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During the last several decades, numerous researchers have
examined the potential of in vitro and/or in vive exposure of
radiofrequency (R¥) radiation to damage the genetic material
in mammalian somatic cells. A meta-analysis of reported data
was conducted {5 obtain a ‘quantitative estimate (with 959
confidence intervals) of genotoxicity in RF -radiation-exposed
cells compared with sham-exposed/unexposed control cells.
The extent of genotoxicity was assessed for various end points,
including single- and double-strand breaks in the DNA, inci-
dence of chromasomal aberrations, micronuclei and sister
chromatid exchanges. Among the several variables in the ex-
perimental protocols used in individual investigations, the in-
fluence of three specific variables related to RF-radiation ex-
posure characteristics was examined in the meta-analysis: fre-
quency, specific absorption rate, and exposure as continuous-
wave, pulsed-wave and occupationally exposed/cell phone
users. The overall data indicated that (1) the difference be-
tween RF.radiation-exposed and sham-funexposed controls as
well as the effect size or standardized mean difference due to
RF-radiation exposure was small with very few exceplions;
(2) at certain RF radiation exposure conditions, there were
statistically significant increases in genotoxicity for some end
peints; and (3) the mean indices for chromosomal aberrations
and micrenuclei in RFE-radiation-exposed and sham-/unex-
| posed controls were within the spontaneous levels reported in
the historical database. Considerable evidence for publication

ias was found in the meta-analysis.  ©2008 by Radiation Research Society

INTRODUCTION

Meta-analysis uses several quantitative statistical meth-
ods for the review, reduction and analysis of large bodies
of data. It is widely used in biomedical researcil, especialiy
when the outcomes in different investigations are contra-
dictory. The main difficulty in integrating the results from
different investigations stems from the diverse designs and
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" Was assessed using one or more end

methods used. Some experiments could have been con-
ducted under well-controlled conditions while the others
might not have been, and the resuits might not have been
similar. Furthermore, when the sample sizes are different,
each study will have a different sampling error. Armitage
(/) emphasized the importance of using precise methods to

.analyze the data to draw inferences from heterogeneous but

logically related studies,

Induction of damage to the DNA in somatic cells can
lead to the development of cancer and/or cell death, Puring
the last several decades, researchers have investigated the
extent of genetic damage in mammalian somatic cells ex-
posed in vitro andfor in vive 1o radiofrequency (RF) radi-
ation in the range of 300 MHz to 300 GHz. The damage
points, including sin-
gle- and double-strand breaks (58Bs/DSBs), chromosomal
aberrations, micronuclei and sister chromatid exchanges
(SCE). Vijayalaxmi and Obe (2) made a qualitative assess-
ment of the data from 53 peer-reviewed scientific publica-
tions during 1990-2003. They concluded that the results of
a majority of the studies (58%) did not indicate significantly
increased damage in RF-radiation-exposed cells compared
with sham-/unexposed cells (hereafter referred to as con-
trols). However, an increase in such damage in RF-radia-
tion-exposed cells was reported in some investigations
{23%). The observations from the other studies {19%) were
inconclusive. The details presented in the publications re-
vealed several differences among the investigations, includ-
ing differences in RF-radiation exposure conditions and ex-
perimental protocols, which could have contributed to the
contradictory observations (3--5). .

‘This paper describes a meta-analysis of genotoxicity data
published in peerreviewed scientific Jjournals during the
years 1990-2005. The objectives were to (1) obtain a good
overall quantitative estimate of the damage reported in RF-
radiation-exposed cells compared with controls, (2) study
the correlation between certain specific RF-radiation ex-
posure characteristics (see below) and increased genotox -
icity that is larger than the random variability, (3) examine
whether the damage indices in RF-radiation-exposed celis
were within the spontaneous levels reported in the historical
database, (4) use multiple regression analysis to determine
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the combined effects of the characteristics of RF radiation
on genotoxicity, and (5) test for heterogeneity of residual
variability to determine whether other factors that were not
considered in the meta-analysis could explain the effects
reported in the publications.

MATERIALS AND METHODS

The methods used for the meta-analysis were based on the recomimenda-
tions made in several standard textbooks (6-9). All publicagons in peer-
reviewed scientific journals in English from 1990 to 2005 were assembled.
A combination of key/search words including non-ionizing radiation, radio-
frequency radiation, comet assay, chromosome aberrations, ricrenuclei, SCE,
in vitro andfor in vive sudies, animals, rodents, rats, mice and humans were
wsed for a systematic search in the Medline, PubMed and Ovid daiabases.
The contents/papers listed in severat scientific journals and Science Citation
Index and information from coileagues in national and intemational fzbora-
tories also helped in this effort. Abstracts printed in scientific joumals were
not considered since they did not provide detsiled results. The list contained
a total of 63 publications (J0-72).

Each pubhcanon was examined in detail by both authors to record the
information in an Excel spreadsheet. The resulis reported as numbers in
the tables were documented as such, while the figures were enlarged
200% to enter the data nearer to the actual numbers. Both authors as-
sessed the quality of investigations/publications, i.e., whether the inves-
tigator(s) included sham-exposed/unexposed/positive controls and blind
evaluations and provided detailed descriptions of dosimetry, experimental
protocols, data collection procedures, appropriate statistical analyses, and
consistent (ves or no) conclusions from results in the text, tables and
figures. This was done to assess whether the quality of the investigations
and publications in RF-radiation research has improved over the years; it
was not intended to “rank” the publications either to exclude or include
the data in the meta-analysis and was used only to interpret the hetero-
geneity of the results. The information in the spreadsheet was checked
and rechecked three times for each publication to ensure that no ervors
were made during the recording process.

Investigators have examined different numbers of celis in the same/f
different experiments for the same genotoxicity end point. For example,
the incidence of micronuclei was reperted for 500, 1000, 2000 or 4000
cells. Fleiss er al. (73) suggested a method using raw data to calculate
the mean, standard deviation (SD) and variance from varying numbers
of cells examined in different experiments (when averaging over exper-
iments and cells within experiments). However, ii is almost impossible
to obtain the raw data from individual investigators. Thus a standardized
“unit™ was obtained for each end point and used as a more homogeneous
measure. The standardized unit for chromosome aberrations was in 100
cells; Le., if the incidence was reported from 200 cells, it was divided by
two to obtaip the unit as chromosome abetrations/100 cells. Similarly,
the standasrdized units were micronucleif1000 cells and SCE/cell. Since
limited data were reported for DSBs, they were pooled with SSBs w
obtain a standardized unit for the comet tail length as S8Bs measured in
mictometers and comet tail moment as SSBs expressed as a ratio. When
the investigator(s) reported the results as mean and standard eror (SE),
the SD was catculated by multiplying the SE by the square root of the
nurnber of experiments. When the results were from only one experiment
or ¢id not include the SD, all data in the RF-radiation exposure subgroups
{see below) in the spreadsheet were pooled to obtain the SD. When the
results were from two separate ¢xperiments, the numbers for RF-radia-
tion-exposed cells were combined to obtain the mean and SD (1 = 2.
Similar methods were used for controls. The units for RF-radiation-ex-
posed ceils were integrated to the obtain overall mean and 3D to assign
it to the RF-radiation-exposed group, while similar data for controls were
assigned to the control group. These are the descriptive data for the stan-
dardized units from which the meta-analysis was conducted.

Meta-analysis

Vijayalaxmi and Obe (2} identified several variables ir the experimen-
tal protocols used by different investigators in differgat countries. It is
beyond the scope and goals of this meta-analysis to address the effect of
all such variables, Three specific variables related to RF-radiation expo-
sure characteristics, frequency, specific absorption rate (SAR), and ex-
posure as continuous wave {CW), pulsed wave (PW), and occupationally
exposed/cel] phone users, were selected to determine their potential in-
fluence on genotoxicity end points. Each characteristic was further clas-
sified into subgroups. RE-radiation frequency was classified as: ali fre-
quencies, =2000 MHz, and >2000 MHz. $AR was classified as infor-
mation not reported, all together, =2 Wikg, =3 Wikg and >5 W/kg. The
exposure was classified as all together, CW, PW and occupationally ex-
posed/cell phone user. In real life, people are exposed w0 a variety of
environmental insults simultaneousty and/or sequentially. Theoretically,
it may be that RF-radiation exposure iself is not genotoxic but could
enhance the damage induced by other genotoxic agents (i.e., the effect
could be epigenetic). This issue was examined in rodent and hurnan cells
that were treated with a known genotoxic agent priorito, during and/or
after RF.radiation exposure; these observations, reported in 11 publica-
tions, were also subjected to meta-analysis.

The Statistical Analysis System {SAS, ref. (74)] Verswn 9.1 for Win-
dows was used for all the analyses described below.

Magnitude of Difference between RF-Radiation-Exposéd and Controls

Fixed-effects models were first used to caleulate the differences be-
tween the RF-radiation-exposed and control groups (7). These models
assume a single fixed effect that every study will agproximate within
each subgroup. This is a conservative approach that provides very narrow
confidence intervals (CIs) and is more likely to find significant differences
between RF.radiation-exposed and control groups {compared to random
effects models, which yield wider CI and would notl find such differ-
ences}. The sample size in RF-radiation-exposed and ‘cbmroi groups was
not always the same. Also, the results were variable from one experiment
to another within the same laboratory and alse from one laboratory to
another. These factors were taken into consideration to provide a weight
that is based on the sample size and variance in RF-radiation-exposed
and control groups in each publication (7). Separate statistical analyses
were performed for each genotoxicity end point because of the differences
in their standardized onits. This analysis was applied to pool the data
from all publicadons. The pooled weighted SE was obtained from all
publications and was then used to compute the 95% CI 1o obtain a quan-
titative estimate of the difference between exposed and control groups.
The method is described in detail in the Supplementary Information.

Effect Size or Standardized Mean Dgﬁ"erence

Another method regularly used in the meta-ana.lys:s is to determine
“unit-less” measure called “effect size™ {effect size or standa:dlzed mean
difference) between RF-radiation-exposed and contrdl groups in each
publication. Random effects models suggested by Hinter and Schmidt
(%) were used to calculate the effect size. These models are more accurate
than the traditional random effects models and have several advamages.
They allow for the possibility that P values vary from one study to an-
other, make fewer assumptions, are more conservative, use weighting by
sample size {which is critical for meta-analysis), and:are recommended
by the National Research Council (75). Thus the data reported in each
publication were considered as an independent random sampie with some
degree of variability. The results were weighted before the data from all
publications were pooled, the rationale being that studies with narrow Cls
with more precise estimates were weighted more heavily than studies with
greater uncertainty (76). The method alse corrected for bias in the esti-
mated effect size and provided weights for the data i in each publication.
This analysis was applied to pool the data from all publications. The
pooled weighted SE was obtained from alt publications and was then
used to compute the 95% CI to obtain a guantitative estimate of the



META-ANALYSIS OF CYTOGENETICS STUDIES IN MAMMALIAN CELLS EXPOSED TO RF RADIATION 363

difference hetween exposed and control groups. The SE of pooled weight-
ed bias was then used to compute the 95% CI to obtain a quantitative
estimate of effect size. The method is described in detail in the Supple-
mentary Information,

Multiple Regression Analysis

Since the meta-analysis considered the influence of several subgroups in
RF-radiation exposure characteristics on each end point, the percentage con-
tribution of each subgroup for the outcornes in the difference between ex-
posed and conerol groups and effect size was examined using the standard
output of weighted multiple Tegression analysis with the adjustments de-
scribed by Hedges and Olkin (6). Seven predictor variables in RE-radiation
exposure characteristics [RE-radiation frequency subgroups (<2000 MHz and
>2000 MHz) as one predictor variable; SAR subgroups {(all unreported
SARs, =2 Wikg, 2.5 Wikg and >3 Wikg) as three predictor variables; CW/
PW/occupationally exposed/cell phone user subgroups as two predictor var-
iables] adjusted for each other provided weighied regression coefficients and

and for effect size (8). The weighted regression coefficients and sums of
squares for each predictor variable, for residual varizbility, and for total var-
tability in the regression were obtained using SAS sofiware (74). The SE of

to the effect/outcome observed on the difference between exposed and control
groups and effect size on each genotoxicity end point was estimated,

Heterogeneity

Since meta-analyses examine the results of several related studies, the
degree of homogeneity or heterogeneity in the results can influence the

fects to verify the validity of the models used for both the difference
between exposed and control groups and effect size. The residual weight.
ed sums of squares were used in the chi-square goodness-of-fit test {het-
erogeneity in the difference between exposed and control groups and
effect size values obtained for edch end point} with appropriate degrees
of freedom (6). When the goodness-of-fit test was not rejected, the re-
gression mode! was adequate. When the test gave significant results, the
‘data indicated heterogeneity; i.e., factors that were niot considered in this
meta-analysis had an influence on the differences between RF-radiation-
exposed and control conditions. Such data were examined further to ex-
piain which subgroup RF-radiation exposure characteristic contributed to
the heterogeneity, to compare minimum and maximum effects with those
in controls, and 1o determine the magnitude of heterogeneity.

Publication Rins

Publicatdon bias refers to the fac that studies with statistically signif-
icant results, even with a smali sample size, are more likely to be pub-
lished than these without statistically significant results 7). A simple
graphical funnef piet (%) was used 1o determine whether publication
bias existed in the teta-analysis database. When the data with no pub-
tication bias were presented in 3 figure, studies with small sample size
would have the same mean effect size as in those with a large sample
size but would show g greater vartability with wider dispersion of Jow
and high effect size values arcund the mean effect size. In contrast, if
there is publication bias, the smaller effect size in studies with smat
sample size would be disproportionately absent since such studies will
fail to reach statistical significance (P < 0.05). This graphical method
with a non-parametrie test {8) was used 1o assess the publication bias,

Historical Database

To provide a proper perspective it the evaluation of potential adverse
effects of RF-radiation exposure, the genctoxicity indices reported in RF-

radiation research investigations were compared with the spontaneous
indices in normal cells published in a large historical database, A simple
descriptive meta-analysis was performed by pooling the spostancous in-
cidence of chromosome aberrations, micrenuclei or SCE reported in nor-
mal cells in several studies {78-92) and weighted by the sample size and
variance. The spontaneous indices obtained for each end point were com-
pared with those in RF-radiation-exposed and controls in the meta-anal-
ysis database.

DATA PRESENTATION

Supplementary Table 1 is a list of 63 publications (/0-
72) in chronological order. Although the DNA fragment
size (20), chromosomal recombination (42) and aneuploidy
(56) were related to genotoxicity, the data were not includ-
ed in the meta-analysis since no similar data were available
for comparison. Since the resuits for SCE were reported in
only three publications (19, 26, 7D, the meta-analysis data
are discussed briefly in the text.

Examination of detailed publication characteristics {Sup-
plementary Table 2) indicated that the number of publica-
tions increased over the years and reached & maximum of
eight in 2005, The geographical distribution showed that
many of the reports were from Europe (43%) followed by
the US. (33%). Nearly equal numbers of studies used
=2000 MHz (used for cel] phones, 51%) and >2000 MHz
(49%). SAR was not reported in 21% of the papers, while

“the influence of one, two or more SARs was examined in

40, 17 and 22% of the studies, respectively, The RF-radi-
ation transmission was used as CW (32%) or PW (35%);
other studies included both CW ang PW (19%) as well as
individuals who were exposed occupationally and were also
cell phone users (149%). DNA strand breaks, chromosome
aberrations, micronuclei and SCE were studied in 22, 10,
27 and 5% of the Teports, respectively. The remaining re-
ports included two (21%) and three {11%) different end
points. A majority of the investigations were conducted us-
ing freshly collected human blood lymphocytes (54%): ro-
dent cells that were freshly collected (17%) or cultured

(16%) were used in one-third of the studies, while a few

studies used two (8%) or more (2%) different cell types.
The genotoxic potential of in vitro RF-radiation exposures
was examined using rodent (10%) and/or human cells
(33%), while whole-body RF.radiation exposure of rodents
{21%) and occupationally exposed individuals and cell
phone users (14%) was also investigated. The epigenetic
effects of RP-radiation exposures were examined in vitro
using rodent (6%) and human (8%} cells. There was a sub-
stantial improvement in the quality of publications over the
years.

The meta-analysis data obtained for comet tail and chro-
mosomal aberrations/micronuclei are presented in Tables 1
and 2, respectively: results from epigenetic investigations
are given in Table 3. The last two columns show the com-
putéd values that would be required to achieve a statisti-
cally significant difference between RF-radiation-exposed
and controls when the sample size is 6 or 12,
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Variance) for DNA Strand Breaks Evalu

TABLE 1

pitnde of Difference between Data for RF-Radiation-Exposed and Control Groups
ated as Comet Tail Length in pm (SBM)

and Comet Tail Moment Expressed as Ratio (SBR)

Exposed —
_ conol
End Control group RF-radistion-exposed group p Exposed — Computed 4 ¥N EN
RFR Exposure point N Mean Sp CI{95%) N Mean SD CL(95%) value Total ¥ Mean ~ SE CI(95%) = 6 = 12
Frequency
All frequencies SBM 522 57.7 181 56.2-593 509 573 185 $556-389 0349 1031 044 11 —-18-27 30 21
<2000 MHz SBM 288 262 70 254-27.0 302 274 T4 266282 0305 390 030 06 -—09-13 12 8
—2000 MHz ~ SBM 234 966 248 934-99.8 207 1009 267 973-1046 0203 441 205 2.5 -—28-69 42 30
SAR
All SARs SBM 522 577 181 56.2-593 509 57.3 185 3$56-589 0349 1031 044 L1 —1827 3 21
=2 Wikg SBM 394 667 19.8 64.7-68.6 381 66.1 203 64.0-68.1 0309 775 072 14 —21-35 32 23
=5 Wikg SBM 459 610 188 593-627 436 604 192 587-622 0372 925 041 13 -2.0-29 31 22
>3 Wikg SBM 53 285 88 26.1-30% 53 298 105 265-327 0.367 106 064 19 ~3.0-43 16 It
CW/PWICPe '
Alj SBM 521 577 181 36.1-39.3 508 57.2 185 556-389 0350 1029 044 11 —1LE27 30 21
cwW SBM 188 372 259 334-409 189 417 260 37.0-454 0467 377 022 27 5055 42 30
PW SBM 323 712 123 69.9-726 1285 697 13.1 682-71.2 0484 618 -004 10 -2.1-20 21 15
CP SBM 19 &1 0.0 80-8.1 24 267 3.7 252-282 0.000 34 18.60 07 —17.1-20.1 3 2
Frequency
All frequencies SBR 660 16 44 1320 660 17 42 1420 0461 1320 002 02 -04-05 7 5
=2000 MHz SBR 575 15 13 14-16 575 16 15 14-1.7 0388 1130 002 01 0102 2
2000 MHz SBR 85 27 112 0381 85 28 105 05-3.1 0498 170 01 1.7 —3.3-33 18 12
SAaR _ ;
All SARs SBR 660 1.6 44 1320 660 1.7 42 1420 0461 1320 002 02 ~04-05 7 5
=2 Whkg SBR 473 1.8 51 E4-23 473 19 48 1.5-23 0471 %46 002 03 ~0.6-07 8 6
=5 Wikg SBR 578 1.7 47 1321 578 1.8 44 L4-2.1 0465 1156 002 03 ~-0.5-06 7 5
=5 Wikg SBR 82 1.3 2.2 0.8-18 82 13 235  0.8-1.9 0493 i64 00 44 ~—0.7-07 4 3
CW/PW/CP
All CW-PW SBR 660 1.6 44 1320 660 1.7 42 1.4-2.0 0461 1320 0.02 02 —04-05 7 5
. CW §BR 273 12 67 0420 I73 12 63  05-20 0485 346 002 06 -—LI-LI 11 7
PW SBR 387 2.0 1.5 1821 387 20 17 15-22 0405 774 003 01 -02:03 3 2

acp = occupationally exposedicell phone users.

RESULTS

The difference between exposed and control groups
meta-analysis results for comet tail length and comet tail
moment (Table 1) indicated similar means and 5D in RF-
radiation-exposed and control groups in 20 of 21 total tests
(P > 0.05); the exception was for comet tail length {oc-
cupationally exposed/cell phone users, P < 0.05). The
weighted mean difference between exposed and control
groups was not significant in most cases and ranged be-
tween —0.04 and 2.05 pm for comet tail length {except for
occupationally exposed/cell phone users, 18,60 pm) and
between 0.01 and 0.03 for comet tail moment. The data on
chromosome aberrations (Table 2) indicated similar means
and SD in RE-radiation-exposed and control groups (P =
0.05). The weighted mean difference between exposed and
control groups was not significant and ranged from 0.10 to
0.92 (i.e., <1 aberation in 100 cells). The results for mi-
cronuclei (Table 2) indicated similar means and SP in RF-
radiation-exposed and control groups {P > 0.05). However,

there were significant differences between the two groups
for <2000 MHz and several SARs and PW/occupationaily
exposed/cell phone users exposures (P <0 0.05). The
weighted mean of the difference between exposed and con-
rrol groups ranged from 0.06 to 6.13 (i.e., <6.5 micronu-
clei/1000 cells). Observations from epigenetic investiga-
tions (Table 3) of SSBs were reported in only two publi-
cations; a synergistic effect of RF radiation + mitomyein
C (MMC) was observed in human blood lymphocytes (50),
and an effect was found with two chemical mutagens
(MMC and 4-nitroguinoline-1-oxide) but not with two other
mutagens (bleomycin and methyl methane sulfonate) (65).
The difference between exposed and control groups data
for chromosome aberrations, micronuclei and SCE showed
no synergistic effect. A significant increase in genotoxicity
was evident in cells treated with the mutagens alone.
Overall, the effect size, SE and 95% CI obtained for
comet tail length, comet tail moment, chromosome aber-
rations and micronuclei (Table 4, Part A), and for different
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TABLE 2
Meta-analysis of Magnitude of Difference between Data for R¥-Radiation-Exposed and Contro} Groups (based
on Sample Size and Variance) for Chromosomal Aberrations (CA)109 Cells and
Micronuciei (MIN)/1000 Cells

Exposed —
controf

RF.radiation  En d Control group RF-radiation-exposed group P Exposed ~ control N N

characteristics point N Mean SD I 95%)y N  Mean SD CI(95%) value Total N Mean SE ClLB%) =6 =12
All frequencies CA 4 15 26 1.1-19 174 28 42 22-35  0.198 348 032 04 -04-11 6 4
=2000 MHz CA 68 2.0 35 1220 68 1.7 0.9 1419 0363 136 015 04 -07-1.0 4 3
>2000 MHz CA e 1.1 1.9 0.7-1.3 i0s 36 3.2 26-46  0.13%6 212 048 05 0615 - 6 4
All SARs CA 151 14 28 10-19 151 2.0 29 1625 0201 302 028 03 —0.4-09 5 3
NR-SARse CA 82 14 36 06-22 82 2.2 3.8 1.3-3.0  0.057 164 092 06 —~0.2-2.1 8 4
=2 Wikg CA 0 L7 05 14-19 20 1.9 0.8 1.8-23 07233 40 016 02 —-03-06 I I
=5 W/kg CA 29 15 05 1.3-17 28 1.7 07 14-20 0255 58  0.1% 02 —-02-04 1 |
=35 Wikg CA 40 1.5 .0 12-19 40 2.3 65 1824  0.099 80 027 02 -0.1-07 2 i
All CW-pw CA i74 15 25 l1-18% 174 2.8 42 22-335 0198 348 032 04 —-04-1f 8 4
CwW CA 31 I3 02 1516 KE| 6.3 19 3592 0350 62 (.54 14 -22.33 9 6
PW Ca 61 16 08 13-1.8 61 2.0 05  17-22 0486 122. 010 0.2 -0.3-03 1 1
CP CA 82 14 36 0622 82 2.2 38 13-3.0  0.057 164 092 06 -p.2-2.1 6 4
All frequencies MN 1040 50 24 48-51 2083 57 62  54-60 0.155 3993 015 02 -0.1-04 8 5
=2000 MHz MN 1616 48 24 4.6-49 1682 5.0 30 49-52 0003 3708 026 0.1 0.1-0.5 4 3
>2000 MHz MN 324 58 24 5.7-6.1 371 88 134 75-102 0.438 695 011 07 —1.3-15 i5 11
Al-SAR MN - 1934 49 124 48-50 2047 356 62  54-59 0.15¢ 398] 015 02 ~0.1-04 7 5
NR-SARs? MN 195 52 1.7 49-54 194 109 188 83-136 0.482 389 006 14 —26-2.7 2215
=2 Wikg - MN 718 38 1.6 37-39 892 42 20 4.1-43  0.000 1670 036 0.1 0.2-0.5 3 z
=5 Whkg MN (135 354 24 3.3-56 1249 5.5 29 54-57 0014 2384 0024 0.1 0.0-0.5 4 3
>5 Wikg MN 604 39 24 37-4. 604 4.1 28 39-43 0000 1208 046 02 0.2-0.8 4 3
All CW-pw MN 1940 50 24 48-51 2083 .57 62 54-60 (.155 3993 015 02 —0.1-04 8 5
Cw MN 307 8.1 3.5 7884 535 9.0 4.1 8.6-93 035 1062 009 02 - 0.4-0.5 6 4
T PW MN 1358 3.7 1.9 36-38 1412 37 25 36-39  0.004 2770 022 0.1 0.1-0.4 4 3
CP MN 75 57 14 54-6.1 86 170 262 [11.4-226 0.015 161 613 238 06117 . 29 20

Notes. Incidence of chromosomal aberrations repotted in the historical database: Mean 1.5/100 cells (SD = 3.7: = 15,594). Incidence of micronuclei
reported in the historical database: Mean 9.0/1000 cells (SD = 8.0; n = 8,667),

“NR-SARs: SARs were not reported in some publications.

years of publication (Table 4, part B} were very small and
ranged from 0 to 0.9. The two exceptions were for comei
tail length and micronuclei with maximum means of 5.9
and 2.1 (occupationally exposed/cell phone users), respec-
tively (Table 4, part A). The pattern of larger/smaller effeet
size values (Table 4, part A) was similar to the comrespond-
ing large/small difference between exposed and control
groups in Tables 3 and 4.

Sample Size

It must be emphasized that the difference between ex-
posed and control groups values obtained for different end
potnts were based on large sample size by consolidating
the results from all publications (Tables 1 and 2). When the
experiments were conducted with 'a smaller sample size, the
difference between exposed and control groups must be
severalfold larger to yield a statistically significant differ-
ence between RF-radiation-exposed and control groups (P
< 0.05), with a power of 0.80 at a two-tailed significance
level of 0.05 based on a two-sample ¢ test and the pooled
data (last two columns of Tables 1 and 2).

Multiple Regression Analysis and Heterogeneity

The results of the multiple regression analysis data are
presented in Table 5. The overall percentage contributions
to the variability observed in the difference between ex-

. posed and control groups and effect size for all end points
due to frequency, SAR and CW/PW/occupationalfy ex-
posed/cell phone users were smaller than those obtained for
the goodness-of-fit test, Nonetheless, some were significant
(P < 0.05; see the footnote in the table).

For comet tail length, the variability in effect size due to
SAR was not significant, while those due to frequency and
CW/PW/occupationally exposed/cell phone users and to the
difference between exposed and control groups for SAR
were significant (P < 0.05). For comet tail moment, the
variability in the difference between exposed and control
groups due to frequency was not significant while those due
to SAR and CW/PW/occupationally exposed/cell phone us-
ers were significant (P < 0.05). The variabilities in effect
size due to frequency, SAR and CW/PW/occupationaIly ex-
posed/ceil phone users were not significant. For chromo-
some aberrations, the variability in the difference between
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TABLE 3
Meta-analysis of Magnitude of Difference between Data for RF-Radiation-Exposed and Control Groups, (based
on Sample Size and Variance) for DNA Strand Breaks {(S5B), Chromosomal Aberrations (CA)106 Celis,
Micronuclei (MN)/1000 Cells and Sister Chromatid Exchanges (SCE)/Cell in Epigenetic Investigations

Exposed —
Exposed — control) comtrol

RE-radiation End Coatrol group RF-radiation-exposed group b Toml N N
characteristics  point N Mean SD CI{95%) N Mean SD CI(95%) valse N Mean SE CI(95%) =6 =12
RF radiation alone SSB 10 56 08 35.1-62 10 61 1.0 54-6.8 20 011 04 ~0.7-09 1 1
Mutagen alone  SSB 40 56 08 534-59 4 193 LT 18.8-199 80 t36 03 08-1.9 2 2
R¥F radiation + :

Mutagen S8B 102 80 1.1 7883 102 102 13 99-10.4 0001 204 038 02 0007 2 |
RF radiation alone CA 61 22 1t 19-24 61 3.1 15 2.7-3.5 - 122 053 02 0.2--1.0 2002
Mutagen alone CA 2 40 2.8 214-294 2 445 64 —127-1017 4 4050 4%  30.9-50.2 S [
RF radiation +

Mutagen ' CA 25 344 40 328360 25 401 5.8 37.7-42.5 0304 50 486 14 2.1-7.6 8 6
RF radiation alone MN 25 403 101 36.1-44.5 25 603 9.0 56.5-64.0 50 1556 27 10.3-209 15 11

© Mutagen alone MN 12 397 69 353-44.1 121247 229  110.1-1393 24 5948 69 4559730 2719
RF radiation +
- Mutagen MN 29 1058 173 99.3-1124 29 1280 202 (203-13357 0457 58 1781 49 81275 320 22
RF radiation alone SCE 31 5.0 t.0 4753 51 56 09 5.3-3.8 102 061 0.2 0.3~1.0 3 i
Mutagen alone  SCE 137 67 09 64-70 37 313 71 29.1-33.9 74 1802 12 157-203 8 6
RF radiation +
Mutagen SCE 51 253 &1 2346-270 5t 294 49 28.1-30.8 0406 102 176 LI —04-39 9 6

Notes. Incidence of chromosomal ahesrations reported in the historical database: Mean 1.5/100 cells (8D = 3.7; n = 15,594). Iﬂcide#ce of micronuclel
repotted in the historical database: Mean 9.0/1000 celis (SD = 8.0 n = 8,667). Incidence of SCE reported in the historical database: Mean 7.6/cell

(SD = 1.6, n.= 4,576).

exposed and control groups due to frequency was not sig-
nificant, while those due to SAR and CW/PW/occupation-
ally exposed/cell phone users were significant (P < 0.05).
However, the variabilities in effect size due to RF-radiation
frequency, SAR and CW/PW/occupationally exposed/cell
phone users were not significant. For micronuclei, the var-
iabilities in the difference between exposed and control
groups and effect size due to RF-radiation frequency, SAR
and CW/PW/occupationaily exposed/cell phone users were
all significant (P < 0.05) except for that due to SAR for
effect size. All of the multiple regression data for comet
tail length, comet tail moment and chromosome aberrations
were similar to the results of the univariate analyses in Ta-
bles 1 and 2; the data for micronuclei sometimes differed
from the results in Table 2.

Random error accounted for most of the variability ob-
served in the difference between exposed and control
groups and effect size for each end point (goodness-of-fit
data, last column in Table 5). Significant deviations (P <
0.05) indicate that factors other than the three RF-radiation
exposure characteristics might explain the variability in end
points. Further details of the goodness-of-fit tests are pre-
sented for the differences between exposed and control
group in Table 6. No values were outside the normal range
in comet tail moment. Although nearly all of the differences
between exposed and control group effects for comet tail
length, chromosome aberrations and micronuclel were
within normal range of the controls, there was some het-
erogeneity of effects for these regression models. For comet

tail length, the 3.6% is very close to the expected 2.5% out
of the normal range. All of the publications for chromo-
some aberrations and most of those for micronuclei did not
-provide complete information on dosimetry, and this might
explain the larger the difference between exposed and con-
trol group effects for chromosome aberrations and micro-
nuclei. The few papers with complete dosimetry for micro-
nuclei (1.1%) that were outside the normal range for 97.5%
of controls were also well within the expected 2.5% out of
normal range. _ ‘

A considerable reduction in residual variability with im-
proved goodness-of-fit was obtained when the description
of dosimetry (complete or incomplete) in each publication
was considered in the weighted multiple regression analysis
(results not shown). Determination of the contributions of
other variables in the experimentat protocols to the hetero-
geneity/variability in the difference between exposed and
control groups and effect size for different genotoxicity end
points requires further analyses.

When only the publications with complete description of
dosimetry were considered in the meta-regression analysis,
the goodness-of-fit test (heterogeneity) for comet tail length
and comet tail moment remained significant while that for
chromosome aberrations (P = 0.174) and micronuclei (P
= {.184) was reduced to nonsignificant levels. The Higgins
measure of heterogeneity effects remained substantial
(>50%) for comet tail length and comet tail moment but
was 0% for chromosome aberrations and 3% for micro-
nuclei (78). However, the magnitude of heterogeneity for
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TABLE 4
Meta-analysis of the Data for Effect Size (ES) or Standardized Difference (d) Obtained for DNA Single- and
Double-Strand Breaks Evaluated as Comet Tail Length (SBM) and Comet Tail Moment {SBR), Chromosomal
Aberrations (CA) and Micronuclei {MN)

SBM SBR CA MN
Exposure ES{d} SE CE{(93%) ES(d) SE CI(95%) ES{d} SE Cl {95%) ES (d) SE CE(95%)
Part A
Frequency
All Frequencies 0.4 6.1 0.2-0.5 0.0 0.1 ~0.1-0.2 0.3 6.1 0.1-0.6 8.2 0.0 0.1-0.2
=2000 MHz 02 0.1 —0.1-0.4 0.0 0.1 ~0.2-0.2 0.1 0.2 —0.2-0.5 0.1 0.0 0.0-0.2
>2000 MHz 0.6 0.1 0.4-0.8 6.0 0.2 -0.3-04 0.4 0.2 0.1-0.8 0.6 0.1 0.4-0.8
SAR ’
All SARs 0.4 0.1 0.2-0.5 0.0 0.1 =0.1-0.2 02 0.1 -0.1-0.5 0.2 0.0 0.1-0.2
NR-SARs® S & B — -— — — 0.2 0.2 =0.1-8.:6 0.9 0.1 0.6-1.2
=2 Wikg G4 0.1 0.3-0.6 8.0 0.1 —~0.2-0.2 0.3 0.3 -0.4-05 0.2 3.1 0.1-0.3
=5 Wikg 0.4 0.1 0.2-0.5 0.0 0.4 —0.1-0.2 0.3 0.3 ~0.4-0.9 0.1 0.0 0.0-0.2
=5 Wikg 0.2 0.2 -0.3-0.7 —0.1 0.2 ~0.4-0,3 0.1 03 —0.4-0.6 Q.0 0.1 ~{(.1-0.2
CW/PW/CPr :
All 0.4 0.1 0.2-0.5 0.0 0.1 ~0.1-0.2 0.3 0.1 0.1-0.6 02 0.0 0.1-0.2
Cw 0.3 0.1 0.0-0.5 0.0 0.1 -0.2-0.2 0.9 0.3 0.3-15 0.5 0.1 0.4-0.6
PW 0.3 0.1 G.1-0.5 G.G 01 —0.2-0:2 0.1 0.2 ~0.3-0.5 ~0.0 0.0 -8.1~0.1
Cp 59 0.8 4.3-75 s e — 0.2 0.2 ~0.1-0.6 2.1 0.3 L6-2.6
Part B

Year 1950 e - — —_— — e 0.7 0.4 -0.2-1.5 0.6 0.7 —{.8-2.1
Year 1991 — — — — e — 0.1 6.2 —~0.3-0.5 0.7 0.6 ~0.5-2.0
Year 1992 — —_ — —_ — s 2.0 6.9 0.3-3.3 1.1 04 0.3-2.0
Year 1993 — — — — e — -03 0.6 ~15-0.9 8.4 4.3 0.1-16.8
Year 1994 - — — o o e - — . — — e
Year 1995 0.3 02 -0.2-0.7 . — — — 0.4 0.3 =0.2-1.1 0.2 0.3 -0.5-09
Year 1996 2.4 0.4 1.7-3.1 — e — e o — — — —
Year 1997 0.5 6.2 0.2-0.8 0.0 0.2 —0.4-04" 1.2 1.4 —-1.5-3.8 0.7 0.1 0.4-0.9
Year 1998 0.1 0.3 —0.5-0.5 -0.2 0.2 -0.5-0.2 e — — - e —
Year 1999 — o — JpE . — o e — 2.4 0.6 1.3-3.5
Year 2000 0.1 6.6 —1.1-0.3 0.0 0.6 —-1.2-1.2 0.0 0.3 —0.5-0.6 1.0 0.5 0.0~1.9
Year 2001 0.2 0.3 -0.3-0.7 0.2 0.3 -{0.3-0.7 1.1 0.5 0.2-2.0 0.3 0.3 -0.3-0.9
Year 2002 6.0 0.2 =0.4-0.4 ity 0.1 ~0.4-0.2 — — — 0.1 0.1 -0.2-0.3
Year 2003 0.2 0.2 —0.2-0.7 —0.1 0.2 -04-03 -~0.1 0.9 -1.9-1.6 0.0 0.1 (.20 1
Year 2004 0.2 0.2 -0.2-0.5 0.2 0.2 —0.2-0.6 — — — 0.8 0.3 0.3-1.4
Year 2005 59 0.8 4.3-7.5 10 0.3 G.3-1.7 0.7 9.9 —1.0-24 0.2 0.1 0.1-0.3

* NR-SARs: SARs were not reported in some pubiications,
#No data in the publications.
* Occupationally exposed/ceil phone users.

all individual end point effects was smali and was within
the normal range for controls. ‘

Quality of Publications

The quality of publications increased from 2% during
1990-1995 to 48% during 2001-2005, indicating a sub-
stantial improvement in the quality of publications during
recent years (see Supplementary Table 2).

" Publication Bias

The publication bias is presented graphically in Fig. 1,
Although there were 63 publications, some examined one
or more end points in several different RF-radiation expo-
sure conditions that are plotted separately. The data did not
appear a8 a “beil” shape with the mean effect size approx-

imately at the center of the negative and positive publica-
tions. Instead, the data were skewed, indicating a significant
publication bias (P < 0.0001) toward positive publications
even with small sample sizes, while negative papers were
published only when the sample size was large. The skew
was also due to a small SD in studies with a small sample
size, which gives the appearance of large effect size values
despite a small mean difference between exposed and con-
trof groups (the 37 largest effect size values were obtained
from the comet tail moment and the pooled SD was much
smaller for these effect size values). The large effect size
values are misleading {due to small pooled SD), although
the complete dosimetry data are still within the normal
range (Table 6). The overall effect size and 95% CI ob-
tained from meta-analysis was 0.161 to 0.165. The true
effect size value at the peak was nearly zero despite the C1
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TABLE §

Multiple Regression Analysis of the Effects of RF-Radiation Exposure Characteristics
on the Magnitude of Difference between RF-Radiation-Exposed and Control Groups (E
— C, based on Sample Size and Variance) and Effect Size (ES) Obhserved for. Comet
Tail Length in pm (SBM), Comet Tail Moment (SBR), Chromosomal Aberrations (CA)

and Micronuclei (MN)

Percentage contribution due to

Number of Regression

effects Frequency goodness-of-
End point examined {MHz) SAR Wikg CW/IPWICP fit test
SBM E-C 119 2.4 0.8 4037 56.4¢
SBM ES 5.14 0.2 4.9+ 69.8¢
SBR B~ C 182 <0.01 0.0 2.5 97.5°
SBR ES 0.03 0.25 Q.01 99.7
CA E-C 7 0.3 41.3 4# 4.4
CA ES 5.4 14.2 15.2 63.3
MN E-C i74 1.3 i 27.2e" 63.87
MN ES 4.% 0.6 239 712

Note. Only univariate regression anaiysis was used for sister chroinatid exchanges (SCE) due to small sample size

frefs. (19, 26, 713

a p = 005 (heterogeneity in the predictors effects observed in RF radiation exposure characteristics).
Multipie regression coefficients for significant effects (P < 0.05):
» Contribution due to factors other than the RF radiation characteristics.

Frequency (MHz) effects:

¢ Change in effect due to <2000 MHz RF sadiation frequency was srnaller than >2000 MHz (—2.52 % 0.53).
< Change in effect due to <2000 MHz RF radiation frequency was smaller than >2000 MHz (-0.56 = 0.18).
« Change in effect due to <2000 MHz RF radiation frequency was smaller than >2000 MHz (—2.67 = 0.16}.
f Change in effect due to <2000 MHz RF radiation frequency was smaller than >2000 MHz (0,56 * 0.18).

Specific absorption rates (SAR}—W/kg effects:

s Change in effect due to =5 Wrkg was greater than >2 W/kg (112 & 0.42),

* Change it effect due to >5 Wikg SAR was smaller than 2 Wikg SAR (-0.02 *+ 0.003.

" Change in effect due to 2-5 Wikg SAR was smaler than <2 W/kg SAR (—0.02-= (0.004).
/ Change in effect due fo non-reported SAR was greater than <2 W/kg SAR (3.17 £ 0.77).
« Change in effect due to >5 Wikg was greater than <2 Wikg SAR (0.30 = 0.06).

! Change in effect due to non-reported SAR was greater than 5 Wikg SAR (3103 * 8.63).

CW/PW/CP effects:

= Change in effect due to CP was greater than PW (19.05 = 1.00).

2 Change in effect due to CP was greater than PW (5.83 = 0.83).

* Change in effect dee to CW was smaller than PW (—001 = 0.0005).
¢ Change in effect due to CW was greater than PW (049 = 0.17).

a Change in effect due to CP was greater than PW (6,36 = 0.23).

r Change in effect due to CW was smaller thag PW (-2.35 * 0.17).

s Change in effect due to CP was greater than PW (3.48 = 0.47).

being largely biased toward the positive studies with small
sample sizes. Furthermore, the effect size value was smaller
than that obtained in many of the positive studies with
small sample size (right side of the peak effect size}, which
again emphasized the existence of publication bias. Finally,
since the meta-analysis strongly suggested the presence of
publication bias, conclusions drawn from it should be re-
garded as tentative.

Comparison of Meta-analysis Data with those in
Historical Database for Chromosome Aberrations,
Micronuclei and SCE

The mean spontaneous indices in freshly collected pe-
ripheral blood lymphocytes from normal individuals in the
historical database (79-93) were as follows: chromosome

aberrations, 1.5/100 cells (8D 3.7; n = 15,594); micronu-
cled, 9.0/1000 cells (SD 8.0; n = 8667); SCE, 7.6/cell (8D
1.6; n = 4376). The maximum indices obtained in RI-
radiation-exposed and control groups in thé meta-analysis
were similar to the above indices in the historical database,

CYTOGENETIC END POINTS AS BIOMARKERS FOR
: CANCER RISK '

To the best of our knowledge, there has been no system-
atic analysis of human health risks using the data obtained
with the comet assay. The original technique (94) was mod-
ified (95-98) for different purposes (37). The damage is
assessed using a computerized inage analysis system or
from manualfvisual classification of comets (99). When
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TABLE 6
Heterogeneity in RF-Radiation Exposure Characteristics on the Fffects observed in Comet Tail Length
Measured in pm {SBM), Comet Tail Moment (SBM), Chromosomal Aberrations (CA) and
Micrenuclei (MN)

RF-radiation research pubtications

Number of E ~ ¢ RF-radiation-
End point effects examined Sampie size Controls (Q) exposed {E)
SBM Mean 522 577 573
5D 18.1 18.5
Upper limige 34.1
E - C range 110 —29.0 t0 70.0 (4 of 110 = 3.6%)
SBR Mean ' 660 1.6 1.7
5D 4.4 4.2
Upper limit 8.8
E —~ C range* 182 © —2310 5.0 (0 of 182 = 0%)
CA/IO0 cells Mean : 174 1.5 2.8
SD 2.6 4.2
Upper limiye 53
E — C range? i7 ~0350 773 of 17 = 17.6%)
Complete dosimetrye —05to 0.8 (0 of 12 = (%)
Incomplete dosimetry* 20510 7.68 (30f 5 = 60%)
MN/1000 cells  Mean 1940 5.0 57
sD : 2.4 6.2
Upper limit 4.7
E - C range* 174 =921t 314 (10 of 74 = 5.8%)

Complete dosimetrys
Incomplete dosimetry:

—~9210 9.3 (2 of 161 = 1.2%)
35010 31.4 (8 of 13 = 61.5%)

* Upper limit is 2 x SD above control mean, Le. 97.5 percentile.

* RF radiation-exposed — Controi {E — C) range ts the minimum and maxirmum for all E — € values used in the multiple regression.
“ The description of dosimetry, i.e., complete or incomplete, was considered as an example of high or poor quality of publication, respectively. The
percentages in parentheses are the number of studies with differences (E ~ C) greater than the upper limit values,

comet data are collected using continuously growing, un-
synchronized cultured’ cells exposed to RF radiation for
prolonged periods, it is important to include cell cycie anal-
ysis to determine the numbers of cells in S phase and to
enumerate apoptotic cells since such cells could be included
as damaged cells (100). Since most cell types have inherent
capacity to repair DNA strand breaks within few hours, the
results from the comet assay would provide more meaning-
ful information if the damage assessment included evalua-
tion of DNA repair, It is worth mentioning genetic toxicol-
ogy investigations (101) in which cells from eight different
organs of mice treated with 208 chemicals selected from
the carcinogenicity database of the Internationaj Agency for
Research on Cancer and from the U.S. National Toxicology
Program were examined. The results from comet assays
were compared with those from other genofoxicity en
points, e.g., Ames in several bacterial tester strains, chro-
mosome aberrations, micronuclei and unscheduled DNA
synthesis. The conclusion was that no single test was ca-
pable of detecting all relevant genotoxic/carcinogenic
agents, and the recommendation was to conduct a battery
of in vitro and in vivo tests for genotoxicity (101).

The incidence of chromosome aberrations has been ysed
for several decades to monitor occupational and environ-
mental exposures to genotoxic carcinogens. Several re-
searchers have conducted g systemnatic analysis of the spon-

taneous incidence of chromosome aberrations as a bio-
marker to predict carcinogenic risk in humans. The advan-
tage of using chromosome aberrations as a biomarker is
that the experimental procedure was standardized, and very
few modifications were made to the classical cytogenetic
technique. Despite the fact that the analysis is time-con-
suming, chromosome aberrations are the most reliable bio-
marker to predict increased cancer risk in humans (J(i-
105). Data from several studies have also shown that the
aberration frequencies are increased even prior to the clin-
ical manifestation of disease.

The existence of micronuclei as a separate eatity, apart
from the main nucless in a cell, has been known for de-
cades. Micronuclei may contain portions of broken chro-
mosomes (clastogenic effect) or whole chromosomes that
were not incorporated into daughter cells during cell divi-
sion due to spindle disruption (aneugenic effect). Prelimi-
nary evidence has been presented that an increased inci-
dence of micronuclei predicts enhanced risk of cancer in
humans (106). Since micronuclei arise as a result of clas-
togenic and/or aneugenic effects, it is useful to determine
the contents of each micronucleus (using fluorescence /n
situ hybridization techniques) for the absence in the case
of the former or presence of whole chromosome in the case
of the latter. However, the possibility of the presence of
broken chromosomal fragments with intact centromere
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FIG. 1. The skewed publication bias reporting positive results (significant difference between experimental and control groups of cells) with small
sample size. Each data point represents one effect from a group of exposed and control conditions, in one publication, for one genotoxicity end point.
There were a total of 572 datz points (175 data points <0, 17 data points of 0, and 380 data points >8). Detailed explanation is given in the text.

"

which gives the appearance of whole chromosome in mi-  agents can also contribute to the development of cancer by
cronuciei cannot be ruled out. ) enhancing the damage induced by known genotoxic agents
SCE are cytological manifestations of consequences of  (epigenetic effect). To protect the generai piubiic and per-
errors in DNA replication (/07). Although SCE are more  sonnel who are occupationally exposed to R¥ radiation, or-
sensitive indicators of exposure to genotoxic agents than  ganizations such as the ICNIRP (/08) and IEEE (109) have
chromosome aberrations and micronuclei, the consolidated  recommended safety guidelines (based on 4 Wikg SAR,
data reported in the literature did not appear to have a pre- which is the threshold for heat generation). éThe following
dictive value. Nonetheless, SCE would remain a valuable . are the recommended whole-body average SARs: 0.4
end point among the short-term assay systems because of ~ Wrkg for occupationally exposed personnel (1/10 safety
the sensitivity and smaller effort needed for their analysis.  factor) and 0.08 W/kg for the general public (1/50 safety
The incidence of SCE was reported in only three publica-  factor). The SAR recommended for localized exposure is
tions (19, 26, 71) and the meta-anatysis data, which were 1 6 W/kg, for example, for brain in mobile phone users,
based on a very small sample size, indicated that the &When the investigations were conducted under these rec-}
weighted mean difference between exposed and controi | ommended safety guidelines, the overall genotoxicity in- |
sroups (and effect size) was small, in the range between | dices obtained in the meta-analysis were similar in RF-ra-

0.74 and 126 (i.e., <1.5 SCEfcell). T diation-exposed and control groups (in certajn RF-radiation

’ ' gxposure conditions, there was a statistically significant in:
PERSPE CTIVE FROM META-ANALYSIS AND crease in darmage asses§ed from some end points), and the
CONCLUSION mean differences (the difference between exposed and con-

trol groups) between the two groups as well as the effect
Cytogenetic investigations are important because most  size due to RF-radiation exposure were small. Also, the

genotoxic agents are also carcinogens. Non-genotoxic  mean indices for chromosome aberrations and micronuclei
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in RF-radiation-exposed and sham-/unexposed controls
were within the spontaneous levels reported in the historical
database. Since no single genotoxic end point by iself ig
capable of determining the genotoxic potential and the con-~
sequent cancer risk from occupational and environmental
agents (/04), it is relevant to include more than one gen-
otoxicity end point for assessment of DNA damage in fu-
ture investigations of RF radiation.

SUPPLEMENTARY INFORMATION

Magnitude of Difference between RF-Radiation-Exposed
and Controls (E — C), and Effect Size (ES) or Standardized
Mean Difference (d). http://dx.doi.org/10.1667/RR0987.1.51

Supplementary Table 1: List of Publications in Chrono-
logical Order, http://dx.doi.org/10.1667/RR0O987.1 .52

Supplementary Table 2: Publication Characteristics.
http://dx.doi.org/ 10.1667/RR0987.1.53
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