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Abstract: Bioelectromagnetism encompasses both bioelectric and biomagnetic phenomena in living tissue.
Essential for understanding the whole discipline is to
understand that all subfields of bioelectromagnetism

ods

it is also possible to treat neurological

and muscular

disorders and return large numbers of patients to normal

are closely related to each other through two

life. Today it is impossible to imagine any hospital or
doctols office without computerized ECG or EEG
devices. Cardiac pacemakers are examples of relatively

fundamental principles: Maxwell's Equations and the

cheap devices which have brought millions of people from

Principle of Reciprocity. These principles, on one hand,
explain the similarities, differences and combined use
of electric and magnetic methods and, on the other

serious illness back to normal work.

hand, explain that the sensitivity and

energy

distributions of source measurement, stimulation and

The applications of bioelectric phenomena

are

much more widespread than the biomagnetic ones. But the
introduction of biomagnetic measurement and stimulation
methods has brought additional important features to the

application of bioelectromagnetism to scientific research
and health care.
In this presentation I will first describe the solid
structure of the discipline bioelectromagnetism. After a

impedance measurement methods are identical.

INTRODUCTION

Bioelectric phenomena are a vital part of living
organism. They play an important role in practically all
kind of cells. Of special interest, however, are the

brief introduction to the history of this discipline I will
discuss the independence of the electric and magnetic
information. Thereafter I will give two practical examples,
one from cardiology and another from neurophysiology, to

of

processing and transfer of important information by the
nerve cells within the body organs and between the body
and the environment, the control of muscle contraction and
the muscle cell contraction itself.
Bioelectric phenomena provide a cheap, fast and
noninvasive method to make an accurate diagnosis of

explain some fundamental features

several different kind of diseases. With bioelectric meth-

divided into three by three subdivisions in the following
way [1]:

bioelectro-

magnetism.

THE DISCPLINE OF BIOELECTROMAGNETISM

The discipline of bioelectromagnetism may
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The electric activity of tissue produces an electric
potential field which can be measured on the body surface.

Electric current in the volume conductor induces a
magnetic field that can be measured around the volume
conductor. Furthermore there may exist magnetic material
in the body which induces a measurable magnetic field.
The nerve and muscle tissue may be excited by
feeding electric current to the body to generate stimulation. A stimulating current may also be induced to the
body by applying an alternating magnetic field to it. And
finally, magnetic material in the body may be magnetized
by applying a magnetic field.
The third set of subdivisions concerns measuring
the intrinsic electric and magnetic properties of the tissue.
Feeding subthreshold electric current to the volume
conductor and measuring the voltage it produces gives the
tissue impedance. This may be also measured by applying
a magnetic field to the body. And finally, measuring the
attenuation of an applied magnetic field we may measure
the magnetic susceptibility of the material.
In the discipline of bioelectromagnetism, the very
important feature is that all these six subdivisions are
strongly intercorurected through trvo important laws which
are: Maxwell's Equations and the Principle of Reciprocity.
This means that if the situation is known in one of these
nine cases, the corresponding situation can be calculated
in all other eight cases on the basis of the aforementioned
laws. This fact makes the discipline very solid.

amplifiers did not exist at that time, to a coil having a
form of figure 8. The quantity which was measured was
the magnetic field induced by this current in the coil by
the deflection of a magnetic needle. The magnetic needle
was compensated against the earth's static field by another
magnetic needle placed on the same axis in the opposite
direction. Thus the first measurement of the bioelectric
phenomenon may be explained as a biomagnetic measurement! However, it is generally accepted that the first
biomagnetic measurement was the measurement of the
magnetocardiogram by Richard McFee in 1963 [9].

LEAD FIELD THEORY
Essential for understanding bioelectromagnetism is

an understanding of lead field theory. This is a direct
consequence from the principle of reciprocity. Hermann
von Helmholtz formulated the reciprocity theorem in 1853
in the following way [10]:
A galvanometer is connected to the surface of the

body. Now every single element

of a

electromotive surface produces such

a

biological

current

in

the

galvanometer circuit as woul.d flow through that element
itself if its electromotive force were impressed on the

galvanometer wire.

If

one adds the effects of aII

the

electromotive surfoce elements, the effect of each of which
are found in the manner described, he will have the value
of the total current through the galvanometer.

HISTORY OF BIOELECTROMAGNETISM
The first written document on bioelectric phenomEgyptian hieroglyph which
describes a fish which "released the troops". This meant
that when the fishermen on the river Nile got an electric
sheatfish in their net, it gave electric shocks which made
the fishermen release the net and let the fish go.
The first serious theoretical contribution to this

ena

measured from the muscle impulse was not the electric
potential but the magnetic field. The muscle impulse was
fed without any electronic amplification, because such

is a 6000 years old

field the book "De Magnete" was written by William
Gilbert in 1600 [2]

Transferring this to today's terminology it means,
that the sensitivity distribution of a lead is obtained by
feeding a unit current to the lead The distribution of the

current in the volume conductor is identical to

the

sensitivity distribution of the lead.

INDEPENDENCE OF THE ELECTRIC AND MAGNETIC INFORMATION

The invention of the Leyden Jar n L745 [3] made
The initially optimistic view of the new information
possible to start electric stimulation of nerves and contentof magneticrecordingswilsbasedonconsideration
muscles. One popularly known milestone in the history of Helmholtz's Theoremwhich states that [llf: "A general
was the invention of the galvanic stimulation by Luigi vector field, which vanishes at infinity, can be represented
Galvani in 1871 t4l. However, Jan Swammerdam made a as the sum of two independent vector fields; one that is
controlled study of muscle stimulation experiments more irrotational (zero curl) and another which is solenoidal
than one hundred years earlier in 166a [51.
kero divergence)". These vector fields are often referred
Until the 19th century bioelectric phenomena were to as the 'flow source'andthe'vortex source', respectively.
used in medical applications without any real therapeutical
In an idealized case where the volume conductor is
effect only as a curiosity or as an entertainment.
modelled with a conducting sphere it can be shown that
Demonstration of the electromagnetic connection by
the electric field generated by the current sources in the
Hans Christian Örstedt in 1819 t6l laid the foundation for
volume conductor arises from a flow source and the

it

building instrumentation for measuring bioelectric
phenomena. Invention

of the

astatic galvanometer by

in 1825 [7] made it possible for Carlo
Matteucci to measure the frog muscle impulse in 1838 [8].
In this connection it is interesting to note, that we may
Leopold Nobili

claim that the electromagnetic quantity which

10

was

associated magnetic

field from a vortex source. In the

beginning of biomagnetic research it was believed that
because of the Helmholtz Theorem, these two fields were
independent and that as much new information could be
obtained from magnetic recordings as is already present in
electric recordings. However, experimental studies have
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demonstrated that these signals look very much the same
and are not fully independent. This apparent contradiction
can be resolved in the following way [1].
The sensitivity of a lead system which detects the
dipolar term of the flow source consists of three

of signals having independent sensitivity distribution is the
same in both methods. This, however, raises a question on

orthogonal components, each

independent, the groups of patients diagnosed correctly by
each method are not the same.
If we combine the ECG and MCG signals, we also
combine the patient groups diagnosed correctly. Now we
have six signals, each having an independent sensitivity
distribution and thus the diagnostic performance is better
than with either method alone.

of which is linear and

homogeneous. The orthogonality means that none of them
can be obtained as a linear combination of the other two.

Thus, the three sensitivity distributions zre fully
independent. However, the electric signals each lead
records cannot be completely independent because each
represents a different aspect of the same volume source.

why measure the MCG

if

no improvement is gained in

diagnostic performance? The answer

sensitivity distributions

is:

because the

of ECG and the MCG

are

Similarly, the sensitivity distribution of a lead
system for the detection of the dipolar term of the vortex

source also has three orttrogonal components. Each
component can be represented by u set of concentric
circles such that the lead sensitivity is always tangential to
the symmetry axis. The magnitude of the sensitivity is
proportional to the radial distance from the symmetry axis.
Again, because the sensitivity distributions of these three

components

are orthogonal, none of them can

be

constructed as a linear combination of the other two. Thus

all three magnetic sensitivity distributions ure also fully
independent. However, as before, the three signals
detected by the magnetic leads are not fully independent
because each represents a different aspect of the same
volume source.
It is now possible to resolve the paradox involving

Helmholtz's Theorem. What the Helmholtz Theorem

ELECTRO- AND MAGNETOENCEPHALOGRAPHY

The first recording

of the human electroencein 1924 [3]. Since

phalogram was made by Hans Berger

his pioneering work, the EEG has been an important
clinical tool in neurophysiology. Since the first
meznurement of the magnetoencephalogram by David
Cohen in 1968 [14] there has been great hope in the better
accuracy of the method.
It is generally believed that because the skull has
high resistivity to electric current but is transparent to
magnetic fields, the measurement sensitivity of the MEG
in the brain region should be more concentrated than that
of the EEG. It is also believed that the information
recorded by these techniques is very different. If this were
indeed the case, it might be possible to justify the cost of

signals,

MEG instrumentation which is at least 25 times higher
than that of EEG instrumentation.
We have calculated the ability of both of these

indicates that the three electric lead fields are orthogonal
to the three magnetic lead fields. However, the six signals,
measured by the dipolar electric and magnetic leads
cannot be completely independent as they all arise due to
different aspects of the underlying current source where
the activation of the cells is strongly interconnected.

methods to concentrate their measurement sensitivity in a
limited region in the brain. This is a feature which is
appreciated by neurophysiologists who want to localize the
origin of certain electric activities recorded from the
cortex. To quantify this we created a new concept called
half-sensitivity volume (HSV). It denotes the volume in the
source (brain) region where the measurement sensitivity is
one half or more from the maximum sensitivity in the

expresses is not the independence of electric and magnetic

but the independence of the sensitivity
distributions of the recordings of the flow and vortex
sources, i.e. the electric and magnetic lead fields. It

DIAGNOSTIC PERFORMANCE OF ECG AND MCG

The application of bioelectricity to cardiac diagnosis has been familiar since the beginning of this century.

As an example of the application of biomagnetism to
diagnosis, I will introduce magnetocardiography.
We have made a study on the diagnostic performance of MCG in various cardiac diseases [12]. We
recorded the three orthogonal components of the dipolar
magnetic source, i.e. the magnetic heart vector. This is the
magnetic equivalence to vector(electro)cardiography. In
this study we made the diagnosis in a similar way to what
is done in modem computerized ECG-recorders. We
measured several parameters from the magnetic signals
and made the diagnosis with a linear discriminant analysis.

The analysis did show, that the

diagnostic

performance of MCG was about the same as that of the
ECG. And that is easy to understand because the number

source region. The smaller the HSV, the better the
recording instrument is able to concentrate its measurement.

In this analysis we found, that with short electrode
or planar gradiometer coil distances, the EEG achieved
much smaller HSV than the whole head MEG where the
coil distance from the scalp cannot be made smaller than
about 20 mm. With so called micro-SQUID MEG devices,
where the sensor coil is in the vacuum space of the dewar,

the HSV:s of the MEG and EEG were comparable. But
the micro-SQUID device can be used only in a limited
region at a time. This analysis shows, that unlike it has
been believed, though the skull is transparent to magnetic
field, the MEG is not capable of recording the electric
activity of the brain more accurately than the EEG.
Another analysis on the distribution of the sensitivities of the EEG and the MEG shows that when the

MEG is measured with the planar gradiometer,
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measurement sensitivity distribution resembles so much
that of the EEG recorded with trvo electrodes, that the

electrici in acum magneticam. J. F. Chem. phys. 29.
275-gl, 1920.
t7l L.Nobili, Ueber einen neuen Galvanometer. J. Chem.

is originated practically from the same source
configuration and thus the information content of these
methods is similar.

und Physik 45:249-54, 1825.
t8l C. Matteucci, Sur le courant 6lectrique

ELECTRIC AND MAGNETIC STIMULATION OF THE
BRAIN AND NERVOUS SYSTEM

grenouille. Second memoire sur l'dlectricitd animale,
faisant suite ä celui sur la torpille. Ann. Chim. phys.
(2eme serie), 67:93-106, 1838.

Due to the reciprocity theorem, all the calculations
made for EEG and MEG apply immediately to electric

of the heart. Am. Heart J. 55:(7) 95-6, 1963.
t10l H. Helmholtz, Ueber einige Gesetze der Vertheilung

signal

oi

propre de la

t9l G.M. Baule, R. McFee, Detection of the magnetic field

and magnetic stimulation

of the brain. However, in

practice the dimensions of the stimulating electrodes and
especially the stimulation coils are larger than those for
measuring the brain s electric activity.
Understanding the energy distribution of the electric
and magnetic stimulation principles gives the possibility of

combining these techniques to produce more accurate
stimulation experiments to study the nervous system.

elektrischer Ströme in körperlichen Leitern mit Anwendurg auf die thierisch-elektrischen Versuche. Ann. Physik
und Chemie 89: 2ll-33, 354-77, 1853.
tlll R. Plonsey and R. Collin ,Principles andApplications
of Electromagnetic Fields, 554 pp. McGraw-Hill, New

Yorh 1961.
lI2l S. Oja, Vector magnetocardiogram in myocardial
disorders. University of Tampere, Medical Faculty, MD
Thesis, 1993.

CONCLUSION

t13l H. Berger, Uber das Elektroenkephalogram des
f. Psychiat. 87: 527-70, 1929.
D.
Cohen,
Magnetoencephalography, evidence of
t14l
magnetic fields produced by alpha-rhythm currents.
Menschen. Arch.

Bioelectric phenornena have been and will be a
major diagnostic and therapeutic method in medicine. The
instrumentation is cheap, fast, non-invasive, and does not
have any major side-effects. Biomagnetic methods give an
extension to the application of the bioelectric phenomena
by adding a complementary sensitivity/energy distribution
and thus additi onal dia gnosti c performance. Undentanding
Maxwell's Equations and the Principle of Reciprocity
makes it possible to understand the behavior of the whole

discipline and thus

to design new instruments
to gain further diagnostic

experimental methods

Science l6L: 784-6. 1968.

and
and

therapeutical benefits from bioelectromagnetism.
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