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Magnetically Evoked Retinal Responses

Sven Erik G. Nilsson

Light sensations evoked by stimuli other than inci-
dent photons are called phosphenes. In general,
such sensations appear as a faint, flickering light in
the periphery of the visual field. Phosphenes may be
elicited by different stimuli, such as pressure upon
the eye, mechanical shock, certain chemical agents,
electric currents (electrophosphenes), and magnetic
fields (magnetophosphenes).** Magnetophosphenes
were first documented by D’Arsonval.® Early studies
mainly concerned the location in the visual field and
the appearance of the light sensation.> & ?°

A number of biological effects induced by static
fields and high magnetic flux densities (e.g., survey
by Kholodov'') or by alternating fields, generally
concerning microwaves and radio frequency radia-
tion (e.g., review by Glaser et al.'%, have been de-
scribed or proposed. Magnetophosphenes, how-
ever, show a reproducibility that is better than that
of most other magnetobiological phenomena, which
makes the retina a valuable model for studying the
biological effects of magnetic fields on nervous tis-
sue. Magnetophosphenes are elicited by the influ-
ence of magnetic flux densities from about 10 mT
milliteslas (mT) and at frequencies of 10 to 100 Hz.

THRESHOLDS AND SENSITIVITY
MAXIMA OF MAGNETOPHOSPHENES

Magnusson and Stevens® found that magneto-
phosphenes depend upon the intensity and fre-

quency of the magnetic field. We have studied the
threshold relations systematically.'” ! Magneto-
phosphenes were induced by applying time-variable
(10 to 50 Hz) electromagnetic fields with flux densi-
ties of 0 to 40 mT over the temples of volunteers.
Phosphenes were elicited from about 10 mT with a
sensitivity maximum at 30 Hz in darkness (Fig
47-1). With higher luminance levels (0.1 and 1.2 cd/
m?, respectively) the sensitivity maximum moved to-
ward lower frequencies (25 and 20 Hz, respectively).
During dark adaptation, after preadaptation to a lu-
minance of 130 cd/m?, there was a small but signifi-
cant (P < .05) decrease in sensitivity from about 10
to 16 mT that approximately followed the time
course of dark adaptation (Fig 47-2).

It seems that the sensitivity maxima may be ex-
plained on the basis of the law of induction, from
which it follows that current density is proportional
to the magnetic flux density multiplied by the fre-
quency. Going from low to higher frequencies, the
threshold value should decrease, assuming that a
constant current density is necessary for phosphene
generation. If one further assumes that a certain
summation time is required for synaptic processing,
it becomes clear that the threshold will increase
again when, with increasing frequency, the summa-
tion time becomes very short. The small decrease in
sensitivity during dark adaptation may be due to an
increase in the retinal noise level.

When volunteers with normal color vision were
tested against three discrete background colors (443,
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FIG 47-1.

Magnetophosphene threshold values for a group of 11 volunteers were determined in darkness or with a broad-spectrum
background light at luminance levels of 0.1 or 1.2 cd/m?, respectively. (Adapted from Lévsund P, Oberg PA, Nilsson SEG, et

al: Med Biol Eng Comput 1980; 18:326—334.)

531, and 572 nm) at a luminance of 3 cd/m* regard-
ing thresholds for magnetophosphenes, they were
found to have two sensitivity maxima, one at 20 to
25 Hz and a second one above 40 Hz (Fig 47-3)."% %'
On the contrary, color-defective volunteers of the
deutan type showed only one maximum (at 20 to 25
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FIG 47-2.

Magnetophosphene threshold values determined during
dark adaptation. Values are averages of results with fre-
quencies of 20, 30, and 35 Hz; mean values for 8 volun-
teers are presented. (From Lévsund P, Oberg PA, Nilsson
SEG: Acta Ophthalmol 1979; 57:812—821. Used by permis-
sion.)

Hz) when looking at the 531- or 572-nm back-
grounds, whereas both maxima were present when
they were tested against the 443-nm background.

The two-humped curves in normals may possibly
be interpreted as a combination of two curves with
different thresholds to current density. These two
curves could represent two different “channels” in
the retina, one sensitive and slow and the other one
less sensitive but faster, thus able to follow higher
frequencies. This hypothesis receives some support
from the fact that deutans do not show the second
hump, which may indicate that in deutans the func-
tion of the second channel differs from that in nor-
mals.

PHOSPHENE-RELATED MAGNETIC
FIELDS IN THE ENVIRONMENT

Are there magnetic fields in the environment with
flux densities above the threshold (about 10 mT) for
phosphenes and with frequencies from 10 to 100
Hz? Welding machines (0 or 50 Hz) generally have
magnetic flux densities up to 10 mT, but in certain
cases the density may be as high as 130 mT" '® "
(Hansson Mild, personal communication). A volun-
teer with his head covered so as to exclude all light
experienced magnetophosphenes close to a welding
machine with a flux density of about 10 mT. Elec-
trosteel furnaces (1 to 600 Hz) generate flux densi-
ties up to 10 mT, except for induction heaters (50 to
10,000 Hz), which may have densities up to
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FIG 47-3.

Magnetophosphene threshold values for a group of six volunteers with normal color vision (top row) and for a group of nine
color-defective (deutans) volunteers (bottom row). Background light was at wavelengths of 572, 531, or 443 nm, with a lumi-
nance level of 3 cd/m?. (Adapted from Lévsund P, Oberg PA, Nilsson SEG, et al: Med Biol Eng Comput 1980; 18:326-334.)

70 mT.'® ' Flux densities around industrial demag-
netizers (50 Hz) and in electric locomotives (16.7 Hz)
may be as high as 50 mT.!”" > The earth’s magnetic
field (static) has a flux density (<0.1 mT) far below
the threshold of phosphenes.'® '?

COMPARISON OF
MAGNETOPHOSPHENES AND
ELECTROPHOSPHENES

The sensitivity curves for electrophosphenes
(electrode position, temple-temple; current fre-
quency, from 10 to 45 Hz; current strength, 0 to 0.3
mA) and for magnetophosphenes (magnet poles,

temple-temple; frequency, 10 to 45 Hz; magnetic flux
density, 0 to 40 mT) tested with a broad-spectrum
background light at a luminance of 3 cd/m? are
shown in Figure 47-4,A.% In both cases the sensi-
tivity maximum is located at 20 Hz. There are small
but significant (P < .05) differences between the
curves from 10 to 17 Hz and from 25 to 30 Hz, but a
very pronounced difference from 35 to 45 Hz.
According to the law of induction, the induced
current density is directly proportional to the mag-
netic field and the frequency. Thus it is possible to
calculate the magnetic flux density required to in-
duce the necessary current density by dividing
threshold values (current density) for electro-
phosphenes by frequency. In this way, a theoretical
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FIG 47-4.

A, threshold values for magnetophosphenes and electrophosphenes for a group of 11 volunteers under broad-spectrum back-
ground light at a luminance level of 3 cd/m?. B, same as A, but with an additiqnal curve, where the threshold values for elec-
trophosphenes have been divided by the frequency values. (From Lévsund P, Oberg PA, Nilsson SEG: Med Biol Eng Comput

1980; 18:758—-764. Used by permission.)

threshold value curve for magnetophosphenes is ob-
tained. The theoretical and recorded magneto-
phosphene curves show a fairly good conformity
(Fig 47-4,B).

THE POSSIBLE SITE OF GENERATION
OF MAGNETOPHOSPHENES

The possible anatomical site of generation of mag-
netophosphenes has been a subject of speculation.
Dunlap® and Fleischmann® suggested the optic
nerve and the visual cortex, whereas Barlow et al.?
considered the retina as the likely site of action. Val-
entinuzzi®* developed mathematical models to aid
further analysis of phosphenes on the assumption
that they are generated in the retina.

Electrophosphenes were studied in detail earlier
than magnetophosphenes (e.g., review by Knigh-
ton'*). Both phosphenes show several similarities.
On this basis, Barlow et al.? proposed that they are
generated in the same retinal structures. It is likely
that the alternating magnetic field induces intracellu-
lar and extracellular currents in the retina that
change membrane potentials and synaptic activity in

the same way as light or electric stimulation. It
might be suspected that elongated and regularly ori-
ented cells such as the photoreceptors, bipolar cells,
and perhaps horizontal cells would be more sensi-
tive to induced currents than other cells. Regarding
the generation of electrophosphenes, photoreceptors
and bipolar cells are favored by Brindley,* photore-
ceptors and horizontal cells by Knighton,'?='> bipo-
lar and horizontal cells by Potts and Inoue,?® and
glial cells by Carpenter.”

We studied two totally blind subjects.”’ One of
them suffered from retinitis pigmentosa at a stage
when all photoreceptors seemed to have degener-
ated. There are reasons to believe that in such pa-
tients the bipolar and ganglion cells survive, at least
partially.”® This patient experienced magneto-
phosphenes, faint but definite and with pronounced
afterimages. It appears that these phosphenes could
not have been generated in photoreceptors, more
probably in bipolar cells. This experiment does not
exclude photoreceptors as a site of generation of
magnetophosphenes, but it seems to indicate that
magnetophosphenes may originate in other cells be-
sides photoreceptors. Similar results were found by
Potts and Inoue,?® who demonstrated in rats with



Dk

(100001ux,3s)

Magnetically Evoked Retinal Responses 367

-

S

5 Ll off-response .
2 3 Time(s)

8 7

Q @agnetic field on

w

o (50mT,20Hz, 4s)

=

z

o -

< Time(s)

3

FIG 47-5.

5

Action potentials from an on/off ganglion cell after cessation of stimulation with light or a magnetic field, respectively. (From
Lévsund P, Oberg PA, Nilsson SEG: Med Biol Eng Comput 1981; 19:679-685. Used by permission.)

photoreceptor dystrophy that a normal electrically
evoked response could be obtained in spite of the
fact that there was no visually evoked response. The
second blind subject we studied had both eyes re-
moved long ago because of absolute glaucoma. This
patient did not experience magnetophosphenes.?!
The result favors the notion that magneto-
phosphenes are generated in the retina and not in
the brain.

We performed extracellular recordings from gan-
glion cells in a frog eyecup preparation in connec-
tion with light and magnetic stimulation (flux densi-
ties up to 80 mT; frequencies, 20, 25, and 30 Hz).'®
Stimulation with 20 Hz gave rise to a larger number
of action potentials than the other frequencies used.
The latency from light stimulus to response to light
was significantly (P < .05) increased by a mean of 4
ms when the preparation was simultaneously ex-
posed to the magnetic field. The ganglion cells re-
sponded to magnetic stimulation only upon “on,”
“off,” or “on/off.” There was an important difference
between magnetic and light stimulation, however,
in that the cells that were on-cells in response to
light stimulation became off-cells in response to
magnetic stimulation and vice versa. Furthermore,
the interval between light stimulus and response in
on/off-cells was 85 ms on average, whereas the inter-
val was about 5 ms only when magnetic field stimu-
lation was used. Figure 47-5 demonstrates the simi-
larity between off-responses from an on/off-cell
upon light and magnetic field stimulation, respec-
tively. Taken together, the results show definite sim-

ilarities between the responses to both types of stim-
uli but also clear-cut differences. It seems that the
same retinal channels are used, but in somewhat dif-
ferent ways.

When Na-aspartate, 0.1 mL of a 10mM solution,
or CoCl,, 0.1 mL of a 2mM solution, was added to
the frog preparation, the responses to light as well
as to magnetic field stimulation disappeared. If the
responses reappeared later, they did so simulta-
neously for both stimuli. The abolishment of the re-
sponses seems to favor an action of the magnetic
field stimulation on the photoreceptors since aspar-
tate is considered to break the connection between
the photoreceptors and the following neurons,”” 26 %/
and since CoCl, blocks most of the activity proximal
to the photoreceptors (Tomita T, personal communi-
cation). However, the effects of aspartate and CoCl,
are still not quite clear. In summary, it seems likely
that magnetophosphenes are generated mainly in
the photoreceptors but that other cells, e.g., bipolar
cells, may be excitable to a certain extent as well.
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