
low-intensity RFR, which could be evoked both by the direct

oxidative damage and by disturbed cellular signaling.

Oxidative effects and non-cancer health effects
of RFR

A new medical condition, so-called electrohypersensitivity

(EHS), in which people suffer due to RFR exposure, has been

described (Johansson, 2006). Typically, these persons suffer

from skin- and mucosa-related symptoms (itching, smarting,

pain, heat sensation), or heart and nervous system disorders

after exposure to computer monitors, cell phones and other

electromagnetic devices. This disorder is growing continu-

ously: starting from 0.06% of the total population in 1985, this

category now includes as much as 9–11% of the European

population (Hallberg and Oberfeld, 2006). In Sweden, for

example, EHS has become an officially recognized health

impairment.

To that, a high percentage, up to 18–43% of young people,

has recently been described to be suffering from headache/

earache during or after cell phone conversations (Chu et al.,

2011; Yakymenko et al., 2011). Likewise, a number of

psychophysical and preclinical disorders including fatigue,

irritation, headache, sleep disorders, hormonal imbalances

were detected in high percent of people living nearby cell

phone base transceiver stations (Buchner and Eger, 2011;

Santini et al., 2002).

An allergy reaction to RFR in humans has been confirmed

by a significant increase in the level of mast cells in skin of

persons under exposure to electromagnetic devices

(Johansson et al., 2001). Likewise, higher level of degranu-

lated mast cells in dermis of EHS persons has been detected

(Johansson, 2006). In turn, the activated mast cells can release

histamine and other mediators of such reactions which

include allergic hypersensitivity, itching, dermatoses, etc.

Importantly, an implication of ROS in allergic reactions is

rather clear nowadays. For example, in case of airway allergic

inflammation, the lung cells generate superoxide in nanomo-

lar concentrations following antigen challenges (Nagata,

2005). Then, mast cells generate ROS following aggregation

of Fc"RI, a high-affinity IgE receptor (Okayama, 2005). In

addition, pollen NADPH oxidases rapidly increase the level of

ROS in lung epithelium (Boldogh et al., 2005); and removal

of pollen NADPH oxidases from the challenge material

reduced antigen-induced allergic airway inflammation. Thus,

it seems plausible that EHS-like conditions can be attributed

at least partially to ROS overproduction in cells due to RFR

exposures.

Oxidative effects and potential carcinogenicity
of RFR

During recent years, a number of epidemiological studies

indicated a significant increase in incidence of various types

of tumors among long-term or ‘‘heavy’’ users of cellular

phones (Yakymenko et al., 2011). Briefly, reports pointed to

the increased risk in brain tumors (Cardis et al., 2010; Hardell

and Carlberg, 2009; Hardell et al., 2007), acoustic neuroma

(Hardell et al., 2005; Sato et al., 2011), tumors of parotid

glands (Sadetzki et al., 2008), seminomas (Hardell et al.,

2007), melanomas (Hardell et al., 2011) and lymphomas

(Hardell et al., 2005) in these cohorts of people. To that, a

significant increase in tumor incidence among people living

nearby cellular base transceiver stations was also reported

(Eger et al., 2004; Wolf and Wolf, 2007). Similarly, experi-

mental evidences of cancer expansion in rodents caused by

long-term low-intensity RFR exposure were published (Chou

et al., 1992; Repacholi et al., 1997; Szmigielski et al., 1982;

Toler et al., 1997). To that, activation of ODC was detected in

RFR-exposed cells (Hoyto et al., 2007). ODC is involved in

Table 4. Publications which reported no significant oxidative effectsafter RFR exposure.

Reference Biological system exposed RFR exposure Effects reported

(Hook et al., 2004) Mammalian cells in vitro 835.62 MHz (frequency-modulated
continuous-wave, FMCW) and
847.74 MHz (code division
multiple access, CDMA),
SAR¼ 0.8 W/kg, for 20–22 h

FMCW- and CDMA-modulated RFR
did not alter parameters indicative of

oxidative stress.

(Ferreira et al., 2006a) Rat whole body 800–1800 MHz, from cell phone No changes in lipid and protein
damage, and in non-enzymatic anti-
oxidant defense in frontal cortex or

hippocampus.
(Ferreira et al., 2006b) Pregnant rat whole body RFR from cell phone No differences in oxidative parameter

of offspring blood and liver, but
increase in erythrocytes micronuclei

incidence in offspring.
(Dasdag et al., 2003) Rat whole body Cell phone RFR, SAR¼ 0.52 W/kg,

20 min/day for 1 month
No alteration in MDA concentration.

(Demirel et al., 2012) Rat whole body 3G cell phone RFR, ‘‘standardized
daily dose’’ for 20 days

No difference in GSH-Px and CAT
activity in eye tissues, in MDA and

GSH levels in blood.
(Khalil et al., 2014) Human head/whole body Cell phone RFR (talking mode) for

15 or 30 min
No relationship between exposure and
changes in the salivary oxidant/anti-

oxidant profile.
(de Souza et al., 2014) Human head/whole body Cell phone RFR No difference in the saliva from the

parotid gland exposed to cell phone
RFR to the saliva from the opposite

gland of each individual.
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processes of cell growth and differentiation, and its activity is

increased in tumor cells. Although overexpression of ODC is

not sufficient for tumorigenic transformation, an increased

activity of this enzyme was shown to promote the develop-

ment of tumors from pre-tumor cells (Clifford et al., 1995).

Significant overproduction of ROS leads to oxidative stress

in living cells, induces oxidative damage of DNA and can

cause malignant transformation (Halliwell and Whiteman,

2004; Valko et al., 2007). It is known that in addition to

mutagenic effects, ROS play a role as a second messenger for

intracellular signaling cascades which can also induce

oncogenic transformation (Valko et al., 2006). Earlier we

hypothesized (Burlaka et al., 2013) that low-intensity RFR

exposure leads to dysfunctions of mitochondria, which result

in overproduction of superoxide and NO, and subsequently to

ROS-mediated mutagenesis. To that, it is well established that

oxidative stress is associated with carcinogenesis; for

instance, the oxidative stress elicited by Membrane-Type 1

Matrix Metalloproteinase is implicated in both the pathogen-

esis and progression of prostate cancer (Nguyen et al., 2011).

Similarly, a progressive elevation in mitochondrial ROS

production (chronic ROS) under both hypoxia and/or low

glucose, which leads to stabilization of cells via increased

HIF-2alpha expression, can eventually result in malignant

transformation (Ralph et al., 2010). These data, together with

the strong experimental evidences on activation of NADH

oxidase under RFR exposure (Friedman et al., 2007) suggest

that low-intensity RFR is a multifactorial stress factor for

living cell, significant feature of which is oxidative effects and

potential carcinogenicity as a result.

Conclusions

The analysis of modern data on biological effects of low-

intensity RFR leads to a firm conclusion that this physical

agent is a powerful oxidative stressor for living cell. The

oxidative efficiency of RFR can be mediated via changes in

activities of key ROS-generating systems, including mito-

chondria and non-phagocytic NADH oxidases, via direct

effects on water molecules, and via induction of conformation

changes in biologically important macromolecules. In turn, a

broad biological potential of ROS and other free radicals,

including both their mutagenic effects and their signaling

regulatory potential, makes RFR a potentially hazardous

factor for human health. We suggest minimizing the intensity

and time of RFR exposures, and taking a precautionary

approach towards wireless technologies in everyday

human life.
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Oksay, T., Naziroğlu, M., Doğan, S., et al. (2014). Protective effects of
melatonin against oxidative injury in rat testis induced by wireless
(2.45 GHz) devices. Andrologia 46:65–72.

Oktem, F., Ozguner, F., Mollaoglu, H., et al. (2005). Oxidative damage
in the kidney induced by 900-MHz-emitted mobile phone: Protection
by melatonin. Arch. Med. Res. 36:350–355.

Oral, B., Guney, M., Ozguner, F., et al. (2006). Endometrial apoptosis
induced by a 900-MHz mobile phone: Preventive effects of vitamins E
and C. Adv. Ther. 23:957–973.

Oshino, N., Jamieson, D., Sugano, T., et al. (1975). Optical measurement
of catalase-hydrogen peroxide intermediate (compound-i) in liver of
anesthetized rats and its implication to hydrogen-peroxide production
in situ. Biochem. J. 146:67–77.

Ott, M., Gogvadze, V., Orrenius, S., et al. (2007). Mitochondria,
oxidative stress and cell death. Apoptosis 12:913–922.

Ozguner, F., Altinbas, A., Ozaydin, M., et al. (2005a). Mobile phone-
induced myocardial oxidative stress: Protection by a novel antioxidant
agent caffeic acid phenethyl ester. Toxicol. Ind. Health. 21:223–230.

Ozguner, F., Bardak, Y., Comlekci, S. (2006). Protective effects of
melatonin and caffeic acid phenethyl ester against retinal oxidative
stress in long-term use of mobile phone: A comparative study. Mol.
Cell Biochem. 282:83–88.

Ozguner, F., Oktem, F., Ayata, A., et al. (2005b). A novel antioxidant
agent caffeic acid phenethyl ester prevents long-term mobile phone
exposure-induced renal impairment in rat. Prognostic value of
malondialdehyde, N-acetyl-beta-D-glucosaminidase and nitric oxide
determination. Mol. Cell Biochem. 277:73–80.

Ozgur, E., Guler, G., Seyhan, N. (2010). Mobile phone radiation-induced
free radical damage in the liver is inhibited by the antioxidants N-
acetyl cysteine and epigallocatechin-gallate. Int. J. Radiat. Biol. 86:
935–945.

Ozgur, E., Kismali, G., Guler, G., et al. (2013). Effects of prenatal and
postnatal exposure to gsm-like radiofrequency on blood chemistry and
oxidative stress in infant rabbits, an experimental study. Cell Biochem.
Biophys. 67:743–751.
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Abstract

Microwaves were for the first time produced by humans in 1886 when radio waves were broadcasted and received. Until then microwaves
had only existed as a part of the cosmic background radiation since the birth of universe. By the following utilization of microwaves in
telegraph communication, radars, television and above all, in the modern mobile phone technology, mankind is today exposed to microwaves
at a level up to 1020 times the original background radiation since the birth of universe.

Our group has earlier shown that the electromagnetic radiation emitted by mobile phones alters the permeability of the blood–brain barrier
(BBB), resulting in albumin extravasation immediately and 14 days after 2 h of exposure.

In the background section of this report, we present a thorough review of the literature on the demonstrated effects (or lack of effects) of
microwave exposure upon the BBB.

Furthermore, we have continued our own studies by investigating the effects of GSM mobile phone radiation upon the blood–brain barrier
permeability of rats 7 days after one occasion of 2 h of exposure. Forty-eight rats were exposed in TEM-cells for 2 h at non-thermal specific
absorption rates (SARs) of 0 mW/kg, 0.12 mW/kg, 1.2 mW/kg, 12 mW/kg and 120 mW/kg. Albumin extravasation over the BBB, neuronal
albumin uptake and neuronal damage were assessed.

Albumin extravasation was enhanced in the mobile phone exposed rats as compared to sham controls after this 7-day recovery period
(Fisher’s exact probability test, p = 0.04 and Kruskal–Wallis, p = 0.012), at the SAR-value of 12 mW/kg (Mann–Whitney, p = 0.007) and with
a trend of increased albumin extravasation also at the SAR-values of 0.12 mW/kg and 120 mW/kg. There was a low, but significant correlation
between the exposure level (SAR-value) and occurrence of focal albumin extravasation (rs = 0.33; p = 0.04).

The present findings are in agreement with our earlier studies where we have seen increased BBB permeability immediately and 14 days
after exposure. We here discuss the present findings as well as the previous results of altered BBB permeability from our and other laboratories.
© 2009 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction: radiofrequency radiation and the
blood–brain barrier

Today about half of the world’s population owns the
microwave-producing mobile phones. An even larger num-
ber is exposed to the radiation emitted from these devices
through “passive mobile phoning” [1]. Life-long exposure
to the microwaves (MWs) from mobile phones, with start
already at a young age, is becoming increasingly common

0928-4680/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.pathophys.2009.01.001
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among the new generations of mobile phone users. The ques-
tion is: to what extent are living organisms affected by these
radio frequency (RF) fields?

The mobile phones are held in close proximity to the
head, or within a metre of the head when hands-free sets
are used. The emitted microwaves have been shown to have
many effects upon the mammalian brain; e.g. alterations of
cognitive functions [2,3], changes of neurotransmitter levels
such as decrease of cholinergic activity [4], gene expression
alterations in cerebellum [5], cortex and hippocampus [6],
and impact upon the brain EEG activity [7]. Also, the human
brain EEG beta rhythms energies were increased by exposure
to 450 MHz MWs modulated at different low frequencies [8].
Recent epidemiological studies also indicate that long-term
exposure increases the risk of not only for benign vestibu-
lar schwannoma (previously named acoustic neurinoma) [9],
but also malignant glioblastoma multiforme [10] for mobile
phone use longer than 10 years and with cumulative exposure
from mobile phones exceeding 2000 h.

It has been shown that electromagnetic fields (EMFs)
increase the permeability of the blood–brain barrier (BBB)
(for reference see [11]). The BBB is a hydrophobic barrier,
formed by vascular endothelial cells of the capillaries in the
brain, with tight junctions between these endothelial cells. It
protects the mammalian brain from potentially harmful com-
pounds in the blood. Also, perivascular structures such as
astrocytes and pericytes as well as a bi-layered basal mem-
brane help maintaining the BBB.

The current recommendations for limits of exposure to the
general public for EMF radiation [12] are set in order to avoid
thermal effects upon the brain parenchyma.

In our previous studies we have seen that non-thermal RF
fields cause significantly increased leakage of the rats’ own
albumin through the BBB of exposed rats sacrificed immedi-
ately after the exposure, as compared to sham exposed control
animals [11,13–18]. Two hours of exposure to the radiation
from a global system for mobile communications (GSM)
phone at 915 MHz, at non-thermal specific absorption rates
(SAR) values of 0.12 mW/kg, 12 mW/kg and 120 mW/kg,
gives rise to focal albumin extravasation and albumin uptake
into neurons also 14 days after exposure, but not after 28 days
[19]. Significant neuronal damage is present 28 days [19] and
50 days after exposure [20], but not after 14 days [19]. Also,
in experiments from other laboratories, BBB permeability is
increased in connection to mobile phone exposure [21–23]
and other kinds of EMF such as magnetic resonance imaging
(MRI) exposure [24–26]. In other studies, no such BBB alter-
ations have been demonstrated in connection to mobile phone
exposure [27–29] or other kinds of EMF exposure [30,31].

1.1. The blood–brain barrier

An intact BBB is necessary for the protection of the mam-
malian brain from potentially harmful substances circulating
in the blood. In the normal brain, the passage of compounds
over the BBB is highly restricted and homeostasis within

the sensitive environment of the brain parenchyma can be
maintained.

The BBB is formed by the vascular endothelial cells
of the capillaries of the brain and the glial cells wrapped
around them. The tight junctions, that seal the endothelial
cells together, limit paracellular leakage of molecules. A
bi-layered basal membrane supports the ablumenal side of
the endothelial cells. The glial astrocytes, surrounding the
surface of the basal membrane cells, are important for the
maintenance, functional regulation and repair of the BBB.
The protrusions of the astrocytes, called end feet, cover the
basal membrane on the outer endothelial surface and thus
form a second barrier to hydrophilic molecules and con-
nect the endothelium to the neurons. Twenty-five per cent of
the ablumenal membrane of the capillary surface is covered
by pericytes [32], which are a type of macrophages. Seem-
ingly, they are in the position to significantly contribute to the
central nervous system (CNS) immune mechanisms [33].

The physiological properties of the CNS microvasculature
are different from those of peripheral organs. The numbers
of pinocytotic vesicles for nutrient transport through the
endothelial cytoplasm are low and there are no fenestrations.
Also, there is a fivefold higher number of mitochondria in the
BBB endothelial cells as compared to muscular endothelial
cells [34].

In a functioning BBB, the membrane properties control
the bidirectional exchange between the general circulation
and the CNS. Water, most lipid-soluble molecules, oxygen
and carbon dioxide can diffuse from the blood to the nerve
cells. The barrier is slightly permeable to ions such as sodium,
potassium and chloride, but large molecules, such as proteins
and most water-soluble chemicals only pass poorly. However,
when this barrier is damaged, in conditions such as tumours,
infarcts or infections, also the normally excluded molecules
can pass through, possibly bringing toxic molecules out into
the brain tissue. The selective permeability is disrupted tem-
porally in cases of epileptic seizures [35,36] and severe
hypertension [37]. The result of this can be cerebral oedema,
increased intracranial pressure and irreversible brain damage.
Also, toxic substances from the blood circulation now reach
out to the neurons. Even transient openings of the BBB can
lead to permanent tissue damage [37].

1.2. The earliest studies on the effects of microwave
exposure

The first studies on the MW effects upon the BBB were
reported in the 1970s, when the radiation from radars and
MW ovens were considered to be possible health threats.
Increased leakage of fluorescein after 30 min of pulsed and
CW exposure [38] and passage of 14C-mannitol, inulin and
dextran at very low energy levels [39] were reported. The
permeation of mannitol was found to be a definite function of
exposure parameters such as power density, pulse width, and
the number of pulses per second. Also, the BBB permeability
depended on the time between the EMF exposure and the
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sacrifice of the animals, with more pronounced effects seen
in the animals sacrificed earlier after the EMF exposure. In
attempts to replicate the findings of Oscar and Hawkins [39],
however, these results were not found [40,41]. Similar lack of
MW induced BBB effects, was reported by Ward et al. [42]
after exposure of rats to CWs at 2450 MHz; Ward and Ali
[43] after exposure at 1.7 GHz; and Gruenau et al. [44] after
exposure to pulsed or CW waves at 1.8 GHz (including totally
31 rats). On the other hand, Albert and Kerns [45] observed
EMF-induced BBB permeability after exposure at 2450 MHz
CWs, with an increase in the number of pinocytotic vesicles
among the irradiated animals, but after a recovery time of
1–2 h, the permeation was hardly detectable anymore. For
details concerning the EMF exposure parameters in these
studies, see [11].

1.3. MRI exposure

MRI entails a concurrent exposure to a high-intensity
static field, a RF field and a time-varying magnetic field.
In connection to the introduction of the MRI technique, the
effects of exposure to these kinds of fields upon the BBB
permeability were investigated.

As mentioned above, Shivers et al. [24] observed that
the EMF exposure of the type emitted during a MRI pro-
cedure resulted in a temporarily increased BBB permeability
in the brains of rats. Through transendothelial channels, a
vesicle-mediated transport of horseradish peroxidase (HRP)
took place. Replications of the initial findings by Shivers et
al. [24] were made by Garber et al. [46], whereas Adzamli et
al. [30] and Preston et al. [31] could not repeat the findings.

After some years, quantitative support of the findings
by Shivers et al. [24] was presented by the same group
[25,26]. In rats exposed to the MRI, the BBB permeability to
DTPA (diethylenetriameninepentaacetic acid) increased. A
suggested mechanism explaining the increased permeability
was a stimulation of endocytosis, made possible through the
time-varying magnetic fields.

Also our studies supported the findings of the Shiver–Prato
group; seeing that BBB permeability to albumin was
increased after exposure to MRI radiation [13]. The most
significant effect was observed after exposure to the RF part
of the MRI.

1.4. Studies on mobile phone exposure

The mobile phone induced effects upon the BBB perme-
ability is a topic of importance for the whole society today.
We have previously found an increased BBB permeability
immediately after 2 h of mobile phone exposure [14], and
also after 14 days [19] and 50 days [20].

Repetitions of our findings of increased BBB permeabil-
ity after mobile phone exposure have been made [47,21,22].
Four hours of GSM-900 MHz exposure at brain power den-
sities ranging from 0.3 to 7.5 W/kg resulted in significantly
increased albumin extravasation both at the SAR-value of

7.5 W/kg, which is a thermal effect, but also at 0.3 W/kg and
1.3 W/kg [47] (statistical evaluations discussed by Salford et
al. [1]). Albumin extravasation was also seen in rats exposed
for 2 h to GSM-900 MHz at non-thermal SAR-values of 0.12,
0.5 and 2 W/kg using fluorescein-labelled proteins [21,22].
At SAR of 2 W/kg a marked BBB permeabilization was
observed, but also at the lower SAR-value of 0.5 W/kg, per-
meabilization was present around intracranial blood vessels.
However, the extravasation at 0.5 W/kg was seen at a lesser
extent as compared to that seen at 2 W/kg. Subgroups of the
rats included in these studies were sympathectomised, which
means that they were in a chronic inflammation-prone state
with increased BBB opening due to changes in the structures
of the blood vessels. Interestingly, the sympathectomised rats
exposed to GSM radiation had a remarkable increase of the
BBB leakage as compared to their sympathectomised sham
controls. From these findings it seems likely that an already
disrupted BBB is more sensitive to the RF fields than an intact
BBB.

In another study, the uptake of rhodamine–ferritin com-
plex through the BBB was investigated [23]. In this study,
increased BBB permeability was clearly seen at exposure
levels of 2 W/kg and durations of 30–120 min. When the
rats were pre-treated with colchicine, the EMF-induced
rhodamine–ferritin uptake was however blocked. Colchicine
is well-known for its inhibition of microtubular function.
It was concluded that the microtubules seemed to play an
important role for the BBB opening.

Lack of EMF-induced BBB alterations has also been
reported [27–29,48]. In a small study including only 12 EMF
exposed animals, no albumin extravasation was seen, nei-
ther after 2 nor 4 weeks of 1 h of daily exposure (average
whole-body exposure at 0.25 W/kg) [27]. In a study includ-
ing 40 animals, Kuribayashi et al. [28] concluded no BBB
alterations was seen after 90 min of daily EMF exposure
for 1–2 weeks at SAR-values of 2 or 6 W/kg. Finnie et al.
[29] exposed mice for 1 h daily. However, only the SAR-
value of 4 W/kg, which is above the ICNIRP limit [12], was
included. In a further study by Finnie et al. [48] 207 mice
were exposed for 104 weeks at SAR-values of 0.25–4 W/kg,
however without any observable effects upon the BBB perme-
ability. The same group also reported that the immature BBB
was insensitive to mobile phone exposure, seen after GSM-
900 radiation exposure of pregnant mice from day 1 to day
19 of gestation (SAR of 4 W/kg, exposure for 60 min daily).
No increased albumin extravasation was seen in the new-born
mice immediately after parturition [49] and the same lack of
GSM-900 radiation effects upon the BBB permeability was
reported for young rats by Kumlin et al. [50], however, in
this case only 12 out of totally 48 exposed rats were analyzed
histopathologically. The remaining rats were subject to mem-
ory tests, where an improved learning and memory was seen
in the EMF exposed rats as compared to the sham controls.
Notably, in all these studies, the SAR-values for exposure are
relatively high; never including the low SAR-values below
200 mW/kg.
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Fig. 1. Albumin neuronal uptake and early neuronopathy in the hippocampal
pyramidal cell row among normal neurons. Albumin: cresyl violet, ×20.

In more recent years, in vitro models have been increas-
ingly applied to investigate the BBB; in one of these, it was
shown that EMFs at 1.8 GHz increase the permeability to
sucrose [51]. After modifications of the BBB model to one
with higher tightness, however, the same group could not
replicate their initial findings [52]. With application of the
EMF of the kind emitted from 3G mobile phones, the same
group further concluded that their in vitro BBB model also
did not alter its tightness or transport behaviour in connection
to this type of exposure [53].

1.5. Neuronal damage in connection to mobile phone
exposure

In our previous studies of animals surviving a longer
period after the exposure, we have evaluated the occurrence of
neuronal damage extensively [19,20]. This neuronal damage
is seen as condensed dark neurons. Dark neurons have been
proposed to have three main characteristics [54]: (i) irregu-
lar cellular outlines, (ii) increased chromatin density in the
nucleus and cytoplasm and (iii) intensely and homogenously
stained nucleus. Twenty-eight days after 2 h of mobile phone
exposure, the neuronal damage was significantly increased in
the exposed rats as compared to the sham exposed controls
[19]. Also 50 days after the same kind of mobile phone expo-
sure, there was an increased occurrence of neuronal damage
[20].

In our studies, normal neurons have been shown to have
increased uptake of albumin [19] (Fig. 1). Also, in dark neu-
rons this neuronal albumin uptake can be seen (Fig. 2). In our
previous studies, damaged neurons were seen in all locations,
intermingled with normal neurons especially in the cortex,
hippocampus and basal ganglia. The damaged neurons were
often shrunken and dark staining, homogenized with loss of
discernable internal cell structures (Fig. 3). Some damaged
neurons showed microvacuoles in the cytoplasm (Fig. 4).
These vacuoles are a sign of severe neuronopathy, indicat-
ing an active pathological process. There was no evidence of
haemorrhages or glial reaction.

Fig. 2. Shrunken homogenized dark neurons with brownish discoloration
due to uptake of albumin, interspersed among normal neurons in the
hippocampal pyramidal cell row. Albumin: cresyl violet, ×20. (For interpre-
tation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

Fig. 3. Two dark neurons in the hippocampal pyramidal cell row. Albumin:
cresyl violet, ×20.

Fig. 4. Dark neuron in the hippocampal pyramidal cell row, with homoge-
nized nucleus and cytoplasm with a vacuole. Higher magnification of part
of the figure. Albumin: cresyl violet, ×40.
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Dark neurons are reported in clinical and experimen-
tal neuropathology from living tissues, but not in autopsy
material unless the post-mortem period is short. This could
indicate that the formation of dark neurons is an active pro-
cess that requires living neurons and that these cells must be
reasonably intact [55]. This could be in accordance with our
findings from the 50-days survival animals, where apoptosis
could not be detected in any of the RF EMF exposed brains
with application of Caspase-3 [56].

Dark neurons occur not only after GSM exposure [19,20]
but also in connection to experimental ischemia [57], hypo-
glycemia [58] and epilepsy [59]. Possibly, dark neurons could
be artefacts, having a pressure-derived mechanical origin, as
has been shown for cortical biopsies (this is less likely consid-
ering the atraumatic method of dissection used here including
fixation before handling and in view of the deep location
of the dark neurons). However, dark neurons also appear
as a result of other, and not fully clarified, mechanisms, as
seen in the case of GSM exposure, ischemia, hypoglycemia
and epilepsy. A pharmacologic origin, such as depolarization
related to tissue glutamate release in injury, could explain
the pathogenetic mechanism for dark neurons in these cases,
rather than the pressure-derived mechanical origin. Indeed,
the formation of dark neurons can be prevented using phar-
macologic forms of glutamate antagonism [55]. In the case
of our studies, our technique for the resection of the rat brains
is chosen to avoid mechanical pressure.

Findings of dark neurons in connection to mobile phone
exposure have been reported by Ihan et al. [60] (GSM expo-
sure of rats for 7 days, 1 h daily). Also, an increase of oxidative
damage was seen in the exposed rats as a significant increase
in malondialdehyde (MDA) (an index for lipid peroxidation),
nitric oxide (NO) levels, brain xanthine oxidase (XO) and
adenosine deaminase (ADA) activities, as compared to the
controls. With treatment of the anti-oxidant Gingko biloba,
the EMF induced increments of XO, ADA, MDA and NO
were prevented. The anti-oxidant activity of G. biloba is
attributed to its flavinoid glycosides, which are the active
compounds in the leaves. The action of these flavinoids is to
destroy free radicals, such as NO and lipid peroxide radicals.
Also the formation of dark neurons was reported to be pre-
vented when the rats had been treated with G. biloba. Other
attempts to repeat our findings of dark neurons after mobile
phone exposure have been performed in a collaborative effort
with Bernard Veyret’s group in Bordeaux [61]. In this study,
the situation 14 days and 50 days after 2 h of GSM-900 radi-
ation exposure at average brain SAR-values of 0.14 W/kg
and 2.0 W/kg was evaluated. No increased amount of dark
neurons was reported.

It has been suggested that BBB leakage is the major rea-
son for nerve cell injury, such as dark neurons in stroke-prone
spontaneously hypertensive rats [62]. Albumin leaks into the
brain and neuronal degeneration is seen in areas with BBB
disruption in several circumstances: after intracarotid infu-
sion of hyperosmolar solutions in rats [63]; in the stroke
prone hypertensive rat [65]; in acute hypertension by aor-

tic compression in rats [37]. The linkage between albumin
extravasation over the BBB and neural damage might be a
potentiating effect of albumin upon the glutamate-mediated
neurotoxicity [64]. Indeed, both albumin- and glutamate-
induced lesions have the same histopathological appearance
with invasion of macrophages and absence of neuronal cell
bodies and axons in the lesion areas [65]. The glutamate
itself can also increase the BBB opening [66], leading to
further albumin extravasation out into the brain parenchyma.
From our previous findings of albumin extravasation 14 days
after exposure [19] and dark neurons not until after 28 days
[19] and 50 days [20], it could be hypothesized that albu-
min extravasation into the brain parenchyma, is the first
observable effect of the mobile phone exposure. The albumin
leakage precedes and possibly could be the cause of, the dam-
age to the neurons seen as the dark neurons later on. In this
connection, the findings of [37] that transient openings of the
BBB can result in permanent tissue damage, can also be men-
tioned. Hypertensive opening of the BBB resulted in albumin
extravasation after 2 h, but the effects remained, although to
a lesser extent, also after 7 days. Many neurons with cyto-
plasmatic immunoreactivity for albumin appeared shrunken.
Seven days after the BBB opening, there was a neuronal loss
in these areas and a vigorous glial reaction, indicating that
some neurons were irreversibly damaged [37].

2. Aims of the present study

In the present study we have continued to investigate
the effects of EMFs upon the rat brain, now with focus on
what happens 7 days after GSM exposure at 915 MHz for
2 h at non-thermal energy levels of 0.12 mW/kg, 1.2 mW/kg,
12 mW/kg and 120 mW/kg. The main questions to be
answered were: whether the same increase of the BBB perme-
ability is seen 7 days after exposure as that showed previously
immediately after exposure and after 14 days, and whether
different exposure levels result in a different response.

In order to compare to our previous findings, we have used
the same exposure system, GSM signal, animal model and
histopathological methods as in our previous studies.

3. Materials and methods

3.1. GSM exposure

The animals were exposed to RF EMFs in the same trans-
verse electromagnetic transmission line cell (TEM-cells) as
previously described and used by [1,2,5,13–19]. The TEM-
cells were designed by dimensional scaling from previously
constructed cells at the National Bureau of Standards [67].
TEM-cells are known to generate uniform EMFs for standard
measurements.

A genuine GSM mobile phone, operating at the 900 MHz
frequency band, with programmable power output, was con-
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nected via a coaxial cable to the TEM-cells. Through a
power splitter, the power was divided into equal parts fed
into the four TEM-cells used (TEM-cell A, B, C and D). No
voice modulation was applied. Each of the four TEM-cells
is connected to a 50 ! dummy load, into which the output
is terminated. By using these TEM-cells, the pulse mod-
ulated exposure fields can be accurately generated without
the distortion that is typically introduced when conventional
antennas are used to establish impulse test fields. Thus, a
relatively homogeneous exposure of the animals is allowed
[68].

The TEM-cell is enclosed in a wooden box (inner dimen-
sions of 15 cm × 15 cm × 15 cm) that supports the outer
conductor, made of brass net, and central conducting plate.
The central plate separates the top and bottom of the outer
conductor symmetrically. Eighteen holes (diameter 18 mm)
in the sidewalls and top of the wooden box make ventilation
possible. Air is circulated through the holes of the TEM-
cells using four fans, each placed next to the outer walls of its
respective TEM-cell. The holes are also used for examination
of the interior during exposure. For a further description of
the TEM-cell, see [68].

The rats were placed in plastic trays (14 cm × 14 cm ×
7 cm) to avoid contact with the central plate and outer con-
ductor. The bottom of the tray was covered with absorbing
paper to collect urine and faeces. Each TEM-cell contained
two plastic trays, one above and one below the centre septum.
Thus two rats could be kept in each TEM-cell simultane-
ously. All the animals could move and turn around within the
TEM-cells.

For the actual experimental situation with one rat in each
compartment of the TEM-cell, the conversion factor K for
SAR per unit of input power could be fitted to the data as

K = (1.39 ± 0.17) − (0.85 ± 0.22)w (1)

with w the sum of weights in kilograms of the 2 rats in the
cell and the variance given as SEM. For a more detailed
description, see [2].

Whole-body SAR and brain SAR vary with orientation.
In our present set-up, the average of SAR for the brain grey
matter was 1.06 times the average whole-body SAR, with a
standard deviation of 56% around the average value for the
different orientations, as estimated by us previously [19].

3.2. Animals

All animal procedures were performed according to the
practices of the Swedish Board of Animal Research and
were approved by the Animal Ethics Committee, Lund-
Malmö.

Forty-eight inbred male and female Fischer 344 rats (the
rats were supplied by Scanbur AB, Stockholm, Sweden)
were 2–3 months of age at the initiation of the EMF expo-
sure. Male and female rats weighed 225 g ± 56 g (standard
deviation) and 233 g ± 60 g (standard deviation) respectively.

The rats were housed in rat hutches, two in each cage,
under standard conditions of 22 ◦C room temperature, arti-
ficial daylight illumination and rodent chow and tap water
ad libitum.

The 48 rats were divided into four exposure groups, each
group consisting of 8 rats, and one sham exposed group with
16 animals.

The peak power output from the GSM mobile phone
fed into the TEM-cells was 1 mW, 10 mW, 100 mW and
1000 mW per cell respectively for a period of 2 h. This
resulted in average whole-body SAR of 0.12 mW/kg,
1.2 mW/kg, 12 mW/kg and 120 mW/kg for the four different
exposure groups.

All animals were kept in the animal facilities for a recovery
period of 7 days after exposure. At the end of this period they
were anaesthetized and sacrificed by perfusion-fixation with
4% formaldehyde.

3.3. Histopathology and methods

The brains were fixed in situ through saline perfusion
through the ascending aorta for 3 min followed by 4%
formaldehyde for 10 min and immersion in 4% formalde-
hyde for 24 h. They were then removed from the skulls
by a non-traumatic technique (resection of bone structures
at the skull base, followed by a midline incision from the
foramen magnum to the nose) and immersion fixed in 4%
formaldehyde for more than 24 h. Whole coronal sections of
the brains were dehydrated and embedded in paraffin, sec-
tioned at 5 !m with a microtome and stained for RNA/DNA
with cresyl violet to visualize damaged neurons. Albumin
was demonstrated with the IgG fraction of rabbit anti-rat
albumin (Dakopatts, Helsingborg, Sweden) diluted 1:8,000.
This reveals albumin as brownish spotty or more diffuse dis-
colorations. Biotinylated swine anti-rabbit IgG was used as a
secondary antibody. Then avidin, peroxidase conjugated, was
coupled to the biotin and visualized with DAB (diaminoben-
zidine).

All brains were examined histopathologically by our
neuropathologist (A.B.). All microscopic analyses were per-
formed blind to the test situation.

Regarding albumin extravasation, the number of
immunopositive extravasates (foci) were recorded under
a microscope. None or occasional minor leakage was
rated as normal, whereas one larger or several leakages
were regarded as pathological. Immunopositive sites were,
however, disregarded when localized in the hypothalamus,
above the median eminence and laterally including the
lateral hypothalamic nuclei, in the immediate vicinity of the
third ventricle and just beneath the pial membrane. These
structures are well known for their insufficient BBB. Also
the presence and distribution of albumin uptake into neurons
was judged semi-quantitatively.

Regarding neuronal damage, this were judged semi-
quantitatively as no or occasional (score 0), moderate (score
1) or abundant occurrence (score 2) of dark neurons.
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3.4. Statistics

As an initial discriminative test, the occurrence of an effect
of exposure (score 1 or higher for albumin foci; score 0.5 or
higher for neuronal albumin uptake and dark neurons) was
tested against sham exposed controls using Fisher’s exact
probability test.

The Kruskal–Wallis one-way analysis of variance by
ranks was used for a simultaneous statistical test of the
score distributions for the five conditions of sham or EMF
exposure. When the null hypothesis could be rejected, the
non-parametric Mann–Whitney U-test for independent sam-
ples was used to compare each of the groups of GSM exposed
and sham exposed animals.

The occurrence of covariates such as gender, the position
of the rat in the TEM-cell (upper/lower compartment) and
the TEM-cell used (TEM-cell A, B, C or D) was evaluated
using linear regression analysis.

Spearman’s non-parametric correlation analysis was used
for evaluation of correlation between exposure level, albumin
foci, neuronal albumin and dark neurons.

4. Results

In exposed animals there were albumin positive foci
around capillaries in the white and grey matter (Fig. 5).
The albumin had diffused into the neuropil between the cell
bodies, surrounding the neurons, which either contained no
albumin or contained albumin in some foci. Scattered neu-
rons were albumin positive. Regarding the dark neurons,
cresyl violet staining showed that these were scattered and
sometimes grouped within the brain parenchyma.

The occurrence of albumin outside brain vessels was char-
acterized as albumin foci around vessels. After the 7 days
recovery time, albumin foci were found significantly more
often among exposed rats (25%) than among sham exposed

Fig. 5. Focal leakage of albumin shown in brown in the cortex. Albumin:
cresyl violet, ×10. GSM-900 EMF exposure at 12 mW/kg. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to
the web version of the article.)

rats (0%) (Fisher’s exact probability test, p = 0.04). There was
a low, but significant correlation between the exposure level
(SAR-value) and the occurrence of albumin foci (Spearman
analysis, rs = 0.33; p = 0.04). Taking the level of exposure
and quantification of neuropathological effects into account
it could be concluded from a simultaneous non-parametric
comparison of all 5 exposure levels with the Kruskal–Wallis
test, that the distribution of albumin foci differed significantly
(Kruskal–Wallis, p = 0.012).

Pair-wise comparisons between the different exposure
levels and sham exposed animals revealed statistically sig-
nificant differences for SAR of 12 mW/kg (Mann–Whitney,
p = 0.007), whereas a trend of increased albumin extravasa-
tion could be seen for 0.12 mW/kg (Mann–Whitney, p = 0.1)
and 120 mW/kg (Mann–Whitney, p = 0.1).

Also, the occurrence of neuronal albumin was evaluated.
A simultaneous analysis for all exposure levels revealed a sig-
nificant difference between the five groups (Kruskal–Wallis,
p = 0.03, however Fisher’s exact probability, p = ns). A pair-
wise comparison revealed that albumin uptake occurred
more frequently at 1.2 mW/kg as compared to sham exposed
(Mann–Whitney, p = 0.02). No difference was found for
the occurrence of neuronal damage (Kruskal–Wallis, p = ns;
Fisher’s exact probability test, p = ns).

Linear regression analysis did not reveal any influence of
gender, position of the animals in the TEM-cell (upper/lower
compartment) or the TEM-cell used (TEM-cell A, B, C or
D) on the frequency of albumin foci, neuronal albumin or
occurrence of dark neurons.

5. Discussion

The present study provides evidence that GSM exposure
results in disruption of the BBB permeability, with remaining,
observable effects 7 days after the exposure occasion. Only
non-thermal SAR-levels, below the limits of allowed expo-
sure for humans [12] are considered. This finding of increased
albumin extravasation after 7 days (Kruskal–Wallis, p = 0.012
with all animals included in the analysis, which is also in
agreement with the Fisher’s exact probability test, p = 0.04)
is in line with our earlier findings of albumin leakage both
immediately following 2 h of GSM exposure [16] and 14 days
[19] after 2 h of GSM exposure. Also, the increased occur-
rence of neuronal albumin 7 days after the exposure is in line
with the findings 14 days after exposure [19].

In our previous study, where the animals have been sac-
rificed immediately after the EMF exposure, we have seen
albumin extravasation only at the most in 50% of the iden-
tically exposed animals, although all animals are inbred
Fischer 344 rats [16]. Among the rats exposed to the pulse
modulated EMFs at 915 MHz, 35% showed albumin extrava-
sation. Also in the sham exposed animals, albumin leakage
was present (in 17% of the animals). When the animals have
survived 7 days after the EMF exposure, albumin extrava-
sation is seen in a lesser proportion (25% of the exposed
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animals) and in none of the sham controls. This could be
due to a rapid diffusion of extravasated albumin down to, and
beyond concentrations possible to demonstrate immunohis-
tochemically. Numerous routes of clearance of extravasated
molecules out from the brain tissue are present in the living
brain and compounds can also become sequestered intracel-
lularly, become protein bound or metabolized. After 14 days,
albumin extravasation is seen in a somewhat larger proportion
of the EMF exposed animals (29% of the exposed animals)
and none of the sham controls. Thus, a secondary BBB open-
ing might have started at some time point after the initial
opening, leading to a vicious circle of albumin leakage.

The mechanism for the passage of albumin over the BBB
is not clear. Extravasation might occur through paracellular
routes, including alterations of tight junctions between the
vascular endothelial cells, or transcellular routes with induc-
tion of pinocytosis or transcytosis, formation of transendothe-
lial channels or disruption of the endothelial cell membrane.
In connection to EMF exposure, amplified vesicle-mediated
transport across the microvessel endothelium occurs, includ-
ing also transendothelial channels, but no passage through
disrupted inter-endothelial tight junctions [24].

One remarkable observation is that exposure at very low
whole-body average power densities gives rise to a pro-
nounced albumin leakage. In the present study, significant
effects could be seen already at 12 mW/kg, although the dif-
ferent animal groups included a relatively small number of
animals. Most certainly, the trends seen for exposure levels
of 0.12 mW/kg and 120 mW/kg would have reached statis-
tical significance if more animals had been included in the
different exposure groups.

The phenomenon with increased BBB permeability
already at very low energy levels might represent a U-curve
response. In our other studies, we have seen that the rats
in several of the groups with different SAR-levels of EMF
exposure have a significant BBB opening [16,19]. The U-
response curve occurs also in connection with other kinds of
MW exposure, where cerebral vessel permeability after an
initial rise decreased with increasing MW power [39].

Further investigation of BBB permeability in connection
to EMF exposure is important not only in order to reduce the
potentially harmful effects, but also to use possible beneficial
effects [69]. The transport of drugs over the BBB might be
regulated, so that targets within the brain can be reached. For
example, steering of BBB passage of the antiretroviral agent
saquinavir has been accomplished in an in vitro model of
the human BBB, where a frequency of 915 MHz generated
the highest BBB permeability [69]. This could be extremely
important in order to reduce the HIV replication in the brain
of HIV-infected individuals.

6. In conclusion

The time between EMF exposure and sacrifice of the ani-
mals is of great importance for the detection of albumin foci.

Seven days after 2 h of GSM mobile phone exposure, there
is still an increased permeability of the BBB of exposed
rats. This is in concordance with earlier findings of albumin
extravasation out into the brain parenchyma immediately and
14 days after 2 h of mobile phone exposure.

7. General conclusion

Taken together, it can be concluded that in a number of
studies MW effects upon the BBB permeability have been
observed. Increased permeability can be seen both immedi-
ately after exposure, but also 7 days after the exposure, as
reported in this primary report, and after 14 days. It seems
that the effects of the MW radiation might result in persistent
changes, such as those seen in our own studies with neu-
ronal damage both 28 and 50 days after 2 h of mobile phone
exposure. In a future perspective, with increasing number of
active mobile phone users, passive mobile phoning, radiation
emitted from base stations and also MWs emitted from other
communication sources, effects of low non-thermal levels of
exposure must be considered further. The effects seen in the
rat studies give some clues about what might possibly happen
in the human brain, with a BBB very similar to that of rats.
While awaiting latency periods long enough for adequate epi-
demiological interpretations, further studies on both animals
and cells are of utmost importance.
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Microwave RF 
Interacts with 

Molecular 
Structures

(Original art by Raychel Ciemma, Springfield, Oregon, for Paul Lee DO FAAO's book Interface, used with permission.)

The molecules in our bodies vary in size and in total electric charge.
These molecular structures of our body can resonate with fluctuating electromagnetic fields.
Any charged particle has a resonant frequency.
This frequency varies depending on the total mass and charge of the particle.

Molecules resonate in fluctuating electromagnetic fields.

(Original art by Raychel Ciemma, Springfield, Oregon, for Paul Lee DO FAAO's book Interface, used with permission.)(Original art by Raychel Ciemma, Springfield, Oregon, for Paul Lee DO FAAO's book Interface, used with permission.)

The molecules in our bodies vary in size and total electric charge.
These molecular structures of our body resonate with fluctuating electromagnetic fields.
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Resonance Frequency

When you push something at its resonant frequency,  
a small force can produce a lot of motion.

Resonance Frequency

Placing the particle in an electromagnetic field that fluctuates at the resonant frequency will amplify the motion of the 
particle.
This is how a cyclotron works, and the frequency is often referred to as the “Ion Cyclotron Resonance”  or ICR 
frequency.
Magnetic fields that fluctuate at the resonant frequency of an ion like calcium, or of a specific enzyme, can have 
dramatic effects on biochemical processes in the body.
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Resonance Effect 

Unexposed

Exposed

Planaria exposed to a magnetic field fluctuating at the calcium ion’s ICR frequency take far longer (48 hours) to 
regenerate than those that are not exposed.

Liboff A. Weak low-frequency electromagnetic fields are biologically interactive. In: Giuliani L, Soffritti M, eds. Non-Thermal Effects and Mechanisms of 
Interaction Between Electromagnetic Fields and Living Matter -- An ICEMS Monograph. Fidenza, Italy: Mattioli, (2010): 51-61.  http://www.ramazzini.it/
ricerca/publications.asp

“frequency window”

Some effects of fluctuating EMF occur at specific frequencies, called “frequency windows”.
The peak in IGF-II expression for human osteosarcoma bone cells exposed to combined magnetic fields occurs when 
the field is tuned to the calcium ion’s ICR frequency

Liboff A. Weak low-frequency electromagnetic fields are biologically interactive. In: Giuliani L, Soffritti M, eds. Non-Thermal Effects and Mechanisms of 
Interaction Between Electromagnetic Fields and Living Matter -- An ICEMS Monograph. Fidenza, Italy: Mattioli, (2010): 51-61.  http://www.ramazzini.it/
ricerca/publications.asp
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“power window”

At a given frequency, some power levels may have a different effect than others.  This is a “power window”

In this illustration, the odds ratio for childhood onset of Acute Lymphoblastic Leukemia is significantly higher if they 
are exposed to 60 cycle magnetic fields at a magnitude of 0.4 to 0.499 microtesla.

Lower and higher field magnitudes do not show the same effect.

Liboff A. Weak low-frequency electromagnetic fields are biologically interactive. In: Giuliani L, Soffritti M, eds. Non-Thermal Effects and Mechanisms of 
Interaction Between Electromagnetic Fields and Living Matter -- An ICEMS Monograph. Fidenza, Italy: Mattioli, (2010): 51-61.  http://www.ramazzini.it/
ricerca/publications.asp

Fig. 1. Odds ratios for childhood ALL, determined by Linet et al 6, as a function of residential magnetic field. The large ratios seen for fields between .4 and .
499 !T, although having many less participants, are nevertheless statistically significant

“power window”

Mice with Ascites Ehrlich carcinoma 33,
exposed to a fluctuating EM field tuned to the ICR frequency for aspartic acid and glutamic acid ions.
Survival varies with the AMPLITUDE (magnitude) of the field.
---------
Liboff A. Weak low-frequency electromagnetic fields are biologically interactive. In: Giuliani L, Soffritti M, eds. Non-Thermal Effects and Mechanisms of 

Interaction Between Electromagnetic Fields and Living Matter -- An ICEMS Monograph. Fidenza, Italy: Mattioli, (2010): 51-61.  http://www.ramazzini.it/
ricerca/publications.asp

Fig. 5. Survival curve for mice infected with Ascites Ehrlich carcinoma33, under ICR conditions corresponding to mean tuning (4.4 Hz) for aspartic acid and 
glutamic acid ions. In contrast to Fig. 2 where the frequency is varied, a resonance (or window) peak is observed as the AC magnetic field intensity is varied
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What does this 
mean? ?

(Original art by Raychel Ciemma, Springfield, Oregon, for Paul Lee DO FAAO's book Interface, used with permission.)

There are thousands of enzymes and other molecules in the human body.
Each has its own mass, charge, and resonant frequency.
This means that different electromagnetic frequencies will resonate with different molecules.
Which means that the biological effects of EMF on molecular physiology are probably much more complex than is 
generally assumed to be the case.
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Microwave RF 
Produces 
Oxidative 

Stress in Cells

Electromagnetic 
Spectrum

Ionizing radiation from the high energy end of the electromagnetic spectrum can directly break DNA molecular 
bonds, causing mutations.
But photons of microwave RF do not have enough energy to directly break covalent molecular bonds.
Industry advocates often make the statement that since RF cannot break molecular bonds, there is no way that it can 
cause cancer.
Such statements sound like good physics.  But they reflect a poor understanding of biology.
Tobacco can cause cancer.  Genital warts can cause cancer.  Asbestos can cause cancer.  There are many ways to 
cause cancer besides ionizing radiation.   
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Free Radicals

Free radicals are oxidizing agents.

They take electrons from other atoms or molecules, which can break molecular bonds.

Life cycle of a free radical.

Precursor molecule (AB) splits to form two free radicals.

Free radicals then can produce chain reactions, causing oxidative damage.
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Peroxizomes (yellow) in a cell – packages of free radicals stored in cells.

Cells are making free radicals all the time. 
Our bodies release them in inflammation to combat bacteria, remove diseased tissue, etc.
The free radicals release by the inflammatory process can break covalent bonds and fragment macomolecules.

Guest Editor:

Electromagnetic fields act via activation of voltage-gated

calcium channels to produce beneficial or adverse effects

Martin L. Pall *

Professor Emeritus of Biochemistry and Basic Medical Sciences, Washington State University, Portland, OR, USA
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● Therapeutic bone-growth stimulation
via Ca2+/nitric oxide/cGMP/protein kinase G

● Ca2+/nitric oxide/peroxynitrite and
pathophysiological
responses to EMF exposures: the example of
single-strand DNA breaks
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Abstract

The direct targets of extremely low and microwave frequency range electromagnetic fields (EMFs) in producing non-thermal effects have not
been clearly established. However, studies in the literature, reviewed here, provide substantial support for such direct targets. Twenty-three
studies have shown that voltage-gated calcium channels (VGCCs) produce these and other EMF effects, such that the L-type or other VGCC
blockers block or greatly lower diverse EMF effects. Furthermore, the voltage-gated properties of these channels may provide biophysically
plausible mechanisms for EMF biological effects. Downstream responses of such EMF exposures may be mediated through Ca2+/calmodulin
stimulation of nitric oxide synthesis. Potentially, physiological/therapeutic responses may be largely as a result of nitric oxide-cGMP-protein
kinase G pathway stimulation. A well-studied example of such an apparent therapeutic response, EMF stimulation of bone growth, appears to
work along this pathway. However, pathophysiological responses to EMFs may be as a result of nitric oxide-peroxynitrite-oxidative stress path-
way of action. A single such well-documented example, EMF induction of DNA single-strand breaks in cells, as measured by alkaline comet
assays, is reviewed here. Such single-strand breaks are known to be produced through the action of this pathway. Data on the mechanism of
EMF induction of such breaks are limited; what data are available support this proposed mechanism. Other Ca2+-mediated regulatory changes,
independent of nitric oxide, may also have roles. This article reviews, then, a substantially supported set of targets, VGCCs, whose stimulation
produces non-thermal EMF responses by humans/higher animals with downstream effects involving Ca2+/calmodulin-dependent nitric oxide
increases, which may explain therapeutic and pathophysiological effects.

Keywords: intracellular Ca2+! voltage-gated calcium channels! low frequency electromagnetic field exposure! nitric
oxide! oxidative stress! calcium channel blockers

Introduction

An understanding of the complex biology of the effects of electromag-
netic fields (EMFs) on human/higher animal biology inevitably must
be derived from an understanding of the target or targets of such
fields in the impacted cells and tissues. Despite this, no understand-
ing has been forthcoming on what those targets are and how they

may lead to the complex biological responses to EMFs composed of
low-energy photons. The great puzzle, here, is that these EMFs are
comprised of low-energy photons, those with insufficient energy to
individually influence the chemistry of the cell, raising the question of
how non-thermal effects of such EMFs can possibly occur. The author
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ª 2013 The Author.
Journal of Cellular and Molecular Medicine Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.

doi: 10.1111/jcmm.12088

Review Article J. Cell. Mol. Med. Vol XX, No X, 2013 pp. 1-9

This recently published article reviews published evidence that EMF can produce physiologic effects by altering the 
function of voltage gated calcium channels in cell walls.

Pall ML. Electromagnetic fields act via activation of voltage-gated calcium channels to produce beneficial or adverse effects. J Cell Mol Med 
(2013); 
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Table 1 EMF responses blocked or lowered by calcium channel blockers

Ref. no. EMF type Calcium channel Cell type or organism Response measured

2 Pulsed magnetic
fields

L-type Human lymphocytes Cell proliferation; cytokine
production

3 Static magnetic
field (0.1 T)

L-type Human polymorphonuclear
leucocytes

Cell migration; degranulation

5 ELF L-type Rat chromaffin cells Differentiation; catecholamine release

6 Electric field L-type Rat and mouse bone cells Increased Ca2+, phospholipase A2, PGE2

7 50 Hz L-type Mytilus (mussel) immunocytes Reduced shape change, cytotoxicity

8 50 Hz L-type AtT20 D16V, mouse pituitary
corticotrope-derived

Ca2+ increase; cell morphology,
premature differentiation

9 50 Hz L-type Neural stem/progenitor cells In vitro differentiation, neurogenesis

10 Static magnetic
field

L-type Rat Reduction in oedema formation

11 NMR L-type Tumour cells Synergistic effect of EMF on anti-tumour
drug toxicity

12 Static magnetic field L-type Myelomonocytic U937 cells Ca2+ influx into cells and anti-apoptotic
effects

13 60 Hz L-type Mouse Hyperalgesic response to exposure

14 Single nanosecond
electric pulse

L-type Bovine chromaffin cells Very rapid increase in intracellular Ca2+

15 Biphasic electric current L-type Human mesenchymal stromal cells Osteoblast differentiation and cytokine
production

16 DC & AC magnetic
fields

L-type b-cells of pancreas, patch clamped Ca2+ flux into cells

17 50 Hz L-type Rat pituitary cells Ca2+ flux into cells

18 50 Hz L-type, N-type Human neuroblastoma IMR32 and
rat pituitary GH3 cells

Anti-apoptotic activity

19 Nanosecond pulse L-type, N-type,
P/Q-type

Bovine chromaffin cells Ca2+ dynamics of cells

20 50 Hz Not determined Rat dorsal root ganglion cells Firing frequency of cells

21 700–1100 MHz N-type Stem cell–derived neuronal cells Ca2+ dynamics of cells

22 Very weak electrical
fields

T-type Sharks Detection of very weak magnetic fields
in the ocean

23 Short electric pulses L-type Human eye Effect on electro-oculogram

24 Weak static magnetic
field

L-type Rabbit Baroreflex sensitivity

25 Weak electric fields T-type Neutrophils Electrical and ion dynamics

26 Static electric fields,
‘capacitive’

L-type Bovine articular chondrocytes Agrican & type II collagen expression;
calcineurin and other Ca2+/calmodulin
responses

EMF: electromagnetic field; ELF: extremely low frequency.

ª 2013 The Author.
Journal of Cellular and Molecular Medicine Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
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J. Cell. Mol. Med. Vol XX, No X, 2013

These are some of the 23 published studies documenting that EMF can increase flow through these calcium channels, 
producing biological effects.

In all these studies, the effects of EMF on increased cellular calcium levels could be blocked by calcium channel 
blocking drugs.

Pall ML. Electromagnetic fields act via activation of voltage-gated calcium channels to produce beneficial or adverse effects. J Cell Mol Med 
(2013); 

Table 1 EMF responses blocked or lowered by calcium channel blockers

Ref. no. EMF type Calcium channel Cell type or organism Response measured

2 Pulsed magnetic
fields

L-type Human lymphocytes Cell proliferation; cytokine
production

3 Static magnetic
field (0.1 T)

L-type Human polymorphonuclear
leucocytes

Cell migration; degranulation

5 ELF L-type Rat chromaffin cells Differentiation; catecholamine release

6 Electric field L-type Rat and mouse bone cells Increased Ca2+, phospholipase A2, PGE2

7 50 Hz L-type Mytilus (mussel) immunocytes Reduced shape change, cytotoxicity

8 50 Hz L-type AtT20 D16V, mouse pituitary
corticotrope-derived

Ca2+ increase; cell morphology,
premature differentiation

9 50 Hz L-type Neural stem/progenitor cells In vitro differentiation, neurogenesis

10 Static magnetic
field

L-type Rat Reduction in oedema formation

11 NMR L-type Tumour cells Synergistic effect of EMF on anti-tumour
drug toxicity

12 Static magnetic field L-type Myelomonocytic U937 cells Ca2+ influx into cells and anti-apoptotic
effects

13 60 Hz L-type Mouse Hyperalgesic response to exposure

14 Single nanosecond
electric pulse

L-type Bovine chromaffin cells Very rapid increase in intracellular Ca2+

15 Biphasic electric current L-type Human mesenchymal stromal cells Osteoblast differentiation and cytokine
production

16 DC & AC magnetic
fields

L-type b-cells of pancreas, patch clamped Ca2+ flux into cells

17 50 Hz L-type Rat pituitary cells Ca2+ flux into cells

18 50 Hz L-type, N-type Human neuroblastoma IMR32 and
rat pituitary GH3 cells

Anti-apoptotic activity

19 Nanosecond pulse L-type, N-type,
P/Q-type

Bovine chromaffin cells Ca2+ dynamics of cells

20 50 Hz Not determined Rat dorsal root ganglion cells Firing frequency of cells

21 700–1100 MHz N-type Stem cell–derived neuronal cells Ca2+ dynamics of cells

22 Very weak electrical
fields

T-type Sharks Detection of very weak magnetic fields
in the ocean

23 Short electric pulses L-type Human eye Effect on electro-oculogram

24 Weak static magnetic
field

L-type Rabbit Baroreflex sensitivity

25 Weak electric fields T-type Neutrophils Electrical and ion dynamics

26 Static electric fields,
‘capacitive’

L-type Bovine articular chondrocytes Agrican & type II collagen expression;
calcineurin and other Ca2+/calmodulin
responses

EMF: electromagnetic field; ELF: extremely low frequency.

ª 2013 The Author.
Journal of Cellular and Molecular Medicine Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
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In all these studies, the effects of EMF on increased cellular calcium levels could be blocked by calcium channel 
blocking drugs.

Pall ML. Electromagnetic fields act via activation of voltage-gated calcium channels to produce beneficial or adverse effects. J Cell Mol Med 
(2013); 

Comments on Notice of Inquiry, ET Docket No. 13-84

JA 05279

USCA Case #20-1025      Document #1869759            Filed: 11/04/2020      Page 92 of 427



EMF Activation of VGCCs Increases Free Radical Production 

Ca++

Ca++

CELL

Nitric oxide 
synthetase 

Normally, Calcium concentrations are much higher outside of cells than inside them.
Influxes of calcium into cells act as chemical signals to alter cellular physiologic activity.
Here we have a diagram of a cell, with high levels of calcium outside, and lower levels of calcium inside.
The green arrow is a voltage-gated calcium channel, that can open to allow more calcium to enter the cell.
Inside the cell, we can see an enzyme (nitric oxide synthetase).

As discussed by Pall ML. Electromagnetic fields act via activation of voltage-gated calcium channels to produce beneficial or adverse effects. J 
Cell Mol Med (2013); 

EMF Activation of VGCCs Increases Free Radical Production 

Nitric oxide 
synthetase 

Ca++

Ca++

CELL

EMF

An electromagnetic field arrives at the cell wall.
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EMF Activation of VGCCs Increases Free Radical Production 

Ca++

CELL

EMF
Nitric oxide 
synthetase 

Ca++

The electromagnetic field stimulates opening of voltage-gated calcium channels (VGCCs) in the cell membrane.

This increases Ca++ entry into the cell.

EMF Activation of VGCCs Increases Free Radical Production 

Ca++

CELL

EMF
Nitric oxide 
synthetase 

Nitric oxide

Ca++

Increased intracellular calcium levels stimulate the activity of nitric oxide synthetase,

Which leads to increased production of nitric oxide in the cell.
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EMF Activation of VGCCs Increases Free Radical Production 

Ca++

CELL

EMF
Nitric oxide 
synthetase 

Nitric oxide

Peroxynitrite

Ca++

Increased nitric oxide leads to increase in peroxynitrite, a potent non-radical oxidant.

EMF Activation of VGCCs Increases Free Radical Production 

Ca++

Nitric oxide

*HO
NO2

CELL

EMF
Nitric oxide 
synthetase 

Peroxynitrite

Ca++

Peroxynitrite produces free radicals, including hydroxyl radical and NO2.
This increase in free radicals then leads to inflammation, oxidant stress, and damage to cell structures, including 
DNA.

The EMF doesn’t directly damage the cell.  It just deranges cellular metabolism.
The free radicals that are produced by this change in metabolism are what causes the damage.
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Oxidative 
Stress From 

Microwave RF 
Damages DNA

The mechanisms of how RF increases free radical activity and oxidative stress are still being explored.

But the fact that RF does do this has been CLEARLY ESTABLISHED by many research studies.

This increase in free radical levels can and does lead to DNA damage.

Comet assay:  Unexposed control

The Comet assay is one way to measure DNA damage.
This is a study of DNA extracted from normal rat brain cells (unexposed controls).
Electrophoresis:  DNA molecules of given mass and charge placed in a diffusion medium.
Preparation placed in a static electric field.
DNA molecules migrate towards a charged pole. 
DNA molecules that are the same size, so they migrate at the same rate, will stay in a clump. 

Kesari KK, Behari J, Kumar S. Mutagenic response of 2.45 GHz radiation exposure on rat brain. Int J Radiat Biol (2010a); 86(4):334-343.
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RF exposure:  2.45 GHz @ 0.34 mW/cm2, 2 hours per day x 35 days

DNA from brain cells of exposed rats.  Here, some of the DNA molecules are broken.
The broken parts vary in mass and total charge, so they migrate through the gel at different rates
This leaves a “comet tail” of lighter fragments behind the main body of intact DNA.
The length of the tail can be measured.
This is a very sensitive assay for DNA damage.

Kesari KK, Behari J, Kumar S. Mutagenic response of 2.45 GHz radiation exposure on rat brain. Int J Radiat Biol (2010a); 86(4):334-343.

RF exposure:  2.45 GHz @ 0.34 mW/cm2, 2 hours per day x 35 days

0
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*

*

*

Comet Assay:  Measure of DNA fragmentation in rat brains, produced by prolonged exposure to microwave RF.

In this study, exposure was 2 h a day for 35 days an exposure level of one third of the FCC exposure limit.

FCC exposure limit = 1 mW/cm2

Kesari KK, Behari J, Kumar S. Mutagenic response of 2.45 GHz radiation exposure on rat brain. Int J Radiat Biol (2010a); 86(4):334-343.
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RF exposure:  2.45 GHz @ 0.34 mW/cm2, 2 hours per day x 35 days

Depletion of antioxidants in RF-exposed rat brains.
This consumption of anti-oxidants is evidence of increased oxidant stress, due to excess free radical production.
Kesari KK, Behari J, Kumar S. Mutagenic response of 2.45 GHz radiation exposure on rat brain. Int J Radiat Biol (2010a); 86(4):334-343.
Abstract
Purpose:! To investigate the effect of 2.45 GHz microwave radiation on rat brain of male wistar strain. Material and methods:! Male rats of wistar strain (35 days old with 130 + 10 g body weight) were selected for 
this study. Animals were divided into two groups: Sham exposed and experimental. Animals were exposed for 2 h a day for 35 days to 2.45 GHz frequency at 0.34 mW/cm2 power density. The whole body specific absorption 
rate (SAR) was estimated to be 0.11 W/Kg. Exposure took place in a ventilated Plexiglas cage and kept in anechoic chamber in a far field configuration from the horn antenna. After the completion of exposure period, rats 
were sacrificed and the whole brain tissue was dissected and used for study of double strand DNA (Deoxyribonucleic acid) breaks by micro gel electrophoresis and the statistical analysis was carried out using comet assay 
(IV-2 version software). Thereafter, antioxidant enzymes and histone kinase estimation was also performed. Results:! A significant increase was observed in comet head (P50.002), tail length (P50.0002) and in tail 
movement (P 5 0.0001) in exposed brain cells. An analysis of antioxidant enzymes glutathione peroxidase (P 5 0.005), and superoxide dismutase (P50.006) showed a decrease while an increase in catalase (P50.006) was 
observed. A significant decrease (P 5 0.023) in histone kinase was also recorded in the exposed group as compared to the control (sham-exposed) ones. One- way analysis of variance (ANOVA) method was adopted for 
statistical analysis. Conclusion:! The study concludes that the chronic exposure to these radiations may cause significant damage to brain, which may be an indication of possible tumour promotion (Behari and Paulraj 
2007).

RF exposure:  2.45 GHz @ 0.21 mW/cm2, 2 hours per day x 45 days

Suppression of melatonin secretion by 2.45 GHz RF:

Bad news, since melatonin is also a potent antioxidant.

Kesari KK, Kumar S, Behari J. Pathophysiology of microwave radiation: effect on rat brain. Appl Biochem Biotechnol (2012); 166(2):379-388.

10 MINUTE BREAK HERE
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Evidence of DNA damage by microwave RF.

Another study, using Human fibroblasts.
1950 MHz, 5 minutes on/10 minutes off.
Total exposure for 4, 8, or 24 hours.
DNA fragmentation measured by Comet Assay.

Figure 9. Intermittent RF-EMF exposure (1950 MHz, 5 minutes on/10 minutes off, 1 and 2 W/kg, 4, 8 and 24 hours) increases the DNA strand break 
frequency in human fibroblasts dependent on the duration of exposure as measured with the alkaline and neutral Comet assay (H.-W. Rüdiger et al., Division 
of Occupational Medicine, University of Vienna, Austria).

Adlkofer F. Risk Evaluation of Potential Environmental Hazards from Low Energy Electromagnetic Field Exposure Using Sensitive In Vitro Methods. 
Bioelectromagnetics (2006); 331-354.

DNA damage blocked by anti-oxidants

A cell study, with human fibroblasts, exposed to 1950 MHz RF, 5 minutes on/10 minutes off.

(right hand columns => DNA damage blocked by anti-oxidant effect of vitamin C (ascorbic acid).

The research group of Prof. Tauber, Berlin, investigated the effect of RF- EMF on HL-60 cells, i.e. a human promyelocytic cell line. After continuous exposure to RF-EMF of 
1800 MHz and a SAR value of 1.3 W/kg they observed a highly significant increase in the number of single and double DNA strand breaks as measured by the alkaline Comet 
assay and of micronuclei as measured with the micronucleus test, thus fully confirming the findings obtained in the Vienna laboratory. Additionally, as clearly shown in Figures 
12 and 13, the generation of DNA strand breaks and micronuclei can be prevented, when the radical scavenger ascorbic acid is added to the culture medium before exposure.

Figure 12, from:  Adlkofer F. Risk Evaluation of Potential Environmental Hazards from Low Energy Electromagnetic Field Exposure Using Sensitive In 
Vitro Methods. Bioelectromagnetics (2006); 331-354.
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Medical Treatments & Modulation; Treatment of advanced hepatocellular 
carcinoma with very low levels of amplitude-modulated electromagnetic 

fields. British Journal of Cancer. (Costa et al); 2011
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Treatment of advanced hepatocellular carcinoma with very low
levels of amplitude-modulated electromagnetic fields

FP Costa*,1, AC de Oliveira1, R Meirelles1, MCC Machado1, T Zanesco1, R Surjan1, MC Chammas2,
M de Souza Rocha2, D Morgan3, A Cantor4, J Zimmerman5, I Brezovich6, N Kuster7, A Barbault8

and B Pasche*,5

1Department of Transplantation and Liver Surgery, Hospital das Clı́nicas da Faculdade de Medicina, University of São Paulo, Av. Dr. Enéas de Carvalho
Aguiar, 255, São Paulo 05403-000, Brazil; 2Department of Radiology, Hospital das Clı́nicas, University of São Paulo, São Paulo 05403-000, Brazil;
3Department of Radiology, University of Alabama at Birmingham and UAB Comprehensive Cancer Center, Birmingham, AL 35294, USA; 4Biostatistics
and Bioinformatics Shared Facility, University of Alabama at Birmingham and UAB Comprehensive Cancer Center, Birmingham, AL 35294, USA; 5Division
of Hematology/Oncology, Department of Medicine, University of Alabama at Birmingham and UAB Comprehensive Cancer Center, 1802 6th Ave South,
NP 2566, Birmingham, AL 35294-3300, USA; 6Department of Radiation Oncology, The University of Alabama at Birmingham and UAB Comprehensive
Cancer Center, Birmingham, AL 35294, USA; 7IT’IS Foundation, Swiss Federal Institute of Technology, Zurich, Switzerland; 8Rue de Verdun 20, Colmar
68000, France

BACKGROUND: Therapeutic options for patients with advanced hepatocellular carcinoma (HCC) are limited. There is emerging
evidence that the growth of cancer cells may be altered by very low levels of electromagnetic fields modulated at specific frequencies.
METHODS: A single-group, open-label, phase I/II study was performed to assess the safety and effectiveness of the intrabuccal
administration of very low levels of electromagnetic fields amplitude modulated at HCC-specific frequencies in 41 patients with
advanced HCC and limited therapeutic options. Three-daily 60-min outpatient treatments were administered until disease
progression or death. Imaging studies were performed every 8 weeks. The primary efficacy end point was progression-free survival
X6 months. Secondary efficacy end points were progression-free survival and overall survival.
RESULTS: Treatment was well tolerated and there were no NCI grade 2, 3 or 4 toxicities. In all, 14 patients (34.1%) had stable disease
for more than 6 months. Median progression-free survival was 4.4 months (95% CI 2.1–5.3) and median overall survival was 6.7
months (95% CI 3.0–10.2). There were three partial and one near complete responses.
CONCLUSION: Treatment with intrabuccally administered amplitude-modulated electromagnetic fields is safe, well tolerated, and shows
evidence of antitumour effects in patients with advanced HCC.
British Journal of Cancer (2011) 105, 640–648. doi:10.1038/bjc.2011.292 www.bjcancer.com
Published online 9 August 2011
& 2011 Cancer Research UK
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Treatment of inoperable or metastatic solid tumours is a major
challenge in oncology, which is limited by the small number of
therapeutic agents that are both well tolerated and capable of long-
term control of tumour growth. Hepatocellular carcinoma (HCC)
is the second most common cause of cancer death in men and the
sixth in women worldwide (Jemal et al, 2011). Hepatocellular
carcinoma is the most common tumour in certain parts of the
world, particularly in East Asia, Africa, and certain countries of
South America. This tumour is less frequent in Europe and in the
United States, but has become the fastest rising cancer in the
United States (Jemal et al, 2011). In the United States alone, it is
estimated that 24 120 new cases were diagnosed and there were
17 430 deaths from HCC in 2010 (Jemal et al, 2010), a 27% increase
in the number of new cases since 2004 (Jemal et al, 2004). The

prognosis of patients suffering from advanced HCC is poor with an
average survival of fewer than 6 months (Kassianides and Kew,
1987; Jemal et al, 2011).

Therapies for HCC are limited. Resections of the primary
tumour or liver transplantation are the preferred therapeutic
approaches in patients who are surgical candidates (Bruix and
Sherman, 2005). Although these interventions result in long-term
survival for some patients, only a minority benefit from them
because of limitations due to tumour size, patient’s overall
condition, and presence of hepatic cirrhosis (Cance et al, 2000).
Only a small number of randomised trials show a survival benefit
in the treatment of HCC. Chemoembolisation has been shown to
confer a survival benefit in selected patients with unresectable
HCC (Llovet et al, 2002). Data from two phase III randomised
placebo-controlled studies demonstrate improved survival in
patients with advanced HCC receiving the multikinase inhibitor
sorafenib (Llovet et al, 2008b; Cheng et al, 2009). Additional
therapies for this disease are sorely needed, especially for the large
number of patients with advanced disease who cannot tolerate
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chemotherapy or intrahepatic interventions because of impaired
liver function (Thomas and Zhu, 2005).

The intrabuccal administration of low and safe levels of
electromagnetic fields, which are amplitude-modulated at dis-
ease-specific frequencies (RF AM EMF) (Figure 1), was originally
developed for the treatment of insomnia (Pasche et al, 1990). The
highest levels of EMFs encountered during treatment are found at
the interface between the tongue and the mouth probe and are
compliant with international safety limits (ICNIRP, 1998; Pasche
and Barbault, 2003). Tumour-specific modulation frequencies have
been identified for several common forms of cancer and one report
suggests that this novel therapeutic approach is well tolerated and
may be effective in patients with a diagnosis of cancer (Barbault
et al, 2009). However, the safety and potential efficacy of this
treatment approach in the treatment of advanced HCC are
unknown. We designed this single-group, open-label, phase I/II
study to assess the feasibility of this treatment in patients with
advanced HCC and limited therapeutic options.

PATIENTS AND METHODS

Patients

The study was aimed at offering treatment to patients with Child–
Pugh A or B advanced HCC and limited therapeutic options.
Patients were classified as having advanced disease if they were not

eligible for surgical resection or had disease progression after
surgical or locoregional therapies or had disease progression after
chemotherapy or sorafenib therapy. Patients with measurable,
inoperable HCC were eligible for enrolment. Previous local or
systemic treatments were allowed as long as they were discon-
tinued at least 4 weeks before enrolment. Inclusion criteria
included Eastern Cooperative Oncology Group performance status
of 0, 1, or 2 and biopsy-confirmed HCC. Also allowed were patients
with no pathological confirmation of HCC with a level of
a-fetoprotein higher than 400 ng ml�1 and characteristic imaging
findings as assessed by multislice computer tomography (CT) scan
or intravenous contrast ultrasound (US). As per the University of
São Paulo Department of Transplantation and Liver Surgery
guidelines, liver biopsies are avoided in patients eligible for
transplant or with severely impaired liver function. Exclusion
criteria included confirmed or suspected brain metastasis,
Child–Pugh C, previous liver transplant, and pregnancy.

Study design

This was an investigator-initiated, single centre, uncontrolled
phase I/II trial in patients with advanced HCC. The trial was
approved by the local human investigation committee and
conducted in accordance with the Declaration of Helsinki. Written
informed consent was obtained from each patient. The protocol
was registered: clinicaltrial.gov identifier no. NCT00534664.
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Figure 1 Delivery of HCC-specific modulation frequencies. (A) The generator of AM EMFs is a battery-driven RF EMF generator connected to a spoon-
shaped mouthpiece. (B) Schematic description of AM EMFs. The carrier frequency (27.12 MHz) is sinusoidally modulated at specific frequencies. (C) Patient
receiving treatment with RF AM EMF. (D) HCC treatment programme consisting of sequential emission of 194 modulation frequencies for 60 min.
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Administration of AM EMFs

The generator of AM EMFs consists of a battery-driven radio-
frequency (RF) EMF generator connected to a 1.5 m long 50O
coaxial cable, to the other end of which a stainless-steel spoon-
shaped mouthpiece is connected via an impedance transformer
(Figure 1A). The RF source of the device corresponds to a class C
amplifier operating at 27.12 MHz. The carrier frequency is AM
(Figure 1B) with a modulation depth of 85±5%, whereas the
modulation frequency is generated by a digital direct synthesiser
with a resolution of 10�7. The treatment sequence is controlled by
a microcontroller (Atmel AT89S8252, Fribourg, Switzerland), that
is, duration of session, sequence of modulation frequencies and
duration of each sequence can be programmed via PC over a
RS232 interface. The RF output is adjusted to 100 mW into a 50O
load, which results in an emitting power identical to that of the
device used for the treatment of insomnia (Pasche et al, 1990; Reite
et al, 1994; Pasche et al, 1996). The United States Food and Drug
Administration has determined that such a device is not a
significant risk device and it has been used in several studies
conducted in the United States (Reite et al, 1994; Pasche et al, 1996;
Kelly et al, 1997). A long-term follow-up survey of 807 patients
who have received this therapy in the United States, Europe and

Asia showed that the rate of adverse reactions was low and was not
associated with increases in the incidence of malignancy or
coronary heart disease (Amato and Pasche, 1993). The maximum
specific absorption rate (SAR) of the applied RF averaged over any
10 g of tissue has been estimated to be less than 2 W kg�1, and the
maximum temperature increase is significantly lower than 11C
anywhere in the body owing to RF absorption. The induced RF
field values within the primary and metastatic tumours are
significantly lower. In contrast, the RF fields induced during RF
ablation of tumours cause hyperthermia and result in SAR in the
range of 2.4� 105 W kg�1 (Chang, 2003), that is, more than 100 000
times higher than those delivered by the device used in this study.

We have previously reported the discovery of HCC-specific
modulation frequencies in 46 patients with HCC using a patient-
based biofeedback approach and shown the feasibility of using AM
EMFs for the treatment of patients with cancer (Barbault et al,
2009). The treatment programme used in this study consisted of
three-daily outpatient treatments of 1 h duration, which contained
HCC-specific modulation frequencies ranging between 100 Hz and
21 kHz administered sequentially, each for 3 s (Figure 1C and
Supplementary Table S1).

The treatment method consists of the administration of AM
EMFs by means of an electrically conducting mouthpiece, which is
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Figure 2 CONSORT diagram.
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in direct contact with the oral mucosa (Figure 1D). The patients
were instructed on the use of the device and received the first
treatment at the medical centre’s outpatient clinic. A device was
provided to each patient for the duration of the study. The patients
were advised to self-administer treatment three times a day.
Treatment was administered until tumour progression was
objectively documented. At that time, treatment was discontinued.
Treatment compliance was assessed at every return visit by
recording the number of treatments delivered in the preceding
2 months.

Efficacy end points and disease assessment

The primary end point of this trial was the proportion of patients
progression-free at 6 months. Secondary end points were
progression-free survival (PFS) (first day of treatment until
progression of disease or death) and overall survival (OS) (first
day of receiving treatment to death). Objective response was
assessed using the Response Evaluation Criteria in Solid Tumours
group classification for patients with disease assessed by either
helical multiphasic CT (Therasse et al, 2000). Whenever contrast-
enhanced US radiological assessment was used, it was performed
and reviewed by the same radiologist specialised in HCC (MCC) as
this imaging modality is investigator dependent. Tumour mea-
surements were performed at baseline and every 8 weeks. Only
patients with at least one repeat tumour measurement during
therapy were considered for response analysis. Throughout the
study, lesions measured at baseline were evaluated using the same
technique (CT or contrast-enhanced US). Overall tumour response
was scored as a complete response (CR), partial response (PR), or
stable disease (SD) if the response was confirmed at least 4 weeks
later. Alpha-fetoprotein (AFP) levels were measured every 8 weeks
in all patients throughout the study, but changes in AFP were not
an end point for assessment of response. Pain was assessed
according to the NCI-CTCAE v.3.0 (http://ctep.cancer.gov/proto-
colDevelopment/electronic_applications/docs/ctcaev3.pdf).

Statistical analyses and efficacy assessment

All eligible patients who began treatment were considered
assessable for the primary and secondary end points. A Simon
two-stage phase II minimax design was used (Simon, 1989) to
evaluate the rate of progression-free survival at 6 months. The
interim analysis was performed once enrolment into the first stage
was completed. In the first stage, 23 patients were observed. If two
or fewer patients had progression-free survival X6 months, the
trial would be terminated early for lack of efficacy. If the
progression-free survival of 3 or more of the first 23 patients
was equal or greater than 6 months, then an additional 18 patients
would be enrolled to a maximum of 41 patients. If eight or more of
the 41 had PFS of at least 6 months, we would conclude that the
treatment was efficacious. This design had a Type I error rate of
5% and a Type II error rate of 10% for the null hypothesis of a
6-month PFS rate of 10% vs the alternative of 27.5%. Kaplan–
Meier estimates of survival, PFS, and duration of response were
calculated with standard errors based on Greenwood’s formula.
These calculations were performed using the Proc Lifetest in SAS
9.2 (SAS Institute Inc., Cary, NC, USA).

RESULTS

Patient recruitment and follow-up

From October 2005 to July 2007, 267 patients were assessed for
eligibility (Figure 2). In all, 43 patients with advanced HCC and
Child–Pugh A or B were enrolled in this study. The date of last
patient follow-up is 9 June 2011. Of these, 20 patients (46.5%) had
histological confirmation of HCC; 23 patients (53.5%) were

Table 1 Treatments received by patients with advanced HCC before
enrolment (n¼ 41)

No previous treatment 7
Chemoembolisation 25
131I-Lipiodol 1
Octreotide 1
Percutaneous alcohol injection therapy 1
Surgery 9
Systemic chemotherapy or sorafenib 5

Abbreviation: HCC¼ hepatocellular carcinoma. Two patients had surgery and
chemoembolisation, two patients had surgery and systemic chemotherapy, one
patient had surgery and chemoembolisation and systemic chemotherapy, one patient
had surgery and percutaneous alcohol injection, one patient had surgery and
sorafenib, one patient had chemoembolisation and systemic chemotherapy and one
patient had surgery and octreotide.

Table 2 Patients’ baseline characteristics

No. %

Age (years)
Median age 64
Range 18–85
X65 19 46.3
o65 22 53.6

Sex
Female 6 14.6
Male 35 85.4

ECOG performance status
0 5 12.2
1 28 68.3
2 8 19.5

Child–Pugh status
A5 15 36.6
A6 2 4.9
B7 6 14.6
B8 5 12.2
B9 11 26.8
No cirrhosis 2 4.9

BCLC status
B 6 14.6
C 35 85.4

AFP4ULN
Yes 28 68.3
No 13 16.7

Aetiology
ETOH 2 4.9
Hepatitis B 6 14.6
Hepatitis B+C 1 2.4
Hepatitis C 22 53.7
ETOH+hepatitis C 1 2.4
NOS 9 22.0

Portal thrombosis 10 24.3
Extrahepatic disease

Yes 16 39.0
Location
Lung 6 14.6
Bone 3 7.3
Lymph nodes 4 9.8
Peritoneal carcinomatosis 1 2.4
Adrenal gland 1 2.4

Abbreviations: AFP¼ a-fetoprotein; BCLC¼ Barcelona Clinic Liver Cancer;
ECOG¼ Eastern Cooperative Oncology Group; ETOH, ethyl alcohol; ULN, upper
limit of normal.
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diagnosed based on elevated levels of a-fetoprotein and character-
istic imaging findings such as vascular invasion and characteristic
differences in tumour blood flow. One patient was excluded
because liver biopsy established the diagnosis of metastatic breast
cancer. Another patient was excluded because of severely impaired
liver function (Child–Pugh C11). These two patients who did not
meet the inclusion criteria were registered as screening failures.
Hence, a total of 41 patients were eligible to receive experimental
therapy (Figure 2).

Two patients were lost to follow-up as they did not come back for
their scheduled appointments. Repeated efforts were made to reach
the patients and their families. The date of death of only one patient
is known, and no information on response to treatment is available
for either patient. Four patients withdrew consent while receiving
therapy after 8.0, 9.3, 20.3, and 21.0 months, respectively (Figure 2).
One patient elected to receive chemotherapy, one patient had poor
treatment compliance as defined by administration of less than 50%
of planned treatments at two consecutive return visits, one patient

elected to enrol in another experimental protocol, and one patient
requested to be considered for liver transplantation as part of an
extended indication, which does not fulfil the Milan criteria
(Mazzaferro et al, 1996). This latter patient experienced disease
progression and was ultimately not eligible for liver transplantation.
Of the 35 patients who discontinued experimental therapy, four died
of gastrointestinal bleeding, three of sepsis, three of hepatic failure,
one of chronic obstructive pulmonary disease, two of chemotherapy-
and chemoembolisation-related complications, and one of myocar-
dial infarction (Figure 2). The remaining 24 patients discontinued
because of disease progression assessed by imaging or significant
clinical deterioration as assessed by the investigator (Figure 2).
Estimated 60-day mortality was 27.8%; seven of 10 deaths were
directly related to progression of disease. They were caused by liver
failure in association with significant hepatic tumour involvement,
without other cause of death, other than tumour involvement. Two
deaths were secondary to gastrointestinal bleeding. One death was
due to liver failure.

A
F

P
 le

ve
ls

 (
ng

 m
l–1

)

9000

8000

7000

6000

5000

4000

3000

2000

1000

2/8/05 15/9/2005 10/11/05 5/1/06 10/2/06 29/03/2006

Treatment initiation

Dates (d/m/y)

9022

085.7
268.2

888.3
287 136.9 238

8/6/06

C d

%
 P

F
S

%
 S

u
rv

iv
al

100

50

0
0 10 20 30 40

Months

100

50

0
0 10 20 30 40 50

Months

A B

10 000
03.05.06 26.07.06 20.08.08 17.04.11

Figure 3 Progression-free and overall survival. (A) Median progression-free survival was 4.4 months (95% CI 2.1–5.3). (B) Median overall survival was 6.7
months (95% CI 3.0–10.2). (C) Long-term partial response in a patient with biopsy-proven hepatocellular carcinoma. A 76-year-old woman with hepatitis C
and Child–Pugh A5, BCLC C, biopsy-proven hepatocellular carcinoma with bilateral pulmonary metastases, who had evidence of disease progression
(þ 36% by Response Evaluation Criteria in Solid Tumours (RECIST) criteria) between 3 May 2006 (first column) and 26 July 2006 (second column) while
enrolled in the SHARP study (Llovet et al, 2008b). Treatment with AM EMFs was initiated on 9 August 2006. Subsequent restaging multiphasic contrast-
enhanced computed tomographies (CTs) with images from corresponding levels (across rows) are demonstrated in the third and fourth columns over the
course of 57 months. Note that the hypervascularity of the focal hepatic lesions (arrows in first two rows) became relatively hypoenhancing on arterial phase
(20 August 2008). The patient developed main portal vein thrombosis with cavernous transformation as a complication of her cirrhosis. However, the
intrahepatic lesion size is stable regardless of enhancement pattern. Note also that the left lung base lesion resolved (4th row), and the right lung base lesion
remained stable (3rd row) over the duration of treatment. (D) Alpha-fetoprotein response in a 67-year-old patient with Child–Pugh A5, BCLC C HCC and
hepatitis C (hepatitis B negative).

Treatment of HCC with AM EMF

FP Costa et al

644

British Journal of Cancer (2011) 105(5), 640 – 648 & 2011 Cancer Research UK

T
ra

n
sla

tio
n

a
l

T
h

e
ra

p
e
u

tic
s

JA 05292

USCA Case #20-1025      Document #1869759            Filed: 11/04/2020      Page 105 of 427



A total of 31 patients (75.6%) had radiological evidence of
disease progression at the time of enrolment as defined by
comparison of baseline imaging studies, with imaging studies
obtained within the previous 6 months; 34 (82.9%) patients had
received therapy before enrolment, five (14.6%) of them systemic
chemotherapy or sorafenib (Table 1). Seven (17.1%) patients had
not received therapy before enrolment for the following reasons:
(1) severely impaired liver function in five cases; and (2) two
patients refused to receive chemotherapy for metastatic disease. As
shown in Table 2, the majority of patients had severely impaired
liver function as demonstrated by the fact that 22 (53.7%) patients
had Child– Pugh B disease and 35 (85.4%) BLCL stage C disease.

Treatment efficacy

Six of the first 23 patients (26.1%) had progression-free survival
X6 months, which led us to continue enrolling patients up to the
preplanned total of 41 patients (Figure 2). In total, 14 patients
(34.1%) had SD for more than 6 months, which met our
preplanned primary efficacy end point. Median progression-free
survival was 4.4 months (95% CI 2.1–5.3) and median OS was 6.7
months (95% CI 3.0–10.2) (Figure 3A and B). One patient,
previously enrolled in the SHARP study (Llovet et al, 2008b) and
with evidence of disease progression at the time of enrolment,
remains on therapy with a near complete response for 58 months
(Figure 3C). Estimated survival at 12, 24 and 36 months is
27.9% (s.e.¼ 7.1%), 15.2% (s.e.¼ 5.7%), and 10.1% (s.e.¼ 4.8%),
respectively. Subset analyses by Child-Pugh stage and accompany-
ing figures are reported in Supplementary Information.

A total of 28 patients were evaluable for tumour response
(Figure 2). Four (9.8%) patients had a partial response assessed
with CT with or without contrast-enhanced ultrasound (Table 3).
All partial responses were independently reviewed by two authors
(MSR and DM). Three patients had biopsy-confirmed HCC and
three had radiological evidence of disease progression at the time
of enrolment (Table 4). Two patients had Child –Pugh A, one
Child–Pugh B disease, and one had no cirrhosis. One of these

Table 3 Independently reviewed best response (N¼ 41)

Best response No. %

Partial responsea 4 9.8
Stable diseaseb 16 39.0
Progressive disease 8 19.5
Not available for response assessment 13 31.7

aDuration of the partial responses were +58.0, 46.9, 14.5 and 5.3 months (patient
withdrew consent to undergo liver transplant). bTo be classified as a stable disease,
patients needed to have stable disease for X12 weeks.

Table 5 Changes in AFP levels

Patient age
and gender

AFP 6 months
(ng ml�1)

Baseline AFP
(ng ml�1)

8-week AFP
(ng ml�1)

AFP variation
(%)

Treatment duration
(months)

End treatment
status

Virus
status

65 M 4.31 9.76 5.95 �39.0 3.0 Progression-death HepC
67 F 888.3 9022.0 238.0 �97.3 11.7 GI bleed-death HepC
64 M 4.7 4.5 2.6 �42.2 8.8 AMI-death HepB
18 M 6.7 35.7 16.4 �55.7 7.8 Revoked consent-death NOS

Abbreviations: AFP¼ a-fetoprotein; AFP 6 months¼AFP measured within 6 months before enrolment; AMI¼ acute myocardial infarction; baseline AFP¼AFP at treatment
initiation; GI¼ gastrointestinal; HepB¼ hepatitis B virus; HepC¼ hepatitis C virus; NOS¼ not otherwise specified; 8-week AFP¼AFP at 8 weeks during treatment.

Table 4 Characteristics of patients with either PR and/or long-term survival in excess of 24 months

Age at
enrolment
and sex Race

Cause/
cirrhosis
(Child –
Pugh)

Previous
treatment/
resection

AFPm/
pathology

confirmation

Extra hepatic
metastasis/

portal
thrombosis BCLC Okuda CLIP MELD

Progression
before study

entry/
response

Treatment
duration/
overall
survival

(months)

Cause
of
death

Treatment
received after
completion of
experimental
therapy

62 M Caucasian Hep
C/yes
(A5)

Yes/no Yes/yes No/no B 1 0 6 Yes/N/A 2.0/32.0 Tumour
progressed

Systemic
chemotherapy

67 F Caucasian Hep
C/yes
(B9)

Yes/no Yes/yes No/no C 2 2 11 Yes/PR 11.7/11.7 GI bleed None

30 M Black NOS/no Yes/es No/yes No/no B N/A N/A N/A No/PR 13.5/37.6 Tumour
progressed

Chemoembolisation
and systemic
chemotherapy

61 M Caucasian Hep
C/yes
(A5)

Yes/no No/no No/no C 1 1 6 Yes/SD 26.8/26.8 COPD None

56 M Caucasian Hep
B/C/yes
(A5)

No/no Yes/no No/no B 1 0 10 Yes/SD 4.9/50.3 Tumour
progressed

Chemoembolisation

63 M Caucasian Hep
C/yes
(A5)

Yes/no Yes/no No/no C 1 1 4 Yes/PR 4.9/14.3 Tumour
progressed

None

76 F Caucasian Hep
C/yes
(A5)

No/no No/no No/yes C 1 1 6 Yes/SD 44.6/44.6 Tumour
progressed

None

76 F Caucasian Hep
C/yes
(A5)

No/yes No/yes Yes/yes C 1 1 6 Yes/PR +58.0/+58.0 On therapy Still receiving
experimental
treatment

Abbreviations: AFP¼ a-fetoprotein; BCLC¼ Barcelona Clinic Liver Cancer; CLIP¼Cancer Liver Italian Programme; GI¼ gastrointestinal; MELD¼Model for end-stage liver
disease; N/A¼ not applicable; PR¼ partial response; SD¼ stable disease.
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patients without biopsy-proven disease subsequently withdrew
consent after 4.9 months to undergo liver transplantation. The
patient died of progression of disease 9.4 months later before
undergoing liver transplantation. One patient with Child–Pugh B
disease had a partial response lasting 11.7 months and died of
gastrointestinal bleeding. One patient died of disease progression at
44.6 months. Overall, there were six long-term survivors with an OS
greater than 24 months and four long-term survivors with an OS
greater than 3 years. Importantly, five of the six (83%)
long-term survivors had radiological evidence of disease progres-
sion at the time of study enrolment (Table 4). Two of three
patients with the longest survival (44.6 and þ 58 months) had
radiological evidence of disease progression at the time of
enrolment, BLCL stage C disease, as well as portal vein thrombosis,
three predictors of short survival (Llovet et al, 2003). Serial AFP
measurements, which predict radiological response and survival in
patients with HCC (Chan et al, 2009; Riaz et al, 2009), were available
for 23 patients. AFP decreased by 20% or more in four (9.8%)
patients following initiation of therapy (Table 5). Figure 3D shows
the time course of a 37-fold decrease in AFP in a patient who had a
long-lasting (11.7 months) partial response as assessed by CT.

In all, 11 patients reported pain before treatment initiation, 3
patients reported grade 3, 5 patients reported grade 2, and 3
patients grade 1. Five patients reported complete disappearance of
pain and two patients reported decreased pain shortly after
treatment initiation. Two patients reported no changes and two
patients reported increased pain. There were no treatment-related
grade 2, 3, or 4 toxicities. The only treatment-related adverse
events were grade 1 mucositis (one patient) and grade 1
somnolence (one patient) over a total of 266.8 treatment months.

DISCUSSION

Treatment with AM EMFs did not show any significant toxicity
despite long-term treatment. The lack of toxicity experienced by

the 41 patients presented in this report as well as the 28 patients
from our previous report (Barbault et al, 2009) can be readily
explained by the very low and safe levels of induced RF EMFs,
which are more than 100 000 times lower than those delivered
during RF ablation procedures (Chang, 2003). Hence, the putative
mechanism of action of this novel therapeutic approach does not
depend on temperature changes within the tumour.

These data are comparable to recent phase II studies evaluating
the effectiveness of standard chemotherapy as well as novel
targeted therapies in HCC (Abou-Alfa et al, 2006; Boige et al, 2007;
Chuah et al, 2007; Cohn et al, 2008; Dollinger et al, 2008; Siegel
et al, 2008). In a large phase II study assessing the effects of
sorafenib in patients with HCC and Child –Pugh A and B who had
not received previous systemic treatment, Abou-Alfa et al (2006)
observed partial responses using the WHO criteria in 2.2% of
patients. Investigator-assessed median time to progression was 4.2
months, and median OS was 9.2 months. Of note, all 137 patients
from that study had evidence of disease progression after 14.8
months (Abou-Alfa et al, 2006), whereas, at the same time point,
four (9.8%) of the patients enrolled in this study did not have
evidence of disease progression. These findings suggest that RF
AM EMF may increase the time to radiological progression in
advanced HCC.

The majority of patients enrolled in this study had either failed
standard treatment options or had severely impaired liver function
that limited their ability to tolerate any form of systemic or
intrahepatic therapy. Indeed, 16 patients (39.0%) had Child–Pugh
B8 or B9 disease. Among these patients, the median progression-
free survival was 4.4 months (95% CI 1.6–7.6 months), which is
identical to that of the entire group. Five of these 16 patients
(31.3%) received therapy for more than 7.5 months, which
indicates that this therapy is well tolerated even in patients with
severely impaired liver function.

Previous treatment with standard chemotherapy or sorafenib
does not seem to impact the effectiveness of AM EMFs in the
treatment of HCC. Indeed, three of the four patients who had a

16.7.2006 10.7.2008 19.2.2009

8.7.2010 16.12.2010 19.5.2011

Figure 4 A 70-year-old man with recurrent thyroid cancer metastatic to the lungs: stable disease at 57.5 months. Long-term stable disease in a 70-year-
old man with recurrent biopsy-proven thyroid carcinoma metastatic to the lungs enrolled in the previously published feasibility study (Barbault et al, 2009).
Treatment with AM EMFs was initiated on 20 August 2006. As of 9 June 2011, the patient is asymptomatic and still receiving treatment with no evidence of
disease progression. Images through the target metastatic lesion in the right hilum demonstrate minimal size change over the 4 years, given differences in
computed tomography acquisition techniques over that time interval.
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partial response while receiving AM EMFs had received previous
systemic therapies (chemotherapy and sorafenib) and one had
received intrahepatic therapy with 131I-lipiodol.

Tumour shrinkage as assessed by radiological imaging as well as
changes in AFP levels were documented in patients with advanced
HCC receiving RF EMF modulated at HCC-specific frequencies
administered by an intrabuccal probe. Antitumour activity in
patients with advanced HCC was exemplified by partial responses
observed in four patients (9.8%) and decreases in AFP levels
greater than 20% in four patients. A total of 18 patients (43.9%)
either had objective response or SD X6 months.

Importantly, this therapeutic approach has long-lasting
therapeutic effects in several patients with metastatic cancer.
Two of these patients, one with recurrent thyroid cancer metastatic
to the lungs (Figure 4) enrolled in our feasibility study (Barbault
et al, 2009) and the patient shown in Figure 3C, are still receiving
treatment without any evidence of disease progression and without
side effects almost 5 years after being enrolled in these studies.
These findings suggest that, in some patients, this therapeutic
approach may achieve permanent control of advanced cancer with
virtually no toxicity.

Our phase I/II study has several limitations. First, only 19 of the
41 patients had biopsy-proven HCC, and the others were
diagnosed by clinical criteria, an approach similar to that used
in a recently reported phase II trial evaluating the clinical and
biological effects of bevacizumab in unresectable HCC (Siegel et al,
2008). Importantly, analysis restricted to these 19 patients shows
rates of progression-free survival at 6 months, median progres-
sion-free survival and OS that are similar to those without biopsy-
proven HCC (Supplementary Figures 1C and D). Furthermore,
three of the four partial responses were observed in patients
with biopsy-proven HCC. Hence, these findings strongly suggest
that treatment with AM EMFs yields similar results in patients with

and without biopsy-confirmed HCC. Another potential limitation
of our study consists in the use of contrast-enhanced ultrasound
for the monitoring of some patients with HCC. It should be
pointed out that recent studies indicate that the use of this imaging
technique is comparable to that of CT scan with respect to the
measurement of HCC tumours (Choi, 2007; Maruyama et al, 2008).

Antitumour response is considered the primary end point for
phase II studies to proceed to further investigations. Studies
applying Cox proportional hazards analysis indicate that this end
point is consistently associated with survival in trials of
locoregional therapies for HCC (Llovet et al, 2002) and a recent
consensus article suggests that randomised studies are necessary to
capture the true efficacy of novel therapies in HCC (Llovet et al,
2008a). In summary, the encouraging findings from this study
warrant a randomised study to determine the impact of AM EMFs
on OS and time to symptomatic progression.
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Cancer cell proliferation is inhibited by specific
modulation frequencies
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BACKGROUND: There is clinical evidence that very low and safe levels of amplitude-modulated electromagnetic fields administered via
an intrabuccal spoon-shaped probe may elicit therapeutic responses in patients with cancer. However, there is no known mechanism
explaining the anti-proliferative effect of very low intensity electromagnetic fields.
METHODS: To understand the mechanism of this novel approach, hepatocellular carcinoma (HCC) cells were exposed to 27.12 MHz
radiofrequency electromagnetic fields using in vitro exposure systems designed to replicate in vivo conditions. Cancer cells were
exposed to tumour-specific modulation frequencies, previously identified by biofeedback methods in patients with a diagnosis of
cancer. Control modulation frequencies consisted of randomly chosen modulation frequencies within the same 100 Hz–21 kHz
range as cancer-specific frequencies.
RESULTS: The growth of HCC and breast cancer cells was significantly decreased by HCC-specific and breast cancer-specific
modulation frequencies, respectively. However, the same frequencies did not affect proliferation of nonmalignant hepatocytes
or breast epithelial cells. Inhibition of HCC cell proliferation was associated with downregulation of XCL2 and PLP2. Furthermore,
HCC-specific modulation frequencies disrupted the mitotic spindle.
CONCLUSION: These findings uncover a novel mechanism controlling the growth of cancer cells at specific modulation frequencies
without affecting normal tissues, which may have broad implications in oncology.
British Journal of Cancer (2012) 106, 307–313. doi:10.1038/bjc.2011.523 www.bjcancer.com
Published online 1 December 2011
& 2012 Cancer Research UK

Keywords: hepatocelullar carcinoma; electromagnetic fields; mitotic spindle; PLP2; XCL2
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Treatment of hepatocellular carcinoma (HCC) is a major challenge
given the limited number of therapeutic options available (Thomas
and Zhu, 2005). We have developed a novel approach to treat
advanced HCC, consisting of intrabuccal administration of very
low levels of radiofrequency electromagnetic fields (RF EMF),
amplitude-modulated at specific frequencies, and identified using
biofeedback methods in patients with cancer (Barbault et al, 2009).
The encouraging findings from a feasibility study (Barbault et al,
2009) led to the design of a phase I/II trial in patients with
advanced HCC, and objective responses assessed by CT-scan and
changes in alpha-fetoprotein levels were observed in several
patients with biopsy-proven HCC (Costa et al, 2011). These
findings prompted us to initiate reverse translational experiments
to investigate the mechanism of action of amplitude-modulated
electromagnetic fields. Two different in vitro exposure systems
operating at 27.12 MHz were used to expose cells in culture,
replicating patient-treatment conditions.

Proliferation of both HepG2 and Huh7 HCC cells was signifi-
cantly decreased upon exposure to radiofrequency electromagnetic

fields, which were modulated at HCC-specific modulation
frequencies. To determine how such frequencies modulate cancer
cell growth, we assessed differential gene expression with RNA-seq
and found that the expression of several genes was significantly
downregulated by HCC-specific modulation frequencies. Previous
reports have shown that low intensity, intermediate frequency
electric fields are capable of inhibiting cancer growth by
interfering with the proper formation of the mitotic spindle
(Kirson et al, 2004; Kirson et al, 2007). Similarly, we found
that electromagnetic fields that are amplitude-modulated at
HCC-specific frequencies disrupt the mitotic spindle of HCC cells.
Thus, we provide novel evidence that very low level of amplitude-
modulated electromagnetic fields block the growth of HCC cells in
a tumour- and tissue-specific fashion.

MATERIALS AND METHODS

In vitro exposure devices

The design and construction of the two in vivo exposure devices
(Figure 1) used to conduct these experiments is described in the
Supplementary Information.
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Cell lines

HepG2 and Huh7 cells, both of Biosafety Level 1, were used as
representative HCC cell lines. HepG2 cells were obtained from
ATCC (Manassas, VA, USA), and Huh7 cells were a gift from
Dr Nareej Saxena (Emory University). Normal hepatocytes,
THLE-2 cells, were also obtained from ATCC. The breast
adenocarcinoma cell line MCF-7 was used as a representative
non-HCC malignant cell line (ATCC). The breast epithelial
cell line MCF-10A (ATCC) was used to represent normal
breast cells. Lymphoblastoid cell lines from healthy individuals
enrolled in IRB-approved protocols were provided by Dr Jeff
Edberg (UAB).

[3H]thymidine incorporation assay

Growth inhibition (GI) was assessed in HCC cells exposed to HCC-
specific modulation frequencies as previously described (Rosman
et al, 2008).

Luminescent cell viability assay

Cell proliferation was quantitated using the Promega CellTiter-Glo
Luminescent Cell Viability Assay (Promega, Madison, WI, USA), a
method to determine the number of viable cells in culture based on
ATP quantitation.

RNA-seq

We performed RNA-seq as previously described (Reddy et al,
2009). We used HepG2 cells exposed to either HCC-specific
modulation frequencies or to randomly chosen frequencies.
We double-selected polyA-containing mRNA from 3 mg of total
RNA by using oligo-dT magnetic beads. We fragmented the mRNA
with RNA fragmentation buffer and removed free-ions with a G-50
Sepharose spin column. Fragmented mRNA was used as a template
to synthesise single-stranded cDNA with SuperScript II reverse
transcriptase with random hexamer primers in the presence
of RNAseOUT (Invitrogen by Life Technologies Corporation,
Carlsbad, CA, USA). We synthesised double-stranded DNA
(dsDNA) for sequencing by ligating Illumina (Illumina, San Diego,
CA, USA) sequencing adaptors to blunted and dA-extended
dsDNA, and size-selected fragments of 200–300 bp from a 2%
Invitrogen gel and purified with a Qiagen Gel Extraction kit
(Qiagen, Valencia, CA, USA). Lastly, we amplified the dsDNA
library with 15 rounds of PCR with Illumina sequencing primers.
Sequencing was performed on an Illumina GenomeAnalyzer IIx
and the paired 36 bp reads were mapped to the hg18 reference
genome by using ELAND (Illumina), allowing up to two
mismatches per read and 10 or fewer map locations. By using
the ERANGE software package (http://woldlab.caltech.edu/rnaseq),
we placed uniquely mapped reads against 29 673 transcripts from
NCBI build 36.1 of the human genome. After placing unique reads,
ERANGE assigned multiple mapping reads and reads mapping to
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splice junctions according to the number of unique reads in
potential transcripts. Once all reads were mapped, ERANGE
reported gene expression in units of reads per kilobase of exon and
per million tags sequenced (RPKM).

Quantitative PCR

At the conclusion of the AM-EMF exposure portion of the experiment,
RNA extraction (Qiagen) and reverse transcription (TaqMan, Applied
Biosystems by Life Technologies Corporation) were performed to
generate cDNA. Experiments comparing gene expression in HCC
cells receiving HCC-specific AM-EMF with gene expression in HCC
cells not receiving any exposure were conducted using Applied
Biosystems pre-designed TaqMan Gene Expression Assays (PLP2,
cat#Hs01099969_g1; XCL2, cat#Hs00237019_m1; Applied Biosystems
by Life Technologies Corporation). Real-time quantitation was
completed in quadruplicate according to the manufacturer’s
instructions using an ABI 7900HT Real-Time PCR System (ABI by
Life Technologies Corporation), with analysis performed using ABI
SDS2.2 software. Quantitative values of gene expression were
determined by comparing PCR amplification curves to a known
standard curve generated in tandem with the experimental
samples. Each sample was individually normalised to the average
corresponding to endogenous expression of GAPDH (GAPDH,
cat#Hs99999905_m1, TaqMan, Applied Biosystems by Life Tech-
nologies Corporation). Averages of the normalised values from each
condition were then used to compare the relative gene expression
between the experimental groups. The s.e.m. was determined for
each experimental condition.

Confocal laser scanning microscopy

Cells undergoing mitosis were imaged using the Zeiss LSM 710
Confocal Laser Scanning Microscope (Carl Zeiss, Inc., Thornwood,
NY, USA). For imaging experiments, 22 mm square microscope
cover glass (Corning Life Sciences, Lowell, MA, USA, cat#2865 –22)
were flame-sterilised with 200-proof ethanol and placed in 6-well
or 35 mm Falcon tissue culture plates (BD Biosciences, Franklin
Lakes, NJ, USA). Approximately 300 ml of cell suspension/growth
media was added directly to the top of the cover slips, and cells
were plated at varying concentrations (4� 105 –5� 105 cells per ml)
on separate cover slips for each assay to control for variability in
antibody affinity between different experiments. Once the cells were
given 8–18 h to attach to the cover slips, 3 ml of complete growth
media was added to each well containing a cover slip. Following RF
EMF exposure, indirect immunofluorescent microscopy compared
the cells receiving HCC-specific modulation frequencies with cells
not receiving any exposure (Microtubule Marker (AE-8) sc-73551,
Fluorescent Secondary Alexa Fluor 488 goat anti-mouse IgG (Hþ L):
A-11001; Santa Cruz Biotechnologies, Santa Cruz, CA, USA).

Karyotype analysis

To determine whether these changes were associated with
karyotypic changes, HepG2 cells exposed to HCC-specific modula-
tion frequencies or unexposed were harvested, slides prepared, and
metaphase chromosomes G-banded using standard methods. The
chromosomes were analysed and the karyotype described accord-
ing to the International System for Cytogenetic Nomenclature
(Brothman et al, 2009).

Statistical analyses

One sample two-sided t-test was performed to test the significance
of cell proliferation exposed to RF EMF amplitude-modulated at
tumour-specific or randomly chosen frequencies. ANCOVA
analysis: For the long-term (7 weeks) GI analysis and the
GI analysis for varying SAR values (0.05, 0.1, 0.4, and 1.0 W kg�1),
data were fit to a linear model, and time point and dosage level
were considered as covariates in determining significance.

RESULTS

Assessment of cell proliferation in the presence of RF EMF

Cell proliferation assays were conducted after 7 days, that is,
21 h of exposure to amplitude-modulated RF EMF. Treatment with
HCC-specific modulation frequencies (Supplementary Table 1)
significantly reduced the proliferation of HepG2 and Huh7 cells
using both the parallel plate capacitor and the transverse
electromagnetic (TEM) setups (Figure 1). The observed growth-
inhibitory effect on HepG2 cells was of the same magnitude when
using a tritium incorporation assay and a bioluminescence assay
based on ATP consumption (Figure 2A). Having shown similar
results with two different assays, the remainder of the cell
proliferation experiments were conducted with the more com-
monly used tritium incorporation assay. Cell proliferation of
HepG2 and Huh7 cells exposed to HCC-specific modulation
frequencies was significantly lower than the proliferation of cells
exposed either to randomly chosen frequencies (Supplementary
Table 2) or not exposed to RF EMF (Figure 2A, columns 1 –3).
When HepG2 cells were exposed for only 1 h daily, we did not
observe any significant inhibition of cell proliferation (Figure 2B).
Daily exposure for 6 h instead of 3 h resulted in the same level
of cell-proliferation inhibition (Figure 2B). To determine when
HCC-specific modulation frequencies begin to exert anti-prolif-
erative effects on HepG2 cells, we assessed cell proliferation
following 3 days (9 h) of exposure and did not find any significant
difference between cells exposed to HCC-specific modulation
frequencies and unexposed cells (Figure 2B).

Further, to determine whether the growth-inhibitory effect of
HCC-specific modulation frequencies persists over time and
results in a decrease in the total number of tumour cells, we
counted the number of HepG2 cells following treatment with HCC-
specific modulation frequencies and that of untreated HepG2 cells
weekly for up to 7 weeks. Cells that were either exposed to HCC-
specific modulation frequencies or not exposed were split weekly
at the same ratio over a period of 7 weeks. As shown in Figure 2C,
when compared with unexposed HepG2 cells, the number
of HepG2 cells following exposure to HCC-specific modulation
frequencies decreased steadily over 7 weeks, resulting in a cumu-
lative loss of 1.71� 106 cells per ml at week 7.

The average specific absorption rate (SAR) for cells exposed in
the parallel capacitor plate system is 0.03 W kg�1 (Supplementary
Information). All initial experiments conducted with the TEM
system were conducted at a SAR of 0.4 W kg�1. To determine
the range of SARs within which significant GI was observed,
additional cell proliferation experiments were performed at 0.05,
0.1 and 1.0 W kg�1. A significant anti-proliferative effect was
observed at all SARs ranging from 0.05 to 1.0 W kg�1 (P¼ 0.0354).
All subsequent assays with the TEM system were conducted at an
SAR of 0.4 W kg�1.

Inhibition of cell proliferation is tumour and tissue
specific

Our previous clinical observations revealed that patients with HCC
had biofeedback responses to specific modulation frequencies that
were different from those identified in patients with other types
of cancer, such as breast cancer (Barbault et al, 2009). To
experimentally assess the relevance of these findings on the
proliferation of tumour cells, we determined the specificity of
frequencies identified in patients with these two tumour types
given the documented objective clinical responses that included
one complete and one partial response in two patients with
metastatic breast cancer (Barbault et al, 2009) and three partial
and one near-complete responses in four patients with HCC (Costa
et al, 2011). A total of 194 breast cancer-specific modulation
frequencies ranging in the same modulation frequency band from
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100 Hz to 21 kHz have been identified in patients with a diagnosis
of breast cancer (Supplementary Table 3). In all 9 (4.6%) of the
HCC-specific modulation frequencies are identical to breast
cancer-specific modulation frequencies.

The two patients with metastatic breast cancer who had
experienced an objective response to breast cancer-specific modu-
lation frequencies had tumours that over-expressed oestrogen
receptor (ERþ ) and progesterone receptor (PRþ ), but did not
over-express ERBB2 (ERBB2�) (Barbault et al, 2009). We therefore
chose the MCF-7 cell line as it represents the same tumour
phenotype, that is, ERþ , PRþ , ERBB2�. Although the growth of
MCF-10A breast cells was unaffected by exposure to breast cancer-
specific modulation frequencies, exposure of MCF-7 breast cancer
cells to breast cancer-specific modulation frequencies significantly
inhibited cell proliferation (Figure 2D). However, exposure of
HepG2 cells to the same breast cancer-specific modulation
frequencies did not affect cell proliferation (Figure 2A). Similarly,
the proliferation of MCF-7 cells was not affected by exposure to
HCC-specific modulation frequencies (Figure 2D). Consequently,
the observed anti-proliferative effect on HCC and breast cancer
cells was observed only upon exposure to tumour-specific
modulation frequencies previously identified in patients with a

diagnosis of HCC and breast cancer, respectively, despite the fact
that more than 57% of the modulation frequencies only differed
by o1% (Supplementary Tables 1 and 3).

Having demonstrated that the anti-proliferative effect of
amplitude-modulated frequencies was tumour specific, we sought
to determine whether the HCC-specific modulation frequencies
have an effect on the proliferation of THLE-2 normal hepatocytes.
As shown in Figure 2A, exposure of THLE-2 cells to HCC-specific
modulation frequencies did not have any measurable effect on
cell proliferation. These findings provide strong support for the
novel notion that a combination of narrowly defined, specific
modulation frequencies identified in a group of patients with the
same type of cancer is capable of inhibiting cell proliferation in a
tumour- and tissue-specific fashion.

Tumour-specific modulation frequencies and gene
regulation

To study the mechanism by which tumour-specific modulation
frequencies inhibit cell proliferation, we assessed the gene
expression profile of HepG2 cells exposed to HCC-specific
modulation frequencies using RNA-seq, as it provides a more
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Figure 2 Cell proliferation assays of cell lines exposed to HCC-specific or breast cancer-specific modulation frequencies. (A) Cells were not split after
initial seeding; medium was exchanged every 48 h. Experiments were performed with both equipment setups. Left to right columns: (1) HepG2 cells
exposed to HCC-specific modulation frequencies with GI evaluated with a luminescence assay, 25.46±3.22% GI (P¼ 0.0009). (2) HepG2 cells exposed to
HCC-specific modulation frequencies with GI evaluated using tritium incorporation, 19.44±7.60% GI (P¼ 0.00993). (3) Huh7 cells exposed to HCC-
specific modulation frequencies, 47.73±7.14% GI (P¼ 0.018). (4) HepG2 cells are not significantly inhibited when exposed to breast cancer-specific
modulation frequencies, 1.49±3.99% GI (P¼ 0.8815). (5) THLE-2 cells are not affected by HCC-specific modulation frequencies, �2.54±3.54%
GI (P¼ 0.6550). Values represent average percent GI (n¼ 6)±%STERR. (B) Cell proliferation assays exposing cells for varying hours per day. Left to right:
1 h per day 1.36±2.77% (P¼ 0.8508); 3 h per day 19.44±7.60% (P¼ 0.0099); 6 h per day 24.46±10.75% (P¼ 0.0301); 3 h per day for 3 days
�2.12±0.66% (P¼ 0.4067). Values represent average percent GI (n¼ 6)±%STERR. (C) Cumulative decrease in cell counts over time when HepG2 cells
are exposed to HCC-specific modulation frequencies. Samples were subcultured by volume every 7 days (1 : 20 split by volume). Average total cells mL�1

per week: week 2: 7.07� 105, 4.75� 105; week 3: 1.20� 106, 1.01� 105; week 4: 1.50� 105, 1.28� 105; week 5: 1.66� 105, 1.22� 105; week 6:
1.61� 106, 1.34� 106; week 7: 1.65� 106, 1.24� 106 for untreated and treated samples, respectively. For the duration of the 7-week experiment with time
considered as a covariate: P¼ 0.005751. (D) Left to right columns: (1) MCF-7 cells exposed to breast tumour-specific modulation frequencies,
11.08±3.30% GI (P¼ 0.0230). (2) MCF-7 cells are not significantly inhibited when exposed to HCC-specific modulation frequencies, 1.49±3.99%
(P¼ 0.8815) GI, respectively. (3) MCF-10A cells are not affected by breast tumour-specific modulation frequencies, �2.46±3.75% GI (P¼ 0.8579). Values
represent average percent GI (n¼ 6)±%STERR.
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comprehensive assessment of differential gene expression across a
broader range of expression levels than microarray-based analysis
(Wang et al, 2009). Overall, we did not observe statistically
significant differences in transcript levels when comparing two
HepG2 cultures exposed for 1 week, 3 h a day to HCC-specific
modulation frequencies with two HepG2 cultures exposed
to randomly chosen modulation frequencies (Supplementary
Figure 1). However, we did observe a small number of genes with
an absolute fold-change 41.5 and a minimum mean RPKM of 1.5
following exposure to HCC-specific modulation frequencies. Two
genes with an absolute fold-change 41.8 appeared to be down-
regulated in HepG2 cells exposed to HCC-specific modulation
frequencies, PLP2 and XCL2, and were considered to be candidates
worthy of further experiments. We validated the downregulation of
PLP2 and XCL2 with quantitative PCR in both HepG2 as well as
Huh7 cells exposed to HCC-specific modulation frequencies
(Figures 3A and B). There was no significant downregulation of
PLP2 and XCL2 in MCF-7 breast cancer cells (Figure 3C). Similarly,
there was no downregulation of PLP2 and XCL2 in nonmalignant
cells, that is, in THLE-2 normal hepatocytes (Figure 3D), or in
lymphoblastoid cell lines from healthy individuals (Figures 3E
and F). These findings support the novel notion that the
demodulation effects of RF EMF amplitude-modulated at specific
frequencies inhibit cell proliferation and affect the expression of
several genes in a tumour- and tissue-specific fashion.

Tumour-specific modulation frequencies and disruption of
the mitotic spindle

There is evidence that the proliferation of several rodent and
human cancer cell lines is arrested by exposure to sinusoidal
electric fields of 100–200 V m�1 at a frequency of 100–300 kHz

(Kirson et al, 2004). This approach has also shown efficacy
in animal and human tumour models as well as promising results
in the treatment of patients with cancer (Kirson et al, 2004; Kirson
et al, 2007; Salzberg et al, 2008; Kirson et al, 2009). The anti-
tumour effect of this therapeutic approach appears to be caused by
disruption of the mitotic spindle mediated by interference of
spindle tubulin orientation and induction of dielectrophoresis
(Kirson et al, 2004; Kirson et al, 2007). In contrast to the sinusoidal
signals (Kirson et al, 2004), the carrier frequency of the signal
applied in our experiments is more than 100 times higher; the peak
E-field amplitude of the carrier at 0.4 W kg�1 corresponds to
approximately 35 V m�1 inside the cell medium when the signal is
sinusoidally amplitude-modulated at specific frequencies with 85%
modulation depth (Kirson et al, 2004).

Despite these significant differences, confocal laser scanning
microscopy revealed pronounced disruption of the mitotic spindle
in more than 60% of HepG2 cells exposed for 1 week, 3 h per day
to HCC-specific modulation frequencies whereas there was no
disruption of the mitotic spindle in unexposed HepG2 cells
(Figures 4A and B). Specifically, the observed cytoskeletal
disruption in cells exposed to HCC-specific modulation frequen-
cies was apparent in cells in mitosis, in which we saw centrosomal
distortion and poor chromosomal separation at anaphase
(Figure 4D). We found no evidence of karyotypic differences
between HepG2 cells exposed to HCC-specific modulation
frequencies and unexposed HepG2 cells.

DISCUSSION

By exposing HCC cells to 27.12 MHz RF EMF sinusoidally ampli-
tude-modulated at specific frequencies, which were previously
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identified in patients with a diagnosis of HCC (Barbault et al, 2009)
and result in therapeutic responses in patients with HCC (Costa
et al, 2011), we demonstrate a robust and sustained anti-
proliferative effect. This effect was seen within SARs ranging from
0.03 to 1.0 W kg�1, that is, within the range of exposure in humans
receiving treatment administered intrabuccally (Barbault et al,
2009; Costa et al, 2011). HCC-specific modulation frequencies
began to hinder cell proliferation after 7 days of exposure and
the anti-proliferative effect increased over a 7-week period. The
anti-proliferative effect HCC-specific modulation frequencies were
observed only in HCC cells, but not in breast cancer cells or
normal hepatocytes.

The specificity of modulation frequencies is exemplified by the
fact that two sets of similar modulation frequencies (breast cancer-
specific and randomly chosen) within the same range, that is, from
100 Hz to 21 kHz, did not affect the proliferation of HCC cells.
Similarly, the proliferation of breast cancer cells was affected only
by breast cancer-specific modulation frequencies, but neither by
HCC-specific nor by randomly chosen modulation frequencies.
The fact that 450% of the modulation frequencies from these
three programs differed by o1%, provides strong experimental
evidence that the biological effects are only mediated by a
combination of narrowly defined, tumour-specific modulation
frequencies.

The modulation-frequency specific laboratory findings are
consistent with the clinical observation of a complete response
in a patient with breast cancer metastatis to the adrenal gland and
the bone while a primary malignancy of the uterus continued to
grow (Barbault et al, 2009). This suggests that a combination of
precise tumour-specific modulation frequencies is needed to block
cancer growth in vitro and in patients with a diagnosis of cancer.
The clinical results reported by Barbault et al, (2009) and Costa
et al, (2011) as well as laboratory evidence included in this report
provide support for the novel and transformational concept that
the growth of human tumours arising from the same primary
tissue may be effectively blocked by identical modulation

frequencies. While receiving treatment with HCC-specific modula-
tion frequencies, one black and three white patients with advanced
carcinoma had partial responses (Costa et al, 2011). Furthermore,
proliferation of the Huh7 HCC cell line, which is derived from a
Japanese patient’s tumour (Nakabayashi et al, 1982), exhibited the
most pronounced response to HCC-specific modulation frequen-
cies (Figure 2A). This indicates that the frequency signature and
biological effects of HCC-specific modulation frequencies are likely
independent of ethnic status.

There is no known biophysical mechanism accounting for the
effect observed in these experiments; however, other modulation-
frequency dependent effects have been observed in biological
systems at similarly low exposure levels. Documented effects have
occurred in cellular processes controlling cell growth, prolifera-
tion, and differentiation (Blackman, 2009). Further, modulation of
the signal appears to be a critical factor in the response of
biological systems to electromagnetic fields (Blackman, 2009). The
amount of electromagnetic energy delivered is far too low to break
chemical bonds or cause thermal effects, necessitating alternative
mechanistic explanations for observed biological outcomes.
Several theories have been put forth to explain biological responses
to electromagnetic fields. Some reports have shown that low levels
of electromagnetic fields can alter gene expression and subsequent
protein synthesis by interaction of the electromagnetic field
with specific DNA sequences within the promoter region of genes
(Blank and Goodman, 2008; Blank and Goodman, 2009). Such
changes have been demonstrated in the family of ‘heat shock’
proteins that function in the cell stress response (Blank and
Goodman, 2009).

To thoroughly interrogate gene expression changes in cells
exhibiting decreased cell proliferation, we used high-throughput
sequencing technologies to sequence the cells’ cDNA, a technique
that has become invaluable in the study of cancer (Maher et al,
2009). Tumour cell GI was associated with downregulation of PLP2
and XCL2 as well as with disruption of the mitotic spindle.
PLP2 encodes an integral membrane protein that localises to the
endoplasmic reticulum in epithelial cells. The encoded protein can
multimerise and may function as an ion channel (Breitwieser et al,
1997). PLP2 enhances chemotaxis of human osteogenic sarcoma
cells (Lee et al, 2004) and PLP2 downregulation is associated
with decreased metastasis in a mouse model of cancer
(Sonoda et al, 2010). XCL2 encodes for a protein that enhances
chemotactic activity for lymphocytes and downregulation of
XCL2 has been shown to be associated with good prognosis in
patients with breast cancer (Teschendorff et al, 2007; Teschen-
dorff and Caldas, 2008). The pronounced disruption of the
mitotic spindle seen in the majority of HepG2 cells exposed to
HCC-specific modulation frequencies undergoing mitosis is not
associated with karyotypic changes, but may be a major
determinant of the anti-tumour effects of HCC-specific modula-
tion frequencies accounting for the therapeutic responses
seen in patients receiving the same modulation frequencies
(Costa et al, 2011).

Exposure of HCC cells to the same RF EMF modulated at
slightly different modulation frequencies did not result in
changes in gene expression, which demonstrates that inhibition
of cell proliferation is associated with changes in gene expression
levels.

In conclusion, we show that very low levels of 27.12 MHz
radiofrequency electromagnetic fields, which are comparable to
the levels administered to patients, inhibit tumour cell growth
when modulated at specific frequencies. The exciting findings
presented in this report suggest that the anti-proliferative effect
of modulation frequencies is both tumour- and tissue-specific, and
is mediated by changes in gene expression as well as disruption of
the mitotic spindle. These findings uncover a new alley to control
tumour growth and may have broad implications for the treatment
of cancer.

2 �m
2 �m

Figure 4 Mitotic spindle disruption in cells receiving HCC-specific RF
EMF compared with cells not receiving exposure. (A) HepG2 efficiently
assembles a bipolar mitotic spindle, allowing cells to pass through the
mitotic assembly checkpoint and successfully progress from metaphase to
anaphase, (B) 460% of dividing HepG2 cells exposed to HCC-specific
modulation frequencies exhibit microtubule-associated anomalies, (C) high
magnification of unexposed HepG2 cells in mitosis (D) high magni-
fication of HepG2 cells exposed to HCC-specific modulation frequencies
shows errors such as tripolar spindle formation (Cyan¼DAPI;
Gray¼Microtubules; Arrows¼mitotic spindle).
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Editorial

Treating cancer with amplitude-modulated electromagnetic
fields: a potential paradigm shift, again?

CF Blackman*,1

1Integrated Systems Toxicology Division (B-105-03), US Environmental Protection Agency, Research Triangle Park, NC 27711, USA

British Journal of Cancer (2012) 106, 241 – 242. doi:10.1038/bjc.2011.576 www.bjcancer.com
& 2012 Cancer Research UK

!!!!!!!!!!!!!!!

The Zimmerman et al (2012) study published here, coupled with
the group’s two preceding papers (Barbault et al, 2009; Costa et al,
2011), identify a potential modality for treating tumours at a
dramatic reduction in trauma and cost. This set of clinical and
explanatory laboratory results should be understood in the context
of the history of research into the biological effects of electro-
magnetic fields (EMFs).
The most successful clinical application is the use of EMF to

initiate fusion in fractured long bones that would not otherwise
heal. Pulsed fields were designed to simulate the natural piezo-
electric signals generated from bones under varying stress while
walking (e.g., Bassett, 1985). There are also other reports that EMF
can reduce pain and stimulate wound healing after surgery.
The group’s two previous clinical reports were critical to the

design of this new Zimmerman et al study. Barbault et al (2009)
described how they obtained the specific frequencies for different
tumour diagnoses, which are then used in the amplitude-
modulated (AM)-EMF treatment of those patients to stabilise the
disease beyond normal expectations. Costa et al (2011) reported
surprising clinical benefits from using the specific AM-EMF signals
to treat advanced hepatocellular carcinoma, stabilising the disease
and even producing partial responses up to 58 months in a subset
of the patients. Now Zimmerman et al have examined the growth
rate of human tumour cell lines from liver and breast cancers along
with normal cells from those tissues exposed to AM-EMF. Reduced
growth rate was observed for tumour cells exposed to tissue-
specific AM-EMF, but no change in growth rate in normal cells
derived from the same tissue type, or in tumour or normal cells
from the other tissue type. The growth rate inhibitory response
was field-strength (SAR) and exposure-time dependent. In
ancillary tests, they observed reduction in gene expression and
increases in mitotic spindle dysfunction only for the AM-EMF
exposure that reduced the cell growth rate.
The work of Zimmerman et al, Costa et al and Barbault et al was

not done in a vacuum. More than 30 years ago, Suzanne Bawin
working in Ross Adey’s lab (Bawin et al, 1975), with independent
replication by my group (Blackman et al, 1979), demonstrated that
biological effects could be caused by certain AM frequencies on a
carrier wave but not other frequencies, similar to the current work.
Subsequent reports in the 1980s by several groups continued to
support and extend the initial findings (Adey, 1992; Blackman, 1992).
This growing collection of reports demonstrating AM-EMF-

induced biological effects led to recognition by national
and international authorities that this modality needed to be

considered in hazard evaluation, in addition to field-induced
heating as a cause for health concern. The National Council on
Radiation Protection and Measurements (1986) recommended a
reduction in the allowable exposure intensity limits for AM
radiation above a certain level, and the World Health Organization
(1993) explicitly acknowledged AM as a future issue to be examined
in setting exposure guidelines. Unexpectedly, research funding for
this area dried up around 1990 and scientific advances dramatically
slowed. A promising area of research fell by the wayside.
The Zimmerman et al paper, providing essential laboratory

data to support the two previous clinical treatment papers, has
resurrected the promising AM-EMF paradigm. It should lead to a
major reevaluation of this novel and potentially effective treatment
for cancer and possibly other conditions. This study demonstrates
the fundamental requirement for a biological ‘information content’
code (i.e., the AM spectral profile, much like different AM radio
stations with different content – e.g., all news, or music) that can
affect tumour cells from the tissue of origin, while apparently
being ignored by normal cells from various tissues and tumour
cells from different tissues of origin. The correspondence between
AM-EMF-induced effects on cell proliferation, gene expression,
and mitotic spindle dysfunction provide some clues to a possible
biological mechanism of action.
The tools developed in Barbault et al (2009) to identify relevant

treatment frequencies can be seen to have direct clinical and
medical relevance in determining the characteristics of a new
modality that may prove useful in cancer treatment. The precision
of the frequency definitions, down to 1mHz, is very unusual, but it
is reminiscent of the biological effects reported for 40–48-GHz
frequencies by Grundler et al (1982), and may represent a true
effective frequency limitation that most studies would have missed,
because of the lack of available, precise generation equipment or
lack of the investigator knowledge.
The Zimmerman et al study raises a number of issues to be

resolved. First, a more detailed elucidation of AM-EMF-induced
genomic pathway changes is needed in order to put the results
on a firmer mechanistic basis. Second, more information is needed
on the nature of the growth inhibition, for example, is it persistent
or do resistant cells emerge from continued treatment? Third, will
cells from liver or breast tissues in different stages of transforma-
tion reduce or enhance sensitivity to AM-EMF exposure? Fourth,
will tissue-specific AM-EMF tumour treatments for humans have
similar effects on cells from animal tumours? For example,
if rodent liver tumour cells respond similarly to the treatments,
this may open a new, more rapid investigation of the therapeutic
efficacy of the technique.*Correspondence: Dr CF Blackman; E-mail: Blackman.Carl@epa.gov

British Journal of Cancer (2012) 106, 241 – 242
& 2012 Cancer Research UK All rights reserved 0007 – 0920/12
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When the three studies are taken together, it is apparent that
there are gaps in knowledge that can limit the acceptance of
this treatment for cancer. How do the biofeedback endpoints
(skin electrical resistance, pulse amplitude and blood pressure)
engage with the disease state to provide an indication of effective
frequencies to treat patients, and most surprisingly, to directly
affect tumour cells in vitro from the same tissue type? The issue of
frequency precision in the AM-EMF signal also needs to be
examined and characterised as a function of different physiological
growth conditions. Equally mysterious is the mechanism by which
AM-EMF administered via a spoon-shaped antenna placed in the
mouth can influence cancer cells in the liver or breast of patients.
Finally, these patients had advanced cancer and were in palliative
care when EMF testing began. Would earlier intervention in breast
cancer or liver cancer cases with AM-EMF prove to be more
effective?
Funding is needed for further medical and basic science research

to identify and characterise the biological influence that
amplitude-modulated EMFs have on the body, in its normal state,
when recovering from disease or injury, and when initially affected

by disease. As a caution, ‘information content’ EMF signals may
not always have beneficial consequences for humans or their
environment, so research should examine potential detrimental
biological outcomes as well.
The group of three papers demonstrate a new, potentially

important modality in the treatment of cancer that could lead to a
paradigm shift in disease treatment. I hope that this medical
application of AM-EMF will not be allowed languish without
funding, as happened with its previous, ill-fated emergence.

Disclaimer

This commentary has been subjected to review by the National
Health and Environmental Effects Research Laboratory, and
approved for publication. Approval does not signify that the
contents reflect the views of the Agency, nor does mention of trade
names or commercial products constitute endorsement or
recommendation for use.
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AFFIDAVIT OF Allan H. Frey 

I Allan H. Frey, attest that my statements are true to the best of my knowledge. 

1. My name is Allan H. Frey 

Comment round for ET Docket No. 03-137 and WT Docket No. 12-357. 

2. My address is 11049 Seven Hill Lane, Potomac, MD 20854 USA 

Email: allan@freys.us 

3. I am a scientist with a considerable amount of experience in research on the 

biomedical effects of the non-ionizing radiation being considered here by the 

FCC. 

4. The issue is not whether cell phones are safe; it is whether the particular 
frequencies and modulations that the FCC assigned to cell phones, based on 
faulty assumptions, are safe. 

5. The FCC made assumptions about physiology and about available biological data 
with non-ionizing radiation. It then assigned frequencies and modulations for use 
with cell phones, in part, based on those assumptions; assumptions which are 
not valid. 

6. The two attached articles that have been published in the scientific literature 
indicate the nature of the problem with the FCC's decision making regarding cell 
phones ("Cell phone health risk" and "On the safety of cell phone radiation"). 
There are many more articles, by me and others, that are available in the 
scientific literature that show that the FCC's assumptions are not justified. Thus, 
the FCC has placed the Public at risk in what amounts to a grand experiment with 
their health, without their informed consent. 

1:: 
February 5, 2013 

2 
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We examined whether exposures to mobile phone radiation in biological/clinical experiments should be performed with real-life
Electromagnetic Fields (EMFs) emitted by commercially available mobile phone handsets, instead of simulated EMFs emitted by
generators or test phones. Real mobile phone emissions are constantly and unpredictably varying and thus are very different from
simulated emissions which employ fixed parameters and no variability. This variability is an important parameter that makes real
emissions more bioactive. Living organisms seem to have decreased defense against environmental stressors of high variability.
While experimental studies employing simulated EMF-emissions present a strong inconsistency among their results with less than
50% of them reporting effects, studies employing real mobile phone exposures demonstrate an almost 100% consistency in showing
adverse effects. This consistency is in agreement with studies showing association with brain tumors, symptoms of unwellness, and
declines in animal populations. Average dosimetry in studies with real emissions can be reliable with increased number of field
measurements, and variation in experimental outcomes due to exposure variability becomes less significant with increased number
of experimental replications. We conclude that, in order for experimental findings to reflect reality, it is crucially important that
exposures be performed by commercially available mobile phone handsets.

1. Introduction

Determination of realistic exposures from mobile phones
and other wireless devices of modern telecommunications
remains an important scientific challenge, especially since
it is key to defining public health protection. The situation
is further complicated by divergent results reported in the
related literature that very well could be due to unrealistic
exposure conditions, which in turn lead to ineffective and
misdirected interventions.

The International Agency for Research on Cancer
(IARC), while still classifying Radio Frequency (RF) Electro-
magnetic Fields (EMFs) as possibly carcinogenic, criticized
and excluded from consideration experimental studies that
used commercially availablemobile phone handsets in expos-
ing biological samples, as having “unreliable dosimetry” [1],

without further scientific rationale. Similarly the Health Pro-
tection Agency (HPA) criticized this exposure methodology
reporting that the exposure is “highly variable” with “lack
of control” due to network reasons (number of subscribers
each moment) and movement of the animals within the
vials/boxes in case of freely moving animals but recognizes
that restriction of the animals during the exposures will
result in additional stress. Their critique recommended that
exposures should be performed by devices or handsets set
to produce emissions at fixed frequency and output power
by use of engineering or hardware controls [2]. In both
reports the criticisms were based on the fact that real mobile
phone emissions always include significant variations in their
intensity, frequency, and other parameters, especially in the
near-field of the antenna.

Hindawi Publishing Corporation
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But billions of mobile phone users are daily exposed for
increasing periods to real emissions from their handsets in
the near-field of the antenna in contact with their ears/bodies,
not to any simulated emissions with fixed parameters. Is it
then scientifically correct to study the effects of a “highly
variable” field by using fields with fixed parameters? In our
opinion, it is not, especially in the case when the varying
nature of the field seems to be an important reason for its
increased biological activity.

The aim of the present study is to review biological
and clinical experimental studies on mobile phone radiation
effects which have employed exposures with real mobile
phone emissions, as opposed to the mainstream studies
which employ simulated mobile phone emissions produced
by generators or test phones, and seek an explanation for the
divergent results reported in the literature. In case that we
find a significant conflict in the results between the two types
of experimental exposures (real versus simulated), our aim
is to attempt giving an explanation based on the differences
between the two types of EMF-emissions.

We note that the issue of the present study applies also
for every other type of RF/microwave emitting devices used
in modern telecommunications, such as Internet connection
wireless devices and local wireless networks (Wi-Fi), domes-
tic cordless phones (DECT, Digitally Enhanced Cordless
Technology), and baby monitors. The emissions from all
these devices, although differing in specific frequencies and
modulation types, are very similar. The reason that we
concentrate on studies with mobile phone radiation (either
real or simulated) is only the fact that they constitute the
vast majority of the published studies testing the biological
activity of RF/microwave EMFs.

2. Adaptation of Living Organisms to EMFs

Living organisms have been constantly exposed throughout
evolution to terrestrial static electric and magnetic fields of
average intensities ∼130V/m and ∼0.5G, respectively. While
no adverse health effects are connectedwith usual exposure to
these natural ambient fields, variations in their intensities on
the order of 20% during “magnetic storms” or “geomagnetic
pulsations” due to changes in solar activity with an average
periodicity of about 11 years are connected with increased
rates of animal/human health incidents, including nervous
and psychic diseases, hypertensive crises, heart attacks, cere-
bral accidents, and mortality [3, 4].

It is clear that living organisms perceive EMFs as environ-
mental stressors [4–7]. But since man-made EMFs constitute
a very new stressor for living organisms within the billions
of years of biological evolution, the cells have not developed
defensive mechanisms, for example, special genes to be
activated for protection against electromagnetic stress of
man-made EMFs. This can be the reason why in response
to man-made EMFs cells are found to activate heat-shock
genes and produce heat-shock proteins very rapidly (within
minutes) and at a much higher rate than for heat itself [6]. It
seems to be for the same reason that mobile phone radiation
is found to induce DNA damage and cell death in insect
reproductive cells at a higher degree than other types of

external stressors examined before like food deprivation or
chemicals [8–10]. Thus it appears that cells are much more
sensitive to man-made EMFs than to other types of stress
previously experienced by living organisms such as heat,
cold, starvation, or chemicals. But repetitive stress leading to
continuous expression of heat-shock genes or DNA damage
may lead to cancer [1, 11].

One reason for the increased biological activity of man-
made EMFs can be that cells/organisms adapt more easily
to any external stressor, and to EMFs, when this stressor
is not of significantly varying type, in other words when
its parameters are kept constant or vary only slightly. Since
living organisms do not have defense mechanisms against
variations on the order of 20% of natural EMFs as explained
above, it is realistic to expect that they do not have innate
defenses against unnatural (man-made) EMFs, which are
mostly not static but varying (alternating, pulsed, modulated
fields, including simultaneously several different frequencies,
etc.) and totally polarized in contrast to natural EMFs. [We
note that even though the polarities and intensities of the
static terrestrial electric and magnetic fields do not change
significantly (except during specific periods as explained)
there are always small changes and local variations in the
direction of the field lines that make these natural static
fields only partially and never totally polarized [3, 4]. This
is in contrast to all man-made EMFs which are totally and
invariantly polarized due to the invariant geometry of their
electric circuits.]

Indeed, pulsed or modulated electromagnetic signals
(radiation) are found in numerous studies published since
the midseventies to be more bioactive than continuous
signals of identical other parameters (intensity, frequency,
duration, waveform, etc.) [12–24]. Moreover, intermittent
exposure to mobile phone radiation (real or simulated) with
short intermittence durations (which makes the field even
more variable) is repeatedly found to be more bioactive
than the corresponding continuous exposure [25, 26]. This
experimental evidence further supports the argument that
the more complicated and variable the field/stressor is, the
more difficult it is for a living organism to adapt to it.

3. The Increased Variability of EMFs Emitted
by Mobile Telephony Antennas

All types of digital mobile telephony radiation, except for
their RF carrier signal, employ Extremely Low Frequencies
(ELF) necessary for the modulation and for increasing the
capacity of transmitted information by pulsing the signal.
The combination of the RF carrier and the ELF pulsing
frequencies has been found to be more bioactive than the
RF carrier alone [16, 21]. Moreover, according to a plausible
suggested mechanism [27], (a) the ELF frequencies included
in any pulsed or modulated RF signal are more responsible
for the biological effects, (b) changes in field intensity play
a major role, and (c) the pulsing of the signal makes it
twice more bioactive. A constant carrier RF wave modulated
by a constant ELF field can certainly be simulated but this
is not the case in real mobile telephony signals, in which
both the carrier and the modulation are constantly and
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unpredictably varying in intensity, frequency, and waveform
during a phone-conversation [7, 28–30].

The intensity of radiation varies significantly each
moment during a usual phone-conversation depending on
signal reception, number of subscribers sharing the fre-
quency band each moment, air conductivity, location within
the wireless infrastructure, presence of objects and metallic
surfaces, “speaking” versus “nonspeaking” mode, and so
forth. These variations are much larger than 20% of the aver-
age signal intensity (as opposed to the periodical variations in
the terrestrial fields known to cause health effects). Moreover
the phase of the carrier signal varies continuously during
a phone-conversation, and the RF frequency constantly
changes between different available frequency channels, espe-
cially in third generation (3G) radiation. The wave shape is
also constantly changing depending on how the changing
information transmitted each moment modulates the carrier
wave. Thus, the parameters of this radiation change con-
stantly and unpredictably each moment and large, sudden,
unpredictable variations in the emitted EMF/radiation take
place constantly during a usual phone-conversation. The
more the amount of carried information is increased (by
adding text, speech, pictures, music, video, internet, etc.)
in more recent phone generations (G)/types (2G, 3G, 4G,
etc.), themore complicated andunpredictably varying the cell
phone signals become [2, 7, 28–30].

Thus, real digital mobile phone (and other wireless
communication devices) emissions change constantly and
unpredictably. As a consequence, living organisms cannot
adapt to such a highly varying type of stress. Moreover, due
to the unpredictably varying type of the real emissions, it is
impossible to simulate them by EMFs of fixed parameters.

4. Real Exposure Studies as Opposed to Studies
with Simulated Exposures

A significant number of studies have already been published
which employed commercially available mobile phones dur-
ing connection (“talk”, “listen”, or “call” modes) for exposure
to a wide variety of animals (including humans)/biological
samples, including Drosophila [6, 8, 26, 31–37], ants [38],
chicken eggs [39], quails [40], human sperm in vitro [41, 42],
human volunteers in vivo [43–52], mice or rats or guinea-
pigs or rabbits in vivo [53–69], mouse cells in vitro [70],
bees [71–73], protozoa [74], and even purified proteins in
vitro [75]. An impressive percentage (95.8%) of these studies
(46 out of 48 studies with real-life exposures) have recorded
significant adverse biological or clinical effects, ranging from
loss of orientation, kinetic changes, and behavioral or elec-
troencephalographic (EEG) changes to decrease in male and
female reproductive capacity, reproductive declines, molec-
ular changes, changes in enzymatic activity, DNA damage
and cell death, and histopathological changes in the brain. It
was found that during “talk” mode (voice modulation) the
exposure is significantly more bioactive than during “listen”
mode due to the voice modulation and associated increased
intensity of the emissions [7, 31]. From the remaining two
studies, one reported no effect [55] and one reported an

increase in short-termmemory of children [47] which we do
not count as an adverse effect although it may be.

On the contrary, more than 50% of the studies performed
with simulated signals have showed no effects [1, 2, 76],
even though several recent review studies suggest an overall
predominance of studies showing effects regardless of real
or simulated exposures [7, 77–80]. A recent meta-analysis of
88 studies published during 1990–2011 investigating genetic
damage in human cells fromRF radiation, 87 of which did not
employ real telecommunication EMFs, reported no overall
association with genotoxicity [81].

Although we may have missed a few more studies with
real mobile phone exposures, it becomes evident that there
is a strong conflict between the overall results of studies
performed with real mobile phone emissions and the overall
results of studies with simulated emissions from generators
and “test” phones. Moreover, while within the group of stud-
ies with simulated emissions there is also a conflict between
studies that find effects and studies that do not, the group
of studies with real exposures demonstrates an impressive
consistency in showing effects almost at 100%. Moreover,
this impressive consistency is corroborated by increasing
epidemiological evidence, especially during the last years, for
an association between (real-life)mobile phone use and brain
tumors [82–84], by statistical studies reporting symptoms of
unwellness among people residing around mobile telephony
base station antennas or among mobile phone users [85–
90], and by open field studies reporting declines in bird and
amphibian populations aroundmobile telephony base station
antennas [91–95].

This apparent consistency of results in the laboratory
studieswith real emissions and their additional corroboration
with recent epidemiological/statistical and open field studies’
evidence seems to be unnoticed by health agencies and
public health authorities which simply disregard these studies
despite their important findings which imply the urgent
establishment of much more stringent exposure limits than
the current ones [96].

Although in most studies employing real mobile phone
emissions the biological samples were exposed in close
proximity (within the near-field up to approximately 5 cm)
with the mobile phone handset, in several studies the sam-
ples/animals were exposed at greater distances in the far-
field up to 1m [32, 34, 35, 39, 51, 53, 56–58] where the
intensity variations are much smaller and the dosimetry
is absolutely “reliable” as is generally accepted for far-field
antenna measurements [97]. In one of these studies it was
found that at 20–30 cm distance from the mobile phone the
biological effect (DNA damage) was even more intense than
at zero distance [32].

Amobile phone antenna’s near-field extends to a distance
of 5.2 or 2.6 cm, for 900 or 1800MHz, respectively (most
commonly employed carrier frequencies in 2G mobile tele-
phony radiation), according to the relation 𝑟 = 𝜆/2𝜋, (𝑟 is
the distance of near-field far limit from the antenna when the
length of the antenna is smaller than the wavelength 𝜆 of the
emitted radiation) [98].

In studies with real mobile phone emissions investigat-
ing the dependence of observed effects on dose (radiation
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intensity and/or exposure duration) [8, 31–35, 39, 40, 62],
the effects have been found to be dose dependent. The
dependence on dose was in most cases nonlinear, although
in two studies the dependence of certain effects on exposure
duration was approximating linearity [35, 62].

The results of experiments with real-life (variable) mobile
phone EMFs are indeed not identically reproducible, since
between successive exposures at any specific location the
exact characteristics of the emitted signal are always dif-
ferent. But the average field values over a few minutes’
(or more) period are close to each other, and thus the
results of different replicate experiments with real emissions
as the independent variable, although not identical quan-
titatively, are qualitatively similar. Statistical significance in
the results can be increased by increasing the number of
experimental replications while keeping rigorous control of
all other parameters (animal/sample conditions, temperature,
humidity, light, stray EMFs within the lab, etc.). Then, as the
number of replications increases, field variability becomes
less significant [99].

5. Discussion

In the present study we showed that the percentages of
positive results differ significantly between studies with real
mobile phone exposures and studies with simulated expo-
sures, regardless of biological samples or other procedure
details. The basic difference between real and simulated
mobile telephony EMFs is the inherent significant variability
of the first which we believe is the reason for the strong
divergence in the experimental results.

In spite of the criticism on the studies employing real
exposures by health agencies [1, 2] (the different aspects
of which we extensively addressed) and the consequent
difficulty in the publication process, the number of studies
with real mobile phone emissions is increasing rapidly in the
peer-reviewed literature, especially during the last years. An
increasing number of scientists realize that real exposures by
commercially available mobile phone handsets are the only
way to represent conditions experienced by users in real-life,
since they are very different and considerably more bioactive
than the exposures made by simulated fields.

Any variability in the field and correspondingly in the
dosimetry does not change the fact that people are actually
exposed daily for increasing periods to this “highly variable”
field in contact with their heads/bodies and at different
distances. The presented scientific data show that this con-
stant variation in the field makes it considerably more active
biologically.

In order to have a measure of this variability, RF and
ELF measurements of average intensity ± standard deviation
(SD) of the emitted real EMFs should be included in the
studies, in addition to the Specific Absorption Rate (SAR)
information supplied by the manufacturer (referring to a
simulated human head [100]). With increasing number of
measurements the SD decreases enough for the dosimetry to
be judged as reliable [8, 26, 31–36, 99].

If we accepted that the real EMFs emitted by commer-
cially available mobile phones are so much variable and their

dosimetry is so much unreliable that the studies employing
real EMF-emissions are not to be taken into account because
of “unknown” dosimetry, then these devices should not be
approved by the public authorities to be available in the
market, since unpredictable unmeasurable signal changes
can result in unpredictable biological alterations. Once these
devices are approved for the market (a fact that we do not
challenge) the definition of the exposure is the exposure to
a user’s head during a usual phone-conversation, and this, in
our opinion, should be enough for the studies to be taken
into account by health agencies and authorities. Nevertheless,
the measurements of the emitted EMFs suggested above are
important to better quantify real-life exposures, in addition
to verifying that the average emissions by the handsets used
in the experiments do not transcend the existing limits [96].

It is useful to create simulations in order to study in
the lab conditions of specific environments which are not
accessible for laboratory work (outer space, underwater high
depths, etc.). The simulations in such cases should be as
close as possible to the real conditions. However, using
nonrealistic simulations, especially when real conditions are
easily accessible to be studied in the lab with well-controlled
other parameters, is, in our opinion, a serious scientific flaw
that is pervading the mobile phone bioeffects literature. The
employment of simplified nonrealistic simulations may be
useful for specific purposes, for example, to study what the
effects would be if the signal characteristics were different, in
order to improve them.

Experiments comparing the biological activity between
real and simulated mobile telephony EMFs with similar
average parameter values should urgently be conducted
in order to test the validity of our presented arguments.
Studies performedwith simulated fields/exposures, especially
those that did not show any effects, should, in our opinion,
be repeated with real exposures of similar average signal
parameters while keeping all the remaining experimental
variables identical. In case that these experiments verify our
arguments, health agencies should immediately revise their
guidelines in regard to which studies should be considered
most important and on whether the available data are indeed
conflicting or not. Moreover, according to the precautionary
principle, the existing exposure criteria should drastically
be revised, since the effects reported in all studies with real
mobile phone emissions have been recorded with EMF-
intensities well below (up to thousands of times below) the
existing exposure limits [8, 26, 31–75, 96].

Without account for real exposure parameters, studies
suffer from imprecision that likely biases results toward null
hypotheses, increasing the probability that true health risks
among consumers are being missed. Simulated signals with
fixed parameters bear little, if any, resemblance to what
mobile phone users actually experience, even when they
employ combinations of simulated signals [101–103].

In order for the biological/clinical studies testing the
bioactivity of mobile telephony radiation to account for real
conditions, we conclude that exposures should be performed
by real EMFs as these are emitted by commercially available
mobile phones. The same holds for experiments with other
types of EMFs employed in modern telecommunication
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systems such as DECT phones andWi-Fi. In addition to that,
simulated emissions may be used to study, for example, the
effects of separate parameters of the real EMFs, but in no way
should simulated emissions substitute the real ones.

As the scientific database regarding the biological effects
of EMFs emitted by modern telecommunications continues
to grow, it is important for experimental study designs
to grow in rigor and provide a more informed basis for
interpretation. One important step is to employ real-life
exposures.

To investigate the biological/health effects from a widely
accessible device exposing daily billions of humans we should
not try to simulate the device but simply use the device itself.
In particular, we should not try to simulate its real varying
emissions with totally unrealistic invariant ones. This is a
serious scientific flaw that may lead to totally devious results
with enormous adverse consequences for public health.
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