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Extremely low-frequency (ELF) magnetic fields have been classified as pos-
sibly carcinogenic, mainly based on rather consistent epidemiological
findings suggesting a link between childhood leukaemia and 50-60 Hz
magnetic fields from power lines. However, causality is not the only possible
explanation for the epidemiological associations, as animal and in vitro
experiments have provided only limited support for carcinogenic effects of
ELF magnetic fields. Importantly, there is no generally accepted biophysical
mechanism that could explain such effects. In this review, we discuss the
possibility that carcinogenic effects are based on the radical pair mechanism
(RPM), which seems to be involved in magnetoreception in birds and certain
other animals, allowing navigation in the geomagnetic field. We review the
current understanding of the RPM in magnetoreception, and discuss crypto-
chromes as the putative magnetosensitive molecules and their possible links
to cancer-relevant biological processes. We then propose a hypothesis for
explaining the link between ELF fields and childhood leukaemia, discuss
the strengths and weaknesses of the current evidence, and make proposals
for further research.

1. Introduction

Epidemiological studies have rather consistently reported an association
between childhood leukaemia and 50-60 Hz magnetic fields from power
lines, prompting the International Agency for Research on Cancer to classify
extremely low-frequency (ELF; <300 Hz) magnetic fields as possibly carcino-
genic to humans [1]. The epidemiological findings indicate that the risk of
leukaemia increases for time-average magnetic flux densities above about
0.3-0.4 u.T [2]. However, drawing conclusions concerning the causality of the
epidemiological associations is difficult, as animal and in vitro experiments
have provided only limited support for the epidemiological findings, and
there is no generally accepted biophysical mechanism that could explain carci-
nogenic effects of low-level magnetic fields [1,3]. The radical pair mechanism
(RPM) is considered one of the more plausible mechanisms for explaining bio-
logical effects of weak magnetic fields [3]. The RPM affects chemical reactions
involving radical pairs and, for a radical pair formed in a singlet state, increases
the concentration of free radicals in low fields (low-field effect, LFE) and
decreases it in high fields (high-field effect, HFE) [4,5]. The LFE occurs below
about 1 mT, and could therefore potentially explain adverse health effects of
weak environmental ELF magnetic fields. However, although the RPM is theor-
etically well developed, and has been experimentally demonstrated in cell-free
chemical systems [6], its practical biological relevance has not been established.
Much of the discussion on the role of radicals in ELF magnetic field effects
focuses on radical-induced DNA damage. However, the expected magnitude
of the LFE is small [5], cells have defence mechanisms to regulate the levels
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of free radicals and magnetic field effects on whole-cell rad-
ical concentrations may not be observable at the magnetic
flux densities relevant to the LFE [7].

The biological relevance of radicals is not limited to
macromolecular damage associated with increased levels of
reactive oxygen species (ROS); they are also a part of normal
cell physiology, including intracellular signal transduction
[8]. Magnetic field effects on radical levels, in spite of their
small magnitude, could therefore potentially have multiple
biological consequences if they occur in cellular organelles
or molecules that are key components in biological regulatory
networks. From this point of view, it is of interest that several
animal species are able to detect weak magnetic fields
at microtesla levels for the purposes of orientation and navi-
gation in the geomagnetic field. Although the detection
mechanisms are still to be fully determined, magnetically sen-
sitive reactions of radical pairs in cryptochromes (CRYs) seem
to be involved, at least in birds [9]. The geomagnetic field
is essentially static (i.e. it has almost no time-dependence).
An ELF magnetic field, in contrast, is an oscillating field gen-
erated by alternating current, such as the 50 Hz current used
in transmission of electric power. One of the major challenges
is to explain how a 0.3-0.4 w.T ELF magnetic field could lead
to significant biological effects in the presence of the much
stronger (25-65 w.T) geomagnetic field.

In this paper, we discuss the possibility that carcinogenic
effects result from biological detection of weak ELF magnetic
fields by magnetically sensitive radical reactions in important
regulatory molecules such as CRY. We review the current
understanding of the RPM in magnetoreception and its
links to cancer-relevant biological processes, as well as exper-
imental evidence for effects of ELF magnetic fields that may
have a bearing on carcinogenesis. We then propose a hypoth-
esis for explaining the link between ELF fields and childhood
leukaemia, discuss the strengths and weaknesses of the
current evidence, and make proposals for further research.

2. The radical pair mechanism, cryptochromes
and carcinogenesis

(a) Radical pair magnetoreception
Although it is clear that birds use the geomagnetic field as a
source of navigational information, the underlying sensory
mechanisms are obscure [9]. It appears that birds have two
separate sensors, one for geographical location (a magnetic
map), the other for direction-finding (a magnetic compass)
[10]. The map sensor probably involves ferrimagnetic iron
oxide particles [10,11] while the (light-dependent) compass
sense seems to rely on photo-induced radical pairs (figure 1),
probably in CRYs [9,12]. Much of the evidence for a CRY-
based compass is circumstantial (see [9] for a recent review
and a tutorial on the RPM). We summarize it briefly here.
Spectroscopic measurements on purified CRYs suggest
that they could be suitable as magnetoreceptors. Absorption
of blue light by the non-covalently bound flavin adenine
dinucleotide (FAD) cofactor triggers a series of electron trans-
fers within the protein from a triad or tetrad of tryptophan
(TrpH) residues to the FAD [13]. The [FAD® ™ TrpH"®"] radical
pair so formed is sensitive to weak magnetic fields and leads
to long-lived forms of the protein that could act as signalling
states [14,15]. Although effects of magnetic fields weaker
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Figure 1. A simple radical pair reaction scheme. Reactant molecules, AB, are
converted into products, C, via a short lived radical pair, [A°™ B* ~1, formed
by the transfer of an electron from A to B (black arrow). The electron spins,
one in each radical, can have either a singlet (red) or a triplet (blue) con-
figuration. Singlet and triplet states differ in the relative orientation of the
two spins: anti-parallel (singlet) or parallel (triplet). The red and blue
arrows represent spin-selective chemical reactions: reversion of the singlet to
AB by back electron transfer and forward reaction of the triplet to form C. The
curved arrows represent the oscillatory, quantum mechanical interconversion
of the singlet and triplet states, driven by internal magnetic interactions
within the radicals. Whether a given radical pair reacts to form AB or C
depends on the probability that it is singlet or triplet at the moment of reac-
tion. If application of a magnetic field increases the triplet probability, the
result will be an increased yield of the product C. Note that the radical
pair need not be formed by electron transfer and that other reaction schemes
are possible. (Online version in colour.)

than approximately 1 mT have yet to be reported for purified
CRYs, the principle of a geomagnetic (50 nT) chemical sensor
has been demonstrated (for a carotenoid—porphyrin—fullerene
model system) [16].

Migratory songbirds process magnetic compass informa-
tion in a small area of the forebrain that receives its input
from ganglion cells in the retinas of both eyes via the thala-
mofugal visual pathway [10]. Although CRYs have been
found in a number of retinal cell types [17], the exact location
of the magnetoreceptors is not known. Experiments on
genetically modified insects suggest that CRY mediates mag-
netic behavioural responses but cannot distinguish between
its potential roles as a magnetoreceptor and as a transducer
of magnetic information furnished by a different sensor [18].

Theoretical considerations support the principle of a rad-
ical pair compass and indicate that the FAD®™ radical in
CRY has magnetic properties that make it particularly well
suited as a component of a magnetic sensor [19-21]. These
calculations also suggest that TrpH®" may not be the opti-
mum partner and that a much simpler radical could offer
substantially higher detection sensitivity [19,20].

From both experimental and theoretical studies, it is clear
that radiofrequency magnetic fields (1-100 MHz) are capable
of modifying the responses of radical pairs to static magnetic
fields and can be used as a general test for the operation of
the RPM [22]. On this basis, arguably the most convincing
evidence for radical pair magnetoreception is that migratory
birds can be prevented from using their magnetic compass
by exposure to weak magnetic fields with frequencies in
the range 0.1—10 MHz [19,23,24]. However, the reports of
radiofrequency field effects on captive birds have not been
consistent and the current theoretical model is unable to
account for the magnitude of the effects [9,25]. It should
also be noted that the effects of radiofrequency fields are dis-
tinct from those of ELF magnetic fields, whose frequencies
are far too low to be in resonance with the coherent spin
dynamics of a radical pair.
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Little is known about the transduction of CRY-mediated
magnetic field effects [9]. In Drosophila neurons, light-activated
CRY induces membrane depolarization and increased action
potential firing through closure of voltage-gated K" channels
[26]. This process is enhanced in the presence of a 100 mT
magnetic field [27]. By analogy with the blue-light signalling
properties of plant cryptochromes [28], it seems likely that
once the FAD cofactor has been photo-reduced, the first
step is a change in the conformation of the C-terminal region
of the protein that alters the ability of the CRY to bind to
other proteins.

(b) Possible connections to cancer-relevant biological
processes

Apart from their possible role in magnetoreception in ani-
mals, magnetically sensitive radical pair reactions may be
linked to the regulation of other biological functions. In this
section, we discuss the possible connections between RPM-
based magnetosensitivity and carcinogenesis.

As CRYs are key molecules in the circadian clock system
[29], it is possible that circadian rhythms could be affected
by magnetic fields. Indeed, light-dependent magnetosensitiv-
ity of the circadian clock has been reported in Drosophila
[30,31] and in mammalian experimental systems (electronic
supplementary material, table S1). Suggestive evidence of
magnetic field effects on circadian rhythms has been found
in mice and cows [32-34], and effects on the expression of
circadian clock genes were reported in a human fibroblast
cell line exposed to a 50 Hz magnetic field [35].

Magnetosensitivity of the circadian clock fits with the
hypothesis [36] that disruption of circadian timing is the
mechanism that links ELF magnetic fields to cancer. This
discussion focuses on the possible impact of magnetic
fields on the systemic, central regulation of the circadian
clock and refers to evidence of the involvement of the circa-
dian system in carcinogenesis. However, magnetosensitivity
of the central clock alone would not explain the in vitro find-
ings that suggest ELF magnetic field effects on the expression
of circadian genes [35] and various cancer-relevant cellular
processes [37,38]. The master circadian oscillator in mammals
is located in the suprachiasmatic nuclei in the hypothalamus,
but a complete functioning circadian regulation system
(the peripheral clock) is also found in peripheral tissues
and in cultured cells [39]. Magnetosensitivity of the cellular
circadian system could therefore lead to cell-level responses
to magnetic fields [40]. Importantly, the molecular clock
system seems to be linked to other cellular systems with
relevance to cancer.

It has become clear that the circadian clock is closely
coupled with regulation of the cell cycle and cellular
responses to DNA damage, such as repair, cell-cycle check-
points and apoptosis [29,39,41]. The practical significance of
the link between the circadian system and DNA damage
responses is illustrated by findings showing that genetic
and environmental disturbances of the circadian regulation
system are associated with increased risk of cancer [42,43].
Currently there is also interest in chronotherapy (i.e. the
administration of anticancer drugs or radiotherapy at specific
times of the day to optimize the therapeutic outcomes and/or
to minimize adverse side effects) [29,44].

Recent studies have shown a link between the clock
system and regulation of ROS levels and oxidative stress

responses [45]. The link between the clock system and ROS [ 3 |

appears to be a two-way interaction: not only is antioxidant
defence controlled by the circadian clock, but the circadian
rhythms seem to be influenced by (and probably based on)
redox oscillations which occur both on the circadian time
scale and as ultradian rhythms with periods much shorter
than 24 h [46,47]. Indeed, the living cell can be seen as a com-
plex oscillator that coordinates (among many other things)
responses to DNA damage and oxidative stress (electronic
supplementary material, figure S1).

3. Experimental evidence for cancer-relevant
biological effects of weak magnetic fields

(a) Effects on DNA damage responses

Most genotoxicity studies have not shown any genetic
damage from exposure to magnetic fields alone, except for
extremely strong fields [1]. However, several groups have
reported findings suggesting that ELF magnetic fields
enhance the effects of known DNA damaging agents [1].
Such co-exposures were evaluated in a meta-analysis of 65
studies that had combined ELF magnetic fields with other
toxic chemical or physical agents [37]. When the findings
were examined as a function of magnetic flux density, a non-
linear ‘dose—response” was found, showing a minimum in
the percentage of positive findings at fields between 1 and
3 mT (electronic supplementary material, figure S2). This pat-
tern arose in an exploratory analysis with no a priori
hypothesis, but it fits nicely with the RPM, as the crossover
between the LFE and the HFE should occur approximately
in this flux density range [14].

The suggested ability of magnetic fields to alter biological
responses to genotoxic agents implies that they might modify
DNA damage responses. Cellular response to DNA damage
is a complex process involving detection of the damage,
activation of DNA repair pathways, activation of cell-cycle
checkpoints to arrest the cell cycle and allow time for
repair, and initiation of apoptosis in case of severe damage
[29]. There have been a few studies of ELF magnetic field
effects on these processes, including suppression of apoptosis
[48-50], changes in cell-cycle distribution [50-55], altered
expression of genes and proteins involved in cell-cycle regu-
lation and DNA damage responses [52—57], increased rate
but decreased fidelity of DNA repair [58], and no effect on
DNA repair rate [59] (for details, see electronic supplementary
material, table S2).

(b) Effects on reactive oxygen species

Much of the discussion of possible biological effects of ELF
fields centres on ROS and the damage that they can cause
in cells. It should be noted that ELF magnetic fields, unlike
blue light and ultraviolet radiation, have nowhere near enough
energy to break chemical bonds, induce electron transfer
reactions or otherwise create radical pairs. Any magnetic
field effect therefore requires an existing radical pair reaction.
Furthermore, most ROS radicals are very unlikely to generate
magnetic field effects. Superoxide (O; ), hydroxyl radical
(OH®) and nitric oxide (NO®, a reactive nitrogen species)
undergo exceedingly rapid spin relaxation (probably in nano-
seconds) precluding significant effects of weak fields [60].

06508107 :S8Z § 20 Y 20id  biobuiysiigndfranosiesorqdsi



Any magnetic field effects on the concentrations of these rad-
icals could only arise from upstream pairs of organic radicals.

Reactive oxygen species are generated in cells both by
external agents such as ionizing or UV radiation and by
normal physiological processes. High levels of ROS can cause
damage to DNA and other biological molecules, but they also
have important roles in cell signalling and homeostasis [8].
It follows that any magnetic field effects on cellular ROS
levels would be relevant to an assessment of the possible car-
cinogenic effects of magnetic fields. Mattsson & Simko [38]
have reviewed studies investigating oxidative responses in
cell cultures exposed to ELF magnetic fields. The authors con-
cluded that ELF magnetic fields consistently alter ROS levels
in many cell types and experimental designs. The evidence
was strongest for fields in excess of 1 mT, but effects were
also reported at or below 100 pT. The effect size was moder-
ate: the majority of studies reported changes in ROS levels of
less than 50%.

The small size of the magnetic field-induced change in
ROS levels, given the effective cellular antioxidant defence
mechanisms, is not likely to result in a major increase in
DNA damage. However, even small changes in ROS levels
might be important because of the role of ROS in cell signal-
ling. One of the key ROS in cell signalling is superoxide, and
several studies [61-65] have reported effects of ELF magnetic
fields on cytosolic and mitochondrial superoxide levels
(electronic supplementary material, table S3). Magnetic field
effects on superoxide levels seem to require some time to
develop [61,62] and exhibit other time-dependent changes
[65]. These findings, together with the small size of the
effects, indicate magnetic fields effects on ROS signalling,
rather than induction of oxidative stress.

() Magnetic field-induced genomic instability

There is increasing evidence that induced genomic instability
(IGI) plays a role in environmentally induced cancer. IGI is
the delayed de novo appearance of genetic damage in the pro-
geny of exposed cells (or organisms) many cell generations
after exposure [66]. IGI was originally found in cells exposed
to ionizing radiation, but several other agents have been
reported to induce it [67]. As the development of cancer
requires accumulation of multiple genetic changes, IGI is
potentially highly relevant [68].

Four studies have addressed induction of genomic
instability in vitro in the progeny of cells exposed to ELF mag-
netic fields, and all reported positive findings (electronic
supplementary material, table S4). In one of the studies, bleo-
mycin-induced chromosomal instability was enhanced by a
60 Hz magnetic field applied continuously for up to 240 h
after the bleomycin treatment [69]. The other studies reported
increased frequencies of micronuclei [61,70] and microsatel-
lite mutations (particularly allelic imbalance) [71] multiple
cell generations after a 12-24 h magnetic field exposure
with or without combined treatment with menadione or
ionizing radiation.

In an experiment relevant to current understanding
of childhood leukaemia (electronic supplementary material,
figure S3), enhanced development of leukaemias/lympho-
mas and some other malignancies was reported in rats that
were exposed pre- and postnatally to 50 Hz magnetic fields
at 20 or 1000 pT, and postnatally to a single 0.1 Gy dose of
ionizing radiation [72]. Such a finding can be interpreted as

induction of latent genomic instability manifested as an
increased incidence of malignancy only following exposure
to a second postnatal leukaemogen [73].

4. Synthesis and hypothesis

Weak magnetic fields apparently affect circadian rhythms
in animals, and there is also evidence of such effects in cul-
tured human cells. Because the circadian clock is linked to
regulation of DNA damage responses and ROS-related pro-
cesses, it is reasonable to think that magnetic fields could
affect these cellular functions and consequently the stability
of biological systems. This postulate is supported by many
independent studies (reviewed above) reporting that ELF
magnetic fields may modify DNA damage responses and
affect ROS signalling. Furthermore, four studies consistently
suggest that magnetic field exposure may lead to or enhance
genomic instability. The proposed link between perturba-
tion of the circadian clock system and genomic instability is
supported by a recent study on the mechanisms of trans-
generational genomic instability induced by ionizing radiation:
altered expression of genes involved in rhythmic processes and
the circadian clock were found in the offspring of irradiated
male mice [74].

As a synthesis of the studies reviewed above, we propose a
hypothesis for explaining the link between environmental
magnetic fields and childhood leukaemia (figure 2). It is
based on the role of CRYs in magnetoreception and findings
indicating that the circadian regulation system (including
CRYs) is coupled to DNA damage responses and defence
against ROS. As CRYs and the whole circadian regulation
system are found in peripheral tissues and in cultured cells,
magnetic field effects could occur in all cells and not only in
cells specialized in magnetoreception. Sensitivity to weak mag-
netic fields might be an intrinsic property of living cells, which
has served as the basis for the evolution of a magnetic sense in
certain species (such as the magnetic compass in birds).

5. Discussion

(a) Strength of evidence
The proposed hypothesis is based on several independent
lines of research. Some pieces of the puzzle stem from well-
established science, but evidence is weaker for other elements.
The evidence for the involvement of CRY in RPM-based
magnetoreception (reviewed in §2a) is relatively strong, at
least in birds. It should be noted, however, that the studies
reviewed cannot distinguish between CRY as the magnetic
detector and CRY as a (e.g. downstream) component in mag-
netic signal transduction. Furthermore, it is not clear how
these findings translate into magnetosensitivity in humans. If
human cells are sensitive to weak magnetic fields, this could
be incidental due to the presence of CRY and/or other magne-
tically sensitive molecules or structures. In this case, however,
CRY-mediated magnetic field effects on humans are probably
much smaller than those thought to be involved in avian mag-
netoreception. The avian magnetoreceptor has presumably
evolved to be exquisitely sensitive to the geomagnetic field
(approx. 50 pT), but no optimization of magnetosensitivity
could have occurred in human cells if it had not been
driven by evolutionary pressure. Another possibility is that
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Figure 2. Hypothesis. The primary interaction mechanism is magnetic field
(MF) effects on radical reactions in cryptochromes. Because the circadian clock
is closely coupled with the regulation of responses to DNA damage and ROS,
the primary interaction could lead to dysregulation of these systems, impaired
DNA damage responses, genomic instability and finally to cancer. (Online
version in colour.)

magnetosensitivity has been a useful property during evol-
ution, and perhaps continues to be so in human cells. (a) It
has been proposed that natural fields below 60 Hz resulting
from the Schumann resonance could act as secondary zeitge-
bers [30,75]. A major problem with this proposal is that
the Schumann resonance magnetic fields are extremely
weak, of the order of 1 pT. (b) It has also been proposed that
electromagnetic fields generated by cells may have roles in
intercellular or intracellular communication (which implies
that there must be mechanisms for reception of electromag-
netic fields). The literature on such effects is rather extensive
but controversial [76]. (c) Apart from direction-finding, it has
been proposed that magnetoreception could also be involved
more generally in spatial perception [77,78].

There is also rather strong evidence that circadian
rhythms can be influenced by magnetic fields (§2b). This is
well documented in Drosophila, and to a lesser extent in
mammals and cultured human cells.

Links between the circadian clock system and the regu-
lation of DNA damage responses and ROS-related cellular
processes have been convincingly shown in multiple studies
(§2b). Such a role for the circadian clock is an essential com-
ponent of the hypothesis proposed in this paper, as it forms a
plausible causal link between magnetosensitive biological
molecules (CRYs) and the suggested carcinogenic effect of
ELF magnetic fields.

With regard to the next step of the proposed link between
ELF magnetic fields and cancer, there is evidence from many
independent studies that exposure to magnetic fields alters
DNA damage responses (§3a) and affects ROS-related cellu-
lar processes (§3b). However, there are inconsistencies in
the data, and the size of the magnetic field effect is generally
small. On the other hand, small effects are not surprising
within the framework of the proposed hypothesis, as we do
not consider magnetic fields to be a strong toxic insult, but
rather a regulating agent that could affect DNA damage

responses and ROS signalling because they are linked to a “

magnetosensitive molecule (e.g. CRY).

Evidence of induction of genomic instability by ELF mag-
netic fields is limited, being addressed in only four in vitro
studies (§3c). However, all these studies consistently indicate
induction of genomic instability in cells exposed to 50-60 Hz
magnetic fields at 100-1000 w.T.

A major problem in using the RPM to explain carcino-
genic effects of <1 T ELF magnetic fields is the short
lifetime (at most a few microseconds) of spin coherence in
biologically plausible radical pairs [21]. As a consequence, a
50-60 Hz field would be ‘perceived’ by the radical pair as
effectively static. It is then difficult to see how an ELF field
of intensity <1 wT could significantly affect a radical pair
reaction in the presence of the much stronger (25-65 u.T) geo-
magnetic field. To explain any ELF magnetic field effects at
magnetic flux densities relevant to the suspected carcinogenic
risk of environmental fields, it will be necessary to identify
credible mechanisms that would allow a 50-60 Hz field to
cause a disproportionately large effect.

Very low experimental thresholds for ELF magnetosensi-
tivity have been reported by Prato et al. [79,80], who observed
that reducing the ambient magnetic field induced analgesia
in mice, and that 10-240 Hz fields as weak as 25nT (at
120 Hz) or 33 nT (at 30 Hz) reduced the effect. No mechanism
for this extraordinary sensitivity to ELF fields was proposed.
It should be noted, however, that these experiments were
conducted in the absence of the geomagnetic field, which
might have increased the animals’ sensitivity to an alternat-
ing magnetic field. Studies involving both static and ELF
magnetic fields have provided some evidence that the latter
might disrupt the biological effects of a static field on body
orientation of ruminants [81] and on proliferation of cultured
human cells [82]. While these studies do not provide a
mechanistic explanation for increased sensitivity to weak
ELF magnetic fields, they may provide clues for developing
theoretical models that predict effects of ELF fields in
different static magnetic field conditions.

Experimental studies on cancer-related biological end-
points (reviewed above) have generally tested relatively high
flux densities of 100 pT and above, and experimental data
on effects below 1 T are essentially lacking. It is therefore
unclear whether these findings could serve as an explanation
for the epidemiological findings below 1 pT. On the other
hand, human exposure to ELF magnetic fields >100 w.T does
occur particularly in occupational environments, so the exper-
imental results and mechanisms discussed in the present
paper may be relevant to human health effects even if they
do not explain the childhood leukaemia findings. Micronuclei
and superoxide levels in mammalian cells have been found
to be affected by fields down to 10 wT [62], but further studies
at lower magnetic flux densities will be critical for evaluation
of the credibility of human health effects at 0.4 nT. However,
this will be challenging because of the background ELF mag-
netic fields of cell culture incubators, and because it will be
increasingly difficult to show statistically significant effects if
the effect size decreases with field strength.

(b) Further research

The proposed hypothesis has implications concerning the
design and interpretation of further studies on the link
between ELF magnetic fields and cancer. A study design
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aspect that may be important is the duration and timing
of magnetic field exposure. Magnetic field effects that are
mediated by disturbances of the circadian clock system might
require that magnetic field exposure is long enough (e.g. 24 h)
so that it can interfere with the natural rhythm (e.g. by func-
tioning as a false signal resembling continuous light), or so
that magnetic field exposure is received at the right time
with respect to the natural oscillations. For example, it was
found that exposure to a 60 Hz field protected cultured
human cells from heat-induced apoptosis only if the duration
of the exposure was at least 12 h [49]. In a study on diurnal
rhythms of pain threshold in mice [34], different effects
were observed depending on whether the animals were
exposed to a 60 Hz magnetic field at night or during the
day. On the other hand, even a short magnetic field exposure
may be sufficient in some exposure designs: application of a
50 Hz field for 1 h induced circadian oscillation of clock genes
in human fibroblast cells that were not rhythmic before the
exposure [35].

It should also be noted that conventional ‘toxicological’
dose—responses cannot always be expected if magnetic field
effects are mediated by biological regulation pathways.
Increasing field strength does not necessarily lead to more
pronounced disturbance of biological regulation (once the
threshold for disturbance has been exceeded). Therefore,
lack of a conventional increasing exposure—response relation-
ship may not always speak against causality.

Importantly, further studies can be designed to test
predictions of the hypothesis, including the following:

(1) As predicted by the RPM, the exposure—response relation-
ship should be biphasic, consisting of the LFE below about
1 mT and the HFE at higher magnetic flux densities. There
is one reservation, however: if there is a mechanism for
larger effects from ELF fields than from static magnetic
fields of comparable strength, it is not possible to estimate
how such an amplification or resonance mechanism
would affect the exposure—response relationship.

(2) CRY should respond to ELF magnetic fields, and magnetic
field effects should depend on the presence of functional
CRY in the exposed cells or organisms.

(3) Responses to ELF magnetic fields should also be observed
in other molecules (downstream of CRY) of the circadian
clock system, as well as in the related DNA damage
response and antioxidant defence systems.

(4) Exposure to ELF magnetic fields should lead to induction
of genomic instability.

Some of these predictions are already supported by limited
experimental evidence [35,52,61]. However, these findings
need to be confirmed. It would also be useful to evaluate
several steps of the proposed causal chain (e.g. CRY-DNA
damage responses—genomic instability) in a single study,
which would have the power to show causal relationships.
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does not necessarily mean that the magnetoreceptor is not
CRY if non-photochemical processes are involved in inducing
the signalling (radical) state of CRY. Mammalian CRYs may
have no photoreceptor function [83,84], but their biological
activity seems nevertheless to be associated with the radical
state of CRY [85].

6. Concluding remarks

Evidence from numerous studies suggests that cancer-relevant
biological processes can be influenced by >100 w.T, 50-60 Hz
magnetic fields, and a plausible mechanism for such effects is
offered by radical pair reactions in specific target molecules
(such as CRY) linked to biological regulatory networks.
Independent replication of the key findings suggesting ELF
field effects is of crucial importance for progress in this area
of research. The experimental findings at fields >100 wT do
not directly explain the epidemiological association between
childhood leukaemia and >0.4 pT ELF magnetic fields.
Furthermore, while the radical pair mechanism appears to
be involved in sensing the static geomagnetic field (approx.
50 nT) by animals, it remains unclear how it could explain
human health effects of ELF magnetic fields weaker than 1 w.T.

Further theoretical and experimental work will be
necessary to identify credible mechanisms that might allow
a 50-60 Hz field to cause a disproportionately large effect.
However, health implications of the current empirical and
theoretical findings should not be ignored; human exposure
to ELF fields >100 wT does occur, particularly in occupational
environments.

Although mechanisms for biological effects of weak ELF
fields remain obscure, radical pair chemistry of CRYs appears
to be the most plausible working hypothesis that can be used
to guide further research. However, explaining the suspected
health effects of very weak (approx. 1 pT) ELF magnetic
fields is undeniably challenging within the framework of this
working hypothesis, and work on alternative mechanisms
[86—88] should continue.
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