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Abstract—Low-frequency and transient magnetic fields of moderate flux densities are known to

‘ generate visual phenomena, so-called magnetophosphenes. In the present study, time-variable

very low frequency (10-50 Hz) electromagnetic fields of moderate flux density (0—40 mT)

were used to induce magnetophosphenes. The threshold values for these phosphenes were

determined as a function of the frequency of the magnetic field both in normal subjects and

colour defective ones. Maximum sensitivity occurred at a frequency of approximately 20-30 Hz,

and with broad-spectrum light the threshold flux denpsity was 10—-12 mT. The threshold values

were found to be dependent upon the intensity and the spectral distribution of the background

light. Sensitivity decreased during dark adaptation. In certain respects deutans differed from

subjects with notmal colour vision. Possible mechanisms for generation of magnetophosphenes

are discussed. The present magnetic threshold curves show a close resemblance to correspond-

ing curves obtained by electric stimulation at various frequencies provided the electric thresholds

aredivided by the a.c. frequency. These problems are under current investigation in ourlaboratory.

This is in full agreement with the assumption that the fluctuating magnetic field affects retinal
neurons by inducing cutrents which polarise synaptic terminals.
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1 Introduction

For many years studies have been made within
various scientific disciplines of the biological effects
of electric and magnetic fields. These effects have
-been documented at all levels from the cell to the
fully exposed human body. The results of almost
100 years’ research are documented both in a
number of general monographs (BARNOTHY, 1964
and 1969; PresMAN, 1970; MILBURN, 1971;
LLAURADO et al, 1974; PERSINGER, 1974;
BaTrocLETTI, 1976; Royal Swedish Academy of
Engineering Sciences, 1976; SHEPPARD and EISENBUD,
1977) and in bibliographies (SPIEGLER, 1962;
CABANES, 1976; FORMANEK, 1976; GLASER ef al.,
1977).. The emphasis in this research has clearly
been placed on the way in which electromagnetic
radiation of very short wavelengths (microwaves,
millimetre waves) influences biological systems. The
studies have often been initiated following the
introduction of new technical apparatus such as
radar systems, communication systems and micro-
wave ovens, which can generate radiation dangerous
to human beings.
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The increasing knowledge of the effects.of these
very high frequency fields has led many countries
to set threshold limit values for exposure to them.
The earliest research, however, was directed at the
effects, primarily upon human beings, of both static
and very low frequency fields. Of particular interest
was the observation by experimental physicists that
time-variable magnetic fields could cause a special
visual phenomenon, a so-called phosphene. A
phosphene is defined as a visual sensation generated
by stimuli other than photons, such as pressure upon
the eye, mechanical shock, chemical agents, sudden
fright, electric currents and magnetic fields, and
often appears as a faint flickering light in the peri-
pheral parts of the visual field.

Phenomena of this type caused by magnetic fields
are called magnetophosphenes. They occur in con-
Junction with both transient and periodic magnetic
fields (MaGNuUssON and STEVENS, 1911-12) and their
extent and nature depend partly on the intensity and
frequency of the magnetic field (MAGNUssoN and
STEVENS, 1911-12) and partly on purely photic
factors, such as the intensity and spectral charac-
teristics of the background light.

Magnetophosphenes were first investigated by
D’ARsONVAL (1896). Using subjective terms he
described the light sensations observed by volun-
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teers when their heads were placed within a time-
variable magnetic field. BEer (1902) reported certain
light sensations at the edge of the visual field when
the heads of volunteers were placed within a coil
supplied with alternating current.

TraompsoN (1910) exposed the heads of volunteers
to magnetic fields with flux densities of 100-140 mT
at a frequency of 50 Hz. The exposure took place
in the dark or with closed eyes. The magneto-
phosphenes were described as a weak, flickering
light, colourless or slightly blue, and which was
clearer at the periphery of the visual field than in the
central parts. Light sensations superimposed upon
the normal visual impressions were obtained with

open eyes in daylight. Thompson noted no after-’

images.

Dunirar (1911) was able to confirm Thompson’s
results. Dunlap also conducted experiments with
both positive and negative after-images but could
not find that they were influenced by phosphenes.

MagNUssoN and STEVENS (1911-12) were the first
to study threshold values for magnetophosphenes.
Their experiments were conducted with air-wound
coils supplied with direct and alternating current.
Among other things, strong visual sensations were
obtained when switching current through the coils.
Using a.c. stimulation the strongest phosphenes
were obtained at 20-30 Hz. BArRLOW ef al. (1947a)
carried out experiments by placing a coil over the
necks of volunteers but no phosphenes were
obtained even at very high flux densities. The same
authors concentrated the highest field strength on
a small part of the retina. The sensations were then
experienced in the corresponding quadrant of the
visual field. From these results the conclusion was
drawn that the phosphenes were generated through
a stimulation of the retina and not in the visual
pathways or visual cortex.

On the basis of electrodynamic field equations
VALENTINUZZI (1962) attempted to explain the
mechanism that generates magnetophosphenes. He
postulated that each retinal receptor functions as
a ‘microscopic circuit which is influenced by the
magnetic flux density. Because his model is not
based on empirical data relating to the electrical
characteristics of nerve cells, it is very general and
difficult to interpret in physiological terms.

SEIDEL ef al. (1968) studied and systematised the
visual patterns described by volunteers exposed to
magnetic fields. About 30 different patterns appeared
frequently and were similar to those generated by
KNoLL et al. (1958, 1962) using electric current.
OsTER (1970) attempted to illustrate the phosphene
sensation in colour,

Although a number of investigations have been
made to determine and explain the mechanism
generating magnetophosphenes there are still no
systematic studies of threshold values, influence of
background light, etc. Furthermore, the pheno-
menon is an interesting and well-established bio-
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magnetic effect which can provide a useful model
for the influence of magnetic fields on the nervous
tissue.

The aim of this work was to describe quantitatively
the nature of magnetophosphenes. Particular interest
has been paid to threshold values and the way in
which they are affected by background light.

2 Material and methods

In order to generate magnetophosphenes in
volunteers a special apparatus was constructed.
A U-shaped electromagnet as in Fig. 1 was built of
laminated iron plates. Each arm was fitted with a
coil of 115 turns of insylated copper wire with a
cross-section of 14-5mm?2. The coils were con-
nected in series. This gave a total resistance of
0-08Q and an inductance of 14-5 mH. The distance
between the poles of the magnet was made adjust-
able to ailow for differing widths of the heads of the
volunteers. The flux density in the airgap between
the poles of the magnet was inhomogenous (Fig. 1).
The shaded parts in Fig. 1 show the levels within
which the flux density varied over each retina. Since
the electromagnet was individually adapted the same
field gradient over the retina was obtained in each
experiment. The flux density in the airgap was varied
between 0-40 mT (r.m.s.) and was measured in the
vicinity of the retina (2 cm from the pole).

The sinusoidal voltage in the particular frequency
range of 10-50 Hz was obtained from a function
generator (Wavetek 134 Sweep Generator, USA).
The signal was amplified in a power amplifier (Briiel
& Kjaer, type 2708, Denmark) connected to the
electromagnet. An accurate determination of the
frequency of the field was obtained using a frequency
meter (Advance FElectronics Timer Counter TC6,
England). The flux density in the airgap was
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Fig. 1 The electromagnet and the specified relative
flux density in the pole gap. The shadowed
columns indicate the approximate position of

the eyes in the pole gap (all dimensions in mm)
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measured with a gauss meter (F. W. Bell 610Z,
USA).

The experiments were carried out with the
volunteer in the supine position. The U-shaped
magnet was placed with each pole near the temporal
area and in such a way that the same position
relative to the head could be obtained in repeated
experiments. Above the volunteer’s head was placed
at a distance of approximately one metre a hemi-
sphere 0-9 m in diameter with its inside facing the
volunteer. The inside of the hemisphere was painted
white and could be illuminated with broad-spectrum
light from a normal light bulb with wvariable
luminance. The hemisphere was necessary in order
to obtain a uniform neutral background when
studying the phosphenes under the influence of back-
ground light. The study also covered the dependence
of phosphenes upon three different colours of mono-
chromatic background light. The colours were
generated with the aid of special spectacles with
interference filters. The spectacles were completely
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Fig. 2 Threshold values for group | (11 volunteers)
with broad-spectrum light at luminance levels
darkness and 0-1 1-2 and 130 cd/m?
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sealed against stray light. To avoid condensation on
the inside of the interference filters an
imperceptible air current was passed over them. The
filters were Schott interference filters with centre
wavelengths of 443, 531 and 572 nm and half band-
widths of 10-14 nm. The filter wavelengths were
selected to correspond with the wavelengths at which
the human cone pigments show maximum absorp-
tion- (445, 535 and 570 nm, MARKS et al. (1964) or
450, 525 and 555 nm, BRowN and WALD (1964)).
Before beginning the experiment the volunteers
were informed on how magnetophosphenes are
experienced and how they probably arise. The
volunteers were also allowed to see the test programme.
After adjusting the electromagnet over the temples
to obtain the smallest possible airgap between the
head and the magnet, the experiments were begun
with a dark-adaptation period of 30 minutes. The
threshold values for magnetophosphenes in dark-
ness were then determined. The frequency of the
field was increased from 10 Hz to 50 Hz in steps of
5 Hz and was then decreased in a similar way.
For each frequency the flux density of the field was
increased until the test subject was able to say that
he clearly saw phosphenes. The flux density was
then decreased until the phosphene effect completely
disappeared and this threshold value was recorded.
The mean value was calculated from the two

. readings at each frequency. For each change in the

background luminance /colour the experiment
started with a luminance /colour adaptation period
of ten minutes. After each experiment the volun-
teer’s qualitative observations were recorded by
filling in a special form.

The study comprised four diffeient test groups.
Group I consisted of eleven healthy volunteers
(five women, six men), ten of them aged 20-30 and
one 40 years. In this group threshold values were
determined for magnetophosphenes in darkness as
well as against background light with luminance
values of 0-1, 1-2 and 130 ¢d /cm?2.

Group II consisted of eight healthy volunteers
(three women, five, men), aged 20-26. In this group
threshold values for magnetophosphenes were
recorded at frequencies of 20, 30 and 35 Hz during
dark-adaptation.

Fach experiment began with two minutes of
darkness followed by a five-minute pre-adaptation
period in light (130 c¢d/m?). The threshold values
for magnetophosphenes at the three frequencies
were measured before and immediately after the
light was extinguished and then every second minute
during dark-adaptation. The mean value was cal-
culated from the readings at the three frequencies.
The conventional dark-adaptation curve—i.e. with
photic instead of magnetic stimuli—was determined
following the same pre-adaptation luminance and
using a Goldmann-Weekers adaptometer.

Group III comprised six healthy volunteers with
normal colour vision (five women, one man) aged
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20-26 years. In this group the threshold values for
phosphenes were recorded with three discrete
background colours (443, 531 and 572 nm) and a
luminance of 3 ¢d /m?2.

Group IV comprised nine healthy but colour
defective volunteers (green-deficiencies: four deuter-
anopic, five deuteranomalous, all men) aged 19-25.
In deuteranomalous subjects the absorption maxi-
mum of the green-sensitive photopigment is dis-
placed towards that of the red-semsitive photo-
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Fig. 3 Comparison of dark-adaptation curves

(a) The dark-adaptation curve for magneto-
phosphenes. The mean value of the
thresholds at frequencies of 20, 30 and
35 Hz for each person were first calculated.
The curve represents the mean values for
eight volunteers -

(b) Example of a normal dark-adaptation curve
{photic stimuli) following a preadaptation
luminance of 130 c¢d/m?2. Mean value of
two experiments on two subjects
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pigment so that the basis of normal colour vision is
affected (PraNTANIDA and SPERLING, 1973 and
RusHTON ef al., 1973). Dueteraniopic subjects
probably lack the green-sensitive photopigment,
even if it cannot be wholly excluded that its absorp-
tion maximum is located so near that of the red-
sensitive one that the two cannot be distinguished
from each other (ALPERN and WAKE, 1977). It
therefore appears that the deuteranomalous and
deuteranopic cases are similar enough to be placed
in the same group, deutans. The threshold values in
this group were recorded under the same conditions
as for group IIL.

3 Results

The mean values for the threshold flux density as
a function of the frequency of the magnetic field are
given in Fig. 2. They were obtained for the eleven
volunteers in group I and for the following four
luminance levels: darkness and 0-1, 1:2 and
130 cd/m?. For each level of background light a
more or less marked sensitivity maximum was
obtained on the curve. In darkness the sensitivity to
the magnetic field was maximal at 30 Hz. With
increased luminance of the background light this
sensitivity maximum was displaced towards lower
frequencies. At the highest luminance (130 cd/m?)
this effect was less clear. In certain volunteers a
sensitivity maximum was obtained at 20 Hz while in
other subjects the maximum was recorded at higher
frequencies. This explains the flat section of the
130 ¢d /m? curve at higher frequencies.

The results show that magnetophosphenes occur
even at relatively moderate flux densities. Many
industrial processes, for example, various welding
applications, generate magnetic fields of the same
flux densities as those used to arouse phosphenes
(L5VSUND et al., 1978).

The results of the dark-adaptation experiments
are given in Fig. 3a which shows the mean values
for eight volunteers. The mean values for threshold
determinations at frequencies of 20, 30 and 35 Hz
has been used for each subject.

The sensitivity curve for magnetophosphenes
during dark-adaptation assumed the asymptote’s
value after approximately 16 minutes. The adapta-
tion curve for magnetophosphenes shows a very
small sensitivity decrease whose progress is remini-
scent of the inverse of the normal dark-adaptation
curve for light stimuli. With the weak pre-adaptation
light used here, the latter curve approached the
asymptote after approximately 15 minutes as shown
in Fig. 3b (cf. also RusATON and PowELL, 1972).

In order to confirm that the change in the threshold
values during dark-adaptation were in fact a result
of this and not of the iterated magnetic stimulations,
the experiment was repeated but against a continuous
background light. No change in the threshold values
as a function of time was found.

Fig. 4 shows the threshold value curves for test
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group IIT with background light of three discrete
wavelengths. For each of the three colours there
were sensitivity maxima both at 20-25 Hz and above
40 Hz.

The results from test group IV are shown in
Fig. 5. No principal difference in the threshold curves
for the two subgroups of colour defective volunteers
could be detected, and they were therefore combined
into a single group. A sensitivity maximum at 20 Hz
occurred for all background colours. Only at
443 nm was there a development of a further maxi-
mum from approximately 40 Hz, but also with this
background light the sensitivities at 25-40 Hz were
lower than the corresponding values for test group
III (significant differences (p < 0-05) at 25 and
30 Hz and also at 15 Hz).

Against the 572 and 531 nm backgrounds the
sensitivities at 35 and 40 Hz were significantly lower
in group IV than in group ITI (p < 0-05). When the
threshold values for all three wavelengths were

combined, significant differences (p < 0-05) between
the two groups were likewise obtained at the 35 and
40 Hz frequencies.

Virtually all the volunteers noted tiredness and
some reported headaches after the experiment.
Some experienced after-images which were generally
of only of short duration following exposure to the
magnetic field. In one case, however, they persisted
up to ten minutes after the experiment. Individual
volunteers reported spasms of the eye muscles,
probably arising from stimulation by the field.

4 Discussion

Possible anatomical locations for the neuronal
stimulation lending to phosphenes have long been
discussed in the literature relating to this subject.
Dunrap (1911) and FLeiscHMANN (1922) suggested
the optic nerve or visual cortex. BARLOW er al.
(1947a), however, conducted experiments whose
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results strongly indicated that the phosphenes were
generated through a stimulation of the retina.

In order to clarify further the problem of phos-
phene generation two totally blind subjects were also
examined. One was blind as a result of retinitis
pigmentosa, a disease in which retinal changes
primarily affect the photoreceptors and pigment
epithelium. This patient may therefore have had at
least partially conserved bipolar and ganglion cell
layers in the retina. The patient experienced phos-
phenes but no threshold value curve could be deter-
mined since the patient had pronounced and
persistent after-images. The fact that the. patient
experienced phosphenes may indicate that these
were not generated in the receptors. The other blind
person had had both eyes removed as a consequence
of glaucoma. This person experienced no phos-
phenes, which supports the view that these are
generated through a stimulation of the retina and
not through a direct stimulation of the visual centres
of the brain.

Another visual phenomenon of the same principal
type as magnetophosphenes is that known as electro-
phosphenes, i.e. phosphenes aroused by an electric
current. These can be generated easily by an electric
current passed between two electrodes placed on
the skin near the eye. Electrophosphenes occur at
fairly low currents and within approximately the
same frequency range (10-100 Hz) as in generation
of magnetophosphenes. Electrophosphenes have
been studied by a number of authors (for a survey
see e.g. CLAUSEN, 1955; SEIDEL, 1968; MOTOKAWA,
1970). Threshold values for the relationship between
frequency and current strength have also been given
by various authors (ROHRACHER, 1935; SCHWARZ,
1947; MoTtokAWA and IwaMaA, 1950; ABE, 1951).

BArRLOW ef al. (1947a) have pointed out several
similarities between the phosphenes produced by
electric and magnetic stimulation and suggest that
both forms of stimulation activate the same retinal
elements. Probably the fluctuating magnetic field
induces intra- and extracellular currents polarising
synaptic membranes and causing changes in synaptic
transmission similar to those taused by electric
stimulation and by light. It seems probable that the
induced currents in the first place affect populations
of elongated and regularly oriented cells normally
responding with graded potentials of relatively low
amplitude. The receptors and the horizontal and
bipolar cells of the retina fulfil these requirements
(WERBLIN and DowLING, 1969; KaNEkO, 1970). The
retinal amacrine and ganglion cells are structurally
and functionally similar to the neurons of the visual
cortex of the brain (SHEPHERD, 1974), where no
magnetophosphenes can be aroused even when high
field strengths are used (BArRLOwW er al., 1947a).
Thus a direct magnetic stimulation of them seems
less probabile.

Studying electrically evoked potentials in the
frog’s eye KNIGHTON (1975) concluded that in that
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preparation electrical stimuli act primarily on the
synaptic terminals of the photoreceptor cells. The
observation in this study of magnetophosphenes
perceived by a blind person suffering from retinitis
pigmentosa suggests, however, that the receptors
are not the only retinal structures affected. Ports
and Inoue (1970), studying cortical potentials
evoked by photic and electric stimulation of the rat
eye, have reported a similar finding: rats with a
congenital retinal dystrophy which destroyed the
photoreceptor cells had no visually evoked response
but still had a normal electrically evoked response.

The sensitivity maxima for phosphenes which
appeared when the threshold flux density was
plotted as a function of the frequency of the magnetic
field (Fig. 2) can probably be explained on the basis
of the law of induction, whence it follows that the
current density is proportional to the magnetic
flux density mutliplied by the frequency. For the
magnetic flux density this gives a curve showing a
falling threshold forwards higher frequencies, if it
is assumed that a constant current density is
necessary for the generation of phosphenes. If we
further assume that the synaptic processes need
a certain summation time it is obvious that the
threshold will rise again when the summation time
with increasing frequency becomes very short. This
interpretation of the magnetic threshold curves is
supported by an inspection of published data giving
thresholds for sinusoidal (electric) a.c. currents as a
function of frequencies (SCHWARZ, 1947). In con-
trast to our magnetic thresholds these electric
threshold curves show a maximum sensitivity for
dark-adapted eyes at or below 10 Hz and for light-
adapted eyes (149 cd/m?) the sensitivity is much
lower at 40 Hz than at 20 Hz (Fig. 6a). When these
threshold values for electric current are divided by the
a.c. frequency, however, we obtain curves which are
very similar to the magnetic threshold curves
obtained in this study (compare Fig. 6b with Fig. 2,
darkness and 130 cd /m?).

The above presentation (Fig. 6a) further shows
that, in the light-adapted eye, there is a mechanism
which also decreases the electro-sensitivity towards
very low frequencies (<20 Hz). In the magneticexperi-
ments this effect appears as a very rapid sensitivity
loss when going from 20 to 10 Hz.

The two-humped curves which appeared when the
threshold experiments were conducted with back-
ground light of varying wavelengths (Fig. 4) can be
interpreted as the result of a combination of two
basic curveswith different current density thresholds
and different requirements on summation time. In
this case the two basic curves would represent two
different mechanisms or ‘channels’ in the retina, one
sensitive and slow and the other less sensitive but
faster and thus able to follow higher frequencies.

In fact, some psychological investigations and a
large number of electrophysiological studies of the
retinal ganglion cells in cats and monkeys suggest
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that there are two sets of channels in the mammalian
visual system. One is sustained and slow and signals
the colour of a stimulus when stimulated with
coloured lights. The other gives transient responses
at the onset of light and responds to higher temporal
frequencies (KING-SMITH, 1975; ToLHURST, 1977).
On the ganglion cell level the first class probably is
represented by the X and the second by the Y cells
(DE MoNAsTERIO, 1978). Further, it is obvious that
the X and Y ganglion cells receive their signals from
different sets of presynaptic elements (HOCHSTEIN
and SHAPLEY, 1976; DE MONASTERIO, 1978). It is
thus tempting to think that the maximum at
20-25 Hz is due to a stimulation of a set of retinal
cells, possibly bipolars, feeding into X ganglion
cells, while the maximum above 40 Hz is due to
elements feeding into Y cells. One can also speculate
about the possibility that the two maxima could be
related to the fact that the scotopic rod system and
the blue-sensitive cone mechanism have their fusion
frequencies at 10-20Hz, when stimulated with
flickering light, while the green- and red-sensitive
cone mechanisms fuse at 50-60 Hz (HecHT and
SHLAER, 1936; BRINDLEY ef al., 1966; the same
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mechanisms could have somewhat higher fusion
frequencies when stimulated magnetically as they
are then freed from delays caused by visual pigment
processes). This hypothesis obtains some support
from the observation that (against certain back-
grounds) deuteranopic and deuteranomalous
observers show somewhat lower sensitivities at 35
and 40 Hz than normal observers (Figs. 4 and 5).
Combining the above hypotheses we suggest that
the maximum above 40 Hz could reflect the activa-
tion of Y ganglion cells through the synaptic
endings of green- and red-sensitive cones.

Since electric and magnetic stimuli bypass the
photochemical machinery of the receptor outer
segment, they provide a useful tool for studying
possible neural changes during light- and dark-
adaptation of the retina. Some authors have stressed
the importance of receptor and visual pigment
processes for the intermediate and slow phases of
the dark-adaptation curve (DoNNER and REUTER,
1968; RusHTON and PowkLL, 1972; DoONNER and
HemiLA, 1979), while others have pointed out that
in addition to pigment processes in the receptors
there are, in the skate retina, indications of slow
adaptive processes located within the neural network
of the inner retina (DowLING and Ripps, 1977).

BarLow er al. (1947h) who studied the electric
and light thresholds of the human eye during dark-
adaptation, found that when a strong background
illumination is turned off, the electric threshold
suddenly decreases, i.e. the sensitivity increases.
After that, however, they observed a slow fourfold
rise of threshold resulting in a sensitivity slightly
lower than that found in the presence of the strong
background illumination. Thus the sensitivity to
electric stimulation decreased while the sensitivity to
light increased by more than two logarithmic units
(the authors review a number of earlier studies
reporting similar observations).

Measuring magnetic (and light) thresholds we
obtained very similar results. In the presence of
a 130 cd /m? background the thresholds at 20-35 Hz
were 11 mT. Immediately after turning off this light
the threshold was found to be 10 mT after which it
slowly rose to 15-16 mT (Fig. 3a). Thus the threshold
for magnetic stimulation increased by a factor of
about 1-5 while the light threshold measured in the
same conditions decreased by a factor of more
than 10 000.

We can conclude that the elements responsible
for the slow dark-adaptation processes seem to lie
before the ‘magnetoreceptors’ in the optic pathway.
Thus our results give no evidence for a slow increase
of sensitivity within the neural network of the human
retina.

The slight decrease in sensitivity (0-2 log units) to
magnetic stimuli, which has been observed during
the slow dark-adaptation process, roughly follows
the progress of the regeneration of rhodopsin in the
retinal rods (see ALPERN, 1971). This decrease could
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be due simply to slight changes in rod dimensions
affecting the flow of the induced currents, or possibly
to an increase of the noise level of the receptors and
the bipolar cells (cf. SIMON er al., 1975; ASHMORE
and Faik, 1976).
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