. So-called general corrosion takes place at multiple micro-
scopic anodic and cathodic sites, which even change their po-
larity in time. This effect will also lead to corrosion over a
macroscopic surface,
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Fig. XII:2. Solubilities of some metal hydroxides at differ-
ent values of pH and ionic concentrations.

Tissue pH does vary to some extent, within physio-
logical limits. For instance, arterial plasma is slightly
more alkaline than arterial whole blood during phys-
ical exercise. When acid-base equilibrium is acutely
disturbed, pH may fluctuate, during short periods,
between 6.8 and 7.8 (18). Corrosion-dissolved metal in
tissue is partly engulfed by histiocytes, macrophages
and leukocytes and is eventually transported away or
encapsulated in fibrous tissue. Metal ions may also be
resorbed and produce general or local toxic effects.
Local accumulation of metal precipitates is also con-
sidered to lead to aseptic necrosis (18).

Oxygen around the cathode is reduced, as follows:

Y¥0,+H,0+2e~ = 20H".

The above explanation for in vivoe corrosion is gener-
ally accepted, but in the author’s opinion, incomplete
in two respects: the sites of the driving force of the
reaction and the transport channels.

It is likely that corrosion often originates from the
differences between relatively anodic and cathodic
parts of an implant, an internal phenomenon usually
found in such devices. This process will here be called
“uncomplicated” corrosion.

Regardless of local differences in quality of the im-
planted metal, local metabolic changes in the tissue in
the vicinity of the implant also are a source of local
electrochemical differences. Even an inserted nail
should locally stress bone and theoretically produce
local polarization as a piezoelectric effect. Pathologic
changes such as local bleeding, aseptic necrosis or
infection may create considerable differences of elec-
trochemical potential between local regions in tissue
and the metal. Such “polarizing” foci are of consider-
able clinical importance. They lead to what is here

114  Biologically closed electric circuits

called “complicated corrosion”, indicating the pres-
ence of a complicating reaction in the tissue.

Another source of energy can be found in the meta-
bolic fluctuations of the physicochemical potential of
the surrounding normal tissue. This source will influ-
ence both complicated as well as uncomplicated corro-
5100,

1. Ordinary “uncomplicated corrosion”

This type of corrosion is synonymous with the classical
concept of corrosion, based on a closed circuit reaction
between relatively anodic and cathodic parts of a metal
in contact with an electrolyte.

A radiograph of a stainless steel prosthesis in the
right femur 12 months after surgery is shown in Fig.
XII: 1. The metal of this prosthesis is made of a
material “as inert as possible”, as are other similar
fixation devices of metal. The prosthesis consists of
iron combined with chromium, nickel and molybde-
num (Table XII: 2 shows the complex composition of
two types of common metal implants used in bone
surgery).

The prosthesis was inserted into the femur without
the use of any cement. A thin, slightly irregular
“line”, half a mm rthick and about 10 cm long, is seen
along the upper straight lateral part of the implant.
The distal part of the line gradually disappears, so that
no line is seen at the lower lateral part of the metal.
The greatest width between the line and the implant

Table XII: 2. Composition of materials

Srainless Sweel Tvpe 316 512

Carbon 0,03 % Maximum
Silicon 0.20 o 1.00%
Manganese 0.50 0 2.00%
Mickel 11.00 1o 14.00%
Chromium 16.50 to 18.50%
Maolybdenum 22510 3.00%
Sulphur 0.03 % Maximum
Phosphorus 0.04 % Maximum
Iron Balance

Cobalt Chrome Alloy

Chromium 27.00 to 30,00 %
Nickel 2.50% Maximum
Molybdenum 5.00 to 7.00%
Carbon 0,200 0.35%
Iron 0.75% Maximum
Silicon 1.00% Maximum
Manganese 1.00% Maximum
Cobalr Balance

The table shown above is from British Standard 3531: 1968, “Metal
Implants and Tools used in Bone Surgery™.



corresponds to a shallow dent in the metal over a
distance of about 2 cm.

A radiolucent zone around prosthetic metal in the
skeleton often indicates that the metal is movable and
lying more or less free in a cavity or bony canal. The
implant shown in Fig. XII: 1, however, is not mov-
able. The line which gives the impression of a radiolu-
cent zone close to the metal is only a local change next
to the superolateral two-thirds of the implant. The
local deposition of metal corresponds only to a certain
region of the metal without other signs of local changes
in the bone. The metal may have its most intense
anodic focus in the shallow dent in the metal, corre-
sponding to the place where the radiopaque line in the
bone is thickest and most distant from the metal sur-
face.

The mechanism for this process of “uncomplicated
corrosion” is suggested in Fig. XII: 3. The metal has
in this instance one anodic and one cathodic part and is
surrounded by the tissue and its electrolytes. The
anodic part is electronegative due to accumulation of
electrons in the metal from dissolving iron. Secondar-
ily, electrons flow in the metal to the cathode. In the
meantime, anions such as (OH)™ in the electrolyte
migrate to the anodic part of the metal.

The ionized iron then combines with hydroxyl ions
to produce Fe(OH); (and later on, probably
Fe;0; - nH,0), which forms the radiographic line
close to the metal:

Fe—Fe "+2,
Fe"*+2H;0 — Fe(OH);+2H".

At the cathode, oxygen will be reduced and hy-
droxyl ions liberated:

O;+2H;0+4e~ = 4OH)".

The hydroxyl ions will then move in the tissue fluid
toward the anode. They will, however, never reach the
anode, as instead they combine with H* ions, which
are moving toward the cathode, to become water,

2. Corrosion influenced by BCEC:
“complicated corrosion”

The term “complicated corrosion™ is introduced to
indicate that the driving force of the corrosive process
originates in pathologic tissue locally polarizing adja-
cent to a metal implant. Polarizing sites in the metal
itself may then be absent or minimal.

Fig. XII: 4 illustrates a fixation of a hip fracture, in
which corrosion probably originates from local electro-
chemical differences in different parts of bone sur-
rounding the metal. Fig. XII: 4a shows two screws
(von Bahr) after surgical repair of a fracture of the
medial aspect of the femoral neck. The screws are

ELECTROLYTE

Anodic

Cathodic

@,

Fig. XII: 3. Schematic explanation of *uncomplicated corro-
sion”, The driving force is found between relatively anodic
and cathodic regions in the metal. The dissolved iron in the
anodic region recombines with hydroxyl ions to form
Fe(OH); as a “line” (*) adjacent to the metal. No corrosion
takes place in the cathodic, electron-donating metal.

correctly aligned. The round margin of the head of the
femur shows a smooth cortical contour. Trabeculae
appear normal. Two years later, two different views
(Fig. XII: 4 b, c) exposed during the same examination
show a radiopaque line in bone around the more crani-
al screw in portions distal to the head. No correspond-
ing radiopaque line is seen in bone along the other
screws. Fig. XII: 4 b and ¢ also show that the cranial
screw is situated close to a fracture line (arrow) divid-
ing the femoral head into two parts. The cranial frag-
ment (left) shows an irregular bone-cartilage contour
and irregularly calcified and decalcified regions, as in
developing necrosis. The inferior part (right) of the
femoral head shows normal bone, including the bone-
cartilage contour. This patient complained of some
pain in the hip, but no clinical signs of local infection
were present. The presence of a radiopaque line in
bone along only one of the two hip screws and outside
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Fig. XII:4. “Complicated corrosion”. Radiographic appear-
ance of a human hip after surgery. (a) Two screws in position
after operation for fracture of the femoral neck. Note normal
bony trabeculae and the cortical margin of the femoral head.
(b and ¢) Two projections of the hip two years after operation.
The femoral head is split in two (cortical fracture, arrow).
The cranial (left) part is necrotic. The bone-cartilage inter-
face is irregular and bony structures are blurred and irregu-
lar. A metal deposit distal to the region of necrosis surrounds
the cranial screw. No metal deposit is seen around the part of
the screw which is in necrotic bone. No metallic line is pre-

the necrotizing fragment in the femoral head here
suggests the development of “complicated corrosion”,
Fig. XII: 5 tentatively describes this corrosion process.

The fundamental characteristic of *‘complicated cor-
rosion™ is that the driving potential emerges between,
e.g., a metal and a dynamically changing local process
in rissue, from which catabolic energy is liberated.
Such a process here localized to the lateral side of the
femoral head (Tissue I} may be a result of hypoxic
degradation of various components of injured bone
tissue and accumulated blood. An adjacent prosthesis
which consists of different metals may further influ-
ence the catabolic reactions by the various catalytic
properties of the metals. The multtude of reactions
involved in these processes are difficult to define for
various reasons. Reactants and reaction products can,
e.g., be anticipated to be exposed 1o modulations by
selective transports within closed electric circuits.
Some of the possible events in complicated corrosion
will nevertheless be briefly discussed.

During an ecarly phase of hypoxic degradation the
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sent adjacent to the other screw,

Evidence in the text suggests that injured tissue in the ne-
crotic part of the femoral head creates an electrochemical po-
larization (“injury potential’) in relation to the metal and the
normal tissue in the trochanter and neck. The screw consti-
tutes one branch and the intercellular tissue fluid the other
branch of an electrically closed circuit. Another closed elec-
tric circuit, coupled in parallel, is created by a vascular-inter-
stitial connection between the injured and normal tissue (see
also Fig. XII: 8).

tissue will become acid, mainly as a result of hypoxic
degradation of glucose into lactic acid (38). Anaerobic
glycolysis will further increase the amount of ATP
which, by hypoxic hydrolysis, contributes to tissue
acidity:

ATP+H,0—-ADP+H" +energy+phosphate.

In previously reported experiments on spontaneous
degradation of blood, an initial decrease of pH was
observed (page 70). It has further been suggested that
the first biochemical manifestation of tissue injury is a
loss of ATP (37). Irrespective of its mode of develop-
ment the initial acidity may explain the common radio-
logic observation of calciolytic areas in recently injured
bone. It should be noted, however, that hydrolysis of
ATP is used in Fig. XII:5 only as one example of
possible reactions which may contribute to make Tis-
sue I initally acid and as one reaction capable to
deliver phosphate ions, a necessary component for the
eventual precipitation of apatite. Other sources for
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Fig. XII: 5. “Complicated corrosion”, schematic illustra-
tion. No initially anodic and cathodic regions of metal are
necessary in this type of corrosion. In time, the chemical ac-
tivity of tissue fluids and tissue currents may secondarily po-
larize the metal. Injury to tissue, e.g., local necrosis or infec-
tion, releases electrochemical energy, which supplies the
driving force. Acidity, produced in the “calciolytic phase™
by the degrading Tissue I, dissolves calcium and iron ions,

production of phosphate ions as phosphocreatin, phos-
phoarginine and polymetaphosphate are even more
likely to supply the tissue with substantial amounts of
phosphate for a subsequent precipitation of apatite,
The initial acidic {(calciolytic) phase of complicated
corrosion can not lead to the development of a precipi-
tation “line” as in uncomplicated corrosion because of
extensive acidity in Tissue I. The decalcified areas
further make the entire matrix irregular which should
counteract the development of a regular *‘line” of
precipitated Fe(OH); and later Fe;O;. As long as the
tissue is acid, calcium ions and dissolved ions from the
implant and protons will spread by diffusion (and
migration in the closed circuit) in the injured tissue:

e.g., Ca(Anion);+2H" — 2H(Anion)+Ca®*
Fe—Felt+2e".

Because circulation is impaired to the damaged tissue
{which in itself is likely to induce an hypoxic injury
reaction), the surrounding tissue fluid is restricted in

which then precipitate in the alkaline “mineralization phase™
as complex calcium phosphate (apatite) and as Fe,(PO,);.
Local sites of decalcification and calcium deposition are pro-
duced in Tissue I in this way. The precipitation “line" is
produced as Fe{OH); (and later, as Fe;O0; - nH;() when
there is a net dissolution of metallic iron in Tissue I1. BCEC
= biologically closed electric circuits.

its ability to buffer the local reactions. Protons will,
however, diffuse and migrate more rapidly than phos-
phate ions and eventually combine with hydroxyl ions,
diffusing from Tissue II, to form water. Such con-
sumption of protons may lead to an increasing accu-
mulation of phosphate ions. During these events, elec-
trons are produced in the metal adjacent to Tissue I,
i.e., this part of the screw becomes electronegative.
Electrons flow then to the relatively electropositive
metal next to Tissue II. The metal then delivers elec-
trons to the tissue oxygen. Tissue I is not hypoxic, so
oxygen is available:

0;+2H;0+4¢~ — 4(OH) .

Because the circulation of blood is relatively intact in
Tissue II, the alkaline reaction there will, however, be
counteracted to some extent by the buffering and cir-
culation of tissue fluids. During a late stage of the
development of complicated corrosion, the morpho-
logic appearance of the tissues (Fig. XII: 4 b, ¢) gives a
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hint to a drastic change of the tissue reactions: The
anoxic Tissue I enters a phase of mineralization with
irregular calcifications and the well oxygenized Tissue
II shows a “line” of precipitation adjacent to the
metal. These changes indicate that a reversal of flow of
current must have taken place in the closed circuit.

The biochemical reactions leading to these changes
seem to be at least as complicated as those of the
calciolvtic phase. Associated events will only be pre-
liminary discussed as follows:

The increasing accumulation of phosphate ions in
Tissue I drives it toward the mineralization phase (Fig.
XII: 5, right side). The question now arises whether
this suggested relative accumulation of phosphate ions
in Tissue I is sufficient to reverse the overall electric
polarity of the system. This question is critical: a
change of polarity of the injured tissue must be a
prerequisite for an inflow of cations such as calcium
and magnesium. It is, however, from an energetic
point of view unlikely that proton loss and phosphate
accumulation alone should be sufficient to reverse the
polarity of the injured tissue. This preliminary expla-
nation of “complicated corrosion™ does, on the other
hand, not exclude the contribution of other biochemical
reactions to such events. By diffusion or by closed
circuit transports between Tissues I and II, oxidizing
substances may accumulate in Tissue I. Similarly,
reducing substances may accumulate in Tissue I1. It is
furthermore possible that these substances are also to
some degree produced locally in Tissues I and II. Such
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Fig. XII:6. Sequence of reaction steps in ter-
minal oxidation of cellular respiration (from
Jordan).

events should also be included in a discussion of rever-
sal of polarity between Tissues I and II.

Several possibilities exist to support biochemical re-
versal of the driving potential in the reactions. Electric
potential fluctuating between an injured tissue and a
noninjured tissue over a closed circuit will now be
presented as a preliminary hypothesis. These consider-
ations are based mainly on information on degradation
of tissue collected by Lehninger (38), Wilson, Dutton
and Wagner (81) and Jordan (30).

A large number of enzymes and substrates partici-
pating in degrading processes react with groups capa-
ble of acting as general acids or general bases, e.g.,
amino, carboxyl, sulfhydryl, phenolic hydroxyl and
imidazole groups. However, an anodic phase of de-
grading tissue should not be able to enter a catho-
dic phase as a result of a single reaction. An alter-
native possibility might be that different reactions
are superimposed on preceding phases of enzyme-
catalyzed reactions, as the maximum velocity for each
reaction takes place at different pH. In this way,
sequences of electron-donating and electron-ac-
cepting enzyme reacticns may produce fluctuations of
the electric potential of the degrading tissue as the
whole process drives toward equilibrium. Examples of
such sequences are known, as in the electron transfer
reactions of haemoproteins. Thus, Jordan (30) has
described a redox potential cascade for the terminal
oxidation chain of cellular respiration of the overall
reaction:
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as shown in Fig. XII:6.

Malate is not directly oxygenized in the presence of
oxygen. The oxidation to oxalacetate occurs, however,
rapidly via the intermediate steps shown in Fig.
XII: 6. This leads to a potential difference of more
than 1 V, even though the potential differences for
successive steps are small. It is also known that exer-
gonic reactions (with a negative standard-free-energy)
may change, e.g., the oxidation of glucose to water and
carbon dioxide (AG® =—686 kcal mol™') into an en-
dergonic esterification of glucose and phosphate to
glucose G-phosphate and water, which presents a posi-
tive standard-free-energy change (AG*'=3.3 kcal
mol ™ "). Such reactions may be generally expressed as:

Exergonic A+B — C+D+energy (AG® negative)
Endergonic energy (AG” positive)+ E+F — G+H.

How sequences of oxidizing and reducing reactions
may change the direction of electron flow, or to which
individual step or steps of a sequence should be attrib-
uted such functions in necrotizing tissue, e.g., bone, is
presently not predictable. These mechanisms appear
also to depend to a large extent on the function of
adjacent normal tissue.

Polarization products will also form at the cathodic
metal surface during the calciolytic phase. This devel-
opment should impair the diffusion of oxygen toward
the cathode. It should also facilitate a reversal of the
direction of electron flow.

The proposal of fluctuating and attenuating driving
forces between Tissues I and II is based partly on the
studies on injury potentials in tumours and spontane-
ously degrading sterile blood (Chapter VII), and partly
on the physical fact that all known spontaneous reac-
tions proceed in a fluctuating, attenuating fashion to-
ward equilibrium. It is inconceivable, moreover, to
assume that the induction of a degrading process in
vivo should proceed under the influence of a unidirec-
tional gradient of potential between the injured and
surrounding normal tissue, simply because new distor-
tions of the ionic compositions at the reaction sites
would then be created. Acceptance of a fluctuating
injury potential between Tissues I and II also makes it
possible to understand many biologic transformations
which otherwise are difficult to explain.

The early acidic phase of Tissue I is proposed to
dissolve calcium in the bone matrix, hence this is here
called the “calciolytic phase®. Local decalcifications in
bone are commonly seen radiographically after bone
injury, e.g., trauma.

Direct evidence of a change of Tissue I from an
acidic, “calciolytic phase” into an alkaline “‘mineral-
ization phase” is encountered in the development of
radiographically evident, irregular zones of calcifica-
tion, appearing in previously decalcified bone. This
mineralization may now be explained as a result of
inflow of calcium and magnesium ions as a selective
transport over the closed electric circuit under the
influence of the now cathodic reaction of the tissue.
Local phosphate ions, in the meantime, are lagging in
the process of diffusion in the degrading tissue and are
therefore available for recombination with calcium and
magnesium ions into complex calcium-magnesium-
phosphate salts as apatite. The development of decalci-
fied and calcified regions, which are radiographically
common in aseptic necrosis or other kinds of bone
injury, now in principle can be explained. As will also
be shown later (Chapter XVI), the same principle can
be applied experimentally to produce microcalcifica-
tions in breast fat tissue.

How does iron now appear as a precipitation line in
the normal Tissue II? First, we may anticipate that
hydroxyl ions remain in Tissue II from the phase when
this tissue was an electron acceptor. When the polarity
changes so that Tissue I consumes electrons, Tissue II
accumulates dissolving iron ions from the adjacent
metal, which delivers electrons:

Fe — Fe?* +2e".

Fe’* ions then diffuse and migrate away from the
metal surface to a region in Tissue II where the pH is
favourable for the combination of Fe’* with remain-
ing hydroxyl ions, to form insoluble Fe{OH); (and
later, FCzD; . ﬂH;DJ.

Local sites with increased x-ray attenuation in Tis-
sue I are generally regarded as caused by deposition of
calcium. It should not be surprising, however, if fu-
ture analyses will show that these sites also include
precipitated iron, dissolved during the acidic phase of
Tissue 1.

This preliminary description of “‘complicated corro-
sion” is simplified and incomplete in many respects. It
probably represents only one of several possible expla-
nations. Metal implants consist of different combina-
tions of metals, two of which are presented in Table
XII: 1. Dissolving of iron in stainless steels in active
states is accompanied by similar reactions of chromi-
um, nickel, molybdenum and manganese. Further-
more, one may expect that in the tissue fluid various
compounds, not considered here, must also induce
reactions with the implant.
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The characteristic appearance of metallic precipita-
tion as a line structure in radiographs will now be
considered.

3. The precipitation line

Dissolved metal has been chemically identified adja-
cent to metal in bony tissue by Ferguson, Laing and
Hodge (16). Its constituent chemicals are most likely
FE(OH]; and FE;D; - HHED.

During the mineralization phase of anoxic necrosis,
the necrotic Tissue [ consumes electrons from the
metal (Fig. XII: 7a). The dissolving metal adjacent to
Tissue II donates electrons to the implant (Fig.
XII: 7 B). A cross section of the implant (Fig. XII:7¢)
shows the precipitation of Fe(OH); as a ring. Its
development can most easily be explained like that of
the “A" and “B" zones of semolina grains around a
charged body (Fig. X: 1a, 7b). Closed circuit electric
field forces compete with the radial, circular and longi-
tudinal vectors of concentration forces (Fig. X: 3). The
precipitate appears in cross section as a “B” zone
separated by an A" zone from the metal.

These zones also represent two different phases in
which preferential adsorption and local concentration
take place at their interface (the small arches and
arcades previously described between the “A" and
“B” zones around a lung umour are also sometimes
seen radiographically as a thin adsorption line of high-
er attenuation of x-rays than the surroundings). The
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line of Fe(OH); or Fe;0; - nH,0 in bone adjacent to
a metal does, of course, not appear as arches but rather
as one complete arcade, which is a circular ring (pro-
vided the metallic surface is circular and smooth).
Only when small edges protrude from the metal can
the precipitation line of the iron compounds be pre-
dicted to appear in the cross section as a line of small
arches corresponding to the edges.

Alternative explanations also must be considered in
the development of a precipitation line. Thus, metal in
a passive state (e.g., stainless steel) is known to dis-
solve slowly in any oxygenized environment, leading
to secondary diffusion and precipitation of metal hy-
droxide of low solubility. Such a mechanism is very
likely to be involved in the events described, but only
as a partially contributing mechanism. Other modifi-
cations of bone structures adjacent to the implant can
also become induced as a result of toxic effects on cells
by dissolved metals. Such injuries enhance conductiv-
ity of BCEC systems, leading to a gradual increase in
intensity of all associated closed circuit reactions.

4. Dynamic factors in in vivo corrosion

The uncomplicated and complicated types of in vivo
corrosion have thus far for didactic purposes been
described as instantaneous stationary situations. Bio-
logically, the actual condition must be different. It is
even unrealistic to assume that uncomplicated or com-
plicated corrosions exist as isolated phenomena. One
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or the other type may more or less dominate. A third
important factor will now be introduced: the modify-
ing influence of surrounding normal tissue.

In the theoretical situation of “pure” uncomplicated
corrosion, substances are produced at the sites of re-
dox reactions. These materials lead to a local decrease
of entropy, which in turn induce a new spontaneous
drive toward an equilibrium.

In the theoretical situation of “pure” complicated
corrosion, polarization in tissue represents the driving
force, characterized by a catabolic, fTuctuating injury
potential. During the process of healing, however, the
injured tissue will interact not only with the adjacent
metal implant but also with the surrounding normal
tissue, as in any other healing process. The modifying
effects of the normal tissue are also characterized by its
own normally fluctuating, metabolic demand poten-
tials. These three partial components may influence
each other in varying ways in an overall physicochemi-
cal corrosion reaction driving toward equilibrium. The
dynamic interaction of such a system is outlined in
Fig. XII: 8 in terms of relative polarity and direction
of charge transports in tissue-metal corrosion. It may
be seen that in certain phases any of the reactants may
be anodic or cathodic. Locally decalcified and calcified
irregular regions in necrotizing bone are now nearly
ready to be linked to the described dynamic correla-
tions between injured and surrounding noninjured tis-
sue.

A practical message from this presentation is that a
radiographic “line” adjacent to a metallic implant in
bone is not necessarily a sign of poor fixation of the
implant. It may be caused by relatively harmless un-
complicated corrosion. On the other hand, corrosion
of an implant is not always synonymous with the
classical “‘uncomplicated” example of relatively anodic
and cathodic parts in the metal. Corrosion in living
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tissue, in the author’s opinion, is quite complex and
depends to a large extent on the activities of both
pathologic and normal tissue adjacent to the metal.

In analyzing these events, the reader must recognize
a recurrent issue: the radiographically visible, in vivo
modifications of tissue structures are created by driv-
ing forces which are separated by long distances. Such
conversions of energy over long distances can only take
place in combination with electric transports over suit-
able conducting channels, i.e., biologically closed elec-
tric circuits.

5. Pathways for the electric current

To explain the morphologic background of biological-
ly closed circuits is not simple, even in uncomplicated
corrosion. The surface of an iron nail immersed in
salt water, for instance, 15 in contact with the
conducting salt solution. The redox reactions neces-
sary for corrosion always require a closed circuit, It
can be assumed that this circuit contains one branch
within the metal, providing transport of electrons be-
tween the relatively anodic and cathodic sites. The
electrolyte and water provide the other branch of the
electric transport units. The water molecules, by their
dielectric properties, then can be regarded as an insu-
lating and channelizing but movable matrix for the
solute,

In the case of complicated corrosion invelving nor-
mal tissue, pathologic tissue and metal, as proposed in
Fig. XII: 8, an explanation for closed circuit ionic
exchange berween normal and pathologic tissues has
heretofore been lacking. One conducting branch is
obviously formed by the electrically conducting inter-
stitial fluid in the interstitial tissue channels. To com-
plete the circuit, however, requires another branch.
The following section deals with this problem.
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B. A biologically closed
electric circuit over
vascular-interstitial
conducting channels

This circuit will first be described on the basis of some
preliminary observations:

Any vascularized part of the body can in principle
contain this circuit. It contains five main components:
1. insulating walls of blood wvessels, 2. conducting
intravascular plasma, 3. insulating tissue matrix (pos-
sibly including lymph vessels), 4. conducting intersti-
tial fluid, 5. electrical junctions for redox reactions.

An entirely new function is now ascribed to the
vascular system. As will be seen, the walls of large
blood vessels insulate electrically (within certain lim-

Fig. XII:9. Suggested biologically closed electric circuit in a
lung with a necrotic tumour. One branch of the cir-

cuit is the plasma in blood vessels, the other is the interstinal
fluid in the lung. The major driving force in the system is the
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its) the conducting medium of blood, i.e., plasma,
from extravascular interstitial fluid, which also is con-
ducting. One essential junction exists between plasma
and interstitial fluid: the capillary membranes, which
allow an exchange of water and electrolytes berween
the two fluid branches. The normal physiologic activi-
ties of cells, of a region of tissue or of an entire organ
will present gradients of electric potential compared to
surrounding or distant cells, tissues or organs contain-
ing different metabolic, physicochemical potentials.
Given the presence of a biologically closed electric
circuit, energy exchange will take place between such
sites. Structural modifications and functional effects
will follow. In a conventional sense the movement of
fluids mechanically transports ions and other neces-
sary materials to reaction sites in tissue. The existence
of an additional pathway for energy exchange over a
biologically closed electric circuit not only promotes

local electrochemical difference berween surrounding tissue
and degrading tissue, e.g., necrosis inside the tumour. For
simplicity, this example considers only the systemic circula-
tion. For further discussion, see text.
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Fig. XII: 10. Bronchial arteriogram, outlining the arteries
supplyving a bronchogenic carcinoma and other bronchial
structures in the right upper lobe of a 52-vear-old man. A
catheter (arrow) has been placed in the aorta with its tipin a

selective exchanges of ions but also permits reactions
among distantly situated regions of tissue. In a closed
circuit, energy exchange and reaction effects are possi-
ble at sites which are in the circuit but separated from
the location of the driving forces of the system.

Given this introduction, the structure of such a
circuit will next be described.

1. Structure of the vascular-interstitial
closed circuit (VICC)

The principle of electric communications over bron-
chial arteries and interstitial fluid between a necrotiz-
ing lung tumour and adjacent lung is surveyed in Fig.
XII: 9. It is understood that similar circuits also exist
over bronchial veins, pulmonary arteries and veins and
lymphatic vessels. The anticipated regions for ionic
diffusion and redox transfer of electric charges are not
indicated.

The bronchial arteries are of particular interest in

right bronchial artery. Radiographic contrast fills numerous
pathological vessels in the tumour as well as vessels supply-
ing blood to tissues surrounding the tumour,

the lung because they are nutritional vessels in bron-
chogenic carcinomas.

The distribution of the bronchial arteries can be
studied by techniques developed by the author for
infusing the bronchial arteries in dogs (42, 43) and
man (44). Fig. XII: 10 illustrates a right bronchial
arteriogram in a patient with a poorly differentiated
squamous cell carcinoma of the right upper lobe. The
right bronchial artery supplies numerous pathological
vessels to the tumour. As the cancer grows, it may
erode or thrombose the bronchial arterial branches
which supply it, thereby causing local haemorrhage or
necrosis. Usually the centre of a tumour is most sub-
ject to such dystrophic changes.

The living cells at the periphery of a tumour act as a
“semipermeable™ sieve or barrier between the sur-
roundings and central necrosis in the tumour. This
property may at first inspection not be guite obvious.

A prerequisite for continued life of any normal or
pathological tissue is a functioning intercellular system
of communicating channels for water, electrolytes, nu-
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trients and wastes. The actual distance between cell
surfaces in normal tissue has been estimated between
10 to 20 A (3) or 100 to 200 A, according to evidence
from electron micrographs (15). The tissue matrix can
therefore be considered as a kind of sieve.

Many neoplasms make a tissue firmer and denser
than surrounding normal tissue., The sieve function of
the individual interstitial channels of such tumours
will therefore be increased compared to the channels in
the surrounding normal tissue. Hence, the network of
interstitial channels in a tumour potentially constitutes
a relative barrier to interstitial flow, i.e., a “tumour
barrier™.

On both sides of a tumour barrier nonpermeable
bodies may be found, i.e., macromolecules, cellular
debris and fragments, and whole cells such as individ-
ual erythrocytes, leukocytes, thrombocytes, macro-
phages and tumour cells. Such units usually carry net
electric charges. Consequently they will be transported
electrophoretically in a closed circuit. Many such bio-
logical units may then be too large o pass through the
intercellular spaces of an organized tissue. In this sense
the intercellular sieve of a tumour acts as a barrier
where material can be adsorbed or trapped by diffu-
sion and closed electric transports.

2. Resistivity of tissue and body fluids

The conductances of different tissues have been deter-
mined by a number of investigators (19-21, 32, 55, 62,
63). It has long been known that living cells become
polarized by electric fields, as is the case with dielec-
tric materials. This property gives cells low resistance
for high frequency currents and increasingly high re-
sistance as frequency decreases. It also means in gener-
al that cells possess high resistance for DC currents.

The impedances of organ tissues have been deter-
mined in vivo by Schwan and Kay (64) to be too small
to influence significantly common ecg tracings. In
studies of impedance of various human tissue exposed
to low frequency alternating currents (Table XII: 3},
they found the following values for specific resistance
{ = resistivity) in situ:

Table XII: 3. Reststivity of tissues, according to Schwan and
Kay

Resistivity

£3m 10cps 100cps 1 000 cps 10 000 cps
Lung 11.20 10.90 10.40 9,50
Muscle 9.65 B.BO B.30 7.60
Liver 8.40 .00 7.65 6.85
Heart muscle 2.65 9.25 £.45

Fatty tissue 15.00-50.00
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Table XII: 4. Resistivity of tissue and body flinds, according to
Kaufman and Fohnston (£2m)

Resistivity Resistivity

pre-biol. post-biol.
Specimen calibr. calibr.
Lung, inspiration 7.66 7.44
Lung, superinflation 13.67
Lung, deflation 4.01
Muscle 7.11 5.75
Liver 6.72 5.06
Heart 2.24 2.07
Pericardium 4.34 4.05
Foot 22.05 18.08
Serum 1.78 0.98
Blood 2.30 175

The average resistivity of these tissues, about 10
ohm-m, may be compared with the resistivity of blood
of only about one ohm-m, according to Schwan and
Kay {64).

Measurements of tissue resistivity have often yield-
ed widely ranging results, which Kaufman and John-
ston have ascribed to great technical difficulties en-
countered in attempting to obtain such measurements
in living tssues (32). They obtained the following
average values for resistivity of human tissues (Table
XII: 4), using pulses of 500 to 10000 Hz. Note that the
values of resistivity decreased (*‘post-biol, calibr.™) at
the end of the experiments.

Most determinations of resistivity in tissues have
been made in vitro, a few in vivo. Galeotti noted
differences before and after death (21) and Crile, et al.,
found that the resistivity of all measured tissues de-
creased with time after removal from the body (14).

Resistivity of walls of blood vessel, in the experi-
ments shortly to be described (see Section 3, page
125), was shown to require in vivo conditions as well
as great care to avoid damage to the vessel walls and to
the vasa vasorum (otherwise, wall resistance rapidly
decreased). Geddes and Baker have reviewed the elec-
tric properties of tissues (22). From this report, certain
figures of tissue resistivity will be cited.

The resistivity of dog cardiac muscle has been found
to differ by a ratio of 2.2 to 1 when measured parallel
and transverse to the direction of the fibres (58). At
average body temperature, low frequency resistivity
for random orientation in canine cardiac muscle was
estimated to be 7.5 ohm-m. In studies of skeletal mus-
cles, the resistivities along and across the fibres also
showed large differences.

In the lung, determinations of resistivity have been
made in vivo by many authors (14, 21, 32, 34, 38).
During maximum inspiration and expiration, the re-
sistivity of lung tissue in the dog varied between 21.70
and 4.01 ohm-m (average mean, 12.75).



The resistivity of human kidney is about 1 ochm-m
and for other mammals about 3.7 ochm-m (21, 28, 34,
45),

The liver shows at “low frequencies” and at body
temperature a variable range of resistvity (5.9-11.0
ohm-m), average 8.2 chm-m (28, 45, 58, 62).

Nerve rissue fibres show notable differences between
transverse and longitudinal resistivities in cow, pig and
rabbit brain (51).

Human adipose nissue shows resistivity values of 27.3
ohm-m at 200-900 MHz, and values of 28.80 ochm-m
at low frequencies in canine fat (28, 58, 62).

Bone shows high resistivity. Hemingway and
McLendon found a resistivity of 18.0 ochm-m in hu-
man bone (28) and Osswald average values between
37.0 and 62.0 ochm-m in cow and pig (45).

Diifferent body fluids such as cerebrospinal fluid, bile,
amniotic fluid and urine all contain electrolytes and
have therefore considerably lower resistivity than cel-
lular biclogical tissues. Cerebrospinal fluid has a resis-
tivity of 0.64 ohm-m at 1 kHz, bile 0.59-0.76 ohm-m
at 50 kHz, and ammionc flud 0.49-0.65 ohm-m at
1 kHz. 0.9 % saline solution has a resistivity of 0.7 ohm-
m at 20°C and 0.50 chm-m at 37°C, both determined
at 1 kHz (8, 22, 45, 62).

Resistivity of blood has been studied rather exten-
sively (8, 14, 20, 21, 32, 34, 41, 45, 49, 56, 62, 67).
The resistivity of human blood varies with haematocrit
and temperature. Thus, 34.4% haematocrit gives a
resistivity at 37°C of 1.38 ohm-m, and 1.80 ochm-m at a
haematocrit of 56.4 % (56). Kinnen, et al., found 1.55
ohm-m in dog blood at 41 % haematocrit; Rush, et al.,
1.60 ochm-m with 0.1 sec DC pulses (34, 58),

It is known that turbulence of blood diminishes its
resistance. Thus, a resistivity of 1.54 chm-m was re-
ported (41) in flowing venous blood (at 120 kHz test
current). For small densities of current, blood 1s
equivalent electrically to a resistor in series with a
capacitor (19, 20, 74). The specific capacity of blood in
man is due to the red corpuscles and amounts to a few
hundred picofarads, while the specific resistance is
about 1.9 chm-m at low frequencies. Extrapolated to
infinitely high frequencies, the specific resistance of
blood is 1.24 ochm-m (19). It has also been pointed out
that the capacity of the blood corpuscles is indepen-
dent of the frequency of the electric current, and that
the capacity stays constant when the corpuscles are
suspended in different media, as long as the shape of
the corpuscles does not change (19). This indicates
that the capacity represents a static property of a thin
surface membrane of dielectric material. The high
resistance of the blood cell is therefore due w its
membrane, while the interior is highly conductive.

The resistivity of human blood at 37°C 1s 1.60 ochm-m
and that of plasma 0.70 ohm-m, according to other
studies (8, 19, 62). This value of specific resistance for

plasma does not differ very much from that of physio-
logical saline solution, which amounts to 0.72 ohm-m
at 18°C (8). According to Rosenthal and Tobias (56),
human blood plasma shows an average of 0.61 to 0.67
ohm-m at 1 kHz. Dog serum shows an average of 1.38
ohm-m at 1 kHz, according to Kaufman and Burger,
who also found a resistivity of 0.65 ochm-m in cow
plasma (8, 32). Fricke found that calf serum had a
resistivity of 0.894 ochm-m at 87 kHz (19), which is
comparable to that of saline solution and interstitial
fluid.

There is no doubt that the cell membranes in orga-
nized tissue are responsible for the high specific resis-
tances of different organs, including whole blood. The
predominant conducting media in organs are found in
their intercellular fluid, secretions and plasma. Plasma
is in this respect almost comparable with physiologic
saline solution.

The ionic and nonionic concentrations of blood are
not constant. They vary, for instance, as a result of
food intake, starvation, dehydration, acid-base alter-
ations and other metabolic changes which can be as-
sumed to change the conductivity of blood plasma and
interstitial fluid. Local variations of water content in
the tissue should also produce changes in conductivity
(the sudden change in ecg amplitudes as an electrode is
moved through a hydropenic “A" zone into a hydropic
“B" zone in the lung may be explained by variations in
water content; see also Figs. VI: 21, XVI: 16).

Previous determinations of resistivity of tissues have
often regarded tissues as homogeneous “bulk’™ materi-
als. Examples are the total effect of tissue impedance
in electrocardiography or in electric accidents with
large densities of current. The resistivity of one specif-
ic tissue now becomes important: the proposed hy-
pothesis of wvascular-interstitial conducting channels
requires information concerning the resistivity of the
walls of blood vessels.

3. Resistivity of the walls of blood vessels

A hypothetical picture of the physical and chemical
properties of the arterial wall has been presented by
Sawvyers, et al. (60). The intimal surface of the vessel is
composed partly of mucopolysaccharides containing
sulfate and carboxylate groups. This chemical struc-
ture gives the intima, compared to blood, a net poten-
tial of =3 o =13 mV (59). This negative inner surface
should therefore repel platelets, ervthrocytes and other
blood corpuscles, which also are negatively charged.
Furthermore, the vessel wall should tend to adsorb
positively charged ions. Any injury to the intima will
locally make it positively charged and induce local
thrombosis (39, 61). Thrombosis can also be produced
by applying electrodes to the intima. Thrombi will be
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Fig. XII: 11, In vivo determination of resistivity of a blood
vessel of a dog. (@) A glass tube has been inserted through a
branch of the femoral vein. Another glass tube was placed
opposite the first tube against the external wall of the vein.
The distance between the tubes was determined by a spring-
loaded measuring device, which also held the mbes, Separate

produced only at the anode, while formation of clot is
inhibited at the cathode (59, 61). The outer surface of
vessel walls, meanwhile, is positively charged (60, 61).

The resistive properties of vessel walls will now be
studied experimentally.

a) Alternating current

Resistivity was determined for the femoral veins and
arteries of 5 dogs.

Anaesthesia (intravenous sodium pentobarbital) was
administered through a catheter placed in the vein of a
foreleg. The femoral artery and vein were surgically
exposed. Two glass tubes (internal diameter 1.3 mm,
external diameter 1.8 mm, surface area at the end of
cach tube 1.3267 mm?®) were each provided with two
platinum strings, one ending 1.2 cm from the tip for
measuring potential differences over the vessel wall
and one 5.2 cm from the tip to supply current. One
tube was inserted through a perpendicular branch of
the vessel, allowing the tip of the tube to be placed
against the opposite internal vessel wall. The other
glass be was placed at the corresponding place
against the external vessel wall. The tubes were cen-
tered against each other and held in place with two
plastic holders connected to a spring-loaded precision
instrument for determining distances (accuracy +0.01
mm at a constant total pressure of 30 g) (Fig.
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pairs of platinum electrodes positioned in the glass tubes
supplied current and measured the voltage difference across
the vessel wall. Conducting fluid in the glass tubes is 0.9 %
saline solution. () Even slight but continuous pressure by
the glass tubes may produce ischaemic injury at the vascular
measuring site, here seen as a white spot (arrow).

XII: 11 a). The frictional resistance of the spring-load-
ing branch was overcome by gently tapping on it with
a pair of pliers. The tubes were filled with 0.9 % NaCl
solution.

The femoral artery and vein had to be freely dissect-
ed to apply the electrode tubes. Some damage to the
vessel walls and vasa vasorum could not be entirely
avoided. The duration of spring-loaded pressure on
the glass tubes was kept as short as possible (circa 10
minutes) in order to minimize mechanical and circula-
tory injury to the vessel wall. Nevertheless, a small
white spot, a sign of focal hypoxic injury, developed
rather rapidly (after about 5 minutes) around the ex-
ternal glass tube (Fig. XII: 11 5).

The resistivities were determined by an automatic
recording system for measuring biological impedances,
developed and described by Tedner (73). The actual
determinations of resistivity of the vessel walls and test
liquids were carried out in cooperation with Mr B. T,
Tedner (M.Sc.) and Mr H. Larsson (M.Sc.). In this
system, a constant current of 10 «A is sent through the
test object via the outer platinum electrodes in the
glass tubes and an external reference resistor. The
potentials developed between the measuring electrodes
and over the reference resistor are then fed into two
differential amplifiers via four high-impedance input
amplifiers. The outputs from the differential amplifi-
ers are connected to a network analyser system which



Amplitude

Fig. XII: 12, Amplitudes of potential
drop across walls of blood vessels (dog)
by alternating current of different fre-
quencies. A 10 microampere constant
current ranged in frequency from 100
to 1| MHz over (a) 0.9% NaCl, (k) wall
of femoral vein, (¢) wall of femoral ar-
tery, (d) wall of femoral artery after
small local injury of the vessel, Each
tracing consists of recordings from 160
discrete, logarithmically spaced fre-
gquencies. Samples for determination
of resistivity were compared ag 10
kHz. From these recordings imped-
ance values and then resistivities were
calculated.

100

measures amplitude ratio and phase angle between the
inputs at a given frequency. This system consists of a
digital synthesizer and a network analyser controlled
by a calculator. The ratio between the two potentials is
recorded. Because amplitude readings are obtained in
decibels, the impedance is calculated from

Z=R10%®%

where Z is the impedance, R the reference resistance
and dB the amplitude value determined by the ana-
lyser. The calculator is programmed to sweep auto-
matically from one hundred Hz to one MHz at 160
logarithmically-spaced discrete frequencies. The resis-
tivity o of the vessel wall is then calculated according
to the formula

R A
o= N where R, =Z-R,

and [ is the thickness of the vessel wall, A the internal
cross-sectional area of the glass tube (1.3267 mm?), R,
the resistance of the vessel wall and R, the resistance
of the column of saline solution between the measuring
electrodes. R, is determined by subtraction of R, from
Z, the total resistance. The measurements of the saline
solutions were made at temperatures ranging from
23°C to body temperature, yielding resistivity values of
0.70 to 0.62 ohm-m at 1 to 10 kHz, which is in good
agreement with earlier values from the literature (8,
22).

Fig. XII:12 shows amplitude curves at different
frequencies for (a) saline solution, (k) fresh vein and
{c) fresh arterial walls in situ. An example (d) is also

1k 10k

Iﬂd k ™
Frequency(Hz)

given of the effect on resistivity of an arterial wall in
situ after the production of a visible local ischaemic
tissue injury.

The amplitude curves in Fig. XII: 12 show a rela-
tively rapid fall around 10 kHz, which is interpreted as
caused by the lowering of the inductive resistance by
high frequencies. Below 10 kHz the prominence of
this effect decreases.

The resistivities of the femoral arteries and veins in
20 measurements of the 5 dogs were compared with
the resistivity of 0.9% NaCl (0.62 ohm-m at 23°C).
The immediate determinations of resistivities of the
vessel walls, before obvious damage was produced by
the glass tubes, showed values for the vein varving
between 60 to 116 ohm-m at 1 kHz and 20 to 79 ohm-
m at 10 kHz and 37°C. For the artery, values of
81=121 ohm-m were obtained at 1 kHz and 45-67
ohm-m at 10 kHz and 37°C.

The variations depended partly on the difficulties of
measuring the thickness of the vessel walls, which
varied between 0.03-0.05 mm for the vein and
0.10-0.15 mm for the arterv. Two other factors were
the injury necessitated by the dissection of the vessels
free from surrounding tissues, which may have partly
damaged the vasa vasorum, and the direct damage by
the glass tubes. Values of resistivity decreased at the
end of each examination. For example, examination of
an artery which had a directly visible ischaemic region
around the glass tube gave 36 to 54 ohm-m at 1 kHz
and 8.0 to 11.5 ohm-m at 10 kHz (Fig. XII: 124).

The results of these examinations indicate clearly
that the resistivity of femoral arteries and veins is of an
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Fig. X1I:13. In vive determination of resistivity to DC
pulses across the wall of a dog's femoral artery. Method of
Burger and van Milaan: amplitudes (¢ A) and potential dif-
ferences (mV} when 50 and 150 mV pulses were applied
(pulse duration: 0.5 second). The distortions in the tracings
are caused by polarization of the electrodes. Initial deflec-
tions were used to obtain a relative measure of resistivity.

Applied voltage
150 mV

\_

order at least 100 to 150 times higher than the
resistivity of saline solution, which in turn is known to
have roughly the same order of resistivity as blood
plasma, serum and interstitial fluid.

b) Pulsed direct current

Resistivity studies with direct current are of consider-
able interest, as this type of current represents electric
transports in vivo. Attempts were therefore made o
study resistivity of blood vessels with a technique
developed by Burger and van Milaan (8). In this way,
information on the resistance of walls of large vessels
in comparison to resistance of the intravascular con-
ducting medium, the plasma, should be possible to
obtain.

As in determinations of resistivity with alternating
current, many sources of error can interfere in deter-
minations of resistivity with direct current. It is evi-
dent that an application of DC pulses will ionize the
test material and change its relative conductivity dur-
ing each pulse. The applied potential will furthermore
produce ionic separations, providing electromotive
forces in the opposite direction. This effect means that
the test current builds up a galvanic potential,

When potential difference is constant within cer-
tain limits, the degree of ionization is a dynamic event
which initially increases exponentially the actual flow
of current per unit time. This observation is well
known since Julius Tafel (72). On prolonged applica-
tion of direct current, different counteracting reactions
will contribute to decelerate the current. Moreover,
the same technical difficulties are encountered in both
DC and AC determinations of resistivity of a vessel
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wall, i.e., geometric measurements of specimens and
avoidance of injury to tissue.

These experiments were performed in five dogs,
using the same type of preparation of femoral vessels
and electrodes in glass tubes as was employed in the
determinations of resistivity with alternating currents.
A series of 10 DC pulses (0.5-1.0 sec duration each)
was applied over 25, 50, 100 and 150 mV through the
vessel wall in one direction and then in the opposite
direction.

Polarization caused a distortion of the measured
deflections of potential. It is therefore necessary to
define how the measurements were obtained and the
results analyzed.

Fig. XII: 13 shows tracings of measured currents
and potential differences through the vessel wall dur-
ing application of 50 and 150 mV potential pulses over
the current-supplying electrodes. The distortions of
these potentials are in principle easy to understand,
despite the complicated nature of the underlying ki-
netic events.

For the actual measurements the high initial poten-
tial and peaks of current have been used. In the well
known formula

R= 4. 0

i
R = resistance, o = specific resistance, | = length,
A cross-sectional area. R is determined by the
simultaneous measurements of voltage drop and cur-
rent flow through the specimen.

In these experiments (as well as in determinations
with alternating current) no clear difference could be
observed when current was passed from outside to
inside or vice versa.

Table XII: 5 presents the actual measurements and
calculated resistivities of a dog’s femoral artery in situ.

The resistivity of femoral veins was of the same
order of magnitude as that of the arteries (resistivity of
0.9% NaCl gave values of 0.70 ochm-m at 23°C). The
measured resistances to pulses of direct current
through the walls of the femoral artery and vein were
200 to 280 umes higher in these experiments than in
those through 0.9% NaCl solution.

Table X11: 5. Resistivity determinations of femoral artery of dog
by means of direct current pulses

Applied Obtained  Vessel wall Vessel wall
voltage Current voltage resistance  resistivity
(mV) (A (mV) (k£2) (€m)

25 0.15 2.59 5.93 143

50 0.30 5.79 7.96 192

100 0.67 13.21 8.38 202

150 0,92 18.06 8.29 200




C. Observations of

a preferential electric
pathway in vessels and
tissues

The experiments on resistivity of “large” vessel walls
in relation to the relatively low resistivity of plasma
and interstitial fluid indicate the possibility that elec-
trochemical gradients in tissue may be levelled over
the proposed VICC (vascular-interstitial closed cir-
cuit). If this hypothesis is correct, the vascular system
must be acknowledged to possess a previously unre-
cognized function: the large (i.e., macroscopic) vessels
act as electrically conducting, insulated cables. The vessel
walls thus insulate one branch of the conducting me-
dia, the plasma, from its surroundings, except at its
transcapillary junctions with the other branch, the
interstitial fluid. This hypothesis of a conducting
VICC will now be tested in different ways.

Consider an electric direct current, passing from the
interior of a vessel to a distant region of tissue. After a
sufficient quantity of current has flowed, certain mor-
phologic (and presumably functional) changes should
develop in the preferential pathways for the current.
Such changes appeared 1o be the actual case in experi-

Fig. XII: I14. Demonstration of preferential pathway of cur-
rent from the lumen of the aorta to the vasa vasorum in a
dog, indicating electrical insulating properties of the aortic
walls, Direct current (1 700 coulombs at 10 volts) was passed
between an intraaortic cathode (stainless steel wire, extend-
ing 10 cm bevond the tip of a plastic catheter) and platinum
anode electrode in the shoulder muscles. (a) External surface
of aorta. Oedema and brown-black discolouration are seen in
the adventitia in an area approximately 3% 2 cm. Microscopi-
cally, the numerous vasa vasorum in this region were dark
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ments in which the changes were examined by direct
visual inspection, in vivo microscopy and histolo-
gic techniques. These experiments will now be pre-
sented.

1. Cathodic field

A catheter was passed from a femoral vein or artery
into a pulmonary artery or the aorta, respectively, of
each of 15 anaesthetized dogs. Through the catheter an
arteriographic guidewire of stainless steel was passed,
and its tp positioned 5 to 10 cm beyond the tip of the
catheter. This guidewire was used as a cathode. A
platinum string was used as an anode and placed
percutaneously either in the lung tissue 3—4 cm from
the pulmonary arterial cathode, or in the shoulder
muscles or in an intraabdominal organ, 10 to 15 cm
from the cathode in the aorta or inferior vena cava.
Ten volts were applied between the electrodes and the
quantity of current was measured in coulombs. Insu-
lating properties of the aortic wall could be demon-
strated at 10 volt potential difference with doses of
current as large as 1 700 coulombs.

After the animal was sacrificed, the external wall of
the aorta (Fig. XII: 144) was found to be oedematous
and brown-black within a 3x2 cm area. The speci-

brown. (#) Inside the aorta, opened lengthwise. The brown
vasa vasorum were found to be a branching network of twigs
all supplied by a single dark brown artery (arrow) arising
from the lumen of the aorta. The intraaortic cathode, which
had been lightly touching the intima, caused a small ridge
{(white arrows) of focal oedema. This ridge passes close to the
dark artery, which seems to have served as a preferential
pathway for the electric current. The media between the in-
jured intima and adventitia was not substantially injured (see
Fig. XII: 16 a).
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men was then opened by a longitudinal incision (Fig.
XII: 14 b). It showed only minimal injury macroscopi-
cally as a small ridge of oedema where the guidewire
cathode had beenin contact with the aortic wall (white
arrows). This finding is a clear discrepancy from the
widespread oedema and discolouration of the external
aortic wall. A local dark spot (arrow) was also found,
representing the orifice of an artery. By dissection, the
artery was followed as a dark channel in a cranial
direction to the discoloured section of the aorta, where
At ramified into the dark brown vasa vasorum. In this
case, the relatively minor intimal injuries at the site of
the cathode and the widespread changes in the distri-
Hution area of vasa vasorum arising from a single
artery appear to indicate a preferential pathway in this
vessel for the flow of electric current.

A local, marked injury to the aortic wall can, on the
other hand, also be provoked (Fig. XII: 15). In this
case the stainless steel cathode was pressed firmly
against the inside of the aortic wall while 500 coulombs
at 10 volts potential difference were passed between

130  Biologically closed electric circuits

Fig. X1I: 15, Serious injury
provoked by direct current
to the aorta in a dog. 500
coulombs at 10 volts were
passed between the cathode,
pressed against the aortic in-
tima, and the anode in the
shoulder muscles. All lavers
of the aorta were necrotic
(see Fig. X1I: 16 b).

the electrodes (intraaortic cathode and a platinum an-
ode in the prostate gland of each of 3 dogs). Externally
the aorta showed no discolouration or obvious oedema.
Arteries arising locally from the aorta showed no disco-
louration.

Histologic sections of cathodic injuries to the aorta
are illustrated in Fig. XII: 16. Fig. XII: 16 a shows the
left part of the aortic specimen in Fig. XII: 14b. Co-
agulation injury and oedema were found mainly in the
outer part of the media and in the adventitia. Foci of
dark amorphous material were interpreted as repre-
senting destruction of blood and walls of the vasa
vasorum. Fig. XII: 16 b shows the severe cathodic in-
jury seen in Fig. XII: 15 of the intima (left), media and
adventitia at the site of direct contact of the electrode
with the aortic wall.

Thrombosis was not seen at the metal surface of the
cathode. As an electron emittor, the cathode does not
corrode. Serious damage to the vessel wall appears to
be avoidable if the electrode is kept away from the
intimal surface. In the case illustrated in Fig. XII: 14,

Fig. XII: 16, Injuries by di-
rect current to the aortic
wall: histologic sections.

{a) Macroscopic injuries local-
ized mainly in the peripheral
layers of the aorta (left part
of Fig. X1I: 14&). Foci of
destruction of aortic wall tis-
sue are seen (lower right) in
the outer part of the media
and in the adventitia, which
were oedematous. In the in-
jured part of the wall, foci of
dark amorphous material
are also present, interpreted
as necrotic blood from the
Vdsd vasorum.

b corresponds to the injury
shown in Fig. XII: 15. In-
tima to the left. Marked co-
agulation necrosis extends
through all the layers of the
aortic wall. The specimen
ruptured easily during histo-
logic preparation. Scale
same in each view.



the current produced only minor injuries to the intima
close to the electrode.

In all the dogs, the experiments revealed that it was
possible to pass direct current selectively over veins
and arteries. This finding was possible with vessels of
a calibre down to less than one mm in width and
voltages up to 10 volts. As potential difference in-
creases, the resistive properties of the vessel walls
become increasingly critical. Although little detailed
information has yet been obtained on these important
correlations, at 40 volts electrode potential the pre-
requisites for selective transport in tissue seem, how-
ever, to be suspended (Fig. XVII: 14).

The experiments of this section suggest that veins
and arteries can serve as selective pathways for electric
current, even when generated at energies well above
what is commonly encountered in biology.

2. Anodic field

As destruction of tissue is easily produced by direct
current in the anodic region, the studies of morpholo-
gic changes were performed mainly under direct mi-
croscopic observation of dog mesentery in vivo. The
abdomen of each of 5 anaesthetized dogs was opened
and several different sections of mesentery were used.
These experiments revealed that a preferential path-
way for the current could be recognized in macroscopi-
cally visible small arteries and veins even at electrode
potential differences up to 10 volts. In these experi-
ments, one electrode (anode) was placed gently against
the mesentery and one electrode (cathode) was placed
in the sorta. The selective pathway for the electric
current will be illustrated in the following way:

In Fig. XII: 17, the edge of a 4x5 mm platinum
electrode is seen to the lower left placed directly on a
dog’s mesentery. A constricted or thrombosed vein
{arrow) is seen in Fig XII: 17 a before the application
of one volt between the electrodes, The adjacent,
slightly smaller vessel is the corresponding artery.
Upon application of one volt between the electrodes,
initial current of 1.8 microamperes passed through the
circuit. Small arterial branches soon developed many
regional contractions, the flow of blood became inter-
rupted and thrombi formed around the anodic elec-
trode against the mesentery. Diapedetic bleedings also
appeared in multiple small areas.

After 75 minutes about 0.08 coulombs had passed
between the electrodes. The blood in the large artery
thrombosed and became brown. The blood in the
corresponding large vein flowed as before, retaining
normal colour (Fig. XII: 17 b).

The continued flow in the large vein could, of
course, depend on supply of fresh blood from nonoc-
cluded arterial branches and a washing out of venous

Fig. XII:17. Intraarterial effects of the passage of direct cur-
rent between electrodes in the aorta and mesentery of a dog.
The aortic electrode is electronegative (cathodic). The me-
senteric electrode is electropositive (anodic) and visible in
the lower left corners of the illustrations. (a) Before passage
of current. The large vessel is a vein and the adjacent vessel
an artery. Note that a small venous branch is blocked just
before entering the large vein (arrow). (b) After passage of
current (one volt potential difference). Initial flow of current
was 1.8 microamperes. Small arterial branches within a few
minutes showed multiple contractions, diapedetic bleedings
and formation of thrombi. After 75 minutes about 0.08 cou-
lombs had passed and the large artery thrombosed and
turned brown. Eventually the corresponding vein showed
some discolouration (after about 3 hours). The venous
branch, still blocked {arrow’, reveals no discolouration or
other change. Consequently, the electric current can be in-
ferred to flow preferenually through the artery, which there-
by constitutes a major channel of communication between
the electrodes.

thromboemboli. This explanation, however, appears
unlikely because the blocked venous blood vessel
branch (arrow) appeared unchanged even as the blood
in the large artery turned brown. Blood was also flow-
ing through the vein at the site where it crossed under
the artery and even where it was positioned between
the anode and the artery. After about 3 hours, venous
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Fig. XII: 18, Demonstration of the same type of closed cir-
cuit reactions at the splenic surface of an anaesthetized dog
(Figs. a—) as at the surface of an interpositioned electrode
material (platinum foil) in the circuit of an in vitro experi-
ment (Figs. 4, e). (@) Direct current is passed in vivo be-
tween one platinum electrode (1) in the inferior vena cava of
a dog and one electrode (I1) in contact with KCl-agar-litmus
in a glass tube cylinder resting against the exposed spleen. A
glass tube cylinder with KCl-agar-litmus (II1) without an
electrode is used to check spontaneous diffusion at the con-
tact of the salt bridge and the organ. (#) Three specimens of
the cylinders are shown with electrode attachments to the
right, contact with spleen on left. Righr specimen; electrode 11
anodic, after 10 volts and 5 coulombs. The agar cylinder
shows a partially chlorine-bleached acid (red) reaction adja-
cent to the former site of the electrode and an alkaline {blue)
reaction where the cylinder rested against the spleen. Middle
specimen: electrode I cathodic, after 10 volts and 5 cou-
lombs. Alkaline reaction is obtained adjacent to electrode I1.
Left spectmen: no current, shows only some blood from the
surface of the spleen. (¢) The experiment performed as
above, except with approximately 25 coulombs at 20 volts,
Middle specimen: electrode 11 cathodic. A strong alkaline re-
action is obtained adjacent to the electrode. A thin, bright
red, acidic reaction is seen where the cylinder rested against
the splenic surface. Right specimen: electrode 11 anodic.
Bleaching and acidity are evident at the anode. The site of
contact with the spleen is alkaline. Left specimen: no current,
no litmus reaction. (d, e} [llustration of behaviour of a bipo-
lar electrode (platinum foil) before (d) and after () applica-
tions of current between platinum electrodes. The same
types of surface reactions, depending on direction of current,
are created at the surfaces of the foil as at the surface of the
spleen.
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branches also thrombosed close to the electrode, but
the tendency was clear for a considerably earlier
brownish discolouration of the blood in the artery
between the tissue electrode and the aortic electrode.
Findings were similar in the other 4 dogs.

These experiments, like those of the previous sec-
tion, suggest that electric current flows selectively in
the blood vessel between an intravascular electrode
and the region of an extravascular electrode. This
selective electric transport in vessels was observed
even when potential differences were as great as 10
volts between the electrodes and the vessel was only
one mm in diameter.

The observations in the cathodic and the anedic
areas each support the postulated principle that vessels
function as electrically insulated cables with internal
conducting properties.

D. Structuring of interfaces
in BCEC systems:
development of membranes
and organ capsules

In tissue between metal electrodes, closed circuit elec-
tric transports are accompanied by polarization phe-
nomena with deposition of material on electrode sur-
faces. For example, when direct current is applied
between platinum electrodes in tissue, several kinds of
material and structures can be identified at the sur-
faces of the electrodes. With this background, fibrous
membranes, including organ capsules, basement mem-

Fig. XI1:19. In vitro electrophoresis of fresh dog liver tissue
in the mid-part of a glass ube and KCl-agar-litmus on both
sides of the tissue sample. Electrodes at the open ends of the
glass tube. (a) Before direct current was applied, (k) after 20
volts, 0.35 coulombs, alkaline (left) and acidic (right) elec-
trode reactions were obtained. To the right of the specimen
the reaction was alkaline, to the left acidic. These reactions
at the surfaces of a specimen are less obvious than the corre-
sponding reactions in vivo illustrated in Fig. XII: 18.




branes and cell membranes should be looked at anew,
Fibrous membranes can actually be produced easily not
only at electrode surfaces but also betzveen electrodes in
tissue, as will be shown in Chapter XVI. The principle
of existence of a biologic equivalent to an electrode-
electrolyte interface will now be presented.

Reactions at interfaces in BCEC systems can be
anticipated to lead to a large variety of structural
developments. To test the hypothesis that the develop-
ment of fibrous membranes, e.g., intraabdominal or-
gan capsules, may be a BCEC-induced phenomenon,
the following experiment was performed in vivo in
three dogs.

A platinum electrode (I} was inserted via a catheter
from a femoral vein into the inferior vena cava of the
anaesthetized animal (Fig. XII: 18). Another platinum
electrode (II), shaped like a small disc, was placed in a
glass tube (8 cm long and 0.8 cm wide) filled one-third
full with a mixture of 0.9% KCIl+2% agar-litmus.
The abdomen of the animal was opened so that the tip
of the agar-salt bridge of electrode II could be placed
against the surface of the liver, the spleen or a kidney.
Fig. XII: 18 ¢ shows the exposed surface of the spleen
with electrode II to the left and a “*blank™ bridge III to
the right, without a platinum electrode. This salt
bridge was used to check possible spontaneous diffu-
sion at the contact between the bridge and organ
surface. Current was then led between electrode II in
contact with the test organ and electrode I in the
inferior vena cava. Potential differences berween 2 1o
20 volts were tested between 10 to 30 minutes, each
test with new salt bridges.

Fig. XII: 185 shows the colour changes of KCI-
litmus-agar cylinders after two experiments each with
10 volts potential difference applied for 15 minutes.
To the right, after the electrode had been anodic (+),
chlorine has partly bleached the otherwise acidic red
electrode end of the cylinder. Its other end, which had
been in contact with the splenic surface, shows a blue
alkaline reaction. The middle cylinder shows this ex-
periment after the electrode had been cathodic (—).
The electrode end of the cylinder shows an alkaline
reaction. The left salt bridge showed only some con-
tamination of blood on the contact surface against the
organ, but no litmus reaction.

The experiments were then repeated with 20 volts
potential between the electrode in the inferior vena
cava and the electrode with a salt bridge interposi-
tioned against the splenic surface. The result is shown
in Fig. XII: 18¢. The right cylinder shows in principle
the same reactions as the right cvlinder in Fig. b. The
middle cylinder, however, shows an additional inter-
esting reaction. The alkalinity at the cathode is accom-
panied by a bright, red zone of acidity, corresponding
to the site of contact with the splenic surface. These
findings were consistent in the three dogs studied,
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with application of the electrode bridges at different
sites on the hepatic and splenic surfaces.

These studies also showed a clear tendency for an
alkaline reaction of the salt bridge to be more easily
produced at the organ surface than an acidic reaction.
Furthermore, it was found that when electrode II was
made anodic, the organ surface under the salt bridge
shrank and became dry. When the electrode was made
cathodic, a profuse flow of tissue water appeared
around the bridge. These findings appear to represent
an expression of electroosmotic water transport.

For comparison, Fig. XII: 184, ¢ illustrates the de-
velopment of redox reactions at the surface of an
electron conductor, a platinum foil, positioned in the
mid-part of a KCl-litmus agar cylinder when current is
led through the cylinder between two platinum elec-
trodes at either end. The same types of surface reac-
tions are created on the inserted foil as were created on
the surface of the spleen.

Electrophoretic experiments were also performed on
fresh specimens of dog liver. Thus, Fig. XII: 19a
shows a liver specimen in the middle part of a glass
tube with KCl-agar-litmus bridges and platinum elec-
trodes before treatment. After application of 20 volts
between the electrodes (Fig. XII: 194), blue and red
colouring developed adjacent to the platinum cathode
and anode. Corresponding to the interface between
specimen and salt bridge, blue colouring developed on
the anodic side and red on the cathodic side.

These reactions adjacent to biologic material should
not be accepted without reservation as proofs of the
existence of analogues to electrode reactions at the
surfaces of various organs. Alkaline and acid com-
pounds may, for example, have been produced by
tissue metabolism. Under the influence of the applied
electric potential between the electrodes, such com-
pounds may have separated electrophoretically and
therefore given the observed litmus reactions. It
should be noted that these reactions were found to be
more pronounced in vivo than in vitro. This finding is
remarkable in that the in vivo experiments should be
influenced by the buffering capacity and circulation of
the tissue fluids.

The experiments do indicate, however, that inter-
phase transports may take place within a closed elec-
tric circuit, including the surface of an organ. If bio-
logically closed electric circuits become accepted as a
biologic mechanism, the development of several im-
portant structural components, e.g., organ capsules
and perhaps also basement membranes and other fi-
brous membranes, may become explained.

Let us anticipate for a moment that the functional
activities of an organ such as the liver (Chapter VI,
Fig. 19) cause it to polarize against a nearby structure,
such as the abdominal wall. The abdominal muscles
also produce metabolic polarization which should fluc-
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Fig. X1I:20. Suggested principle for development of bio-
logical membranes as organ capsules. Metabolic activities in
nearby tissues or between adjacent organs create differences
of potential, giving rise to a driving electromotive force
through a biclogically closed electric circuit (BCEC). Asvn-
chronous times of polarization of adjacent tissues or organs

tuate in intensity, asynchronously in relation to the
polarizations of other organs, including the liver. If
such structural units are joined in a closed electric
circuit, an electrophoretic interphase deposition of ma-
terial from the organs and the fluids positioned be-
tween the structures should take place. This deposi-
tion is illustrated schematically in Fig. XII:20. The
asynchronicity of the metabolic polarizations of two
adjacent organs, such as the liver and the abdominal
wall, accounts for a two-way current. A kind of ebb
and flow effect on material is thereby induced, which
might be the prerequisite for a complete and suitable
composition of the membranes of both organs. As
material accumulates at polarizing organ surfaces or
other structural interfaces, the polarizing current will
diminish and eventually cease. Consequently, the
thickness of the membranes should be determined by
the driving force of the metabolic polarizations.

An “evervday observation” which may partly sup-
port this theory is the development of a fibrous capsule
around cardiac pacemaker devices in the subcutis and
around intracardiac pacemaker electrodes. In these
instances part of the closed circuit is the wiring of the
device and part is the electrically conducting material
in the rissues. When the fibrous material has obtained
a certain thickness, successful function of the pace-
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account for ebb and flow transport. Materials then become
deposited against electrode-equivalent surfaces of the circui,
or are deposited by trapping and surface adsorption in adja-
cent tissue matrices. When the membrane has obtained a
certain thickness, the polarizing current may be anticipated
[0 cease.

maker requires either the driving potential difference
to be increased or one has to replace the pacemaker
and the intracardiac electrode.

Circular membrane-like structures will also be
shown (Chapter XVI) to develop from interphase de-
positon of material between “A” and “B” zones
around polarizing breast cancers. Furthermore, it will
be seen that such interphase structures can be pro-
duced by closed circuit transports between electrodes
and against electrode surfaces in tissue. Mixed anodic
and cathodic fibrous material produced in this way
adjacent to platinum electrodes in tissue will be seen to
be strikingly similar histologically to fibrous mem-
branes which develop endogenously. It is important to
point out, however, that mechanisms of adsorption of
material to the surfaces of tissue matrices must be
involved in these processes.

E. Capillaries and VICC

1. Biologic transfer of electrons

Long distance transport of material in biological sys-
tems is currently regarded as a function of mechanical
transport mechanisms and diffusion. Long distance



transport of electric energy can be induced over cables
by an electric source with electrodes inserted into
living tissue or an electrolyte. The electrode surfaces
and adjacent electrolyte then serve as conversion sites
between electronic and ionic electric charges. How
does this picture correspond to the possibilities of a
BCEC system without obvious electrode surfaces?

First, there is no disagreement about the fact that
short distance electron transfer takes place between
molecules in biology as an expression of redox reac-
tions. But the processes themselves are remarkable
because most organic molecules behave as dielectrics.
Bockris and DraZi¢ (5) discussed the possibility of
electronic charge transfer by rotation of such mole-
cules, but rejected the possibility. Instead they re-
ferred to the fact that large protein and enzyme mole-
cules are semiconductors, as pointed out by Szent-
Gyorgyi (71). The high activation energy in semicon-
duction seemed, however, to make this mechanism
unlikely until it was found that the protein cytochrome
oxidase could give kinetic evidence of semiconduction
(10, 11, 12). The activation energy of semiconduction
of this enzyme molecule was also found by Straub (69)
to be approximately equal to the activation energy of
the enzymatic reaction catalyzed by the molecule. It
has also been shown by Trukhan (75) that electron
conduction within molecules may be considerably
higher than conduction across interfaces between par-
ticles. This effect is explained as electronic tunneling
or a microwave Hall effect on mobility of electrons
(54).

As pointed out by Bockris and Drazié (5), a signifi-
cant mobility of electrons can be understood in the
case of many enzymes having conjugated double bonds

| [
(—é:é—{::(:—}, The resonance effect of excited
electrons then produces huge orbitals along the chain.
In protein molecules without long conjugated dou-
ble bonds but with cross-linked polypeptide bonds,
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gives the following form of the chain
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The orderly repetition of the peptide bond should then
be able to produce an electronic conduction band, as
in ordinary semiconductor crystals.

Another possibility is that the close connection be-
tween the electron-donating NH and electron-accept-
ing CO groups may permit electron tunneling through
the peptide chain (11).

Different other models have also been suggested (4,
23} which indicate the existence of different electron
transport systems in biologic material involving intra-
and intermolecular transfer of charges. Rosenberg
(54), for example, has shown that wet crystalline hae-
moglobin is an electron conductor.

The reason for referring to the works above should
be evident: the function of a BCEC, such as the VICC,
will require an electrode-electrolyte analogue allowing
regional transfer of electrons. Only in this way can the
ionic conduction, transport and recombinations of a
BCEC be activated and lead to purposeful biologic
structuring and function.

Experimental studies of electron exchange systems
between molecules represent one important approach
to these problems. Another approach may be to look
for possible reaction sites in organized living systems.

We are here particularly interested in the VICC.
Where should redox-steps most likely be located in
this circuit? The answer would probably be; some-
where in the capillary wall, as this serves as an inter-
mediate partition for the exchange of material between
blood and tissue.

2. The capillary wall

Gases, water, ions, and compounds of low molecular
weight pass over the capillary membranes by diffu-
sion, filtration and osmosis, according to prevailing
opinions (24, 25). In these transports, transmural hy-
drostatic pressure differences, colloid osmotic pres-
sures and concentration differences across the mem-
branes play important roles. The endothelial cells
themselves are permeable for lipophilic substances
such as gases, but not for hydrophilic substances (53).
The latter pass through the capillary walls through
interepithelial spaces (82), called stomata, pores or
leaky junctions. Another type of transport is called
micropinocytosis or cytopempsis (29), in which small
vesicles transport material through the endothelial
cells (47). Morphologic studies and studies with radio-
active tracers have led to the hypothesis that the vesicles
may to some extent transport proteins and colloidal
particles across the endothelium (7, 47). The function
of the vesicles is, on the whole, not very well under-
stood. Their function must also be distinguished from
that of transport through the channels of the “leaky
junctions” (82). Before we discuss an additional possi-
ble mechanism, electrogenic closed circuit transport
over the capillary membrane, a short survey of the
morphology of capillanes is necessary.

A lengthwise section of a capillary is illustrated
schematically in Fig. XII:21a. It contains six layvers
(13). On the outside is the basement membrane. Be-
tween the basement membrane and the periphery of an
endothelial cell is the so-called exoendothelial space.
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Fig, X11:21. A capillary wall: schemartic presentation, (a)
lengthwise, and (b) crosswise sections. Six lavers are recog-
nized: basement membrane, exoendothelial space, endotheli-
al cells (EC), endothelial fibrin film, immobile and mobile
layers of the plasmatic zone. Adhesion lines (AL) between
adjoining endothelial cells form leaky junctions for water,
electrolytes and large molecules and probably also for blood
cells in diapedetic transport. Additional mechanisms of

The endothelial cell has an endothelial fibrin film,
which borders the lumen of the vessel. Next to the
fibrin film is the plasmatic zone containing a layer of
more or less immobile plasma and finally a mobile
plasmatic portion (50).

In the walls of capillaires the endothelial cells make
contact only at specific adhesion lines (82). According
to this view, the nonadherent parts of adjacent epithe-
lial walls form “leaky junctions”. Such junctions (sto-
mata), seen in a plane through the adhesion lines are
shown in Fig. XII: 21 b, Tortuous distensible channels
or clefts are formed in this way. Peroxidase, with a
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transport include diffusion, filtration and pinocyto-

5is (via vesicles) through the endothelial cell. The pericyte
(see Fig. XII: 22) makes contact with some of the endothelial
cells by ramifications of primary and secondary (terminal)
processes. The endothelial cells measure in thickness about

1 um. The thickness of the basement membrane is about 600
A, which in actuality is much less than as depicted in the

figure.

molecular diameter of 20 A, has been found to pass
through these channels, of a presumed cylindrical dia-
meter of 90 A (82). Even under normal conditions,
white blood cells pass by diapedesis through stomata
without rupturing their walls (35). Diapedesis takes
place by means of pseudopods. Part of the leukocyte
moves as an extension through a stoma, which widens.
The content of the blood cell then “flows™ successively
through the stoma into the surrounding tissue. Trans-
capillary transport of red blood cells also takes place
by diapedesis, mainly during venous stasis (33).

An interesting component of capillaries is the peri-



Fig. XIT:22. (a) The peri-
cyte (after K. W. Zimmer-
manmn, 1923) is a cell located
at scattered sites adjacent
to capillary walls, (&) It
usually gives off two pri-
mary processes along the
vessels. Secondary pro-
cesses are arranged per-
pendicularly to the length
of the capillary and make
contact at certain points
with endothelial cells. The
pericytes are believed to be
part of the mechanism of
contraction of the capillar-
ies. Their distribution in
intervals along the capillar-
ies suggests that segmental
capillary contractions are
possible. Pericytes are also
thought to possess some
phagocytic activity.

(¢) The capillaries are also
provided with a delicate
network of nerve fibres,
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cyte, a cell known since 1873 (57). Its shape is de-
scribed as an ellipsoid, usually with two main pro-
cesses (Fig. XII: 22 a) (83). These processes follow the
capillary in its longitudinal directions, giving off sec-
ondary processes in a crosswise direction around the
vessels (Fig. XII: 22 b). The secondary processes make
contact with the endothelial cells at certain points (78).
The processes of pericyvtes are also described (35) to
appear as intermediate forms of muscle fibres of veins
and arteries.

Pericytes are described as involved in the mecha-
nism of contraction of arterioles, venules and capillar-
ies (36, 70, 76, 77). They may also have some phagocy-
tic functions (40). Pericytes have now been found in all
capillaries of mammals (78). They are remarkably few
in the lung and in the capillaries of small animals such
as the shrew, which has exceedingly thin capillary
walls (78).

The basement membrane is of considerable interest
in this connection. It consists of a collection of materi-
al outside the endothelial cells and forms a laver of
irregular thickness. It is further separated from the
endothelial cells by the so-called exoendothelial space
(13). The distal extensions of the pericytic processes
cross the basement membrane. A layer of the base-
ment membrane of relatively low electron density
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(which seems to be identical with the exoendothelial
space) has been described toward both the endotheli-
um and toward an adjacent pericyte and its processes
(39, 78). The blood capillaries are further provided
with a fine reticulum of neurofibrils (Fig. XII:22¢)
located at the outer side of the endothelial tube (2, 35,
52).

The control of blood flow to a tissue region depends
on pre- and post-capillary resistance (1). Precapillary
sphincters (84) and arteriolar smooth muscle adapt
their activity to the metabolism of the tissue and to
signals from central sympathetic influences (2, 17, 52).

How does this picture of the structure and known
functions of the capillaries fit with a presumed VICC,
permitting selective closed circuit electrogenic trans-
ports of material between blood and tissues? At a first
glance it may seem unlikely or even impossible to
assume the existence of simultaneous redox reactions
and closed circuit ionic transports in the presence of
leaking pores of the capillary walls. Reversible redox
sites adjacent to leaky junctions in the capillary wall
should perhaps at the most permit small and rather
inefficient circuits. For further insight into these prob-
lems, we will first turn to direct in vivo studies of the
behaviour of small vessels and capillaries, exposed to
electric fields.
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3. Capillary reactions in electric fields

Direct in vivo microscopy and microphotography were
performed of vessels of the mesentery of eleven dogs.
One platinum electrode was gently placed against the
mesentery, one was placed in the aorta and one in the
inferior vena cava. Four possibilities to vary the elec-
tric field around the mesenteric electrode were then
available. Direct current voltages of 100 mV, 1, 2 or 5
V were applied between the electrodes. The following
results were obtained on microscopic in vivo inspec-
tion of small vessels (about 0.1 mm in diameter).

When the mesenteric electrode was electropositive
or electronegative in relation to the electrode in the
aorta or the vena cava, small arteries contracted imme-
diately in various sites around the mesenteric electrode
(Fig. XIV: 1 a) at each of the potential differences test-
ed. Blood flow was then completely interrupted in
many small arteries. Sometimes they suddenly opened
and let the blood flow through. Some small arterial
branches showed no contractions, while some showed
diapedetic leaking of red blood cells (Fig. XIV: 16). In
each of the combinations of polarity and voltages,
small arteries were regionally nearly always empty of
blood cells. Rarely, veins were slightly more narrow
than the adjacent artery. Local contractions over rela-
tively short distances were also seen in small arteries
but occasionally also in veins (Fig. XII:23).

The immediate regional effects of electric fields on
calibre of small vessels of the mesentery were then
extended to the study of arterioles, venules and capil-
laries.

A standard dose of 1.2 coulombs at 5 volt potential
difference for 2030 minutes was applied in the four
combinations of polarity and electrode positions men-
tioned above. Platinum electrodes were used. The
mesenteric electrode was a 44 mm plate gently posi-
tioned against the mesentery without causing tissue in-
jury. The electrodes in the aorta and the vena cava
were introduced through vascular catheters. A small
glass partition was used as a support for the mesentery
(plastic material was unsuitable as it easily produced
spontaneous diapedetic bleedings). After 1.2 cou-
lombs were applied, pieces of the mesenteries were
excised, fixed in formalin, stained (haematoxylin-eo-
sin) and examined microscopically.

The relative appearances of small arteries and veins,
arterioles, venules and capillaries could now be in-
spected. While it is evident that results from instanta-
neous and prolonged exposure of vessels 1o electric
fields may differ, the actual results are nonetheless
informative.

In general, small arteries appeared empty and often
very narrow compared to the accompanying relatively
wide veins, which contained large amounts of granulo-
cytes. This tendency was present in all four combina-
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Fig. XII: 23, Regional contractions were commonly ob-
served in small arteries (A) exposed to an electric field.
Sometimes a small vein (V) appeared slightly narrower than
the accompanying artery as seen in this figure. Mesentery of
dog, haematoxylin-eosin.

tions of polarity and electrode positions (Fig. XII: 24).
Around the mesenteric anode, granulocytes accumu-
lated in veins in increasing number up to the electrode
and even beneath it. Around the mesenteric cathode,
an area of about 10-15 mm in diameter was completely
free of cellular elements in the arteries and veins.
Immediately peripheral to the cell-free zone, granulo-
cytes were collected in veins in increasing amounts up
to the cell-free zone.

The locations of granulocytes and the relative cali-
bres of arterioles, capillaries and venules are illustrated
in Fig. XII: 25. These studies showed a clear tendency
in all four combinations of polarity and electrode posi-
tion. The arterioles and arterial portions of capillaries
were all narrow and empty of blood cells in regions of
variable size. The corresponding venules and venous
capillaries were wide and contained occasionally large
amounts of granulocytes. These cells also appeared
often in the interstitial tissue.

In three experiments in dogs, two 4x4 mm plati-
num electrodes were placed 2.5 cm from each other
against the mesentery. These experiments showed the
same tendency as the previous experiments with re-
gard to the calibre of arterioles, capillaries and venules
and to the local accumulation of granulocytes. Even
after application of voltages between the electrodes of
as little as 100 mV (10 pA, 30 minutes, 0.018 cou-
lombs), granulocytes collected selectively in small
veins, venules and venous capillaries (Fig. XII: 26).

4. Selective distribution of granulocytes in a
closed circuit

How is it possible that granulocytes accumulate in
veins, venules and wvenous capillaries when corre-
sponding small arteries, arterioles and arterial capillar-



Fig. XII: 24. Overview of dog mesenteries with different
electrode positions and polarities, each exposed to 1.2 cou-
lombs at 5 V berween the electrodes. In each of the electrode
combinations small arteries were empty of blood cells. Small
veins contained varying degrees of increased numbers of
granulocytes outside a cell-free zone around the electronega-

ies are narrow and empty of blood cells? This problem
is further considered in Chapter XIV, Sections I-K,
where an alternative theory to so-called chemotactic
accumulation of leukocytes and charged compounds in
tissue is presented. A preliminary brief explanation
will be given in this connection.

tive mesenteric electrode (@ and ¢) and directly up to the elec-
tropositive mesenteric electrode (b and ). A = “small™ arte-
ries, V = “*small” veins (approx. 0.1 mm in diameter).

Mes = mesentery, Ao = aorta, V. cava = vena cava inferior.
Scale same in each view, Haematoxvlin-cosin.

All mammalian cells, including blood cells, are
known to carry a surplus of fixed electronegative
charges on their surfaces (79). Under the influence of
an electric field of suitable strength in relation to the
charged cells, and considering the factors of cell size,
steric characteristics of cellular charges and matrix
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Fig. XII: 25, Distribution of granulocyvtes in four different
combinations of electrode positions and combinations of vol-
tages in dog mesentery. In each combination arterioles and
arterial capillaries (Ac) are empty and narrow while the ven-
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ules and venous capillaries (Vi) are relatively wide and con-
tain granulocyies, some of which also appear in the tissue.
Mes = mesentery, Ao = gorta, V, cava = vena cava inferior,
Scale same in each view. Haematoxylin-eosin,



Fig. XIT:26. Mesentery of dog. Narrow small artery (A) is
virtually empty of cells and widened small vein (V) contains
selectively accumulated granulocyies peripheral to the zone
free of cells around the cathode. Anode positioned on the
mesentery 3 cm away from the cathode. 100 mV, 102A, 30
minutes, (.018 coulombs, Haematoxylin-eosin,

properties of tissue, the charged cells will be attracted or
repelled depending on the polarity of the electric field.
The electronegative granulocytes will consequently be at-
tracted to an anode and repelled by a cathode like any
charged particle in an elecirophoretic process. This pro-
cess requires an activated closed electric circuit, which
in the present experiments was created by an external
source of electric power, cables, electrodes and the
conducting media in the tissue. We are therefore still
only simulating the existence of a BCEC in our experi-
ments. This is one of the reasons we must wait until
later (Chapters XIV, XVI) for discussion of how gran-
ulocytes can accumulate electrophoretically over an
endogenous, activated closed circuit (the VICC).

The accumulation of granulocytes in vessels toward
the anode, positioned against the mesentery, is readily
explained as an electrophoretic attraction of the granu-
locytes. Around the cathode, however, electronegative
particles and cells should be repelled. A cell-free zone
was therefore also regularly observed around the cath-
ode. Nevertheless, outside this zone large amounts of
granulocytes accumulated in vessels (Fig. XII: 26).
The mechanism of this phenomenon is explained in
Chapter XIV (and illustrated in Fig. XIV: 18).

5. Mechanisms of regional contraction of
arterioles and arterial capillaries

Is there any mechanism which can explain the local
regions of field induced contractions of small arteries,
arterioles and arterial capillaries while corresponding
venous vessels are wide? The capillaries, small vessels
arteries and veins are provided with nerve fibres which
evidently offer one possibility for neurogenous im-
pulses of contraction. Another or an associated mecha-
nism may be connected to the pericytes, which fur-
thermore are described to be involved in the contrac-
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tion of capillaries. We may now focus our attention to
the remarkable fact that pericytes are sparsely found in
the lungs and in the vessels of very small animals (78).

Let us anticipate that the pericytes are involved in a
mechanism of segmental small vessel contractions in-
duced by electric fields of a closed circuit (identified as
a VICC system). In this case pericytes should not
cover the entire capillary net as this should jeopardize
a segmental mode of contractions. Consequently, pos-
sibilities of modulating selective closed circuit, “long-
or short-distance™ electrogenic transports should not
be possible (see also Fig. XII: 30a). Small animals as
the shrew (smallest mammal, weight 2 g) should need
very few pericytes because their capillary membranes
are exceedingly thin. The shrew may get along well
simply by diffusion through the thin capillary mem-
branes. The sparse extent of pericytes in the human
lung is perhaps similarly explained. Gas exchange, the
main function of the lungs, is sufficiently well covered
by diffusion. There is consequently not a very large
need in the lungs for an additional mechanism of long
distance electrogenic transport.

6. Search for redox sites: possible origin of the
basement membrane and the endothelial fibrin film

In attempts to find the sites for the necessary redox
steps of the VICC, we must take a second look at the
components of the capillary membrane. Certain details
of interest are shown in electron micrographs (Figs.
XII: 27-29), kindly placed at my disposal by Prof. E.
R. Weibel, University of Berne, Switzerland (78).

The basement membrane is a structure about which
little is still known of its origin and function. These
membranes were recognized as early as 1848 by Kopf
and Bowman. They are described as consisting of
connective tissue elaborated by cells of mesenchymal
origin (Descemet’s membrane) or of ectodermal origin
(the basement membrane of the lens) (37). Basement
membranes are composed of an amorphous matrix,
which contains a fine network of partially oriented
fibres (37). Chemically, basement membranes contain
various sequences of amino acids and carbohydrates.
They also contain a low molecular weight glycoprotein
and collagen (33) and antigenic protein (6).

Strangely enough, the basement membranes are de-
scribed as covering the lumens of the anticipated chan-
nels of transport, the stomata and the places where
vesicles must empty their content into the tissue (13,
48). However, an exoendothelial space (Figs. XII: 21,
27-29) isalso described (13, 48), which could represent
a space for escape of materials transported through the
capillary walls.

Colloids of blood are normally excluded from the
interendothelial clefts which are occupied by ground
substance contiguous with basement membrane (40,
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Fig. XII:28. Capillary of rat cardiac muscle. Magnifica-
tion 18 700 . Observe a zone of low electron density (A,)
between endothelium and basement membrane (B) and an-
other broader zone of low electron density (A;) between en-
dothelium and content of capillary. These findings sug-
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Fig. XIT: 27, Electron micro-
graph of capillary (C) from rat
cardiac muscle with pericyte
(P). Magnification 20 500x.
Basement laminae (B) sur-
round the pericyte and the in-
terstitial side of the endotheli-
um. Note a zone of low elec-
tron density (A) between
basement laminae on one
hand and pericyte and endo-
thelium on the other. It is sug-
gested that the basement
membrane represents an ap-
position of marterial and not
primarily a structural element
of the capillary wall.

gest that similar forces may be involved in the creation of
zones of low electron density such as shown for the creation
of “A" zones in a contracting movable precipitate adjacent to
a fixed “matrix” (see Figs. XII: 1, 4 and 7 and Chapter X). A
pericyte process (P) is enframed (see also Fig. XII: 29).
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Fig. XII:29. (a) Pericyte pro-
cess (P}, enframed in Fig.

XII: 28, shows a web of cyto-
plasmic filaments (f} and pino-
cytotic vesicles (pv). Capillary
{C). Material of basement mem-
brane (B) surrounds the peri-
cyte process but is separated
from its surface by a zone of low
electron density (A). Magnifica-
tion 52 670 x . (k) Smooth mus-
cle cell (M) on venule (V) shows
filaments (f) and vesicles (pv)
located predominantly under its
right-hand surface. Vesicles in
the endothelial cell (E) are more
randomly dispersed. Both sides
of the basement membrane (B)
located between the venule and
the muscle cell show zones of
low electron density (A). Mag-
nification 38 300,

48). It has been suggested that the basement mem-
brane constitutes the major permeability barrier of
blood vessels (48).

Why is then the partially amorphous, partially
structured basement membrane separated from the
wall of the endothelial cells? Is it possible that the
material of the basement membrane represents a pro-
duct of nearby “electrode reactions™ at the endothelial
membrane facing the interstitium? An electron micro-
scopic observation of Low and Weibel (39, 78) now
becomes of interest: a zone of low electron density
corresponds to the exoendothelial space. Moreover
this zone also can be recognized along the surface of
pericytes, including their processes. Fig XII: 27 shows

a pericyte (P) and one of its processes in contact with
the endothelium of a capillary (C) of rat cardiac mus-
cle. The basement membrane (B) is seen not only
against the endothelium but also around the body of
the pericyte. Beneath the basement membrane is also
seen the zone of low electron density (A). Fig. XII: 28
shows this zone between the basement membrane and
the periphery of the endothelium (A,). However, it
should also be noted that a simifar but broader zone of
low electron density is present berween the material inside
the capillary and the inner endothelial wall (A,). Finally,
Fig. XII: 29 a shows higher magnification of the peri-
cyte process (P) from the enframed section of Fig.
XII: 28. The pericyte process is located within the
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basement membrane. A zone of low electron density
{A) is apparent. Fig. XII: 29 b shows endothelium (E}
and a smooth muscle cell (M) on venule (V). Between
them is the basement membrane material (B), concen-
trated in the middle between two zones of low electron
density to each side (A). The basement membrane can
further be seen as a collection of “fibrous” material of
varying thickness.

The origin of basement membranes now become of
interest as possible products of the endothelial cells.
If the redox sites for electron transfer are located, e.g.,
to the endothelial cell membranes, then the basement
membranes may have developed from products of de-
position at an electrode equivalent surface, as such
depositions develop at any electrode surface of a
closed circuit. Fibrous membranes of different compo-
sition can also be produced experimentally adjacent to
electrodes as an effect of electrophoresis in vivo and in
tissue samples (see Chapter XVI).

A logical consequence of such a view is apparent.
The endothelial cell should not very likely appear as an
interpositioned barrier, carrying anticipated redox me-
diators e.g. enzyme particles only at the “outer” (in-
terstitial) membrane of the endothelial cell. An expla-
nation is also required for the development of the
endothelial fibrin film, described by Copley (13). This
film may also develop from products of deposition at
an electrode equivalent “inner” surface of the endo-
thelial membrane facing the blood stream. If, indeed
the basement membrane develops from material of
deposition at the outer (interstitial) electrode equiv-
alent surface of the endothelial cell, the exoendothelial
space (13), which seems to be identical with the zone
of low electron density, according to Low and Weibel
(39, 78), can also get an explanation. Collected “elec-
trode material™ adjacent to a surface should physically
behave like the basement membrane under the influ-
ence of its internal concentration forces. We have
encountered this situation earlier (see Figs. XII: 1 and
4) in the creation of “A™ and “B" zone effects by
products of deposition in tissue adjacent to a metal in
in vivo corrosion. A corresponding zone of low density
of electrons is also seen in Fig. XII: 28 between the
contents of the capillary and the inner surface of the
capillary wall. This zone is probably a result of post-
mortem contraction of marterial in the lumen of the
capillary (see also effects of concentration forces, Fig.
XII: 7). The endothelial fibrin film is a structure,
continuously exposed to forced convection and should
therefore appear differently as compared to the base-
ment membrane and the material inside the capillary,
as seen in Fig. XII: 28,

Up to this point we have tried to localize the neces-
sary redox sites in the VICC by looking for electrode
equivalent products of deposition as membrane-like
structures. In this view, the basement membrane on
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Fig. XII: 30. Suggested mechanism of electric transfer be-
tween vascular and interstitial branches of VICC. The sur-
faces of endothelial cells (EC) possess electrode equivalent
sites (X) for reversible redox reactions. Ionic transports
through the endothelial cell connect relatively anodic and ca-
thodic “internal” electrode surfaces. “External” electrode
surfaces against blood stream and interstitial tissue are con-
nected electrically over blood plasma, leaking pores (sto-
mara) and interstitial tissue fluid. (a) When arterial stomata
are selectively closed by contraction, conditions for long dis-
tance selective transports are created, e.g., over leaking di-
lated venules and venous capillaries. (b) When arterial sto-
mata are open, short-distance transports take place through
adjacent arterial stomata.

the outer surface of the endothelial tube and the endo-
thelial fibrous film on its inner surface may indicate
the positions of such sites. Fig. XII: 304, b illustrates
how electrode equivalent sites may be located at the
surfaces of the capillary endothelium. A long distance
electron transfer between the “electrodes™ is evident-
ly not very likely because this should require an
electron conducting pathway through the endothelial
cell. More likely this connection is covered by ionic
transports as indicated in Fig. XII: 30. One particular
component of transport in the presented view of capil-
lary VICC-functions, the vesicle of Palade, will next be
considered.

7. Search for redox sites: the vesicles

The knowledge of the morphologic appearance of vesi-
cles is based on electron micrographs (47, 78, 80). For
example, multiple vesicles are seen in the capillary
membranes, in a pericyte process and in a smooth
muscle cell in Fig. XII: 29. The possibility of transport
of proteins through the endothelial cells by means of
vesicles has been discussed intensively during the last
two decades (53). Vesicles are further thought to trans-
port water through the endothelial cell, a process
named pinocytosis. Very little is still known about



their origin and functional role and, ¢.g., what makes
vesiculation start or stop (29). Vesicles are described to
move randomly in the cytoplasm (47, 48), in a manner
which is compared with Brownian motions (9, 66). A
different explanation will soon be presented of their
sometimes random appearance (as in the venule V,
Fig. XII: 29 &) and of their sometimes regular appear-
ance (to the right in the smooth muscle cell M, Fig.
XII: 295). This explanation will suggest an electro-
genic mechanism of the development and mode of
transport of vesicles.

The presence of vesicles is well known from other
biological fields and particularly from the transmission
of nervous impulses. The study of neurophysiology
tells us that electrical impulses do not directly activate
an organ. Instead, the electrical impulses over axons
release transmitter substances, which are carried by
vesicles (31, 46). In experimental studies it will be
shown (Fig. XIV:8) that a weak electric current, flow-
ing between two platinum electrodes tn blood produces
bud-like bubbles of gaseous material extending in
dendritic formations from the electrode surfaces. When
electrolysis of water is performed in the presence of a
matrix, small bubbles of anodic O, and cathedic H;
are virtually pumped far out into the matrix, where
these bubbles are retained. There they can be energeti-
cally recovered over an experimental fuel cell arrange-
ment. These experiments (Chapter XIII) represent

initial attempts to simulate the principle of develop-
ment, transport and behaviour of vesicles, as well as to
simulate some of the actual events connected with the
transcapillary transfer of energy in the VICC.

Some of the most important energetic compounds in
tissue metabolism are nonionic, e.g., oxygen and glu-
cose. A selective and enhanced closed circuit exchange
of compounds between blood and a metabolizing re-
gion of tissue must not necessarily be limited to an
exchange of ions. Possibilities also exist for electro-
genic transport of nonionic materials in the presence of
suitable matrices. One of the most important nonionic
compounds, water, can be transported in a closed
electric circut in a matrix lined with fixed charges. The
mechanism of transport we can particularly refer to is
evidently in the first hand represented by Type I
{anomalous) electroosmosis (Chapter IX). Dielectrics
other than water may evidently also move in an electric
field. This possibility will be demonstrated experimen-
tally in Chapter XIII.

It is now suggested that the presence of vesicles in
the endothelial cells indicates a mechamism of inter-
electrodic transfer of energy which is in addition to
the mechanism of ionic transfer already proposed in
Fig. XII: 30. Fig. XII: 31 a shows the membranes of
an endothelial cell and outlines the suggested princi-
ple, that redox reactions lead to the development of
basement membrane and fibrin film as *“external™ pro-

a
INTERIOR OF CAPILLARY WALL
Endothelial fibrin film
D“;::II“M ) L i
products Ve
B O O o s,
Fig. XII:31. (a) Suggested mechanism of energy o __'G" M O A { D J
transfer over capillary walls in addition to ionic " — . "
transports illustrated in Fig. XI1: 30. Endothelial L Basement membrane—|

cells are provided with electrode equivalent sites for
reversible redox reactions at the outer and inner sur-

faces of the endothelial cell membranes. As in any
electrophoretic system, reaction products will devel- b
op at the electrode surfaces. It is suggested that the
basement membrane and the endothelial fibrin film
have developed from reactions at the “exterior™
electrode surfaces. Vesicles are explained as non-
ionic collections of products of electrode reactions,
transported between the inner electrode surfaces,
comparable to electrogenic transport of water in eqg.
electroosmosis. (b) A vesicle produced at the inner BNz
surface of an endothelial cell is transported as an
ergonar (see Chapter XIII) through the cytoplasm,
provided with matrix properties which permit inter-
electrode transport of dielectrics. On arrival at the
opposite electrode, the nonionic compound may ion-
ize by a second electrode reaction. This pinocytotic
“pure" transport of water may be combined with hy-
dration of, e.g., cationic compounds leading to en-
hanced transport of a variety of vesicular contents.

i
\. i ~Vesicular collection of
== ", non ionic compound
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ducts and vesicles as morphologically visible “inter-
nal” products in the VICC system. Electrode equiv-
alent redox sites at the endothelial cell membranes are
anticipated to be reversible and therefore capable of
allowing bidirectional ionic and vesicular (nonionic)
transports across the endothelial cell. This mechanism
also offers an alternative to the previously suggested
Brownian type of vesicular motion. A particular pat-
tern of distribution of vesicles adjacent to the inner
walls of a cell (M, Fig. XII: 295) can be regarded as
representative of one phase of a unidirectional flow of
current. One of the inner “electrode surfaces” should
be anodic and the other cathodic. At a later stage when
polarity and flow of current are reversed, a mixture
will develop of vesicles, We have here assumed, for the
sake of simplicity, that the vesicles are transported as
water in a closed electric circuit from anode to cath-
ode. A possibility might therefore be that wvesi-
cles in pinocytosis are represented by matrix support-
ed transport of micro-clusters of water molecules.
Structural elements in the cytoplasm, such as fila-
ments, makes it at least justified to suggest that matrix
elements exist to support the electrogenic transport of
nonionic material. In this way a principle explaining
vesicular transports now appears possible. Redox sites
must be located on each side of endothelial mem-
branes, according to this theory for development of
basement membrane, endothelial fibrin film and ve-
sicular transport. These sites must each represent one
“exterior” and one “interior” reversible electrode
equivalent surface (four redox sites). Such an arrange-
ment should allow bidirectional transports of cations
and anions as well as bidirectional transport of vesi-
cles. The direction of transport of a dielectric pack of
energy (ergonar, see Chapter XIII) will be determined
by the polarity of the surplus of fixed electric charges
of the assumed matrix in the endothelial cytoplasm
and the direction of the transcellular electric gradient.
The principle of the development and unidirectional
transport of a vesicle is presented in Fig. XII: 316,
Several of the participating functions are still un-
known. The redox sites are assumed to consist of
mediators such as enzyme molecules with the capacity
to transfer electrons. Such models of electron conduct-
ing enzymes have also been described in the endotheli-
al cytoplasm. The matrix properties of the cytoplasm
are, however, still unknown in rerms of electrogenic
transcellular transports. Related problems associated
with transports of dielectric material should in princi-
ple be similar to the prerequisites for electrogenic
transport of water (see Chapter IX). It should be
evident that this model of vesicular transport also
includes the mechanism represented by Type III elec-
troosmosis. Any cationic compound can be hydrated
and transported in clusters as electropositive ergionars
(see Chapter XIII),
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8. Long and short distance selective transports in
tissue over VICC systems

To conclude this presentation, a survey of integrated
events is presented in Fig. XII: 32,

Metabolic processes or a local imjury to a tissue will
result in an electric (physicochemical) potential differ-
ence in relation to the blood in surrounding vessels
(Fig. XII:324). The tissues then present their *‘de-
mand potential” for compensation of their internal
metabolic imbalance. The electric potential difference
delivers the driving electromotive force for closed cir-
cuit transports. This electromotive force consists of
metabolic diffusion potentials (or diffusion potentials
of catabolic reaction products from injured tissue) and
redox potentials between blood and, e.g., hypoxic tis-
sue. Under the influence of the electric field, arterioles
and arterial capillaries will contract in certain regions
and possibly by means of the pericytes. Contraction of
arterial capillaries may then lead to regional closure of
leaking arterial stomata at the same time as corre-
sponding veins are wide and continue to keep their
stomata open. In Fig. XII: 32 b such selective arterio-
lar and arterio-capillary contractions are seen in dog
mesentery while venules and venous capillaries are
wide and contain many leukocytes (Fig. XII: 32¢,
mesentery electropositive, aorta electronegative, 0.1
volt potential difference, 0.03 coulomb, haematoxylin-
eosin stain).

A steep transcapillary gradient of an endogenous
demand potential of a tissue in relation to blood should
develop when the front of diffusion approaches the
exterior of the capillary wall. Such a gradient is already
present between the thrombus and blood (Fig.
XII:324). When the minimum potential difference
across the capillary wall for the start of redox reactions
is exceeded, electrode reactions will take place at the
“electrodes™ of the capillary walls. Each side of the
endothelial membranes should have one anodic and
one cathodic surface. Ion exchange will then start
through the endothelial cell and over the vascular
interstitial channels of the VICC via leaking venules
and venous capillaries. Packages (vesicles) of nonionic
products (ergonars) from the endothelial electrode sur-
faces should be transported through the cytoplasm like
water in electroosmosis (compare also pinocytosis) and
eventually become ionized (= activated) at the oppo-
site electrode.

This preliminary theory for long distance closed cir-
cuit transport between blood and tissue represents only
one of several possibilities. Evidently selective contrac-
tion of venules can take place also, although contrac-
tions in venules have been observed only rarely in
these experiments. Selective closure of venules and
venous capillaries would probably also create rather
extraordinary conditions, e.g., increase in capillary fil-
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Fig. XII:32. (a) Schematic illustration of VICC in “micro-
injury™ of tissue. Degrading products of an injured tissuc
produce diffusion potentials. The electric redox potential
difference in relation to blood adds to the development of a
field-induced regional contraction of adjacent arterial capil-
laries. The pores of arterial capillaries are then anticipated 1o
close. Redox reactions will start at the outer and inner elec-
trode-equivalent surfaces of the endothelial cell membranes.
Two layers of reversible redox sites are necessary at each cell
membrane. Transport of ions will start as long-distance
transports over blood plasma through open venous capillary
pores, through interstitial fluid and as transports through the
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endothelial evtoplasm. Surfaces of thrombi may also serve as
sites for redox reactions. (&) Simulation of the “injury poten-
nial” difference in a, but without producing injury. One
platinum electrode was gently positioned against the mesen-
tery of a dog and the other placed in a catheter in the aorta.
0.03 coulomb at 100 mV were passed between mesentery [+
and aorta { = ). Field-induced contraction of arterial capillar-
ies makes corresponding venules and venous capillaries fill
by collateral circulation of blood. The granulocytes (¢, dark
material in the wide venous branches) are electronegatively
charged. They are attracted electrophoretically in the VICC
to the ancde. Haematoxylin-eosin.



tration pressure and perhaps extensive diapedetic
bleedings.

The earlier suggestion that leaking, noncontracted
capillaries should only allow minute closed circuits
adjacent tothe capillary membranes now can be recon-
sidered and described asa mechanism for shorr-distance
closed circuit transport across the capillary walls.

These two systems of electrogenic transports appear
to differ in principle by the mechanism of field-
induced arteriolar and arterial-capillary contractions.
Should this function be found in the future to be
related to the presence of pericytes, the short-distance
closed circuit transports should logically be localized
preferably in regions where capillaries appear with
only sparse numbers of pericytes (e.g., in the lungs).

The present experiments have also revealed a discre-
pancy between morphologic descriptions and function
of capillaries. Traditionally we distinguish anatomical-
ly berween arterioles, capillaries and venules. From
the functional point of view it seems more logical to
speak about leaking or contracting arterioles and arte-
rial capillaries (*‘arteriocapillaries’). These capillaries
are accompanied by predominantly leaking venous ca-
pillaires (“*venocapillaries’) and venules.

Is there any further direct or indirect evidence that
these anticipated functions of the capillaries exist? One
argument might be that the clinical, radiologic and
experimental observations reported in this book point
to the existence of a VICC system. It seems difficult to
find an alternative mechanism capable of explaining
the multiplicity of biological events which can be ex-
plained by the VICC system. Moreover, one may gues-
tion if tissue function can “afford” not to take advantage
of the exceedingly efficient system for selective transporis
which closed electric circuirs offer. We will therefore
continue in Chapter XIII with a presentation of how
such circuits may be activated, which is closely related
to the problem of transfer of energy.

F. Conclusions

Evidence has been presented rhat biologically closed
electric circuits (BCEC) exist. These circuits appear to
represent an additional, previously overlooked, circu-
latory system. One important specific circuit is called
the VICC (vascular-interstitial closed circuit), which is
partitularly considered in this study. This circuit is
coupled to the mechanisms of bulk transport (diffu-
sion and mechanical circulation) as a system of selec-
tive transport. Beyond this capacity for selective trans-
port, BCEC systems are evidently able to influence
“local” chemical processes in the circuits, taking place
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also at “long” distances from the sources of the main
driving forces. Thereby BCEC systems can be recog-
nized to contribute to homeostasis. In later chapters
other important functions of the interacting transport
systems will be demonstrated, with particular empha-
sis on structural development of tissue and healing
processes.

As an introduction to the description of the vascu-
lar-interstitial closed circuit {VICC), two mechanisms
have been distinguished for corrosion of metal im-
plants in bone. The most common and well known
mechanism of corrosion depends on locally different
anodic and cathodic parts of the implant, causing what
is here called uncomplicated corrosion. The second
mechanism is called complicated corrosion, in which
relatively cathodic and anodic parts characterize tis-
sues of different local electrochemical potentials adja-
cent to the metal. Levelling of these differences re-
quires a closed electric circuit, which the metal partly
creates, A closed circuit can, however, also be distin-
guished in tissue without the presence of metal.

This leads us to the concept of biologically closed
electric circuits (BCEC). Several kinds of BCEC may
yet be distinguished in the future, based on different
structural arrangements of tissue components and of
body fluids with different conductive properties. This
chapter focuses on vascular-interstitial closed electric
circuits (VICC). This type of BCEC has two conduct-
ing main branches and an intersected regulating
mechanism in the capillary walls.

One branch is formed by the electrically insulating
walls of “large” vessels surrounding their conductive
component, the blood plasma. The other branch is
formed by the conducting interstitial fluid and the
insulating tissue matrix of cell membranes. The red
blood cell membranes also possess a resistive function
in the blood. These cell membranes therefore repre-
sent a movable part of the matrix of the VICC, variable
with the haematocrit.

Electrical junctions between plasma and interstitial
fluid are evidently present over the membranes of
capillaries.

An analysis of the capillaries with regard to their
function in the VICC is of particular interest. The
model for transfer of electrons between two redox sites
of an enzyme molecule, suggested by Cope (10, 11),
has been tentatively accepted to explain the need for
necessary electrode-equivalent redox sites of the
VICC. The appearances of the basement membrane
around the capillary and the endothelial fibrin film,
Sfacing the blood stream, suggests that these structures
derive from endogenously developed products ar outer
“electrode” surfaces of redox sites located in the endo-
thelial membranes. The material of the basement
membrane leaves an exoendothelial space open toward
the endothelium. This space seems to correspond to



the space (“A” zone) around a material under contrac-
tion by its own concentration forces. The underlying
mechanisms are described previously in this chapter in
connection with the analyses of in vivo corrosion in the
presence of a tissue-matrix. The endothelial fibrin film
on the other hand appears different from the basement
membrane, presumably partly due to the modifying
effect of the streaming blood. These “external” prod-
ucts of electrode reactions should have their corre-
sponding “internal™, intracellular products of reaction
at the internal redox sites. The vesicles of the endothe-
lial cells are suggested to contain such material. lons
tend to migrate separated in electrophoretic trans-
ports. It is suggested that the vesicles, visible in elec-
tron micrographs, consist of mainly nonionic collec-
tions of electrode products. An electrogenic, closed
circuit transport, even of pure nonionic material, is
nevertheless possible when the transport is supported
by a charged, intracellular “‘capillary™ matrix. Struc-
tural intracellular elements as filaments possibly inher-
it such funcdons. Intracellular transport of nonionic
compounds (e.g., pinocytotic transport of water) may
take place in a way analogous to the mechanism of
Tvpe I electroosmosis (p. 81). Such a mechanism
should then represent an electrogenic, intracellular
transport of energetic compounds in addition to ionic
transports. Experimental support for the development
and transport of vesicles in a matrix is also based on
experimental analogues in Chapters IX, XIII and
XIV. Another model of vesicular transport is also
suggested based on the formation of clusters of hydrat-
ed cations.

The capillaries also seem to contain an interesting
mechanism for switching between “short-distance”
and “long-distance™ VICC transport.

When endothelial clefts (stomata) are open in the
arterial capillaries, short-distance selective, ionic
transports are possible over these leaking pores. Adja-
cent to their openings, the “‘outer electrodes” should
provide electrode reactions and electron transfer to the
“inner electrodes” of the membranous redox sites and
start ionic and vesicular transports through the cyto-
plasm. By exposing mesentery of dogs to electric
fields it was found that arterioles and arterial capillar-
ies (“arteriocapillaries™) contract and appear empty of
blood cells in scattered vascular regions. Simulta-
necusly, corresponding venules and venous capillaries
(“venocapillaries™) fill with blood, evidently from
collateral circulation from adjacent vascular areas
without arteriocapillary contractions. The venocapil-
laries fill selectively with large numbers of granulo-
cytes in dog mesentery near the mesenteric electrode,
e.g., at 1-2 V potential difference. Granulocytes also
pass by diapedesis through evidently open venocapil-
lary pores to the interstitial tissue. These observations
point to the creation of long-distance selective VICC

transports of material when tissue is exposed to electric
fields. It is suggested that the pericytes may be in-
volved in the mechanism of regional closure of the
pores between the endothelial cells.

The electronegative granulocytes or an anionic com-
pound, e.g., Evans blue dye, are electrophoretically
attracted to the electropositive region of the tissue.
Around an electronegative region in a closed circuit
electronegative cells and compounds are repelled. In
those veins which have their flow directed toward an
electronegative focus, the repelling of granulocytes
and anions in the blood stream causes them to accu-
mulate in these veins. These observations contribute to
the presentation of an alternative explanation of so-
called chemotaxis, which will be further treated in
Chapters XIV and XVI. The behaviour of granulo-
cytes in experimental activation of VICC channels il-
lustrates the capacity of selective transports in tissue of
this particular BCEC system.

Ionization is a characteristic feature in tissue injury.
For example, intravascular thrombosis is a type of
injury which appears not to interrupt the conducting
pathway. Indeed, intravascular conductivity is in-
creased. The physicochemical potential of tissue injury
represents a driving force, which over VICC channels
leads to electrophoretic and electroosmotic transports
and eventually to healing of the injury. Even small
gradients of force in biologic material may be expected
to produce significant changes if the “‘gates™ are avail-
able, open and the time sufficiently long.

Metabolic reactions not only form new products in
tissue but also new electrochemical gradients in BCEC
(VICC) channels. The products diffuse and migrate.
They become dislocated in an electrochemically acti-
vated closed circuit and then easily adsorbed at struc-
tural interfaces of tissue matrices in the circuit. In this
way structures such as membranes may develop. The
principle of this mechanism has been outlined for the
development of intraabdominal organ capsules. The
mechanisms of development of many other membrane
structures, including basement membranes, are little
known but might be similarly explained. In future
searches for analogues to electrodes in tissue, it seems
likely that one of the places where they can be expect-
ed to be found is adjacent to (fibrous) membranes.

Biologically closed electric circuits (BCEC) is here
used as a general term for structures with the capacity
to channelize the exchange of energy in a selective way
over long as well as short distances. In addition to the
vascular-interstitial closed circuit (VICC) outlined in
this study, other circuits can also be anticipated to
exist, e.g., in conducting electrolytes in glandular
ducts, cerebrospinal fluid, pleural and peritoneal fluid
(with or without connections to vascular or interstitial
conducting branches). The VICC system may be re-
garded as a circulation for selective transport in tissue
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closely integrated with the nonselective bulk trans-
ports by diffusion and mechanical movement in the
circulatory system. As a group of systems of selective
transport, BCEC systems may be recognized as one of
the prerequisites for structural development and func-
tion of tissue.
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XIII.

Energetics of BCEC systems,
ionars and ergonars

A. Components of BCEC
systems

Chemical reactions in vivo differ from chemical reac-
tions in vitro by usually being isothermic. Biologic
reactions are often modulated in many ways which are
energetically economical and functionally highly dif-
ferentiated. Acceptance of the principle of BCEC
means that a variety of closed circuit functions, com-
monplace in contemporary electronic technology,
should also have their correspondence in biology. This
correspondence includes not only the functions which
drive the circuits but also the influences of “local”
reactions along electrochemical gradients over BCEC
branches, either in series or in parallel. As will be
seen, lonic and nonionic compounds each interact in a
way that makes selective distribution and medulation
of energy possible over short and long distances.
BCEC therefore represent, in the author’s view, an
important circulatory system in addition to the me-
chanically driven circulation of blood. Components of
this circulatory system are listed in Table XIII: 1.
Selective distributions of compounds thereby be-
come possible, even against existing pressure gradi-
ents, and may contribute, for example, to homeostasis.
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As far as can be seen now, the mechanical transport
system and the electrochemical BCEC systems are
closely integrated both morphologically and function-
ally. Future evaluations of the function of the combi-
nation of the two systems will, however, require a

Table XIII: 1. Components of the circulatory system of BCEC

I. Matrices  Seructured groups of channelizing components:
Vessels, ducrts, interstitial channels, fibrous mem-
branes, Some of these components are contractile
and change electrical resistance.

Componenrs nor orgarized as channels:

Ervihrocytes and other circultaing cells, cellular
components and molecules. Ground substance, fi-
brous material, nutrients, metabolites, metabolic
wastes. Movable “matrices” add variable resis-

tance and capacitance to the circuits.
II. Solvent  Warer

I1I. Elecirode-equivalent interfaces for redox reactions

IV. lons Tomars:
Collections of ions operating BCEC
V. Ergons  Ergomars:

Collections of elecrrically balanced energetic mole-
cules operating BCEC




considerably more differentiated knowledge of the
BCEC systems than is presently available. The follow-
ing presentation will focus on the important problem
of how BCEC systems can be activated and utilized in
the transfer of energy in tissues. We will start with a
general presentation of the author’s view on the energy
available for such functions. This introductory presen-
tation is intended only as a preliminary approach to-
ward understanding the associated complicated prob-
lems. These problems are indeed a consequence of the
recognition of the concept of BCEC.

The energy which can drive a BCEC needs first to
be identified and defined. One group of energetic
compounds is primarily ionic and supplies electric (or
more precisely, physicochemical) energy to the sys-
tem. The other group consists of primarily nonionic
energetic compounds. In order to facilitate handling of
the actual problems it is now necessary to introduce
new, if tentative, terminology (Table XIII: 2).

The term ergon (Greek, ergon = work) is used here
to mean a nonionic compound possessing potential
electric energy, as distinguished from an ionic com-
pound possessing immediately available electric ener-
gy, in a BCEC system. These two types of energy
compounds are integrated in the energy conversion of
BCEC systems as ionic and ergonic collections called
ionars and ergonars, respectively. Together these col-
lections are termed ergionars. The need for a distine-
tion between ionic and ergonic energies is a conse-
quence of the important differences of their energetic
behaviour in a BCEC, Similarly, their appearance as
ionars and ergonars has a particular meaning in closed
circuit energy exchange. Examples of ergonars in-
clude oxvgen, glucose, neutral fat, ATP, NADPH,
and nonpolar amino acids, e.g., leucine, valine, methi-
onine and phenylalanine. Water may also be included
in this group although it can be regarded in many
respects as a special type of matrix material.

BCEC systems require electric energy, supplied di-
rectly by ions or indirectly by ergons (after their acti-
vation). The electric potentials for redox half-reactions
of ions and ergons can be defined by standard reduc-
tion potentials. In Table XIII: 3 some known redox
potentials are presented (3, 20).

Reduction or oxidation of ergons creates ions, which
in turn by oxidation or reduction may create ergonic
compounds. In this way we may regard ergonars as
precursors of lonars and vice versa. Table XIII: 3 does
not tell us when, where and under what biologic cir-
cumstances these reactions take place. The answers to
these questions require further discussion of the con-
cepts of ionars, ergonars and BCEC.

Ionars and ergonars represent two types of biologic
bulk energy. Ergonars are electrically noncharged
packages of energy. Their arrivals at places which are
suitable for release of this energy depend mainly on

Table XIII: 2. Energy in BCEC svstems: terminology

Unit Symbal Energy collections

lon {electrically

charged molecule) lonar nx
Ergion Ergionar
Ergon {nonionic

eNErgy carrier) L) Ergonar nx "

diffusion and mechanical transport from the places of
production. Glucose, for example, after liberation
from glycogen in the liver, does not “waste” its energy
during transport in the blood stream. On arriving at a
suitable site of reaction, e.g., a working muscle, it
contributes to the need of energy of the local tissue.
During transport in bodily fluids, ions will create
electromagnetic fields in surrounding tissue. Ergons
do not. Selective electrophoretic transport of material
according to electric gradients is the case with ionars.
Such transport is not possible for ergonars. Neverthe-
less, ergonars may undergo electrogenic transport, me-
diated by a suitable marrix. Differences of this kind
appear to be important for differentiated transport of
energetic compounds in tissue. An electrochemical
gradient caused by ionars, e.g., from local metabolic
activities in a tissue, should induce compensatory,
selective migrations of ionic material in a BCEC. If
levelling of physicochemical gradients were to take
place exclusively by mechanical transports (forced
convection), only an indiscriminate mixing should oc-
cur. Diffusion contributes to selective distribution.
The tendency for selective distribution of ions in a
BCEC also depends on the morphologic distribution of
the electrically inactive ergonars. The presence of er-
gonars adds a resistance and a capacitance in parallel in
the circuits. The varving concentrations and locations
of ergonars thereby modify the electric activities of the
ionars. This mode of action is illustrated in Fig.
XIII: 1, where a part of a liquid-containing branch of a
closed circuit (a) is conductive because of its contents
of cations and anions and water molecules (ergons).
Water, furthermore, is a “‘nonionic” compound,
which acts as a unique kind of movable matrix. At the
same time it contains all the characteristics of an er-
gonar of a complex nature. The capacity of water to
form clusters of molecules of an energy content lower
than the summation of energy of “individual” water
molecules, emphasizes the importance of recognizing
ergonars in energy conversion. The degree of breaking
of clusters is influenced by many factors, e.g., the
concentrations of jons, temperature and electric fields.
The appearance of an ergonar other than the water,
e.g., (b) a bolus of glucose, may markedly impair
conductivity, while (¢) the same quantity of ergonar in
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Table XIII: 3. Srandard reduction potentials of some oxidation-reduction half-reactions

E;a E,at
Reac- pH 7.0° Reac- pH 7.0*
tion  Half-reaction (written as a reduction) (voles) vion  Half-reaction (written as a reduction) (volts)
L. 0+IH +2e —H,0 0.816 22, Oxalacetate+2H' +2e —» malate —-0.175
2. Fe*+le —s Fet* 0.771 23.  FAD+2ZH +2¢ —FADH, —0.18°
3, W+de =1, 0.536 24.  Pyruvate+ ZH" +2¢” — lactate —=0.150
4. Cyluchm:-ﬂ'.vFg" +le — 25, Riboflavin+2H" +2e — ribo‘fiawin-H; =0.200
eytochrome-a,-Fe'* .55 26. Cystine+ 2H" +2e” — 2 cysteine =0.22
5. SOU+2H +2e” —SOU +H,0 0.48 27. G?S»G+2H'+2¢ — 2 GSH -0.23
6. NO,+2H'+2e —NO; +H,0 0.42 28, S"4+IH'+2e - HS -0.23
7. 10,+H.0+2e — H,0, 0.30 29. 1,3-diphosphoglyceric acid+ 2H +2¢” —
i P GAP+ P, -0.29
8.  Cyochrome-a-Fe'' #le” — ' )
evtock c-a-Fe'" 0.29 0.  Acetoacetate+2H® +2e —
9. Cyvtochrome-c-Fe'* + e — A-hydroxybutyrate ~0.2%
q;mchrm_‘_ﬁg. 0.25 31.  Lipoate,+2H"+2e —slipoate, -0.29
10. I,G—chhl-umphennlmduphenol - 4+ 32a. MAD'+2H +2¢ — NADH+H" =0.320
IH 426 —2.6-DCPP 032 32b. NADP'+2IH +2e — NADPH+H" -0.320
! A ’ 33, Pyruvate+ CO,+2H +2¢” — malate -0.33
11. Crotonyl-5-CoA+2H' +2e — N y )
butyryl-S-CoA 0.19 34. Uric acid+ 2H" +2¢” — xanthine =0.36
1. Cu''+le —Cu’ u' 1 35,  Acetyl-5-CoA+2H" +2¢ —
’ . " ' acetaldehyde+ CoA —-0.41
13. Methemoglobin-Fe' + le” —
hemoglobin- Fe!* 0.139 36. CO+IH +2e — formate -0.420
14.  Ubiquinone+ 2H* +2¢~ — ubiquinone-H, 0.10 3. H'+le” —H, —0.420
. . . .
15, Dehydroascorbate+2H ' +2e — ascorbate 0.06 38, Ferredoxin—Fe'* +le” — ferredoxin-Fe’ —0.432
16.  Metmyoglobin-Fe' + le” — 39, Gluconare+2H" +2e —s glucose + H,0 —0.45
myoglobin-Fe'* 0.046 40. 3-Phosphoglycerate+2H " + 2 —
17. Fumarate+2H " +2¢  —s succinate 0.030 glyvceraldehyde-3-phosphate+ H, 0 -0,55
18. Methylene blue  +2H" +2e — 41, Methylviologen,_ +2H ™ +2e —
methylene blue, _, 0.011 methylviologen,, —0.55
19, Pyruvate+ NH,+2H" +2¢  — alanine —0.13 42, Acetate+ IH' 4 2e” —» acetaldehvde —0.60
20,  a-Kewglutarate+ NH,+2H +2¢” — 43.  Succinate+CO,+IH" +2e —
glutamate+ H,0 -0.14 a-ketoglutarate+ H,0 -0.67
—0.163 44, Acetate+CO,+2H™ +2e” —pyruvate —0.70

21. Acetaldehyvde+2H' +2e  — ethanol

Source: 1. H. Segel, Biochemical Calculations, 2d ed. (New York: Wiley, 1975), pp. 414415,
* Standard conditions: Unit activity of all components except H, which is maintained at 107 "M. Gases are at 1 atm pressure,
" The value given is for free FADVFADH,. The E,of the protein-bound coenzyme varies.

an incompletely obstructing location will impair con-
ductivity less. Conductivity also is affected (d) by vari-
ations of morphology of the conducting vessels. In
general, then, the functions of ionars and ergonars are
variable, depending on their sizes and distributions in
relation to the actual morphology of the BCEC
branches. The intensity of closed circuit ionar interac-
tions now may be recognized to be modulated both by
ergonars and by variations of the supporting noncon-
ducting walls around the conducting fluid. A purpose-
ful deceleration or acceleration of reactions over BCEC
branches may be obtained in this way. (See also Fig.
X:6, as an experimental analogue of induced delay of
spontaneous equilibrium). Furthermore, any local nar-
rowing of a conducting branch of a BCEC should lead
to local enhancement of current density, a change
which may be expected 1o be accompanied by func-
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tional effects. A levelling of electric gradients over
closed circuits between different regions of tissue
should evidently also contribute to homeostasis.

One way to determine the average balance between
ionars and ergonars would be to determine their ratio
of concentration (ergionar ratio) in the conducting
medium. A more direct and simple way would be to
determine the electric resistivity of the conducting
medium. Complete analysis of ionar-ergonar interac-
tion in vivo would be extremely difficult to determine,
partly for reasons mentioned above, i.e., functional
variations of lumina of conducting branches as well as
local convection factors. Moreover, one would need two
know the morphology of associated, but different
BCEC branches and systems as well as the varving
sites, magnitudes and times of occurrence of their
energies of activation.



Fig. XII: 1. Interdependence of components of BCEC sys-
tems. (a) Electrically conducting branch of a closed circuir,
containing water and electrolytes. The vessel wall is electri-
cally insulating. () Conductivity in this branch is markedly
impaired by an ergonar (nonionic collection, e.g., a bolus of
glucose) which locally fills the lumen. (¢) Conductivity is less
impaired than in b because the same ergonar is more elon-
gated and not occupving the entire cross section of the
branch. (d) Impairment of conductivity by compression or
contraction of conducting closed circuit branch.

What are the mechanisms responsible for the differ-
ences of electric reactability of ergonars and ionars?
This question can presently be answered only indirect-
ly by pointing toward some mechanisms which are
likely to be involved.

The magnitudes of ionic dissociation of different
compounds and the buffering capacity of tissue fluids
are evidently of importance for the electrical closed
circuit events in a BCEC system.

Depending on their different orbits of electrons, the
clements differ in their ability to accept or donate
electrons. Noble gases, which do not possess valence
electrons, are therefore inert and unable to accept or
donate electrons. Certain so-called noble metals, e.g.,
platinum, behave as inert materials by their property
to form stable, electron-conducting surface films
(Pt0). Platinum is therefore often suitable as electrode
material. The tendency for an element or molecule to
deliver or to accept electrons in relation to another
element or molecule is determined by what is called its
electronegativity (17). The electronegativity of an ele-
ment is further characterized, according to Mulliken
(12), by the difference between its ionizing energy and
its electron affinity. These concepts are evidently of
considerable interest with regard to the release of elec-
tric energy of ions and ergons.

Ions carry an excess of electric charge immediately
available for short and long distance reactions. Ergons
do not “waste™ their electric energy immediately and
anywhere, e.g., during their transport. But at suitable
sites of reaction thev are able to release their energy
when needed. Ergonars even cooperate along this line.
Thus, glucose releases eighteen times as much energy
in the presence of oxygen than in its absence (22). But

OXygen, as an ergon, must protect its capacity for
necessary redox reactions during transport in the
blood. This protection is possible partly as a function
of the microenvironment, which supports one of the
ergonic characteristics (the saving of electric energy) of
oxygen during its transport. The basic information
which allows us to recognize this important mecha-
nism behind the enhanced ergonar function of oxygen
is a result of extensive studies on the binding of oxygen
to haemoglobin and myoglobin. A brief review of the
relevant literature follows.

The structures of myoglobin and haemoglobin have
been elucidated by Kendrew (8, 9) and Perntz (18).
The capacity of myoglobin and haemoglobin to bind
oxygen depends principally on a nonpolypeptide unit,
the haem group. The haem is a prosthetic group of
myo- and haemoglobin. It contains an organic proto-
porphyrin part and an iron atom, which can appear in
ferrous (Fe™ ™) or ferric (Fe* ™ *) states of oxidation.
Only ferrohaemoglobin can bind oxygen (29). Ferri-
haemoglobin is also called methaemoglobin. Corre-
sponding functions also apply to myoglobin (9), The
prosthetic haem group in both myoglobin and hae-
moglobin is surrounded by the apoprotein, which in-
side consists almost entirely of nonpolar amino acids
(27). Glutamine, asparagine, lysine and arginine, with-
out side chains, are present in the interior of the
molecule (18). Residues that have both a polar and
nonpolar part, such as threonine, tyrosine and trypto-
phan, are oriented so that their nonpolar portions
point inward. Only two polar residues, each a mole-
cule of histidine, are present inside the myoglobin and
haemoglobin molecule. Each of these histidines is very
close to the iron in the haem group. The iron atom is
directly bonded to one of the histidines (hisudine F§,
called the proximal histidine). The oxygen binding site
of the iron is opposite the histidine F8, while the
second histidine (E7, called the distal histidine) is
nearby (22). In ferrimyoglobin the oxvegen binding site
is occupied by water, in deoxymyoglobin it is empty,
in oxymyoglobin it is occupied by O (26). When O
occupies the binding site, it does not oxidize Fe™ " to
Fe®"". How is this possible? The oxygen binding
site of the iron atom is remarkably small in relation to
the volume of the whole myoglobin molecule. This
relationship gives a hint of the function of the polypep-
tide portion of the molecule surrounding the haem
(25). The haem can be isolated. In a water solution it is
able to bind oxygen for a short time when its Fe' " is
oxidized to Fe™ " ™. Fe' " ", however, can not bind
oxvgen. In some way the polypeptide portion of
haemo- and myoglobin stabilizes Fe™ ™.

An answer to this problem of binding oxygen has
been given by Jai Wang (25) in an experimental mo-
del. When the haem group is imbedded in a polysty-
rene matrix containing a derivative of imidazole, it can
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undergo reversible oxygenation. The matrix prepara-
tion mimics that of polvpeptides. Wang proposes that
imidazole has a role similar to that of the proximal F8
histidine, while the polystyrene provides the haem
group with a nonpolar hydrophobic environment. It is
more difficult for electrons to leave ferrous iron in a
nonpolar milieu than in water. The nonpolar haem-
binding site in myo- and haemoglobin therefore pro-
tects ferrous iron from oxidation by exclusion of water
(22).

Myoglobin and haemoglobin are structurally simi-
lar, but they are funcrionally different in their proper-
ties as oxygen carrying molecules. For example, the
affinity of haemoglobin for oxvgen depends on pH,
while that of myoglobin is independent of pH. In
haemoglobin the oxvgen binding is also affected by the
affinity of haemoglobin for CO;. Haemoglobin has a
lower affinity for oxygen than myoglobin, an essential
property from the point of view of transfer of oxygen
from blood to muscle. When temperature or the con-
centration of H* or CO; increases, then oxygen is
released from haemoglobin (Bohr effect), while these
factors do not affect the capacity of myoglobin to bind
oxygen (19). Several other factors are also involved in
the mechanisms of binding and release of oxvgen and
CO; to haemoglobin.

The point of this review may now be evident. The
microenvironment of the haemoglobin molecule acts
selectively to protect the ergonar oxygen from being
ionized during its transport in the blood stream. Upon
contact with myoglobin, the oxygen is transferred
from haemoglobin and accumulated in the myoglobin,
still in a protected, ergonic state until its oxidizing
properties are needed.

After this introductory presentation of components
of BCEC systems, it is now appropriate to consider the
energy of ions and ergons.

B. Ionic energy

Current concepts of energy exchange in chemical reac-
tions will now be surveyved briefly, as a necessary
prelude to considering biochemical reactions in the
presence of biologically closed electric circuits. This
survey is mainly based on the authoritative presenta-
tions of Lehninger (10), Nobel (14), Bockris and Dra-
#1¢ (1), Morowitz (11) and Newman (13).

The total energy u of an ionic species j in a tissue is
conventionally expressed as a sum involving its chemi-
cal activity, volume and pressure conditions, electrical
potential and gravity (14):

;= w+RTna+V;P+z, FE+mgh (Eq. XIII: 1).

The potential energy g, of the particular species j is
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here related to a standard reference level by the factor
i,

)The next term represents chemical activity. R is the
gas constant and T is temperature. The “effective
concentration” is denoted as a; of a species j, which
will be experimentally examplified in several sections
of this book. a; is a product of the activity coefficient
v;and the concentration ¢;. The chemical activity term
RTIna; is conventionally expressed in units of energy
per mole.

The effect of pressure-volume is expressed by the
term VP, where V; represents the differential in-
crease in partial molar volume after a differential
amount of j is added.

The effect of electrical potential is expressed by
z;FE, where z; represents the charge number of j, F is
Faraday's constant and E the actual electrical poten-
tial.

The last term mgh includes an expression for grav-
ity, where g is the gravitational acceleration factor and
h the height of a mass m in relation to a reference level.

In calculations and descriptions of biologic energe-
tics, Gibbs® free energy (G) expresses the maximum
sum of different energy qualities which are available
for work. Gibbs’ free energy of a system therefore
consists of many components, which with regard to
ionic energy in a tissue may be expressed as:

G= z mu;
i

n; represents here the number of moles of species j in
the system and w; the physicochemical potential of
species j. These components of stored energy may be
released either by individual chemical reactions be-
tween two reactants or by a series of reactions. In
simplest form, A and B may react, producing C and
D:

aAd+bB=cC+dD

where a, b, ¢, d represent participatory moles of A, B,
C, D.

The bulk energy change of the reaction expressed by
A7 is then expressed:

(Eq. XIII: 2).

AG = —auay—bug+euc+dup (Eq. XIII: 3).

The signs of this equation are determined by a de-

crease (negative) of reactants and an increase (positive)

of the products. AG represents in Eq. 3 the bulk

change of free energy, which, by considering the indi-

vidual energy factors of Eq. 1 can be expressed

AG =— auy — by +cul-+du-
+RT(-alna,~blnag+clna.+dlna,)
+P(—aV,—bVy+cV o +dV))
+FE(=az,=bzg+ca +dzp)

+gh(—am,—bmy+cm-+dm,)  (Eq. XIII: 4).



Eq. 4 is somewhat troublesome to handle in practice.
Simplified versions are therefore sometimes accepred.
Most chemical tissue reactions, for example, take place
at constant temperature and often at constant pres-
sure. If the volume of the reactants (aV 4 +bVg) is the
same as the volume of the products (cV+dVp) the
pressure-volume expression in Eg. XIII:4 is zero.
Moreover, the sum of the terms in the second to last
parenthesis in Eq. XIII: 4 equals zero because no
charge is created or destroyed, i.e., the term
(azy+bzg) equals the term (cz-+dzp). The last par-
tial reaction in Eq. XIII: 4 also is zero because no mass
is created or destroyed by the reaction. The constant
terms of Eq. XIII: 4 (—au',—bujy+cup-+duj,) can be
replaced by AG". Eg. XIII: 4 can now be simplified
to;

AG =AG"+ RTIn M
(a4)" (@g)"
When local chemical reactions are of the type pre-
sented in Eq. XIII: 5, their electrical energy is convert-
ed between the reactants at short distances of contact.
In an electrolyte solution separated ions of opposite
charge balance each other electrically. In spite of the
absence of net electric charge the ionic separation is
one of the prerequisites for new ionic recombinations.
For local chemical reactions, the electrochemical po-
tential is often expressed in the simplified version of
Eq. XIII: 1 as follows:

H =,.:,:E+RT]|.'1 a}+zFE

(Eq. XIII: 5).

(Eq. XIII: 6).

Formulas for calculation of electrochemical energy in
the transfer of ions include oxidation-reduction reac-
tions, where the redox potential E; may be written:

E_=E_Q_E|n (reduced )
i i

sF  (oxidized;) (Eq. XIIL: 7).

C. Interdependence of
energies, including gravity

The abbreviations leading to Eq. XIII: 5-7, useful for
chemical in vitro reactions, may be regarded from a
slightly different point of view in in vivo situations.
It is easy to recognize that ail four partial energy
factors of g; (Eq. XIII:1) are interdependent. For
instance, a local change in concentration of ions will
influence local volume-pressure conditions, and vice
versa. The piezoelectric properties of dry and living
bone tissue probably reflect such connections. Exam-
ples from physiologic studies of membranes are simi-
lar. Such considerations led Teorell (23, 24) to de-
scribe the integrated functions of chemical energy,
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volume-pressure and electric energy of a system he
called the membrane oscillator. This concept repre-
sents an excitable system which is able to convert
electrochemical energy into mechanical work. As in-
terdependence of all four energy factors, and particu-
larly of gravity, is not immediately obvious, the factor
of gravity will now be the subject for some consider-
ation.

It may seem unconventional to include a gravitation-
al term in Eq. XIII: 1. Gravity is, however, an impor-
tant and often overlooked factor. Small but constant
forces are known empirically to produce considerable
effects in vivo when they are allowed to act over long
periods of time. Thus, the relative distribution of air
and blood in lungs depends, for example, to a large
extent on gravity, Gravity is known to affect the ratio
between ventilation and perfusion in upper and lower
parts of the lungs (28). Even the ratio between system-
ic and pulmonary arterial flow can be anticipated to
vary in different parts of the lungs as a function of
gravity. Gravitational forces are relatively less influen-
tial on blood in the high pressure bronchial arteries
than in the low pressure pulmonary arteries. Weight of
the blood and, to some extent, of the lungs themselves
makes the peripheral air spaces larger at the apices of
human lungs than at the bases. Gravity-induced rela-
tive effects on ventilation and on the pulmonary and
bronchial circulations in different parts of the lungs
can therefore be expected tq trigger biological mecha-
nisms which are of importance for the physiologic and
pathophysiologic distribution of bleod flow and venti-
lation. For example, well-ventilated portions of lung
trigger their divisions of the pulmonary arteries to
dilate and preferentially distribute blood to them (3).
A shunting of systemic arterial blood, as from the
bronchial arteries, to precapillary pulmonary vessels,
will, however, constrict local pulmonary vessels.

Gravity has long been known to influence the local-
ization of pulmonary tuberculosis. Thus, pulmonary
tuberculosis in man is found most commonly in the
apices of the lungs, while in the bat, which hangs
upside down during hibernation, the disease tends to
occur in lung near the diaphragm. In the cow, pulmo-
nary tuberculosis is preferentially dorsal.

When the left side of the heart fails to pump ade-
quately, the resultant oedema distributes preferentially
to dependent parts of the lung (and other dependent
parts of the body), a well known reaction related to
gravity. Orthostatic reactions, balance and orientation
are other simple and familiar examples of gravitational
forces in animals.

Deep diving animals such as whales are exposed to
very high external pressure when they dive as deep as
70 m under the surface of the sea. The external water
pressure then compresses peripheral capillaries, pro-
moting central diversion of blood. To prevent overload
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on the heart and lungs, these animals possess valves
which regulate the amount of venous blood that is
allowed to flow into the thorax and reach the heart. It
15 in fact easy to find many morphological and func-
tional adjustments to the force of gravity in animals as
well as in plants. Furthermore, the force of gravity can
be utilized in angiography to modify flow in vessels
and to direct contrast material into predetermined
vascular regions (15, 16). The author is aware that
most gravitational effects of the type described above
may be considered as “systemic™, meaning that the
mass of any individual molecule is so small that the
gravitational force is apparent only on large, concen-
trated collections of molecules of different masses.
However, this view could then also be applied to the
chemical potential whose activity coefficient is depen-
dent on concentration. For example, the gravitational
effect of external sea water on distribution of blood in
a whale, 70 m deep in the sea, should not be regarded
as simply an effect of the weight of water. It is the
gradient between reactants that counts in any concept
of potential.

The main message of this discussion on gravity is
that this factor must not be neglected in considering
the truely “systemic™” BCEC reactions. VICC, e.g.,
represents an additional electrogenic circulatory system in-
tegrated with the mechanical bulk transport system of
blood and lymph circulation. Ionars and ergonars may
present small but important volume-pressure and
gravitational forces. The effects of even small gradi-
ents in vivo are particularly influenced by the factor of
time. The *“electrochemical” simplified Equation
XIIL: 6 is practical and useful in most in vitro reac-
tions. In biology, when reactions in vivo take place in
highly specialized matrices and over long time periods,
all four energy components of the total physicochemi-
cal potential must be considered. The term “electro-
chemical™ is, however, often used in the broad sense
of “physicochemical” when electric and chemical en-
ergies are dominating.

D. Ergonic energy

The principle of BCEC makes it necessary also to
consider the interactions of noncharged species as an
integrated factor in closed circuit functions. These
interactions lead us to the following considerations:

Whereas an ion is electrically charged, the electrical
state of an ergon is internally balanced but electrically
unstable. Ergons, like ions, are carriers of physicoche-
mical energy. The total energy of an ergonic species ¢
might then be expressed:

#,=1+RTna,+[2FE|*+V, P+m,gh (Eq. XIII: 8).

The total ergonic energy has the electric component
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= [gFE]*. The asterisk means that this energy is
utilized only under certain conditions. One may expect
this utilization as a result either of redox reactions or of
an externally induced imbalance of the electronic state
of the ergon by mechanisms involved in the creation of
electronegativity.

Eq. XIII: 1, 8, being nonstoichiometric, do not
clearly express the internal relations between the par-
tial energy factors of an ion or an ergon. Temperature,
for example, is formed incorporated only in the ex-
pression for chemical potential. At the same time it is
evident that temperature also affects pressure-volume
and electrical potential. Pressure-volume, moreover, is
closely related to gravity and to chemical and electrical
potentials,

In a visual attempt to bridge these inadequacies, the
physicochemical potential is presented graphically in
Fig. XIII: 2 as tetrahedrons of ionic and ergonic ener-
gies. The energy components of w; are present in
BCEC systems as ionars (n - 1) and ergonars (n - u.).

The interdependence of energy factors (1-4) of ions
and the respective energy factors (1-4*) of ergons is
demonstrated. The total amount of energy is repre-
sented by the volume of the tetrahedron. The relative
magnitudes of the different energy components are
represented by its shape. Each of these energies may
vary in a positive or negative direction, as indicated by
negative and positive vectors of force (arrows). A value
for each of the energy components is necessary, as a
tetrahedron must always have volume. The factor
[eFE]* of an ergon is to be regarded as potentially
available energy, despite balancing internal electrical
forces. This formulation is appropriate because of the
inherent tendency of an ergon to transform into an
electrochemical reactant in a suitable surrounding.
The tendency of an ergon to carry excess balanced
charge is indicated by dashed arrows. Because a
change of any one of the four energies will affect the
shape of the tetrahedron, the model illustrates the
interdependence of all the energetic components.

E. Conversion of ionic and
ergonic energy

The energy of 1ons and ergons is utilized in the activa-
tion of BCEC systems (Fig. XIII:2). These energy
carriers then appear in collections as ionars and ergon-
ars. They are further dependent on each other and on
the structural and functional characteristics of BCEC
channels. Tonars and ergonars change their shapes and
densities (concentration—dilution) in relation to the
channels of reaction. These channels include intersti-
tial spaces, blood and lymph vessels, ductal canals and
body cavities. Of great importance also are their di-
mensions, and abilities to vary their calibre.
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Fig. XIII: 2. Principle of exchange of energy over BCEC
systems. The quadripartite energy of ergonars and ionars is
depicted graphically as tetrahedrons. The electrical system
of BCEC circuits is depicted in red. Ions and ergons carry
four energy factors (1—4). lons carry a + or — surplus of im-
mediately available electric energy (4) while an ergon carries
balancing + and — charges (4*). These ergonic charges may
be brought into imbalance, leading to a varving degree of
electronegativity. Collections of n ions or n ergons are repre-

Ionars and ergonars thus change by diffusion, con-
vection, local chemical and physical reactions in sur-
rounding media and by changes of the channels of
reaction. lonars, in contrast to ergonars, will also
change their concentration by electrophoretic trans-
ports over BCEC channels. These circumstances make
it understandable that a defined number of ions or
ergons does not always mean the same from the point
of view of distribution of energetic compounds. The
logarithmic expression for chemical activity does in-
clude the activity and concentration coefficient a;,, =
¥i(e)€i ey for both an ion and an ergon, but does not
include the matrix dependence which affects all four
energy components. Vesicular transport, e.g., is sug-
gested (Chapter XII) to represent a matrix mediated
BCEC transport of ergonars. A complete definition of

GE

ERGONAR II

sented by ionars and ergonars I and I1. Factor 4* permits er-
gonars (e.g., oxygen or glucose) to “save” their energy from
reactions during transport until suitable conditions for ener-
gy exchange are available. Activation of factor 4* is necessary
for redox reactions of ergonars. The electromotive force of
BCEC systems is directly dependent on factor 4 of ionars and
indirectly on factor 4* of ergonars.

For further explanation, see text.

an activated, functioning BCEC is obtained by includ-
ing all the variables of the channels of reaction, the
ionic and ergonic potentials, the conductivity of the
supporting electrolytes and the variable spatal loca-
tions of the reactants.

Ionar and ergonar energy can be further considered
with regard to various specific partial mechanisms,
¢.g., diffusion, short and long distance chemical reac-
tions, capillary flow, gravity and influences of fixed
charges.

We will, however, now turn to mechanisms associat-
ed with ergionic transports and possible influences on
physicochemical reactions in a BCEC system. Fig.
XIII: 2 represents an attempt to show the interactions
of the available Gibbs’ free energy of ionars and ergon-
ars. Thus, the paired ionars I and Il and the paired
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Table XIII: 4. Energy-converting mediators

Chamnelizing media  Membranes, tissue matrices,
vessels, ducts, etc.

Transport media Blood, gas, tissue and cell
fluid, secretory products, ec.

Redox systems

Chemical catalyiic systems

Transport systems Mechanical systems for bulk transport
Osmosis and convection of fluids, diffusion
BCEC systems for selective transports

ionar IT and ergonar II are exchanging free energy.
Each pair of reactants may exchange the energy of any
one of the four partial energy components (1-4, 1-4%),
The rates of these exchanges are determined by the
AG" free energy of the reactants. The electrical factor
of an ergon is then brought into a state of activation
associated with a change of balance of its electrical
charge. The BCEC channels then constitute pathways
for selective ionic transports in ionar-ionar, ionar-er-
gonar and ergonar-ergonar reactions. As in any electri-
cal closed circuit system, BCEC systems should also
lead to a number of interesting effects, i.e., on “local™
reactions even far away from the sources of the flow of
current created by physiological or pathological polar-
ization of tissue. Future acceptance of the principle of
BCEC logically must also mean that local magnetic
fields are induced by the flow of current. The expo-
sure of a BCEC system to moving external magnetic
fields, whether manmade or natural, will also induce a
flow of current in the circuits, In this sense BCEC
svstems must be comsidered not omly as an additional
circulatory system for selective fransports and influences on
local metabolic events, but also as receptors for influences

Table XIII: 5. Integrated factors in energy exchange of BCEC
SVStEms

Polarization

Electron transfer

Migration

Formaton and recombination of 1ons, ergons

Electroosmosis, fixed charges

Ionar-ergonar ratio, resistance and capaci-
rance of cireuit

Aumninduction of electric and magnetic
fields

Induction of current by external electro-
magnetic ficlds

Forced convection, pressure-volume forces

Interferences by matrices

Diffusion, concentration forces

Separation

Elecirical

Mechanical

Chemical
Crravitation
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Table XIII:6. Some physicochemical effects supported by
BCEC systems

Selective transports

Structural development and functional effects

Healing of injured tissue

Promotion of homeostasis

Modulation of “local” chemical reactions

Generation of physicochemical potentials

Electric and magnetic effects by currents in BCEC channels

Effects of currents induced in BCEC circuits by external electromag-
netic fields

by external magnetic and electric fields, in addition to their
oum ability to produce electromagnetic fields.

Metabolic and catabolic processes can be described
to exchange energy among different regions of tissue
by energy-converting mediators. Table XIII: 4 lists
examples. They are components both of systems for
mechanical bulk transport (e.g., the gastrointestinal
tract, blood and lymph circulation) and of BCEC sys-
tems for selective electrical transports.

The mechanical and electrical transport channels
may be identical, e.g., vascular-interstitial communi-
cating channels. This identity should lead to integrat-
ed mechanical and physicochemical events, as listed in
Table XIII: 5.

Table XIII: 6 lists some anticipated general physico-
chemical effects of BCEC systems.

F. Development of ionars

Diffusion may be regarded as caused by forces which
are relatively integrating (dispersing) or disintegrating
(concentrating). When diffusion takes place as a
spread of a species (A) into the surroundings (B), the
process is one of dispersion forces integrating (A) and
(B). The reverse takes place when the process is domi-
nated by an internal approach or disintegration of
components of (A) respectively (B) by concentration
forces.

The well known concept of a liguid junction potential
or diffusion boundary potential must now be consid-
ered. This potential develops at the interphase be-
tween liquids of different concentration. Whenever,
for instance, a small amount of a concentrated solution
of HCI comes in contact with a weaker solution of
HCI, differences in ionic mobility permit the protons
to diffuse more rapidly than the chloride 1ons. The
separation of ions is then counteracted by the liquid
junction potential. Some values of ionic mobility are
compiled in Table XIII: 7.



Table XIII: 7. Jomic mobility w; (em*V~'s7") 25°C

H* Li* Na* K° OH A« NOy,

u, - 10¢ 36.2 4.0 5.2 1.6 0.7 7.9 7.4

Ionic diffusion takes place according to Fick’s first
law —Q = D{dc/dx) in which Q (in mol m™?s57") is
the quantity of ions traversing a unit area of solvent
per unit time. The factor D is the diffusion coefficient,
which expresses (in m~2s™!) the proportional ability
of an ion to diffuse a distance dx in a solvent at a
concentration difference de. In a nonsteady state this
concept can often be expressed as x = constant vV It ,
where D = diffusion constant (m™*s™') and t = time
(sec). It is evident that liquid junction potentials will,
starting from zero in a closed container, develop a
maximum potential difference and then return to zero.

Considering a nonstationary condition, the amount
of marterial ) passing a unit area A per second over a
distance dx will lead to the following equation

QA - (Q+ﬁde)A =9 Ady, (Eq. XIII: 9),
ox ot

which in words tells us that the inflow of material Q
through the area A, minus the rate of Q through the
area A over the distance dx, equals the concentra-
tion change per unit time through the distance dx
through the same area A. This equation can then be
simplified to the well known continuity equation
= d(dx = dc/di. By substituting Fick's first law into
the continuity equation we obtain Fick’s second law
de/dx = D (6%/dx%), which in a three-dimensional
distribution,  gives  dc/dr = D(d%cldx*+ c/dv’ +
&*c/dz®). This equation describes one function of local
administration of a drug during application of direct
current in fissue (Chapter XIV). In many instances, a
more general expression for diffusability of material is
used than the one for ionic mobility:

Diffusion coeff = D, = u, - 1L

g F

(Eq. XIII: 10},

Values of charge number, equivalent conductances
and diffusion coefficients of some selected ions at infi-
nite dilution in water at 25°C are compiled in Table
XIII: 8 (13).

Table XIII: 8 shows that most ionic diffusion coeffi-
cients are about 1 or 2x10° cm® sec™ ', except for
hydrogen ions and hydroxyl ions, for which D, is 9.3
and 5.3x107° cm?® sec™", respectively.

The equivalent conductance A of salt is obtained by
summation of the values of each ion pair

A=A +i_ (Eq. XIII: 11).

Table XIII: 8. Values of equivalent conductances and diffusion
coefficients of selected ions at infinite dilution in water at 25°C

2

mho—cm?® ﬂ,x Iﬂi
ion Z - I:ql.;l_\" cm’/sec
H' 1 349.8 9.312
Li* 1 38.69 1.030
Na' 1 50.11 1.334
K* 1 73.52 1.957
NH; 1 73.4 1.954
Ag® 1 61.92 1.648
T 1 74.7 1.989
Mg 2 53.06 0.7063
Ca"* 2 59.50 0.7920
Srt” 2 39.46 0.7914
Ba®™" 2 63.64 0.8471
Cu™” 2 54 0.72
Zn** 2 53 0.71
La*** 3 69.5 0.617
Co(NH,), ™" 3 102.3 0.908
OH =1 197.6 5.260
Cl -1 76.34 2.032
Br- -1 78.3 2.084
1 =1 76.8 2.044
NO, =1 T1.44 1.902
HCOy; =1 41.5 1.105
HCOy, -1 54.6 1.454
CH,CO); -1 40.9 1.089
S0, -2 1] 1.065
FelCN3; -1 101 0.8%6
Fe(CNJ; —4 111 0.739
10, -1 54.38 1.448
Cl0, -1 67.32 1.792
BrO, -1 55.78 1.485
H50, -1 50 1.33

The actual conductivity of a tissue then depends on
the sum of different A,, and their concentrations in
relation to “nonconducting” substances. Among the
“nonconductors”, bone, fibrous ussue, dielectric
components in cell membranes, sucrose, neutral fat,
gas and water are the most important. Biologic tissues
can therefore be regarded as electric conductors pos-
sessing different intersected ohmic and capacitative
resistances. This property also makes it possible theo-
retically to predict the existence of preferential path-
ways for electric current in tissues.

Fig. XIII: 3 shows how an ionic separation may take
place by diffusion at the interface berween a droplet of
a strong HCI solution in a weak HCI solution. The
ionic separation leads to one electropositive and one
electronegative phase.

The individual proton and chloride ions represent
here the smallest components of an ion pair. The
symbol 4 indicates that each ion carries four physico-
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Fig. XIII: 3. Liguid junction potential arising from the de-
velopment of two ionars (spatially separated collections of
ions). (a) Droplet of concentrated HCI solution to the right,
in diluted HCI solution. The dotted line indicates only an in-
terface and is not a membrane. Each ion carries a physico-
chemical charge of four interdependent energy components
(visualized as a tetrahedron symbol /. ). (b) Because protons
diffuse more rapidly than other ions, a relative excess of pro-
tons collects temporarily to the left and an excess of chloride
ions 1o the right, giving rise 1o a transient electric potential
difference. (¢) The potential profile through these phases
shows two collections of 10ns (ionars), one electropositively
and one electronegatively charged. The shapes and charges
of their cross sectional charge profiles are different, although
their total charge is equal.

For further explanation, see text.

chemical energies (Eq. XIII: 1, Fig. XIII: 2). Due to
diffusion of the ions, an electric junction potential will
develop. Before diffusion, electroneutrality was pre-
sent inside and outside the droplet. The chemical
dispersion forces are, however, stronger than the con-
centration forces, which leads to some degree of sepa-
ration. The resulting electric liquid junction potential
is therefore an example of the internal dependence of
chemical and electrical forces leading to spatially new
energy constellations of transient, diffusing ionars.
Also in this connection, volume-pressure and gravita-
tional energy components must not be neglected. Fig.
XIII: 3, it should also be noted, shows that one of the
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Fig. XIII:4. Development of an ionar: modifying factors.
Diffusion or different speeds of recombination of ions may
enhance ionic separation during metabolic activity. The
presence of a semipermeable or permselective membrane
will contribute to the development of ionic separation. Re-
sorption and flow of metabolic products can be expected to
remove externally diffused ions. The electric potential of
such a metabolic ionar versus the different electric potential
of another tissue region may lead to the development of a
self-driving system within the channels of a BCEC.

For explanation of symbols, see Figs. XIII: 2, 3.

energy components, the liquid junction potential, pre-
sents different profiles of positive and negative electric
charge for each ionar.

The creation of ionic separation can be shown as
follows (Fig. XIII:4). Assume metabolic activities
have started in an organ surrounded by a semipermea-
ble or permselective membrane. Some of the ionic
metabolites will diffuse through the membrane. Other
1ons are relatively retarded and concentrate within the
metabolic compartment. Various factors outside the
membrane, such as mechanical or electric transports
or ionic recombinations, lead to removal of ions which
have passed the membrane barrier. These changes
may result in a transmembranous difference of physi-
cochemical potential. The compartment therefore car-
ries an ionar. This step is important: it leads logically
to a search for the mechanisms which are involved in
the spontaneous levelling of the actual potential differ-
ences. The evident importance of modern electric
technology based on closed circuits may here have its
biological counterpart. This counterpart, however, ap-
pears to be even more complicated than contemporary
electronic machinery. To begin, simultaneous interfer-
ences must take place among all four ionic energy
factors. And, indeed, they behave differently in rela-
tion to each other and to surrounding media. The
presence, for example, of a mechanical flow on one



side of a membrane may change the transmembranous
potential gradients. A change of turgor pressure by
impaired circulation may interfere with transmem-
branous ion and water transports and favour gravita-
tional influences. Selective ionic transports may take
place without any mechanical gradient of flow in a
BCEC, Reactions may be modified differently by carta-
lysts and intersected redox reactions. Available free
ionic energy among ionars is, in other words, selective-
ly available. The availability of this energy also de-
pends on the functions of different energy-converting
mediators.

The principal difference between the physicochemi-
cal energy of ionars and ergonars is the electrical fac-
tor. An ion presents either a reduced or oxidized state
of charge while an ergon presents the possibility of
being reduced or oxidized from an unstable but bal-
anced state. Nevertheless, just as with ions, the four
potential energy components of ergons are interdepen-
dent. For the time being, any attempts to prove such a
statement must rely on logical theory. lons as ergons
are particles which participate in redox reactions. The
oxidation or reduction of ergons leads to the creation
of ions. An oxidation or reduction of ions may also
lead to the creation of ergons. The close relationship
between these two types of energy carriers is evident.
Mevertheless, they function differently in many re-
spects during energy conversion. The development of
ionars and ergonars and their behaviour in a closed
electric circuit will now be considered experimentally.
We will study electrolysis first of water and then of a
salt solution, to illustrate the basic principle of creation
and interaction of ionars and ergonars in a matrix over
a closed electric circuit.

G. Ionars and ergonars in
experimental electrolysis
of water

Certain partal functions of BCEC systems are more
conveniently demonstrated in in vitro than in in vivo
studies. Such is the case with production and interac-
tion of ionars and ergonars in closed circuit reactions
OVer a matrix.

We will carry out two electrolytie experiments: first,
water is treated in a closed circuit driven svstem by an
external source of electric power, which leads to the
creation of ionars and ergonars. Later, it will be shown
how these energetic compounds can release their ener-
gy as a self~driving system in a closed circuit. The
ergonars participating in the reactions are n- H;O,
n-0; and n-H; while the ionars are n- H" and

B V-_z"].,z:

Vi '

Fig. XIII:5. A driven electric cell. When there is no net cur-
rent, the cell has an equilibrium voltage, V, .. (broken
line). When the current is increased, the cell voltage V; is
larger by the sum of the overpotentials () developed, plus
the IR drop (full line). Below, simplified equivalent circuit
(From Bockris and DraZic).

n - (OH)™. Polymers of these compounds will not be
considered in this experiment, which is intended to
deal only with some basic principles.

Consider a whole electrochemical cell in vitro, as
described by Bockris and DraZic (1). Two platinum
electrodes (Fig. XIII: 5) are immersed in an electrolyte
solution and connected with each other via cables and
an electric battery. The electric double layer at the
electrode surfaces is shown to represent a capacitance
and resistance in parallel. When there is no net cur-
rent, the cell has an equilibrium voltage, V. ..
(broken line). When current is flowing, the cell voltage
V; is greater than V, .. by the sum of the overpoten-
tials' plus the IR drop in the solution. The voltage
drop IR is linear and is a function of the current
passing and the resistance of the solution.

Fig. XIII: 6 shows the situation when the cell func-
tions as a battery which is discharged over the outer
circuit. In this case the overpotentials are subtracted
from the total equilibrium cell voltage. The electric
double layers (2, 6, 7) extend away from the electrode
surfaces usually only a few (to perhaps 50) A. We will
now take a look at corresponding events in the pres-
ence of a matrix.

Unlike the conditions in a nonstabilized electrolyte
solution, the conversion of energy in closed circuit
electric transports, e.g., in a vascular-interstitial closed

! Overpotential represents the electric potential in excess of the
equilibrium potential in electrode reactions. At equilibrium poten-
tial, electrode reactions proceed, but without any net flow of current
between the electrodes.
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Fig. XIII: 6. A self-driving electric cell. The direction of
flow of current is opposite to that of the current in the driven
cell, and the overpotentials (1) have opposite signs. The cell

voltage V, is less than V', .oy by the sum of all overpotentials
plus IR drop (from Bockris and DraZic).
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circuit (VICC), presents modifications of energy ex-
change. The interstitial branches of VICC channels
possess important matrix functions, e.g., by their “ca-
pillarity™ and the existence of fixed surface charges, at
the same time as they create conducting channels for
the biologically closed electric circuit. As an aid to-
ward insight into the actual problems, an in vitro
analogue, as simplified as possible, is presented.

Ea Ea

Recombination zone
(Zone of
zero charge)

Driving { Ec=cathode
circuit Ea=anode

circuit

Filter 3Hz
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rence electrode

Recording {RE =grounded refe-
ME=movable electrode

Platinum string electrodes were placed against a
matrix of T-shaped filter paper, impregnated with
litmus and soaked in water on a perspex plate (Fig.
XIII: 7 a). Either four or ten volts were applied over
the electrodes, starting electrolysis. Hydroxyl ions,
colouring litmus blue, and hydrogen molecules are
then produced at the cathode. Protons, colouring lit-
mus red, and oxygen gas are produced at the anode.
The induced changes of potential between the two
platinum electrodes were measured with Ag-AgCl
electrodes in 2 M KCl agar bridges, 5 mm in length, in
glass capillaries with an internal tip diameter of 1 mm.
A grounded reference electrode of equal construction
was positioned at the end of the “stem” of the T-
shaped filter paper. The perspex plate holding the
water-soaked filter paper and the reference electrode
was moved by a driving mechanism (Grass chart writ-
er). The “recording’ electrode was fixed at one of the
pen-holders of the instrument. It was found that the
presence of litmus in the filter paper had no observable
influence on the tracings of potential.

Recordings are illustrated (with litmus in the filter
paper and during application of four volts over the
electrodes), first from the cathode to the anode (Fig.
XIII: 7 b, left half) and then in the opposite direction
(Fig. XIII: 7 b, right half). These tracings show rough-
ly the same profile of potential, indicating that no
apparent leak of current has taken place through the
recording circuit. Each tracing between the electrodes
shows an S-shaped profile of potential, with the ca-
thodic field electronegative in relation to the anodic

Fig. XII1:7. Experimental production of
ionars and ergonars by electrolysis of wa-
ter in filter paper impregnated with lit-
mus. Four volts cell voltage. (a) Cathode
to the left shows blue OH™ reaction and
anode to the right red H* reaction. These
two jonars, n{OH) ™ and nH*, diffuse
and migrate until they meet, where water
(an ergonar) 15 produced by lonic recom-
bination. (b) Electric potential difference,
traced over the filter paper from left to
right, then from right to left, shows elec-
tronegative cathodic and electropositive
anodic potentials in relation to the
grounded reference electrode (RE). Su-
perimposed oscillations (2-3 per second)
attenuate in the direction of the zone of
zero charge, where water was produced.
These oscillations are produced mainly by
disturbances in conductivity caused by
bubbles of nH; and n(; (ergonars)
trapped in the matrix.

For further explanation, see text.



field (or the same polarity as the power source). Oscil-
lations of the tracings are also seen, of greatest ampli-
tude close to the cathode. They diminish successively
in the direction away from the cathode. The amplitude
of the oscillations increases again toward and at the
anode. The frequency of these oscillations averaged
around 2-3 per second, depending on the speed of
movement over the matrix. As the filter paper dried,
the irregularity of these oscillations increased while
their frequency decreased. “Jumps™ in the tracings
were usually produced when the “recording electrode”™
passed over the platinum string electrode. The imped-
ance of the recording circuit was in this experiment
only one megohm. A frequency filter of 3 Hz was
used.

The electrochemical events in this part of the experi-
ment can be explained as follows. The water itself,
being a nonionic compound (ergonar), is a precursor
for the development of an attenuating collection of
OH™ ions (ionar) in the cathodic area and a corre-
sponding collection of H* ions (ionar) in the anodic
area. These ionars move by diffusion and migration in
the electric field (as demonstrated in Fig. X1II: 7a by
the colouring of the filter paper, which had been
prepared with litmus before water was added and
current was applied). The two coloured fronts in Fig.
XIII: 7 @ meet according to the relative speed of diffu-
sion and migration of the hydroxyl and hydrogen ion-
ars and recombine to form water {(in a recombination
zone). The movements of these ionars were found to
be very sensitive to gravitational influences in the
experiments. In the example illustrated, the filter pa-
per and its support had to be properly adjusted in the
horizontal plane with a water-level.

In the alkaline environment of the cathodic surface
the reaction proceeds:

2H;042¢” - H,;+20H"
and in the acid environment of the anodic surface:
H,0-2¢" —10,+2H".

A flow of current between the electrodes has been
explained to proceed in the following way (4, 17). Both
H* and OH"™ are swongly hydrated in water as
H;0" (oxonium) or even larger complexes, e.g.,
HyO; . These ions are short lived. They can dissociate

rapidly, recombine and allow protons to jump along
hydrogen bonds. These changes correspond to a rapid
transfer of charge:

H He H_,
H,D—H\;;,_J,{)—H..,O’{H

—rg}o...H_O"H,,.H—o(:

Similarly one proton of a water molecule can jump

13824586 Nordenstrom

along a hydrogen bond to combine with an OH ™ ion:

H— H H

0...H OH—O7 =
L
LBy B~o_y. oM

Both processes should lead to a flow of current, corre-
sponding to the equivalent flow of electrons in the
electrical cables between the power source and the
electrodes.

The interesting function of the matrix now entering
the picture is its capacity to reduce the effects of
convection and also to adsorb and trap reaction pro-
ducts. Without a matrix, the distinct zones of alkalin-
ity, acidity and recombination (**zone of zero charge™,
Fig. XIII: 7a) could hardly develop. Moreover, hy-
drogen and oxygen gas should readily disappear from
the system except for adsorption against the electrodes
as gas bubbles. The bubbles prevent water diffusing to
the electrodes, thereby counteracting the process of
electronation and deelectronation. The electrolytic
process may then even cease, sometimes rapidly. If we
now turn to the reaction in Fig. XIII: 8, we will find
that the bulk water in the matrix represents an ergonar
(= an ionar precursor). Electrolysis gives rise to local
accumulations of one cathodic, n{OH ™), and one an-
odic, n{H") ionar and two new ergonars, the cathodic-
adsorbed hydrogen gas, nH,, and the anodic-adsorbed
oxygen gas, nQO,.

Let us now try to identify these energy collections of
ionars and ergonars (Figs. XIII: 8-11).

By using the same arrangement as shown in Fig.
XIII: 7 a, electrolysis of water was first produced in a
matrix of filter paper impregnated with litmus. Elec-
trolysis was allowed to proceed until the litmus reac-
tions showed that the alkaline and acidic zones
touched each other. This process took as long as 24
hours (the electrolysis had to be performed in a humid
chamber to prevent drying of the matrix). Fig. XIII:
8a shows the actual matrix with litmus reactions,
platinum electrodes (Ec, Ea) and position of the refer-
ence electrode (RE) of the recording circuit. The
Ag-AgCl electrodes of the recording circuit are not
shown.

Tracings of the electric potential between the (Ec,
Ea) electrodes were first performed from the cathode
to the anode and then back, during application of 4
volts externally applied voltage over the electrodes
(Fig. XIII: 8b). Irregular oscillations are seen corre-
sponding to the alkaline, relauvely electronegative
zone but only minor oscillations corresponding to the
acidic, electropositive zone.

What is the origin of the oscillations? One explana-
tion may be that the recording electrode passes
trapped gas bubbles adherent to the matrix. Larger
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oscillations are therefore seen in the cathodic area than
in the anodic, perhaps because twice as much hydro-
gen gas is evolved as 1s oxygen gas. Differences in
dissipation from the matrix are also a possible addi-
tional factor, Still another possibility must not be over-
looked. The Ag-AgCl electrodes are provided with
3 M KCl-agar bridges. On contact with the water-
soaked marrix, the salt will diffuse from the bridge and
start to migrate in the applied electric field, nK”
toward the cathode and nCl™ toward the anode. These
migrating ionars will increase conductivity between
the gas bubbles and modify local electric potentials.
A prerequisite for recording of voltage differences
with the actual instrument (Grass Polygraph Model
7B} is a minimal flow of current through it. The effect
of changing the impedance of the recording circuit
from 10 megohms to 1 megohm is shown in Fig.
XIII: 9. The matrix was now soaked in a 2 M KCl
solution and 4 volts applied between the platinum
electrodes for about one hour. A tracing of the poten-
tial from left to right and then back, compared to the
grounded reference electrode, shows a nearly symmet-
rical profile of potential (Fig. XIII:9a), when the
impedence of the recording circuit was 10 megohms.
When the impedance is lowered to 1 megohm, the
symmetry became distorted considerably (Fig.
XIII: 94), caused by a leak of current, now apparent,
through the recording instrument. In this case we will,
however, make use of a minimal leak of current
through the recording circuit in attempts to activate
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Fig. XIII: &, Electrolysis of water in
filter paper matrix impregnated with
litmus and exposed 1o open air.

(a) Hydroxyl ions produced at cathodic
electrode (E¢). Protons are produced
around anode (Ea), (b) Measurement of
potential over the matrix during applica-
uon of four vols cell voltage. When the
external power source is disconnected
(¢), a minimal leak of current through
the recording circuit indicates a self-
driving system. Unexpectedly, the ca-
thodic potential is electropositive and
the anodic potential partly electroposi-
tive. This finding indicates the presence
of a disturbing reaction (CO; from sur-
rounding air, see further text).

Filter 0.5Hz
[5 mVY

the energy of the aH; and #»0; ergonars anticipated to
be trapped in the matrix. In fact, we are intending to
start hydrogen and oxygen fuel cell reactions over the
recording circuit. We will proceed stepwise and next
disconnect the external power source, which was done

a

10M.n
100 mv
b

iMn
100 mV

Fig. X119, Electrolysis of 2 M KCl solution (in filter paper
matrix, 4 volts berween platinum electrodes). (a) 10 meg-
ohms impedance of the recording circuit. Tracings of poten-
tial from left to right and then back over the matrix show
only slight asymmetry. (&) When impedance of the recording
circuit is lowered to | megohm, the increased leak of current
through the instrument distorts considerably the two
branches of the tracing of potential. Filtering excludes su-
perimposed oscillations,



before the tracing of potential shown in Fig. XIII: 8¢
was obtained. Immediately upon disconnecting these
cables the voltage is lowered by the applied 4 volts,
including the IR drop over the matrix.

The system is now characterized electrically by the
sum of the metal potentials and the remaining diffu-
sion potentials. One might expect a profile of potential
remaining across the matrix to be determined by hy-
droxyl ions to the left and protons to the right. How-
ever, as seen in Fig. XIII: 8¢, the left part of the
matrix is electropositive in relation to the right part.
Fresh litmus paper, soaked in water and placed on the
matrix, showed persistent alkalinity (pH 10-11) to the
left and acidity (pH 2-3) to the right.

Is it perhaps possible that the nH; and nO; ergonars
have started ““fuel cell” reactions over the recording
circuit? Such reactions are, however, not possible.
First, the KCl-agar bridge prevents effective contact
between gas in the matrix and the “recording” elec-
trode surface. Secondly, the half-cell potential of an
Ap-AgCl electrode at 25°C is +210 mV, relative to a
NHE, while the H, potential at pH 10 is —590 mV.
Consequently, even on contact with the electrode, a
H; reaction could result only in a lowering of this
potential component. Furthermore, this possibility is
only hvpothetical as the actual electrode can only trace
the diffusion potential. Similar arguments may be
raised against an action of trapped oxvgen in the acidic
part of the matrix as an explanation for its relatively
lowered potential. Because the potential of O, at pH 3
is +1050 mV, the potential on the right acidic part of
the matrix should be elevated. Instead, the experimen-
tal conditions presented prevent action of the hydro-
gen and oxygen ergonars, which under other condi-
tions could be very powerful. Such a restriction of
function is a characteristic property of ergonars, which
may be recognized as extremely important for trans-
port and conversion of energy in biology. Unlike ion-
ars, ergonars can “‘save” their stored electrical energy
until they arrive at a reaction site suitable for release of
cnergy. We will return to this problem soon and show
how we can activate the nH; and nO; ergonars in the
actual experiment. First, however, the potential pro-
file of the self-driving system (Fig. XIII:8¢) needs
explanation.

The diffusion and migration of ions over the KCl
bridge as described above may contribute to some
extent to changing the potential in the matrix.

Another factor to consider is the possibility of con-
tamination from CO; in surrounding air, because CO;
is easily dissolved in water,

CO,+H,0 - H"+HCO;
On the alkaline left side this reaction will lead 1o:

OH™ +HCO; —CO! +H,0

which means a diminished electronegative potential,
while on the acidic right side:

H'+HCO, — H,CO, — H,0+CO0,

which means a diminished electropositive potential.

The resulting potential profile in Fig. X1II: 8¢ ap-
parently also depends on several other factors in addi-
tion to the matrix reactants and reaction products
described above. For example, variations in concentra-
tion should appear by matrix adsorption of locally
formed water as well as by migration of HCO,, pro-
tons and hydroxyl ions. For these reasons the studies
were continued in attempts to exclude possible sources
of error.

The possibility of contamination of the distilled wa-
ter by foreign material was first checked in terms of its
conductivity (), which revealed:

#(24°C) = 0.3%10"° ohm ' cm ™' (pH 6.4)
as compared with theoretically “clean™ water:
#(24°C1=0.4x10" 7" ohm ™' em™' (pH 7.0)

An acidic contamination by easily soluble atmospheric
CO; was therefore highly suspected. The water was
therefore “washed” with flowing argon gas for 24
hours before testing. Next, the electrolyses and mea-
surements of potential were performed in a chamber
which allowed the whole experiment to be performed
under continuously flowing argon gas. To prevent
drying of the matrix, the argon gas was wetted with
water (free of CO;) before it was led through the
electrolysis chamber.

Testing of the potential recording svstem also
showed that loss of potential at 1 megohm impedance
of the recording instrument was too high when redox
reactions were started over the recording circuit. A
digital voltmeter with 20 megohm impedance was,
however, found suitable for the purpose. Moreover, to
avoid mechanical stirring effects by the electrode mov-
ing over the matrix, measurements of potential were
made at regularly intermittent distances along the ma-
trix (2.5, 5 or 10 mm apart). Employing these modifi-
cations, new experiments were then undertaken.

In Fig. XIII: 10 the litmus-filter paper shows an
alkaline reaction to the left and an acidic reaction to
the right (one hour after application of 10 volts be-
tween the platinum electrodes (Ec, Ea), positioned 7.5
cm apart on the matrix, previously soaked in argon-
treated distilled water). The electrolysis and subse-
quent steps of the experiment were performed under
protection of flowing argon gas in the electrolysis
chamber. During electrolysis (A) the potential was
measured between the nonpolarizable Ag-AgCl refer-
ence (Agl) and “recording” (AglI) electrodes. The
potential difference recorded over the matrix between
these electrodes was 6.71 volts after one hour. The
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Fig. XII1I: 10, Electrolysis of distilled water on litmus-filter
paper, protected from atmospheric CO; by continuous
washing with argon gas. Stationary reference (AgI) and
movable (Ag IT) are Ag-AgCl electrodes (2 M KCl-agar
bridges). PiX is a movable platinum electrode. (A) During
electrolysis with 10 volts, the electric potential measured
over the matrix at regular intervals (instrument impedance
20 M-ohm) revealed a difference of 6.71 volts. (B) During
interrupted electrolysis, one measurement By was performed
with nonpolarizable Agl and Agll electrodes. Accumulated

electrolysis was then interrupted (B) and one measure-
ment (B,) of potential was made over the matrix
between the two nonpolarizable electrodes (Agl and
AgIl}, which revealed no appreciable potential differ-
ence. Three further measurements of potential were
then made between the Agl reference electrode and a
“recording” platinum electrode (PiX). These tracings
showed B;=0.35, B;=0.44 and B,=0.43 volts differ-
ence over the matrix between the cathode and anode.

The magnitude of these potential differences may be
explained as produced by the platinum, whose poten-
tial should be determined by the Pt—PtO electrode in
relation to existing alkaline and acidic surroundings.
However, the participation of nH, and nO, ergonars
in redox reactions in the matrix cannot be excluded. In
order to explore further this possibility, an augmenta-
tion of associated reactions became necessary. The
experiments were therefore continued in the following
way:
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OH™ and H"* ions appear not to affect the potential differ-
ence over the matrix, which is likely to depend on compensa-
tory effects by migration of potassium and chloride ions from
the KCI bridge of the AgIl electrode, B»~B, represent three
measurements of potential over the matrix (Agl and PtX
electrodes). These measurements revealed electric gradients
of 0.35-0.44 volts. The disturbing effect from atmospheric
CO; is now excluded. See also discussion (Section H) in

ext.

The production of ergonars was increased by in-
creasing the time of electrolysis and the amount of
current. Instead of only water in the matrix, a 2 M
KCl solution was now used. The concentration of KCl
was made identical with the concentration of KCI in
the salt bridge of the nonpolarizable Ag-AgCl elec-
trodes, thereby excluding any possible error from dif-
fusion potential at these electrodes.

The experiment (Fig. XIII: 11) was carried our as in
the previous experiment but with 4.1 volts between
the electrodes for 12 hours. After this time the alkaline
and acidic fronts had met and formed a recombination
zone about 27 mm from the cathode and 48 mm from
the anode. Around the anode chlorine bleached the
litmus to about 5 mm from the electrode. Close to the
recombination zone on the acidic side a dark red zone,
four mm broad, in the litmus also accumulated. After
12 hours of electrolysis, a potential difference of 0.4
volts was measured over the matrix (Fig. XIII: 11 A).
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Fig. XIII: 11. Production of ionars and ergonars by elec-
trolvsis: creation of conditions which release electric energies
from ergonars. Enhancement of electrolysis by supply of a
supporting salt and by prolongation of time of treatment to
12 hours (2 M KCl solution, litmus-filter paper under pro-
tection of argon gas). Reference (Ag D) and movable (AgID)
are Ag-AgCl electrodes with 2 M KCl-agar bridges. PtX is
the movable platinum electrode. (A} During electrolysis at
4.1 volts cell voltage, a 0.4 volt potential difference is meas-
ured over the matrix. In this case the compensatory effect
on the alkaline and acidic products is caused by migration of
the counterions of the supporting electrolyte, K' and Cl ™.

Measurement of the potential of the platinum elec-
trodes (Ec, Ea) in relation to the reference Agl elec-
trode showed 42.43 volts (anode) and —1.26 volis
icathode) potential.

The electrolysis was then interrupted (B) and the
potential was again measured over the matrix using
nonpolarizable Ag-AgCl electrodes. The potential
measurements (B;) revealed no appreciable voltage
difference over the matrix. The “recording” Ag-AgCl
electrode (AglIl) was then replaced by a platinum
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B, =0volts,0-2min,
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- 1
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(B} Electrolysis is interrupted. (B,) The diffusion potential
is measured with Agl and Agll electrodes. The matrix
shows electric equilibrium. (B;, Bs) When the Ag I elec-
trode is replaced by the platinum (PiX) electrode, redox re-
actions are started at the metal surface by nH;, n0; (and
#Cl,) ergonars, trapped in the matrix. A minimal amount of
current leaks through the recording circuit, a requirement
for the electrode reactions. The potential differences of 1.55
and 1.9 volts over the matrix have a magnitude that can not
be explained by the pH dependence of the potential of the
platinum metal. See also discussion (Section H) in text.

electrode (PtX). The first tracing over the matrix (B;)
now showed a potential difference of 1.9 volts. Five
minutes later a new potential measurement (8y)
showed a potential difference of 1.55 volts. Measure-
ments were then made of the Pt electrodes in relation
to the Agl reference electrode which revealed +1.08
volts (anode) and —0.28 volts (cathode). All the ex-
periments in this section were performed with the
same nonpolarizable Ag-AgCl electrodes and platinum
electrodes.
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H. Discussion of
experimental results

The experiments in this section illustrate how an er-
gonar (water), by electrolysis in a matrix, gives rise 1o
ionars (n{OH)~ and nH™") and ergonars (nH; and
#0;). The ionars diffuse and migrate in the closed
electric circuit and recombine eventually into water.
The cathodic nH; and anodic nO; ergonars appear as
gas bubbles, trapped in the matrix, far away from the
places of their production. They “save™ their electro-
chemical energy until conditions are created which
allow them to start redox reactions. In the experi-
ments, such a condition was created when a polariz-
able electrode (platinum) was brought into contact
with these ergonars. This result was possible to dem-
onstrate by means of combined *measuring and reac-
tion circuits”.

Differences of electric potential are then created of a
magnitude which can only be explained by redox reac-
tions at the ergonar-platinum interface. When the
movable electrode was passed from the cathode toward
the recombination zone, oscillations of potential were
observed. The amplitudes of oscillation decreased dur-
ing this passage. When the movable electrode then
continued toward the anode, the amplitudes of oscilla-
tion increased. These findings can be explained by
variations of the spartial distribution and concentra-
tions of ergonars (gas bubbles) in the matrix. It is
remarkable that these ergonars are apparently
“pumped” several centimetres out into the matrix and
do not localize only adjacent to the surfaces of the
electrodes.

The first part of the experiments on electrolysis of
water vielded unexpected results when the driven sys-
tem was turned into a seli-driving system. The poten-
tial difference did not remain electronegative in the
cathodic area or electropositive in the anodic area, as
was expected. The diffusion potential appeared re-
versed and distorted, but in a constant way. Because
CO; is easily soluble in water, contamination of the
water by CO; from the surrounding air could possibly
explain these discrepancies. The water was there-
fore washed with argon gas in order to avoid interfer-
ence of CO; in the experiments.

New experiments included such precautions. After
one hour of electrolysis of CO,-free distilled water, the
potential differences were measured over the matrix
with a digital voltmeter (impedance = 20 megohm).
Intermittent measurements over the matrix revealed a
difference of 6.71 volts during application of 10.0 volts
cell voltage (Fig. XIII: 10A). After disconnection of
the external power source, the diffusion potential over
the matrix did not show any appreciable voltage differ-
ence (Fig. XIII: 10B,). This finding was interpreted
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as an effect of diffusion of KCI from the 2 M KCI agar
bridge of the “recording™ electrode and the matrix.
When the recording Ag-AgCl electrode was replaced
by a platinum electrode a potential difference of
0.35-0.44 volt was obtained over the matrix (Fig.
XKIII: 10B;-B,). These measurements of potential are
now in accord with expected findings when the dis-
turbing effect of CO; contamination is excluded. Yet
the potential differences B,—B, are of a magnitude
which does not exclude that they might be produced
by the PiX electrode av different pH levels in the
matrix. To check such a possible explanation, new
experiments were performed under conditions of in-
creased production of ergonars in the matrix.

Electrolysis in these experiments was enhanced
when performed with 2 M KCI solution in the matrix
(Fig. XIII: 11). In this way also a diffusion potential
between the salt bridge and the matrix could be ex-
cluded. The supporting electrolyte now allowed a
larger flow of current between the driving (Ec, Ea)
electrodes than previously, leading to an augmentation
of nH; and nQ; ergonars (and to the additional devel-
opment of an nCl; ergonar). The resulting IR drop
over the matrix, after a prolongation of the electrolysis
to 12 hours, was now 0.4 volts at 4.1 volts cell voliage
(Fig. XIII: 11 A). After the external power source was
disconnected, no appreciable difference of diffusion
potential was measured over the martrix (Fig.
XIII: 11B,), a result in this case also interpreted as
caused by compensatory migration of potassium and
chloride ions. Measurements of the potential over the
matrix wusing the same platinum electrode and
Ag—AgCl reference electrode as in the previous experi-
ment now gave potential differences as large as 1.9 and
1.55 volts (Fig. XIII: 11 B,, B,). The development of
potential differences of this magnitude cannot be ex-
plained as caused by the Pi-FP1O electrode potential.
The pH dependence of platinum electrodes does not
lead to variations of this magnitude. A starting of
cathodic and anodic fuel cell reactions by matrix-ad-
sorbed nH;, n0; and nCl; ergonars does, however,
explain fully the large potential differences as a result
of redox reactions taking place on the platinum elec-
trode.

I. Summary and conclusions

This chapter analvzes theoretically and experimentally
the integrated mechanisms of BCEC systems with spe-
cial respect to their activation.

The conducting structure of one specific BCEC sys-
tem, the vascular-interstitial closed circuit (VICC, see
Chapter XII), consists of plasma and interstitial fluid.
The walls of the blood vessels act as electric insulators
except at the capillary membranes, where electric con-



nection is made with the conducting interstitial fluid.
Function of a unit of the circuit requires it to contain
in principle a minimum of four interfaces (two elec-
trode equivalents) for redox reactions in the capillary
walls (Chapter XII). Besides the channelizing orga-
nized “large” vessel walls of the circuit, the VICC also
contains a “movable martrix”™ of blood cells, which add
a variable factor of circuit capacitance and resistance,
due to the dielectric properties of the cell membranes.
Changing haematocrit as well as functional and mor-
phologic variations of cross-sectional areas of the cir-
cuit will evidently also influence flow of current.

The energy for activation of BCEC systems is deliv-
ered by ionic and nonionic compounds. Collections of
these appear as energy “‘packages”, tentatively called
ionars and ergonars. A major argument for the intro-
duction of this concept is the need for convenient
definition of the locations and characteristics of the
sources of energy for selective transports in tissue over
BCEC channels. Ionars and ergonars are integrated
parts in the resistive components of BCEC systems.
Resistive effects of ionars and ergonars are influenced
by their concentrations as well as by their spatial
distributions in BCEC channels.

Ergonars are precursors of ionars. Ionars are precur-
sors of ergonars. They each contain four qualitatively
interdependent types of energy (chemical, volume-
pressure, electrical and gravitational). Consequently, a
variety of pathways exists for the exchange of energy.
BCEC channels and their driving forces therefore may
constitute important mechanisms for selective trans-
ports of energy.

The electrical factor of ionars is immediately avail-
able for reactions, while the electrical factor in the
energy of ergonars needs to be activated before it
becomes available. Ergons thereby save their electric
energy until conditions are favourable for its release.
An example is also given, illustrating how this impor-
tant characteristic ergonic behaviour of a molecule is
enhanced by its microenvironment. Thus, the ergon
0; is carried in red blood cells, protected by haemo-
globin from possible reactions with its surroundings
during transport.

On activation, an ergonar turns into an ionar. [n this
way ionars are directly, ergonars indirectly, capable of
interacting over BCEC channels to level or augment
their physicochemical potentials via their electrical fac-
tors. Reactions, not only over short distances but also
over long distances are possible between ionar and
egonar couples over BCEC channels. A change of
differences of physicochemical potential then becomes
possible, e.g., by selective electrophoretic transports
of simple and complex ions. A selective transport of
water also takes place as electroosmosis.

Such transports in closed circuit vascular-interstitial
channels justify considering BCEC as a circulatory sys-

tem complementary to the circuits of mechanical
transport and diffusion. The pumping of blood repre-
sents an indiscriminate bulk transport of material,
while BCEC systems add selective transports in tissue.
Influences are also possible on “local”™ chemical reac-
tions far away from the driving forces of a BCEC. An
acceptance of the principle of BCEC systems must
therefore lead to a revised concept of the progress of
local biochemical reactions. Reactants and reaction
products are indeed under the influence of superim-
posed forces, which by their transporting capacity can
be anticipated also to contribute to homeostasis. In
this context it is too early to discuss the quantitative
transfer of individual ions or ionars in a BCEC system.
This may be evident, e.g., because of the complex
ionic and ergonic compositions and concentrations in
the conducting pathways. In experimental studies of
certain multicomponent solutions, the moving-bound-
ary method can, as an example, not be used for trans-
port studies of ions. In theoretical models, however,
ionic transference numbers, obtained by the less accu-
rate method of Hittorf may be used (13). Finally, it
will become necessary in future analyses also to consid-
er the transports on the basis of modern concepts of
irreversible nonequilibrium thermodynamics.

The movements of collections of ions (ionars) in a
closed circuit will of necessity induce magnetic fields
in surrounding tissue. Conversely, motion of an exter-
nal magnetic field in relation to BCEC channels will
induce electric transports in these channels. BCEC
systems can be expected therefore also to act as recep-
tors for surrounding manmade as well as natural elec-
tromagnetic fields.

lonars and ergonars, e.g., as developed by anabolic
and catabolic processes, are subject to modifications
by diffusion, free and forced convection, pressure-
volume and gravitational forces, chemical reactions
and closed circuit electric transports. The principle of
the ionar-ergonar concept is illustrated in their experi-
mental production in in vitro experiments with elec-
trolysis of water contaminated by CO;, clean water
and water with an added electrolyte, KCl. These ex-
periments also demonstrate how different conditions
must be created for the release of ionic and ergonic
encrgy. Both ionic and ergonic carriers of energy as
well as the matrix functions of BCEC are necessary for
a functionally complete BCEC system.

The mechanism of electrogenic production, trans-
port, and retrieval of energy of ergonars, outlined in
these experiments, may give a clue about the origin
and function of the vesicles discussed in Chapter XIIL.
It is suggested that vesicles within endothelial cells, as
well as the vesicles which, e.g., develop at nerve end-
ings, may partly represent collections of nonionic ma-
terial (ergonars) as a result of biologic electrode reac-
tions. The ergonic materials produced then represent
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precursors for subsequent retrieval of energy or liber-
ation of transmitter substances as a result of secondary
electrode reactions. An additional mode of develop-
ment and transport of vesicles is also proposed, based
on the principle of Type III electroosmosis (p. 82).
Any cationic compound can become hydrated and
thereby appear in clusters. With this view vesicles may
represent microclusters or more specifically *“‘pure’” ergonars
as water in pinocytes or electropositively charged ergionars,
which are electrically transported toward an electrone-
gative receptor site within an activated BCEC. The
time of transport of vesicles across a capillary mem-
brane is estimated to be about one second (21). The
electrogenic development and transport of vesicles,
containing ergonic or ergionic material, may therefore
permit the modulation of tme of transport and the
rate of production of the precursors. As in electroos-
mosis the suggested partial mechanisms of electrogenic
transport of vesicles may very well be integrated. This
theory suggests many components and consequences
yet to explore. Thus, the origin and function of vesi-
cles in nerve transmission, along these lines, requires
the identification of an additional BCEC system. This
system should consist of an axon branch, nerve-end-
plate “electrodes™ for activation of ergonars, and an
“external” branch, all electrically connecting the “in-
ternal’”’ axon branch.

We will now return to biological tissues in further
attempts to identify BCEC systems in vivo.
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XIV.

Experimental activation of
vascular-interstitial closed

circuits (VICCO)

Electrolysis of tissue was introduced to neurophysio-
logy in 1895, when Golsinger (16) devised a direct
current technique of producing lesions in the brain.
The lesions, pinhead sized, were produced in animals
by 20 mA between a needle and an abdominal plate
electrode.

In 1908 Brande, Home and Davy (9) made experi-
ments on electrolysis of blood and serum. They found
that “strong currents” always yielded coagulation at
the cathode, while “weak currents” did not. Both
currents produced slight coagulation at the anode.

Horsley and Clarke (20) showed in 1908 that ions
migrate during electrolysis of tissue, leading to separa-
tion of different ions. Small molecules were found to
move farther in their migrations than large molecules.
These investigators observed a blue litmus reaction
around the cathode but a bleaching of litmus around
the anode, a finding which they ascribed to the pro-
duction of chlorine from NaCl. Moreover, they identi-
fied a ring of acid reaction outside the area of bleach-
ing.

Further contributions to this field of research are
appropriate for later discussion in Chapter XVII, on
therapeutic attempts to utilize the principles of closed
circuit electric transports in tissue. We will concen-
trate in this chapter on some of the changes which we

can produce experimentally and expect to find when
electric current flows over BCEC channels in living
tissue.

It has earlier been stressed in this book that even
very low potential gradients can be expected to pro-
duce significant changes in biologic material when the
“gates” are opened, as in a closed circuir, and when a
small amount of current is allowed to flow for a long
time. An example of this effect is, for instance, en-
countered in in vivo corrosion of so-called inert metal
implants (Chapter XII).

As time extends over days, months and even years,
the discreteness of changes per unit of tissue may be
difficult to show in spontaneous, in vivo closed circuit
reactions. The use of artificial electric polarization of
tissue during relatively short periods of time is there-
fore not necessarily comparable with what we can
expect to encounter in many biologic situations. Nev-
ertheless, relatively brief application of direct current
of high density may be helpful as a guide for under-
standing structural and functional mechanisms of tis-
sues,

When a DC potential is applied between two plati-
num electrodes in a living tissue, several effects can be
noticed. The quantity of charge transported between
the electrodes can be determined as the product of

Activation of VICC 173



current and time, expressed in coulombs {(amp-sec).
Thus, a current of one mA over 24 hours gives 86
coulombs and is equivalent with 10 mA over 2.4
hours. Current per unit time can be increased by
increasing the voltage between the electrodes. If the
total quantity of current transported is held constant,
differences of electrode potential may lead to differ-
ences in quality of material in the tissue. Such effects
can be explained by the fact that different marerials
possess different specific energy levels of ionization.
Moreover, different materials possess different molec-
ular and ionic adsorption characteristics, which each
vary with electrode potential, actual concentrations
and the properties of the tissue matrix. The covering
of an electrode by adsorbed molecules is characteristic
for all materials and solutes. In this way different
electrode potentials can be expected to affect the com-
petitive adsorptions of different molecules and there-
fore the qualitative composition on the electrode sur-
faces and in the supporting media between the elec-
trodes.

Increasing voltage will increase the speed of ioniza-
tion of tissue (see also Chapter XVII) and enhance the
effects of polarization. Gas formation, for instance,
will be more extensive and produce more pressure
effects when electrode potentials are large rather than
small, under conditions of equivalent total charge
transport. Experimental demonstration of these effects
is described in Chapter IX in the studies of pressure
changes and electrical induction of transport of water
in cotton wool and lung tissue.

Gas formed at the electrodes may interfere with
conductivity. Heat may also be liberated at relatively
high voltages, leading to evaporation of water and
coagulation of protein. Furthermore, the catalyzing
action of the material of an electrode will vary with
varying electrolyte composition.

A number of different factors in tissue influence the
effects of different electrode voltages at equal total
amounts of transported charge. Blood circulation, con-
vection, diffusion, regional changes in conductivity,
matrix effects, buffering by fluids, etc., will each af-
fect ionic transports. These influences may be evident
already from the fact that the circulation of blood and
lymph will in varying degree supply and remove mate-
rial in the electric field. The total effect of these factors
per unit time relates also to the current density in the
electric field. In this way a variable biologic influence
of qualitative and quantitative changes can be estab-
lished between the electrodes.

When anodic and cathodic reactions develop in a
tissue, secondary effects can also be expected. For
example, ionization products in the electric field
should interfere indirectly with zeta potentials of cells
and modify the transmembranous ionic transports of
individual cells. Experimental support for these as-
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sumptions will also be presented in terms of the behav-
iour of blood and fat cells (Chapter XVI).

Qur immediate interest now will turn to some gross
morphologic expressions of the functions of the postu-
lated biologically closed electric circuit, as simulated
by leading electric current between electrodes in tis-
sues.

A. Materials and methods

Initial experiments could not be performed easily in
the lung because of the technical difficulties connected
with direct visual inspection of this organ in vivo.
Because the actual problems appear to be of a general
biologic character, the easily accessible mesentery and
omentum of dogs were used in a series of 20 experi-
ments. In this way it was hoped that some additional
direct evidence might be obtained for the existence of
the proposed VICC, In these studies platinum elec-
trodes were used.

Control experiments were also performed in kidneys
and lungs of dogs. In these experiments as well as in
the experiments on mesenteric tissue, Evans blue dye
or a radiographic intravascular contrast medium (Uro-
grafin®, 50 %) was injected intravenously or intraarter-
ially at the same time as direct current was applied
between the electrodes.

Dogs were anaesthetized with intravenous sodium
pentobarbital.

A radiopaque plastic catheter (internal diameter, 1.5
mm} was introduced via a femoral artery or vein and
placed in the aorta or inferior vena cava with its tip at
the approximate level of the diaphragm. A platinum
string was introduced through the catheter and used as
one electrode at the tip.

A midline incision was made in the abdomen and a
piece of mesentery or omentum carefully pulled out
through the incision and placed on a glass plate for
support. Another platinum electrode was then placed
against the mesentery. In other experiments both elec-
trodes were placed against the mesentery.

A DC potential difference was then applied between
the platinum electrodes. The potential was obtained
by means of a voltage generator in series with a mil-
liampere meter of high accuracy.

Voltage differences between 100 mV and 10 V were
tested. When morphologically visible changes were
produced, the experiments could be checked or modi-
fied repeatedly in the same animal with a fresh piece of
mesentery.

The vessels and other tissues of the mesentery were
inspected at different magnifications with an operating
microscope. Photographs were taken of the mesenteric
electrode and surrounding tissues. The mesentery un-
der and around the electrode was excised at the end of



the experiments and fixed in formalin on a glass shide
before fixation. Staining was usually performed with
haematoxylin and eosin before microscopy.

B. Charging and discharging
of tissue

When 100 mV DC voltage was applied between one
electrode resting against the mesentery and one elec-
trode in the aorta or vena cava, one to several mi-
croamperes could be observed to pass between the
electrodes. The current increased continuously, first
slowly and then more rapidly. After a while the flow of
current decreased or became interrupted, usually from
gas produced at the electrodes.

In this way the tissue became electrically charged,
as shown in Chapter VI (Fig. VI: 13). When the exter-
nal power source was then disconnected and the two
terminals short-circuited over a microampere meter,
such a charged “biologic battery” was found to dis-
charge. Similar discharge from a carcinoma and granu-
loma, spontaneously polarized, is shown in the pa-
tients in Figs. VI: 11 and 12.

C. Diapedetic bleedings

Diapedetic extravasation of red blood cells is one of
the early visible changes around the electropositive
elecirode. This extravasation can be seen in Fig.
XIV:1 as many sites of bleeding along small arterial
branches after the application of DC current in small
quantity (1.0 #A, 30 min, 1.0 V). This voltage repre-
sents the potential difference actually measured be-
tween the electrodes. Focal arterial contractions and
associated intraarterial thromboses also interrupt the
blood stream in many places. Sometimes these blood
clots were seen washing away, resulting in temporary
restoration of circulation through the artery. Diapede-
tic bleedings were also observed, but to a much lesser
extent, around the electronegative mesenteric elec-
trode.

The normal transcapillary openings between blood
and extravascular spaces, which contain water and
electrolytes, may be considered as leaking junctions.
When an electric potential is applied across capillaries
some of them appear to open further, as shown by the
transcapillary passage of red blood cells.

After a while the diapedetic blood as well as the
thrombosed blood in the vessels becomes brown.
White foam (Fig. XIV: 2) produced by gas then devel-
ops around the electropositive electrode against the
mesentery. The surrounding brown dots represent
diapedetic blood.

Fig. XIV: . Effects of electric current in small quantiry (1.0
A, 30 min, 1.0V), passed between aorta (cathode) and me-
sentery (anode) of an anaesthetized dog. (@) In vivo photomi-
crograph shows diapedetic bleedings as irregular dots around
the platinum anode. (b) Local diapedetic bleeding. Narrow
empty arteriocapillaries, wide venocapillaries with granulo-
cytes. Haematoxylin-eosin stain.

Fig. XIV: 2. Foam of oxygen and chlorine gas develops at
the electropositive electrode against dog mesentery. Diape-
detic blood appears as brown dots in the mesentery near the
electrode. Electrode size 4 x4 mm. Cathode in the aorta.
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D. Vascular pockets,
ischaemic dystrophy and
perifocal enhancement of
radiographic contrast

An in vivo photograph (Fig. XIV: 3) shows narrowing
and discolouration of vessels in the lower part of the
figure, close to the electropositive electrode. Blood at
this moment was not flowing through the discoloured
vessels but was flowing freely in the artery and vein
seen in the upper part of the figure,

The open branches, still red, of these vessels pro-
duce in this way vascular pockets around the electrode.
Circulation is completely suspended around these
pockets. Similar vascular changes of irregular narrow-
ing and thrombosis of vessels around spontaneously
polarizing lesions have already been described (Chap-
ter III, G). The absence of pulsations sometimes ob-
served in the vessels around carcinomas, reported by
Marchal and Marchal (26), and the frequent presence
of extensive thrombosis in vessels around carcinomas
(11) may therefore possibly be determined by bioelec-
tric events.

Fig. XIV: 3. Impairment of circulation induced after 25
minutes at 5 V electrode potential around an anode (our of
sight below the figure) against the mesentery of an anaesthe-
tized dog. Some vessels are narrowed. Brown discoloured
vessels are blocked by thromboses, Thromboses contribute
to the development of dystrophy of tissue adjacent to the
electrode (“A" zone effect). Red blood continues 1o flow in
larger arteries and veins (upper part of figure), which con-
nect with open sections of the blocked vascular branches.
After injection, radiographic contrast medium flowing in the
large vessels was found to escape through the partly open
vascular pockets. Some contrast medium was found to re-
main for a prolonged time in the pockets while some contrast
leaked through capillary membranes into the interstitial ris-
sue, producing “‘radiographic contrast enhancement™.

176  Activation of VICC

Fig. XIV:4. Demonstration of dystrophy in tissue around
site of DC electrode. (a) Platinum anode against dog mesen-
tery. Cathode in the aorta. Extensive thromboses, dis-
eolouration and desiccation developed around the anode
after a total of 0.20 coulombs (5 V overpotential). (b) Aftera
change of polarity and passage of another 0.06 coulombs, tis-
sue water entered the newly cathodic region, which pre-
viously had become dry when anodic. An “avascular’ region
is seen at the former site of the electrode. Vessels are blocked
by thrombosis and probably also compressed by inflowing
tissue water, Such vascular changes around a polarizing tis-
sue may subsequently lead to local dvstrophy and circular
displacement of tissue (creation of an “*A" zone effect = ra-
diographic halo formation, Fig. XI: 9). These mechanisms
of interference with circulation of blood create conditions
whereby a tumour may regress, either spontaneously or by
artificially induced polarization (see Chapter XVII on tu-
mour therapy).

We will now focus our interest on a possible role of
Jield-induced vascular effects within a VICC, leading to
tissue dystrophy. A positively charged body in tissue
may be surrounded by extensive thrombotic changes
which impair local circulation of blood. Such a mecha-
nism should then produce a radiolucent, dystrophic
“A" zone around a tumour. This mechanism may also
be one of several explanations for the occasional observa-
tion of spontaneous regression of malignant tumours. This
aspect is particulary important because it may represent one
of Nature's own ways to combat a malignant tumour, and
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Fig. XI'V: 5. Transport of fluid to region of mesenteric cath-
ode. Anode in aorta. (@) Vessels are seen before application
of 4.2 V overpotential. (b) After 1.01 coulombs, fluid is seen
to accumulate against the electrode. Vessels are preserved.
Circulation of blood continued both inside and outside the
electrode loop.

also be a process whick can be simulated artificially n
tissue by supply of electric energy over implanted electrodes
(Chapter XVII).

Early effects of direct current on vessels around the
anode are illustrated in Fig. XIV:4a. Five volts were
applied between the electropositive mesenteric elec-
trode and the electronegative aortic electrode. Disco-
louration began in many small vessels after 0.05 cou-
lombs. Rather extensive discolouration and thrombo-
sis could be seen in the vessels around the anodic
electrode after 0.20 coulombs. Tissue in this region
became desiccated. Polarity was then reversed and
0.06 coulombs were passed between the electrodes.
Tissue fluid reentered the region around the mesen-
teric electrode. An *‘avascular™ zone developed
around the electrode (Fig. XIV:4b). After extensive
inflow of water, one can imagine that circular displace-
ment of tissue structures may occur. Such displace-
ment of tissue may later be enhanced by dystrophic
changes due to nutritional disturbances.

Fig. XIV: 5 a shows a platinum electrode against the

mesentery. 4.2 V were then applied between this elec-
trode and the electropositive platinum electrode in the
aorta. After 0.01 coulombs, fluid is seen 10 accumulate
against the cathode (Fig. XIV: 5 b), but the vessels are
unchanged. No vessels narrowed, blood did not disco-
lour, no thrombi are seen.

When the current is increased between the elec-
trodes, vessels narrow around the electronegative elec-
trode and local circulation slows markedly. Diapedetic
blood is destroyed and becomes brown. This material
will then disappear and the cathodic area looks empty
(see also Fig. XIV:9a). The arterial branches are then
empty and collapsed. Some veins contain morphologi-
cally changed, pale red blood cells, which do not stain
with haematoxylin and eosin. In this way ischaemia is
produced around the cathode as well as around the
anode. When longstanding, such effects must inevita-
bly lead to ischaemic dystrophy of the affected tissues.

The formation of vascular pockets, as seen in Fig.
XIV: 3, may also explain the development of so-called
perifocal contrast enhancement in angiography. Con-
trast medium distributed in functioning vessels around
a tumour will escape, e.g., by the force of gravity, into
the blindly ending pockets formed by partly throm-
bosed or contracted vessels. Because capillary perme-
ability is increased, some molecules of the contrast
medium will also probably leak through the capillary
walls into the peritumoural interstitial tissue.

E. Ionization and ionic
recombinations

When a few volts are applied between two electrodes
placed against mesentery, gas is produced at the elec-
trode surfaces. The gas can be seen as foam, more
developed around the cathode than around the anode.
Oxygen and chlorine are produced at the anode, hy-
drogen at the cathode (20). Around the electronegative
electrode the tissue becomes alkaline, around the elec-
tropositive electrode it becomes acid.

Acid-base effects were shown by placing wert strips
of litmus paper on the mesentery after the passage of
0.9 coulomb at one volt between the electrodes (Fig.
XIV:6). The red coloured part around the anode cor-
responds to pH 1, the blue-black around the cathode
corresponds to pH 12. A thin uncoloured zone is also
seen between the red and blue areas. The development
of alkaline and acid regions in electrolysis of water
within a matrix has been discussed earlier in connec-
tion with electric transport of water (Chapter IX). The
experiment in Fig. XIV:6 shows how this process can
present in a living tissue. It is apparent that a recom-
bination of hydroxyl and hydrogen ions must take
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Frg. XIV: 6. Acid-base effects of electricity in mesentery be-
tween electrodes. After 1 'V and 0.9 coulomb, strips of wet
litmus paper were placed on the tissue beside the electrodes,
showing a pH of abourt 12 around the cathode and abour 1
around the anode,

place between the blue and red areas. The change of
the vellow colour of the litmus paper of pH 7 inw
white indicates that other mechanisms are also in-
volved. Thus, bleaching of the litmus might very well
depend on local accumulation of chlorine, which is
also liberated at the anode (20).

For the distribution of material in an electric field
the ionic mobility u, (em® V~'s™") is of fundamental
importance. lonic mobility for simple ions at strong
dilution and 25°C (12) is shown in Table XIV: 1,

Migrating and diffusing ions produced at the elec-
trode surfaces tend to recombine when they meet. For
the most rapid ions, the hydroxyl ions and the pro-
tons, such recombinations should take place according
to their respective mobilities, about Y3 of the distance
from the cathode to the anode. In the same way other
recombinations can be expected to take place at differ-
ent distances between the electrodes, depending on the
relative speeds of transport of the reactants.

The diffusion and migration of protons and hy-
droxyl ions produced at the electrode-tissue interfaces
is always greater than the diffusion of produced oxy-
gen, chlorine and hydrogen gas, as shown in Chapter

Table XIV: 1. fonic mobilities (u,) for some simple tons, ex-
pressed in cm® V™! 57! 25°C

H' Li* Na' K* OH MOy,

w0 10* 6.2 40 52 76 207 79 74
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XIII. This fact means that a primary destructive effect
on tissue around the electrodes is produced by cathod-
ic alkalinity and anodic acidity. The chlorine gas,
which diffuses relatively slowly, will secondarily
bleach some of the already acidic, devitalized
tissue around the anode. These effects are most easily
demonstrated when the electrodes are positioned at
large distances from each other. For example, when
the anode is placed in the lung parenchyma and the
cathode only a few cm distant in the pulmonary artery
of a dog (see Figs. XIV: 20, 21), a recombination zone
of protons and hydroxyl ions is not established because
of tissue circulation, convection and buffering by tis-
sue fluids. Consequently, central bleaching of tissue is
produced by chlorine diffusing slowly in the dark
tissue already destroyved by acidity.

At a short electrode distance, the propagation of
protons and hydroxyl ions may stop at the creation of a
recombination zone. In a tissue matrix, local accumu-
lations of acidic and basic material can also be seen
against the recombination zone (Fig. XIV:6). The
rapidly diffusing and migrating protons and hydroxyl
ions prevent each other from further movement be-
cause they recombine as water. In this case the slowly
diffusing chlorine gets its chance to reach the recom-
bination zone and bleach the material in this region. It
is important to realize that the diffusion and migration
of protons around the anode produce the devitalization
of tissue both at “long" and “short” distances between
the electrodes. These distinctions abourt electrochemi-
cal destruction of tissue around the anode warrant
emphasis because some incorrect interpretations have
appeared in recent literature {37, claiming that chlo-
rine produced around the anode causes the primary
destruction of tissue.

The ionization and transport of material after appli-
cation of an external source of energy means that
energy is transferred to the tissue and tissue entropy is
decreased. Such changes can be observed directly in
several ways. The possibility of discharging the tissue
as mentioned in Section B is one, some mechanical
effects are other examples.

F. Transport and mechanical
effects

Particle size and structural properties of the tissue
matrix are important mechanical factors in tissue elec-
trophoresis. As always, temperature, pressure-volume
and gravity factors will also influence the combined
effects of electric field forces and chemical forces.
The exchange of fluid in tissue by electroosmosis,
osmosis, convection and circulation of blood and



lymph is also of fundamental importance for ionic
transports, possible recombinations of ions and distri-
bution of movable dielectric material in the tissue. The
existence of narrow spaces lined with fixed charges is,
for example, a prerequisite for the development of
“true” (anomalous) electroosmosis (see Chapter IX).
An electrophoretic transport of water by recombina-
tion of protons and hydroxyl ions will also need a
“capillary™ matrix to counteract hydrostatic recircula-
tion.

Mesenteric water transport can easily be seen as
accumulation of water around the cathode and a dehy-
dration of the tissue around the anode. In Fig. XIV:7
a dry zone in the mesentery shows a white spot at the
former site of the anodic electrode. Such electroosmo-
tic dehydration gives an uneven distribution of water,
seen as local oedema around the electronegative elec-
trade. In the case of a distant cathode, a hydropic zone
is also seen peripheral to the anodic hvdropenic zone,
due to the outflow of water from the anode. Accumu-
lation of water around both the dry anodic zone and
the cathode produces mechanical effects by local in-
Creases in LUrgor pressure.

Similar uneven distribution of material in the elec-
tric field is caused by ionic dissociation, but takes
place also as a transport of dielectrics. By dipole induc-
tion, such particles will move to the anode as well as to
the cathode, whenever they are located close to the
electrodes and where the electric field gradient is
steep. The gradual disappearance of brown material
from intravascular blood cells and from diapedetic
interstitial blood also appears to be an expression of
electrophoretic transports.

Gas, produced locally at the electrodes, increases
pressure in the tissues. At the surface of the anode, O,
and Cl; are produced, while H; is produced at the
surface of the cathode. Around the cathode, the vaol-

Fig. XIV:7. A white, dry site of destroyed tissue and blood.
Oxygen and chlorine gas denotes the former site of a mesen-
teric anode.

Fig, XIV: 8. Streams of gas arising from the surface of plani-
num electrodes in human blood (direct microscopy).

{a) Oxvgen and chlorine at the anode after 0.138 coulomb,

&6 V. (b) Hvdrogen at the cathode after 0,142 coulomb, 6 V.
The oxygen-chlorine gas shows thinner “dendrites” than the
hydrogen gas.

ume of H, is twice as great as the volume of O,
around the anode {20). Chlorine gas adds its volume to
the volume of oxygen around the anode. Living tissue,
however, resorbs gas. An equilibrium will therefore
become created around the electrodes between the
rates of production and elimination of gas. When a 10
V potential is applied to electrodes implanted in vivo
in various tissues, e.g., liver, lung or fat, the gas
produces within about an hour a radiographically visi-
ble cavity in the tissue around each electrode. The
cavity around the cathode is always larger than thart
around the anode. The relative differences of gas pro-
duction are in themselves a result of a complex series
of events. Variations in anodic current density, e.g.,
by physical factors such as dehydration and electrode
depositions, will to some extent lead to changes in the
relative content of hydrogen, chlorine and oxygen in
the tissue,

A direct microscopic study of the gas produced at
the electrodes is shown in Fig. XIV: 8. Two platinum
strings each 0.2 mm thick were fixed on a glass slide.
The space between the electrodes was filled with some
drops of human blood. A 6 volt direct current poten-
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tial was applied between the electrodes. Dendritic
bubbles of gas arise from the anode (oxygen-chlorine,
Fig. XIV: 8a) after 0.138 coulombs and from the cath-
ode (hydrogen, Fig. XIV:8#b) after 0.142 coulombs.
The oxygen-chlorine gas produces more delicately pro-
truding gas bubbles than does the hydrogen gas. In a
suitable matrix it was shown (Chapter XIII) that gas
bubbles are liberated and transported away from the
electrodes. This mechanism of electrogenic ergonar
production and transport might be considered in fu-
ture research on vesicular development and function.

G. Conductivity changes

The mechanical effects of gas production, which is
_ most pronounced around the cathode, will influence
conductivity within the circuit. The spontaneous in-
crease in the amount of current in the early stages of
tissue electrolysis can be ascribed to the continuous
increase in the amount of ionization of the tissue. As
the process goes on, polarization at the electrode sur-
faces will counteract the process of ionization. Thus,
gas produced at the electrodes may even completely
interrupt the flow of current through the circuit. De-
hydration around the anode has also been found capa-
ble of interrupting the circuit in experiments with
mesentery and lung tissue.

The influence of gas produced at the electrodes in a
tissue can be diminished by applying a relatively low
current over a correspondingly longer time. The rate
of gas resorption is then relatively more prominent
than the rate of gas production.

The application of low rates of current flow through
the circuit still cannot entirely abolish the effects of gas
production and dehydration of the tissue. These ef-
fects depend on several factors. The adhesion of polar-
ized material against the electrode surfaces and gas
adsorption cannot be avoided. Gas in a tissue will
become trapped in the matrix. Secondary changes in
morphology will also take place, e.g., within the ves-
sels. Thrombosis around the anode will interfere with
the resorption of gas and other polarization products
and with the supply of water to the dehydrated tissue.

H. Effects on red blood cells
and their distribution

We will first summarize briefly some aspects of
chemical transformation of haemoglobin. According to
Lemberg and Legge (23), the prosthetic group (iron
protoporphyrin) called haem is rather unstable and
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easily oxidizable. Haemoglobin is split into globin and
a cationic haemin in acid solution and into globin and
an anionic haemin in basic solution. If haemin is dis-
solved in excess alkali and titrated with acid, electro-
neutral haematin will precipitate.

From these data one may already anticipate that
certain changes will take place in in vivo electrophore-
sis. Acid haemin should develop around the anode
(which easily reaches a pH of 2, while pH at the
cathode reaches beyond 12). Base haemin should
therefore be found around the cathode. On the migra-
tion of cells containing acid and base haemin in the
electric field, these haemins should attract each other.
Cells with haemin of equal polarity should repulse
each other. As pH changes, charged haemin com-
pounds develop readily, while proteins are less
changed. If a solution of haemoglobin is shifted as far
as pH 12 (which may occur in applied in vivo electro-
phoresis), denatured globin haemochrome is formed
(23). When this compound is allowed to autooxidize,
or when dilute sodium hydroxide is added to haemo-
globin or to oxyhaemoglobin and the solution is partly
neutralized, a denatured globin haemichrome is
formed, which is called cathaemoglobin. Solutions of
cathaemoglobin in weakly alkaline solution are brown-
ish and have a characteristic haemichrome spectrum, a
weak band at 558 um and a stronger one at 530 ym
(23).

In in vivo electrophoresis the material around the
cathode may be characterized macroscopically by evo-
lution of hydrogen, alkaline reaction, oedema, and a
brownish material, which should contain cathaemoglo-
bin.

When the pH of a solution of haemoglobin is made
more acid than 3-4 (which is the case around the
anode in tissue electrophoresis), the linkage of the
prosthetic group with the protein is ruptured, while
the protein is denatured. The purple colour of the
haemoglobin then changes to reddish-brown and
shows a rather indistinct, two-banded spectrum in the
green of haem, protected by protein from flocculation
(23). In the presence of oxygen the ferrous iron in the
haem is oxidized to ferric iron. Acid haematin is then
formed, which has a band in the red at 660 um and a
feeble band in the green. When oxyhaemoglobin is
acidified, oxidation of the protein in addition to the
iron atom takes place (23).

As a preliminary survey of the morphologic distri-
bution and general appearance of field-induced
changes in in vivo electrophoresis, acute experiments
were performed first on dog mesentery and lung and
also, after four weeks observation tme, on dog
lungs.

Cathodic mesentery of a dog is shown in Fig.
XIV:9a (haematoxylin-eosin). One coulomb of cur-
rent at 5 volts has passed between two mesenteric



Fig. X1V 9, Effects of in vivo electrophoresis on red blood
cells in dog mesentery, Anode and cathode, 3 cm apart, rest
against the mesentery (5 V, 1 coulomb). Cathodic field,
stained with haematoxylin and eosin after fixaton in formal-
dehyde. (a) The tissue appears empty of cells. Vessels appear
dark and depleted of normal blood cells. (b) The central dark
narrow vessel 15 an artery contaiming decomposed blood. The

electrodes, placed about 3 cm from each other. The
tissue looks “empty”, as if no normal blood cell ele-
ments were present in the field. Higher magnification
(Fig. XIV:9b) shows an artery and a vein containing
dark material but no normal cell elements. A vein, the
larger vessel, contains numerous, clearly visible, round
and oval bodies. Their nonstructured, transparent
content is seen surrounded by dark material, which is
also nonstructured. The light material does not stain
with haematoxylin and eosin.

Some interstitial cells in an adjacent part of the
cathodic field appear as ring-structures, as seen in Fig.
XIV:9¢. These cells have been interpreted as diapede-
tic red blood cells which have lost most of their pig-
ment, making their membranes visible. Dark material,
like that seen in the vessel in Fig. XIV: 956, was found
in the interstitial tissue and was also interpreted as
modified blood pigment.

Red blood cells in the anodic field revealed varving
degrees of central accumulaton of dark material,
which presumably consists of transformed blood pig-
ment. These observations were therefore extended by
studying human CPD-adenin® (Terumo, Japan) blood
on glass slides. Direct current was applied between
platinum electrodes at 6, 12 and 18 volts, with current
densities of 1-5 mA over 5 to 10 minutes. Material
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larger vessel 1s a vein with dark matenal and round or oval
bodies, which are likely to be red blood cells depleted of pig-
ment. () Some extravascular cells, presumably ervithrocyies,
show cell membranes darker than the pale interiors. This
change of the red blood cells has been interpreted as an effect
of the cathodic field depleting the cells of pigment.

treated in this way was sampled from different parts of
the anodic and cathodic areas, smeared on glass slides,
dried and stained (haematoxylin and eosin, poly-
chrome methylene blue, van Gieson or May-
Grilnewald-Giemsa). In these studies remarkable
transformations could be seen in red blood cells.

Cathodic erythrocytes contained multiple particles
of birefringent material, located inside and often close
to the cell membranes (Fig., XIV: 10a). In other areas
particles were seen at the outer surface of cells or, even
in In vivo experiments, in the surrounding medium
(Fig. XIV: 14a). Other cathodic red blood cells were
pale, as if they contained a reduced amount of hae-
moglobin. They also showed crenations (Fig.
XIV: 106).

Blood material from the area close to the anode also
showed considerable morphologic changes. Many cells
showed a concentration of centrally located, birefrin-
gent material connected with the interior cell walls
with thin radiating structures, like spokes in a wheel
(Fig. XIV:10¢). The cytoplasm of many anodic cells
also contained round inclusions interpreted as vacuoles
of varying sizes (Fig. XIV:104). These structures
seem 1o develop as small light areas in the cytoplasm,
which appears granulated. Some of the vacuoles grow
and take up more and more of the intracellular space.
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Fig. XIV: 10, Ervthrocytes after exposure to direct electric
current (6 ¥V, 0.5 coulomb). (a) Blood near cathode, Birefrin-
gent particles, probably alkaline haematin, are seen in cells,
These particles can sometimes also appear outside cells in the
surrounding medium. (b} Other cathodic ervthrocytes are ei-
ther dark or pale. Some show crenations., {¢) Anodic blood.

The “spokes” seem to develop at the contact surfaces
of the vacuoles. At the same time the granulated mate-
rial seems to condense in the centre of the cells.
Only a preliminary explanation of the field-induced
structural changes in the blood can be given so far.
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Haematin, probably acidic, accumulates centrally and is con-
nected with the interior cell walls by thin radiating struc-
tures, like spokes in a wheel. (d) Anodic blood. Large va-
cuole-like changes are seen in the cytoplasm, possibly pre-
ceding the changes seen in ¢,

Strong alkalinity is present in the vicinity of the cath-
ode. As reported earlier, it is known that weakly acidic
and alkaline solutions split haemoglobin into its globin
and prosthetic parts. Alkaline (electronegative) haem
may then represent the particles of birefringent blood

Copyrighted material



Fig. XIV:11. “*Giant erythrocytes™ after exposure of blood
to direct current. (a) Erythrocytes from the cathodic area
seem to fuse into “giant cells” with characteristic arrange-
ments of blood pigment. In normal-sized ervthrocytes the
haemoglobin is granulated or (b) arranged like Roman nu-

merals IT and V. (¢) The anodic area contains different “gi-
ant cells” appearing as round structures which contain a fair-
Iy homogeneous, granulated marerial surrounded by a mem-
brane-like structure. Other blood cells appear smaller than
normal, (d) Control. The same normal blood, untreated,
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Fig. XIV: 12, Transformation of blood by direct current. (a)
“Giant cells™ near the cathode are arranged in clusters. The
“cells" in each cluster are presumed 1o adhere to a centrally
located., undefined material, (&) Detail view of a cluster, The
pigment in the “giant cells™ is arranged more or less in a cir-
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cle. (&) Similarly structured conglomerates of blood marterial
in the anodic region. () Detail view of an anodic conglomer-
ate, A membrane-like, thin structure forms an interface be-
tween this “intercellular space™, which contains a faintly
stainable material, and the surrounding anodic cells.



Fig. XIV:13. Behaviour of
pigment in red blood cells
after electrophoresis. Ca-
thodic alkalinity and anodic
acidity produce electronega-
tive and electropositive
blood pigment, respectively.
Competitive concentration
forces among cells and elec-
trostatic forces of haemin '
of equal polarity are inter- Y X
preted to produce mutual re-
pelling of pigment in adja-
cent cells, as seen ina
(which represents cathodic
blood). Same arrangement Y X4
of pigment was also ob- b
served in anodic blood.

(b) Cathodic blood showing
rows of ervthrocytes with in-
ternal atiraction of their
blood pigment. This finding 5 ﬁ
was also observed in anodic rd
blood, (see Fig. XIV: 10¢).

Such attraction of pigment

should take place when ad- 3

joining cells contain blood »

pigment of opposite polar-

ity.

-

pigment, which move toward the cell periphery after
the cells have moved electrophoretically from the elec-
tronegative into the electropositive electric field. The
particles even leave the cells and are seen attached to
the outer cell surface. Before these cells have left the
electronegative field, however, the alkaline haem may
concentrate inside the cells. In the anodic field acidic
haem should be produced. This pigment should then
also behave differently when the blood cells appear in
the electropositive field and after an electrophoretic
transport into the electronegative field. Associated
mechanisms are complex and do not at present allow
any definitive analysis. The varied behaviour of blood
pigment in these studies clearly.shows, however, that
chemical and structural modifications do take place
inside as well as outside cells in the electric field.
Cathodic cell populations in the in vitro electrophor-
esis of blood appeared partially fused, in some way,
resulting in enormously large “cells™ (Fig. XIV: 11a).
These “cells™ appeared in varying sizes ranging from
the normal size of red blood cells to well beyond ten
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times this diameter. These “giant cells” appear en-
closed in a structure which looks like a cell membrane
and contains partly structured dark material. This
material may often be seen as linear, parallel or angu-
lated linear structures (like Roman numerals II or
V). The dark material appears not only in the “giant
cells” but also in cathodic cells of lesser size (Fig.
XIV: 118 (see also the presumed early stages of linear
formation of haemoglobin in Fig. XIV: 134, b).

The anodic area contained blood cells (Fig.
XIV:11¢) which were smaller than untreated blood
cells (Fig. XIV: 11d). These small anodic cells showed
granulated cytoplasm. Another kind of “giant cells”
also appeared in the anodic area (Fig. XIV:11¢).
These “cells” contained an evenly distributed granu-
lar substance surrounded by a dense membrane-like
STructure.

Structural arrangement of cathodic “giant cells™
was also observed in smears from cathodic blood (Fig.
XIV:12a, b). In smears from anodic blood, local accu-
mulation of structured material could also be seen
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around some lighter amorphous material, surrounded
by a polycyclic, thin or membrane-like structure (Fig.
XIV:12¢, d).

Curious differences in local arrangements of hae-
moglobin were observed in the anodic and cathodic
fields. Thus, haemoglobin became concentrated in
cells near the cathode (Fig. XIV:13a) or appeared as
if mutually repelling haemoglobin in adjoining cells.
To a lesser extent, haemoglobin also appeared as if it
were attracting when cells were close together (Fig.
XIV:135).

Haemoglobin in cells from near the anode (Fig.
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Fig. X1IV: I4. Effects of di-
=y rect current on dog blood,
oy 1700 coulombs at 10 volts

were applied in vivo be-
tween the aorta (cathode)
and neck muscles (anode). A
sample of venous blood
from the animal was hepar-
inized and centrifuged.
et Blood smears were made
T from (a) top layer, which
showed birefringent parti-
cles inside and just ourside
~ the periphery of red blood
cells (compare Fig.
XIV: 104a), and (b) bottom
laver, which showed mainly
normal erythrocyies, and (c)
e minor changes similar to
= those produced in vitro
{compare Fig. XIV: 115}
were found in a few regions.

XIV:10¢) showed similar differences in distribution
(“attracting and repelling haemoglobin'). Concentra-
tion of haemoglobin in separate cells or ‘“‘repelling
haemoglobin™ in adjoining cells was common in both
anodic and cathodic fields.

Changes in erythrocytes could also be produced in
in vivo experiments with direct current in dogs. Thus,
blood is shown from a dog in Fig. XIV: 14 after it had
received 1700 coulombs at 10 volts between the aorta
(cathode) and the neck musculature (anode). Blood
was taken from a vein and heparin added. After cen-
trifugation, blood from the top and bottom layers was



smeared on slides. Erythrocytes from the top layer
(Fig. XIV: 14 a) showed birefringent haemoglobin par-
ticles inside and just outside cells, very much like the
cathodic cell material which was shown in Fig.
XIV:10a. Blood from the bottom laver (Fig.
XIV:14b) showed cells which have been interpreted
as appearing normal, although they seemed possibly
less stainable than control blood. Some changes were,
however, found in this blood (Fig. XIV: 14¢), which
resembled cathodically transformed erythrocytes.

The morphologic changes observed in blood from
the anodic and cathodic fields varied considerably with
the distance from the electrodes. Erythrocytes at the
anodic electrode surface were completely destroved.
At a sufficient distance from the electrodes, normal
cells were seen in both the anodic and cathodic fields.

Thus far we may conclude that considerable mor-
phologic changes can be observed in red blood cells in
both the anodic and cathodic fields. As will be shown
in Chapter XVI, fat and water in adipose tissue can be
induced electrophoretically to move over cellular
membranes. It is therefore likely that similar mecha-
nisms are also involved in the development of the
morphologic changes just described for red blood
cells. The experimental conditions in vivo and in vitro
are certainly not comparable in many respects with
spontaneous in vivo conditions, Nevertheless, an aug-
mented experimental activation of anticipated BCEC
channels may give us a hint about the capability of this
biokinetic mechanism to modify the structure of cells
and tissues. With this possibility in mind we will now
consider the in vive behaviour of leukocytes in a
VICC activated experimentally in mesentery.

I. Accumulation of
granulocytes

One of the dramatic morphologic changes in the elec-
tric field is marked accumulation of granulocytes
around the anode at “low” voltages.

One volt, which must still be regarded biologically
as a relatively high voltage difference, was applied
between the electropositive platinum electrode placed
against the mesentery of a dog and the electronegative
platinum electrode in the aorta (Fig. XIV: 15). After
0.002 coulombs (60 minutes, 0.6 uA), the current was
interrupted and a piece of the mesenteric tissue excised
around the site of the anode. The tissue was then
placed on a glass slide, fixed in formalin and stained
with haematoxylin and eosin. Dark brown material
was found to have accumulated near the edge of the
electropositive electrode (Fig. XIV:15a). The large
dark vessel in the figure is a vein, which anastomosed
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Fig. XIV:15. Accumulation of granulocytes around the an-
ode after application of direct current to dog mesentery.

() 0.002 coulombs were delivered at | V overpotential be-
tween an anodic mesenteric electrode and an aortic cathodic
electrode. Mesentery then was fixed in formaldehyde and

stained with haematoxylin and eosin. Brown material accu-
mulated at the site of the anode (left). The blue vessel to the
right is a vein, It is entirely filled with granulocytes. Brown
material in the large vessel to the left consists mainly of de-
composed granulocytes. (b) Detail view shows white blood
cells in vein. Adjacent artery (arrow) is collapsed and empty.

with a blue vein in the right-hand side of the figure.
This blue material consists of granulocytes (Fig.
XIV:15b) completely filling the vein. No red cells
could be seen in these vessels. Adjacent arteries are
narrow and empty of blood cells. By following the blue
vessel branches to the black ones it can be seen that the
black material consists of granulocytes, increasingly
decomposing from right to left.

Fig. XIV:16a shows a vein leaking granulocytes
about one cm from the cathode. Anode and cathode in
this experiment were each placed on dog mesentery (2
volts, 2.80 coulombs).

Granulocytes are attracted to the walls of veins be-
fore they pass into interstitial tissue. This attraction is
seen in Fig. XIV: 16 b as “‘margination of leukocytes™
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Fig. XIV: 16. Accumulation of granulocvtes around elec-
trodes in dog mesentery. (a) Granulocytes leaking through
veins into the interstitium (2 V, 2.8 coulombs) one cm from
the cathode. (b) White blood cells marginating to the walls of
a vein (large vessel, left) near the anode. Right vessel is an al-
most empry artery.

in a vein containing a moderate increase in quantity of
these cells, Mesenteric electrode was anodic, aortic
cathodic (2 volts, 1.2 coulombs). The same collection
of leukocytes in veins occurred when the polarity was
reversed.

While granulocytes were accumulating selectively in
veins, adjacent arteries have been empty of blood cells.
Leukocytes accumulated in veins also when the cath-
ode was on the mesentery and the anode placed in the
inferior vena cava, or when the polarity of these elec-
trodes was reversed. This finding is illustrated in Fig.
XIV: 17, which also shows that in both instances the

Fig. XIV: 17, Accumulation of granulocytes and altered vas-
cular calibre induced by direct current in dog mesentery.

(a) Mesentery cathodic and inferior vena cava anodic: a vein,
containing granulocytes, is wide. An adjacent artery, empty
of cells, is narrow. (b) Mesentery anodic and vena cava ca-
thodic: a vein, packed with granulocytes, is narrow. The ad-
jacent artery, empty of cells, is wide.

adjacent arteries were empty. (See also regional
“arteriocapillary” contractions and “‘venocapillary™ ac-
cumulation of granulocytes in Chapter XII.)

The distribution of individual cells may be taken as
support for the theory that BCEC systems represent an
additional circulatory system capable of selective
transports. It may be possible that BCEC systems can
transport selectively not only electrolytes but also
charged particles as large as blood cells.

The mechanism of electrophoretic transport of
charged particles very likely depends on many factors.
Thus, it is known that granulocytes make their way

Table XIV:2. Surface-charge characteristics and nature of chemical groups contributing to surface charge per cell surface area for

platelets, lymphocytes, and ervthrocytes

Megatively charged groups

Anodic

electro- Cor- Phosphate

phoretic Apparent rected Amino NANA susceptible 10" Weale

mobility electron  electron  groups a-carboxyl acidic -5H

{umisec/ charges  charges (+) (pk, 2.6)"  RMase* Alk, phos.” (pK—4) groups
Cell type Vicm) (=10M (=10M (=109 (= 10%) (=10 (=107 (=10%) (=10
Platelets® 0.85+0.04 1.8 2.04 2.42 8.9 - 5.0 6.5 0.28
Lymphocytes” 1.09+0.08 9.34 10.29 9.5 9.0 87" 55.5 1.98
Erythrocytes® 1.08+0.03 10029 10.29 Not detecred 62.0 - - 40.9 Mot detected

* Surface areas of cells: 28.27 um?; 113 um?; 163 um®. Electrokinetic data obtained in physiclogical saline (0.145 M NaCl; pH 7.2 at 25°C).

® May be present but <5x 10" per cell.

© Thromb. Diath. Haemorck. Suppl. 26: 53 (1967); 26: 370 (1971).
@ Inr. Arch. Allergy 42: 69 (1972).

© Arch. Biochem. Biophys. 135: 356 (1969).

" Exp. Cell Res. 50: 441 (1968).
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Fig. XIV: 18, Illustration of
interaction between blood
flow and cathoedic field lead-
ing to accumulation of gran-
ulocytes. The flow of blood
in veins is directed toward
the cathode. The electrone-
gative electric field will se-
lectively counteract the flow

of electronegatively charged
granulocytes which leads to
an increasing accumulation
of granulocytes in these ves-
sels. See also accumulation
of an electronegative chemi-
cal compound (Fig.
XIV:19).

through pores in the capillary membranes by means of
pseudopods. Also various matrix factors in tissue may
influence electrophoretic transport of different cells.
The relation between their surface charges and the
strength of the superimposed electric field might be
important elements in the mechanism of selective
transport of cells in tissue. In this connection, surface
characteristics of blood platelets, lymphocytes and red
blood cells are of particular interest. A compilation of
actual data from the literature (30) is presented in
Table XIV: 2.

A surplus of fixed electronegative charges also char-
acterizes granulocytes. In a closed electric circuit any
cell with a surplus of electronegative charges will tend
to move toward the anode and be repelled by the
cathode. This fact does, however, not necessarily
mean that all electronegative cells will migrate to the
same extent. Differences in excess of charge and steric
position of charges in relation to the matrix should
influence the transports, as well as factors such as
surface friction, size and pliability of the cell. The
repellent force of a cathode or an electronegative phase
of a degrading tissue was also found to influence the
distribution of blood cells. Thus, the area immediately
around a cathode was always free of granulocytes and
red blood cells when granulocytes were attracted to the
anode. Distal to the zone free of granulocytes, collec-
tions of granulocytes could, however, be seen in ves-
sels and interstitial tissue. This finding might be ex-
plained as a selective repellent force on these cells flow-
ing in blood toward the electrode, resulting in a rela-
tive increase in their local concentrations. Fig. XIV: 18
illustrates the effect of such a flow and field interaction

leading to the accumulation of granulocytes. Two 4x4
mm large platinum electrodes were gently placed on
the mesentery of a dog. After 100 mV, 10 uA, 30
minutes, veins directed toward the cathode filled with
granulocytes up to a certain distance from the cathodic
surface. During the flow of blood in these veins, the
electronegative field of the cathode must evidently
selectively retard the electronegatively charged granu-
locytes, which thereby will accumulate (see also Sec-
tion K on selective flow and field accumulation of an
electronegative dye around the cathode).

J. A revised view of
so-called ‘“‘chemotactic”
accumulation of granulocytes
in inflammation

Van Lancker (22), in an excellent monograph on mo-
lecular and cellular mechanisms, states: “The nature
of the mechanism that directs the movement of the
leucocyte against a concentration gradient of a chemo-
tactic substance is completely obscure. . There
seems to be no obvious common denominator in all
agents capable of eliciting chemotactism. ... Litle is
known of the machinery which brings the cell w re-
spond to the cell of the chemotactic agent.™

A survey of the field of chemotaxis has been made
by Harris (17, 18). His conclusion was almost a dam-
nation of the biological meaning of chemotaxis. In his
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view, chemotaxis is an in vitro phenomenon which
probably has no relevance in vivo.

In an authoritative survey in 1978 on leukocytic
locomotion, Stossel (43) refers to several partial
mechanisms but remarks that “whether any of the
above “explanations™ for the components of locomo-
tion and for the locomotion per se turns out to be
correct, remains to be seen.”

Wilkinson and Allan also stated in 1978 (52, 53) that
a number of researchers have found “the loose use of
the word chemotaxis to describe migration of cells in
the presence of an attractant is increasingly unsatisfac-
tory and confusing”. They therefore propose a defini-
tion of chemotaxis as “a reaction by which the direc-
tion of locomotion of cells is determined by substances
in their environment".

Most remarkable about the concept of chemotaxis is
the fact that this commonly used term is not related 1o
any defined biokinetic mechanism. As long as the
concept of chemotaxis varies from describing a specific
effect to a whole biokinetic process including antici-
pated but unknown chemical and humoural factors,
confusion will persist.

The reader may already have a presentiment of an
alternate explanation for the attraction of leukocytes in
inflammation: granulocytes are well known to carry a
surplus of fixed electronegative charges on their sur-
faces (1, 2, 5, 50). Granulocytes should therefore be
attracted to the anode within a closed electric circuit,
as shown in the experiments earlier presented. Corre-
sponding in vivo to experimental circuitry powered by
an external battery, is the VICC system, powered by
physico(-electro-)chemical gradients berween the in-
jured and surrounding normal tissues. We will discuss
this alternate mechanism in more detail after reviewing
some essential information from the literature on che-
motaxis and inflammartion. Some of the relevant litera-
ture on chemotaxis is also presented in Chapter XVI,
Section U, where a corresponding discussion is made
on the background of spontaneous accumulation of
lymphocytes in breast carcinomas.

Leukocytes are considered to respond to a variety of
chemoattractants “‘most likely’” by way of specific
receptors on their surface (21, 46, 47). In this theory it
is assumed that chemical substances released at the
endothelial surfaces possess the capacity o *glue”
leukocytes to the vessel walls, producing marginations
(8). Alternatively, leukocytes in some way may be
bound electrostartically o the endothelial cells, as de-
scribed for thrombocytes (38-42). The essential draw-
back in these prevailing theories on margination is that
no “glue” has yet been identified. Moreover, electro-
static attraction of charged leukocytes to charged en-
dothelial sites should interfere with diapedetic migra-
tion through the vessel walls (27).

It can be concluded that the inflammatory accumu-
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lation of leukocytes in blood vessels and, particularly,
the adhesion of leukocytes to endothelial walls have
not yet been explained satisfactorily.

The local accumulation of polymorphonuclear leu-
kocytes in inflammation appears first in the vessels.
Some of these vessels are widened (24, 54). The leuko-
cytes either adhere to the vessel walls, a process called
leukocytic margination (14), or fill the lumens of the
small vessels. The leukocytes next migrate through the
vessel walls via “diapedetic transport™ (17) into the
interstitial tissue. In the interstitium the leukocytes are
thought to be attracted in some way to the cause of
inflammation, e.g., bacteria. The mechanism of vaso-
dilatation in inflammation is only known to a certain
extent (24). Focal liberation of serotonin, histamine
and histamine-like substances (15, 35, 44, 45) are
involved, e.g., as a result of stimulation of sympathetic
nerves through axon reflexes (29). A direct effect by
the injurious agent on the capillaries is often discussed.
Various peptides and proteins, isolated in inflamma-
tory tissue (4, 6, 10, 31}, have been thought to produce
an increase in capillary permeability. This group of
substances includes leukotaxine, exudime, brady-
kinin, substance P, kallidine and plasmin (13, 32, 33,
49). The prostaglandins (7) induce local signs of in-
flammation, e.g., erythema and cedema, and have also
been suggested to function as mediators of inflamma-
tion (28).

A large number of substances have been studied
with regard to their chemotactic properties. Rivkin
and Becker (36) have shown that cyclic AMP, hista-
mine, epinephrine, isoproterenol and prostaglandin E
inhibit chemotaxis of polymorphonuclear leukocytes
in rabbits. Cyclic nucleotides, e.g., 3', 5' guanosine
monophosphate, strongly attract polymorphonuclear
cells (19, 36). N-formyl-methionyl-methionyl-methi-
onine, N-formyl-methionyl-leucylphenyl-alanine and
other peptides, as well as different suspensions of
bacterial cultures, are often used as chemoattractants
in experimental chemotaxis (46).

The diapedetic process has been studied by light
and electron microscopy. These studies have revealed
only that white blood cells either appear to be pushed
somehow through the endothelial cells or that they
actively pass between endothelial cells by means of
pseudopods (25, 34). In this case the spaces between
endothelial cells are enlarged or thoughrt to be widened
by some action of the leukocytes.

The interstitial accumulation of leukocytes is gener-
ally believed to be caused by “chemical signals™ from
the injured tissue to the leukocytes. Bacteria are be-
lieved to attract leukocytes, as judged from in vitro
experiments. Menkin (33) extracted from inflamma-
tory tissue an unidéntified polypeptide he called leuco-
taxine with *chemotaxic properties”.

The attraction of leukocytes in inflammation and



their engulfment of bacteria and necrotic tissue materi-
al are still to a large extent not well understood.

The present studies focus our interest on the fact
that one essential part of inflammation, the accumula-
tion of granulocytes, can be produced experimentally
in abundance by in vivo electrophoresis without the
use of bacteria, “chemotactic compounds™ or by in-
ducing primary tissue injury (the platinum electrodes
were placed gently on the mesentery), inoculating mi-
croorganisms or using chemical agents. The present
studies also include other components of inflammatory
responses: thrombosis, capillary leaking, diapedesis,
transport of water, producing cedema, and, as we will
also see in late phases of healing, the formation of scar
tissue.

In this view, the accumulation of granulocytes in in-
flammation may be regarded as a special case of an
electrochemical field reaction within a biologically closed
electric circuit (the vascular-interstitial closed circuit,
VICC), combined with electrophoretic iransport of granu-
locytes.

To summarize, a damaged tissue presents a fluctuat-
ing electrochemical potential in relation to surround-
ing normal tissue. This potential difference will pro-
duce a driving force in a vascular-interstitial closed
circuit (VICC), atrracting the electronegative granulo-
cytes to the initally electropositive injured tissue.
During this phase arteriocapillaries contract in certain
regions while venocapillaries permit diapedetic passage
of the electronegatively charged granulocytes. An elec-
trophoretic transport with accumulation of electrone-
gatively charged cells, i.e., red blood cells, thrombo-
cytes and leukocytes should then take place. It is sull
not clear if the magnitude of the driving potential
difference of the circuit, the specific surface charges of
the cells or other mechanisms are responsible for the
preferential attraction of a certain type of cells. Mas-
sive attraction of granulocytes to the anode, for in-
stance, was observed preferably at “‘relatively low”
voltages (in the tested region of 1 to 3 volts). In the
region of 10 volts a minor increase in quantity of
identifiable granulocytes was present around the an-
ode. This finding has been interpreted as an effect of a
too violent interference of the electric field with forces
which in spontaneous inflammation probably interact
very delicately.

Several other factors may also influence the electro-
phoretically accumulated cells., When, for instance,
the polarity of an injured tissue changes from anodic
into cathodic, one must assume that the granulocytes
attracted during the anodic phase will in the new
cathodic surrounding become trapped and electro-
chemically changed. Electronegatively charged blood
cells flowing in vessels toward a cathodic tissue region
should selectively become retarded in the blood stream
and consequently increase in concentration. Certain

extracts or chemicals added locally to a tissue should
also be able to produce positive or negative “‘chemo-
taxis”, depending on their polarity. It is therefore
possible to include different partial factors connected
with “chemotaxis” under one common mechanism:
electrophoretic, selective transport of electronegatively
charged granulocytes in a biologically closed, activated
electric circuit. Acceptance of such a mechanism for
charged blood cells to enter a tissue suggests that
therapeutic accumulation of granulocytes might be in-
duced by an external electric DC power source over
electrodes. Another aspect may be to look for “leuko-
taxic agents” with regard to their properties to polarize
a tissue. It should be evident that VICC mechanisms
may also be capable of influencing the distribution of
other cell elements in blood, i.e., lymphocytes, plate-
lets and red blood cells.

K. Local accumulation in
tissue of a charged chemical
compound

The principle of the proposed mechanism for accumu-
lation of granulocytes in an injured tissue should also
apply for charged chemical compounds. To confirm
this hypothesis, Evans blue dye, which is electronega-
tive, was selected for investigation.

An overpotential of 4.2 volts was applied between
two platinum electrodes against a piece of mesentery of
an anaesthetized dog. After one coulomb had passed
through the tissue, the usual vascular changes were
seen in the tissue in an area about 15 mm in diameter
around each electrode. A few grains of Evans blue dye
were dissolved in 20 ml of saline. This solution was
then injected into the aorta via a catheter while current
was applied to the mesenteric electrodes. After a few
minutes a ring of blue stain could be seen against the
brown-yellow zone around the elecironegatnive electrode
(Fig. XIV:19). A very small amount of blue stain
could also be seen around the electropositive electrode.
Electrophoretic tests of the dye in vitro showed that it
moves in water solution to the electropositive electrode.
Nevertheless, upon repeated tests of injecting the dye
into the dog aorta, the dye always accumulated in
tissue around the clectronegative electrode. These
tests also included the simulianeous application of cur-
rent and injection.

It is evidently possible to attract a charged com-
pound to a polarized part of a tissue. In the experiment
described, the electronegative Evans blue dye possibly
combined in the blood stream with some other com-
pound or compounds provided with a surplus of elec-
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Fig. XIV: 19, Electrophoretic attraction of a charged com-
pound, injected intravascularly. After 1 coulombat 4.2V
overpotential was passed between two mesenteric electrodes,
dilute electronegative Evans blue dye was injected into the
aorta. It accumulated as a blue ring around the cathode. This
accumulation is explained as an interaction between blood
flow toward the cathode and the repellant force of the ca-
thedic field.

tropositive charges compared to the magnitude of neg-
ative charges on the molecules of the dye. In this way
the resulting combination might be attracted to the
electronegative and not to the electropositve elec-
trode. A more likely explanation is the one illustrated
in Fig. XIV: 18 for accumulation of granulocytes in
veins directed toward a cathode. According to this
mechanism the electronegative dye, flowing in arteries
or veins in the direction of the cathode should accumu-
late in these vessels by the opposing electric field force
of the cathode.

This experiment demonstrates that artificial electric
polarization can cause a chemical compound to accu-
mulate locally in a tissue. It also shows that the polari-
ties of the electric field and of the charge of the
compound are not the only factors which determine
where the compound will accumulate in an in vivo
experiment.

L. Direct current studies
in the dog’s lung

The directly observable tissue changes by direct cur-
rent in mesenteric tissue were also studied in the lungs
of dogs.
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Platinum strings, 0.25 mm thick, were coated with
Teflon. The coat was removed for a length of 0.5-2.5
cm at each end of each siring. One end was then
inserted for a distance of 0.5-1.0 cm into the tip of an
ordinary biopsy needle, 1 mm thick and 16 mm long.
Bending the string at the tip of the needle formed a
hook. The string-containing needle was then inserted
percutaneously under fluoroscopic control into the
lung of an anaesthetized dog. The needle was re-
moved, leaving the string electrode in place. The hook
served the purpose of keeping the electrode in place.

Two platinum electrodes were inserted into the lung
of a dog at a distance between them of about 5 cm.
Alternatively, one platinum electrode was inserted in
lung and the other electrode, a stainless steel puide
wire, was inserted through an intravascular catheter
into the pulmonary artery or aorta. The introduction
of one electrode through a transvenous catheter into
the pulmonary artery makes it possible to use the
branching pulmonary arterial tree as the conducting
pathway between the electrodes. When an electrode is
in the aorta, bronchial arteries serve as the conducting
pathway.

The electrically induced changes in tissue around a
small, 5 mm long, intrapulmonary electrode as anode,
with the cathode positioned in a supplying vessel 3 em
or more distant, were found to be almost spherical.
The longer string electrodes gave a more elliptical
shape to the changes in tissue,

Experiments were performed in ten dogs, first as
chronic studies over four weeks and then acutely in
each animal. Current was first applied between two
electrodes in one lung. Four weeks later, current was
applied between electrodes in the contralateral lung.
Each animal was then sacrificed immediately by intra-
venous injection of a large dose of sodium pentothal.

The acute effects of an applied current between an
intravascular electrode and a percutanecusly inserted
string electrode in pulmonary parenchyma may be
seen in a representative example in Fig. XIV: 20. The
anodic platinum string electrode was inserted percuta-
neously into the parenchyma of the left lower lobe and
the cathodic catheter and its guide wire of stainless
steel into the left pulmonary artery (Fig. XIV:20a
and b). Before current was applied, an arteriogram of
the dog’s left lower lobe was made with 20 ml of 60 %
Urografin. This study was normal, as seen in lateral
projection (Fig. XIV: 20c).

An electric potential of 20 volts DC was then ap-
plied between the catheter guide wire and the plati-
num electrode, which was made electropositive. The
initial current of about 15 milliamperes increased
spontaneously and gradually to about 55 milliamperes,
at which level it remained. A total of 180 coulombs
was given.

Arteriography was then performed. Urografin (60



Fig. XIV:20. Acute effects
of direct current berween a
pulmonary artery and paren-
chyma of a dog's lung: ra-
diographs in vivo. () Ante-
roposterior and (5) lateral
radiographs before applica-
tion of current. Transvenous
catheter in left pulmonary
artery. Guidewire in lower
lobe pulmonary artery
serves as cathode ().
Platinum electrode percuta-
neously inserted in lower
lobe serves as anode ( 1 ).
(¢) Control arteriogram, lat-
eral projection, shows nor-
mal [eft lower lobe pulmo-
nary arteries. After 180 cou-
lombs ar 20 V had passed
between the electrodes, re-
peat arteriogram () shows
blocking of pulmonary arte-
rial branches () near the
cathode and leakage of con-
trast medium into the inter-
stitial tissue near the anode
{diffuse opacities in lower
right part of figure).

percent, 20 ml) was again injected through the catheter
in the pulmonary artery. A cone-shaped constriction
and nearly complete blocking of proximal pulmonary
arterial branches were found adjacent to the electrone-
gative electrode (upper contrast-filled vessels in Fig.
XIV:20d). Nearer the electropositive electrode the
contrast medium extravasated into the interstitial tis-
sue, as seen in the lower part of Fig. XIV:204.

At autopsy the left lower lobe was found to be bright
red (Fig. XIV:21). Under the intact pleura a dark
region was seen, which on palpation corresponded to a

firm tumour-like mass at the site of the anode. When
the lung was incised, this mass was firm, like a granu-
loma. [ts centre was white, completely dry, and mea-
sured 8x8x15 mm. The periphery of the mass was
also dry but black. The total size of the white and
black “granuloma’ was 3.2x2.0x2.0 cm. The sur-
rounding lung tissue contained an increased amount of
blood.

The site of the intravascular cathode revealed no
gross thrombi either on the electrode or in the vessels.
Perivascular tissue, however, was rather dark and ex-
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Fig. XIV: 21. Acute effects of direct current between a pul-
monary artery and parenchyma of a dog’s lung: autopsy
specimen (same dog as in Fig, XIV: 200, Section through
lower lobe reveals a 3.2 2.0 2.0 cm black dry mass around
the anode. The cathodic region in the mid upper part is oe-
demarous and dark from blood pigment. Vessels in the ca-
thodic region were not blocked by thrombosis. The vascular
blocking shown near the cathode in Fig. XIV: 20 appeared to
be produced by compression from interstitial oedema. The
anodic lesion showed a small central gas cavity surrounded
by white-gray, chlorine-bleached material. Surrounding
black area is caused by HCl-destroyed blood {proton diffu-
sion and migration from anodic surface).

ceedingly oedematous. Liquid flowed freely from the
freshly incised tissue in this region.

Histologic sections of the mass around the anode
showed “‘inflammatory” changes of moderate infiltra-
tions of leukocytes and marginal accumulations of leu-
kocytes in vessels. Oedema dominated in the tissue
around the cathode. No thrombotic blockings were
seen in the vessels around the anode. The blocking of
the passage of the contrast medium in this region was
interpreted as produced by pressure of interstitial oe-
dema. All dogs showed similar findings.

When two electrodes were implanted directly in the
lung of a dog, the acute and chronic effects of direct
current {10 volts, 200 coulombs) were as follows:

1. Acute anodic

Chlorine and oxygen gas produced a gas pocket close
to the electrode. A bleached, gray-white, dry zone was
found around the gas pocket. This zone was surround-
ed by a larger, dry, gangrene-like, black zone. This
black zone was sharply demarcated against the sur-
rounding, nondestroved lung parenchyma and had an
increased density. On palpation it felt like a granuloma
or tumour. The surrounding lung tissue was dry close
to the destroyed black zone, but peripheral to this
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zone the tissue was cedematous. The black and white
zones showed an acidic reaction. Microscopically they
represented completely destroyed tissue. An increased
number of granulocytes was usually seen in the veins
and in the interstitium., Thromboses were found in
many small vessels and capillaries. Small arteries were
often narrow and empty of red blood cells.

2. Acute cathodic

Hydrogen gas produced a larger gas pocket around the
cathodic tissue electrode than chlorine and oxygen gas
produced around the anodic tissue electrode. The tis-
sue around the cathedic gas pocket was diffusely dark-
Iy coloured and oedematous. The tissue fluid was
pinkish and alkaline. The large amount of cedema
fluid probably partally compressed the vessels, but
active contraction of vessels, as was seen in the mesen-
tery, is possibly also produced in the cathodic field.

Histologically, arteries and veins usually did not
contain blood cells close to the electrode. The dark
material was probably alkaline haem, laked from red
blood cells. Conglomerates (probably blood protein)
appeared as round or oval bodies in vessels. The emp-
ty blood cells could be recognized in the interstitium
by their membranes, which showed increased contrast
between the interior of each cell and the surrounding
tissue.

3. Four weeks anodic

The appearance of this tissue was similar to that of dry
black gangrene. Volume of the tissue was decreased, as
an effect of dehydration and shrinkage of tissue by
scarring. Extensive thromboses blocked vessels. Lym-
phocytes were now found in the interstitial tissue,
which was also fibrotic. The adjacent pleura was fibro-
tically thickened.

Fig. XIV:22a, surveys the anodic zone after four
weeks, The dark part was dominated by infiltration of
lymphocytes. Scarring was also seen at higher magnifi-
cation (Fig. XIV:225).

4. Four weeks cathodic

Tissue remained somewhat distended by oedema flu-
id. Hyaline degeneration and phagocytosis of cells
were found alongside pulmonary fibrosis. The pleura
was thick close 1o the elecrrode.

Fig. XIV: 22 ¢ surveys the cathodic zone. The pleu-
ra is locally thickened. Some fibrous septa partly cross
the lung tissue. Lymphocytes are seen in Fig.
XIV: 22 d at higher magnification.



Fig. XIV:22. Chronic effects of direct current between in-
trapulmonary electrodes in a dog's lung, Four weeks after
exposure 1o 200 coulombs at 10V, (@ and &) [n the anodic
area, rissue is more dense than normal and extensively infil-
trated with lyvmphocytes (dark regions of a) and contains

M. Discussion

This chapter surveys some tissue and cellular changes
induced by activation of a closed electric circuit in
tissue. By the use of an external direct current source
and electrodes, it is anticipated that we activate one or
several physiologic VICC branches. Functional and
developmental effects of activated VICC components
can in this way be driven beyond the limits of their
physiologic tolerance. Structural changes provoked in
this way should facilitate our recognition of those func-
tional and structural effects in which BCEC systems
are involved.

In studies of this kind one should not forget that the
amount of current per unit time flowing through a
physiologic BCEC system i1s by engineering standards
very low, probably often in the range of micromi-
croamperes. The current may, however, flow continu-
ously and with changing direction and magnitude
among complex systems of ionars (Chapter XIII),
which polarize against each other.

The experimental use of unphysiologically high
voltage differences between electrodes can be expected
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some fibrosis. (¢ and &) In the cathodic area, the pleura is lo-
cally thickened. The lung tissue is slightly more dense than
normal but less dense than the anodic tissue. Some fibrosis,
lymphocytes and hyaline degeneration are present.

to produce unforeseen effects in a living tissue. The
obvious risks of leading current between electrodes
over a vital organ such as the heart need no further
discussion in this connection. What must be pointed
out, however, is that preferential pathways for current
in a living tissue vary with voltage difference and
current density. This property is easily recognized if
we consider the functions of one conducting BCEC
branch, the blood vessels. Because more blood is pre-
sent in the peripheral branches than in the stem of a
blood vessel, the resistance to current flow must be
lower in the periphery than in the stem of the vessel.
Consequently, the insulating properties of the vessel
walls must be larger in the stem (thicker wall) than in
the peripheral vessels. This balance should correspond
to actual physiologic current densities and voltage lev-
els. If we overload the system either with too high
current densities or by too high energy levels, the
system goes out of order. Current will break through
at unexpected sites of least resistance,

To direct the reader’s attention to one specific fun-
damental physiologic function of the BCEC, granulo-
cytes were studied as they were selectively attracted to

Activation of VICC 195



an anodic electrode, gently placed against tissue, with
the cathode in a supplying vessel. Further, a mecha-
nism of flow and field interaction has been described
for selective accumulation of granulocytes around an
electronegative electrode. It has been proposed that
these experiments simulate the endogenous spontane-
ous mechanism of focal accumulation of granulocytes
in tissue. Heretofore, an explanation for this character-
istic function of granulocytes has been lacking. This
explanation is also of practical interest because electro-
phoretic transport of granulocytes within a BCEC can
easily be arranged with electrodes and an external
power source for possible therapeutic purposes. These
experiments have also been used as a starting point
toward furure revision of the unfortunate concept of
“chemotaxis™. For too long this concept has served as
a loose term concealing lack of knowledge concerning
the true character of important biologic mechanisms.
It would not be surprising if several separate biologic
mechanisms are included within “chemotaxis™. The
acceptance of the basic concept of BCEC makes it
possible to define at least one such mechanism as an
electrophoretic closed circuit transport of charged cells
and chemical compounds among polarizing regions of
tissue,

The acute and chronic in vivo experiments with
large doses of current were made to study secondary
healing processes in the anodic and cathodic sites of
tissue. In these sites partial reactions have been en-
countered, characteristic of spontaneous healing of tis-
sue. It has therefore been proposed that the energy-
liberating, catabolic process in spontaneous tissue
healing might be supported by an artificial activation
of the involved circuits over implanted electrodes from
an external source of direct current power. Research to
be conducted along these lines will require consider-
ably more information than is now available concern-
ing induction of healing processes by direct current.
We will therefore proceed with studies of partial heal-
ing phenomena in a different kind of tissue, the female
breast (Chapter XVI), to broaden our base for further
discussions on therapy in Chapter XVII. Chapter XV
will now conclude the discussion of our initial prob-
lem: the corona structures around pulmonary masses.
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XV.

Corona structures around
pulmonary masses:
vascular-interstitial closed

circuit effects

The structural modifications which have here been
named the corona structures are not always present
around tumours and granulomas of the lung. When
present, corona structures show a wide range of radio-
graphic appearances. All of their structural compo-
nents are therefore not easily demonstrable in any
single case, which is probably the major reason why
these structures have long been overlooked. Also it is
always difficult to recognize structures before their
developmental mechanisms and pathophysiological
significance are apparent.

To demonstrate the wide range of appearances of
corona structures, attempts have here been made to
present both *“‘easy” and “‘difficult” cases. Trained
radiologists will recognize that to present dara for
frequency of appearance of these structures is difficult,
similar to the situation in radiologic assessment of
peripheral pulmonary vascular changes, as in pulmo-
nary emphysema.

It 15 now obvious that the corona structures have
nothing to do with malignancy per se of a lesion, as
was once suspected. The corona structures appear not
infrequently around malignant tumours, but occasion-
ally also around granulomas and benign tumours. The
structures seem to depend on a common biokinenc
mechanism, which includes a local hberation of energy
after spontaneous necrosis, bleeding or infection and the
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channelizing of this energy over biologically closed electric
circuits (BCEC ).

The polarization of local tissue has been demonstrat-
ed by measuring the electric infury potential berween
tumours or granulomas of the lung and surrounding
tissue. The channelizing of the energy takes place over
vascular-interstitial conducting channels. In this sys-
tem the walls of “large™ vessels electrically insulate the
plasma, which is the conducting medium. The exis-
tence of vasa vasorum of large vessels may therefore be
regarded as an expression of the normally poor ex-
change of water, electrolytes and nutrients across the
walls of these vessels. The large vessels funcrion as cables
which are insulated and electrically conducting. The plas-
ma is elecirically connected to the interstitial flhnd over the
walls of the capillaries, which, of course, are permeable
to water and electrolytes. It is also suggesied that elec-
trode-equivalent sites in the circuit are localized to the
endothelial cell membranes of the capillaries, which also
possess a mechanism of variable “short”- and “long™-
distance selective electrogenic transports, This BCEC is
here named the vascular-interstitial closed circuit (VICC).

The morphology and function of this circuit are
scemingly very simple. On closer inspection, its com-
plexity and importance for biochemical reactions and
morphology will soon become apparent. At this junc-
ture, we will only summarize and discuss implications
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of the VICC as a mechanism for developing corona
structures in the lung. In turn, appreciation of this
mechanism will facilitate understanding in other chap-
ters the research based on the principle of BCEC systems.
To avoid repetition, several concepts treated in pre-
ceding chapters will be mentioned only in passing: the
levelling of a fluctuating ionic energy potential between
polarizing tissue regions over BCEC channels, and the
necessity of intersected redox steps in the circuits.

Fig. XV:1 is designed to illustrate the relation of
the actual biokinetic events and the structural modifi-
cations they cause during (a) a phase of anodic polar-
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In the subsequent phase (Fig. XV:15), when the
injured tissue in the centre of the tumour becomes
cathodic in relation to the surrounding normal tissue,
water will disappear from the cedematous “B" zone
tissue and move instead to the previously dry anodic
tissue. Compression and peripheral dislocation of ves-
sels around the tumour will result from this new move-
ment of water. Osmotic inflow of water entering the
degrading tissue will also be enhanced by electroosmo-
tic inflow. The phase of liquefaction of the necrotic
tissue NOW ensues.

Under the influence of an electric field, the perme-
ability of capillaries also changes. Combined with
changes in hydrostatic pressure, the electric field ef-
fects will modify local content of water in the various
parts of the electric field. The regional distribution of
water is therefore one factor which is demonstrable by
radiographically observable changes of radiopacity in pul-
monary Hssue.

Simultaneously, radiographic differences of opacity
are produced also by media other than water. Dehydra-
tion around a lung tumour will increase compensatorily the
amount of air around the tumour, radiographically en-
hancing the radiolucency of this water-depleted zone.

Changes of radiographic opacity further may be
produced by elecorophoretic transport of materials, e.g.,
cellular debris and macromolecules, which may pos-
sess varying attenuation coefficients for x-rays.

Field-induced increase of capillary permeability can
also explain the finding in angiography of the so-called
contrast enhancement effects (page 176) around neo-
plasms, abscesses and haematomas (6, 9, 12). Contrast
enhancement may also be increased by capillary
thromboses, causing blindly ending vascular pockets,
which in turn may lead to redistribution of blood flow.

Spontaneously occurring dvstrophy of peritumoural tis-
sue may follow thromboses in capillaries and other
small vessels near a lesion in the lung during spontane-
ously or artificially polarized electropositive phases of
the tissue. These electric effects may also enhance
other structural changes in the peritumoural tissues,
€.g., circular displacement of structures, and the devel-
opment of “A” and “B” zones. During the electrone-
gative phase these alterations are also enhanced by the
development of perifocal cedema, local destrucrion of
red blood cells and their laking of blood pigment (page
180).

WVascular narrowings and thromboses around a po-
larizing lung lesion can be demonstrated by densitome-
try. In 1946 Marchal (7) reported that vascular pulsa-
tions are often decreased on roenmigen densitometry
around carcinomas of the lung. He described this finding
as a sign of malignancy. Now it appears likely that
vascular narrowings and thromboses caused the de-
crease in observed pulsations, which in the present
study have been found w develop spontaneously
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around polarizing tumours. These electric field effects
on vessels are absent around nonpolarizing malignant
tumours. They can, however, also be found around
polarizing granulomas or benign tumours. It is the
author’s opinion, therefore, that the decreased pulsa-
tions around a tumour are not a valid radiologic sign of
malignancy.

A VICC-system will also permit electrophorenic irans-
ports of anions and cations in interstitial spaces (Fig.
XV:1a). Some of these charged units are nonperme-
able, e.g., cells and macromolecules. These nonper-
meable ons accumulate in the inner and outer parts of
the “tumour barrier”, leading to a charge separation
not unlike a Donnan disirtbution of ions at a semiper-
meable membrane. This analogue includes also a net
accumulation of charge, a “slipping plane” (see Fig.
X: 8) outside a polarizing lesion. An excess of counter-
ions is then trapped in the outer boundary of the
tumour barrier and in adjacent surrounding tissue,
partly as an effect of electrophoretic transports within
the VICC. The “slipping plane” of an outwardly de-
creasing concentration of cations will even present an
amount of charge which may exceed the charge of the
central degrading process. This is in turn an effect of
concentration (adsorption) forces. The resulting excess
of charge of the periphery of such a centrally polariz-
ing lesion does not represent thermodynamically avail-
able energy, except during the time of development of
the “slipping plane™.

The surface topography of a polarizing body influences
structural development by modifying the induced elec-
trical forces (page 95). This effect is explained as
follows: when the surface of a charged body has pro-
truding edges, so-called edge enhancement will devel-
op in the electric field. The induced electric field will
become stronger along imaginary “*field lines™ starting
at the protrusions. These “lines™ proceed straight in
the tissue and may alter the configurations of existing
structures. Movable dielectric compounds, e.g., cells,
debris, macromolecules, etc., tend to orient them-
selves along the field lines. In this way, radiating
structures will start to develop around any polarizing
degrading tumour or granuloma provided with small
protrusions on its surface. In vive, such radiating
structures may extend several cm into the tissue. This
observation indicates that the electric field is produced
within a closed electric circuit. Corresponding electro-
static fields can only influence material close 1o the
charged body.

Experiments with electrically charged bodies and
nonienic corpuscular grains (Chapter X) showed, on
grounding the terminals, that the grains spontaneously
produced several free zones, each several millimetres in
diameter, close to the termunals. These zones were as-
cribed 1o the effects of concentration forces among the
grains. After a potential difference was applied be-



tween the terminals, the grains formed radiating struc-
tures by dipole induction in the dielectric material. Arch-
es and arcades were also produced as a consequence of
interactions among concentration forces, edge en-
hancements and the applied electric field forces. The
modulation of edge emhancement by supporting matrices
could also be simulated (Fig. X:4).

Thus far, we have based our discussion mainly on in
vitro experiments of the effects of induced closed elec-
tric circuits on dielectrics, matrices and concentration
forces., The corona structures in vivo are, however,
also partly explained by closed circuit effects on trans-
port of lons.

The closed circuit structural changes produced in
vitro were also produced in vivo in dogs (Chapter XI
and demonstrated radiographically in vivo around tu-
mours in patents (Chapters III, IV). The structural
changes are not specific to the biologic type of tissue.
As we will see shortly (Chapter XVI), closed circuit
electric forces are also capable of inducing changes in
the quality of the different components in a ussue.
Such mechanisms, for example, are involved in quali-
tative differentiation of radianng fibrous nissue struc-
tures.

The radiating structures which are radiographically
visible around lung tumours can be seen histologically
to consist mainly of fibrotic material (3). This material
contains both retractible hygroscopic fibres and colla-
gen fibres, which are nonhygroscopic. Like ordinary
scar tissue, radiating structures around a lung lesion
may contract. The contraction explains the develop-
ment of changes here described as lamellae and retrac-
tion pockets filled with pleural fluid (Chapter I1I). Lo-
cal dehydration of tissue in the hydropenic zone has
been interpreted as leading to the contraction of fibro-
tic radiating structures.

Electrochemical polarization within a BCEC will
produce boundary phenomena at the inner and outer
barriers of a centrally necrotizing tumour, Varying
profiles of potential appear in and around a tumour,
depending on the directions of potential gradients in
the tissues and the amount and quality of transportable
permeable and nonpermeable ions. In this way it can
be understood that an autolytic electronegative phase
is able to attract permeable cations, i.e., calcium and
magnesium. Combination of these two ions with phos-
phate and carbonic ions in the autolytic tissue should
eventually lead to the intratumoural precipiranion of
calcium and magnesium phosphate and carbonate, which
are the main constituents in calcified, previously in-
jured tissue. Healed granulomas of infectious origin in
the lung commonly contain calcification, radiographi-
cally demonstrable in vivo. Pulmonary neoplasms oc-
casionally contain foci of microcalcification, practically
always invisible to clinical radiography but demonstra-
ble histologically.

The presence of “A” and “B” zones, radiating
structures, circular displacements of tissue structures,
arches and arcades, lamellae and retraction pockets
(Chapter III) consequently do not indicate that the
underlying pathologic process is malignant or benign.
Nonspecific processes of degradation, however, such
as bleeding, necrosis, or infection, are very common in
malignant tumours. These degrading processes may
induce any one or several of the above-listed eight
structural changes, which should always raise clinical
suspicion of possible malignancy. As will be shown in
the next chapter, the same reasoning also applies to the
occurrence of pathological ductal and vascular struc-
ures.

The spontaneous accumulation of granulocytes in
injured tissue and around the anode in experimental
electrophoretic polarization of tissue has also been
described (Chapter XIV). Because granulocytes are
electronegative, in an electric field they must move to
the anode. The proposed vascular-tnterstinal closed cir-
cuit (VICC) can then explain the auraction of granulo-
cytes as an electrophoretic process in a locally polarizing
tissue. This process is a further example of biological
effects which can be produced in tissue under the
influence of an activated BCEC. Already at relatively
low levels of applied potential, e.g., 1-2 V, granulo-
cytes are attracted extensively around the anode.
When potential differences are relatively high, e.g.,
5-10 V, the attracted granulocytes are to a large extent
destroved.

So-called chemotacric movement of white blood cells
toward bacteria and necrotic cell material has tradi-
tionally been described as induced by “chemical sig-
nals” (1, 2, 5). Neither such signals nor the actual
forces which stimulate the whire cells to move have
been adequately defined so far. It is here suggested
that the accumulation of granulocvies in acute tssue mjury
may be explained as electrophoretic wransport of these
elecironegative cells to the region of an elecrropositive field
in @ BCEC. Once the white blood cells have crossed
the capillary membranes and entered the interstitial
tissue spaces, the cells can hardly be anticipated to
take the same way back to the blood stream after the
polarity of the pathologic process is eventually re-
versed. This process is again an example of the influ-
ence of a matrix in the transformation of tissue. In
addition, a mechanism of interaction between blood flow
and eleciric fields has been described, which 15 capable of
accumulating granulocvies around an electronegative focus
of a VICC.

Whatever the further background mechanisms may
be behind the local attraction of white blood cells out
of the blood stream, it appears possible now to utilize
Jor therapy the propoesed electrophorenc mechamsms of
attraction. Under fluoroscopic control, tiny platinum
electrodes can easily be inserted percutaneously into
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tissue. Electric potential differences of suitable magni-
tude, duration and polarity can then be applied be-
tween the electrodes to attract large numbers of white
blood cells into the diseased region. Correspondingly,
electrophoretic transport and destruction of microor-
ganisms can be obtained against the anode (bacteria
are reported to carry a surplus of electronegative
charges, except Spirochaeta pallida, which is electro-
positive). Four weeks after artificial electrophoretic
treatment of lung tissue in a dog (Chapter XIV), scars
were found at the previous sites of the anode and
cathode. “Inflammatory” reactions were evident in
the surrounding tissue, Granulocytes at this time were
not present; lymphocytes were seen at the previous
sites of electropositive electrodes. Cavitation was also
noted around the electrodes, residual from the me-
chanical effects of gas produced electrochemically
from transformed tissue around the electrodes.

Because different chemical agents can carry a net
surplus of electric charges, they may potentially be
attracted to locally diseased ussue in order to- affect
beneficially a pathologic process. This proposed prin-
ciple was initially tested experimentally with Evans
blue (Chapter XIV). This compound accumulated,
well visible, in vivo in the tissue around the cathode.
The therapeutic possibilities of electrochemical artrac-
tion appear to warrant further study.

Morphologic changes have also been observed in
individual red blood cells (page 180). In the electric
field the transport of material over the cell membranes
is evidently altered in different ways around the anode
and cathode. The mechanisms of these changes seem
to offer possibilities for studies of the function of cell
membranes themselves.

The existence of a BCEC allows tonic transports
among adjacent polarizing tssue regions or organs, The
BCEC may be involved in embrvonic development of
structures, including membranes and organ capsules.
How membrane structures develop is still poorly un-
derstood and has been a subject of intense discussions
in the past (4, 8 10, 11). Structures developing as
polarization products over a BCEC offer a proposed
mechanism which can easily be simulated in vivo.

These first 15 chapters have presented lines of dis-
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covery arising from the original radiologic observation
of coroma structures around pulmonary tumours. It is now
apparent that most of these structures can be explained
as products of physicochemical polarization over a BCEC.
In fact, we seem here to have encountered a basic
biokinetic mechanism of healing, structuring and
function of tissue. The next chapter extends these lines
of investigation by considering another organ which
commonly contains tumours, the female breast.
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XVI.

Tissue transformations over
BCEC in cancer of the breast

Radiographic demonstration in the lung of corona
structures raises the important question of their possi-
ble demonstration in other organs. The variety of
pathological conditions in which pulmonary corona
structures appear indicates that these structural
changes are not specific to particular pulmonary dis-
eases. Nevertheless, the structural changes are suffi-
ciently characteristic to suggest a specific type of reac-
tion in tissue.

The lungs happen to be a favourable organ for
radiologic examinations because air provides excellent
contrast with intrapulmonary structures of radiogra-
phic water density. The female breast is a similarly
favoured organ, except that fat is the component pro-
viding contrast with the structures of radiographic
water density.

Our mammographic collection was therefore re-
viewed to see if tissue changes in the female breast,
similar to those in lung, could be found. Even a brief
review of a series of routine mammograms of breast
carcinomas showed structural changes easily recogniz-
able as similar to corona structures around lung le-
sions.

A number of structural changes around carcinomas
of the breast have been well described, i.e., radiating
structures, “*skin thickening”, skin retraction and mi-

crocalcifications (2, 6, 14, 19, 21, 30, 31, 38, 41, 42,
48, 49, 35, 60, 66, 67, 82). The presence of these
particular structural alterations, however, lacks as vet
a fully acceptable explanation. In part they are even
interpreted incorrectly. Moreover, this chapter idenu-
fies additional radiographically visible structures
around breast cancers, similar to those around lung
cancers. These changes have, to the author's know-
ledge, not been described previously and consist of the
radiolucent “A” zone, the formation of arches and arcades
and the presence of circularly arranged structures in the
tissue surrounding certain cancers. Also corresponding
to the corona complex in the lung are radiating fibrous
siructures, skin thickening and skin retraction. We will
therefore start to make an introductory identification
of structural components of the corona complex of the
breast. Their development and significance will be the
subject of further analysis later in this chapter.

The mammographic images shown in this chapter
are all made with compression technique, except for
the xeroradiographs, which do not require compres-
sion.

Some of the radiographically demonstrable changes
in tissue around a breast cancer are shown in Fig.
XVI: 1. Thin radiating structures extend perpendicular-
ly to the surface of the tumour, a *radiolucent’ zone is
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Fig. XVI: 1. Corona structures around a ductal breast carci-
noma (62-year-old woman). (@) Thin radiating strucrures
emerge from the surface of the tumour. (&) The same w-
mour (different exposure and projection) shows calcification,
a peritumoiiral radiolucent A" zone (dark “halo around
the umour?, so-called skin thickening (corresponding to a
hydropic “B* zone), skin retraction and circularly arranged
structures (arrow) at the periphery of the radiolucent “A™
Zone,

adjacent to the tumour and calcification is in the tu-
mour. In many other cases scattered microcalcifications
are present. These morphologic changes in cases of
breast cancer are often accompanied by what is called
thickening and local retraction of the skin (Fig. XVI: 1 b),
which represents a special case of a “*B" zone.

Some of the radiographically demonstrable coronal
changes in breast cancer are also shown in the xerora-
diograph in Fig. XVI: 2. A radiolucent zone 2-3 mm
broad surrounds the carcinoma. Many thin radiating
structures extend from the surface of the tumour into
the surrounding breast tissue. The skin adjacent to the
tumour also appears thickened and retracted toward
the cancer. Some microcalcifications were also found
histologically in this tumour after mastectomy.

As in the lung, corona structures in the breast ac-
company a wide variety of pathologic conditions. Dif-
ferent morphologic observations have been the subject
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of many fruitless attempts in the past to obtain “reli-
able” diagnostic or radiologic signs of malignancy,
especially in lesions of the breast and lung. Radiogra-
phic demonstration of mammary microcalcifications,
when present in groups of more than 10 particles, has
been considered specific for malignancy (52). “Malig-
nant microcalcifications” are, however, not specific for
malignancy (14, 55). Microcalcifications remain useful
in the mammographic analysis of possible carcinoma
of the breast but their demonstration can no longer be
regarded as pathognomonic of cancer.

Similar statements can in the author’s opinion be
made about many other diagnostic signs in current
use, e.g., radiating fibrous structures, “skin thicken-
ing" and retraction, increased calibre of mammary
vessels and local increase of temperature in the breast.

As long as the pathogenesis of these different
changes in tissue remains unclear, attempts to evaluate
their diagnostic and biologic significance will continue
as gropings in the dark.

Final proofs of all possible correlations between the
observed structural changes around tumours and their
underlying pathophysiology are an impossibility to
present at this ume. Nevertheless, the author hopes
that the evidence from breast lesions, just as from lung
lesions, will focus the reader’s attention on the ability
of the concept of activated, biologically closed electric
circuits (BCEC) to explain structural development in
tissue injury and particularly around cancers.

Like lung cancers, cancers of the breast vary in their
radiographic appearance. One or several of the radio-
graphic signs shown in Figs. XVI:1 and 2 mav be
absent. It is understandable that variations in the ap-
pearance of the tissue around breast tumours have for
a long time been thought to depend on such factors as
the structural or cellular type of the tumour,

Evidence to be presented in this chapter suggests
that locally polarizing injuries inside a breast carcino-
ma act through a BCEC to induce morphologic
changes both inside and outside the cancer. Such in-
juries are commonly encountered in tissue as nonspeci-
fic degrading processes, including inside malignant
tumours. Degradation of tissue can be looked on as
nonspecific, but it still must be regarded as a highly
specific part of a biologic cycle. It represents the final
phase of living cellular structures. Often 1t also repre-
sents the beginning of integration of material and ener-
EY Into new structures.

BCEC systems enable morphology to be regarded as
a manifestation of ongoing physiologic events. As long
as morphology is regarded statically, our possibilities
to understand morphologic variability will be stunted.

Electric polarization in breast tumours will now be
described. Correlations will be shown to be possible
between certain morphological changes of breast le-
sions and their electric properties.



Fig. XVI: 2. Corona structures around a breast carcinoma
{68-year-old woman, xeroradiograph exposed without com-
pression of the breast). Radiating structures extend perpen-

A. Electric polarization in
breast cancer

In the breast, as well as in the lung or any other tissue,
any local injury, e.g., focal bleeding or necrosis, cre-
ates a source of liberation of energy. The developing
physicochemical energy potential can easily be recog-
nized by its electric potenual (“eleciric injury poten-
ntal™). By means of a second prerequisite, the proposed
biologically closed electric circuit (BCEC), available en-
ergy will be released efficiently, permitting electro-
phoretic and electroosmotic transports between the
injured and surrounding noninjured tissues.

Assuming these two important components, the de-
velopment and appearance of many of the characteris-
tic morphologic changes in and around breast -
mours, like those of lung tumours, can be explained.

Breast tissue becomes injured in a variety of ways,
e.g., trauma, focal necrosis from nutritional distur-
bances within a lesion, haemorrhage and infection.

Our first task will therefore be to explore the electric
properties of tumours in the breast.

1. Case material and methods

Measurements of tissue profile of electric potential
were made in mammary tumours of 16 consenting
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dicular to the surface of the tumour (7). A thin radiolucent
“A" zone outlines the periphery of the tumour. Overlying
skin is “thickened” and retracted (arrows).

patients. These studies were performed in association
with diagnostic biopsy and implantation of metal indi-
cators immediately before surgical treatment. The aim
was to search for possible spontaneous electric polar-
ization in breast tumours similar to the findings in
pulmonary tumours.

The same type of nonpolarizable, silver-silver chlo-
ride electrodes with potassium chloride bridges was
used as in the final series of measurements of potential
in lung tumours. The DC potential was measured
between a grounded electrode in the subcutis of the
ipsilateral shoulder and the “exploring” electrode,
which was moved through the tumour and the adja-
cent tissue. Retraction of the exploring electrode was
obtained by means of the driving mechanism of the
recording instrument, the Grass chart writer (Model
7B, Polygraph, Grass Instrument Company, 101 Old
Colony Avenue, Quincy, Mass. 02169, USA), in order
to assure as good a correlation as possible between
electrode position and tracing.

Localization of the tumours and introduction of the
electrodes were made with a stereotaxic instrument
previously developed by our group (16, 76) for biopsy
of nonpalpable breast lesions (Fig, XVI: 3) (Manufac-
tured by TRC AB, P.O. Box 50100, 5-10405 Stock-
holm, Sweden). This instrument allows the insertion
of biopsy cannulas (75) to a predetermined place in the
breast with a precision of +0.5 mm. Afier the x, y and
£ coordinates in the system were calculated, the elec-
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Fig. XVI:3, Stereotaxic
radiographic unit devel-
oped for exact localization
and percutaneous needle
biopsy of nonpalpable
breast lesions. The instru-
ment was used in this
study for the insertion of
nonpolarizable electrodes
to measure electric poten-
tials of breast umours and
their surroundings in rela-
tion to a grounded refer-
ence electrode in the sub-

Cutls.

trode was inserted perpendicularly to the x-ray beam
in the plane of the calculated z-coordinate. It was then
possible stereoradiographically to document the posi-
tion of the electrode in relation to the surfaces of a
tumour and the skin.

2. Results

Electric potential measurements in 16 mammary carci-
nomas and surrounding tissues revealed characteristic
patterns. Fig. XVI:4a shows the radiograph of a
breast cancer. Small radiating structures extend more
or less perpendicular to the surface of the tumour. In

Fig. XVI:4. Electric potential of a breast carcinoma, Mam-
mography (a) shows an undifferentiated fibrous breast can-
cer, appearing as a lobulated tumour (64-year-old

woman ). Some radiating and thin “circular” structures (ar-
rows) are evident at a distance from the cancer. (b) Position
of the inserted electrode. (¢) Potential tracing obtained as the
electrode was evenly retracted. The cancer contains a W-
shaped negative potential in relation to surrounding tissue.
An ecg 15 superimposed on the tracing. Correlations between
the measured potentials and specific anatomic sites were ob-
tained by using the chart driving device to retract the elec-
trode. Grounded reference electrode in the subcuris of the
shoulder.



Fig. XVI:5. Electric poten-
tial of a well differentiated
ductal breast carcinoma (ar-
rows) in a 57-year-old wom-
an. (a) Craniocaudal, () lat-
eral xeroradiographs.

(¢} Three tracings of potential
through the mumour are
shown. (d) The postoper-
ative specimen contains
three bleeding tracks, repre-
senting the three paths of
the electrode, W-shaped po-
tential inside the tumour is
negative relative to sur-
rounding rissue. Ecg is su-
perimposed in the tracings.
Grounded reference elec-
trode in the subcutis of the
shoulder.

the breast tissue around the tumour some thin struc-
tures (arrows) may also be seen in a circular arrange-
ment. Such thin structural alterations are common
around breast carcinomas, but to the knowledge of the
author, have not been described previously (see also
Figs. XVI:1, 6, 14b, 22 and 23).

The exploring electrode is shown in Fig. XVI: 45 in
the breast before it was slowly and evenly pulled out.
Fig. XVI: 4 ¢ shows the tracing of the tissue profile of
electric potential as the needle was pulled out. The

regular fine changes represent a superimposed ecg.
Inside the tumour the tissue potential was 5 mV nega-
tive compared with the tssue surrounding the tumour,
In the central part of the tumour the negative potential
was elevated 2.5 mV, making the profile of potential
look like a W.

The tracings usually vary depending on the course
of the electrode passing through the tumour. For ex-
ample, Fig. XVI: 5 (craniocaudal (2) and lateral (b)
xeroradiographs) shows a carcinoma in the medial and
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Fig. XVI:6. Mammograms of ductal breast carcinoma (80-
vear-old woman, G. P.) before measurement of electric po-
tential (see Fig. XVI: 7). (a) The tumour is surrounded by
radiating structures. Arches are suggested (arrows). (b) Firm
compression stretches these arches, which now form a circu-

superior part of the left breast. No radiolucent zone is
seen, but the cancer does show some irregular radiat-
ing structures. The postoperative specimen (d ) demon-
strates in the tumour some small haemorrhages,
produced during the preoperative needle biopsy and
insertion of the needle electrode. The three electric
potential recordings in Fig. XVI: 5 ¢ show negative W-
shaped deflections as the electrode passed through the
tumour. The amplitude of the superimposed ecg re-
mained unchanged.

An explanation for the slightly different appearances
of the three tracings in Fig. XVI:5¢ may be that a
spontaneous redistribution of material has taken place
inside the degrading tissue and between it and sur-
rounding tissue. Small differences in the site of pas-
sage of the electrode will result in different profiles of
potential, as illustrated in one patient with seven trac-
ings of potential from slightly different parts of the
tumour { Figs. XVI: 6 and 7). Two radiographs of this
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lar structure (arrow). This result is possible because of the
existence of peritumoural “B" zone oedema (see Table
XVI: 2 for analysis of tissue water). (¢} Lateral and (d) fron-
1al views of electrode in relation 1o the cancer before one of
the measurements of potential,

wmour (Fig. XVI:6a, b) reveal very thin radiating
structures at its surface. Fig. XVI:6a shows some
arches in the peritumoural tissue (arrows). On firmer
compression of the breast a circular structure can be
seen (Fig. XVI: 6 b, arrows), which is partly composed
of stretched arches (left) and partly of a vessel (right).
This effect is explained by the compression augment-
ing the local turgor pressure of peritumoural oedema.
The oedema was verified after mastectomy (see Table
XVI: 2).

Electric potential in this tumour (Fig. XVL: 7) was
negative in relation to its surroundings. The first five
tracings illustrate a W-shaped pattern, while the two
bottom tracings show only a V-shaped pattern. This
finding has been interpreted as follows: the interior of
the tumour contained material with a surplus of nega-
tive charges. The centre of the tumour contained a
smaller surplus of negative charges than the periphery.
When the electrode traversed the central part, the
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Fig. XVI:7. Seven tracings of electric potential through dif-
ferent parts of a breast carcinoma (same patient as in Fig.
XVI: 6, before mastectomy). Tracings of potenual were ob-
tained by inserting (in) or retracting (out) the exploring elec-
trode. The upper five tracings show a W-shaped ussue pro-
file of potential and the lowest two a V-shaped profile, These

findings are interpreted as caused by an electronegative inte-
rior of the tumour but a less electronegative tumour centre
(W-shape). When the electrode passed excentrically through
the tumour only one negative deflection (V-shape) was ob-
tained. Grounded reference electrode in the subcutis of the
shoulder.

profile of potential was W-shaped, as seen in the five
top tracings. When the electrode traversed only the
periphery of the tumour, outside the less electronega-
tive central region, only one negative deflection oc-
curred. Its profile was V-shaped, as seen in the two
bottom tracings.

To the right of the tracings of potental (Fig.
XVI: 7) is indicated whether the tracing was obtained
on introducing (in) or retracting (out) the electrode.
This distinction is important because slight changes of
pressure in the agar-KCl bridge may produce arte-
facts. As is evident, the tracings were not influenced
by this mechanical factor.

A broad radiolucent zone was seen around the mam-
mary carcinoma shown in Fig. XVI: 8. The tumour,
which contains microcalcifications, is also surrounded
by radiating structures. The irregular radiolucent zone
15 identified by its low x-ray attenuation, indicated by
the less blackened areas. Below this zone, a less radio-
lucent zone is seen, which ordinarilv might be de-
scribed as *‘skin thickening”. These zones resemble
the previously described hydropenic “A" zone and
hydropic “B™ zone in the lung.

The exploring electrode is seen in Fig. XVI: 8 b after
its introduction through the centre of the tumour. The
tip of the electrode is now positioned in the “A" zone
to the left of the tumour. Upon slow, even withdrawal
of the electrode, a positive potential complex corre-
sponded to the site of the umour, as seen in Fig.
XVI: 8¢,

The carcinoma shown in Fig. XVI: 1 is also sur-
rounded by a clearly visible radiolucent zone, approxi-
mately one cm wide. A positive potential was obtained
in this tumour in relation to surrounding tissue, as
seen in Fig. XVI: 9.

The poorly differentiated ductal carcinoma seen in
Fig. XVI: 104 also showed a positive deflection of
potential in relation to surrounding tissue (Fig.
XVI: 10b). This tumour is seen surrounded by a
relatively broad, radiolucent “A” zone and a radio-
dense “B" zone. No radiating structures or circularly
running structures are seen in the tissue surrounding
this tumour. In these respects its radiographic appear-
ance 1s rather similar to that of a pulmonary hamar-
toma.

The electronegative potentials of the breast cancers
illustrated are representative of the findings for twelve
of the patients. Three carcinomas and one fibroadeno-
ma were electropositive in relation to surrounding tis-
sue. The potential profiles can for most carcinomas be
described as W- or M-shaped. The electric potential
differences between maximum deflection in the tu-
mour and surrounding tissue have varied by =15 mV
among different tumours. These studies of electric
potential were performed on only one occasion in each
patient before mastectomy. As in the lung, each of the
breast tumours showed a characteristic and reproduc-
ible profile of potential, but, as also was found in lung
tumours, no correlation was found with the histologic
type of neoplasm.

3. Discussion and conclusions

Collecting a series of patients for studies of electric
potential presents many difficulties. The material is
therefore not randomized and is limited to 117 pulmo-
nary lesions, mostly carcinomas (Chapter VI), and 16
mammary tumours, including 15 carcinomas. Trac-
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Fig. XVI:9, Tracing of electric potential from a breast can-
cer in a 62-vear-old woman (mammograms already shown in
Fig. XVI: 1). Two positive deflecrions suggest an M-shape of
potential profile through the tumour. Grounded reference
electrode in the subcutis of the shoulder.

[5 my
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Fug. XVI: 8. Electropositive potential in a
carcinoma of the breast (29-year-old woman).
(a} Craniocaudal mammogram. Radiating
structures and peritumoural arches (compare
Fig. XVI: 24). Tissue around the tumour ap-
pears to have a relatively low x-ray attenu-
ation. The “thickened” skin ( | | ) shows
relatively high x-ray attenuation. Microcalci-
fications inside tumour (—). (b) Electrode
positioned before retraction. (¢) Profile of po-
tential. The interior of the tumour was rela-
tively electropositive in relation to surround-
ing tissues, Grounded reference electrode in
the subcutis of the shoulder.

ings of tissue profile of electric potential of broncho-
genic carcinomas sometimes showed a positive poten-
tial in relation to surrounding lung tissue (Chapter
VI). Inside these tumours, the potential was often
lower than at the surface of the tumour. The potential
profile then resembled an M. In other cancers of the
same histologic type a deep negative potential could be
observed, sometimes with a W-shaped potential pro-
file. In other cases no significant deflection of potential
was found in relation to the surronding lung tissue. It
is now apparent that electric potentials of mammary
neoplasms in relation to their surrounding normal tis-
sue are similar to those of pulmonary tumours. The



same types of M- and W-shaped profiles of potential
have been encountered in breast as in lung.

Different tissues grow at different rates. A differ-
ence of electric potential should then arise as a “devel-
opmental potential” for abnormal tissue in relation to
the “functional demand potential” of the surrounding
normal tissue. If this reasoning is correct, then one
might expect that a rapidly growing tumour should
present a correspondingly large potential difference in
relation to its surroundings. No such correlation has
vet been observed. On the contrary, at least in the
lung, any histologic or cytologic type of tumour may
possess an electropositive, electronegative or zero po-
tential. Potential measurements therefore can not be
used for differential diagnosis. This finding has led to
the hypothesis that a common denominator explaining
the varying polarity and amplitude of tumour poten-
tials in relation to surrounding tissue may be the de-
generative phenomena often encountered in tumours,

A degrading process such as spontaneous necrosis or
bleeding in lung tumours was earlier proposed to pro-
duce a nonspecific physicochemical potential of tissue
injury. The degrading of tissue in this view represents
a dynamic process. Depending on the phase of the

Fig. XVI: 10. Electropositive potential in a poorly differenti-
ated ductal breast carcinoma (55-year-old woman). (e) Mam-
mogram. The tumour is surrounded by an irregularly radio-
lucent “A" zone (dark halo) which in turn is surrounded by
a radiodense “B" zone (white halo). No calcifications, radiat-
ing structures or circularly displaced structures are seen in
this case. (b) Tracing of potential through the tumour, which
had a relatively electropositive centre. Ecg is superimposed
on tracing. Grounded reference electrode in the subcutis of
the shoulder.
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degradation, electric polarization may be either posi-
tive or negative. Regardless of polarity, BCEC chan-
nels will aid in levelling of the potential difference. We
do not know how intensely the potential difference is
being generated or how efficiently the levelling of the
potential gradient takes place. The magnitude of mea-
sured potential difference is therefore of little impor-
tance, We can only conclude that potential differences
can be recognized between tissue regions, a prerequi-
site for electrogenic transport of material between the
two tissue regions. The total amount of transported
material does depend, however, on the factor of time.
Transports of considerable amounts of marerial are
therefore possible at relatively low gradients if the
transports take place over long periods of time.
Three of the breast carcinomas (Figs. XVI: &, 9, 10)
showed positive potentials in relation to the grounded
subcutaneous electrode. Two of these cancers also
contained calcium deposits, which makes it likely that
they (at least for some time) contained regions which
were relatively electronegative, thereby attracting ca-
tions such as calcium over a closed electric circuit.
Next we will study the morphologic appearances of
altered ussue around and inside breast tumours. These
alterations will then be compared with the appearances
and biokinetic background of similar structures
around pulmonary carcinomas. Finally we will show
also that many of the structural changes in the breast,
like those in the lung, can be produced by experimen-
tal polarization of tissues over closed electric circuirs.

B. Radiating structures

Infiltrating duct cell carcinomas accompanied by fi-
brosis represent the most common type of breast can-
cer. The fibrosis commonly appears in a stellate radia-
ting pattern about these tumours. Although these so-
called scirrhous carcinomas represent 70 per cent of all
mammary carcinomas (35}, variably pronounced peri-
focal fibrosis is also seen around other types of breast
carcinomas, i.e., around medullary and lobular carci-
nomas. On the other hand, any kind of breast cancer,
including infiltrating duct cell carcinoma, may appear
without fibrosis.

Fibrosis in breast, moreover, is also observed
around nodular mammary tuberculosis (65). Scleros-
ing adenosis, fibroadenomas, chronic mastitis and
healed fat necrosis are other benign conditions pre-
senting “productive” fibrosis (55).

Fibrosis around mammary carcinomas is, therefore,
a common but nonspecific feature of the disease. The
validity of the term **scirrhous carcinoma’ as a charac-
teristic feature of a specific type of carcinoma is there-
fore questionable.
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The literature on breast cancer calls radiating struc-

tures by many names: spicules, cicatricial changes,
sunburst changes, stellate strands, productive fibrosis,
scirrhous changes, spiculae, spiculations, perifocal
striate fibrosis, strise, productive fibrosis or hyalino-
sis, long radiating fibrous tentacles, “Krebsfiisse™,
dendritic margins and shaggy margins.

Histochemically, radiating structures are character-
ized by fibrotic material containing elastin, collagen
and hyaline components (7, 20, 49). Near the tumour
the radiating structures may contain blood vessels,
extravascular white blood corpuscles and also carcino-
matous cells, often arranged in rows. Sometimes can-
cer cells are found isolated, forming discontinuous
streaks or islands within the fibrotic tissue. Distant
from the tumour the peripheral parts of radiating
structures usually contain only fibrotic material with-
out other cell or tissue components. For simplicity and
accuracy of description, then, the nonspecific term
radianng structures is here introduced as a term suitable
for radiographic descriptions.

Radiating structures are believed by some examiners
to represent a reaction of tissue in the surroundings of
a tumour and are therefore not to be regarded as
produced directly by tumour growth (20, 55, 68). The
opinion has also been put forward that radiating scar
tissue (and adenosis) is involved as a primary factor in
the growth of breast cancer (6, 12, 34, 48, 67, 86) but
this has been doubted by McDivitt, et al. (27), Haa-
gensen (47), Fenoglio and Larttes (33), Tremblay (90)
and Azzopardi (9).

An antigen-antibody reaction is also considered to
take place around tumours (15, 25), leading to the
formation of fibrin and hyaline as well as an amyloid-
like substance (89).

Radiating structures do not develop from the tu-
mour itself, according to von Albertini (3), but more
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Fig. XVI: 11. Variable
straightness of radiating
structures. Mammograms
of ductal breast carcinoma
(66-year-old woman).
Thin radiating structures
extend several cm into the
tissue surrounding the tu-
mour. The curved shapes
of some of these structures
appear “relaxed”.

likely arise from the surrounding tissue. Gullino and
Grantham (46), Underwood (91), Douglas and Shivas
(28), on the other hand, all consider the fibrotic reac-
tion to be an expression of the biologic characteristics
of the tumour tissue.

The radiating structures around mammary carcino-
mas also contain a considerable amount of elastic tis-
sue, compared with normal breast (28).

In an excellent monograph on mammography,
Hoeffken and Lanyi (55) state: “The stellate fibrous
extensions are called cancer feet. This is not actual
tumor tissue but rather a fibrotic reaction of adjoining
breast tissue to the carcinoma. With extensive spread,
however, even these fibrotic hyalinized bonds of con-
nective tissue may be invaded by tumor cells. So far
there is no satisfactory explanation why such a desmo-
plastic response is elicited by scirrhous carcinoma or
what may be the histochemical or immunologic cause
for this response.”

The topography of the radiating structures around
mammary carcinomas is of considerable interest. The
structures are usually arranged in approximately
straight lines perpendicular to the tumour surface.
They may proceed far out into the surrounding breast
tissue regardless of 1ts basic structural arrangement. In
this respect the radiating structures around certain
breast tumours behave the same as the radiating struc-
tures around certain lung lesions.

Thin radiating structures of variable straightness in
two examples (Figs. XVI: 11, 12) can be seen extend-
ing several cm into the tissue around a breast carcino-
ma. The radiating structures in Fig. XVI: 11 are not
quite straight and therefore appear “relaxed”. In other
cases the radiating structures appear straight, as if they
were contracted. The carcinoma in Fig. XVI: 12 shows
an abundance of radiating structures which are moder-
ately straight. Peripherally they are thin. Close to the



Fig. XVI: 12, Variable thickness of radiating structures.
Mammogram of a breast carcinoma (68-year-old woman).
Many radiating structures are moderately straight. Some,
however, look as if they retract the nipple and adjacent
“thickened™ skin. They are thicker at the tumour than in
their peripheral parts.

tumour they are broad. Some of them appear to be
retracting a locally “thickened™ part of the skin.

Discussion

Radiating structures around mammary and pulmonary
lesions appear similar. They develop more or less per-
pendicular to the surface of the lesions, regardless of
the topography of the underlying normal structures.
The presence of positive or negative polarization in
relation to the tissue surrounding a breast tumour
should, as in the lung, be able o produce radiating
structures over the proposed biologically closed elec-
tric circuits. Electrophoretic and electroosmotic trans-
ports over a BCEC should build up the radiating
structures from different available interstitial ions,
nonorganized cells, debris and macromolecules, all of
which then should be oriented under the influence of
the electric field. In this connection it should be point-
ed out that ionic material will not be the only material
to move in the field. Nonpolar molecules which are
not organized may be transported, where the field
gradient is steep, as a result of dipole induction. Fur-
thermore, we may also anticipate that stored energy of
ionars and ergonars (Chapter XIII) in a closed electric
circuit may convert their energy and interact with
surrounding material. Thus, radiating structures
should develop under the influence of positive as well
as negative polarization of a lesion. It is possible or
even likely that the physicochemical potential of a
degrading tissue must change its polarity to develop
“complete” radiating structures. These structures re-
present, in the author’s opinion, a special type of scar

tissue induced by tumoural degradation and liberation
of energy over a BCEC. This hypothesis also explains
why radiating structures sometimes include islands of
electrophoretically “displaced” tumour cells close to
the tumour surface but not in the distal parts of the
radiating structures. The “ebb and flow” of moving
anions and cations over a BCEC is probably a necessity
for the development of all kinds of scar tissue. Proofs
for the validity of this theory will be presented later in
this chapter. They conform with the biokinetic expla-
nation offered for corresponding structural changes in
the lung.

C. Peritumoural changes
of radiopacity

In the breast, as in the lung, a radiolucent A" zone (a
decrease in x-ray absorption around a lesion) can
sometimes be seen, sometimes not. Peripheral to the
“A" zone, a ““B"" zone can also sometimes be seen as a
region of increased x-ray absorption. The “B” zone in

Fig. XVI:13. Skin thickening near a moderately well differ-
entiated adenocarcinoma of the breast (65-year-old woman).
Mammography shows two adjoining tumours (T}, surround-
ed by radiating structures and an “A" zone. To the left of
the nipple, indicated by a small metal ball, are two elongated
opacities (B). These so-called skin thickenings correspond to
hydropic “B" zones in the lung (see page 20) and retraction
pockets in the pleura (see page 35). Two thick radiating
structures (L) extend to the “B" zones. The radiating struc-
tures correspond to lamellae in the lung producing pleural
retraction pockets.
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the breast appears most often, as will be seen, as local
“skin thickening".

The radiologic appearance of a radiolucent “A’" and
a radiopaque "*B" zone, seen as “'skin thickening™ near
breast carcinomas, has already been illustrated (Figs.
XVI: 1, 2, 8, 12). Fibroadenomas may also present
with a radiolucent “A" zone surrounded by a radio-
paque “B" zone. Fig. XVI: 13 illustrates two adjoining
mammary carcinomas surrounded by radia-
ting structures and a radiolucent “*A”" zone. Two distal
opacities, which would usually be called *“skin thick-
ening™, appear similar to the hydropic “B" zone close
to the pleura in the lung. Two thick structures lead to
each of the densities. The left one is similar to a
lamella (see Fig. III: 27) in the lung.

The carcinoma in Fig. XVI: 14 a—c is quite differ-
ent. Although the radiating structures appear numer-
ous and similar, *A" and “B" zones are not evident.
*Skin thickening” and skin retraction are absent. Pe-
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Fig. XVI: 4. Radiating structures without **A" or “B"
zones, Moderately well differentiated adenocarcinoma of the
breast (68-vear-old woman). Three mammographic projec-
tions {a=¢) of the tumour show numerous thin radiating
structures extending into adjacent breast tissue. Additional
thin structures, circularly arranged (arrows), can be seen in
the tissue around the tumour, “A™ and “B" zones, skin re-
traction and “skin thickening™ are not present. The tumour
does contain a central focus of caleification.

.ripheral to the tumour are some circularly arranged

thin structures.

The two major types of peritumoural alterations of
radiopacity, the radiating structures on one hand and
“A’" and “B" zones on the other, have been brought
together in this section in order to discuss possible
causes of the presence of an A" and “*B" zone around
some tumours and their absence around others, seem-
ingly without regard to the presence or absence of
radiating structures.

Discussion

Previous chapters on the “A” zones in the lung consid-
er the possibility of local electroosmotic displacement
of water. Air in alveoli should replace some of the
tissue water in the *A” zone. Such a redistribution of
water and air will appear radiographically as a local
“halo” or “emphysema”, although no “real” tissue is
necessarily lost.

The radiolucent “A" zone and radiopaque “B" zone
around mammary carcinomas are from this radiologic
point of view very similar in appearance to the changes
around certain lung lesions.

The question is now: What is the background for



the development of a perifocal, radiolucent zone
around a breast cancer? Oedema around the edge of a
breast lesion produces increased absorption of x-rays.
The only possible material in the breast which can
produce a decrease in x-ray absorption is fat. The
appearance of a mammographic “A" zone might then
be explained as in the lung except on the basis of fat as
the low contrast medium.

A general increase of fluid in the breast tissue is
known to produce enlargement and hardening of the
breast, e.g., in the premenstrual phase, or when re-
gional lymph nodes are blocked, or when cardiac
pump failure increases venous and lymphatic pres-
sures in the breast. The nipple stiffens, enlarges and
increases in prominence. The skin appears thickened
(55).

The possibility of relative outward movement of
water from a positively charged surface has been treat-
ed in Chapter IX.

In the periphery of the lung, a tumour produces
stasis by blocking the flow of pleural and interstitial
fluid from the periphery to the hilar lymph nodes. In
the breast, lymph flows mainly from the areola and
deep glandular tissues to the axilla and along perforat-
ing intercostal vessels to the anterior intercostal and
retrosternal lymph nodes.

The lymphatics of the breast intercommunicate ex-
tensively, so local stasis of lymph does not usually
characterize mammary tumours. Nevertheless, local
stasis may be found occasionally, especially in the
vicinity of the areola. The hydropenic adipose tissue
around the tumour may then appear radiolucent be-
cause fat attenuates x-rays rather poorly. The develop-
ment of a hydropic “B” zone (cutaneous oedema)
beyond the hydropenic “A™ zone, on the other hand,
requires balancing hydrostatic counterpressure. This
counterpressure appears to develop most easily in the
region close to the skin and the areola. In addition, the
local forces causing cutaneous retraction over a breast
tumour will contribute to the localization of the “B”
zone water (see also Section J).

Electric closed circuit interstitial transport of mate-
rial other than water should also be possible between a
tumour and surrounding tissue. A corpuscular “B”
zone may develop in this way either in the skin as
another type of “skin thickening” or anywhere else in
the tissues surrounding the tumour as a radiopaque
structure oriented parallel to the rumour surface. Spe-
cial cases of such corpuscular “B" zones will be de-
scribed in Sections F-I and T.

As in the lung, a radiolucent “A" zone around a
breast tumour may also result from extensive capillary
thromboses. The electric field induces thromboses
near the tumour during its electropositive polarization.
The thromboses can then be anticipated to produce
dystrophic changes of peritumoural tissues near the

tumour, vyielding a structurally depleted region
(“halo” or “A"” zone) around the tumour. Circular
arrangement of vessels and development of septa in the
surrounding tissue are part of the process and will be
further treated in Section H. Interphase phenomena
between “A™ and “B” zomes will be discussed in
Section I.

In the next two sections it will be shown that electric
polarization can partially separate fat and water in an
experimental analogue to a BCEC system. In this way
we may find an experimental explanation of the perifo-
cal density changes seen as a radiolucent “A" zone and
a radiopaque “B” zone. We will then see how a nega-
tive or positive polarization of a lesion will influence
the perifocal density changes in different but predict-
able ways (Section F).

D. Fat-water distribution:
closed circuit effects and
radiographic appearance
1n vitro

The influence of an electrically closed and activated
circuit on a mixture of fat and water was next investi-
gated. The development of differences of radiographic
artenuation and changes in electric conductivity in a
fat-water medium is illustrated in the following in vitro
experiment.

An aluminium ball was fixed with glue to the centre
of the bottom of a glass jar (Fig. XVI: 15). The inside
of the periphery of the jar was covered with thin
aluminium foil. Both the central ball and the peripher-
al foil were connected with a cable to the electrical
charging device previously described for demonstrat-
ing the orientation of corpuscular elements in an elec-
trostatic field (page 94). A layer 2 cm deep of a
mixture of 25% lanolin and water was poured into the
jar. Initally, both terminals were grounded. A radio-
graph taken of the jar with mammographic rechnique
(Fig. XVI:15a) reveals the fluid is fairly homo-
BCncous.

Some hours after the application of a 500 V positive
potential on the central ball against the grounded pe-
riphery, a new radiograph was exposed (Fig.
XVI: 155). One broad radiolucent zone, about 10 mm
wide (x), surrounds the ball while another zone, even
more radiolucent and about 2 mm thick (3), is seen at
the surface of the ball. When the contents of the jar
were poured out, a thick solid layer of white fat stuck
to the ball (Fig. XVI:15¢). This layer constituted
most of the broad radiolucent zone. An inner layer, 2
mm thick, corresponded to the inner radiolucent zone.
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Fig. XVI:15. In vitro mammographic analogue of a breast,
showing separation of fat from water in a closed electric cir-
cuit. Glass jar with aluminium ball glued on its bottom. The
internal walls of the jar are covered with aluminium foil. A
mixture of lanolin and water is poured into the jar. (a) Ra-
diograph of the jar with mammographic technigque when ball
and periphery are short circuited. (b) After application of a
500 V potential for three hours between ball and periphery,
two radiolucent A" zones developed around the ball. Zone
x, about 10 mm broad, contained white lanolin. Zone v,
about 2 mm across, contained yvellow lanolin. The “A" zones
in this example depend on the lower attenuation of X-ravs by
fat than water. (c) Photograph of the ball covered with white
firm lanolin after the liquid was poured out.

Discussion

The use of a 500 volt potential across the liquid is
certainly not very close to physiological conditions.
Appreciable separation of fat and water could, howev-
er, also be accomplished after a couple of days with a 2
volt potential between the electrodes. Electrophoretic
movements will of course take place also at low vol-
tages and current densities. The time for the develop-
ment of structures secondary to polarization of a tu-
mour can therefore not be neglected. It is known that
the development of a tumour takes months or even
several years.

For the lungs, radiologic recognition of structure
depends to a large extent on the differences between
air and lung tissue in the absorption of x-rays. Lung
tissue behaves radiographically like water. For the
breast, the radiographic role of fat corresponds to that
of air in the lungs. Most of the fat in the breast is
already structured and would therefore not be expect-
ed to move like air in the lungs. Nevertheless, the
development of an “A” zone around a breast tumour
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should be possible by the movement of water in rela-
tion to immovable fat. Lipid, moreover, is not immov-
able, as will be shown in Sections F and ], which show
lipid of fat cells mobilized, transported and accumulat-
ed within a closed circuit applied both in vitro and in
vivo,

First, however, we will illustrate, in a simplified
way, the principle for conductivity changes which
have been encountered in vivo in the lung (Fig. VI: 21)
and in the breast on passing an exploring electrode
through “A™ and “B" zones.

E. Local alteration of
conductivity in a
fat-water mixture

When an exploring electrode passed from the “A"
zone into the “B” zone (see Fig. VI: 21) in the tracings
of electric potential in lung, occasionally the superim-
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Fig. XVI:16. In vitro electric analogue of a
breast: “electrocardiographic™ amplitude dif-
fered in the “A™ and “B" zones. Same ex-
perimental arrangement as shown in Fig.
XVI: 15 for separation of lanolin and water.
A pulse generator produced small and large
pulses, simulating an “ecg”. Electric poten-
tial was traced at different positions between

movable measuring
electrodae

Distant slsctrade
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the periphery of the jar and a movable elec- —
trode. When the electrode entered the “A" N
zone, the amplitude of the pulses decreased
suddenly. Electrophoretically produced
changes of conductivity can explain this de-
crease. Compare also ecg changes in the “A"
zone in the lung (Fig. XVI:21) in an example
of increased “A" zone conductivity.

posed ecg signal suddenly changed its amplitude. The
subcutaneous reference electrode was grounded in
these studies.

An explanation for this phenomenon may be that
local electrical conductivity has changed due to redis-
tribution of water, ions and molecules surrounding the
lesion. The electrophoretic study of water and lanelin
lends itself to ready illustration of this possibility. The
experiment was arranged as seen in the upper part of
Fig. XVI: 16.

A “halo™ or “A” zone was electrophoretically pro-
duced around the central aluminium ball in the glass
jar containing 25% lanolin and water (see Fig.
XVI: 15). A measuring electrode was fixed to a me-
chanical holder on a motor driven bar, which allowed
the electrode to be moved evenly in the lanolin-water
mixture as the tip moved from the periphery toward
the surface of the ball. An ecg-simulating double signal
was produced by a pulse generator at the distant elec-
trode in the water-lanolin scolution. This signal was
received by the exploring electrode, relative to the
grounded periphery of the jar, as seen charted in the
lower part of Fig. XVI: 16. When the electrode was
moved evenly from the peripherv to the ball, the
amplitude of the induced signal suddenly decreased, as
expected, when the “A™ zone was entered.

Similarly in the human lung, when an electrode
explores through the radiologically observed “A™ and
“B" zones, sudden change of amplitude of the ecg at
the zonal interface can therefore be explained as indi-

L

T

generator

B-zone A-zone |

cating that the water-ion composition and concentra-
tion differ in the two zones (page 64).

In the experiment with water-lanolin, the amplitude
decreased in the “*A" zone, where concentration of fat
was high.

In patients with mammary carcinomas, amplitude of
a superimposed ecg should be expected to decrease
when the exploring electrode passes through an “A™
zone around the tumour. In the present small series of
breast cancers this finding has, however, not yet been
verified. Electrode sites were not selected with the
intention of obtaining a superimposed, disturbing ecg
signal.

“A™ zone conductivity in the lung is not like that
predicted for the breast. The pulmonary hydropenic
“A" zone showed a higher ecg amplitude than the
hydropic “B" zone, a result indicating in the lung
higher conductivity in the “A™ than in the “B" zone.

Discussion

These experiments show in vitro radiographic and
electrophysiologic correlations with the relative separa-
tion of fat and water in a closed electric circuit. These
results also form indirect evidence for the existence of
biologically closed electric circuits.

The fat phase in the experiment with lanolin and
water has a lower conductivity than the water phase.
The water phase obviously carries a higher ionic con-
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centration. Tissue structures of the “A" zone in the
lung, on the other hand, present relatively higher
conductivity than those of the “B™ zone. This seeming
paradox is possible despite the fact that the amount of
poorly conducting air must be increased in the “A"
zone, as judged by its low attenuation of x-rays. If the
“A'" zone is produced mainly by electroosmotic out-
flow of water to the *B" zone, ionic concentration in
the “A"” zone nevertheless may be relatively higher in
the conducting channels of the A zone than in the
“B" zone.

The influence of an activated closed electric circuit
on distribution of water and fat in dog and human fat
tissue is presented in quanttative and histologic ex-
periments in the next section.

F. Closed circuit transports
of fat and water in mammary
fat tissue

Material for these in vitro and in vivo experiments was
mammary fat tissue from four dogs and recent mastec-
tomy specimens {rom two women.

1. Method

The cylindrical mid-part of a 10 ml plastic syringe was
used as an electrophoretic chamber. This chamber was
filled to a length of about 2.5 cm with an excised piece
of mammary fat tissue. The flat ends of two plungers
were each covered with platinum foil connected to a
platinum cable and then inserted into the cylinder. As
the plungers were pushed toward each other, air was
allowed to escape through small perforations in each
plunger. In this way most of the air could be removed
from the specimen of tissue.

The cables were then connected to an electric DC-
power unit and a milliampere meter. Photographs and
soft tissue radiographs were taken of the specimen
before and after different time periods of electrophore-
tic treatment. The sample was later frozen in the
cylinder, which was divided lengthwise in two. One of
these parts was saved for histological sections. The
other part was subdivided crosswise in two approxi-
mately equal parts, one from the electropositive and
one from the electronegative field. Water and fat con-
tent was determined from each of these parts as fol-
lows:

After careful weighing, the samples were placed in
110°C temperature for 16 hours, by which time all
water had evaporated. Dry weight was then deter-
mined. Chloroform was used to dissolve the fat materi-
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al. By filtering the solution, nonsoluble material was
then removed. This step was repeated three times.
The fat content was finally determined by weighing
after evaporation of the chloroform.

In vivo electrophoresis was also performed in four
dogs under general anaesthesia with sodium pentobar-
bital. A needle was used to place two platinum string
electrodes through the skin into subcutaneous mam-
mary fat tissue. After DC voltage was applied between
the strings, photographs of the experimental area were
taken at intervals. Blocks of tissue were later excised
around the electrodes for histologic sections and deter-
minations of fat and water content.

2. Results

Human breast fat (Fig. XVI: 17) is seen in an electro-
phoretic chamber photographed during application of
40 volts between the electrodes and after 3, 28 and 31
coulombs (a—c, respectively). A zone of far-like materi-
al, semitransparent to light and of yvellow to yellow-red
colour, developed near the anode to the right and
moved to the left, increasing in thickness. This *liquid
fat" is seen in the radiograph (Fig. XVI: 17 ¢) as a zone
of decreased x-ray attenuation. In addition to the
broad “liquid fat™ zone, some thin light zones also
developed in the specimen. The latter became bright
yellow to brown in the cathodic region. Fig. XVI: 17d
illustrates histologic sections (haematoxylin-eosin)
through a “liquid fat” zone. Empty *‘far pools” with
membrane-like delineation of some dark material have
developed across the specimen. The pools, surrounded
on both sides by small and partly flat cells of fat,
contained “liquid fat", which partly flowed from the
specimen when it was removed from the electrophore-
tic chamber. The fat zone never crossed the mid-part
of the chamber in its move from the anode toward the
cathode, even though electrophoresis was continued
for 20 and 40 days in two of the experiments. The
experiments showed little current after the first day,
mainly because of anodic dehydration and gas produc-
tion at the surfaces of the electrodes.

In vivo electrophoresis in a dog under sodium pen-
tobarbital anaesthesia is shown in Fig. XVI: 184. Two
platinum string electrodes were inserted percutaneous-
ly in the breast fat so that they were 20 mm apart. At
10 volts, a mean current of 32 uA crossed the tissue for
two hours, corresponding to 0.23 coulombs. By this
time the tissue around the cathode was red and swol-
len. Tissue around the anode was seen to be grey and
shrunken. A clear fluid came out on the skin around
the cathode. This fluid could be sucked up with a
syringe through a thin cannula. When the content was
blown out on a water surface, some of the material
floated in droplets as liquid fat.



Fig. XVI: 17. Movement of human breast fat in an electro-
phoretic chamber between two platinum electrodes. Cathode
to the left, anode to the right. 40 V electrode potential differ-
ence. (a) 3 coulombs, 2 min. (b) 28 coulombs, 14 min. (c) 31
coulombs, 205 min. The relative increase in time depends on
electroosmotic, anodic dehydration. A fat zone moves from
right to left, increasing in thickness (photographs a—c). Soft
tissue radiograph e shows the low x-ray attenuation of fatas a
white band, which corresponds to the fat zone inc. (d) A

. '

Amm
composite of three photomicrographs of the fat zone shows
empty pools surrounded by small fat cells and dark material.
Electronegative breast fat moves initially from cathode to an-
ode, but reverses its transport under the influence of the
strong acidity in the anodic field, which makes the fat in the
anodic field electropositive. An equilibrium is then obtained

between electronegative and electropositive fat in the mid-
part of the electrophoretic chamber.
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After incision with a knife, the ussue around the
cathode appeared brown-red and flabby, while around
the anode the tissues were grey and dry (Fig.
XVI: 188),

The distribution of water and fat in the cathodic and
anodic halves of each specimen was analyzed (Table

Fig. XVI: 8. In vivo movement of mammary fat and water
under the influence of direct electric current. {g) Platinum
string electrodes were introduced percutaneously into the
subcutaneous breast fat tissue of an anaesthetized dog. After
23 coulombs at 10 V the tissue was swollen with leaking li-
quid fat around the cathode (=) and shrunken around the
anode (+). (b) A section through the tissue between the elec-
trodes shows red-brown, swollen tissue around the cathode
and grey-white, shrunken tissue around the anode. In vivo,
fat moves as shown in vitro (Fig. XVI: 17). An undisturbed

supply of tissue fluid makes the cathodic tissue swell due to
electroosmotic transport of water.

The table includes electrophoretic results from in vitro
and in vivo experiments on dog breast fat tissue and
from in vitro results on human breast fat tissue. The
figures in Table XVI: 1 show the per cent of water and
fat based on weight in relation to the total fresh weight
of the cathodic and anodic halves of each specimen.

Water was more concentrated in the cathodic piece
of tissue and fat more concentrated in the anodic
piece. This tendency was the same in in vitro speci-
mens of dog and human breast fat, and also in in vivo
dog skin and dog breast fat,

XVI: 1).

Control determinations of fat not subjected to elec-

Table XVI: 1. Eleciroosmosis and far electrophoresis: per cent of waiter and fat in the cathodic and anodic halves of experimental
specimens

Cathodic Anodic Untreated Valtage, time,
Specimen half half controls amount of current
Breast far (dog) H.O 7.9 6.1 10 V, 48 hours
n vitro Fat 73.5 79.1 = 173 coulombs
H.O+ far El.4 B5.2
Residual 18.6 148
Breast fat (dog) HO 6.4 21.7 10V, 2 hours
in vivo Fat 49.8 58.1 = 13 coulombs
H.O+fat 76.2 79.8
Residual 138 20.2
Breast skin (dog) H,0 49,1 41.4 10V, 2 hours
in vivo Fat 16.7 32.7 = 23 coulomhbs
H. O+ fat 65.8 74.1
Residual 34.2 5.9
Breast fat (dog) H.O 9.3 8.8 Mo current
in vitro Fat 63.2 63.6
H.O+fat 1.5 72.5
Residual 7.5 7.5
Breast fat (human) H.0 13.4 11.5 10V, 48 hours
in vitro Fat 79.4 226 = 180 coulombs
H,O+fat 92.8 94.1
Residual 1.2 5.9
Breast fat (human) H.O 6.2 Mo current
in vitro Fat E3B
H,O+fat 90.0
Residual 10.0
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Fig. XVI: I9. Histologic ap-
pearance of dog mammary
fat tissue after influence of
direct current and formalin
fixation, which dehydrates
the tissue. (a) In vivo and ()
in vitro cathodic tissues after
electrophoresis show
shrunken and small fat cells
and occasional interstitial fat
droplets. (b) In vivo and (d)
in vitro anodic tissues from
the same experiments show
large, distended or ruptured
fat cells. In addition, Fig. d
shows small fat cells to the
right where the tissue has
been in direct contact with
the anode. Irregular, granul-  /
ated material with a forked ©
appearance in ¢ represents
early stages of formation of
cathodic fibrous tssue (see
Sections K-M).

tric current showed only slight differences of far and
water content in two dog mammary fat specimens of
equal weight. The sum of fat and water in the control
specimens was 72.5% of the total weight, meaning
that the residual “matrix” in the dog fat tissue was
27.5% of the total fresh weight.

The sum of fat plus water in the electrophoretic
experiments revealed larger “martrix residual” in the
tissues of the specimens of the cathodic fields than of
the anode. These relations of fat, water and residual

“matrix” material become particularly interesting
when the morphologic structures are studied histologi-
cally.

Histologic sections (after formalin fixation) are
shown from in vive (@ and &) and in vitro (¢ and d)
electrophoresis of dog breast fat tissue in Fig. XVI: 19.
Figs. a and ¢ show fat cells from cathodic parts, b and
d from anodic parts of the specimens. Cathodic cells
appeared small and shrunken, especially near the cath-
ode. Stainable fat droplets could also be seen in the
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cathodic interstitial tissue outside cells. Fat cells
around the anode (b, d) appeared large and distended,
except for the material immediately adjacent to the
anode, where the cells were small (d). It also looks as if
many cells or cell groups ruptured in the main part of
the anodic tissue to an extent which is not observed in
fat tissue from the cathodic tissue.

Appearing like forked dendrites in Fig. XVI: 19¢ is
some irregularly structured, granular material, Some
similar material parallel to the cathodic surface of the
specimen is also seen in Fig. XVI: 19 4. These materi-
als are interpreted to be early stages of transformation
of blood.

3. Discussion and conclusions

The electrophoretic transport of water and fat in these
experiments is complex and not easily explained. The
conditions are also not exactly the same in the in vivo
and in vitro experiments. We will first consider the in
vitro studies:

It is evident that fatr leaves cells in the cathodic
region through cell membranes which look intact to
light microscopic examination. The exit of fat from
cells leaves them appearing small and shrunken. Ca-
thodic fat droplets appear in the interstitium and later
disappear from this region, which becomes pale and
yellow. This fat moves toward the anode, shown by
the analytic results, indicating that a bulk portion of
original far material should be electronegative, Inter-
stitially migrating electronegative fat then seems to
enter disrupted anodic fat cells, explaining their dis-
tension and the many sites of what appear to be broken
cell membranes. The fat-water ratio in the cathodic
region is now lowered due to loss of fat and some
increase in electroosmotic accumulation of water, ac-
cording to the analyses. The ratio is correspondingly
elevated in the anodic region due to inflow of electro-
negative fat and electroosmotic loss of water.

What happens, then? How can the liquid fat zone in
vitro be explained? It starts to develop close to the
anode and moves, increasing in thickness, toward the
mid-part of the electrophoretic chamber.

Anodic fat in vitro and in vivo very close to the
anode must leave the far cells, because these cells
appear small. Electronegative fat may partly be elec-
trophoretically pulled out and become mixed with ca-
thodic fat, which is moving toward the anode. This
explanation may account for the presence of freely
floating fat at the surface of the anode both in in vive
and in vitro experiments. Fat disappears from the
anode probably because the anodic acidity, by proton
liberation, should change the polarity of fat from elec-
tronegative to electropositive. Some of this fat can be
expected to move in the direction of the cathode. As
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the electrophoresis continues, electropositive fat will
be produced and follow the migration and diffusion of
protons. This transport will leave anodic, small cells
behind and produce a zone of increasing distension of
fat cells where cathodic electronegative and anodic
electropositive fat meet. The increasing thickness of
this zone, the distinct anodic and cathodic interphases,
and tendency to reach the mid-part of the electric field
can be explained in this way. When the turgor pres-
sure is high enough, fat cells will rupture and develop
fat pools surrounded by small cathodic and small an-
odic fat cells. This explanation of fat movement in the
electrophoretic chamber is in agreement with the well
known fact that a compound can change its polarity
according to surrounding acidity or alkalinity.

Water can easily disappear in vivo by electroosmosis
from the anodic region, which therefore shrinks. Wa-
ter will accumulate in the cathodic region, which
therefore swells. These phenomena are influenced by
the local circulatory conditions in vivo, which are
eliminated in vitro. Otherwise, the same explanation
holds for movements of fat and water in vivo as for the
movements in vitro.

Both the in vitro and in vivo specimens had to be
fixed in formalin for the preparation of the histologic
examination. During the process of fixation, formalin
dehydrates tissue specimens. This dehydration is the
reason for the seemingly contradictory appearance of
swollen cathodic tissue in vivo and shrunken cathodic
fat cells without distended spaces in the histologic

preparations.

G. Peritumoural water
and fat, including atrophy of
fat adjacent to electronegative
mammary carcinomas

Considerable difficulties arise on attempting to deter-
mine the regional amount of tissue water in the lung.
Opening the pleural space, for instance, alters disten-
sion of tissue and vascular perfusion, thereby radically
changing the local distribution of tissue water.

In the breast, a subcutaneous and therefore relative-
ly accessible organ, the conditions are more favourable
than in the lung for such determinations. Attempts
were therefore made to determine the relative amounts
of water and fat in the breast tissue around different
breast tumours as soon as possible after mastectomy.

Sites for excision of pieces of tissue around breast
tumours were selected by means of pre- and postoper-
ative mammography. Pieces of reference tissue were
also excised from regions of breast tissue appearing



grossly normal. The different samples were weighed
and dried at a temperature of 110°C for 16 hours. The
per cent loss in weight was then determined as an
expression of the relative water content. The relative
fat content was then determined by dissolving the
material in chloroform, and filtering and drying the
fat-chloroform solution, as previously described (Sec-
tion F).

Specimens from two patients will be illustrated. The
mammary carcinoma of an 80-year-old patient (G. P.,
Fig. XVI:6) presented with thin radiating structures
and also circular tissue structures about 2-4 cm from
the surface of the tumour. The radiographic density of
the rissue inside compared to outside the circular
structures did not show any definite differences. The
electric potential of the tumour was also measured
(Fig. XVL: 7.

Fig. XVI: 20a shows a radiograph of a breast carci-
noma of a 60-year-old woman (B. S.). Some radiating
structures are evident at the tumour surface. As in the
previous case, the surrounding tissue shows circularly
arranged structures but no radiographically clear
change in density, such as an “A” zone. The profile of
electric potential of this tumour showed intratumoural
negative deflections (Fig. XVI:20b) similar to the
previous case. The potential in the eentre of the t-
mour was relatively elevated and even slightly positive
in relation to the surrounding breast tissue.

After operative removal of these two carcinomas,
their relative content of fat and water was determined
both close to the umour and in distant parts of the
same breast, which presumably were not affected by
the tumour (Table XVI: 2).

Each of the two subjects shows the same findings:
relatively higher water content and lower fat content
close to the electronegative tumour compared to dis-
tant normal fat tissue of the breast. The fat-water ratio
close to the two electronegative tumours is similar 1o
the ratios produced in vitro in human mammary fat

Table XVI:2. Fai—water content of breast tissue around froo
electronegarive mammary carcinomas: per cent of total weight

Close 1o
[umour Peripheral
Patient surface tissue
G.P. H.O 14.1 7.2
(Fugs. 1.6
XVL:6, 7) Fat 7.2 36.9
6.4
B.S. H.0 5.8 5.2
{Fig. 11.8 5.4
XVI: 20) Fat 71.2 78.2
72.8 78.6

Fig. XVI: 20, Breast carcinoma analysed for fat and water
content of surrounding mammary tissue. (@) Mammogram,
60-year-old woman (B. 5.). Radiating and circular structures
are evident without clearly visible changes of density such as
an ““A" zone. (b) Profile of electric potential through the tu-
mour shows negative potential in the periphery of the tu-
mour and slight elevation of potential in the centre, com-
pared to surrounding noncancerous breast tissue. Ecg is su-
perimposed on the tracing. Table XVI: 2 shows analysis of
far and water from this breast (B. 5.).

tissue and in vitro and in vivo in dog mammary far
tissue adjacent to the electronegative electrode (Sec-
tion F).

These two cases may therefore represent the appear-
ance of true perifocal pedema around electronegative
tumours,

As was shown in the studies of electric potential, a
mammary tumour may also present an elevated elec-
tric potential in relation to surrounding tissue. In these
cases a clear radiolucent A" zone could be seen.
Fat-water analyses of the tissues around such tumours
should presumably show a relatively lower content of
water and higher content of fat. As of this writing,
however, no such specimens have vet been analyzed.

Discussion and conclusions
Water moves in an electric field from the electroposi-

tive to the electronegative side, while fat moves in the
opposite direction, according to the analysis of in vitro
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and in vivo electrophoresis of breast fat tissue in Sec-
tion F.

Studies of human fat tissue adjacent to two electro-
negative carcinomas of the breast, compared to distant
fat in the same breast, have shown that the relative
amount of fat and water in these regions corresponded
to what was found in the electrophoretic experiments.
This result is consistent with and may therefore indi-
rectly point to the possibility of spontaneous electro-
phoresis and electroosmosis in vivo over a BCEC.

Of equal interest is the observed experimental
shrinking of fat cells adjacent to the cathode and the
“atrophic” appearance of fat cells around the anode.

It is now relevant to review a well-known but as yet
unexplained structural phenomenon, which develops
adjacent to tumours in fat tssue. Carcinomas in the
breast, in the subcutis or in other sites of adipose
tissue often show what pathologists call “atrophic™ fat
cells adjacent to the surface of the tumour (89).

Such a case is shown in Fig. XVI: 21. This histolo-
gic section through a breast cancer shows small,
“atrophic™ fat cells close to the tumour tissue. In the
upper right-hand part of the figure the far cells are
larger and almost normal in size. Presently an explana-
tion for the atrophy of peritumoural cells is lacking. In
the author’s opinion, a spontaneous polarization of a
tumour in relation to its surroundings should be capa-
ble of producing peritumoural fat atrophy as a conse-
quence of fat mobilization and transport over a BCEC.
The spontaneously atrophic, peritumoural fat cells are
characteristically small. Their walls are even. In these
respects the peritumoural fat cells are most similar to
the “atrophic™ fat cells adjacent to the anode in an
electrophoretic experiment.
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Fig. XVI:21. “*Arrophic”
fat cells adjacent to a hu-
man breast carcinoma, his-
tologic section. Also ob-
serve large numbers of
white blood cells in the tu-
mour and in adjacent fat
tissue. (Photograph cour-
tesy of Dr I, Siimegi, Ka-
rolinska Hospiial, Stock-
holm.)

H. Circular displacement of
tissue structures around
breast tumours

Circular displacement and narrowing of vessels have
been previously described around lung tumours
{(Chapter III). Similar radiographically visible struc-
tures have also been observed and demonstrated (Figs.
XVI: 1, 4, 6, 20) around certain breast tumours. The
basic morphologic differences between the two organs
are of considerable importance in the evaluation of
these structures.

As has been pointed out earlier, compression is
often applied against the breast in mammography,
which may displace structures considerably.

In xeroradiography, a mammogram can be obtained
without compression technique. Such a xeroradiogram
is seen in Fig. XVI:22, where a small carcinoma
resides close to the chest wall. A preoperative stereo-
taxic needle biopsy and electric potential study re-
vealed an electronegative mammary carcinoma. The
small tumour is surrounded by radiating structures
and concentric arrangements of curved linear struc-
tures, which all seem to have their centre in the tu-
mour.

Concentric arrangement of structures can also be
recognized frequently in ordinary mammograms (e.g.,
Figs. XVI: 1, 44, 6a, b and 145).

To explain the development of circular structures
around a breast tumour, once the effect of external
compression can be excluded, an activated BCEC
should be considered. This mechanism is capable of



Fig. XVI: 22, Xeroradio-
graph of a small carcinoma
of a breast without the use
of external compression
technique. Concentrically
surrounding the tumour
are many radiating and cir-
cular structures. After
stereotaxic needle biopsy
for cytologic diagnosis of
this nonpalpable tumour, a
metal clip was placed in its
centre as a guide to the
surgical excision.

producing anionic, cationic and water transports be-
tween a tumour and its surroundings. Moreover, it is
easy to recognize that secondary biologic effects will
also take place within a BCEC, contributing to the
development of circularly arranged structures. Thus,
thrombosis of capillaries will take place in the sur-
roundings of a polarizing tumour over a VICC (Chap-
ter XIV). Such thromboses, developing during an
electropositive phase of the tumour, should produce
local dystrophic changes in the poorly nourished tis-
sue, which will yield due to retractive forces in the well
nourished surrounding tissue. This mechanism should
contribute to circular displacement of tissue, as has
also been observed in the lung (Figs. III: 30 b, 34 5).

During an electronegative phase of a polarizing tu-
mour, a net inflow of water toward it will increase local
water pressure and thereby further contribute to the
circular displacement of structures (Figs. XVI: 6, 20,
22).

Broad, circularly running structures of a different
origin may be identified around a tumour as a result of
electroosmotic transport of water. Such a collection of
water then represents what has previously been de-
fined as a hydropic “B" zone. Such structures were
shown to disappear in the lung when air entering the
pleura changes the flow conditions in the lung (Chap-
ter III, Section D). Fig. XVI: 23 shows a correspond-
ing situation in the breast. This patient’s xeroradio-
graph (Fig. XVI: 23 a), obtained without compression
technique, shows broad circular segments in the tissue
surrounding the carcinoma. These circular structures
could not be demonstrated on radiography of the sur-
gically removed breast (Fig. XVI:23b). This result is
in accord with the disappearance of a hydropic “B”
zone in the lung when the pleura is opened. The local
accumulation of electroosmotically transported fluid
producing such a **B”’ zone (a special case of a circular-
ly arranged *‘structure’) requires, of course, an exact
balance of interacting forces, which differ in vivo and
in a surgical specimen.

Peripheral displacement of tissue structures during
an electropositive phase of the tumour should be con-
siderably enhanced during a phase of electronegative
polarization. An electroosmotic inflow of water toward
the tumour, causing perifocal oedema, could then sim-
ply move tissue structures outward as a consequence of
locally increased turgor pressure. Thus, in cases of
true perifocal ovedema, as in the patients shown in
Table XVI: 2 (Figs. XVI:6 and 20), very well devel-
oped circular structures can be seen radiographically.
They can also be influenced and change their appear-
ance by external compression.

Conclusions

It seems altogether plausible that the development of
circular tissue structures around certain breast and
lung tumours involve similar mechanisms. Polariza-
tion of tissue over a BCEC as the common mechanism
explains the transporting of materials and secondary
biologic tissue changes which can satisfy most of the
requirements for the production of circularly arranged
structures in both breast and lung.

We will now take a closer look at some other struc-
tural details in the breast encountered in patients with
breast cancers. We will start with a short description
of the appearance and development of arches, which,
when appearing in a row, form an arcade.

I. Arches and arcades

A large carcinoma in the breast with many radiating
structures and small calcifications is shown in Fig.
XVI: 24, A broad structure extends from the tumour
to the areola, which is somewhat retracted toward the
tumour. The skin also shows increased radiopacity
around the areola. A 6 mm broad, diffuse, semicircu-
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Fig. XVI:23. Hydropic
“B" zones producing
“false circular structures”
around a carcinoma of the
breast. (@) Xeroradio-
graph. A breast cancer (T)
is surrounded by arcs of
“B" zones, which appear
as broad circular opacities
(arrowheads) near the tu-
interpreted as local oe-
dema (hydropic “B"
zones), disappearing (b)
after mastectomy.

Fig. XVI:24. Mammogram
showing arches around a
carcinoma of the breast in a
52-year-old woman. Radiat-
ing structures join into large
arches, giving the tumour
and surrounding tissue an
appearance like the cut sur-
face of a citrus fruit. Retrac-
tion of the nipple, microcal-
cifications and a radiolucent
“A" zone are all evident.
The band-shaped density to
the left is believed to be a
skin fold due to compression
of the breast. (Mammogram
courtesy of Prof. D. Teviev
and Prof. M. Grunevski,
University of Skopje, Yu-
goslavia.)



Fig. XVI:25. Many radi-
ating structures appear as-
sociated with relatively
small arches. Mammo-
gram, undifferentiated
carcinoma, 74-vear-old
woman. At the interface
between an “A" zone and
a local “B" zone, a row of
small arches forms an ar-
cade (arrowheads),
through which some radi-
ating structures pass.

lar density in the left side of the breast is probably a
skin fold produced by the compression of the breast
during radiography.

A radiolucent “A” zone is particularly prominent
below and to the left of the tumour. Radiating struc-
tures diverge from the tumour but arc back to rejoin so
as to produce arches, corresponding to whart has been
described around lung tumours (Chapter IIT). These
arches combine to form together an arcade in the
tissue 2 to 2.5 cm from the surface of this tumour, The
tumour and the surrounding tissue appear rather like
the cut surface of a divided citrus fruit. The number
and size of the arches correspond roughly to the num-
ber and distances between radiating structures, To the
immediate left of the illustrated tumour, adjacent
arches can be seen to share one radiating structure.

When a tumour has a large number of radiating
structures, the arches appear correspondingly smaller
(Fig. XVI1:25). In this patient with breast cancer a
radiolucent “A" zone is seen above the tumour, The
“A" zone ends at a sharp borderline with some small
arches forming an arcade against the peripheral, local
opacity of a “B" zone. Some thin radiating structures
also pass through the “A™ and “B" zones.

Arches and arcades as illustrated in Figs. XVI: 24
and 25 appear in principle the same as the arches and
arcades around lung tumours. They also appear the
same as the arches and arcades which can be produced
experimentally in vitro and in vive in dog lungs (Chap-
ter XI).
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Discussion

Arches forming an arcade peripheral to a tumour in
the lung have already been explained (Chapter X).
They are produced as interphase phenomena between
an “A” and a ““B” zone under the influences of physi-
cochemical forces of nonorganized materials as well as
of electric field forces over a polarizing BCEC. It is
likely that adsorption between adjacent fluid-matrix
phases plays an important role in these processes.
However, linear structures at an interface should not
be confused with circular displacements of preformed
structures, such as vessels and septa of fatr tssue. As
has been pointed out earlier, such structural displace-
ments may have several causes: perifocal tissue atro-
phy due to nutritional disturbances within an “A"
zone, retraction forees of surrounding nonatrophic tis-
sue, and perifocal oedema during an electronegative
phase of the tumour.

Peritumoural fibrosis may shrink tissue, as suggest-
ed in Fig. XVI: 24, in which some radiating structures
appear to have coalesced and retracted the nipple.
Such shrinkage could contribute to the formation of
arches in the tissue between pairs of radiating struc-
tures. In such an explanation, the broad radiating
structures between the tumour and the nipple should
be regarded as an equivalent to the lamella (Fig.
XVI: 13) described around lung tumours (Chapter II1,
Section F).

This parallel leads us to a short analysis of two well

BCEC in cancer of the breast 227



known structural components in breast cancer: so-
called skin thickening and retraction. The parallel
between breast and lung is opportune, because, in the
opinion of the author, nearly identical mechanisms
underlie peritumoural changes in the lung and in the
breast. The mammographic changes are demonstrable
as arches and arcades, retraction of the nipple, retrac-
tion of the skin and thickening of the skin.

J. “Skin thickening” and
retraction: a result of
altered distribution of
tissue water

Local thickening and retraction of the skin of the
breast is a well known clinical sign of an underlying
pathological process, whether caused by trauma, infec-
tion, or as is usual, a carcinoma. The retraction of the
skin is associated with juxtatumoural scar tissue,
which for primary breast neoplasia is usually part of
the mass of a so-called scirrhous carcinoma.
Scirrhous carcinoma, which is the most frequent
type of breast cancer, is characterized by the develop-
ment of peritumoural “fibrous strands™ (radiating
structures) and hyalinization of peritumoural connec-
tive tissue. Scirrhous carcinomas may develop in the
stomach, breast or other organs. They usually grow
slowly. They are reported to consist of either anaplas-
tic cells or varying degrees of differentiation of adenoid
structures (35). In the author’s opinion, such cancers
do not represent a specific type of cancer. A scirrhous
cancer may instead be regarded as a particular trans-
formation of tissue induced by electrochemical polar-
ization of the tumour. The most common source of
energy for such reactions is, in the author’s opinion,
the occurrence of degradation of tumour tissue. Such
processes may in turn be more or less common in
different kinds of tumours. Although scirrhous carci-
nomas are generally slowly growing, the biologic be-
haviour of their cells is not necessarily “benign”. Even
rapid, multifocal degradations coupled to injury-in-
duced healing and fibrous induration may keep the
total amount of viable tumour tissue low for a relative-
ly long time. So-called productive fibrosis and peritu-
moural scar tissue of malignant rumours may in this way
be regarded as an expression of spomtaneous, incom-
plete  healing of the tumowr. The prerequisites
for such reactions are energy-liberating processes,
e.g., spontaneous necrosis, bleedings or infection, and
the existence of a BCEC. The common observation of
fibrosis forming around the intracardiac electrode and
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around subcutaneous pacemaker devices is in the au-
thor’s opinion an in vivo “experiment” demonstrating
this principle.

The fibrous radiating structures, often long and
straight, around a scirrhous cancer of the breast con-
tain different kinds of fibrous materials. Nonhygrosco-
pic collagenous fibres can be seen in histological sec-
tions as birefringent files. Hygroscopic fibrous materi-
al between these files is known to be an important
constituent in scar tissue, according to Asthbury (7).

Islands of cancer cells may be imbedded in fibrous
material close to the surface of a tumour. The fibrous
tissue of the radiating structures around a scirrhous
breast cancer shows a striking similarity to other fi-
brous tissues, e.g., the scars of wound healing.

Post-traumatic scar tissue retracts during certain
phases of its evolution. Similar retraction can often be
observed at the surface of lung peripheral to a lung
tumour or to a pneumonia healing with “productive
fibrosis”. Fibrous tissue around a lung tumour may
then produce “‘lamellae” and *retraction pockets™ in
the pleura, according to the mechanism described in
Chapter III, Section H. Given this parallel back-
ground, skin thickening and retraction superficial to a
pathologic process in the breast may be explained as
follows:

Local degeneration in a breast tumour leads to local
polarization. The polarization directs over the BCEC
the growth of fibrous radiating strands. These strands
contain partly collagenous fibrous elements, which are
both nonhygroscopic and hygroscopic. Depending on
the degree of water content, the hygroscopic material
will stretch or shrink. When the tumour is electroposi-
tively polarized, a hydropenic “A" zone and a hydro-
pic “B" zone will be produced. In the hydropenic zone
close to the tumour surface, the hygroscopic fibrous
elements will shrink. When these elements extend to
the subcutaneous tissue, retraction of the skin ensues.
At the same time, water in the hydropic *B" zone will
tend to collect in the retracted skin, partly as a result
of the retraction forces on this tissue by the fibrous
strands. The usually sharp border between the “thick-
ened skin” and the underlying tissue is then explained
as a balancing effect between the local hydrostatic
water pressure in the skin and electroosmotic forces
tending to displace water outward within the BCEC.
The increased water content in so-called skin thicken-
ing can in this way be described as partly a result of
electroosmotic water transport and partly as “retrac-
tion oedema” (Fig. XVI: 26). This skin “thickening”
then corresponds to the pleural fluid which collects
locally in the “retraction pocket” outside a fibrosing
lung lesion. Whenever fibrous material is collected
into a thick radiating structure {see Fig. XVI: 13), a
lamella (Chapter III, Section F) is formed, which may
pull the subcutaneous hydropic tissue so that this



Fig. XV{:26. Skin “thickening™ and retraction near a carci-
noma of the breast. (¢) Mammogram, 80-year-old woman.
Skin is retracted and “‘thickened™. A radiolucent “A™ zone is
suggested, surrounding the tumour. Numerous radiating
structures are evident. A “circular’ structure is seen to the
right of the tumour. (&) As the tumour polarizes, warer will
flow outward by electroosmosis over the BCEC (electroposi-
tive phase of tumour). This leads to development of a hydro-
penic “A" zone and retraction of hygroscopic components of
the fibrous material of the radiating structures. (¢} Radiating

tissue appears as half an arch on each side of the
lamella. Two adjacent lamellae (or thick radiating
structures) will then produce an arcade. It may now be
apparent that radiating structures and lamellae, arches
and arcades, nipple and skin retraction and skin thick-
ening are to a large extent the result of identical bio-
kinetic mechanisms, which appear differently in dif-
ferent surroundings.

We will now consider the validity of the proposed
explanations, first in terms of the retracting function
of fibrous tissue.

Histologic sections of breast tissue around scirrhous
carcinomas show the birefringent collagenous fibres as
sometimes undulating (Fig. XVI: 27 ) and sometimes
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structures extending to the cutis will retract the skin and en-
hanee the accumulation of electroosmotically transported
water in the skin, The “circular™ structure (lower right) cor-
responds internally to the external “skin thickening”. Re-
traction forces of the radiating structures in this region are
counterbalanced by retraction forces of the normal tissue dis-
tal to the “circular” structure, The thickness of the “circu-
lar™ structure is the same as that of the “skin thickening”,
further suggesting their common pathogenesis as hydropic
“B" zones.

straight (Fig. XVI: 27 b). One’s first impression may
be that the underlving fibres represent artefacts of
preparation, This explanation, however, is highly un-
likely because identical appearances of undulating
structures are seen irrespective of the direction of
cutting the specimen. This observation was experi-
mentally checked as follows:

Tissue surrounding a scirrhous breast cancer was
excised and divided into four pieces. Two pieces (a+8)
were placed in saline solution and frozen. The remain-
ing two picces (¢c+d) were kept in a dry place in a
refrigerator overnight in order to become slightly de-
hydrated. Frozen sections were then prepared of the
four pieces. Pieces a+¢ were cut as closely as possible
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Fig. XVI:27. Variable ap-
pearances of fibrous strands
radiating from a scirrhous
carcinoma of the breast (his-
tologic sections, haematoxy-
lin-eosin). (¢) Undulating
course of partly birefringent
; iE == fibres. (b) Straight course of
e fibres in another part of the
e d same specimen. The undu-
lating fibrous structures are
not necessarily artefacts of
preparation. Identical ap-
pearances can be obtained
regardless of the direction of
curting the specimen (see
further Fig. XVI: 28).
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Fig. XVI:28. Dehydration shrinks hydrophilic components cancer after soaking in saline solution overnight. The colla-
of fibrotic tissue between nonhydrophilic, birefringent colla- gen fibres are straight, regardless of the direction of cutting.

gen fibres. Histologic frozen sections (haematoxylin-eosin, (¢, d) Corresponding fibrous tissue after overnight dehydra-
a—d, same magnification). Arrows indicate directions of cut- tion of the material. The collagen fibres undulate, regardless
ting. (a, &) Two specimens of fibrous tissue from a breast of the direction of curting.
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Fig. XVI:29. “Skin thick-
ening"’ near a mammary
carcinoma (40-year-old
woman, [. J. in Table
XVI: 3). Mammogram,
mastectomy specimen. (a)
The tumour is surrounded
by fibrous radiating struc-
tures and possibly an “A™
zone with some circular
structures, (b) The same
specimen. Radiograph of
the skin,which is thick-
ened to the right and be-
low the retracted nipple
but is of normal thickness
to the left.

along the extensions of the fibrous radiating material,
pieces b+d perpendicular to the extensions. The sec-
tions were mounted and stained. Fig. XVI: 284 and b
shows the material which had been kept in saline
solution. All the birefringent collagenous material in
these two specimens appeared rather straight and no-
where undulated. This finding was interpreted as an
indication that the hygroscopic fibrous material be-
tween the collagenous fibres was hydrated and contri-
buted to the straight appearance. The dehydrated ma-
terial (Fig. XVI:28¢ and 4), on the other hand,
showed a characteristic undulating course of birefrin-
gent nonhygroscopic collagen fibres, which was inter-
preted as produced by shrinkage of the adjacent hy-
groscopic fibrous material. In none of the sections was
there any correlation between the direction of cutting
and the appearance of the fibrous material.

It seems likely that undulating courses of fibrous
tissue around a breast cancer may be caused by local
dehydration of hygroscopic components of fibrous tis-
sue. Local dehydration may in turn result from elec-
troosmotic outflow of water, leading to shrinking of
the hygroscopic material of the fibrous tissue strands
and retraction of the skin. In such areas the “skin
thickening™ shx::uld be called a local oedema of the
skin, which in certain parts could also be called retrac-
tion oedema. We may now recognize the equivalence
of these structural changes around a breast cancer and

the previously described pleural retraction pocket near
a peripheral lung cancer (Chapter 111, Fig. III: 35).

Fat and water content were also analyzed quantita-
tively for the so-called *“skin thickening” over two
breast carcinomas and for skin from parts of the breast
specimens which appeared radiologically normal. Fig.
XVI:29a shows the mammogram of one of them,
patient L. J. This carcinoma is surrounded by numer-
ous thin radiating structures and possibly a radiclucent
“A" zone. Fig. XVI:29b shows *“‘skin thickening”
both to the right and under the retracted nipple. Table
XVTI: 3 presents the analytical values for the two pa-
tients.

Table XVI:3. Fal-water content of “skin thickeming” over
breast cancers and normal skin

“Skin MNormal MNormal
Patient thickening”  skin I skin I1
L]. H.0 77.5 62.6 63.5
Fat 0.2 39 39
Residual 21.0 32.9 1.7
Lost 1.3 0.6 0.9
A.C H.0 79.5 72.3 -
Residual 18.0 25.6 -
Lost 2.5 2.1 -
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The results indicate that so-called “skin thickening”
correlates with a relative increase of water content
(local oedema), explaining the local increases in x-ray
attenuation seen in the mammogram.

K. Closed circuit production
of fibrous radiating
structures: cathodic and
anodic types of fibrosis

Fibrous radiating structures often develop around car-
cinomas in the lung as well as in the breast. This
observation has here been interpreted as a conse-
quence of two phenomena: physicochemical polariza-
tion of the lesions and the existence of biologically
closed electric circuits. Radiating structures were pre-
viously also produced experimentally in vitro and in
vivo (Chapters X, XI). A closed electric circuit is a
necessity for their experimental production. This sec-
tion will show experimentally that radiating structures
can be produced very efficiently over closed circuits
even in ““dead” tissue and also that material in these
structures looks like and may possibly be identical
with the fibrous material around tumours.

One prerequisite for the development of radiating
structures is the presence of so-called electric edge
enhancement (Chapter X). To utilize this phenom-
enon, circular electrode plates of platinum were there-
fore perforated at multiple sites with a needle. Small
protrusions of the metal were produced in this way on
the side of the electrode plate facing the tissue speci-
men.

A piece of human breast fat in a plastic 10 ml
syringe between two plungers, each provided with a
platinum electrode, is shown in the soft tissue radio-
graphs of Fig. XVI:30. Platinum strings were con-
nected to the electrode plates and to a generator of
direct current. Fig., XVI:30a shows the specimen
before any current was applied. Some already existent
fibrous structures can be seen in the fat, which is
essentially free from such material close to the elec-
trodes. Fig. XVI:30% shows the specimen after 10
days (25 coulombs) and Fig. XVI: 30¢ after 17 days
(30 coulombs), during application of 10 volts over the
material. During the first hour a current of a few mA
flowed with increasing intensity through the speci-
men. The current then usually decreased to very low
values (a few wA). As days passed, radiopaque struc-
tures developed in the fat. In the cathodic part of the
chamber, clear linear structures were seen after 10
days. More cathodic and anodic material is seen after
17 days than after 10 days. After 17 days the anodic
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Fig. XVi: 30, Direct current treatment of human breast fat
in a plastic chamber between two platinum electrodes with
protruding edges. Soft tussue radiographs. {a) Before electro-
phoresis, practically no fibrous tissue in parts of the speci-
men immediately adjacent to the electrodes. (b) After 10
days, 25 coulombs at 10 V. (¢) Slightly different projection,
after 17 days, 30 coulombs at 10 V. Fibrous tissue is pro-
duced as “‘radiating structures” due 1o field enhancement at
some of the electrode protrusions. These structures are not
straight, which is explained by preferential pathways for cur-
rent in the tissue, Note macroscopic differences of cathodic
(=% and anodic {+) fibrous tissue as well as many small
*“dots" in the anodic part of the specimen.

part of the specimen (+) showed some very small dark
dots and more delicate irregular structures than the
cathodic portion (—).

The newly formed linear structures in the cathodic
and anodic regions close to the electrodes were easy to
identify in histological sections because no or only

Fig. XVI:31. Histopathologic appearances of radiating
structures experimentally induced in cathodic and anodic re-
gions of breast fat (a=), compared with fibrotic tissues aris-
ing in vive around a breast cancer (g—1). (a—c) Cathodic, (d-f)
anodic newly formed radiating structures, Same specimen as
in Fig. XVI: 30. Carhodic fibrosis looks like a stretched mesh
of fibres (a, b) which never shows any fibroblasts. During
development some groups of fat cells diminish in size (c) and
form a central “nucleus’ before they disappear (see further
on development of cathodic fibrosis, Figs. XV1: 33, 36), An-
odic fibrosis shows dense, irregular fibrous marerial with fi-
broblast-like cells (d, &) and scattered groups of cells of an
epithelial type (e, f). (g, &) Some fibrous tissue from the sur-
roundings of a breast cancer appears as a mesh, similar to ex-
perimentally produced cathodic fibrous tissue. [t contains
cellular structures of variable appearance. Some are flat and
of a fibroblast type. Others appear with rounded cellular
nuclei (arrows). (i—f) Tissue from another part of the tissues
surrounding the same tumour. This fibrous tissue is particu-
larly irregular and dense. It contains a large number of fi-
broblasts and looks like experimentally produced anodic fi-
brous tissue (a, b, d, ¢ van Gieson, ¢, /[~ haematoxylin-eosin
stain),



a~f

BCEC in cancer of the breast

233



minimal amounts of fibrous tissue were there before
the application of current. Histologic sections of the
newly formed radiating structures are shown in Fig.
XVI: 31 from close to the cathodic electrode (a, b, ¢)
and the anodic electrode (d, &, f). The cathodic and
anodic structures resemble elements of spontaneously
developed fibrous tissue material. They also show dis-
tinct internal structural differences. Both materials
contain birefringent and nonbirefringent components.
The cathodic material shows a net-like loose mesh
mainly oriented in the direction between the elec-
trodes. The anodic material is more compact and irreg-
ular in appearance and shows islands of what will later
be shown as epithelial-like cells and many spool-
shaped small structures which look like fibroblasts.
No fibroblast-like structures were seen in cathodic
fibrous material.

Both “cathodic™ and “anodic™ types of fibrosis now
can be recognized in the radiating scar tissue around a
breast carcinoma, as shown in Fig. XVI:31g-. The
experimentally produced cathodic, mesh-like fibrous
tissue (Fig. XVI:31a, b, ¢) may be compared with the
endogenously developed fibrous mesh-like tissue of
Fig. XVI:31g, k. This endogenous tissue, however,
does contain some fibroblast-like cells, unlike the ex-
perimental cathodic fibrous tissue.

The experimentally produced anodic, dense fibrous
tissue contains large amounts of fibroblast-like cells
(Fig. XVI: 314, ¢, ). The endogenous anodic type of
fibrous tissue also contains large amounts of fibro-
blasts (Fig. XVI: 311, j). The groups of epithelial cells
seen in Fig. XVI: 314, e, f will be discussed later. A
mixture of anodic and cathodic types of endogenously
developed fibrosis around a tumour is in agreement
with the conception of fluctuating changes of polarity
of a degrading tissue, and hence the direction of flow
of current. Production of fibrosis is, in this view, a
result of the flow of current over BCEC channels. This
far-reaching statement will, however, shortly be fur-
ther supported by other observations.

Recently the opinion has been expressed that fibro-
sis in breast cancer might be a primary carcinogenic
factor (67). In the author’s opinion this conclusion is
not very plausible. Formation of scar tissue is a com-
mon reaction in various tissues to different kinds of
injury. Degenerative changes or traumatic injuries are
frequently encountered in normal breast tissue. Very
often, spontaneous necrosis and haemorrhage occur in
breast cancers. In the following it will be seen that
many of the structural modifications of cells and tissue
which can be seen inside and around breast cancers
can be induced by direct current. Even the possibility
of carcinogenic effects by endogenous or induced cur-
rents in tissue might be considered in future research.

The closed circuit treatment of tissue samples shows
that it is possible to produce newly structured material
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in both the cathodic and the anodic fields even in a
“dead”, excised piece of tissue. Radiating “fibrous”
tissue structures can be produced in tissue samples of
mammary fat by direct current when the electrodes are
provided with small protrusions causing local spots of
high current density. The sites where the fibrous tis-
sue structures develop depend not only on the loca-
tions of the protrusions on the electrodes. At some
protrusions no structures will develop. This phenom-
enon has been interpreted as an effect of inhomogene-
ity with regard to conducting properties of the tissues.
Preferential pathways of current in tissue, even if it
looks histologically homogeneous, can fully explain
such a phenomenon.

The experimentally produced fibrous material very
much resembles scar ussue, although it is apparently
different in the cathodic and anodic fields. This result
is not surprising as long as a unidirectional mode of
current has been applied. Evidence has been present-
ed, both experimentally and theoretically, that a spon-
taneous tissue injury will produce a fluctuating poten-
tial over BCEC, thus allowing anions as well as
cations to contribute to the healing process and conse-
quently also to the formation of complete or *'mixed”
fibrous tissue.

Experiments were therefore also arranged to fluctu-
ate the electric potential over samples of fat tissue.
Before these experiments are described, we will, how-
ever, extend the present experiments of producing
radiating structures into attempts to produce mem-
branes with unidirectional current.

L. Closed circuit production
of fibrous membranes

A tentative explanation for the production of fibrous
organ capsules was given in Chapter XII. It was
assumed, for example, that the liver and its sur-
rounding organs will produce asynchronous, physio-
logic fluctuations of potential, which should lead to
“ebb and flow"” movements of anions and cations to
the organs’ surfaces. A deposition of material should
then lead to the production of fibrous capsules as long
as the driving force over the BCEC is strong enough to
induce the ionic movements. The thickness of an or-
gan’s capsule should then correspond exactly to the
physiologic driving force over the BCEC. The capsules
of organs may consequently be regarded as analogues
to the products of polarization at electrode surfaces.

This section contains experiments showing how fi-
brous membranes can be produced by the use of this
principle, but in a simplified way.

We will again make use of the electrophoretic cham-



Fig. XVI:32. Production
by direct current in vitro
of (a, ) cathodic and (¢, d)
anodic membranes using
flat platinum electrodes
against human fat tissue.
Photomicrographs show
the cathodic membrane to
be thin and covered with a
thin layer of a brown-black
material. The anodic
membrane is thicker and
maore irregular (haematox-
vlin-eosin).

ber. This time we will use flat electrodes withour
protrusions on their surfaces. As always, deposition of
material will take place on electrode surfaces when
they are immersed in an electrolyte and current flows
through the circuit. Such material on an electrode
surface is difficult to retrieve undestroved for histolo-
gic studies. We will, however, make use of a tissue
matrix as a supporting medium between the electrodes
to take care of this problem. Ar sufficiently high densi-
ties of current, gas produced at the metal surfaces will
“lift off”* nongaseous deposited material. Such materi-
al will adhere to the matrix by interface adsorption and
thus become available for histologic studies.

Thus, histologic sections of cathodic and anodic
membranes produced on breast far are seen in Fig.
XVI: 32, These membranes consist of birefringent ma-
terial structured differently from the material of radi-
ating structures in the cathodic and anodic fields, as
shown in the previous section. The cathodic mem-
brane is thinner and smoother than the anodic. On its
surface lies a deposition of some dark material, which
is absent on the anodic side. In the cathodic and
anodic fields there were also several membranous
structures in the fat tissue, parallel with the electrode
surface.
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M. Closed circuit production
of cathodic and anodic
fibrous tissue

Detailed analysis of the background biokinetics of the
development of radiating structures and membranes is
beyond the scope of the present study. Nevertheless,
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# Fig. XVI:33. Development
% of cathodic fibrous tissue.
%' {a) The cathodic membrane
i ¢ adjacent to fat tissue con-

_ tains islands of “atrophic™
[ and modified fat cells.

RS (b) Modified far cells of var-
ious sizes show formation of
a reticulum. (¢) A region of
gradual transformation of
1 atrophic fat cells, which oth-

- erwise appear normal, shows

© ¢ reticulum structures and

* thickened cell membranes.
{d) A row of fat cells with re-
ticulum shows from top to
bottom gradual disappear-
ance of cell content and
thickening of cell mem-
branes, leading to mesh-like
. cathodic fibrosis without fi-
- broblasts (g, b, von Kossa,
. ¢, d, haematoxylin-eosin
& ¢ stains).

the reader may be interested in some preliminary ob-
servations of the transformation of fat material close to
the electrodes, as affected by current applied unidirec-
tionally.

An overview (Fig. XVI: 334, von Kossa stain) of a
picce of a fibrous cathodic membrane reveals a number
of small fat cells, appearing relatively normal. Many
cells inside the membrane structure have been inter-
preted as fat cells undergoing transformation. These
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Fig. XVI: 34. Development .

of anodic fibrosis. (a) Over- - #

view of dense, anodic fibro-

sis containing numerous fi-

broblast-like cell elements.

Some of these elements form v
circular groups, while a few
are positioned at the edge of
the fibrotic tissue and in a
thickened intercellular
space. (b) Magnified view of
a. A thin, fibrotic, inter-
cellular structure contains =)

“fibroblasts” (arrows) adja- ' il

cent to some fat cells. The
membranes of the fat cells
are of normal thickness.
Such findings suggest that
anodic fibrosis with “fibro-
blasts™ develops interstitial-
Iy (haematoxylin-eosin).

cells, seen under higher magnification in Fig.
XVI:33b, are of varying size and contain a delicate
reticulum. Such cells under the same magnification
but stained with haematoxylin-cosin are shown in Fig.
XVI: 33 ¢c. The upper part of this figure contains small
normal fat cells, cells which partly contain reticular
structures and some cells which are filled with reticu-
lar structures. The latter have thick cellular walls. Fig.
XVI:334d shows a row of thick-walled fat cells with
some reticular structures (upper part of figure). The
lower part of Fig. XVI:33d shows that the cells are
elongated and have lost their reticular content. The
elongated and thickened fat cell membranes seem 1o
fuse and produce a fibrous tissue which looks like a
stretched mesh, as was also shown in Fig. XVI: 31a, &
in the description of cathodic radiating fibrous struc-
tures.

Anodic fibrous tissue contains fibroblast-like cell
elements, which do not appear in the cathodic fibrous
tissue. The anodic fibrous tissue seems to develop
between fat cells in the interstitial tissue. When a thin
fibrous tissue strand is seen at the edge of a large
anodic fibrous complex, a chain of “fibroblasts’ can
be seen together with some fibrous tissue in the inter-
stitial space (Fig. XVI: 34). Because fibrous tissue can
be produced in *dead™ fat tissue under the influence
of direct current, it seems likely that the fibrous
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strand, containing fibroblast-like cell elements (Fig.
XVI: 34 b, arrows) represents a preferential pathway of
current between the electrodes. Fibrous tissue is a
poor electric conductor. A flow of current in intersti-
tial spaces, producing interstitial fibrosis, can never-
theless be possible if the current is flowing in the space
berween cells and the surface of the developing inter-
stitial fibrous strand. The following observations may
serve as a support for this hypothesis:

When a supporting matrix is used in the membrane
experiments, as is the case with specimens of fat tis-
sue, membrane structures are produced not only at the
electrode surfaces. Fibrous membranes also develop
parallel to the electrodes at several sites in each fat
specimen (Fig. XVI:35a, van Gieson, b, Alizarin
stain, with anodic sides to the right). Because fibrous
tissue is a relatively insulating electric material, it can
be expected to be a barrier o the flow of current.
Current might then flow along the surface of the bar-
rier in the interstitial conducting medium. When it
reaches the edge of the fibrous barrier, the current
should tend to take new pathways in the specimen.
The edge of the fibrous tissue and its surrounding
conducting medium then represent a region of modi-
fied conductivity. Hence the pattern of flow of current
should be modified. An anticipated resulting modifica-
tion of tissue structure by such a mechanism is shown
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Fig. XVI:35. Membranous
fibrous structure produced
by direct current in a fat
specimen. Cathodic side to
the left and anodic side to
the right. {a) This mem-
brane has a direction more
or less perpendicular to the
main direction of current
between the electrodes. Be-
cause fibrous tissue is a poor
conductor, current should
flow along its surface. At the
edge of the membrane, a re-
gion of modified conductiv-
ity 1s entered. (b) At the
edge of a fibrous membrane,
fat cells are small and pos-
sess tortuous membranes.
Observe also small bush-like
structures to the right of the
fibrous tissue in a and
around the edge of the fi-
brous tissue in b. (a) van
Gieson stain, (b) Alizarin
stain,

Fig. XVI: 36, (a) Experi-
mentally produced, fully de-
veloped cathodic fibrous tissue
from human breast fat. The
mesh-like fibrous ussue is
now dense but contains
crevices with irregular, bire-
fringent borderlines. No fi-
broblasts or other cells are
present. (b) Fully developed
anodic fibrous tissue from
same preparations as 4.

This fibrous tissue is homo-
geneous and dense, with ir-
regularly arranged, thin,
partly birefringent fibres.
Large areas do not contain
fibroblasts. Other areas con-
tain fibroblasts, either scat-
tered or in dense collections.
The lack of fibroblasts in ca-
thodic fibrosis and the lack
of correlation between the
amount of anodic fibrous
tissue and the numbers and
locations of fibroblasts is
striking (haematoxylin-eo-
sin).



Fig. XVI: 37. Intermediate mem-
branes produced by unidirectional and
reversed direct current. (a) Soft tissue
radiograph of original far and glandu-
lar breast tissue material. (#) An inter-
mediate fat zone appeared after 31
coulombs at 10 V for three days, Gas is
produced at the electrode surfaces.

(c) After removal of gas a thin cathodic
membrane (arrow) is seen adjacent 1o
the intermediate fat zone. {d) Polarity
was then reversed. After 39 additional
coulombs over a total of seven days, a
new cathodic membrane is seen (ar-
row} at the opposite side of the inter-
mediate fat zone. (¢) Photomicrograph
shows to the right dense, “modified
cathodic™ and to the left dense ““modi-
fied anodic” fibrous tissue after 70
coulombs. Note fibroblasts only in the
left “anodic™ part of the membrane
(van Gieson stain).

around the edge of the fibrous membrane in Fig.
XVI:35bh. The far cells are small and somewhat
shrunken around the edge of the membrane. Another
detail of interest in Fig. XVI: 354, b is a presence of
some small intracellular “bushes™ situated in the tissue
at a certain distance (0.2-0.3 mm) from the fibrous
membrane along its anodic side in (@) and around its
edge in (b). The small “bushes” contain birefringent
material but do not stain for caleium ions with Alizarin
(h). We will return to this problem in Section 5, which
deals with experimental production of microcalcifica-
tions.

In fully developed cathodic fibrous nissue from breast
fat, the mesh-like structures are thickened and present
crevices with irregular, birefringent borderlines. Such
fibrous tissue never shows fibroblasts (Fig. XVI: 364a).

Fully developed anodic fibrous tissue from breast fat

b
10V

d
1oV
70C

c
oV

31C 31C

shows a compact, homogeneous tissue of irregular,
delicate, birefringent fibres. Fibroblasts may be com-
pletely absent in large parts of the tissue or are present
in local conglomerations or are sparsely scattered in
the tissue (Fig. XVI: 365, same slide preparation as
Fig. XVI: 36a).

The effect of reversal of polarity on membrane for-
mation is shown in Fig. XVI: 37. Human breast fat
with some glandular tissue was used. Its radiographic
appearance before application of current is shown in
Fig. XVI:37a. Ten volt electrode potential was ap-
plied. After 31 coulombs an intermediate fat zone is
seen and some gas formation at the electrode surfaces
(Fig. XVI:378). The electrodes were then moved
closer together for removal of the gas pockets and to
improve electrode contact (Fig. XVI:37¢). A thin
membrane-like structure is also seen at the previously
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cathodic side of the fat zone (arrow). Ten volts were
then applied with reversed polarity. After an addition
of 39 coulombs, a new membrane-like structure can be
seen at the new cathodic side of the fat zone (Fig.
XVI: 374d). One membrane structure was therefore
obtained on each side of the fat zone of the specimen.
Each of these membranes appeared as mixed anodic
and cathodic types of fibrous tissue, as seen in Fig.
XVI:37¢ (from the upper membrane of Fig.
XVI: 374d). This membrane shows to the right, ca-
thodic fibrous tissue with irregular crevices and no
cellular elements. To the left, anodic fibrous tissue
shows a group of fibroblasts and small, atrophic far
cells, without cytoplasmic reticulum.

Knowledge about development of fibrous tissues
remains in many respects incomplete. Even the origin
of fibroblasts is not known with certainty. They are
thought to derive from proliferation of local connective
tissue, metaplasia of “wandering cells” or even from
metaplasia of endothelial cells of the capillaries. Ross
and Benditt {81) have claimed that fibroblasts may
develop from a multipotential cell of haematogenous
origin. Little is known of the factors which induce and
stimulate fibroblast production in wound healing. It is
claimed that substances liberated at the development
of necrosis may possibly induce fibroblast prolifera-
tion.

From the present experiments it is already evident
that the flow of current over a “dead™ piece of tissue
may lead to new structural formations as fibrous ris-
sue. Ordinarily, we look upon such developments as
reactions of a living tissue. It is further remarkable
that two different kinds of fibrous tissue develop from
the same material and that “fibroblasts” appear in the
anodic but not in the cathodic fibrous tissue. Further-
more, the “fibroblasts” in the anodic, fibrous tissue
may be completely absent in large parts of this tissue.
In other parts they are densely packed or sparsely
scattered.

These observations must raise the possibility that fibro-
blasts may not be necessary for the production of fibrous
nissue. A search of the literature has yielded no conclu-
sive proof that fibrous tissue is produced only by
fibroblasts. Fibroblasts are thought to produce poly-
peptide precursors of collagen in their cytoplasm in asso-
ciation with membrane-bound ribosomes (81). Confu-
sion still remains regarding the cytological steps be-
tween the intracellular synthesis of collagen precursors
and the appearance of extracellular collagen fibrils.
This guestion becomes even more timely in attempts
to explain the experimental results here presented.
Mechanisms associated with production of fibrous tis-
sue have long been known to be complex. We will
therefore offer only a preliminary view toward explain-
ing the experimental results.

It seems highly improbable that fibroblast-like cells
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present only in the vicinity of the anode should have
the capacity to produce large amounts of *“cathodic
fibrous tissue” far away (about 2-3 cm) from their
location in an isolated specimen of fat rissue. The
quantity of cathodic fibrous tissue also increased to-
ward the cathodic electrode. The quantity of “anodic
fibrous tissue” increased toward the anodic electrode.
The fibroblast-like cells also appeared in groups with
relatively small amounts of anodic fibrous tissue be-
tween the cells in certain regions. In other anodic
regions large amounts of anodic fibrous tissue between
the cells in certain regions. In other anodic regions
large amounts of anodic fibrous tissue were present
without any fibroblast-like cells.

It is possible to explain the experimental results if
we assume that an intracellular and extracellular pre-
cursor for cathodic and anodic fibrous tissue were al-
ready present when the electrophoretic process was
started. Under the influence of direct current the pre-
cursor of fibrous tissue then transformed into cathedic
and anodic fibrosis. The formation of specific cathodic
and anodic fibrous tissues is preliminarily explained as
a result of cathodic alkalinity and anodic acidity during
the electrically induced transformation of the precur-
sor material. The experimental results lead in this view
to the logical conclusion that the precursor(s) for ca-
thodic and anodic fibrous tissues must have been al-
ready produced by normal cells. A similar process also
appears to occur adjacent to endothelial cells, which in
their basement lamina contain fibrous structures.

The exposure of cells to direct current can lead to
considerable cellular transformations (Chapter XIV).
The development of fibroblasts may therefore be ex-
plained as a result of such electrogenic transformation
of cells. The experimental results suggest further that
the presence of fibroblasts in fibrous tissue does not
necessarily prove that these cells are the only cellular
element to which can be attributed the ability to pro-
duce precursor material of fibrous tissue. The experi-
ments also indicate that fibrous tissue develops from
inracellular and extracellular precursor material under the
influence of direct current.

The production of scar tissue in healing processes is
still poorly understood. For increased understanding
of these processes in the future, it will be necessary to
consider the role of spontaneous, endogenous direct
currents in tissue over BCEC channels.

N. Closed circuit production
of anodic tissue channels

Anodic and cathodic channels can also be produced in
fat tissue by passing electric current over a tissue



Fig. XVI:38. In vitro pro-
duction of anodic channels
in human breast fat (10 V,
30 coulombs, 17 days).

(a) Overview of newly devel-
oped anodic fibrous strand.
Same experiment as shown
in Fig. XVI: 30. Anode to
the right. In the fibrous tis-
sue, “islands™ of cells are
seen (right part of Fig.) ag
well as dark *“rods” (arrow).
() Magnified view of
groups of cells, some of
which form a central lumen.
The “islands™ of cells are
surrounded by circular fi-
bres and fibroblasts,

{c) Lenthwise section of a
rodlike collection of cells
partly forming a primitive
lumen. (d) Fully developed
channel, lined with epith-
elial cells in the same speci-
men (see further Figs.

XVI: 39, 40 and rext).

{a—¢) Haematoxylin-cosin,
{d) van Gieson stain.

sample. The possibility of producing anodic channels perimentally produced anodic fibrous tissue in breast
is presented in this section and cathodic channels in  fat (10 V, 30 coulombs). The anode had been posi-
Section O. A discussion on possibilities of producing  tioned to the right (same specimen as shown in Fig.
vascular channels follows in Section P. XVIL: 30¢). In the right part of the specimen (close to

The photomicrographs of Fig. XVI:38a show ex-  the anode) some dark structures are seen as rounded
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“islands” or groups of material. To the left are rod-
like dark structures (arrow). Further analyses of the
“islands” (Fig. XVI:38%) show collections of cells,
some of which form a ring with a light centre. They
are surrounded by circularly arranged fibrous tissue
containing “fibroblasts”. The dense groupings of cells
represent cross-sections of “rods™ and the ring-shaped

242 BCEC in cancer of the breast

Fig. XVI:39. In vitro pro-
duction of anedic channels
in human breast fat (10 V,
30 coulombs, 17 days).

{(a) Structural arrangements
of cells of the ductal channel
shown in Fig. XVI:384.

(b} Cells of epithelial type
form ring-like structures
tending to form a lumen.

(¢) Several “islands” of epi-
thelial cells, interpreted as
anodic “rods™ surrounded
by circularly arranged fi-
brous tissue. (d) Lengthwise
section of “rod™ of epithelial
I type of cells (see further Fig.
XVI: 40).

4
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groups of cells cross-sections of primitive channels. A
lengthwise sectioned, tortuous, partly open “rod” is
shown in Fig. XVI:38¢c. A channel structure with a
well-developed lumen is shown in Fig. XVI:384.
Some details of these structures are further illustrated
in Fig. XVI: 39, Thus, the arrangement of the epithe-
lial cells of the partly well-developed channel is shown



Fig. XV1I:40. In vitro pro- - .
duction of anodic channels
in human fat tissue (10 'V,
30 coulombs, 17 days).

{a) *Rods™ develop in the
same direction as the fi-
brous structures. (b) They
are solid and consist of /
cells of the same type as ’
shown in Fig. XVI: 39¢, 4.

They are surrounded by fi-

brous tissue containing
“fibroblasts™. (¢) Certain

parts of such “rods™ ap- -
pear as if they are forming

a lumen (van Gieson

stain).

in Fig. XVI: 394. Circular arrangement of epithelial
cells forming a lumen is shown in Fig. XVI: 395,
while circular arrangement of fibrous material around
collections of cells is shown in Fig. XVI: 39¢. A detail
of a lengthwise sectioned “rod” is shown in Fig.
XVI: 394. It contains an epithelial type of cells.

We are now approaching an important problem:
were the groups of cells in the fibrous tissue already
present before the electrophoretic treatments, or do
they represent newly formed structures? More obser-
vations are evidently necessary before we can discuss
this question.

A fibrous anodic strand with several well-developed,
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dark rod-like structures is shown in Fig. XVI:40a.
The “rods” are oriented in the same direction as the
fibrotic strand. They are only encountered in anodic,
never in cathodic fibrosis. As scen in Fig, XVI: 405,
these “rods™ consist of cellular elements. In the centre
they are rounded like the cells shown in Fig. XVI: 39,
d. Some “cells” have the appearance of fibroblasts
and are preferably located outside the rounded *cells”.
Certain portions of such *rods” show initial develop-
ment of lumina of channels (Fig. XVI:40¢). Figs.
XVI: 38340 were all obtained from the anodic part,
close to the electrode, of the specimen shown in Fig.
XVI: 30. This sequence illustrates the development of
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channels which look very much like adenotic forma-
tion of primitive galactophores in breast tissue. We
will soon return to these problems. It is, however,
necessary first to describe some other anodic struc-
tures which were produced with a slightly modified
technique.

Human fat tissue was first treated with 20 V, 30
coulombs for 3 days. The current was then reversed
(20 V, 8 coulombs, 7 days). In the now anodic side of
the specimen (Fig. XVI: 41) structures were obtained
consisting of delicately arranged rows of fibroblast-like
cells, surrounded by dense anodic fibrous tissue. Fig.
XVI:4la shows an overview of such a structure,
which evidently tends to form a channel. The magni-
fied view of Fig. XVI: 41 b shows no rounded, epithe-
lial type of cells, as in the previously described anodic
channel. Cross-sections of well-developed structures
forming lumina and containing fibroblast-like cells in
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) Fig. XVI:41. In vitro pro-
duction of anodic channels
in human breast fat by re-
versal of flow of current.
Initial dose: 20 V, 30 cou-
lombs during 3 days. There-
after the current was re-
versed: 20V, 8 coulombs, 7
days. (@) Overview of a
primitive channel in fibrous
tissue in the newly anodic
side of the specimen. Cellu-
lar elements tend to arrange
forming a tube. (b) This
structure contains cells
which look like fibroblasts.
No cells of epithelial type
are present (haematoxylin-
ensin stain).

their walls are shown in Fig. XVI: 424, b. The dense
anodic type of newly formed anodic fibrous tissue
surrounds these structures. These new channels ap-
pear 1o be clearly different from the channels which
look like primitive galactophores. Perhaps these thin-
wailled channels with fibroblast-like cells represent ear-
ly stages of vascular channels.

In order to establish whether similar anodic struc-
tures can be produced by direct current in fat of a
tissue other than breast, fresh abdominal subcutaneous
far was obtained during surgery on three otherwise
normal patients with inguinal hernias. These tissues
were treated like the samples of breast fat tissue. Ten
volts were applied between the platinum electrodes to
the specimens (2-3 cm long) of abdominal fat tissue
for two to five weeks. As in the breast fat studies, the
initial current of a few mA decreased rapidly to a few
microamperes during the following hours. Stll,
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changes in the radiographic appearance could be seen
during the following weeks. It might be mentioned in
this connection that fat tissue undergoing electro-
phoretic treatment even for weeks shows no signs
of bacterial decomposition, which otherwise takes
place after a few days in untreated specimens.
Developed anodic fibrous tissue strands of abdomi-
nal fat were found to contain scattered fibroblast-like
cells (Fig. XVI:43a) or centrally located groups of
cells in the fibrous tssue (Fig. XVI: 435, ). Rod-like
structures could also be identified but of another ap-
pearance than in breast fat. Thus, in Fig. XVI:44a a
small structure is seen to the left, showing a central
dark, irregular line (arrows). To the right in Fig. a, a
“channel” is seen with an open lumen (X) and fibro-

blast-like cells in the wall, which in turn is surrounded
by some fibrous material. Fig. XVI: 445 shows an-
other “channel” without fibroblasts, surrounded by
thick bluish-stained fibrous material (haematoxylin-
eosin). This channel was found in the mid-part of the
specimen. A “‘channel” structure from the cathodic
part of the same specimen is seen in Fig. XVI: 44¢.
This channel shows only a wall of fibrous tissue with-
out any cellular elements or differently stainable lay-
ers.

We are now almost ready to discuss the possibility
that the structures described are induced by the cur-
rent applied to the tissue specimens. For the moment,
some of the indications pointing toward this possibility
will be summarized. The objection that the structures
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Fig. XVI:43. In vitro production of anodic fibrosis in hu-
man abdominal fat tissue, 10 V, 1-2 microamperes for 30
days produced anodic fibrous tissue strands with (a) scat-
tered fibroblasts, (b) collections of fibroblasts along a new fi-
bre, (¢} fibroblasts located centrally in the fibrous tissue
(haematoxylin-eosin stain). See also Fig. XVI: 44.

described after treatment of fat tissue samples might
have been present before the treatments is evidently
not valid for the development of anodic and cathodic
fibrosis. The anodic and cathodic fibrous tissues are
histologically of distinely different appearances. These
tissues are furthermore radiographically different and
developed clearly during the electrophoretic treat-
ments, as seen in serial radiographs. The rod-like,
tubular and suggested vascular structures in the fibrot-
ic material, on the other hand, have a spatial distribu-
tion and size which make it difficult or impossible to
detect them by radiographic techniques. Different evi-
dence indicates, however, that the structures de-
scribed may be newly formed. (a@) The rod-like and
tubular structures, lined by cells, were not found in no
specimens of untreated fat from the same breast tissue.
(b} The tubular structures with an appearance similar
to that of primitive galactophores have been found
only in the treated samples in connection with newly
developed fibrous material and (c) have been found
only in anodic fibrous tssue. (d) When they are seen
in lengthwise sections, they are oriented in the same
way as the fibrous strands. (¢) “Channels” of only
fibrous material, containing fibroblast-like cells, have
been encountered only in anodic parts of electrophore-
tically treated breast fat and abdominal fat. (f) “Epi-
thelial cells” of primitive “‘galactophores™ are encoun-
tered only in anodic fibrous tissue.

The possibility that direct current may induce modi-
fications of tssues and cells can not be excluded, on

Fig. XVI:44. In vitro production of “channels™ by electro-
phoretic treatment of human abdominal fat tissue. Same tis-
sue sample as in Fig. XV1: 43, () Rod-like structure (ar-
rows) in anodic fibrous tissue adjacent to a structure inter-
preted as a cross-sectioned channel with a well developed lu-
men (X). The “channel” has cells in its wall and is surround-
ed by circularly arranged fibres. (b) “Channels" from the
mid-part of the same specimen show no fibroblasts in the
dark (bluish) stained wall, which is surrounded by a thick
layer of fibrous tissue. (¢) “Channel” from the cathodic part
of the same specimen. No fibroblasts or particularly stain-
able lavers are seen in the wall (haematoxylin-eosin stain).

the basis of the data thus far. If this possibility is
correct and if we were also able to follow a preferential
pathway for current through the tissue from the anodic
tw the cathodic side of the specimen, then we should
be able to observe a gradual change in the modifica-
tions of the ussue. This observation will shortly be
undertaken, but first we must try to identify cathodic
structures which may correspond to the anodic struc-
tures described.

O. Closed circuit production
of cathodic tissue channels

In the cathodic field in electrophoresis of breast fat
tissue, many of the cellular elements successively dis-
appear. Instead, fibrous tissue develops which does
not contain fibroblasts. Other structural transforma-
tions can, however, also be recognized. In order to
demonstrate the relative differences between anodic
and cathodic transformation of fat tissue, the cathodic
changes will, as far as possible, be demonstrated in the
same material as was used for demonstration of the
anodic changes.

The gradual development of cathodic atrophy of fat
cells, reticular structuring of their cytoplasm and for-
mation of cathodic fibrosis were described in Section
M (Fig. XVI:33). Many cells in the anodic fibrous
tissue were also described to form groups surrounded
by fibrous enclosures (Figs. XVI: 38, 39). These an-
odic grups can be compared with strange-appearing
groupings of “cells” in cathodic tissue (Fig. XVI: 43),
The survey in Fig. XVI:45a shows multiple cross-
sectioned and one lengthwise sectioned grouping of
*cells” in cathodic fibrosis. The enlarged view in Fig.
XVI: 45 b shows small circularly arranged fat “‘cells™
inside a fibrotic enclosure around each group of “cells”.
The individual “cells”, which represent new structural
elements, each show a central, condensed material like
a cellular nucleus. Each group of ““cells” contains in its
centre an “extracellular” collection of material, which
looks like a local accumulation of fibrous tissue (X))
and which extends as radiating structures between the
“cells” to the circular fibrous sheet surrounding each
group of “cells”. Between the groups of “cells” (Fig.
XVI: 45b) are also seen large “cells”, some of which
look empty. Some have the appearance of the grouped
“cells™ and contain a “nucleus”. An enlarged view of a
lengthwise sectioned ‘‘core” is shown in Fig.
XVI:45¢. The groups of “‘cells” of this type may
disappear gradually (Fig. XVI: 46a). Another line of
transformation of small “*cells” contains blue staining
of their cytoplasm with haematoxylin-eosin (Fig.
XVI: 46 B).

The development of cathodic channels by disap-
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Fig. XVI:45. In vitro production of cathodic channels in hu-
man breast fat (10 V, 30 coulombs, 17 days). (a) Overview of
newly formed cathodic fibrosis, containing collections of
transforming fat cells. (&) “Cells" of neoplastic appearance
are arranged in groups inside a fibrous enclosure. The
“cells” contain dark material in the centre. The middle of

pearance of transformed fat “cells” is illustrated in
Fig. XVI: 47. The central location of a **core” of small
transforming fat cells in a new-formed, cathodic fi-
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each group contains a possibly fibrous material (X) with ra-
diating structures which extend to the fibrous enclosure.
The groups are assumed to represent cross-sectioned “cores”
of transforming fat cells. (¢) Lengthwise section of a “‘core”
of far cells (haematoxylin-eosin stain).

brous strand is seen in Fig. XVI: 47a. Its right part
shows the formation of a primitive lumen. Fig.
XVI: 47 b shows the small cells containing *“‘nuclei”



Fig. XVI:46. Two lines of
development of transformed
cathodic fat “cells™. (a) The
small cells with a central
dark “nucleus’ may gradu-
ally dissolve, leaving a lu-
men surrounded by a fi-
brous wall without fibro-
blasts. (#) Some of the small
“cells” forming groups con-
tain bluish (dark) cytoplasm
(haematoxylin-eosin stain).

and disappearing cellular walls. A newly formed ca-
thodic channel is seen in Fig. XVI:47¢, d. This chan-
nel does not contain any cells in its ““walls” or in the
surrounding fibrous tissue. The wall of the channel
takes relatively more blue stain with haematoxylin-
eosin than does the surrounding fibrous tissue. The
inner surface of the channel is lined with a birefringent
sheet (arrows, Fig, XVI: 47 4).

Other structural developments leading to channels
in the cathodic fat tissue have also been observed.
These will be described in connection with a discus-
sion on the possible role of flow of current over BCEC
pathways in angiogenesis, Section Q. We will now
continue to analyse the critical question of whether the
structural modifications in the anodic and cathodic

fields have developed under the influence of the ap-
plied current or if they were present in the fat tssue
specimens before treatment.

P. Transformation of tissue
and cells across the
intermediate zone between
anode and cathode

We have now described some structural characteristics
of “pure” anodic and cathodic breast fat tissue in Sec-
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Fig. XVI:47. In vitro production of cathodic channels in hu-
man breast (10 V, 30 coulombs, 17 days). (a) Overview of fi-
brous strand with central “core™ of atrophying fat cells form-
ing a channel. (b) Magnified view shows atrophic fat cells
with centrally located dark material. The lysing of the walls
of many of these cells is evident, (¢) Well developed cathodic
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channel in fibrous tissue. No cells of any kind are present.
The walls of the channel are more blue-stained than sur-
rounding fibrous tissue. (d) The inner surface of the wall is
lined with a birefringent thin structure (arrows) (haematoxy-
lin-eosin stain).



Fig. XVI:48. The transition between cathodic “cores™ (left)
and anodic “rods™ (right) in the intermediate zone between
the cathodic and anodic fields of electrophoretically treared
human breast fat (10V, 30 coulombs, 17 days). (a) Overview
of the intermediate zone, Two transitions between cores and
rods are indicated by asterisks. (b) Enlarged extension of the
zone in the cathodic direction (left of @) (see also Fig. XVI:

45a). (c) Enlarged extensin of the zone in the anodic direc-
tion (right of a) (see also Fig. XVI:40¢). The cathodic core
contains light cells with multiple dots (a, ) and the anodic
rod contains dark small cells (a, b, ¢). These cells develop
gradually into larger round or cubical cells of epithelial type
outlining a lumen (¢, to the right) (haematoxylin-eosin stain).
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tions N and O. The appearances of these structures
differ considerably from each other. If they are the
result of the current applied over each specimen, a
continuous transition between the structural changes
should be present in an intermediate zone between
“pure” anodic and cathodic transformations. Anedic
“rods” and cathodic “cores™ extend along newly
formed anodic and cathodic fibrous strands. “Rods™
and “cores™ should then have some connections in the
fibrous tissue. A serach of serial sections was therefore
undertaken to find the transition between “‘rods™ and
“cores’ in an intermediate zone between anodic and
cathodic tissue. This task proved not easy. A look at
the direction of newly formed fibrous tissue (e.g., Fig.
XVI: 30) shows that it develops as curved or crooked
extensions, which should correspond to preferential
pathways for current between the electrodes. There-
fore the intermediate zone for a specific pathway of
current can not be found positioned in a predictable
plane through the specimen. Different lengths of pref-
erential pathways for current through the specimen
and variations of conductivity should lead to different
gradients of flow of current. Hence intermediate zones
of transition between cathodic *“‘cores” and anodic
“rods’ should appear in different sites in the tissues.

An overview of an intermediate zone between ca-
thodic *cores” and anodic *‘rods” is shown in Fig.
XVI: 48 a. After staining with haematoxylin-eosin, the
anodic fibres showed dominating birefringence and
the cathodic fibres a bluish colour under polarized
light and a red filter. This difference facilitated recog-
nition of the intermediate zone, which appeared to be
irregularly extended. Already from Fig. XVI:48,
which represents a microphotograph taken under ordi-
nary light, 1t may be evident that a cathodic “core” to
the left continues into an anodic “rod™ to the right
(upper part of Fig. a). The left part of Fig. a is seen as
an enlarged cathodic extension in Fig. b, and the right
part of Fig. @ as an enlarged anodic extension in Fig. c.
In the upper part of Fig. b, transforming cathodic fat
“cells” are seen. In the lower part of Fig. b another
transition is seen between a cathodic “core™ and an
anodic rod. More in the cathodic direction the cathodic
“cells” appeared as shown in Fig. XVI: 45a. Finally,
in Fig. XVI:48¢, a gradual change of the anodic
“rods” is seen as rather clearly visible cells of epithelial
type which start to outline a lumen to the right. The
continuation of this channel in the anodic direction
was earlier shown in Fig. XVI: 40¢. The appearance of
cathodic and anodic “cells” in the intermediate zone
gives the impression of a gradual change of their ap-
pearance. The cathodic “cells™ in this zone show mul-
tiple small dots in their “cytoplasm™. Deeper in the
cathodic field the *“cells” contain one single structure
which looks like a cellular nucleus (to the left in Fig.
XVI:46a). The “cells” also appear in structured
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groups. The anodic “cells” in the intermediate zone
appear spindle-shaped and stain dark-blue with hae-
matoxylin-eosin. Deeper in the anodic field they be-
come rounded or cubical, they increase in size and
develop an epithelial appearance before they form tu-
bular ducts (Figs. XVI: 38 ¢, 40).

Ar this point we may conclude that the easily de-
tectable new formations of cathodic and anodic fibrosis
are not the only structural changes which take place in
a fat specimen under the influence of applied direct
current. Very easily recognizable modifications of
structures and cells are also obtained, which look like
cellular and structural differentiation. The most com-
plex structural components are also obtained relatively
close to the two electrodes as cathodic and anodic
groupings of newly formed complex structures. It is
rather remarkable that these can be produced even in a
piece of “dead” ussue. Electric induction of structural
modifications of cells and nssue is therefore possible. Cor-
responding spontaneous transformations in tissue should
evidently also be possible over activated BCEC systems.
Given this background, we will next discuss the possi-
bility of formation of new vessels over activated BCEC
systems,

Q. Discussion on closed
circuit development of vessels

The presentation of the material in Sections N, O and
P indicates that different channels may develop in a
tissue when exposed to weak direct current over a
relatively long time, i.e., 2-5 weeks. Some of these
channels were interpreted tentatively as possible early
stages in the development of vessels in breast fat tissue
(Figs. XVI: 41, 42) and in normal subcutaneous ab-
dominal fat (Figs. XVI:43, 44). These assumptions
were made merely because blood and lymph vessels
are the only remaining channels we would expect to
develop in these tissues. A tentative explanation for
early development of galactophores in breast fat was
presented in the previous Sections N, O and P. A
different approach will now be illustrated to identify,
if possible, newly formed vessels after electrophoretic
treatment of abdominal and breast fat tissue.

Newly formed vessels are common in granulation
tissue and often around malignant tumours. In Figs,
XVI:49 and 52, comparisons will be made between
endogenously developed pathological vessels and ves-
sel-like structures from electrophoretically treated ab-
dominal and mammary fat tissue. Thus, a thick-walled
cathodic channel of multiple round cells and a central,
narrow lumen is shown in Fig. XVI:49a, b. This
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Fig. XVI:49. Comparison between electrophoretic, in vitro with birefringent fibres and a thick layer of organized cells.

production of cathodic tissue channel in human abdominal {c) Owverview of pathological vessel in the lung adjacent toa
fat and spontanecusly developed pathological vessel around a carcinoma. (d) The cellular components in the wall of the
carcinoma of the lung. (a) Overview of cathodic fibrous vessel appear similar to the newly formed structure seen in
strand in human abdominal fat containing a partly open, Figs. a, b (haematoxylin-eosin stain).

centrally located, narrow channel. (b) The channel is lined
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structure was obtained after electrophoretic treatment
of normal subcutaneous abdominal human fat (10 V,
about 20 coulombs, 4 weeks). In Fig. XVI: 49¢, d,
microphotographs are shown from a spontaneously
developed pathological vessel adjacent to a pulmonary
carcinoma. This vessel also has a thick wall but a well

developed lumen. The magnified view shows cellular
elements which have an appearance similar 1o the
cellular elements of the newly formed structure in the
abdominal fat specimen. The wvariability of newly
formed structures from normal abdominal fat treated
electrophoretically is, however, rather wide. Thus, the
structures shown in Fig. XVI: 50a are interpreted as
early stages of development of the structures shown
in Fig. XVI:49a, b. The structures shown in Fig.
XVI: 50 b represents, on the other hand, a presumably
later phase of development. These examples (Figs.
XVI:49g, b and 504, b) were all obtained from the
cathodic field and the same slide preparation (haema-
toxylin-eosin).
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Fig. XVI:50. Development
of cathodic “channels™ by
electrophoretic treatment of
normal human subcutane-
ous abdominal far tissue.

{a) Suggested “early™ stages
of development of the type
of structure which is shown
in Fig. XVI:49a, b.

(b) Channel-like structure
with well developed lumen.
Light cellular structures in
the thick wall of the “‘chan-
nel” contain dark, point-like
“nuclei”, like those which
develop in cathodic fat (see
Fig. XV1:484a, b). Same
slide preparation as Fig.
XVI: 494, b (haematoxylin-
ensin stain).

Structures similar to those shown in Figs. XVI: 49,
50 also developed after treatment of breast fat. Thus,
Fig. XVI1:51a, b, ¢ illustrates structures obtained
from the cathodic field of an electrophoretically treat-
ed specimen from human breast fat. In the overview
ia) one small and one large circular structure are seen.
Both contain fibrous elements and *‘cells” in their
walls similar to the appearance shown in newly devel-
oped structures in cathodic abdominal fat (Figs.
XVI:49a, b and 50a, b). The enlarged view (Fig.
XVI: 51 b) shows that the large channel contains fibres
of different directions, indicating a tendency toward
structural differentiation. Fig. XVI:51¢ shows that
the small structure does not have a fully developed
lumen.

One line of possible development of vascular chan-
nels was suggested in the description of atrophy of
breast fat cells (Fig. XVI:47) and in abdominal fat
(Fig. XVI: 44). The complete lack of cellular elements
in these channels indicate that they represent only one
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Fig. XVI:51. Development
of cathodic “channels” by
electrophoretic treatment of
human breast fat tissue (10
WV, approximately 26 cou-
lombs, 7 days). (a) Over-
view of two circular struc-
tures interpreted as cross-
sectioned “‘channels”. The
lumen of the smaller chan-
nel has not yet fully opened
(arrows). (b, ¢) The walls of
both structures show fibres
in different directions and
small cells with light “cyto-
plasm™. The appearance of
the walls of the large struc-
ture gives an impression of
an ongoing differentiation of -
layers (haematoxylin-eosin
stain).

stage in the development of channels. Some channels
formed by atrophy of fat cells do have, however, an
appearance which is rather similar to that of pathologi-
cal vessels around breast carcinomas. In Fig.
XVI: 524, a cathodic channel is seen in breast fat after
electrophoretic treatment (10 V, appr. 26 coulombs, 7
days). Fig. XVI: 52 b shows a pathological vessel in a
fibrotic strand adjacent to a mammary carcinoma.
Each specimen shows cathodic transformation in the
fat cells, some of which also showed reticulation in
their cytoplasm.

The material presented in this section is intended
only as a stepping stone for a preliminary discussion of
the possibility that BCEC mechanisms might be in-
volved in the development of vascular channels.

Recent work on tumour angiogenesis has been con-
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centrated on the assumed production of what has
been called a tumour-angiogenetic factor (TAF), mito-
genic to capillary endothelium and thought to stimu-
late the formation of vessels (35, 36, 37, 58). Thus,
new tumour capillaries have been elicited after a tu-
mour is enclosed in a Millipore filter chamber (45) and
the chamber implanted in a cheek pouch of a hamster.
Such studies have led to the assumption that the in-
duction of capillary growth was caused by a diffusable
substance named the tumour-angiogenetic factor. This
anticipated factor has not been characterized chemical-
ly. It has been extracted from tumours and placental
tissue (37). That the development of vessels is essential
for growth of solid neoplasms has long been known.
Vascularization of tumours takes place only by capil-
lary proliferation. Neoplastic vessels of a tumour are
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thought to be unique in that the neoplasms usually do
not contain “veins’’ and *‘arteries” but a rich network
of capillaries bounded only by an endothelial epitheli-
um. This type of capillary growth is, however, not
unique to neoplasms; it also occurs in granulation
tissue (45). The mechanism that induces the growth of
tumour vessels and granulation vessels is, however,
considered as unknown (45).

Many factors and mechanisms seem likely to be
involved in these events. The existence or nonexis-
tence of a TAF need not necessarily exclude the possi-
ble existence of an electrogenic component, which has
been simulated in the present experiments by leading
direct current over “dead” tissue in an electrophoretic
chamber. The metabolism or degrading processes of a
tumour may produce electric polarization of the tu-
mour against its surroundings and hence induce an
electric current over a BCEC. More specifically, such
circuits may be represented by VICC (vascular-inter-
stitial closed circuits) for development of vessels. A
spontancous current over such connections should be
able to induce an outgrowth of new vessels.

When a primitive vessel is subjected to spontaneous
fluctuations of polarity of the driving electromotive
force caused by, e.g., a necrotizing process in the
tumour, the vessel may eventually develop further into
a mixed anodic and cathodic vessel, as a result of
bidirectional flow of current. The development of a
complete vessel should further require, e.g., the modi-
fving influence of blood and the mechanics of circula-
tion. New primitive channels can be expected to grow
at sites of preferential conductivity through capillary
membranes and in preferential pathways for current in
the interstitial tissue. In future attempts to improve
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Fig. XV1I:52. Comparison
between electrophoretic in
vitro production of a cathod-
ic tissue channel in human
breast fat and a spontane-
ously developed pathological
vessel around a mammary
carcinoma. (a) Cathodic fi-
brous strand in breast far
contains fat cells, which
seem to disappear, leaving a
lumen. (b) Pathological ves-
sel in a fibrous strand
around a breast carcinoma.
Both channels (a and &)
seem to develop by atrophy
of fat cells, leaving a fibrous
channel (haematoxylin-eosin
stain).

vascularity in tissue, it may prove useful to consider
this new view of angiogenesis. From this discussion it
also appears evident that a mechanism for outgrowth
of ductal channels and induction of neoplasia can be
derived as a BCEC effect over ductal-interstirtial closed
circuits.

R. Microcalcifications:
historical review

Microcalcifications in carcinoma of the breast were
first described by Salomon in 1913 (83). Their impor-
tance for the recognition and early diagnosis of breast
cancer was pointed out by Leborgne (65). Unfortu-
nately, “malignant” and “benign” as characterizing
terms for these calcifications are in many ways mis-
leading and have been used rather frequently in many
publications in the last few years.

Citoler and coworkers (22, 23) found only 15 of 113
breast carcinomas to contain so-called microcalcifica-
tions. Attempts to define what is typical for microcal-
cifications in malignant breast tumours have been
made by Gershon-Cohen (42), Egan (31), Baclesse and
Willemin (10), Hoeffken and Lanyi (55), Lamarque
{60}, Barth (14) and others. In a recent survey, Lanyi
{63) found that size, number, dispersion, opacity and
contour of breast calcifications were not characteristic
as signs of malignancy. Nevertheless, it is well known
that mammographic microcalcifications very often call
the attention of the examiner to the region where a
carcinoma is growing.



Gerlach and Thiemann (40) as well as Pape and
Stegner (78) have performed electron microscopic
studies of breast carcinomas. Because the female
breast has the capacity to excrete calcium during lacta-
tion, the suggestion has been put forward that the
breast also may have the capacity to accumulate cal-
cium particles intracellularly in cancer cells as a result
of metabolic cell activities.

Ahmed (2) supports the theory of active secretion of
calcium because mammary epithelium is capable of
concentrating calcium ions (87). In ultrastructural
studies, Price, Hanrahan and Florida (79) reported
that both electron diffraction and electron probe analy-
sis showed that the crystalline material is hydroxyapa-
tite (CasP0O,):OH. Chemical analyses of some micro-
calcifications have been made by Moros, Pinter and
Molnar (71), who found the following composition:
calcium 25.4 %, magnesium 2.6%, carbonate 5.8%
and carbon 13.8%. Spectrophotometric examinations
showed that the calcium and magnesium are predomi-
nantly bound to phosphate. Under certain assump-
tions, the following molecular composition has been
suggested (cit. by Hoeffken and Lanyi) (55):

CH](PD4}3 55.0%
CaCO, 9.7%
Albumin 22.0%

For an understanding of the different aspects of
degenerative changes of tissue, the mechanisms of
autolysis are of fundamental importance. An excellent
survey of the relevant literature has been made by van
Lancker (62). A short recapitulation of selected as-
pects of autolysis follows:

The destruction of cellular components, e.g., by
hypoxia, 15 caused mainly by hydrolytic enzymes re-
leased from lysosomes (29, 92). Phosphate 1ons will be
available from hydrolysis of ATP when living tissue is
exposed to hypoxia (4, 56, 74), which further leads to
autolytic changes (8, 26, 77). A decrease in oxygen
supply to the tissue further leads to elevated concen-
trations of hydrogen ions, lactic acid, CO, and other
metabolic products. The acids promote an increase of
proteolytic activides. The release of hydrolytic en-
zymes also alters membrane permeability, which in
some way is coupled with a cellular inflow of Ca™",
Na" and water.

In studying cellular death, Judah and Spector (58),
McLean and coworkers (64) have found that the cou-
pling of oxdaton to phosphorylation is completely
blocked within 30 minutes after the onset of autolysis.
Another early manifestation of injury was found to be
a loss of ATP. Simultaneously, the degrading tissue
becomes acid. Under these circumstances it is difficult
to understand how calcium, which is known to preci-
pitate in alkaline environments, can precipitate in

acidic tissue. As we are here dealing with pathological
precipitation of calcium, the only explanation is to
assume somehow that local factors trigger the precipi-
tation of the salt. Exactly what precipitates calcium is
not known. One proposal is that changes in the matrix
lead to crystallization of the calcium salts because the
altered matrix may act as a seed for the precipitation of
hydroxyapatite. Irving, reviewing the mechanism
of mineralization in cartilage and bone (57), believes
that collagen is a focus for calcification. No calcifica-
tion, however, was seen in collagen in breast carcino-
mas in the studies of Ahmed (2). Anderson (5) has
described extracellular vesicles as foci for calcification
in bone mineralization. Acidic phospholipids have also
been considered as targets for mineralization of bone
(88). Phospholipids and phosphoproteins, such as ca-
sein, are the most likely foci for calcifications in breast
cancer, according to Ahmed (2). It may also be men-
tioned that acidic phospholipids are probable target
substances for calcifications of aortic valves (39). In all
calcifications it therefore seems necessary to begin
with some kind of matrix, which under certain circum-
stances serves as a target for mineralization.

Recently Hoeffken and coworkers (55) have stated,
“The pathogenesis of calcium deposition in the various
forms of fibrocystic disease and breast carcinoma is
still an enigma in spite of intensive investigations using
electron microscopy, ordinary microscopy as well as
chemical and radiological methods.”

S. Closed circuit production
of microcalcifications

Possibilities of locally precipitating calcium in tissue
will be explored in this section by means of fluctuating
physicochemical potentials over a closed circuit. These
experiments, like the previous experiments in this
chapter, were conducted as driven systems and must
therefore be compared with corresponding reactions of
endogenous self-driving systems in vivo over BCEC. A
recapitulation of some aspects of tissue injury will
facilitate understanding the experiments to follow.
The experiments on autolysis of blood (Chapter VII)
revealed that early in autolysis protons are produced.
Later in autolysis protons are lost. The tissue then
changes from being a proton donor into a proton
acceptor. Fluctuation of pH was found to be about one
pH unit or approximately 60 millivolts. These changes
are logical consequences, because ATP is not pro-
duced over the Krebs cycle when oxygen is lacking.
Phosphate ions will then accumulate, because their
recombination or dissipation (e.g., by diffusion) is
slower than corresponding proton reactions. A contri-
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Fig. XVI:53. In vitro production of anodic martrices, which
subsequently are utilized for creation of microcalcifications
in breast fat. {a) Soft tissue radiograph prior to application of
direct current. () After 25 coulombs at 10 V (26 days), small
“dots” are seen at natural size in the lower part of the anodic
field (arrow). (¢) Photomicrograph (haematoxylin-eosin) of

bution of phosphate to the development of an electro-
negative reaction of the autolyzing tissue is now of
obvious interest. A drive toward electrochemical equi-
librium between the electronegative necrotic tissue
and the surrounding tissue can now take place in the
form of an inflow of cations and an outflow of anions.
The normal surrounding tissue can supply cations,
Electrostatic attraction and repulsion of ions in such
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anodic membrane with many “dots" in the anodic fat. {d)
Detail photomicrograph. These “dots" are bush-like struc-
tures which develop at the inner membrane surface of fat
cells. The “dots™ contain birefringent material. No calcium
was shown with von Kossa or Alizarin stains. See further

Fig. XVI. 54,

events are not likely quantitatively to be very efficient,
because the transports have to take place over relative-
ly large distances. The transports can, on the other
hand, take place with considerable efficiency over a
BCEC, e.g., the VICC (vascular-interstitial closed cir-
cuit).

Among the available inflowing cations, calcium and
magnesium can be expected to combine with accumu-



Fig. XVI:54. Microcalcifi-
cations produced in vitro in
breast fat by means of re-
versed flow of direct cur-
rent. Unidirectional electro-
phoresis of breast fat first
led to “dot™-like structures
in the anodic fat (as shown
in Fig. XV1: 53). The cur-
rent was then reversed (10
V, 8 coulombs, 7 days). The
previously acid anodic tissue
then became alkaline, lead-
ing to precipitation of cal-
cium in the “dots”, which
serve as matrices for the pre-
cipitation. (a) Overview of
caleified matrices.

(b) Larger magnification
(haematoxylin-eosin).

{¢e—d) Specific staining of the
caleium ions 15 positive with

lated phosphate ions in the necrotic tissue, resulting in
precipitation of hydroxyapatite when the isoelectric
region for this complex compound is reached. The
accumulation of increasing amounts of calcium and
magnesium phosphate will diminish the anionic re-
sources of the autolytic process, thereby leading to a
tendency of the tissue to turn into an electropositive
reaction. Thus, the total reaction attenuates and fluc-
tuates as it moves toward equilibrium.

It is obvious that the stepwise description of these
events must in reality represent a continuous process.
For example, a local “accumulation” of protons or
phosphate ions must be regarded as an expression of
their time-related statistical representation. The sum-
mation of the events of all reactants will in time pro-
duce a fluctuating electrochemical potential which in-
exorably moves toward equilibrium of the total reac-
tion (note further possible cascade reactions, page
118).

If these assumptions are correct, it should be possi-
ble to produce calcifications in tissue by means of a
fluctuating electric potential over a closed circuit
which includes a section of tissue.

In the hypothetical model, calcium and magnesium
phosphate have been anticipated to precipitate during
an electronegative phase of the injured tissue. What
happens during the initial, preceding electropositive
phase? Perhaps the answer is found in the develop-
ment of a suitable matrix for the precipitations, ac-
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cording to what has been assumed to be a necessary
prerequisite in bone formation.

In the electrophoretic experiments with 10 volts and
“unidirectional” current over human or dog fat tissue,
no calcium precipitation was ever observed in histo-
logical sections of the material (prepared with von
Kossa or Alizarin stains, which are suitable for its
detection). Fig. XVI:53a shows a specimen of fat
before and Fig. XVI:53b after delivery of 25 cou-
lombs at 10 V. The arrow points to small “dots”
of increased x-ray attenuation in the lower part
of the anodic area. Fig. XVI:53¢ shows a fibrous
membrane and “dots” in a histologic section of the
anodic region. These dots consist of parually birefrin-
gent material arranged as “‘radiating structures” or
“bushes™ in fat cells. These “bushes™ are intracellular-
ly attached to the cell membranes and do not stain for
calcium (Fig. XVI:534d). Because the “bushes” were
produced in the acidic, anodic field it was thought that
they could possibly represent local matrices and con-
stitute focal sites for later precipitation of calcium.

The experiments were therefore continued with
subsequent polarity of the electrodes reversed in ex-
periments where “dots” had been identified radiogra-
phically in the anodic field. In such experiments, focal
precipitations of calcium were produced (Fig.
XVI: 54). Fig. XVI: 544, b shows blue hacmatoxylin-
eosin staining of experimentally produced microcalcifi-
cations, while ¢ and d show specific staining of the

BCEC in cancer of the breast 239



calcium ion with Alizarin. The experimental calcifica-
tions show arrangements of the crystals similar to the
matrix of the anodic “bushes”. The microcalcifica-
tions also show some birefringence, which might be
caused by the matrix. In these experiments the cal-
cium precipitation in the bush-like matrices could not
be demonstrated with von Kossa stain. Alizarin spe-
cifically stains the calcium ion, von Kossa the phos-
phate ion. The calcium precipitate is therefore possi-
bly present in the specimen as carbonate or oxalate but
not as phosphate.

Discussion

The experimental, direct current production of micro-
calcifications in breast fat now raises the question of
the mechanism of their development at certain sites
rather than diffusely in the tissue. This finding may
depend on differing susceptibilities for injury of indi-
vidual cells and cell groups. The number of matrices
in the anodic phase and the number of calcium-pre-
cipitations in the cathodic phase have been found to be
greater close to the electrode than in the centre of the
specimens. The general viability of breast cancer cells,
moreover, can be expected to be less than that of
normal cells. When exposed to spontaneous local nu-
tritional disturbances, as by compression or impaired
blood supply, focal sites of necrosis can be expected to
develop. The local injury should then produce a spon-
taneously fluctuating potential, leading to the produc-
tion of microcalcifications according to the mechanism
which is outlined in principle above.

These studies support the assumption that microcal-
cificarions per se are not pathognomonic for malignan-
cy. Focal cellular necrosis, however, is more likely in a
carcinoma than in normal tissue. Therefore, microcal-
cifications are often found in a neoplasm, but are diag-
nostically specific only as an indication of a preceding
injury to tissue and not as an indication of cancer. As a
matter of fact, all calcifications after injuries of tissue,
¢.g., calcium in the soft tissues of the shoulder, in
cartilage, discs, tendons, local haematomas, and
lymph nodes, are known to consist of hydroxyapatite.

Accordingly, deposition of calcium in a previously
injured tissue should not be considered as a disease per
se but as part of the healing process, as is the develop-
ment of scar tissue. Calcinosis reparativa would there-
fore be a proper name for the development of such
“pathological™ calcifications.
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T. The yellowish zone around
breast carcinomas

Pathologists have for years noticed that carcinomas of
the breast often show a yellowish zone adjacent to the
tumour (11, 32, 80, 89).

Such a yellowish zone is seen around the breast
carcinoma in Fig. XVI: 55 a. The adipose tissue within
a distance of 10 to 15 mm from the edge of the tumour
has a more orange colour than fat in the periphery of
the specimen. Fig. XVI:55b shows a radiograph of
the tumour. A photomicrograph (Fig. XVI: 55d) of a
histologic section demonstrates moderately extensive
atrophy of fat cells at the edge of the umour. Infiltra-
ting round cells are also present.

Bahrmann (11) found the yellow zone in 80% of 200
breast cancers, but never around a fibroadenoma. In
occasional cases a yellow zone was also seen in the
breast around tuberculous, luetic and actinomycotic
foci.

Macroscopically the yellow zone is seen most easily
in daylight. In artificial light the zone may show only a
slightly different colour from that of ordinary fat.
Metastatic carcinomas in fat tissue, whether from the
breast or other primary sites, may also show a yellow
zone. Examples of this phenomenon have been shown
in the subcutis and adjacent to the stomach and colon
(89, 32).

According to Falk and Pfeifer (32), the yellow zone
and peritumoural atrophy of fat cells are caused by
some kind of reaction of the stroma. As the fat cells get
smaller, the more apparent is the yellowish zone. No
satisfactory explanation of the development of so-
called atrophic far cells and the yellowish zone has yet
been presented.

The experiments with in vitro electrophoresis of
lanolin (Fig. XVI: 15) revealed that this material con-
tains bright yellow fat with low attenuation and white
fat with higher artenuation for x-rays. These fatty
compounds separate easily from each other by electro-
phoresis.

In vivo electrophoresis in an anaesthetized dog with
two platinum electrodes inserted into breast fat
showed relative movement of water to the electronega-
tive electrode and of fat from this electrode (Table
XVI: 1). Small fat droplets were even seen between the
“arrophic” fat cells on the electronegative side and
distended fat cells on the electropositive side. Simulta-
neously, the colour of the fat was greyish on the
electropositive side and brownish on the electronega-
tive side. From the experiments on mesentery (Chap-
ter XIV) it was found that diapedetic and intravascular
thrombosed blood became dark brown after some
time. The introduction of electrodes percutaneously
into breast fat in vivo in a dog was also associated with



Fig. XVI:55. The yellowish
zone around a breast carcino-
ma. (a) Photograph of surgical
specimen (centimetre scale).
The yellowish zone is 10 to 15
mm broad and shows dark yel-
low fat. Preoperative stereotaxic
needle biopsy caused two bleed-
ing points inside the tumour
and two in the yellow zone.
(b}hhmmusram preoperative,

phoresis of breast fat makes ca-
thodic fat turn successively yel-
low-orange-brown while the an-
odic fat increases in whiteness.
(d) Histological section from

edge of the cancer shows S ol
“atrophic, small fat cells” adja- ;'",. fvﬁ:
cent to the tumour, which is

known to be accompanied by a
yellowish zone.

some small local bleedings, which could explain the
brownish discolouration of the fat tissue in these ex-
periments.

In order to avoid any possible effect of local blood
derived from injury, experiments were performed with
fresh fat ussue obtained from human mastectomies.
This fat tissue was treated with electrophoresis as
shown in Fig. XVI:17. The result of the treatment
was a red-yellow zone, which can be seen close to the
electronegative electrode (Fig. XVI:55¢). This zone
initially was light yellow. As the electrophoresis pro-
ceeded, the zone became increasingly red-yellow to
brown-yellow. In one experiment the fat material was
illuminated with fluorescent light. The cathodic fat
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then showed light yellow fluorescence. The anodic
white fat did not fluorescence but appeared white-
vellow.

The development of small, atrophic fat cells adja-
cent to a carcinoma of the breast, as seen in Fig.
XVI: 554, is usually associated with development of
yvellow-red discolouration of adjacent fat. As was dis-
cussed in connection with the experiment shown in
Fig. XVI: 17, some fat is also mobilized adjacent to the
anode and is very likely influenced by anodic acidity.
This fat meets the electronegarive fat from the cathod-
ic field close to the anode. It now appears understand-
able that the atrophic fat cells typical of the anodic
type are surrounded by a vellow zone of cathodic fat.
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Bahrmann (11, 12) made the observation that the
more atrophic the fat cells appear at the edge of the
tumour, then the more dark yellow appears the yellow
zone. He also observed that the yellow zone can best
be seen in daylight or photographed with a blue filter.

Siimegi' (89) found that the yellow zone fluoresces
yellow in Muorescing light. A light green-blue chloro-
phyll-alcohol solution gives the zone a red fluorescence
in blue fluorescent light.

It is evident that the present tests of the yellowish
material must be extended for conclusive identifica-
tion. At this point in our understanding, the yellowish
zone around a breast carcinoma appears to be a result
of electrophoretic transports of fat material within a
BCEC.

U. Electrophoretic
accumulation of lymphocytes
around and inside breast
carcinomas

Lymphocytes are often found inside a breast carcino-
ma and in the tissues surrounding the tumour (Fig.
XVI: 56). Around the tumour they are usually increas-
ingly concentrated toward its surface. The presence of
lymphocytes in cancers has been thought to be part of
an immunologic reaction (24). Sometimes, fewer lym-
phocytes are present in the tumour than adjacent to its
surface. It has been assumed that in such cases more
Iymphocytes are destroyed inside than outside the tu-
mour due to a particularly strong immunologic reac-
tion inside the tumour.

The mechanism responsible for the accumulation of
white blood cells around tumours, different kinds of
infectious tissue lesions and in immunologic reactions
is still unknown (62). The usual explanations are often
restricted to discussions based on the concept of *“che-
motaxis”, which was treated in Chapter XIV, Sections
J and K, in connection with anodic accumulation of
granulocytes. Because chemotaxis is regularly included
in discussions of lymphocytic accumulations, this
mechanism will also be considered in this connection.

Chemotaxis is assumed to be a result of a variety of
not very well defined chemicals present in bacteria and
in inflammatory exudates (17, 50, 51). In acute inflam-
mation, polymorphonuclear cells accumulate. In
chronic inflammation such as tuberculosis, monocytes

! The author is greatly obliged to Prof. I. Siimegi, who supervised
these 1es1s and supplied the author with valuable information from
his research on pathologic tissue components around tumours in fat
lissue,
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are common. Positive and negative chemotaxis are
thought to exist. In practice, only attraction has been
observed.

“Positive chemotaxis” is induced by many bacteria,
including Streptococcus pyogenes, Micrococcus pyogenes,
Diplococcus pnewmoniae, Escherichia coli, Bacillus antra-
cts, Salmonella typhi and Corynebacterium diphtheriae.
Leukocytic migration, on the other hand, is inhibited
by certain toxins, e.g., from Clestridium tetani.

Using exudates from inflamed tissue, Menkin (70)
claimed to have prepared a compound he called leuco-
taxine which could attract leukocytes. On the basis of
photographic studies of migrating leukocytes, Harris
(50) concluded that no product prepared from inflam-
matory exudates exhibited such properties. Harris (50)
suggested instead that polymorphonuclear migrations
result from the random distribution of polymorpho-
nuclear cells passing by diapedesis through the walls of
the capillaries into the interstitial spaces.

This explanation of Harris may, in the author's
opinion, be partly but not entirely accepted. The local
accumulation of leukocytes in inflammation is often
intense. A random distribution by local diapedesis
should not selectively affect the accumulation of white
blood cells in the diseased area in relation to other
blood cells, e.g., erythrocytes. Additional mechanisms
are probably also responsible for the selective accumu-
lation (43). Boyden (17) assumes that leukocytes pos-
sessthe ability to “recognize’ certain foreign marterials.

The studies of “humoural leukotaxic factors™ have
largely been carried out with bacteria, viruses and
inflammatory exudates (1, 69). Nevertheless, leuko-
cytes migrate also in aseptic necrosis (61). This obser-
vation indicates that neither an infectious agent nor its
toxic products are necessary for accumulation of leu-
kocytes (18).

Table XVI:4

Chemaotactic substances Chemotactic inhibitors

Toxins from bacteria
A serum fi-globulin
An a-globulin

“Leucotaxine™ from exudate,
probably a polypeptide
Calcium
Complement factor in serum
An y-globulin factor of
unknown nature
Polysaccharide from
Diplococcus pneumoniae
Mecrotic tissue
Colloidin particles
Cellulose particles
incubated with serum
Precursors of chemotactic agents
in plasma with activators
in liver, heart muscle
Kallikrein




Fig. XVI: 56. Histologie
sections through the edge
of a mammary carcinoma.
{a) Overview, atrophic fat
cells (middle left of Fig. a)
are adjacent to the carcino-
ma. Manv lvmphocytes are
infiltrating the tumour tis-
sue. (b) Lymphocytes are
also found in the fat tissue
surrounding the tumour.

Active participation of leukocytes in diapedetic ex-
travasation must also be discussed (44). The sizes of
leukocytes are variable. In phagocytosis they change
their shape by producing pseudopods. The shapes of
the leukocytes also vary when they migrate through
narrow spaces in capillary walls.

The testing of chemotactic effects of different mate-
rials from bacteria and exudates (17) has led to the
description of a wide range of chemotactic com-
pounds, some of which are collected from van Lancker
(62) n Table XVI: 4. As can be seen from this table,
no common or specific chemical factor is evident
among these substances.

Polymorphonuclear cells are in general assumed to
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be attracted in acute conditions by bacteria, viruses
and their exudates, different serum compounds and
tissue factors. No specific factor is known to accumu-
late the white blood cells. Theories have also proposed
that the chemotactic substances are released by the
leukocytes themselves. Selective chemical agents or
variations of tissue pH have also been thought o
produce the accumulation of different types of white
blood cells (72).

Harris (51) believes that the polymorphonuclear
cells and monocytes leave the blood stream by dia-
pedesis at the same time. Due to the longer survival
time of monocytes, the relative number of monocytes
increases in time, This analysis could then explain the
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relative increase in number of monocytes in chronic
inflammation. It is also known that cells other than
leukocytes show “chemotaxis”. For example, bacteria
are attracted or repelled by a variety of organic and
inorganic compounds.

On the whole, chemotaxis is a confusing and far
from clearly defined concept.

In the present work, different aspects and examples
have been presented of electrophoresis and electroos-
motic transports around different tissue lesions. Non-
specific injury of tissue and the existence of the pro-
posed VICC must therefore be considered in attempt-
ing to explain local accumulation of white blood cells
inside and around an injured tissue. A local injury will
create an electrochemical potential in relation to the
surrounding tissues. This potential difference will con-
stitute an energy source for transports regardless of the
source of the injury, e.g., bacteria, viruses, aseptic
necrosis, local bleeding in a tumour or any other cause
of degradation of tissue.

In the studies here reported of in vivo electrophore-
sis (Chapter XIV) it was found that diapedesis is in-
duced in capillaries on the electropositive side of an
electric field and that polymorphonuclear cells accu-
mulate massively in the vessels and in the interstitial
tissue around the electropositive electrode.

When a breast carcinoma develops a local injury,
i.e., from necrosis or bleeding, electronegative white
blood cells should be attracted to the tumour during
its phase of electropositive polarization as an electro-
phoretic process within the YICC. This explanation of
the acute accumulation of leukocytes is based on sever-
al known or assumed prerequisites:

1) It is known that certain parts of cells carry posi-
tively and negatively charged groups. Lymphocytes as
well as granulocytes carry a surplus of electronegative
fixed charges on their surfaces (13, 39, 53, 54, 73, 84,
85, 93, 94, 95). Their negative zeta potentials have a
magnitude of 15 to 20 mV at physiological pH and in
0.145 molar NaCl solution. Lymphocytes and platelets
are charged mainly by phosphatides of the cephalin
type, polymorphonuclear leukocytes mainly by car-
boxyl groups. The electronegative surface charge of
erythrocytes is determined by phosphate groups.

2) Charged particles, e.g., leukocytes, will move in a
closed electric circuit to a region of polarity opposite to
their charge. Leukocytes therefore move to the anode
in an electrophoretic chamber.

3) In spite of their relatively large size (diameter
6-20 wm), leukocytes are capable of passing by diape-
desis through capillary membranes.

4) In vivo analogues to the circuitry of an electro-
phoretic chamber are here assumed to exist as vascu-
lar-interstitial closed circuits (VICC) (Chapter XII).

5) After any kind of injury to a tissue, an electro-
physico-chemical potential develops in relation to sur-
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rounding normal tissue. The electric component of the
physicochemical potential then delivers the driving
energy for transports over BCEC channels.

Intravascular and interstitial accumulation of leuko-
cytes was produced in an in vivo experimental model
of spontaneous accumulation of leukocytes over a
BCEC (Fig. XIV: 15). In such experiments, electrodes
leaned very gently against normal mesentery of a living
dog. One to five volts were applied between the anodic
mesentery electrode and the reference electrode in the
aorta or inferior vena cava. The electrode potential
varied between 1-5 volts, giving rise to a current of a
few microamperes. Massive accumulation of granulo-
cytes could be obtained in vessels already at 0.002
coulombs of current. So-called margination of leuko-
cvtes was observed in vessels. Leukocytes then accu-
mulated in great gquantity around the anode. These
experiments indicate that previous tissue injury is not
obligatory for the anodic accumulation of leukocytes.
The behaviour of leukocytes in such experiments is
most easily explained as a result of electrophoretic
transport over a closed circuit, driven by an external
source of elecrrical power.

6) Previous discussions in the literature of chemo-
tactic attraction of leukocytes have overlooked the
possibility of electrochemical injury potentials, wheth-
er spontaneously or externally created. As far as the
author can ascertain, each of the factors for which a
chemotactic effect has been reported is capable of
polarizing tissue. If this view is accepted, then any
agent which is capable of driving electropositive polariza-
tion within a BCEC may electrophoretically attract leuko-
cytes. A driving electronegative polanization may, howeo-
er, also cause electronegative leukocytes to became accumu-
lated according to the mechanism of flow and field inter-
ference already described in Chapter XIV. Many other
factors are, however, also likely to be involved in the
selective, electrophoretic accumulation of charged cells
or compounds. Thus, the sizes and shapes of cells as
well as the steric locations and magnitudes of surface
charges should influence the transports. Furthermore,
different martrix factors as well as steepness and magni-
tude of the superimposed electric field are evidently of
importance in the presented explanation of selective
electric accumulation of cells in tissue. Certain partial
mechanisms in the transport of cells may even be
explained as, e.g., the formation of pseudopods of the
granulocytes. These pseudopods make it possible for
the white blood cells to “flow” through narrow pores in
the capillary membranes. The mechanism we then
have in mind has its correspondence in electroosmosis
Type I (Chapter IX). The principle of electrophoretic
transport is capable of explaining the accumulation of
leukocytes in different kinds of tissue injury. A corre-
sponding mechanism may also explain the accumula-
tion in tissue of lymphocytes, because lymphocytes



also carry a surplus of electronegative charges on their
surfaces.

How is the presence of lymphocytes explained in
chronic inflimmation and granulocytes in acute in-
flammation?

Once leukocytes have entered the interstitial tissue
by diapedesis through capillaries, they are trapped and
unable to find the same way back to the blood stream
when the electric polarity of the lesion is subsequently
reversed. Some of them may, however, reenter the
blood stream over interstitial lymphatic channels. A
gradual decrease of the granulocyte/lymphocyte ratio
may nevertheless preliminarily be explained by the
mechanism proposed by Harris: the granulocytes dis-
appear more rapidly than lymphocytes (i.e., by differ-
ent life span), which therefore gradually leads to local
lymphocytosis. It was also shown experimentally in
Chapter XIV, when dog lung tissue was electrically
polarized in vivo by an external power source between
two platinum electrodes, that three weeks after the
treatment lyvmphocytes and not granulocytes were ac-
cumulated around the electrodes. The common histo-
logic finding of lymphocytes inside and outside resect-
ed breast tumours should be interpreted only to mean
that these tumours are usually resected in a “late”
phase rather than in an acute phase of a degrading
process of the tumour.

V. Conclusions

The structural modifications of tissue around focal
lung lesions, which are called the corona structures, can
also be identified around breast cancers. The corona
structures in the breast include the radiolucent “A”
zone, the radiopague “B" zone, which may appear as a
local skin thickening, the small arches forming an
arcade, the circularly arranged structures and the radi-
ating structures, extending from the tumour surface
far out into surrounding breast tissue.

The biokinetic mechanisms behind the development
of these structures, as well as the development of fat
atrophy, microcalcifications, the yellow fat zone around
certain cancers in fat tissue and the accumulation of
leukocytes can be traced back to a common process of
spontanecus “healing”. This tendency of “healing” is
evidently insufficient for the development of a “true
healing” of a carcinoma. In previous chapters of this
book, the mechanism for the actual, insufficient pro-
cessof “healing™ has been identified. Thisis based on a
BCEC system {which contains biologically closed elec-
tric circuits). It represents a previously undescribed
mechanism for selective transport of material in tissue,
closely integrated with the mechanical, nonselective
systems of transport, e.g., the circulation of blood. The
specific BCEC of particular interest in this connection

is the vascular-interstitial closed electric circuit
(VICC). This consists of vessels, which were found to
act as electrically insulated, conducting “cables” as the
vessel walls have a high electric resistivity around the
conducting blood plasma. The plasma has an electric
connection over the capillary membranes with the in-
terstitial fluid, which, like plasma is a good conducting
medium. These two “electrical branches” form a
closed circuit which is driven by the electromotive
force between a local injury (i.e., necrosis or bleeding
in a tumour) and the surrounding noninjured tissue
around the tumour. The injury is a catabolic energy-
liberating process, which presents a fluctuating elec-
tric injury potential. This potential leads to ebb and
flow of transports in the circuit, resulting in modifica-
tions of tssue which we can identify radiographically
as the corona structures and histologically as several
modifications in the tssues and cells.

As in the lung, it was also found that breast tumours
sometimes present an electric gradient of potential in
relation to surrounding tissue. This occurs when the
tumours contain regions of degradation. The magni-
tude of electric potential varies with time because it
represents a spontaneous process which, like all such
processes, proceeds in a fluctuating, attenuating fash-
ion toward equilibrium. The duration of such fluctu-
ations over days, weeks or months makes transports
possible of considerable amounts of material, even
with small gradients of potential.

None of the actual structural modifications in breast
cancer is pathognomonic for malignancy. However,
the coincidence of necrosis and malignancy is high.
Therefore the structural modifications do often devel-
op in breast cancer.

The general biokinetic mechanisms in the develop-
ment of corona structures in lung cancer are described
in preceding chapters and applied to the particular
conditions of breast cancer in this chapter. To deepen
understanding of the actual problems, the reader is
advised also to study the content of the preceding
chapters. Thereby insights will be obtained, e.g., in the
construction and mechanism of activation of actual
BCEC systems, and the mechanisms of transport of
water in the circuit which produce the characteristic
perifocal differences of attenuation for x-rays.

So-called skin thickening is explained as a local
electroosmotic transport of water to the retracted skin.
The retraction, on the other hand, is produced by
electroosmotic local dehydration of hygroscopic ele-
ments in fibrous, radiating structures.

Besides water, fat is also transported in the activated
BCEC system, producing both atrophy of fat cells
adjacent to breast cancer and also the well-known red-
yellow fat zone which is often seen around malignan-
cies developing in fat tissue.

By electrophoretic transports, an interphase is
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formed between a hydropenic and a hydropic zone,
which leads to the development of arches and arcades
and circularly arranged structures around breast can-
cers.

Fibrous structures such as membranes can be pro-
duced by the influence of direct current. The endo-
genous development of fibrous, radiating structures
can besimulated experimentally by electrodes, provid-
ed with small protrusions, which cause electrical edge
enhancement. In this way cathodic fibrous tissue was
produced without the presence of fibroblasts. In the
anodic fibrous tissue *“fibroblasts” were present. Their
distribution in the fibrous tissue raises the question
that they may not be necessary for the production of
fibrous tissue.

In anodic fibrous tissue, channels also develop with
an appearance of primitive galactophores and “'blood
vessels”. In cathodic fibrous tissue, channels develop,
lined with a birefringent membrane. These channels
may also lead to the development of pathological
vessels. The transformation of tissue structures and
cells is distinctly different in the cathodic and anodic
fields. Such transformation was produced by leading a
weak current of a few microamperes over the tissue
over a period of two to five weeks. In different ways
evidence has been presented that the development of
primitive galactophores can be induced in “dead”
pieces of breast fat tissue by direct current within the
anodic field. Electrophoresis of fat samples is possible
prolonged over weeks without bacterial decomposition
of the tissue specimens.

Breast far tissue subjected to direct current devel-
ops small “bushes” of birefringent material in the
anodic field. By simulating the endogenous fluctuating
potential, histologically typical microcalcifications can
be produced.

An important factor in the histological appearance
of breast cancer is the accumulation of lymphocytes
inside and around the tumours. In Chapter XIV (pp.
189-191), current views on accumulation of granulo-
cytes as a result of “chemotaxis™ are discussed. In the
view of the author, the anodic phase of a lesion causes
granulocytes to be attracted electrophoretically to it
over the wvascular-interstitial closed circuit (VICC).
This is possible because leukocytes are provided with a
net surplus of electronegative charge on their surfaces.
Certain components in such a mechanism, e.g., mag-
nitude and steric arrangement of charges as well as
field strengths and matrix characteristics, have to be
considered for futher understanding of this theory of
accurnulation of granulocytes. By applying this basic
principle, an explanation for accumulation of lympho-
cytes in breast cancer is also proposed.

266 BCEC in cancer of the breast

References

Bod s

10.

11.

12.

13.

17.

18.

19,

21.

22.

23,

24,

25,

26.

7.

28.

. Adler, ].: Chemotaxis in bacteria. Science 153; 708, 1966,
. Ahmed, A.: Calcifications in human breast carcinomas: Ultra-

structural observations. J. Path. 117: 247, 1975.

. von Albertini, A.: Histologische Geschwulstdiagnostik. 2 Aufl,

Sturtgart, Thieme Publ., 1974, p. 287.

. Alberty, R. A.: Effect of pH and metal ion concentration on the

equilibrium hydrolysis of adenosine triphosphatase to adenosine
diphosphatase. J. Biol. Chem. 243: 1337, 1968,

. Anderson, A. C.: Calcium accumulating vesicles in the inter-

cellular matrix of bone. In: Hard tissue growth, repair and
remineralizations. Ciba Foundation Symposium 11: 213, 1973.

. Andersson, I.: Mammographic screening for breast carcinoma.

Malmo, Sweden, Dissertation, 1980, p. 26.

. Asthbury, W. T.: In: Mercer, E. M. {ed.}: Keratin and keratin-

ization. New York, Pergamon Press, 1961, p. 255.

. Azzone, G. F., and Massari, 5.: Thermodynamic and kinetic

aspects of the interconversion of chemical and osmotic energies
in mitochondria. European ]. Biochem. 19:97, 1971.

. Azzopardi, ]. G., and Laurini, R. N.: Elastosis in breast cancer.

Cancer 33: 174, 1974.

Baclesse, F., and Willemin, A.: Atlas of Mammography. Li-
braire des Facultés, Paris, 1967,

Bahrmann, E.: Uber eine sammartig dunkelgelbe Verfirbung
des Fettgewebes im Bereiche von Karzinomen, besonders der
Mamma. Langenbecks Arch. u. disch. £. Chir. 279 109, 1954,
Bahrmann, E.: Die Mastopathie als Vorliufer des Mamma-
Karzinoms. Disch. Gesund.-Wis. 17: 1762, 1962,

Bangham, A. D., and Pethica, B. A.: The adhesiveness of cells
and the nature of the chemical groups at their surfaces. Proc.
Roy. Phys. Soc. Edinburgh 28: 43, 1960,

. Barth, V.: Atlas der Brustdriisenerkrankungen. Stuttgart,

Ferd. Enke Verlag, 1977.

. Berndrt, H., and Landmann, R.: Zwei epidemiologische Typen

des Mammarkarzinoms,
1969,

Arch. Geschwulstforsch. 33: 157,

. Bolmgren, ]., Jacobson, B., and Nordenstrom, B.: Stereotaxic

instrument for needle biopsy of the mamma. Am. J. Roent-
genol. 129:21, 1977.

Boyden, 8.: Cellular recognition of foreign martter. Int. Rev.
Exp. Path. 2: 311, 1963.

Bradly, H. C.: Autolysis and atwrophy. Physiol. Rev. 18: 173,
1938, N

Buchwald, W. R., and Hiilse, R.: Vermeidbare und nicht
vermeidbare Fehlinterpretationen bei der Mammographie.
Arch. Gynaek, 211:42, 1971,

. Busch, W., and Merker, H. ].: Elektronenmikroskopische Un-

tersuchungen an mennschlichen Mammarkarzinomen. Vir-
chows Arch. Path. Anat. Abt. A. 344: 356, 1968,
Castano-Almendral, A., Glitzner, H., and Siedentopi, H. G.:
Vergleichende mammographische und histologische Befunde.
Arch, Gynaek. 211:43, 1971,

Citoler, P., Lanyi, M., Schmitz, H. K., Tissmer, R., and
Zippel, H. H.: Die Verkalkungen der Mamma. Korrelation
#wischen mammographischem und histologischem Befund. Dr.
Krebskongress, Minchen, 1974,

Citoler, P., and Derbolowski, 5.: Stellt das lobulire Carcinoma
in Situ der Mamma eine Raritit dar? Vortrag auf der Sitzung
der Nordrhein-Westfilischen Pathologen am 4.12. 1971 in Dvis-
seldorf. Cited by Hoeffken and coworkers, 1977.

Craddock, C. G.. Longmire, R., and McMillan, R.: Lympho-
cytes and the immune response. Part [, New Engl. J. Med.
285: 324, 1971,

Cutler, 5. J., Zippin, C., and Asire, A. ].: The prognostic
significance of palpable lymph nodes in cancer of the breast.
Cancer (Phila.) 23: 243, 1969,

van Dam, K., and Mever, A. ].: Oxidation and energy conser-
vation by mitochondria. Ann. Rev, Biochem. 40: 115, 1971.
McDivitt, R. W, Stewart, F. W_, and Berg, J. W.: Tumors of
the breast. In: Atlas of pathology. Fasc. 2. Washington, AFIP,
1968,

Douglas, ]. G., and Shivas, A. A.: The origins of elastica in



1.

32

33,

34,

35.
36.
ErS

3.

9.

41.
42,

43,

45.

47.

49,

sl.
52.

53.

54,

85,
56.

57.

breast carcinoma. J. Coll. Surg. Edinburgh 19: 8%, 1974,

. De Duve, C.; General properties of lysosomes, the lysosome

concept. In: De Renck, A. V. 5., and Cameron, M. P. (eds.):
Lysosomes. Ciba Foundation Svmposium. Boston, Little,
Brown and Co., 1963,

. Egan, R. L.: Mammography: Report on 2000 studies. Surgery

53: 291, 1963,

Egan, R. L.: Fundamentals of mammographic diagnoses of
benign and malignant diseases. Oncology 23: 126, 1969,

Falk, H., and Pfeifer, K.: Praktische Sektionsdiagnostik mit
Schnellmethoden fir Gerichtsmediziner and Pathologen. Leip-
zig, Thieme, 1964, p. 205.

Fenoglio, C., and Lattes, R.: Sclerosing papillary proliferations
in the female breast. Cancer 33: 691, 1974.

Fisher, E. R., Palekar, A. 5., Korwal, N., and Lipana, N.: A
nonencapsulated sclerosing lesion of the breast. Am. . Clin.
Path. 71: 240, 1979.

Folkman, ].: Tumor angiogenesis: Therapeutic implications.
New Engl. J. Med. 285: 1182, 1971.

Folkman, ].: Anti-angiogenesis: New concepts for therapy of
solid umours. Ann. Surg. 175:409, 1971,

Folkman, ]|.: Tumour angiogenesis. Cancer ]. for Clinicians
22: 126, 1972,

Gallager, H., and Martin, ]J. E.: The study of mammary carci-
noma by mammography and whole organ sectioning. Cancer
(Phila.) 23: 855, 1969.

Gasic, G. J., Berwick, L., and Sorrentino, M.: Positive and
negative colloidal iron as cell surface electron stains. Lab. In-
vest. 18; 63, 1968,

. Gerlach, M., and Thiemann, H.: Elekironenmikroskopische

Untersuchung der metastatischen Kalzifizierung. Klin. Wschr.
43: 1262, 1965,

Gershon-Cohen, J.: Breast roenigenology. Historical review,
Am. ]. Roentgenol. 86: 879, 1961.

Gershon-Cohen, J.: Atlas of mammography. Berlin, Springer,
1970,

Gesner, B. M., and Ginsburg, V.: Effect of glvcosidases on the
fate of transfused lymphocytes. Proc. N. Acad. Sci. U. S,
52: 750, 1964.

. Grant, L.: The sticking and emigration of white blood cells in

inflammation. In: Zweifach, B. W'., Grant, L., and McCluskey,
R. T. (eds.): The inflammatory process. New York, Academc
Press, 1965, p. 197.

Greenblatt, M., Warren, B. A., and Konnineni, V. R.: Tumour
angiogenesis: Ultrastructure of endothelial cells in mitosis. Brit.
I. Exp. Path. 53;: 216, 1972.

. Gullino, P. M., and Grantham, F. H.: The influence of the host

and the neoplastic cell population on the collagen-content of a
mour mass. Cancer Res. 23: 648, 1963,

Haagenszen, C. D.: Diseases of the breast. Sec. ed. Philadel-
phia, Saunders, 1971.

. Hamperl, H.: Zur Frage der pathologisch-anatomischen

Grundlagen der Mammographie. Geburtsh. u. Frauenheilk.
28: 901, 1968,

Hamperl, H.: Strahlige Narben und obliterierende Masto-
pathie. Virch. Arch. A. 369: 55, 1975,

. Harris, H.: Role of chemortaxis in inflammation. Physiol. Rev.

34:529, 1954,

Harris, H.: Mobilization of defemsive cells in inflammatory
tissue. Bact. Rev. 24: 3, 1960.

Hassler, 0.: Microradiographic investigations of calcifications
of the female breast. Cancer (Phila.) 23: 1103, 1969,

Haydon, D. A.: The surface charge of cells and some other
small particles a5 indicated by electrophoresis. 1. Zeta potential
surface charge relationships. Biochim. Biophws, Acta 50: 450,
1961.

Heard, I, H., and Seaman, G. V. F.: The influence of pH and
ionic strength on the electrokinetic stability of the human eryth-
rocyle membrane. J. Gen. Physiol. 43: 635, 1960.

Hoeffken, W, Lanyi, M., Gajewski, H., and Lennartz, K.-].:
Mammography. Swtigart, Thieme Publ., 1977,

Maclnnes, D. A.: The principles of electrochemistry. New
York, Dover, 1961.

Irving, J. T.: Theories of mineralization of bone. Clin. Orthop.
97: 225, 1971.

59.

61.

62,

63,

65,

67.

68,

70.

71.

72,

73.

74.

75.

76.

77.

78.

79,

BO.

&1.

82.

§3.

B4,

. Judah, D, and Spector, W. G.: Reaction of enzymes to injury.

Br. Med. Bull. 10: 10, 1954,
Kim, K. M., and Huang, 5.: Ultrastructural study of calcifica-
tion of human aortic valve. Lab. Invest. 25: 357, 1971.

. Lamarque, J.-L.: Le sein. Radiodisgnostc clingue. Pars,

MEDSI Médecine et Sciences Internationales, 1981,

Van Lancker, J. L., and Holtzer, R. L.: The release of acid
phosphatase and beta-glucuronidase from cytoplasmic granules
in the early course of autolysis. Am. J. Path. 35: 563, 1959,
Van Lancker, J. L.: Molecular and cellular mechanisms in
disease. Berlin, Springer, 1976.

Lanyi, M.: Differentialdiagnose der Microverkalkungen. Ra-
dicloge 17: 213, 1977,

. McLean, A. E. M., McLean, E., and Judah, J. D.: Cellular

necrosis in the liver induced and modified by drugs. Int. Rev.
Exp. Path. 4: 127, 1965.

Leborgne, R.: Diagnosis of tumors of the breast by simple
roentgenography, Calcifications in carcinomas. Am. ]. Roent-
genol. 65: 1, 1951,

. Levitan, L. H., Witten, . M., and Harrison, E. G.: Calcifica-

tions in breast disease. Mammographic-pathologic correlation.
Am. J. Roentgenol. 92: 29, 1964,

Linell, F., Ljungberg, O., and Andersson, I.: Breast carcino-
ma. Aspects of carly stages, progression and related problems.
Acta Path. Microbiol. Scand. Section A, Suppl. 227, 1980,
Lundmark, D.: Breast cancer and elastosis. Cancer (Phila.)
30: 1195, 1972,

. Marchesi, V. T.: The site of leucocyte emigration during in-

flammation. Quart. [. Exp. Physiol. 46: 115, 1961.

Menkin, V.: Biochemical mechanisms in inflammation. 2nd ed.
Springfield, TIl., Thomas Publ., 1956,

Moros, L., Pinter, M., and Molnar, ].: Composition of micro-
calcifications. In: Hoeffken, W., Lanvi, M., Gajewski, H., and
Lennartz, K.-J. (eds.): Mammography. Stutigart, Thieme
Publ., 1977, p. 163.

Moscona, A.: In: Brennan, M. ]., and Simpson, W. L. (eds.):
Biological interactions in normal and neoplastic growth. Boston,
Little, Brown and Co., 1962,

Moscona, A. A.: Studies on cell aggregation: Demonstration of
materials and selective cell-binding activity. Proc. Nat. Acad.
Sci. 40: 742, 1963,

Maobel, P. §.: Free energv: The currency of life. In: Caleer, N.
(ed.): Mature in the round. London, Weidenfeld and Nicolson,
1973, p. 194,

MNordenstrom, B.: Stereotaxic screw needle biopsy of nonpalpa-
ble breast lesions. In: Westinghouse-Logan, W. (ed.); Breast
carcinoma: The radiologist’s expanded role. Mew York, John
Wiley & Sons, Inc., 1977, pp. 313-315.

Nordenstrém, B., Rvdén, H., and Svane, G.: Breast. In: Zor-
noza, J. (ed.): Percutaneous needle biopsy. Baltimore/London,
Williams & Wilkins, 1980, Chapter 5, p. 43.

Palmer, J. M., and Hall, D. 0.: The mitochondrial membrane
system. Progr. Biophyvs. Molec. Biol. 24: 125, 1972,

Pape, C., and Stegner, H.-E.: Vortrag Disch. Ges. fir Elck-
tronenmikroskopie, Karlsruhe, 1971, Cited by Hoeffken and
coworkers, 1977,

Price, H. M., Hanrahan, ]. B., and Florida, R. G.: Morpho-
genesis of calcium laden cytoplasmic bodies in malakoplakia of
the skin. Human Pathol. 4: 381, 1973,

Reuterwall, O.: Om lakningsforeteelser i strilbehandlade can-
cer mammae, Nord. Med. 12: 3429, 1941.

Ross, R., and Benditt, E. P.. Wound healing and collagen
formation. I. Sequential changes in components of guinea pig
skin wounds observed in the electron microscope. |. Biophys.
Biochem. Cytol. 11: 677, 1961.

Rubin, P. (ed.): Updated breast cancer. New York, American
Cancer Society, Inc. Reprinted by the American Cancer Soci-
ety, Inc., with permission from the International Journal of
Radiation Oncology, Biology, and Physics. © 1977, 1978, Per-
gamon Press, Inc.

Salomon, A.: Beitrige zur Pathologie und Klinik der Mamma-
karzinome. Arch. klin. Chir. 103: 573, 1913,

Seaman, G. V. F., and Heard, I). H.: The surface of the
washed human eryvthrocyre as a polvanion. J. Gen. Physiol.
44: 251, 1960,

BCEC in cancer of the breast 267



85,

87.

&8.

39.

268

Seaman, . V. F.: Surface potential and platelet aggregation.
Thrombes. Diathes. Haemorrh. (Stuttg.) Suppl. 26: 53, 1967,

. Semb, C.: Fibroadenomatosis cystica mammae. Acta Chir.

Scand, Suppl. 10: 1, 1928,

Simkiss, K.: Calcium in reproductive physiology. A compara-
tive study of vertebrates. London, 1967, p. 112,

Shapire, I. M.: The association of phospholipids with anorganic
bone. Calcif. Tissue Res. 5: 13, 1970.

Slmegi, L., and Rajka, G.: Amyloid-like substance surrounding
mammary cancer and basal cell carcinoma. Acta path. micro-
biol. scand. Sect. A. BO: 185, 1972,

BCEC in cancer of the breast

92,

93

95,

. Tremblay, G.: Elastosis in tubular carcinoma of the breast.

Arch. Path. 98: 302, 1974.

. Underwood, J. C.: A morphometric analysis of human breast

carcinoma. Brit. J. Cancer 26: 234, 1972.

Wainio, W. W.: The mammalian mitochondrial respiratory
chain. New York, Academic Press, 1970,

Weiss, L.: Studies on cellular adhesion in tissue culture. Exp.
Cell Res. 53: 603, 1968,

. Weiss, L., Bello, J., and Cudney, L.: Positively charged groups

at cell surfaces. Int. J. Cancer 3: 795, 1968,
Weiss, L., and Levinson, C.: Cell electrophoretic mobility and
cationic flux. J. Cell Physiol. 73: 31, 1969,



XVIL.

Application of the principle of
BCEC for treatment of cancer

In preceding chapters the reader’s attention has been
focused on the existence of biologically closed electric
circuits (BCEC), and the importance of such systems
for tissue function, structural development and heal-
ing processes. Spontaneous polarization within differ-
ent BCEC systems over vascular, interstitial, ductal or
other conducting pathways are involved in these reac-
tions. In this chapter we will manipulate the systems
in artempts to improve healing. This is possible be-
cause the circuits can be activated in many ways, e.g.,
by local supply of chemical agents, heat, pressure or
electric energy. These studies will be performed in two
ways. [n one series local tissue injury will be produced
in tumours by diathermia in order to induce spontane-
ous healing. In a second series electric energy will be
delivered to the tumour and its surroundings as direct
current over electrodes. Before the theoretical back-
ground and actual treatments are described, previous
attempts to use electric current for treatment of tissue
will be briefly surveyed.

In 1895 the electrophysiologist Golsinger (24) placed
“unipolar” electrodes in the brains of dogs and pro-
duced focal injuries of tissue. A large “‘indifferent™
electrode was placed on the abdomen of the animal,
and 20 to 40 mA current were used. Eight coulombs
gave a lesion the size of a pinhead and 36 coulombs a
lesion as “‘large as a cherry”.

Similar experiments were performed shortly there-
after by Sellier and Verger (60, 61). Using bipolar
electrodes, they applied 8, 10 and 12 mA for 7 1w 10
minutes and produced spherical lesions “the size of a
pea’.

Horsley and Clarke in 1908 (31) studied the tissue
effects of direct current in the brain, using bipolar
electrodes. They stated that “for a unit of time, e.g.,
1 minute, there will be about a 1 mm breadth of
destruction for each unit of current employed”.

Hetherington and Ranson (30) produced lesions of
about 1 mm diameter in the brain with 2 mA during 20
seconds and Krieg (35) 1.5 mm lesions in the brain
with 2 mA for 15 seconds. Carpenter, Whittier and
Mettler (13) used “unipolar” anodic electrodes and
produced 1 mm lesions in the brain with 5 mA for 15
seconds. Hendley and Hodes (29) produced 2 mm
lesions with 3 mA for 20 seconds in the brain. Anand,
Dua and Schoenberg (2) made lesions of 1 to 1.5 mm
diameter with 3 mA during 30 seconds in cat and
monkey brains.

Platinum electrodes, which resist electrolytic de-
struction, were found by Louchs, et al. (38), to be
superior to other metal electrodes in experiments of
this kind.

Iontophoresis is another use of direct current in
biology. An ionic compound is applied, often through
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a micropipette, against neurons or other drug-sensitive
tissues, by means of a pulse of direct current. It has
already been shown (pp. 191-192) that it is not always
possible in iontophoresis in vivo to predict where an
ionic compound will be deposited simply on the basis
of its polarity and the polarity of the electric field.
Electrode reactions may also destroy or modify the
iontophoretic agent. MNevertheless, ionic compounds
can in principle be directed electrically to a tissue for
therapeutic purposes. Remarkably enough, this thera-
peutic possibility has been neglected in practical medi-
cine. Tissue and cells may also be considerably
changed by an electric field or by the flow of electric
current, as has been illustrated with blood and far
tissue (Chapters XIV and XVI).

In 1920 Ingvar (33) briefly described reactions of
cells to galvanic current in tissue cultures. He applied
a current of 2-4 billionths of an ampere and observed a
directing influence of the applied electric forces on
cells.

Induction of a callus by means of an electret has
been reported by Fukada, Takamatsu and Yasuda
(22). Phillips (48) has made use of alternating and
direct currents to obtain vascular thrombosis for con-
trol of gastrointestinal haemorrhage and for the possi-
bility of closing arteriovenous shunts. Yoneda, Mat-
suda and Shimizu (81) have produced electrothrombo-
sis of arteriovenous malformations,

After the discovery of the piezoelectric polarization
of bone subjected to load (5, 10, 21, 89, 99), many
experimental and clinical attempts have been made to
enhance healing of injured bone by the use of alternat-
ing (73, 74) and direct current (3, 6, 14, 25, 32, 37,
80). Formation of bone around the cathode and de-
struction of bone around the anode were described
after 10 to 50 microamperes between two electrodes in
experiments by Andrews and Friedenberger (3) and by
Gohre (25). Clinical experiments to improve bone
healing have yielded both encouraging and less benefi-
cial results (37),

A conference on electrically mediated mechanisms
of growth in living systems, published in the Annals of
the New York Academy of Sciences (37), included
recent experimental and clinical work focused particu-
larly on the enhancement of bone healing by electric
stimulation. From these studies it is evident that elec-
tric currents can support bone healing. Various results
have been reported with the use of both alternating
and direct currents and different positions of the elec-
trodes. According to the way many of these experi-
ments have been arranged, it seems possible that a
beneficial effect may have been obtained in some cases
simply as a reaction to a new injury. Traditional surgi-
cal management of a poorly healing fracture is to revise
the injury in order to let the healing process start
anew. A true enhancement of a healing process should
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be adapted as closely as possible to physiological heal-
ing. Unfortunately, we still do not have sufficient basic
knowledge about these processes.

Some of the most urgent information to be collected
should, in the author's view, include careful mapping
in vivo of the sponianeous fluctuations of the elecinc
potennal in physiological healing. The normal fluctu-
ations toward the “intermediate equilibrium™ which
we call healing could then possibly be used, with a
suitably modulated current-time integral, to decrease
the time of healing. Such a tailored driving force over
electrodes between a site of injury and, for instance, a
supplving vessel should then, of course, be applied
with the site of injury initally electropositive. A suit-
able fluctuation of polarity of the external electric
power source should then follow. In this view, a suffi-
cient supply of suitable materials of varying kinds, at
varying phases of the treatment, also must be consid-
ered before healing can be enhanced as a simulation of
physiological events.

The effect of direct current on Jensen sarcomas in
rats was studied by Reis and Henninger (51) already in
1953, A platinum anode was placed in the tumour and
the cathode on the leg of the animal. 18-20 mA at
60-70 V were delivered over 15-20 minutes. After
8-10 treatments the tumours showed regression. The
beneficial effects were ascribed to a deelectronation by
anodic oxidation (50). This technique was also used in
one patient with vulvar cancer (51).

Local heating of pulmonary metastases with diather-
mia was used in 50 patients, reported previously by
the present author (39, 40}, who later also reported on
the first treatments of lung tumours with direct cur-
rent (41).

Gardner, et al. (23), studied tumour cells injected
into rats during application of a DC potential between
two electrodes in the liver. They found that tumour
cells were attracted around the anode. No tumour cells
were observed around the cathode.

Bellamy, Hinsull, Watson and Blanche (7) inoculat-
ed rats with carcinoma cells (Walker 256) in a plati-
num loop connected to a platinum disc by a length of
silicon rubber. Tumour growth was inhibited, a result
interpreted as indicating the implant changed the mi-
croenvironment. The presence of a charged foreign
body such as metal, which has its own electric poten-
tial, obviously can change the distribution of charges
close to the metal surface. The potential differences in
these experiments were only a few mV. Similar experi-
ments of small quantities of direct current inhibiting
umour growth have also been performed by Schanble,
Mutaz and Gallick (59). The possibility of controlling
malignant tumour growth by direct current has also
been mentioned by Srinivasan, et al. (66).

In patients, direct current has also been used two
coagulate blood in vessels leading to a tumour. This
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Fig. XVII: 1. Volume of spherical tumour increases expon-
entiallv with the diameter. This relationship must be consid-
ered in determining dose of treatment.

technique is based on the observation of Sawyer and
Pate (58) that the intima of vessels is electronegative in
relation to the outer wall. When the vessel wall is
locally injured, the intimal polarity is locally reversed,
inducing an electrostatic apposition of electronegative
thrombocytes, which leads to formation of intralu-
menal thrombosis.

Recently Samuelsson, Olin, Berg and Jonsson
(53-57) have reported experimental electrolyuc de-
struction of tissue in pig, rabbit and rat with direct
current.

In the author's opinion, any percutaneous technique
which 15 intended for local destruction of a cancer can
be applied only to relatively small tumours, i.e., less
than about 3—4 cm in diameter. The reason is that a
volume of tissue considerably larger than the radiogra-
phically apparent size of the tumour must be treated.
Strands of radiographically invisible tumour cells often
grow into the tissue surrounding the main tumour
mass. The diameter of a spherical tumour vs. its vol-
ume is plotted in Fig. XVII: 1. For example, a tumour
2 em in diameter has a volume of 4.1 em®. Radiogra-
phically invisible, centrifugal growth of the tumour by
only 5 mm means a sphere of 3 cm diameter must be
treated, i.e., 14.1 cm® of tissue. When locally destroy-
ing lung tumours with diathermia in the 1960’ (39),
the author achieved permanent destruction of lung
metastases when they were about 1 cm in diameter.
After technical improvements, which will be reported

below, tumours of 2 cm diameter can now be success-
fully treated with diathermia as a primary destruction
of the tumour tissue. Larger tumours in the periphery
of the lung and of diameter up to 4 ¢m can, however,
be treated successfully by means of direct current, as
will be shown in these studies.

Before the initial mode of tumour therapy with
direct current is described, Section (A) will dis-
cuss the occasional reports of spontaneous regres-
sion of proven malignant tumours. This clinical mys-
tery is important because it is possible that spontane-
ous regression of tumours may be explained as an
effect of spontaneous polarization within a BCEC. The
possibility of spontaneous regression of tumours will
be tested in two ways.

Section B presents a modified technique of diathermia
for producing nonspecific injury polarization of tumours.,
The intention has been to destroy tumour tissue pri-
marily by heat, thereby producing local electrochemi-
cal polarization, similar to that which occurs by spon-
taneous degradation in tumours. In this way the pro-
posed mechanism of spontaneous healing over a polar-
izing BCEC was intended to become activated for the
healing of the injured tissue and any remaining viable
tumour tissue. This procedure represents therefore an
artifictally induced self~driving system.

. Direct current treatment of tumours is described under

Sections C and D. Two main effects are utilized. One is
to obtain, if possible, a complete destruction of the
tumour tissue by the liberation of protons at the sur-
face of the anode, which is placed in the tumour. The
other effect invelves the induction of different biologi-
cal and electrochemical reactions in the tissues sur-
rounding the tumour. In this way, some of the sponta-
neously occurring processes of healing in tissue injury
are intended to be induced. This procedure also repre-
sents the use of a driven system during the treatment,
leading to an injury-induced self~driving system after
the applied current is discontinued.

As shown by the experimental and clinical studies in
the previous chapters, a large variety of tissue reac-
tions can be induced. In general, application of direct
current between a tumour and its surroundings will
induce two kinds of transports: ions of the supporting
clectrolvtes and electrolytic products from the surfaces
of the electrodes. These transports thereby modify the
conditions for survival of neoplastic cells. The trans-
ports also lead to the development of recombination
products and the appearance of true “biological reac-
tions”, such as anodic accumulation of leukocytes, for-
mation of capillary thromboses and scar tissue, water
transport and changes of individual cells. In this way
possibilities may exist for local treatment of regions of
tissue larger than the tumour tissue primarily de-
stroyved around the anode. To date many possibilities
remain for opumizing the conditions of treatment,
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e.g., with regard to electrode technique, suitable volt-
age, fluctuation of voltage, current-density and dura-
tion of treatment.

When direct current of “low’ energy is used, the
local destructive effects are low. Nevertheless, consid-
erable effects on surrounding tissue can be expected
when the current is allowed to flow over a long period
of time, e.g., several hours. When direct current of
“high” energy is used, local destruction close to the
electrodes becomes pronounced. A large number of
variables as yet undefined will influence these effects
in individual tissues in vivo. Only extensive experi-
mental and empirical testing will tell us how the treat-
ment technique can be optimized. Alternatives to pres-
ently available clinical techniques of treating cancer
are desirable. This need applies particularly for treat-
ing primary neoplasms in the most surgically inaccessi-
ble locations, e.g., brain, pancreas, liver, spine and
prostate. Electrochemical treatments should offer
promising results in these organs as well as for merta-
static disease in various parts of the body.

A. Spontaneous and induced
healing of cancers

The spontanecus disappearance of verified cancers is
very rare, but well documented (20, 28, 63). Everson
(18) and Everson and Cole (19) reviewed the subject
extensively. Initially they considered 600 cases of re-
ported spontaneous regressions but finally accepted
only 47 as sufficiently documented by microscopic
findings to justify inclusion in their series. Later they
extended the study to include 120 authenticated cases.
The authors admit that many of the discarded cases
may also have been true expressions of spontaneous
regression. Dunphy (16), Shimkin (62), Stewart (67)
and others have also emphasized both the existence of
spontaneous healing of cancers and the importance of
recognizing such occurrences as a means of adding to
our knowledge of environmental variations in the rela-
tionship of tumour and host.

The mechanism of spontaneous healing of a malig-
nant tumour is still obscure. Presumably immunologic
or hormonal, the mechanism has been thought to be a
change in the environment of the tumour. For exam-
ple, Smithers (64) noted that after three of his patients
with breast cancer experienced a natural menopause,
their tumours regressed for as long as seventeen vears.
In most cases, however, the process of spontaneous
regression remains obscure.

Seen in the light of BCEC mechanisms, the thera-
peutic problem now is how best to support spontane-
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ous tendencies toward healing of a growing tumour,
when its foci of internal injury release energy only
intermittently and often weakly. The energy released
in spontaneous injury may be sufficient to induce ionic
exchange by diffusion and migration over a BCEC,
e.g., in healing ordinary wounds and fractures. Such
conditions should perhaps be called nonprogressive in-
juries. Conversions of energy in biology usually take
place with remarkably little loss of energy. The possi-
bility is worth serious consideration that most of the
energy necessary for ionic transports in healing a non-
progressive injury may be provided by the injury it-
self. In this view, infectious injuries or locally degrad-
ing injuries in cancers may be called progressive injuries.
The critical point is that the healing induced in pro-
gressive injuries either temporarily or permanently
lags behind the advancing primary pathologic process.
Logically, extensive local destruction might release
enough energy for the healing also of progressive inju-
ries. Obviously enough, this solution is possible only
in selected instances, usually most “elegantly” by sur-
gical removal of the diseased tissue (and sometimes
unfortunately also a large quantity of normal tissue).
The ideal solution would be selectively to depress the
disease by supporting physiologic healing mechanisms
while preserving normal tissue. How electric current
can be suitably used toward these goals is, of course,
not easily answered. It will, however, be seen that
direct current can offer beneficial effects on malignant
tumours regarded as unsuitable for more traditional
types of therapy.

B. Diathermic production
of local tissue injury in
lung tumours

1. Dry electrodes

A technique for local electrocoagulation of small soli-
tary tumours in the lung has previously been described
by the author, based on an experience of 30 patients
(39, 40).

As much as possible of the centre of each of these
solitary and relatively small tumours was electrocoagu-
lated with an ordinary surgical electrocoagulation ap-
paratus, The neutral large electrode was applied 1o the
patient’s skin. The active electrode consisted of a thin,
Teflon-coated, stainless steel string, electrically insu-
lated except at its tip.

This electrode, 0.5 mm in diameter was introduced
percutaneously under biplane fluoroscopic control. A
thermoelectric detector needle (0.9 mm in diameter)



Fig. XVII: 2. Electrodes for “wet” diathermic electrocoagu-
lation of pulmonary tumours. {a} Spiral screw soldered to a
cannula. The exterior of the cannula is insulated with Tef-
lon. This electrode is inserted through a Teflon tube () and
anchored in the tumour tissue by the spiral part, which is
screwed into the tumour. High frequency current applied
between the tumour electrode and an indifferent, large, skin

(Fig. XVII: 2¢) for recording of the generated tem-
peratures was then similarly introduced and positioned
at the edge of the lesion. Injured bronchial arteries
inside the tumour sometimes bled, appearing fluoro-
scopically as a local blurring of the surroundings of the
tumour. The bleedings stopped spontaneously. No
serious complications occurred in any of these pa-
tients. This technique proved to be successful in caus-
ing necrosis of small neoplasms, usually small metasta-
ses less than 1 cm in diameter.

A drawback of this technique has been that much
heat is generated in the tumour near the electrode.
Nearby tissues desiccate easily, interrupting the elec-
tric current. Tumours larger than 1 cm in diameter
were therefore usually unsuitable for this type of treat-
ment.

In order to overcome these difficulties, a Teflon
tube (1.5 mm in diameter, of the type shown in Fig.
XVII:2b) was first inserted into the tumour. A 1.2
mm diameter needle served as stylet. After removal of
the stylet, a Teflon-coated needle elecirode, 1.0 mm in
diameter (Fig. XVII:24), was inserted through the
Teflon tube. This modification made it possible to
remove the electrode for occasional cleaning, which
improved the efficiency of the electrocoagulation pro-
cedure.

2. Electrodes perfused with liquid

This technique presents certain advantages compared
with the dry electrode technique.

The active electrode consists of a stainless steel can-
nula, | mm thick and insulated by Teflon. A spiral
screw, 1 cm long, is soldered to the tip of the cannula
(Fig. XVII: 2a). The hub of the cannula is connected
both to a surgical diathermia apparatus and via a

electrode produces heat in the tumour. Saline solution in-
fused through the electrode maintains moisture and in-
creases the quantity of sodium chloride in the tumour, en-
hancing conductivity. The transmitted heat is measured by
an electrothermometer (¢), which is placed at the edge of the
fumour,

Teflon tube {50 ¢cm long and 2 mm wide) to a lympho-
graphy syringe. This syringe is filled with saline solu-
tion, which is slowly and evenly injected through the
electrode during treatment. A large metal plate at-
tached to the patient’s arm is used as an indifferent
electrode. In order to avoid a large pneumothorax,
which might easily displace an electrode, it was found
useful to place percutaneously an ordinary pleural
drainage tube in the pleural space two days before
implantation of the electrode.

Twenty minutes before the procedure the patient is
administered a tranquilizer, such as Valium®, intra-
muscularly. Under local anaesthesia and biplane
fluoroscopic control, the thin Teflon tube (Fig.
XVII: 2 b) is inserted percutaneously into the tumour.
Material for cytologic study is obtained via the cannula
by means of a small screw needle instrument (44, 45).
The material is stained immediately and examined
microscopically. In the meantime the electrode is in-
serted through the Teflon tube, screwed into the tu-
mour tissue and connected to the electrocoagulation
apparatus and the lymphographic syringe. A forceful
aspiration with the syringe must precede these ma-
noeuvres in order to make sure that the tip of the
Teflon tube is not positioned In a pulmonary vein,
which might possibly introduce spontaneous inflow of
air into the left side of the heart. The tip of the
electrothermometer needle (Fig. XVII: 2¢) is placed in
the tumour close to the surface.

Accuracy is required for implanting the electrodes.
This requirement led to cooperative work with repre-
sentatives of the x-ray industry, resulting in the devel-
opment of the so-called BINO and SINO' units (42).

' Manufactured by Sicmens-Elema, Stockholm, under the trade
name of Angioscope.
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Fig. XV, Piece of meat (moosesteak) after local diather-
mic production of heat over an electrode perfused with saline
solution. The cut surface through the boiled nssue 1s ap-
proximately 2.5x 1.5 cm and grey-white. Diathermia over a
dry electrode produces a small, black region of drv ussue,
which easily breaks conductivity of the circuit.

“tnn
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Fig. XVII: 3. Biplane flu-
oroscopic unit, designed for
separate positioning of two
arch-suspended x-ray tubes
and image intensifiers in any
direction in relation to the
subject. The patient table,
suspended in a coordinate
system from the ceiling, al-
lows positioning of the pa-
tient independent of the
arch construction. Elevartion
of the table top, rotation of
the patient and movements
of the arches are controlled
by servo motors from a con-
trol panel.

This biplane equipment (Fig. XVII: 3) allows individ-
ual placements of two arch-suspended radiographic
tubes and image intensifiers. The patient is examined
on a roll sheet table suspended from the ceiling by
telescopic stands, which are movable in a coordinate
system. Nearly all the movements of the arches and of
the patient table are performed remotely via servo
motors from a control panel.

About 2-3 drops of saline solution per second are
injected during the electrocoagulation. In this way the
tissue close to the electrode tip is kept wet, securing a
continued complete circuit over a prolonged time com-
pared with the use of dry electrodes. Evaporated water
escapes as steam between the wall of the cannula and
the inner wall of the Teflon tube. At the same time the
amount of salt increases in the tumour tissue, enhanc-
ing conductivity.

Usually the recorded temperature at the edge of the
tumour was elevated to about 60°C for 4 to 5 minutes
during each of these treatments. This level of heat
means that the tissue is “boiled” rather than “fried”,
as with the dry electrode technique. The result of such
a boiling of a piece of moosesteak is shown in Fig.
XVII: 4. The tissue is opaque only in the coagulated



area, The effect in a lung tumour in vivo is difficult o
predict, because it depends to a large extent on circula-
tion of blood and ventilation, cooling the tissues.

3. Results

Twelve pulmonary metastases in eight patients as well
as primary carcinoma of the breast in two patients
have been treated by electrodes perfused with liquid.
Table XVII: 1 surveys relevant clinical data of these
ten patients.

Seven of the parients were women and three men.
Ages varied between nineteen and sixty-four years,
The size of each tumour at the time of treatment
varied between 6 and 37 (mean 18) mm in diameter.

Eight of the tumours regressed after treatment, five
showed progression and one was indeterminate. The

Fig. XVII: 5. Electrocoa-
gulation followed by de-
crease in size of a metastatic
fibroliposarcoma in the right
lung. (a) Before treatment.
{c) After 485 days, (d) After
1490 davs. (b) Cytologic
specimen obtained by per-
cutaneous needle biopsy of
the umour before treat-
ment. May-Grinewald-
Giemsa stain.

two largest tumours showing regression had initial
diameters of 29 10 30 mm. Longest observation time
with persistent regression has been four years and
eight months in one patient. No serious complications
have occurred. In four patients small to moderate
asymptomatic pneumothoraces developed. Before
electrocoagulation was performed, ten of the tumours
had continued to grow in spite of cytostatic therapy.

The courses of two patients with lung metastases
and the two with breast tumours will now be described
and illustrated in detail.

Case I. A fibroliposarcoma of the uterus was excised
from a 19-year-old woman. One vear after operation a
tumour 2 cm in diameter was found in the right lung
(Fig. XVII:5a). The diagnosis of metastasis from the
primary tumour was confirmed (Fig. XVII:56) bv a
screw needle biopsy (44, 45) obtained under local
anaesthesia. The Teflon tube (Fig. XVII: 2 b) was then
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Table XVII: 1. Results of rreatment by electrocoagulation (liguid-perfused electrodes) of metastatic cancer in the lungs in eight patients
(no. |-8) and primary carcinoma of the breast in rwo patients (no. 9, 10)

Date of electro- Observation
coagulation time (days)  Effect on
Patient  Primary Size of tumour Size of tu- treated
No.  Age Tumour (mm) mour (mm)  umour Commenis
1. B.K. ¥ Fibroliposar- I 921978 1490 Regression Continuous growth of four pulmonary
19 coma of uterus 1919219 FESEF metastases during cytostatic therapy
Resection 1977 before electrocoagulation of one, and
laver electrochemical treatment of
three of the metastases (see Table
XVII: 2).
2 G.B. ¥  Malignam 1 2741977 240 Regression Previous cviostatic therapy, followed
32 melanoma of 29x29%30 23x20%22 by tumour growth until electrocoagula-
skin tion. Death from hacmorrhage in one of
Resection 1976 sgveral cerebral metastases, Small
poeumosthorax during electrocoagulation.
3. AT. % Carcinoma of Ta 315 1977 134 Progression Tumours [ and II initially of approxi-
9 uierus 2627w 3] 3w 34 3T matively the same size. Afier two treai-
Resection 1974 1b 12/10 1977 583 Progression ments, growth of tumour [ accelerated
3= 34237 GExARTI compared to growth of the untreated
I 315 1977 134 Progression tumour 1.
29x35x 38 Ix43x43
[untreated) 583 Progression
62 S w65
4. G.P. 9 Carcinoma of I 18111976 1 480 Regression Previous cytostatic and antioestrogen
52 breast 2= ]9=19 T4x12= 14 therapy followed by growth of multiple
Resection 1969 11 812 1977 1 080 Regression pulmonary metastases, After electro-
1= 14212 2x2x2 coagulation, regression of the two
heated tumours, Small pneumothorax and
small haemoptysis during electro-
coagulation. Progression of untreated
metastases in lung and skeleton.
5 J.D. o Hypernephroma [ 8/10 1976 I 145 Regression Muluple pulmonary metastases increased
52 Resection 1974 13x10x12 LEANES in size after previous cvtostatic treat-
11 26/10 1976 630 Initial reg- ment. Small pneumothorax each time of
lax13=15 BxE=E ression clectrocoagulation. Noncoagulated tumours
1127 Progression progressed rapidly, Death of widespread
49x 52260 metastases.
TIT w11 1976 315 Progression
l6x15x15 23x22x 23
230 Progression
56 105267
IV 17:2 1977 1010 Progression
G 10x9 30 42x40
6. UL. 9 *“Malignant I 3111976 60 Cytostatic therapy failed. Twelve months
37 adenoma” of G 5T 16 10 10 after electrocoagulation, death of
parathyroid (cavity) widespread metastases,
Resection 1972 455 Regression
10x6x6
[sear)
7. B.R. o Carcinoma of I 1521977 415 Progression Fourteen months after electrocoagula-
50 thyroid 3= 30230 452 42=47 tion, death of widespread, rapidly
Resection 1967 growing metastases.
i L.V. o Hypernephroma [ 1412 1977 200 Regression Cyrostatic therapy failed. Seven

42 Resection 1977 18=18=18 17=15%15 months after electrocoagulation, death
of widespread metastases, Small
preumaothorax.

9. M.0O. ? Adenocarcinoma 1 211 1976 850 Progression Failed cytostatic and hormone treat-

38 of breast 13x13x10 ments, Distant metastases at the rime
of electrocoagulation. Death of wide-
spread metastases.

0. M.B. 9 Adenocarcinoma 1 12/10 1977 550 Regression Failed cyrostatic and hormone treatments.

64 of breast 20w 262 26 19x 8= 11 Distant metastases at the time of

electrocoagulation. Death of widespread

melastases.




Fig. XVII: 6. Screw-cannula-electrode at the edge of the tu-
mour shown in Fig. XVII: 5 g, just before the screw was
placed in the tumour, Thermoelectric electrode positioned at
the anteromedial aspect of the surface of the tumour. (a) An-
teroposterior view, (h) Lateral view,

introduced into the tumour and the needle was re-
moved. The electrode, with a metal spiral at the up,
was then passed through the Teflon tube and screwed
into the tissue of the tumour, and thereby secured in a
fixed position. Fig. XVII: 6a and b illustrate postero-
anterior and lateral projections of the electrothermo-
meter needle at the surface of the tumour and the
tumour electrode just before placement into the tissue
of the tumour.

The indifferent electrode was then applied to the
patient’s right arm and saline solution infused slowly
under diathermy. The temperature at the tumour sur-
face was maintained at about 60°C for 5 minutes, as
seen in Fig. XVII: 7.

No pain, bleeding or other complications occurred
but the patient experienced “a sensation of heat some-
where inside” during the treatment.

When a treatment is successful by this method, the
tumour regresses slowly but apparently continuously.
The diminished size of the residual tumour in this
patient can be seen after one year, four months in Fig.
XVII: 5¢. Four years and one month after treatment
only a minimal scar remained (Fig. XVII:54).

Case 2. This 32-year-old woman, who six vears
earlier had had a malignant melanoma excised from
the skin of a breast, had another malignant melanoma
excised from her right leg. Shortly thereafier, a large
metastasis (40> 30 x 30 mm) was excised from the right
frontal lobe of the brain. One month later a tumour, 2
cm in diameter and of very low radiographic opacity,
was found in the lower lobe of the left lung (Fig.
XVII: 8a). This tumour grew during two months of
treatment with different cytostatic agents (Dacarba-
zinum, DTIC, Vineristinum, and Oncovin).

This solitary pulmonary metastasis was then treated
with electrocoagulation. The screw electrode cannula
was secured to the tumour, as in the previous case.
Diathermy was applied and temperature at the surface
of the tumour was monitored (Fig. XVII: 84) during
the continuous infusion of saline solution. A small
pneumothorax was found after the treatment but no
bleeding occurred.

After 2 months, the regressing tumour (Fig.
XVII: 8 b) is clearly more radiopaque than before elec-
trocoagulation. The increase in density is most likely
caused by intratumoural accumulation of calcium. The
size of the tumour decreased further, as shown 8
months after the treatment (Fig. XVIIL: 8¢).

Six weeks later, cerebral symptoms recurred as met-
astatic disease reappeared in the brain. She died short-
ly thereafter.

In the rwo patients with breast carcinoma and distant
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Fig. XVII: 7. Temperature of about N
60°C for 5 minutes at the edge of the tu- E
mour shown in Fig. XVII: 3a. Tracing
obtained from electrothermometer 0 - .
placed at the surface of the tumour, 1min
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Fig. XVII: 8. Electrocoagulation (liquid-perfused electrode)
of metastatic melanoma of low radiopacity (@) is followed by

a considerable increase in opacity of the tumour 60 days later
(b). 180 days later (c), the tumour has clearly decreased in

metastases (Cases 9 and 10 in Table XVII: 1), the
breast tumours were treated with local electrocoagula-
tion. The diagnosis ol each cancer was made by screw
needle biopsy.

The cell sampling for cytologic diagnosis and the
placement of the active electrode and temperature
probe in the mammary tumours were performed by
means of the stereotaxic instrument previously de-
scribed (9, 43). The biopsies and treatment were each
performed under local anaesthesia. The indifferent
electrode was placed on the arm of the patent. The
treatments, each of which lasted about 30 minutes,
were well tolerated.

Fig. XVII: 9a shows one of the breast cancers (case
9) before treatment, when it measured 13x13x10
mm. Fig. XVII: 9b shows the liquid electrode in the
centre of the tumour and the thermometer at its edge.
During the treatment, vapour escaped through the
Teflon tube as well as through the electrode cannula.
No bleeding or general reactions were produced by the
treatment. The tumour is seen immediately after treat-
ment in Fig. XVII:9¢, and 11 months later in Fig.
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size. The increased radiopacity probably represents an in-
flow of calcium into the injured tumour tissue. (d) Tempera-
rure measured at the surface of the tumour during electro-
coagulation.

XVII:9d. The cancer appeared to have increased in
size but showed internal accumulation of calcium and
some radiating, {ibrous structures in the surrounding
breast. Fig. XVII: 9e shows the tumour enlarged and
differently shaped 2 years, 4 months after the treat-
ment.

The second patient with breast cancer (case 10} is
shown before treatment in Fig. XVII: 10¢, Numerous
radiating, fibrous structures surround the tumour.
Fig. XVII: 10a, b shows stereoradiographs (+15%) of
the position of the electrode perfused with liquid and
of the electrothermometer in relation o the tumour.
The temperature was elevated at the tumour edge to
60°C for six minutes. This carcinoma appeared to stop
growing after treatment. It is shown 1 year, 6 months
after treatment in Fig. XVII: 104, shortly before the
patient died from widespread metastases, which were
already established before the treatment.

In both of the two patients with breast cancer treat-
ed in this way, the clinical course and initial radiogra-
phic appearances were almost identical. They both
suffered from many distant skeletal metastases, which



Fig. XVII:9. Electrocoagulation of a breast carcinoma. The merous, thin, radiating, fibrous structures emanating from

diagnosis was established in this 59-year-old woman by the enlarged tumour. (e) 850 days after treatment and shortly
stereotaxic screw needle biopsy. Many distant metastases before the patient died. The treated tumour has enlarged and
precluded local surgical excision. Local electrocoagulation, changed its shape the last 520 days. Radiating fibrous struc-
1976, (a) immediately before, (b) during, () immediately tures have increased in number. Subareolar radiopacities and
after electrocoagulation (stereotaxic equipment, liquid-per- retraction of the nipple have increased. New infiltrations lat-
fused electrode). (d) Radiograph 330 days later shows nu- eral to the treated tumour are seen.
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made it impossible to obtain follow-up biopsies after
the treatments. One tumour progressed, one re-
gressed. Unfortunately, necropsies were not obtained
for these two patients.

In summary, the small number of patients and short
observaton time allow little conclusion about the long
term effects of electrocoagulation of lung and breast
cancers, except to observe that the procedure is feasi-
ble and may be beneficial in certain patients. The
treatments are relatively easy to perform and are nnt
very distressing to the patients.

4. Complications

Complications have been limited to the occasional de-
velopment of a small pneumothorax in the pulmonary
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Fig. XVII: 10, Electrocoa-
gulation of breast cancer by
liquid-perfused electrode.
The mmour is surrounded
by radiating, fibrous struc-
tures before treatment (c).
Stercoradiographs (a, &) of
the tumour and electrodes
inserted by means of sterco-
taxic instrument. (d) 550
days after treatment, shortly
before the patient died. The
tumour is slightly smaller
than before treatment.
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cases, which is easily managed by a pleural suction
drain. No serious bleedings or cardiac arrhythmias
have been encountered. On two occasions the spiral
part of the electrode was lost in the tumour tissue after
the electric current corroded the stainless material. It
should therefore be made of a more corrosion-resistant
metal, which still must allow the electrode 1o be se-
cured in some way in the tumour tissue. Occasionally
during treatment the patients reported a sensation of
pain, coinciding with too little saline solution per-
fused, which can result in sudden disconnections and
reconnections of the electric circuit. Pain is also easily
produced when the electrode is located close to the
pleura, which in such cases should be anaesthetized.
The treatment can be repeated. Histologically, the
distance after electrocoagulation between completely
destroyed, necrotic tissue and normal tissue is only 2-3
mm.



5. Discussion

Considerable evidence (47, 52, 76) indicates that ma-
lignant cells are more sensitive to heat than are most
normal cells. Electrocoagulation with large external
electrodes has also been practiced in the treatment of
neoplasms of skin and mucous membranes, e.g., carci-
noma of the vulva (8).

For deeply situated tumours, technical control dur-
ing treatment is considerably more complicated, but
not at all impossible (39). Introducing irrigation of the
active electrode has been an improvement in such
cases. Compared to electrocoagulation with dry elec-
trodes, the volume of destroyed tissue can be in-
creased. The risks of cutting a vessel or depositing
material on the electrode, leading to interruption of
the current, are also almost completely excluded.

The drawback of the technique is the uncertainty
about the transmission of heat to different parts of the
tumour. Local variations in vascularity may interfere
uncontrollably with the transmission of heat.

In retrospect, it now seems evident (see Table
XVII: 1) that the electrocoagulations of the tumours of
patient no. 5 (perhaps excepting tumour I) were not
performed with sufficient transmission of the genera-
ted heat to devitalize all malignant cells of tumours II,
IIT and IV. Only part of the tissue of these umours
was destroyed. These electrocoagulations were per-
formed at an early stage in the development of the
technique. A minimum of 60°C measured at the edge
of a tumour for at least five minutes has therefore been
introduced as the standard “dose™ in these treatments.
The treatments appear to have been effective only in
tumours smaller than 2 cm in diameter.

The mechanism of healing of tissue injured by heat,
as described in this section, must be considered in
comparison with previously described results. Several
of the phenomena of healing described in this section
can be recognized as requiring the mechanism of a
fluctuating potential over a BCEC. The decrease in
size of these tumours can in a traditional way be
explained as a result of resorption of destroyed materi-
al, Certain details in the transformations of the tissues
are, however, not easily explained in a traditional way.
Increase in radiographic density in a coagulated metas-
tasis (Fig. XVII: 8 b), the development of an *“A’" zone
around a tumour, and late signs of fibrous tissue pro-
duction (Fig. XVII: 94d, ¢) suggest that the proposed
mechanism of healing of injury over BCEC channels
has been activated in these transformations.

C. Induction of healing
reactions in tumours by
direct current

1. Introduction

Once the background of results was available from the
in vitro and in vivo studies of the effects of direct
current on tissues (Chapters XIV and XVI), a tech-
nique was developed for applying direct current to
treatment of tumours. The technique proved accept-
able. A brief first report on electrochemical treatments
in five patients with otherwise untreatable pulmonary
metastases was given in 1978 (41).

Complete primary destruction of a malignant tu-
mour in lung was not attempted for cancers which are
large and positioned centrally, i.e., close to large ves-
sels. The evident reason is the risk of producing seri-
ous vascular injury.

The present method is based on the assumption that
the primary destruction of tissue around the anode is
supplemented by the ability of direct current to induce
specific biological healing reactions in surrounding tis-
sues. Some of the mechanisms of healing, as discussed
in previous chapters, can now be induced and en-
hanced by a method which appears to support tenden-
cies toward spontaneous healing. Some general aspects
of the mechanism of tumour healing after ionization of
tissue will now be considered.

Direct current ionizes tissue, as does ionizing radi-
ation. In radiotherapy, selective destruction is pro-
duced in malignant tumours (15, 17, 34). Several fac-
tors, e.g., the degree of oxygenation of the tissue,
influence the destructive effects. [onizing radiation is
known to be far more destructive to intracellular nu-
clei than to cytoplasm (11). It is also believed that the
biochemical constituent most sensitive to the effects of
ionizing radiation is DNA (49). When quanta of radi-
ation bombard DNA in a solution, free radicals are
generated from the DNA and the medium. The free
radicals then react with the DNA. A few protons
administered to the chromosomes produce consider-
able damage, such as chromosomal ruptures, while
more than 1000 protons do not affect the cytoplasm
{71).

Effects similar to the damage by ionizing radiation
in tumour therapy can also be anticipated to occur
when direct current ionizes tissue. Certain observa-
tions in this study indicate that ionization of tissue via
electrodes appears to affect normal and malignant tis-
sues differently. At the same time, considerable differ-
ences exist between these two ways to ionize tissue. In
electrochemical treatment, electric energy can be se-
lectively applied to obtain ionization. New materials
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develop at the electrode surfaces, These materials and
those of the supporting medium migrate and diffuse in
the electric field. Furthermore, direct current induces
in tissue many structural modifications which appear
indistinguishable from those of ordinary wound heal-
ing.

Resistivity and capacitance vary in different biologic
tissues. An electric current in tissue therefore encoun-
ters local barriers which will change its directions. Air,
bone, fat, matrices of cellular membranes and walls of
vessels present relatively higher resistivity than blood
plasma and interstitial fluid. Patterns of different pref-
erential pathways for current in tissue can therefore be

expected, as can different intensities of transport and-

electrochemical reactions. Varyingly differentiated
flow patterns can be expected to develop as functions
of energies (potential differences) and densities of cur-
rent {amount of current per cross-sectional area of the
path of flow).

It has long been known that elevation of electrode
overpotential increases current logarithmically (69).
Moreover, one can also predict that the patterns of
current flow must be modified by local variations in
electric capacitance and resistivity of tissues at differ-
ent overpotentials, These local variations indicate that
an equal amount of current which has passed between
electrodes at different voltage differences should mean
a different spatial distribution of current in the tissues
and hence different regional biologic effects.

It is apparent that the amount of energy delivered to
tissue by direct current can not be expressed in the
same terms as are used for radiotherapy. Radiation
treatment of deeply situated cancers is limited to the
use of high energy photons. Therefore in radiotherapy
the factor of minimum ionizing energy is indiscrimi-
nate for different kinds of matter. lonization by direct
current, on the other hand, can be produced over a
large range of “low” to “high” energy levels. Low
energy levels appear feasible, because they can be used
to build up the therapeutic dose of energy from the
inside of a tumour. In this way the use of direct
current may theoretically induce a large range of dif-
ferent biological ionizing effects.

At “low” electrode voltages, only outer electrons
with low binding energics are likely to be affected,
which may suffice for interference with important bio-
logic tissue and cell functions. When current densities
are kept low, the extent ol destruction of tissue by heat
is also kept low.

At “very high” electrode voltages, electrons of low-
er kinetic energy will also be removed, resulting in
different qualitative changes of the ionized tissue com-
pared with the changes induced by low voltage ioniza-

tion. Increased destruction around the electrodes will

then become evident and the preferential pathways for
current in different tissues will become less differenti-
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ated (see also Fig. XVII: 14). Increasing heat will
evaporate water, resulting in elevation of pressure in
the tissues. Thermic and electrically induced precipi-
tation of protein will become prominent.

Direct current will also produce different biologic
effects in the anodic and cathodic fields.

Since the beginning of the century, it has been well
known (31) that the destructive effect around the an-
ode is caused by diffusion and migration of protons,
which make the tissue black. The cellular components
of blood also turn black around the anode. Erythro-
cytes are known to produce electropositive haemin in
the acidic surroundings of the anode, while electrone-
gative haemin is produced in the basic surroundings of
the cathode (36). Haematin is the electroneutral com-
ponent (36). The central part of the brown-black mate-
rial around the anode will be grey-white, due to
bleaching by liberated chlorine gas (see Fig. XIV:21).
This focal discolouration of the black tissue has no
effect whatsoever on the devitalization of the anodic
tissues. The anodic tissues have already been de-
stroved by an abundance of easily diffusing and elec-
trophoretically migrating protons. This point needs
stress because the production of chlorine gas has re-
cently and erroneously been suggested (53-57) as re-
sponsible for the destruction of tissue around the an-
ode. The destructive effect around the cathode is
caused by production of hydroxyl ions.

In addition to the migration and diffusion of ionized
products at the electrode surfaces, other charged com-
pounds will move throughout the electric field. Leu-
kocytes, which are negatively charged, will at proper
electrode voltages accumulate massively in the anodic
tissue. Microthromboses also will be induced. They
are probably mediated by electrophoretic accumula-

tion of thrombocytes. Complex ions of proteins, fat
and carbohydrates will be transported. Their charges

will become modified under the influence of the actual
acidic or alkaline surroundings in the electrical field.
The water pressure of tissue will decrease around the
anode (Chapter IX). This drying of tissue around the
anode looks like dry gangrene. Around the cathode the
interstitial oedema will to a large extent compress the
vessels.

Extremely complex modifications of tissue compo-
nents, cells and cellular contents are still further modi-
fied by matrix interference in the electric field, includ-
ing tissue and blood circulation and convection fac-
tors. The size, shape and location of electrodes in
relation to the structures of affected tissues will influ-
ence the shape and size of the anodic and cathodic
fields. Of particular importance also is the fact that
tissue cells, including cancer cells, carry a surplus of
fixed negative charges. An anode in a tumour will
therefore tend to keep the malignant cells together.
Consequently an electrode should not, at least as a first
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Fug. XVIIi: 1. Volume of necrotic shoulder muscle in a dog
as a funetion of guantity of direct current passed between the
anode, percutaneously inserted in the muscle, and the cath-
ade in the thoracic aorta (10 volts potential). Destruction of
muscle was defined as both white and black necrosis.

step in a treatment procedure, be placed in a tumour
and be made cathodic. An intratumoural cathode can
be expected to repel tumour cells and therefore in-
crease the risks of producing distant metastases.

All these factors, and probably still unknown ones,

Fig. XVII: 12. Section through perianodic tissue in the
shoulder of a dog subjected to 150 coulombs direct current
in vivo, Cathode in the aorta (10 volts).
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make it desirable to define the conditions of treatment
as carefully as possible, e.g., applied voltage, total
amount of current, ionized tissue volumes and “elec-
trode technique’. This last factor includes definition
of size, shape, material, polarity and position of elec-
trodes. It is, however, apparent that a fully meaningful
definition of electrode *““position™ is often difficult to
obtain. In a strict sense it should require detailed
knowledge of topography, resistivity and circulatory
conditions of all components of the tissues.

2. Preliminary technigue

In dog experiments a technique was developed after
initial testing of different voltages and amounts of
current on lung, skin, fat, liver and muscle tissue. The
intention was to use the reaction to anodic injury as a
preliminary indication of the effect of treatment. A
platinum string 0.2 mm thick and 20 mm long was
used as the anode in each of eight dogs. The active
surface of the anode was 12.6 mm®. The strings were
introduced percutaneously into the skin, subcutis or
muscle tissue of the side of the neck. The cathode was
a stainless steel arteriographic guide wire in the thorac-
ic aorta. The active surface of the cathode was 190
mm®. Ten volts of DC current were then applied
between the electrodes.

Initial levels of current were about 10 mA, which
increased gradually to about 30 mA during one hour.
As the amount of current at 10 volts increased, the
volume of the black, destroyed tissue increased (Fig.
XVII: 11). Fig. XVII:12 shows a section through a
lesion produced with 150 coulombs. The volume of
destroyed tissue around the anode was in this case
about 8 cm®.

A cavity will be produced around the anode as gas is
produced and the tissue dehydrates.

When the anode is placed in subcutaneous fat tissue,
the tissue shrinks and becomes dehydrated and
greyish. In muscle {or lung tissue) the destroyed area
consists of amorphous material without visible cells.
Fig. XVII: 13 illustrates (a) a completely destroyed,
(b) an intermediate and (¢) a normal zone in muscle
around the anode. The width of the intermediate zone
is approximately 0.3 mm. The tissue {¢) adjacent
such lesions contains cells characterized by various
degrees of cloudy swelling. Extensive capillary throm-
boses are also present in “normal™ tissue around the
lesions. In vive such thromboses should eventually
lead to circulatory disturbances peripheral to the tissue
which has been primarily destroyed. A massive accu-
mulation of leukocytes can also be induced in the
vessels and tissue around the destroyed zome. The
destroyed and intermediate zones also are dehydrated,
due to electroosmosis. These extensive changes are
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Frg. XVII: 3. Perianodic
necrosis of muscle after 10
volts, 150 coulombs, direct
current in a dog. Histologic
* section from edge of necro-
tic zone shows (a) complete
coagulation necrosis, (b) a
transition zone to (¢) nor-
mal-appearing tissue. Hae-
matoxylin-ecosin stain.

easily observable field effects, clearly indicating that
possibilities exist for modifying the environment of a
lesion outside the region of primary destruction. It is
evident that field effects are capable of modifying
normal as well as abnormal components of tissue. Only
empirical tests of electrochemical treatment with di-
rect current will be able to supply conclusive informa-
tion about possible selective effects on neoplastic tis-
sue.

Preliminary technical tests have showed that circu-
lar or point-shaped electrodes produce circular or
spherical primary lesions and that long string elec-
trodes produce cylindrical or ovoid lesions. These re-
sults require that the anode and cathode must also be
separated by a distance of at least the expected diame-
ter of the primary, proton induced, black anodic lesion
at a potential difference between the electrodes of less
than 15 volts. Forty volts applied between one subcu-
taneous electrode (anode) in the left thoracic wall and
one (cathode) in the right abdominal wall in a dog
produced cylindrical interelectrode damage in the
skin, ribs, lung, diaphragm, stomach, liver and the
abdominal wall as an effect of an electric short circuit
between the electrodes (Fig. XVII: 14). The current
through this dog was allowed to cross the tissues for
over four hours. Coagulation necrosis appeared in a
cylindrical core through the different interpositioned
tissues, without any regard to their morphologic
boundaries. The diameter of this core was abour 4-5
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cm and the border with surrounding tissues rather well
demarcated.

The application of an electric field over the heart is
generally to be avoided (72). It was, however, found
that transpulmonary direct current at 20 volts in the
dog produced no disturbances of rhythm or any other
evidence of cardiac injury. The current was led
through an arteriographic guide wire (cathode) in a
plastic catheter introduced intravenously through the
heart and placed with its tip in a pulmonary artery.
The anode was placed in the pulmonary parenchyma.

Cardiac arrhythmias caused by direct current have
been previously studied in experiments by Phillips
(48). In two experiments in dogs he tried to induce
cardiac arrhythmias via a grounded electrode (cathode)
over the left upper chest and the anode in the coeliac
axis. Current flow as much as 10 mA produced no
cardiac irregularities. When the anode was placed in
the aortic arch and the grounded plate was placed
against the burtocks, no irregular heart beats were
observed (current =10 mA). Even when the anode was
placed in the left ventricle, currents below 2-3 mA had
no effect on the myocardium. Above this level, howev-
er, premature contractions were produced. At 6 mA
the cardiac rhythm became very irregular. Fibrillation
was induced at levels of 8 mA or higher.

Whenever current is applied, voltage must be in-
creased slowly, e.g., from no current to 10 V in one
minute. Whenever a treatment is concluded, voltage



Fig. XVII: 14. Direct cur-
rent at high voltage (40 volts
in this example) short-cir-
cuits most physiological,,
preferential pathways for
current in different tissues.
An indiscriminate mass of
coagulation necrosis is the
result. Anodic electrode in
the left thoracic wall of a
dog, cathodic electrode in
the right abdominal wall.
(a) Chest wall. (b) Ribs.

(c) Diaphragm. (d) Stomach.
{e) Liver edge. (f) Abdomi-
nal wall.

51258,

RS
e

4

|

must be decreased slowly to zero. Otherwise, rapid
changes of current produce undesirable effects, e.g.,
pain or muscle contractions. When electrodes were
placed 4-10 cm apart in the lungs, no apparent side
effects were observed in dogs given =15 coulombs of
current per kg bodyweight, either immediately or dur-
ing an observation time of 3 weeks following each
experiment of treatment with direct current.

3. Preliminary conclusions

At the interfaces of electrode and tissue, easily detect-
able morphologic changes can be seen in animal ex-
periments. At these interfaces a primary itonization
takes place. A secondary ionization is, however, also
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suggested in living material at electrode-equivalent
sites (Chapter XII, XIII, XIV) as a function of field-
induced migration and diffusion of primarily ionized mate-
rials from the regions of the active surfaces of the
electrodes. These migrations and diffusions (e.g., of
protons from the anode and hydroxyl ions from the
cathode) will interfere with the functions of living
cells, which thereby become injured and will conse-
quently deliver ionized material. Further cellular and
tissue disturbances will ensue from electric field
forces, leading to sequences of injury reactions.

The supporting electrolytes and their associated var-
iously charged materials (e.g., thrombocytes, leuko-
cytes, red blood cells, charged metabolites and cell
debris) will be transported in the electric field under
the influence of the tissue matrix. Dielectric materials
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such as water will also be transported in the electric
field, a process depending to a large extent on the
tissue matrix (Chapter IX). Tissue acidity and alkalin-
ity in the anodic and cathodic fields, respectively, will
also influence the chemical composition of transported
materials. Distinction should also be made between
the influence of a tissue matrix in vitro and in vivo.
The living tissue provides a variety of active effects,
such as buffering capacity and effects of tissue circula-
tion. Altered physicochemical properties of matrices of
tissue, e.g., their surface charges, are also part of the
secondary injury of tissue. In order to direct attention
to such important, extremely complex discrepancies
between electrophoresis in vitro and in vivo, the au-
thor deliberately chose a somewhat provocative term
for direct current treatment of tumours in the prelimi-
nary report, “Electrophoretic ionization in the treat-
ment of malignant tumours” (41). The damage to the
tissue by induced *‘cascades” of injury reactions are,
however, only a portion of all the biologic effects, i.e.,
the many complicated biologic reactions connected
with healing of an injured tissue. It seems appropriate
to conclude that “direct current treatment™ or “‘electro-
chemical treatment” should be more adequate terms.
They include all possible technical variations and ef-
fects, e.g., electrolysis, electrophoresis, electroosmosis
and other known and still unknown interferences with
biologic processes in the electric field.

The goal of direct current treatment of malignant
tumours is of course to try selectively to suppress
neoplastic growth. Presumably, both primary injury
and secondary induction of biological processes in the
electric field form the basis of the suppression. More-
over, DC treatment may be recognized as enhancing
physiologic mechanisms of spontaneous healing, in-
duced by energy supplied over electrodes from an
external source of DC power. This initial, artificial
phase of “simulated healing” is then anticipated to
continue after a treatment is concluded, as a process of
spontaneous “‘true” healing of the injured tissue over
BCEC channels. These channels are probably pre-
dominantly the wvascular-interstitial closed circuits.
The initially driven system is turned into a self-driving
system over these channels.

We will now consider technical problems of the
electrodes and application of direct current in the
planning of electric treatment of patients with pulmo-
nary cancers.

4. Electrodes

Different electrodes serve different purposes. Four

types of electrodes have been constructed:
Type 1. A 300 mm long, 0.25 mm thick, solid
platinum-iridium string is coated with layers of
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Teflon, except for a length of 1-2 cm ending 0.5-1 cm
from the tip. The string is bent 180°. The tip as far as
the bend is inserted into the tip of a 172 mm long,
1 mm thick, Rotex biopsy cannula (44, 45). The can-
nula contains the usual indwelling screw needle for
sampling of cellular material. The construction and
insertion of this electrode, as well as cell sampling, are
shown in Fig. XVII: 15.

The electrode and cannula are introduced under
local anaesthesia through a small incision in the skin.
Under fluoroscopic television control, the cannula and
electrode are passed through the pleura into the tu-
mour in the lung (Fig. XVII: 15a). The electrode is
released from the cannula by retracting the cannula to
the edge of the tumour (b). A cytologic sample is then
taken in the usual way with the instrument. The screw
needle is in this procedure driven by rotation into the
tumour tissue (¢), whereupon the hub of the cannula is
rotated until it is advanced over the screw (d). The
cannula and screw are then retracted together with
cytologic material protected in the grooves of the screw
needle. The material is then smeared on a glass slide
and examined after suitable staining (44, 45). Cellular
material may, of course, be collected as a separate
procedure before insertion of the electrode, when
doubts exist as to the character of the lesion.

This platinum electrode is suitable as an anode in
small tumours (about 2 cm diameter or less). It is also
suitable as a tissue cathode. Because mechanical strain
rather easily breaks this electrode during treatments of
tumours larger than 2 cm (which require about 2 hours
of treatment), a second and stronger type of electrode
was devised:

Type 2. This electrode (Fig. XVII: 16) may serve as
an anode or a cathode in direct current treatment. Two
or more platinum strings are twisted together to mini-
mizc points of local strain. The electrode is inserted
and cell material obtained in the same way as de-
scribed above for the simple platinum string electrode.
The increased thickness of the combined electrode
strings makes them suitable for use as aguide wire over
which a plastic tube is inserted (Fig. XVII: 16 b). The
hooked end of each string then helps to anchor the
electrode in direct contact with tumour tissue. The
plastic tube also allows aspiration of gas produced
along the surface of the electrode. The plastic tbe is
kept in place by slightly stretching the indwelling
platinum strings against the plastic tube. The strings
are then fixed in place by plugging the hub of the tube
with a small stopper.

Type 3. This electrode (Fig. XVII: 17) has been
designed to maximize the area of the electrically active
surface. The electrode also is suitable for percutaneous
insertion and biopsy, in principle as described for
Types 1 and 2. In addition, it provides a canal for
direct access to the internal part of the active electrode



Fig. XVII:15. Direct current treatment. Insertion of a
Type 1 platinum string electrode into a tumour, followed by

sampling of tumour cells for cytology. (a) The tip of the elec-

trode is bent, inserted into the tip of a | mm thick Rotex bi-
opsy cannula, and placed in the tumour. () The cannula is
retracted. The hook helps to anchor the electrode. () Before
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the cannula is removed, a biopsy may be obtained, when
necessary, by rotation of the indwelling screw needle into the
tissue and () advancement of the cannula over the screw so
that cellular material is secured inside the cannula and pro-
tected in the grooves of the screw before the instrument is re-
moved.
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Fig. XVII: 16. Direct current treatment. A Type 2 electrode
of twisted platinum strings surrounded by a plastic tube.
The hooked ends of the strings () are inserted as shown in
Fig. XVII: 15. (b) After the cannula is removed, a Teflon

area. This electrode is intended primarily to be used in
“large” tumours.

The electrode contains four layers. An inner screw
needle resides in a Rotex steel cannula, surrounded by
a Teflon tube. Outermost are platinum electrode
rings, which can be varied in number or length accord-
ing to the size of the lesion. As it enters the rings, the
Teflon tube tapers and becomes thin-walled. The most
distal electrode ring has a tapered tip and is welded to
three platinum strings. These strings run outside the
thin part of the Teflon tube and are ughtly pressed
against the other electrode rings so as to make electri-
cal contact with them. Proximal to the electrode rings,
the Teflon tube widens, which helps hold the rings in
place in situ. The strings run inside the wide part of
the Teflon tube and pass outside the tube through a
hole at the beginning of the thin part. Proximally the
strings emerge from the plastic hub, where they are
accessible for connection to the source of direct cur-
rent.

The active electrode surface can be varied by the
number and size of the platinum rings. The length of
the thin part of the Teflon tube is adjusted according-
ly. Slots in the Teflon tube make it possible to aspirate
gas and to inject pharmacological agents or saline solu-
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tube with stopcock is passed over the twisted platinum
strings to the edge of the tumour. The tube serves both as an
insulator of adjustable length and as a channel for removal of
gas produced along the electrode durning the treatment.

tion through the electrode canal. The screw needle is
0.55 mm thick at its base and tapered to the tup over a
distance of 16 mm. The steel cannula is 1 mm thick.
The external diameter of the electrode rings is 1.9
mm. The purposes of the screw needle are twofold: to
obtain cellular material for cytologic examination from
the site of the electrode and to control placement of the
clectrode by stabilizing its position in the tumour.
When the cannula and the larger platinum electrode
are introduced, the position of the screw needle deter-
mines their positions.

Type 4. Some tumours are not solid, but semisolid
or cavitary inside. Gas produced at the electrode sur-
faces causes or enlarges cavitation in the tumour,
Therefore, it may be difficult to keep an electrode in
place for longer than a few minutes. Gas also jeopar-
dizes contact between electrode and tissue, and can
disconnect the current.

The Type 4 “winged” electrode shown in Fig.
XVII: 18 is designed to overcome these drawbacks.
The platinum electrode is tapered distally and grooved
proximally. Three platinum strings are soldered to the
most proximal groove. A sling of nylon thread runs
through two holes in the electrode and passes proxi-
mally the length of the Teflon tube and out the stop-



Frg. XVII:17. Direct current treatment. Construction and
insertion of a platinum electrode (Type 3) with a relatively
large surface area. (a) The active electrode surface consists of
one to several segments of platinum tubes, as indicated by
diagonal lines in cross section. Three platinum strings are
here welded to the distal platinum tube, which has a conical
tip. The strings run berween the cylindrical platinum tubes
and a thin-walled Teflon tube. At the base of the proximal
platinum tube, the Teflon tube widens. There the platinum
strings pass through a hole into the proximal larger part of
the Teflon tube. (b) The electrode is advanced to the edge of
the tumour by means of a Rotex biopsy instrument. (c) The

cock. The platinum strings emerge close to the stop-
cock connection. The Teflon tube is provided distally
with 4 slots, which allow the segments between the
slots to fold outward when the nylon string is pulled.
The electrode is inserted the same way as is electrode
Type 3, above, using a screw needle and cannula. The
folded, slotted Teflon section anchors the electrode tip
in place, even if gas pressure and dehydration happen
to produce an anodic intratumoural cavity. The nylon
threads are maintained taut by a small stopper plugged
into the stopcock. The opened wings also permit easy
communication between the Teflon tube and the inner
part of the tumour. In this way, gas can be removed
and pharmacological agents or saline solution infused
into the tumour. This electrode is intended for use as
an anode,

Given the principle that vascular branches of the
VICC selectively conduct current, selective positioning
of the cathode in a vessel merits consideration. For
that purpose, a specifically cathodic electrode has been

screw needle is introduced to serve as a guide for advancing
the cannula and platinum rings. (4) The cannula and the
platinum tube are introduced into the rumour. The cannula
and indwelling screw needle are then removed. The grooves
of the screw hold marerial for cytologic examination. () The
platinum sections can be varied in number and length ac-
cording to the size of the tumour. The intratumoural part of
the Teflon tube is thin and slotted lengthwise. Gas produced
at the surface of the electrode can be aspirated from the tube.
Saline solution or pharmacologic agents, e.g., cytosiatic
compounds, can also be infused through the tube.

developed (Fig. XVII: 19). This electrode consists of a
plastic radiopaque catheter, curved at the tip and per-
forated by a row of side holes along the inner curva-
ture. The perforations permit electrochemical contact
between blood and the metal. After percutaneous in-
sertion by Seldinger technigue, the catheter 1s placed
in the chosen vessel, e.g., a pulmonary artery. A metal
electrode is placed inside the catheter. To date, an
ordinary stainless steel guide wire has been accepted
for this purpose. The guide wire is positioned along
the whole length of the catheter but does not protrude
beyond the tip of the catheter. The distal part of the
catheter is curved, to further minimize the risk of
injury to the vessel wall by contact with the metal of
the cathode.

To use direct current for treatment of a cancer an
important principle must be noted:

Cells of mammals, including cancer cells, carry a net
surplus of fixed electronegative charges (1, 4, 26, 27,
70, 75). This surplus means that those cells which are
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Fig. XVII: 18. Direct current treatment. Electrode of

Type 4, designed to remain fixed in a cavitary tumour. {a) A
tapered platinum tube is screwed proximally into a plastic
tube. The distal end of the tube contains four longitudinal
slots. A nylon string runs through holes (thin arrows) in the
platinum tube and passes through the plastic tube. Three
platinum strings are welded on the most proximal groove (ar-
row-heads). (b) By pulling the nylon thread {oblique arrow),

290 Treatment of cancer

=

i

retracting the biopsy screw needle (horizontal arrow) and
pushing the plastic tube (¢} into the tumour, four wings fold
out, securing the electrode in the cavitary tumour. The tube
is also available for removal of gas and infusion of liquid so-
lutions, e.g., saline or cytostatic compounds. This electrode
is introduced in the same way as is the electrode shown in
Fig. XVII: 17.

Fig. XVII:19. Direct cur-
rent treatment: intravascular
cathodic electrode in a cath-
eter. Multiple side holes
along the concavity of a plas-
tic catheter prevent the met-
al in the catheter from di-
rectly contacting the wall of
a vessel. The metal string of
the electrode is provided
with a stopper. The three-
way stopcock allows intra-
vascular infusion through
the holes in the catheter.



easily detached, such as malignant cells, will move in a
superimposed electric field from the cathode toward
the anode. The electropositive field around the intra-
tumoural anode will, therefore, tend to keep all mov-
able cancer cells in place during the direct current
treatment. The application of an electronegative po-
tential in a cancer, on the other hand, can be expected
to tend to repel the neoplastic cells away from the
tumour and therefore increase the risk of producing
metastases,

The twmour electrode must imitially be anodic. The
cathode must be kept away from malignant cells. Because
cancer cells are electronegatively charged, they will be kept
together around the anode but be transported away from
the cathode. If an intratumoural electrode is cathodic, the
subsequent spread of tumour cells 15 very likely.

5. Application of electrodes

Direct current treatment can easily be performed in a
pauent treated with a tranguilizer (e.g., morphine-
scopolamine, 5-10 mg, i.m.) and local anaesthesia
(Xylocaine®) in the skin and pleura. In this way it is
possible to communicate with the patient during the
treatment.

The insertion of electrodes is performed percutane-
ously as described above after careful radiologic local-
ization of the lesion with plain films, biplane fluoro-

Fig. XVII:20. Computerized tomography as an aid to per-
cutaneous insertion of electrodes in direct current treatment
of a metastasis in the lungs. Blackness represents air in lung.
The patient is supine and viewed as a transverse section seen
as if the viewer were looking from the direction of the pa-
tient's feet toward the patient's head. The carcinoma, ap-
proximately 2 cm in diameter, is situated anterolaterally in
the periphery of the right lung. Reconstructions optimize
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scopy, and, if necessary, computerized tomograms.

Compurerized tomograms are in many cases indis-
pensable. In biplane televised fluoroscopy, one select-
ed projection may be optimal while the perpendicular
view is insufficient to localize a small lesion. In such
cases a computenized tomogram makes it possible to
determine the exact distance between the planned site
of pleural puncture and the margin of the lesion. An
electrode can then be introduced to the predetermined
position by means of a suitable projection at fluoro-
scopy. Fig. XVII: 20 illustrates the role of computer-
ized tomography in determining the most suitable di-
rection and depth for percutaneous insertion of elec-
trodes. Parallel white lines indicate planned introduc-
tion of the anode into the carcinoma and the cathode
into the lung parenchyma between the tumour and the
hilum.

The placement of electrodes can in theory be widely
varied for DC treatment of pulmonary neoplasms (Fig.
XVIIL: 21). Electrodes can (theoretically) be placed on
the skin, or inserted directly through the chest wall.
Electrodes can also be inserted via a catheter into the
pulmonary artery, a systemic artery, a systemic vein, a
bronchus or in the pleural space. The venous routes
and the pleural space are of particular interest because
they provide pathways for current which include the
lymphatics. A large skin cathode is not very suitable
for treating pulmonary lesions because of the risk of
eddy currents between the skin and the anodic tumour

imaging detail of (@) margins of the cancer, (&) soft tssues of
the chest wall. Biplane fluoroscopy best visualized the lesion
when one of the planes was as marked by the white lines. In
this plane the centre of the lesion was 8.5 cm from the sur-
face of the skin (measured distance of the shorter straight
white line). The longer white line marks the anticipated posi-
tion of the cathodic electrode.
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Fig. XVII:22. Position of electrodes for direct current treat-
ment of a lung tumour. The tumour electrode should be ano-
dic. (2) The cathodic electrode is ideally positioned. It is out-
side the tumour and proximally placed in the same segment
to maximize interelectrode flow of current over the conduct-
ing interstitial Muid and intravascular plasma. () Unsuitable
position of the cathode, positioned in an adjacent pulmonary
lobe or segment. When interlobar pleura (dashed line) or any
other poorly conducting membrane is interposed between
the anode (in the tumour) and the cathode, flow of current
will take an unpredictable roundabout way, perhaps via the
hilum,
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Fig. XVII:21. Different (theoreti-
cal) possibilities for placement of
electrodes in D.C. therapy of cancers
in the lung. T = transthoracic; Pa =
via a catheter in the pulmonary ar-
tery; Br = through the tracheobron-
chial tree; Ae = via a catheter in the
aorta or bronchial artery; § = large
electrode on the skin; V' = via a cath-
eter in a vein.

electrode in the lung. This is obviously important for
avoiding the leading of current through the myocardi-
um.

The structures of the treated organ also are impor-
tant in direct current treatment, because they affect
the pathways for current. For example, Fig.
XVII: 22 g illustrates the cathode positioned across the
vascular bundle central to a lung tumour and inside
the same segment or lobe as the tumour, assuring
favourable conductivity and spatial distribution of cur-
rent. Fig. XVII:22b, however, shows the cathode
positioned beyond the interlobar pleura, which
hinders current flow. Any air leak into the pleural
space will further enhance the hindrance, so that the
current must pass in a wide arc over the hilar tissues.
This broad and indirect course is unnecessary. Resis-
tance to flow will be increased and may even theoreti-
cally produce unexpected reactions, €.g., from nerves
in the hilum.

Pneumothorax 1s a likely complication of transthora-
cic insertions of electrodes. In order to control this
complication, one should introduce a pleural drainage
tube before the electrodes are to be implanted. When
the pleural tube is connected to a suitable suction
device, collapse of the lung can be prevented. During
the treatment, pressure in the pleura must be continu-



ously maintained at subatmospheric levels, so that the
lung is maintained expanded. Constant size and posi-
tion of involved lung are necessary to prevent a pneu-
mothorax from dislocating the electrode from the tu-
mour. Absence of pneumothorax is also obviously nec-
essary for respiratory comfort and safety of the patient.
The pleural drainage tube should be kept in place a
day or two under constant suction after conclusion of a
treatment with direct current.

6. Voltage and current

In experiments on animals, up to 40 volts have been
applied between electrodes in the lung,

In patients, usually 10 volts (range, 1.5-15 volts)
have been used. Initially, current should be applied by
evenly elevating the voltage from 0 to the desired level,
which in practice has been performed during one
minute. Similarly, the current should be lowered slow-
ly, e.g., over about a minute, on concluding the treat-
ment. Otherwise the partient will experience pain or
unpleasant contractions of local muscles by faradic
stimulation.

The actual amount of current passing through the
circuit increases continuously in the beginning, as a
function of continuously increasing ionization of tis-
sue. Electroosmotic, electrolytic and electrophoretic
phenomena associated with deposition of material on
the surfaces of the electrodes will then diminish the
rate of increase in conductivity. The current may even
suddenly become interrupted, usually as a conse-
quence of gas forming at the electrode surfaces. As
voltage and current increase, the likelihood of newly

formed gas blocking the flow of current also increases.
Sudden pain will then be felt by the patient. Increase
in voltage may then temporarily restore conductivity
until a new spontaneous interruption takes place. This
method of restoring current should be avoided. In-
stead, one should either wait until the accumulated gas
on the electrodes has spontaneously resorbed, or re-
move the gas, e.g., by suction and infusion of saline
solution. These procedures require electrodes such as
those described with a channel available for suctioning
and injection.

The total quantity of coulombs passed between the
electrodes must be determined, as it offers an expres-
sion of the “dose’” delivered. Because the current is
continuously changing, continuous integration of cur-
rent and time 1s necessary to determine the dose in
coulombs,

In order to deliver about 200 coulombs at 10 volts to
a patient with a lung rumour, 2-3 hours has been
found necessary when the distance has been 5 cm
between two platinum electrodes, each with a total
surface of 20 mm®. The initial current has usually been
5 to 10 mA, which then increased spontaneously to a
maximum of 30 to 40 mA.

Because control of applied voliage and current is
critical for the qualitative effects of DC treatment, a
DC Treatment Processor® (Fig. XVII: 23) has been
constructed. This processor automatically adjusts cur-
rent and voltage not to exceed predetermined values,

* Developed in cooperation with Mr Jerker Olsson and Tekniska
Rontgencentralen AB (TRC). The instrument is manufactured and
sold by Tekniska Rontgencentralen AB, P.O. Box 50100, 5-104 03
Swckholm, Sweden.

Fig. XVIi:13. Processor developed for direct current treatments. (@) External display of variables in a course of DC

treatment, () Block diagram of the apparatus.
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Within chosen limits, the apparatus can keep current
and voltage constant. The actual current is measured
and integrated over time. Current, voltage and accu-
mulated charge are presented in a digitized form and
can be displayed on a chart writer. In the event of
undesired changes of currents, alarms are activated.
Initial and concluding currents are modulated gradual-
Iy, to prevent pain and muscle spasms for the patient.

7. Discussion

For definite control of a cancer, the specific quantities
of current and voltage needed are still in the process of
definition. It does now appear clear that at voltages of
10 volts or less, heat produced around the electrodes is
only a minor consideration. At higher voltages, sparks
can produce considerable local heat.

Prominent destructive effects are known to take
place around the cathode at **high” voltages, while very
minute but permanent changes are produced at *low™
voltages (31). The most destructive effect around the
cathode is produced by alkalinity, which may locally
reach a value of pH 12. Blood pigment is then trans-
formed into dark alkaline haem. Some of the destruc-
tive effects are produced by the pressure of hydrogen
evolved at the cathode. Inflowing electroosmotic water
around the cathode also elevates the local turgor pres-
sure, which causes compression of vessels.

Around the electrodes interactions also take place be-
tween blood flow and electric field forces on charged
particles, as described for cathodic accumulation of
leukocytes (Chapter XIV).

Around the anode relatively extensive changes in tis-
sue are obtained also at fairly low voltages (below 10
volts), The destructive effect around the anode is pro-
duced by an abundance of protons, liberated by elec-
trolysis at the surface of the electrode. After the pro-
tons diffuse and migrate in the electric field, a region
of dark acid haem is produced (pH=2). Centrally
around the anode the dark material is bleached by
liberated chlorine gas. This gas and liberated oxvgen
increase the pressure around the anode, leading to
cavitation. Electroosmotic dehydration of the de-
stroyed, dark anodic area produces a rather well de-
marcated border against surrounding tissue.

To these cathodic and anodic primary destructions
of tissue around the electrodes are added several, easily
distinguishable, acute biological reactions (Chapters
XII, XIV) around the cathode. Considerable local ce-
dema develops around the cathode. The tissue is soft,
partly dark coloured or pinkish and shows a decreased
amount of red blood cells and leukocytes. Around the
anode the tissue is dry and shows extensive throm-
boses in capillaries, contractions of capillaries, diape-
detic haemorrhages, discolouration of vessels and ac-
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cumulation of large numbers of leukocytes, which are
both intravascular and perivascular. Such accumula-
tions of leukocytes occur preferably at low electrode
potentials (e.g., 0.1 V). After intravascular injection, a
charged chemical compound may accumulate selec-
tively around one of the electrodes, indicating that this
principle also may be utilized for therapy.

The anodic and cathodic reactions described form the
basis for the hypothesis that direct current can be used to
control tumour growth. The control derives partly from
destruction of tumour tssue and partly from field-induced
modifications of the environment of the tumour.

There are many difficulties in defining proper dos-
age for treatment with direct current. The amount of
current flowing between the electrodes is not a conclu-
sive way to measure the magnitude of treatment. This
effect can be explained as follows:

When anode and cathode are placed very close (e.g.,
1 cm,) to each other, large amounts of current may
pass through the circuit and vet the spatial extent of
biologic and destructive effects will be quite limited.
When large distances (e.g., 10 cm) separate the elec-
trodes, local densities of current per unit volume of
tissue are lower (with an equivalent flow of current)
than when the electrodes are closer. A treatment may
nevertheless be produced by some primary destruction
of the wmour supplemented by biochemical alter-
ations also in a relatively large volume of tissue. The
positioning of the electrodes is in any case an exceed-
ingly important factor to consider in direct current
treatment. Moreover, the influence of the electrode
technique also correlates directly with the conductivity
of tissue, buffering capacity of tissue fluids and influ-
ences by tissue circulation. Because direct current in
many ways influences and interferes with biological
reactions, extensive destruction of tissue by direct cur-
rent does not necessarily correspond with beneficial
biologic influences on surrounding tissue. As an exam-
ple, many leukocytes can be artracted to the anode at
relatively low electrode voltages (2-3 volts) but are
massively destroyed in the anodic field at 10 volis
(Chapter XIV). Varied reactions of other cells and
tissue components have also been observed under the
influence of direct current (Chapter XIV). Conducting
properties of different tissues may also produce un-
foreseen pathways for the current.

The interactions of many variable factors can there-
fore explain why different effects can be obtained in
tissues even with essentially comparable amounts of
current. Furthermore, it seems likely that DC treat-
ment should be most beneficial when the technigue
approaches the mechanisms of closed circuit transport
in spontaneous healing. This consideration implies
the use of energies perhaps in the range of a few volts
and a few microamperes over long time periods. It also
implies a future introduction of slowly fluctuating,



attenuating potential differences between diseased and
healthy tissue. Knowledge about beneficial effects of
such approaches can obviously be obtained only from
extensive, systematic, experimental and clinical trials.

D. Direct current treatment
of malignant tumours in lung:
experience in 20 patients

1. Case material

Direct current treatment of cancers in lungs of the first
five patients in this series was reported by the author
in 1978 (41). This initial trial series proved that DC
treatment could lead to regression of cancer in patients
who, for various reasons, were unsuitable for opera-
tion or other established forms of treatment.

Afer these initial experiences, the clinical series has
been enlarged to 20 patients and a total of 26 treated
cancers. A survey of this case material is presented in
Table XVII: 2 (pages 310-312).

The ages of the patients varied between 20 and 76
years. Ten were women, 10 men. Fifteen had meta-
static cancer in one or both lungs. Five had primary
lung cancers. Seven were considered unsuitable for
surgery because their general physical condition was
poor. Other patients have been unsuitable for radio-
therapy or failed to respond to treatment with cytosta-
tic agents. Eight patients have also suffered from other
major diseases, including coronary atherosclerosis, hy-
pertension, diabetes, emphysema or respiratory insuf-
ficiency (post poliomyelitis). In one instance (patient
no. 10) treatment was performed for a solitary pulmo-
nary metastasis from a breast carcinoma. This patient
was in excellent condition but she refused surgery,
radiotherapy and treatment with cytostatics.

2. Preparation of patients

All patients gave their consent after they were in-
formed that the treatments were part of a preliminary
clinical trial. Each patient was examined with cardiore-
spiratory function tests, blood chemistry tests and
radiographic studies appropriate to performance of a
thoracotomy. Because pneumothorax commonly com-
plicates needling of a lung, it was found suitable o
insert a large pleural drainage tube prophylactcally
into the pleural space before treatment. All treatments
were performed under local anaesthesia at the sites of
insertion of the electrodes and after medication of the
patient with Valium® and morphine-scopolamine. In
this way it has been possible for the patient to report

on pain or other reactions during the course of the
treatment.,

3. Technigue of treatment

The platinum electrode (anode) has always been im-
planted percutaneously in the tumour under biplane,
televised, fluoroscopic control. The cathode (same
electrode as anode type 1 or 2) has been implanted (see
Table XVII: 2) at a distance of at least one diameter of
the tumour from the edge of the tumour. The site of
the cathode has been either between the tumour and
the hilum (18 instances) or it has been inserted
through a catheter from a femoral vessel into an ipsila-
teral branch of the pulmonary artery (5 instances), in
the subclavian vein (2 instances) or into the aorta (6
instances). The aortic location of the cathode was cho-
sen with the intention of utilizing the bronchial arte-
ries as a selective pathway for current in primary
pulmonary malignancies, which are known to have
their main blood supply derive from the bronchial
arteries (77).

The DC Treatment Processor contains appropriate
safety circuits and has been connected to a Grass direct
writing instrument for continuous recording of volt-
age, current and time during treatment. Facilities for
recording of ecg and respiration have been available.
Five patients have been treated for more than one
tumour. Only a single treatment has been applied
to each tumour, except for three tumours. Patient no.
17 (Table XVII: 2) received three treatments of one
tumour and two treatments of another. Patient no. 19
received two treatments of one tumour. The first treat-
ments of these patients’ tumours were performed at an
electrode potential of 10 volts and the last at 1.5-3.5
volts. In spite of the low current densites, 400, 665
and 710 coulombs could be given, during 2-5 days, in
the ward. Five, 7 and 15 volts have each been applied
in one patient. The amount of current has varied
between 65 and 1330 coulombs.

The diameter of the smallest tumour was 10 mm,
the largest 75 mm. Because few indications existed to
guide an optimal choice of voltage and amount of
electric energy to be given, an arbitrary amount of
current of 100 coulombs per cm of tumour diameter
{at 10 V potential) was chosen as the preliminary dose,
This amount means that in case this dose will be found
sufficient to arrest growth of small cancers, a diameter
should be encountered above which growth is not
arrested, because volume increases exponentially in
relation to diameter of a tumour (Fig. XVII: 1). Col-
lecting information about dose requires, of course, a
large number of patients. Several factors make it also
necessary to modify the treatments. In fact, pain or
fatigue in several old or weak patients made it impossi-
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ble to follow the preliminary setting of treatment dose.
An average of only 80 coulombs at 10 volts potential
could be applied per cm diameter of the tumours
(Table XVII: 2, see also Fig. XVII: 43).

One of the most difficult factors to evaluate are the
local circulatory conditions around a tumour. Good
circulation means, for example, efficient buffering,
dilution and disappearance of anodic protons and
hence a decrease in direct, destructive effects on -
mour cells, Technical problems arise when obscuring
structures, e.g., thickened pleura, make it difficult 1o
position the tumour electrode in the centre of a tu-
mour. If the electrode is not located centrally, an
unnecessarily large treatment dose will be required to
obtain reliable treatment. Movements of the patient
also can easily dislocate the tumour electrode. This
problem is particularly the case in cavitary tumours
and cancers with soft consistency, e.g., melanomas
and oat cell carcinomas. Many technical factors can be
improved. The results in the patient group are there-
fore far from representative of the full potential of the
method.

All treatments except four have been performed in
the radiologic laboratory under biplane fluoroscopic
control. Duration of these treatments has varied be-
tween one to three and a half hours. Three tumours
{patients no. 17, 19 and 20) were treated in the ward
by delivery of 400, 665, 710 and 1330 coulombs at
1.5-5 volts. These treatments each lasted two to five
days.

4, Case analysis of treated patients

Five primary and 21 metastatic cancers have been
treated in 20 patients.

a) Mortality

None of the patients has died in connection with the
direct current treatments. Thirteen patients have died
during the observation periods after the treatments.
The deaths of nine of these will first be analysed in
connection with some comments on the treatments.
These patients are numbered as in Table XVII: 2.
Causes of deaths of the other four patients (3, 11, 14
and 15) are listed in Table XVII: 2.

Panent no. 4. This patient suffered from hyperten-
sion, severe coronary arteriosclerosis, diabetes mellitus
and a pelvic sarcoma with multiple metastases in the
lungs. Two of these metastases were treated and re-
gressed during observation times of 485 and 444 days,
respectively. Multiple other small metastases in the
lung parenchyma, distant from the sites of the elec-
trodes, also appeared to regress after treatment of the
two larger metastases. These findings are analysed in
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detail later (see also Fig. XVII: 36). The patient died
from local recurrence of her pelvic tumour and metas-
tases to the brain.

Patient no. 6 had been operated for an osteosarcoma
of the right leg in 1978, One metastasis (I) of 23 mm
diameter in the right upper lobe was treated with 130
coulombs at 10 volts, the cathode in the lung paren-
chyma. After 50 days of observation the umour had
decreased in size, while the untreated metastasis (II) of
about equal size in the left lung had increased in
volume about 2.5 times. Because of this rapid growth
and the seemingly beneficial effect of the DC treat-
ment of the rightsided tumour, surgical removal of the
untreated tumour deserved serious consideration. Un-
fortunately, the treated rightsided tumour was then
surgically removed instead of the left one and the
specimen was lost. The patient subsequently died
from his disease. No autopsy was performed.

Patient no. 8, Previously a cutaneous malignant me-
lanoma and one brain metastasis had been resected.
She appeared with one metastasis in the right lung.
During treatment with DC current a pneumothorax
developed slowly, causing displacement of the plati-
num string electrode in the tumour. The patient’s
condition was not affected by the treatment but she
developed wvarious cerebral symptoms 3 weeks later
and died. Autopsy revealed many large metastases in
the brain, one of which had bled into the ventricular
system. The part of the lung tumour where the anode
had been positioned showed complete necrosis over a
diameter of 10 mm. An intermediate zone of partial
cellular destruction was seen in a 2-3 mm broad zone.
Beyond this zone, melanoma cells appeared micro-
scopically unchanged.

Patient no. 9. After a right lobectomy for a pulmo-
nary adenocarcinoma, local recurrence was verified by
percutaneous needle biopsy. DO treatment was per-
formed but positioning the anode was difficult because
thickened pleura partly obscured visualization of the
tumour. The tumour continued to grow rapidly after
treatment. The patient died from multiple metastases
in the right lung. At autopsy local scar tissue was seen
anterior to the large metastasis. [t was assumed that
the anode had not been correctly positioned in tumour
tissue.

Patienr no, 12. A large metastasis from a testicular
teratocarcinoma was present in each lung. Treatment
of each metastasis was attempted with direct current.
Pleural thickening precluded an implantation of an
electrode into the right lesion. The left metastasis was
treated and stopped growing during an observation
time of 410 days. The patient died from widespread
metastases. Autopsy was not performed.

Patient no. 13. The treatment dose for this solitary
metastasis became less than originally planned due to
the patient’s poor general condition. 180 days after



Fig. XVII: 24. Histologic
section, edge of large prima-
ry carcinoma of lung (pa-
tient no. 18), three weeks
after treatment when the pa-
tient suddenly died from a
coronary infarction. Tu-
mour cells appear probably
viable. Fibrosis is abundant.
Clusters of calcification are
also evident.

the treatment, the size of the tumour had increased
considerably. The tumour showed a large central cav-
ity. After 345 days the tumour had partially collapsed
and decreased in size. The patient died shortly there-
after of cerebral metastases.

Patient no. 16. This 54-year-old patient with poorly
differentiated squamous cell carcinoma of lung was not
a candidate for surgery because of ventilatory insuffi-
ciency after poliomyelitis. During direct current treat-
ment, only 200 coulombs at 10 volts could be given to
the 404557 mm large tumour. The patient died of
multiple metastases after 1 year, 10 months. At autop-
sy the primary lung tumour had increased in size to
65 %6565 mm.

Patient no. 17. This 56-vear-old woman had an ad-
enocarcinoma of the uterus resected in 1977, followed
by radiation treatment. Intrapelvic scar tissue then
developed and blocked the ureters bilaterally. Perma-
nent bilateral nephrostomies were established. One
large metastasis developed in the lower lobe of the
right lung and one in the upper lobe of the left lung.
The right metastasis was treated three times with a
total of 1135 coulombs (electrode voltage 3.4-10 V).
The left metastasis was trealed twice with a total of 560
coulombs (1.5-10 V electrode potential). Despite these
considerable efforts to arrest tumour growth, both
metastases continued to grow rapidly, the more vigor-
ously treated right one even more rapidly than the left
tumour. New metastases appeared and death occurred
soon thereafter.

Patient no. 18. Cardiac insufficiency from previous
myocardial infarctions was a contraindication to sur-
gery for this patient’s primary lung cancer. He tolerat-
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ed DC treatment (400 coulombs, 10 volts) very well.
Three weeks later he died suddenly from a new myo-
cardial infarction. Autopsy revealed widespread re-
gions of necrosis in the treated tumour. Cancer cells,
probably viable, were found at the edge of the tumour
(Fig. XVII: 24},

b) Beneficial effects of DC treatment

Although each of the above nine patients died, DC
treatment appears to have been locally effective in
patients no. 4, 6 and 12. We will, however, also review
some more obvious beneficial effects of DC treatment.
Each patient’s number corresponds to those in Table
XVII: 2.

Patient no. 1. This 66-year-old woman represents
one of the longest observation times. A bilateral sal-
pingo-oophorectomy was performed in 1973 for me-
sonephroid adenocarcinoma of the ovary, stage IA,
histologically class IV. 4000 rads of external radiation
were given. Routine chest radiography in February,
1978, revealed a 20 15x 15 mm tumour in the lingula.
In April, 1978, screw needle biopsy showed polymor-
phic carcinoma, strongly probably metastatic from the
ovarian tumour. In Fig. XVII: 25 cytologic material is
shown from the lung tumour (g) and histologic materi-
al from the ovarian wmour (b). Operative removal of
the pulmonary metastasis was rejected because of se-
vere cardiac disease.

By June, 1978, the pulmonary tumour measured
25x17x17 mm. After Valium® (10 mg) and mor-
phine-scopolamine (50 mg) were administered intra-
muscularly, DC treatment was performed under local

Treatment of cancer 297



Fig. XVII:25. Adenocarcinoma of ovary, metastatic to lung
(patient no. 1). (a) Cytologic preparation, screw needle biop-
sy, pulmonary metastasis. Papanicolaou stain. (b) Histologic
section from the primary tumour of the ovary. Haematoxy-
lin-eosin stain.

anaesthesia with Xylocaine®. A cardiac catheter was
introduced percutaneously via a femoral vein and
passed into the left pulmonary artery. A normal pul-
monary angiogram was obtained before the treatment
(see Fig. XVII: 28a). Two platinum electrodes, each
0.2 mm in diameter, were introduced percutaneocusly
via a biopsy needle 1.0 mm thick. The noninsulated,
distal part of the platinum thread was 25 mm long.
Five mm from the tip the thread was bent to form a
hook to secure its position. The anode was placed in
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the tumour, the cathode in adjacent tissue separated
from the tumour by a distance of approximately its
diameter (Fig. XVII: 26).

DC treatment was started at 10 volts between the
electrodes. As seen in Fig. XVII: 27, current initially
was 10 mA. Then it increased to about 20 mA. At the
first dotted line (a), the current was spontaneously
interrupted and gas could be seen fluoroscopically
around the electrodes. The patient then complained of
pain, which disappeared quickly when the current was
switched off. Because the cumulative amount of cur-
rent was considered insufficient, the treatment was
then continued at 13 volts between the electrodes. The
current started again at about 35 mA and the patient
did not notice any pain. It increased to about 55 mA
when new gas again interrupted the circuit and the
patient reported some pain. After another period of
rest (b), 15 volts was again applied. Shortly thereafter
the patient reported pain again. As the total amount of
coloumbs now was 180, the treatment was interrupted
and the electrodes were pulled out. Other than pain,
the sole complication was a minimal pneumothorax,
which resorbed spontaneously within a day. No pain
was reported by the patient after the conclusion of the
treatment.

A new pulmonary angiogram was performed imme-
diately after the treatment. Compared to the study
before treatment, it showed that several vessels ap-
peared narrower and displaced away from the cathode
(Fig. XVII: 28 5).

Radiography the next day showed diffuse haziness
around the site of the electronegative electrode, an
appearance suggesting local oedema. Fig. XVII: 29
chronicles the decrease in size of the treated metasta-
sis. Fig. XVII: 29 2 shows the metastasis before treat-
ment. Fig. XVII: 29 b shows an infiltration at the pre-
vious site of the cathodic electrode. Around the w-
mour, the tssue is also infiltrated and surrounded by
radiating, probably fibrous, structures. Two months
after the treatment (Fig. XVII: 29¢) most of the ca-
thodic infiltrate has disappeared and the tumour has

Fig. XVII: 26. Direct cur-
rent treatment of metastatic
ovarian carcinoma in the lin-
gula of a 66-year-old woman
(patient no. 1). Largest dia-
meter of the tumour was

2.5 cm. (a@) Anteroposterior
view. (b) Lateral view. Per-
cutaneous platinum elec-
trodes: anode in the tumour,
cathode in lung tissue 2.5
cm distant from the tumour.
A cardiac catheter is posi-
tioned in the pulmonary ar-
tery for angiography.



slightly decreased in size. It is now surrounded by
thicker radiating structures. In Fig. XVII: 294, ¢ pro-
gressive decrease in size of the rumour is seen after
seven and fifteen months. A small residual of probable
scar tissue is indicated by an arrow in Fig. XVII: 29f
(after 2 years, 5 months). The patient has to date (after
4 years, 4 months) presented no new pulmonary me-
tastases or metastases elsewhere,

One diameter of the tumour vs. time is plotted in
Fig. XVII: 30. The size of the tumour decreased over
an interval of greater than 2.5 years. More rapid de-
crease occurred during the first six months than dur-
ing the later period of observation.

Patient no. 2. A mesenchymal fibroliposarcoma of
the uterus was excised from this 20-year-old woman in
1977. She received chemotherapy (Dactinomycine,
Cyclophosphamide and Vincristine) after the opera-
tion. Shortly thereafter, two metastatic tumours ap-
peared in each lung (in 1978). One metastasis in the
right lung was treated by electrocoagulation (see Fig.
XVII: 5), the other three were treated by direct cur-
rent.

The cellular material shown in Fig. XVII:31a, b
was taken from a large tumour (3537 %42 mm) in the
right lower lobe. Well differentiated (g) and moder-
ately well differentiated (b) cells are shown. Fig.
XVII: 31 ¢, d shows a comparable morphologic appear-
ance of histologic sections from the primary intrapelvic
sarcoma.

Fig. XVII: 32 a shows the tumour before treatment,
(k) one year and (¢) 3 years, 9 months after treatment.
The volume of the tumour diminished to less than one
fifth of its volume before treatment.

The treatment was performed under medication and
local anaesthesia, like the previous case. Fig.
XVII: 32d shows the positions of the two platinum
electrodes at the beginning of the treatment. Immedi-
ately after the treatment (Fig. XVII:32¢), cavities
containing gas (white arrows) are seen at the sites of
the electrodes in the tumour and pulmonary parenchy-
ma. A circular, diffuse haziness is also seen in the lung
around the site of the cathode, representing cedema
(hydropic “B” zone). A radiolucent “A™ zone also
developed around the anodic neoplasm (Fig. XVII:
32f). 250 coulombs were delivered at 10 volts. The
flow of current vs. time is shown in Fig. XVII: 33.
The patient tolerated the treatment without difficul-
ties. Some fluid, however, was observed in the pleural
space during and after the treatment. It resorbed spon-
taneously within a few davs. No pneumothorax or
other complications occurred.

Two other metastases in this patient, each in the left
lower lobe, were also treated with direct current. Their
sizes also decreased (Table XVII: 2). Computerized
tomography proved useful in determining the position
of these lesions (Fig. XVII: 34a, b). Each tumour,

b
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Fig, XVII: 27, Current supplied to the lung tumour of pa-
tent no. 1. At 10 volts, current increased from 10 1o 20 mA
during the first 55 minutes, when gas, accumulating at the
electrodes, interrupted the current (a). Applied potential
was elevated to 15 volts and flow of current resumed, in-
creasing from 35 to 55 mA over 30 minutes, when a new in-
terruption occurred (b). After a few minutes of waiting, ad-
ditional current could be supplied at 15 volts. Total dose was
180 coulombs.

Fig. XVII:28. Left pulmonary angiogram of patient no. 1.
(a) Before trearment, the pulmonary arteries show normal
size and calibre, (b) Immediately after treatment the lingular
artery is displaced mediallv and small vessel branches are less
prominent around the cathode,
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Fig. XVII: 29 Serial radiographs of metastatic ovarian carci- fibrous, structures. (c) 60 days alter treatment. Regression 1s

noma in the left lung of patient no. 1, belore and after direct clearly observable, The fibrotic strands appear more promi-
current treatment. (@) Before treatment. (b 30 davs after nent. (d) After 210 davs, (e) 450 days and () 885 davs, a very
treatment, The tumour and the tissue at the site of place- small residual or scar is seen at the site of the umour (ar-
ment of the cathode are surrounded by radiating, probably oW ).
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Fig. XVII:30. After direct
current treatment, decrease in Diameter

one diameter of the metastanc of tumour,mm
ovarian carcinoma, patient

no. 1, over a span of 2 years, 204
5 months.

T T
0 200 400 GO0 B00 days

Fig. XVII:31. Patient no. 2, Comparison between cytologic tumour cells. Observe numerous lipid granulations. Air-
samples obtained by screw needle biopsies from a pulmonary dried smear. The cellular morphology in (¢} corresponds to

metastasis (a2, b) and histologic sections of primary mesen- that in (a), that in (d) to that in (). May-Grinewald-Giemsa
chvmal fibroliposarcoma of the uterus (¢, &), (a) Well differ- stain {a, b), Haematoxylin-eosin stain (¢, d).
entiated sarcomartous cells. (b) Moderately well differentiated
2 NS 4™ TR il - Whajr T8
B AN RS e &
By . : S e N5
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Fig. XVII:32. Pulmonary metastasis, right lower lobe, pa- trode. (¢) Immediatelv after treatment. Gas cavities at sites of

tient no. 2. (@) Before treatment, (b) 380 days after, and (&) electrodes (white arrows). New parenchymal opacity (hvdro-
1370 davs after treatment. The wumour has diminished o pic “B" zone) in the cathodic region. (f) A radiolucent “A™
less than one fifth of its previous volume. (d) Positions of an- zone around the anodic Tumour is also evident immediately
odic intratumoural electrode and cathodic parenchymal elec- after treatment.

mf

5=

40+
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Fig. XVII: 33, Current supplied to the largest pulmonary

metastasis of patient no. 2. At 10 volts, a total of 250 cou-
lombs was delivered.

T
20 40 60 B0 100 min



Fig. XVII: 34, Decrease in
size of two pulmonary me-
tastases, left lower lobe, pa-
tient no. 2, after DC treat-
ment. These two tumours
were 2 cm apart in the left
lung close to the diaphragm
and stomach. Abdominal
contents hid them from
fluoroscopic view in the lat-
eral projection. Computer-
ized tomography (with pa-
tient in prone position) aid-
ed planning the direction
and depth of implantation of
electrodes. (a) Computer-
ized romogram of the small-
€r, more superior metastasis
{thin arrow). () Computer-
ized tomogram of the larger,
more inferior tumour (thick
arrow). (c) Implanted elec-
trodes for treatment of the
smaller rumour. Radio-
graph, shallow right anterior
oblique projection. (d) The
larger tumour (thick arrow)
before treatment, (¢) De-
creased sizes of the more su-
perior tumour (thin arrow)
1290 days after treatment
and the more inferior tu-
mour (thick arrow) 1 020
days after treatment. The
centre of the more superior
metastasis is now calcified,
indicating healing of injured
tissue.

13x15x12 mm (II) and 16x19x18 mm (III) respec-
tively, was positioned deep in lung in the costophrenic
sulcus, near the diaphragm and gastric fundus. The
adjacent abdominal contents obscured fluoroscopic
viewing in the lateral projection. The computerized
tomograms, however, indicated clearly the sites of the
lesions. The most suitable direction and depth for the
insertion of each electrode could also be determined in
this way. Fig. XVII: 34 ¢ illustrates the positions of the
two electrodes during the treatment of the smaller of
the two metastases. The larger tumour (III) is seen
before treatment in Fig. XVII: 344. The smaller tu-
mour (II} received 100 coulombs at 10 volts. Its size
had decreased slightly and calcium accumulated in its
centre 3 years, 6 months after treatment (Fig.

23824586 Nordenstrim

XVII: 34 ¢). Tumour III received only 65 coulombs at
10 volts but its size also was clearly decreased 2 years,
10 months after treatment (Fig. XVII: 34¢).

After each treatment the patient was hospitalized
only one or two days and then returned to work as a
nurse's assistant, She is in good condition and has
received no supplementary treatment. To date (after 4
years, 8 months) no new metastases have been ob-
served.

Patient no. 4. A selective effect of the electric field
on multiple small tumours is suggested by observa-
tions in this patient.

An intrapelvic stromal sarcoma was resected from
this woman in 1964 at age 46, Since 1970 she has been
treated for diabetes mellitus, systemic hypertension
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and atrial fibrillation. In May 1978, two tumours, each
approximately 1.5 cm in diameter, were found in the
lower lobe of the right lung (Fig. XVII: 354, ¢). Sever-
al 3-4 mm diameter nodules, presumed 1o be merasta-
ses, were also apparent in the posterior basal segment
of the right lower lobe (Fig. XVII: 364).

Before DC treatment of each of the two large tu-
mours, screw needle biopsies were obtained, confirm-
ing the diagnosis of metastases from the intrapelvic
stromal sarcoma (Fig. XVII: 37),

Fig. XVII: 38 g illustrates an electrode implanted in
the more anterolateral of the two largest tumours and
the screw needle inserted in the tumour for cytologic
verification of the diagnosis. Fig. XVII: 385 and ¢
shows anteroposterior and lateral photofluorographs of
the position of the electrodes in the tumour and in the
pulmonary parenchyma before treatment.

304 Treatment of cancer

Fig. XVII: 35, Decrease in
size of two pulmonary me-
tastases, right lower lobe,
patient no. 4, after treat-
ment with direct current.
Primary intrapelvic sarco-
ma. Radiographs, right pos-
terior obligue projection.
(@) Before treatment, one
metastasis is anterolateral
(black arrow), one medial
{white arrow). The diameter
of each tumour is about 1.5
cm. The anterolateral -
mour was the first to be
treated with direct current
(100 coulombs at 10 volts
electrode potential). () 153
days later, the anterolateral
tumour has disappeared. A
3 mm piece of platinum
electrode (black arrow)
shows the previous site of
the tumour. 112 days after
treatment with direct cur-
rent (180 coulombs at 10
volts), size of the medially
located tumour has de-
creased slightlv. (¢) Comput-
erized tomogram through
the two tumours before
treatment, See also Figs.
XVII: 38, 40 (electrode im-
plantations}.

DC treatment was performed under local anaesthe-
sia after preliminary medication with 10 mg Valium®
and 5 mg morphine-scopolamine. The anterolateral
tumour received 100 coulombs at 10 wvolis. Fig.
XVII: 39 presents the relationship of current w time in
this treatment. The discontinuities in the curve indi-
cate that the treatment was interrupted twice, each
time because the patient complained of sudden pain.
The pain is presumed to have been caused when the
flow of current was interrupted by gas produced
around the electrodes. Other than the moderate dis-
comfort produced by these interruptions of current,
the patient had no complaints. When the electrodes
were pulled out, one small piece of the tumour elec-
trode broke off and remained in the tumour. A small
preumothorax was also produced but the air resorbed
spontaneously in two days.



Frg. XVII: 36. Decrease in size of small pulmonary nodules projection. {a) Before treatment. (b) Four months later. Sev-
(arrows), lateral basal scgment, right lower lobe, patient no, eral of the small lesions have disappeared or diminished in
4, after large metastases in the same lobe were treated with size.

direct current. Radiographs, shallow right anterior oblique

Fig. XVII:37. Sarcomatous
tissue from lung and pelvis,
patient no. 4. (@) Cytologic
specimen from metastatic
tumour, medially situated in
the right lower lobe. (b) His-
tologic section, primary pel-
vic sarcoma. The cellular
material is comparable from
each of the two lesions.
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In this patient the first treated tumour rapidly de-
creased in size. Five months after treatment the t-
mour could no longer be identified. As seen in Fig.
XVII: 35 b, no tumour remained at its previous site, as
indicated by the remaining piece of the electrode.
Radiologically, no scar tissue is evident in the lung at
the sites of the electrodes.

The position of the electrodes implanted for DC
treatment of the posterior basal tumour is also shown
in the radiographs in Fig. XVII: 404, b. A computer-
ized tomogram (Fig. XVII: 40 ¢) shows the reactions in
the lung about 30 minutes after treatment of this
tumour. The arrow points to a small cavity in the
tumour, the dotted line a larger cavity at the site of the
previous position of the cathode. Haziness in the ca-
thodic area is caused by electroosmotically collected
tissue fluid (*B" zone effect). Gas produced around
electrodes is always more extensive around the cathode
than the anode. This tumour was given 180 coulombs
at 10 volts electrode potential. Despite treatment with
a dose nearly twice that given the anterolateral metas-
tasis, the medial basal tumour decreased 1o a size only
somewhat smaller than before treatment (right tu-

mA
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Fig. XVII:38. Direct cur-
rent treatment of anterolat-
eral basal pulmonary metas-
tasis, patient no. 4. (a) Per-
cutaneous electrode for
treatment (wire on left) with
screw needle, and sampling
of cellular material to con-
firm the presumptive diag-
nosis of metastatic sarcoma.
() Anteroposterior, and (¢)
lateral photofluorographs of
electrodes in tumour and in
nearby pulmonary paren-
chyma.

mour, white arrows in Fig. XVII: 354, &). Neither of
the treated lung tumours showed any sign of recur-
rence during the observation period (485 and 444
days). The patient died from recurrence of her prima-
ty intrapelvic sarcoma and brain metastases.

The behaviour of the two tumours of patients no. 2
and 4 requires some comments. In patient no. 2 a
more rapid and prominent decrease of the slightly
larger tumour (III) occurred after 65 coulombs than of
the smaller tumour (II) after 100 coulombs (Table
XVIIL: 2). In patient no. 4, the lateral basal tumour
disappeared after 100 coulombs, while the size of the
posteromedial basal tumour decreased only slightly
after 180 coulombs. These discrepancies between
amount of current and effect on tumour size have been
interpreted as follows:

The growth of a tumour can be stopped permanent-
ly when all tumour cells are destroyed. A resorption of
devitalized tumour tissue will then take place, which
may lead to total or partial disappearance of the tu-
mour. In case an overdose of current is given, the
treatment will also interfere with the functions of the
surrounding normal tissue, For example, microthrom-

Fig. XVII:39. Current-time
chart, patient no. 4, treat-
ment of the anterolateral
metastasis ( 100 coulombs,
10 volts). Interruptions in
the curve indicate the two
instances when the patient
reported pain, which was
presumed to be caused by
gas around the electrodes in-
terrupting the flow of cur-
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Fig. XVII:40. Direct cur-
rent treatment of medial
basal pulmonary metastasis,
patient no. 4, radiographic
images. During treatment
the cathode was in pulmo-

nary parenchyma posterola-
teral to the anode in the tu-

mour. Gas has formed
around each electrode.

{a) Anteroposterior, (b) lat-
eral projections. (¢) Comput-
erized tomogram 30 minutes
after treatment. Tumour
shows small gas bubble (thin
arrow ). Centre of cathode
shows larger cavity sur-
rounded by electroosmoti-
cally accumulated oedema
(dotted line).

boses and fibrosis may develop, preventing the resorp-
tion of destroyed tumour tissue. We then obtain what
might be called a sequestration of destroved rumour tissue,
which might be an even more reliable effect of the
treatment than apparent disappearance of a tumour
after treatment. The crucial problem is, however, that
it will become difficult to decide whether a slight
decrease of a tumour treated with direct current re-
flects a “‘safe sequestration™ or only partial destruction
of tumour tissue, possibly to be followed by later
regrowth of the tumour.

Another remarkable finding also developed in pa-
tient no. 4. Several of the multiple small nodules in the
posterior basal segment of the lower lobe (Fig.
XVII: 36a) clearly diminished in size after the treat-
ments, as seen in Fig. XVII: 36b. It appears, there-
fore, that a therapeuric effect on tissue may not be
limited to the destructive effects on tssue of protons
close to the anode. Effects of the electric ficld may
induce sufficient change of the biologic environment

to interfere with the living conditions of malignant
tissue within the organ but at a distance from the
electrodes. This finding is also in agreement with the
biologic effects described earlier several centimetres
from the anodic and cathodic electrodes. Thus, dehy-
dration, extensive microthromboses and attraction of
leukocytes take place around the anode. Around the
cathode alkalinity and interstitial oedema are promi-
nent. Large vessels are temporarily occluded, locally
impairing the circulation. These biologic field effects
as well as the induced changes of ionic composition in
the tissue fluids and cells represent, in the view of the
author, an interesting and fruitful aspect of treatments
with direct current.

Patient no. 10. Chest radiographs (Fig. XVII: 41 a,
b) revealed a tumour, 2 cm in diameter, in the middle
lobe of the right lung of a 46-year-old woman. One
year previously an adenocarcinoma of the left breast
had been resected. Needle biopsy of the lung tumour
revealed cells which appeared to be of the same type as
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Fig. XVII:41. Decrease in size of a pulmonary metastasis,
patient no. 10, after trearment with direct current. Primary
adenocarcinoma of breast. Radiographs, (@) posteroanterior
and (k) lateral projections before treatment (190 coulombs at
10 volis). The size of the tumour gradually decreased. Radio-
graphs, (¢} posteroanterior and (d) lateral projections 1 110
days after treatment.

Fig. XVII:42. Patient no.
10. (a) Cytologic material
from screw needle biopsy of



Largest tumour g. 510C. 75mm Fig. XVII: 43. Effects of
diameter,mm DC treatment of cancers in
70- the lung. Diameter of each
cancer before DC treatment
(largest radiographically
measurable diameter) in re-
60 lation to quantity of current
N 13, : 3
16 & given. Numbers refer to pa-
© tients of Table XVII: 2.
2D 1330C.52mm C = coulombs.
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the cells from her breast cancer (Fig. XVII: 42). She
had no symptoms and was in excellent general condi-
tion. Surgical excision of her lung tumour was there-
fore recommended. The patient refused surgery, radi-
ation and cytostatic therapy but accepted a “slight
attempt” with direct current.

The tumour, 24 x 21 % 20 mm in diameter, was given
190 coulombs at 10 volts. Gradually the tumour dimin-
ished to 9x11x8 mm, 3 years, | month after the
treatment (Fig. XVII:4l¢, d). To date (3 vears, 8
months after treatment) no metastases are visible in
her lungs and she remains free of symptoms.

The actual data on direct current treatment of the
series of tumours are surveved in Fig. XVII: 43, corre-
lating the largest diameter of each cancer art the time of
treatment, the amount of current given and the esti-
mated effect on tumour diameter (indicated by sym-
bols). It is obvious that the short observation time does
not permit any definitive conclusion about permanent
control of the treated tuwmours. Some conclusions,
nevertheless, may be drawn from the results to date.

The first important general comment must be that
the majority of the patients were considered as “hope-
less™, i.e., standard forms of treatment were not ap-
propriate. In spite of their often poor condition, none
of the patients has been lost as a result of the treat-

ments. A definitive beneficial effect has been observed
in twelve of twenty-one treated metastatic tumours as
well as in many neighbouring small tumours in patient
no. 4. One metastasis decreased in size during 730
days and then later started to increase in size (patient
no. 7). Five metastases have progressed. Observation
time is too short to evaluate three of the metastases.
Qut of five primary cancers no one has so far shown
regression. Three have progressed and two are indeter-
minate because of too short observation time.

Tumours of greatest diameter larger than 30 mm in
general did not respond well to treatment, possibly
due to too small dose of treatment. The largest tumour
to react favourably was the 42 mm diameter sarcoma
of patient no. 2. The peripheral site of this tumour
probably contributed to this beneficial result. Elec-
troosmotic oedema in the more proximal cathodic
field may have interfered with blood circulation and
thereby enhanced the possibilities of proton diffusion
and migration around the anode.

One relatively small tumour (case no. 11) increased
in size after treatment. It was difficult in this patient to
keep the anode in the tumour during the treatment. It
is therefore likely that the dose delivered to the tu-
mour was too small, as was probably also the case in
the other tumours which showed progression. In spite
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of the small material, several observations indicate that
different biologic types of cancers may respond differ-
ently to DC treatment. Two tumours in patient no. 17
were treated vigorously in comparison with the rela-
tively small dose given to patient no. 2. In the evalua-
tion of the present material, it must be kept in mind
that the technique of treatment is still far from opti-
mized. It can be improved and also combined with
different other rechniques. An electrophoretic attrac-
tion of cytostatic agents of suitable charge may be
possible, as was shown in principle with Evans blue
dye (Chapter XIV, pp. 191-192).

5. Complications

The patients, despite often poor general condition,
have usually tolerated direct current treatments very
well. Fourteen of the patients have reported moderate
pain, which was caused either by location of the anode
close to the pleura or by the pleural drainage tube.
Local anaesthesia of the pleura and chest wall succeed-
ed in managing these pains. In one patient an irritant
cough was probably produced by electrolytic com-
pounds at the surfaces of an electrode, e.g., chlorine at
the anode.

Spontaneous interruption of current by gas formed
at the electrodes causes intense pain and muscular
contractions. The treatment must then be interrupted
and the gas allowed to resorb before treatment can be
restarted. In this respect electrode Types 3 and 4 are
favourable because they contain channels, which allow
suction of gas and the injection of solutions, e.g.,
saline. These aspects are important in attempts to treat
large tumours (e.g., over 3 cm in diameter).

Pneumothorax with dyspnoea occurred in some of
the patients first treated. Thereafter, a pleural drain
was applied before each treatment. In one patient a
slowly developing and asymptomatic pneumothorax
resulted in displacement of the electrode from the
tumour (patient no. 8). In one patient the anode was
positioned incorrectly because thickened pleura made
its position difficult to determine. Minimal haemopty-
sis occurred in four patients in connection with the
transthoracic positioning of the electrodes. These
slight bleedings did not prevent the treatments from
being carried out as planned. In actuality, the anode
should be kept away from direct contact with large
vessels. In the anodic region the tissue dehydrates and
vessels thrombose. In the cathodic region a massive
collection of interstitial, electroosmotically transferred
fluid compresses the vessels. These bioelectric effects
all contribute to decreasing the risks of bleeding dur-
ing treatment.

In one patient with ventilatory insufficiency after
poliomyelitis (patient no. 16), major haemoptysis de-
veloped when the tumour electrode (one hooked, 0.2

mm thick, platinum electrode, Type 2) was pulled out
from a rather centrally located primary carcinoma.
Massive bleeding into the bronchus produced tran-
sient hypoxaemia and cardiac standstill. Rapid bron-
chial draining and artificial respiratory assistance
quickly restored cardiopulmonary function. The
bleeding stopped. The patient recovered and subse-
quently returned to his work. He died of local recur-
rence and widespread metastases 1 vear, 10 months
after the treatment. This episode of local arterial
bleeding has been the only serious complication in the
present series of patients. How the bleeding happened
is difficult to prove, but the following explanation may
be offered: the hooked platinum string probably
caught a branch of a bronchial artery in the anodic
tumour cavity as the electrode was pulled out. The
electrode definitely resisted being pulled out. Its distal
end was 2.0 cm long, sharply bent as a hook in the
tumour. This long length appeared to prevent the
hooked end from straightening out during the retrac-
tion. Instead, it probably tore a partly injured bronchi-
al artery in the tumour cavity. After this episode the
bent part of string-shaped electrodes has been limited
to a length of 10 mm. This length permits the string
electrode to straighten out rather easily during retrac-
tion from a tissue.

In three patients small pieces of a 0.2 mm thick
platinum string electrode have broken off, presumably
by respiratory movements stressing the material, and
then been left behind in the tumour tissue or chest
wall. No untoward effects have subsequently devel-
oped in any of these patients.

E. DC treatment
of lung tumours:
discussion and conclusion

Possibilities for treatment of patients with metastatic
cancer in the lungs are often very limited (12). In
certain cases surgical removal of a solitary metastasis,
e.g., hypernephroma, has proven beneficial. When
metastases are multiple in a lung or bilateral, surgery
is often rejected. Surgery also is commonly rejected in
patients with limited cardiopulmonary function or oth-
er serious complicating conditions (77).

Radiation therapy is not very effective in most com-
mon primary lung cancers, e.g., squamous cell carci-
nomas, and is generally ineffective for most metastatic
tumours (65). A rapid decrease in size of a poorly
differentiated tumour after radiation treatment is all
too often accompanied by regrowth of the tumour after
a short time. Then the tumour is often more insensi-
tive than previously to any attempts at a repeat course
of radiation treatment.

Treatment of cancer 313



Hormonal and cytostatic chemotherapy are occa-
sionally useful. Nonetheless these chemical treatments
commonly fail. They also have undesirable side ef-
fects.

Other techniques have also previously been intro-
duced in attempts to improve the possibilities of treat-
ing lung tumours unsuitable for surgery. For example,
the author has tried the following measures: regional
perfusion of cytostatic compounds distal to a balloon-
occluded pulmonary artery or vein, infusion of cyto-
static compounds into intercostal and bronchomedias-
tinal arteries proximal to a balloon-occluded thoracic
aorta, selective perfusion of a catheterized bronchial
artery, direct injection of cytostatic compounds into
the bronchus leading to the region of a tumour and
also direct transthoracic injection of such compounds
into tumourous tissue after local electrocoagulation of
the centre of the tumour (39, 40%. Other clinical at-
tempts have been made to improve the effect of radio-
therapy by increasing the oxygen content of the tu-
mour tissue (46, 68).

Diathermy is intended to destroy tissue by the gen-
eration of heat. This technique can be used with
“dry” electrodes in the lung only for treatment of
relatively small tumours (less than 1 cm diameter).
Regional cooling of tissue by circulating blood and
ventilation of lung may interfere with the transmission
of heat. The use of liquid-perfused electrodes, as has
been shown in this study, improves the possibilities for
heat production and heat transmission. Wet electrodes
permit coagulation of somewhart larger tumours than
do dry electrodes. Electrocoagulation by liquid-per-
fused electrodes can be made rapidly and relatively
simply with tumours less than one cm in diameter.
Only occasionally can larger tumours be treated suc-
cessfully with this technique (Fig. XVII: 5.

The use of direct current for treating tumours offers
different and, in some respects, improved possibilities.
Therapeutic effects are then induced by anodic liber-
ation of protons as well as by electrophoretic and
electroosmotic events, which change the microenvir-
onment of the tissues. Cells and tissues in the electric
field thereby undergo a variety of reactions. The elec-
trolytic production of H;, O; and Cl; also produce
mechanical effects by compression of tissue, an effect
more pronounced around the cathode than around the
anode,

The ionization of water, which has a high dielectic
constant, indicates that the range of compounds which
undergoe molecular splitting is wide. Biologic mole-
cules with strong internal bonds will require higher
electrode voltage than molecules with weak internal
bonds, which indicates that the magnitude of applied
clectrode voltage produces qualitative differences in
electrolysis of tssue.

At relatively low voltages, e.g., below 10 volts, ion-

314 Treatment of cancer

ization effects and transport phenomena are compara-
bly prominent while heat production is comparatively
negligible. Nevertheless, coagulation still takes place
due to electrochemical precipitation of protein, an
effect which also occurs at high voltages. Coagulation
appears around the anode as a central grey-white and a
surrounding black, dry region. The black anodic zone
has the general appearance of dry gangrene and is
produced by diffusion and migration of protons. The
central grey-white zone is caused by chlorine bleaching
the tissue.

Over biologically closed electric circuits (BCEC),
several biological effects are encountered. Extensive
thrombosis, for instance, i1s induced as far as several
cm out into the tissues surrounding a spontaneocusly
polarizing tumour. Such extensive thrombotic changes
are also induced when a tumour undergoes treatment.
These changes narrowing the lumens of vessels sur-
rounding a tumour will obviously restrict its blood
supply.

An instructive example is the DC-treated patient no.
4, in whom one metastatic tumour, as large as a cher-
ry, disappeared after a dose of 100 coulombs. A second
tumour of the same size six weeks later received 180
coulombs under otherwise comparable conditions of
treatment. This tumour decreased only slightly in size
during the 15 months that followed. Similar results
were obtained in patient no. 2. At first glance, these
findings do not seem logical, but may be explained in
the following way:

If a dose of current is just sufficient to devitalize a
tumour, including a “minimum™ of capillary throm-
boses at its periphery, then the resorption of destroyed
material from the tumour should proceed relatively
rapidly, possibly after a recapillarization of the tissue
surrounding the wumour. On delivery of an “over-
dose™ of current, the destructive effects on the capil-
laries and other components of the tissues around the
tumour may become too extensive to allow sufficient
recapillarization for ready resorption of devitalized tis-
sue. A sequestration effect can then be expected to
ensue: a ball of dehydrated, decomposed tumour tis-
sue is formed, which probably best can be regarded as
a focus of dry gangrene.

The extensive dystrophic changes in lung tissue
around granulomas are a possibly related phenom-
enon. For example, radiographs of the tuberculous
granuloma in Fig. IV: 1 show surrounding dystrophy,
which may be explained as a result of intense, sponta-
neous, focal, electrochemical polarization caused by
the tuberculous agent.

The amount of electric energy which is delivered to
tissue from an external electric power source is deter-
mined by integrating momentary densities of current
flow and the duration of the treatment. Considerable
ionization and electric transports may therefore ensue



spontaneously, at low densities of current flow over
long tissue periods. The size and shape of the electric
field will be determined by the sizes, shapes and posi-
tions of the electrodes and the conductivity properties
of the tissues.

An obvious advantage in DC treatment is placement
of the anode in the tumour. Tumour cells are known
to possess an excess of fixed electronegative charges on
their surfaces. These charges will therefore be attract-
ed inward toward the anode, which is a compelling
reason for placing only the electropositive electrode in
the tumour.

Another specific effect in DC treatment of tumours
is the selective attraction of leukocytes to the region of
the anode and the accumulation of leukocytes in ves-
sels which direct the flow of blood toward the cathode.
This effect appears probably beneficial for the healing
of tumours.

A potentially far-reaching possibility is the concept
of delivering via the blood stream an electronegatively
charged cytostatic compound during DC treatment. In
this way an increased amount of the cytostatic agent
might be accumulated in the tumour and in its sur-
rounding tissue, at the same time as undesired general
effects could be diminished.

In spite of many differences, both radiation treat-
ment and DC treatment ionize tissue, which may justi-
fy some comparisons.

Ionization of tissue in DC treatment is induced from
the inside of a tumour. It is therefore far more selec-
tive than tissue ionization by external radiation. DC
treatment should therefore make it possible to keep
the total ionizing dose relatively low. Moreover, in
radiation therapy the ionization is “mixed”, i.e., non-
selective, while DC treatment selectively produces an-
ions and cations and transports them in the electric
field. The photon energy in radiation therapy must be
high enough to allow removal of electrons from their
orbits for a sufficiently long time to prevent them from
falling back into their orbits, DC and external radi-
ation treatments might therefore be advantageously
combined in the future, leading to a mutual and spe-
cific enhancement of the beneficial effects of each.

The observation time of the DC treatments of the
cancers here reported is still relatively short, i.e., a few
years. Final judgment of the long-term results must
necessarily wait. Preliminary conclusions about the treat-
ments nevertheless can be made.

1) DC treatment appears to be a promising method for
local therapy of cancer. Beneficial effects have already
been obtained with a preliminary technique in 12 of 26
tumours in 20 patients. The technique is still far from
optimized. It depends on many technical and biologi-
cal variables.

2) The results reported in 1978 of the treatments of
5 patients are still valid (41). It is possible to perform

successful DC treatment of metastatic cancers in lungs
of patients who have been rejected for surgery, radio-
therapy or chemotherapy because of poor general con-
dition, cardiorespiratory insufficiency, diabetes melli-
tus, multiple locations of pulmonary metastases or
failing response to chemotherapy.

3) The treatments are performed under local an-
aesthesia and are only slightly uncomfortable for the
patient. Usually only one treatment is necessary per
mmour. Regression then takes place over several
months or years. Despite the usually poor condition of
the 20 patients, no deaths have occurred as a complica-
tion of treatment. One patient, however, had serious
haemoptysis and recovered from cardiac arrest; the
technique of the procedure was then appropriately
revised so that this complication now seems highly
unlikely in future treatments.

4) The mode of action of DC treatment of malignant
tumours is multifold. Large parts of a tumour, or
preferably most of it, should be destroyed by protons
liberated from the anodic tumour electrode during the
treatment. Because malignant tumour cells possess
electronegative surplus charge, they will be attracted
to the anodic electrode during treatment, a consider-
ation which should diminish risks of tumour spread.
The applied electric field seems selectively to affect
neoplastic cells more than normal cells. Clear regres-
sion of metastatic pulmonary tumours has been ob-
served radiologically without evidence of correspond-
ing injuries to the surrounding normal tissue. Besides
primary destruction of tumour tissue, the electric field
induces ionic transports, dehydration around the an-
ode and peritumoural microthromboses. Leukocytes
are accumulated around the tumour. These effects,
produced by an external power source over tissue
electrodes, represent a driven electric system. At the
conclusion of the treatment the primary injured tissue
will release catabolic energy, which activates BCEC
channels as in any healing process. The amount of
energy should then be of sufficient magnitude to com-
plete the healing process. For further information on
the associated complicated events the reader is referred
to preceding chapters of this book.

5) At the present stage of development of the treat-
ment technique, treatment should be limited to tu-
mours peripherally situated in the lung and preferably
less than 3 cm in diameter. Further, it seems possible
that certain types of cancers might be more suitable for
DC treatment than others, as is the case in radiothera-
PY.

6) Costs of the procedure in terms of material,
equipment and duration of hospitalization are low.
Much of the expensive equipment and trained person-
nel are already available in departments of diagnostic
radiology. The electrodes and the D.C. Treatment
Processor will be available at reasonable cost.
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7) This new form of antineoplastic therapy has been
performed as a partial simulation and practical conse-
quence of the described mechanism of spontaneous
healing outlined in preceding chapters of this book.
QOur knowledge is still fragmentary concerning the
necessary amounts of energy, most suitable electrode
potentials and current densities for controlling cancers
of different sizes, types and locations. Indiscriminate
use of the principle of the outlined healing mechanism
may possibly lead to undesirable effects (see Chapter
XVI, Secton O, P, Q and Chapter XVIII, Section E).
Further modifications of the technique may improve
its considerable promise as a simple, inexpensive and
relatively harmless mode of effective antineoplastic
therapy.
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XVIII.

Afterword: a discussion of
principles and consequences of
biologically closed electric

circuits (BCEC)

A. Structural and functional
coordination in biology

Structural organization has long been recognized as a
dominating characteristic of biological systems. Many
attempts have been made to identify factors which
determine structural development. Such attempts have
led to theoretical concepts of an extrabiological guid-
ing principle, an “entelechey” according to Driesch
(26), the “embryonic field” of Spemann (89) and the
“biological field” of Weiss (97). More specific func-
tions have been introduced by Ingvar (43), Lund (54)
and Gurwitsch (40) in terms of bioelectric phenomena.
For instance, Ingvar showed that external electric
fields are capable of orienting growing structures in
vitro. This result led Burr and Northrop (19) to for-
mulate an “electrodynamic theory of life” based on
interdependence between biologic particles. These
correlations, they suggest, depend on interactions be-
tween particles and fields at the atomic level. Accord-
ing to this theory, “the pattern or organization of any
biological system is established by a complex electro-
dynamic field, which is in part determined by its
atomic physicochemical components and which in part
determines the behaviour and orientation of those
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components”. In this theory the characteristic rela-
tionships of the elements of any biological system are a
function of the field of the system. This theory is built
on the basic principles of molecular forces, which
evidently must be involved in the structural arrange-
ments of nonorganic as well as organic components.
The present work can be regarded as an extension of
such a theory. In fact, a combination of superimposed
forces over “large™ distances and the action of “local”
physicochemical forces can be described in terms of
biologically closed electric systems.

B. BCEC systems and their
physicochemical activation

Nearly the entire content of this book serves one
main purpose: to focus attention on the existence and
function of an important biological principle, the bio-
logically closed electric circuit. To accept this concept
will require reviewing actual data in order to overcome
an abundance of possible objections. The conse-
quences of the concept appear manifold and useful.
They therefore merit some closing considerations.



A simplified expression of the principle follows from
the enormous importance of closed electric circuits in
modern electronic technology. Is it seriously plausible
that biology can “afford to ignore™ the exceedingly
efficient principle of transporting electric energy over
closed circuits? A “yes" to this question means that we
continue an unchanged view of biochemical reactions.
A “no" means that we must revise extensively our
present concepts of conversion of energy in biochemi-
cal reactions. The question we have formulated is
simple but the answer is difficult and exceedingly
important. In the author’s opinion, biologicallv closed
electric circuits do exist. Among these circuits, vascu-
lar-interstitial closed electric circuits (VICC) represent
energy pathways available in all vascularized tissues,
The vascular system thereby includes a new essential
function. This function is for vessels to serve as electri-
cally conducting “cables” which are capable of con-
necting different regions of tissue over conducting
interstitial fluid.

Arguments will be presented in this discussion that
closed circuits other than VICC must also exist. Parts
of such closed circuits may consist of different combi-
nations of VICC branches, incretory and excretory
ducts of glands and different conducting media. These
media may include secretions and collections of electri-
cally conducting fluids, e.g., peritoneal, pleural and
cerebrospinal fluid. This prediction is possible as long
as at least one insulated and conducting branch, i.e.,
the vascular branch, is available. It should not be
surprising, moreover, if walls of tissues, e.g., glandu-
lar ducts, also possess their own relatively insulating
properties around their conducting media. The func-
tion of BCEC systems also depends closely on the
mechanisms of their activation and on the modulating
influence the conversion of energy exerts on all bio-
chemical reactions in closed circuits.

This book represents only a slight scratch on a
mountain of fascinating problems and possibilities. [t
should be evident that the future will reguire a broad
multidisciplinary approach to disclose the abundance
of morphologic and functional consequences of BCEC
systems in health and disease. It is the hope of the
author that the efforts presented in this book may
serve to attract specialists in different fields to perform
extended studies of the many problems and possibili-
ties which the concept offers.

The reader will have found a collection of morpho-
logical {radiologic) observations of pulmonary pathol-
ogy in Chapters 1I-V. These observations represent
important primary data on the existence of BCEC
effects. The observed transformations of tissue can not
be explained in a conventional way. These observa-
tions gave the impetus to the present research. The
author’s background in diagnostic radiology has in
many parts of the work been of advantage. Structural
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analysis in vivo and in vitro without instrumental in-
terference has been used as a starting point for later
experimental studies in vivo and in vitro. Knowledge
of this radielogic material is therefore important for
explaining and understanding the bickinetic mecha-
nisms described. Structures of the lung have been
described and illustrated with indications of the wide
range of their appearances. The structures are all com-
ponents of what are here named the corona structures,
as their appearance resembles the corona of the sun.
Similar structural changes were also looked for in an
extrathoracic organ. They were identified around car-
cinomas of the breast, demonstrating that corona
structures are not specific for a particular organ. Pre-
requisites for their radiographic demonstration have
also been described and discussed in Chapter V. The
discussion will therefore now continue with emphasis
on the underlying biologic principle.

Consider a release of energy for driving reactions
over a BCEC. Development of a fluctuating physico-
chemical potential is a useful concept. Biologic struc-
tures are regarded too often as static results of a pro-
cess of poorly understood development. In reality, all
biologic material undergoes continuous maodification
in an overall recirculating process. Ionic activities are
central events in every part of this circle.

Conventional expression of the electrochemical po-
tential of an ionic species is here called physicochemical
potentigl. It is a summation of four forces: chemical,
volume-pressure, electrical and gravitational. This
convention, in the author’s view, is insufficient to
describe the important interdependence among these
four factors. This limitation may be overcome partly
by graphical presentation of the physicochemical po-
tential (Fig. XIII:2). All four participating factors
are then seen to depend directly on each other. The
magnitude of each factor is also individually variable.

A collection of ions is named an ionar. The intro-
duction of the concept of ergon, i.e., a nonionic ener-
getic compound, is of equal importance for under-
standing the function of BCEC systems. This impor-
tance is particularly apparent when ions and ergons
appear in collections, termed ergionars. The ionar-
ergonar ratio and concentrations in a closed circuit can
be expected to influence its conductivity. The differ-
ent modes of electric admittance of ions and ergons are
of particular importance. The directly available elec-
tric energy of ions allows them to react immediately
over their electric factor and to migrate in an activated
closed circuit. Selective ionic transports are thereby
possible and can, moreover, modulate different “lo-
cal” electrochemical reactions in the circuit. Ergons,
on the other hand, carry a balanced charge, which
must be activated before it can react over its electric
factor. Ergons are consequently unable to migrate in a
closed electric circuit, unless they are influenced by a

Principles and consequences of BCEC 319



matrix capable of supporting closed-circuit transport.
Such an ergonic transport mechanism can be recog-
nized in electroosmosis (Chapter IX). This mechanism
is here also suggested to explain vesicular transports as
recognized in, e.g., pinocytosis (Chapter XII). Ergonic
transport depends mainly on mechanical and diffusion
forces. A kind of selective distribution can neverthe-
less also be recognized for ergons. Thus, oxvgen (an
ergon) “saves™ its energy in the carrier haemoglobin
molecule. Oxygen then is favourably and selectively
stored in the myoglobin molecule until local conditions
of the muscles permit the activation of the oxygen to
ready it for redox reactions. This formulation of the
behaviour of an ergon is simply a way to adapt the
known relations between oxygen, haemoglobin and
myoglobin (43) to the concept of ergonar in BCEC
systems.

The electromotive forces driving BCEC systems de-
pend on mixed redox and diffusion potentials. In the
experimental models illustrating these assumptions,
water and a supporting electrolyte (KCl) were shown
as a driven system (electrolysis) and after electrolysis
as a self-driving system within a matrix (page 169).
Thus, redox reactions of an ergonar (water) begin with
the creation of two lonars (n- OH , n- H") and two
ergonars (n-H-, n-0:). The diffusion potental
caused by the ionars may be cancelled by migration of
K" and Cl” ions (“local reactions’) in the circuir.
The ergonars n - Ha, 1 O3, n - Cl; remain partly ac-
cumulated in the matrix and yet show the capacity to
produce a current through the circuit after their activa-
tion by metal electrodes. Thus it 1s possible to illus-
trate in an experimental model the existence, function
and importance of ionars and ergonars in BCEC sys-
tems.

The development of diffusion potentials, constitut-
ing part of the driving force in BCEC systems, may be
madified in many ways in vivo. Diffusion of metabolic
reaction products depends on several factors, e.g..
ionic concentrations and speeds of mobility. lonic sep-
aration by diffusion, e.g., over charged and uncharged
membranes, can further be modified by convection of
tissue fluids. These processes can either enhance or
level diffusion potentials. Buffering capacity or specif-
ic ionic recombinations may further modify these po-
tentials. Pharmacologic induction of functional activity
of an organ (e.g., the liver, Fig. VI: 19} was found to
induce electrical polarization of the organ (measured as
its diffusion potential) vs. its surroundings, here called
a physiologic “demand’ potential of a BCEC circuit.

Pulmonary malignancies of corresponding size and
histologic character sometimes showed an electric po-
larization but no consistency of polarity or magnitude
of electric potential (page 66). This unanticipated find-
ing led to studies which point 1o tissue injury as mainly
responsible for the observed potentials of the lesions.
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These injury potentials fluctuate and attenuate in rela-
tion to surrounding tissue, as was found with sponta-
neously degrading blood in in wvitro experiments
(Chapter VII). Once the fact of polarization of tissue is
accepted, then attempts to determine “absolute” val-
ues of polarization of degrading tumours, without
knowing the time-related phase of degradation, are of
no or little value. This becomes further evident as local
variations of oxvgenation of the degrading tissue and
the reference tissue should also markedly influence the
mixed, total driving potential of the BCEC circuits.
Furthermore, BCEC channels can also be expected to
contribute (unpredictably) to a continuous levelling of
the potential gradients, depending on the variable re-
sistive properties of the circuits. A continuous genera-
tion of electric transports over a BCEC might never-
theless lead to considerable transport of material when
the driving force is allowed to continue over long time
periods, i.e., days, weeks or months. Spontaneously
degrading blood under sterile anoxic conditions (Fig.
VII: 3) was found to produce in vitro a diffusion po-
tential of about 200 mV. This potential was initially
electropositive for some days and associated with acid-
ity. Later on it became electronegative. This continu-
ous fluctuation of polarity, like any spontaneous reac-
tion, will move toward a state of equilibrium. The
momentary polarity of a degrading tumour depends on
the phase of development of degradation (in relation 1o
the reference tissue) during which the potential is
measured.

Early in autolysis, during the electropositive phase
of degradation, cells start to die. The rate of cellular
death can be presumed to vary according to specific
cellular susceptibilities to impaired living conditions.
Hydrolytic enzymes, e.g., ribonuclease, phosphatase,
cathepsin, etc., are known to be released from lyso-
somes during autolysis (20, 27). The ensuing reactions
drive toward a splitting or decomposition of cells and
molecules in energy-liberating, catabolic processes. In
the absence of oxvgen, protons are liberated as part of
the hydrolysis of ATP (Chapter VII). The early forma-
tion of a surplus of protons is in turn a special case of
liberation of radicals in degrading tissue. In the proc-
ess of production and dissipation of protons, an initial
excess of protons may be regarded as a statistical
imbalance in favour of their production.

Enzymatic decomposition of carbohydrates, pro-
teins and fat also is known to produce ionized pro-
ducts. Such spontaneous ionizations of degrading tis-
sue take place over redox systems (Chapter XII, XIII).
The sequence of 1onizations can be anticipated to fol-
low the ionizing energies required for the production
of different ions. Ionic recombinations then will be
influenced by the ionic physicochemical potentials,
mobilities, convection forces and superimposed elec-
trical forces over BCEC channels.



Polarity of a degrading tissue need not change spon-
taneously only by differences in rates of production
and dissipation of different ions. Biologic mechanisms,
for example, are known to be capable of driving se-
quences of reactions, producing in turn large ranges of
electric potentials. Such cascade reactions (sequential
reactions) (46) are well known in the process of sponta-
neous coagulation of blood. In sum, the present ex-
periments on degrading blood as well as on potentials
measured in tumour tissue indicate that a spontaneous
injury potential exists and proceeds in a slowly fluctu-
ating and attenuating fashion.

This principle of a spontaneous reaction of two
partial functions (E, and E,) producing a resultant
function (SE) is illustrated in Fig. XVIII: 1. The nor-
mal tissue surrounding an injury also undergoes meta-
bolic fluctuations, representing a physiologic “demand
potential”. Thus, in Fig. XVIII: 1 the limiting values
R+ and R~ indicate the range of fluctuating demand
potentials of the normal tissues surrounding a local
injury.

The fluctuating electrical potential of injured tissue
is therefore to be seen as a sum of many changing
electric gradients. Furthermore, these gradients will
vary between the injured tissue and different parts of
the surrounding “‘reference tissue”. Evidently, such
circumstances make it difficult to measure definable
demand potentials between tissues. Measurements of
these varving potentials also depend on size and geo-
metry of the electrodes. Nevertheless, the principle of
existence of metabolically changing demand potentials
was demonstrated in one organ, the liver (page 63).
Their importance as a driving electromotive force of
BCEC systems should therefore be evident.

We will now concentrate on the function of BCEC

systems in tissue injury and particularly in the redis-
tribution of movable particles around a degrading fo-
cus of changing polarity. The transports of material
over BCEC channels can be anticipated to follow the
fluctuations of the driving forces, even at long dis-
tances. These fluctuations should lead to “ebb and
flow” sequences of anionic and cationic transports,
modified by convection of tissue fluid and characteris-
tics of the tissue matrix, e.g., its “capillarity”, density
and polarities of fixed charges.

Consider the “simple” example of a local injury,
such as a necrotizing process in a tumour (Fig. I: 1. A
physicochemical potential difference between the in-
jured tissue and the surrounding noninjured tissue is
demonstrated by the presence of a fluctuating

((;] (t}) electric potential. The BCEC system, here

represented by the vascular-interstitial closed circuit
(VICC), contains the conducting blood plasma and
interstitial fluid. The insulating properties of the walls
of the blood vessels (and also organized components of
the tissue matrix) provide relative electrical separation
of the circuit from other electrical influences. For the
VICC to function as an electrical transport system a
minimum of two electrode-equivalent sites, corre-
sponding to two redox interphases, must be found.
The existence of redox reactions in metabolism is
well established and needs no discussion. Their loca-
tons and distances of electron transport, on the other
hand, are appropriate subjects for study (24, 25, 77).
For example, wet crystalline haemoglobin has been
found to be a conductor of electrons (77). A theory for
conduction of electrons in enzyme particles has also
been advanced (24). The present studies show that
fibrous membranes can casily be produced in tissue

= M= Eguilibr.

Fig. XVIII: 1. Nustration of fluctuating, attenuating, elec-
tric injury potential, comprising a summation of energies
(SE) of different ionic collections (ionars, e.g.. E, and E. ) in
relation to the summation of fluctuating physiologic poten-
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tials (R+ and R—) of surrounding normal tissue, Entropy of
the system increases during healing. (F+), (F=J1, (F+1;
represent maxima and minima of fluctuations.
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adjacent to platinum electrodes when direct current is
led between them. It is therefore possible that fibrous
membranes in tissue indicate locations of electrode-
equivalent redox steps in closed circuit electric trans-
port in vivo. When current was led in vivo across the
surface of a dog liver and spleen (page 133), cither
electrode-equivalent reactions were produced at the
organ surfaces or redox reactions were produced in the
vicinity of the organ surface, followed by electrophore-
tic transport of the reaction products. Whatever the
explanation may be, one may here recognize a mecha-
nism, which is capable of explaining development of
organ capsules. If future research establishes, as seems
possible, a general association between redox reactions
and fibrous membranes, then capillary basement
membranes should be strongly considered as a product
of redox reactions at the nearby endothelial cell mem-
brane.

Further, a mechanism is described for switching shori-
distance selective transports to long-distance transports over
captllary VICC-channels (Fig. XI1I: 300, This mecha-
nism includes field-induced selective contractions of
arterial capillaries, apparently leading to regional clo-
sure of their endothelial pores. Corresponding venous
capillaries are wide permitting, e.g., diapedesis of leu-
kocytes through leaking endothelial pores. In this hy-
pothesis, the capillary basement membrane and the
endothelial fibrin film represent products of reactions
at the electrode-equivalent sites facing the interstitium
and the blood. Intersected reactions and transports in
the endothelial cells may be represented in electron
micrographs by cyvtoplasmic vesicles, which might
contain ergonic material.

In addition to the experimental studies, indirect
evidence pointing to the existence of VICC channels
has also been collected in this book. Thus, the struc-
tural modifications of tissue in healing of injuries re-
quire mechanisms to integrate the various reactions.
Direct current applied over tissue can produce ele-
ments of tissue healing and all the components of the
corona changes which develop spontaneously in lung
and breast tissue. Many direct and indirect arguments
in this book speak in favour of the existence of BCEC
systems. Acceptance of the principle of BCEC systems
in tissue leads to the necessity of accepting interposi-
tioned redox steps. We may therefore anticipate that a
VICC is constructed roughly as shown in Fig. 1:1,
where interpositioned redox steps in tissue healing are
suggested to be located in the capillarv walls (Fig.
XII: 32) and art the interfaces between degrading tis-
sues and thrombotic material on one side and between
thrombotic material and blood on the other. These
sites should contain the electrode-equivalent functions
for closed circuit release of electric energy.

If degrading tissue in the centre of a tumour is
connected electrically over a VICC with the surround-
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Fig. XVIII: 2, Electropositive, developing polarization
(phase (F+),) of a centrally degrading tumour (lower part).
This phase of physicochemical polarization of the tumour is
electropositive by enzymatic degradation of cellular marterial,
e.g., by hvdrolysis of ATP and glycolysis during hypoxia.
Ower a BCEC this induces later on (upper part) an electro-
positive, regressing potential accompanied by electroosmotic
outflow (El osm) and osmotic inflow (Osm) of water, net
streaming potentials by movement of permeable ions and
boundary potentials by deposition of nonpermeable ions at
inner and outer surfaces of the tumour barrier. { = inner,
nonpermeable ions; O = outer, nonpermeable ions; 1 = in-
ner, permeable ions; o = outer, permeable jons.,

ing normal tissue, then different boundary phenomena
must develop in different parts of the circuit. The
peripheral, nonnecrotic part of the tumour will also act
as a sieve for closed circuit transport of ions. lonic
transports will be intermittent both to and from the
abnormal tissue.

The lower part of Fig. XVIII:2 represents an
electropositive, developing phase (F+),. This leaves
the degrading tumour tissue electropositive in relation
to surrounding tissue {(upper part), subsequently re-
sulting in selective ionic transport (electropositive,
regressing potential), supplementing the one-way
mechanical transport of materials in vascular and in-
terstitial channels. A constantly unidirectional gradi-
ent of injury potential would be biologically un-
suitable, because injured tissue, like anv other tissue,
needs both anions and cations for its structural devel-
opment and function. Therefore a series of electroposi-
tive and electronegative, developing and regressing,
attenuating phases during healing of an injury is a
possible (or even necessary) means of adapting the
transports to the need for a complete composition of
material. Wave-like transformations of energy can be



anticipated as counterreactions after any spontaneous
release of biologic energy. As a result, the system
should decrease its content of free energy and obtain a
higher level of entropy. Evidence also indicates that
the main driving force in the healing of injury is
delivered by the degrading process itself.

An electronegative, developing phase (F—), is illus-
trated in the lower part of Fig. XVIII: 3. Being the
smallest and most mobile ions, protons have been lost
more rapidly than anions, e.g., phosphate, which re-
main behind in the wmour. Combined with differ-
ences in the rates of ionic production, the changing
concentrations of ions drive the autolyzing tissue in an
electronegative direction (| |) compared to sur-
rounding tissue. In realitv, such mechanisms very like-
lv proceed as sequential reactions of several integrated
components, similar to the cascade reactions of coagu-
lating blood (Fig. XII:6). This leaves subsequently
the degrading tumour tissue electronegative, regress-
ing in relation to surrounding tissue, resulting in ionic
transports as indicated in the upper part of Fig.
XVIIL: 3. A resulting change of direction of current
over a BCEC should then lead to the accumulation of
nonpermeable cations at the outer boundary of the
tumour barrier and nonpermeable anions at the inner
boundary of the tumour barrier.

The presence of VICC will affect ionic transport in
the intravascular branches of the circuit as well as in
the interstitial branches. A rapid and continuous wash-
out of the arriving ions can be expected in the supply-
ing vessels. Material in the interstitial branches should
to some extent be influenced by interstitial convection
and lymph flow. It seems likely that material available
in the interstitial fluid should be utilized for restruc-
turing in the process of healing.

Tissue alcalinit ri

Interstitial ot
branch — ot
BCEC d Strtaaarlr_lirig
Vessels M ] potantials
Y : . = Boundary
A ] H (= potentials
. ; . I
Tissue T : | '
potentia l ' Y ‘

Acid buffering.
proton recombination.
CO, dissipation

C. Spontaneous reactions
in BCEC systems

1. Healing of injured tissue

The healing of tmjury 15 often associated with the
development of scar tissue, which mav represent a
modification of material within a BCEC. At the least,
it is easy to produce scar tissue in normal tissue via
closed circuit currents between electrodes (Chapter
XVI, Sections K, L, M). Fibrosis can regularly be
observed around the electrodes of cardiac pacemakers
which have been in place for months or vears. Fibrotic
tissue has electrically insulating properties. When
scarring develops around pacemaker electrodes, their
function can be seriously disturbed.

2. Production of scar tissue, structural
transformation of tissue and cells

Of perhaps greater interest are the implications of
the fibrous tissue produced, even in vitro, in fat tissue
after direct current transforms fat cells and interstitial
material (Chapter XVI). The cathodic tvpe of fibrotic
tissue lacks fibroblasts. The anodic type of fibrosis con-
tains many fibroblasts. The anodic fibrous tissue ap-
pears as if involved in the development of primitive
channels resembling ducts and vessels. Other types of
channels are produced in the cathodic field. When
produced in vitro tn mammary adipose tissue, the anodic
and cathodic types of fibrosis and ductal structures have a
striking similarity to the hustologic appearance of adenosis,
mixed with so-called radial scar tissue (Chaprer XVI,

Fig. XVIII: 3. Electronegative, developing polarization
(phase (F=1;) of a centrally degrading tumour (lower part).
Ower a BCEC this induces later on (upper part) an electrone-
gative, regressing potential accompanied by electroosmotic
(El osm) and osmotic inflow of water, which becomes bal-
anced by hydrostatic pressure, inflow of permeable cations,
outflow of permeable anions, and boundary and streaming
potentials. Deposition of nonpermeable ions takes place as a
sieve effect at the inner and outer surfaces of the rumour bar-
rier. The change from electropositive (phase (F+),, see Fig.
XVIIL: 2) 1o electronegative (phase (F—),) polarity is caused
by sequential reactions in the degrading nssue coupled to,
e.g., differences in ionic mobility, diffusion and migration.
I = inner, nonpermeable ions; O = outer, nonpermeable
ions; { = inner, permeable ions; ¢ = outer, permeable ions.
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page 241). Moreover, exposure of normal blood to
direct current was found to wransmogrify red blood cells
into monstrous cells and cell complexes (Fig.
XIV:12).

3. Calcifications in tissue

The accumulation of calcium in injured nssue is a
particularly common and easily recognized manifesta-
tion of transport of permeable ions. Deposition of
calcium is often seen after traumatic bleeding in skin,
muscles, vessels, brain, etc. Calcium is also commonly
deposited in ussue after injuries by heat, chemicals
and microorganisms.

From the foregoing it may be evident that a tissue
injury potential difference is variable and can therefore
be characterized as follows: electropositive, developing;
clectropositive, regressing; electronegative, developing
and electronegative, regressing.

Fig. XVIII: 4, lower part, illustrates an electronega-
tive, regressing tissue injury potential profile (dotted
line). Permeable cations, such as Ca’* and Mg"",
will then enter the necrotic region, upper part of Fig.
XVIII: 4, while permeable anions will leave. The
(F=) level of potential will become elevated (elec-
tronegative regressing phase). Some of the inflowing
cations will recombine with available anions, e.g.,
phosphate. Calcium and magnesium will then eventu-
ally precipitate as apatite (*) when the isoelectric levels
for these compounds are reached. The events de-
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scribed subsequently drive the reaction of the injured
tissue in an electropositive developing phase.

The inflow of calcium over a BCEC leads to the
electrical levelling of the previously electronegative
region of polarization. In this view, the presence of
calcium localized in previously injured tissue should
be regarded as the result of a reparative process, rather
than as a part of the development of the primary
disease. Calcinosis reparativa is suggested as an appro-
priate, pathogenetically descriptive term.

The “profiles” of electric potential shown in Figs.
XVIII: 2-4, as well as intermediate stages, have all
been encountered in both neoplastic and infectious
lung lesions and in breast tumours. These potential
profiles were first assumed to depend in some way on
the histologic nature of the lesion. It has now become
evident that this explanation is unlikely. Instead, the
different electric potentials of lesions appear to depend
on the development of local degrading processes,
which then show fluctuations of their potential in
relation to surrounding tissue. This concept of the
existence of a fluctuating potential for “pathological”
precipitation of calcium (calcinosis reparativa) in tis-
sues was also tested in vitro in experiments to produce
microcalcifications in adipose tissue (Chapter XVI, Sec-
tion 8, page 259). Unidirectional current produced
intracellular marrices which, after reversal of the direc-
tion of current, served as targets for precipitation of
calcium. The resulting calcified structures histological-
ly appeared the same as microcalcifications in breast
tissue.

tii
(Ca?* Mg2* .

Fig. XVIlI:4. Precipitation of calcium and magnesium salts
in injured tissue. The initial phase of degrading tissue is elec-
tropositive (phase (F+;, see Fig. XVIII: 2). After protons
dissipate, electronegative ions, ¢.g., phosphate, remain in
excess. The tissue becomes electronegative (phase (F-),,

see Fig. XVIII: 3). Small cations such as calcium and magne-
sium will migrate over BCEC channels into the necrotic elec-
tronegative tissue. Calcium and magnesium and other cat-
ions then drive the necrotic tissue in an electropositive direc-
tion, leading to phase (F+);. Calcium-magnesium phos-
phate and carbonate will precipitate (*) during this phase of
mineralization when the appropriate isoelectric levels are
reached. It is proposed that apatite, the calcium compound
generally found in pathologic tissue calcifications, is created
in this way. 1 = inner, permeable ions; o = outer, permeable
ions.



4. Healing of fractures

The spontaneous healing of fractures may proceed by
an analogous mechanism. Imnally, callus may be
formed during an acid injury phase. Not until the pro-
duced matrix turns into an electronegative phase will cal-
ctum tons be atracted and precipitate, leading to firm
healing of the fracture. During recent years many at-
tempts have been made to improve healing of fractures
by use of electricity (electromagneric fields, alternating
current and direct current) (9, 28, 29, 50, 59, 64, 71,
72, 99). Results have proved rather inconsistent. In
the author's opinion, the lack of consistent results
derives from a lack of attention to the consideration
now apparent, that direct current should be used in
simulation of the fluctuating injury potential. In addi-
tion, the “*extrabiological guiding principle” of applied
electrical fields should also in other respects be tailored
as closely as possible to existing pathophysiological
conditions of spontaneous healing.

5. Electroosmosis

It has become increasingly evident that electroosmosis
plays an important role in transport of water in tissue.
In this mechanism a BCEC is a prerequisite, as are
narrow interstitial channels lined with fixed charges.
Studies of these interstitial channels (Chapter [X, Sec-
tions E~H) in normal, freshly excised, dog and human
lung tissue, breast fat and mesentery indicated that
electroosmotic transport of water proceeds from the
electropositive to the electronegative electrode. Obser-
vations in vivo in the dog (Chapter XIV, Section L)
and also in patients undergoing direct current treat-
ment of tumours in the lung (Chapter XVII) have
shown the same direction of displacement of water in
tissue between the electrodes. These observations are
in complete agreement with the views of Mever, Weiss
and others (57, 98) that probably all cells of verte-
brates carry a surplus of fixed negative charges on
their surfaces. It is therefore logical that water in
intercellular spaces should move from the electroposi-
tive to the electronegative part of a BCEC.
Electroosmotic flow of water through a tumour bar-
rier will also be influenced by osmotic and hydrostatic
forces. An inward, osmotic flow of water to the de-
grading tissue will take place due to splitting of mole-
cules in autolysis. Such movements of water will, of
course, be modified by hydrostatic pressures as well as
by hydrophilic or hydrophobic properties of tissue
elements. These factors were therefore particularly
studied, leading to descriptions of the biokinetic back-
ground of radiographically visible plenral retraction
pockers, lamellae, circular structures, arches and arcades
(Chapter III) in the lung and corresponding structures

around breast cancers, including so-called skin thicken-
ing and skin retraction (Chapter XVI).

When a degrading process in a tumour is in an
electronegative phase, both osmotic and electroosmo-
tic forces will enhance inflow of water to the electrone-
gative tissue. Such variations of local distribution of
water in tissue were studied quantitatively in breast
{Chapter XVI, Sections C-F) and experimentally in
lung (Chapter IX). See also Chapter XV and Figs.
XVIIL: 2, 3.

Computerized tomography is an excellent modern
tool for studying distribution of water in vivo. Now
extensively used in clinical radiologic examinations of
the brain, this technigue can often disclose differences
of attenuation berween a blood clot, tumour or abscess
and the surrounding brain tissue. After some time,
e.g., a week or two, the ratio of attenuation between
blood clot and surrounding tissue may reverse (13). In
the author’s opinion, this phenomenon is another ex-
ample of transport of water (and calcium) over VICC
channels.

6. Accumulation of white blood cells

Granulocytes, as well as thrombocytes and ervthro-
cytes, are known to carry a surplus of fixed electrone-
gative charges. These cells should consequently move
in a VICC toward anodic tssue. It is therefore logical
that granulocytes accumulated extensively around the
anode in experiments in which direct current (e.g..
1-2 wvolts) was applied between one electrode in the
tissue and one in a supplying vessel (Fig. XIV:15). As
an injured tissue enters a phase of spontaneous electro-
positive polarization, the VICC becomes a channel-
izing mechanism for electrophoretic transport of leu-
kocytes, which accumulate first in small vessels in or
near the injured territory and then by diapedesis enter
the interstitial tissue. After the polarity of the injured
tissue later reverses, leukocytes are already trapped. In
vessels, where blood is flowing toward the cathode,
granulocytes are selectively retarded and thereby also
selectively accumulated. This illustrates how the inter-
action berween mechanical flow and electric field can
selectively accumulate charged particles. Experiments
on chronically and artificially polarized lung tissue in
dogs also revealed that large quantities of lvmpho-
cytes accumulate (Chapter XIV, Section [ and Chapter
XV, Section U,

This description is an alternative to the so-called
chemotactic explanation of accumulation of leuko-
cytes. In fact, no one has been able to define a biokine-
tic mechanism behind the term chemotaxis. In the
view of the author, the many different biologic com-
pounds all said to possess chemotactic properties re-
present merely agents which polarize tissues. The wide
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variation of their chemical constitution is further pos-
sible as long as each compound possesses the capability
of activating a VICC with energies suitable for electro-
phoretic migration of leukocytes. Many problems re-
main to be solved with this new view on accumulation
of leukocytes. For example, granulocytes, erythrocytes
and thrombocytes all carry different amounts of fixed
negative and positive charges in characteristic steric
arrangements on their surfaces. Moreover, the mass of
each cell, its friction and fluid viscosity, as well as
characteristics of the tissue matrix and the strength of
the external electric field must be considered.

The massive accumulation of white blood cells that
can be obtained around electrodes in in vivo electro-
phoresis offers possibilities for use in therapy. Modern
radiologic techniques permit implantation of elec-
trodes in virtually any organ in a patient. The pre-
sumed beneficial effects of granulocytes in various
pathologic conditions may be enhanced in this way. A
weak current also prevents bacterial growth. It has also
been shown (Chapter XIV, Section K) that after intra-
venous injections a charged compound can accumulate
locally around an electrode. The polarity of the com-
pound may, however, be changed during its intravas-
cular passage. Thus, Evans blue dye, which is elec-
tronegative, was injected into the aorta of a dog. As
current simultaneously passed between mesenteric
electrodes, the dve accumulated mainly around the
cathode. This finding may indicate that the dye com-
bined after the injection with a compound of surplus
electronegative charge. More likely, however, the
mechanism of flow and field interaction (described
above for leukocytes) caused the accumulation of the
dye. Possibilities may exist for electrophoretic accu-
mulation in specific tissues of a wide range of radio-
pharmaceuticals, cytostatic and antibiotic agents pro-
vided with a suitable electric charge.

D. Artificial activation
of BCEC systems

Direct current treatmenl of cancer

The possibility of treating malignant tumours by means
of direct current merits particular attention. After a
careful review of hundreds of cases from the world’s
medical literature, Everson and Cole (29) came to the
conclusion that cancers occasionally do heal spontane-
ously. The mechanism has seemed obscure but is usu-
ally ascribed to spontaneous hormonal or immunologic
influences. Theoretically, an additional explanation
may now be offered, i.e., the stimulation of BCEC
mechanisms sufficiently to heal the tumour in certain
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fortunate situations. The injury that is the originatng
stimulus might then include the development of spon-
taneous necrosis, bleeding or infection inside the -
mour, Such degrading processes are common inside a
tumour but usually have no obvious effect on continu-
ing growth at the periphery of the tumour. Empyema
after thoracotomy for lung cancer, however, has been
reported to increase the patient’s chances for cure, by
mechanisms which have been unclear (79). BCEC
mechanisms may explain this association.

If we now assume that in the fortunate patient the
degrading process releases sufficient energy to induce
the biologic reactions of healing over a VICC system,
then the degrading process will indirectly affect the
periphery of tumour tissue. The induced changes can
then be expected to include altered ionic composition
of the tissue fluid, electrophoretic attraction of leuko-
cytes and creation of microthromboses in capillaries.
The presence of scar tissue (scirrhous cancers) and
microcalcifications, often encountered in association
with malignant tumours, may speak in favour of the
assumption that such a biologic process of healing over
the VICC can take place. Clinical behaviour shows it
o be in (almost?) every case insufficient to cause a
cancer to heal. Cancer is a progressive disease and
develops progressive injuries, in contrast to simple injur-
ies such as an incision, which represents a nonprogres-
sive injury. Logic should then encourage us to support
the tendencies of healing in malignancies, in hopes
that healing may become complete. Steps should then
be taken to deliver more energy than does the tumour
itself o actvate the VICC system. The supply of
electric energy over implanted electrodes appears to be
such a step.

A clinical trial was therefore undertaken by posi-
tioning one electrode in the tumour and one in the
interstitial or vascular part of the VICC, i.e., about
4-5 cm away from the tumour in the parenchyma or a
vessel of the organ. Energy could then be delivered to
the tumour in the perspective of strongly activating the
biologic healing process. The process also included the
creation of an extended local electrochemical injury
inside the tumour. These attempts to induce healing
by direct current (Chapter XVII) of nonoperable, but
relatively small cancers in the lung have shown encour-
aging results. The technique of treatment can, howev-
er, be varied in many ways, so future improvements
should be possible.



E. A possible réle of BCEC
in biogenesis, including
carcinogenesis

In the author’s opinion, endogenous activation of
BCEC systems, leading to unidirectional flow of cur-
rent over long time periods, may lead to modification of
cells and tissues. The mechanism involved in cell and
tissue modifications demonstrated in Chapters XIV
and XVI should function with endogenously generated
currents as well as with currents from an external
source of power. Strong currents will destroy cells and
tissue (Chapter XVII). Weak currents, on the other
hand, will more gently create new internal and exter-
nal environments for cells. The currents will also di-
rectly interfere with cellular metabolism and modify
structural elements of cells. Damage to structures,
e.g., the DNA molecule, is evidently one possible
effect of such modifications. Cells subjected to the
conditions described can be expected to show variable
abilities to survive and to adapt themselves to the new
living conditions. Thereby a variety of possibilities
should occur for the evolution of normal and patho-
logical populations of cells. A continuous selection of
viable, reproducible cells, capable of adapting to envi-
ronmental factors, which are slowly changing over
long time periods, might lead to the development of
normal biological tissues. An endogenous activation of
BCEC systems in this way should evidently represent
“an important biogenetic function. The underlying
mechanism can, however, also be anticipated to pro-
duce a variety of less viable and adaptable cells. Some
of these cells may survive, leading to the development
of benign or malignant tumours. I'n this view the devel-
opment of neoplastic tissue may depend on the same bio-
logic mechanism as the development of normal Hssue.

A large variety of chemical, physical and biological
factors can induce cancer. This capability is not sur-
prising. Many chemicals should have the capability to
activate BCEC systems with different magnitudes of
energies, either primarily by their own electro-(phy-
sico-)chemical potentials or secondarily over a chronic
injury polarization. It is therefore possible to under-
stand that BCEC systems under certain circumstances may
Sfunction as a common mechanism in carcinogenesis.

F. Morphogenetic capacity of
BCEC systems

Formation of membranes and organ capsules

The morphogenetic capacity of BCEC systems should
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also be discussed briefly with regard to the development
of membranes and organ capsules. The proposed mecha-
nism anticipates thar *““fibrotic” material deposits on
the surfaces of many organs, e.g., liver and kidney, as
a result of their physicochemical polarization in rela-
tion to surrounding structures, such as the abdominal
wall. In fact, cations and anions may deposit intermit-
tently on their surfaces as a function of normal ionic
ebb and flow. An electric analogue to deposition of mate-
rial ar the surfaces of electrodes then pertains. The tis-
sues of the intraabdominal organs and the abdominal
wall include the function of electrodes, the peritoneal
fluid acts as the electrolyte, and the vessels to the
organs act as insulated cables connecting the electrodes
(Fig. XII:20). Inside an organ, functional subunits
must also polarize against each other. They, too, there-
fore must possess structural interfaces. For instance,
the normal existence of fascige between muscle bun-
dles, basement membranes or fibrous septa inside an
organ in this view may indicate the presence of differ-
ences in time of activities or differences of funcrion of
adjacent tissues. The apposition of material between
two adjoining tissues, e.g., two muscles, should con-
tinue until their internal current ceases (during mor-
phogenesis), as is encountered in deposition of polar-
ization products on the surfaces of ordinary electrodes.
The fibrous sheaths around the muscles will then serve
as electrically insulating media. The insulating capac-
ity of the fibrous sheaths will balance exactly the
physiologic demand potentials of the muscles. These
considerations are examples of the suggested capability
of BCEC systems to contribute to normal structural
development.

Further logical consequences can be inferred from
acceptance of the principle of BCEC systems.

G. Physiological capacity
of BCEC systems

Physiological effects of BCEC systems can be predict-
ed to exist. Thus, any closed electric circuit is not only
capable of transporting charges. Various functional
effects may take place by release or transformation of
energy. Such reactions may occur at sites of change of
density of current or as influences by triggering of
“local” reactions. With this background it may be
appropriate to give an example of the anticipated
structure and function of a BCEC which contains duc-
tal conducting branches. In Fig. XVIII: 5a we have
positioned two electrodes of metal in rubber bags,
which are connected by a vessel containing a valve.
One bag is filled with an acid, the other with a base.
When the valve is open a current will, of course, flow
through the circuit. The bulb may light, representing
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a section in which the density of current is high. Fig.
XVIII:5b represents a biological analogue of Fig.
XVIII:5a. Two organs are shown, one containing
hase, the other acid. Valves are also included in the
ductal part of the circuit, which is completed by vascu-
lar branches to the two organs. When the valves open,
ionic transports will be induced in this closed circuit,
which may give rise either to undesired or beneficial
physiclogic effects. Thus, after neurogenic triggering
of acid production in organ I, an opening of valves I
and II could induce functional activities in organ [I
over this vascular-ductal closed electric circuit.

H. Acupuncture

The peculiar old Chinese method of gcupuncture may
also relate to the BCEC principle. The author’s ac-
quaintance with this method of healing by percutan-
eous insertions of fine needles is mainly limited to
information from periodicals and other literature (48,
59, 90). Recent reports by scientifically trained, west-
ern physicians support the idea that acupuncture can
not simply be dismissed as psychological hocus-pocus.
Beneficial effects are reported in many disorders, in-
cluding asthma, headache, insomnia, and muscle and
joint pains (59). Most dramatic are reports of major
surgery, including thoracotomies and laparotomies,
performed under anaesthesia by acupuncture. As long
as no rational explanation for acupuncture is present-
ed, it is understandable that scientifically trained phy-
sicians may be reluctant to use or accept its tech-
niques. The physiological mechanisms involved are
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Section of physiclogic stimulation?

Fig. XVIII: 5. Suggested
possible interaction between two
organs over Vascular-Ductal
Closed Electric Circuits
(VDCEC). For explanation, see
text.

probably too complex to be explained in a simple way.
The concept presented in this volume that tissues
polarize and interconnect via biologically closed elec-
tric circuits does, however, offer the possibility of a
rational approach toward understanding the mecha-
nism of acupuncture.

MNeedles introduced under skin can level locally the
electric potential of the subcutis. Different parts of
this organ in dogs were found to differ in their local
quantities of ionic charge (Chapter VI, page 53). Intro-
duced needles were found capable of levelling these
differences. However, the levelling by needle was also
shown to be reversible as an effect of spontaneous
generation of charge. Prolonged levelling of many re-
gions in the subcutis can even markedly reduce subcu-
taneous potentials to a level at which tssue colloids
will then precipitate (75). Such a prolonged and exten-
sive lowering of the electric potential of the subcutis
may therefore be dangerous.

The author had the opportunity to attend a demon-
stration of acupuncture anaesthesia at the Internation-
al Congress of Cardiology in Tokyo in 1977. Connec-
tions like those in the experiments of Chapter VI were
used. A grounded external wire connected the intro-
duced needles. One needle was introduced in the skin
behind an ear and one in the subcutis of the back of
the ipsilateral hand. “Stmulation of the acupuncture
points™ was then performed through a source of direct
current connected with wires to the two needles. The
subject reported local sensation of anaesthesia. Appar-
ently separation of ionic charges had been induced
between the needles in the electrically interconnecting
tissue, which should interfere with its normal func-
tion.

Insertion of only one needle is also sometimes used



Fig. XVIII: 6. Acupuncture: suggested basic mechanism is
illustrated in Figs. XVIII: 6-8,

Two adjoining muscles are separated electrically by their
fibrous fasciae. One muscle is injured locally. Secondary ef-
fects develop locally around the lesion, e.g., oedema and
compression by blood clots (arrows). These effects interfere
with the local VICC function of the injured muscle, restrict-
ing exchange of materials in the process of healing.

A needle introduced through the skin and normal muscle
into the injury will now create new closed circuits, in which
the needle connects vascular and interstitial channels in the
injured region to corresponding channels in the normal mus-
cle. The new circuits enhance specifically the exchange of
ions and transport of water. The driving electromotive forces
of the circuits derive from the differences of electric potential
between the injured and normal tissues. Redox steps at met-

in acupuncture therapy. The principles of BCEC and
differences of electric potential in tissues also offer a
possible rational explanation for the effects of single
needle acupuncture, as follows:

Electrophoretic transports may lead to the develop-
ment of muscular fascize by depositing products of
polarization on the surfaces of muscle bundles, form-
ing electrically insulating sheaths. Fig. XVIII: 6 shows
a locally injured muscle. The injury is healing slowly
because available vascular and interstitial channels are
functioning inadequately, e.g., by thrombosis, oedema
or compression by blood clots. Such interferences ap-
ply to diffusion and electrical, matrix-mediated trans-
port of water and other ergons as well as to exchange of
ions. The degrading processes of the injury supply the
driving force for a VICC, but this energy potential is
now inefficient. A metal needle introduced through
normal tissues into the injury will create new path-
ways, more efficient than previously, for exchange of
energy and material between the injured and normal
tissues. This increased efficiency is possible because
the needle connects in parallel all electrically func-
tioning vascular and interstitial branches around the

x=redox reactions at metal surfaces

Lymphatic
branches

al-electrolyte interfaces are indicated by x. The acupunctu-
rist's characteristic twirling of the needle should improve
flow of current through the circuits insofar as the twirling
movements may loosen any material deposited on the surface
of the needle. In case blood vessels are unavailable for BCEC
flow, the needle must penetrate normal tissue where inter-
connecting lymphatic channels are available (possibly equal
to an “‘acupuncture meridian’").

An additional way to influence the healing process may be
to connect one pole of an electric battery to the needle in the
lesion and the other pole 10 a needle placed in a “meri-
dian" (possibly a lymphatic-intersttial conducting branch)
leading to the injured tissue. Closing of this circuit should
then correspond to the acupuncturist's “stimulation of the
yin and yang of a meridian”.

injury. The exchange of material between the injured
and surrounding tissues is thereby enhanced.

To facilitate understanding of the proposed explana-
tion of acupuncture, a self-driving system (Fig.
XVIII: 7 a-d) and a driven system (Fig. XVIII: §) will
be presented.

In Fig. XVIII: 7 a, two metal electrodes (Cu and Zn)
are mnserted into an electrolyte in two rubber bags
{corresponding to the fibrous, electrically insulating
fasciae of the muscles in Fig. XVIII: 6). The contents
of the bags are connected by a communicating “ves-
sel”. Short circuiting of the metals over a cable pro-
duces flow of electrons in the metallic part of the
circuit and flow of ions in the electrolyte. The poten-
tial differences between the metal electrodes and the
electrolyte create the driving force.

In Fig. XVIII: 7 b, the ionic transports are blocked,
as by experimentally clamping the communicating ves-
sels. In Fig. XVIII: 7¢, a metal needle is introduced
through the two rubber bags, restoring the transport
of current in the closed circuit. Redox reactions in this
case take place not only at the electrode-electrolyte
interfaces but also at the needle-electrolyte interfaces.
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Fig. XVIII: 7. Acupuncture: a self-driving electric svstem,
representing the basic principle of the proposed mechanism
of acupuncture. (a) An analogue of a BCEC system. The en-
ergy is delivered by the potential differences across the met-
al-electrolyte interfaces and is channelized by two conduct-
ing branches. (#) One branch is blocked, leading to interrup-
tion of current flow. (¢) The closed circuir is restored by the

Fig. XVIII: 7 d more closely approaches conditions
in vivo. The driving force is created by the tissue
injury potential to the left in relation to the normal
potential of the tissue to the right. Interstitial spaces
and lymphatics connecting the abnormal and normal
regions join somewhere, corresponding to the external
cables of Fig. XVIII: 7a-c. Some of these interstitial
spaces and lymphatics constitute what is probably a
preferential pathway for ions, corresponding to what
in acupuncture is called a “*meridian™. Blood vessels
{with their conducting blood plasma and insulating
vessel walls) connect both regions of tissue, but are
blocked. This prevents closing of the electric circuit.
Fig. XVIII: 74 indicates the vascular block, e.g., by
arteriosclerosis, contractions of the vessel, or external
compression by a haematoma or cedema. After a nee-

330 Principles and consequences of BCEC

the polarizing injured and
normal tissues and permits
ions to flow over interstitial
and lymphatic branches,
thereby enhancing healing

introduction of an “acupuncture needle™. Now redox reac-
tions take place at the needle-electrolyte interfaces (x) in ad-
dition to reactions at the electrode-electrolyte interfaces (not
indicated in the figure). (d) A model more close 1o biologic
conditions than a—c. The circuit is here activated by fluctuat-

ing potential differences between an injured tissue and nor-
mal tissue.

dle is inserted through the normal muscle into the
injured muscle, it is easy to understand that closed
circuit ionic transports are restored over the conduct-
ing “meridian”, resulting in an enhancement of the
healing process. The restoration of this self-driving
system for jonic transport represents a remarkably
simple form of therapy explainable by the principle of
BCEC.

A more powerful but less “physiologic™ principle is
represented by the driven system. [t does, however,
contain many possibilities still unexplored, particular-
ly apparent in the context of contemporary knowledge
of electrochemistry and electronic technology.

The general principle of the driven system is illus-
trated in Fig. XVIII: 8. The principle, which may be
applied in any organ or tissue, is that two needle



Fig. XVIIT: 8, Acupuncrure; a driven electrical svstem is
created by an external electric power source connecting nee-
dles in Tissues I and II. Current flow is induced over parallel
vascular-interstitial branches or accessory BCEC branches,
such as ductal channels. The conducting media include
blood, intraductal secretions, and pleural, peritoneal, cere-
brospinal and interstitial fluids. Self-driving and driven sys-
tems should interfere with tissue metabolism and nervous
regulation of tissue functions. Associated metabolic modifi-
cations and levellings of tissue potentials may explain medi-
cal effects of acupuncture.

electrodes connected to an external source of electric
power can promote or counteract spontancous polar-
ization of the two needled regionsof tissue. This sys-
tem permits the driving of ions and ergons (e.g., water)
in normal as well as in pathological tissues. The mode of
driving the system can be tailored for different pur-
poses. The major practical problem of how best to do
it is still unsolved. The total amount of ionic trans-
ports can be varied ad libitum. Electrodes can be
positioned in any branch of the closed circuit, includ-
ing in what are here called accessory BCEC branches
(e.g., ducts containing secretions, which are electrical-
ly conducting), which in Fig. XVIII: 8 are coupled in
parallel with VICC (vascular-interstitial closed circuit)
branches.

In order to find such accessory BCEC branches and
to understand their functon, we must first look for
different tissue components of relatively low electric
conductivity (Table XVIII: 1) and of relatively high
conductivity (Table XVIII: 2).

Given this rough separation, which is based on known
values of conductivity (Chapter XII), we may recog-
nize tentatively in organs those structural components
which possess the capability of creating preferential
pathways for closed circuit ionic transports. These
preferential pathways connect organs and also regions
and cells of organs. Table XVIII: 3 is therefore delib-
erately incomplete.

Of the various components listed, each will funcrion
when at least one single branch of the circuit is vascu-
lar. To date, only single components (“x™) or combi-
nations (“‘xx’") of arteries, veins and interstitial chan-
nels have been studied so far, as indicated in Table
XVIII: 3.

Considering acupuncture as principally a way to
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create or enhance closed circuit transports in tissue,
other phenomena, hitherto unexplained, may also be-
come understood. Local anaesthesia in acupuncture,
for example, may be induced as a levelling of the
electric potential of a tissue. In either a self-driving or
a driven system, anaesthesia follows local changes in
metabolism, including nervous tissue elements.
Simple electrotechnical analogues imply that a local

Table XVIII: 1. Tissues and tissue components with elecncally
“relatively good insulating properties™

Marrix of cell membranes

Fibrous tissue

Adipose tissue

Hyalin

Air

Matrix of bone

Vessel walls (except capillaries)

Walls of glandular ducts#

Walls of tubular shape, e.g., gastrointestinal and urogenital canals?

Table XVIII: 2. Biclogical materials of “relatively good con-
duchoiy”™

Intracellular fluid

Interstitial fluid

Blood plasma

Thrombi

Secretions

Peritoneal and pleural fluid

Cerebrospinal fluid

Components providing electrical conduction of nerves
Intraarticular fluid

Urine, gastrointestinal contents

Degrading tissues
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Table XVIII: 3. Structural components with anticipated capability to form pathways of BCEC systems
(x) indicates components, (xx) combination of components given preliminary exploration in this study

Inter- Cerebro-
stitial Lymph Bodily spinal Merves
spaces vessels Arteries Veins Ducis Tubes cavities SPACEs {axons)
Interstitial see text
spaces K xx XX
Lymph vessels
Arteries XX X XX
Veins XX XX X
Ducts of glands

Tubes (e.g., gastro-
intestinal, uro-
genital)

Bodily cavities

Cerebrospinal
spaces

MNerves (axons) see text

decrease or increase of transported current may give
rise to undesired as well as useful effects. A local
change in density of current anywhere in a biologically
closed circuit might lead to anaesthesia, or produce
pain or other undesired effects far away from the site
of the driving force for the closed circuit transports.
Clinical considerations which can not simply be under-
stood by the known and accepted mechanism of re-
ferred pain might be explained in this way. For exam-
ple, degenerative alterations in the cervical spine may
not only give rise to pain in the distribution of an
affected nerve but also to symptoms of local peripheral
injury associated with pain, e.g., tenderness 1o local
palpation or active contraction of a muscle or muscles
(17).

I. Vesicles in the transmission
of nervous impulses

Impulses in nerves represent a particular type of
BCEC transport. Thus, closed circuit connections are
described between axons and interstitial fluid outside
the insulating membrane over Ranvier’s nodes (76).
Other axonal connections may also be considered. In
Chapters XII and XIII, theoretical and experimental
analogues have been presented for the formation and
transport of vesicles in endothelial cells. This view
may also be applied to closed circuit electric transport
in nerves and various anticipated communicating outer
BCEC branches. Vesicles, which are produced at syn-
aptic stimulation may then represent microergonars or
microergionars as a consequence of electrode reactions
at nerve-end-plates. The material of vesicles (consist-
ing of an anticipated inactive transmitter precursor)
can then be transferred as an electrogenic, matrix-
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mediated transport or, in the case the precursor is
ionic, be transported as hydrated cationic com-
pounds (electropositively charged microergionars) to a
second site of electrode reaction leading to the release
of the active transmitter substance. Evidently, a con-
tinuation of the second, “outer” circuit branch (which
may be, e.g., vascular as well as interstitial) has yet to
be identified.

This theory of an electrogenic development and
transport of an ergonic or ergionic vesicular content
for transmission of nerve impulses may be compared
with current views on the action of hormones. Thus,
hormones are produced in a source organ and trans-
ported in an inactive state as the first messenger to a
target organ. There, the hormone exerts its specific
effects in an activated state over the machinery of the
second messenger, as described by Sutherland (91).
Compare also the transport of oxygen in a protected
ergonic state bound to haemoglobin during transport
in the blood stream and bound to myoglobin in muscle
(Chapter XIII, page 155).

J. Oral galvanism

After the introduction of amalgams as dental filling
materials over 100 years ago, the possible development
of galvanic currents in the oral cavity has been dis-
cussed from time to time. The symptoms of burning
mouth, oral pain or smart, and a taste of metal or salt
(18, 92) have been referred to as oral galoanism.

The secondary phenomena of oral corrosive pro-
cesses have also been discussed in terms of local and
general biologic reactions (3, 4, 8, 15, 22, 23, 33, 34,
35, 37, 44, 55, 60, 61, 62, 68, 69, 74, 78, 80, 81, 82,
83, B5, 86, 87, 93). Many attempts have been made to
explain the symptoms as caused by electrochemical



interaction of metals in the saliva (18, 23, 31, 42, 44,
49, 60, 68, 93). Galvanic currents in the oral cavity
have been assumed to develop between relatively ano-
dic and cathodic parts of one metal or on contact
between two different restorations and the saliva. As a
result of corrosion, different metals or metallic com-
pounds should then appear in the saliva (11, 12, 31,
32, 36, 42, 63, 65, 66, 67, 94) or in the tissues adjacent
to amalgam fillings (32, 36, 38, 39, 47, 78, 82,94). A
large number of in vivo studies have been performed
of electric potentials between different dental restora-
tions (for references, see Nilner, 1981). Different sur-
faces of a restoration may present different degrees of
polarization, indicating inhomogeneity of the material
(11, 12, 47, 49, 51, 56, 65). Potenual differences
between different restorative materials may gave rise
to estimated galvanic currents of a magnitude of 1-36
A (65). It has been judged that values above 5 uA
could possibly explain clinically apparent galvanism.
Surprisingly, however, some of the highest values of
galvanic current measured were found in a control
group of patients without symptoms. In a study of
dissolving Ag, Ca, Hg, Sn and Zn in the saliva, no
significant differences could be found between pa-
tients with symptoms and patients without symptoms
in different control groups (65). Studies of this type
are important and informative, but illustrate also clear-
ly that the mechanism of oral galvanism is still in many
respects unexplained. The possibility of overlying psy-
chological factors has been suggested (38, 39). Neuro-
toxic effects by retrograde axonal transports of dis-
solved metal (41) have also been suggested. The
mechanism of retrograde axonal transports (30, 84) is
also not very well understood. All explanations of oral
galvanism have been based on the assumption that an
intraoral closed circuit is created when two metals of
different electric potential make direct metal-to-metal
“electronic™ contact (for example, via a silver spoon).
The “outer” part of the circuit is created by the
electrically conducting saliva. Anodic dissolution of
metal will then take place and may in some way pro-
duce symptoms. One might then expect that the
amounts of dissolved metal in the saliva would corre-
late with the symptoms of oral galvanism, but no such
results have been found. Some of the largest amounts
of intraoral galvanic currents were even found in pa-
tients without symptoms of galvanism (65).

The principle of BCEC may overcome this dilemma
(see also the description of in vivo corrosion, Chapter
XII, page 112). As indicated in Fig. XVIII: 8, differ-
ent branches of BCEC systems may combine with ““ac-
cessory” or “temporary” conducting biological chan-
nels or materials. Thus, in oral galvanism the intraoral
ionic conducting branch, formed over the saliva be-
tween two electron conductors, may combine with one
or several parallel-coupled, biologisal conducting

branches in surrounding tissues. These branches, for
instance, may be represented by blood vessels and
interstitial channels. Such a circuit is outlined in prin-
ciple in Fig, XVIII: 9a. Its different components re-
present a set of individual variables. A galvanic current
through the circuit can now develop between metals of
different electric potential even when these metals are
separated by a distance. No direct contact, such as
over a silver spoon, is therefore necessary. The inter-
connecting branch between the metals is created by
the saliva.

“Injury reactions” at the interfaces between the
gingiva or root canals and the restoration metals pro-
vide connections to BCEC channels in the tissues. The
“injury reactions” include many different processes
which lead to ionization and separation of charges.
Examples of such processes are local infection, degrad-
ing of tissue or foreign material in the gingival pock-
ets, vascular thrombosis, and local toxic effects of
dissolved metal from the restorations (from so-called
general corrosion). Each of these processes should lead
to closing of the intraoral and the vascular-interstitial
channels of the circuit. Coinciding *“injury reactions”
at two metal-tissue interfaces combined with two met-
al-saliva interfaces should be sufficient to establish a
galvanic current. This system may then be recognized
to contain a minimum of four redox sites.

The driving electromotive force of this system need
not necessarily be found in the potential difference
between relatively anodic and cathodic parts of the
metals. Locally degrading processes (injury potentials)
adjacent to the metals may also drive the system (see
Chapter XII, “complicated corrosion”, page 115).
Periodontitis or chronic periodontosis of different ori-
gins, leading to focal toxic or infectious injuries in the
gingival pockets, should be able to induce transport of
electric current in the described BCEC without the
presence of any metal. The driving electromotive force
in such systems may depend on differences in age of
two polarizing processes in the circuit (Fig. XVIII: 1).
In the case of healthy (noninjured) tissue adjacent to
the metals, the biologic circuit is interrupted. Conse-
quently, no current will flow even if the potential
difference between the two metals is relatively “large™,
as was the case in the control subjects reported by
Bergman, Ginstrup and Nilner (12). The concept of
BCEC makes it therefore possible to explain the seem-
ing inconsistencies between clinical galvanism on one
hand and the measured electric potential differences
between intraoral metals and amount of dissolved met-
als in the saliva on the other.

Fig. XVIII: 9b illustrates some of the possible bio-
logic reactions adjacent to one of the participating
metals of the closed circuit. Thus, redox reactions will
take place at one interface against the saliva and at one
against the injured tssue. Metal ions may dissolve
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Fig. XVIII: 9. Suggested explanation of oral galvanism.

{a) So-called general corrosion slowly dissolves metal ions,
which spread into adjoining tissues and saliva. Toxic injuries
induce ionization of tissue. Metals [ and II become joined
electrically, “externally” by the saliva and “internally’* by
preferential biologic pathways for current, e.g., vascular and
interstitial BCEC branches. A minimum of four redox sites is
included in the closed circuit. Differences of potential of
metal may deliver the electromotive force. (b) The driving
force of the closed circuit does not necessarily depend on dif-

when the metal is relatively anodic. Production of
cathodic alkalinity and anodic acidity will influence
metabolic reactions. Normal and pathological metabol-
ic products will undergo electrophoretic transports.
Direct current stimulation of nerve end-plates may
directly or indirectly produce pain. Thus, several tis-
sue hormones, e.g., substance P, histamine, serotonin
and prostaglandins are known to be invelved in in-
flammatory reactions (14, 70, 96) and may be distri-
buted electrophoretically by the activated closed cir-
cuit.
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ferences of potential between two filling materials. A slow
dissolving of metal, as in general corrosion, may induce toxic
changes in tissue. These changes may initiate electric con-
duction berween metal and vascular-interstitial channels and
deliver a fluctuating electromotive force. Tissue injuries ad-
jacent to two separate fillings are necessary for closing of the
circuit. Injury is enhanced as current flow leads to liberation
of tissue hormones, which spread by diffusion, migration in
the electric field, tissue convection and possibly as retro-
grade axonal transports. For further explanation, see text,

If this proposed explanation of oral galvanism is
correct, the conclusion can then be reached that the
different causes leading to connection of BCEC
branches of the closed circuit are the crucial targets for
therapy. One of the difficult causes to treat is then
probably the “allergic” reactions of tissue to metals in
certain individuals. These reactions may even develop
slowly, as in general corrosion at a tissue-metal inter-
face. When the injury reaction is caused by superim-
posed infection, the condition should be fairly accessi-
ble to successful treatment.



K. BCEC systems as receptors
for moving external electro-
magnetic fields

BCEC systems may also represent an wmportant link
berween the external and internal efectric environments of
an organism. An abundance of direct and indirect evi-
dence nowadays exists about environmental influence
of electromagnetic fields (5, 21, 48) on different bio-
logical systems, i.e., plants (7), simple cellular organ-
isms (6, 16), animals and man (48). Strong, moving
electromagnetic fields do appear in connection with
changes of weather conditions and particularly in cer-
tain areas of the world. Thus, the Féhn and the Siroc-
co winds in Europe are notorious for causing different
biologic effects, i.e., headache, hemicrania, epileptic
fits, asthma, thromboembolism and joint pain (48).
Even the rate of traffic accidents is related statistically
to these atmospheric disturbances (95). In experiments
with mice it has been shown (88) that 50 Hz alternat-
ing fields can be lethal to the animals at sufficiently
high intensities, Thus, an exposure of 650 kV/m at
50=500 Hz during 60-120 minutes gave a mortality of
70 %—90 %,

Associated problems are complex. Beneficial effects
of electric fields have been reported. The effect of a
110 ¥V, 60 Hz “household current” on the develop-
ment of mice (58) showed that mice exposed continu-
ously to the field at about 1 kV/m over one month
gained weight more rapidly than the controls. Recent-
ly collected data on the possible influences of external
man-made and natural electromagnetic fields (48)
strongly indicate the importance of environmental
electromagnetism in biology. This source of informa-
tion summarizes the probable minimum safe distance
from the path of three-phase high-voltage transmission
lines as shown in Table XVIII: 4. Matural electromag-
netic fields of different wavelength and strength are
always present in the biosphere (2). These fields, like
background radiation, probably should be regarded as
factors partly responsible for the way biological struc-
tures have developed. Nevertheless, situations defined
by excessive influence of any one of the natural com-
ponents which create our environment may lead tem-
porarily to noticeable disturbances (48). This general-
ization appears also to hold for changes of our external
electric environment.

Normal electromagnetic frequencies encountered in
the biosphere range from ultralow frequencies (ULF
= below 1 Hz) over the whole spectrum of increasing
frequencies to cosmic ultraradiation (48). All of these
frequencies are natural and therefore likely to be of
importance in some way for biology. The ULF, ELF
{(extremely low frequencies up to 300 Hz) and VLF

25 E24586 Norderoron

Table XVIII: 4. Minimum safe distances from the center ling of
high-voltage transmission lnes (48)

hstance from the right-of-way

Ficld Freld Field
intensity intensity intensity
=50 Vim =150 Vim =5 kV/im
Operating (undoubtedly  (probably [probably
voltage safe) safe) dangerous)
380 KV 180-250 m 100140 m 15-20 m
(tower height
=50 m)
220 kV 140-180 m 75-90 m 6-10 m
(rower height
=30 m)
100 kV 80-120 m 45-60 m -
50 kY 5070 m H4-45m -

{very low frequencies up to 300 kHz) are the most easy
to regard as influencing biologic functions because
normal bioelectrical events often take place in these
frequency regions (10), Striking similarities can, for
example, be found between alpha and delta waves of
human EEG records and some of the natural electro-
magnetic waves in our environment (1). It is therefore
understandable why certain biologic reactions are sus-
pected 1o be induced by strong manmade or natural
electric fields. These should then in some way induce
interferences with the electric events of the nervous
system. The mechanism of interference is, however,
still unknown.

From a physical point of view, the existence of
closed circuit pathways for current in a biologic medi-
um provides a prerequisite for the development of
induction currents when such systems are exposed to
varying external electromagnetic fields. An acceprance
of BCEC systems leads to the mecessary conclusion that
these systems should act as receptors for moving external
electromagnetic  fields. As indicated earlier (Table
XVIIL: 3), different combinations of closed circuit
branches may create BCEC systems. Axonal transports
as part of a closed circuit mechanism, vet to be ex-
plored, might constitute a primary target for induction
of current. The need for nutritional supply to nervous
tissue by vascular-intersutial transports makes it, how-
ever, also possible to explain interferences of nervous
functions by moving electromagnetic felds, as a secon-
dary effect from induction of currents in VICC
branches. Arterioles and arterial capillaries were also
found to react selectively with contractions in scattered
regions of dog mesentery exposed to electric fields
(Chapter XII). The often expressed assumption that
the pericyte apparatus of capillaries are likely to be
involved in the mechanism of capillary contractions
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Table XVIII: 5. Peneiration depth in cm {(aitenuanion to I'e) of high-frequency electromagnenic waves in various hssues ai tvpical
frequency values, After Presman (73)

Frequency (MHz)

Tissue 100 200 400 1 000 3000 10 000 24 000 35 000
Thin bone 22.90 20.66 18.73 11.90 9.924 0.34 0.145 0.073
Brain 3,56 4.132 2.072 1.933 0478 0.168 0.075 0.0378
Lens of eve 9.42 4.39 4.13 2.915 0.500 0.174 0.0706 0.0378
Living body 217 1.6% 1.41 1.23 0.535 0.195 0.045 0.0314
Fat 20.45 12.53 8.52 .42 245 1.1 0.342 -
Muscle 3.451 2.32 1.84 1.456 - 0.314 - -
Whole blood 1,86 2.15 1.787 1.40 0.78 0.148 0.0598 0.0272
Skin 3.765 .78 .18 1.638 0.646 0,189 0.,0722 -

now comes into the picture. Their scattered presence
in capillary walls indicates that they may be involved
in the mechanism of field induced regional capillary
contractions.

Values for the depth of penetration of high-frequen-
cv electromagnetic waves (73) are presented in Table
XVIII: 5. In this Table the depth of penetration refers
to the depth in the material at which the amplitude of
the wave has fallen to the 1/e part of the initial ampli-
tude (e=2.72, the base of the natural logarithm).

The penetration of electromagnetic waves increases
with decreasing frequency. The penetration of ULF,
ELF and VLF waves in biologic material is therefore
of considerable interest (53). Shielding of an electric
field is usually obtained by means of a device such as a
Faraday cage. An irregular or slowly varying magnetic
field is far more penetrating and requires shielding
especially made for magnetic fields. Some relative val-
ues of shielding efficiency of various objects to electric
and magnetic fields at 10 kHz frequency (52) appear in
Table XVIII: 6.

Table XVIIL: 6. Shielding efficiency of various objects with
respect to an electric (E) and magnenic (H) field. After Ludung
(50)

These considerations on possible interactions be-

tween moving external electric and magnetic fields and
BCEC systems conclude this book.

Concluding remarks

The author has attempted several times to prepare the
information of this book as a series of separate articles.
These attempts have, to a large extent, been discourag-
ing. One reason is that working nowadays across estab-
lished specialities is extremely difficult, not to say
dangerous. Each section is in itself probably of limited
interest. Only when the different pieces of information
are put together do the contours of an important bio-
logic mechanism become evident. Thus, the main pur-
pose of this book is to introduce the concept of biologi-
cally closed electric circuits (BCEC) and some exam-
ples of their functional and morphogenetic role in
normal and pathological conditions. BCEC systems
should be regarded as an additional circulatory system
for selective transports and modulation of biochemical
reactions within the circuits. Of necessity, this book is
presented as a survey of the seemingly simple principle
of BCEC systems. The principle, nevertheless, is capa-

Permeability ble of offering new possibilities toward explaining bio-
Object EJE, (%)  H/H,(%) logic problems. Even some conditions which from a
traditional medical standpoint have been regarded as
Faraday cage (r=50 cm), more or less obscure may be explained. The existence
mesh wire of iron material of preferential pathways for closed circuit transports in
(d=0.1 cm), mesh size 3 cm 0.5 63 tissue leads to further logical consequences which have
F :1?;:!;1:3; :5‘:""":‘ o 0 been only slightly suggested in this book.
Volkswagen - 1.0 5 It is the hope of the author that the material present-
Sheet-iron garage =0.1 50 ed will encourage scientists of different specialities to
Steel bungalow <0.1 8 continue this work. The various aspects of BCEC
5;&1[;1-‘5;1';““1 ‘:ﬂncfﬂf bunker o o svstemns will require interdisciplinary cooperation if
. enese 60 o =<, _ : . . .
SJ:"; _m'g ba:‘_:;h c::’plﬂ fining ol o0 improved and truly deep understanding of its manifold
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possibilities is to be attained.
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GLOSSARY

As a multidisciplinary work, this volume contains a broad
vocabulary. This glossary is designed specifically 1o define
the terms used in this book, including basic vocabulary
which may be outside any particular reader’s areas of exper-

tise.

This glossary has been prepared by John H. M. Austin,
M.D., in association with the author,
* New term, introduced by the author.

Abbreviations:

adj. adjective
Anat.  anatomy
Bial. biology
Chem.  chemistry
Elec.  electric term

L. Laun
Med, medicine

absorprion coeffi-

cient, n.

acetvlcholine, n.
adenocarcinoma, n.

adenmd, adj.
adenoma, n,

adenosis, n.

adrenal glands, n.

advennina, n.
allay, n.

alveolus, n,
(-I1, pl.)
ammiotic fluid, n.

amyloid, n.

n. noun

Phys.  physics
pl. plural
Radiol. radiology
sing. singular
v. verb

Radiel. A numerical measure of a
material’s ability to block the pas-
sage of x-rays through it, expressed
as the ratio of the quantity of exit-
ing x-rays to the quantity of enter-
INg X-rays.

Chem. A choline ester which gener-
ates biologic actions.

Med. Epithelial cancer characterized
by glandlike organization of cells.

Med. Glandlike.

Med. An epithelial neoplasm of
glandlike structure, usually benign.

Med. The formauon of glands or
glandlike structures,

Anat. Paired ductless glands adjacent
to the kidneys, The adrenal glands
produce hormones which regulate
metabolic funcrions, e.g., water,
glucose and electrolvte balance, as
well as hormones, e.g., epineph-
rine, which evoke cardiovascular
Pressure responses.

Anat. The outer laver of a vessel.

Chem. A substance having metallic
properties and composed of two or
more chemical elements of which at
least one 15 an elemental metal.

Anat. Any one of the air sacs in the
human lungs. — aloeolar, adj.

Amnar. Serous intrauterine fluid in
which an embryo or fetus 15 im-
mersed.

Med. Abnormal, polyvmerized, in-
soluble proteins or protein-polysac-
charide complexes of characteristic
fibrillar structure.

anaphoresis, n.

anaplastic, adj.

angiogenssis, n.
angiography, n.

anion, n.
anade, n.

anoxic, adj,

anterior, adj.

anterolateral, ad).
anteroposterior, adj.

apafite, n.

apex, n.

*arches and archades, n.

areola, n.

*arteriocapil-
laries, n.

arteriography, n.

arteriole, n.

arteriovenous, adj.

Elee. Movement of colloid particles
toward the anode in an electric
field. — anaphoreric, adj.

Med. Characterized by lack of struc-
tural and functional differentiation.
Descriptive of neoplasms which
tend clinically to be rapidly pro-
gressive,

Bisl, Formation of vessels,

Radiol. Study of the lumens of blood
vessels by the intravascular injec-
tion of a contrast medium. — angue-

graphic, adj.

Phys. A negatively charged on. — an-
ionic, adj.

Elec. Positive electric pole. — anadic,
adj.

Chem. 1. Without oxygen. 2. Char-
acterized by levels of oxygen too
low to sustain physiologic function,

Anat. Pertaining to the front. Oppo-
site of posterior.

Anat. Anterior and lateral.

Radiwl. Referring to the direction of
movement of the x-ray beam
through the subject, 1.¢., from an-
terior to posterior.

Chem. A complex mineral containing
calcium + magnesium phosphate
and variable amounts of organic
materials.

Anat. The top or highest point. -
apical, adj. — apices, pl.

Radiol. Structural elements, which
have developed under the influence
of an inhomogeneous electric field
at the interphase between “A" and
“B"-zone.

Amnat. 1. A circular region of differ-
ent colour from a central structure
which it surrounds. 2. The dark-
ened ring of skin around a nipple.

Anrat. Proximal part of the capillary
bed, which contracts when exposed
to an electric field. See also venoca-
pillaries.

Radiol. Procedure of injecting a con-
trast medium into a vessel and ob-
serving by means of x-rays the
structure of vessels and the pattern
of flow through them. - arteriogra-
phic, ad).

Amnat. A very small arterial branch,
usually just proximal to a capillary.

Anar. Directly connecting the lu-
mens of an artery and a vein, with-
out intervening capillaries.
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asepric, adj.
aspiration needle
bepsy, n.

atelectasis, n.
atrophy, n.
artenuanon, n.
autolysis, n.

axom, n.

* A" zone, n.

basement mem-
brane, n.

benign, adj.

biogalvanic, adj.

birefringent, adj.

bronchial vessels, n.

bronchography, n.

Browman move-
MERL, N,

R zone, n.

calcinosis, o,

*ralcingsis repara-
fiva, n.

calciolynic, adj.
caflus, n.

capacitance, n.
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Med. Noninfectious.

Med. Removal of tissue by aspiration
through a needle, which is usually
passed through locally anaesthe-
tized skin and, for lung rumours,
guided via fluoroscopic monitoring
into the mass.

Med. Airlessness and decreased vol-
ume in all or part of a lung.

Med. Wasting away or decreased
size, secondary to malnutrition or
disease. — atraphic, adj.

Thinning, weakening, decreasing.

Chem. Chemical destruction of tis-
sues or cells by the action of their
OWI ENZYMES.

Anat. The elongated, conducting
part of a nerve cell. - axonal, adj.

Radiol. Zone of lowered x-rav at-
tenuation of tissue, appearing as a
halo around a tumour or granulo-
ma. An “*A" zone is often but not
always synonvmous with a fvdro-
penic zone, i.e., depleted of tissue
water.

Anat. A thin, noncellular partition
lving under internal surfaces cov-
ered by epithelium or endothelium.

Med. Not malignant; favourable for
FECOVETY.

Elge. Pertaining to the ability of a
biological system to generate direct
current.

Phys. Doubly refractive.

Arar. Arteries arising from the aorta
and supplying blood 1o the bronchi.
Inside the lungs the bronchial veins
empty into the pulmonary venous
network.

Radiol. Studv of the structure of the
bronchial tree, performed by filling
the bronchi with a contrast medi-
um.

Phys. Spontaneous, irregular move-
ments of molecules or colloidal par-
ticles suspended in liguid. The
movements are caused by fluctu-
ations in the molecular impacts to
which each particle is subjected.
Discovered in 1827 by Dir. Robert
Brown, a Scottish botanist.

Radiol. Zone of increased x-ray at-
tenuation of tissue outside an “A"
zone. A “B" zone is often svnony-
mous with an kvdropic zone of local
oedema.

Med. A condition characterized by
focal calcification.

Med. After injury, deposition of cal-
cium in a tissue is part of the heal-
ing process, not a disease per se.

Med, Characterized by removing cal-
cium.

Med, Substance exuded around frag-
ments of fractured bone.,

Elec. Electric capacity; the amount
of charge stored on an isolated con-

capacitor, n.

capillary, n.

catabolism, n.

cataphoresis, n.

catheter, n,

cathode, n.
cation, n,
camitation, n.
cerebrospinal
fhaid, n.

cerebrum, n.

chemisorption, n.
chemotaxis, n.

chemotherapy, n.

clcairix, n

cineradiograply, n.

*corcular stric-
rures, n.
coeliae axts, n.

collagen, n.

collod, n.

conductance, n.
COMMECHIDe Hssue, .

ductor per unit change in its poten-
tial. The electrical capacitance

C=IO‘T’ where Q=the electric

charge and AV =the potential dif-
ference. — capacitative, adj.

Elec. A conductor which holds or
stores electric charge.

Anat. 1. Any one of the smallest
blood vessels which connect the
smallest arteries and veins. Tissues
receive blood-borne oxvgen and nu-
trients through the walls of capillar-
ies. 2. Any slender channel.

Biol. Destructive process in which
living cells convert complex sub-
stances into simpler compounds, —
catabolic, adj.

Elec. The migration of an electro-
positive compound (cation) toward
the cathode. - cataphoreric, adj.

Med. A long, thin tube inserted in-
side a bodily channel for diagnostic
or therapeutic purposes. — catheter-
ize, v.

Elec. Negative electric pole, — ca-
thodic, adj.

Phys. A positively charged 1on. - ca-
nonic, adj.

Med. The formation of an abnormal
SpACe O SPACes CONtalMINg gas. — ca-
vitated, ad).

Anat. The fluid in which the brain
and spinal cord are immersed.

Anat, The largest portion of the
brain in man. — cerebral, adj.

Phys. Chemical adsorption.

Biol. Movement of cells, especially
leukocytes, assumed to be induced
by chemical compounds. - chemo-
tactic, adj.

Med. Treatment with chemical
agents; commonly used in particu-
lar reference to antineoplastic
agents.

Med. Scar.

Radiol. The exposure of x-ray film in
rapid sequence {e.g., 30 frames per
seC).

Radwpl. Structural components of the
corona complex,

Anat. The first major intraabd ominal
branch of the aorta, sending arterial
blood to the liver, spleen, stomach
and duodenum.

Anat. A protein and major support-
ive constituent of connective tissue.

Chem, A state of matter in which
very small particles are finely dis-
persed throughout another sub-
stance. Usually, the range of diame-
ters of colloid particles varies be-
tween 10A and 10°A.

Elec. Reciprocal of resistance.

Amat, The supporting and binding
tissue of various structures of the
body. :



contrast, n.

*eorona complex, n.

corona maligna, n,

corona radata, n.

*COrong SITic-
Tures, n.

*corong transfor-
marion, n.
COTONary artery, n.

corpuscle, n.

coriex, n.

costophrenic, adj.

cramal, adj.
crantocaudal, adj.

crenation, n.
cytoplasm, n.

cviostatic, adj.

degenerarive, adj.

Radiol. 1. The property of distinctly
different degrees of film or sereen
activation as a function of the dif-
ferent tissues or substances through
which x-rays pass. Conventional
diagnostic radiology derives infor-
mation from five levels of contrast.
In increasing order of opacity, these
levels are gas, fat, water, calcium
and heavy metal.

2. Abbreviation for contrast medi-
um, which is a substance placed in
the body, usually by injection into a
tubular organ and which absorbs a
distinctly different quantity of x-
ravs than do the surrounding ts-
SUes.

Radwl. The combination of corona
structures resulting from electro-
phoretic transport between an in-
jured tissue and surrounding tissue,

Radwl, Crownlike radiating struc-
tures at the periphery of a tumour
formerly and erroneously believed
to be a sign of malignancy. A term
which should be discarded.

Anat. 1. The radiating crown of pro-
jection fibres which pass from the
internal capsule to every part of the
cerebral cortex. 2. A layer of colum-
nar follicular cells which remain at-
tached 1o the ovum.

Radwl, Radiatung fibrous structures,
“A" and “B" zones, arcades and
circular displacements of tissue ele-
ments around a lesion,

Phys. The biologic process by which
corona structures develop around a
lesion.,

Anat. One of the arteries supplving
blood to the muscle of the heart,

Anar. A small body, cell or part of a
cell forming a distinet part of an or-
ganism. - corpuscular, ad).

Anat. The outer layer of an organ. —
cortical, adj.

Anat. Pertaining to the junction of
the diaphragm and the inside of the
thoracic cage.

Anai. Toward the head (cranium).

Radol. Pertaining to an x-ray beam
directed through the breast in a su-
perior to inferior direction.

Biol, Notching or scalloping.

Med. Cellular protoplasm exclusive
of the nucleus.

Med. Capable of killing or checking
the growth of cells, usually as used
in antineoplastic chemotherapy.

Med. Very slowly deteriorating.

*demand poten-
tial, n.

dendrite, n.

dense, adj.

densitometry, n,

diapedests, n.

diathermia, n.

dielecmie, adj. & n.

dipole, n.

dispersion, n.

distal, adj.

Phys. Physicochemical difference be-
tween substance metabolism (anab-
olism) plus energy metabolism (ca-
tabolism) of a normal or pathologi-
cal tissue and surrounding tissue.
Demand potentials in normal me-
tabolism deliver energy for selective
transports over BCEC channels as a
participatory mechanism maintain-
ing homeostasis.

Anat. Arboriform, branching exten-
sion. = dendriiic, adj.

Radiol. 1. Characterized by a rela-
tively high absorption coefficient.
2. Relatively opague, said of por-
tions of the radiographic image cor-
responding to regions of high ab-
sorption coefficient in the object or
subject exposed to radiographic x-
rays.

Radiol. Measurement on an exposed
and processed radiograph of the ex-
tent of blackening of the film.

Med. The outward passage of blood
cells from the lumen through the
intact wall of a capillary. - diapede-
tic, adj.

Med. Generation of heat by means of
tissues resisting the passage of elec-
tric current at high frequency. Di-
electric heating.

Elec. Insulating material, noncon-
ducting. The electrons of a dielec-
tric are tightly bound to their par-
ent atoms. No material is a perfect
insulator, but any substance whose
conductivity is extremelv small is
properly considered to be a dielec-
tric. Dielectrics have the property
of molecular polarizability, i.e., ap-
plication of an electric field may
shift the negative and positive
charges within a molecule. The ef-
fects of polarizability are generally
observed only in the absence of ap-
preciable conductiviry.

Elee. A pair of equal and opposite
charges separated by a fixed dis-
tance. When induced by another di-
pole, known as a dipele-induced di-
pole.

Chem. The distribution and incor-
poration of small particles or mole-
cules of one substance in another
medium.

Anai. Distant from the site of attach-
ment; remote. Opposite of proxi-
mal.
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Donnan equilib-
rium, n.

dorsal, ad).

duct, n.

dystrophy, n.

edge enhancenment, n.

effective focus, n.

efferent, n.

elasiin, n.

eleciret, n.

electrocardio-
gram, n.

elecirocoagula-
non, n,

electropsmosis, n.

electrophoresis, n.

(-scs, pl.)

electrosirichion, n.

embolus, n.

emphysema, n.

endergomic, adj.
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Phys. The balanced conditions across
a membrane between two solutions
which differ in ionic constituents
and for which the membrane 1s per-
meable only to some of the ions in
the solution. An irregular distribu-
tion of 1ons between the solution is
present, causing electrical potential
between the two sides of the mem-
brane. The two solutions differ in
hydrostatic and osmaotic pressures.

Anat. 1. Pertaining to the back.

2. More toward the back than a
structure of reference.

Anat. A tubular passage through
which secretions flow, — ductal, adj.

Med. Abnormal development caused
by deficient nutrition. = dystrophic,
adj.

Phys, 1. Visual phenomenon in
which borders of objects appear in-
tensified because of normal neural
inhibitions within the perceiving
eve. Elec. 2. Local increase of in-
tensity of an electric field,

Radiol. The size of the focal spot of
an x-ray tube as observed in the di-
rection of the central x-ray beam,

Arnar, Away from the brain, referring
to the direction of nervous im-
pulses,

Chem. The characteristic protein
component of elastic tissue.

Phys. A permanently polarized di-
electric, i.e., its molecules are polar
and aligned like the molecules in a
bar magnet.

Med. A tracing of cardiac electrical
activity,

Med. Coagulation produced by elec-
tric current passing between two
terminals.

Biol. Electric transport of water. —
electroosmoiic, adj.

Elec. The movement of ions, mole-
cules or particles suspended in a
fluid and under the action of an ap-
plied electric current. — electraphore-
nc, adj.

Phys. Change in size of a dielectric
when polarized by an external field.

Med. A plug which passes through
the circulation until it lodges in a
vessel too small to permit further
passage of the plug. The plug is
characteristically a thrombus, but
may be air or a forcign bady.

Med. 1. Discasc of the lungs charac-
terized by destruction of alveoli and
by abnormal enlargement of distal
air spaces. 2. Increased quantity of
air per unit volume of lung, without
necessarily associated destruction of
pulmonary tissuc. — emphyvsematonus,
adj.

Chem. Referring to a reaction which
accumulates energy.

endogenous, adj.

endothelium, n.

enthalpy, n.

ERIrofy, 1.

epinephrine, n.

epithelium, n,

eguilibrium, n.

*ergon, 0.

*ergonar, 0.

*ergionar, n.
erythema, n.

ervthrocyte, n.

exergonic, adj.

exoendothelial
space, n.

exogenous, adj.
exiravasaiion, n.

extravascular, adj.

fascia, n.
(-ﬁ?. P'l‘
femoral, adj.

femur, n.

fibrillation, n.

fibrin, n.

fribroadenoma, n.

Biol. Developing or originating with-
in an organism.

Anat. A layer of cells lining the inner
surface of the circulatory system. —
endothelial, ad).

Phys. Heat content. A fundamental
thermodynamic function, along
with internal energy, entropy and
free energy.

Phys. A measure of the unavailable
energy in a thermodynamic system.
Increase in entropy means a loss of
available energy.

Med. An active chemical, secreted by
the adrenal medulla and a powerful
cardiovascular stimulant (increased
blood pressure and cardiac output).

Anar. The cellular covering layer of
the skin and mucous membranes.

Phys. State of balance; a condition in
which opposing forces exactly
counter cach other. See Donnan
equilibrium.

Elec. Nonionic molecule. Symbol .
— ergonic, adj.

Elec. Collection of ergons, s x /%

Elec. Collection of ionic and non-
ionic molecules. — erpionic, adj.

Med. Redness of the skin, caused by
dilated and congested capillaries.

Anat. Red blood corpuscle. Its char-
acteristic molecule is haemoglobin,
which has a marked affinity for oxv-
gen. Its characteristic function is to
circulate oxygen to all parts of the
body.

Chem. Referring to a reaction which
releases cnergy.

Anat. The minute space between the
periphery of an endothelial cell and
its basement membrane.

Bipl. Produced outside the organism.

Med. Passage of material, e.g.,
blood, from a vessel into surround-
Ing tissue.

Anat. Outside a vessel or vessels.

Anat. A sheet or band of connective
tissue enclosing a tissue or tissues.

Anar. Of or pertaining to the femur.

Anat, Thighbone; the bone of the
upper leg. The proximal end of the
femur contains a ball-shaped head,
joined by a somewhat narrow neck
to the main shaft of the bone. Distal
to the neck of the femur are two
bony projections, called the greater
and lesser trochanters, to which
muscles from the trunk and pelvis
artach.

Med. Spontaneous contraction of in-
dividual muscle fibres, without uni-
fied control through a motor nerve.

Chem., A protein essential in blood
clotting.

Med. A benign neoplasm commeon in
the female breast, containing glan-
dular and scar-like elements.



fibroadenosis, n.

fibroblasi, n.

fibroliposarcoma, n.

fibrosis, n.
fuoroscopy, .

fundus, n.
galvanic, ad).

gangrene, n.

gastric, adj.

(ribbs free encrey, n.

glucagon, n.

gram-negative, adj.
granwlation

Nssue, n.
granulocyte, n.

granuloma, n.

guide wire, n.

haem, n.

haematocrit, n.

haematoma, n.

haemarin, n.

haemin, n.
haemoglobin, n.
haemoprysis, n.

haemostat, n.
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Med. A benign nodular condition of
the breast, containing fibrous and
glandlike elements.

Anat. A cellular structure in connec-
tive tissues.

Med. A malignant neoplasm of con-
nective tissue origin containing fi-
brous and fatty elements.

Med. Scar tissue.

Radiol. Continuous radiologic imag-
ing on a fluorescent screen. When
two perpendicular x-ray beams are
emploved, fluoroscopy is referred
to as biplane. - fluoroscopic, ad).

Anat. The part opposite the aperture
of a hollow organ.

Elec. Pertaining to direct electric
current.

Med. Extensive necrosis of tissue.
Dry gangrene follows occlusion of
the arterv supplying a tissue.

Anat. Pertaining to the stomach.

Phys. An important thermodynamic
concept defined for a chemical reac-
tion G=H-T5, where H=enthalpy,
T=temperature (K) and S=en-
tropy.

Chem. A pancreatic polypeptide
which acts on the liver to increase
the concentration of glucose in the
blood.

Med. Losing stain in Gram's method
of preparation of bacteria for micro-
scopic analvsis.

Med. Vascularized connective tissue
formed early in the course of wound
healing.

Med. A cell containing granules, cs-
pecially a leukocvte.

Med. A mass of connective tissue
formed as part of a healing process,
€.%., in tuberculosis,

Radiol. A metal wire temporarily
placed inside ai- angiographic cath-
eter, used to assist in guiding the
catheter into specific vessels.

Chem. The insoluble, nonprotein,
ferroprotoporphyrin constituent of
haemoglobin.

Med. The ratio of the volume of red
cells to the total volume of a sample
of blood.

Med. An abnormal collection of ex-
travascular blood.

Chem. The insoluble, nonprotein,
iron-containing constituent of hae-
moglobin. The iron has been oxi-
dized to the ferric state.

Chem. The crystalline chloride form
of haematin.

Chem. The oxygen-carrying red pig-
ment in red blood cells.

Med. Expectoration of blood from
the lungs.

Med. A surgical instrument for
clamping a vessel so that blood flow
is arrested.

hamartoma, n.

hemicrania, n.
heparin, n.

hepatic, adj.
hilum, n.

histamne, n.
histiocyte, n.
histochemistry, n.

histology, n.

homeostasis, n.

hyvalin, n.
hyvaline, adj.
hvdrion, 0,

hvdrolase, n.
hvdrolysis, n.

hvdropenic, adj.
hvdrophilic, adj.
hvdrophobic, adj.

hydropic, adj.
hvdrostanic, adj.

hypernephroma, n.
hypaxia, n.

image intensifier, n.

implant

mert, adj.
inferior, ad).

inferior vena cava, n.

*infilrrated
strands, n. pl.

Med. A noncancerous mass com-
posed of disorganized elements of
the tissue in which the mass arises.
In the lung the mass is characteristi-
callv peripheral, well circumseribed
and slightly lobulated.

Med. Migraine headache.

Chem. An anticoagulant, mucopoly-
saccharide acid which occurs in var-
ious tissues bur is most abundant in
the liver.

Anat. Referring to the liver.

Anar. That part of an organ in which
the channels to it enter. Usually
used in reference to the lung, kid-
ney or spleen. — hilar, adj.

Chem. A potent capillary dilator
found in many tissues.

Med. Phagocytic interstitial cell.

Chem. The cytologic study of bio-
chemical substances. — histochemi-
cal, adj.

Anar. Anatomy of tissue, particularly
minute structure as revealed by mi-
croscopic analysis. — kistologic, adj.

Biol. A tendency to uniformity and
stability in an organism, resulting
from biologic adjustments to
changes in the environment.

Med. A translucent dystrophic pro-
tein.

Med. Transparent or nearly transpar-
ent; glassy. = hvalinization, n.

Chem. Hydrogen ion.

Chem. Hydrolytic enzyme.

Chem. Chemical splitting caused by
incorporation of water, which also
splits. = hydrolviic, adj.

Phys. Deficient in content of water.

Phys. Readily adsorbing water.

Phys. Rejecting the adsorption of
wiler.

Phys. Excessive in content of water.

Phys. Pertaining to a liquid in a state
of equilibrium.

Med. Carcinoma of the kidney.

Med. Low oxygen content. — hy-
poxic, ad).

Radiol. Electronic device which am-
plifies a fluoroscopic image approxi-
mately 4 000 times and permits im-
mediate viewing of the image with-
out needing to darken the fluoro-
SCOPIC room.

Med. 1.v. To insert a material into
the body. 2. n. Marterial inserted
into the body,

Phys. Withour active properties.

Anat. Lower; situated or directed be-
low,

Anat. The large vein into which ve-
nous blood from the lower extrem-
ities, pelvis and abdomen flows; it
empties into the right atrium of the
heart.

Radiol. Coarse radiating structures
in relation to a pulmonary mass in
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imjury potential, n.

in situ.
intercostal, adj.
interstitial, adj.

tRiima, 0.
tn Tilro
I TIve

*lonar, n.

tontophoresis, n.

ipsilateral, ad).

fschaemia, n.

tsoelectric, adj.

Juxtatumoural, adj.

karyolysis, n.

lake, v.

*lamella, n. sing.
(-ae, pl.)

laparotomy, n.

lateral, adj.
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emphysematous or fibrotic lung.
The shapes and directions of the
structures are at least partly deter-
mined by the local extension of em-
physema or fibrosis. See also lamel-
lae.

Elec. A specific demand potential
based on dominating catabolic lib-
eration of energy for exchange of
ions and transformation of material
within BCEC in the process of heal-
ing.

L. In its original or natural position.

Anar. Between ribs.

Anat. In general, pertaining to or sit-
uated in the interstices of a tissue,
i.e., extracellular. In the lung, per-
taiming to or situated in the com-
partment of loose connective tissues
which contains the conducting air-
ways, blood vessels, lymphatics and
nerves, and which does not ex-
change gas.

Anat. The innermost lining of a
blood vessel. — intimal, adj.

L. In glass; not in living organism.

L. In a living organism.

Elec. Collection of ions. nx ., Unit:
ion. Symbaol ..

Med. Therapeutic introduction into
the body of ions of soluble salts, by
means of electric current. — tento-
phareric, adj.

Anat. On the same side, with refer-
ence to the midline.

Med. Local and temporary deficien-
cy of blood, usually secondary to
transient arterial narrowing. — isch-
aemic, adj.

Elec. Possessing the same electric po-
tential.

Med. Situated near or next to a tu-
mour.

Med. Dissolution of the nucleus of a
cell,

To lose haemoglobin out of ervthro-
cytes.

Radiol. Coarse, asymmetrical, dense,
linear or bandlike structure adja-
cent to a mass, which is partly col-
lapsed by local necrosis.

Med. Surgical incision and explora-
tion of the abdomen.

Anai. 1. Pertaining to a side. 2. Situ-
ated nearer or directed toward a
side; far to the side from the median
plane. Radiol. 3. Pertaining to a ra-
diographic exposure in which the
central beam enters a side of the
subject and exits the other side,
i.e., an exposure which is perpen-
dicular to frontal or postercanterior
projections. = laterally, adv.

lewkocyie, n.

lingula, n.

lipiodol, n.

higuefacuom, n.

figuid junction
potential, n.

lumen, n. (lumina,

pl.)

lymphatic channels

or vessels, n. pl.

lhymphocyte, n.
hmphoedema, n.

lymphoma, n.

fysis, n.

Iysosome, n.
macrophage, n.
macroscopic, adj.

mulignant, adj.

mammaogram, n.

mammaographky, n.

margination, n.

mastectomy, n.
mastitis, n.
marriz, n.
media, n.

medial, adj.

mediasnnum, n.

Anat. White blood corpuscle. The
most mobile cells of defense, leuko-
cvies exit from the blood stream to
help initiate healing at sites of in-
jury or abnormality. The VICC ap-
pear to be part of the mechanism of
this process.

Anat. The anterior and inferior part
of the left upper lobe of the lung, so
named because of its resemblance
to the shape of a tongue.

Radiol. An iodized oil used as an
opague contrast medium.

Biol. To change into liquid.

Elec. Potential difference in a liguid
arising from differences in speed of
diffusion of ions.

Anat. The channel or passage-way of
a tube.

Anat. The network of thin-walled
channels through which excess ex-
tracellular fluid and proteins are re-
moved from most sites of the body
and returned as lvmph to reenter
the circulating plasma of blood.
Cancers commonly spread through
lymphatic channels.

Anar. A type of white blood cell in-
volved in immune reactions.

Med. Swelling of a tissue by excess
lymph.

Med. A cancer of the lymphatic sys-
tem, usually arising in a lvmph
node or nodes.

Med. Destruction, often of cells ar
cellular components. — i, adj.

Biol. A very small, intracytoplasmic
body containing lytic enzymes, usu-
ally hvdrolviic.

Anat. A mononuclear phagocyte
which has no fixed position within a
tissue.

Phys. Visible with the unaided eye.

Med. 1. Tending to lead to death.

2. Cancerous. — malignancy, n.

Radiol. Developed radiographs
showing results of mammography.

Radiol, Radiographic examination of
the breast, — mammographic, adj.

Med, Adherance of leukocytes 1o en-
dothelium, as an early stage in acute
inflammation.

Med, Surgical removal of a breast,

Med. Inflammation of a breast,

Biol, Enveloping material which
gives form 1o its contents.

Anar, The middle of the three lavers
of an arterial wall,

Anar. Situated toward the midline. —
medially, adv.

Anmnar. The tissues in the middle of
the thorax between the medial sur-
faces of each pleural cavity, — medi-
astimal, adj.



medium (contrasi),
n. (-1a, pl.)

medullary, adj.

melanoma, n.

mesenchyme, n.

mesentery, .
metabolism, n.
metastasis, n.

microcalcifica-
tion, n.
mitochondria, n.

mitogenic, adj.
mole, n.

menocyle, .
morbidity, n.
morphogenesis, n.
morphology, n.

PLCOUS mmbrcme, ji

mycetoma, n.
myo-, prefix.

myocardium, n.
myoglobin, n.
MYOSArComa, n.

recropsy, n.

RECTosis, n.

Radiol. Material of radiopacity dif-
fering from that of the structure in
which it is placed for diagnostic
purposes, e.g., injection of a radio-
paque contrast medium into a blood
vessel opacifies the lumen of the
vessel.

Med. Pertaining to a carcinoma of
the breast in which carcinomatous
cells predominate and secondarily
induced fibrosis is minimal; oppo-
site of scirrhous carcinoma, around
which fibrosis is extensive. On
clinical examination a medullary
carcinoma is soft and circum-
scribed, a scirrhous carcinoma firm
and poorly marginated.

Med. Epithelial cancer characterized
by pigment-containing cells.

Bipl, Embryonic connective tissue
from which the body's connective
tissucs, blood vessels and lvmphatc
system form. — mesenchymal, adj.

Anat. The membranes around the in-
testine, attaching it to the posterior
abdominal wall.

Chem. The physicochemical pro-
cesses of living cells. — metabolic,
adj.

Med. Spread of disease, usually can-
cer, from the originating to a dis-
tant tissue. — metasiatc, ad).

Radiol. Punctate calcifications in
cancers of the breast,

Anat, Intracytoplasmic small struc-
tures which oxidize sugars and oth-
er nutrients, thereby providing en-
ergy for various intracellular func-
Hons.

Chem. Inducing mitosis.

Chem. A mass equal to the molecular
weight of the species in grams; con-
tains Avogadro’'s number of mole-
cules.

Anat. A large mononuclear leuko-
cyte.

Med. The condition of being dis-
eased.

Bisl. The development of structure.
— morphogenetic, adj.

Biol. The science of organic struc-
ture. — morphologic, adj.

Anat. The membrane lining the
channels of the body which com-
municate with external air, e.g., the
mouth.

Med. A fungal tumour.

Anat. Referring to muscle.

Amnar. The muscle of the heart. -
myocardial, adj.

Chem. A haem-globin molecule in
muscle. Its affinity for oxygen ex-
ceeds that of haecmoglobin.

Med. A sarcoma of muscular origin.

Med. A postmortem anatomic exami-
nation; autopsy.

Med. Death of tissue, — necrotic, adj.
- necrolizing, adj.

neaplasm, n.

neovascularity, n.
neurtlemmoma, n.

REuron, n.
Nitella, n.

nodule, n.

oat cell carci-
o, 1.

oblique, adj.

oedema, n.

oestrogen, .

ﬂmf!‘l".!ﬂl,, n.
arthostatic, adj.

osmosis, .

OSIEOSErCOMA, 1.
ovany, o.

overpotennal, n.

palpate, v.

parathyroid, n.

parenchyma, n.

Med. An abnormal new growth,
which may be benign or malignant.
- neaplastic, adj.

Anat. The state or process of devel-
oping new blood vessels.

Med. A neoplasm originating in the
sheath of a peripheral nerve.

Anat. Nerve cell.

Biol. An elongated, unicellular alga
commeonly found in fresh water,

Radiol. A discrete unit of abnormal
tissue, usually round and less than
about 3 em in diameter. — nodular,
adj.

Med. A type of primary carcinoma of
the lung, characterized microscopi-
cally by small cells shaped like oats.

Anat. 1. Inclined. Radiol. 2. Refer-
ring to an x-ray beam which enters
the body in & directuon other than
perpendicular to the front, back or
side. The aspect of the subject adja-
cent to the part of the radiographic
svstem which records the image de-
termines the name of the oblique
projection, e.g., “left anterior ob-
lique projection” means the left an-
terolateral aspect of the subject is
adjacent to the recording apparatus.

Med. Accumulation of excess serous
fluid in intercellular tissue spaces. —
oedematous, adj.

Chem. The group of chemical sub-
stances, normally produced by the
ovaries, which cause the menstrual
cycle and female secondary sexual
characteristics, e.g., distribution of
subcutaneous adipose tissue. - oes-
trogenic, adj.

Anat. Portions of the peritoneum
connecting the stomach to adjacent
Organs.

Med. Referring to or caused by the
erect position.

Phys. Diffusion through a semiper-
meable membrane, tending to
equalize concentrations of solvents
on each side of the membrane.

Med. A primary cancer of bone,

Anat. The paired, ova-containing, fe-
male sexual gland.

Elec. The change of potential differ-
ENce necessary [0 cause a net cur-
rent to pass between electrodes in a
solution,

Med. To examine by touch. — palpa-
ble, adj.

Anar. Any one of four small glands
located near the thyroid and which
produce hormones that regulate
metabolism of calcium and phos-
phorus.

Amnar, The functional and structural
elements characteristic of an organ,
as opposed to its framework, or
stroma.
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pathognomonic, adj.

percutarieons, adj.
perfusgion, n.
pericyte, n,
perifocal, adj.
pertodontitis, n.
perindontosis, n.

perionenm, 0.

peritumoural, adj.
perspex, n.

phagocyie, n,

phagecyions, n.

phrenic, adj.

physiolagic saline
solution, n.

piezoelectricity, n.

PIRocyiosis, n.

plasma, n.
pleomorphic, adj.

plewra, n.
(-ae, pl.)

preumonectomy, 0.
preumothorax, n.

posterior, adj.

posteroanterior,
ad).

posterolateral, adj.

posimortem, adj., adv.

protaming, mn.

proteolyric, ad),
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Med. Characteristic of a specific dis-
ease or pathologic condition; diag-
nostic.

Med. Through the skin. - percurane-
ously, adv.

Med. The act of spreading over or
through something, as blood
through an organ's blood vessels.

Anar. A cell found along capillaries.
It has long processes and is believed
to be involved in contraction.

Radiol. Around a central site.

Med. Inflammarion of tissues around
a tooth,

Med. Degeneration of tissues around
4 tooth.

Anat. The transparent membrane
which lines the abdominal cavity
and encloses the digestive viscera, -
peritoneal, adj.

Med. Around a umour.

A translucent, radiolucent, plastic
material.

Biol. A cell which ingests microor-
ganisms, other foreign particles and
organic debris.

Biol. The engulfing by phagocytes of
microorganisms, foreign particles,
cells and cellular debris,

Anat. Of or pertaining to the dia-
phragm.

Chem. An isotonic solution of sodi-
um chloride in purified water (0.9
per cent).

Elec. Pressure-electricity, especially
as produced in crystalline sub-
stances such as quartz.

Elec. Transport of fluids across en-
dothelial cells by tiny vesicles, —
pinocyiotic, adj.

Anat. The noncellular fluid portion
of blood or lymph.

Arnat. Containing different forms,
€.E., a carcinoma characterized
histologically by both squamous
and adenomatous features.

Anat. The membrane which lines the
inside of the thorax (parietal pleura)
and surface of the lungs (visceral
pleura), completely enclosing a nor-
mally small and fluid-filled space
called the pleural cavity.

Med. Surgical removal of a lung.

Med. Air or other gas in the pleural
cavity.

Anat. Pertaining to the backside.
Opposite of anterior.

Radiol, Pertaining to an x-ray beam
which enters the backside and exits
through the front of a subject,

Anat. Posterior and lateral.

Biol. After death.

Chem. A strongly basic protein
which neutralizes the effects of hep-
arin.

Med. Causing breakdown of pro-
teins.

proximal, adj.
pyknosis, n.

frvlorus, n.

radiolucen:, adj.

radiopague, adj.

reticulum, n.

*refrachion oedema, n.

*refraction pocket, n.

retro-, prefix.

Ringer's solution, n.

saline solution,
0.9%, n,

sarcomda, n.

scirrhous, adj,

selerosing, adj.

segment, n.

Seldinger tech-
Higie, n.

semoling, n.

serploming 0.,

serum, n.

Anat. Near the site of attachment.
Opposite of distal.

Anar, Shrinking and condensation of
the nucleus of a cell.

Anar. The opening between stomach
and ducdenum.

Radiol. 1. Permitting the passage of
x-rays. 2. Permitting the passage of
many, but not all, incident x-rays.
3. Appearing predominantly black
on a standard radiograph. - radiolu-
cency, n.

Radiol. 1. Not permitting the pas-
sage of x-ravs. 2. Appearing pre-
dominantly white on a standard ra-
diograph. - radiopacity, n.

Anar. A network, especially in the
cytoplasm of cells. - rericular, adj.
Radiol, Fluid accumulation within a
zone of lowered turgor pressure due

0 retracling scar tssue,

Radiol. Funnel-shaped indentation
of the surface of the lung, produced
by contraction of fibrous strands in
the lung parenchyma.

Anar. Located posterior to.

Chem. A solution resembling blood
serum in its constituent salts,

Chem. The “physiologic’ concentra-
tion of sodium chloride in normal
mammahan plasma and extracellu-
lar, extravascular tissues.

Med. A cancer, usually highly malig-
nant, of connective tissue origin.

Med. Hard; containing a predomi-
nance of scar or connective tissue.
See medullary.

Med. 1. Causing or undergoing hard-
ening. 2. Increasing in quantity of
SCAT O COnnective tissue.

Anat. A major anatomic subdivision.
In the lungs, each lobe is supplied
by a single bronchus; the next bron-
chial divisions define the broncho-
pulmonary segments, which num-
ber between 2 and 5 per lobe.

Med. Percutaneous insertion of a
catheter in the lumen of a vessel by
a 3-stage procedure: a needle is
placed into the lumen of the vessel,
a wire is passed through the needle
into the lumen, the needle is re-
moved, a catheter 1s placed over the
wire into the lumen, and the wire is
removed,

Biol. The large hard parts of wheat
grains which remain in the sifting of
fine flour. The grains are grossly
visible, dielectric corpuscles.

Chem. 5-hydroxytryptamine, a po-
tent regulator of local vascular cali-
bre.

Biol, The clear portion of an animal
liquid, especially of blood after co-
agulation occurs.



shellac, n.

silicosis, n.

skin thickening, n.

spiculated, adj.

spicule, n.
spirochaete, n.

sqitantons, adj.

sasis, n.

stellate, n.

stereoradiography, n.

stereotaxic, adj.

steric, adj.

stoma, n.
(stomata, pl.)

striae, n., pl.

stroma, n.

subcutaneous, adj.

subcuis, n.

sulcus, n.

supertor, adj.

superolateral, adj.

supradiaphrag-
matic, adj.

systermic, adj.

Chem. An insulating resin, applied 1o
a surface as a thin liguid layer
which then solidifies.

Med, Pulmonary fibrosis caused by
inhalation of dust containing silicon
dioxide; usually a disease of stone
miners, sandblasters and foundry
workers.

Radiol. Radiopaque part of the skin
adjacent to a breast cancer, Such
thickening of skin is pathogenetical-
Iy synonymous with a hydropic
zone in the lung (see also "B zone).

Radiol. Characterized by pointed
projections.

Anar. A needle-like projection.

Med. A spiral-shaped bacterium, in-
cluding those causing svphilis.

Anar. Flat, platelike, Squamous
epithelial cells form the lining of the
lumina of the tracheobronchial tree.

Med. A stopping of normal flow of a
badily fluid.

Shaped like a star.

Radiol, Radiography performed
from two sites equidistant from the
object and separated by the interpu-
pillary distance. When the resultant
radiographs are observed in a ste-
reoscopic viewer, the images fuse
and appear three-dimensional.

Radw!. Movement of an instrument,
€.g., biopsy needle, under stereora-
diographic control.

Phys. Referring to spacial distribu-
tion.

Anat. A minute opening or pore on a
cellular surface or between cells.

Med. 1. Lines. 2. Marrow, bandlike
structures. — striaied, ad).

Anat. The supporting framework of
an organ, as opposed to its paren-
chvma. - stromal, adj.

Anat. Beneath the skin.

Amat. Tissue immediately beneath
the skin.

Anat. Groove, furrow; e.g., the cos-
tophrenic sulcus 1s the groove be-
tween the chest wall and insertions
of the domed diaphra; m, posterior-
ly defining the most inferior posi-
tions of the lungs.

Anat. Elevated; higher, upper: to-
ward the head as opposed o toward
the feet. — superiorly, adv.

Anar. Situated or directed both supe-
riorly and laterally.

Anar. Situated immediately superior
to the diaphragm.

Med. 1. Pertaining to the body as a
whaole. 2. Pertaining to circulation
of blood from the left ventricle 1o
the entire body and returning to the
right atrium, as opposed to the pul-
monary circulation of blood be-
tween the right ventricle and left
atrium.

teratocarcinoma, n.

teratoma, n.

thoracotony, n.

thrombectomy, n.
thrombocyie, n.

thromboembolus, n.

(-, pl.)

thromibase, v,
thrombosis, n.
(-es, pl.)
thrombus, n.
(-1, pl.)
thymama, n.

omogran, n.

tomaograpihy, n.

rrabeculae, n. pl.

transmogrify, v.
transthoracic, adj.

trochanier, n.
tuberculoma, n.

unilateral, adj.

vasa vasorum, n. pl.

vascularized, adj,

vasoconsiriction, n.

*venocapillaries, n.

ventule, n,
vesicle, n.

TISCHE, 1.
{wscera, pl.)

xeroradiograph, n.

zela potential, n.

Med. A neoplasm containing both
teratomatous and carcinomatous
components,

Med. A neoplasm containing various
differentiated structures such as
bone, cartilage, skin, and brain.

Med. Surgical incision of the thoracic
cage.

Med. Surgical removal of a throm bus.

Anat, Plateler; important for coagu-
lation, one of many minute anuclear
baodies in blood.

Med. A blood clot which detaches
from its site of formation and is car-
ried by the flow of blood to a dis-
tant site, usually obstructing flow
through the blood vessel at that site,

Med. To form a thrombus; to clor.

Med. Formation or presence of a
thrombus.

Med. Intravascular clot of coagulated
blood which remains at the site of
formation.

Med. Epithelial neoplasm of the thy-
mus.

Radiol, A radiograph of a laver of the
baody.

Radwl. A radiographic technigue
imaging a plane of the body. — romo-
graphic, ad).

Anar. Beams of connective tissue. In
bone, the mineralized matrix of the
marrow,

To transform into something gro-
tesque or surprising.

Med. Through the chest wall.

Anat. See femur.

Med. A tuberculous mass, approxi-
mately spherical and well demarcat-
ed from surrounding tissue.

Anat. On one side.

Anat. The small vessels which sup-
ply the walls of larger blood vessels.

Anar. Supplied with vessels. — vascu-
larizanion, n.

Med. Narrowing of vessels secondary
to contraction of muscle in their
walls.

Anar. Distal part of the capillary
bed, which dilates when exposed o
an electric field. See also arrertoca-
piflaries,

Anar. A very small vein, just distal 1o
a capillary.

Anat. A minute, intracytoplasmie,
spherical collection of fluid.

Anar. Any organ in the chest, abdo-
men or pelvis. See also plewra. - vis-
ceral, adj.

Radiol. A radiograph obtained by a
process in which x-rays affect not a
photographic film, but an alumin-
ium plate coated with selenium.

Phys. Electrostatic potential corre-
sponding to the potential drop
across the diffuse part of the electric
double laver close to a charged in-
terface.
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SYMBOLS

Symbaol Name ST-unit Name Sl-uni
A Angstrom 107" m heat of vaporiza-  2.490 Jkg™'at  0°C
“C degree Celsius 273.15K tion of water 2.469 Jkg™'at 10°C
C coulomb 1IC=1As 2.348 Jkg'at 20°C
calipermochem  thermochemical 4.184] 2.435 Jkg 'at  25°C
calorie 2.427 Tkg~'at 30°C
D, diffusion coeffi- 0.16x107* m's™! 2.402 Jkg™'at  40°C
: cient of CO, 2.377 Jkg™'ar  S50°C
D, diffusion coeffi- 0.20x107* m's™! 2.155 Jkg 'at 100°C
cient of O, Hz hertz 1Hz=1 cycle s™*
D, diffusion coeffi- 0.25%107* m%s~! 1 joule 1J=INm
cient of water K kelvin 0K=-273.15°C
vapor pm micron 107%m
dyn dyne 10°N N newton IN=lkgm 5!
dyn-cm dyne X centimetre 10°7] N, Avogadro constant  6.0222x10" ¥ m™!
eV electron volt 1.602x 1071%] Pa pascal 1Pa= INm 1=
erg erg 107°] 0.102 mmH,0
F farad IF=1CV-! R gas constant 8.3143 Jm 'K
F Faraday 9.6487x 10° Cmol™! v, partial molal of 18.048107° m*mol~" at 20°C
G Gibbs' free energy water
AG Gibbs' free energy W walt IwW=1]s"
change 0. density of water  0.9999x 10" kgm * at 0°C
AG® Gibbs' standard free 1.0000:x 10" kgm ™ at 4°C
energy change 0.9997x10* kgm™* at 10°C
AG™ Maximal Gibbs' 0.9982x 107 kgm™* at 20°C
standard free 0.9957% 107! kgm ™ at 30°C
energy change 0.9923x 10" kgm? at 40°C
Hon heat of sublima- 2,845 Jkg 'ar —10°C Stefan-Boltzmann  5.6696x 107" Vm 2 K™

tion of water

348 Symbols and unit

AND UNITS

2.833 Jkg 'at -5°C
2.824 Jkg'at  O°C

constant
on
ergon



ABBREVIATIONS

ACP
ACTH
ADP
Ala

cAMP

Arg
Asn
Asp
ATP
ATPase
BCEC
CDP
CMP
CoA

CTP
Cys
DNA
DNP
DP T+
DPFNH
eCE
FAD

FADH,

FMN
FMNH,

GDP
Gln
Glu
Glv
GMP
GTP

HbCO

adenine

acvl carrier protein

adrenocorticotropic hormone

adenosine diphosphate

alanine

adenosine monophosphate

cyvclic AMP adenosine 3°, 5'-cvelic
monophosphate

arginine

asparagine

aspartatl:

adenosine triphosphate

adenosine triphosphatase

*biologically closed electric circuits

cytidine diphosphate

cytidine monophosphate

coenzyme A

coenzvme () (ubiquinone)

cytidine triphosphate

cysteine

deoxyribonucleic acid

dinitrophenyl

see NAD, NAD™

see NADH

electrocardiogram

flavin adenine dinucleotide
(oxidized form)

reduced form of flavin adenine
dinucleotide

flavin mononucleotide (oxidized form)

flavin mononucleotide {reduced form)

guanine

guanosine diphosphate

glutamine

glutamare

glycine

guanosine monophosphate

guanosine triphosphate

haemoglobin

carbon monoxide haemoglobin

HbO,
His

Ile

i.m.

]

Leu
Lys

M

Mb
MbO,
Mert
MetHb
NAD, NAD"

NADH
NADH,
NADP, NADP~
NADPH
NADPH,

NHE
Phe
Pro
redox
RNA
mRNA
rRNA
tRNA
RNase
TAF
Val
VDCEC
VICC

w

oxvhaemoglobin

histidine

isoleucine

intramuscular

subscript for species §

leucine

Iysine

molar (moles/litre)

myoglobin

oxymyoglobin

methionine

methaemoglobin

nicotinamide adenine dinucleotide
(oxidized form)

nicotinamide adenine dinucleoude
{reduced form)

reduced form of nicotinamide adenine
dinucleotide

nicotingmide adenine dinucleotide
phosphate (oxidized form)

nicotinamide adenine dinucleotide
phosphate (reduced form)

reduced form of nicotinamide adenine
dinucleotide phosphate

normal hydrogen electrode

phenyvlalanine

proline

reduction and oxidation

ribonucleic acid

messenger RNA

ribosomal RNA

transfer RNA

ribonuclease

“tumour-angiogenetic factor™

valine

*vascular-ductal closed electric circuit.

*vascular-interstitial closed circuit
Or CIrCuits

subscript for water
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INDEX

A

Abdominal far 253
“Absolute™ values of polarization 320
Absorption of water 80
Accessory BCEC branches 331
Accumulation
of a charged chemical compound 191
of granulocytes 187-191, 201
of leukocytes  187-191, 271, 294, 315,
]
of lymphocytes 262, 266
Accumulation of calcium  117-119,
256-260, 277, 324, 325
Acetylcholine 107
Acid haemin 18O
Activation
of BCEC systems 158, 224
of oxygen for redox reactions 320
of vascular-interstitial closed circuits
(VICC) 173
Activation energy in semiconduction 135
Activation of BCEC systems enhancing
healing 9, 269-116
Activation of ergons by metal electrodes
160, 320
Active electrode surface 288
“Active transport”, primitive form of 81
Activity coefficient 156
Acupuncture [0
and the BCEC principle 328
basic mechamsm 329
beneficial effects of 328
Acupuncture meridian 329
Acupunciurist's twirling of the needle 329
Acute effects of an applied current 192
Acute inflammation 262
Adenocarcinoma
metastatic to lung 28, 33
necrotic 15
of the breast 307
of the uterus 297
pleomorphic 21
primary of lung 27, 34
well differentiated 15
Adenosis 323
Adenotic formation 244
Adhesion hines of endothehal cells 136
Adhesion of leukocytes 190
Adhesion of polarized material |80
Adsorption
against the electrodes 165
between fluid-matrix phases 227
Adsorption line 18, 120
Age of two polarizing processes 333
Agents which polarize tissues 325
Air spaces
in lung 157
in pleura 36, 61
Alkaline and acid regions in electrolysis
163=172, 177
Alpha and delta waves of human EEG 335
Alternating fields, dangerous effects 335
Alternative to chemotactic accumulation of
leukocytes  187-191, 201, 262, 266,
271, 294, 315, 325

350 Index

Amount of current in tumour treatment
s
Amount of transported material over
BCEC 211
Amyloid-like substance 212
Anaesthesia in acupuncture 331
Angesthesia in DC wreatment 315
Analogue to deposition of material at the
surfaces of electrodes 327
Analysis
of fat and water content 223
without instrumental interference 319
Angiogenesis in tumours 235
Angioscope 273
Anionic accumulation of phosphate 73
Anionic haemin in basic solution 180
Anode adjacent to malignant cells 282
Anodic
destruction of tssue 131
injury 283
matrices 258
Anodic acidity 130, 240
Anodic and cathodic channels J40-256
Anodic and cathodic interphases 222
Anodic fibrosis 8, 232, 238, 323
Anodic “rod™ 252
Anodic rods 8
Anodic zone after four weeks 194
Anomalous electroosmosis  B6
Antigen-antibody reaction 212
Apatite, developmentof 73, 117-120, 324
Apoprotein 155
Arcade 18-20, 44, 96,97, 108-111. 120,
198-202, 203, 208, 225-228, 266, 325
Arches, see arcade
Arginine 135
Argon gas |67
Arterial capillaries 335
Arterial stomata, closed by contraction

144

Arteriocapillaries 148, 149, 191

Arteriocapillary contractions 135-150

Arteriogram 192

Arteriolar smooth muscle 137

Arterioles and arterial portions of capillar-
ies 138

Aruficial tumour, structural modifications
105-111

Aruficially induced self-dnving system
271

Aseptic necrosis 119, 262

Asparagine 155

Aspiration of gas 286

Asthma 335

Asymprtomatic pneumothoraces 275

Asynchromsity of metabolic polarizations
134

Atelectasis 11

Atmospheric CO, 167

ATP 73,116, 117, 257, 322

Atrophic fat tissue

around breast cancers 7, 222-224,
260262
in vitro 218-222
Atrophy of lung tissue 33

Attenuation between blood clot and brain
tissue 325

Artracting haemoglobin  1B&

Attractive forces 76

Auroinduction 160

Autolysis 257

development of 70

Autopsy 31-34. 44, 193

Avascular zone 177, 199

Axon reflexes 190

Axonal closed circunt connections 171, 332

Axonal transports 171, 335

“A" rone 14-38, 3942 4344, 64, 90,
94-96, 102, 105=111, 120, 142, 143,
198=202, 203-229, 302, 325

“A" zone conductivity 217

Balance berween ionars and ergonars 154
Balanced charge 158, 319
Base haemin 1B0
Basement membrane 133, 135, 137, 148,
149, 327
composition 141
BCEC
activation of 1, 152-172, 336
selective ransports 171
BCEC systems 112, 122, 198, 318
an additional circulatory system 148,
171, 265, 336
artificial activation of 9, 169, 316
as receptors for electromagnetic fields

171, 335
representing a common mechanism in
carcinogenesis  234-266, 327

Bidirectional transports

of cations and anions 146

of vesicles 1446, 171
Biologic

“battery”™ 175

bulk energy 153

field 318

healing reactions 281

ionizing effects 282

types of cancers 313
Biopsy cannulas 205
Biplane fluoroscopic unit 13, 274
Biplane televised fluoroscopy 291
Bipolar electrodes in the brain 264
Birefringent

fibres 253

files 228

material 181, 259

membrane 266
Bleaching

by chlorine gas 282

of litmus LZ8
Bleedings or infection 198, 228
Blocking of arterial branches 193
Blood

degradation of 70

diffusion potential in autolysis 72

spontaneous changes of pH 71
Blood cells 180
Blood circulation 282



Blood plasma 148
“Blood vessels”, produced 266
Bohr effect 156
Boltzmann factor 100
Bonds of connective tissue 2]2
Bone formation 259, 270
Bone healing as & reaction to a new injury
270
“Bone resorption”™ 112
Border effect L&
Boundary phenomena 201
Boundary potentials 322
Bradykinin 190
Brain, “A™ zone 325
Breast carcinoma 206, 277
metastatic to lung 28, 32
Bronchial arteriogram |23
Brownian movements of water molecules
A7, 145
Buffering
by fluids |74
of the tssue Quids 133
Buffering capacity 286, 294, 320
of tissue fluids | 155
Bulk change of free energy 156
“Bushes™ of birefringent material 266
Bush-like structures 238, 258
“B" zone 20,22, 25, 35, 90, 93101, 110,
120, 142, 143, 179, 199, 204, 208, 213,
214, 225, 227, 229

C

Calcifications in soft tissues 260
Calcinosis reparativa 260, 324
Calciolytic phase 117
after bone injury 119
Calcium in injured tissue 324
Callus, formed during an acid injury phase
325
Cancer cells, surplus of fixed charges 282
Cancer developing progressive injuries

Cancer feet 212
Cancer of the breast 203
Cancers occasionally heal spontaneously
272,326
Cancers, suitable for DC treatment 315
Capillarity 164, 321
Capillary 134-150
basement membranes as product of
redox reactions 141, 327
flow 159
force in lvmph spaces 26
membranes 122, 135
of ran cardiac muscle 142
permeability 136, 144, 190, 200
thromboses 215, 271
Carbon particles covered with dextran 98
Carboxyl groups 264
Carcinogenesis 249, 327
Carcinogenetic factor 10, 249, 3127
Carcinoma
large cell 19
catcell 21
of breast 16, 206, 277
squamous cell 21
Cardiac arrhythmias 284
Cardiac pacemaker 8, 134, 228, 3123
Cardiac standstill 107, 313
Cardiorespiratory function tests 295
Caszcade reactions 321
in injury 286

Catabolic process of injury  98-202
Catalytic systems 160
Catalyzing action of material 174
Cathaemoglobin 180
Cathode for DC reatment  289-29]1
Cathodic

far “eells" 249

fibrosis 232

fibrous strand 248

fibrous tissue 8, 238

type of fibrotic tissue 3123
Cathodic abdominal fat 254
Cathodic alkalinity 163=172, 177, 240
Cathodic and anodic membranes 215
Cathodic core 8. 252
Cathodic cores and anodic rods  25]
Cationic

accumulation 73

electroosmosis 87

haemin in acid solution 180
Cavitation 202
Cavities containing gas 299
Cell walls with radiating structures 18]
Cells

of epithelial tvpe 242

of variable abilities to survive 327

sensitive to heat 28]
Cellular death 257
Cellular debris 200
Cellular surface charges 80, 264
Cerebrospinal fluid 149, 319
Change

of biologic environment 307

of ionic composition 307

of polarity 213
Channelizing media 160
Channels

ductal §

intissue 252

of reaction 158

primitive typeof 8

vascular 8
Characteristics of tissue matrix 321
Charge

separation 200

transfer by enzyme molecules 135

transport in corrosion 121

Charged compounds, electrophoretic accu-

mulation of 326
Charged cytostatic compound 315
Charged groups on cells B0, 264
Charging of tssue 58, 175, 2B]-316
Chemical activity 158
Chemical analvses of far and warter
218274
Chemical concentration forces 75-77,
93-104, 105-111, 199
Chemical signals 191
Chemotactic accumulation

leukocyres 139, 187-191, 201, 262, 266,

271,294, 315, 325
movement 201

properties 325

Chemotaxis, see chemotactic accumulation

Chlorine at the anode 178
Chromosomal ruptures 281
Chronic effects of direct current 195
Chronic inflammation 265

Chronic mastitis 211

Cicatricial changes 212
Cineradiography 48

Circuits other than VICC 319

Circular structures, see circular displace-
ment of structures
Circulation of blood and lymph 174
Circulatory disturbances by thrombosis
283
“Citrus fruit™ 226
Closed circuit release of electric energy
a2
Closure of endothelial pores 322
Cloudy swelling 283
Clusters
breaking of 87
of molecules 153
of water molecules 81
Coagulation necrosis 130, 285
Coagulation of blood 321
Coincidence of necrosis and malignancy
265
Coinciding injury reactions 333
Collagen 201, 212
Caollections of ions operating BCEC 152
“Collision diameter™ 75=77
“"Complicated corrosion™ L&
Complications 280
Components of circulatory system of
BCEC 152
Composition, stainless steel 114
Compression
in mammography of the breast 208, 224
of vessels 294
Computerized tomography 16, 291, 299
differences of attenuation 325
of radiolucent zone 35
Concentration forces 75-77, 94, 120, 162
influence of 144
production of radiating structures 10]
Concept of ergon 319
Conclusions about treatments 315
Conductances Lal
of different tissues 124
Conducting fluids 319
Conducring interstitial fluid 122
Conducting intravascular plasma 122
Conduction of electrons in enzyme parti-
cles 321
Conductivity 155
change of in “A" zone 64
in far-water mixture 216
of supporting electrolytes 139
of tissue 294
Conductor of electrons 321
Consequences of BCEC systems 319
Contact adsorption 101
Contamination from CO. |67
Content of free energy 156172, 323
Contraction
by concentration forces 149
of arterial capillaries 294, 322
of fibrous tssue 228337
Contrast enhancement 200
in angiography 171
Convection of tissue fluid 77, 320, 321
Core 247
Corona changes
in the breast 204, 228 232
in the lung 6, 14=38, 39-44, 110
Corona changes in lung and breast tissue

Corona complex of the breast 203
Corona structures

see YA zone

see arches and arcades

see brain, A" zone

Carabolic acidity 70-73, 116, 322
Catabolic encrgy in local injury 2, 70=73.
113-119, 318-323

Circular displacement of structures 6, 25,
31,93, 120, 177, 200, 201. 203, 214,
2124, 235, 266, 325

see "B zone
see circular displacement
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see circular structures

see infiltrated strands

see inflammatory lesions

see lamellae

see mycetoma

see narrowing of vessels

see pleural retraction pockets

see radiating structures

see silicosis

see skin thickening and retraction in

breast cancer

see tuberculomas

see vascular pockets
Coronary atherosclerosis 295
Corpuscular “B” rones 23-104
Corpuscular distribution, energy

potential of 93

Corrosion

complicated 3, 115

invive 112

of metal implants 113, 116

uncomplicated 3, 114
Costs of DC treatment 315
Cotton wool 91
Counterreactions 323
Crenations 181
Crystalline haemoglobin 321
Current

bidirectional flow 236

biclogic “switching™ of 149

coagulating blood in vessels 270

modulation of 294

of *high” energy 272

of “low" energy 212

preventing bacterial growth 326

unidirectional flow 327
Current-time integral 270
Cyclic AMP 190
Cyrochrome oxidase |35
Cytopempsis 135
Cytoplasmic filaments 143
Cytoplasmic vesicles 143-150, 322
Cytostatic compounds 314
Cytostatic therapy 191, 275

D
Damage to DNA molecule 327
Data on BCEC effects 318336
Data on direct current treatment 309
DC and external radiation treatments 315
DC Treatment Processor 293
“Dead™ tissue 232, 252
Debrizs 70
Decalcified bone 119
Deelectronation 165
Degradation 199, 211, 321, 324, 333
of blood 69-73, 320
of tumour tissue 228
proteolytic 70
Dehydration of tssue 194, 199, 230, 283
Demand potentials 63, 146, 321
definition, see Glossary
Dendritic bubbles of gas 180
Dendritic margins 212
Densities of current 282
Densitometry 200
Density and polarities of fixed charges 321
Dental filling materials 3132
Deoxymyoglobin 155
Deposition of material on surfaces of the
electrodes 293

Destruction
around the anode and the cathode 178,
282,294
by heat 282
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of bone 270
of cancer 271
of red blood cells 200
Detectability of corona structures 11-13
Developing polarization of a lesion 69,
322,323
Development
of basement membranes 141
of benign or malignant tumours 327
of fibroblasts 240
of fibrous membranes 133
of induction currents 335
of normal biological tissues 327
of organ capsules 133
of primitive channels 323
of radiating structures 266
of vesicles 144, 145
of vessels 252
Diabetes 293
Diagnostic biopsy 205
Diameter of tumour 295
Diapedesis 140, 175, 264
of leukocytes through stomata |36, 322
Diapedetic haemorrhages 175, 204
Diapedetic transport 190
Diathermia for injury polarization of tu-
mours 271
Dielectric cell membranes 171
Diclectric compounds 200
Dielectric material 93-104, 179, 199, 285
Differences of attenuation for x-rays 265
Different effects by comparable amounts of
current 294
Diffuse haziness in the lung representing
oedema 299
Diffuse layer 112
Diffusing ionars 162
Diffusing protons 282
Diffusion 135, 153, 159, 160
coefficients 161
of metabolic reaction products 320
Diffusion potential 2, 80, 320
fluctuation of 2
profile of &4
Dipaole induction 76, 94, 199, 201
Direct current
effects on cells and rissues 5
lonizing tissue 2181
Direct current treatment
of cancer 295, 326
mode of action 315
Disappearance
of tumour 306
Discolouration of vessels 294
Disconnections of the electric circuit 280
Dislocation of electrodes 293, 313
Dispersion forces 75, 162
Displaced structures 6
“Displaced tumour cells’ 213
Displacement
of electrodes 293, 313
of strucrures 31, 199
Distal histidine 155
Distance berween cell surfaces 124
Distant chermical reactions, influence on
4, 160
Distended fat cells 221
Distilled water 167
Distribution of water and far 220
Diving animals 157
Donnan distribution 103, 200
Donnan equilibria 80, 103
Dot-like structures in anodic fat 259
Dwuble “B"™ zones 24
mechanism of development 23

Double layer, eleciric 86

Drainage tube prophylactically inserted
295

Driven electric cell 163

Driven system 271, 286, 320, 329

Diriving electrical force 199

Driving force by injury potential 330

“Diry” electrodes 272, 314

Dry gangrene 194, 282, 314

Ductal and vascular channels of primitive
type #

Ductal breast carcinoma 207

Ductal channel 242

Ductal-interstitial closed circuits 256

Ducts containing secretions, electrically
conducting 331

Drynamic factors in corrosion 120

Drystrophic changes of peritumoural tis-
sues 215

Drystrophy of peritumoural tissue 110,
176, 199, 200

E

Early effects of direct current on vessels
il
Early phase of autolysis 69, 320
Ebb and flow of ions 2. 134, 213, 321,
327,334
Ecg tracings 124
Edge enhancement 94, 96, 200
Effects
in vessels by direct current 131, 199
of tissue circulation 286
supported by BCEC 160
Elastic tissue 212
Electrer 270
Electric activity, spontancous in organs

Electric admirtance of ions and ergons
152-160, 319
Electric analogue of a breast 217
Electric and magnetic effects 160, 335
Electric conductivity in a fat-water medi-
um 215
Electric edge enhancement 8, 96, 232
Electric energy
of ergoms 4, 158
of ions 4, 156
selectively applied for therapy 281
Electric environments of an organism 335
Electric field over the heart 284
Eleciric fields, shielding of 336
Electric induction of structural modifica-
tions of cells and tissue 232266
Electric injury potential 69-73, 115, 198,
31g-225
Electric potental 46-67, 107-110
163-172, 205-211, 318-324
breast 205-218
by pharmacological agents 63,67, 315
charging and discharging of tissue
3338

control studies 58

fibrous capsules 67, 132-134, 141-144

induced by injury 66

inflammartory lesions 30, 51, 66, 72

levelling of 57

lung and pleura 46, 60

measurements 46—67, 205-218

metabolic, “demand potential” 62, see
also (Glossary

mixed redox-diffusion 46, 163-172

profile of tissue 48

pulmonary malignancies 48

pulmonary masses 2, 46



Electric resistvity
of the conducting medium 154
of ussue and body fluids 124
of vessel walls 123
Electric short circuit 284
Electric stimulation to support bone heal-
ing 270, 325
Electric transfer berween vascular and in-
terstitial branches of VICC 144150
Electrical junctions for redox reactions
112, 144
Electrically induced precipitation of pro-
tein 180, 282, 314
Electrochemical treatment
of cancer 9, 281
supplemented by chemotherapeutic com-
pounds 2, 191, 315
Electrocoagulation
of breast carcinoma 278
of small tumours 272
Electrode-electrolyte analogue 133
Electrode-clectrolyic interface 133
Electrode equivalent products of deposi-
tion 132, 144
Electrode equivalent sites 4, 132-150,
198, 321, 322
at the surfaces of the capillary endotheli-
um 144148
Electrode-equivalent surfaces 145
Electrode technique 286
Electrode-tissue interfaces 178
Electrodes 282
Ag=AgCl 39
nonpolarizable 46
polarizable 46
stability of 39
“Electrodes™
for activation of ergonars |72
of the capillary walls 146
Electrodes perfused with liquid 273
Electrodynamic theory of life 318
Electrogenic closed circuit transports of
nonionic material 149
ionic material 171
Electrogenic development of vesicles 143,
172
Electrogenic ergonar production |80
Electrogenic transport of nonionic materi-
als in the presence of suitable matri-
ces 145, 171
Electrolysis
of water 79, 163
of water in filter paper 163, 166
Electrolytic double layer 102, 112, 163
Electromagnetic fields 153, 334
Electromagnetic waves, penetration of 336
Electromotive force of BCEC systems 146,
159, 173, 320
Electron affinity 155
Electron emittor 130
Electron micrograph of pericyte and capil-
lary 142, 143
Electron transfer in biology 135. 160
Electron-transferring cnzymes 145
Electron transport systems in biologic ma-
terial 135
Electronation 165
Electronegative and electropositive fat 219
Electronegative fat 222
Electronegative mammary carcinomas 223
Electronegativity 4, 155
Electroneutral haematin  1B0
Electronic conduction band 135
Electronic tunneling 135

Electroosmosis 133, 160, 199, 283, 320,
315
by ionic recombination 82
components of E1
induced in tissue B8
in formation of “A" and *B" zones £9
transport mechanisms 81
Electroosmosis and far electrophoresis 220
Electroosmosis Type I-IV 81, 264
Electroosmotic dehydration 223, 228, 204
Electroosmotic displacement of water 214,
229, 231, 322
Electrophoresis
of abdominal far 254
of blood 181
of breast fat 218
without bacterial decomposition 266
Electrophoretic accumulation
of cytostatic agents 313
of thrombocytes 282
Electrophoretic chamber 218
Electrophoretic experiments on fresh speci-
mens of dog liver 133
Electrophoretic interphase deposition 134
Electrophoretic jonization 286
Electrophoretic transport 153, 200
Electropositive far 222
Electropositive phase 199
Electrostatic apposition of electronegative
thrombocytes 271
Electrostatic forces 75
Electrostatic laws 95
Electrostriction 102
Electrothermometer 273
Elements of szue healing 110, 322
Embryonic field 318
Emphysema 295
Empty “fat pools™ 218
Empyema, increasing chances for cure of
cancer 3126
Endergonic esterification of glucose 119
Endogenously generated currents 63, 327
Endothelial cell membranes 136, 148, 198
Endothelial fibrin film 136, 148
Endothelial pores 136, 322
Energetic molecules operating BCEC 152
Energy 152-172
carriers 158
conversion of 1, 159, 163
converting mediators 160
factors 156
for driving a BCEC 159, 319
levels of ionization 174
liberation in degrading tissue 73
of a water molecule 87
“packages” 171
pathways in vascularized tissues 319
transfer over capillary walls 145
Enhancement of current density |54, 327
Enhancement of radiographic contrast 176
Entelechey 318
Entropy 2.73,98
Environmental influence of electromagnetic
fields 338
Environments of cells in carcinogenesis
iz
Enzymatic decomposition 320
Enzvme molecule for electron transfer 48
Enzymes in degrading processes 11§
Enzymes of cells 70
Epileptic fits 10, 335
Epinephrine 63, 190
Equilibrium, delay of 99
Ergionar ratio of the conducting medium
154

Ergionars 319
Ergonar function of oxygen 155
Ergonar transmission between electrodes
172
Ergonars 4, 138, 163
accumulated in the matrix 320
Ergonic characteristics 55
Ergonic energy 158
Ergonic transport mechanism 145, 320
Ergons 152, 160, 319
Ervthrocytes
a movable matrix 3, 171
surface-charge [1E3
Estimated effect on tumour diameter 309
Evans blue dve 149, 174, 202
Evolution of normal and pathological cells
180, 327
Excessive influence of natural components
335
Excretorv ducts of glands 319
Exergonic reactions 119
Exoendothelial space 135, 148
Experimental fuel cell 145
Experimental “tumour™ in dog lung 24,
105-111
Explanation of oral galvanism 334
Exposure time 12
Extensive lowering of the electric potential
36, 328
Extensive thrombosis around tumours
176, 314
“External™ electrode surfaces against blood
stream 144
“External” products of electrode reactions
1458
Externally driven system to activate bio-
logic circuits 9, 281
Extrabiological guiding principle 318
of applied electrical fields 325
Extremely low frequencies (ELF) 335
Exudime 190

F

Factor of minimum ionizing energy 282
Factors
capable to induce cancer 327
in energy exchange of BCEC systems
160
in tissue electrophoresis 178
“False" circular siructures 226
Faraday’s cage 10, 336
Fasciae 327
Far and water content of mammary tissue
215,223
Far cells
atrophic 224
distended 221
of “skin thickening™ 231
undergoing transformation 236
Fat droplets in interstitial tissue 221
Fat-like material 218
Fat necrosis 211
Fat ussue
human abdominal 244
human mammary 218-224, 232,
247-256
Fat-warter ratio 223
Female breast, corona structures 7,
203-215, 223
Ferric iron 180
Ferrimyvoglobin 155
Ferrous iron 180
Fibrillation 284
Fibroadenoma 211.214
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Fibroadenosis in breast tissue  §, 241, 242
Fibroblast-like cell elements 233-239, 253
Fibroliposarcoma of the uterus 275, 301
Fibrosis
around cardiac pacemakers 323
in breast 211
material in radiating structures 38,
228=131
Fibrous
barrier 237
induration 2IZR
septa 327
Fibrous membranes 327
and physiologic demand potentials 134,
141
at electrode surfaces 3, 133, 136, 234
of anodic and cathodic tyvpes 8, 234240
produced experimentally 144, 195, 234
Field-induced
migration 285
modifications of the environment of the
tumour 294
regional capillary contractions 336
structural changes 182
vascular effects 176
Field “lines™ 200
Filaments for support of electrogenic trans-
port 146
Filtration 135
First messenger 332
Fixed charges
electronegative 79, 139, 325
clectrostatic 75
in electroosmosis 87
in steric arrangements on surfaces 126
surface 164
surplus 264
“Fixed charge theory™ 80
Flow and field interaction 189
mechanism of 264
Fluctuating potentials 8, 119, 121, 257,
265, 318-325
Fluctuation of pH 72, 257
Fluorescent light 261
Focal arterial contractions 175
Focal autolysis in haemorrhages 20
Focal bleeding 205
Focal spot, radiographic 12
Foci of microcalcifications 201, 257-260.
278
Forced convection 144, 160
Foreign material in the gingival pockets
EEE]
Forked dendrites 222
Fringe effect 16
Fuel cell reactions over the recording cir-
cuit 166
Fohn wind 10, 335

G

Galactophores 252
Galvanic cells, conglomeration of 66
Cralvanic current 270, 332, 333
Gangrene-like black zone 194
Gas
around the electrodes 175, 202, 283,
288
trapped in the matrix 179, 180
Gras pocker 194
Gaussian distribution of small structures
12
General corrosion 113, 333, 334
Generation of electric transports 320
“(Giant ervthrocytes™ L83
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Gibbs' free energy 156
Glandular ducts 149, 319
Globin haemicrome 180
Glucose 153
energy in the absence of oxygen 73,116
energy in the presence of oxygen 73,
155
Glutamine 155
Glycolytic production of lactic acid 73,
116, 322
Granulation tissue 252, 256
Granulocyte/lymphocyte ratio 265
Granulocytes 201, 325
attracted to an anode 141, 187
inveins 138
repelled by the cathode 141
Granuloma 193, 201
Graphical presentation of physicochemical
potential 159, 319
Gravitation
acceleration factor 156
forces 157
influences 165
Ground substance 141
Groupings of “cells” in cathodic tssue 247
“Growing"” structures in vitro  232-266,
318
Guanosine monophosphate 190

H
Haem group 155
Haemartin 282
Haemin 282
Haemoglobin 155, 180
Haemoprysis 313
Halo, see “A" zone
Hamartoma 16, 17
Hammerstroke 113
Headache 10, 335
Healing 265
after jonization of tssue 281
by direct current 281
enhancement of 9
of injured bone 270
of injured tissue 160
process of L
Healing of fractures 323
Healing of tissue
injured by heat 281
processes 196
Heat around the electrodes 294
Heating of pulmonary metastases 270
Hellmann-Feynman rule 77
Hemicrania 3315
High energy photons 282
High-frequency electromagnetic waves
EE
Hip fracture 115
Histamine 1590, 334
Histidine 155
Histologic sections of breast tssue 229
Hittorf transference numbers of ions 171
Homeostasis 4, 148, 160
Hormonal and eytostatic chemotherapy
34
Hormones 332
Human abdominal subcutaneous fat tissue

Humoural leukotaxic factors 262

Hyaline components 212

Hyaline degeneration 194

Hyalinosis 212

Hybrid movements of orbital electrons 77

Hydrolysis of ATF during hypoxia 73,
116, 322

Hydrolytic enzymes 69, 257, 320

Hydropenic “A™ zone 90, 199

Hydropenic retraction 7, 35-38, 228-232

Hydropenic zone 90, 110, 156, 179

Hydrophilic components of fibrotic tissue
230

Hydrophilic or hydrophobic properties of
tissue 325

Hydrophilic substances 135

Hydropic “B™ zone, see “B" zone

Hydropic far 7, 228-232

Hydrostatic counterpressure 200, 215

Hydrostatic gradient 199

Hydroxyapatite 117, 257-260

Hygroscopic elements 201, 228, 265

Hypertension 295

Hypoxacrmia 3113

Hypoxia 257

I
Immuobile plasmatic layer of capillaries 136
Immunologic reactions 262
Impedance of human tissue 124
Implantation of indicators 203
Incision wound, a nonprogressive injury
36
Inconsistencies in clinical galvanism 333
Increase of fluid in the breast 215
“Indifferent” electrode 269
Indiscriminate mixing 153
Induction
by external electromagnetic fields 160,
236, 334
forces 75
of callus 270
of cancer 327
of capillary growth 255
of funcrional activity of an organ 320
of healing of cancer 326
of neoplasia 256
Inductive resistance 127
Infection 198
Infiltrated strands 31
Inflammatory lesions 39
Influences of fixed charges 139
Infusion
into bronchomediastinal arteries 314
of liquid solutions 273, 290, 293
Inhomogeneity of tissues 232-756
Injury
by direct current 130, 283286
to the intima 125
Injury-induced healing 228, 269
Injury-induced self-driving system 271
Injury potential, see electric potential
development of 69
profile of 124
source of error 2
Insertion
of electrodes 291
of nonpolarizable electrodes 64, 206
Insulating tissue matrix 122
Insulating walls of blood vessels 122
Integration of current and time 293
Interaction between blood flow and electric
fields 201, 325
Interdependence of energy factors 157,
158
Interelectrode damage 284
Interepithelial spaces 135
Interface
of arcades, see arcade
of tissue matrices 149
small arches, see arcade
Interface adsorption 235



Interferences of nervous functions by mov-
ing electromagnetic felds 335

Interlobular accumulation of fluid 26, 27

Intermediate equilibrium 270

Intermediate membranes 239

Intermediate zone 252, 283

“Internal™ intracellular products between
redox sites 149

Interphase between a hydropenic and a hy-
dropic zone 90, 110, 227, 265, 266

Interphase phenomena between an “A™
and a “B" zone 5, 18, 134, 227

Interphase transport in development of
membranes 133

Intersected redox steps 199

Interstitial convection 323

Interstitial fluid 148

Interstitial oedema, compression of vessels
282

Intima of vessels 271

Intraarterial thromboses 175

Intracellular
“capillary” matrix 149, 324
nuclei 281

Intrapelvic stromal sarcoma 303
In vitro creation of
arches and arcades 94
corpuscular “A" and “B" zones 94
radiating structures 94
In vivo corrosion 112=121. 333
In vivo electrophoresiz of fat 218
Ton
collection of 152
composition of tissue fluid 326
conduction 135
encrgy 156
mobility 161, 171, 178
recombinations 320
transports through the endothelial cell
144, 148
lonar 4, 158, 319
lonar-ergonar
in energy exchange 77
interaction 154
ratio 160, 319
lonization
by direct current 282
by radiation 281
energy 155, 320
in tissue injury 149, 293
Ions and ergons 153, 319
Tontophoresis 269
Iron, precipitation lines 119
Irrigation of the active electrode 281
Ischaemia 177
Ischaemic dystrophy 176
Islands of cancer cells 228, 241
Isoproterenol 190
Isothermal reactions Ef

I
Joint pain 10, 335
Juxtatumoural scar tissue 228

K

Kallidine 190

Krebs cvele during hypoxia 73, 257
“Krebsfilsse™ 212

L

Lactic acid 73, 116, 257, 322
Lagging of ions  11%
Laking of blood pigment 200

Lamellae 19, 201, 228, 325
in the lung 213
mechanism of development 30
Lanolin 260
Lareral inhibition 16
Leak of current 166
Leaking junctions 135, 175
Leaking venules 146
Leukocyre accumulation
around the anode 187, 264
around the cathode |89
in inflammation 190
massively destroved in the anodic field
294
Leukocytic locomotion 190
Leukotaxine 190, 262
Level of entropy 3231
Levelling of electric gradients 154
Liberation of radicals in degrading tissue
73,116, 320
Liberation of encrgy 198
“Linear shadows crossing a tumour™ 3]
Lipophilic substances 135
Liguid far 218
Ligquid fat zone 222
Liquid junction potential 160
Liguid-perfused electrodes 273, 314
Liquid water
energy &0
structure 80
Litmus reactions at organ surfaces 3, 132
Liver capsule, development of 134
Local contraction of small vessels ]38
Local dystrophic changes 176, 199, 225
Local electrocoagulation 272, 314
Local infection 333
Local injury 205
Long-distance selective transports
141-150
Long-distance transport in biological sys-
tems 134, 198
“Long- or short-distance™ electrogenic
transports  141-150
Long radiating fibrous tentacles 212
Long-range forces 75
Lymph flow 3213
in mediastinum 25
Lymphatic channels
inlung 22
of the bregst 215
Lymphocytes
surface charge |88
surrounding the tumour 263
Lymphocytosis 263
Lysine 15%
Lysosomes 69, 257, 320

M

Mach effect 16
Magnertic fields 171
Magnitude of measured potential differ-
ence 211
Malignant melanoma 277, 296
Mammary carcinomas 203-215
Mammographic analogue of a breast 216
M- and W-shaped profiles of potential 211
Mapping of the electric potential 270
Margination of leukocytes 187, 264
Material
adsorbed or trapped 124
of relatively good conductivity 331
smeared on a glass slide 286
Marrix 152, 199
a target for mineralization 257
“capillaries” of tissue 81

factors 264
functions 164
in an electronegative phase 3125
in dog fat tissue 221
interference 98, 282
supporting closed-circuit transport 320
Matrix mediated BCEC transport of ergon-
ars |59
Mechanical effects of gas 180, 314
Mechanical forces and diffusion 120
Mechanical hindrance of convection 83
Mechanical transports 53
Mechamies of circulation 256
Mechanism of acupunciure 328
“*Mediated transport”, a primitive form of
83
Mediators of inflammation 190
Medullary and lobular carcinomas 211
Membrane oscillator 157
Membrane permeability 162, 257
Membranes and organ capsules 134, 327
Membranous structures in fat tissue 235,
238
Mesenteric water transport 179
Mesonephroid adenocarcinoma of the ova-
y 297
Metabolic diffusion porentials 133, 146
Metabolic fluctuations 321
Metabolic products 257
Metal
in a passive state 120
in tissue 113
Metal needle in acupuncrure 329
Metallic precipitation 120
Metallic prosthesis 113
Metals in the saliva 333
Metastases, multiple 296
Metastasis
in the brain 277
ovarian carcinoma 298
pulmonary melanoma |7
sarcoma 306
Methaemoglobin 155
Microcalcifications 203, 326
composition of 257
in adipose tissue 324
in breast far tissue §
in carcinoma 256
produced in vitro 259
Microergonars 131
“Microinjury™ of tissue 147
Microphotography of vessels 138
Micropinocytosis 135
Microthromboses 282
in capillaries 326
Microwave Hall effect on mobility of elec-
trons 135
Migrating electronegative far 222
Migration
of tons 161, 171, 178, 269, 282
of leukocyres 187, 189, 190, 264, 294,
iz
Mineralization in cartilage and bone 257
Mineralization phase 118
Minimum safe distance from high-voltage
transmission lines 3315
Mixed anodic and cathodic fibrous mate-
rinl 134, 240, 315
Mixed driving potential 320
Moaobile plasmaric portion 136
Modified anodic and cathodic fibrous tis-
sue 134, 240, 315
Modifying effects by streaming blood 149
Modulation
by edge enhancement 201
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of chemical reactions 319

of “local” chemical reactions 160
Moments of inertia 100
Monstrous cells and cell complexes

180-187, 324

Morphology of capillaries 133
Mortality 296
Motion blur 12

control of 108
Movable matrix of blood cells 171
Moving-boundary method 171
Moving electromagnetic fields 335
Multicomponent solutions 171
Mubhifocal degradations 228
Mycetoma 42
Mpyoglobin 155

N

Marrowing of a conducting branch 154

Marrowing and displacement of vessels 6,
31, 138, 154, 175, 177, 199, 200, 201,
204, 208, 224

Matural menopause 212

Mecrosis 29,69, 199, 205, 284

Needle biopsy 2, 46, 205, 273

Meoplastic “vessels” 255, 256

Merve-end-plate “electrodes™ 172, 332

Mervous impulses, transmission of 143

Met streaming potentials 80, 322

Meurogenic triggering of acid production
328

MNeurotoxic effects by retrograde axonal
transports 333

WHE potential, stainless chrome-steel
102, 113

Moble gases 153

Modular mammary berculosis 211

MNodules, multuple 307

Mondiscriminated system of transport 265

MNonequilibrium thermodynamics 171

MNonhydrophilic collagen fibres 230

Monhygroscopic collagenous fibres 228

Monionic compounds (ergonars) modulat-
ing conductivity 3, 155

MNonpermeable ions 322

Monprogressive injuries 272

Monselective bulk transports 130

Normal potentials of metals 102, 113

Nutritional disturbances 177, 260

0

Oedema 179

Opacity of tumour 278

Oral corrosive processes 332

Oral galvanism 10, 332

Organ capsules 133, 149, 327

Oscillations by bubbles of nH; and n0,
164

Osmosis 135, 199, 322, 323

Osmotic and hydrostatic forces 325

Osteosarcoma 296

Oval bodies 18]

Overlap repulsion forces 75

Overpotential 163, 282

Onvgen, saving of energy 170, 320

Oxyhaemoglobin 180

Oxymyoglobin 155

P

Pacemaker devices 8, 134, 228, 323

Packages {vesicles) of nonionic products
(ergonars) 146

Parallel-coupled biological conducting
branches 333
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Pathological vessels B, 255, 266

Pathways for the electric curremt 121, 129,
195, 256

Pattern of flow of current 237

Pelvic sarcoma 2%

Peptides and proteins 190

Perfusion of a catheterized bronchial ar-
tery 123, 314

Perianodic necrosis 284

Pericyte apparatus 136, 141, 148, 335

Pericyte process 143

Perifocal oedema 200, 223

Perifocal striate fibrosis 27, 29, 37, 212,
300

Peritumoural arrophy of fat 224, 260

Peritumoural fibrosis 27, 29, 37, 227, 228,

300
Permeability of blood vessels 125,
129-132, 143, 200
Permeable ions 322
Permeable sieve |99
Permselective membrane 162
Phagocytic activity 137, 194
Pharmaceuticals, electrophaoretic accumula-
tion of 326
Phosphate groups 264
Phosphatides of cephalin types 264
Physicochemical energy 149, 152-172,
205, 319
Physiologic “demand™ potential of a BCEC
circuit 63, 134, 146, 318-324, see also
Glossary, demand potential
Physiclogical effects of BCEC systems 317
Physiological healing 270
Piezoelectric polarization of bone 270
Pigment in red blood cells 180-187
Pinocytosis 144, 146, 149, 320
Pinocytotic vesicles 143
Plasmatic zone 136
Plasmin 190
Platelets, surface charge 1EE
Platinum electrodes 287
Platinum loop 270
Pleomorphic carcinoma 20
Pleural and peritoneal fluid 149
Pleural drainage tube 273, 280, 292
Pleural retraction pockets 7, 36, 37, 213,
325
Pleural thickening 19, 21, 195
Pliahility of the cell 189
Pneumothorax 273, 280, 292, 313
Polarity in corrosion |21
Polarization 160
by the tuberculous agent 314
of blood §9-73
of umours 46-53, 63-67. 159, 203-211,
322-314
products 119, 134, 148
Polymers, formation of 84
Polymorphonuclear cells 262
Polypeptide precursors of collagen 240
Poorly differentiated squamous cell carei-
noma of lung 297
Pores, endothelial 135
“Positive chemotaxis™ by bacteria 262
Postmortem contraction of material 144
Potential measurements for differential
diagnosis 66, 211
Precapillary sphincters 137
Precipitate
asa “B" zone 120, 141-1486
Precipitation of calcium 73, 117, 201, 257,
i
Precursors for cathedic and anodic fibrous
tissues 240

Preferential adsorption 120

Preferential attraction 103

Preferential pathways for current 121,
129, 195, 256

Premedication 295

Premenstrual phase 213

Preoperative needle biopsy 208

Pressure of gas at electrodes 179, 294

Pressure variables in electroosmosis 84

Pressure-volume factor 157, 158

Primary cancers, treated 309, 310

Primary destruction of malignant rumours

28]
Primary injury 286
Primary ionization 285
Primary processes of pericytes 137
Primitive channel in fibrous tissue 244
Primitive galactophores 244, 266
Principle
for development of biological mem-
branes 134
of a driven system  163=172, 330
of biclogically closed electric circuits
(BCEC) 4,112-150, 152-172, 318
of molecular forces 75-77, 93-104, 318
Processor for direct current treatments
293
Production of ionars and ergonars 164,
169
Productive fibrosis 211,212, 228
Profile of electric porential
in breast tumounrs 203211
in lung tumours 46-53, 6367
Profiles of potential, variability of 70
Progressive injuries 272
Prostaglandins 190, 3134
Prosthetic group of myo- and hacmoglo-
bin 155
Protection as a function of the environ-
ment 155
Proteolytic activities 237
Protons
diffusion 73
liberated as part of hydrolysis 320
liberation of 73, 164=172
Protrusions and electrical edge enhance-
ment 93-104, 266
Proximal histidine 155
Pseudocrystallinic aggregares 80
Pseudopods 136, 189, 263, 264
Psychological factors in oral galvanism 333
Pulmonary adenocarcinoma 296
Pulmonary angiogram 298
Pulmonary cedema 23
Pulmonary tuberculosis 157
Pumping of blood; an indiscriminate bulk
transport 171

Q
Quadripartite energy of ergonars and ion-
ars |39

R
Radial scar tissue 323
Radiating scar tissue 212
Radiating structures 6, 94, 201, 203, 212,
219
between “cells™ 247
incells 181
of discontinuous type 29
without “A" or “B" zones 214
Radiation therapy 313
Radicals from the DNA 281
Radiographic intravascular contrast
medium 174



Radiographic signs of corona siructures 44
Radiography

breast 12

chest 11

oblique films L1

quality of 11
Radiolucency of water-depleted zone 200
Radiolucent “A" zone, see “A™ zone
Radiopague “B" zone, see “B" zone
Radiopague ling in bone 115
Randomness of distribution 98
Ranvier's nodes 332
Rapid pressure phase in electrophoresis 85
Rate of cellular death 320
Rates of production and elimination of gas

179
Receptor function of BCEC for external
electromagnetic forces 10, 334
Recombination of ions 160
of protons and hydroxvl ions 82, 179
products 271
zone B1, 163
Redistribution
of blood flow 200
of movable particles 93-104, 321
Redox and diffusion potentials [63=172,
320
Redox half-reactions of ions and ergons
153
Redox interphases 4, 144-150, 32]
Redox potentials 146, 154
Redox reactions 113, 144150
and fibrous membranes 322
in BCEC systems 5
Redox sites of endothelial membranes 4,
144-150
Redox steps in the capillary walls 4.
144-150, 322
Redox systems 160
Red-yellowish zone in far tissue 7,
260-262
Reference tissue 321
Referred pain 322
Regional biologic effects 282
in small arteries exposed to an electric
field 138
of arterioles and arterial capillaries 141
Regional perfusion of cytostatic com-
pounds 314
Regions of degradation 2635
Regressing polarization of a lesion 322,
23
Regression of cancer 272, 295, 309
Relative polarity in tissue-metal corrosion
121
Removal of gas 290
Repelling haemoglobin 186
Repulsive forces 76
Resistivity
alternating current 126
of tissue and body fluids 124
pulsed direct current 128
Resistivity and capacitance in biologic tis-
sues 282
Resonance effect of excited electrons 135
Respiratory arrest 107
Respiratory comfort and safety 293
Respiratory insufficiency 295
Restricting factors
inertness of matter 97
matrix functions 97
Results of treatment
by direct current 309
by electrocoagulation 276
Reticular structuring of cvtoplasm 247

Reticulum of neurofibrils 137

Reticulum structures 236

Retraction produced by electroosmotic de-
hydration 265

“Retraction oedema” 2128

Retraction of the skin, see skin retraction

Retraction pocket 7, 35-38, 201, 228-232

Retrieval of energy of ergonars 171

Reversible oxygenation 156

Rhythmic potentials in the liver 62

Ring-like structures 242

Ring-structures 181

Risks of producing metastases 283

“Rods” 241

Roll sheet table 274

Rotex biopsy cannula 205, 286-291

-]

Safery circuits 295

Salt bridge carriers 59

Scirrhous cancers 211, 212, 228, 326
Sclerosing adenosis 211
Screw-cannula-elecirode 277

Screw needle for sampling of cellular mate-

rial 205, 286-291
Second messenger 132
Secondary electrode reactions of vesicles
172
Secondary induction of biological proc-
esses 286
Secondary ionization at electrode-equiv-
alent sites 2BS
Secondary processes 137
Segmental capillary contractions 137
Segmental mode of contractions 141
Selective migrations 133
Selective repellent force on cells 189
Selective transports |48, 160
Self-driving electric cell 164
Self-driving svstem 320, 329
of a BCEC A2
Semipermeable membrane 200
“Semipermeable” sieve 123
Sequential reactions 118, 285, 321, 323
Sequestration of destroyed tumour tissue
307,314
Serotonin 190, 334
Shaggy margins 212
Shielding for magnetic fields 336
Short-distance selective transports 144,
148, 149, 198
Short-range forces 75
Shrew 137
Shrinkage of tissue 194
Shurtters 12
Signs
of corona structures 12, 1438, 39-47,
43, 44, 198202, 203-215
of malignancy 204
Silicosis 42
Simulated healing 286
Sirocco winds 335
Sites
of bleedings 175
of change of density of current 327
of least resistance 195
Sites for redox steps of the VICC 145
Size and geometry of electrodes 321
Skeletal metastazes 278
Skin retraction 203, 228-232, 325
Skin thickening 203, 213, 228-232, 265,
315
“Slipping planc” 200
Slow pressure phase in electroosmosis B
Small arches, see arcades

Small cell carcinoma 16
Solubility of hydroxides of metals 113
“Space of life” 80
Spatial distribution of current 282
Spiculae, spiculations 212
Spirochaeta pallida 202
Spontancous electrophoresis over a BCEC
224
Spontaneous generation of electric charge
69,328
Spontaneous healing of cancers 272
Spontaneous interruption of current 313
Spontaneous ionizations over redox sys-
tems 320
Spontaneous necrosis 198, 211, 228
Spontaneous reactions
in degradation 2, 69, 119, 199
toward a state of equilibnium 320
Spontaneous regression of malignant -
mours 176, 271
Spontancously developed pathological
vessel 156
Squamous cell carcinoma &, 15, 18, 25, 30
circular displacement of vessels 35
poorly differentiated 32
well differenviared 27, 28
Stabilizing factors of matrices 96
Staining of the calcium ion 259
Stainless steel razor blade  LOGQ
Standard reduction potentials 154
State of equilibrium 199
Steels in active states 119
Stellate fibrous extensions or strands 212
Stereoradiographs 278
Stereotaxic instrument 13, 205, 278
Stereotaxic needle biopsy 205, 224, 261
Steric arrangement of charges 266
Stimulation of BCEC mechanisms 326
Stomata 135
Straightness of radiating structures 212
Strize 212
Structural adaptations in biology 93, 160,
118
Structural differentiation 252, 318
Structural interfaces 327
Structuring of water 8]
Subcutis, short circuiting of 33
Substance P 190, 334
Sunburst changes, see corona structures
Superimposed forces of BCEC systems
171, 320
Supporting matrices 149, 201
Supporting medium 169, 282
Surface-charge of chemical groups 188
Surface-charge of vessel walls 126
Surface friction 189
Surgical implanis 112
Surgical removal of solitary metastasis 313
Survival time of monocytes 263
Switching of short-distance to long-distance
transports |49, 322
Synaptic stimulation 332
Svystemic circulation 122

T

Target for electromagnetic induction of
current 335

Targets for precipitation of calcium 258,
324

Temperature measurements in electroos-
mosis &2

Testicular teratocarcinoma 296

Therapeutic accumulation of granulocytes
19

Therapeutic possibilites 202
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Thermal motion 103
Thermodynamics 171
Thermoelectric detector needle 272
Thickened cell membranes 236
Threonine 155
Thrombi as sites for redox reactions 1437
Thromboembolism 335
Thrombosis 125, 200
around carcinomas 176
around the anode 1ED
in the anodic field &
of capillaries 225, 294
Tissue circulation, influence of 294
Tissue culiures 270
Tissue entropy 178
Tissue matrix
influence of 2183
of cell membranes 148
Tissue potentials, rave of losses 2
Tissues with relatively insulating proper-
ties 124128, 331
Topography
of a polarizing body 200
of radiating structures 112
“Total activity”™ 22
Toxic effects
of dissolved metal 3313
oncells 120
Toxic injuries 3134
Traffic accidents 335
Transcapillary gradients 146
Transcapillary openings 175
Transference numbers of ions 171
Transfer of charge in water electrolysis
165
Transformartion of fat “cells” 252
Transformations of red blood cells 181
Transition in an intermediate zone 257
Transmembranous difference of physico-
chemical potential 162
Transmembranous ionic transports 174
Transmission of heat 281
Transmitwer precursor 332
Transmitter substances carried by vesicles
145, 146, 149, 171
Transport energy in electroosmosis 87
Transport in intravascular branches 123
Transport media 160
Transport of diclectrics 79=91, 93-104,
146, 149, 171, 179
Transport of electric energy 135
Transport of proteins 144
Transport of water 81-91
Transport systems 160
Traumatic bleeding 324
Triggering of “local” reactions 327
“True" healing 265. 286
Trvptophan 153
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Tuberculomas 39
Tuberculous foci 260
Tumour barrier 104, 124. 199, 200, 322,
313
Tumour cells
around the anode 270, 291
surrounding tumour 271
Tumour electrode 291
Tumour, producing stasis 215
Tumour spread 93
Tumours, semisolid or cavitary 288
Turgor pressure 25, 90, 163, 179, 222,
235, 294
Types of electrodes  286-291
Tyrosine 155

u

Ultralow frequencies (ULF) 335

“Uncomplicated corrosion™ 113

Undesirable effects 285

Undulating structures 229

Unexpected reactions from nerves 292

Unforeseen pathways for the current 294

Unidirectional current 259, 324

Unidirectional flow of current over long
time periods 327

Unidirectional gradient of injury potential
322

Unidirectional mode of current 234

“Unipolar” electrodes 269

v

Vacuoles in cells 181

Valence electrons 133

Vanishing “B" zone 21

Variations in vascularity 281

Vasa vasorum |29, 198

Vascular block, e.g., arteriosclerosis 330

Vascular-ductal closed electric circuit
(WVDCEC) 328

Vascular electrical resistance 3, 155

Vascular-interstitial closed circuits (VICC)
4, 122-150, 318-336

Wascular intima, charges of 93

Vascular pockets 176, 177, 200

Vascular pulsations around carcinomas of
the lung 200

Vascular thrombosis 270, 333

Vascularity, improvement of 256

‘Vectors of energy componenis 138

Venocapillaries 148, 149, 191

Venocapillary accumulation of leukocytes
138-141, 147, 188, 191

Venous capillaries 146, 322

Ventilation and perfusion 157

Venules and venous capillaries 138

Verv low frequencies (VLF) 335

Vesicles

as micro-clusters of molecules 146, 149

at nerve endings 171
in interelectrodic transfer of energy 145
in nerve transmission 172
in the capillary membranes |44
WVesicles as microergonars or microergion-
ars 146,331, 332
Vesicular development 146, 171, 180
Vesiculation [45
Vessels as electrically conducting “cables™
122-150, 319
Viability of breast cancer cells 260
VICC 4, 122-150, 318-336
a system for selective transports 147,
148
for development of vessels 240-256
in carcinogenesis 327
influence on distant reactions 4,
318-336
Visual search patterns 1]
Volume
of necrotic tissue 283
of tumour 271
Volume-pressure 156, 199

w

Walls of “large™ vessels 148

Washout of arriving ions 162, 323

Water in hypoxic tissue 19

Water molecules, a movable matrix 121

Water potential 100

Water pressure around the anode 282

Water transport 79, 271

Wave-like transformations of energy 322

Wet crystalline haemoglobin 135

Wer diathermic electrocoagulation 273

White blood cells, accumulation of in a
closed circuit 7, 187, 262

Winged electrode 288

Wound healing 1,9, 160, 228, 265, 270,
281, 286, 325

W-shaped potential profile 207

X

Xeroradiography 13
without compression 224

X-ray attenuation 210

Y

Yellowish zone 260, 261
Yin and vang of a meridian 329

F A

Zeta potential 103, 264

Zera potentials of cells 174

Zone of low electron density  141-146
Zone of zero charge  L6d

Zones of calcification 117, 119



