MAGNETIC FIELDS IN BIOLOGY

Life scientists find many interesting interactions
between magnetic fields and biological
systems. Ranging from the pure research on magnetotropism
to medical applications in the operating room,
biomagnetism promises exciting developments.

ALEXANDER KOLIN

SUPERSTITION AND QUACKERY domi-
nated experimentation and speculation
on interaction of magnetic fields with
living svstems for well over a thousand
years, More critical inquiry is of rela-
tively recent origin. There is still con-
troversy about a variety of findings,
but sound observations and applica-
tions of magnetic interactions to biol-
ogy and medicine are beginning to
emerge. Thus, for instance, constant
‘magnetic fields have been shown to
‘affect plant growth and animal devel-
opment, alternating magnetic fields
‘have been used to stimulate nerves
and to evoke visual sensations, and ac-
Aivity of nerves and muscles has been
shown to be accompanied by transient
‘magnetic fields. Most advanced is the
evelopment of magnetic methods of
'measurement, These methods include
electromagnetic  determination  of
ood How and magnetic resonance
ectrometry of biological molecules.

A MAGNETIC EFFECT
ON PLANT GROWTH

our first example we shall consider
“ingenious idea of employing mag-
tic interactions to answer a fund-
ental question in plant physiology.
at question was not answered but
ead a new biophysical phenome-
magnetotropism, was discovered.
‘Gravity determines which way roots
ind shoots of all higher plants will
ow. If we examine a young plant
developed normally, we find a
mward growing'root and a straight
pward shoot, If we rotate the plant

by 90 deg, as shown schematically in
figure la, the root will start curving
downward and the shoot upward, as
shown in figure 1b. Curvature is
brought about by an increased growth
rate on the underside of the shoot and
the upper side of the root. Growth
rate is regulated by growth hormones,
and some graviperception mechanism
initiates the geotropic response illus-
trated in figure 1.

A variety of mechanisms was sug-
gested. The theory that looked most
plausible to plant physiologist L. J.
Audus of the University of London in-
volved specialized cells, which were as-
sumed to perceive gravity through cer-
tain rapidly sedimenting starch grains
containing protoplasmic particles, the
amyloplasts.  No proof was discovered
of a causative connection between the
sedimentation of amyloplasts in gravi-
tational or centrifugal fields and induc-
tion of curvature in roots and shoots of
plants, Audus’s idea for a test of this
hypothesis concerning geotropism was
to use a different kind of force to dis-
place the amyloplasts to see if such a
displacement would produce the stem
and root curvatures observed in geo-
tropism.

Idea for a physical test

He chose the force F exerted upon a
particle of volume V and magnetic
susceptibility K; embedded in a me-
dium of susceptibility Ky in a nonuni-
form magnetic field H

F = V(K, — K. grad (H* (1)

Neither the overall susceptibility of

amyloplasts K, nor that of the intra-
cellular fluid K, had been measured.
So Audus had to make reasonable esti-
mates of these values, with Pascal’s
magnetochemical equation that ex-
presses the molecular susceptibility
Ky of a compound in terms of the
atomic susceptibilities K

1‘1-“ = EHAI;A + A 12_]

Here n, is the number of atoms of
susceptibility K, in the molecule and
A is Pascal’s constitutive correction
constant, which is determined by the
interatomic the molecule.
Both susceptibilities timed out to be
negative with |K;| > |K,|, and the
starch grains were thus expected to
move as diamagnetic objects would in
a vacuum, that is, down the magnetic

bonds in
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GEOTROPIC CURVATURE of root and
hyvpocotyl of a mustard plant. At A
the plant is in a horizontal position and
at B as it looked one day later., From
B. S. Mever and D. B. Anderson, Van
Nostrand, New York (1939). —FIG. 1

field gradient. The calculated force
on the particles turned out to be less
than one percent of the force respon-
sible for gravitational sedimentation.
It appeared necessary to eliminate the
force of gravity in the experiments to
avoid masking the anticipated diamag-
netic effect.

These considerations led Audus to
design  the experimental apparatus
shown in figure 2. The entire appa-
ratus (including the magnet) rotates
slowly (1 revolution in 100 seconds)
about a horizontal axis passing trans-
versely through the maximal-field re-
gion between the sharp edges of the
poles of a permanent magnet, This
rotation exposes the young plant, ini-
tially parallel to the axis of rotation,
to an alternating (rotating) gravita-
tional field, thus eliminating the cur-
vature caused by geotropism. We ex-
pect the seedling, as it germinates un-
affected by gravity, to curve in ac-
cordance with effects induced by the
nonuniform magnetic field in its
growth-regulating mechanism.  The
maximal field intensity (in the plane
abed of figure 2) was approximately
4000 gauss and the field gradient more
than 5000 gauss/cm.

The heterogeneous magnetic field
induced curvature of roots as well as
of shoots in these experiments. Figure
3 illustrates the results Audus obtained
with cress roots (left column of pho-
tographs) and oat coleoptiles (right
column). At t = 0 the root and the
coleoptile near the bottom of the top
frame are parallel and close to the
white line at the bottom that indicates
PHYSICS TODAY
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In A the germinating seedling is in the glass cell between
The axis of rotation is horizontal.

Distribution of the

intensity of magnetic field H and of the parameter H dH/dx along the axis midway

between the poles perpendicular to plane abed is shown in B.

the location of the plane abed of figure
2. As time goes on we see that both
plant organs curve away from the
plane of maximal field strength.

Failure and consolation

This success was a disappointment, If
a magnetic analog to geotropism had
been achieved the roots and shoots
would have curved in opposite direc-
tions! They did not. Furthermore,
microscopic examination revealed that
the amyloplasts, whose sedimentation
was assumed to be responsible for geo-
tropic responses, and which Audus in-
tended to displace by magnetic forees,
showed no evidence of displacement
within the cells, Thus his ;1ltefnpt to
shed light on geotropism failed, but
there was consolation in the discovery
of a biomagnetic effect,

ANIMAL DEVELOPMENT

Insects are particularly suitable for de-
tecting physically induced inheritable

—FIG. 2

variations. For instance, the fruit fly
drosophila melanogaster has been for
many years the favorite experimental
animal of geneticists studying genetic
mutations induced by x rays. Insects
also proved helpful for studies of ef-
fects of magnetic fields on animal de-
velopment, We shall consider two ex-
amples; effects of homogeneous mag-
netic fields,®# and effects of hetero-
geneous felds. 48

Homogeneous magnetic fields

A typical insect goes through several
stages of metamorphosis in the course
of its development from the fertilized
egg, The egg develops first into a
mobile larva. The larva is trans-
formed into a pupa that, though out-
wardly quiescent, is teeming with in-
ternal activity resulting in the emer-
gence of an adult form (imago) that
shows little resemblance to the pre-
ceding forms.

N. M. Amer and C. A. Tobias chose
the flour beetle tribolium confusum



for study. The pupa of this insect ex-
hibits a critical dependence upon tem-
perature.  If the temperature is too
high, the pupa fails to molt (develop
into the adult form),
all fail to molt. At 38°C molting fail-
ure is 26%; however, 5% of the in-
sects that develop into an adult show
wing anomalies. The dependence of
molting failure and wing anomalies on
the incubation temperature® is illus-
trated in figure 4. Note the sharp rise
in the incidence of molting failure near
40°C.

Amer and Tobias made the inter-
esting discovery that exposure of the
flour-beetle pupa at a given tempera-
ture to a uniform magnetic feld during
““ dt’\’{']fipl]lf']l{ 1’('(]”‘.'[“\‘ lhl" frt’iill!'ll['\'
of molting failure.
magnetic field has thus an effect equiv-

Exposuwre o a
alent to reduction in
For example, for pupae developing in
air at 39.5°C. maintenance of a mag-

temperature.

netic field of 6.2 kilogauss produces
the same depression of molting-failure
incidence as a temperature drop of
it B
netic field on molting failure is illus-

The effect of a uniform mag-
trated in figure 5. The frequency of
molting failure decreases with increas-
ing magnetic-field intensity until 8 kilo-
gauss and rises bevond this point.

To explain their observations, Amer
and Tobias wrote,? tentatively: :
The data are explained with the fol-
lowing working hypothesis: in the
course of developmental transforma-
tions at some time paramagnetic mole-
cules (eg, free radicals) become essen-
tial for the process:
such molecules determine whether or

interactions of
(emergence ) and wing
development is normal. The presence
of magnetic fields alters the probabil-
ity of radicals for interaction; in first
approximation one might assume thal
the number of degrees of freedom of
thermal motion are altered and
changes occur in molecular magnetic
coupling . . . .” A great deal of work
remains to be done before a well es-
tablished theory can be offered for
these interesting phenomena and other
effects described by Amer.

not eclosion

Nonhomogeneous magnetic fields

Very striking results leading to in-
heritable changes persisting for 30
generations were obtained by W. C.
Levengood!.® on application of strong
nonhomogeneous magnetic fields to
pupae of the fruit fly drosophila me-
lanogaster. Ome of the essential dif-
ferences between his experiments and

At 40°C they

those of Amer and Tobias was that
they exposed the entire animal to a
magnetic field whereas Levengood en-
deavored to localize the application of
the magnetic field to chosen larget or-
gans of the pupa. Chosen organs in-
cluded the developing gonads and the
head region near the imaginal disks.
The most pronounced effects were ob-
tained with pupae, although he studied
The el-

fects of magnetic-field exposure ranged

all stages of metamorphosis.

from alteration of development time
of the pupa to death without emer-
gence from the pupal stage. All expo-
sure to magnetic fields was accompa-
nied by control experiments in which
pupae were r‘xpr.m-t] to a nonmagnetic
replica (a brass “dummy magnet”) of
With a cylindrical
coil wound around an iron bar 6 mm in

the f'll"t-lmm::um-l.

diameter that protruded about 2.5 em
bevond the coil, Levengood obtained a
field strength of 21.8 =
at the pole-tip surface.

1.0 kilogauss
The field gra-
dient was 9 kilogauss/mm over the
first 2 mm from the 125-micron diame-
ter pole tip, This small pole tip en-
abled Levengood to treat selected re-
gions of egg, larva, pupa and adult in-
sect.  Amer
their magnetic field throughout the en-

and Tobias maintained
Lire lif‘\'(‘ll}])ll]l'.'!ll time of the pupa; ex-
posures in Levengood’s experiments
d II;IIII
hour (the mean development time for
his drosophila pupae was 13,6 £+ 1.12
The age of the pupa at expo-
sure to the magnetic field was of de-
Very young pupae,

lasted from a few minutes to

days).

cisive importance,

close to the age of one hour, usually
died as a consequence of a few min-
utes” exposure lo the magnetic field he-
fore hatehing into a fly. Pll]‘;u‘ of vari-
ous ages t',\p{]\n"tl in the head !'li‘{li(:ll
(near the imaginal disks) proved most
sensitive to the heterogeneous mag-
netic feld.

dueced more than 50%

A 10-minute exposure pro-
mortality, that
is, more than half the pupae did not
reach the stage of adull insects. Ol
those that did mature into imagos, 5-
10% showed severe wing anomalies
As a rule the

emerging flies did not survive for more

and body delormilies.

than an hour after emerging from the
pupal stage.

Development time and progeny

Levengood fixed his attention particu-
larly on two inheritable characteristics
of the fruit Hies:
ment time, which he defines as

the number of days from the start of a
new culture until . , . the new genera-

the mean develop-

tion of flies first appeared ’; and mean
IJI'UJ.E{:‘U_\' | measure ui |'t."ul.ll'|di|‘\', Lli.'-
termined by the number of offspring
He found that both

affected by

per female fly).

characteristics are
netic For example, a 30
minute exposure on 110-hours-old pu-
pae almost doubled the df‘\'L'Illplm?lll
The

increase in development time dropped

mag-

exposure,

time for the second generation.

for subsequent generations but could
still be detected after 30 generations.
As a rule, there is an inverse correlation
between mean development time and
mean progeny.

180 minutes

CRESS ROOTS and oat coleoptiles exhibit typical curvatures of magnetotropism.
White horizontal line near bottom of frame marks gap between magnet edges, —FIG. 3
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MOLTING FAILURE (color) and wing anomalies (black)
in flour beetle as a function of temperature.

Of particular interest is Levengood’s
observation that magnetically treated
fertilized adult
give rise to progeny exhibiting an in-

female flies did not

crease in development time, whereas
males emerging from pupae treated
magnetically for 10 minutes at the age
of 21 howrs exhibited a development
time of 28 days, more than twice the
normal duration,  When crossed with
untreated females, the males gave rise
to offspring showing a greatly in-
creased development time that was
pursued for 10 generations.
Levengood’s papers contain many
ather interesting results and also spec-
ulittions on pns_\'il}k‘ mechanisms; other
workers® also have considered possi-
ble explinations of biomagnetic effects.

STIMULATION OF
IRRITABLE TISSUES

Brain operations are often performed
under local anesthesia. The patient
may be able to deseribe his mental re-
sponses evoked by local electrical
stimulation of his brain, Penfield? was
able to induce hallucinations and re-
call of events from the distant past.
This technique is a most valuable ap-
proach to the study of higher brain
functions, but the necessity of con-
tacting the cerebral cortex with elec-
PHYSICS TODAY
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—FIG. 4

trodes precludes it from being used
routinely on volunteer subjects. It
appeared attractive to explore electri-
cal stimulation of irritable tissues with-
out electrodes. Hopefully, we could
stimulate the brain without piercing
the skull, Electromagnetic induction
with an alternating magnetic field of
eddy currents in tissues looked like a
promising approach.® To begin with
we showed that a nerve could be so
stimulated. We took a nerve-muscle
preparation, consisting of a frog's gas-
trocnemius muscle with the sciatic
nerve attached to it, looped the nerve
into a closed circle and placed it in
an alternating magnetic field (6000
gauss rms at 60 Hz). Excitation of
the ac magnet produced an intense te-
tanic contraction of the muscle and
gave evidence of the nerve stimulation.
When the nerve was removed and the
muscle alone (or muscle segments)
wis placed into a flat dish filled with
a suitable electrolyte (frog Ringer's
solution) exposure of the submerged
muscle to a vertical magnetic field re-
sulted in strong contraction of the
muscle or pieces of muscle. The con-
tractions were strongest when the mus-
cle was on the periphery of the circu-
lar dish and absent when it was at or
close to the dish center. This is to be
expected for stimulation by eddy cur-

FIELD INTENSITY (KILOGAUSS)

EFFECT OF HOMOGENEOUS magnetic field of incidence on
molting failure at 39.5°C.,

—FIG. 5

rents that circulate along the rim of
the dish.

Retinal response

The next logical step was to select a
suitiable firitable tissue in an intact or-
ganism whose response could be easily
ascertained. Our own retinas ap-
peared to be ideally suited, We found
that a bar magnet, energized at 60 Hz
and  yielding approximately 8700
gauss rms at its front surface, held to
the temple gave rise to intense light
sensation in perfect darkness as well
as in a brightly lit room.

We soon learned to our disappoint-
ment that ours was not the first obser-
vation of these visnal phenomena
known as “magnetic phosphenes.”
They were discovered several times in-
dependently by different observers.
The first observation appears to have
been Michael d'Arsonval’s in 1896.°
“Magnetic phosphenes” were rediscov-
ered by Silvanus P. Thompson in
1910.1 Thompson inserted his head
into a cylindrical coil (23-cms diam-
eter, 20-cms long) with a field of 1000
gauss rms at 50 Hz and observed an
almost colorless flickering light of blu-
ish tint spread over his entire visual
field but somewhat stronger on the
periphery than in the center. He sub-
sequently learned from Birkeland of



COMPARISON of human magnetocardiogram with electrocardiogram.

Christiania in Norway that workmen
at the nitrate factory at Notodden re-
ported visual sensations near the large
that limited the current
supplied to the electric furnace.
Investigations showed?! that the vi-
sual sensation was neither due to stim-

choke coils

ulation of the brain nor of the optic
nerve, but rather of the retina itsell,
presumably by eddy currents induced
in the eve.
stop retinal responses, is sufficient to
This as-

Pressure on the eyeball, to

abolish the visual sensation.
sumption of direct action on the retina
is supported by application of a lo-
calized magnetic field (by a sharp-
tipped bar electromagnet) to the eye,
whereupon the sensation appears in
the opposite quadrant of the eye. Ap-
plication of the magnetic stimulator at
the bottom of the eye produced visual
sensation referred to the top quadrant.
Placing the magnet pole near the oc-
cipital region of the skull (near the
area of the cortex concerned with vi-
sion) produced no visual sensation,
No sensory responses other than visual
could be evoked.

MAGNETIC FIELDS OF
ACTIVE ORGANS

We do not normally think of an ani-
mal (or animal organ) as a source of
a magnetic dipole field. However, the
conclusion is that we
should see some magnetic manifesta-
tions because activity of many organs,

inescapable

for example nerves and muscles, is ac-
companied by “electrical activity” in-
volving flow of ionic currents. How
feasible would it be to pick up the
presumably faint magnetic signals of
such “electrical activity?” The litera-

Magnetocardiogram

U o

Electrocardiogram

ture contains reports of three successes.,
Transient magnetic fields surround the
human torso; they are related to the
electrical activity recorded us electro-
cardiograms,'? and magnetic fields ap-
parently related to electrical i||11.‘|[]‘.rw.
traveling along stimulated nerves have
two i1JlI|‘]]f'II(|f_'II|
Most re-

cently, varving magnetic fields sur-

been recorded by

teams of investigators,1#.14

rounding the human skull associated
with the brain’s electrical activity have
heen demonstrated.1?

Heart and brain

TIIE‘.

contractions and relaxations of the au

complex pattern of periodic
ricular and ventricular muscles of the
heart gives a time dependent, compli-
cated, spatial distribution of electric
currents in the chest (a heterogeneous
volume conductor) set up by the elec-
tromotive forces generated by the ac
We can

pick up a regular pattern of potential

tivity of the heart muscles.

variations by applying electrodes at
suitable standardized locations on the
human torso. The electrocardiogram
(ECG) thus recorded contains certain
peaks of great value in diagnosing
many heart diseases by deviations
from the normal ECG pattern. D.
Cohen!? detected regular magnetic
field Auctuations in the vicinity of a
human chest demonstrably related to
the ECG pattern.
such a magnetocardiogram (MCG)12
in juxtaposition to an ECG pattern,
The magnitude of the recorded
magnetic fields (10 %-10-7 gauss) is
about 10-7 of the steady component of
the earth’s magnetic field and about
0.10% of the total noise composed of

Figure 6 shows

the Huctuating component of the ter-

—FIG. 6

restrial field and magnetic “city noise”
in the 1-30 Hz bandwidth
1|tll'r|li\' Cohen used a room magneti

\lrll\-

aluminum

{ lonse-
cally shielded by two layers of
Permalloy suwrrounding an
enclosure,  With his parameltric am-
].Min-r he could detect time-varyving
magnetic fields of approximately 10-Y-
gauss amplitnde on o handwidth of
(1.5-10" Hz.

His sensor was a series conneclion of

several coils of 2 » 107

turns each

At this

distance the magnetie-held amplitude

|l].||'l'£] 10 cm from the torso.

of the MCG was of the order 10°5-10 7
ganss, A noise-averaging  enhance
lron reduced the wi'_’,ll.l] noise by o fac-
tor of 12, The MCG signal was not
an error signal caused by ECG electri

l'.lI “l’lil"\:

:'|1\|I'|1_',|'r] \\I||'1| H | a-n[n]n'l |'|n'|r|-.lll|' Wils

the '-.iL’,II.l! remained  un
slipped over the pickup coil but was
eliminated when a 0.36-mm enclosure
of Moly-Permalloy was similarly ap
plied.
approach to the electrical activity ol

It is too r-;lll_\- to judge if this

the heart is an improvement upon, or
at least a usefnl adjunct to. the cur-
rently used method, It is, however,
reasonable to assume that refined de-
tection of minute magnetic fields that
accompany hiological activity mav
lead to interesting and useful applica-
tions in the future. In particular a
recent report of a magnetic concomi-
tant of the electrical activity in the hu-
man brain will be most interesting if

confirmed.?

An isolated nerve

Earlier investigations pursued a simi-
a much smaller svs-
{ the
If we stimulate

lar objective on
tem—an isolated nerve sciatic
nerve of a bullfrog).
the nerve at the cut end of a nerve
muscle preparation, say by pinching,
a state of excitation propagates along
the nerve and makes the muscle at the
opposite end contract. Two closely
spaced electrodes placed somewhere
;{|un11 the nerve record a transient vari-
ation in potential difference, which ap-
pears as an upward “spike” followed
by a gental depression helow the base
line. Physiologists arrived at the con-
clusion that the propagated potential
variation is accompanied by ionic cur-
rents (we shall disregard here the na-
ture of the ions) flowing as pictured in
figure 7. Normally the membrane of
the nerve is sandwiched belween ionic
polarization charges as pictured in the
diagram in the region labeled “rest-
ing.” When the nerve is stimulated.
the polarization in the excited region
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External solution

Membrane

Resting

Axis cylinder

Active

CIRCULATING ACTION CURRENTS which accompany the propagation of a po-

tential variation along a polarvized nerve membrane,
General Physiology, vol 2, John Wiley and Sons (1958).

reverses sign as shown in the region
and currents are sel
up.  To visnalize the spatial current
distribution we must imagine the mem-
brane of figure 7 as a evlindrical sur-
fuce. The demarcation zone hetween
the “active” and the “resting” region

lubheled “active.”

is propagated along the curve.

In accordance with this picture of
the current distribution, J. H. Seipel
and R. D, Morrow!t drew the picture
of the magnetic field set up by the
“action currents” of an excited nerve
that is shown in figure 8 and set out
to detect this transient magnetic field
with coils placed adjacent to the nerve.
Independently and almost simulta-
neously, J. A. Gengerelli, N. J. Holter
and W. R. Glasscock! embarked on
the same venture,  Both groups suc-
ceeded in obtaining signals that they
interpreted as transient magnetic fields
associated with the bransient
cirrents accompanying the propagated
nerve impulse.  Each group took pre-
cantions with magnetic and electro-
static shielding to reduce their noise
levels. The coil sensor of Gengerelli's
agroup could detect a signal from a
wire carrying 1.5 % 10°% amps at 500
Hz passing through its center.

Ficure 9 shows a recording by
Seipel and Morrow. The initial arti-

W/

action

Aflter L. E. Bayliss, Principles of
—FIG. 7

fact due to electric stimulation (A)
could he eliminated by mechanical
stimulation of the nerve (pinching),
While the nerve was gradually dying
the magnetic signal progressively
dropped to zero.

Some puzzling features

These observations have some puz-
zling features. It is difficult to see
lhow an appreciable magnetic field
could exist at the distances at which
the detectors were placed if the elec-
trical currents are confined to the
nerve and a layer of moist electrolyte
surrounding it. M. S. Burr and A,
Mauro!® demonstrated and measured
the quasielectrostatic field engendered
in the air around a stimulated seiatic
nerve of a frog and obtained signals as
large as 345 microvolts at 1-mm dis-
tance from the nerve and 150 micro-
volts at 12-mm distance. They mea-
sured the potential relative to ground
at different radial distances from the
center of a nerve grounded at one end.
We do not know to what extent such a
transient electrostatic field could have
played a role in the observations by
the two teams, Tt is also difficult to
understand why a change in the orien-
tation of the coil or the direction of
propagation of the nerve impulse in

—a \I'\]\]

Gengerelli's experiments produced no
change in the polarity of the received
signal.  Figure 10 shows a recording
by Gengerelli's group that was ob-
tained by stimulation of the nerve at
one end. Stimulation at the other end
so that the impulse traveled in the op-
posite direction yielded a practically
identical trace. Contrary to expecta-
tion we obtain no reversal in the trac-
ing. More work is needed before we
can better understand these intriguing
results,

A BIOPHYSICAL MIHID GENERATOR

We shall now turn to what may have
been the first use of magnetic fields for
precise biological measurements, A
general method for studying the per-
formance of a variety of organs and
their response to diverse stimuli and
drugs would be of great value (analo-
gous o spectroscopy in analytical
chemistry). Study of the rate of blood
supply to different organs comes rea-
sonably close to filling this need. This
physiological parameter determines
the supply of oxygen, hormones and
nutrients to an organ while simulta-
neously removing metabolic products.
Blood flow in an organ could be cor-
related to the organ’s activity and
used as an index of the organ’s re-
sponse to stimulating and inhibiting
agents such as poisons, drugs, hor-
mones, physical parameters and psy-
chological factors. The study of blood
circulation is in itself an important
chapter of physiology and is equally
important in clinical medicine, A
method for studying blood flow was
initiated almost simultaneously in the
US'" and in Germany'® and evolved
in a variety of modifications in the US
(reviewed in references 19, 20). The
method is based on induction of an
electromotive force (emf) in a con-
ductive fluid flowing transversely
through a magnetic field.

Figure 11 shows the basic scheme of
the electromagnetic flow meter, An
electrolyte flows in the x direction
through a dielectric conduit that passes

~ S

@
Pat

MAGNETIC FIELD attributed to a nerve pulse.

After Seipel and Morrow'',
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Direction of impulse travel in conductor

Detection of this transient field was made with coils placed adjacent to the nerve.

—FIG. §
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through a magnetic field between N
and S poles. Positive and negative
electrodes disposed along the y axis
pass through the pipe to contact the
fluid. Tons in the fluid experience
Lorentz forces acting upward and
downward along the y axis (depend-
ing on the sign of the ionic charge) as
the ions traverse the magnetic field
interacting with its = component.
With a uniform velocity throughout
the conduit and an homogeneous field
we expect a voltage

V= 10"% % 2RBu (3)

as a measure of the eml induced in
the fluid, where B is the magnitude of
the magnetic field in gauss, R is the
pipe radius in cm and © the fluid ve-
locity in cm /sec.,

Vanishing complications

In practice the velocity is not even
approximately uniform throughout the
pipe cross section in laminar flow,
This situation gives rise to eddy cur-
rents that greatly complicate the the-
oretical analysis. However, equation
3 holds generallv for anv evlindrically
symmetrical velocity distribution. In
this general case, v has the meaning
of average velocity of flow in equation
3.21 Fortunately a reliable linear per-
formance of the electromagnetic flow
meter over the laminar as well as tur-
bulent regimes is assured. Determina-
tion of the output voltage of this mag-
netohydrodynamic generator permits
measurement of average flow velocity
v and hence the rate of volume flow
through the conduit.

A second fortunate circumstance is
the relatively high conductivity of the
bload-vessel walls (of the same order
of magnitude as the conductivity of
blood). As a result we need not
pierce the vessel wall to create an elec-
trical contact between the electrodes
and the blood, and so we avoid injur-
ing the blood vessel and plugging it
with a blood clot. Application of this
flow meter to patients in the course of
surgical procedures is safe, simple and
now practiced routinely.

In early stages of development, seri-
ous experimental difficulties had to be
overcome. If we use metal electrodes
in conjunction with a constant mag-
netic field, establishment of a steady
flow does not produce a steady electri-
cal signal but a quickly decaying tran-
sient response owing to electrode po-
larization, So-called “nonpolarizable”
electrodes are clumsy and do not ful-
fill the requirement of nonpolarizability

T T
0 1 2

- S el

TIME (MSEC)

Stimulus artifact

Electromagnetic action pulse

ELECTROMAGNETIC ACTION PULSE.
action pulse obtained from a frog's sciatic

well enough. The constant magnetic
field was thus abandoned for an alter-
nating one. A steady flow then gen-
erates an alternating emf, and if the
frequency is high enough, electrode
polarization ceases to obstruct success-
ful Aow measurements, Figure 12
shows an electromagnetic blood-flow
transducer. The magnet is a split
wire-wound iron toroid with a plastic
sleeve inserted into its gap. The slot
permits insertion of the artery that es-
tablishes contact with the electrodes.
The shutter closes the slot after in-
sertion of the artery. These transdu-
cers have been made in sizes small
enough to implant into an animal as
small as a rat. As we can see from
ficure 12a, the lead from one electrode
forms a loop on its way to join the
lead from the other. Owing to un-
avoidable slight asymmetry of con-
struction, the magnetic field has a

nerve.

Composite tracing of the electromagnetic
—FIG. 9

slight axial component that induces an
emf in this loop, which in conjunction
with the eddy-current signal induced
in the tissues and blood enclosed in
the lumen, causes an error signal in-
dependent of the flow rate. This er-
ror may be orders of magnitude larger
than the signal from the flow to be
detected.

Fortunately the two induced sig-
nals arise basically from two different
physical phenomena that are described
by different laws. The electromag-
netic induction in the moving fluid is
described by the Lorentz equation

E=vXB (4)

and the flow-independent emf in-
duced in the loop of the input circuit
is deseribed by Maxwell's equation

curl E = —dB/dt (5)
Because of this difference, the flow
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signal  described by the velocity-de
pendent equation 4 will be in phase
with the sinusoidal magnetic field B,
and  the llow-independent zero-erro
signal will be in phase quadrature with
respect Lo B.

the How signal with a phase-sensitive

We need look only al

detector,  while  disregarding  the
quadrature signal, which is zero when

the flow signal is maximum,

Blood flow determination

I'he high signal-to-noise ratio achieved
Iy ll]].l'.l".t'[l‘.l[j\|' detection permils
fields (a few

very  weak magnetic

vauss) to be used in transducers de-
signed for major arteries, Figure 13
shows the skeleton of an <'|1‘:'I|'1H||‘|£_',-

netic How transducer which is now in

widespread use  for artery lumens
gredater han about 4 mm.

\lthongh the later design {(higure
14) greatly reduces the bulk of the
components generaling the magnetic
fit'|:| s l'lllll[l.lll'll (7] 1|II' IIJIJI!'H_ we
shiould reduce the size of the implanted
transducer to the utmost extent tor ex-
periments in which the blood-flow
meter is to remain in the body for pro-
longed periods without causing irrita-
tion and possible thrombosis of the
artery Complete  omission of the
magnel from the How transduce: al-
lows such miniaturization. The mag-
netie field must then be j._',t'llr‘l'.l|!'l] Ir_\'
an external magnet.

Mustrations in the figure 14 series

on page 49 depict the various kinds

" g

SIGNAL from a frog’s sciatic nerve threaded through a toreidal coil.

—FIG. 10

Y
: Z
X

.'/

Magnet poles

Electrodes

Electrolyte

ELECTROMAGNETIC FLOW METER. An electrolvte flows in the x direction
through a dielectric conduit that passes through a magnetic field between N and S
poles. Positive and negative electrodes disposed along the y axis pass through l]lé
pipe to contact the fluid. Tons in the fluid experience Lorentz forces acting u-p\\';lr{l
and downward along the v axis (depending on the sign of the ionic charge) as the
ions traverse the magnetic field interacting with its = component. —_FIG. 11
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electromagnetic

The pre-

ol mmtormation that
bhlood-Hlow meters can give.
dominant medical use ol I'If"l'll'mﬂ;lL-
netic How meters is in the operating
room on patients undergoing heart m
blood-vessel surgery. The utility of
this device would be enormously in-
creased if it could be modified to be
rontinely applicable to patients in the
clinic: it would diagnose circulatory
disorders without resorting to major

Such a modifi-

cation has actually proved possible®* 2!

surcical intervention,

and an adaption of an idea previously
employed for nonbiological use2® was
recently used at the Hammersmith
Hospital in London to record bload
flow in the human aorta without ma
ior surgerv.®® Catheters can now be
introduced routinely into the human
blood vessels for diagnostic observa-
tions. It is necessary, however, to
administer to the patient a drug (hep-
arin) to inhibit coagulation of blood
that normally would be provoked by
a foreign object in the bloodstream,
Clertain materials, like silicone rubbet
or teflon, are less objectionable than

|r|]1|"l“\.

Electromagnetic forces on cells

Is the converse of the |lin:f‘]l-'(:ll'f)l'n'.lj_.-
netic generator of any use to us? If
we establish an electric current be-
tween the electrodes of figure 11 we
obtain an electromagnetic pump. To
suppress electrolysis we would use an
alternating current and an iti-})]laﬁe
magnetic field of equal frequency.
Currently there is great interest in de-
vices that could replace or assist the
electromagnetic-pump
attractive because

heart, The
principle is very
of its great simplicity and absence of
A heart
auxiliary

parts that could wear out.
substitute, or at least an
heart pump, based on this 1)T'f1it'i1)[('
has been the subject of experiments
but no practical success has yet heen
achieved. However, electromagnetic
pumping has been used with gaod
success in other biological applications.
A magnetic field superimposed on an
electric field in a .\Hiil.ll!h' tI(_'.‘-i',:H(’El
electrophoresis apparatus moves the
fluid like an endless belt, while ions
of substances such as proteins, or bio-
logical particles such as cells, bacteria,
viruses and chloroplasts, migrate trans-
versely to the belt motion. They fol-
low a helical path at the end of which
they are well separated as thin streaks
by differences in electrophoretic mo-
bilities.T The top illustration on page
38 shows the result of such a separi-



tion; in this case a dye mixture splits
into three colored components within
a few seconds,

Another type of electromagnetic in-
teraction may prove useful in applica-
tions to cells, subcellular particles and
microorganisms.  Consider a particle
of conductivity «', such as a living cell,
suspended in an electrolyte solution of
electrical conduetivity o”  (different
from its own): it will experience a
force if the solution is traversed by an
homogeneous magnetic field and a uni-
form electric current perpendicular to
it. The foree is perpendicular to both
the magnetic field and the electric cur-
rent.”"30  We shall refer to this phe-
nomenon as an electromagnetokinetic
(EMK) effect; the resulting particle
migration is called electromagneto-
phoresis (EMP). Volume forces on
the particle are caused by interaction
of the ions passing through it with the
magnetic field. Surface forces on the
particle are caused by magnetic in-
teraction of the ion currents fHowing
through the surrounding fluid, which
determines the pressure distribution
over the particle’s surface. The force
F upon a small spherical particle of
conductivity ¢’ suspended in a solution
of conductivity ¢ traversed by a mag-
netic field B and current of density J
is

" ’

3 o T

F= > (J X B) 20,,—_'_:, (6)
We see that F = 0 for ¢’ = o” and
that it reverses directior. as the parti-
cle conductivity makes a transitior
from o’ < o” to ¢’ > ¢”. We could,
for instance, separate two species of
cells of different conductivities by ad-
justing the conductivity of the sus-
pending electrolyte to an intermediate
vilue between o' and o that would
make them move in opposite direc-
tions. If the different particles move
in the same direction they can be
separated by the difference between
their migration velocities. From equa-
tion 6 and Stokes’s law we obtain, for
the speed v of a sphere of radius a
migrating in a fluid of viscosity 5 in a
magnetic field B at a current density J

" =" Y JB
A AR (7
v (20‘_" + U’) 3‘?(1 \, )

Figure 15 shows the basic scheme of
the apparatus in which the effect can
be demonstrated, Figure 16 shows a
different configuration in which a
Straight current-carrying wire serves as
:f_kﬂ?lagnet. The electrical current in
ﬂ‘e separation cell is parallel to the

Pole piece

~ /
Sleeve /.f’ []
Slot / Electrade

Shutter

Pole piece

Sleeve Electrode

MINIATURE BLOOD-FLOW METER. Magnet is a split wire-wound iron toroid with

a plastic sleeve in its gap.
shutter.

wire and perpendicular to the circular
magnetic-field lines. The force on
the particles is thus radial and we
have, in effect, a centrifuge without
rotational motion.

As can be seen from equation 7.
the EMK effect allows us to separate
particles by differences in size and
electrical conductivity.  In addition
the shape and orientation of the par-
ticles can have a strong effect on the
EMK force exerted upon it , For bio-
logical particles such as cells, we must
consider an additional factor: the cell
membrane that surrounds the particle
has the characteristics of a leaky
dielectric, If we use an alternating
magnetic field with a perpendicular in-
phase electric current to produce the
EMK effect, we expect at low frequen-
vies the permeability of the cell mem-
brane Lo ions, rather than the electrical
conductivity of the cell interior, to be
the main factor determining the cunr-
venl passing through the cell and,
hence, the volume force experienced
by it. So we have the possibility of
separating cells by differences in cell-
membrane permeability, which would
be of great biological interest. At a
ligh frequency, on the other hand, the
cell membrane will exhibit a low im-
pedance and will have relatively little
effect in determining the volume force
on the cell because the electrical con-
ductivity of the cell interior is the
dominant factor.

Jerzy Kovalezyk®™ stabilized a fluid
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Artery is inserted in the slot, which is then closed with the
Electrodes pick up the induced voltage.
enough to implant into an animal as small as a rat.

This Hlow meter can be made small
—FIG. 12

against convection by imbedding it in
a porous medium and utilized EMP
migration to separate particles. Wil-
liam Murphy and others®? designed an
electromagnetophoresis apparatus to
separate red and white blood cells.

MAGNETIC RESONANCE EFFECTS

We shall conclude our review with a
brief reference to the most sophisti-
cated use of magnetic fields in biologi-
cal research. The biological applica-
tions of nuclear magnetic resonance
(NMR) and electron spin resonance
(ESR) are so extensive that even a su-
perficial account could easily double
the length of this text. The mostly
biochemical applications have been
thoroughly  described  elsewhere.
(Magnetic Resonance in Biological
Systems, A, Ehrenberg, B. G. Malm-
strom, T. Vanngard, eds., Pergamon
Press, Oxford, 1967). Magnetic-reso-
nance effects occur when a given sam-
ple of matter includes particles with
gyromagnetic properties. Such parti-
cles are abundant in living matter and
in molecules that are essential to living
processes. Electrons, protons, and nu-
clei such as D2, C13, N1, N15 O and
P! which have a magnetic moment
and angular momentum, are examples.

When a sample of matter is placed
in a magnetic field, interactions anal-
ogous to optical resonance absorption
of light quanta are possible in the mi-
crowave or radiofrequency regions of
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the electromagnetic spectrum, depend-
ing on the magnetic-field intensity, the
magnetic moment and the spin of the
purticle population involved in the in-
teraction.  The magnetic field imposes
a restriction upon the possible orienta-
tions for which the projection of the
spin vector on the magnetic-field axis
is at most equal to plus or minus the
spin magnitude or differs from it by
an integral number,

Thus, protons and electrons (spin
1 2) have only two possible orienta-
tions relative to the magnetic field
(parallel to it or antiparallel), whereas
O'7 with spin = 5/2 can assume six
different orientations.  These discrete
orientations of the magnetic dipoles of
the nucleus and electron correspond to
discrete dipole energies in the mag-
netic field with the lowest energy level
corresponding to dipoles oriented par-
allel to the feld and the highest to
the antiparallel orientation.  Ahsorp-
tion of electromagnetic energy can
cause ftransitions from lower to higher
energy levels with resulting absorp-

Electrode

Coil

tion of radiation and re-orientation of
the dipoles.

Analysis and tracer studies
The first obvious application of NMR
that comes to mind is analytical,
namely qualitative and quantitative
analysis for constituent elements of
a biological system whose nuclei pos-
sess a magnetic moment.  Both ESR
and NMR can also be used for tracer
studies in which introduction of ra-
dioactive isotopes into the biological
system is undesirable.  Stable free
radicals and salts of transition metals,
such as iron, cobalt and nickel, are
particularly suitable and can be de-
tected by ESR in amounts of the order
of 10-" grams, The salts could, for
instance, be injected and detected in
the bloodstream. This possibility and
various other schemes for measure-
ment of blood flow without surgical
intervention have been considered by
J. R. Singer, who succeeded in mea-
suring blood flow in mouse tails.3?
When we carry out ESR experi-

Shutter

Coil

Electrode

SKELETON VIEW of a single-coil coreless electromagnetic blood-flow transducer.

The shutter seals the lumen after insertion of the artery.

Completed transducer is

potted in epoxy. This flow meter is now in widespread use for artery lumens greater

than about 4 mm.
Electronics, 10 (1963 ).

From A. Kolin, R. Wisshaupt, IEEE Transactions Bio. Med,

—FIG. 13

ments or prolon-resonance experi-
ments, we normally find values for the
resonance frequency v that are differ-
ent from the frequencies caleulated on
the basis of g values for free electrons
and protons, This deviation is due to
the effective local magnetic field at the
site of the resonating proton or elec-
tron, which is not identical with the ex-
ternally imposed field. The applied
field is modified locally by the super-
imposed magnetic fields of neighboring
nuclear and electronic magnetic di-
poles as well as by the field arising
from electronic orbital motions. Such
frequency shifts (“chemical shifts”)
provide valuable clues about electronic
orbital motion and disposition of vari-
ous molecular structure of biologically
important substances.

ESR is of importance in studies of
molecules  containing  paramagnetic
atoms, such as a number of enzymes,
and particularly in detecting free rad-
icals, which are molecular species con-
taining an unpaired electron,

Biochemists suggests that “, | . free-
radical mechanisms may be an ubiqui-
tous attribute of the chemistry of living
substance.”#4

Free radicals vary in their stability
from very stable molecules like tri-
phenylmethyl to highly unstable
species of very short lifetimes that
cannot be expected in high concentra-
tion in a living system. The high
sensitivity of ESR, enabling one to
detect quantities of unpaired electrons
as low as 1011 moles, is ideally
suited for the search for such unstahle
components suspected in living sys-
tems. ESR analysis promptly showed
distinet electron spin resonances in
materials of biological origin that had
been subjected to heat treatment such
as charcoal, charred cellulose and
dried vegetable roots. Similar results
were also obtained with presumably
dead plant materials such as pine
cones, fullen oak leaves and pine
needles, plant materials such as seeds,
roots and leaves as well as materials
derived from animals, such as frog
eggs and various organs of rabbits and
mice—all of which yielded ESR signals
corresponding to free radical concen-
trations of 10-5-10-% moles/gm of
dry weight. Finally, experiments were
performed that gave support to the hy-
pothesis that free-radical formation i
involved in various life processes. For
instance, digitalis seeds gave no ESR
signal unless they were germinating, at
which time there was a signal corre-

R e . s i .

sponding to 10—7 moles/gm of dry
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BLOOD-FLOW MEASUREMENTS

With the electromagnetic blood-flow meter we can study
the effect of various stimuli on blood flow. Here we show
examples of normal flow (figure 14a), interrupted flow,
caused by compression of the carotid arteries (figure 14b),
aortic insufficiency caused by deliberate injury to the aortic
valve (figure 14c) and the blood flow in the three main
branches of the coronary vascular tree (figure 14d).
These four examples are all from dogs. Figure 14e is an
example of the effect of an olfactory stimulus (on a cat).
Figure 14f shows a psychological stimulus; the dog's heart
rate increases when he first sees a cat, and his blood-flow
rate falls, until he realizes that the cat is as scared as he
is. Then his blood flow increases to above normal level as
he gains courage.
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RECORD OF BLOOD FLOW in ascending aorta of con-
scious dog obtained with coreless blood flow meter. From
A. Kolin, Science 130 1088, (1959). —FIG. 14a
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PHYSIOLOGICAL EFFECT of compression and release of
both carotid arteries on dog's left carotid flow as recorded
with external magnetic-field method. From A. Kolin, Rev.
Sci. Instr. 23 235 (1962 ). —FICG. 14b
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AORTIC VALVE INSUFFICIENCY, as recorded in a dog
by external field method, produced by damaging aortic valve.
Flow in the descending aorta is retrograde during diastole.
Base line corresponding to zero flow is obtained b:fr compres-
sion of the artery. Such heart-valve defects sometimes occur
at birth. They impose a great strain upon the heart.
Surgeons can now use an EMFM to record initial blood-flow
pattern and then operate on the valve to eh‘mifmfe back ﬂm_v
as verified by final EMFM record. From A. Kolin, Rev, Sci.
Instr. 23 235 (1952). —FIG. 14¢
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CORONARY FLOW-VERSUS-TIME patterns in the left
circumflex, the left anterior descending and the right coro-
nary arteries of a dog. From A. Kolin, G. Ross, P. Gaal. and
S. Austin, Nature 203 145 (1964 ), —FIG. 14d
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SENSORY STIMULUS. Effect of exposure of cat to am-
monia odor on blood flow in carotid artery recorded be-
tween P, and P.. From A, Kolin, Science 130 1008 (1959).

—FIG. 14e
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PSYCHOLOGICAL STIMULUS effects on blood flow in
carotid artery of a dog. Normal record is a-b. At ¢ a cat
is brought into room. At d the dog is restrained from pur-
suing cat, At b and d the magnet is switched off to record
the zero-flow base line. —FIG. 14f
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Electrode

Electrode

ELECTROMAGNETOKINETIC EFFECT. B is the magnetic field vector, J is the

current density and F is the force exerted on suspended particles.
From A. Kolin, Proc. of First Natl. Biophys.

disposed to form a Helmholtz-coil pair.
Conf., Yale Univ. Press, p. 133, (1959).

weight of unpaired electrons. Evi-
dence also suggests that free radicals
are implicated in aging, carcinogenesis
and radiation damage. ESR proved to
be a particularly powerful tool in the
study of photosynthesis.

This survey is by no means com-
plete. A recently compiled bibliog-
raphy* on biological applications of
magnetic felds contains 393 entries.
The present selection is an arbitrary
choice of topics that were deemed to
be of physical interest.

* * *

I wish to thank S. J. Luner for a critical
reading of this manuscript. This publica-
tion has been assisted by a vsens grant
No. GRSG ISOL-FR 05354 and a grant
from the Office of Naval Research.
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