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Summary

The brain is a complex non-linear dynamical system
that is associated with a wide repertoire of behav-
iours. There is an ongoing debate as to whether
low-intensity radio frequency (RF) bioelectromag-
netic interactions induce a biological response.
If they do, it is reasonable to expect that the inter-
action is non-linear. Contradictory reports are found
in the literature and attempts to reproduce the subtle
effects have often proved difficult. Researchers have
already speculated that low-intensity RF radiation
may offer therapeutic potential and millimetre-
wave therapy is established in the countries of the
former Soviet Union. A recent study using transgenic
mice that exhibit Alzheimer’s-like cognitive

impairment shows that microwave radiation may
possibly have therapeutic application. By using a
highly dynamic stimulus and feedback it may be
possible to augment the small effects that have
been reported using static parameters. If a firm
connection between low-intensity RF radiation and
biological effects is established then the possibility
arises for its psychotherapeutic application. Low
intensity millimetre-wave and peripheral nervous
system interactions also merit further investigation.
Controlled RF exposure could be associated with
quite novel characteristics and dynamics when
compared to those associated with pharmaco-
therapy.

Introduction

The purpose of this communication is to provide a

brief non-technical insight into developments from

normally disparate fields of endeavour that may in

the future have relevance to psychiatric phenomena,

such as schizophrenia, affective disorders and other

conditions. These are commonly highly disabling

and include disorders of thought and perception,

and have associated with them significant social

and economic consequences.
Currently, pharmacotherapy is the first-line treat-

ment and although the side-effect profile of modern

psychiatric drugs has improved, in terms of effi-

cacy there has been little development in recent

years. Other therapeutic modalities are available

such as electroconvulsive therapy and, more recent-

ly, trans-cranial magnetic stimulation.1 These tech-

niques involve the induction of currents using

contact electrodes or through strong alternating

magnetic fields. Presumably, the mode of action

relates to current and its interaction with excitable

tissues in the brain and these approaches will no

doubt find increasing utility in clinical practice.

Although many details still need to be resolved

in terms of our theoretical understanding, these
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regimes do not present conceptual problems when
one considers the magnitude of the current in rela-
tion to electrophysiological parameters.

These technologies need to be differentiated from
the low-intensity bioelectromagnetic interactions
discussed in this communication, which involve
high-frequency electromagnetic fields, possessing
properties that are not shared by direct electrical
currents. Specifically, experimental and theoretical
evidence for low-intensity bioelectromagnetic
interactions, with wavelength between 0.1 mm
and 10 cm, is considered. These regions are
also referred to as ‘microwave’, ‘millimetre-wave’
and ‘sub-millimetre’ and span a frequency
range between 300 MHz and 3 THz, which
in this article we refer to as ‘radio frequency’
or ‘RF’.

There is a long-standing debate and division of
consensus among scientists involved in research
into the biological effects of RF radiation.2–5 In
particular, there are contradictory claims as to
whether all RF energy deposited in biological sys-
tems simply manifests thermally, or whether or not
other non-thermal interactions can occur. Biological
effects outside the thermal regime have been a
source of controversy since the 1960s.6,7 More re-
cently there have been important developments in
terms of the understanding of biological systems,
including non-linear behaviour. Neuropsychiatric
disorders are often associated with non-linear trajec-
tories.8,9 Moreover, collectively the experimental
evidence relating to RF bioelectromagnetic phe-
nomena suggests that in some cases interactions
could have non-linear characteristics, which may
militate against the successful use of methods nor-
mally applied in the investigation of psychophar-
macological interactions.

‘Linearity’ essentially means that the effects in a
system are proportional to their causes, and linear
systems can be easily analysed mathematically.10

A ‘chaotic’ system is defined as one that exhibits
unforeseen behaviour even though in principle no
randomness is involved in determining a future
state.11 Non-linear systems can give stable states,
periodic behaviour or chaotic behaviour, depending
on the equations and the initial state.11 It has
become increasingly common for researchers to
attempt to describe the temporal evolution of bio-
logical systems in terms of non-linear dynamics.12

On some levels, biological systems exhibit a high
degree of spatial and temporal order as demon-
strated by homeostatic-feedback mechanisms, such
as that used to control blood pressure.11 By neces-
sity these parameters are controlled within tight
limits. However, recent research shows that in
other physiological systems, such as the brain,

non-linearity is used to confer benefit and represents
a strategy to achieve rapid and highly adaptive
behaviour.13 Non-linearity appears to be involved
in the response to ambiguous, new and unlearned
situations.11 The brain is therefore a highly dynamic
and adaptive non-linear system where homeo-
static mechanisms are sometimes destabilized in
order to allow entirely new patterns of behaviour
to emerge.14 It is evident that some psychiatric phe-
nomena are likely to be connected with this inher-
ent instability. The term ‘controlled chaos’ has been
used to describe something essential to the function-
ing of biological systems and is operative on many
levels ranging from self preservation11 through to
complex psychosocial interaction,11 and is ultimate-
ly important on an evolutionary level.11

One of the ideas presented in this article is to ex-
plore whether or not RF bioelectromagnetic inter-
actions, under certain conditions, may contribute
to the highly complex and multiple interactions
associated with brain physiology that underlies its
non-linear behaviour.15 This may be associated
with therapeutic benefit and have a completely dif-
ferent mode of action to conventional pharmaco-
therapy, which may be an effective intervention,
but not a dynamical one. This could involve the
synchronisation of dynamical systems, which is a
key non-linear phenomenon.16

A feature of chaotic systems is their unpredictabil-
ity, due to the influence of small unobservable fluc-
tuations that change the trajectory of the system.17

This can be observed in other non-linear systems,
such as the stock market, which are difficult to pre-
dict. Also, it is not possible to measure these fluctu-
ations with sufficient precision to make predictions
even though, on a microscopic level, the system
may involve no randomness in the development of
its future state.11 This is referred to as ‘deterministic
chaos’.18 In a non-linear system small perturbations
may be associated with large effects and it is sug-
gested here that the idea of ‘critical perturbation’ is
an important concept in low-intensity bioelectro-
magnetic interactions within the brain. In clinical
practice approximations and phenomenological
approaches are used whereby the most important
factors are considered initially and others treated
as perturbations, which in reality can often be
reliable.

Brain physiology is associated with a wide
repertoire of dynamics.19 Biological systems are dis-
sipative, (they are non-equilibrium systems where
energy is exchanged with the environment) and
tend to adopt typical patterns of behaviour.20 In
this way non-linearity is not usually represented in
all possible states of a system, but there is a bias
towards certain states and these are referred to as
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‘attractors’.20 Different quantitative measures are

used in the description of attractors reflecting

such things as the ‘complexity’ of the dynamics.19

System behaviour can also be explored in terms of

Lyapunov exponents, which measure how quickly

two almost identical initial states change with

respect to each other in time. The maximal

Lyapunov exponent is a measure of the predictabil-

ity of a dynamical system21 and can be derived from

electroencephalographic (EEG) data.21

Changes in control parameters can result in, what

are termed ‘phase transitions’ or ‘bifurcations’.17

Control parameters are those properties that can

influence the dynamics of the system and, as a dy-

namical system may have more than one attractor,

the system can exhibit a phenomenon called

‘multistability’.19,21 A system may be ‘pushed’ from

one attractor to another by external perturbations.19

Bifurcations occur when control parameters are

changed, reaching a critical point, which results in

a rapid and radical change to the attractor

landscape.19 A possible manifestation could be the

almost instantaneous reduction of the excitatory

thresholds of nerve-cell populations.11 Bifurcations

are characteristic of networks that are sensitive

to very weak initial conditions and this can lead

to widespread changes throughout the whole

system.11

Macroscopic electrophysiological
phenomena (EEG/MEG)

With the introduction of new anatomical and func-

tional imaging techniques, such as positron emis-

sion tomography (PET) and functional magnetic

resonance imaging (fMRI), it was thought that older

techniques such as the EEG would be superseded.19

In fact, there has been renewed interest in the EEG

as it has been realized that it contains important in-

formation that cannot be derived using the newer

imaging modalities.19 In particular, the EEG offers

a much higher temporal resolution than fMRI, in

the order of 1 ms, but with poor spatial resolution.22

The EEG provides a highly dynamic macroscopic

view of the electrical activity of the brain.22

Neurons produce electrical activity in the form of

discrete action potentials. Neuronal networks are

associated with synchronous behaviour and oscilla-

tions over characteristic frequency ranges.22

Therefore brain function involves a complex net-

work of coupled dynamical systems but the syn-

chronisation of even simple oscillators is still not

completely understood.18 Out of complex neuronal

networks emerge the large-scale synchronous

behaviour observed in both EEG and magnetoence-
phalography (MEG).22

In the early development of EEG technology all
interpretation work was empirical, partly because
the signal is noisy, and so reliably deriving quanti-
tative information from the EEG continues to remain
a challenge. However, during the 1980s23 research-
ers began to apply a non-linear approach to model-
ling and the understanding of the bioelectric
potentials of the brain.

In normal cognition, most studies show that the
EEG reflects a weak but significant non-linear struc-
ture.24 Sensory stimuli, such as music and perform-
ing cognitive tasks with their associated changes in
emotion and affect are reflected in non-linear meas-
ures such as dimension and Lyapunov exponents.25

The sleep EEG has also been the subject of re-
search.26 Moreover, genetic variations can be corre-
lated with changes in EEG measures27 and this
could be important in the wider research picture.
Contradictory reports in the literature relating to a
correlation between non-linear EEG measures and
IQ have been reported.16,19

Non-linear techniques have been used to investi-
gate the effects of psychopharmocology and abnor-
mal brain bioelectric potentials associated with
epileptic seizures. In the case of epileptiform activ-
ity, non-linear parameters are markedly changed
and this is being developed as a seizure predic-
tion/detection methodology.28

Non-linearity in psychiatric illnesses

Non-linearity in psychiatric illness can manifest
itself on multiple levels, from neural substrate
through to symptoms and social behaviour.10 For
example, if psychoticity dynamics associated with
schizophrenia are analysed over a long time series,
a large proportion of psychoses will show a
non-linear evolution of the symptom’s course.29

Non-linear analysis has also been applied to
Freudian psychodynamics.30

Non-linear analysis is frequently applied to EEG
data and the majority of studies that have employed
such analysis have sought to establish whether or
not schizophrenia is associated with a loss of dy-
namical complexity or to an increase in complex-
ity.19 Comparative analysis of data, using non-linear
techniques in control subjects and those exhibiting a
psychiatric disease such as schizophrenia or affect-
ive disorders, have been made.31 Most investigators
have found lower measures of complexity.8,21,32,33

Sleep architecture has also been investigated in
schizophrenic patients using non-linear methods.34

In this study diminished complexity of EEG time
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series, during awake and REM sleep, may underlie

the impaired ability to process information in psych-
otic disorders such as schizophrenia.34 Effects have

been observed in terms of non-linear complexity

recorded using sleep EEGs. In major depression,

increased predictability in waking EEG has been
reported.31 Manic episodes associated with affective

disorders are associated with an increase in EEG

complexity.35 The confounding effects of different

medication regimes have been identified as one pos-
sible source of error in some studies.

Theoretical considerations relating
to RF-bioelectromagnetic
interactions

This communication considers the effects of low-

intensity, high-frequency, non-ionising radiation.

The way that power is absorbed in biological

systems differs significantly at different frequencies

within the RF range. RF bioelectromagnetics
research is typically health effects orientated. Parti-

cularly controversial is the concept of non-thermal

interactions, and the various experimental and the-

oretical arguments are hereby briefly discussed. The
biological effects of terahertz radiation have only

just started to be explored due to advances in tech-

nology required to generate such frequencies.36–38

RF interactions with biological systems cause

dielectric heating.39 Polar molecules with an elec-
tric dipole moment, such as water, generate heat

by friction.39 It is the action of these molecules con-

tinually re-orientating themselves in an alternating

RF field that generates heat. Local heating is
dissipated by conduction and physiological mech-

anisms.40 In the millimetre-wave, a region charac-

terized by the rapid attenuation of power,41 there is

evidence for micro-thermal effects associated with
the rate of change of temperature rather than

hyperthermia.42,43

A common argument invoked against the possi-

bility of non-thermal interactions is based on the

energy required to disrupt chemical bonds, and
the way in which this is much larger than the

energy associated with RF photons.44 It is argued

that any non-thermal contribution would be

‘masked’ by random thermal motion.44 A number
of theoretical models overcome this objection,

such as that postulated by Fröhlich in 1968.45 He

showed that a driven system that might be present in

biological systems can be rendered sensitive to cer-
tain weak electromagnetic stimuli,46,47 an example

of ‘macroscopic quantum coherence’.48 Although

there is some experimental evidence in terms of

biological effects in the millimetre-wave region, de-
finitive evidence has not yet been forthcoming.4,7

The latest theoretical work does not support the
possibility of, what has been termed, ‘strong’ coher-
ent condensates but instead suggests the possibility
of a ‘weak’ condensate which may still have pro-
found, but greatly varying, effects in biological sys-
tems.7 Using this paradigm, energy may be supplied
by metabolic activity or by the exogenous applica-
tion of RF or terahertz fields.

RF exposures and induced changes
in the EEG

The EEG is a dynamic and complex physiological
signal and integrative reporter of brain function.
Some common findings in the experimental litera-
ture include the heterogeneous nature of responses
within a sample population49 and the possibly
non-linear nature of the interaction.50 These factors
may go some way to explain why it is inherently
difficult to reproduce experimental results and ac-
count for contradictory reports in the literature. In
much simpler unicellular systems investigators have
reported that induction of effects is multfactorial and
dependent on genetic, physical and physiological
variables.2 There are particular technical challenges
associated with RF exposure, for example dosimetry,
and the possibility for experimental artefact has not
been unambiguously eliminated in all cases.

The first reports of low-level microwave-induced
effects observed in the EEG date back to the
1970s.51 The frequencies employed in these studies
are able to couple trans-cranially with reasonable
efficiency, and therefore the potential exists, al-
though it has not been fully proven, that interaction
and modulation of endogenous processes within the
brain could occur.

Reiser et al.52 used common measures of EEG
parameters in a controlled comparative study with
sham/ irradiated systems, using two sources of RF
radiation, and found statistically significant effects.

Huber et al., in a series of communications, used
two complementary modalities: PET and EEG.53–55

Studies involving the EEG and a double blind cross-
over methodology revealed changes in the analysed
spectra,53 in particular change was observed in
terms of power in the alpha band when the exposure
was modulated.54 The dynamics and architecture of
the sleep EEG have also been the subject of experi-
mental work and changes with pulse-modulated
fields were reported in oscillatory EEG events in
stage 2 sleep which have a characteristic spindle
shape.54 Later work using PET imaging techniques
to measure regional cerebral blood flow showed
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that brain physiology is altered by modulated RF

exposures.54 Mann et al.56 failed to replicate an

earlier finding from exploratory work on micro-

wave-induced alterations associated with the sleep

EEG.57,58 Bachmann et al. applied a non-linear

analysis which revealed statistically-significant ef-
fects which would not be apparent using a linear

analysis.59,60

Microwaves and their effects on
Alzheimer’s disease mice

Arendash et al.61 investigate the effects of 980 MHz

microwave radiation on transgenic mice that

progress to exhibit an Alzheimer’s-like disease.

Both cognitive-protective and cognitive enhancing

effects of microwave exposure in normal and trans-

genic mice were reported in the study. Brain

amyloid-b deposition was changed in the micro-

wave exposed group compared with the control

group. Mechanisms are suggested on a physiologic-

al level and include increased neuronal activity,

temperature and amyloid-b clearance.

Biological effects of
millimetre-waves (30–300 GHz)

Millimetre-wave effects are not so well known

outside the former Soviet Bloc countries, where an

extensive research program was undertaken.5 The

first anomalous biological effects of low-intensity

millimetre-waves date back to the 1960s when de-

velopments in military technology made exposures

possible.62 RF radiation, with frequencies higher

than 20 GHz, are very rapidly absorbed in biological

systems and have associated with them high specific

absorption rates in superficial tissues of the skin.63,64

However, from a theoretical perspective, it is pre-

dicted, and more likely, that bioelectromagnetic

interactions in this spectral region may confer un-

usual properties.45

Initial studies were limited to lower organisms

where frequency specificity and non-linear depend-

ence on power were observed.2,65,66 Some attempts

to replicate this early work have failed,3,4 but again,

this may be because of multiple parameters that

must be controlled to induce effects. It could

alternatively be defects in experimental design,

which inadvertently generate quasi-frequency and

power-dependent effects, which in turn generate

artefacts that are not related to genuine non-thermal

phenomena.67

Belyaev et al.,2 in a long series of experimental

work, identifies some important physical parameters

such as modulation, frequency and polarisation.

The careful evaluation of these, in higher organisms,

is certainly warranted. Moreover, Belyaev et al.2

demonstrates strong evidence for the non-thermal

nature of the effect on genome conformational

state by changing parameters such as polarisation,

haploid length and the use of ultra-low intensities,

although no attempts to independently replicate this

work have been forthcoming.
A spin-out technology from the early Soviet work

involved the application of low-intensity millimetre-

waves therapeutically. The reader may find the

following English-language reviews provide further

information.5,43,68 The authors emphasize that the

methodologies and protocols associated with the

development of medical technologies in the West

were not always followed, and so many studies

have to be considered conjectural. However,

Ziskin et al., in the United States, has independently

replicated some results using controlled trials,69–74

and it is claimed that the biological effects asso-

ciated with millimetre-wave exposure could be

used to offer therapeutic potential for a wide range

of conditions.
The obvious and reasonable objection to

millimetre-wave therapy relates to the transmission

of power into the body and to the site of dis-

ease.63,64 Unless the possibility of an ultra-low

intensity interaction75 is considered, the effects of

millimetre-waves on neuro-psychiatric conditions

must be mediated indirectly through interactions

with the skin.76 There is ongoing debate as to

whether these effects are mediated by micro-thermal

effects associated with high rates of temperature

change or possibly require a different interpret-

ation.45 Either mode of action could potentially

be useful psychotherapeutically. The release of

endogenous opiates,77 associated concomitant

with millimetre-wave exposure, is one fre-

quently replicated effect that could be used thera-

peutically. The number of publications of

millimetre-wave effects has dramatically fallen, but

this reflects a reduction in overall output in countries

from the former Soviet Union and does not neces-

sarily relate to poor clinical efficacy. Millimetre-

wave therapy has been reported to have a

much lower incidence of side effects than

pharmaceuticals.43

Very little is known about the possible biological

effects of terahertz radiation. Recently, terahertz

radiation has been used in imaging biological

systems38 and other applications are likely to be

forthcoming.
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Molecular level effects of
RF radiation

Over the last couple of decades there has been a
concerted effort to link the expression profiles of
certain genes with psychopathology,78 although
the application of non-linear analysis has not been
reported. One approach is to use global expression
reporters such as DNA microarrays, to identify dif-
ferential gene expression in disorders such as
schizophrenia (genomics).79 The science of ‘prote-
omics’ refers to the large scale study of proteins.
A common limitation is the requirement for
post-mortem brain tissue in many studies,80 although
this approach may be appropriate in the investiga-
tion of RF fields in animal models. The potential
benefits associated with ‘pharmacogenomics’, the
prescription of psychotropic agents, based on genet-
ics, has only recently started to be translated into
something useful clinically. Peripheral biomarkers
for central nervous system (CNS) disorders are
also being developed and these may be useful in
understanding bioelectromagnetic interactions.

Millimetre-wave exposure has been associated
with epigenetic effects2 (changes in the expression
of genes that do not relate to changes in underlying
sequence) but mutagenic effects are not reported.
The conformation state of the bacterial chromosome
has also been reported to change with exposure to
low-intensity millimetre-waves.2 Conformational
change has also been linked to modulations in
gene expression81 and found to be dependent on a
wide range of factors such as physical parameters,
which include polarisation, frequency, power and
modulation.2 Extrapolating from unicellular
organisms to complex multicellular activity might
be inappropriate but it does hint, as does the
whole body of millimetre-wave evidence, that
small differences in parameters, such as frequency,
power and polarisation, could be important in indu-
cing biological effects. Pooley et al.82 describes, for
the first time, apparatus that is capable of searching
parameter space, rapidly using a high-throughput
methodology of the type used to find candidate
compounds that could be developed into drugs.
However, the extrapolation of results from lower or-
ganisms to complex multi-cellular systems may not
be valid.

Thermodynamic modelling

Thermodynamic modelling of DNA may reveal
tracts of DNA with a high propensity to form
non-canonical conformational states.83 However,
there are many factors that contribute to DNA

conformation, such as electrostatics, methylation,
topoisomerase activity and active gene transcrip-
tion. As yet no unified model is available.84

Potentially, molecular biology offers powerful tech-
niques, such as conformation-mapping using restric-
tion endonucleases.85

Ultradian biology

Ultradian rhythms refer to oscillations in biological
systems with a period of less than 24 h.76 Ultradian
clocks are temperature-compensated timekeeping
systems that are important for coherent and coordi-
nated biological activity,86 examples include the
periodic oscillations that occur in lower organisms,
such as the yeast Saccharomyces cerevisiae86 and
cardiomyocytes.87 There is evidence that millimetre-
waves could represent an input to biological time-
keeping systems which are necessary for coordi-
nated and synchronous activity.88

Discussion

It remains an open question as to whether the ex-
ogenous application of low-intensity RF fields could
have a psychotherapeutic role. They may be asso-
ciated with quite novel characteristics when applied
clinically, which do not resemble a cognitive-
behavioural approach or the kinetics of a pharma-
ceutical. Recent progress in terms of the therapeutic
efficacy of psychiatric drugs has been modest, and
this might reflect fundamental limitations in this
approach in relation to their application to dynam-
ical systems. Bioelectromagnetics could potentially
represent a highly adaptive and agile interaction, in
contrast to pharmacotherapy which is potentially
more limited in the context of dynamic non-
linear systems. Phenomena such as chaos may be
important in normal architecture and function of the
brain and potentially could facilitate adaptive
behaviour.13

The RF bioeffects literature contains many con-
flicting claims. What is certain is that there are
serious difficulties in reproducing phenomena, and
those that are reported are often extremely subtle. It
is argued here that to fully evaluate the possibility of
low-intensity RF interactions with the brain, a shift in
thinking is required from experiments employing
fixed RF parameters to a more dynamic stimulus.
This situation is quite different from that of Huber
et al.54 where parameters, such as frequency, power
and modulation, all remain stationary.

Physiological signals (such as the EEG) can be
used in feedback systems to ‘tune’ multiple stimulus
parameters, potentially augmenting subtle effects.
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It should also be noted that this is different from
conventional biofeedback in the sense it is entirely
passive, with the RF radiation directly coupling with
brain function. There is no requirement for the CNS
to process information through normal sensory
channels.

Aggregate measures, such as the Lyapunov expo-
nent, may reflect underlying abnormalities in brain
function.19 These analyses may also have a role
in therapy, although the current simplistic models
used to explain brain dynamics appear to be too
simple.19 The assumption that simple linear and
non-linear measure can be correlated with a patho-
logical state might not be valid. Moreover, ideas
traditionally associated with biofeedback, such as
operant conditioning where clinical efficacy is
coupled to the induction or augmentation of a trait
in a particular physiological measure, may also not
be correct. The hypothesis presented here is that a
weak, carefully controlled, stimulus may perturb a
system. Speculatively, further work may indicate the
necessary application of ‘synthetic’ RF signals that
may induce a more synchronous mode of behav-
iour, or perhaps using other parameters a more
chaotic one. This does not necessarily imply a
kind of ‘entrainment’, in fact the opposite could be
valid, and one of the biological functions of chaos
may be to prevent entrainment.

Furthermore, from the existing experimental evi-
dence it is possible that subject response could be
highly heterogeneous, so reflecting genetic, physio-
logical and physical parameters. Because of these
characteristics, biofeedback certainly has a role in
investigative bioelectromagnetics. Methodologies
that employ active, as opposed to passive, strategies
for identifying interaction are required. New meas-
ures, and in particular non-linear measures, are con-
stantly evolving and being developed and may
prove useful in brain/bioelectromagnetics research.

It is difficult to envisage a modality, such as tran-
scranial magnetic stimulation outside the clinical
environment, whereas RF devices could easily be
deployed in community settings although the
ethics of such an intervention needs careful consid-
eration. There are some practical problems and ob-
vious disadvantages associated with RF radiation.
In non-linear systems, the idea of ‘dose’ doesn’t
really exist in the same way that it does with a
pharmaceutical. Therapeutically, the formulation of
the algorithm is probably going to be more impor-
tant than dose. The administration of RF may be
associated with effects that are difficult to predict.
Some reports indicate that non-linear response
within a window might extend over many orders
of magnitude. Non therapeutic exposure could
certainly occur in the microwave region whereas

millimetre-waves will be largely contained within
most rooms.

There have been a number of developments in
inexpensive EEG systems which can be ambulatory
and/or employ telemetry, in order that it is accept-
able to the patient. One embodiment might involve
monitoring sleep EEG and attempting to improve
sleep architecture. This hypothesis is possibly
supported by Mann et al.56 RF sources are potential-
ly inexpensive to fabricate and deploy.

RF fields do not need to be used as a monotherapy
and may represent a useful adjunct to conventional
methods.43 After extensive use in research and ther-
apy, Soviet experiences suggest that low-intensity
millimetre-waves are associated with minimal ad-
verse side-effects, although studies were not con-
ducted with the rigour of biomedical research in
the West.43

It is possible that, as is the case of the reports in
the RF experimental literature in general, reproduci-
bility and predictability of effects may be poor, so
precluding its use clinically. Furthermore, reports
of non-thermal interactions may turn out to be ex-
perimental artefacts, in which case there would be
little dependence on parameters such as frequency.

However, there is a significant body of published
data where dependence of MW effects is found on
frequency, polarization, modulation and biological
parameters, such as genome length which collect-
ively provide strong evidence for the non-thermal
nature of the interaction. This may in turn have
therapeutic application.89,90

Another idea specific to millimetre-wave radiation
interactions, which could both be useful psy-
chotherapeutically and also be a confounding
factor in understanding mode of action, relates to
very rapid changes in the skin temperature and not
bulk temperature rise. Millimetre-waves can drive
rapid temperature changes in the peripheral nervous
system and modulate neuron firing rates. This effect
could represent a new form of biofeedback not in
any way related to ‘thermal’ biofeedback.

On a molecular level, microarray and proteomics
technologies, applied to peripheral biomarkers, may
be useful in giving an insight into the effects of RF
exposure. Biofeedback systems that incorporate
DNA-chip type technologies are being developed
and the possibility of a bioelectromagnetic/DNA-
chip technology may be soon realisable and offer
a molecular-level insight and possibility of feed-
back. DNA conformation and bioelectromagnetics
is also a potential avenue of investigation. The
EEG is a type of ‘ultradian clock’ and it is thought
that clocks on different timescales may represent a
therapeutic target, and there is some evidence of
modulation of these systems in lower organisms.
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Theoretical findings support the possibility that

the anomalous biological effects of RF exposure

could relate to special states not fully understood.7

The mode of action of millimetre-waves has not

been resolved and initial expectations are that they

cannot couple directly with brain activity, due to

attenuation of intervening tissues. Whether it is

mediated by direct coupling, or intermediary bio-

chemical signalling originating in the skin or skin

nervous system, the mode of action has not been

fully elucidated.

Conclusion

Because of the potential scope of the technology,

and the attractive characteristics that it may confer,

even if there is low probability of it being effective

in clinical practice, further investigation is still

merited. A cautious approach is required that encom-

passes all the possible characteristics of low inten-

sity RF radiation-biological system interaction.

Research should also be conducted in a quantitative

and rigorous way to prevent pseudoscientific claims

and therapies emerging.

Conflict of interest: None declared.
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