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Abstract

We review the scientific data available on the ability of humans to perceive static
magnetic fields with intensities comparable to the intensity of the natural geo-
magnetic field. It is currently assumed that birds have at least two independent
magnetoreceptory systems. Various authors have reported the existence of the
sensory ability to perceive the Earth’s magnetic field and to use it for spatial
orientation in different species of mammals. The question of whether this abil-
ity exists in humans has been raised repeatedly. During the past 40 years, seri-
ous scholarly titles have published the results of behavioral studies on humans'
ability to perform homing to their home range by magnetic cues, of the ability
to point towards a certain magnetic compass direction, and claims of magnetic
modulation of the ability to discriminate weak light flashes. Several research
groups have tried to find out whether brain bioelectric activity responds to
changes in the stationary magnetic field. Cortical activation following changes
in the static magnetic field, which suggested transduction of the changes in
the Earth’s magnetic field into neural responses, was found by analyzing event-
related synchronization/desynchronization. However, no behavioral manifesta-
tion for the putative magnetoreception in humans is evident. All attempts to
detect behavioral responses to magnetic field changes in humans have been
less than convincing.
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Introduction

Humans are known to lack the sensory ability to perceive the magnetic field, at least
the conscious ability. This fact was one of the reasons why all suggestions and reports
of magnetoreception in animals have been met with skepticism by many researchers.
The suggestion that migrating birds may use geomagnetic information for orienta-
tion during their seasonal movements has been forwarded as early as mid-19th cen-
tury (von Middendorft, 1855). In the 1960s the ability to orient by Earth’s magnetic
field was shown in songbirds by behavioral experiments (Wiltschko, 1968; Wiltschko
and Wiltschko, 1972). The first reports met skepticism that bordered on accusations
of pseudoscience. The well-known student of avian migration and orientation Victor
Dolnik wrote that ‘all studies of non-celestial (i.e., magnetic — Authors) orientation
in birds are not more successful than the studies of human telepathy’ (Dolnik, 1973).
An important contribution leading to the general acceptance of magnetoreception
studies was, first, publication of the results of avian orientation studies in Science
(Wiltschko and Wiltschko, 1972) and second, the joint publication by Roswitha and


mailto:nikita.chernetsov@gmail.com
https://doi.org/10.21638/spbu03.2021.208
https://doi.org/10.21638/spbu03.2021.208

172 BIOLOGICAL COMMUNICATIONS, vol. 66, issue 2, April-June, 2021 | https://doi.org/10.21638/spbu03.2021.208

Wolfgang Wiltschko and their U.S.colleagues from the
group of Stephen Emlen, who was initially very cautious
towards the reports of a magnetic compass in birds, but
was subsequently persuaded by the robust experimental
evidence (Emlen et al., 1976).

It is currently assumed that birds possess at least
two independent magnetoreceptory systems with dif-
ferent biophysical bases, localized in different parts of
the body and with a different neuroanatomical basis
(Mouritsen et al., 2016; Mouritsen, 2018). One sys-
tem is believed to be localized in the retina and may be
based on light-dependent biradical chemical reactions
with cryptochrome as the sensory molecule (Hore and
Mouritsen, 2016). Information from this magnetorecep-
tor is processed in the specialized part of visual Wulst,
the so-called cluster N. There are reasons to believe that
this vision-based magnetoreceptor enables perception
of compass information which is necessary for long-
range orientation of migratory birds (Mouritsen, 2018).
The second magnetoreceptory system is probably based
on the magnetic properties of iron oxide(s) (biogenic
magnetite), is located somewhere in the upper beak,
with the exact location and ultrastructure of receptors
unknown, and is innervated by the ophthalmic branch
of the trigeminal nerve. This system may participate in
spatial representation and form the basis of a kind of a
map, or less sophisticated beacons, based on the regular
variation of the geomagnetic field (Heyers et al., 2010,
Pakhomov et al., 2018; Kobylkov et al., 2020).

Many authors have reported the use of the magnetic
compass and alignment of the body axis along magnetic
lines in animals other than birds, including the follow-
ing mammals: rodents (Deutschlander et al., 2003; Phil-
lips et al., 2013; Malewski et al., 2018), bats (Holland et
al., 2006), ungulates (Begall et al., 2008), canids (Bene-
diktova et al., 2020) and many others, reviewed by Begall
et al., 2014. Naturally, the question of the existence of a
similar sensory modality in humans has been raised.

In this contribution, we review the studies on the
ability of humans to perceive the static magnetic field with
parameters comparable to those of the geomagnetic field
in a relatively natural behavioral context. The total inten-
sity of the geomagnetic field varies from ca. 60 puT near the
magnetic poles to ca. 30 puT near the magnetic equator, lo-
cally down to 24 uT (Skiles, 1985). In the southern hemi-
sphere the magnetic lines are directed upwards, near the
magnetic south pole (which does not coincide with the
geographic South Pole) vertically upwards, and at lower
magnetic latitudes under an increasingly obtuse angle. At
the magnetic equator, the geomagnetic lines run parallel
to the surface — this is actually the definition of the mag-
netic equator, which does not coincide with the geogra-
phic equator. In the northern hemisphere, the magnetic
lines are directed downwards, and on the magnetic North
Pole vertically downwards (Skiles, 1985).

The impact of strong magnetic fields on humans
is used in clinical practice and is known as transcra-
nial magnetic stimulation (TMS; Schlaepfer and Kosel,
2004). A magnetic coil is placed on the scalp above cer-
tain brain zones, and an electric pulse generator gen-
erates a changing electric current within the coil that
induces a magnetic field with an intensity ca. 1.5-3 T,
which is stronger than the geomagnetic field by five or-
ders of magnitude. The physiological bases underlying
modulations induced by TMS and rTMS have not been
elucidated clearly. The alternating magnetic field pen-
etrates the skull by 1.5-3 cm, depending on frequency,
and induces the electric current; it depolarizes superfi-
cial axons and activates networks in the cortex. Trans-
mission of the signal through synapses to excitatory and
inhibitory neurons can cause responses of various types
(Huerat and Volpe, 2009; Bortoletto et al., 2015). The
neurophysiological effect of TMS is governed by local-
ization, intensity and duration of stimulation.

Application of TMS in research and clinical practice
is increasing. TMS is used in treatment and rehabilitation
neurological and psychiatric diseases, e.g., epilepsy, mi-
graines, Parkinsons disease, strokes, muscular dystonia,
speech disorders, etc. (Evstigneev and Kisten, 2013; Be-
lopasova et al., 2015; Chervyakov et al., 2015; Charnukha
etal., 2016; Misra et al., 2017), and also mental conditions
(Hoffman et al., 2000; Perera et al., 2016). It should, how-
ever, be emphasized that the biological effect of TMS is
based not on perception of the magnetic field and pro-
cessing of the signal, but on the direct electric stimulation
of cortical neurons. Therefore, we do not include TMS in
this review, but rather focus on the studies whose authors
attempted to study sensory perception of the static mag-
netic field by humans. This topic is much more debatable.

Before discussing the arguments in favor of the
existence of a special sensory system in humans that
perceives changes in magnetic fields, it is necessary to
define the concept of “sensory system”. The perception
of any external information begins with the effect of the
stimulus on the receptor cells. The receptors are charac-
terized by specificity, i.e., they demonstrate a response to
signals of a certain modality, to which they were adapted
in the course of evolution. This position is reflected in
Johannes Miiller’s concept of “specific sense energies’,
according to which sensation is determined by a sensory
organ, not by a sensory signal (Norrsell et al., 1999). The
information from the receptors reaches the projection
fields of the cerebral cortex, where sensation is formed,
which is understood as the mental reflection of individ-
ual properties of objects under the direct action of the
stimulus on the receptors (Gippenreyter et al., 2002).

The neurophysiological basis of sensation is anal-
ysis, i.e., the perception of qualitative and quantitative
signs of a signal. The result of the analyzers’ work is the
transformation of these signs into certain sensory quali-
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ties, which in turn are the mental characteristics of the
same signal (Schmidt, 1981). Sensations allow us to de-
termine the modality, duration, intensity and spatial lo-
calization of the stimulus. The emergence of sensations
is the result of the work of analyzers (sensory systems)
(Schmidt, 1981; Kulbach and Zavarzina, 2019).

Humans and non-human animals perceive by far not
every environmental signal. Analyzers formed in humans
in the course of evolution provide a sensory representa-
tion of the world that is typical of humans. Obviously, to
test the hypothesis that humans have the ability to perceive
changes in magnetic fields, a whole array of studies should
be carried out. It is necessary not only to find the corre-
sponding receptors, but also to determine the involvement
of the cortical areas of the brain in the formation of sensa-
tion. It can be identified by recording a certain behavioral
response to the perceived stimulus. A possible direction is
electrophysiological studies, using registration of changes
in the electroencephalogram parameters in response to
changes in the magnetic field parameters.

Behavioral studies in humans

Homing is the ability of an animal to return to the indi-
vidual home range after translocation at distances that
obviously exceed the size of the familiar area. Homing
experiments are a widely accepted and long-established
method of studying animal navigation (Riippel, 1944;
Chernetsov et al., 2004; Thorup et al., 2007; Benediktova
et al., 2020), and there is no reason why humans should
be an exception.

In 1980, Robin Baker claimed that students of the
University of Manchester were able to correctly show the
direction towards their ‘home area’ (university campus) af-
ter being displaced by car for the distance varying from 6 to
52 km (Baker, 1980). During displacement, the students
were blindfolded and the minibus was driven three times
round a roundabout before a particular exit was taken, to
make path integration more difficult. In similar experi-
ments performed in Yorkshire, high school students (16—
17 years old) statistically significantly preferred the cor-
rect direction towards their hometown of Barnard Castle.
However, only the participants with brass bars fixed at the
back of their heads made the correct choice, whereas the
participants with magnetic bars of similar size and mass
were not able to point to the correct homeward direction
(Baker, 1980). These data allowed the author to claim the
role of magnetoreception in human homing behavior.

These results, published in Science, and subsequent
experiments of the same author (Baker, 1981, 1985) trig-
gered a heated discussion and multiple attempts of inde-
pendent reproduction (Gould and Able, 1981; Able and
Gergits, 1985; Dayton, 1985; Gould, 1985). Summing up,
in contrast to claims by Robin Baker (Baker, 1987), the
results of his studies of homing in humans (in this case,

strictly speaking, the phenomenon studied was not hom-
ing, i.e., the ability to actually return to the home area, but
rather the ability to point to the homeward direction af-
ter displacement) were not replicated either by himself or
by fellow researchers (Fildes et al., 1984; Westby and Par-
tridge, 1986; Finney, 1995). To emphasize, it was not the
role of magnetic bars (i.e., the potential magnetic sense)
that could not be reproduced, but simply the ability of hu-
mans to correctly determine homeward direction under
controlled conditions. Many anecdotes to this effect are not
sufficient: under controlled experimental conditions, the
phenomenon was not replicated. The explanations of the
discrepancies ranged from pitfalls in the statistical analysis
(Dayton, 1985) to careful suggestions of unconscious bias
by the researcher and lack of double-blind protocol.

Even if we disregard the problem of non-reproduc-
ibility of results, the results raise questions anyway. The
author called the behavior he studied ‘goal orientation’
(Baker, 1981). However, a closer look at the experiments,
by Baker and by other authors who tried to reproduce his
results, shows that all of them studied the positioning sys-
tem in humans: the participants were asked not to point
to the cardinal directions, but to the direction towards
their goal, i.e., where their home range was in respect to
their current location. Today this ability is usually called
navigation, which is defined as the ability to use the map,
or positioning system (Chernetsov, 2016; Mouritsen,
2018). Baker’s data suggest a role for magnetoreception
in human positioning mechanisms. If we accept these
results as valid and reproducible, the most parsimoni-
ous explanation for them would be the magnetic map
in humans, i.e., use of gradients of the geomagnetic field
parameters for positioning in respect to the goal of dis-
placement. However, it should be kept in mind that the
scale of displacements of humans, either in Manchester
experiments by Robin Baker (6-52 km) or in Princeton
experiments in North America that attempted to repli-
cate Manchester experiments (5-33 km) (Gould, 1985),
was at the lower border of the magnetic map resolution,
theoretically possible in the best-case scenario (Komolkin
et al,, 2017). The analysis based on long-term (>25 years)
monitoring of the natural fluctuations of the geomagnetic
field showed that even if the magnetic field parameters,
i.e., total intensity and inclination, are measured by hu-
mans or any other animals perfectly accurately (which is
certainly impossible), the theoretically achievable spatial
resolution of positioning varies from 25-35 km in some
areas and down to 5 km grain in others, depending on
the steepness of magnetic intensity gradient, which var-
ies geographically. If we make a more realistic assumption
of field intensity measurement with 0.1 % accuracy (to ca.
50 nT'), the accuracy of positioning degrades to 65-80 km
in some areas and 43 km in others (Komolkin et al., 2017).
A putative magnetic map can hardly be useful for spatial
navigation at the scale of Baker’s experiments.
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In a recent study, participants (20 males aged 19-
33 years and 21 females aged 19-23 year) were asked to point
by hand towards the magnetic North, which may have been
rotated in respect to the geographic North by magnetic coils
(Chae et al., 2019). Each participant underwent 20 tests in
a rotating chair, the results of which were averaged and the
mean used in the second-order analysis. The authors report-
ed that food-deprived males, but not females, significantly
preferred the magnetic direction that had previously been
food-associated. Without food deprivation, neither gender
was able to establish such an association (Chae et al., 2019).
Gender bias in magnetic orientation the authors cautiously
interpret as result of stronger selection for orientation abili-
ties in prehistoric male humans who were dominantly re-
sponsible for gathering or hunting for food.

The authors reported that even though the partici-
pants pointed towards the magnetic direction with their
eyes shut, this ability disappeared if their eyes were addi-
tionally covered by black blindfold, or if the participants
wore goggles that did not let short-wavelength light in
(<500 nm). The authors interpreted these results as sug-
gesting that human magnetoreception is short-wave-
length light dependent and probably based on the mag-
netochemical features of cryptochrome, as it is widely
assumed for one of the avian magnetoreceptory systems
(Mouritsen, 2018). The authors believe that light that
penetrates the eyelids is sufficient for light-dependent
magnetoreception in humans.

These data need independent verification. A de-
tailed inspection of the key result, according to which
hungry men can correctly choose the right magnetic di-
rection (which is presented in Fig. 2D, Chae et al., 2019),
shows that the statistical significance of the result is
based on a single data point, i.e., on a single participant
who was very consistent in choosing the right direction.
It should also be kept in mind that the authors present
the second-order means, i.e., the mean directions shown
by each participant in multiple tests. These individual
means are presented as dots in circle diagrams, where-
as in reality they have broader or narrower confidence
intervals that could have been presented as probability
bells. It means that a part of variation in experimental
data is hidden, and statistical significance is inflated.

Based on the principle that extraordinary claims
must be supported by extraordinary robust evidence, we
believe that the results of Chae et al. (2019) should be
treated as promising and preliminary and need indepen-
dent verification.

Modulation of vision by geomagnetic field

In the early 2000s, German researchers performed a se-
ries of experiments in which human vision was mod-
ulated by the magnetic field (Thoss et al., 2000, 2002;
Thoss and Bartsch, 2003). At that time, the radical pair

model that attempted to explain visual magnetorecep-
tion of birds had already been proposed (Ritz et al,
2000). This model assumes that one of the two magne-
toreceptory systems known for this class of animals is
vision-based. The primary receptor molecules that make
magnetoreception possible are cryptochromes, present
in the retinal neurons of birds. It is assumed that cryp-
tochrome molecules localized in photoreceptor cells
may be spatially ordered in respect to the surface of the
retina. After absorbing short-wavelength photons these
molecules produce a chemical response that depends on
the direction of the external magnetic field (Hore and
Mouritsen, 2016).

The authors claimed that the ability of human par-
ticipants to sense very dim light stimuli was modulated
by the direction of the magnetic field lines in respect
to the visual axis (Thoss et al., 2000, 2002; Thoss and
Bartsch, 2003). When the directions of view line and
field vector coincided, the perception threshold of the
light stimulus was slightly but significantly decreased by
4%. The significance was lost if the angle between the
directions was set to 20 ° (Thoss and Bartsch, 2003).
The most obvious effect of the magnetic field on the dis-
crimination sensitivity of light flashes, which threshold
approximately twice as low as under control conditions,
was observed when the magnetic field was rotated with
the period of 110 s (Thoss et al., 2000). These results are
interesting and begging for independent verification,
but their theoretical background is not obvious.

Vision-based magnetoreception in birds is believed
to result in images formed due to modulation of vision
by the static magnetic field (Hore and Mouritsen, 2016;
Mouritsen, 2018; Ritz et al., 2000). Thoss et al. claimed to
have found modulation of the sensitively threshold for
dim light stimulus by the direction of the magnetic field
in humans, but they never claimed to have evidence for
magnetic-related visual images. Hard evidence for such
modulation in humans could facilitate cautious claims
of sensory perception of the magnetic field. It remains
unclear how humans in their behavior could have used
such a sensory mechanism. It is also worth noting that
during the nearly two decades since the publication of
these results they have not been independently repli-
cated, in spite of the obvious importance of this topic
related to human sensory abilities.

EEG analyses

Apart from behavioral experiments, the results or which
we believe cannot be interpreted as supporting the ex-
istence of human magnetoreception, this question
has been studied by analyzing electroencephalograms
(EEG) of participants exposed to Earth-strength mag-
netic fields. This approach is based on a slightly differ-
ent angle of view. Obviously, the analysis of EEG cannot
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help to find the morphological substrate of the putative
magnetoreception. However, a robust significant re-
sponse would make it possible to claim that if a sensory
signal is processed in the cortical structures of the brain,
a system of transduction of this signal into the form ac-
cessible to the nervous system must exist (Kulbach and
Zavarzina, 2019).

Several research groups tried to answer the ques-
tion: is the bioelectric activity of the brain modulated by
changes in the geomagnetic field? One of the first studies
of this topic (Sastre et al., 2002) analyzed spontaneous
EEG recorded from participants exposed to the magnet-
ic field with inclination varying from 0 ° (value naturally
found at the magnetic equator) to 90 ° (value found at
the magnetic poles), and with the total intensity of the
external field up to 90 pT (the local field at their study
site was 45 pT). Spectral analysis was used to quantify
the possible alterations in frequency and/or amplitude
of the EEG but showed no significant difference in brain
activity under different magnetic conditions. We believe
that the analysis of spectral characteristics of sponta-
neous EEG is not sufficiently sensitive to short-term
changes in external stimuli that do not greatly exceed
the usual background level of signal, and therefore the
results of this study are inconclusive.

A joint U.S. -Japanese research group (Wang et al,,
2019) has recently published a most intriguing study.
The authors built an experimental setup that allowed
them to model and modify Earth-strength magnetic
field, with the geomagnetic field shielded. A 64-channel
EEG was recorded in the study. Participants were tested
in three experimental conditions. In the experimental
condition, the magnetic field was either rotated from the
first preset orientation to the second, or rotated from the
second preset orientation to the first, or left unchanged.
In the sham mode, the current flowed antiparallel, with-
out creating a measurable external field, but with the
same ohmic and magnetomechanical effects as in the
active mode.

The authors took extraordinary precautions to avoid
any external stimulation of the nervous system of study
participants. The duration of an EEG session was one
hour, including multiple 7-min experimental runs. In
each run of >100 trials, magnetic field direction rotated
repeatedly between two preset orientations with field in-
tensity held nearly constant at the ambient lab value. All
probes were presented in pseudorandom order, blind for
the participants. The experimental chamber was dark,
silent, and isolated during the test. Participants sat with
their eyes closed in total darkness. They were blind to ac-
tive versus sham modes, trial sequences, and trial onset
timings. Changes in human brain activity were studied
using the analysis of event-related synchronization/de-
synchronization. This method makes it possible to assess
the level of activation/deactivation of the cerebral cortex

when processing information in a clear temporal rela-
tionship with an external stimulus (Pfurtscheller, 2006;
Yakovenko et al., 2010). The alpha band was selected,
because it dominates activity in the resting state in the
absence of a task (Klimesch, 1999). A decrease in the
alpha-band power is observed when processing infor-
mation about external stimuli (Pfurtscheller et al., 1994;
Klimesch, 1999; Hartmann et al., 2012). This phenom-
enon, known as alpha-event-related desynchronization,
is widely known in the perception of visual, acoustic and
somatosenory cues (Peng et al., 2012), and in the pro-
cesses of categorization, memory etc. (Ponomarev et al.,
2017).

The authors (Wang et al., 2019) reported significant
alpha-event-related desynchronization triggered only
by horizontal rotations when the static vertical magnetic
field was directed downwards, which is typical of the
Northern hemisphere. No brain responses were elicited
by the same horizontal rotations when the static verti-
cal component was directed upwards (situation found
in the areas south of the magnetic equator). This sug-
gests a biological response tuned to the ecology of the
local human population, and not a physical effect. Neu-
ral response was sensitive to static components of the
magnetic field and its polarity. This rules out electrical
induction, hardware artifacts including. These results al-
lowed the authors to claim that cortex structures were
activated by changes in stationary magnetic field and
that ‘at least some modern humans transduce changes in
Earth-strength magnetic fields into an active neural re-
sponse’. It seems to be a robust result; however, it should
be mentioned that fewer than 30 EEG records were in-
cluded in ANOVA in this study, whereas good signal-to-
noise ratio and repeatability of experimental data usu-
ally demand analyzing larger datasets (e.g., event-related
synchronization/desynchronization in >80 participants)
(Kropotov et al., 2007; Yakovenko et al., 2010; Pono-
marev et al., 2017).

Conclusions

We believe that several studies stand out among all at-
tempts to find sensory perception of the magnetic field
in humans. It concerns, first, the studies by the Thoss
group (Thoss et al., 2000, 2002; Thoss and Bartsch,
2003) in which the authors found magnetic modulation
of the ability to detect light flashes. These studies seem to
be robust and clearly deserve attempts to verify them. It
should however be mentioned that modulation of the vi-
sual signal by the weak stationary magnetic field should
not necessarily occur at the receptor level. It may also
happen at higher levels of signal transduction.

The second study that needs attention and replica-
tion is the research by Joe Kirschvink’s group (Wang et
al., 2019). The authors obtained results that indicate cor-
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tical activation with alterations in the stationary mag-
netic field. This study is methodologically very clean and
might be the most convincing evidence available at the
moment that modern humans can transduce changes
in Earth-strength magnetic fields into neural response,
even it is not manifested in their behavior. All attempts
to demonstrate behavioral responses to changing mag-
netic conditions in humans are less than convincing.

From the viewpoint of planning further research
(if anyone is interested in this topic), we would like to
caution against premature attempts to study the mecha-
nism of putative human magnetoreception. Before try-
ing to disentangle the biophysical and neurobiological
basis of this sensory ability, we suggest that its existence
is shown beyond reasonable doubt by behavioral and/
or electrophysiological data. Of all vertebrates, the most
convincing data is currently available for migrating birds
(Wiltschko and Wiltschko, 2019). In these animals, be-
fore the focused study of biophysical mechanisms began
in earnest (with the theoretical paper by Ritz et al., 2000,
capitalizing on earlier work by Schulten et al., 1978, be-
ing the milestone), the existence of this sensory modal-
ity had been shown in multiple behavioral experiments.
Until behavioral and electrophysiological evidence that
humans can perceive stationary magnetic field is ob-
tained and repeatedly independently verified by differ-
ent research groups, any attempts to study the mecha-
nisms of this process will remain too speculative to be
constructive. At present, in spite of the aforementioned
promising data, we have to admit that no conclusive
evidence exists that humans can perceive the Earth-
strength stationary magnetic fields.
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