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ORIGINAL ARTICLE

International Journal of Radiation Biology
2025, VOL. 101, NO. 2, 186–204

A mechanistic understanding of human magnetoreception validates the 
phenomenon of electromagnetic hypersensitivity (EHS)

Denis L. Henshawa  and Alasdair Philipsb 
aAtmospheric Chemistry Group, School of Chemistry, University of Bristol, Bristol, UK; bIndependent Scientist, Brambling, Beeswing, Dumfries, 
Scotland, UK

ABSTRACT
Background:  Human electromagnetic hypersensitivity (EHS) or electrosensitivity (ES) symptoms in 
response to anthropogenic electromagnetic fields (EMFs) at levels below current international safety 
standards are generally considered to be nocebo effects by conventional medical science. In the 
wider field of magnetoreception in biology, our understanding of mechanisms and processes of 
magnetic field (MF) interactions is more advanced.
Methods:  We consulted a range of publication databases to identify the key advances in 
understanding of magnetoreception across the wide animal kingdom of life.
Results:  We examined primary MF/EMF sensing and subsequent coupling to the nervous system 
and the brain. Magnetite particles in our brains and other tissues can transduce MFs/EMFs, including 
at microwave frequencies. The radical pair mechanism (RPM) is accepted as the main basis of the 
magnetic compass in birds and other species, acting via cryptochrome protein molecules in the eye. 
In some cases, extraordinary sensitivity is observed, several thousand times below that of the 
geomagnetic field. Bird compass disorientation by radio frequency (RF) EMFs is known.
Conclusions:  Interdisciplinary research has established that all forms of life can respond to MFs. 
Research shows that human cryptochromes exhibit magnetosensitivity. Most existing provocation 
studies have failed to confirm EHS as an environmental illness. We attribute this to a fundamental 
lack of understanding of the mechanisms and processes involved, which have resulted in the design 
of inappropriate and inadequate tests. We conclude that future research into EHS needs a quantum 
mechanistic approach on the basis of existing biological knowledge of the magnetosensitivity of 
living organisms.

Abbreviations:  CRY: cryptochrome protein molecules expressed by (italised) CRY or cry genes; 
hCRY: human cryptochrome; DECT: Digital Enhanced Cordless Telecommunications (a wireless 
Standard); EF(s): electric field(s); ES: electrosensitivity; EHS: electromagnetic hypersensitivity (EHS); 
ELF: extremely low frequency magnetic fields, 3 Hz to 3 kHz; ELF-EMFs: extremely low frequency 
electric and magnetic fields, 3 Hz to 3 kHz; EMF(s): electric and magnetic field(s) or electromagnetic 
field(s) (EMFs can refer only to the magnetic component and used interchangeably with MFs, 
reflecting their use in the literature); EMR: electromagnetic radiation; FAD: Flavin adenine dinucleotide; 
FADH: Flavin radical (FADH•); GM-field or GMF: geomagnetic field; GM-storms: geomagnetic storms; 
HPA: Hypothalamic-pituitary-adrenal axis; ICNIRP: International Commission on Non-Ionizing 
Radiation; IEI-EMF: idiopathic environmental intolerance attributed to EMF; ISCA1 (MagR): protein 
involved in assembly of iron-sulfur clusters; LAN: Light at night; MF(s): magnetic field(s); PEMF: 
pulsed electromagnetic fields; RF EMF(s): radio frequency electromagnetic field(s); RPM: radical pair 
mechanism; RP(s): radical pair(s); ROS: reactive oxygen species; rTMS: repetitive transcranial magnetic 
stimulation; S-T: singlet – triplet (in RPM mechanism); Trp: Tryptophan; μT: microtesla; nT: nanotesla; 
ULF-MFs: ultra-low frequency magnetic fields; VGIC: voltage gated ion channels; VLF: 3–30 kHz; WHO: 
World Health Organization

1.  Introduction

Human electromagnetic hypersensitivity (EHS) or simply elec-
trosensitivity (ES), known in the past as microwave syndrome, 
is a general term describing adverse responses to exposure 
to one or more of the features of electromagnetism 
(Schliephake 1932). These include time-varying electric fields 

(EFs), magnetic fields (MFs), extremely low-frequency electric 
and magnetic fields (ELF-EMFs), such as those associated 
with power lines, and radio frequency electromagnetic fields 
(RF-EMFs) from modern wireless devices, such as mobile 
phones, together with their electromagnetic radiation (EMR).

Increasing numbers of people (in the region of 3%) claim 
they are sensitive to such man-made time-varying EMFs, 
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particularly those at radio frequencies. The reported EHS symp-
toms are wide ranging and include headaches, tinnitus, fatigue, 
and skin symptoms, such as prickling, burning sensations, and 
rashes. These reactions occur at exposure levels well below the 
natural MF strength of the Earth and many orders of magnitude 
below current international guidelines for EMF exposure 
(Figures 1 and 2, Appendix A) (ICNIRP 2010, 2020; IEEE 2019).

Conventional medical science usually attributes EHS symp-
toms as being psychologically driven by ‘electrophobia’ or the 
‘nocebo’ response. The World Health Organization (WHO) cur-
rently states that ‘EHS has no clear diagnostic criteria and that 
there is no scientific basis to link EHS symptoms to EMF expo-
sure’. The WHO uses the term idiopathic environmental intoler-
ance attributed to EMF (IEI-EMF) (WHO 2005).

Most subjective provocation studies fail to confirm EHS 
as an environmental illness. However, a fundamental lack of 
understanding of the mechanisms and processes involved 
has resulted in the design of completely inappropriate prov-
ocation tests (Leszczynski 2022) and in unsustainable inter-
pretation of their findings (Bosch-Capblanch et  al. 2024).

Interdisciplinary research has established in numerous 
species that all forms of life respond to MFs, in some cases 

with extraordinary sensitivity. Many species also respond to 
EFs, although the body of available research is limited in 
comparison to that concerning magnetoreception.

This study investigates whether EHS in people is a syn-
drome that adversely affects human well-being caused by 
environmental exposures and if so, by what mechanism(s) it 
occurs. We ask the following key questions:

i.	 How are some living organisms, including humans, 
sensitive to EMFs from natural and anthropogenic 
sources at levels well below the essentially static geo-
magnetic (GM) field of between 23 and 65 microtesla 
(μT) and many orders of magnitude below current 
human exposure guidance levels?

ii.	 What are the biophysical processes by which EMF sig-
nals may be sensed?

iii.	 Which biological processes account for responses to exposures?
iv.	 Which of these factors may be related to human elec-

tromagnetic hypersensitivity (EHS)?

By examining in detail the latest systematic reviews of human 
epidemiological and experimental research (Röösli et  al. 2024; 

Figure 1. A  contextual guide to DC–10 kHz environmental magnetic fields and their interactions. Illustrative natural and anthropogenic magnetic flux levels are 
shown along with the ICNIRP and EUROPAEM maximum exposure guidance levels (ICNIRP 2010; Belyaev et al. 2016). Common daily exposures at 50/60 Hz are in 
the range of 0.1–10 microteslas. The threshold detection range for other species is discussed in detail in the main article text. Background levels are derived from 
a number of sources (ITU-R P.372-16 2022; NASA Report CR-166661 1981; NASA Report SP-8017 1969).
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Bosch-Capblanch et  al. 2024; Schmiedchen et  al. 2019), we find 
them not fit for purpose. A major problem is the vast heteroge-
neity of modern anthropomorphic exposures and outcomes, 
making these studies impossible to assess as an overall group. 
This is made worse by inadequate measurement and reporting 
of the MFs involved (frequency, strength, and morphology). In 
addition, inadequate electromagnetic hygiene used for sham 
exposures in experimental studies, especially with respect to 
complex mixes of EMF signals, results in uncontrolled expo-
sures that do no more than act as confounders.

The underlying design of many human studies is often 
based on ICNIRP EMF exposure guidance documents, which 
only recognize exposures that cause thermal effects or elec-
tric shock. (ICNIRP 2010, 2020; IEEE 2019).

1.1.  Study selection methodology

The central aim of this study is to identify the key advances 
in understanding the mechanisms behind magnetoreception 
across the wide kingdom of animalia for a wide range of 
natural and anthropomorphic MFs in our environment.

To find appropriate studies, we consulted the Web of 
Science, PubMed, and the EMF portal. For animal magneto-
reception, we also consulted the Royal Institute of Navigation 
database, which routinely searches 78 core journals. We 
include some recently published findings. Such cases are dis-
cussed as work in progress.

The mode of literature selection for this study differs 
from that in the field of epidemiology. It is not necessary to 
weigh the results of a wide range of heterogeneous studies. 
Once established, mechanistic discoveries are characterized 
by their exactness. An example is the radical pair mecha-
nism (RPM), by which low-intensity MFs can alter chemical 
reaction rates and reaction products. This mechanism is well 
established and does not require further validation.

2.  Background

From magnetotactic bacteria to humans, the ability to 
respond to MFs is ubiquitous among the so-called five king-
doms of life (Pazur et  al. 2007; Wang et  al. 2019; Chae et  al. 
2022). Many species also respond to EFs as well as MFs 

Figure 2. A  contextual guide to EMR (10 kHz–1 PHz) power density exposure and interactions. Illustrative anthropogenic and natural EMR levels are shown for 
several periods in the evolution of wireless communication technologies, along with other relevant information, including exposure guidance levels provided by 
EUROPAEM (Belyaev et al. 2016) and other bodies (ICNIRP 2020; IEEE 2019). The 2024 levels are now experienced daily by most members of the general public 
for short or long periods of time. The values were ascertained from a wide variety of sources, including scientific, and engineering papers, formal RF surveys and 
field measurements made by coauthor Alasdair Philips. For ‘avoidance behavior’, see Pophof et  al. (2023). Background levels are derived from a number of sources 
(ITU-R P.372-16 2022; Kraus and Fleisch 1999; NASA Report CR-166661 1981; NASA Report SP-8017 1969). The natural atmospheric RF levels at some frequencies 
are relatively high near the equator (Granger et  al. 2022).
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(Wever 1979; Henshaw et  al. 2008). In terms of sensing, sci-
entific evidence shows that ES is universal. This article 
addresses primarily MF/EMF sensitivities due to external 
fields. An additional overview study of EF sensitivity is also 
desirable, but is discussed only briefly here since the avail-
able literature on EF interactions is more limited.

Some MF responses are beneficial, such as the ability of 
birds, fish, amphibians, and insects to detect changes in the 
Earth’s MF (the geomagnetic field [GMF]) for the purposes 
of navigation and migration and in the clinical use of pulsed 
EMFs for treating major depressive disorders (Blumberger 
et  al. 2018) and nonunion bone fracture healing (Markov 
2015). However, other MF and EMF responses from both 
natural and anthropogenic sources are also reported to be 
linked to adverse effects on health and well-being.

Over the past two decades, the search for plausible causal 
pathways of MF and EMF interactions with biological sys-
tems has gained considerable traction. A specific focus in 
relation to adverse health effects is the established 2-fold 
increase in the risk of childhood leukemia associated with 
time-weighted average exposure to power frequency (ELF) 
MFs above 0.4 microtesla and, more recently, a 1.2-fold 
increase in the risk above 0.2 microtesla (Ahlbom et  al. 
2000; Greenland et  al. 2000; Zhao et  al. 2014; Seomun et  al. 
2021). A number of authors have explored a mechanistic 
pathway involving MF disruption of melatonin and circadian 
rhythms via action on cryptochrome protein molecules in 
the eye (Henshaw and Reiter 2005; Vanderstraeten and 
Burda 2012; Vanderstraeten et  al. 2012; Henshaw and Reiter 
2005; CwCUK 2014; Vanderstraeten et  al. 2015; Juutilainen 
et  al. 2018; Landler and Keays 2018; Sherrard et  al. 2018; 
Henshaw et  al. 2024).

Two primary MF sensing mechanisms are widely discussed. 
Magnetic particles in the human brain are large enough to 
transduce MFs/EMFs, including at microwave frequencies. In 
some cases, such transduction is sufficient to open mechani-
cally sensitive transmembrane ion channels and, in turn, has 
the potential to influence a wide range of cellular processes 
(Kirschvink, Kobayashi-Kirschvink, Woodford, 1992; Kirschvink, 
Kobayashi-Kirschvink, Diaz-Ricci, et  al. 1992). The quantum 
mechanically based radical pair mechanism (RPM) has suc-
cessfully described the basis of the magnetic compass of birds 
and some other species, acting via cryptochrome protein mol-
ecules in the eye (Ritz et  al. 2004; Pakhomov et  al. 2017; Karki 
et  al. 2021). More broadly, the RPM plays a central role in the 
emerging field of quantum biology, which describes a range of 
biological processes that cannot be accounted for by classical 
physics (Marais et  al. 2018; Zadeh-Haghighi and Simon 2022).

Such recent advancements in understanding mean that it 
is timely to assess our current knowledge of the interaction 
of low levels of MFs and EMFs with biological systems. To 
address the above questions, we focused our attention on 
sensing by the brain of MFs or EMFs, either through direct 
or indirect neural pathways. We then attempt to unify our 
understanding across a range of topics, from magneto-sensing 
in animals to EMF treatment therapy and adverse health 
effects commonly known as EHS. Human EHS should be 
viewed as a particular case. Some reported effects may be 
due to electrophobia and are triggered by worry, but careful 

examination of the evidence also suggests effects occur from 
real exposures via plausible causal mechanisms.

Relatively rare biological responses need to be considered 
in a wider context. Prescription drugs, for example, generally 
have listed side effects of 1 in 10; 1 in 100 or even fewer. 
Moreover, an individual’s basic maximum sensitivity to light, 
sound, touch, and smell varies by many orders of magni-
tude. Our senses are logarithmic in response and have sig-
nificant ‘integrated active gain control’ that attempts to 
optimize sensitivity for the current relevant incoming envi-
ronmental exposure (Beckon et  al. 2008).

3.  Examples of magnetic sensing

3.1.  Magnetoreception in plants and animals, 
navigation, and migration

There is now a high degree in understanding how birds and 
certain other species detect changes in the Earth’s MF as low 
as 10 nanoteslas (nT) for purposes of navigation and migra-
tion (Pakhomov et  al. 2017). It has been repeatedly shown 
that the bird compass can be disrupted with RF MHz fields 
in the low nT range. As explained below, much-discussed is 
the RPM, which acts on cryptochrome protein molecules in 
the eye. Moreover, a second mechanism based on magnetic 
particles in the body is postulated to provide magnetic 
intensity information in birds and many other species.

Magnetosensitivity has been demonstrated in numerous 
animal species. Further details together with a discussion of 
the mechanisms of action may be found elsewhere: in avian 
species (Wiltschko and Wiltschko 2009; Wiltschko et  al. 
2021), fish (Naisbett‑Jones and Lohmann 2022), and amphib-
ians (Phillips et  al. 2022). A particularly interesting example 
is mole rats. Some species spend their entire life living in 
total darkness, where they are able to use the GMF to help 
construct an underground maze of tunnels (Burda et  al. 
1990; Burda 2021).

Many insect species are magnetosensitive, including bees, 
cockroaches, firebugs, fruit flies, desert ants, the monarch 
butterfly, and the Australian Bogong moth, both of which 
use the GMF as an aid to navigation (Merlin 2023; Dreyer 
et  al. 2018). Cryptochromes are present in the eyes and 
brains of all insects, and their role as magnetoreceptors has 
been critically reviewed (Merlin 2023). Numerous biological 
effects of RF-EMFs on insects have been identified, and 
their coupling to the nervous system has been examined 
(Thill et  al. 2024).

Plant microorganisms and fungi also display magneto-
sensitivity, with much interest in their mechanisms 
(Galland and Pazur 2005; Pazur et  al. 2007; Thoradit 
et  al. 2023).

3.2.  Human and animal responses to GM storms

The GMF plays an important role in the existence of life on 
Earth (Sarimov et  al. 2023a, 2023b; Zhang et  al. 2021).

GM storms are associated with adverse effects on health and 
well-being, and 10–15% of tsshe population seems susceptible 
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to them (Table 1). These include increased incidence of depres-
sion and effects on mental health; increased risk of suicide in 
vulnerable individuals; and heart rate variability, blood pressure 
changes, stroke, and melatonin disruption (Kay 1994; Nishimura 
et  al. 2020; Vieira et  al. 2022; Palmer et  al. 2006; Feigin et  al. 
2014; Ghione et  al. 1998; Dimitrova et  al. 2004; Azcárate et  al. 
2016; Azcárate and Mendoza 2017; Burch et  al. 1999; Weydahl 
et  al. 2000; Burch et  al. 2008; Krylov 2017). Two up-to-date 
reviews point to the extensive literature that now exists on the 
health effects of GM storms and low-intensity MFs, including a 
major contribution from research in the field of space medicine 
(Sarimov et  al. 2023a, 2023b).

Remarkably, these acute effects are associated with small, 
ultralow-frequency MF variations of around 150 nT over a 
3-h period in GM storms lasting up to 5 days. There are 
approximately 4–5 such events annually. GM storms result 
from streams of charged particles from the Sun reaching the 
Earth. At sea level, this results in small fluctuations of 
50–250 nT, under 1% of the otherwise relatively stable GMF 
(which varies around the world between ∼23 and 65 μT).

Some of the above findings have been demonstrated in 
objective human provocation studies involving healthy vol-
unteers who do not claim to be adversely sensitive to EMFs. 
In separate experiments, healthy volunteers were exposed to 
previously recorded GM storms under laboratory conditions 
(Caswell et  al. 2016; Gurfinkel et  al. 2018; Pishchalnikova 
et  al. 2019). In each experiment, statistically significant 
changes in cardiovascular parameters were observed com-
pared with exposure to quiet GMF conditions.

Similar provocation experiments involving exposure to 
simulated EMFs under controlled laboratory conditions have 
also been carried out on various species. A time-compressed 
simulated GM storm was reported to influence the 
nest-exiting flight angles of bees (Esquivel et  al. 2014). 
Wistar male rats exposed to MFs based on real GM storm 
activity exhibited statistically significant changes in arterial 
blood pressure when a real GM storm occurred during the 
experimental period (Martinez-Breton and Mendoza 2016; 
Martinez-Breton et  al. 2016).

Simulated GM storms disrupted nocturnal migratory 
activity in songbirds (Bianco et  al. 2019), and changes in 
GMF intensity altered migration-associated traits in the 
brown planthopper Nilaparvata lugens (Wan et  al. 2020). 
Normal fluctuations in the GM field have been reported to 
affect the initial orientation of pigeons (Kowalski et al. 1988).

Powerline ELF-EMFs have been reported to exert strong 
physiological stress on honeybees (Molina-Montenegro et  al. 
2023). California poppies growing within 10–25 m of 
ELF-EMF sources with MF exposures of 7–9 μT received 
fewer honeybee visits and produced fewer seeds than did 
plants growing far from sources. High-voltage powerline 
ELF-MFs were shown to disrupt the alignment of the bodies 
of ruminants with the GMF (Burda et  al. 2009). Cattle 
exposed to various MFs directly beneath or in the vicinity 
of powerlines trending in various magnetic directions exhib-
ited distinct patterns of alignment. The disturbing effect of 
the ELF-MFs on body alignment diminished with increasing 
distance from the conductors.

RF fields as low as 1 nT anthropogenic electromagnetic 
noise in the MHz range were shown to disrupt magnetic 
compass orientation in migratory European robins, Erithacus 
rubecula (Engels et  al. 2014). The magnetic orientation of 
the Antarctic amphipod Gondogeneia antarctica was disori-
ented in an RF field as low as 2 nT, indicating the extraor-
dinary sensitivity of animal magnetoreception to weak RF 
fields in marine invertebrates (Tomanova and Vacha 2016).

3.3.  Human responses to Earth-strength magnetic fields 
under controlled laboratory conditions

Here, we outline two independent studies that were carefully 
designed and well conducted and demonstrated human 
magnetoreception of the GM field under controlled labora-
tory conditions (Wang et  al. 2019; Chae et  al. 2022). Details 
of the purported sensing mechanisms are discussed more 
fully in Section 4.

In the first study, each of 36 volunteers sat inside an elec-
trically screened chamber, housing three orthogonal sets of 
square coils that allowed the ambient GM field to be altered 
around the participant’s head (Wang et  al. 2019). All expo-
sures were carried out in the dark. The authors reported 
strong, specific human brain responses to ecologically relevant 
rotations of Earth-strength MFs. Following geomagnetic stim-
ulation, a decrease in the amplitude of electroencephalography 
(EEG) alpha oscillations (8–13 Hz) occurred in a repeatable 
manner. Biophysical tests revealed that the neural response 
was sensitive to static components and the polarity of the 
applied MFs. This rules out a purely quantum-mechanical 
mechanism based on the RPM, the RPM, which can detect 
only axial alignment. These observations are consistent with a 
sensing mechanism involving magnetic particles.

In the second study, each of 34 male volunteers sat on a 
rotatable chair was exposed to a variety of GMF-like MFs 
with various intensities, inclinations, and magnetic north 
directions (Chae et  al. 2022). Prior to each experiment, the 
subjects underwent short-term starvation or were fed nor-
mally. In an association phase, subjects facing the ambient 
magnetic north were either conditioned or not conditioned 
to associate this direction with food. During the test phase, 
in which the modulated magnetic north was randomly set to 
true magnetic north or true magnetic south, the subjects 
were asked to indicate the modulated magnetic north 
direction.

Table 1. E ffects of geomagnetic storms on human biology and health.

Increased ↑ Decreased ↓
Depression ↑
Suicide incidence ↑
Heart rate and attacks ↑
Arterial pressure ↑
Stroke ↑
Nocturnal melatonin ↑↓
Basophils and leucocytes ↑
Cholesterol ↑
Migraine headaches ↑
Basophils and leucocytes ↑
Platelet aggregation ↑
Fibrinogen concentration ↑
Skin blood perfusion rate ↑
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Under full-wavelength visible light (350–800 nm), subjects 
who had been starved to produce a significant reduction in 
blood glucose levels and with food previously conditioned to be 
associated with magnetic north, showed a significant increase in 
the ability to orient correctly using the rotating chair compared 
with subjects who had not been conditioned.

Further tests revealed that human geomagnetic orienta-
tion is highly sensitive to light wavelength and that blue 
light plays a critical role. No significant differences between 
orientation rates in dark conditions were observed, indicat-
ing that light was crucial for correct magnetic orientation.

The presence of RF-EMFs in the MHz range was tested 
on the volunteers, as described elsewhere in relation to the 
orientation of birds (Ritz et  al. 2000, 2004). Exposure to 
1.260 MHz, the electron Larmor frequency in the ambient 
GMF (45.0 μT), and lower-frequency broadband MFs, but 
not a 1.890 MHz field, significantly disrupted the magnetic 
orientation, suggesting EMF interference with a RPM.

These reported results are inconsistent with magnetite-based 
magnetoreception but support the notion that light-activated 
radical pairs probably mediate magnetic orientation in humans.

Thus, a study that is consistent with magnetosensing 
involving magnetic particles (Wang et  al. 2019) appears to 
contradict a study that supports a light-dependent RPM 
mechanism (Chae et  al. 2022). However, the two studies 
used very different experimental assays that could be prob-
ing different receptors. Humans may have two methods of 
magnetoreception, in common with birds, which are thought 
to have a radical pair-based compass in the eyes for direc-
tion sensing and magnetic particles elsewhere for intensity 
sensing.

In summary, the results of several provocation experi-
ments and natural observations in animals mimic the find-
ings of adverse health effects of GM storms in humans. 
They are characterized by blinded exposures and objective 
measurements, which, in the case of humans, do not assume 
conscious sensing of the applied EMFs.

3.4.  Human EHS associated with RF-EMF exposure

A significant increase in the number of people reporting 
adverse health effects due to EHS has occurred in recent 
years, along with a corresponding increase in environmental 
anthropogenic EMFs, most commonly from modern wireless 
devices.

Conventional medical science usually diagnoses EHS effects 
as psychosomatic ‘nocebo’ effects. EHS effects cover a wide 
range of health problems, including headaches, tinnitus, fatigue, 
stress, skin symptoms, such as prickling, burning sensations and 
rashes, musculoskeletal pain, sleep disorders, mood issues, dizzi-
ness, and many other health problems (Landgrebe et  al. 2009; 
Medeiros and Sanchez 2016; Leszczynski 2022). These effects 
are largely self-reported, but their veracity is supported by objec-
tive measurements of MF sensing in humans and various spe-
cies cited above.

While many of these symptoms are specific to man-made 
EMFs, they overlap with some of the acute symptoms asso-
ciated with GM storms. However, whereas MF fluctuations 

from GM storms result in comparatively rare exposures, in 
today’s environment, there is chronic exposure to a wide 
range of EMF fluctuations from man-made sources (Figures 
1 and 2).

3.5.  Electromagnetic field treatment

A large body of basic science and clinical evidence demon-
strates that time-varying MFs of millitesla strength, well 
above normal ambient exposures, can modulate molecular, 
cellular, and tissue functions in a physiologically and clini-
cally significant manner. While the cellular mechanisms 
remain unclear, MFs are used in a range of conditions to 
treat depression, reduce pain, improve wound and bone 
healing, increase blood circulation, and stimulate the immune 
and endocrine systems (Markov 2015). The use of pulsed 
electromagnetic fields (PEMFs) for the treatment of major 
depressive disorders is of particular interest because it illus-
trates the direct influence of EMFs on the human brain 
(Blumberger et  al. 2018).

4.  Mechanisms of action

By what mechanism(s) do animals and some people display 
sensitivity associated with MF and/or EMF exposure, be it 
from natural or anthropogenic sources, at exposure levels 
well below that of the GMF, in some cases below 10 nT? 
(Engels et  al. 2014; Tomanova and Vacha 2016).

One approach is to identify biological markers of EHS in 
a manner similar to that used for chemical sensitivity 
(Belpomme et  al. 2015; Belpomme and Irigaray 2020, 2022, 
2023). However, it is unclear whether such markers are con-
sequential rather than causal of EHS or whether they con-
tribute to predisposition. The challenge in understanding 
EHS is the shear selectivity of the response to EMF expo-
sures. This, in turn, suggests a cognitive response, regardless 
of any intrinsic biological susceptibility.

To address this question further, we need to understand 
the difference between the primary sensor (based on physi-
cal or chemical principles), the transducer, which is biologi-
cal in nature, and the whole-organism response involving 
cognitive input (Figure 3). A well-known model for a cogni-
tive response is the so-called ‘Orchestra analogy’. Imagine a 
music connoisseur listening to a piece of orchestral music. 
Suddenly, an otherwise faint instrument plays a wrong note. 
The connoisseur hears this immediately and may be quite 
disturbed by it, while the less discerning may be oblivious 
to the wrong note being played.

By what mechanism does the music connoisseur know 
that a wrong note was played? It is not the ear, whose func-
tion is to simply detect the sound; rather, it is the brain, 
which interprets sounds as constructed music and provides 
a biological and resulting cognitive response to hearing a 
wrong note.

The presence of magnetic particles in the brain of suffi-
cient size to potentially transduce MFs directly is of partic-
ular interest (Kirschvink, Kobayashi-Kirschvink, Diaz-Ricci, 
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et  al. 1992). In the case of GM storms, it has been argued 
that the cryptochrome compass system in animals mediates 
stress responses more broadly across the hypothalamic–pitu-
itary–adrenal (HPA) axis, including alterations to circadian 
behavior, in response to changes in the GM field (Close 
2012). This notion is supported by findings in rats exposed 
to mobile phone EMFs (Zufry et  al. 2023).

Some types of EMF signals result in adverse responses in 
some individuals; these signals are particularly bioactive for 
EHS people. The brain reacts adversely to these signals and 
this is communicated, albeit unconsciously, to the rest of the 
body, resulting in adverse health symptoms. The situation is 
not unlike the side effects of prescription drugs, which may 
affect only a small percentage of people.

What, then, is the primary interaction at the physical or 
chemical level between MFs and biological systems, espe-
cially humans? We discuss two mechanisms from the field 
of animal magnetoreception, their coupling to the nervous 
system and communication with the brain, and a third that 
is newly emerging.

4.1.  Magnetic particles in the brain

The presence of magnetic nanoparticles in living organisms 
is well-known and has been extensively researched. A partic-
ular example is the evolution, some two billion years ago, of 
the magnetotactic bacteria which contain chains of 
magnetite-bearing magnetosomes in their bodies, enabling 
them to swim along geomagnetic field lines (Bazylinski and 
Frankel 2004). The presence of such particles in the bodies 
of many species, including humans, may act as a method of 
magnetoreception. This is supported by both theoretical 
considerations and the fact that magnetite has been detected 
in sensory neurons (Winklhofer 2009; Shaw et  al. 2015).

Magnetite (Fe3o4) biomineralization has been character-
ized in the human brain (Kirschvink, Kobayashi-Kirschvink, 
Woodford, 1992). Individual particle energy in a MF, U, 
often exceeded the thermal energy kT. Thus, individual 
grain sizes were bimodal: most were in the range 10–70 nm, 
while a proportion was in the range 90–200 nm with some 
examples 600 nm in size. Overall, the measurements implied 
the presence of 5 million single-domain crystals per gram 
for most tissues in the brain and over a 100 million crystals 
per gram for pia and dura. Magnetic property data indicated 
that the crystals were in clumps of between 50 and 100 par-
ticles, with U/kT values between 20 and 150.

In autopsy samples covering an age range of 3–89 years, 
the abundant presence of magnetite nanoparticles has been 
identified in the human brain, separate from those ascribed 
to endogenous sources (Maher et  al. 2016). These findings 
suggest that external sources, such as combustion-derived 
particles, can enter the brain directly via the olfactory bulb. 
Median saturation remanent magnetizations from the cere-
bellum were reported to be approximately twice as high as 
those from the cerebral cortex (Gilder et  al. 2018). The mag-
netization of the brain stems was more than two times 
greater on average than that of the cerebral cortex. The 
authors concluded that magnetite is preferentially partitioned 
in the human brain, specifically in the cerebellum and 
brainstem.

A role for magnetite particles in human tissues, especially 
the brain is unknown. Those observed to date lack the 
ordered architecture seen in animals. The sizes of particles 
present indicate the ability of a proportion to orientate in 
the GM and anthropogenic fields, exerting mechanical pres-
sure directly on brain cells (Kirschvink, Kobayashi-Kirschvink, 
Diaz-Ricci, et  al. 1992). The possibility that such action may 
be sufficient to open mechanically sensitive transmembrane 
ion channels has also been proposed.

Figure 3.  Conceptualization of exposure to low intensity magnetic and electromagnetic fields and how this may lead to adverse behavioral and other responses. 
Anthropogenic ELF and RF noise interacts with biological systems by two principal mechanisms of interest: magnetic particles in the body and the 
quantum-mechanical radical pair mechanism. Such interactions can lead to the opening of cell membrane ion channels, which in turn result in cellular and extra-
cellular changes in ion concentrations. These in turn couple to the nervous system subsequently driving behavioral and other responses, including EHS.
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Magnetite and related particles also have the ability to 
transduce RF-EMF energy from approximately 500 MHz to 
at least 10 GHz (Kirschvink 1996). The possible consequences 
of MF coupling to magnetite particles were tested via a bac-
terial analog (Magnetospirillum magnetotacticum), which 
produces intracellular biogenic magnetite similar to that 
present in the human brain (Cranfield et al. 2003). Compared 
with sham exposure, exposure to 900 MHz mobile phone 
emissions resulted in a consistent and significantly greater 
proportion of cell death in exposed cultures.

In a demonstration video, trout olfactory epithelial cells 
containing magnetic material were visually identified by 
their rotational behavior in a MF (Eder et al. 2012). Magnetic 
inclusions, with dipole moments in the range 4–10 fAm2, 
were found to be firmly coupled to the cell membrane, 
enabling demonstration of direct transduction of mechanical 
stress produced by magnetic torque acting on the cellular 
dipole in situ.

Strong evidence supporting the involvement of magnetite 
particles and their ferromagnetism in human magnetoreception 
is presented in Section 3.3 (Wang et  al. 2019). However, to date, 
there has been no explicit demonstration that such particles 
couple to neurons in a manner that results in a behavioral 
response. The evidence may also support the action of a pro-
posed magnetoreceptor based on MagR (Section 4.4). Overall, 
magnetic particles constitute a viable biophysical mechanism for 
sensory transduction and provide a basis for investigating the 
behavior of human magnetoreception.

4.2.  The radical pair mechanism (RPM)

The RPM is the only established mechanism by which 
low-intensity MFs can alter chemical reaction rates and reac-
tion products. They do so by operating on the spin states of 
radical pairs, in particular, driving conversion from the short 
lifetime (∼nanoseconds) singlet, S-state to the longer-lived 
(∼microseconds) triplet, T-state. Longer-lived radicals have 
more time to take part in chemical reactions that are usually 
inaccessible in the S-state, including the opportunity to cause 
biological damage (Schulten et  al. 1978; Brocklehurst and 
McLauchlan 1996; Rodgers 2009; Hore and Mouritsen 2016). 
Such changes in reaction products, if coupled to the nervous 
system in vivo, could constitute a signal leading to a number 
of biological outcomes (Zadeh-Haghighi and Simon 2022). 
Strong evidence for the involvement of the RPM in human 
magnetoreception was presented in Section 3.3 (Chae 
et  al. 2022).

Notably, the RPM operates at energy levels some ten mil-
lion times below thermal energy. While understanding orig-
inated in the 1970s in spin chemistry, further roots may be 
found in the 1896 discovery of the Zeeman Effect and the 
subsequent 1902 Nobel Prize award to Pieter Zeeman. Such 
quantum mechanical effects are nonintuitive but are borne 
out by experimental observations.

In terms of MF interactions, the RPM is known to have 
a frequency limit of about 10–100 MHz. Consequently, the 
RPM cannot explain telecommunication carrier wave fre-
quency effects on, for example, the production of reactive 

oxygen species (ROS), as supported in the theoretical analy-
sis by Talbi et  al. (2024). At such frequencies, other mecha-
nisms of interaction need to be considered such as 
transduction by magnetite nanoparticles and electric field 
effects, without frequency limit at radio frequencies. This 
issue is discussed in more detail in Section 4.6 below.

4.2.1.  RPM in the magnetic compass of avians, and other 
species

The role of cryptochrome protein molecules in accommo-
dating magnetoreception via the RPM has been extensively 
investigated (Karki et  al. 2021). The compass used by birds 
and other species is postulated to operate in cryptochrome 
photoreceptor protein molecules in the eye, where radical 
pairs are produced by blue-light absorption and electron 
transfer (Ritz et  al. 2000).

Evidence that the migratory orientation of European rob-
ins exposed to 1–10 MHz fields, as low as 85 nT, disrupted 
their migratory orientation by affecting the S-T interconver-
sion process offered strong support for an RPM-based mag-
netic compass (Ritz et  al. 2004). These findings were 
replicated and found across a number of species. Estimates 
of the MF detection threshold have been progressively 
revised downwards and reported to start at a level below 
2.4 nT in garden warblers (Pakhomov et  al. 2017).

There is now compelling evidence that the prime magnetic 
compass of migratory birds operates via a RPM, which requires 
the presence of cryptochromes (Leberecht et  al. 2023).

4.2.2.  Human cryptochromes are magnetosensitive

Human cryptochromes (specifically hCRY2) have been 
shown to be magnetosensitive (Foley et  al. 2011). When 
engineered without their corresponding CRY genes, 
Drosophila melanogaster fruit flies lose their magnetosensi-
tivity. However, sensitivity is restored with the introduction 
of human CRY2 genes. Human CRY2 is present in most tis-
sues, including the brain (see Section 4.5). The evidence 
suggests that CRY2 proteins are related to human navigation 
(Xu et  al. 2021).

4.3.  RPM in cryptochromes and coupling to nerve cells

Cryptochromes are ubiquitously expressed in the organs and 
tissues of all organisms (Lin and Todo 2005; Sancar 2016). 
In the context of MF reception, there is an ongoing debate 
as to whether the presence of cryptochromes is sufficient for 
MF reception or whether they function as downstream sig-
naling molecules of the actual MF receptor (Giachello et  al. 
2016; Bradlaugh et  al. 2023; Merlin 2023; Zhang and 
Malkemper 2023). There are further questions, namely can 
MF reception take place in the complete absence of light, 
and how is MF information coupled to nerve cells? 
Laboratory experiments addressing these issues have looked 
directly at the MF-induced cryptochrome response in nerve 
cells, where the questions become intertwined. Here, we 
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address those questions separately by summarizing several 
key experimental findings.

4.3.1.  Is a cryptochrome a magnetic sensor or a 
transducer of the actual sensor?

In the avian compass, it is assumed that relevant radical 
pairs are created in cryptochromes by blue light excitation of 
the flavin adenine dinucleotide cofactor (FAD), followed by 
electron transfer across a chain of three tryptophans (Trp). 
In the case of the plant Arabidopsis thaliana cryptochrome, 
a schematic picture of the full radical-pair reaction pathway 
has been proposed (Solov’yov et  al. 2007). In Drosophila, 
evidence suggests the presence of a fourth Trp (Nohr 
et  al. 2016).

This picture does not explain many physiological and 
behavioral observations and has been challenged in studies 
in Drosophila (Gegear et  al. 2010; Fedele et  al. 2014). The 
studies detailed in Section 4.3.4 report the first direct exper-
imental evidence that MF modulation of cryptochrome 
activity is capable of influencing neuronal activity to allow 
animal magnetoreception (Giachello et  al. 2016). This obser-
vation does not require the Trp chain, but the CRY 
C-terminus is essential for CRY-dependent MF sensitivity. 
This work has been extended to detailed studies of the pre-
cise workings of the RPM (Figure 4; Bradlaugh et  al. 2023). 
The authors reported that the 52 C-terminal amino acid res-
idues of the Drosophila cryptochrome, lacking the canonical 
FAD-binding domain and Trp chain, are sufficient to facili-
tate magnetoreception. High levels of FAD alone are suffi-
cient to cause blue-light neuronal sensitivity and the 
potentiation of this response in the additional presence of a 
MF. These observations suggest that alternative radical pairs, 
which are not directly photochemically generated, may also 
contribute to magnetoreception.

Overall, the results suggest that ‘sensing’ and ‘transducing’ 
of MFs are separate properties that do not need to be car-
ried out by the same molecule. Furthermore, while blue light 

appears necessary to trigger the RPM process, there is a 
growing list of examples reporting that key steps relevant to 
magnetoreception take place in the dark (Vieira et  al. 2012; 
Wiltschko et  al. 2016; Höytö et  al. 2017; Pooam et  al. 2019; 
Hammad et  al. 2020). The example of subterranean mole 
rats is particularly relevant here (Burda et  al. 1990; 
Burda 2021).

Insight into the workings of magnetosensitivity in the 
dark may be obtained by considering the cryptochrome pho-
tocycle (Hammad et  al. 2020, Figure 4). In general, as long 
as an initial step occurs that generates the flavin radical 
(FADH•), the magnetically sensitive step can be decoupled 
from illumination (Aguida et  al. 2024). Mammalian-type 
cryptochromes appear to function independently of light 
and are expected to retain the ability to respond to MFs 
(Sherrard et  al. 2018).

Thus, there is ample evidence that cryptochromes play a 
critical role in magnetosensitivity, although it remains to be 
seen whether they function as receptors or downstream sig-
naling molecules. More generally, MF effects from the per-
spective of the RPM show that magnetosensitivity is 
widespread in biology (Zhang and Malkemper 2023; 
Zadeh-Haghighi and Simon 2022).

4.3.2.  EMFs release reactive oxygen species

A key part of the magnetoreception process is the release of 
free radical ROS. The subject has been discussed in the con-
text of cells exposed to ELF-MFs in vitro (Mattsson and 
Simkó 2014) and in the context of the neuropsychiatric 
effects of EHS (Pall 2013, 2016; Stein and Udasin 2020). 
This includes the proposal that oscillating electric fields 
(EFs) may lead to the opening or closing of voltage-gated 
ion channels (VGICs) (Panagopoulos et  al. 2000, 2002, 
2021). The effects of EMFs on neuronal ion channels have 
been extensively studied, revealing that VGICs represent 
major transducers of EMF-related effects on the central ner-
vous system (Bertagna et  al. 2021). A recent case report in 

Figure 4.  Postulated signaling pathways of the cryptochrome in Drosophila. In the presence of blue (or white) light and EMF, cryptochrome is activated and 
produces free radicals (ROS). This causes the opening of the potassium channel and the triggering of action potentials, leading to an increase in the intracellular 
calcium content, which in turn activates synaptic VGIC signaling (Bradlaugh et  al. 2023).
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an EHS patient revealed correlations with immune respon-
sivity to oxidative stress (Thoradit et  al. 2024).

Some studies address the role of the RPM in the process 
of ROS release. These include changes in nuclear spin orien-
tations that lead to changes in chemical reaction rates and 
concentrations of important signaling molecules (Henbest 
et  al. 2004; Usselman et  al. 2014, 2016; Smith et  al. 2021; 
Zadeh‑Haghighi and Simon 2021).

A comprehensive discussion describes the biological 
effects of EMFs on insects, from the standpoint of a primary 
EMF receptor followed by ephaptic coupling and the percep-
tion of EMF through ion channels for the synchronization 
of neuronal activity (Thill et  al. 2024). The effects of both 
ELF and RF EMFs are considered, encompassing sources 
such as mobile and DECT phones, base stations, signal gen-
erators, and coil systems. Deleterious effects are reported in 
all cases.

4.3.3.  Pulsed EMFs induce human cryptochromes to 
modulate intracellular reactive oxygen species

PEMFs induce the production of ROS in human cells, and 
this process requires the presence of cryptochrome (Sherrard 
et  al. 2018). It was first shown that transgenic Drosophila 
larvae engineered without their own cryptochrome genes 
(cryb and cry02) lost their MF sensitivity, specifically to 
PEMFs. However, Drosophila larvae re-engineered with 
human cryptochrome-1 (HsCry1) protein responded to 
PEMFs in the form of 10 Hz, 1.8 millitesla-pulsed MFs.

Using human embryonic kidney 293 (HEK293) cells in vitro, 
it was determined that the ROS synthesized in the cryptochrome 
are released by PEMFs. This PEMF stimulation leads to the 
accumulation of intracellular ROS, and this effect requires the 
presence of cryptochromes. Prolonged exposure to PEMFs indi-
cated the toxicity of accumulated ROS in HEK293 cells. In a 
further assay relevant to the therapeutic consequences observed 
in humans, PEMF stimulation was found to regulate the expres-
sion of ROS-responsive genes.

4.3.4.  Specific involvement of cryptochromes in MF 
coupling to the nervous system

One study provided critical evidence that MFs potentiate the 
ability of light-activated CRY to increase neuronal action 
potential firing in Drosophila, indicating that CRY is sensi-
tive to an external MF that can modify animal behavior 
(Giachello et  al. 2016). The authors employed electrophysio-
logical recordings from larval-identified motoneurons, in 
which CRY is ectopically expressed, to show that the 
blue-light-dependent depolarization of the membrane poten-
tial and the increased input resistance are markedly potenti-
ated by MF exposure, which evokes increased action 
potential firing.

This work has been extended (Bradlaugh et  al. 2023). 
When filled with FAD alone, the MF increased the action 
potential firing of neuronal cells, even in the absence of 
CRY. These results reveal the essential components of a pri-
mary magnetoreceptor in flies, providing strong evidence 

that non-CRY-dependent radical pairs can elicit MF responses 
in cells (Section 4.3.1).

4.3.5.  Signal processing in the brain from the avian MF 
compass

An area of the brain of migratory songbirds where information 
from the Earth’s MF is processed has been identified (Mouritsen 
et  al. 2005). The authors designated this area Cluster N, which 
is situated close to the Wulst visual area. The functioning of 
Cluster N and the existence of cognitive maps in animal naviga-
tion have since been investigated by several authors (Heyers 
et  al. 2022; Shirdhanka and Malkemper 2024).

4.3.6.  EMF treatment does not require light but may 
require cryptochrome

In MF and EMF treatment, a particularly effective example 
is the use of PEMFs. For patients with treatment-resistant 
depression, an emerging option is noninvasive brain stimu-
lation using techniques, such as repetitive transcranial mag-
netic stimulation (rTMS) of the left dorsolateral prefrontal 
cortex (Blumberger et  al. 2018).

The efficacy of this treatment has been developed empir-
ically with little or no understanding of the fundamental 
processes at work. What is apparent is that the treatment is 
delivered directly to specific areas of the brain, strongly sug-
gesting that exposure to light is not involved. Indeed, this is 
evident for other EMF treatments, such as bone healing.

To address these mechanistic aspects, the use of 
low-intensity repetitive transcranial magnetic stimulation 
(LI-rTMS) to trigger intrinsic brain neural circuit repair 
mechanisms has been investigated (Dufor et  al. 2019). The 
authors compared cerebellar reinnervation in explants from 
wild-type (WT) mice and cryptochrome double knockout 
(Cry1−/−Cry2−/−) mice. These findings indicate that 
LI-rTMS induces axon outgrowth and synaptogenesis to 
repair neural circuits. This type of repair is dependent on 
the stimulation pattern and the presence of cryptochromes.

This is the first direct evidence in the mouse central ner-
vous system that mammalian cryptochromes are necessary for 
LI-rTMS-induced axon growth and neosynaptogenesis and 
involve MFs delivered focally to only part of the brain. Rather 
than neuronal activation by induced electric currents, weak 
MFs may act through cryptochromes to activate cellular sig-
naling cascades. This study provides another example of EMF 
action in the absence of light. In EMF treatment, the mecha-
nistic role of cryptochrome with respect to the RPM or any 
other mode of interaction remains to be elucidated.

4.4.  Cryptochromes, circadian rhythms, and melatonin

Cryptochromes are best known for their control of circadian 
rhythms (Van der Horst et  al. 1999; Sancar 2004, 2016). An 
important aspect of such control is the nocturnal production 
of the powerful natural antioxidant and anticancer agent 
melatonin in the pineal gland. Pineal secretion of nocturnal 
pineal melatonin is reduced at exposure levels of dim white 
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light at approximately 10 lux and is fully suppressed once 
exposure to light-at-night (LAN) exceeds 200 lux (approxi-
mately 300 mW m−2) (Brainard et  al. 2001; Zeitzer et  al. 
2005). Blue light from light-emitting diodes is particularly 
effective in the suppression of melatonin in humans (West 
et  al. 2011). Nightshift work, with its associated LAN expo-
sure, is classed as a 2 A probable carcinogen (IARC 2010).

In contrast to LAN, MFs appear to be less effective at 
suppressing melatonin, with maximum suppression ranging 
from 20 to 30%. However, people exposed to elevated fields 
living under high-voltage powerlines, for example, may be 
chronically exposed, so the overall effect may be greater.

Experimental demonstration of MF-induced melatonin 
suppression must overcome the large natural person-to-per-
son variation in nocturnal melatonin production (Sack et  al. 
1986). This suggests that studies with only a few tens of 
subjects will lack the resolving power to detect an effect 
(Touitou and Selmaoui 2012). In a well-conducted study 
involving 203 women and a dose–response design, mela-
tonin suppression was noted for nocturnal 60 Hz EMF expo-
sure as low as 0.2 μT, with an overall 14% reduction (Davis 
et  al. 2001). Overall, studies of MF disruption of melatonin 
and circadian rhythms are inconsistent with no effect, sug-
gesting that effects do occur (Henshaw 2014; CwCUK 2014).

Weak RF EMFs have been demonstrated to affect the 
insect circadian clock (Bartos et  al. 2019).

4.5.  ISCA1, MagR iron–sulfur (Fe-S) clusters, and 
cryptochromes

ISCA1, also known as MagR, is a protein involved in the bio-
genesis and assembly of iron–sulfur (Fe-S) clusters found in 
mitochondria and other locations (Qin et  al. 2016). These clus-
ters are essential cofactors found in all kingdoms of life and play 
essential roles in fundamental processes, including respiration, 
photosynthesis, and nitrogen fixation (Shi et  al. 2021).

MagR has been reported to form a rod-like complex with 
cryptochrome and co-localizes with CRY in the pigeon retina 
(Figure 5) (Qin et  al. 2016). The complex exhibits spontaneous 
alignment in MFs. As such, this constitutes a putative magneto-
receptor, having the attributes of a magnetic compass based on 
the basis of both chemical action by the RPM and magnetic 
particles. The authors further tested the formation of a complex 
between CRY and MagR in six selected species: fruit fly, mon-
arch butterfly, pigeon, mole rat, minke whale, and human (Qin 
et  al. 2016). In humans, two CRY isoforms have been identified, 
hCry2-1 and hCry2-2. Of these, hCry2-2 was found to form a 
complex with hMagR.

The authors also speculated that the dynamics of the CRY/
MagR protein complex and the polymer structure formed by 
MagR alone may act as a biocompass in the dark in some cell 
types and animal species. Further studies have characterized 
the nature of Fe-S cluster binding in MagR (Guo et  al. 2021; 
Zhou et  al. 2023). Using small angle X-ray scattering, the 
magnetic orientation mechanism of the purported pigeon 
CRY/MagR structure was investigated (Arai et  al. 2022). 
Clarification was provided that the Columba livia pigeon 
cryptochrome clCRY4 enhances the magnetic orientational 
property of the clCRY4/clMagR complex when MagR acts as 
a scaffold for the photochemical reaction of clCRY4.

Our primary concern is MF transduction to the nervous 
system in the context of EHS. In humans, the hCRY2 and 
hISCA1/hMagR genes are expressed together in most organs 
and tissues of the body (Figure 6) (Gene ID: 1408 2024; 
Gene ID: 81689 2024). This provides an opportunity to form 
hCRY/hMagR complexes as a general phenomenon.

4.6.  Electric field (EF) effects

As the body is a good conductor, external EFs are strongly 
attenuated in the human body. Disruptive internal EFs are 
mostly induced by time-changing external MFs.

Figure 5. A  possible structural model of the cry/MagR magnetosensor with up to 10 cry molecules attached to the MagR core (based on Qin et  al. (2026), Figure 3 
and other sources).
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4.6.1.  ELF EFs

In a long series of experiments, human subjects were housed 
in isolated test facilities, shielded from the variable atmospheric 
electric field, typically ∼150 V m−1 (Wever 1979). The subjects 
were then exposed to 10 Hz continuous square waves for up to 
several weeks, and field intensities from zero to 300 V m−1.

For zero exposure, statistically significant lengthening in 
the 24 h circadian rhythm was observed and the occurrence 
of internal desynchronization. For square wave exposures as 
low as 2.5 V m−1, subjects were immediately entrained to the 
external signal, resulting in shortening of circadian rhythms, 
indicating that ELF EFs acted as zeitgebers.

These and further related studies in humans and animals 
are reviewed in Henshaw et  al. (2008). In addition to alter-
ation of circadian rhythms and other findings, disruption of 
nocturnal melatonin was also observed.

4.6.2.  Mobile-phone frequencies

Talbi et  al. (2024) cite examples of nine studies which report 
increased ROS levels with exposure to RF EMFs. Four of 
these use a pure RF carrier wave (Luukkonen et  al. 2009; De 
Iuliis et  al. 2009; Sefidbakht et  al. 2014; Pooam et  al. 2022).

The remaining five studies use actual mobile phone devices, 
which contain low frequency modulations in various forms. 
Mobile phones are known to generate ELF and VLF MFs from 
the battery current, up to tens of microteslas in value (Tuor 
et al. 2005). Human exposures to RF EMFs from mobile phones 
and related devices include lower frequency modulation signals, 
which are likely to fall in the domain of the RPM.

4.6.3.  Mechanistic considerations

For external EF exposure, Panagopoulos et  al. (2000) pro-
posed a model in which an oscillating external electric field 

exerts an oscillating force on free ions that exist on both 
sides of all plasma membranes and can cross via transmem-
brane proteins. This external oscillating force causes a forced 
vibration of free ions, leading to opening or closing of 
VGICs as described in Section 4.3.2 above.

The model predicts that EF frequencies below 1 kHz (ELF 
fields) can be bioactive, even at very low intensities of sev-
eral volts per meter. At RF frequencies, a field of 100 MHz 
must have an intensity of at least 105 V m−1, which is orders 
of magnitude greater than ICNIRP’s limit of 62 V m−1.

For RF EMFs, the theoretical analysis by Talbi et  al. 
(2024) supports the known frequency limit of 10–100 MHz 
in which the RPM can operate. Thus, the findings of ROS 
release from pure RF carrier wave exposures, could by 
hypothesis arise from transduction by magnetite nanoparti-
cles, or by the EFs generated internally by the MF EMF 
component, or by some other presently unknown pathway.

4.7.  Nonlinear and multiphasic responses

Most human responses to environmental factors are nonlinear and 
involve feedback mechanisms that control sensitivity and down-
stream biological and cognitive consequences (Beckon et al. 2008). 
This applies to touch, sight, hearing, smell, and taste, which have 
gain and adaption functionality that achieve extremely wide 
dynamic ranges, and also apply to other signals, including pain.

One example is our response to DNA damage by ionizing 
radiation. After much debate, the most appropriate model 
for radiation protection is the linear no threshold (LNT). 
Minor genetic damage is not always repaired because imper-
fect repair processes can produce greater damage (Huang 
and Zhou 2021). As damage detection increases, immune 
system communication triggers repair or apoptosis (Nastasi 
et  al. 2020). This explains earlier claims that ‘a little radia-
tion exposure is protective’; however, we now know that 
‘minor’ damage can result in future genomic instability.

Figure 6.  Human cryptochrome and iron-sulfur cluster assembly proteins are expressed in a wide range of human cells, especially in their mitochondria.
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A series of studies have shown the damaging effects of 
weak ELF MF exposure on ornithine decarboxylase activity 
and the morphology of chick embryos as well as the miti-
gating effects of the superposition of an incoherent ELF 
noise field (Farrell et  al. 1997; Farrell et  al. 1998). Related 
studies have shown similar effects at microwave frequencies 
and amplitudes modulated by ELF (Litovitz et  al. 1997).

5.  Discussion

In the scientific field of magnetoreception, we find that all 
forms of life respond to MFs, as has been extensively 
researched in many species. The literature is bourgeoning.

In 2020 alone, PubMed lists 600 articles with keywords 
‘magnetic field biology’ (Sarimov et  al. 2023b). This includes 
examples of extraordinary sensitivity, in some cases several 
thousand times below the level of the natural background 
geomagnetic field.

It should therefore come as no surprise that humans are able 
to detect MFs, albeit unconsciously, as evidenced by the estab-
lished literature relating to GM storms and carefully controlled 
laboratory experiments (Wang et  al. 2019; Chae et  al. 2022).

The mechanistic understanding of magnetoreception in 
biology has, in recent decades, been driven largely in 
response to animal navigation and migration utilizing, to 
varying degrees, the GM field. Our focus is on mechanisms 
of magneto-sensing and coupling to the nervous system, 
regardless of a specific behavioral purpose.

The role of magnetite and related particles as primary 
MF/EMF detectors, including the demonstration of energy 
coupling to cells, has been widely discussed (Eder et  al. 
2012). Of particular interest is the ability of magnetite 
nanoparticles to absorb and transduce EMR at microwave 
frequencies up to 10 GHz through the process of ferromag-
netic resonance (Kirschvink 1996).

Cryptochromes, including those in humans, have been 
shown to play a central role in magnetoreception. They cou-
ple to the nervous system and have also been shown to play 
a key role in cerebellar reinnervation. Cryptochrome action 
involving the RPM is supported in many animal and plant 
species. Studies in molecular biology and genetics are prob-
ing the exact workings of the RPM, including whether the 
mechanism can operate in the complete absence of light.

The observation that MagR forms a rod-like complex 
with cryptochromes is work in progress that could open up 
a new possibility of increased magnetosensitivity. This 
hypothesis suggests that CRY/MagR complexes have the 
capacity to transduce MF/EMFs in most tissues and organs. 
This could explain the range and diversity of adverse effects 
reported by individual EHS sufferers.

Most EHS people report sensitivities to EMF levels many 
orders of magnitude below all official exposure guidance lev-
els, and many do not report an increase in effects at higher 
exposures. An attempt to improve protective guidance was 
set out the EUROPAEM guidance (Belyaev et al. 2016). 
These levels are indicated in Figures 1 and 2. Unfortunately, 
almost all published EHS provocation studies have assumed 
a linear dose response and only consider exposures close to 

the mainstream international guidance levels (IEEE 2019; 
ICNIRP 2010, 2020). They also have failed to ensure that 
‘sham’ exposures have extremely low levels of background 
ELF and RF fields.

We can therefore offer some replies to questions (i)–(iv) 
in the introduction.

i.	 Numerous animal and insect species react adversely 
to minute MF/EMF changes, notably in interference 
with magnetonavigation. There is ample evidence, 
notably from GM storms, that humans can sense 
low-intensity EMFs, albeit unconsciously. Adverse 
responses, typical of those reported as human EHS, 
reflect that the brain regards some EMF signals as 
disturbing, especially those of a pulsatile nature and 
whether ELF and/or RF are present.

ii.	 The leading candidates for primary MF/EMF detec-
tion are magnetic particles and the RPM via crypto-
chromes. Both offer routes for coupling to the 
nervous system and to the brain, as supported by 
laboratory studies with human volunteers. Both pro-
cesses may be at work in human MF/EMF sensing.

iii.	 The acute activation of VGICs by EMFs in relation 
to both MFs and EFs has been discussed elsewhere 
(Pall 2013, 2016; Panagopoulos et  al. 2021). The 
demonstration that EMFs act on human crypto-
chromes in Drosophila to release ROS, leading to the 
activation of VGICs in neurons, provides further 
mechanistic insight into this process (Sherrard et  al. 
2018). ROS constitute potentially toxic metabolites 
with multiple roles in the stress response and cellular 
aging, including a potential role in cancer promotion, 
exacerbated by chronic EMF exposure.

We have dealt here mainly with MFs. People have also 
been shown to be sensitive to EFs (McCarty et  al. 2011), but 
as indicated in Section 4.6 our understanding of EF mecha-
nisms of action are more limited.

6.  Conclusions and recommendations

1.	 At the scientific level, researchers working in the 
field of magnetoreception in biology should be made 
aware of EHS as a human public health concern and 
funded to address the issue as part of their scientific 
research.

2.	 All interested parties, especially EHS sufferers and 
medical professionals, should be made aware of the 
considerable growth in understanding in recent 
decades of the mechanisms by which all forms of life 
sense MFs/EMFs, even at extremely low levels. EHS 
research to date has been significantly hindered by a 
fundamental lack of knowledge among many medical 
scientists and EHS researchers regarding the current 
scientific understanding of quantum biology mecha-
nisms and processes. This has resulted in the design 
and analysis of inappropriate provocation tests.
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3.	 Almost all existing epidemiological and provocation studies 
have failed adequately to determine and measure the nec-
essary dependent and independent variables. In particular:

i.	 to characterize in proper technical detail the EMF/RF 
exposures (including electric and MF levels; average 
and peak power-density levels; frequencies involved; 
and modulation characteristics).

ii.	 to triage participants effectively to remove ‘electro-
phobic’ and other volunteers self-reporting apparent 
EHS-related problems.

iii.	 in provocation studies, to fail to recognize the non-
linear nature of EHS responses and the extremely 
low levels of exposure (<100 nT) that have effects 
and, instead, use relatively high exposures fairly close 
to the ICNIRP and IEEE guidance levels.

iv.	 in provocation studies, to provide a participant- 
comfortable extremely low EMF/RF test location, 
screened from anthropogenic sources and allow ade-
quate time (days rather than hours) for adverse 
effects to washout between exposures.

5.	 EHS studies should move away from current, nonfo-
rensic epidemiological approaches and human subjec-
tive provocation studies (Leszczynski 2022; Röösli 
et  al. 2024). Instead, objective measurements of bio-
logical parameters, such as heart rate variability, brain 
wave activity (e.g. fMRI and wide-bandwidth EEG), 
and the immune response to oxidative stress should 
be investigated (Caswell et  al. 2016; Gurfinkel et  al. 
2018; Pishchalnikova et  al. 2019; Wang et  al. 2019; 
Thoradit et  al. 2024). We caution that these 
approaches require sophisticated design and analysis 
and advanced design personal exposure meters.

6.	 We recommend that the WHO properly reevaluates its 
understanding of EHS to align it with the substantial 
body of available scientific literature showing mechanis-
tic evidence of interactions of all forms of life, including 
humans, with low levels of electric and magnetic fields.
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Appendix A 

Energy in electromagnetic fields and photons in relation 
to life on Earth

In addition to sunlight, life on Earth has developed in an elec-
tromagnetically quiet environment. Low-frequency EM fields 

originate from currents circulating in the core of the Earth, solar 
winds, and thunderstorm activity. In the last 100 years, anthropo-
genic activities have greatly increased the levels of environmental 
time-varying electric and magnetic fields.

Figure 1 shows low-frequency MF levels (0.01–10,000 Hz) with long 
wavelengths (30 Gm @ 0.01 Hz to 3 km @ 10 kHz). At these wavelengths, 
electric and magnetic fields are not mathematically related – one can 
exist without the other – and this region is known as the reactive near 
field.

Figure 2 shows the vast increase in the environmental radio-frequency 
power density (PD) across a wide frequency range. Above approximate-
ly 10 MHz, people are generally exposed to far fields where electric and 
magnetic fields are mathematically related. The RF peak, mostly due to 
modern telecommunication signals, lies between 300 MHz and 30 GHz, 
i.e. in the ‘silent’ part of the natural noise spectrum. The modern peak 
PD is approximately 1018 times greater.

To transmit an RF signal, an oscillating potential at a given fre-
quency is applied to an antenna. In terms of classical physics, this 
results in the emission and propagation of EMR, in which the elec-
tric and magnetic fields are intricately linked by Maxwell’s equa-
tions. In the quantum physics world, radio waves are ‘streams of 
photons’, which are usually highly coherent and linearly or circular-
ly polarized. They add together by wave superposition in an 
n-photon wave train.

The total RF PD levels are now similar to those from bright sun-
light. Individual RF photons have much less energy, but there are at 
least 100,000 of them for every sunlight photon. The total energy is 
calculated by integrating the PD across a relevant bandwidth.

On the basis of energy considerations, the annual absorbed dose 
from natural ionizing background radiation is approximately 2 mGy, 
which involves a transfer of 2 mJ kg−1 to tissue.

The current ICNIRP mobile phone SAR is 2 W kg−1, which amounts 
to a total energy transfer of 2000 mJ kg−1 per second (=2 J kg−1 s−1), 
albeit from photons with quite low individual energies. The possible 
long-term effects of this massive novel influx of photon energy on a 
person’s well-being cannot readily be discounted. Further discussion 
can be found here (Roussel 2024; Bruno 2024).
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