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Abstract. It has been discussed ever since among the scipath length of such a charged particle, the so-called “linear
entific communities, whether non-ionising radiation can al- energy transfer” (LET) is responsible for the determination
ter or harm biological systems. While the mechanisms ofof the relative biological effectiveness (RBE), which equals
underlying effects of ionising radiation are well understood the ratio of the absorbed doses of two types of IR that pro-
and described here, there is less understanding in the effectiuce the same biological effect. It is well documented that
caused by non-ionising radiation except for heating effectshigh-LET radiation induces energy-dependently higher RBE
Recent results have been interpreted, that numerical chromoralues for various biological endpoints than low-LET radi-
some aberrations may be induced by exposure to RF radiaation. However, it has also been recognised during the last
tion. Our own experiments employing theTEM cell yield decades that, especially at low doses, low-LET radiations do
results similar to findings observed for aneugenic-inducingnot all have the same effectiveness. These findings are not
chemical agents which can cause spindle disturbances. Faurprising, because already the wide range of LET values
comparison purpose to the effects caused by those agents veevered by the photon and electron radiations is suggesting

used the well established human-hamster hybrigd)(éell considerable RBE differences.
line to evaluate the biological effects after exposure to RF ra- The most reliable and detailed data on the RBE of low-
diation (835 MHz). LET and high-LET radiations exist for a well quantifiable IR

effect in human cells, i.e. the production of dicentric chro-
mosomes in lymphocytes of peripheral blood samples irra-
diated in vitro. For example, such a radiation-induced di-
centric chromosome in a peripheral blood cell is given in

lonising radiation (IR) can randomly cause damage to all cel-Fi9- 1. These structural chromosome alterations are the most
lular components and induces a variety of DNA lesions, like thoroughly studied biological sentinel of radiation-induced
single strand breaks, double strand breaks or base damagg€llular injury and are considered to be a reliable biological
The deposition of energy from IR results in the formation of Indicator of human radiation exposure. However, it should
excited and ionized molecules. Traditionally, IR damage tobe taken into account that dicentric chromosomes are not

DNA is ascribed to both direct and indirect effects. Direct "adiation-specific, i.e. an exposure to ionizing radiation can-
effects result from the direct interaction of the IR with DNA. Not necessarily be deduced from an elevated aberration rate.

Indirect effects result from the interaction of DNA with re- Nonetheless, they can be viewed as characteristic of radia-
active species formed by IR. The underlying chemistry oftion. The basis for a.cyto_genetic dose estim.ation are QOse—
lesion formation is fairly well understood. The resulting bio- "€SPonse curves (calibration curves) for IR-induced dicen-
logical effect on mammalian cells is influenced by the dose,fic chromosomes. For this reason, whole blood is irradiated
dose-rate, and quality of the radiation. The reason is that thé Vitro with different IR qualities at different doses. After
biological effectiveness depends on the spatial distributionculture of lymphocytes and preparation of chromosomes, the
of the energy imparted and the density of ionisations per uni€hromosome analysis is done by light microscopy. The in-

path length of the ionising particles. The energy loss per unitduction of comparable yields of dicentric chromosomes in
lymphocytes, irrespective of their exposure in the body or in

Correspondence tof. Schrader vitro, is a main prerequisite for the suitable application of
(thorsten.schrader@ptb.de) these calibration curves to estimate an individual’s exposure.

1 lonising radiation
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Fig. 1. Human peripheral lymphocyte showing a radiation-induced

dicentric chromosome (arrow).
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Fig. 3. Upper panel: The linear coefficieat(and standard error)
from a linear-quadratic fit to the dose dependence for dicentric chro-
mosomes induced in human lymphocytes by mono-energetic neu-
trons of different energies. Lower panel: The relative biological
effectiveness at minimal doses (RgEand standard errors) versus
60co y-rays. The curve below gives the high-dose RBE versus 1
Gy 0f80Co y-rays. The data were determined in our laboratory and
demonstrated by the ICRP (2003).

mean photon energy / keV

Fig. 2. The linear coefficiente (and standard errors) of the linear-
quadratic dose-response (Yo + BD?) for the induction of di-
centric chromosomes by different photon energies in human lym-
phocytes from the same donor. The data were determined in our &
laboratory and demonstrated by the BEIR VII report (BEIR, 2006).

————

This has been proven for whole-body irradiation in animal o
experiments with different species and could be confirmed
for therapeutic whole-body exposure of cancer patients with
60Co y-rays (Schmid, et al., 1974).
In vitro dose-response curves for dicentric chromosomes,
established with appropriate fitting procedures, are now
available for most IR qualities relevant for radiation protec-
tion purposes. In particular, our group obtained extensive,:ig_ 4. 3D-model of the so-called TEM cell for exposure of the
data sets for the induction of dicentric chromosomes in hu-jological samples to RF radiation under far-field conditions (flask
man lymphocytes by different IR qualities (Krumrey et al., with monolayer of A. cells plus 5ml medium on the TEM cell
2004; Schmid et al., 2003). In part, the low dose effec-septum) used for numerical evaluation and dosimetry.
tiveness (linear coefficients of linear-quadratic dose-response
curves) of these data sets have been listed by the International
Commission on Radiological Protection, ICRP (2003), andExamples for photons and neutrons are given in Figs. 2 and
the National Research Council, NRC, of USA (BEIR, 2006). 3, respectively.
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2 Non-ionising radiation

In contrast to our knowledge on the underlying mecha-
nisms of IR-induced biological effects, the experimental
data regarding biological effects of chronic exposure to non-
ionising radiation (NIR) at typical frequencies of GSM mo-
bile phones (900 and 1800 MHz) are fragmentary and in-
consistent in many respects. Since an understanding of theg
biophysical mechanisms for the observed biological effects 5
should help to rationalise the data, some understanding of theg
underlying mechanisms is needed. In principle, there are two £
ways by which biological effects as a result of exposure to
radiofrequency (RF) radiation can occur. These are by ther-
mal (heating) effects or as a result of possible non-thermal
effects. The energy quanta of the NIR quality at 900 and
1800 MHz equal 4 and jieV, respectively (IEGMP, 2000).
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Fig. 5. The fraction of the damaged anaphases plus telophases

Both these values are extremely small compared with the en(stages of the mitotic cycle) versus the applied electrical field
ergy of typically around 1 eV needed to break the weakeststrengths from 5V/m to 90 V/m.

chemical bond in a DNA molecule. However, in contrast
to this experience, the primary focus of a large number of
in vivo and especially in vitro investigations during the last
years was to evaluate the ability of RF radiation to induce
DNA damage in rodents, cultured rodent and human cells as
well as freshly collected human lymphocytes using DNA al-

terations, structural chromosome aberrations or micronuclei.
The results of these studies are conflicting, although there
is a general tendency to believe that these biological effects
are rather unlikely. An expert review panel (Moulder et al.,

2005) concluded that the majority of the in vitro studies re-

porting a positive effect were flawed due to poor biological

design and/or inadequate dosimetry. Therefore, it is essen:
tial to perform further investigations under well-defined ex-

perimental conditions and scoring criteria in order to resolve
the controversy concerning the possible risks associated witr
RF radiation in the human body, especially at the cellular
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level. Recent results obtained in mammalian cells after €XFig. 6. Anaphase stage of the mitotic cycle of Aell with spindle

posure to RF radiation have been interpreted as the produggisturbances (lagging of two chromosomes) induced by RF radia-
tion of numerical chromosome aberrations (Mashevich et al.tion (arrow).

2003; Tice et al., 2002). Such a mechanism would be differ-
ent to that induced by ionising radiation but could be similar

to findings observed for aneugenic-inducing chemical agentsute for Communications Technology at Braunschweig Tech-
which can cause spindle disturbances in cells resulting in nunical University (Germany). Its design rules follow the con-

merical chromosome aberrations.

cept of the Crawford (1974) cell, but it is optimized in terms

Therefore, our aim was to evaluate the predicted aneuof the Voltage-Standing-Wave-Ratio (VSWR). For the fre-
genic capacity of RF radiation as emitted from GSM mobile quency (835 MHz) used in our investigation, ICNIRP (1998)
phones, applying a fast and useful test for detecting possilimits the electric field strength to 86.7 V/m and 39.7 V/m, re-
ble spindle disturbances in single cells which has been usedpectively. Therefore, the influence of electric field strengths
in our laboratory during the last 30 years. Analysis of spin-from 5V/m to 90V/m on the A cells was investigated at
dle disturbances were carried out in an established humara constant exposure time of 0.5h. With increasing field
hamster hybrid (4) cell line after exposure to RF radia- strength there is an obvious tendency for an increase in the
tion (835 MHz). For the microwave exposure of the biolog- fraction of the damaged anaphases and telophases, i.e. in the
ical samples (A cells with medium) a special setup of the induction of spindle disturbances. The fraction of the dam-

PTB was used. This so calledrEM cell is demonstrated in

aged anaphases plus telophases (stages of the mitotic cycle)

Fig. 4. The applied TEM cell was developed and manufac- versus the applied field strengths from 5V/m to 90V/m is
tured 1994 for the exposure of biological systems at the Insti-given in Fig. 5. The line is only inserted to improve the read-

www.adv-radio-sci.net/5/1/2007/

Adv. Radio Sci., 5412007



4 E. Schmid and T. Schrader: Different biological effectiveness of ionising and non-ionising radiations

ability of the graphs and, therefore, is without mathematicallEGMP: Independent Expert Group on Mobile Phone, IEGMP, Mo-
meaning. The reason is that up to now no reasonable expla- bile phones and health, NRPB, UKftp://www.iegmp.org.uk
nations are available which may help to elucidate the under- 2000.

lying mechanisms involved in RF radiation-induced spindle NRC: Health risks from exposure to low IeveI; of ionizing radigtion,
disturbances. In Fig. 6, there is an anaphase stage of the mi- BEIR VII, Phase 2, The National Academies Press, Washington,

. . . . . D.C., USA, 2006.
totic cycle with spindle disturbances (lagging of two chromo Krumrey, M., Ulm, G., and Schmid, E.: Dicentric chromosomes in

somes) observed after exposure to RF radiation (continuous- monolayers of human lymphocytes produced by monochromas-

wave, 90 V/m, 0,5 h). tized synchrotron radiation with photon energies from 1.83 keV
to 17.4 keV, Radiat. Environ. Biophys., 43, 1-6, 2004.

Mashevich, M., Folkman, D., Kesar, A., Barbul, A., Korenstein, R.,
Jerbi, E., and Avivi, L.: Exposure of human peripheral blood

Due to our experiments there is scientific evidence which lymphocytes to electromagnetic fields associated with cellular
P phones leads to chromosomal instability, Bioelectromagn., 24,

suggests that there may be biological effects occurring at ex- 82-90, 2003.

posures to RF radiation, but they are certainly different toyioyider, J. E., Foster, K. R., Erdreich, L. S., and McNamee, J. P::

those known from IR exposure. However, in contrast to our  Mobile phones, mobile phone base stations and cancer: a review,
knowledge on the IR-induced DNA alterations, the result ob- Int. J. Radiat. Biol., 81, 189-203, 2005.

tained for RF radiation does not necessarily mean that thes8chmid, E., Bauchinger, M., Bunde, E., Ferbert, H. F., and von

effects, i.e. spindle disturbances, lead to disease or injury, but Lieven, H.: Comparison of the chromosome damage and its

itis a potentially important information for evaluating the un- ~ dose-response after medical whole-body exposuf€1Go y-

3 Conclusions

derlying mechanisms. rays and irradiation of blood in vitro, Int. J. Radiat. Biol., 26,
31-37, 1974.
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