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Pursuant to Rule 201 of the Federal Rules of Evidence, Defendants hereby request that the
Court take judicial notice of the following documents, each of which is taken from taken from San

Francisco Board of Supervisors Legislative File No. 110656 (Ordinance No. 165-11):

Exhibit A: Letter from Melanie Nutter, Director of the San Francisco Department of the
Environment, to the Clerk of the San Francisco Board of Supervisors, Dated June 9, 2011.

Exhibit B: Agarwal A, Desai NR, Makker K, Varghese A, Mouradi R, Sabanegh E, et al. 2009.
Effects of radiofrequency electromagnetic waves (RF-EMW) from cellular phones on human
ejaculated semen: an in vitro pilot study. Fertil Steril: in press.

Exhibit C: Cardis E, Deltour I, Mann S, Moissonnier M, Taki M, Varsier N, et al. 2008. Distribution
of RF energy emitted by mobile phones in anatomical structures of the brain. Phys Med Biol 53(11):
2771-83.

Exhibit D: Conil E, Hadjem A, Lacroux F, Wong MF, Wiart J. 2008. Variability analysis of SAR
from 20 MHz to 2.4 GHz for different adult and child models using finite-difference time-domain.
Phys Med Biol 53(6): 1511-25.

Exhibit E: De luliis GN, Newey RJ, King BV, Aitken RJ. 2009. Mobile phone radiation induces
reactive oxygen species production and DNA damage in human spermatozoa in vitro. PLoS One 4(7):
e6446.

Exhibit F: de Salles AA, Bulla G, Rodriguez CE. 2006. Electromagnetic absorption in the head of
adults and children due to mobile phone operation close to the head. Electromagn Biol Med 25(4):
349-60.

Exhibit G: Divan HA, Kheifets L, Obel C, Olsen J. 2008. Prenatal and postnatal exposure to cell
phone use and behavioral problems in children. Epidemiology 19(4): 523-9.

Exhibit H: Erogul O, Oztas E, Yildirim I, Kir T, Aydur E, Komesli G, et al. 2006. Effects of
electromagnetic radiation from a cellular phone on human sperm motility: an in vitro study. Arch Med
Res 37(7): 840-3.

Exhibit I: Fejes I, Zavaczki Z, Szollosi J, Koloszar S, Daru J, Kovacs L, et al. 2005. Is there a
relationship between cell phone use and semen quality? Arch Androl 51(5): 385-93.

Exhibit J: Gandhi OP, Lazzi G, Furse CM. 1996. Electromagnetic absorption in the human head and
neck for mobile telephones at 835 and 1900 MHz. IEEE Transactions on Microwave Theory and
Techniques 44(10): 1884 - 97.

Exhibit K: Gandhi OP, Kang G. 2002. Some present problems and a proposed experimental phantom
for SAR compliance testing of cellular telephones at 835 and 1900 MHz. Phys Med Biol 47(9): 1501-
18.

Exhibit L: Hardell L, Carlberg M, Hansson Mild K. 2005. Use of cellular telephones and brain
tumour risk in urban and rural areas. Occup Environ Med 62(6): 390-4.

Exhibit M: Hardell L, Carlberg M, Hansson Mild K. 2006a. Pooled analysis of two case-control
studies on the use of cellular and cordless telephones and the risk of benign brain tumours diagnosed
during 1997-2003. Int J Oncol 28(2): 509-18.
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Exhibit N: Hardell L, Carlberg M, Hansson Mild K. 2006. Pooled analysis of two case-control
studies on use of cellular and cordless telephones and the risk for malignant brain tumours diagnosed
in 1997-2003. Int Arch Occup Environ Health 79(8): 630-9.

Exhibit O: Hardell L, Carlberg M, Hansson Mild K. 2009. Epidemiological evidence for an
association between use of wireless phones and tumor diseases. Pathophysiology: in press.

Exhibit P: Hardell L, Mild KH, Carlberg M. 2003. Further aspects on cellular and cordless
telephones and brain tumours. Int J Oncol 22(2): 399-407.

Exhibit Q: Hours M, Bernard M, Montestrucq L, Arslan M, Bergeret A, Deltour 1, et al. 2007. [Cell
Phones and Risk of brain and acoustic nerve tumours: the French INTERPHONE case-control study].
Rev Epidemiol Sante Publique 55(5): 321-32.

Exhibit R: INTERPHONE Study Group. 2010. Brain tumour risk in relation to mobile telephone
use: results of the INTERPHONE international case—control study. International Journal of
Epidemiology 2010; 1-20.

Exhibit S: Kheifets L, Repacholi M, Saunders R, van Deventer E. 2005. The sensitivity of children to
electromagnetic fields. Pediatrics 116(2): e303-13.

Exhibit T: Kundi M. 2009. The Controversy about a Possible Relationship between Mobile Phone
Use and Cancer. Environ Health Perspec 117(3): 316-24.

Exhibit U: Lahkola A, Auvinen A, Raitanen J, Schoemaker MJ, Christensen HC, Feychting M, et al.
2007. Mobile phone use and risk of glioma in 5 North European countries. Int J Cancer 120(8): 1769-
75.

Exhibit V: Lee KS, Choi JS, Hong SY, Son TH, Yu K. 2008. Mobile phone electromagnetic radiation
activates MAPK signaling and regulates viability in Drosophila. Bioelectromagnetics 29(5): 371-9.

Exhibit W: Lonn S, Ahlbom A, Hall P, Feychting M. 2004. Mobile phone use and the risk of acoustic
neuroma. Epidemiology 15(6): 653-9.

Exhibit X: Martinez-Burdalo M, Martin A, Anguiano M, Villar R. 2004. Comparison of FDTD-
calculated specific absorption rate in adults and children when using a mobile phone at 900 and 1800
MHz. Phys Med Biol 49(2): 345-54.

Exhibit Y: Mild KH, Hardell L, Carlberg M. 2007. Pooled analysis of two Swedish case-control
studies on the use of mobile and cordless telephones and the risk of brain tumours diagnosed during
1997-2003. Int J Occup Saf Ergon 13(1): 63-71.

Exhibit Z: NRC. 2008. National Research Council. Identification of Research Needs Relating to
Potential Biological or Adverse Health Effects of Wireless Communication.

Exhibit AA: Sadetzki S, Chetrit A, Jarus-Hakak A, Cardis E, Deutch Y, Duvdevani S, et al. 2008.
Cellular phone use and risk of benign and malignant parotid gland tumors--a nationwide case-control
study. Am J Epidemiol 167(4): 457-67.

Exhibit BB: Salama N, Kishimoto T, Kanayama HO. 2009. Effects of exposure to a mobile phone on
testicular function and structure in adult rabbit. Int J Androl: in press.

Exhibit CC: Sato Y, Akiba S, Kubo O, Yamaguchi N. 2011. A Case-Case Study of Mobile Phone
Use and Acoustic Neuroma Risk in Japan. Bioelectromagnetics 32:85-93 (2011).

SUPP. RJN ISO OPPOS. TO MOT. PRELIM. 2 n:\govlit\li2011\110121\00730818.doc
INJUNCTION; CASE NO. C10-03224 WHA



© 00 ~N o o b~ w NP

N N N NN NN N DN P PP R R R R R R e
©® N o B~ W N P O © O N o o~ W N B O

Case3:10-cv-03224-WHA Document71 Filed10/07/11 Page4 of 4

Exhibit DD: Saravi FD. 2011. Asymmetries in hip mineralization in mobile cellular phone users. J
Craniofac Surg 22(2): 706-10.

Exhibit EE: Schoemaker MJ, Swerdlow AJ, Ahlbom A, Auvinen A, Blaasaas KG, Cardis E, et al.
2005. Mobile phone use and risk of acoustic neuroma: results of the Interphone case-control study in
five North European countries. Br J Cancer 93(7): 842-8.

Exhibit FF: Schuz J. 2005. Mobile phone use and exposures in children. Bioelectromagnetics Suppl
7: S45-50.

Exhibit GG: Schuz J, Bohler E, Berg G, Schlehofer B, Hettinger I, Schlaefer K, et al. 2006. Cellular
phones, cordless phones, and the risks of glioma and meningioma (Interphone Study Group,
Germany). Am J Epidemiol 163(6): 512-20.

Exhibit HH: Schuz J, Waldemar G, Olsen JH, Johansen C. 2009. Risks for central nervous system
diseases among mobile phone subscribers: a Danish retrospective cohort study. PLoS ONE 4(2):
e4389.

Exhibit 1l: Wang J, Fujiwara O. 2003. Comparison and Evaluation of Electromagnetic Absorption
Characteristics in Realistic Human Head Models of Adult and Children for 900-MHz Mobile
Telephones IEEE Transactions on Microwave Theory and Techniques 51(3): 966-70.

Exhibit JJ: Wiart J, Hadjem A, Wong MF, Bloch 1. 2008. Analysis of RF exposure in the head
tissues of children and adults. Phys Med Biol 53(13): 3681-95. Wiedemann PM, Schutz H, Clauberg
M. 2008. Influence of information about specific absorption rate (SAR) upon customers' purchase
decisions and safety evaluation of mobile phones. Bioelectromagnetics 29(2): 133-44.

Exhibit KK: Yan JG, Agresti M, Bruce T, Yan YH, Granlund A, Matloub HS. 2007. Effects of
cellular phone emissions on sperm motility in rats. Fertil Steril 88(4): 957-64.

Dated: October 7, 2011

DENNIS J. HERRERA
City Attorney

WAYNE SNODGRASS
VINCE CHHABRIA
Deputy City Attorneys

By: /s/ Vince Chhabria
VINCE CHHABRIA

Attorneys for Defendant
CITY AND COUNTY OF SAN FRANCISCO
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EXHIBIT A
TO
SUPPLEMENTAL REQUEST FOR JUDICIAL NOTICE IN SUPPORT OF

DEFENDANT CITY AND COUNTY OF SAN FRANCISCO’S OPPOSITION TO
PLAINTIFF’S MOTION FOR PRELIMINARY INJUNCTION
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SF Environment
Our home. Our city. Our planet.
A Depariment of the Cily and County of San Francisco

EDWIN LEE
Mayor
MELANIE NUTTER
Director
June 9, 2011
¢ Tov]
Angela Calvillo = g
Clerk of the Board . g:o-
1 Dr. Cariton B. Goodlett Place = zg:o
City Hall, Room 244 Tooe3
San Francisco, Ca. 94102-4489 O LZm
. 2 Som
Regarding File No. 110656 w 20
Dw
I have enclosed for the Board's consideration copies of the following studies, wwich%f %
indicate a possible link between cell phone use and adverse health effects: | s

Agarwal A, Desai NR, Makker K, Varghese A, Mouradi R, Sabanegh E, et al.
2009. Effects of radiofrequency electromagnetic waves (RF-EMW) from cellular
phones on human ejaculated semen: an in vitro pilot study. Fertil Steril: in press.

Biolnitiative. 2007. Biolnitiative Report: A Rationale for a Biologically-based
Public Exposure Standard for Electromagnetic Fields (ELF and RF). Available:
~ http//www.bioinitiative.org/ report/index.htm [accessed January 27, 2009].

Canhill DF. 1983. A suggested limit for population exposure to radiofrequency
radiation. Health Phys 45(1): 109-26.

Cardis E, Deltour I, Mann S, Moissonnier M, Taki M, Varsier N, et al. 2008.
Distribution of RF energy emitted by mobile phones in anatomical structures of
the brain. Phys Med Biol 53(11): 2771-83.

Cardis, E, Sadetz, S. 2011. Indications of possible brain-tumour risk in mobile-
phone studies: should we be concerned? Occup. Environ. Med. 68(3): 169-71.

Conil E, Hadjem A, Lacroux F, Wong MF, Wiart J. 2008. Variability analysis of SAR
from 20 MHz to 2.4 GHz for different adult and child models using finite-
difference time-domain. Phys Med Biol 53(6): 1511-25.

De luliis GN, Newey RJ, King BV, Aitken RJ. 2009. Mobile phone radiation
induces reactive oxygen species production and DNA damage in human
spermatozoa in vitro. PLoS One 4(7): e4446. :

de Salles AA, Bulla G, Rodriguez CE. 2006. Electromagnetic absorption in the
head of adults and children due to mobile phone operation close to the head.
Electromagn Biol Med 25(4): 349-60.

SF Environment, a Department of the City and County of San Francisco
11 Grove Street, San Francisco, CA 94102

Telephone: (415) 355-3700 » Fax: {415) 554-6393
Email: environment@sfgov.org » SFEnvironment.org Printed on 100% pest-consumer recycled paper
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Divan HA, Kheifets L, Obel C, Olsen J. 2008. Prenatal and postnatal exposure to
cell phone use and behavioral problems in children. Epidemiology 19(4): 523-9.

Erogul O, Oztas E, Yildirim |, Kir T, Aydur E, Komesli G, et al. 2006. Effects of
electromagnetic radiation from a cellular phone on human sperm motility: an in
vitro study. Arch Med Res 37(7): 840-3.

Fejes |, Zavaczki Z, Szollosi J, Koloszar S, Daru J, Kovacs L, et al. 2005. Is there a
relationship between cell phone use and semen qualitye Arch Androl 51(5):
385-93.

Gandhi OP, Lazzi G, Furse CM. 1996. Electromagnetic absorption in the human
head and neck for mobile telephones at 835 and 1900 MHz. |EEE Transactions
on Microwave Theory and Techniques 44(10): 1884 - 97.

Gandhi OP, Kang G. 2002. Some present problems and a proposed
experimental phantom for SAR compliance testing of cellular telephones at 835
and 1900 MHz. Phys Med Biol 47(%): 1501-18.

Hardell L, Carlberg M, Hansson Mild K. 2005. Use of cellular telephones and
brain tumour risk in urban ‘and rural areas. Occup Environ Med 62(6): 390-4.

Hardell L, Carlberg M, Hansson Mild K. 2006a. Pooled analysis of two case-
control studies on the use of cellular and cordless telephones and the risk of
benign brain tumours diagnosed during 1997-2003. Int J Oncol 28(2): 509-18.

Hardell L, Carlberg M, Hansson Mild K. 2006. Pooled analysis of two case-control
studies on use of cellular and cordless telephones and the risk for malignant
brain tumours diagnosed in 1997-2003. Int Arch Occup Environ Health 79(8):
630-9. '

Hardell L, Carlberg M, Hansson Mild K. 2009. Epidemiological evidence for an
association between use of wireless phones and tumor diseases
Pathophysiology: in press

Hardell L, Mild KH, Carlberg M. 2003. Further aspects on cellular and cordless
telephones and brain tumours. Int J Oncol 22(2): 399-407

Hours M, Bernard M, Montestrucq L, Arslan M, Bergeret A, Deltour |, et al

2007. [Cell Phones and Risk of brain and acoustic nerve tumours: the French
INTERPHONE case-control study]. Rev Epidemiol Sante Publique 55(5): 321-32

INTERPHONE Study Group. 2010. Brain tumour risk in relation to mobile
telephone use: results of the INTERPHONE international case—control study
International Journal of Epidemiology 2010; 1-20

Kheifets L, Repacholi M, Saunders R, van Deventer E. 2005. The sensitivity of
children to electromagnetic fields. Pediatrics 116(2): e303-13

Cell Phone Studies, Page 2
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Kundi M. 2009. The Controversy about a Possible Relationship between Mobile
Phone Use and Cancer. Environ Health Perspec 117(3): 316-24

Lahkola A, Auvinen A, Raitanen J, Schoemaker MJ, Christensen HC, Feychting
M., et al. 2007. Mobile phone use and risk of glioma in 5 North European
countries. Int J Cancer 120(8): 1769-75

Lee KS, Choi JS, Hong SY, Son TH, Yu K. 2008. Mobile phone electromagnetic
radiation activates MAPK signaling and regulates viability in Drosophila
Bioelectromagnetics 29(5): 371-9

Lonn S, Ahlbom A, Hall P, Feychting M. 2004. Mobile phone use and the risk of
acoustic neuroma. Epidemiology 15(6): 653-9

Martinez-Burdalo M, Martin A, Anguiano M, Villar R. 2004. Comparison of FDTD-
calculated specific absorption rate in adults and children when using a mobile
phone at 900 and 1800 MHz. Phys Med Biol 49(2): 345-54

Mild KH, Hardell L, Carlberg M. 2007. Pooled analysis of two Swedish case-
control studies on the use of mobile and cordless telephones and the risk of
brain tumours diagnosed during 1997-2003. int J Occup Saf Ergon 13 (1): 63-71

NRC. 2008. National Research Council. Identification of Research Needs
Relating to Potential Biological or Adverse Heatth Effects of Wireless
Communication

Russian National Committee on Nonionizing Radiation Protection. 2011
Electromagnetic Fields from Mobile Phones: Health Effect on Children and
Teenagers

Sadetzki S, Chetrit A, Jarus-Hakak A, Cardis E, Deutch Y, Duvdevani §, et al.
2008. Cellular phone use and risk of benign andmalignant parotid gland
tumors--a nationwide case-control study. Am J Epidemiol 167(4): 457-67

Salama N, Kishimoto T, Kanayama HO. 2009. Effects of exposure to a mobile
phone on testicular function and structure in adult rabbit. Int J Androl: in press

Sato Y, Akiba$, Kubo O, YamaguchiN. 2011. A Case-Case Study of Mobile

Phone Use and Acoustic Neuroma Risk in Japan. Bioelectromagnetics 32:85-93
(2011)

Saravi FD. 2011. Asymmetries in hip mineratization in mobile cellular phone
users. J Craniofac Surg 22(2): 704-10

Schoemaker MJ, Swerdiow AJ, Ahlbom A, Auvinen A, Blaasaas KG, Cardis E, et
al. 2005. Mobile phone use and risk of acoustic neuroma: results of the
Interphone case-control study in five North European countries. Br J Cancer
93(7): 842-8

Cell Phone Studies, Page 3
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Schuz J. 2005. Mobile phone use and exposures in children
Bioelectromagnetics Suppl 7: S45-50

Schuz J, Bohler E, Berg G, Schlehofer B, Hettinger |, Schiaefer K, et al 2006.
Cellular phones, cordless phones, and the risks of glioma and meningioma
(Interphone Study Group, Germany). Am J Epidemiol 163(6): 512-20

Schuz J, Waldemar G, Olsen JH, Johansen C. 2009. Risks for central nervous
system diseases among mobile phone subscribers: a Danish retrospective
cohort study. PLoS ONE 4(2): e4389

Wang J, Fujiwara O. 2003. Comparison and Evaluation of Electromagnetic
Absorption Characteristics in Realistic Human Head Models of Adult and
Children for 900-MHz Mobile Telephones IEEE Transactions on Microwave Theory
and Techniques 51(3): 966-70

Wiart J, Hadjem A, Wong MF, Bloch 1. 2008. Analysis of RF exposure in the head
tissues of children and adults. Phys Med Biol 53(13): 3681-95

Wiedemann PM, Schutz H, Clauberg M. 2008. Influence of information about
specific absorption rate (SAR) upon customers' purchase decisions and safety

evaluation of mobile phones. Bioelectromagnetics 29(2): 133-44

Yan JG. Agresti M, Bruce T, Yan YH, Granlund A, Matloub HS. 2007. Effects of
cellular phone emissions on sperm motility in rats. Fertil Steril 88(4): 957-64

With sincere thanks,

(\ fe

Melonle Nutter
Director, San Francisco Department of Environment

Cell Phone Studies, Page 4
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EXHIBIT B
TO
SUPPLEMENTAL REQUEST FOR JUDICIAL NOTICE IN SUPPORT OF
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Effects of radiofrequency electromagnetic waves

(RF-EMW) from cellular phones on human ejaculated
semen: an in vitro pilot study

Ashok Agarwal, Ph.D., Nisarg R. Desai, M.D)., Kartikeya Makker, M.D., Alex Vurghese, Ph.D.,
Rand Mouradi, M.S., Edmund Subanegh, M.D., and Rakesh Sharma. Ph.D.

Center for Reproductive Medicine. Glickran Uralugical and Kidney Instinne. Obstetrics and Gynecology, and Women's Healih

Instiute, Cleveland Clinic, Cleveland, Ohio

Objective: To evalnate effects of collular phone radiofr:
. mode on unprocessed (neat) ejaculated human semen,

Design:: Prospective pilot study.

quency clectromagnetic waves (REEMW) during wlk

Sefting? Center for reproductive' medicine laboratory in tertiary hospital setting, ‘ ~

Samples:: Neat semen samples from normal healthy donors (n.= 23) and infertile patiems {n = 9);
Intervention(s): ‘After liquefaction. neat semen samples were divided into o aliquets. One aliquot {experimen-
tal} from each patient was exposed to cellular phone rdiation (in talk mode) for 1 h. und the second aliquot
'(uncxpoised}j.ﬁcrved ‘us the controt Samplt: under identical ¢onditions, ‘ ‘
Main Outcome Measure(s):. Evaluation of sperm parameters (motility, viability). reactive oxygen species (ROS),
total antioxidant capacity (TAC) of semen. ROS-TAC score. ind sperin DNA damage. C

Result{s): Samples expused o RE-EMW showed 2 significant decrease in sperm motility and viability. increase in

ROS level, and decrease in ROS-TAC score. Levels of

- from the unexposed group.

Conclusion(s) Radiofrequency eléctmmagnetic wave

TAC and DNA damage showed no significant differcnces

s emitted from cell phones may lead to oxidative stress in

human semen; We speculate 1that keeping the celf phone in a trouser pocket in talk mode may negatively affect
spermatozoa and impair male fcnility;(Ferti} Sterdl® 2008 I : M- 02008 by American Socicty for Reproduc-

tive. Médicine.}

Key Words: Celf phone radiution, radiofrequency electromagnetic waves, sperm, fertility, reactive oxygen species;

oxidative stress, EMW

The tremendous development and use of mobile telecommu-
nication services in the last decade has drastically increased
the amount of radiofrequency clectromagnetic wave (RF-
EMW) exposure in our daily lives. As the use of cell phones
has increased. so have concerns regarding the harmful effects
of cell phone exposure on human healih. As part of its charter
to protect public health, 1he World Health Organization
(WHO) established the Intemational EMF Project in 1996
to assess the scientific evidence of possible health effects of
electromagnetic frequencies in the range of 30 Hz to 300
GHz (1). Despite mare than a decade of research in this field.
the potential harmful effects of cell phone radiation remain
controversial.

Recent cpidemiologic feross-sectional ar prospective}
studies have highlighted the mle of cell phone exposure on

Received June 4, 2008; revised July 31, 2008; accepted August 7, 2008.

A.A. has nothing to disclose. N.D. has nathing to disclose. K.M. has noth-
ing 1o disclose. A.V. hag nothing o disclose. R.M. has nothing to dis-
close. E.S. has nothing to disclose. R.S, has nothing to disclose.

Supported by the Center for Reproductive Medicine, Cleveland Clinic.

Raprint requests: Ashok Agarwal, Ph.D.. H.C.L.D.. Professor and Director,
Center for Reproductive Medicine, Cleveland Clinic, 3500 Euclid Ave-
nue, Desk A19.1, Cleveland, OH 44195 {FAX: 216-636-3118,
216-445-6049; E-mail: AgarwanBcoef.ory).

0015-0282/08/$34.00
t0i:10.1016/).fertnstert.2008.08.022

sperm motilily, morphology, and viability, suggesting a re.
duction in male fertilization potential (2-6), These studies
cxamined the relationship of cell phone use and ils effect
on semen parameters and concluded that mobile phone use
may causc a decrease in fertility (2-6). To conduct a scientif-
ically robust epidemiologic study. 1 control group of people
who are not using and have not used cell phones in the past
is 1 necessity. However, enrolling a pool of such control
subjects in today’s culture is extremely difficult. An in vivo
human exposure study o investigate the effects of cell
phone radiation on semen parameters is not feasible, owing
to ethical issues,

Varinus in vitro studies using animal models have consis-
tently demonstrated oxidative stress in different tissues (kid-
ney, cndometrium, eye. testis. brain. myocardial tssue, and
SO bR} in response to cell phone radiation {7-13). Studies
have also shawn potential beneficial cifects of antioxidants,
such as melatanin, vitamia C, and vitamin E, on oxidative
stress status induced by RF-EMW in animals (7.8, 12,13,
However. results of animal studies related to the effects of
cell phone radiation on repreductive functions are conllicting
(14=19) An animal model is not preferable for study pur-
pases for several reasons. including the smaller dimensinns

© of the testes. the nonpeodulous scrotum, the free migratian

Fertility and Sterilitys Vol. M. No. . m 2008 4ot ]

Copyright 2008 American Sociely tor Reproductive Medicine, Published by Eisavier Inc.
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of the testes throtigh the ingninal canal between the sbdomen
and the scratum and the unavodable exposure ol the animal’s
entire body 1o RE-EMW at the time of the experiment (7. 203,
Theretore, 2o in vitro model wanld be the most seientitic way
to assess the clfeets of eell phoae expaosure, allowiag us (o ob-
1ain reproducible results that can be replicated by in vivo
studics. The World Health Qrganizaion’s recent rescarch

agenda {2006) for studies on RE suggests that ju vitro studies -

play 1 supporting ole 1 health risk assessments and are erit-
ical tathe optimal design of nimal and epidemivlogy studics
(21 :

There are reports ul exposure af hurnan semen samples o
cell phone radisttion ander i vitro canditions resultingin ade-
crease in sperm motility (neat semen) after 3 min (22). Other
investigators found no effect of RF-EMW on mitochondrial
membrane pulential of spermatazan and motility at a specific
absorbance rate (SAR) ol 2 W/kg, Hawever, they showed
a decrease in straight-line velueity and beat-crass trequency
at an SAR of 5.7 Wikz (23).

We hyvpothesized that cell phone radiation (alk mode) dis-
turbs tree radical metabolism in human semen by increasing
Iree radical formatinn, by decreasing antinxidants, or by both
mechanisms, In the present pilat study. aur objective was to
validate the results of several recent epidemialogic studies
by esablishing a cause-and-cifect 1elatinnship hetween RF
radiation enutted from :teell phone in talk mode sud chunges
in semen parameters, We tested rr hypothesis by examining
the elfects af RF-EMW on ROS levels. tatal antioxidant
capacity, :aind DNA integnty of spermaazon in unprocessed
cjaculated humin semen,

MATERIALS AND METHOD
The study was approved by the Cleveland Clinic Institutional
Review Board,

Subjects (Data Collection)

Semen samples were collected fram 23 healthy donors and 9
paticnts presenting 1o the infertility clinic and referred 1o aur
lab. Al specimens were coflected by nusturbalion after un
ahstinence period of 48-72 It and allowed to liguely com-
pletely for 13-30 min at 37 C. Following liquelaction. each
sample was divided into two uliquots: control group (sample
not expnsed, e na exposure ta cell phunel and exposed
crunp (sanple exposed to celt phone radiation).

Exposure of Semen Samples to Electromagnelic Waves

One aligquot of cach divided semen samiple was exposed 1a
EMW enitied Tromy a1 commercially availuble cellular wele-
phane in tatk mode (Sony Ericsson wiOth; service provider
AT&T: GSM-Global System for Mobhile communicatinns
netwark: 830 MHz [requency: masimum pawer <1 W
SAR 116 Wik, This phane madel had a lap-shape, omui-
directional antenna placed vn the top buck of its handset. The
distiee between the phone antenna und cach specimen was

e Aganwal of al.

tifecls of RF-EMW on human semean

kept st 2.5 ¢m. In the United States the most common
frequency is 830-900. Therefore, we decided to use this
frequency in this pilot study. The duration of exposure was
60 min, Unexposed (eontrolj aliquots were kept under iden-
tical canditions but without RF-EMW exposure (6.7).

Power Density (uW/cm?)

According to the Intemational Commission for Non-Tonizing
Rudiation Protection (ICNIRP) und the Federal Communica-
tions Conumission (FCC}, the reference level for exposure of
RF-EMW is peak power density. It is a commonly used term
tor characterizing an RF cleclrumugﬁelic ficld (24. 25).

Power density was monitored during basal condition (no
cell phune radiation) and experimental condition (cell phone
in talk mode) in the luboratory throughout the experiment.
Power density in the coutrol condition was 0.01-4L1T uW/
cm’. Power deusity in the experimental coudition (during
cell phone in wlk mode and at 2.5 e¢m from cell phone
sutenna) wis T—4H) ,uW,‘cm".

Frequency and Temperature

The Irequency emitted by the cell phone was coufirmed with
the help of a RF spectrum analyzer (Tektronix, Beaverton,
OR). Both specimens (aliguuts) were kept il room tempera-
ture to avoid the etfect of temperature on ROS formation and
semen parameters,

Semen Analysis

Imincdiately after expasure 10 cell phone radiaian, both ali-
gquats {eontrol ind expased) were analvzed Lor sperm concen-
tration, matility. and viability according to WHO gundelines
(26).

ROS Measurement ‘

Muasureient of ROS in the expased and unexposed aliquats
was performed after | t by chemiluminescence assay using
luminol (3-amino-2.3-dihydro-1.4-phthalazinedione: Sigma
Chemical Co.. St Louis. MOY A 100-mmnl/LL siock solation
of luminol was prepared in dimethy! sulfoxide. For the anal-
ysis, 10 uL of the working solution (5 mmol/L) was added 1o
400 pl. ol neat sperm sample. Chemifuminescence was mea-
stred for 15 min using a Berthold luminometer (Autolumat
LB 933 Berthold, Bad-Wildbad, Germiuny ). Results were ex.
pressed as = 14 “ ¢punted photons per minute (cpmy/20 « 10°
sperm and a5 log (ROS + (.001) (27). with the 0.001 constant
chosen o achicve approximale normality for the ROS seale,

Total Antioxidant Assay (TAC) Measurement
The technigue far total antioxidam (TACy assay nsed in this
study has been described previously £28),

Thix ussay measures the combined antioxidant activities of
all constitaents, including vitamins. priveins. lipids, glotathi-
ane, wric acid. and so one Al samples were centrifuged at
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1.000g for 10 min at 4 C. Clear seminal plasma was aliquoted
and frozen at —70 C until the time of TAC assay. Seminal
plasma total antioxidant measuremenis were performed
using the antioxidant assay kit (Cat. no. 709001: Cayman
Chemical. Ann Arbor, Mb.

The principle of the assay is the ability of aqueous and lipid
antioxidants in the seminal plasma specimens to inhibit the
oxidation of 2.2'-azino-di-[3-ethylbenzthiazaline sulpho.
nate] (ABTS) to- ABTS™. Under the reactian conditions
used, the antioxidants in the seminal plasma cause suppres-
sion of the absorbance ut 750 nm proportional to their con-
centration. The capacity of the antioxidants present in the
sample to prevent ABTS oxidation was compured with that
of standard Trolox, a water-soluble tocopherol analogue.
Results were reported as gmoles of Trolox equivalent.

ROS-TAG Score

The ROS-TAC score wis calculated as deseribed in our ear-
lier study (29), although ROS in the present study was mea-
s{ifed on adifferent scule, requiring the use of nipdated values
for the mean and SD of ROS in the principal camponent stan-
dardization. The updated equation for standardized ROS is as
follows:

Standardized ROS = ilog{ROS + 0.001)
- { -~ 2.0238)]/0.5151

For TAC, we used the carlier standardization:

Standardized TAC = (TAC — 1650.93) 532.22

With ROS and TAC negatively correlated, as in the earlicr
analysis, the original lincar combination derived by the first
principal component of standardized variables is once again
the first principal camponent. even with original ROS mea-
surements on a different scale. This first principal compo-
nent, which accounts for the mast variability among
correlated variables, is as follows:

Principal component = ( — 0.707 « standardized ROS)
+ (0.707 x siandardized TAC)

As in earlier analyses, transformation of the ROS-TAC
scores was done to ensure that the distribution of ROS-TAC
scores had a mean of 50 and SD of 10.

ROS-TAC scare = 50 + (principal component x 10.629).

DNA damage

Sperm DNA fraginentation was evaluated using the terminaj
deoxynucleotidyl transferase-mediated  Huoresccin-dUTP
nick-end labeling (TUNEL) assay kit ( Apo-Direci: BD Bio-
sciences Pharmingen. San Diego, CAY as deseribed previ-
ously (30~-32). Briefly, 1 x 10° spernatozoa were washed

Fertility and Sterility»
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in phosphate-bulfered saline (PBS), resuspended in 1% para-
formaldehyde, and placed on ice for 30-60 min. Subse-
quently. spermatozoa were washed again and resuspended
in 70¢% ice-cold ethanol,

Following a sccond wash in PBS to remove the ethanol,
sperm pellet samples as well as the positive and negative con-
trol samples provided with the assay kit were resuspended in

- 30 4L of 1he staining solution for 60 min at 37°C. The staining

solution contained terminal deoxytransferase (TdT) enzyme.
TdT reaction buffer; fluorescein-tagged deoxyuridine tri-
phosphate nucleotides (FITC-dUTP). and distilled water,
All cells were further wushed in rinse buffer, resuspended
in 0.5 mL propidium iodide/RNase solution, and incubated
for 30 min in the dark at room temperature followed by
flow cytometric analysis. Results of the TUNEL lest were ex-
pressed as percentage DNA fragmentation (S%eDFT).

Statistical Analysis

Compurison of all puramelers between the exposed und unex-
posed groups was done by using the Wilcoxon rank sum test,
Analyses were performed using R version 2.3.1: P valucs of
<.05 were considered 1o be significant. Statistical analysis
was also performed separately in patient samples and donor
samples. Summaries of analysis included mean and SD, Re-
sulis of ROS values included median (251h and 75th percen-
liles), because SD was lurger than the mean uf ROS values.

RESULTS

Sperm Parameters

No significant ditference was scen in sperm concentration
between exposed and unexposed samples (S8.87 + 34.34
million/mL vs. 58.84 £ 35.20 million/mL).

Sperm motiliry was significantly lower in exposed sinples
compared with unexposed samples. Mean moiility for ex-
posed and unexpased samples was 48.62 =+ 17.36% and
S2.11 £ 18.34%. respectively (P=.003). A significant differ-
ence was observed within donors (P=.01) but not in patient
samples.

Sperm viability was significantly lower in exposed sam-
ples than in unexposcd samples (P<.001). Mean viability
far exposed and unexposed samples was 32,33 + 13214
and 58.97 -+ 14.81%. respectively, A significant difference
was observed in donor samples (P<.001) but not in patient
sumples (Table 1),

Reactive Oxygen Species (ROS)

The ROS levels were significantly higher in expuosed simples
thun in unexposed samples in all three groups. (overall:
P=.002: donors: P=.04; patients: P=.014) (Tuble I Log
(ROS + 0.001) valucs were significantly bigher in the ex-
posed group {overall: P=.001: danors: P=.017} and in pa-
tients (P=.014) (Table 1). The increase i bath ROS value
(10" cpny20 » 106 sperm} and lag (ROS + 0.001) was
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unexposed samples from various groups.

Log (ROS + 0.001)

ROS (x 10” cpm/20 mitlion sperm) TAC{mol Trolox)

! Group Exp NE Exp NE Exp NE !
t o Overall 0.{1 +0.21: 0.013 0.06 + 0.11;0.0075 -1.72 £ 0.86 ~1.97 £ 0.85 1.55+£038 - 1.66.£048 .
! (0.0047. 0.1258) {0.0017, 0.0387) . » Ll o
: P value .002 .00 24
1 a 32 32 : 24 . :
i Denors 0.06 = 0.12: 0.01 0.05 + 0.10; 0.007 -1.85+ 0.78 ~1.94 + 0.80 1.53:£ 038 7 . 172 £ 052
: (0.0035, 0.022) {0.002. 0.0308) RS
) P valus 0.048 0.017 08
! il 24 23 16 o
,  Patients 0.22 + 0.3% 0.02 0.07 « 0.15, 0.008 -1.37 & 1.00 203+ 103 . 1.59x041 152+ 041
i0.012, 0.293) {0.0.062) ' :
: P value 014 014 74

n g g 8

Note: ROS values are expressed as mean + SD: median (25th. 75th percentiles). DFI = DNA fragmentation index; Exp =
exposed; NE = not exposed: RF-EMW — radiofrequency electromagnetic waves: ROS -« reaclive oxygen species; TAC
-+ total antioxidant capacily: TUMEL = terminal deoxynuclaolidyl transferase-mediated fluorescein-dUTP nick-end

labeling assay.

Jiarseal ‘i’ﬂ.v-l.( i RE-FANW e v soomen, Ferid S1eril TS,

sienificantly higher in infertile paicnrs cnmpared with the
increase in thiese valies in donors (Table 2), These values
were counted by deducting the mean i 51 value ol cxpased
samples from the mewn = SD value of unexposed sumples (of
purtients and danor sanples) ¢ fable D, )

Total Antioxidant Capacity (TAC) and ROS-TAC Scare

No sigmificant dilference was phserved in TAC between
axposed and unexposed samples. Overall, o sigmiicant
decrease in ROS-TAC senre was seen in exposed versus nn-
exposed samples (P+.032) (Table 1). Exposed samples had
a score nf 46.29 & 11.20 compared with 31.54 = 13.37 for
unexpased samples. However, the difference between ROS-
TAC scores was not signilicant when comparing exposed
and unexposed samples Irom donors and patients.

DNA Integrity

No stenificant differences in DNA integrity (WDFD were
seen helween 1he expused and unexposed groups (7.80 £
6.62% vs, 844 £ 3.77%) (Table 1

DISCUSSION

In the present study, we analyzed the cause-and-effect rela-
tinnship between cell phime radiation (in talk mode) and de-
creases in senwen pacimeters, Qur resnlts showed asienilicant
increase in ROS production in ¢xposed samples and a de-
cresse in spert moality. viability. and ROS.TAC score tnex-
posed sumples. No significant difference in DNA integrity
ard TAC leveis hetween exposed and unexposed samples
wis fuend.

ot Agarsalat i Eltects of RF-EMWN on hyman semen

FLASODID 8 SEC CUDE CA & fns

The most remarkable finding of the present study was an
increase in ROS levels in RE-EMW-exposed scmen samnples.
A plausible explanatinn for the ROS production is that it is
due to stimulation of the spermatozaa’s plasma membrane re-
dox system by RE-EMW or the cffect of EMW on leukocytes
present in the neat semen,

Recently, Fricdman el al. (33 showed that RE-EMW s1im-
ulate plasma membrine NADH uxidase in mammalian cells
and cause production of ROS. This may be attnibuted to an
increasc in the sctivity of spermittozoal NADH oxidase alter
RF-EMW exposure. Aitken et af. {34-36) demonstrafed that

hutnan spermatozua possess 1 mukhiple plasma membrane re-

dox system that shares similarities with transmembrane
NADH oxidase, Activatiun of plasma membrane NADH
axidase may cause production o ROS (33) . This can be
Jetected by luminol-based chemiluminescence because la-
minol measures both intra- and extracellular ROS (27, 37).

Development of oxidative stress or disturbance in free
radical metabolism by cell phioue radiation has been demon-
stratedd in a few amimal studies. Chronic exposure to RF-
EMW can decrease the activity of catalase, superoxidae
dismutase (SOD). and glutathione peroxidase. and thus de-
crease total antioxidant capacity. but experimental studies de-
signed to measure malonaldehyde level and SOD activity
<how contlicting results (7. 8, 13, 16-18. 38, 39),

Reactive axygen species are produced continuously by
spermatazoa. and they are nentralized by antioxidunts pres.
ent in the semen 129, 30y, However, when ROS praduction
exceeds (he capacity af mantioxidanis. a state of oxidative
stress s created. Previonsly. we demonstrated that ROS-
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ROS-TAC score Viabllity (%)

Motility (%) TUNEL DFI (%)
NE Exp NE Exp NE Exp NE
5233 £1321 5897+ 71481 4862+ 17.36  5211+£1834 7.80+662 844 +577
X L R o 62.
% oo 3 e e , 20
© 53521305 61.00% 1371 50060 & 17:49° 5480 £17.61 . 82147.24 - BEE & 6.45
<001 P N 78
S23 oy , : 18 :
4843 % 1399 5229 +£17.41 4358 & 16894 - 4525 +1942 616 & 338 758 124
, 8 s 38 I 88. .
9 T 4

Agarwel, Effecty of RE-EMW on haman semen, Fertid Steril 2008,

TAC score is a more accurate measure of oxidative stress
than ROS or TAC alone (29), The decrease in ROS-TAC
scen in the present study suggests an increase in oxidative
siress due to cell phone exposure. A decrease in sperm mo-
tility and viability is linked to concentration of superoxide
anion i semen. When superoxide is produced extracellu-
larly, it can oxidize membrane phospholipids and cause
a decrease in viability (41). Short-term in vitro exposure
to RF-EMW should not cause a decline in sperm concen-
tration; however. chronic oxidative stress (in. vivo exam-
ples: smoking, varicocele) may lead to a decrease in
sperm count (40, 42), e

Due to methodologic variations, interpretations of studies
regarding DNA damage are complicated. Aitken et al. (15)
demonstrated that exposure of mice to RF-EMW, 900
MHz, 12 h/day for 7 days led to damage to the milochonddial
genome and nuclear beta-globin locus of epididymal sperma-
10zoa. In contrast, Stronati et al, (43) demonstrated no signif-

icant DNA damage in human lymphocytes exposed to
RF-EMW at SAR of | and 2 W/kg for 24 h, Results of other
studics are equaily conflicting (44-32), Recent data suggest
that RF-EMW may not have enough enerpy 10 cause DNA
damage (46, 49, 51, 32). However. it may induce gene expres.
sion of proteins, including heat shock proteins (51, 53-55), In
the present study. the sperm DNA integrity did not change in
the EMW-exposed group compared with the unexposed con-
trol samples. The lack of any DNA damage may be explained
by short-lerm exposure to cell phone radiation or the scay-
enging of free radicals by antioxidants in seminal plasma
(29. 41, 36).

To assess the effect of EMW on sperm funclion, we used
neat semen samples, which coutain both mature and lmima-
lure: spermatozoa. unlike a recent siudy by Falzone ct ul.
{23) who studied only mature spermu from the Percoll frac-
tion. It has been suggested that free radical generating capac-
ity may be higher in spermatozoa in 1he law-density region of

TABLE 2 |
Comparison of increase in ROS value between donor and patient groups.
Donors (n = 23) Patients {n = 9) P value
_ Increase in ROS value - | . 001+£003 0.15 £ 0.24 022
. {x10% cpm/20 million sperm) DA
Increase in log (ROS_'+— 0.001) value © 0.09+ 021 0.66 £0.90 019
Note: Increase in ROS valus [or log (ROS + 0.001)] = mean + 8D valus of exposed minus mean + SD value of unexposed
samples of patients as welf as of donors. ROS = reactive oxygen species.
Agarwal, Effecs nf RF-EMW on haman semen, Fernl Sieril 2008,
Fartility and Sterility G 5|
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| FIGURE 1

Study design and set-up for the exposure of semen sample to RF-EMW. RF-EMW = radiofrequency
| electromagnetic waves; RCS - reactive oxygen species; TAC = total antioxidant capacity.
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the Percall eradient (himmature spermatozoa) compared with
the capacity af spenn from the higher-density fraction (ma.
lure spermatozaa) (36). The present results shaw that the in-
crease in seminal ROS values in donors and patients and the
increase in ROS levels in exposed samples from patienls were
significantly higher than the increase in ROS levels in danur
simnples. We therefore propose that immature and abnormal
spermatozoa may be more susceplible tn cell phone radiatian,
This may be cxplained by the fuct thal these putients already
present with poor quality sperm in teras of both poor imotility
and abpormad morpholpgy :nd presence ol leukocytes. Poor
sperm quality has been shown 10 generate higher kevels of
ROS. Therefare, excessive expusure to cell phone—emitied
RF-EMW would be more likely to lurther deteriorate the
sperm quality, even after this shont expuasure, in hoth mature
as well 18 immature spermi to i larger exient. thereby increas-
ing the likclihood of these patients being infertile.

This 1s a ptian stady, and we acknowledge its limitations,
Cme af them was that wi id nat incasure semimal fenkocyte
counts, Semen valmne also was 2 himiting Iactor in the sum-
ber af samples that were available Tor measuring sperm pa-
rameters. ROS, TAC, and DNA diinage.

The possibility that the bigher ROS production in neat
sernen ul the exposed group is dne o the speaiic effects of

Agarial et al. Effects of RF-EMW on human semen

RF-EMW uu leukocytes is a concern. Studies on inunune-
relevant cell lines regarding the effect of RF-EMW on frec
radical formation are equally conllicting. Varivus rescarchers
have shawn that RF-EMW has no effect on free radical re-
lease I'rom immuane-relevant cells (57-60). Many earlicr stud-
ies have shawn 1hat a 30-Hz magnetic field at 1 mT induces
free radical Tormation in phagocytes or monocytes (61, 62).
In the present pilot study. we did not measure the magnetic
lield emitted by the cell phone battery.

The duration of RF-EMW exposure and experimental
temperature during this pilot study were selccted according
1y guidelines of EMW exposure in an in vitro experiment.
Talk time on a cell phone differs from individual to individ-
wil. so deciding the duration [or the experimental condition
was 2 conplicated munter. Recent in vitra studies on human
sperm and human endothelial ccll lines have used | h of in
vilro expostre (331 A decline in ROS levels in semen with
time a1 37 C has been dempustrated (27). [n a study by Es.
fandiari ¢t al. (63} ROS levels were significantly higher in
semen samples stored at a lower temperature (25 C ws,
37 C). According o the available guidelines. sensitivity
of the experiment shonld be at the highest level 1o maxi-
mize lhe possibility af detecting any significan etfect(s)
uf RE-EMW. To maximize 1he likelihood of chserving
the deletedous elfects in the present pilot studv. we chose

Vol. M. No. M. M 2008

FLA S0 DTD B SEC CODE CA & 23375 1 29 Auzast 2505 B 116 pa B ocs 19

627
628
629
630
031

632
633
634
635
036
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

632
653
654
6335
656
657
638
659
660
661

662
663
664
665
666
667
608
H6Y
670
671

672
673
674
675

676
677

678

G79

680

681

682

HR3




an exposure time of 60 min at room temperature (1. 21.
64). The distance of 2.5 cm was selected 1o mimic the close
proximity of the testis 1o a cell phone in a trouser pocket
{on talk mode), e.g.. while the man is talking on Bluetaoth.
Although we monitored the room temperature, we did ot
measure the temperature of semen samples after exposure,
recent studies have shown that RF-EMW has no thertnal
effects at SAR <2 Wikg RF (19, 65, 66).

I conclusion, inthis pilot study we have demonstrated that
cell phone radiation causes oxidative stress in neat semen and
leads to decreases in spermatozoa matility and viability. The
fact that many men carry their cell phones in  trouser pocket
(or clipped to their belts at the waist) while using Bluetooth is
important. This technology exposes the testes to high-power-
density cell phone radiation compared with the cell phone in
standby mode. Based on our in vitro results, we can speculate
that carrying a cell phone in a pocket may cause deterioration
of sperm quality through oxidative stress. However, the phone
and the male reproductive organs are sepurated by multiple
tissue layers, 50 10 extrapolate the effects seen under in vitro
conditions to reul-life conditions requires further studies,
which currently are under way in our laboratory,

Ackranledgments: The authors acknowledge the Clinical Androlagy Labo-
ruory for iclp with the siudy, The authors thank Jetf Hannnel, M.S., far
slatistical analysis,
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Abstract i .

The rapid worldwide increase in mobile phone use in the last decade has
generated considerable interest in possible carcinogenic effects of radio
frequency (RF). Because exposure to RF from phones is localized, if a risk
exists it is likely to be greatest for tumours in regions with greatest energy
absorption. The objective of the current paper was to characterize the spatial
distribution of RF energy in the brain, using results of measurements made
in two laboratories on 110 phones used in Europe or Japan. Most (97-99%
depending on frequency) appears to be absorbed in the brain hemisphere on
the side where the phone is used, mainly (50-60%) in the temporal lobe. The
average relative SAR® is highest in the temporal lobe (6-15%, depending on
frequency, of the spatial peak SAR in the most exposed region of the brain)
and the cerebellum (2—10%) and decreases very rapidly with increasing depth,
particularly at higher frequencies. The SAR distribution appears to be fairly
similar across phone models, between older and newer phones and between
phones with different antenna types and positions. Analyses of risk by location
of tumour are therefore important for the interpretation of results of studies of
brain tumours in relation to mobile phone use.

(Some figures in this article are in colour only in the electronic version)

8 SAR is the specific energy absorption rate i.e. energy absorption rate per unit mass (measured in W kg™ ).

0031-9155/08/112771+13$30.00 © 2008 Institute of Physics and Engineering in Medicine  Printed in the UK 2m
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1. Introduction

The very rapid worldwide increase in mobile phone use in the last decade,
with more than 2 billion users to date (http://www.nmobiletracker.net/archives/2005/05/
13/mobile-subcribers-worldwide), has generated considerable interest in the possible health
effects of exposure to radio frequency (RF) electromagnetic fields.

A multinational case-control study, INTERPHONE, was set up to investigate whether
mobile phone use increases the risk of cancer and, more specifically, whether exposure to the
RF fields emitted by mobile phones is carcinogenic. The study focused on tumours arising in
some of the tissues expected to be most exposed to RF fields from mobile phones: glioma,
meningioma, acoustic neurinoma and parotid gland tumours (Cardis et al 2007).

Because exposure to RF fields from mobile phones is very localized (Dimbylow and Mann
1994, Rothman er al 1996, Watanabe er al 1996, Wiart er al 1998), it was judged essential to
identify as accurately as possible the location of the origin of brain tumours so that the RF
‘exposure’ at that location could be evaluated. A generic cartography of a human head, the
Gridmaster Computer Program (2007), has been produced in three planes (sagittal, coronal,
axial), whose various cuts are similar to the acquisition planes (see figure 1) used in MRIL.
A protocol was developed and tested for neuro-radiologists to identify the likely anatomical
origin of the brain tumour from MRIs and CT scans using this cartography. It has been used in
all INTERPHONE participating countries, and estimates of the amount of RF energy absorbed .
at the locations of the tumours are being derived for all of the glioma and meningioma cases
tn the study for whom images could be retrieved and localization achieved (Cardis et al 2007).

The spatial distribution of the specific absorption rate (SAR) of energy in the head depends
on many different parameters, including the frequency band, the phone model and the position
of the phone in relation to the head (Kainz er al 2005, Wiart et al 1998). Overall, several
hundred different phone models have been used at one time or another by subjects in the
INTERPHONE study. Ideally, therefore, the study would require, for each brain tumour case,
the estimation of the SAR at the probable location of the origin of the tumour for each phone
used by that subject (and similarly the estimation of the SAR at the same location for the
matched control). An essential aspect of the RF exposure assessment within INTERPHONE
was to determine whether phones could be categorized into a discrete number of classes based
on the SAR distribution they produce. Detailed analyses of data on the spatial distribution
of SAR in the head were conducted, based on results of measurements conducted with over
100 different phone models from different countries and time periods. The frequency band
appeared to be the main general characteristic of the phones that resulted in significantly
different spatial distributions during normal phone use (unpublished results).

Because information about precise localization was not available for all cases in the
INTERPHONE study and is not available at all in the majority of other mobile telephone
studies, the objective of the current paper was to characterize the spatial distribution of SAR,
by phone class, within specific anatomical structures. Results of these analyses are presented
here as analyses of risk in different anatomical structures are important in the interpretation of
results of studies of brain tumours in relation to mobile telephone use.

2. Materials and methods

2.1. SAR measurement data available

SAR distributions of 129 different phone models measured either at the France Telecom RD
laboratory in France or at the TELEC laboratory (Telecom Engineering Center) in Japan were
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Figure 1. Example of three sagittal acquisitions taken at different points: 15, 25, 35. 45, 55, 65
and 75 mm from the side of the head. (Note: arbitrary colours were used to show the different

tissues in the head.)
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p 1y

“Tilt" position of the wireless device on the left side

Flgure 2. Left : measurement equipment. Right: test position.

available for analysis, including a total of 1051 measurements of SAR spatial distributions.
In France, measurements were made on popular phone models used between 1996 and 2002.
In Japan, they were made on all available models on the market in 2001. The measurement
system, composed of a phantom, a SAR measurement probe, a scanning system and a mobile
phone holder (figure 2), allowed measurement of the internal electric field in the phantom
while the mobile phone emitted at maximum power. The phantom, representing a human
head, was filled with a homogeneous liquid with dielectric properties designed to overestimate
the maximum SAR averaged over |1 and 10 gm cubes in a real head (IJEC 2005). The
measurements were performed in ‘cheek’ and 'tilt’ positions (figure 2), on the left and right
side of the phantom, and, in France, at different frequencies (lowest, middle and highest)
in the frequency band in which the handset is able to operate. Phones with retractable
antennas were measured both with the antenna extracted and retracted. The measurement
equipment (figure 2), phantom, liquid and test positions were in accordance with standards
for compliance testing: [EC 62209-1 (IEC 2005), IEEE 1528 (IEEE 2003), CENELEC
(CENELEC 2001).

Measurements of 76 phones operating in the 800-900 * MHz frequency band (using either
the Personal Digital Cellular (PDC) or cdmaOne Japanese systems) or the 1500 MHz (PDC)
frequency bands in Japan and of 34 Global System for Mobile (GSM) phones operating in the
900 and 1800 MHz bands in France were made using the TWIN phantom (CENELEC 1997).

A further 17 GSM and 2 Nordic Mobile Telephony (NMT) phones operating at 900 MHz
were measured on the SAM phantom (CENELEC 2001) in France. The measurements on
SAM were not considered in the main analyses presented here, as the data used to derive the
spatial distribution of SAR throughout the head were based on measurements made in a very
restricted volume, resulting in large.uncertainties in extrapolating energy absorption outside
of this volume. Sensitivity analyses were performed, however, using the measurements made
on the SAM phantom.

° The Japanese 800 MHz PDC and CDMA system uses 900 MHz frequencies (in the range 938-958 and 887-925
MHz respectively) for uplink connection and 800 MHz (respectively 810885 and 832-870 MHz) for downlink. Thus
the frequency emitted by the Japanese 800 MHz phones is similar to that of the European 900 MHz GSM phones
(890-915 MH:z for uplink and 935-960 MHz for downlink).
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Figure 3. lllustration of extrapolation process: SAR at an arbitrary position Q outside of the
measured area is estimated by extrapolation assuming exponential decay from the value at P on
the boundary of the measured area.

2.2. Estimating average SAR in each | cm? of the Gridmaster from the measurement data

In order to make a link between a particular location in the brain and the energy absorbed
at that location, a method was developed to estimate the average SAR in each cube of the
1 cm? grid of the Gridmaster, using the SAR measurement data described above. The method
is described in detail elsewhere (Wake 2003). Briefly, it involved establishing a link between
the coordinate grids of the phantoms and those of the Gridmaster, after localization of the
ear-to-mouth axis on the Gridmaster, and, for each phone measured:

e interpolating the measurements made near the surface of the phantom to obtain estimates
on a | mm? grid, extrapolating outside the measured region; identifying the 0.9+max and
0.7+max contours and determining the lateral decay factor as the distance between these
contours (figure 3);

projecting the extrapolated data onto the conformal plane on the Gridmaster;

e estimating the penetration decay factor k of the exponential decay from the data in the
first three layers of the cube data and projecting the SAR values into the head using the
exponential decay factor;,

e and averaging the SAR in each | cm? cube of the Gridmaster.

2.3. Estimating the SAR distribution in a class of phones

Because repeated measures were available for some phones, the following steps were taken
for each phone:

e when phones were measured both with antenna extracted and retracted, the SARs
estimated in each cube were averaged,
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Figure 4. Anatomical structures of the brain (from hup://www. waiting. convbrainunawmy.html).

o within a frequency band, the SARs in a given cube for a given phone were averaged
over the specific frequencies at which they had been measured (French phones only—the
Japanese phones were measured only near the centre of the frequency band);

o aweighted mean of the estimated SAR in each cube in each phone position was derived: %
tilt + % cheek as this was judged by the Exposure Assessment committee of INTERPHONE
to approximate typical exposure conditions;

o finally, the SAR estimated in each cube was taken to be the average of the SAR estimated
in that cube and of the SAR estimated in the mirror image cube on the other side of the
head when the phone was measured on both sides of the head. This is justified by the fact
that the side of the external antenna (left or right mounting position on the top surface of
the phone) varies across phones and the distribution of antenna side among phones used
in the measurements may not be representative of the actual distribution of antenna side
among all phones used by study subjects.

In this way, we calculated three quantities for each phone, in each frequency band, and
in each of the cubes of the head in the Gridmaster: (1) the absolute average SAR value
(in W kg™') and, because this varied with phone and the average SAR distribution might have
been unduly influenced by a few phones with higher values, (2) the relative average SAR
value, computed as the percentage of the average absolute SAR in a cube relative to the SAR
in the cube of the brain which had the highest absolute SAR (the latter tended to be located
near the ear, in the outer layer of the brain), and (3) the proportion of total energy absorbed,
i.e. the proportion of the total energy in the brain which was absorbed in the cube.

In order to evaluate the distribution of SAR in different anatomical locations in the brain,
the cubes in the Gridmaster were grouped according to major anatomical structures: frontal,
temporal, occipital and parietal lobes, cerebellum and brain stem (figure 4). If a cube included
tissue from two or more different structures, it was assigned to the structure with the largest
proportion of tissue in the cube. The absolute and relative average SAR values in these
structures and the proportion of total energy absorbed were obtained by averaging over all
the cubes in the structure. The relative average SAR was normalized again so that the relative
SAR in the cube with the highest value was 1. As the brain is not entirely symmetrical, the
boundaries of the different anatomical structures differ on the left and right sides of the head.
Separate analyses were conducted in the right and left halves of the brain, for a phone held on
the right and left side respectively. For simplicity, results in this paper are shown for the right
hemisphere of the brain, for a phone held on the same side. Results for the left half of the
brain for a phone held on the left were similar.
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We then calculated the distributions of absolute and relative SAR, and of the proportion of
total energy absorbed, for different classes of phones (defined by frequency band—separating
the 800-900 phones from Japan and Europe, because of their very different shape and
size—and, for some additional analyses, by marketing year, type of antenna——patch, helix,
extractable—and measurement position—tilt and cheek) by averaging these quantities in each
anatomical location over all the measurements in the class.

3. Results

Table | shows the distribution of the average relative SAR and of the proportion of total energy
absorbed in the brain, by anatomical location in the right hemisphere of the brain, for phones
held on the right side of the head. Most (97-99%, depending on the frequency band) of the
RF energy appears to be absorbed in the hemisphere of the brain located on the side of the
head where the phone is used.

The average relative SAR was highest in the temporal lobe, whatever the frequency band.
It ranged from 5% of the SAR in the cube with the highest absolute SAR value in GSM
1800 MHz phones to 15.5% in GSM 900 MHz phones. Analyses of average absolute SAR
give similar results (not shown). The cerebellum appears to be the brain structure with the
second highest average SAR. For GSM 900 and 1800 MHz phones, the average relative SAR
was slightly higher in the frontal lobe and parietal lobes than in the occipital lobe and in the
brain stem. For PDC and cdmaOne 800-900 and PDC 1500 MHz phones, the average SAR
in the occipital lobe appears to be higher than in the frontal or parietal lobes.

The proportion of energy absorbed was also highest in the temporal lobe, whatever
the frequency band: between 50 and 60% of the total RF energy in the brain was absorbed
in the temporal lobe in the hemisphere of the brain located on the side of the head where the
phone is used. For PDC and cdmaOne 800-900 and PDC 1500 MHz phones, the cerebellum
had the second highest proportion of energy absorbed (22 and 25%, respectively), while for
GSM 900 and 1800 phones, despite the fact that the average relative SAR was higher in the
cerebellum, a higher proportion of energy was absorbed in the much larger frontal lobe (19%
in frontal versus 12% in cerebellum at 900 MHz; 14 versus 13% at 1800 MHz).

Analyses by marketing year and by type of antenna show similar patterns of distributions
across anatomical structures (table 2), as do analyses restricted to measurements in the tilt and
the cheek position, except for Japanese phones tn the tilt position where the average relative
SAR in the cerebellum is similar to that in the temporal lobe (table 3). Sensitivity analyses
using data on the phones measured on the SAM phantom show higher SAR at 900 MHz in the
cerebellum and the occipital lobe than with the TWIN phantom (not shown).

While the average relative SAR in different anatomical structures varied between phones,
as indicated in table 1, the relative ranks of the different anatomical structures were fairly
constant. The cube with the highest average SAR was in the temporal lobe for all but two
of the phones measured. The temporal lobe was the structure with the highest average SAR
for all but 4 of the 800-900 PDC and cdmaOne phones, | of the GSM 900 phones, 17 of the
PDC 1500 MHz phones and 5 of the GSM 1800 MHz phones. For the remaining phones,
the average SAR was highest in the cerebellum, except for 2 phones at 1800 MHz. For
these, the highest average SAR was seen in the frontal lobe, but the SAR levels in frontal
and temporal lobes were very close.

Table 4 shows the distribution of average relative SAR by lobe and the frequency band
in the saggital slices of the Gridmaster on the right-hand side of the head (SOg-, Slg-., S2g-,
S3g-, S4g-, S5g-, S6R-, -S61), for a phone held on the right-hand side of the head. The slices
correspond to layers that are, respectively, 15-24, 25-34, 35-44, 45-54, 55-64, 65-74, 75-84
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Table 2. Distribution of average relative SAR and of proportion of 10tal energy absorbed by
anatomical location, frequency band, markeling year and 1ype of antenna—for a phone held on
the right side of the head and in anaiomical locations in the right hemisphere of the brain (French
phones only as no information available on Japanese phones).

Marketing year Type of anienna

Before 2001 2001 or laer Helix Paich

900 1800 900 1800 900 1800 900 1800
Average relalive SAR (%)
Brainsiem 33 0.3 3.1 0.4 32 0.2 3.1 0.6
Cerebellum 6.9 2.1 6.9 2.5 7.0 19 6.5 33
Frontal 42 0.6 6.4 2.0 5.6 0.7 6.2 3.0
Occipiral 1.9 0.7 2.3 0.9 2.1 0.5 22 1.5
Parieal 44 14 54 1.5 49 07 53 2.8
Temporal 14.4 35 16.0 5.7 15.4 3.5 15.9 76
Proportion of 1otal energy absorbed in the brain (%)
Brainsiem 1.0 03 0.8 0.2 08 0.2 0.9 0.2
Cerebellum 12.7 143 11.8 11.9 12.3 13.8 11.2 10.8
Frontal 16.8 9.6 20.6 15.9 19.0 12.5 20.8 17.1
Occipital 46 6.3 5.1 5.0 5.0 52 4.7 5.9
Parieial 9.7 9.5 9.3 6.0 9.4 57 9.4 9.2
Temporal 51.8 59.6 49.3 60.4 50.4 62.2 49.9 56.1
Number of phones measured

10 9 24 23 21 19 12 11

Table 3. Distribution of average relaive SAR by anatomical location, frequency band and position
of the phone during the measuremenis—for a phone held on the right side of the head and in
anatomical locations in the right hemisphere of the brain.

Tih Cheek
800-900 PDC 900 1500 1800 800-900 PDC 900 1500 1800
and CDMA GSM pDC GSM and CDMA GSM PDC GSM
Average relaiive SAR (%)
Brainstem 2.1 2.7 0.5 0.4 33 34 0.7 0.3
Cerebellum 9.5 6.5 5.6 2.5 9.4 6.4 5.0 2.1
Frontal 1.3 53 0.5 14 2.8 5.4 0.8 1.8
- Occipital 39 2.1 2.2 0.9 3.7 1.9 2.0 0.8
Parietal 1.0 5.0 0.5 1.5 1.5 42 0.8 1.1
Temporal 10.5 14.2 59 47 15.4 15.8 78 58

and 85-94 mm from the right side of the reference head (S3g passes through the orbit of
the right eye and -S6_ also corresponds to the slice 75-84 mm from the left side of the head)
(figure 1). The average relative SAR diminished rapidly with depth in the brain, particularly
at higher frequencies. In 800 and 900 MHz phones, the average relative SAR was less than or
equal to 10% in the S3g layer in all anatomical structures except the cerebellum; at 1500 and
1800 MHz, the average relative SAR was less than 10% in the S2 layers in all structures but
the cerebellum. By the S6p layer, the average relative SAR was of the order of 1% or less at
all frequencies and in nearly all structures except the cerebellum.
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Table 4. Disiribution of the average relative SAR by anatomical location, saggital layer and
frequency band, expressed as % of the SAR in the brain cube with the highest absoluie SAR
value—figures shown are in anatomical locations in the right half of the brain for a phone held on
the right side of the head.

Anaiomical layer® Temporal lobe Frontal lobe Parietal lobe Occipital lobe Cerebellum

800-900 MHz Japanese phones (%)

SOR- 40 NAP NA NA NA'
SIR- 21 5 4 32 NA
S2R- 13 4 2 11 31
S3R- 7 2 1 5 16
S4R- 4 1 0.7 2 8
S5R- 2 0.8 04 1 4
S6 R- 04 0.5 0.2 0.6 2
-S6 L 0.2 0.2 0.1 0.3 1
900 MHz European phones (%)

SOR- 51 NA NA NA NA
SIR- 28 21 16 19 NA
S2R- 18 13 9 6 24
S3R- 10 8 5 3 11
S4R- 6 5 3 1 5
S5R- 3 3 2 0.8 3
S6R- 1 1 1 04 1
-S6 L 0.6 0.7 0.6 ) 0.2 0.5
1500 MHz Japanese phones (%)

SOR- 34 NA NA NA NA
SIR- 13 2 2 27 NA
S2R- 5 1 1 6 22
S3R- 2 07 0.4 2 9
S4R- 0.9 0.4 0.2 0.6 4
S5R- 0.4 0.2 0.1 0.3 1
S6R- 0.1 0.1 0.1 0.1 0.5
-S6 L 0.02 0.03 0.02 0.04 0.2
1800 MHz European phones (%)

SOR- 34 NA NA NA NA
SIR- 10 8 6 12 NA
S2R- 4 4 3 2 11
S3R- 1 3 1 0.8 4
S4R- 0.5 1 0.8 0.2 1
S5R- 0.2 0.3 04 0.1 0.5
S6R- 0.04 0.1 0.1 0.04 0.2
-S6 L 0.02 0.03 0.04 0.02 0.1

2 See 1exi1 for definition.
®N.A.: not applicable—indicates that there is no relevani tissue (or very little) in a particular sagittal layer.

In the temporal lobe, the average relative SAR in the first layer ranged from 34% to 51%
of the SAR in the cube with the highest exposure. In the fourth layer, the corresponding values
were 1% at 1800 MHz and 10% at 900 MHz (table 4 and figure 3).

In the outermost layers, the highest average SAR values were seen in the temporal lobe,
followed by the cerebellum and occipital lobes (table 4).
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Figure 5. Distribution of average relative SAR (expressed as % of the SAR in the brain cube
with the highest absolute SAR value) in the 1emporal lobe. as a function of frequency and sagittal

layer—for a phone held on the right-hand side of the head and in anatomical locations in the right
hemisphere of the brain.

4. Discussion

Results of analyses presented here suggest that the average RF energy absorption from mobile
phones is generally highest in the temporal lobe and that this structure, on the side of the head
to which the phone is held, generally absorbs at least half of all of the RF energy absorbed
in the brain. As observed previously (Kuster et al 2004), the absorption is also highest in the
outermost layers of the brain on the side of the head where the phone is held.

There are a number of uncertainties in our estimation of SAR in the head. They are
related to

 the fact that we estimate SAR in a heterogeneous head using measurements performed in
a homogeneous head; this uncertainty is, however, reduced by averaging over | cm’;

« human anatomical variability: depending on the shape of the head and on the internal
anatomy, the SAR in the brain can vary; a recent study (Wiart et a 2008) performed with
different adult heads has shown that the standard deviation of the maximum 10 g average
SAR is about 30%; ]

o uncertainties in the exact localization of the different anatomical structures in the relatively
coarse | cm? grid, particularly relatively small ones such as the cerebellum;

o the measurements themselves are subject to variability, as a measurement uncertainty of
30% is allowed in the standards for measurement procedure in IEC 62209-1 (IEC 2005),
IEEE 1528 (IEEE 2003) and CENELEC (CENELEC 2001}, ‘

o uncertainties related to the position in which the phone is held, although results of
measurements made in tilt and cheek showed generally similar results;

o the interpolation and extrapolation methods used to derive the SAR distribution in our
three-dimensional grid also are subject to uncertainty.

While the distribution is likely to be relatively well characterized in the region close
to the maximum SAR, it is more uncertain further away as, for compliance purposes, the
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phantoms used have been designed to be larger than average European and Japanese heads,
particularly towards the back of the head. In particular, the average relative SAR estimated
in this paper in the cerebellum and the occipital lobe may be overestimated. Although part
of the cerebellum is located close to the region of maximum SAR (and the maximum SAR
over | g in the cerebellum is close to the SAR over 1 g in the brain (Wiart et al 2008) and
although the cerebellum is relatively small, most of the organ is not in fact close to the region
of maximum SAR. Numerical simulations performed with FDTD with various adult head
models and different handsets indicate an average SAR in the cerebellum of the order of 3%
of the maximum SAR over 1 g in the brain. Furthermore, results of the sensitivity analyses
comparing SAM and TWIN phantoms show that the average relative SAR is very similar in a
given frequency band in the temporal, frontal and parietal lobes. However, in the structures
located further back in the head, the occipital lobe and the cerebellum, it is nearly twice as
high at 900 MHz for the phones measured on SAM; although these differences may reflect
uncertainties related to extrapolating from measurements made on a restricted volume, they
could also be related to the size of the SAM phantom, which is the bigger of the two phantoms.

Despite these uncertainties, however, our results appear to be fairly robust; the maximum
SAR and the highest average relative SAR are seen in the temporal lobe for the vast majority
of the phones measured and, although phones have become smaller and the type and position
of the antenna have changed over time, this appears to have relatively little impact on the
anatomical distribution of the SAR,

These resuits suggest that analyses of risk by location of tumour are important for the

interpretation of results of epidemiological studies of brain tumours in relation to mobile
phone use.
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Abstract

This paper deals with the variability of body models used in numerical
dosimetry studies. Six adult anthropomorphic voxel models have been
collected and used to build 5-, 8- and 12-year-old children using a morphing
method respecting anatomical parameters. Finite-difference time-domain
calculations of a specific absorption rate (SAR) have been performed for a
range of frequencies from 20 MHz to 2.4 GHz for isolated models illuminated
by plane waves. A whole-body-averaged SAR is presented as well as the
average on specific tissues such as skin, muscles. fat or bones and the average
on specific parts of the body such as head, legs, arms or torso. Results point
out the variability of adult models. The standard deviation of whole-body-
averaged SAR of adult models can reach 40%. All phantoms are exposed to
the ICNIRP reference levels. Results show that for adults, compliance with
reference levels ensures compliance with basic restrictions, but concerning
children models involved in this study, the whole-body-averaged SAR goes
over the fundamental safety limits up to 40%.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

To ensure protection for public and workers against radio frequency (RF) overexposure, the
ICNIRP have established guidelines for limiting electromagnetic fields’ exposure (ICNIRP
1998). They define basic restrictions which specify a specific absorption rate (SAR) not to be
exceeded and reference levels in terms of an electric field, magnetic field or power density. The
reference levels were derived from basic restrictions several years ago from a highly simplified
human model. Since then, a number of realistic human models have been developed and used
in dosimetry studies.

Since 1997, several studies have been performed to analyze adults and also children the
behavior of toward electromagnetic exposure (Dimbylow 1997, 2002, 2007, Dimbylow and
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Figure 1. The six adult models gathered for this study.

Mann 2006a, 2006b, Findlay and Dimbylow 2005, 2006). These studies have pointed out
that the whole-body-averaged SAR may exceed the basic SAR limit under the reference level
for children. Dimbylow’s work is focused on the English numerical model named Norman.
A Japanese team confirmed Dimbylow’s results using Japanese numerical models (Wang
et al 2006a, 2006b, Hirata et al 2006, 2007).

The main limitation of a number of studies is linked to the variability. The human
population is highly diverse and it is impossible to generalize any result obtained on one
model. The objective of this paper is to push back this limitation using several adult
models. Six numerical human models have been compared, and their variability in terms
of morphology and behavior toward RF exposure for frequencies from 20 MHz to 2.4 GHz
has been analyzed. Historically, the first numerical models of children have been obtained
by homothetic transformation of adult models. But a child is not a simple scale of an adult.
Numerous studies have already dealt with the case of realistic child heads (Wang and Fujiwara
2003, Hadjem et al 2004, Wiart et al 2005, 2008). For this study, we have constructed
more realistic child models using a piecewise reduction of adult models respecting child
morphologic data.

The electromagnetic properties of tissues are important to assess the SAR in specific
tissues. In this paper, we consider that in the range of our study (above 5-years old), the
variation of dielectric properties with age can be neglected (Wang et al 2006a). In line with
this, we use the dielectric properties of tissues that are commonly used (Gabriel 1996).

_ The paper is focused on the assessment of the SAR not only averaged on the whole body
as usually done, but also averaged on different parts of the body such as the head, the legs,
the arms or the torso. Another original aspect concerns the SAR averaged in particular tissues
such as skin, muscles, fat or bones.

2. Numerical phantom models
2.1. Adults

2.1.1. Models. 1In recent years, several voxel phantoms have been developed on the basis of
tomographic data of real individuals. For this study, five male adult models and one female
adult model have been gathered (figure 1): Visible Human (VH) (Ackerman 1995), the model
developed at HPA-NRPB named Norman (Dimbylow 1996), the models developed at NICT
named here Japan Male and Japan Female (Nagaoka et al 2004), the model developed in Korea
later named Korean (Lee et al 2006) and the model developed by Yale University named Zubal
(Zubal et al 1995).

These six adult models do not look like each other. Initial models also do not have the
same segmentation. The size of voxels varies from 1 mm? to 3.6 mm? and the number of
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Figure 2. Repartition of the BMI of adult models around mean value.
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Figure 3. Mean weight of the four main tissues of phantoms (skin, bones, muscle and fat) and
associated standard deviations.

tissues from 29 to 55. For the purpose of standardizing the input data, all the models have
been remeshed with a common voxel size of 2 mm?.

.

2.1.2. Morphological characteristics. Before assessing the RF exposure of different models,
we have to compare external and internal morphologies of phantoms. The external geometry
is characterized among others by the height, the weight, the body mass index (BMI) which
can be used as a measure of body fat:

BMI — he'xght (m) .
-weight (kg)?

The six adult models represent different types of morphologies. The mean phantom has
a weight of 76 kg with an important standard deviation of 18.5 kg and a height of 1.73 m with
a standard deviation of 7 cm. Figure 2 shows repartition of the BMI around the mean value.

The Visible Human and the Japan Female emerge as two extremes. Visible Human is
tall and fat with the highest BMI, while the Japan Female is small and light with the smallest
BMI. Between both the extremes, we find Zubal and the Korean on the one hand and the Japan
Male and Norman on the other hand that have almost the same height, weight and so almost
the same BMI.

Concerning the internal morphology, the weight repartition of main tissues reveals that
four tissues constitute around 85% of the total weight whatever the model: skin, muscles,
bones and fat. For each of these four tissues, the mean weight and associated standard
deviation have been plotted in figure 3.

Figure 3 points out an important variability of adult models in term of tissue weights.
Tissues that are most important quantitatively (i.e. muscles and fat with mean values of 33 kg
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Figure 4. Internal morphology-weight repartition of main tissues.

and 17 kg, respectively) are also those that have the highest standard deviations (i.e. 10 kg
for muscles and 7 kg for fat). The repartition in the weight ratio of the main tissues (skin,
muscles, fat and bones) is summed up for each model in figure 4.

Skin is a highly important tissue because it is the first tissue which is met by the incident
field. Figure 4 shows quite an important variability in the skin-weight ratio. It varies from
around 5% for VH to almost 12% for the Korean. The Korean model had the largest initial size
of voxel with 3.6 mm, which involves a higher skin thickness. Concerning the muscle-weight
ratio, the Japan Female distinguishes herself with a lower ratio (about 33%) than the ratios of
male models (between 42% and 47%). About fat, Visible Human and the Japan Female differ

from the others with a higher fat-weighit ratio (about 30%). The shape of both these models
(figure 1) shows that they are fat.

2.2. Child

2.2.1. Method of morphing. The first problem encountered with child models is the lack of
magnetic resonance images (MRI) of children. Uniform scaling has been used (Dimbylow
2002), but this method supposes that growth is perfectly proportional which is not valid. To
obtain more realistic child models, we suggest making a piecewise reduction of the adult
model with respect to the main anatomical parameters. From the literature, the extemal shape
of human heads and bodies and their transformation versus age have been analyzed (Sempé et
al 1979, Farkas 1994, Hadjem et al 2004, Burguet et al 2004). The numbers of head and body
parameters have been taken into account to build models corresponding to the mean value of
the three classes of ages (12-, 8- and 5-year olds).

Head parameters. Head growth is particularly important because it is absolutely not linear.
Children have bigger heads than adults. Specific studies on child head RF exposure have been
conducted (Hadjem et al 2004, Wiart et al 2007).

Body parameters. Concerning body proportions, as for the head, a number of parameters
have been considered to obtain the three classes of ages (see figure 5),
All child models have been constructed on the basis of mean values of morphologic data.

So even if they come from six highly variable adults, child models present, by construction, a
weaker variability than adult models.

2.2.2. Morphological characteristics depending on age. The mean values of main tissue
weight ratios versus age are shown in fi gure 6. Skin and bone ratios are quite stable during the
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Figure 5. Morphological description of the body model. Example from left to right of Norman at
adulthood, 12-, 8-'and 5-year olds.
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Figure 6. Evolution depending on the age of mean weight ratios of main tissues.

growth (about 8% for skin and 15% for bones). As for fat and muscles ratios, they increase
during the growth by about 2%.

The brain—weight ratio is the only one to decrease with age. It decreases from 5% to
2% on average. This traduces that a child’s brain grows quickly before the age of three
and afterwards grows slowly. The brain—weight ratio reaches the adult level between 6 and
14 years of age.

As for adults, skin, muscles, bones and fat represent around 85% of total weight. The
mean repartition of these tissues is quite stable at the different ages studied. Muscles represent
the heaviest ratio with an average of 41% of the total weight.

By comparing weight repartitions in a child obtained by the morphing method and in
a child obtained by a simple scaling, it appears that the homothetic transformation does not
enable us to take into account the disparities in the human growth. For example, the brain
homothetic reduction would be too drastic and opposite; muscles and fat homothetic reductions
would not be important enough.

3. Numerical method

3.1. Exposure parameters

This study is focused on exposure assessment to an incident front plane wave for isolated
conditions. The incident field is vertically polarized and arrives face to the phantom. Exposure
is quantified by the SAR. The SAR is given by the well-known relationship

E2
SAR = a—.
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Figure 7. Whole-body-averaged SAR for different adult models on a large frequency range from
20 MHz to0 2400 MHz for an incident power density of | Wm™2,

where o is the conductivity, p is the mass density and E is the electric field strength induced
in tissues.

Different numerical methods can be used to assess the electric field induced in human
body. The most employed is the finite difference in time domain (FDTD) (Taflove 2000)).
In our study, an in-house FDTD code has been used. To simulate an infinite space and to
avoid spurious reflection at the boundary of the limited numericai domain, absorbing boundary
conditions have to be imposed in this study. The in-house code enables using the uniaxial
perfectly matched layer (UPML) (Berenger 1994). To propagate a plane wave, a Huygens box
is placed five cells from the UMPL layers. The phantom is also placed five cells away from
the Huygens box as described.

The choice of different parameters has been tested by comparing FDTD calculations with
the analytical Mie series solution (Stratton 1941) for a homogeneous muscle sphere. The
calculation domain consists in 2 mm cubical cells and the absorbing boundary conditions
employed were six UMPLs (Gedney 1996) with an order of 4. The Huygens box is placed
five cells away from the UMPL. The incident field was a plane wave vertically polarized
propagating along the horizontal axis from front to back. A comparison between the FDTD
and Mie calculations gives a very good agreement. At 900 MHz, the local error on the electric
field is very weak with an absolute maximal deviation of 7% and an absolute averaged error
of less than 1%. Similar comparisons at 70 MHz and 2100 MHz yield maximal differences of
5% and 10% and averaged differences of 1% and 2%, respectively.

4. Results on variability of models

4.1. Adults

4.1.1. Averaged whole-body SAR. We are now going to consider the whole-body-averaged
SAR of each adult phantom depending on frequency (figure 7).

The well-known resonance region around 70 MHz clearly appears in figure 7. The
resonance frequency depends on the height of the phantom. The tallest phantom Visible
Human (respectively the smallest phantom Japan Female) has the lowest (respectively the
highest) resonance frequency.
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Figure 8. Deviation of the whole-body SAR of each adult model from the mean whole-body SAR.

Table 1. Mean values on frequency for each adult model of the deviation from mean whole-body

SAR.
Visible Japan  Japan
Human Korean Zubal Norman Male Female
Mean deviation from -25% —~15% —-9%  +9% 15% +25%
mean whole-body bSAR

The whole-body-averaged SAR level can be compared to the BMI level or to the body
surface area (BSA) level. The lowest (respectively highest) whole-body-averaged SAR
fits with the highest (respectively lowest) BMI or the highest (respectively lowest) BSA.
Concerning Japan Male and Norman, they have roughly the same BMI and BSA, and yet
Japan Male has a whole-body-averaged SAR slightly higher than that of Norman. This
discrepancy can be explained by anatomical considerations. Japan Male has less skin than
Norman, and skin has a relative high permittivity and conductivity.

Figure 8 displays deviations of the whole-body SAR of each adult model from the mean
whole-body SAR depending on the frequency. The variability of the adult model appears
strong. As expected, the highest deviations are visible for both the extreme models: the Japan
Female and Visible Human.

In table 1, the mean deviation of the whole-body SAR averaged on the frequency range
is given for each adult.

On the frequency range studied, the standard deviation is highly variable contained
between 9% at 60 MHz and 30% at 2100 MHz. The mean value is 20% and, for example,
values at 100 MHz, 400 MHz and 900 MHz are 25%, 10% and 20% respectively.

4.1.2. Averaged part-body SAR. In this part, the whole body is split into four main parts:
the head, the legs, the torso and the arms. The mean values of the averaged SAR induced in
each part are displayed in figure 9.

Whatever the part of the body, the resonance around 60 MHz of the whole body is visible.
Each part participates in the whole-body resonance. For the legs and torso, the resonance at
60 MHz is highly marked because the legs and torso constitute the parts of the whole body
which start resonating. In contrast, head and arms are separate parts of the body. The head
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Figure 9. Mean values of SAR induced in different parts of adult models,
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Figure 10. Mean values of power’s percentage absorbed by each part of body: head, arms, legs
and torso,

subjects the whole-body resonance around 60 MHz, but another resonarnce also appears around
200 MHz. This resonance is a characteristic of the head’s geometry and internal properties.
The arms are parallel to the body; this should explain the large zone of resonance between
80 MHz and 180 MHz. On the one hand, a homogeneous cylinder of a size which is typically
the size of adult arms resonates around 180 MHz and, on the other hand, the whole body
resonates around 70 MHz. A combination of both phenomena induces this large resonance
region from 80 MHz to 180 MHz.

To enable quantitative comparisons, figure 10 displays the percentage of power absorbed
by the main parts of the body. As expected, the legs and torso absorbed most of the power,
specifically at low frequencies. The legs absorb until more than 60% of the total absorbed
power and the torso until 30% at the lowest frequencies. When the frequency increases,
the arms and head start their specific resonances and, as a result, they will absorb more in
proportion.
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Figure 11. Variability of the SAR induced in different parts of adult models: legs (a), torso (b),
head (c) and arms (d). The continuous lines are the mean values and the dotted lines are lower and
upper bounds of the interval [mean —o mean +o .

To point out the variability of used models, figure 11 shows mean trends of the SAR
induced at different parts of the adult body. The lower and upper bounds of interval [mean
—o mean +o ] are also indicated by dotted lines.

First of all, the SAR induced in legs is noted to be very variable. The standard deviation
o is low. The SAR induced in the torso presents a variability analogous to that of the whole
body. The SAR induced in the head presents a variability analogous to that of the whole body
around the whole-body resonance. But around the resonance characteristic of the head (about
200 MHz), the variability is lower. This can be explained by the lower variability of head
models than that of the whole body. As for arms, the posture of different models is different.
For example (see figure 1), the Korean model has his arms very close to his body while Visible
Human has his hands in front of him and other models have their arms slightly separated from
their bodies. These differences may explain the high variability in the SAR induced in arms.

4.1.3. Averaged SAR depending on the tissue type. In the morphological analysis of adult
models in section 1, we have noted that only four tissues of adult models absorbed about 85%
of the total power absorbed by the whole body. These tissues are skin, bones, muscles and fat.
Figure 12 displays the mean values of the SAR induced in these four tissues.

As expected, the whole-body resonance around 60 MHz is visible in each tissue. In
the resonance region, the SAR values are much higher in muscles and skin than in fat and
bones because conductivity values of muscles and skin are much higher than those of fat and
bones. Above this resonance region, the higher the frequency is, the more the absorption
is superficial and, in this way, the SAR induced in skin increases while the SAR induced in
muscles decreases.
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Figure 12. Mean values of the SAR induced in main tissues of an adult model: skin, bones,
muscles, fat and brain.
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Figure 13. Percentages of power absorbed by main tissues of adult models depending on
frequencies.

As for the study of absorption by different parts of the body, we display in figure 13
percentages of power absorbed by five main tissues.

Figure 12 shows that skin and muscles have almost the same behavior in terms of induced
SAR at low frequencies. But conceming the percentage of absorbed power, muscles absorb
most of the power at low frequencies (until 55% of the total absorbed power) because the
human body has much more muscles than skin. In adulthood, muscles represent on average
43% of the total weight. But by increasing the frequency, the absorption becomes more
superficial and then the skin becomes the predominant tissue concerning the absorbed power.
At 2400 MHz, the skin absorbed on average 40% of the total absorbed power while it represents
only 7% of the total weight.

In figure 14, distributions of power absorption depending on tissues for a low frequency
of 20 MHz and a high frequency of 2400 MHz are displayed. At 20 MHz, it clearly appears
that absorption is through the whole body with most of the power absorbed by muscles. In
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Figure 14. Mean distribution of power absorption in adult models at 20 MHz and 2400 MHz.
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Figure 15. Mean whole-body SAR depending on frequencies for different ages.

contrast, at 2400 MHz, absorption is more superficial and the skin absorbs a high part of the
incident power.

4.2. Child

As described in section 2.2, for each type of model (VH, Zubal, Norman, Japan Male, Japan
Female and Korean) three 5-, 8- and 12-year-old children have been constructed by morphing.
In figure 13, the whole-body-averaged SAR depending on the frequency is displayed averaged
for the six types of models.

Whatever the model, children and adults have qualitatively the same behavior. But the
younger the model, the higher the resonance frequency and the stronger the resonance. So,
the whole-body SAR induced in children is higher than the one induced in adults.

On average, the resonance frequency is shifted from 60 MHz at adulthood to 80, 100 and
120 MHz at respectively 12, 8 and 5 years of age. Concerning amplitudes, the whole-body-
averaged SAR at resonance increased by 26%, 38% and 48% from adulthood to respectively
12, 8 and 5 years of age.

As for the adult study, the SAR induced in each part of the body is interesting data to
understand the absorption by the body. Figure 16 displays the SAR induced in each part of the
body of adult and children, on average of the six types of model depending on frequency. The
same conclusions as for an adult are valid. The legs and torso constitute the global shape of
the body and present the whole-body resonance. Concerning heads, as for the adult one,
besides resonating at the whole-body resonance frequency, they have a characteristic resonance
at higher frequency. As for the whole-body resonance frequency, the resonance characteristic
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Figure 16. SAR induced in heads, averaged on six types of model for different ages of model
(adulthood, 12-, 8- and 5-year-old) depending on frequency.

of the head is shifted with age. It is located at 200 MHz, 250 MHz, 300 MHz and 350 MHz
for the heads of respectively an adult, a 12-, a 8- and a 5-year-old child.

5. SAR and reference levels

The ICNIRP has recommended limits to protect the general public against overexposure to
electromagnetic fields. These limits are stated in terms of basic restrictions and of reference
levels. Basic restrictions define among others a limit value for the whole-body-averaged SAR.
For public exposure, this ICNIRP basic restriction is 0.08 W kg~!. Reference levels have also
been defined in order to ensure respect for these basic restrictions. For our range of frequency,
the ICNIRP public exposure reference levels are given as a power density denoted as S:

for F < 400MHz, S=2Wm™2
for 400MHz < F < 2 GHg, S =35 Wm™
for F > 2GHz, S=10Wm™2

Figure 17 displays the whole-body-averaged SAR for the six adult models for an incident
power density equal to ICNIRP public exposure reference levels. Compared to the whole-
body-averaged SAR induced by constant incident power density (figure 8), a second peak
region appears in the 2 GHz region directly induced by the reference levels proportional to the
frequency in this region.

Around 2 GHz, the whole-body-averaged SAR of the J apan Female and that of the Male
are very close to the basic restriction (SAR values reach 92% and99% of the basic restriction).
It was previously shown that the standard deviation of the whole-body SAR is about 30%
around 2 GHz. It is therefore reasonable to consider that some human models that will exceed
basic restrictions.

Concerning child exposure, ICNIRP reference levels are the same as for an adult. The
behavior of the whole-body SAR of children for incident power density equal to ICNIRP
reference levels (see figure 18 for trends averaged on the six models) is qualitatively the same
as for an adult. The artificial peak around 2 GHz also appears and is stronger than for an adult.
Adults were not so far off the basic restriction; it also makes sense that the SAR induced in
children exceeds the ICNIRP basic restriction under these conditions of exposure. The most
problematic region is the region around 2 GHz. At these frequencies, almost all children
have a whole-body-averaged SAR exceeding the basic restriction. The whole-body-averaged
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Figure 17. Whole-body-averaged SAR for the six adult models depending on frequency for an
incident power density fixed by ICNIRP reference levels.
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Figure 18. Whole-body-averaged SAR for the mean model (for adult and children) depending on
frequency for an incident power density fixed by ICNIRP reference levels.

SAR of 5-year-old children reached on average 125% of the ICNIRP basic restriction with a
standard deviation of 25%, that of 8-year-old children reached 108% with a standard deviation
of 23% and that of 12-year-old children reached 96% with a standard deviation of 13%.

Concerning the resonance region, SAR values are very close to restrictions particularly for
5-year-old children. The whole-body-averaged SAR of a 5-year-old child reached on average
101% of the ICNIRP basic restriction with a standard deviation of 7%.

6. Conclusions

FDTD calculations have been performed at a common 2 mm resolution of different voxel
models of adult human for isolated conditions: Norman, Zubal, Korean, Japan Male and
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Female and Visible Human. From these adults, 5-, 8- and 12-year-old children have been built
by using a morphing method enabling us to respect numerous morphological parameters. This
paper presented an analysis of calculations of an averaged SAR from 20 MHz to 2.4 GHz.

Before any calculation, the morphology variability of adult models used in this study has
been pointed out. Indeed, the six used adult models do not have the same appearance. This
has been traduced by relatively high standard deviations of morphological parameters of adult
models. For example, the body mass index (BMI) assessing body fat has a standard deviation
of 18% and concerning internal morphology, muscles that represent the highest weight ratio
of humans have a standard deviation of 30%.

The morphology variability affects an induced SAR in models. FDTD calculations have
pointed out an important variability of the whole-body-averaged SAR implying a standard
deviation from 10% to 30% depending on the frequency.

On the one hand, calculation of the tissues-averaged SAR has shown that skin has a
high impact on high frequencies because absorption is more superficial. At a low frequency,
absorption is more volumic and most of the power is absorbed by muscles. Muscles represent
on average 40% of the total mass for an adult, and they absorbed at low frequencies until 55%
of the total absorbed power.

On the other hand, assessment of the averaged SAR in different parts of body has shown
that the legs and torso introduce the whole-body resonance visible around 70 MHz for an adult.
The heads and arms undergo whole-body resonance, but also present their own resonances
around 200 MHz for an adult’s head and around 160 MHz for an adult’s legs.

By subjecting adult models to ICNIRP reference levels of public exposure, we point out
that all the adult models used in this study respect basic restrictions but are not so far from
them. Moreover, the variability of models leads to envisage models that might exceed basic
restrictions.

Concerning children, the morphing method enables us to obtain more realistic models
than by a simple homothetic transformation. Children have a behavior similar to adults. A
whole-body resonance appears at a frequency and with amplitude increasing with a decreased
age. Heads have a characteristic resonance between 200 MHz and 350 MHz depending on the
age. Legs have a resonating plateau between 100 MHz and 200 MHz.

By subjecting children models to ICNIRP reference levels of public exposure, we point
out that a number of the child models used in this study exceed basic restrictions around the
gigahertz region. The whole-body-averaged SAR of 5-year-old children goes up to 40% over
basic restrictions.

Further work will consist, on one hand, of studing the localized SAR exposure. On
the other hand, it will be interesting to vary exposure by using an aside exposure or ground
conditions for example. ‘

Results on children should be confirmed by calculations on voxel models obtained, for
example, from MRI images.
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tuned to 1.8 GHz and covering a range of specific abso
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their offspring.
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Background: In recent times there has been some controversy over the impact of electromagnetic radiation on human
health. The significance of mobile phone radiation on male reproduction is a key element of this debate since several
studies have suggested a relationship between mobile phone use and semen quality. The potential mechanisms involved
have not been established, however, human spermatozoa are known to be particularly vulnerable to oxidative stress by
virtue of the abundant availability of substrates for free radical attack and the lack of cytoplasmic space to accommodate
antioxidant enzymes. Moreover, the induction of oxidative stress in these cells not only perturbs their capacity for
fertilization but also contributes to sperm DNA damage. The latter has, in turn, been linked with poor fertility, an increased
incidence of miscarriage and morbidity in the offspring, including childhood cancer. In light of these associations, we have
analyzed the influence of RF-EMR on the cell biology of human spermatozoa in vitro.

Principal Findings: Purified human spermatozoa were exposed to radio-frequency electromagnetic radiation (RF-EMR)
ption rates (SAR) from 0.4 W/kg to 27.5 W/kg. In step with
d after RF-EMR exposure, while the mitochondrial generation of
nificantly elevated (P<0.001). Furthermore, we also observed
highly significant relationships between SAR, the oxidative DNA damage bio-marker, 8-OH-dG, and DNA fragmentation after

increasing SAR, motility and vitality were significantly reduce,
reactive oxygen species and DNA fragmentation were sig

Conclusions: RF-EMR in both the power density and frequency. range of mobile phones enhances mitochondrial reactive
oxygen species generation by human spermatozoa, decreasing the motility and vitality of these cells while stimulating DNA
base adduct formation and, ultimately DNA fragmentation. These findings have clear implications for the safety of extensive
mobile phone use by males of reproductive age, potentially affecting both their fertility and the health and wellbeing of
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Introduction

Male infertility is a distressingly common condition affecting
about 1 in 20 of the male population [1]. Ina majority of cases, the
male partner produces sufficient numbers of spermatozoa to
achieve fertilizaton but there are functional defects in these cells
that prevent conception from occurring [2]. Despite several
decades of research, the causes of such functional deficiencies in
human spermatozoa remain largely unresolved. However, one
contributory factor that has recently emerged is the quality of the
sperm DNA delivered to the oocyte at the moment of fertilization
(3]. Fragmentation of DNA in the male germ line has been
associated with impaired fertilization, poor embryonic develop-
ment, high rates of miscarriage and an increased incidence of
morbidity in the offspring, including childhood cancer [3,4]. In
view of the seriousness of these clinical outcomes, attention has

@ PLoS ONE | www.plosone.org

recently focused on the environmental and genetic factors that
might be involved in the aetiology of DNA damage in the male
germ line.

These investigations have suggested that one of the environ-
mental factors potentially involved in the etiology of DNA damage
in human spermatozoa is an increased exposure to radio-
frequency electromagnetic radiation (RF-EMR) emitted from
mobile phones. This associadon was initially suggested by an
epidemiological study which found negative correlations between
mobile phone usage and various attributes of semen quality,
particularly motility [5]. This was immediately followed by an
experimental study involving exposure of male mice to RF-EMR,
which revealed a significant impact on the integrity of both the
mitochondrial and nuclear genomes [6]. Recently, the negative
impact of mobile phone usage on semen quality in human males
was confirmed in a study that found the duration of exposure to be

July 2009 | Volume 4 | Issue 7 | e6446
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correlated with defects in sperm count, motility, viability, and
normal morphology [7]. In light of these data, there is now an
urgent need to determine whether exposure of human spermato-
zoa to RF-EMR can also induce DNA damage and to resolve the
cellular mechanisms involved.

Several studies have found an association between human
health and exposure to RF-EMR, with emphasis on a range of
clinical conditions including childhood leukaemia, brain tu-
mours, genotoxicity and neurodegenerative disease [8,9]. While
the cellular mechanisms underpinning these effects have not been
completely resolved, it has been suggested that oxidative stress
could be a key factor [10]. However, extensive analysis of the
importance of oxidative stress in mediating the pathological
effects of RF-EMR has generated conflicting results, possibly due
to differences in the fundamental redox susceptibility of the cell
lines employed in these analyses [11]. In this context, it is
significant that human spermatozoa are uniquely sensitive to
oxidative stress for a variety of reasons. Firstly, these cells are
largely devoid of the cytoplasm that in somatic cells houses the
antioxidant enzymes that offer a first line of defense against free
radical attack [12]. Secondly, these cells possess abundant targets
for the induction of peroxidative damage including polyunsatu-
rated fatty acids and DNA [12-14]. Thirdly, these cells are
professional generators of reactive oxygen species, that appear to
emanate largely from the sperm mitochondria and, possibly,
plasma membrane NAD(P)H oxidases [15,16]. Thus if any cell
type would be vulnerable to the oxidative stress reportedly
generated on exposure to RF-EMR, it would be human
spermatozoa.

In light of these considerations, we have conducted a careful
analysis of the biological consequences of exposing human
spermatozoa to RF-EMR. The study design involved overnight
exposure to RF-EMR at a defined frequency (1.8 GHz), over a
range of SAR values that both covered the emission character-
istics of mobile phones and generated sufficient dose-response
data to shed light on the underlying pathophysiological
mechanisms. Moreover, the temperature of the incubations was
maintained at 21°C to avoid any secondary heating effects. The
rcsults clearly demonstrate that exposure to this type of radiation
not only stimulates free radical generation by the sperm
mitochondria but also creates a state of oxidative stress
characterized by the formation of oxidative base adducts and
DNA fragmentation. These data clearly have important impli-
cations for the safety of mobile phone use and highlight the
potential importance of RF-EMR in the etiology of male
infertility and childhood disease.

Results

RF-EMR disrupts human sperm motility and vitality and
induces intracellular reactive oxygen species (ROS)
production

In an initial experiment, functional human spermatozoa isolated
from the high density region of Percoll gradients and suspended in
BWW medium were exposed to RF-EMR at an SAR of 27.5 W/
kg. This exposure induced a highly significant decline in both
vitality {(p<<0.001; Figure 1A) and motility (p<<0.01; Figure 1B)
compared with the unexposed controls. Exposed spermatozoa also
produced significantly higher amounts of ROS than background
levels as measured by both the dihydroethidium (DHE) (p<<0.001;
Figure 1C) and MitoSOX red (MSR) probes (p<<0.001; Figure 1D)
suggesting that free radical generation had been initiated as a
consequence of RF-EMR and that the mitochondria were
significandy involved in this response.

@ PLoS ONE | www.plosone.org
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RF-EMR has a negative impact on human spermatozoa
over a range of SAR values

In light of these results we then exterided the range of SAR
values over which the consequences of RF-EMR radiation were
examined (0.4 W/kg-27.5 W/kg) to include the values covered by
conventional mobile phones (0.5 W/kg-1.5 W/kg).

High quality spermatozoa selected in discontinuous Percoll
gradients displayed a decline in both vitality and motility after
exposure to RF-EMR in a dose- dependent manner. The control
populations maintained an average vitality of 89%; however,
significant reductions in vitality were observed at exposure levels as
low as 1.0 W/kg {p<<0.01) (Figure 2A). Similarly, the control
populadons maintained motilities at an average of 86% over the
incubation period, however after exposure to RF-EMR at levels of
1.0 W/kg, motility was observed to significantly decrease to 68%
{p<0.05) and decreased still further at higher SAR exposures
(Figure 2B).

Reactive Oxygen Species are central to the RF-EMR
response

Exposure of human spermatozoa to RF-EMR over a range of
SAR levels resulted in a dose-dependent activation of ROS
generadon, as detected by the DHE probe (Figure 3A). In this
analysis, a significant increase in ROS positive cells was observed
after exposure at 1.0 W/kg (p<<0.05); thereafter ROS production
rose rapidly with SAR values up to 4.3 W/kg and then began to
plateau reaching a peak of 30% at the highest exposure levels
assessed (Figure 3A). To determine whether such increases in ROS
production might originate from the sperm mitochondria, MSR
was employed as a probe. Spermatozoa exposed to increasing
levels of RF-EMR, generated a significant, dose-dependent
increase in ROS generation by the mitochondria. The response
rose rapidly following RF-EMR exposure reaching statistical
significance {p<<0.001) at an SAR value 2.8 W/kg at which point
16% of the exposed cells were MSR positive. At SAR values above
4.3 W/kg, RF-EMR induced mitochondrial ROS begun to
plateau reaching 30% at the maximal SAR values assessed
(Figure 3B). By plotting the DHE positive cells against the MSR
response for the entire data set (Figure 3D) we observed an
extremely strong correlation (R®=0.823) between these signals,
suggesting that a majority of the ROS production elicited by RF-
EMR involved electron leakage from the mitochondrial electron
transport chain. .

In order to control for bulk thermal effects of RF-EMR
exposure, spermatozoa were also incubated at temperatures
ranging from 21°C-50°C for 2 h (Figure 3C). This analysis did
reveal an effect of heat on free radical generation by human
spermatozoa possibly due to the activation of an apoptotic
response, however these effects were only significant above
40°C. Thus at the temperature at which these experiments were
performed (21°C) the highest observed RF-EMR-induced tem-
perature rise (+0.4°C at 27.5 W/kg), could not of itself account for
the increased ROS response observed across the range of SAR
settings evaluated in this study.

RF-EMR induces oxidative DNA damage (8-OH-dG)

In order to determine whether the ROS generation induced on
exposure of human spermatozoa to RF-EMR resulted in a state of
oxidative stress, we monitored the expression of 8-hydroxy-2’-
deoxyguanosine (8-OH-dG), a marker for oxidative damage to
sperm DNA. As the SAR level was increased, the amount of
oxidative DNA damage expressed in the spermatozoa became
clevated (Figure 4A). A significant increase in 8-OH-dG expression

July 2009 | Volume 4 | Issue 7 | e6446
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Flgure 1. RF-EMR exposure decreases motility and vitality of human sperm while also induclng intracellular ROS. Percoll-purified
spermatozoa (5 x10° cells) were suspended in 1 ml BWW in a 35 mm Petri dish and placed within the waveguide while control cells placed outside
the waveguide. A frequency of 1.8 GHz at a SAR of 27.5 W/kg was used and all samples were incubated for 16 h at 21°C, A, Sperm vitality was
significantly reduced from the control value of 82%+4% to 29%4% for the exposed cells (**p<0.001). B, Sperm motility was also significantly
reduced from the control value of 82% 4% to 28%* 1% (**p<0.01). C, ROS production was increased after RF-EMR exposure such that 28%z= 1% of
the cells were producing ROS, while only 7%0.4% of the controls contributed to ROS production (***p<0.001). D, 24%=* 1% of the exposed cells

generated mitochondrial ROS, while the only 1292 1% of the control cells produced ROS from this source (***p<c0.001). All results are based on 4
independent samples.

doi:10.1371/journal.pone.0006446.g001

became apparent at low SAR values (<5.0 W/ kg) rising to a deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
maximum of around 20% at the highest levels of exposure assay was utilized. As illustrated in Figure 5A, human spermatozoa
(27.5 W/kg). By plotting the 8-OH-dG posidve cells against the responded to RF-EMR exposure, with a significant increase in DNA
MSR signal (Figure 4B) it was apparent that a strong positve strand breaks at an SAR of 2.8 W/kg {(p<0.05) that increased
correlation existed between the two parameters (R?=0.727); the rapidly with rising SAR values and then reached a plateau so that at
higher the level of mitochondrial ROS generation, the greater the the highest SAR level assessed (27.5 W/kg), 29% of the cells
degree of oxidative DNA damage in the spermatozoa. expressed significant DNA fragmentation. This DNA damage was
’ highly correlated with free radical generation by the sperm
RF-EMR induces DNA fragmentation in human mitochondria giving a correlation coefficient of R2=0861
spermatozoa (Figure 5B). Moreover, the level of DNA fragmentaton was highly

To determine whether the oxidative DNA base damage correlated with 8-OH-dG formadon (R?=0.725; Figure 5C) such
precipitated by RF-EMR-induced ROS generation had any impact that sperm cells exhibiting high levels of oxidative DNA damage, also
on DNA stand breaks in human spermatozoa, the terminal possessed high levels of DNA fragmentation.

@ PLoS ONE | www.plosone.org 3 July 2009 | Volume 4 | Issue 7 | e6446
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Figure 2. RF-EMR exposure reduces motility and vitality of human spermatozoa, in an SAR dependent manner. Percoll-purified
spermatozoa (5x10° cells) were suspended in 1 ml BWW in a 35 mm Petri dish and placed within the waveguide while control cells (closed circles)
were placed outside the waveguide. Cells in the waveguide were exposed to 1.8 GHz RF-EMR at SAR levels of 0.4, 1.0 2.8 4.3 10.1 and 27.5 W/kg
(open circles) for 16 h at 21°C. Both vitality and motility were reduced in a dose dependent manner. A, Vitality was significantly reduced at a SAR of
1.0 W/kg from 89% 3% to 65%=1% (**p<0.01). B, Motility was also significantly reduced at a SAR of 1.0 W/kg from 86%+2% to 68%*2%

(*p<<0.05). All results are based on 4 independent samples.
doi:10.137 1/journal.pone.0006446.g002

Discussion

While a high proportion of the male population suffers from
infertility associated with defective. sperm functon [17], the
ctiology of this condition remains largely unresolved. Notwith-
" standing the general paucity of information in this area, recent
studies have highlighted the interesting finding that male infertility
patients are frequently characterized by high levels of DNA
damage to their spermatozoa [18]. In light of these data, we have
hypothesized that the disruption of sperm fertilizing potential and
the concomitant presence of high levels of DNA damage in the
sperm nucleus involves a common causative mechanism in the
form of oxidative stress [19].

Oxidative stress has been known for some time to limit the
fertilizing potendal of human spermatozoa through the induction
of peroxidative damage to the sperm plasma membrane [13,20].
Oxidative stress is also known to be associated with DNA damage
in human spermatozoa [21]. Furthermore, the source of the free
radicals responsible for generating such stress appears to be the
mitochondria [15]. However, the factors responsible for inducing
the mitochondria to leak electrons and propagate the production
of ROS have not been elucidated. The research described in this
article suggests that one of the key environmental factors involved
in the stimulation of sperm mitochondria to produce high levels of
ROS, might be excess exposure to RF-EMR from sources such as
mobile phones.

In a pilot study, human spermatozoa were found to respond to
RF-EMR (at 1.8 GHz with a SAR of 27.5 W/kg) with a range of
negative changes including dramatic declines in both sperm
vitality and motility. We also observed significant increases in both
cytoplasmic ROS levels (DHE) as well as mitochondrial ROS
levels (MSR) after RF-EMR exposure. We have previously shown
that the chemical induction of mitochondrial ROS production
with rotenone can precipitate a state of oxidative stress leading to

@ PLoS ONE | www.plosone.org

high levels of lipid peroxidation and a loss of sperm motility [15].
Therefore, these data highlight the particular vulnerability of
human spermatozoa to oxidative attack and the potential
significance of sperm mitochondria in the generation of free
radicals.

To assess whether similar effects could be observed at lower
power densities, closer to the SAR values associated with mobile
phones (0.5-1.5 W/kg) a dose-dependent analysis was conducted.
In addition to the conventional assessments of motility and vitality,
assays were included to assess the potential for RF-EMR to induce
sperm DNA damage and further, whether the DNA damage was
oxidative in nature. Confirmation of the detrimental effects of RF-
EMR on human sperm was again observed. Over the power
density range employed, a significant (£<0.001) dosc-dcbcndcnt
response for all sperm parameters was observed, including
motility, vitality, ROS generation by the whole cell, ROS
generation by the mitochondria, oxidative DNA damage and
DNA fragmentation. Furthermore, the profiles of all the observed
effects with respect to SAR were intriguingly similar, suggesting.a
common underlying mechanism.

Specifically, all of the responses examined showed an extremely
rapid change at low SAR exposures that then reached a plateau at
a point where around 30% of the sperm population was affected.
This suggests that while we were careful to use only Percoll-
purified, high quality spermatozoa in this analysis, there exists
within this cell population, a cohort of spermatozoa that are
particularly vulnerable to the induction of oxidative stress by RF-
EMR. These spermatozoa may have compromised mitochondria,
poorly remodeled chromatin or a combination of such factors
[15,22]. Heterogeneity within the sperm population is a feature of
the human condition. However, this does not mean that a majority
of spermatozoa would not, ultimately, be affected by RF-EMR in
vivo; much would depend on the duration of exposure. In vitro, we
are limited by the inability of human spermatozoa to survive for

July 2009 | Volume 4 | issue 7 | e6446
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placed outside the waveguide (closed circles). Cells in the waveguide were exposed to 1.8 GHz RF-EMR at SAR levels between 0.4 and 27.5 W/kg
(open circles) for 16 h at 21°C. Also, purified sperm cells were subjected to incubation temperatures ranging from 21°C-50°C for 2 h. As the power
levels were increased, the cellular generation of ROS increased in a dose-dependent manner. ROS levels were also observed to increase as a result of
incubation temperature, but such results were not significant until the temperature exceeded 40°C. A, ROS generation (DHE response) was
significantly increased from control levels after exposure to 1.0 W/kg (*p<0.05) and above (***p<0.001). B, RF-EMR induces ROS generation by the
sperm mitochondria as monitored by MSR; significant increases were observed at SAR values of 2.8 W/kg (***p<0.001) and above. All results are
based on 4 independent samples. C, In order to control for thermal effects, the impact of temperature of cellular ROS generation was monitored; a
significant increase in ROS generation was observed as temperatures rose above 40°C (p<0.001). D, Across the entire data set, the total level of ROS
generation by human spermatozoa (DHE positive cells) was highly correlated with the level of ROS generation by the mitochondria (MSR positive

cells: R?=0.823).
doi:10.1371/journal. pone.0006446.g003

more than 24 hours in a simple defined culture medium. In vivo,
spermatozoa may take up to a week to move from the seminiferous
tubules in the testes to the cauda epididymis and during the whole
of this time they would be vulnerable to RF-EMR exposure [23].

We recognize that these studies were conducted using spermatozoa
suspended in a simple defined culture medium rather than the
epididymal plasma in which they would be suspended in vivo,

@ PLoS ONE | www.plosone.org

Nevertheless the fact that effects on sperm quality have previously
been observed in both whole animal radiation experiments [3] and in
epidemiological studies of human subjects exposed to various levels of
mobile phone radiation [5,7,24], emphasizes the biological and
clinical relevance of these findings. Moreover, another recent study
has found that exposing human spermatozoa to mobile phone
radiadon for 1 hour leads to significant declines in motlity and

July 2009 | Volume 4 | Issue 7 | e6446



Case3:10-cv-03224-WHA Document71-5 Filed10/07/11 Page7 of 10

25 »i A

9\: : ET 2
20+
B
o
. P :
Q. :
o
@ 15
>
= P
24
2 § O #aew
@ 10
2
= K
Q _ ik
o 5:
0 ——
0 5 10 15 20 25 30

SAR (W/kg)

RF-EMR and Sperm In Vitro

8-OH-dG positive sperm (%)

MSR positive sperm (%)

Flgure 4. RF-EMR induces oxidative DNA damage in human spermatozoa. Following Percoll fractionation, 5x10° high density, spermatozoa
were suspended in 1 ml BWW. The cells were placed in 35 mm Petri dishes and placed inside a waveguide. 5 x10° cells in 1 ml BWW were placed
outside the waveguide as a control (closed circle). The cells in the waveguide were exposed to 1.8 GHz RF-EMR at SAR levels between 0.4 and 27.5 W/
kg (open circles) and all samples were incubated for 16 h at 21°C. Following incubation, Fe?* and H,0, was added to cells to act as a positive control,
incubated for 1 h, then 100 pl 2 mM DTT/BWW solution was added and incubated for 45 min at 37°C. Cells were fixed and fabeled with 100 pl
charcoal purified anti-8-OH-dG, FITC tagged antibody at a dilution of 1:50, incubated at 21°C for 1 h, washed and then assessed by flow cytometry. A,
As the power levels were increased, the amount of oxidative DNA damage expressed also increased. A significant amount of oxidative DNA damage
was observed in cells exposed to 2.8 W/kg (*p<0.05) RF-EMR and above (**p<<0.01; ***p<C0.001). Results are based on 4 independent samples. B, The
levels of 8-OH-dG expression were positively correlated with the levels of ROS generation by the mitochondria (R?=0.727).

doi:10.1371/journal.pone.0006446.g004

vitality in concert with an increase in cellular reactive oxygen species
generation [25]. The levels of RFEMR exposure were not quantfied
in this study nor were the sources of ROS identified. Nevertheless,
these findings reinforce the general conclusions generated in this
paper, particularly with respect to central role played by oxidative
stress. The ever-increasing prevalence of mobile communications
technology means that humans are now exposed to higher amounts
of RF-EMR than ever before. Mobile phones are commonly carried
in bags or in pockets in very close proximity to the body. In addidon
to this, these devices can be stored adjacent to the same part of the
body for extended periods of time. In this context, exposure of the
male reproductive system to RF-EMR is clearly a significant issue.

The particular significance of the present study is that it not only
demonstrates a direct effect of RF-EMR on sperm motility, vitality
and DNA integrity but also identifies a potential causative
mechanism involving electron leakage from the mitochondrial
clectron transport chain and the induction of oxidatdve DNA
damage. In part, these mechanistic insights have been achieved
because the cell type used in these studies, the human
spermatozoon, has an extremely simple cellular architecture,
lacking significant cytosol and possessing few cellular organelles
other than the sperm nucleus, flagellum and mitochondria. One
consequence of this structure is that these cells are uniquely
vulrierable to oxidative stress. Moreover, such stress is already
known to induce the functional and structural lesions observed in
this study including both a loss of motility mediated by
peroxidative damage to the sperm plasma membrane, as well as
the formaton of DNA base adducts in the sperm nucleus that
ultimately lead to DNA fragmentadon [26,27].

Notwithstanding the specialized nature of mammalian sperma-
tozoa, the mechanisms suggested by this study may also apply to

@ PLoS ONE | www.plosone.org

RF-EMR-mediated damage in other cell types. The RF-EMR
used for communications, including mobile phone networks, is not
of high enough power to be classed as ionizing radiation. The
latter has sufficient energy to pull away electrons, dramatically
altering the properties of affected molecules and typically creating
extremely reactive radical species. RF-EMR does not contain
sufficient energy for these processes. Nevertheless, this form of
radiation may have other effects on larger scale systems such as
cells and organelles, which stem from the perturbation of charged
molecules and the disruption of electron flow [28,29]. Mitochon-
dria have one of the largest standing membrane potentials in the
body and their energetic functions are entirely dependent on the
regulated movement of electrons and protons within the inner
mitochondrion membrane. Theoretically, such fluxes might be
susceptible to disruptions in local electric fields induced by RF-
EMR, offering a potential link between this form of radiation and
the non-thermal biological effects observed in this study.

This study clearly demonstrates that RF-EMR can damage
sperm function via mechanisms that involve the leakage of electrons
from the mitochondria and the creation of oxidative stress. These
findings have immediate implications for the high rates of male
infertility seen in our species, a majority of which is idiopathic.
Furthermore, the fact that sperm DNA is damaged by this form of
radiation has additional implications for the health and wellbeing of
children bom to fathers who have experienced high levels of
occupational or environmental exposure to RF-EMR around the
time of conception. Overall, these finding raise a number of related
health policy and patient management issues that deserve our
immediate attention. Specifically we recommeénd that men of
reproductive age who engage in high levels of mobile phone use, do
not keep their phones in receiving mode below waist level.

July 2009 | Volume 4 | Issue 7 | e6446
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Flgure 5. RF-EMR induces DNA fragmentation in human
spermatozoa. Following Percoll fractionation, §x10° high density
spermatozoa were resuspended in 1 ml BWW, pifetted into 35 mm
Petri dishes and placed inside a waveguide. 5x10° cells in 1 ml BWW
were placed outside the waveguide as a control (closed circle). The cells
in the waveguide were exposed to 1.8 GHz RF-EMR at SAR levels
between 0.4 and 27.5 W/kg (open circles) and all samples were
incubated for 16 h at 21°C, Following incubation, cells were fixed;
DNase- was used as a positive control. After 1 h incubation at 37°C,
50 ! of label and enzyme master mixes were added to the cells and
incubated for 1 h at 37°C. Cells were then washed and assessed by flow
Cytometry. A, Significant levels of DNA fragmentation was observed in

.exposed spermatozoa at 2.8 W/kg (*p<0.05) and above (**p<0.001).

B, DNA fragmentation was positively correlated with ROS production
by the mitochondria as monitored by MSR (R? = 0.861). C, 8-OH-dG was
also positively correlated with DNA fragmentation (R?=0.725). Results
are based on 4 independent samples,

Methods

Ethics Statement

This study was conducted according to the principles expressed
in the Declaration of Helsinki, The study was approved by the
University of Newcastle "(H-712-0799). All patients provided
written informed consent for the collection of samples and
subsequent analysis.

Reagents and Solutions

All chemicals and reagents used in this research were obtained
from Sigma Aldrich (Sigma Chemical Co,, St. Louis, MO) unless
stated otherwise. All reagents used were of research grade. All
fluorescent probes were purchased from Molecular Probes Inc.
(Eugene, OR). Biggers, Whitten and Whittingham (BWW) media
supplemented with 1 mg/ml polyvinyl alcohol (PVA) was used in
all experiments [30]. It was prepared fresh as required and kept at
37°C with an osmolarity in the range of 290-310 mOsm/kg.

Human spermatozoa

Institutional and State Government ethical approval was
secured for the use of human semen samples for this research.
The donors were students from the University of Newcasgtle donor
program who had no known prior male reproductive pathologies
including varicocele and infection. From this pool, 22 normo-
zoospermic donors were used in this study. The average (+SEM)
age of these donors was 24.1% 1.1 y. After allowing at least 30 min
for liquefacdon to occur, spermatozoa were separated from
seminal plasma on a discontinuous two-step Percoll gradient, as
described [16]. The isolated spermatozoa were washed with 10 ml
BWW, centrifuged at 600x g for 15 min and finally resuspended
in HEPES-buffered BWW at a concentration of 20x 10%/ml
supplemented with 1 mg/ml PVA. After acquiring each sperm
fraction, the vitality, motility and cell density of the spermatozoa
were evaluated. Vitality was determined by transferring 5 ul of
each cell fraction onto a microscope slide followed by the addition
of 5 W of 0.5% eosin; the percentage of non-viable cells staining
pink was then assessed by light microscopy. Motility was assessed
by transferring 6 Wl of the same sample onto a slide which was
then covered with a coverslip and examined by phase contrast
microscopy. For both the vitality and motility assessments, 100
cells were counted and the results expressed as a percentage.

Radio Frequency Electromagnetic Radiation and
Waveguide

In this study, a cylindrical waveguide copied from the design by
Gajda et a/ [31] was constructed such that 1.8 GHz radiation could
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propagate along the waveguide and also so that 35 mm Petri
dishes could be accommodated within the waveguide. To produce
the radiation, a 3 GHz function generator (E4431B; Agilent, Palo
Alto, CA) was used to generate a pure tone of 1.8 GHz. This
signal was amplified by a linear radio-frequency (RF) amplifier and
the amplifier output was split and connected through a matching
network to antennae in the waveguide. The antenna matching
circuit was tuned for maximum energy transfer to the antenna.
The waveguide was encased in a brass mesh Faraday cage and the
end was filled with 15 cm thick carbon-impregnated foam (RFI
Industries, Bayswater, Victoria, Australia), which absorbs RF
radiation, minimizing the reflection of radiation back into the
waveguide and reducing the RF power by more than 50 dB
outside the Faraday cage compared to the power at the amplifier
output. A spectrum analyser (Advantest, Tokyo, Japan) connected
to a Hameg HZ530 E-field probe (Hameg GmbH, Mainhausen,
Germany) was used to check radiation levels and frequency prior
to irradiation. The SAR values for the irradiations were calibrated
by measuring the temperature rise in saline soluton at power
Jevels 20 dB or 100 higher than for the normal irradiations. The
calibration procedure is complicated because (i) the saline solution
loses heat energy to the surroundings at the same time as it is
heated by the RF radiation and (ii) the temperature rise must be
measured by an electronic thermometer to achieve the 0.1°C
resolution required; however, the RF field interfered with the
thermometer operation. As a consequence of these factors, the
saline temperature was measured as a function of the time delay
after the RF field was turned off and the temperature change
extrapolated back to zero delay. Multiple measurements were
made for RF irradiation times varying from 15 to 120 s and
temperature increases up to 2.2°C above the ambient temperature
were measured. After allowing for heat losses to the surroundings,
the power level of 38.8 dBm at the amplifier output used in these
measurements gave rise to a saline temperature rise of
0.053+0.008°Cs ™", giving a SAR of 220%33 Wkg ™!, This error
is similar to the variation in SAR observed in reference paper as a
function of probe position [31]. The values of SAR reported in this
paper were calculated from the above SAR, linearly scaled by the
amplifier output power.

Following sperm purification and initial analysis, the high
density Percoll fraction was prepared as a | ml suspension in
BWW containing 5x10° cells and transferred into 35 mm Petri
dishes. The cells to be irradiated were placed inside the waveguide
while the control cells where placed adjacent to the waveguide but
outside the Faraday cage. The SAR levels (0.4-27.5 W/kg) were
fixed by setting the RF source to the appropriate dBm value. For
all RF-EMR exposures (and respective controls) spermatozoa were
incubated at room temperature (21°C) for a period of 16 h.
Motility and vitality was measured prior to as well as after
treatment. ROS and DNA damage assays were completed on both
the exposed cells and respective controls after incubation.

Dihydroethidium Assay

Dihydroethidium (DHE) is a poorly fluorescent 2-electron
reduction product of ethidium that on oxidation produces DNA
sensitive fluorochromes that generate a red nuclear fluorescence
when excited at 510 nm. The results obtained with this probe have
been validated as a measure of the ability of human spermatozoa
to generate ROS, including definitive identification of the
superoxide anion [32]. For the assay, DHE and the vitality stain,
SYTOX" Green (Molecular Probes), were diluted in BWW/PVA
and added to 2x10°® spermatozoa in a final volume of 200 pl
comprising 175 pl of purified sperm suqswpcnsion, 5ul of test
compound and 20 pl of the DHE:SYTOX" green mixture to give

@ PLoS ONE | www.plosone.org
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final concentrations of 2 pM DHE and 0.5 uM syTox® green.
The cells were then incubated in the dark at 37°C for 15 min,
washed once (600 xg for 5 min) and the resultant red and green
fluorescence measured on a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA), as described [32]. The unstained control
displayed 0.09%+*0.03% DHE positivity, the DHE positive
control (treated with 100 yM arachidonic  acid) displayed
99%+ 1% DHE positivity and the SyG positive control (frozen-
thawed cells) displayed 98% *1% SyG positivity. The inclusion of
SyG in this assay ensured that the production of ROS was only
being assessed in live cells.

MitoSOX Red (MSR) Assay

MSR is a poorly fluorescent compound similar to DHE but
carrying a charge that results in the selective accumnulation of this
probe within the mitochondria. Following reaction with the
superoxide anion, MSR produces DNA sensitive fluorochromes
that generate a red fluorescence when excited at 510 nm that can
be detected by flow cytometry.

As with the DHE assay, SyG was used in order to ensure that
only live cells were evaluated in this assay. MSR and SyG stock
solutions (in DMSO) were diluted in BWW/PVA and 20 pl of
cach added to each treatment to give final concentrations of 2 uM
and 0.05 UM respectively in a final volume of 200 ul. The cells
were incubated at 37°C away from light for 15 min, centrifuged at
600x g for 5 min and the supernatant discarded. The pellet was
then washed in 200 pl BWW/PVA, resuspended in 1 ml of this
medium and transferred to 5 ml FACS tubes for analysis by flow
cytometry. [15] The unstained control displayed 0.66% +0.32%
MSR positivity, the MSR positive control (treated with 100 uM
arachidonic acid) displayed 96%*3% MSR positivity and the
SyG control displayed 96%* 1% SyG positivity.

Assay for 8-hydroxy-2’-deoxyguanosine (8-OH-dG)

The formation of the 8-OH-dG base lesion, which is a
biomarker for oxidative stress, was measured using an anti-8-
OH-dG antibody (supplied in the Biotrin OxyDNA test Kit,
Biotrin International Ltd, Dublin, Ireland) which was conjugated
with a fluorescent label, fluorescein isothiocyanate (FITC). The
level of FITC fluorescence was then measured using flow
cytometry. For the positive control, spermatozoa were incubated
for 1 h at room temperature with H,O, (2 mM) and FeCl,»4H,0
(1 mM) in a final volume of 200 pl BWW. The initial HyO4
concentration was determined by measuring absorbance at
240 nm (e=43.6 M™! em™ Y. The cells were then washed twice
in BWW, resuspended in 100 Wl of 2 mM dithiothreitol (DTT) in
BWW and incubated for 45 min at 37°C. After centrifugation at
600x g for 5 min, the cells were then fixed by resuspending the
pellet in 100 pl Phosphate Buffered Saline (PBS) and 100 Wl 4%
paraformaldehyde and incubated at 4°C for 15 min. The cells
were then washed in PBS and stored in 200 pl 0.1 M glycine at
4°C and stored for a maximum of 1 week. Fixed cells were washed
and resuspended in 100 pl 0.2% Triton-X and incubated at room
temperature for 15 min. Cells were then washed in Wash Solution
(Biotrin OxyDNA test Kit, Biotrin International Ltd.) and 50 pl
blocking solution (Biotrin OxyDNA test Kit, Biotrin International
Ltd.) added before incubation at 37°C for 1 h. The anti-8-OH-dG
antibody was further purified by adding approximately | mg of
activated charcoal powder, followed by incubation at room
temperature for 1 h and centrifugation at 600 g for 5 min. This
step was repeated once more for complete removal of the charcoal.
The supernatant containing the purified antibody was then added
in a 1:50 dilution to the fixed cells in wash solution with a final
volume of 100 pl. Finally, cells were washed twice, resuspended in
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1 ml PBS and transferred to 5 ml FACS tubes for flow cytometric
analysis. The unstained control and positive (HyO4/ Fc%) control
displayed 0.09%*0.02% and 97%*1% 8-OH-dG positivity,
respectively.

TUNEL Assay

Spermatozoa were centrifuged (600x ¢ for 4 min) before
resuspending the pellet in 100 pl of fresh permeabilization solution
(10 mg sodium citrate, 10 pl triton-X in 10 ml dH,O) and
incubating for 2 min at 4°C. The cells were then centrifuged
(600x g for 4 min) and the pellets washed with PBS. The positive
control samples were treated with 100 pl of DNase I (1 mg/ml) for
30 min at 37°C in a humid environment. TUNEL labeling was
achieved with the In Situ Cell Death Detection Kit (Roche
Diagnostics, Indianapolis, IN) according to the manufacturer’s
instructons. Cells were then washed twice in PBS, diluted to a
final volume of 500 ul in PBS and kept in the dark for analysis
using flow cytometry.

Analysis by Flow Cytometry

For flow cytometry analysis, Falcon 35 (2008) 5 mL polystyrene
round bottom tubes were used for aspirating the sample into the
fluorescence activated cell sorter (FACS). At least 5,000 cells were
analyzed for each assay using a FACS™ calibur (Becton
Dickinson) and the gates were set, based on forward and side
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scatter, such that only spermatozoa were assessed [15]. Fluores-
cence was measured upon excitation by a 15 mW argon-ion laser
at 488 nm and was paired with emission measurements using 530/
30 band pass (green/FL-1), 585/42 band pass (red/FL-2) and
>670 long pass (far red/FL-3) filters. The FL-1 and the FL-2

filters were used for the vitality stain (SyG) and ROS stain (DHE) .

respectively. For TUNEL and 8-OH-dG analysis, only the FL-1
filter was used and for these assays. The software used to analyze
the data was CellQuest Pro (BD Biosciences, San Jose, CA).

Statistics

All experiments were repeated at least 3 times on independent
samples and the results analyzed by ANOVA using the Super-
ANOVA programme (Abacus Concepts Inc, CA) on a MacIntosh
G5 computer; post hoc comparison of group means was
determined by Fisher’s PLSD test. Differences with a P value of

- <0.05 were regarded as significant. All data are presented as the

mean value+*SEM.
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Electromagnetic Absorption in the Head of Adult and

Children Due to Mobile Phone Operation Close to the Head

Alvaro. A. A. de Salles ', Giovani Bulla ? and Claudio E. Fernindez Rodriguez .

Abstract — The Specific Absorption Rate (SAR) produced by mobile phones in the head of adult and
children is simulated using an algorithm based on the Finite Difference Time Domain (FDTD) method.
Realistic models of the child and adult head were used. The electromagnetic parameters were fitted to these
models. Comparison also were made with the SAR calculated in the children model when using adult human
electromagnetic parameters values. Microstrip (or patch) antennas and quarter wavelength monopole
antennas were used in the simulations. The frequencies used to feed the antennas were 1850 MHz and 850
MHz. The SAR results were compared with the available international recommendations. It is shown that
under similar conditions, the 1g-SAR calculated for the children is higher than that for the adults. When

using the 10 years old child model, SAR values higher than 60% than those for adults were obtained.

Index Terms — Mobile Phones, Cell Phones, Specific Absorption Rate — SAR, Finite Difference Time Domain —

FDTD, Bielogical Effects.

I. INTRODUCTION
here has been a significant expansion of cell phones systems all over the world and particularly in Brazil in the

last decades. There are now more than 1.8 billion cell phone user’s in the world, and more than 94 million cell
phone user’s in Brazil, with perspective to grow fast in the next years. In parallel with this, an increased concern
from the scientific community, the authorities and the population regarding the safety of these phones has arisen. A
major problem is the distance between the antenna and the user’s head, specially when conventional monopole (or
whip) or helix antenna are used. These radiate nearly symmetrical around them. In thig situation, the
electromagnetic (EM) energy absorbed in the head tissues is significant and can result in serious risks for the users.

Several authors have used the Finite Difference Time-Domain (FDTD) method to simulate the Specific
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Absorption Rate (SAR) in the cell phone user’s head (e.g., Jensen and Rahmat-Samii,, 1995; Ghandi et al, 1996;
Femz'mdeé et al., 2004). It is currently the most appropriate choice when highly non-homogeneous structures are
involved for which boundary techniques have fundamental limitations. The SAR results estimated and measured
show exposure levels close (or even above) the limits of the available recommendations (IEEE/ANSI, 1991;

ICNIRP, 1998). These consider only the thermal effects of the electromagnetic absorption.

Recently the use of cell phones by young and children has been strongly stimulated. Some authors have focused
this, and different results were presented (Ghandi et al., 1996; Schénborn et al., 1998; Wang and Fujiwara, 2003;
Anderson, 2003; Martinez-Birdalo et al., 2004). In (Ghandi et al., 1996), the model of the children head was based
on a scaled adult model and a SAR increase (compared with the adult) of around 120 % has been obtained. In
(Schénborn et al., 1998), the head model was based on MRI using similar electromagnetic parameters as those for
the adults, and no significant differences between adult and children SAR results were observed. In (Anderson,
2003), the head model was approximated by spheres considering some variation of the electromagnetic parameters,
and an increase of around 20 % in the calculated SAR was shown. In (Martinez-Birdalo et al., 2004), using also
scaled mddel for the children’s head with adult electromagnetic parameters, no significant variation for the average
SAR in the whole head was observed, and an increase of around 35% in the SAR was calculated when considering

the brain.

In this article, the FDTD method was used to simulate the SAR in the head of adult and a child, and to compare
the results simulated for the child with those obtained for the adults. Adult and child head model were previously
developed and presented by our research group, (Salles et al., 2002, 2003; Fernindez et al., 2004, 2005). The
electromagnetic parameters for the child were fitted to this age. Comparisons also were made with SAR calculated

in the children model when using adult human electromagnetic parameters values. Simulations were performed

using CRAY T 94 supercomputer from CESUP (www.cesup.ufrgs.br).

All the SAR results were calculated using planar microstrip (or patch) directional antennas and quarter
wavelength monopole antennas,

The monopole antennas are now widely used in mobile phones. Their radiation pattern on the horizontal plane is
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nearly symmetrical around them. Then, in the usual situation of operation, when these antennas are placed very
close to the head, most of the radiated energy is absorbed in the user’s head (e.g. in the brain tissues, in the eyes,
etc.) and a smaller portion of energy is radiated to the nearest base station. This is an undesired situation, since there

is degradation on the communication’s quality, the battery drain and the user’s health risk are increased.

The use of planar antennas with moderate directivity for mobile phones has beén suggested previously (Jensen
and Rahmat-Samii, 1995; Salles et al., 2003; Fernéndez et al., 2004). These antennas radiate more in the direction
opposed to the head, improving the quality of communication, reducing the battery drain and the user’s heaith risk.
They can have small dimensions and a compact form, integrated to the cell phone box. Also, they can be very low

cost, resulting therefore in an interesting alternative to this application.

1L ANTENNA MODELS

The cell phones were modelled using microstrip (or patch) planar antennas and quarter wavelength monopole
antennas. The patch antennas were designed following the cavity models described by (Taflove,1998; Garg et al.,
2001) and the monopole antennas were simulated using a quarter wavelength thin wire. The antenna dimensions
were adjusted according to the cell grid shown in Table I. Special care was taken to feed the antenna at the exact
resonance frequency. S11 simulations using FDTD and FFT show the resonance frequency.v This was the frequency
used to feed the antenna. The antenna is feed with an harmonic signal; 1850 MHz and 850 MHz frequencies were
used as the feed frequency. As the delivered power to the antenna may be different for each case, due to principally
mismatch in the impedance input, these were normalised. The value of 600mW was used for 850 MHz antennas and
125mW was used for 1850 MHz antennas. Among others, a main objective of this work is to compare the child and

adult exposures in three different situations (cases A, B, and C, as described below), and for each antenna.

II1. SAR SIMULATIONS IN THE ADULT HEAD
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SAR simulations for the adult human are performed using a model based on the visible man (available at
www.vhd.org.br) as described in previous works (Salles et al., 2002; Salles et al., 2003; Fernandez et al., 2004).
This fs based in medical images. From this the numerical domain is developed, where the field is calculated. Each
cell in this domain matrix is associated to a spatial place and to the corresponding tissue in each place. The
derivation of the mesh which is used for the domain of calculations based in the discretization of the adult head has
been described in a previous paper (Salles et al., 2002). No interpolation or smoothing were implemented to prevent
staircasing. A three-dimensional view of the adult head is shown in Fig. 1 (a) and (b). The head is rotated to put the

ear-to-mouth line vertically. This facilitates the cell phones antennas positioning.

In this work, the physical and electrical parameters used for the different tissues in the adult head were analogous
to those used by other authors (Jensen and Rahmat-Samii, 1995; Salles et al., 2002; Watanabe et al., 1996; Bernardi
et al., 2001). The permittivity, the equivalent conductivity and the density are associated to each kind of tissue, in

function of the frequency of operation.

In Table II the parameters used at 1.85 GHz are indicated. These values are close to those recommended by FCC-

Federal Communications Commission, from USA (available at www.fcc.gov/fcc-bin/dielec.sh).

If the hand were placed close to the antenna, it could substantially modify some radiation parameters, such as the
antenna input impedance, the radiation pattern, as well as the SAR values. The exact influence of this effect would
be a function of the relative position between the antenna and the hand. In (Watanabe et al., 1996) it has been shown

that, if the hand is not placed directly over the antenna, SAR values are disturbed only a little.

The electric field intensity ( 20xlog | £ | ) for the two antennas are shown in Fig. 2, on the left for the A/4
monopole, and on the right for the patch antenna, in frontal cut (xz plane) (at the A/4 monopole antenna plane) and
céronal cut (xz plane) (at the b'ottom‘ of the A/4 monopole antenna), above and below, respectively. It can be
observed that the fields inside the head can be substantially reduced (by more than 10 to 13 dB) when the planar
antenna is used. These results are in close agreement to those described in (Jensen and Rahmat-Samii, 1995). The

distance between the head and the antenna is 5.4 mm.
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The SAR distribution in dB (10xlog (saRr] ) for the same frontal and coronal cuts are shown in Fig. 3. These SAR
values are normalised to an average power of Pdel = 600 mW delivered to the antenna, then 0 dB corresponds to a
SAR =1 mW/g. Again, it can be observed that reduced SAR levels (at least 10 to 13 dB down ) are obtaingd when
the patch antenna is used, if compared to the A4 monopole antenna. The maximum human exposure - limit
recommended by ICNIRP (ICNIRP, 1998), is a SAR = 2 mW/g. This is the same as recommended by the Brazilian
agency ANATEL (ANATEL, 2002). It is observed that under the conditions of these simulations, when the
" monopole antenna is used, the SAR in the head cén be several times above the 2 mW/g limit. This is in very close
agreement to the results described elsewhere (Jensen and Rahmat-Samii, 1995; Watanabe et al., 1996; Iskander et
al., 2000; Bernardi et al., 2001) . However, as it has been shown in previous paper (Salles et al., 2002), if the
antenna were operated at a distance sufficiently apart from the user’s head (e.g. d 22.5 cm from the head), then the

SAR in the head would be below the ICNIRP limit of 2 mW/g.

Among others, one of the purposes of ihis paper is to compare the relative specific absorption rates when
monopole and planar antennas are used, showing a reduction in the SAR when planar antennas are used. This is true
even when spatial average or punctual SAR values are taken into account. The microstrip (or patch) antenna
simulations show that the field intensity and the SAR in the head are reduced to levels below the ICNIRP limits
(Ferndndez et al., 2004). Similar results obtained for other planar antennas were reported elsewhere (Jensen and

Rahmat-Samii, 1995; Watanabe et al., 1996; Iskander et al., 2000; Bernardi et al., 2001).

In order to calculate the radiation efficiency, the power absorbed in the user’s head is added to the antenna losses
and this is named overall absorbed power Pabs. Since the power absorbed in the user’s head is reduced when the
planar antennas are used, then an increase on the radiation efficiency n= (Pdel — Pabs)/Pdel is obtained, as compared to

the use of A/4 monopole antennas. This was discussed earlier (Jensen and Rahmat-Samii, 1995).

IV . SAR SIMULATIONS IN A CHILD COMPARED WITH ADULT

In order to compare the simulated SAR due to cell phones operated close to the head in adults and children, the

model of the children previously developed (Feméhdez et al, 2005) was used. The geometric and the
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electromagnetic parameter differences between the adult and the child were considered in the simulations. Three-
dimensional view of these models are shown in Fig 1. Both models were rotated to put the ear-to-mouth line

vertically. This facilitates the cell phones antennas positioning.

Three different simulation cases were implemented. In case A, the adult model with the adult parameters (Gabriel
and Gabriel, 1996) was used. In case B, the 10 years old child model with adult electromagnetfc parameters was
considered. In case C, the 10 years old child model with the electromagnetic parameters fitted to this age was used.
These were obtained from comparison with the results obtained for rats (Peyman et al., 2001). The electromagnetic
parameters for adult human are well established, with accuracy better than 5% (Gabriel and Gabriel, 1996).
However data for children are still not available. A study with rats (Peyman et al., 2001) shows that conductivity and
permittivity decrease with age. For 10 day and younger rats, the values are around 20% higher than for sexually
.mature (adult) rats (e. g.‘ 50 days). One reason for this could be the higher salt-water concentration in the tissues of
the young. The measured results for adult individuals in different animal species show that there is a parameter
variation lower than 5% from animal to animal when considering the same type of tissue. This was the rationale, and
using similar correspondence between parameters values and age for humans as for rats, we obtained the fitted

parameters for the children. These values are shown in Table IL.

The cranial perimeters in both models were approximated from ellipsis. The calculated values are in close
agreement with those shown in (Schénborn et al., 1998). To adjust for the corresponding dimensions and in order to
save processor memory, FDTD simulation were performed having different cell dimensions for each of the three
cases (Taflove, 1995; Taflove, 1998). Then, the distance between the antenna and the head are slightly different.

These are shown in Table I.

The simulated peak SAR and average SAR (lg and 10g) are presented. The 1g-SAR and the 10g-SAR were
calculated as spatial averages of boxes with 11Ax x 6Ay x 5Az (1g-SAR, Case A), 24Ax x 11Ay x 11Az (10g-SAR,
Case A), 10Ax x 6Ay x 5Az (1g-SAR, Cases B and C), 23Ax x 12Ay x 11Az (10g-SAR, Case B and C). Since there
is not a great variation in the densities of the different tissues, this can be considered a reasonable approximation.

As mentioned before, the child and the adult head models were rotated in order to a better positioning of the cell

phone, and then the vertical cuts do not correspond exactly to coronal cuts. Fig. 4 shows the SAR calculated in all
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cases.

In Tables III-VI the maximum simulated SAR results in the brain for all the cases are shown. In accordance with
the IEEE/ANSI and the ICNIRP recommendations (IEEE/ANSI, 1991; ICNIRP, 1998) one of major parameters to
be considered is the 1g mean SAR. It is observed that an increase in the 1g-SAR was obtained for the children
model with the adult parameters (Case B) and for the children model with the fitted parameters (case C). The lg-
SAR in the chlld head for the antennas fed at 1850 MHz shows an increase relative to the adult of about 32% for
case B and 60% for case C, independently of the type of antenna used. At 850 MHz this relative increase was even
higher, but different for each antenna type. The patch antenna at 850 MHz shows an increase of 98% between the
1g-SAR of the adult and the child in case B and 131% between the adult and the child in case C. Also it is observed
an increase in the mean SAR (whole head) simulated in the child (cases B and C) when comparéd to the adult (case

A). However, a significant difference between the mean SAR (whole head) for the child in case B and in case C was

not observed.

IV. DISCUSSIONS AND CONCLUSIONS

The SAR in an adult and in a 10 years old child was calculated and comparison of the SAR results obtained for
the adult and the child with planar microstrip (or patch) and /4 monopole antenna, at 1850 MHz and 850 MHz
were shown. It is observed that under the conditions of these simulations, when the A4 monopole antenna is used,

the SAR in the head of an adult can be several times above the 2 mW/g ICNIRP thermal limit. When the directional

antenna is used, a SAR reduction in the head between 20 to 30 times is estimated.

SAR results around 60% higher than those simulated for the adults were observed for the children with fitted
parameters, independent of antenna type or frequency. The relation between the 1g-SAR calculated with the child
model and the 1g-SAR calculated using the adult model was higher at 850 MHz than at 1850 MHz. This is probably

due to the wavelength, since at 850 MHz it is of the same order of magnitude as the child head dimensions.

The increase in the mean SAR in the whole head, between the adult and the child, is expected due to the reduced

dimensions in the child head, as well as the higher values of the permittivity and of the conductivity in the child
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brain tissues. Also, children's growing skulls are thinner than those of adults, and therefore less resistant to radiation.

This is in accordance with the results obtained by other authors (Gandhi et al., 1996).

It is important to remark that only the thermal limit has been considered so far. In principle, as the digital phone
radiates lower mean power in comparison to the analogue phones, their risk associated with the heating of tissues is
then reduced. However, since most mobile communication systems now are pulse-like in nature, modulated at low
frequencies, such as the GSM, UMTS, CDMA, TDMA systems, then they are able to induce currents in the brain
tissues and this can result in some low level non thermal effects, e.g., blood brain barrier (BBB) alterations, single
and double strand DNA breaks, chromosomal aberrations, etc., at RF energy levels substantially below the thermal
threshold. Several papers and reports have already shown adverse health effects at exposure levels well below the
thermal limits (e.g., Salford et al, 1994; Lai and Singh, 1996; Reflex, 2005; Lai, 2005). Further to that, a recent
epidemiological study has shown 1.7 to 5.9-fold increase in risk for malignant brain tumours, with > 10 years
latency period for long-term mobile phone and cordless phone users (Hardell, 2006). As a substantial percentage of
the population now uses mobile phones for a long time during each day and for several years, operating the antenna

very close to their head, then this exposure can effectively represent a serious risk for their health.

Finally, due to the increased use of mobile phones by adult and children, and since compliance tests use head
phantoms‘based exclusively on adult data, the results shown in this paper may suggest that further theoretical and
experimental research must be immediately done in order to evaluate these issues aiming to reduce risks, specially
for the children. This is in accordance to the WHO — World Health Organisation — effort, included in the WHO
Children’s EMF Research Agenda, recommending research studies relevant to the risk of adverse health effects in

children from exposure to electromagnetic fields — EMFs (WHO, 2004 ).

Meanwhile, since the present guidelines are questionable in protecting the cell phone user's, the
Precautionary Approach should be promptly adopted, and the cell phone exposure should be kept to a minimum,
following the ALARA principle (As Low as Reasonably Achievable). For example, the responsible health public
authorities should disseminate some basic recommendations for the cell phone user’s, such as to make only short
and essential calls, to use always hands free kits and maintain the antenna far away from their body during

the calls. In order to reduce irreparable public health damage, it is clear that the adoption of the Precautionary
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Approach, until more detailed and scientifically robust information on any health effects becomes

available, should not be further delayed.
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TABLE CAPTIONS
TABLE I - Spatial discretization
TABLE II — Physical propertieS for the adult man and fitted for the 10 years old child at 1850 MHz
TABLE III — SAR — Quarter wavelength monopole (1850 MHz), power=125mW.
TABLE IV — SAR - Quarter wavelength monopole (850 MHz), power=600mW.
TABLE V - SAR — Microstrip (or patch) antenna (1850 MHz), power=125mW.

TABLE VI —SAR - Microstrip (or patch) antenna (850 MHz), power=600mW.

TABLES
TABLEI
Model Adult 10 years old
Cases A BandC
Scale factor i/ 1l
Cranial perimeter (mm) 563.5 523.9
AX (mm) 0,910 0,9460
Ay (mm) 1.887 2.269
Az (mm) 1.968 1.601
device distance (mm) Ax Ax
TABLEI1
Age adult 10 years old
Properties p (g/em’) & o(T'/m) & a(I'/m)
Air 0.00 1.00 0.00 1.00 0.00
Average Skull 1.85 15.56 0.43 18.48 0.54

Skin (Wet) 1.01 43.85 1.23 54.63 1.53
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Average Muscle 1.04 54.44 1.39 61.68 1.57
Average Brain 1.03 43.54 1.15 52.52 1.44
Vitreous Humour 1.01 68.57 2.03 81.81 247
Fat (Mean) 0.92 11.02 0.19 13.15 0.23
Eye Tissue (Sclera) 1.17 53.57 1.60 63.91 1.95
Brain Spinal Fluid 1.01 67.20 2.92 80.17 3.55
Nerve (Spinal chord) 1.04 30.87 0.84 36.83 1.02
Lens Nucleus 1.10 34.65 0.79 41.34 0.96
TABLEIII
Model Adult 10 years old child
Electromagnetic Adult Adult Children
parameters parameters  par s par s
SAR values (W/kg)
Peak SAR (one voxel) 1.490 3.58 4.40
1g-SAR 0.527 0.794 0.885
10g-SAR 0.362 0.556 0.596
Mean SAR - (whole o4 0.032 0.032
head)
TABLE IV ’
Model Adult 10 years old child
Electromagnetic Adult Adult Children
parameters parameters  par s par s
SAR values (W/kg)
Peak SAR (one voxel) 3.68 597 6.20
1g-SAR 1.8 2.38 2.89
10g-SAR 1.74 2.05
Mean SAR (whole 149 0.193 0.191
head)
TABLE V
Model Adult 10 years old child
Electromagnetic Adult Adult Children
parameters parameters  par S parameters
SAR values (W/kg)
Peak SAR (one voxef) 0.091 0.190 0.207
1g-SAR 0.055 0.109 0.131
10g-SAR 0.036 0.086 0.086
Meat SAR (whole' o058 00085 0.008s
head)
TABLE VI
Model Adult 10 years old child
Electromagnetic Adult Adult Children
parameters parameters  parameters  paramelters
SAR values (W/kg)
Peak SAR (one voxel) 0.670 1.16 1.26
1g-SAR 0.359 0.477 0.590
10g-SAR 0.231 0.342 0.347
Mean SAR - (whole ) 454 00516 0.0524

head)
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FIGURE CAPTIONS -

Fig. 1. Three-dimensional images from both head models: (a) adult head without a quadrant ; (b) adult skull; (c)
child head without a quarter of the head top; (d) brain, eyes, spinal chord on the child model.

Fig 2. Frontal (xy plane) and coronal (xz plane) images showing the electric field distribution (20 x log | E |)
obtained at the end of the simulations: (a) monopole antenna (frontal); (b)microstrip antenna (frontal); (c) monopole
antenna (coronal); (d) microstrip antenna (coronal).

Fig 3. Frontal (xy plane) and coronal (xz plane) images showing the SAR distribution (10 x log | E | ) obtained at
the end of the simulations. Left: A/4 monopole and right: microstrip patch antenna.

Fig. 4. SAR distribution on adult and child head. A logarithmic scale was 10*log,o( SAR(mW/g)/ 1.6(mW/g))).

(a) adult with quarter wavelength monopole at 850 MHz and 600mW,

(b) adult with quarter wavelength monopole at 1850 MHz and 125 mW,

(c) adult with microstrip (or patch) antenna at 850 MHz and 600mW,

(d) adult with microstrip (or patch) antenna at 1850 MHz and 125mW,

(e) child with adult parameters with quarter wavelength monopole at 850 MHz and 600mW,
(f) child with adult parameters with quarter wavelength monopole at 1850 MHz and 125 mW,
(g) child with adult parameters with microstrip (or patch) antenna at 850 MHz and 600mW
(h) child with adult parameters with microstrip (or patch) antenna at 1850 MHz and 125mW
(i) child with fitted parameters with quarter wavelength monopole at 850 MHz and 600mW,
(j) child with fitted parameters with quarter wavelength monopole at 1850 MHz and 125 mW,
(k) child with fitted parameters with microstrip (or patch) antenna at 850 MHz and 600mW,
(1) child with adult parameters with microstrip (or patch) antenna at 1850 MHz and 125mW.
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Figure 3
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ORIGINAL ARTICLE

Prenatal and Postnatal Exposure to Cell Phone Use
and Behavioral Problems in Children

Hozefa 4. Divan,* Leeka Kheifets,® Carsten Obel® and Jorn Olsen®

Background: The World Health Organization has cmphasized the
need for research into the possible effects of radiofrequiency-fields in
children. We cxamined the association between prenatal and post-
natal exposure to cell phones and behavioral problems in young
children.

Methods: Mothers were recruited to the Danish National Birth
Cohort carly in pregnancy. When the children of those pregnancics
reached 7 years of age in 2005 and 2006, mothers were asked to
complete a questionnaire regarding the current health and behavioral
status of children, as well as past exposure to cell phone use.
‘Mothers evaluated the child’s behavior problems using the Strength
and Difficulties Questionnaire.

Results: Mothers of 13,159 children completed the follow-up ques-
tionnaire reporting their use of cell phones during pregnancy as well as
current cell phone use by the child. Greater odds ratios for behavioral
problems were observed for children who had possible prenatal or
postnatal expostrre to cell phone use. After adjustment for potential
confounders, the odds ratio for a higher overall behavioral problems
score was 1.80 (95% confidence interval = 1.45-2.23) in children with
both prenatal and postnatal exposure to cell phones.

Conclusions: Exposure to cell phones prenatally—and. to a lesser
degree, postnatally—was associated with behavioral difficulties
such as emotional and hyperactivity problems around the age of
school entry. These associations may be noncausal and may be due
to unmeasured confounding. If real, they would be of public health
concern given the widespread use of this technology.

(Epidemiology 2008;19: 000—000)
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Exposure to radiofrequency fields is increasingly common,
but the potential influence on health has not been thor-
oughly investigated, especially in children. Between 2003
and 2008, there were more than 900 million new cell phone
subscribers worldwide, with a total of more than 2 billion
subscribers.' Fetuses and children may be more vulnerable
than adults to external exposures in general.? In 2000, the
Stewart Report reccommended a precautionary approach to
the use of cell phones until more detailed and scientifically
robust information became available, especially for chil-
dren.? Numerous reviews, including 1 by the World Health
Organization,* stress ‘the need for studies in children and
on cognitive effects, because of the importance of cogni-
tive abilities and learning in early developnient.

Most epidemiologic studies of exposure to radiofrequency
fields have focused on brain and acoustic cancers as out-
comes® ! or on subjective symptoms such as headaches.!>!* A
number of laboratory studies have examined physiologic effects
after short-term exposure,'*~'® but a variety of other outcomes
arc yet to be investigated, and none has included potentially
susceptible populations such as fetuses and very young children.

Children are potentially exposed during fetal life by
maternal use of cell phones and then later in childhood when
they themselves become users of cell phones. Exposures
carly in life may have particular unportance because this is
during vulnerable stages of brain development.

There is limited information on the association between
radiofrequency field exposure during pregnancy and repro-
ductive outcomes (spontaneous abortions, birth weight, sex
ratio, and congenital malformations), mostly from occupa-
tional studies. Occupational exposures are typically much
higher than exposures from cell phone use. Some studies
have reported increased risk of spontancous abortions and
congenital malformations, although these results come from
poorly designed studies.'®

Since no established mechanism is known for radiofre-
quency exposure—except for what may be caused by an in-
creased temperature in the exposed regions—it is impossible to
exclude any health outcomes from consideration. Experimental
research indicates exposure might affect nonspecific neurologic
performance such as attention. In a preliminary cross-sectional
analysis of 13 year-olds in the MoRPhEUs study, differences in
certain cognitive abilities related to cell phone use were observed
(Rodney Croft personal communication, 16 December 2007).
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An increasing number of children are being diagnosed
with attention-deficit hyperactivity disorder (ADHD) as clas-
sified in the DSM-1V or hyperkinetic disorder in the 1CD-10
classification. These behavioral problems include hyperactiv-
ity, impulsivity, and difficulty in concentrating. Known risk
factors for these conditions include sex of child, smoking
during pregnancy, family psychiatric history, and socioeco-
nomic status (SES).?"*! To datc, no epidemiologic studies
have investigated cell phone use as a possible risk factor for
behavioral outcomes with similaritics to ADHD.

In this analysis, we explored the association of cell
phone use during pregnancy and during carly childhood with
behavioral problems in children.

METHODS

This study was based on the Danish National Birth
Cohort, which recruited study participants from March 1996
through November 2002. A total of 101,032 pregnancies
were enrolled in the cohort.*** Mothers and live-born chil-
dren constitute 2 fixed cohorts that are to be followed for
decades i a life-course perspective. Detailed information on
life-style factors, dietary habits and environmental exposures
were collected by means of 4 telephone mterviews; 2 of these
were conducted during pregnancy and 2 when the newborn
child reached 6 and 18 months of age.**

A new round of data collection from mothers that
focuses upon the child’s health status was initiated when the
children reached the age of 7 years. This analysis is based on
the information collected about children born between 1997
and 1999. This Age-7 Questionnaire contained questions on
cell phone use among children, as well as among mothers
during pregnancy. In addition, the questionnaire included
data on social conditions, family lifestyle, and diseases in
childhood. including behavioral problems as defined by the
Strengths and Difficulties Questionnaire. Specifically, we
asked about mother’s use of cell phone during pregnancy (the
number of times spoken per day, proportion of time the phone
was on), use of hands-free equipment during pregnancy
(proportion of time) and location of the phone when not in
use (handbag or clothing pocket), and for children, current
use of cellular and other wireless phones.

Letters were sent to participants’ homes instructing
them about how to respond to the questionnaire via the
Internet, as well as informing them that they may request a
questionnaire to return by ordinary mail using a prepaid
envelope. If they did not respond within a 4-week period, a
reminder letter was sent. 1f, at the end of a second 4-week
period, the Internet version still had not been completed, a
paper-based questionnaire was provided via mail. Formats of
the 2 questionnaire were identical.

This study was approved by the Danish Data Protection
Agency and by regional science ethics committees in Den-
mark as well as the University of California, Los Angeles
Office for the Protection of Research Subjects.

[\

Outcome Measures

Behavioral problems in children werc assessed using
the Strengths and Difficulties Questionnaire.”*® Mothers
completed a list of 25 questions with scaled responses (very
true, partly true, or not true) regarding their child’s behavior.
The assessment of disorders was based upon scores over a
particular group of questions with a priori defined cutoff
points. The questionnaire assessed overall behavioral prob-
lems or disorders, as well as specific emotional, conduct,
hyperactivity, peer and social disorders.

Based on the specific numerical score, children were
classified as abnormal, borderline, or normal for overall
behavioral problems as well as for the specific outcomes such
as emotional, conduct, hyperactivity, or pcer problems.’

Statistical Analysis

Comparisons were made between baseline characteris-
tics (ie, sex of child, social-occupational status, and mother’s
psychiatric history and smoking) as well as prenatal and
postnatal cell phone exposure.

We used an ordinal logistic regression model (adjacent
category logistic model) to estimate the odds of the outcomes
of behavioral problems (2 = abnormal, | = borderline, 0 =
normal) in children according to combined prenatal and
postnatal exposure to cell phones, prenatal exposure only, and
postnatal exposure only. The model imposes the same odds in
going from “normal” to “borderline” as from “borderline” to
“abnormal.”” Tests for heterogeneity were conducted to verity
this assumption. Regression analyses were adjusted for several
potential confounders (child’s sex, mother’s age, mother’s psy-
chiatric history, social-occupational status, and smoking during
pregnancy). We computed odds ratios (ORs) and 95% confi-
dence intervals (Cls).

To evaluate possible dose-response patterns, we con-
sidered proxies of prenatal exposure intensity (times per day
spoken, location of the phone when not in use, proportion of
time the phone was turned on, and use of an carpiece with cell
phone). For each specific characteristic of use, the reference
category was defined as the lowest possible category (ie, no
use, 0—1 times per day spoken). For location of phone when
not in use, the reference category was “carried in bag” versus
“carried in dress/pant pocket.”

RESULTS

Mothers completed an Age-7 Questionnaire for 13,159
children, which is about 65% of the cligible mothers who
were contacted through November 2006. Thirty percent of
children were using a cell phone at the age of 7 years, but
fewer than 1% used a cell phone for more than 1 hour per
week. About 11% of children were exposed to cell phones
both prenatally and postnatally (Table 1). Nearly half had
neither prenatal nor postnatal exposure, and another 8% (n =
1091) werc coded as do not know or missing in the analysis

© 2008 Lippincott Williams & Wilkins
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TABLE 1. Distribution of Covariates and Behavioral Problems Score by Prenatal and Postnatal Exposure to Cell Phone Use (n=13,159)

Both
Prenatal Postnatal Prenatal
No Exposure Exposure and Do Not
Exposure Only* Only® Postnatal Know/Missing
(n = 6471) (n = 1895) (n = 2281) (n = 1421) (n = 1091)
Covariates
Sex of child

Boy 533 53.6 47.0 46.7 51.2

Girl ‘ 6.6 46.4 52.9 53.1 48.8
Missing 0.1 0.0 0.2 0.0

Social-occupational status

High 53.5 50.9 52.1 453 48.6

Medium 352 36.4 36.7 389 383

Low 7.5 10.0 7.3 12.1 9.9
Missing 38 2.7 39 3.7 3.2

Mother ever suflfered from mental disorder or neurosis

Yes 5.2 5.9 6.6 8.0 12.6

No 911 91.5 89.7 38.8 84.6
Do not kuow/missing 3.7 26 3.7 3.2 28

Mother ever had psychiatric illness

Yes 10.1 11.9 13.5 16.8 347

No ’ 87.7 84.9 83.9 81.0 5717

Do not know 1.6 2.2 1.8 1.6 1.5
Missing 0.6 1.0 0.8 0.6 6.1

Mother’s snioking status during pregnancy -

Entire pregnancy 15.1 19.3 204 248 17.0
Every day 80.0 85.0 79.6 83.0 82.7
Less than every day 10.6 5.5 12.0 74 6.5
Do not kiow frequency 9.4 9.6 8.4 9.6 10.8

Early in pregnancy only 6.5 62 - 7.3 82 73

Notl a smoker- 72.5 69.2 66.7 59.9 70.1
Do not knowAnissing 5.9 53 5.6 7.1 56

Behavioral problems score
Overall behavioral problems score

Normal (0-13) . 950 91.6 938 89.9 89.5

Borderline (14-16) 25 4.1 3.7 5.4 3.6

Abnornual (17-40) 24 42 24 4.6 2.7
Missing 0.1 0.1 0.1 0.1 4.2

Enwotional syniptoms score

Normal (0-3) 87.8 R5.S 86.5 82.8 799

Borderline (4) 6.0 6.0 6.6 7.9 7.6

Abnonal (5-10) 6.1 R4 6.9 9.2 8.4
Missing 0.1 0.1 0.0 0.1 4.

Conduct problems score '

Nonnal (0-2) 87.1 83.9 86.4 80.2 813

Borderline (3) 8.1 9.9 8.7 11.1 8.9

Abnonual (4-10) 4.7 6.1 4.9 8.7 5.6
Missing 0.1 0.1 . 0.0 0.0 4.2

Hyperactivity score

Normal (0-5) 918 88.9 91.8 88.1 87.6

Borderline (6) 33 45 33 4.3 3.2

Abnormal (7-10) 4.7 6.5 4.9 7.5 5.0
Missing ' 0.1 0.1 0.0 0.1 4.1

Peer problems score

Normal (6-2) 92.5 90.0 91.6 89.1 88.5

Borderline (3) 3.3 4.3 4.6 5.2 3.7

Abnormal (4-10) 1.0 5.6 3.7 5.6 37
Missing 0.1 0.1 0.1 0.1 4.2

Vahses are given in percentage.
“Mather’s use during pregnancy.
"Child's ase.
© 2008 Lippincort Williams & Wilkins » 3
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because of incomplete information regarding mother’s or
child’s cell phone use. For most characteristics and outcomes,
the percent missing or not known was small (0%—7%) and
similar across the 4 exposure groups. One cxception was the
percentage of mothers ever having psychiatric illness; nearly
35% of the 1091 who had incomplete information on expo-
sure to cell phones answered “Yes” to this question. Nearly
90% of the children werc reported as “normal” for all types of
behaviors. Children with exposure to cell phones (prenatally,
postnatally, or both) tended to have higher percentages of
borderline or abnormal scores for emotional symptoms, con-
duct problems hyperactivity and peer problems.

The highest odds ratios for behavioral problems were
observed for children who had both prenatal and postnatal
exposure to cell phones compared with those who were not
cxposed during either time period (Table 2). For these chil-
dren the adjusted OR for the overall behavioral score was
1.80 (95% Cl = 1.45-2.23). For prenatal or postnatal expo-
sure only, the adjusted odds ratios were 1.54 (1.32-1.81) and
1.18 (1.01-1.38), respectively. Adjusting for potential con-
founders moved the results towards the null.

For the combined prenatal and postnatal exposure,
adjusted odds ratios (Table 3) were similarly mcreased for
each of the 4 specific behavioral outcomes. The odds ratios
were higher for prenatal exposure than for postnatal cxpo-
sure, for each of the behavioral problems.

When analyses were stratificd by the covariates the
associations between cell phone use and behavioral problems
were stable across the strata (Table 4). Associations with
overall behavioral problems in children did not vary when
considering the questionnaire administration format (paper-
based or Internet-based) (data not shown).

Almost 85% of mothers carried their cell phone in a
bag during pregnancy rather than on their person or else-
where, and nearly 82% reported not using an earpicce (data
not shown). In Table 5, nearly 56% of children with
prenatal exposure had mothers who reported speaking 0-1
times per day during their pregnancy and 43% reported
having the phone turned on at all times. For prenatal
exposures—regardless of postnatal exposure—odds ratios
for the overall behavioral problems score tended to be
greater with higher potential for fetal exposure: however,

TABLE 2. Association of Prenatal and Postnatal Exposure to Cell Phone Use With Overall Behavioral Problems

Score

Postnatal Exposure

No Yes Prenatal Exposure®
Unadjusted Adjusted OR Unadjusted Adjusted OR Unadjusted Adjusted OR
OR (95% CIy® OR (93% ChH" OR (95% CI)®

Prenatal exposure '

No 1.0° 1.0¢ 1.25 1.18 (0.96-1.45) 1.0° 1.0¢

Yes 1.77 1.58 (1.29-1.93) 2.16 1.80 (1.45-2.23) 1.74 1.54 (1.32-1.81)
Postnaal exposure” 1.07 1.0¢ 1.26 1.18 (1.01-1.38)

n = 12,068 with information about prenatal and postnatal exposnre: n = 12,112 with information about prenatal exposure; n = 13,054 with information

about postnatal exposure.
*OR for prenatal exposure adjusted for postnatal expasure.

"Adinsted for sex of child. age of mother, smoking dnring pregnancy, mether’s psychiatric prablems, and secio-ocenpational levels.

“Reference category.
COR for pestmatal exposure adjusted for prenatal expasure.

TABLE 3. Associations of Specific Behavioral Problems in Children With Prenatal and Postnatal Exposure to

Cell Phone Use

Prenatal Exposure Only

Postnatal Exposure Only

Both Prenatal and Postnatal Exposure

Unadjusted Adjusted OR Linadjusted  Adjusted OR Unadjusted Adjusted OR
OR (95% CI)* OR 95% CI* OR 95% C1)*
Behavioral problems
Emational 1.23 1.12 (0.97-1.30) 113 1.06 (0.92-1.23) 1.50 1.25 (1.07-1.47)
Hyperactivity 1.39 1.29 (1.08-1.53) 1.60 0.98 (0.82-1.17) 1.52 1.35,(1.12-1.63)
Conduct problems 1.29 1.21 (1.05-1.40) 1.06 1.02 (0.89-1.1%) 1.69 1.49 (1.28-1.74)
Pcer probleins 1.36 1.27 {1.06-1.52) 111 1.08 (0.90-1.29) 1.51 1.34 (1.11-1.63)

Reference categary is no prenatal nr-pastnatal expasure ta ceil phone use.
*adjasted for sex of child. age of niother. smoking during pregnancy, mother’s psyclhiatric problems, and socio-oceapational levels.

4 ' © 2008 Lippincott Williams & Wilkins
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TABLE 4, ' Associations of Overall Behavioral Problems With Prenatal and Postnatal Exposure to Cell Phone
Use Stratified by Covariates

Postnatal Exposure Only
OR (95% CD)

Prenatal Exposure Only
OR (95% CD)

Both Prenatal and Postnatal Exposure

Covariates OR (95% CI1)

Sex of child

Boy (n = 6201) 1.89 (1.48-2.40) 1.20 (0.92-1.58) 2.35(1.81-3.06)

Girl (n = 5856) 1.55 (1.09-2.21) 1.44 (1.04-1.99) 2,12 (1.51-2.97)
Social-occupational level

High level (n = 6259) 1.76 (1.27-2.46) 1.27 (0.90-1.79) 2.32 (1.63-3.30)

Medium level (n = 4359) 1.86 (1.39-2.51) 1.40 (1.04-1.89) 1.92 (1.40-2.64)

Low level {n = 1009) 1.22 (0.74-2.02)
Mother ever suffered from miental disorder or neurosis

0.67 (0.36-1.27)

1.56 (0.95-2.55)

Yes (n = 710) 112 (0.56-2.27) 0.68 (0.33-1.42) 1.59 (0.84-3.01)

No (n = 10,937) '1.83 (1.48-2.26) 1.29 (1.03-1.60) 2.16 (1.72-2.69)
Mother cver had psychiatric illness

Yes (n = 1424) 1.50 (0.96-2.3) 110 (0.71-1.69) 1.57(1.02-2.41)

No (n = 10,349) 1.72 (1.36-2.17) 1.26 (0.99-1.60) 2.08 (1.62-2.66)

Mother’s smoking status during pregnancy

Smoaked entire preguancy 1.75(1.22-2.51)
(n = 2160)

0.89 (0.59-1.32)

171 (1.18-2.47)

Smoked early in pregnancy 2.21 (0.994.96) 1.51 (0.68-3.37) 2.68 (1.24-5.80)
ouly (n = 822)
Not a smoker (n = 8378) 170 (1.31-2.20) 1.32(1.01-3.37) 2.00 (1.50-2.66)

TABLE 5. Association of Characteristics of Mother’s Cell Phone Use Durin

g Pregnancy With Overall

Behavioral Problems Score in Children With Prenatal Exposure (n = 3322)

Unadjusted Adjusted OR Adjusted OR
No, (%) OR (95% CI)* (95% Ch*
Times spoken per day
0-1 1873 (56.4) 1.00¢ 1.00¢ 1.00¢
2-3 777 (23.4) 1.49 1.33(0.99-1.79) 1.31(0.97-1.77)
4+ 347 (10.4) 1.60 1.51 (1.02-2.22) 1.47 (1.00-2.18)
Missing 325(9.8) — —
P for trend — 0.28 0.61 0.62
Percentage of time turned on
0 397 (12.0) 1.00° 1.00° 1.00¢
<30 500 (15.1) 0.70 0.62 (0.35-1.11) 0.62 (0.35-1.10)
50-99 954 (28.7) 1.20 0.93 (0.58-1.48) 0.91 (0.57-1.45)
100 1427 (43.0) 1.43 1.09 (0.70-1.70) 1.06 (0.68-1.65)
Missing 44 (1.2) — — —
P for 1rend — 0.15 0.13 0.13

“Estimates adjusted for sex of child, age of mother, smoking during pregnancy, innther’s psychiatric problems, and socio-occapational levels,

"Also adfusted for postnatal exposure to cell phones.
“Reference category.

proxies for intensity of mother’s phone use during preg-
nancy did not exhibit strong dose-response associations,
and tests. for trend were not statistically significant,

DISCUSSION
Use of cell phones during pregnancy was associated
with an increased odds of behavioral problems in children in
this study. These results were unexpected and should be

© 2008 Lippincort Williams & Wilkins
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interpreted with caution. Observed associations are not nec-
essarily causal. We have no known biologic mechanisms to
explain these associations, and confounding by unmeasured
causes of behavioral problems counld have produced these
results. Furthermore, this is the first study of its kind. The highest
exposure group differed somewhat on several factors that nught
relate to the risk of behavioral disorders in offspring: they were
of lower social-occupational status, mothers were more likely to

fthis article iz pro
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have ever suffered from mental disorder or neurosis and to ever
had psychiatric illness, and mothers were more likely to have
smoked during pregnancy. Although the associations remained
after adjustment for these factors, and the associations were
actually stronger in the covariate strata associated with lower
risk of behavior disorders in offspring, the possibility of residual
confounding remains. Additionally, we did not have information
on other potential confounders such as history of psychiatric
disorders in fathers and history of lead exposure.”®

Amnother possible explanation for the observed associ-
ation might be the lack of attention given to a child by
mothers who are frequent users of cell phones. It is also possible
that behavioral correlates of maternal cell phone use, rather than
radiofrequency exposure, affect perception or reality of chil-
dren’s behavioral problems. Thus confounding and other
sources of bias may explain the associations observed.

The validity of our measure of behavioral problems
based on the questionnaire is supported by the fact that the
prevalence of observed behavioral problems is consistent
with results from similar studies in which the questionnaire
has been used and validated.**" Additionally. we observed
associations in the expected direction and magnitude for other
risk factors for behavioral problems, such as sex of the child,
age of mother, social-occupational status, psychiatric history
of mother and smoking during pregnancy.”®*! We measured
mother’s reports of their children’s behavioral traits or pat-
terns rather than clinical diagnoses such as ADHD.

While the questionnaire was designed to obtain history
of cell phone use, we do not belicve that differential recall
bias explains the observed associations. The portion of the
questionnaire asking about behavioral problems preceded the
questions regarding cell phone use, but it is unlikely that
mothers would be influenced by the knowledge of their
child’s bchavioral status when providing data of phone use,
as these belavioral problems have not previously been asso-
ciated with cell phone use. A previous study has shown good
accuracy for the simple reporting of use versus nonuse of cell
phones, and reasonable reporting (umderreporting of 10%) for
times spoken per day.’' Self-reported duration of calls was
more problematic, being overestimated by 40%.

Because pregnancy leaves a strong impression on
memory—allowing for mothers to recall events fairly well
and actions during that time—we expect recall related to a
specific pregnancy to provide better data than recall with-
out such a stimulus, and a number of studies have sup-
ported this view.’>* Thus our estimates of exposure,
which are based on cell phone use and number of calls,
may be better than for the casc-control studies of brain
tumors published to date, although we do not expect the
data to be without crror.

Obtaining actual exposure dose measurements to radio-
frequency fields in a large prospective cohort is unrealistic.
Basing exposure data as collected by a well-designed ques-

6

tionnaire is the only practical way of obtaining cell phone use
information for children in a large cohort study. It would be
useful to know how well reported use of cell phone by
mothers approximates exposure to the fetus. Adequate mod-
els estimating the specific absorption rate to a fetus from cell
phones are still under development.®® Based on the distance
from outside the body to inside the utcrus, the exposure
reaching the fetus (either during conversation or when the
phone is in a standby mode) is likely to be extremely low.
Although unlikely, thermal effeets due to localized increases
in temperature should be considered, given that the temper-
ature of the fetus is already about 0.5°C above that of the
mother®” and fetal heat dissipation to the mother (which
occurs mostly at the placenta) is not fully efficient.

The specific absorption rate for children is somewhat
higher than for adults due to differences m body size, shape,
tissue distribution, as well as permittivity and conductivity of
tissues. In addition, the relative penetration is deeper for chil-
dren, a logical consequence of the smaller head diameter. Nev-
crtheless, use of cell phones by children in this group was so
infrequent and short term that the casual effect due to these
exposures secms unlikely, according to our present knowledge.

About 30% of 7-year-olds used cell phones in Den-
mark, albeit infrequently. Although the difference in cell
phone use by mothers and children between the 2 years of
enrollment (1998 and 1999) was small, prevalence of use was
increasing and will likely increase further as the children age.
Many families will probably not have land-lines in the fiture,
thus increasing frequency of cell phone use even more. In a
recent Swedish study, nearly half of 7-year-olds had access to
cell phones and prevalence increased sharply with age, to
98% of 14-year-olds.”

The immature nervous system is extremely vulnerable
to toxicants, which can result in behavior-related toxicities
that may not emerge until well into childhood, adolescence or
adulthood.”®*® Thus it will be useful to continue to follow
this cohort of children.

Examination of the possible effect of prenatal and
postnatal cell phone exposure on cognitive development and
behavior is best done in a lengitudinal study. Our results need
to be replicated; they only suggest that cell phone use during
critical periods of brain development in pregnancy and early
childhood could be a potential risk factor for behavioral
problents in children. We hope others will be able to pursuc
this question in other cohorts. of children. The observed
associations may be noncausal and due to unmeasured con-
founding; however, if they are real they would have major
publi¢c health implications. ’
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Background. There has been growing public concemn on the effects of electromagnetic
radiation (EMR) emitted by cellular phones on human health. Many studies have recently
been published on this topic. However, possible consequences of the cellular phone usage

on human sperm parameters have not been investigated adequately.

Methods. A total number of 27 males were enrolled in the study. The semen sample ob-
tained from each participant was divided equally into two parts. One of the specimens
was exposed to EMR emitted by an activated 900 MHz cellular phone, whereas the other
was not. The concentration and motility of the specimens were compared to analyze the
effects of EMR. Assessment of sperm movement in all specimens was performed using

four criteria: (A) rapid progressive, (B) slow progressive, (C) nonprogressive, (D) no

motility.

Results. Statistically significant changes were observed in the rapid progressive, slow
progressive and no-motility categories of sperm movement. EMR exposure caused a sub-

tle decrease in the rapid progressive and slow

progressive sperm movement. It also caused

an increase in the no-motility category of sperm movement. There was no statistically
significant difference in the sperm concentration between two groups.

Conclusions. These data suggest that EMR emitted by cellular phone influences human

sperm motility. In addition to these acute adv
term EMR exposure may lead to behavioral
These effects may be observed later in li
“seriously. © 2006 IMSS. Published by Els

erse effects of EMR on sperm motility, long-
or structural changes of the male germ cell.
fe, and they are to be investigated more
evier Inc.

Key Words: Mobile phone, Cellular, Electrgmagnetjc field, Human, Sperm, Motility.

Introduction

Use of cellular phones has increased exponentially and be-
come an important part of everyday life throughout the
world. A growing concern for their possible adverse effects
on human health evokes a flurry of scientific activity to
evaluate this dilemma. Despite the increasing number of re-
ports on the effects of electromagnetic radiation (EMR) in
various biological systems, no satisfactory mechanism has
been proposed to explain the effects of this radiation (1).

Address reprint requests to: Emin Oztas, MD, Associate Professor, De-
partment of Medical Histology and Embryology, Gulhane Military Medical
Academy, Etlik, Ankara, 06018, Turkey; E-mail: eminoztas@gata.edu.tr

Radiofrequency (RF) energy is a type of nonionizing ra-
diation, including EMR produced by cellular phone, and is
not strong enough to cause ionization of atoms and mole-
cules. Cellular phones emit low levels of RF in the micro-
wave range while being used. Although high levels of RF
can produce health effects (by heating tissue), exposure to
low-level RF may not produce heating effects and causes
no known adverse health effects. Several experimental stud-
ies demonstrated that exposure to electromagnetic or static
magnetic fields had adverse effects on the reproductive
system (2—10). However, it is likely that these effects were
due to heating,

Recent epidemiological studies investigated the possible
effects that EMR have comparing cell phone use and sperm

0188-4409/06 $—see front matter, Copyright © 2006 IMSS. Published by Elsevier Inc. -

doi: 10.1016/j.arcmed.2006.05.003
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quality of the individuals. Kilgallon et al. suggested that af-
ter other lifestyle variables had been accounted for, storage
of cellular phones close to the testes had a significant neg-
ative impact on sperm concentration and percentage of mo-
tile sperm (11). Another important study performed by
Fejes et al. suggested the effects of EMR radiated by cellu-
lar phones using in vivo experiments (12). It was the first
human study performed on 371 healthy males. This study
concluded that prolonged use of cellular phones might have
negative effects on sperm motility characteristics. The other
important study performed by Sun et al. investigated the ef-
fects of EMR emitted by computers on human sperm qual-
ity and did not find any adverse effects (13). However,
epidemiologic studies might have many uncontrolled fac-
tors in the environment of these studies, which may reduce
the reproducibility of their results.

In this study, we used an in vitro model in order to inves-
tigate the possible adverse effects of nonionizing radiation
on semen parameters. Using this methodology, we can stan-
dardize the process and obtain reproducible results. We be-
lieve that the results of our in vitro tests may complement
the in vivo studies.

Materials and Methods
Semen Samples

Study population was composed of healthy male volunteer
individuals. Forty eight volunteering participants attending
the urology clinic were tested for the existence of any ab-
normal situations including hormonal status and infections
by routine blood and urine tests within the normal range of
Gulhane Military Medical Academy. Subjects had no his-
tory of genitourinary abnormality or surgery. Donors were
included if they had conventional sperm parameters within
the normal range defined by World Health Organization
(WHO) (1999) (14). Semen samples from 27 males (mean
age 27 = 3.2, range: 19—33) who satisfied these criteria
were used in our experimental study. Samples were col-
lected from the participants following the abstinence of
ejaculation for a minimum of 48 h and no longer than 7
days before collection. All specimens were obtained by
masturbation without using condom. Clean, wide-mouthed
polypropylene containers (Sigma, St. Louis, MO) without
residual chemicals were used for specimen collection, and
specimens were kept at room temperature in the laboratory.
The semen sample obtained from each participant was di-
vided equally into two parts: control group (group 1) and
EMR-exposed group (group 2).

Environmental Conditions

Environmental conditions were monitored in the semen
analysis laboratory and the EMR exposure room throughout
the study. All EMR measurements were performed using

Triaxial Magnetic Meter, Model 4090 (Bell Technology,
Orlando, FL). Basal and experimental levels of the environ-
mental EMRs in the rooms were measured at the center of
the working board of clean benches and on the stages of mi-
croscopes. EMR measurements of the experimental envi-
ronment are shown in Table 1. The clean benches in the
semen analysis laboratory and EMR exposure room are
made out of marble. In the EMR exposure room, there
are no other metal or ferromagnetic materials around the
clean benches that would change the structure of the elec-
tromagnetic field. The use of any EMR-emitting device
(such as an extra cellular phone, centrifuge, fluorescent
light ballasts, and computers) was not allowed so that the
EMR generated by this equipment would not interfere with
the experimental environment.

Exposing Semen Samples to Electromagnetic Radiation

The method for exposing semen samples to EMR was es-
tablished by modification of the technique described by
Makler et al. (15). The collected semen samples for both
groups were rested for 25 min without any intervention,
At the end of the 25-min waiting period, the groups are sep-
arated from each other isolating the control group far from
the source of the EMR. The EMR-exposure group speci-
mens were taken to the exposure room and then exposed
to the EMR emitted by a commercially available cellular
telephone, GSM 900 type (900 MHz, 2 W peak power, av-
erage power density 0.02 mW/cm?). The distance between
the phone and specimen was 10 cm, and the duration of the
exposure was 5 min (16).

Semen Analysis

Assessments of semen analysis were performed at the end
of the 30-min period (25 min for liquefaction and 5 min
for the EMR exposure or control) for both specimen groups
(14). Sperm parameters of the two groups were analyzed at
the same time to reduce time-dependent motility variations
by using phase-contrast microscopes (Nikon, Alphaphot-2,
YS-2, Tokyo, Japan) with phase objectives (%20 magnifica-
tion). Semen analyses were performed by two experienced
and blinded observers. Semen samples were double
checked by the observers to reduce interobserver variations.
Concentration and motility were evaluated through a Makler
counting chamber (Sefi-Medical Instrument, Haifa, Israel).
WHO criteria (four categories of sperm movement; A-rapid
progressive, B-slow progressive, C-nonprogressive and D-
no motility) were used in the assessment of sperm move-
ment (14).

Statistical Analysis

All results are given as mean = SD. Sperm concentration
and motility of exposure and control groups were compared
by Wilcoxon Signed Ranks Test. SPSS for Windows
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Table 1. Intensity of EMRs at experimental environment

EMR value (uT)

Ambient level

Cell phone standby® Cell phone working®

Semen analysis room

On clean benches 0.1-0.3 uT

On microscopes 0.2—0.4 uT
Exposure room

On clean benches 0.1-0.3 uT

Ambient level Ambient level
Ambient level Ambient level
0.1-0.2 uT 1771 uT®

EMR, electromagnetic radiation; pT: microTesla.
“Cell phone is in the exposure room.

"EMR level produced by the cellular phone stays approximately constant during ringing and speaking.

(version 11.0, Windows, SPSS, Chicago, IL) was used for
statistical analysis; p <0.05 was considered statistically
significant.

Results

Qualitative differences between the movement categories of
the control and the EMR exposure groups are summarized
in Table 2. We noted significant differences in percentages
of rapid progressive, slow progressive, and no-motility cat-
egories of sperm movement. No significant differences
were seen in nonprogressive motility between the two
groups. Mean percentages of rapid progressive and slow
progressive categories of sperm movement were higher in
the control group, On the other hand, nonprogressive motil-
ity category of sperm movement was higher in the EMR
exposure group. There was no statistically significant differ-
ence in the sperm concentration between the two groups.

There are more subjects with higher percentages of rapid
progressive and slow progressive categories of sperm
movement in the control group than the EMR exposure
group. However, the EMR exposure group has more sub-
Jects with higher percentages of nonprogressive motility
or no-motility categories of sperm movement compared
to the control group.

Discussion

Available scientific evidence associates changes in semen
quality with cellular phone usage. There are two important
in vivo human studies in the literature about cellular phone
usage and semen parameters. One suggests that lifestyle
can influence semen quality. According to this study, the
storage of mobile phones close to the testes can decrease
semen quality (11). Another study claimed that the pro-
longed use of cell phones may have negative effects on
sperm motility characteristics (12).

Radio waves of cellular phones do not have enough
energy to cause ionization of atoms and molecules. Most
DNA damage results from cellular phone EMR appear
at the process of spermatogenesis and sperm maturation.

Aitken et al. exposed mice to 900 MHz EMR for 7 days,
12 h/day to investigate the effects of EMR on sperm
DNA (17). This study claimed that there is no increase in
the single- or double-strand DNA breaks as a result of
EMR exposure. However, the same study revealed that
EMR exposure caused significant damage to both the mito-
chondrial genome and the nuclear B-globin locus caused by
EMR exposure. These trends suggest that recent concerns
over long-term exposure to electromagnetic irradiation
emitted by mobile phones should be taken more seriously,
given the growing trend for deterioration in the male germ
line (18). Nonionizing radiation may cause hazardous
effects by changing cellular molecules that lead to changes
of cellular behaviors (reversibly or irreversibly). These
changes may be passed to the next generation. This can be
explained by the possible role of increased oxidative stress
mediators (19) or some receptors such as seen in Merkel
cells that can detect the EMR, show an exocytotic activity,
and discharge its granules that lead the changes (20).

In this study we investigate the effects of electromag-
netic radiation emitted by a typical cellular phone (900
MHz type) on sperm parameters. Semen collected from
the participants was divided into two parts. Control group
was kept at the laboratory where no EMR source exists.
EMR exposure group was taken to another room and ex-
posed to low-level nonionizing radiation generated by an
activated cellular phone at a distance of 10 cm for 5 min.
The 10-cm distance was accepted as physiologically rea-
sonable limits for the individuals by measuring a high-dose
radiation (70—140 pT) at ringing and speaking mode with
the close touch position of cellular phone to the semen sam-
ples. Also, distance longer than 10 cm was not effective as
measuring low-level (1—2 uT at 30 cm) EMR around the
semen samples. Five-min exposure time was used as de-
scribed by Panagopoulos et al. in their study about the
effects 900-MHz cellular phone radiation on the reproduc-
tive capacity of Drosophila melanogaster during gonad de-
velopment (16). The electromagnetic field applied to semen
samples was about 20—70 times higher than the ambient
EMR at the semen analysis laboratory where control group
specimens were kept (see Table 1).
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Table 2. Seminal findings in nonexposed and exposed groups

Group | (not exposed to EMR) Group 2 (exposed to EMR) z p
Movement categories (%) Mean * SD Mean * SD
Rapid progressive (A) 13.6 * 10.2 9179 —3.381 0.0007*
Slow progressive (B) 437 £ 194 339 * 206 -3.3717 0.0007*
Nonprogressive (C) 60 * 26 6.4 * 3.0 —0.756 0.4500
No motility (D) 359+ 26 50.6 * 22.7 —3.593 0.0003*
Sperm concentration (x 10° mL™") 59.8 * 35.3 57.9 + 37.6 -1.632 0.1028

EMR, electromagnetic radiation.
*p <0.001.

Our study controlled for semen analysis methodology.
Our observers were trained to analyze semen samples using
standardized protocols based on WHO guidelines. Our ob-
servers were also standardized by an internal quality control
system for the semen analysis, although they may have used
minimally different semen analysis techniques. The tech-
nique for the motility assessment outlined in the WHO
guidelines is not a strictly quantifiable one, and it is possi-
ble that if a computer-assisted sperm analysis system had
been used to assess motility, we may have found more pre-
cise sperm counts due to the reduced intra- and/or interob-
server variations.

In vitro studies may play an important role when in vivo
studies are weak or not definitive. Our in vitro study has
a supporting or clarifying role on human studies. This study
complements the work of Kilgallon and Simmons and Fejes
et al. and confirms their results (11.12). Our in vitro method
has a controllable environment and minimizes the uncon-
trolled subjective results of the in vivo tests.

In our study, exposure to EMR led to a significant
decrease in sperm motility. Results of the semen analysis
between the control and the EMR exposure group showed
statistically significant changes in sperm motility in the
progressive, slow progressive, and no-motility categories
of sperm movement. Since all environmental factors, except
the exposed EMR levels, were the same for the control and
EMR exposure groups, we believe that the change in sperm
motility between these groups was caused by the EMR
produced by the cellular phone.
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Abstract

Our aim was to determine a possible relationship between regular cell phone use and different
human semen attributes. Accordingly, the history-taking of male patients in our university clinic
was supplemented with questions concerning cell phone use habits, including possession, daily
standby position and daily transmission times. Semen analyses were performed by conventional
methods. Statistics were calculated with SPSS statistical software. A total of 371 were included in
the study. The duration of possession and the daily transmission time correlated negatively with
the proportion of rapid progressive motile sperm (r=-0.12 and r=-0.19, respectively), and
positively with the proportion of slow progressive motile sperm (r=0.12 and r=0.28, respectively).
The low and high transmitter groups also differed in the proportion of rapid progressive motile
sperm (48.75% vs. 40.62%). We therefore suggest that the prolonged use of cell phones may have

negative effects on the sperm motility characteristics.
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Introduction

The prevalence of infertility among couples of reproductive age has been estimated as up to 15%,
with a tendency to increase in recent decades. In about half of these cases, the male partner
exhibits some disturbance in the spermiogram [25, 31]. Idiopathic infertility is defined as a
decreased sperm quality with no organic, genetic or endocrine alteration in the background, and no
infection affecting the genital tract. Various environmental factors, such as heat or certain
chemical agents, can deteriorate semen quality [25]. The use of cell phones has become
widespread. The analogue NMT (Nordic Mobile Telephone) system introduced in the 1980s
operated at an electromagnetic resonance of 902.5 MHz. A decade later, the GSM (General
System for Mobile Communication) succeeded it, with a radiofrequency of 902.4 MHz, pulsing at
217 Hz. The recent DCS (Digital Cellular System), which uses a radiofrequency of 1,800 MHz,
has spread rapidly [26). Cell phones have a wide range of specific absorption rate (SAR):

depending on the model used, it is approximately 0.1-2 W/kg. The emission level of cell phones is

below the defined safety thresholds; however, the effects of the electromagnetic resonance emitted:

.by cell phones on living cells and organs are still unclear. There have been publications
concerning effects on the central nervous system, such as alterations in the EEG pattern, the
sleeping pattern or even the neuroendocrine functions [1, 4, 15, 20]. There have also been reports
on the breakage of DNA as the cause of tumours [12, 13, 14, 17, 24], but the role of cell phones in
engendering tumours is debated 2,3,8,11, 19, 29, 30].

Dasdag et al. [5] recently reported no effects of cell phone use on the testis of rats, whereas
Davoudi et al. [6] observed declining levels of rapid progressive spermatozoa among a small study
group of cell phone users. As far as we are aware, this is the first human study of the possible

relationship between cell phone use and semen quality; more than 300 males were examined.
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Materials and methods

Localization: Andrology Division of Department of Obstetrics and Gynaecology, University of
Szeged, Hungary.

Our study involved consecutive male patients of reproductive age, who presented at our clinic
because of infertility probiems in their marriage. We supplemented the history-taking with
questions concerning cell phone use habits. The main aspects were: duration of possession (in
months), duration of standby position closer than 50 cm to the patient (in hours) and duration of -
daily transmission (in minutes).

The semen analysis and evaluation process was performed in accordance with the WHO 1999
standards criteria [32]. Sperm samples were produced by masturbation into a sterile, wide-
mouthed calibrated glass container following a standardized 5 days of abstinence. After a 30-
minute liquefaction period, the semen characteristics were quantified by using a Makler semen
counting chamber (Sefi-Medical Instruments, Israel) under the 200x magnification of an Olympus
CH2 phasc contrast light microscope (Olympus Optical Co. Ltd. Japan). The sperm concentration
(10%ml) and the motile sperm ratio (%) were assessed by the same independent qualified assistant.
The categories of motility were as follows: percentage of rapid progressive motile sperm (grade
A), percentage of slow progressive motile sperm (grade B), percentage of non-progressive motile
sperm (grade C) and percentage of immotile sperm (grade D), according to the WHO standards
[32]. The total sperm count (ejaculate volume x sperm concentration), the total number of motile
sperm cells (ejaculate volume x sperm concentration x motility/100) and the rapid progressive
motile sperm count (ejaculate volume x sperm concentration x grade A motility/100) were
calculated. After a 3-week period, sample taking was repeated under the same conditions. The
better findings were analysed.

Exclusion criteria were: (1) some other potentially subfertility-causing factor in the patient’s
history, such as smoking (over 10 cigarettes/day), regular alcohol consumption (over 1 U/day) or
drug abuse. (2) Any severe acute or chronic systemic non-gonadal illness (especially febrile

illnesses) or trauma in the previous 6 weeks. (3) Some detectable organic alteration in the
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reproductive organs on physical examination, such as varicocele, obstruction or absence of the
deferent duct, the absence of testes or a testis volume below 12 ml, or any abnormal localization of
the testes. (4) Some alteration in the levels of the spermatogenesis-related hormones. The normal
levels were as follows: follicle stimulating hormone = 0.7-9.0 U/, luteinizing hormone = 0.8-7.6
IU/L, prolactin = 0.11-0.45 TU/I, testost.erone = 6.9-28 nmol/l, sexual hormoneA binding globulin =
7.2-33 nmol/l. (5) Signs and symptoms of genital tract infection: cultures were made from every
examined semen sample. In the event of the presence of pathogenic aerobic or anaerobic bacteria
or fungi in the semen, the patient was excluded from the study.

Statistics were calculated with SPSS 11.0 for Windows Statistical software (SPSS Inc. Chicago,
IL, USA). The parametric t-test and the Pearson correlation tests were applied. Results are given
as correlation coefficients or means + SD. p values <0.05 were considered significant.

Control group 1 was subdivided into those who used a cell phone for less than 15 minutes/day
(low transmitters) and those who used it for over 60 minutes/day (high transmitters). Control
group 2 was subdivided into those patients who kept their cell phone in the standby position
within a distance of 50 cm for less than | hour daily (short-standby group) and those Who kept

their cell phone in the standby position within a distance of 50 cm for more than 20 hours daily

(long-standby group).
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Results

A total of 611 consecutive Caucasian male patients were examined during the study period

between 1 November 2‘002 and 31 March 2004. 39% of them (n = 240) did not meet the study
criteria, and therefore the results on 371 of them were analysed. The mean age was 30.8+4.4 years
(range 17-41). The subjects were from every social class.

The semen parameters of the study population are presented in Table 1 and the regression results
in Table 2.

The duration of possession correlated negatively with the proportion of rapid progressive motile
sperm, and positively with the proportion of slow progressive motile sperm (r = -0.12, p = 0.023,
andr = 0.12, p = 0.024, respectively).

There was no significant correlation between the duration of the standby position and any of the
semen parameters.

Although we found no changes in the total motility, the characteristicé of the motile sperm had
changed markedly. The results revealed a significant decrease in the proportion of rapid
progressive motile sperm (grade A) with increase of the daily transmission time (r = -0.19; p <
0.01).(Figure 1), while the proportion of slow progressive motile sperm increased with increase of
the duration of the daily transmission time (grade B) (r = 0.28; p<0.01) (Figure 2).

The low and high transmitter groups differed significantly in the proportion of rapid progressive
sperm (48.75% vs. 40.62%, p = 0.01, n =195 vs. n = 58). There was no difference in any
characteristic between the short- and long-standby groups (Table 1).

We found no occupational hazard in the background of the deteriorated semen parameters among

the high-transmitters.
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Discussion

The number of couples presenting with infertility problems is increasing worldwide. In about 30%
of the cases of male infertlility, there is no obvious cause of the deteriorated semen parameters
defined as idiopathic infertility [31]. The factors in the background of this state remain unknown.
As far as we are aware, there has been no previous study of the effect of the electromagnetic field
of cell phones on human semen on such a large population in vivo.

Our results suggest that standby communication signals do not have a significant effect on the
sperm parameters. Conversely, the prolonged daily use of mobile phones may abrogate the motion
characteristics of spermatozoa. The overall motility does not change, but the observed moderate
decrease in grade A motility, together with the observed mpderate increase in grade B motility,
may be a consequence of the electromagnetic radiation emitted from cell phones. These findings
are similar to those of Davoudi ef al., who observed a reduction in the proportion of rapid
progressive sperm from 32.3% to 26.1% after 1 month of cell phone use for 6 hours daily [6].
Makler et al. examined the effects of 27 MHz electromagnetic resonance on human sperm velocity
and survival in vitro, and found a decreased percentage motility and velocity, but no effect of UV
light or X-rays [23].

The correlation between cell phone use and the changes in the motility parameters suggests that
these effects accumulate,

Electromagnetic radiation has both thermal and non-thermal effects on living cells. There is no
consensus among authors as to which effect predominates [5, 30]. We believe that the thermal
effects possibly low at such low SAR levels as the cell phone emits,

We have formulated two hypotheses with which to interpret our results; however, both are in need
of evidence,

First, as the brain region‘ is close to the transmitting cell phone, the admittance is . obvious:
electromagnetic radiation affects the testis by changing the levels of hormones produced by glands

inside the cranium. De Seze ef al. found no alterations in the levels of pituitary hormones in
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association with prolonged cell phone use [7]. According by we excluded those subjects who

exhibited such an alteration. Burch et al. demonstrated a reduced 6-OHMS level in the urine
among those using a cell phone for over 25 minutes/day; 6-OHMS is the urinary metabolite
reflecting the therefore referring serum level of the pineal hormone melatonin [1]. Melatonin is
known to be an antioxidant agent that protects against lipid peroxidation in the retina, brain, liver
cells and even human sperm [9].

Secondly, the electromagnetic radiation of cell phones may cause DNA breakage in cells in the
male genital tract, which can occur in a low-frequency electromagnetic field. In vitro studies
appear justified Vto investigate the increased numbers of chromosome aberrations of the
micronuclei in human leucocytes and DNA breaks [18, 21, 22]. A moderate correlation has been
found between the sperm motility and the sperm chromatin structure which are probably brought
about by distorted epididymal protamination [10].

A possible connection of the two theories is reactive oxygen species (ROS) production. ROS
cause DNA fragmentation in somatic cells reducing protamination [28]. Melatonin inhibits ROS
production.

A sedentary lifestyle and other occupational factors can lead to deteriorated semen parameters [25,
27]. These effects are mostly occupation-related. We found no specific profession among the high
transmitters in our population to suggest that some particular occupation might be responsible for
the deteriorated semen parameters rather than excessive cell phone use.

Our study has some limits: the effects of the non-ionizing radiation emitted by cell phones depend
on a number of factors besides the duration of transmission, e.g. the type of cell phone and the
distance from the cell phone tower [16]. We examined only the duration of use not specified to
other variables, as this covered a fairly wide cross-section of males from the whole population.
The function of the accessory glands was not examined. Their secretion can improve sperm
motion, and also affect the function in other ways.

Further, prospective, controlled studies on a larger population are required to prove whether the
electromagnetic emission from cell phones affects the male fertilizing capacity, and to establish

the mode of action of such a possible deteriorating effect.
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Tables
Total Control group | High- Control group 2 | Long standi:y
population Mean+ S.D. transmitters Mean+ S.D. Mean+ S.D.
Mean+ S.D. Mean=+ S.D.
Sperm concentration 68.38+48.86 67.6+44.56 68.47+46.43 69.32+45.97 63.77+42.3
(10%/ml)
Proportion of rapid 47.17+21.21 48.754+20.62 40.47£21.62 47.85+21.4 46.17+20.65
progressive motile sperm (%)
Proportion of slow 12.38+9.23 11.4+7.13 16.98+15.53 11.72+6.79 13.5849.98
progressive motile sperm (%)
Proportion of non- 7.99+5.4 8.34+5.76 7.73+4.37 9.12+5.67 7.59+4.94
progressive motile sperm (%)
Motility (%) 59.56+18.85 60.15+18.8 57.46x17.26 59.58+19.13 59.75+16.58

Table 1. Main semen characteristics of the study population (n=

371), control group 1 (n=195), the

high-transmitter group (n=59), control group 2 (n=106) and the long-standby group (n=83).
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Volume Sperm Proportion | Proportion Pn’aponion of Proportion Total Total sperm Total motile Total rapid
(ml) conc. of rapid ofslow non-progressive of immotile motility count . sperm count progressive motile
(10°ml) | progressive | progressive motile sperm sperm (%) (10%cjaculate) | (10%ejaculate) sperm count
niotile motile (%) (%) (10%/ejaculate)
sperm sperm
(%) (%)
Duration of -0.02 -0.01 -0.12 6.12 0.07 0.06 -0.08 -0.01 -0.03 -0.06
possession p=0.64 p=0.91 p=0.02 p=0.02 p=0.15 p=0.28 p=0.14 p=0.8l1 p=0.53 p=0.26
{months)
Duration of 0.05 -0.01 -0.05 0.05 -0.05 0.04 -0.03 -0.05 0.07 -0.08
daily standby | p=0.42 p=0.3% p=0.41 p=0.37 p=0.37 p=0.47 p=0.64 p=0.41 p=0.22 p=0.15
{hours)
Duration of -0.01 0.04 -0.19° 028 -0.03 0.08 -0.07 0.03 0.00 -0.08
taily p=84 p=0.84 p<0.01 p<6.01 p=0.56 p=0.12 p=0.16 p=0.58 p=0.54 p=0.14
fransmission
{min)

Table 2. Correlations between parameters of cell phone use and semen characteristics (n=371). Bold

numbers denote a significant correlation.
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Figure 1. Correlation between daily transmission time and percentage of rapid progressive motile

sperm (r = -0.19; p<0.01; n = 372)
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Figure 2. Correlation between daily transmission time of cell phone and proportion of slow

progréssive motile sperm (r = 0.28; p<0.01; n=372)
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at 835 and 1900 MHz

Om P. Gandhi, Fellow, IEEE, Gianluca Lazzi, Member, IEEE, and Cynthia M. Furse, Member, IEEE

Abstract— We have used the finite-difference time-domain
niethod and a new millimeter-resolution anatomically based
mode! of the human to study electromagnetic energy coupled
to the head due to mobile telephones at 835 and 1900 MHz
Assuming reduced dimensions characteristic of today’s mobile
telephones, we have obtained SAR distributions for two different
lengths of monopole antennas of lengths A/4 and 3A/8 for a
mode! of the adult male and reduced-scale models of 10- and
S-year-old children and find that peak one-voxe! and 1-g SAR’s
are larger for the smaller models of children, particularly at 835
MHz. Also, a larger in-depth penetration of absorbed energy for
these smaller models is obtained. We have also siudied the effect
of using the widely disparate tissue properties reported in the
literature and of using homogeneous instead of the anatomically
realistic heterogeneous models on the SAR distributions.
Homogeneous models are shown to grossly overestimate both
the peak 1-voxel and 1-g SAR’s. Last, we show that it is possible
to use truncated onme-half or one-third models of the human
head with negligible errors in the calculated SAR distributions.
This simplification will allow considerable savings in computer
memory and computation times,

. INTRODUCTION

ELLULAR telephones and mobile wireless communi-

cation systems are being introduced into society at a
very rapid rate. This has resulted in public concern about the
health hazards of RF electromagnetic fields that are emitted
by these devices. In this paper, we describe a study of 1he
electromagnetic absorption in the human body for some typical
antennas used for these telephones and compare the mass-
normalized rates of energy absorption (specific absorption
rates or SAR’s) with the ANSIIEEE (95.1-1992 RF Safety
Guidelines [1]. These safety guidelines are given in terms
of the maximum permissible exposures (MPE) of electric
and magnetic fields, or of power density for controlled and
uncontrolled environments. Though simple to use for far-field,
relatively uniform exposures, the MPE limits are not easy
to use for highly nonuniform fields such as in the near-field
region of a cellular telephone. An alternative procedure given
in the following [1] has, therefore, been suggested to satisfy
the safety guidelines for uncontrolled environments which are
defined as situations where there is exposure of individuals
who have no knowledge or control of their exposure.

Manuscript received October 6, 1995; revised February 2, 1996.

The authors are with the Department of Elecirical Engineering, Universily
of Utah, Salt Lake City, Utah 84112 USA.

Publisher Item 1dentifier S 0018-9480(96)07034-2.

An exposure condition can be considered to be accept-
able if it can be shown that it produces SAR's “below
0.08 W/kg, as averaged over the whole body, and spatial
peak SAR values not exceeding 1.6 W/kg, as averaged
over any 1 g of tissue (defined as a tissue volume in the
shape of a cube).”

For calculations of the SAR distributions we have used the
well-established finite-difference time-domain (FDTD) numer-
ical electromagnetic method which has previously been used
for a number of bioelectromagnetic problems pertaining to
far-field or near-field exposures from ELF to microwave fre-
quencies [2]. We have also used a newly developed millimeter-
resolution model of the human body obtained from the mag-
netic resonance imaging (MRI) scans of a male volunteer. This
whole-body model has a resolution of 1.875 mm for the two
orthogonal axes in the cross-sectional planes and 3 mm along
the height of the body [2]. The head and neck part of this model
has previously been used to study SAR distributions for ten
commercially available cellular telephones [2], [3] operating at
transmission frequencies of 820-850 MHz (center frequency
of 835 MHz). It has also been used to calculate electromagnetic
absorption in the human head for some experimental handheld -
transceivers operating at 6 GHz [4]. This same anatomically
based part-body model has also been used for the calculations
given in this paper. .

We are aware of some recent publications on the SAR
calculations for mobile telephones using anatomically based
models of the human head [5], [6]. Whereas a somewhat
cruder model of the human head with a resolution of 6.56
mm was used in [5], a higher-resolution MRI-based model
with 2-mm cell size has been used by Dimbylow and Mann
[6] for calculations with A/4 monopoles above a metal box
and for A/2 dipoles.

For calculations reported in this paper we have examined
two different lengths of monopole antennas. )\ /4 and 3)/8.
mounted on plastic-coated handsets of dimensions that are
typical of newer mobile telephones both at 835 and 1900
MHz. We have also studied the effect of tilting the handset
as for typical usage at an angle of 33° relative to vertical and
compared the results with the SAR’s when the antenna is held
vertically relative to the head. By scaling the model of the
head and neck to obtain reduced-size models representative
of 10- and 5-year-old children, we have calculated the SAR
distributions and find deeper penetration of EM energy, and
SAR’s for internal tissues that are several times higher than

0018-9480/96305.00 © 1996 IEEE
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(a)
Fig. 1. The two head models with the tclephone used for the calculations: (a) vertical, (b) tilted 30° relative lo vertical.

TABLE |
DIELECTRIC PROPERTIES AND SPECIFIC GRAVITIES OF THE VARIOUS TISSUES ASSUMED AT THE MIDBAND MOBILE TELEPHONE FREQUENCIES OF 835 AND 1900 MHz
(12]. ALSO INCLUDED ARE THE LOWER DIELECTRIC PROPERTIES FOR FAT, BONE, AND CARTILAGE PREVIOUSLY REPORTED IN THE LITERATURE [14], (16]

835 MHz 1900 MHz,

Tissue Spleg!k(';/r:;l"lty E 57m €, S/Um
muscle 1.04 51.76 111 49.41 1.64
fat 0.92 9.99 0.17 9.38 0.26
bone (skull) 1.81 17.40 0.25 16.40 0.45
cartilage 1.10 40.69 0.82 38.10 1.28
skin 1.01 35.40 0.63 37.21 1.25
nerve 1.04 33.40 0.60 32.05 0.90
blood 1.06 55.50 1.86 54.20 227
parotid gland 1.05 45.25 092 43.22 1.29
CSF 1.01 78.10 1.97 77.30 2.55
eye humour 1.01 67.90 1.68 67.15 2.14
sclera 1.17 54.90 1.17 52.56 1.73
lens 1.10 36.59 0.51 42.02 1.15
pineal gland 1.05 45.26 0.92 4322 1.29
pituitary gland 1.07 45.26 0.92 43.22 1.29
brain 1.04 45.26 0.92 43.22 1.29
Old propectics [14, 16] Old properties [14, 16]

fat 0.92 7.20 0.16 9.70 0.27
bone (skull) 1.81 7.20 0.16 8.40 0.15

cartilage 1.10 7.20 0.16 9.70 0.27
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TABLE II
DIELECTRIC PROPERTIES AND SPECIFIC GRAVITIES ASSUMED FOR TEST RUNS FOR COMPARISON WITH THE CALCULATIONS OF DIMBYLOW AND MANN (6]

835 MHz 1900 MHz
Spec. Gravity g o
Tissue 10%kg/m® g S/m g S/m
muscle 1.04 58.00 1.21 56.00 1.76
fat 0.92+ 9.99% 0.17* 9.38* 0.26*
bone (skull) 1.85 8.00 0.11 8.00 0.15
cartilage 1.10 35.00 0.60 32.00 0.57
skin 1.10 35.00 0.60 32.00 0.57
nerve 1.04* 33.4* 0.60* 32.05* 0.90*
blood 1.06 64.00 1.24 64.00 1.80
parotid gland 1.05* 45.25* 0.92+ 43.22* 1.29*
CSF 1.06 72.00 2,13 72.00 2.50
eye humour 1.01 73.00 1.97 74.00 2.27
sclera 1.01 66.00 1.93 62.00 2.28
lens 1.05 44.00 0.80 42.00 1.19
pineai gland 1.05* 45.26* 0.92* 43.22% 1.29*
pituitary gland 1.07* 45.26* 0.92* 43.22* 1.29*
brain 1.03 49.00 1.10 47.00 1.42
* These values were noy prescribed in {6].

for the model of the adult. Since the tissue properties are not
as well characterized, and widely varying values have been
reported for fat, bone, and cartilage, we have studied the effect
that these properties can have on peak 1-g SAR’s that need
to be examined for compliance with the ANSYIEEE safety
guidelines, We have identified a problem with interpreting the
ANSVIEEE safety guidelines since unspecified and different
subvolumes in the shape of a cube may be taken in order to
obtain peak 1-g SAR’s that should not exceed 1.6 Wikg for
uncontrolled environments [1]. For slightly larger subvolumes
involving the more superficial regions including the air pockets
of the ear, considerably higher 1-g SAR's are obtained. This
problem has been temporarily resolved with advice from the
Dosimetry Working Group of WTR [see Section IV]. Finally,
we have developed a procedure for using smaller truncated
models by factors of 2-3 with minimal loss of accuracy in
determination of SAR distributions for the exposed region of
the head.

II. THE FDTD MEeTHOD

The finite-difference time-domain method has been de-
scribed in several publications and a couple of recent textbooks
[71, [8]. This method has also been used successfully to obtain
specific absorption rates for anatomically based models of
the human body for whole-body or partial-body exposures
to spatially uniform or nonuniform (far-field or near-field)
electromagnetic fields from ELF to microwave frequenciqs

[21, [9). In this method, the coupled Maxwell’s equations
in differential form are solved for all points of the absorber
(model of the human head and neck and the approximate
model of the hand), as well as the space including the plastic-
coated handset. the antenna embedded in a dielectric sheathing
and the region to the absorbing boundaries which are generally
taken to be at least 10 cells away from the telephone-head/neck
coupled region. For all of the calculations reported in this paper
we have used the retarded-time absorbing-boundary condition
[10]. The time resolution ¢ = 6/2¢ = 3.29 ps was taken
to correspond to the smaller of the cell dimensions of 1.974
mm. To get converged results, we have used 8 time periods
for each of the two frequencies of 835 and 1900 MHz that
were used for the SAR distributions. It is recognized that
different handset dimensions are being used for the cellular
telephones, and the dimensions of the handset do influence
the radiated fields and the SAR distribution patterns [11].
We have taken a handset dimension of 2.96 x 5.73 x 15.5
cm typical of today’s handsets for most of the calculations
given in this paper. This includes a metal box of dimensions
146, x 286, % 516,(2.76 x5.53% 15.3 cm) and 1-cell thickness
§ of plastic coating of effective dielectric constant! X, given
by the following equation which is somewhat lower than the

!'The effective dielectric conslant &, is derived by noting that the eleciric
fields close to a meiallic surface such s thal of a handset are ‘primarily normal
and only a part of the FDTD-cell width is actually filled with the dielectric
material. The required continuity of the normal component of L) = ¢ E with
the outer region can be used lo obtain A,
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TABLE 111
SAR DISTRIBUTIONS FOR THE SQUISHED-EAR MODEL OF THE ADULT MALE FOR A/4
AND 3A/8 ANTENNAS AT 1900 MHz. TIME-AVERAGED RADIATED POWER = 125 mW

A4 antenna

3 A/8 antenna

Peak 1-voxel SAR (W/kg) 3.90
Peak 1-g SAR (W/kg)'
Peak 1-g SAR (W/kg)!

Peak 1-g SAR (W/kg)

0.52 (1.01 g; 98.7%)
1.11 (1.03 g; 81.0%)
1.03 (1,10 g; 82.4%)

2.66

0.32 (1.01 g; 98.7%)
0.69 (1.06 g; 86.0%)
0.69 (1.11 g; 86.1%)

Peak 1-g SAR for brain (W/kg)* 020 (1.00 g) 0.16 (1.00 g)
Peak 1-g SAR for brain (Wkg)® 0.19 (1.05 g) 0.16 (1.00 g)
Power absorbed by head and neck 35.6% 29.4%
Power absorbed by "hand” 13.8% 7.0%

Peak 1-voxel SAR for brain (W/kg) 0.29 0.26

CSF average (mW/kg) 8.0 8.3

Brain average (mW/kg) 7.6 7.6

Humour average (mW/kg) 32 2.6

Lens average (mW/kg) 1.5 1.3

Sclera average (mW/kg) 1.8 1.5

1 5% 5x3cells; 0.987 x0.987 x 09 cm: 0.88 cm®
2 §5x5xd4cells; 0.987 x0987x 1.2 cm; 1.17 cm’®
3 6x6x3cells; 1.184% 1.184 X 0.9 cm; 1.26 cm®

1t was not possible 10 oblain 1-g weight of the brain for subvolume 1; hence, 1he 1-g SAR for brain for this case is

nol given.

dielectric constant &, of the actual insulation layer of thickness
w (generally 1 mm).

5//er
e G —w) +u]

Here 6 is the dimension of the Yee cell which may be 6,
8, or 8, depending on the surface of the metal handset.

K. = ()]

III. A MILLIMETER-RESOLUTION
ANATOMIC MODEL OF THE HUMAN BODY

We have recently developed a millimeter-resolution model
of the human body from the magnetic resonance imaging
(MRI) scans of a male volunteer of height 176.4 cm and
weight 64 kg. The MRI scans were taken with a resolution
of 3 mm along the height of the body and 1.875 mm for the
orthogonal axes in the cross-sectional planes. Even though the
height of the volunteer was quite appropriate for an average
male, the weight was somewhat lower than an average of 71
kg, which is generally assumed for an average male. This
problem can, to some extent, be ameliorated by assuming
that the pixel dimensions for the cross sections are larger
than 1.875 mm by the ratio of (71/64)}/2 = 1.053, ie.,

" 1.974 mm instead of 1.875 mm. Using a software package
from the Mayo Clinic called ANALYZE, the MRI scans of
the human body were converted into images involving 30

tissue types whose electrical properties (er,o) can then be
prescribed at the mobile telephone midband frequencies of
835 MHz or 1900 MHz. The tissues taken for the whole-body
model are: muscle, fat, regular bone, compact bone, cartilage,
skin, nerve, intestine, spleen, pancreas, heart, blood, parotid
gland, liver, kidney, lung, bladder, cerebrospinal fluid, eye
humour, eye sclera, eye lens, stomach, erectile tissue, prostate
gland, spermatic cord, testicle, ligament, brain, pineal gland,
and pituitary gland. Since only the model of the head and neck
is used for the present calculations, only 15 of these tissues are
involved in this model. The new dielectric properties assumed
for the various tissues at 835 and 1900 MHz are given in
Table 1. These are taken from the unpublished data of Gabriel
{12]. We have considered two orientations of the handset, one
that is held vertically relative to the head (tilt angle of 0°)
and another that is held at a tilt angle of 30° relative to the
head (see Fig. 1). To simulate a handset that is typically tilted
forward by 30° for a vertically erect head, we have modified
the MRI-based model so that it is tilted forward by 30°. As
described in [13], the forward tilt is accomplished by a “best
fitting" technique wherein each of the cells of the present
model is assigred to a new corresponding cell only if no other
cells have a better fitting to the new one. An error matrix
proportional to the distance of the rotated cells from the cell
centroid of the new cell is used and minimized to obtain the
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TABLE 1V
SAR DISTRIBUTIONS FOR THE UTAH MODEL OF THE ADULT MALE WITHOUT SQUISHED EAR FOR COMPARISON WITH

DaTA OBTAINED BY DIMBYLOW AND MANN USING

THE NRPB MODEL (6]. FREQUENCY = 900 MHz. RaDlaTED

Powrr = 600 mW. DISTANCE OF THE SOURCE POINT TO THE EaR = 1.38 cm (78) AS AGAINST 1.4 cm N (6]

A/4 antenna above handset

No hand No hand

/2 dipole

Peak 1-voxe! SAR (W/kg) 7.57
Peak I-g SAR (W/kg)'
Peak 1-g SAR (W/kg)?

Peak 1-g SAR (W/kg)®

2.07* (1.00 g; 92.0%)
2.49* (1.07 g; 83.0%)
2.45* (1.18 g; 86.1%)

9.13

2.10' (1.00 g; 92.0%)
2.711 (1.07 g; 83.0%)
2.47'(1.13 g: 81.5%)

Peak 1-g SAR for brain (W/kg)? 1.36 (1.01 g) 1.54 (1.01 g)
Peak 1-g SAR for brain (W/kg)® 131 (1.10 g) 1.48 (1.10 g)
Power absorbed by head and neck 51.7% 52.0%

Peak 1-voxel SAR for brain (W/kg) 4.6 2.6

CSF average (mW/kg) 62.3 60.7

Brain average (mW/kg) 74.4 88.0
Humour average (mW/kg) 50.6 428

Lens average (mW/kg) 265 19.8

Sclera average (mW/kg) 43.4 33.1

Superscripts 1, 2, and 3 are for cell numbers and subvolumes given in the footnole of Table 3.

* SAR scaled from Table 2 of Reference [6]=2.17 Wig.

t SAR scaled from Table 2 of Reference [61=2.02 W/kg.

original cells that may occupy the new cell location. The 30°
forward-tilted head thus obtained is shown in Fig. | together
with the original untilted head model. For the tilted model, a
vertical orientation of the handset and the antenna allows more
accurate modeling of their shapes and dimensions. Models
for each of the antennas and the handsets were assumed to
be covered with insulating materials of e, = 4.0. Because
of the different cell sizes used, particularly for the smaller
models representative of 10- and 5-year-old children, different
values of K, obtained from (1) have been used for the various
simulations for these cases.

Because of the proximity of the hand to the telephone, it
is essential to also model the hand for numerical calculations,
For the present calculations we have modeled the hand by a
region of 2/3 muscle-equivalent material of thickness 1.974 cm
(106,) wrapped around the handset on three sides, with the
exception of the side facing the head, with height two-thirds
that of the handset.

By scaling the cell sizes of the MRI-based model, we have
developed smaller models of the head, neck, and hand to
correspond to dimensions characteristic of 10- and 5-year-old
children, respectively. In the dosimetry handbook [14], the
heights and weights for average 10- and 5-year-old children are
given as 1.38 and 1.12 m and 32.5 and 19.5 kg, respectively.
These heights and weights are also in agreement with the
averages for the boys given in [15]. To obtain models of these
needed heights, we have scaled the cell size 6, = 3 mm of

the MRI-based model of the adult male of height 176.4 cm
to new dimensions §, = 2.3469 and 1.9048 mm, respectively.
Also, maintaining the square shapes of the pixels in the cross-
sectional planes as for the MRI-based model, we have altered
the dimensions 6, = 6, from 1.875 mm of the adult male
model of weight 64.0 kg to new cell sizes 6 =6, = 1.51 and
1.2989 mm to obtain models of 10- and S-year-old children of
weights 32.5 and 19.5 kg, respectively. The approximate hand
dimensions have been similarly scaled through these cell sizes
so that the hands cover less than two-thirds of the heights of the
assumed handsets for models of 10- and 5-year-old children.

It is well-known that considerably lower values of €~ and
o have previously been reported for fat, bone, and cartilage in
the published literature [14], [16] as compared to the higher
values that have recently been determined by Gabriel [12].
These lower values of & and o reported for fat, bone, and
cartilage are given at the bottom of Table Il and have been
taken instead of the newer values for some of the runs (see
Table V) to determine the effect of tissue properties on SAR
distributions.

IV. THE PEAK 1-g SAR

According to the ANSI/IEEE C95.1-1992 RF safety guide-
line for uncontrolled environments, the spatial-peak SAR
should not exceed 1.6 Wikg for any 1 g of tissue defined
as a tissue volume in the shape of a cube [1]. Because of
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TABLE V

SAR DISTRIBUTIONS FOR THE UTAH MODKL. OF THE ADULT MALE WITHOUT SQUisHED EAR FOR COMPARISON WITH
Data OBTAINED BY DIMBYLOW AND MANN USING THE NRPB Monbet. [6]. FREQUENCY = 1800 MHz. RADIATED
POWER = 125 mW. DISTANCE OF THE SOURCE POINT TO THE EAR = 1.38 cni (78) AS AGAINST 1.4 cm IN {6]

No hand
A/4 antenna above handset

Peak 1-voxel SAR (W/kg)
Peak 1-g SAR (Wikg)!
Peak 1-g SAR (W/kg)?
Peak 1-g SAR (W/kg)®

No haad
)2 dipole

1.54

0.53* (1.00 g; 98.7%)
0.87* (1.03 g; £0.0%)
0.83* (1.13 g; 81.5%)

1.90

0.55" (1.00 g; 98.7%)
0.81' (1.04 g: 81.0%)
0.76" (1.16 g: 83.3%)

Peak 1-g SAR for brain (W/kg)? 0.27(1.04 g) 041 (1.01 g)
Peak 1-g SAR for brain (W/kg)> 0.27(1.02 g) 0.40 (1.07 g)
Power absorbed by head and neck 45.4% 46.4%

Peak 1-voxel SAR for brain (W/kg) 0.50 0.64

CSF average (mW/kg) 7.8 9.0

Brain average (mW/kg) 104 13.2

Humour average (mW/kg) 8.8 7.4

Lens average (mW/kg) 2.5 2.0

Sclera average (mW/kg) 5.7 4.5

Superscripts 1, 2, and 3 are for cell numbers and subvolumes given in the footnote of Table 3.

*  SAR scaled from Table 3 of Reference (6] =0.70

' SAR scaled from Table 3 of Reference (6] = 0.78.

TABLE VI

SAR DISTRIBUTIONS FOR DIFFERENT- PROPERTIES OF THE VARIOUS Tisstks. A A/4 ANTENNA ABOVE
a HANDSET 1s TAKEN +OR THE CALCULATIONS AT 835 MHz. RapiATED POWER = 600 mW

1889

New properties Old properties Homogeneous model
Peak 1-voxel SAR (W/kg) 10.86 8.52 1598
Peak 1-g SAR (W/kg) 2.93 (1.00 g) 2.05 (1.00 g) 4.17 (1.03 g)
Peak 1-g SAR for brain (W/kg) 1.13 (1.09 g) 0.86 (1.02 g) -
Power absorbed by head and neck 45.0% 44.0% 41.5%
Power absorbed by “hand” 9.2% 11.9% 8.4%
Peak 1-voxel SAR for brain (W/kg) 1.62 2.11
CSF average (mW/kg) 72.7 62.6 -
Brain average (mW/kg) 72.3 629 -
Humour average (mW/kg) 31.8 329 ---
Lens average (mW/kg) 11.3 12.8 -
Sclera average (mW/kg) 17.8 19.4 -—

the irregular shape of the body (e.g., the ears) and tissue
heterogeneities, a tissue volume in the shape of a cube of,
say, | x 1 x 1 cm will have a weight that may be in excess
of, equal to, or less than 1 g. Larger or smaller volumes in
the shape of a cube may, therefore, need to be considered
to obtain a weight of about 1 g. Furthermore, for an anatomic
model such as ours using unequal cell sizes (1.974x 1.974x 3

mm), it is not very convenient to obtain exact cubical volumes
¢ven though nearly cubic shapes may be considered. We have.
theretore, considered 5 X § X 3, 5 x5 x 4, and 6 X 6 x 3
cells for the model of the adult male to obtain subvolumes
on the order of 1 cm?. For each of these subvolumes selected
close to and around the regions of the high SAR’s, we have
divided the absorbed powers by the weights calculated for
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. TABLE VI
COMPARISON OF THE POWERS ABSORBED AND PEAK SAR’S FOR THE A/4 AND 3X/8 ANTENNAS AT 835 MHz. TIME.AVERAGED RADIATED POWER = 600 mW
Antenna Peak 1-g SAR Peak I-g SAR % power absorbed % pawer absorbed
length Tilt for Head for Brain by "hand" by head and neck
v 0° 2.93 (1.00 g) 1.13 (1.09 g) 9.2 45,0
A4 30° 242 (1.03 g) 0.93 (1.02 g) 12.4 39.8
I8 0° 1.60 (1.00 g) 0.65 (1.05 g) 5.6 33.7
TABLE Vil
COMPARISON OF THE POWERS ABSORBED AND PEAK SAR’Ss roR THE A /4 AND 3)A/8 ANTENNAS AT 1900 MHz. TiME-AVERAGED RADIATED POwER = 125 mW
Peak 1-g SAR Peak 1-g SAR
Antenna for Head for Brain % power absorbed % power absorbed
length Tilt Wig Wikg by "hand” by head and neck
Na 0° 1.11 (1.03 g) 0.20 (1.00 g) 13.8 35.6
M4 30° 1.08 (1.03 g) 0.20 (1.04 g) 13.9 355
3In8 0° 0.69 (1.06 g) 0.16 (1.00 g) 7.0 29.4
TABLE IX

COMPARISON OF SAR DISTRIBUTIONS FOR MORELS OF AN ADULT MALE AND 10-YEAR AND 5-YEAR-OLD CHILDREN,. FREQUENCY = 835 MHz.
TIME-AVERAGED RADIATED POWER = 600 mW. A A /4 ANTENNA ABOVE A HANDSET 1S TAKEN FOR THE CALCULATIONS

Adult male 10-year-old child 5-year-old child
Peak 1-voxel SAR (Wikg) 10.86 16.82 31.73
Peak 1.g SAR* (W/kg) 2.93 (1.00 g) 3.21(1.02 g) 4.49 (1.00 g)
Peak 1-g SAR for brain* (W/kg) 1.13(1.09 g) 1.42 (1.00 g) 1.56 (1.00 g)
Power absorbed by head and neck 45.0% 42.6% 39.5%
Power absorbed by “hand” 9.2% 10.7% 5.5%
Peak 1-voxe! SAR for brain (W/kg) 1.62 3.02 4.62
CSF average (mW/kg) 72.7 B 187.2 283.2
Brain average (mW/kg) 72.3 160.3 239.8
Humour average (mWrkg) 31.8 78.2 117.3
Lens average (mW/kg) 11.3 33.6 52.5
Sclera average (mW/kg) 17.8 48.7 73.7

* 5x5x4cklls; 0.987 x 0.987 x 1.200 cm; 1.170 cm? for the adult male
7x7x4cells; 1.057 x1.057 x 0,939 cm; 1.049 cm® for the 10-year-old child
8% 8x5cells; 1.039 x 1.039 x 0.950 cm; 1.026 cm?® for the 5-year-old child

the individual subvolumes to obtain 1-g SAR’s. Furthermore, great deal of variability in the 1-g SAR’s that are obtained. In
we have considered only those subvolumes where at least 80  keeping with the ANSI/IEEE safety guidelines, weights equal
percent of the cells are occupied by the tissues and no more to or in excess of 1 g are considered to obtain the spatial-peak
than 20 percent of the cells are in air. As expected, there isa  SAR’s that are given in Table III.
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TABLE X
COMPARISON OF SAR DISTRIBUTIONS FOR MODELS OF AN ADULT MALE AND 10-YEAR and 5-YEAR-OLD CHILDREN. FREQUENCY = 1900 MHz.
TIME-AVERAGED RADIATED POWER = 125 nW. A A/4 ANTENNA ABOVE A HANDSET IS TAKEN FOR THE CALCULATIONS

Adult male 10-vear-old child 5-vear-old child
Peak 1-voxe! SAR (W/kg) 3.90 4.90 6.20
Peak 1-g SAR* (W/kg) 1.11 (1.03 g) 0.90 (1.02 g) 0.97 (1.07 g)
Peak 1-g SAR for brain* (W/kg) 0.20 (1.00 g) 0.25 (1.07 g) 0.31 (1.00 g)
Power absorbed by head and neck 35.6% 34.4% 32.2%
Power absorbed by “hand" 13.8% 9.4% 6.8%
Peak 1-voxel SAR for brain (W/kg) 0.29 0.42 0.61
CSF average (mW/kg) 8.0 20.6 334
Brain average (mW/kg) 7.6 19.6 329
Humour average (mW/kg) 3.2 17.4 392
Lens average (mW/kg) 1.5 7.6 17.8
Sclera average (mW/kg) 1.8 ’ 9.9 20.5

* 5% 5x4cells; 0.987 x 0.987 x 1.200 cm; 1.170 cm? for the adult male

7x7 x dcells; 1.057 x 1.057 x 0.939 cm: 1.049 cm® for the 10-year-old child
8 x 8% 5 cells; 1,039 x 1.039 x 0.950 cm; 1.026 cm® for the 5-year-old child

In Table III it is interesting to note that even though the
peak 1-g SAR's for the superficial tissues are highly variable
(by almost 2:1), the corresponding values for the internal
tissues such as the brain are nearly identical regardiess of the
subvolumes that are considered. The reason for the highly
variable peak 1-g SAR’s for the superficial tissues is that
various subvolumes of, say, 0.8-1.2 cm? in the shape of a cube
may each give a weight of about 1 g, depending on the amount
of air in such subvolumes. For our case, larger subvolumes

such as 5 x § x4 and 6 x 6 x 3 cells with volumes of 1.17 and -

1.26 cm?®, respectively, involve more of air and the ear tissues
and still have weights of at least | g, whereas the smaller
subvolumes of 5 x 5 x 3 cells with a total volume of 0.88
cm® must have more of the nonear head tissues in order to get
weights of 1 or more grams of weight. Since the subvolumes
to consider for peak 1-g SAR’s have not been clearly defined
in the ANSV/IEEE safety guidelines, the variability in the peak
1-g SAR’s given in Table HI is hard to resolve and is clearly
troublesome. All three peak 1-g values have, therefore, been
given in Table IIl For each of the cases, the weights and
percentage of tissues by volume are given within parentheses
of the peak 1-g SAR’s. '
This problem of lack of definition of the subvolume to
consider was brought to the attention of the Dosimetry Work-
ing Group? of Wireless Technology Research. At its meeting
in Duarte, California, on October 30, 1995, the working
group decided to recommend to ANSI/IEEE that the tissue
subvolume to consider should not extend beyond the most
exterior surfaces of the body (e.g., the upper, lower, and side
boundaries of the ear) but may include the air that is contained
therein (e.g., the air in the crevices of the ear). Also. the weight

2The Dosimetry Working Group of Wireless Technology Research consists
of the following individuals: A. W. Guy (Chairman), C. K. Chou, C. Gabriel,
O. P. Gandhi, N. Kuster, R. Petersen, P, Polson, V, Santomaa, Q. Balzano,
and A. Taflove.

of the subvolume may not be smaller than 1.0 g, but preferably
as close to it as possible. For the SAR data given in Table III,
this corresponds to case 2 with a peak 1-g SAR of 1.11 W/kg
for the A\/4 antenna and 0.69 W/kg for the 3A/8 monopole
antenna above the handset.

V. TEST RUNS—COMPARISON WITH
CALCU!LATIONS OF DIMBYLOW AND MANN [6]

Even though all of our calculations have been done for
plastic-coated handsets and antennas, we have made a limited
number of runs using the same configurations as previously
used by Dimbylow and Mann [6). The objective of these
runs was to verify that the SAR distributions obtained at 900
MHz and 1800 MHz were fairly similar to those obtained by
another research group which had used a very different model
of the head and neck. For these test runs we used the tissue
properties given in Table II, which were taken from [6} as far
as possible, and likewise assumed the handset dimensions of
2.4 x 6 x 15 cm. Unlike the cubical cell sizes of 2 mm used
by Dimbylow and Mann [6], we have taken a voxel size of
1.974 x 1.974 x 3 mm for our calculations. The summaries of
the results obtained for the four test cases without the hand are
given in Tables IV and V for 900 and 1800 MHz, respectively.
Also given as footnotes are the data calculated by Dimbylow
and Mann [6] for comparison. Since the exact weights of
the 1 x 1 x 1 cm subvolume were not prescribed in [6], we
have considered the various subvolumes 1, 2, and 3 that were
previously considered for the data given in Table III. Also,
even though the exact placements of the assumed handset vis
2 vis the ear were not exactly prescribed in [6], it is interesting
to note that the peak 1-g SAR’s calculated for our model are
fairly similar to Dimbylow’s [6] both at 900 and 1800 MHz.
For our calculations we have assumed the feed points to be in
the cross-sectional plane 6 mm below the top of the ear.
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TABLE XI
CoMPARISON OF SAR DISTRIBUTIONS FOR MODELS OK AN ADULT MALE AND 10-YEAR AND 5.YEAR.OLD CHILDREN. FREQUENCY = 835 MHz.
TIMF-AVFRAGED RADIATED POWER = 600 mW. A 3)/8 ANTENNA ABOVE A HANUSET 1S TAKEN FOR THE CALCULATIONS

Adult male 10-year-old child S-year-old child
Peak 1-voxel SAR (W/kg) 5.97 7.65 12.75
Peak 1-g SAR* (Wikg) 1.60 (1.00 g) 1.49 (1.00 g) 1.88 (1.00 g)
Peak 1-g SAR for brain* (W/kg) 0.65 (1.05 g) 0.78 (1.00 g) 0.85 (1.00 g)
Power absorbed by head and neck 33.7% 28.8% 25.5%
Power absorbed by “hand” 5.6% 4.3% 2.8%
Peak 1-voxel SAR for brain (W/kg) 0.93 1.40 2.01
CSF average (mW/kg) 79.8 170.6 244.5
Brain average (mW/kg) 63.9 125.5 183.0
Humour average (mW/kg) 21.4 46.5 69.8
Lens average (mW/kg) . 7.9 20.6 31.2
Sclera average (mW/kg) 12.0 29.3 43.3

* 5x5x4cells; 0.987 x 0.987 x 1.200 cmy
7X7x4cells; 1.057 x 1.057 x 0.939 cm;
8 x 8x5cells; 1.039x 1.039 x 0.950 cm;

1.170 cm? for the adult male
1.049 cm® for the 10-year-old child
1.026 cm® for the S-year-old child

TABLE Xl11
CovPARISON OF SAR DISTRIBUTIONS FOR THE Fuul MoDEL AND TRUNCATED HALF AND ONE-THIRD MODELs OF THE HEAD aND NECK OF AN
ADULT MALE. A A/4 ANTENNA ABOVE A HANDSET 15 TAKEN FOR THE CALCULATIONS AT 1900 MH7. RADIATED POWER = 125 mW

Full model Truncated half model Truncated One-Third Model

Peak 1-voxel SAR (W/kg) 3.90 3.96 3.96

Peak 1-g SAR (W/kg) 111 (1.03 g) 1.11 (1.03 g) 111 (1.03 g)
Peak 1-g SAR for brain (W/kg) 0.20 (1.00 g) 0.19 (1.05 g) 0.19 (1.00 g)
Power absorbed by head and neck 35.6% 34.5% 324%
Power absorbed by “hand" 13.8% 14.3% 13.3%

Peak 1-voxel SAR for brain (Wikg) 0.29 0.29 0.29

CSF averuge (mW/kg) 8.0 7.0 4.8

Brain average (mW/kg) 7.6 7.3 6.1

Humour average (mW/kg) 3.2 3.2" 2.4!

Lens average (mW/kg) 1.5 1.5 1.5°

Sclera average (mW/kg) 1.8 1.7 1.4’

" Average over the total mass of lissue in the full model.

V1. EFFECT OF TISSUE PROPERTIES ON SAR DISTRIBUTIONS

As given in Table I with both the old and the new values
of dielectric properties, considerably higher values of &, and
@ have recently been reported for fat, bone, and cartilage by
Gabriel [12]. The ear is composed mainly of cartilage that
is covered by the skin. In Table VI we compare the salient
features of the SAR distributions at 835 MHz that are obtained
using both the new and old dielectric properties for these
tissues. For this and all further tables we give the SAR's that
are calculated using the procedure suggested by the Dosimetry
Working Group of WTR |[see Section IV].

Since some measurement systems for SAR evaluations use
an homogeneous phantom model. also shown for comparison
in Table VI are the SAR’s obtained for the homogeneous
model with properties identical to that of the brain at 835 MH:z
[see Table II]. It is interesting to note that the homogeneous
model overestimates the peak l-g SAR by 42 percent as
compared to that obtained using the anatomically based model.

For each of the calculations given in Table VI, we have
considered a quarter-wave monopole antenna above a handset
of dimensions 2.96 x 5.73 x 15.5 cm (146, x 286, x 518, for
the metal covered with 1-mm thick plastic on all sides) and
the model of the adult male. The telephone is held against the
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Fig. 2. The SAR distribuiions for layer no. 34 for models of an adult male and 10-year and 5-ycar-old children (a)}~{(c). (d) Scale. This layer contains
the feed poinl and is 2 cells lower than the cross-sectional planc passing through the top of the ear for each of the models. Frequency = 835 MHe.

Radiated power = 600 mW.

left side of the head. The driving point of the monopole is
located at the top of the handset, in the center of the 5.73-¢m
side furthest from the ear on the edge of the 2.96-cm side. The
thin monopole antenna is embedded in a covering sheath of
dielectric material €, = 4.0 which, in the FDTD formulation,
is modeled by a 2 x 2 cell square stack of dielectric cells of
cross-sectional dimensions 3.95 x 3.95 mm. New diclectric
properties of the various tissues given in Table I are used for
the results given in column 1 for these and all ‘further cases
considered in this paper.

Even though very similar fractional powers absorbed by
the whole head are obtained for all three models, the peak
1-voxel SAR’s are considerably higher for the models using
the newer higher conductivities for the cartilage. Furthermore,
the homogeneous model grossly overestimates the SAR and is
also incapable of providing tissue-relevant SAR distributions.

VII. EFFECT OF ANTENNA LENGTH
AND TitT ON THE SAR DiSTRIBUTIONS

We have examined the effect of antenna length and its
tilt on the power absorbed and the SAR distribution for the
various regions of the head and neck. For these studies. two
different lengths of the antenna A /4 and 3 /8 and two different
orientations of the handset, 0° and 30° relative to vertical, were
used for irradiation frequencies of 835 and 1900 MHz. The
salient features of the results are given in Tables V11 and VI,
respectively. For each of the cases, the handset dimensions
are the same as in Section VI (2.96 x 5.37 x 15.5 cm) and
the antennas placed on the back side of the handset similar to
Section VI are assumed to be covered by a dielectric sleeve as
described in the previous section. It is interesting to note that
the powers absorbed by the head and neck and peak 1-g SAR’s
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Fig. 3. The SAR distributions for layer no. 34 for models of an adult male and 10-year and 5-year-old children (a)-(c). {d) Scale. This layer is 2 cells lower
than the cross-sectional plane passing through the top of the ear for each of the models. Frequency = 1900 MHz. Radiated power = 125 mW.

are lower for 3)/8 antennas vis 2 vis A/4 antennas both at 835
MHz and 1900 MHz (Tables VII and VIII). This may be due
to the fact that 3)/8 antennas are 50 percent longer than A/4
antennas at each of the frequencies. The peak current region
for a 3A/8 antenna is A/8 above the feed point, whereas for
a A/4 antenna it is at the base of the antenna, and, hence,
very close to the ear. For the longer 3A/8 antennas both at
835 and 1900 MHz, the peak current regions are, therefore,
somewhat removed from the ear and the head, which results
in lower absorbed powers and SAR’s than the A/4 antenna.
Similar arguments can also be given for the calculated lower
SAR’s for 30° tilted A/4 antenna vis 2 vis the vertically held
antenna at 835 MHz (Table VII), since the considerably longer
antennas are physically further away from the head, which
results in lower SAR’s for the tilted antenna, while a similar
effect does not occur at the higher frequency of 1900 MHz
(Table VIII) because of the smaller length of the antenna.

VIIL. EFFECT OF HEAD SIZE ON SAR
DISTRIBUTION: COMPARISON FOR ADULT
AND 10- AND 5-YEAR-OLD CHILDREN

As previously described in Section III, we have developed
smaller models of the head, neck, and “hand” by reducing
the voxel size 1.974 x 1.974 x 3.0 mm of the MRI-based
model to new voxel sizes of 1.51 x 1.51 x 2.3469 mm and
1.2989 x 1.2989 x 1.9048 mm in order to obtain dimensions
characteristic of 10- and 5-year-old children, respectively. In
Tables 1X and X, we give the salient features of the SAR
distributions obtained for quarter-wave monopole antennas
mounted as discussed earlier at irradiation frequencies of 835
and 1900 MHz, respectively. It is interesting to note that
even though the peak 1-g SAR’s are fairly similar for the
three models at 1900 MHz, the 1-g SAR's are considerably
higher for the smaller head sizes at 835 MHz (Table IX).
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Fig. 4. Comparison of the SAR distributions for the full model and the truncated half and one-third models of the human head along the axis for : = 0
and z = 4.5 cm Tor a A/4 monopole above the handset. Frequency = 1900 MHz. Radiated gower = 125 mW.

Also, the peak 1-voxel SAR’s are higher and a larger in-depth
penetration of absorbed energy or higher SAR’s are obtained
for the smaller models both at 835 and 1900 MHz. The fact
that there is a larger in-depth penetration of SAR’s for the
models of 10- and 5-year-old children as compared to those
for the model of the adult is illustrated in Figs. 2 and 3 for
835 and 1900 MHz, respectively. Because of a larger depth of
penetration of EM field at 835 MHz into the heads of the small
subjects, increased SAR’s are obtained for smaller models at
this frequency. A similar trend of increasing 1-g SAR’s for
the smaller models at 835 MHz has also been observed for a
longer 3) /8 antenna for which the SAR distributions are given
in Table XI. The higher 1-voxel SAR’s for the smaller models
in Tables IX—XI are likely due to the thinner ears, which results
in the antennas being somewhat closer to the region of highest
SAR’s that are observed generally at the points of contact of
the ear pressed against the scalp of the head.

IX. USE OF TRUNCATED HEAD
MODELS FOR EFFICIENT COMPUTATIONS

With ever-increasing frequencies being considered for wire-
less communications, it is obvious that even finer-resolution
anatomically based models than those being used at the present
time will be needed in the future. Since even present models
require a lot of computer memory (150-170 Mbytes), the
required higher-resolution models will be extremely difficult
to use unless more efficient FDTD formulations are developed.
We have recently developed a technique to reduce the size
of the problem to half or less, recognizing that the distal
side of the head is relatively shielded from the EM fields of
personal mobile devices. Because of the minuscule coupling,

we may place another identical source (a mobile telephone)
symmetrically on the opposite side leaving the problem
unaltered, provided this dummy source is assumed to be devoid
of RF power. This latter assumption can be implemented
by exciting the dummy source identically and in phase or
out of phase from the actual source for two consecutive
simulations and superimposing the EM fields obtained for
these even- and odd-mode calculations, respectively. The
even-mode simulation can be done by putting a perfect
magnetic conductor at the plane of symmetry of the problem
and an odd-mode simulation can be done by putting a perfect
electric conductor at the same plane of symmetry. Using this
approach, only half-problem simulation may be done at a time
with a considerable saving of computer memory. To check
the validity of this approach, several test cases, including
spheres, layered, spheres, etc., were considered for an assumed
radiation frequency of 1900 MHz. Excellent agreements of
the SAR distributions were obtained for the truncated half and
one-third models with those for the full models.

Fig. 4 shows the SAR distributions obtained for an MRI-
based model of the human head for which the A /4 monopole
above a box cellular telephone described earlier in Sections II
and VI is placed against the left ear, which is assumed to be
squished against the head. The SAR distributions are shown
for the model of the head and for truncated half and one-third
models for two axes in the z-direction corresponding to z = 0,
i.e., the plane containing the base of the antenna and z = 4.5
cm above this plane, The peak SAR of 3.000 mW/kg for the
z = 0 line in the plane containing the driving point is due to
focusing of induced currents passing at the points of contact
between the squished ear and the head. Salient features of
the data obtained for this case are given in Table XIL It is
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interesting to note that nearly identical SAR’s are obtained
for the electromagnetically coupled region in proximity to the
telephones for each of the models. Because of the truncation of
the models, somewhat lower SAR's are obtained for the more
distal tissues for which the SAR’s are fairly small anyway.
The difference in the peak and 1-g average SAR’s calculated
using the full and the truncated models is less than 1.5 percent,

X. CONCLUDING REMARKS

The previously tested finite-difference time-domain method
has been used with a new MRI-based millimeter-resolution
model of the human to study electromagnetic energy absorp-
tion in the head and neck due to mobile telephones at 835 and
1900 MHz. We have used dimensions of the handsets that are
characteristic of the newer telephones to obtain SAR distribu-
tions due to two different lengths of the monopole antennas
of lengths A/4 and 3A/8. As expected, the longer antennas
give SAR’s that are ccsiderably smaller than those for A/4
antennas. A limited number of test runs using the antennas and
handset dimensions previously used by Dimbylow and Mann
{6] give 1-g SAR’s that are very similar (within 10 percent) to
those obtained by these authors. This is most interesting since
considerably different anatomically based models of the human
head and neck have been used. We have also examined the
effect of using the widely different tissue properties that have
been reported for fat, bone, and cartilage. As expected, the new
higher conductivities and dielectric constants recently reported
for these tissues give peak l-voxel and 1-g SAR’s that are
higher than those obtained with the previously reported lower
electrical propertics. Use of a homogeneous brain-equivalent
model is shown to grossly overestimate peak SAR’s for |-
voxel as well as for 1-g of tissue. To represent typical usage,
we have studied the effect of tilting the telephone relative to the
head at an angle of 30°. Because of the longer antenna at 835
MHz, this results in a reduction of SAR’s relative to the un-
tilted configuration, since the antenna is now further away from
the head for much of its length. This effect is inconsequentiai
at 1900 MHz, where the antenna length is fairly small,

A highlight of this paper has been to calculate SAR
distributions using reduced-scale models of the head and
neck and “hand” to correspond to the dimensions that are
characteristic of 10 and 5-year-old children. Because of
the deeper penetration of EM energy in smaller models,
considerably higher internal tissue SAR's are obtained both
at 835 and 1900 MHz. Also, higher 1-g SAR’s are obtained
at 835 MHz for both ) /4 and 31/8 antennas, Lastly, we have
shown it possible to use truncated one-half and one-third
models of the head and neck and obtain SAR distributions
that are nearly identical to those for full models. Use of
truncated models allows considerable savings in computer
memory and computation time for SAR distributions.
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ABSTRACT

We compare the peak 1- and 10-g SARs for two different anatomically-based models with the corresponding 6 mm
thick plastic ear models recommended for SAR compliance testing both in U.S. and Europe. The SARs obtained with
the insulating plastic ear models are two or more times smaller than realistic anatomic models. To alleviate this
problem, we propose a 2 mm thin shell phantom with lossy ear that gives SARs within £15% of those of anatomic
models. Also, the SARs for smaller (-9.1%) models are higher than for larger (+11.1%) scaled versions of the two
models.

I. INTRODUCTION

We have previously reported that the peak 1-g SARs for scaled models of children are higher than the corresponding
value for full-scale models of the human head [1]. In the same paper, we have also shown that there is a deeper
penetration of absorbed energy in smaller models of the head for electromagnetic fields of mobile telephones both at 835
and 1900 MHz. The explanation for both of these observations are the scaled thinner ear and skull and smaller overall
dimensions of the brain for children as compared to that for the adult. To examine this issue further, we have taken two
different and distinct anatomically-based heterogeneous models of the human head and neck and have scaled them up or
down for the voxel size by 11.11% and -9.1% i.e. by approximately + 10% along each of the three axes, respectively.
These variations are certainly within the range of the head sizes encountered for men and women [2]. Three different
scaled models for each of the adult heads are thus considered for SAR distributions. Used for the SAR calculations is
the finite-difference time-domain (FDTD) method which is extremely popular and has been highly tested for dosimetry
of cellular telephones (see e.g. refs. 1, 3). Using the six models thus created, the following issues are examined.

- Effect of the head size on the peak 1-g SAR both at 835 and 1900 MHz. For these calculations, a number of

handset sizes and monopole or helix antennas are considered.

2. Comparison of the peak 1- and 10-g SARs with those obtained using the corresponding 6 mm thick plastic ear
models. This study is done since plastic ear models are recommended for SAR compliance testing both in
Europe and the U.S. [4, 5].

3. Toalleviate the problem of lower SARs with the 6 mm thick plastic spacer (in the shape of pinna) phantoms,
we propose a smoothened ear model of the human head.

II. TWO MODELS OF THE HEAD

For the present studies, we have used two different anatomically-based models of the human head and neck. Model 1 —
the so-called Utah model was obtained from the magnetic resonance imaging (MRI) scans of a male volunteer. This
model described in detail in [1, 3} has a pixel resolution of 2 x 2 mm for the cross sections and 3 mm spacing between
the various slices or cross sections. As described in these papers, this model has been segmented into 31 tissues of
which 15 tissues are involved for the model of the head and neck considered for the present calculations. To create a2 x
2 x 2 mm resolution model, we subdivided each of the 2 x 2 x 3 mm resolution voxels of the Utah model into 12
smaller cells of 1 mm resolution along each of the three axes and then combined 2 x 2 x 2 smaller cells into new voxels
of dimension 2 mm along each of the axis. The tissue classifications for the new voxels of dimension 2 x 2 x 2 mm
was decided by the majority tissue in the subvolume of the voxel i.e. the tissue for five out of eight cells forming the 2
X 2 x 2 mm resolution model. A second tissue-classified model used for the present calculations is based on the scans
of the "Visible Man" model, which was kindly provided by John Ziriax and Patrick Mason of Brooks AFB, Texas.
This model with 1 mm resolution is classified into 24 tissues. As for the Utah model, here too, we combined 2 x 2 x
2 cells to form the 2 x 2 x 2 mm resolution model of the head and neck.
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A visualization of the two heterogeneous models used for the calculations is given in Fig. 1.

(a) The Utah model (b) The "Visible Man" model
Fig. 1. A visualization of the two anatomically-based 30°-tilted models of the head used for SAR calculations.

III. VARIATION OF SAR WITH HEAD SIZE

A thrust of this study is to evaluate coupling of electromagnetic fields from cellular telephones to the various sizes of the
human head. Toward this end, we have created two additional sizes of the head for each of the two models, described in
Section II by considering the cell size from 2 mm to 2.222 mm for the larger models and down to 1.818 mm,
respectively. This results in scaling the dimensions of the two head models up by 11.11% and down by 9.1% i.e. by
approximately = 10% along each of the three axes, respectively. The peak 1-g SAR values determined for a variety of
antennas (monopoles and helices), various handset dimensions and larger, average, or smaller scaled versions of the two
anatomic models are given in Table 1. Because of the possible revision of the IEEE Safety Standard to focus on the
peak 1-g SAR for body tissues instead of all tissue, the data given in Table 1 give only the peak 1-g SARs for body
tissues and the brain. The salient features of the results are as follows:

1. The peak 1-g SARs for both the body tissue and the brain increases monotonically with the reducing head size
(and pinna thickness) for both of the head models and for all handset dimensions and the antennas i.e.
monopoles as well as helices.

2. The peak 1-g SARs for body tissues for smaller models may be up to 50 to 60 percent higher at 1900 MHz and
10-20% higher at 835 MHz as compared to that for the larger head models. This is understandable since the
shielding effect of the pinna is larger at the higher frequency of 1900 MHz.

3. Similar to the results previously reported for head models of adult and the children [1], there is a deeper
penetration of absorbed energy for the smaller head models as compared to that for the larger head models [6].

IV. COMPARISON WITH SAR FOR PLASTIC EAR MODELS

A 6 mm plastic spacer homogeneous model with brain-simulant properties is presently used by industry and has also
been proposed to obtain a "conservative" determination of the peak 1-g SAR of body tissues for SAR compliance
testing of cellular telephones [5]. An identical 6 mm “plastic ear" homogenous model has also been proposed to
determine peak 10-g all-tissue SAR for compliance testing against the ICNIRP Guidelines [4]. For our calculations,
smooth ear models corresponding to the two anatomic models of Fig. la, b is used. For example, the model thus
developed for the Utah model of the human head shown in Fig. 1a is given in Fig. 2. A dielectric constant £, = 2.56
is assumed for the plastic in the shape of the smoothened ear and the 2 mm thick container, while homogeneous
dielectric properties representative of the head tissues ( £, = 41.5, 0 = 0.9 S/m at 835 MHz and €, = 40.0, O = 1.4
S/m at 1900 MHz) are assumed for the rest of the model [5].

Fig. 2. A proposed 6 mm thick smooth lossy ear phantom to obtain peak 1- and 10-g SARs within £10-15% of those
obtained for anatomically-realistic models. This model with the lossy ear replaced by a 6 mm thick plastic ear
(€, = 2.56) gives SARs that are a factor of 2 or more lower as given in Tables 2, 3.
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In Tables 2 and 3, we compare the peak 1-g all tissue and body tissue SARs and peak 10-g any tissue SARs calculated
for the average size versions of both Utah and "Visible Man" models, with the corresponding 6 mm thick smooth
plastic ear average models of homogeneous brain-simulant dielectric properties suggested in [4, 5]. The calculated
SARs are normalized to the maximum possible radiated power of 125 mW for the PCS telephones at 1900 MHz and
600 mW for the analog AMPS mode of 835 MHz telephones. As seen from Tables 2 and 3, the plastic ear model gives
peak - and 10-g SARs that are lower by factors of two or more than the all-tissue SARS required for compliance testing
against the present ANSI/IEEE and ICNIRP safety guidelines, respectively. This is due to a physical separation of 6
mm and absence in the plastic ear model of the high SAR region e.g. the pinna. For an anatomic model, on the other
hand, the lossy ear acts as a coupler conducting EM fields into the head resulting in higher SARs.

V. A PROPOSED EXPERIMENTAL PHANTOM FOR SAR COMPLIANCE TESTING

To alleviate the problem of underestimation of SARs with the 6 mm thick plastic spacer (in the shape of pinna)
phantoms, we propose a smoothened ear model of the human head such as that shown in Fig. 2. Since the SAR in the
pinna region is substantial, the proposed phantom will use homogeneous lossy dielectric properties (g, =415, o =
0.9 S/m at 835 MHz and €, = 40.0, 0 = 1.4 S/m at 1900 MHz) everywhere including the volume occupied by the
smoothened pinna. For a 2 mm plastic shell of £, = 2.56 or €, = 4.0 assumed to contain the fluid for the desired
dielectric properties, the calculated peak 10-g all-tissue SARs are within =15% of the SARs obtained with realistic
anatomic model of the head. A similar agreement for peak 1-g SARs within £10% is also obtained for this thin shell
lossy pinna phantom with the SARs for anatomic models at 1900 MHz [6], but the SARs are still considerably smaller

at 835 MHz. At this lower frequency, it may be possible to use a higher conductivity fluid to get SARs to agree better
with those of anatomically-realistic models.

Table 1. Comparison of the peak 1-g SARs for the various sizes of the two models of the head.

Handset Peak 1-g SAR (W/kg)
Dimensions Antenna Model Tissue Larger Average Smaller
mm Head Model| Head Model | Head Model
1900 MHz, 125 mW Radiated Power
22x42x122 | Helix 20 mm length Utah ‘ Body tissues 0.96 1.32 1.45
Brain 0.22 0.31 0.45
22 x42x122 | Helix 20 mm length Visible man | Body tissues 1.16 1.22 1.61
Brain_ 0.09 0.13 0.18
22x42x82 Helix 20 mm length Utah Body tissues 0.89 1.23 1.39
Brain 0.22 0.33 0.48
22x42x122 | Monopole 40 mm length | Visible man | Body tissues 0.95 1.00 1.21
Brain 0.13 0.14 0.25
22x42x122 | Monopole 40 mm length | Utah Body tissues 0.76 1.02 1.13
Brain 0.25 0.33 0.45
835 MHz 600 mW Radiated Power
22x42x122 | Helix 20 mm length Utah Body tissues 3.84 3.91 420
Brain 0.83 1.03 1.20
22x42x122 | Helix 20 mm length Visible man | Body tissues 3.88 4.29 436
Brain 0.37 0.49 0.56
22x42x122 | Monopole 80 mm length | Utah Body tissues 292 3.20 3.47
Brain 1.04 1.24 1.38
22x42x122 | Monopole 80 mm length | Visible man Body tissues 3.0t 3.29 3.43
Brain 0.64 0.80 0.97
22x42x102 | Monopole 80 mm length | Utah Body tissues 2.65 2.81 2.86
Brain 1.08 1.28 1.43
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Table 2. Comparison of the peak 1-g SARs for all tissues (ANSI/IEEE Guidelines) and body tissues for two
anatomically-based models with the corresponding 6 mm thick smooth plastic ear models.

d Peak I-g SAR (W/kg)
Handset Antenna Model - - - -
Dimensions I-gall tissues, | 1-g body tissues, | 6 mm thick plastic
mm : anatomically- anatomically- ear, homogeneous
based model based model model
1900 MHz. 125 mW Radiated Power
22 x42 x122 | Monopole, 40 mm length Utah 240 1.02 1.00
22 x42 x82 | Monopole, 40 mm length Utah 224 1.00 0.98
22 x42 x82 | Monopole, 40 mm length Visible man 2.55 0.95 0.80
22 x42 x122 | Helix, 20 mm length Utah 3.05 1.32 1.26
22 x42 x82 | Helix, 20 mm length Utah 2.96 1.23 1.30
22 x42 x82 | Helix, 20 mm length Visible man 337 1.17 0.97
%35 MHz, 600 mW Radiated Power
22 x42 x122 | Monopole, 80 mm lengtﬁ Utah 9.09 3.20 2.73
22 x42 x122 | Monopole, 80 mm length | Visible man 343 3.29 2.80
22 x42 x122 | Helix, 20 mm length Utah 13.20 3.91 3.66
22 x42 x122 | Helix, 20 mm length Visible man 4.46 4.29 3.65

Table 3. Comparison of the peak 10-g SARs for all tissues (ICNIRP Guidelines) for two anatomically-based models
with the corresponding 6 mm thick smooth plastic ear models.

Peak 10-g SAR (W/kg)
Handset -
Dimensions Antenna Model Anatomically- 6 mm thick plastic
mm based model ear, homogeneous
model
1900 MHz, {25 mW Radiated Power
22 x42 x122 Monopole, 40 mm length Utah 1.14 0.62
22 x42 x82 Monopole, 40 mm length Utah 1.09 0.61
22 x42 x82 Monopole, 40 mm length Visible man 1.03 0.56
22 x42 x122 Helix, 20 mm length Utah 1.44 0.77
22 x42 x82 Helix, 20 mm length Utah 1.37 0.76
22 x42 x82 Helix, 20 mm length Visible man 1.28 0.67
835 MHz, 600 mW Radiated Power
22 x42 x122 Monopole, 80 mm length Utah 4.03 1.96
22 x42 x102 Monopole, 80 mm length Utah . 3.58 2.28
22 x42x122 Helix, 20 mm length Utah 5.53 2.64
22 x42 x102 Helix, 20 mm length Utah 5.02 3.27
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phones between urban and rural areas has recently

been shown.' This is caused by adaptive power control
(APC) in the cellular telephone and is regulated by the
distance between base stations. Thus, in areas with a long
distance between base stations, usually rural areas, the
output power level is higher than in more densely populated
areas—that is, urban areas, with a shorter distance between
base stations. APC is used for the Global System for the
Mobile Communication (GSM) network. When the Nordic
Mobile Telephone System (NMT) started in Sweden in 1981,
the highest power was used all the time by the mobile
phones. With increasing numbers of users of the NMT,
phones in this system were regulated by APC, but only if they
were very close to the base station and then only in one step.

In previous epidemiological studies we found an associa-
tion between use of cellular telephones and brain tumours.* *
However, for salivary gland tumours no association was
found, although the parotid gland is located in an area with
high exposure to microwaves from cellular telephones
compared with other anatomical sites.* These and other
results on this topic have been recently reviewed elsewhere®
and will not be further discussed here.

In epidemiological studies assessment of microwave
exposure is usually based on type of phone (NMT, GSM,
and cordless), and years and cumulative number of hours of
use. There is a variation in specific absorption rate (SAR)
between the different types of cellular telephones. However,
this information is not easily available since subjects can
seldom remember the brand names of the cellular phones
used over time. Moreover, information on SAR is usually not
available from the manufacturers.

During cellular phone calls, radio frequency (RF) signals in
the range of 400 to 2000 megaHertz (MHz) are used. In
Sweden the analogue NMT system was introduced in 1981
operating at 450 MHz, often in a car with a fixed external
antenna, but from 1984 the first portable analogue phones
were available. The NMT 900 MHz system operated in
Sweden between 1986 and 2000. The digital GSM system
started in 1991 and is the most common phone since the end

! difference in the power output level from mobile

www.occenvmed. com

January 1997 and 30 June 2000 were included. One control matched for sex and age in five year age
groups was selected for each case. Use of different phone types was assessed by a questionnaire.
Results: The number of participoting cases was 1429; there were 1470 controls. An effect of rural living
was most pronounced for digital cellular telephones. Living in rural areas yielded an odds ratic {OR) of 1.4
(95% C1 0.98 to 2.0}, increasing to 3.2 (95% Cl 1.2 to 8.4) with >5 year latency time for digital phones.
The corresponding ORs for living in urban areas were 0.9 (95% C 0.8 fo | .2)and 0.9(95% Cl 0.6 to 1.4),
respectively. This effect was most obvious for malignant brain tumours.

Condusion: In future studies, place of residence should be considered in assessment of exposure to
microwaves from cellular telephones, although the results in this study must be interpreted with caution due
to low numbers in some of the calculations.

of the 1990s in Sweden. Moreover desktop cordless tele-
phones have been used in Sweden since 1988, The analogue
system in the 800~900 MHz RF range was initially used, but
now digital cordless telephones that operate at 1900 MHz are
available.

One interesting aspect with regard to exposure is the
different output power from cellular telephones in urban and
rural areas due to APC. In our previous study the results were
based on 1429 cases (88%) and 1470 controls (91%) that
answered the questionnaire.? In this further analysis of the
material we grouped the place of residence for the cases and
controls into urban and rural areas.

METHODS

The details of the study design have been published
elsewhere’ and only a brief summary is given here. The
geographical study area was the middle part of Sweden, and
encompassed patients aged 2080 years who were diagnosed
between 1 January 1997 and 30 June 2000, Histopathology
and information on tumour localisation were obtained from
the cancer registry and neuroradiology reports. One control
for each case was drawn from the population register,
matched for sex and age (five year age groups) and living
in the same geographical area as the cases. The ethical
committees approved the investigation.

Use of cellular and cordless phones was assessed by a
questionnaire which also included lifetime work history. The
answers were supplemented over the phone using a written
protocol. Mean number of daily calls and minutes were asked
for to calculate the cumulative use in hours for all years. Data
were also collected on use in a car with a fixed external
antenna or outside a car using a hands-free device with an
earpiece, both taken as no exposure to microwaves. The ear

Abbreviations: APC, odoptive power contral; Cl, confidence interval;
GSM, Global System for Mobile Communication; H, homegeneity
region; MHz, megaHertz; NMT, Nordic Mobile Telephone System; OR,

ds ratio; RF, rodio frequency; SAR, specific obsorption rate; SE],
socioeconomic index
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Main messages

e Adaptive power conirol regulates the output power
level from cellular telephones, mainly the digital
system, with the highest level in areas with a ?ong
Jilstance between base siations.

o There was a higher risk for brain tumours in users of
digital cellular telephones in rural areas than in urban
areas.

most frequently used during cellular phone calls was noted,
or whether both ears were used equally.

The Swedish population register contains information on
present municipality for all residents. The municipalities are
classified by Statistics Sweden in so called homogeneity
regions, six categories depending on the population density,
and the number of inhabitants in the nearest vicinity of the
main city in that municipality.® According to this official
homogeneity region classification, the two highest density
categories (H1, H2) include only the largest cities of Sweden,
Stockholm, Goteborg, and Malmé/Lund. H3 consists of
municipalities with more than 90 000 inhabitants within a
30 km radius from the centre of that municipality. H4
includes municipalities with more than 27 000, but less than
90 000 inhabitants from the centre of that municipality and

391

¢ In Ruture studies, place of residence should be
considered in assessment of exposure to microwaves
from cellular telephones.

also more than 300 000 inhabitants within a 100 km radius
from the same centre. HS is identical to H4 except that there
are less than 300 000 inhabitants from the centre of the
municipality. Finally, H6 consists of municipalities with less
than 27 000 inhabitants within a radius of 30 km from the
centre. Thus, we used these official statistics for grouping of
the subjects in urban or rural areas.

_ Unconditional logistic regression analysis was used to
calculate odds ratios (OR) and 95% confidence intervals (Cl)
(Stata/SE 8.2 for Windows; StataCorp, College Station, TX).
The material was divided into two groups, exposed and
unexposed. The exposed cases and controls were further
divided according to phone type: analogue, digital, and
cordless. The unexposed group consisted of cases and
controls without exposure to cellular or cordless telephones.
Adjustment was made for sex, age, and socioeconomic index
(SEI) code. In the analysis of dose-response effect the
material was divided in two groups with median number of
hours among controls as cut-off. Latency (tumour induction

Table 1 Odds ratios and 95% confidence intervals for brain tumours for the whole study area {H1-Hé), and urban (H1-H3)
and rural areas (H4-Hé) .
>1 year latency >5 year lotency >10 yeor latency
Co/Co OR 95% ‘Ca/Co oR 95% Ca/Co oR 95% Q1
H1-Hé 247/218 1.3 1.04% 1.6 160/135 1.4 1.03% 1.8 61/44 1.6 111025
H1-H3 167/148 1.3 0.99510 1.7 110/96 1.3 09118 40/31 1.5 091026
H4-Hé 80/70 1.3 0.910 2.0 50/39 1.5 09124 21/13 1.9 0940 3.9
<85h
H1-Hé 134/115 1.3 09951 1.7 69/51 1.5 1.0t02.2 12/13 1.0 0.510 2.3
H1-H3 88/73 1.4 0971419 48/35 1.5 09124 7/10 0.8 03120
H4-Hé 46/42 1.2 08120 21/16 1.5 0.7t 3.0 5/3 1.9 0.4108.2
>85h
H1-Hé 113/103 1.3 095t 1.8 91/84 1.3 09118 49/31 1.9 1.240 3.1
H1-H3 79/75 1.2 09118 62/61 1.2 08118 33/21 1.9 1.1 3.5
H4-Hé 34/28 1.4 08t 25 29/23 1.5 081027 16/10 1.9 081043
Digital
H1-Hé 423/433 10 091 1.3 66/66 1.1 0810168 - - -
R H1-H3 303/340 0.9 08t 1.2 49/60 0.9 06t01.4 - - -
H4-+Hé 120/93 14 0.98 10 2.0 17/6 3.2 121084 - - -
<55h
H1-Hé 230/217 1.1 0910 1.4 17/26 0.7 04114 - - -
H1-H3 162/167 1.0 081t 1.3 11/23 0.5 031011 - - -
H4-+Hé 68/50 1.5 0.97 10 2.3 6/3 2.2 05190 - - -
>55h
H1-Hé 193/216 0.9 071012 49/40 1.4 0.9t0 2.1 - - -
H1-H3 141/173 0.9 06111 38/37 1.1 071019 - - -
H4-Hé 52/43 1.3 081021 11/3 42 1.1t 16 - - -
Cordless
H1-Hé 402/396 1.1 091t 1.3 164/129 14 1.1 1.8 10/10 1.1 0410 2.6
H1-H3 283/297 10 081 1.3 117/97 1.3 09710 1.8 7/7 11 0.410 3.1
H4-Hé 119/99 1.3 09t 1.8 47/32 1.7 1.01t0 28 3/3 1.1 0.2t0 5.5
<183 h
H1-Hé 183/208 0.9 071 1.2 50/47 1.2 084018 0/5 - -
H1-H3 126/153 0.9 07112 34/35 1.1 07118 0/4 - -
H4-Hé 57/55 1.1 071017 16/12 1.5 0.7 10 3.3 0/1 - -
>183 h
H1-Hé 219/188 1.2 0.9910 1.6 114/82 1.5 111021 10/5 2.1 0.7 10 6.3
H1-H3 157/144 1.1 09t 1.5 83/62 14 1.002 to 2.1 7/3 25 07199
H4-Hé 62/44 1.6 10041025 31/20 1.8 0.97 10 3.4 3/2 1.6 03109.9
Unconditional logistic regression analysis was used, adjusted for age, sex, and sociceconomic index. Dose-response cokulation was made with median number of
hours for contrals as cut-off. Numbers of exposed cases {Co) ond controls {Co} ore given.

www.occenvmed.com
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{H1-H3) and rural areas (H4-Hé)

Table 2 Odds ratios and 95% confidence interval for malignant brain tumours for the whole study area (H1-Hé), and urban

>1 year latency >5 yaar latency >10 year latency

Ca/Co OR 95% Cl Ca/Co OR 95% A Ca/Co OoR 95% Cl
Andlogue
H1-Hé 110/96 1.2 08tal.7 71/61 1.2 08118 34/17 21 1110 4.0
H1-H3 81/48 1.4 0.9 ta 2.1 55/45 14 09122 25/12 24 1.1 %0 5.1
H4-Hé 29/28 0.9 051017 16/16 0.9 0.410 2.0 9/5 1.7 0510 5.6
Digital
H1-Hé 204/167 1.2 0910 1.6 39/24 17 0.9510 2.9 - - -
H1-H3 151/132 1.3 091018 29/23 1.4 08126 - - -
H4-Hé 53/35 1.2 0.7 t0 2.2 10/1 8.4 1.02 1o 69 - - -
Cordless
H1-Hé6 179/143 1.2 091417 69/46 1.6 1021024 . 3/4 0.8 0210 3.6
H1-H3 126/110 1.2 09t 1.8 51/35 1.6 0991027 2/2 1.2 02187
H4-Hé 53/33 1.3 071023 18/11 1.4 0.6 10 3.3 1/2 0.3 00210 3.4

Note that controls with missing cases were not induded.

Unconditianal logistic regression analysis was used, adjusted for age, sex, ond socioeconomic index. Numbers of exposed coses (Ca} ond controls (Co} ore given.

period) was analysed using three time periods, >1 year, >5
years, and >10 years since first use of a cellular or cordless
telephone until tumour diagnosis. H1-H3 were classified as
urban (n =984 cases, 1035 controls) and H4-Hé as rural
areas (n = 445 cases, n =435 controls).

RESULTS

No significant difference existed for cumulative use in hours
for cordless or cellular telephones depending on urban or
rural area for the cases. If anything, cases in rural areas
tended to have shorter cumulative use than cases living in
urban areas. '

In table 1 results for brain tumours and use of cellular or
cordless phones are given for the different geographical areas
(urban and rural) as well as overall results. The unexposed
group consisted of 713 cases and 757 controls. For analogue
phones an increased OR was found in both urban and rural
areas. ORs were somewhat higher in rural areas when latency
period was considered. For ipsilateral use of analogue phones
with >1 year latency period, ORs were 1.7 (95% CI 1.1 10 2.5)
for living in urban areas, and 1.6 (95% CI 0.9 to 2.8) for living
in rural areas (data not shown). Regarding digital phones,
OR was increased in rural areas, whereas OR for subjects
living in urban areas was close to unity. With >5 year latency
period, OR was significantly increased in rural areas

(OR=3.2, 95% CI 1.2 to 8.4). With >5 years latency period
and >55 hours of cumulative use, OR was calculated to be
1.1 (95% CI 0.7 to 1.9) in urban areas compared with 4.2
(95% CI 1.1 to 16) in rural areas. For ipsilateral use of digital
phones with >1 year latency period, ORs were 1.2 (95% CI
0.9 to 1.7) for living in urban areas, and 1.7 (95% C10.99 to
2.8) for living in rural areas (data not shown). For cordless
telephones ORs were higher in rural areas than in urban
areas, except for >10 year latency period, based on low
numbers. -

Table 2 gives the results for malignant brain tumour cases
with corresponding controls. No effect of place of residence
was found for analogue or cordless phones. Regarding digital
phones, the risk was highest in rural areas using latency
period >5 years (OR = 8.4, 95% CI 1.02 to 69), but based on
low numbers. In a separate analysis of cases with astro-
cytoma (n = 415), OR was somewhat higher for urban living
than for rural for use of analogue cellular telephones or
cordless phones. For use of digital phones with >1 year
latency period, results were: OR = 1.4 (95% CI 0.96 t0 2.2) for
urban living, and OR = 1.2 (95% C1 0.6 to 2.4) for rural living.
The results for >5 year latency period were: OR = 1.8 (95% CI
0.9 10 3.5) (26 cases, 19 controls) and OR = 6.6 (95% C10.8t0
56) (8 cases, 1 control) for urban and rural living, respectively
(data not shown).

Table 3 Odds ratios and 95% confidence intervals for benign brain tumours for the whole study area {H1-Hé), and urban
{H1-H3) and rural areas (H4-Hg)
>1 year latency >5 year latency >10 year latency
Ca/Ca OR: 95% Ca/Ca OR 95% C1 Ca/Co OR 95% Cl
Analogue
H1-Hé 137/97 1.4 10110 1.9 89/58 15 1.01 022 27/21 1.3 071024
H1-H3 86/62 1.3 091t 1.9 55/39 1.3 08120 15/14 1.0 05122
H4-Hé 51/35 17 1.01t0 3.0 34/19 2.2 1110 4.4 12/7 2.1 0810 59
Digital
H1-Hé 219/213 0.9 0.71t01.2 27/34 08 04113 - - -
H1-H3 152/167 08 0.61t01.01 20/29 0.6 03t 1.1 - - -
H4-Hé 67/46 1.6 0.98 10 2.7 7/5 18 0.5t 6.0 - - -
Cardless
H1-Hé 223/218 0.9 0710 1.2 95/68 1.3 09119 7/3 2.1 051081
H1-H3 157/160 0.8 06t01.1 66/51 1.1 07117 5/3 1.4 0310 6.1
H4-Hé 66/58 1.2 08t 1.9 29/17 20 0.99 o 4.1 2/0 - -
Unconditional logistic regression analysis wos used, adjusted for oge, sex, ond socioeconomic index. Numbers of exposed coses {Ca) and cantrols (Co) ore given.
Note that contrals with missing coses were not included.

www.accenvmed.com
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Table 4 Odds ratios {OR) and 95% confidence intervals for brain tumours for the whole study area (H1-H6), and urban
{H1-H3) and rural areas {H4-Hé) for use of one phone type only
>1 year latency >5 year latency >10 year latency
Ca/Ca OR cl Ca/Co OR Cl Ca/Ca OR cl
Andlogue only
H1-H6 81/72 1.3 09t 1.8 41/27 17 111029 14/6 27 1.0410 7.3
H1-H3 50/37 1.6 0.99102.4 24/13 2.1 1.110 43 10/3 4.0 111015
H4-Hé6 31/35 1.0 061018 17/14 1.4 071 3.0 4/3 1.5 0310 6.8
Digital only
H1-H6 188/195 1.0 08t01.3 27/26 1.2 0.7 t0 2.0 - - -
H1-H3 128/149 0.9 0710 1.2 15/24 0.7 0410 1.3 - - -
H4-Hé 60/46 1.4 0.9t0 2.2 12/2 6.9 1.5t0 32 - - -
Cordless only
H1-Hé6 159/169 1.0 08101.3 56/36 17 1.1t0 2.6 2/2 1.0 0.1107.4
H1-H3 109/121 1.0 07t 1.3 38/27 1.5 091025 1/2 0.5 0.110 5.3
H4-Hé6 50/48 1.1 071018 18/9 23 0.9710 5.3 1/0 - -
Unconditional logistic regression onolysis wos used, odjusted for oge, sex, ond socioeconomic index. Numbers of exposed cases {Ca} ond contrals (Co} ore given.

Table 3 shows results for benign brain tumours only. For
all phone types ORs were highest in rural areas, although
some of the calculations were based on low numbers. As has
been shown previously, the increased risk was found for
acoustic neuroma but not for meningioma.?

Table 4 gives results for use of either analogue, digital, or
cordless telephones. Thus, subjects who had used more than
one phone type were not included. Analogue phones yielded
significantly increased ORs for >5 year and >10 year latency
period, respectively. There was no effect of urban versus rural
residence. However, the results were based on rather low
numbers, especially in the category with >10 year latency
period. Regarding digital phones OR was highest in rural
areas, but based on low numbers. Thus, for >5 year latency
period OR was calculated in rural areas to be 6.9 (95% CI 1.5
to 32). However, for cordless phones there was also a
tendency for higher ORs in rural areas in the group with >5
year latency period.

DISCUSSION

In a study on acoustic neuroma the risk estimate was higher
in urban areas compared with rural areas.” However, the
results were based on low numbers and have been criticised
for inclusion of cases not in agreement with the Swedish
Cancer Registry, different geographical areas for cases and
controls, and inconsistent numbers in tables.® Our study is
the first with a substantial number of cases and controls
where the place of residence for cases and controls has been
considered in the analysis of an association between use of
cellular telephones and the risk for brain tumours. The
Swedish population register covers the whole population. The
municipality for each person is registered. We used that
information in combination with the classification of the
municipalities in homogeneity regions by Statistics Sweden.
Of course this study would benefit from more categories of
homogeneity instead of only two summary groups. However,
few subjects (95 cases, 111 controls) lived in the most
sparsely populated areas, H5 and H6, making statistical
analysis less meaningful in that group.

Interestingly, we found a somewhat higher risk for brain
tumours for cases living in rural areas than in urban areas for
use of NMT phones. ORs were also increased among urban
inhabitants. This was not explained by socioeconomic factors
since the results were adjusted for SEI code. However, when
we analysed use of analogue phones only, ORs were highest
in urban areas. Thus, no clear effect of place of residence was
seen for analogue phones. This may be explained by the fact

that APC was not initially used for this phone system.' We
have no information when APC was introduced, if at all, for
analogue phones during our study period.

For use of GSM phones we found a clear effect of urban
versus rural areas. In fact, we only found an increased risk for
rural living and this could not be explained by longer phone
calls among these cases. Dose-response calculations seemed
to further support the result. Analysis of digital phones as the
only used phone type showed a similar pattern, with highest
ORs among rural inhabitants. These results may be of
importance in future studies of brain tumour risk for digital
phones. Thus our results, if confirmed in other studies,
indicate that the risk of microwave exposure from digital
phones is lower in areas with a short distance to base stations
due to APC. -

When we analysed malignant brain tumours separately,
ORs were found to be highest in rural areas for digital phones
using >S5 year latency period. These results were based on
low numbers, only one control, and must thus be interpreted
with caution. Of interest, however, is the fact that no clear
pattern was found for analogue or cordless phones.
Regarding benign tumours, ORs were highest in rural areas
regardless of phone type. Since these results were mainly
based on the increased risk for acoustic neuroma, one
possibility is that a confounding factor associated with place
of living may exist, although this is as yet unknown.

Clearly our results support the notion that exposure may
differ between geographical areas. However, these results
refer to Sweden and there is no information on the exact
difference  between  different  geographical areas.
Furthermore, the published results only refer to the GSM
network.' Our findings indicate that in future studies place of
residence should be considered in assessment of exposure to
microwaves from cellular telephones, although the results of
this study must be interpreted with caution due to the low
numbers in some of the calculations. From a precautionary
perspective, users of cellular telephones should select phones
with low SAR, since differences in SAR between phone types
may be larger than output power levels depending on
whether the users live in urban or rural areas.
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Abstract. The use of cellular and cordless telephones and the
risk of brain tumours is of concern since the brain is a high
exposure area. We present the results of a pooled analysis of
two case-control studies on benign brain tumours diagnosed
during 1997-2003 including answers from 1,254 (88%) cases
and 2,162 (89%) controls aged 20-80 years. For acoustic
neuroma, the use of analogue cellular phones gave an odds
ratio (OR) of 2.9 and a 95% confidence interval (CI) of 2.0-
4.3; for digital cellular phones, OR=1.5; 95% Cl=1.1-2.1;
and for cordless telephones, OR=1.5, 95% CI=1.04-2.0. The
highest OR was found for analogue phones with a latency
period of >15 years; OR=3.8, 95% CI=1.4-10. Regarding
meningioma, the results were as follows: for analogue phones,
OR=1.3, 95% CI=0.99-1.7; for digital phones, OR=1.1, 95%
CI=0.9-1.3; and for cordless phones, OR=1.1, 95% CI=0.9-
1.4. In the multivariate analysis, a significantly increased risk
of acoustic neuroma was found with the use of analogue
phones.

Introduction

The use of cellular and cordless telephones is widespread and
increasing in society. A potential association between cellular
and cordless telephones and health effects is of concem and has
been discussed in several articles during recent years (1-3).
Of special concern is the risk of brain tumours since this is a
part of the body with high exposure during phone calls
compared with other parts.

Cellular telephones emit radio frequency signals during
calls. Exposure is characterized through the specific absorption
rate (SAR) expressed as watt/kg. Analogue (NMT; Nordic
Mobile Telephone System) phones operating at 450 MegaHertz

Correspondence to: Professor Lennart Hardell, Department of
Oncology, University Hospital, SE-701 85 Orebro, Sweden
E-mail: lennart.hardell@orebroll se

Key words: acoustic neuroma, analogue cellular telephones

(MHz) were introduced in Sweden in 1981. At first, they
were usually used in cars with a fixed external antenna.
Portable NMT 450 phones were introduced in 1984. Analogue
phones using 900 MHz (NMT 900) were used in Sweden
between 1986 and 2000. The digital system (GSM; Global
System for Mobile Communication) started in 1991 and has
during recent years dramatically increased to become the
most common phone type. This system uses dual band, 900
and 1,800 MHz, for communication. From 2003, the third
generation of mobile phones, 3G or UMTS (Universal Mobile
Telecommunication System), was introduced in Sweden,
operating at 1,900 MHz.

Desktop cordless phones using the analogue system in the
800-900 MHz RF have been used in Sweden since 1988.
Digital cordless telephones (DECT) that operate at 1,900 MHz
have been used since 1991.

Acoustic neuroma might be a ‘signal’ tumor for association
with cellular and cordless telephones, since it is located in an
area with high exposure during calls. The tumour risk would
be higher on the same side of the head as the exposure to the
RF-field (ipsilateral exposure).

In 1999, we published our first study on this topic with
cases and controls from between 1994 and 1996 (4). The
analyses were based on answers from 209 (90%) of the cases
and 425 (91%) of the controls. Overall, we did not find an
increased risk. However, for ipsilateral exposure, we saw a
somewhat higher risk, although based on few exposed subjects
(4.5). No conclusions could be drawn from that study due to
the low numbers and short latency periods.

Our next case-control study was larger and the responding
numbers were for 1,429 cases (88%) and 1,470 controls
(91%) recruited during January 1, 1997, and June 30, 2000.
We modified the questionnaire somewhat between the two
studies to assess exposure as carefully as possible. For all
brain tumours, we found an increased risk for analogue phones
that was most pronounced in the group with a >10-year latency
period (6,7). Moreover, the risk was highest for analogue and
digital cellular telephones with ipsilateral exposure, especially
for high-grade astrocytoma. We found no association for
meningioma. Regarding acoustic neuroma, a high risk was
calculated for the use of analogue phones (6-8).

In our third study, we used the same questionnaire and
study methods as in the second in order to be able to pool these
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two studies for a larger amount of study material with a
longer time of use for both cellular and cordless phones (9,10).
This study was conducted from July 1, 2000, until December
31, 2003. The study area consisted of Uppsala/Orebro and
Linkoping medical regions in Sweden. This time, Stockholm
and Gothenburg medical regions were not included since the
WHO Interphone study on the same issue was performed
during part of this time in these regions. Thus, there was no
overlap of cases between any of our three studies on this
topic or the Swedish part of the Interphone study (11,12).

Here, we present results for benign brain tumours in a
pooled analysis of our second and third studies on this topic.
All controls from the second and third studies are used as a
reference entity.

Materials and methods

In previous studies, we have presented details on the study
methods so only a short presentation is given here. Ethics
committees approved the studies. Both men and women,
aged 20-80 years at the time of diagnosis as defined according
to the date of the histopathology report, were included. In
total, 3,729 cases were reported in a consecutive manner from
the regional cancer registries diagnosed during the inclusion
period. Subjects that did not meet the study prerequisites
were excluded, i.e. brain metastases or wrong reporting to the
registry (n=288), wrong year for diagnosis (n=73), missing
histopathology (n=5), not resident in the study area (n=14),
deceased (n=745), physician refusal (n=81), not able to
participate (n=84) and unknown address (n=2), in a total of
1,292 cases. The final pooled study included 2,437 cases or
65% of those initially reported. Of these, 1,429 had a benign
brain tumor.

We drew one control subject matched on age and sex and
residing in the study area to each case from the Swedish
population registry, which covers the whole population with
unique id-numbers and current addresses. Any change in
residence can be traced in the registry. Thus, 2,437 controls
were recruited.

Assessment of exposure. Different environmental and
occupational exposures were assessed by using a 20-page
questionnaire sent to the study subjects. It contained questions
on complete working history, exposure to different agents,
smoking habits, etc. Regarding the use of cellular telephones,
we asked for the first year of use, type of phone (analogue
with prefix 010, digital with prefix 07), mean minutes of
daily use over the years, use in a car with external antenna or
a hands-free (both calculated as unexposed) and ear most
frequently used. Similar questions dealt with the use of
cordless telephones. ‘

At most, two reminders were sent if the questionnaire
was not returned. Trained interviewers using a structured
protocol made supplementary phone interviews, if necessary.
The ear that had been most frequently used over the years
was asked for. A change in the used ear might have occurred,
e.g. in the case of acoustic neuroma, due to hearing loss. The
interviewer checked this information but we also sent an
additional letter and asked all study subjects using cellular or
cordless telephones to clarify this issue in detail.

HARDELL et af: CELLULAR AND CORDLESS TELEPHONES AND THE RISK OF BRAIN TUMOURS

An id-code that did not reveal whether the individual was
a case or a control was given to each questionnaire. Thus,
interviews and coding of data for the statistical analysis were
blinded to case or control status. Both clinical and pathology
reports were sent to the cancer registry in Sweden. We
obtained such data from cancer registries and histopathological
departments in the study area. All cases were given a diagnosis
based on histopathological examination. Tumor localization
was obtained by data in the cancer registries or if missing or
unclear from neuroradiology investigations. We obtained
copies of records after informed consent from the cases.

Statistical methods. Odds ratios (OR) and 95% confidence
intervals (CI) (Stata/SE 8.2 for Windows; StataCorp, College
Station, TX) were calculated using unconditional logistic
regression analysis. The unexposed category consisted of
subjects that had not used cellular or cordless phones. The
exposed cases and controls were divided according to phone
type, analogue, digital and cordless. We calculated the OR
and 95% CI for the use of only one of these phone types and
for different combinations. Adjustment was made for sex,
age, socio-economic index (SEI)-code and year of diagnosis.
Thereby, the same year as for the case was used for the
corresponding control. Adjustment for year of diagnosis was
made in order to avoid bias in exposure since all controls,
both to malignant and benign brain tumor cases, were used in
the analysis. We used age as a continuous variable in the
analysis. Latency or tumor induction period was analysed
using three time periods, >1-5, >5-10 and >10 years from the
first use of a cellular or cordless telephone until diagnosis.
In the dose-response calculations, the median number of
cumulative lifetime use in hours among controls was used as
a cut-off. Note that overall results for all latency groups were
calculated in one analysis whereas dose-response was analysed
separately for each latency category.

Results

In total, 1,254 (88%) cases and 2,162 (89%) controls parti-
cipated. Of these, 916 (73%) had meningioma, 243 (19%)
had acoustic neuroma and 96 (8%) had other types of benign
brain tumours. One case had both meningioma and acoustic
neuroma and was included in calculations of OR and 95% CI
for both diseases. We display the results for cumulative use
in hours for the different phone types in Table I. Regarding
acoustic neuroma, the highest OR was calculated for cellular
and cordless telephones for subjects with >1,000 h of cumul-
ative use of the respective phone. The same pattem was found
for meningioma and the use of cordless phones.

In Table II, we give the results for the different phone
types according to latency period and cumulative number of
hours divided into two groups based on the median number
of hours among the controls. For meningioma, a somewhat
increased OR was found with a longer latency period, the
highest with a >10-year latency period. For acoustic neuroma,
the use of analogue phones produced OR=2.9,95% CI=2.0-4.3;
digital phones, OR=1.5, 95% CI=1.1-2.1; and cordless tele-
phones, OR=1.5, 95% CI=1.04-2.0. The OR was higher in the
group with a >5- to 10-year latency compared with a shorter
time. Only one case had used a digital phone for >10 years
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Table 1. Odds ratio (OR) and 95% confidence interval (CI) for cumulative lifetime use in hours of analogue and digital cellular
telephones, cordless telephones and any combination of the three phone types.?

1-500 h 501-1000 h >1000 h
Ca/Co OR 95% CI Ca/Co OR 95% CI Ca/Co OR 95% CI

Benign

Analogue 169/252 1.6 12-20 17/29 1.7 0.9-3.1 13/16 22 1.02-4.7

Digital 384/667 1.2 0.96-1.4 30/64 1.1 07-18 23/45 1.2 0.7-2.1

Cordless 269/502 1.1 09-13 70/97 1.5 1.1-2.1 84/102 1.6 12-22

Total, any combination ~ 450/831 1.1 09-13 98/152 14 1.03-1.8 129/189 1.5 1.1-1.9
Meningioma

Analogue 99/252 13 098-1.7 8/29 1.1 05-2.6 6/16 14 0.5-3.8

Digital 268/667 1.1 09-13 18/64 1.0 0.6-1.8 9/45 07 03-14

Cordless 185/502 1.0 08-1.3 49/97 15 1.003-22 60/102 1.6 1.1-22

Total, any combination ~ 310/831 1.0 08-1.2 66/152 13 09-18 85/189 13 0.99-1.8
Acoustic neuroma

Analogue 55/252 238 1.8-4.2 7/29 33 1.3-8.0 6/16 5.1 19-14

Digital 83/667 1.4 0.99-20 10/64 18 0.8-3.8 12/45 3.1 15-64

Cordless 60/502 13 09-19 15/97 1.6 09-30 217102 2.1 1.2-37

Total, any combination 97/831 1.3 0.96-1.8 22/152 1.6 0.96-2.8 36/189 2.2 1.4-34
Other benign

Analogue 16/252 1.5 0.8-3.0 2129 20 0495 1/16 2.1 03-17

Digital 34/667 1.5 09-2.7 2/64 0.6 0.1-27 2/45 1.1 0.2-4.8

Cordless 24/502 14 0.8-2.6 6/97 1.7 0.7-4.4 4/102 1.2 04-36

Total, any combination 43/831 1.5 09-2.4 10/152 17 08-3.7 9/189 1.3 0.6-2.8

“Number of exposed cases (Ca) and controls (Co) are given. Unconditional logistic regression analysis adjusted for age, sex, socio-economic
index and year of diagnosis was used. Trend, benign: analogue, p=0.71; digital, p=0.97; cordless. p=0.02; total, p=0.02. Trend, meningioma:
analogue, p=0.93; digital. p=0.50; cordless, p=0.02; total, p=0.04. Trend, acoustic neuroma: analogue, p=0.48; digital, p=0.08; cordless,
p=0.17; total, p=0.07. Trend, other benign: analogue, p=0.91; digital, p=0.41; cordless, p=0.86; total, p=0.84.

and 4 cases had used a cordless telephone for >10 years.
Regarding analogue phones, a latency period of >10-15 years
yielded OR=2.9, 95% CI=1.4-6.0 (n=13 cases, 62 controls)
and >15 years yielded OR=3.8, 95% Cl=1.4-10 (n=6 cases,
22 controls). Digital cellular phones gave a significantly
increased risk in the group of other benign tumours with a
10-year latency period but based on only 4 cases.

Regarding meningioma, the OR was somewhat higher for
ipsilateral use of cellular or cordless phones than for contra-
lateral, and was of borderline significance for digital phones
(Table III). Also, for acoustic neuroma, the most pronounced
effect on OR was seen for ipsilateral use. Thus, for analogue
phones, ipsilateral use yielded OR=3.0, 95% CI=1.9-5.0, but
contralateral and varying ipsi-/contralateral use also increased
the risk. For other types of benign brain tumours, these cal-
culations were based on rather low numbers of cases to permit
clear conclusions.

In the multivariate analysis, as displayed in Table IV, no
significantly increased risk was found for meningioma for

the studied phone. For acoustic neuroma, we found an OR of
2.5 and 95% CI of 1.8-3.5 for the use of analogue phones.
The result was similar in the latency groups of >5-10 years
and >10 years. The use of digital cellular telephones or
cordless telephones yielded no significantly increased risk.
In the group with other types of benign brain tumours, digital
cellular phones gave a significantly increased risk with a
>10-year latency period but based on few exposed cases.

Table V shows our analysis of OR for the use of only one
type of phone and for different combinations. For meningioma,
the OR was highest for subjects that reported the use of several
types of phones. A similar pattern was found for acoustic
neuroma with a significantly increased OR for any combination
of cellular and cordless telephones.

We analysed the association between use of cellular and
cordless telephones for different age groups based on first use
of the respective phone (Table VI). The OR was highest for
subjects in the <20 years age group for use of both analogue
or digital cellular telephones, although based on low numbers.
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Table II. Number of exposed cases (Ca) with benign brain tumours and controls (Co), odds ratio (OR) and 95% confidence interval
(CI) for use of cellular or cordless telephones.* ‘

>1-to 5-year latency  >5- to 10-year latency >10-year latency Total, >1-year latency
Ca/Co OR,CI Ca/Co OR,(CI Ca/Co OR,CI Ca/Co OR,CI
Benign (n=1254,
577 unexposed)
Analogue 52/86 1.4 90/127 1.7 57/84 1.8 199/297 1.6
09-20 12-23 1.2-2.6 1.3-20
<85h 40/67 1.3 46/63 1.6 20/26 20 106/156 1.5
0.8-20 1.1-24 1.1-3.7 1.1-20
>85h 12/19 1.6 44/64 . 1.7 37/58 18 93/141 1.7
0.7-34 1.1-2.7 1.1-2.8 1.3-24
Digital 323/581 1.1 101/177 12 13/18 1.6 437/776 1.2
09-14 09-17 08-35 0.96-1.4
<64 h 208/349 1.2 37/70 1.1 0/0 - 245/419 1.1
09-15 07-17 09-14
>64 h 115/232 1.1 64/107 1.5 13/18 16 192/357 1.2
09-15 1.04-2.2 0.8-35 096-1.5 .
Cordless 250/437 1.1 145/219 14 28/45 14 423/701 1.2
09-14 1.1-1.7 0.8-23 1.01-14
<195h 137/260 10 43/74 1.3 3/17 06 183/351 1.0
08-13 08-19 02-2.1 0.8-13
>195h 113/177 1.2 102/145 1.6 25/28 2.1 240/350 14
09-1.6 1.2-2.1 1.1-3.7 1.1-1.7
Meningioma (n=916,
455 unexposed)
Analogue 32/86 1.2 47127 1.2 34/84 1.6 113/297 1.3
0.8-1.8 08-18 1.02-25 0.99-1.7
<85h 25/67 1.1 28/63 1.3 12/26 18 65/156 1.3
0.7-1.8 0.8-22 09-37 09-1.8
>85h 7/19 1.4 19/64 1.1 22/58 1.6 48/141 1.3
0.6-3.5 06-19 09-2.7 09-19
Digital 220/581 1.0 67/177 1.1 8/18 1.3 2951776 1.1
08-13 08-1.6 05-3.2 09-1.3
<64 h 140/349 1.0 27770 1.0 0/0 - 167/419 1.0
0.8-13 0.6-1.7 0.8-1.3
>64 h 80/232 1.1 40/107 14 8/18 1.3 128/357 1.2
08-1.6 09-2.1 05-32 09-15
Cordless 167/437 1.0 104/219 1.3 23/45 1.6 2947701 1.1
08-13 101-1.8 09-2.8 09-14
<195h 98/260 1.0 33/74 1.3 3/17 09 134/351 1.0
0.7-13 08-20 02-32 0.8-1.3
>195h 69/177 10 71/145 15 20/28 22 160/350 13

07-14 1.1-2.1 12-42 0.99-1.6
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Table II. Continued.

>1-to 5-year latency >3- to 10-year latency >10-year latency Total, >1-year latency
Ca/Co OR,CI Ca/Co OR,CI Ca/Co OR,CI Ca/Co OR, CI

Acoustic neuroma
(n=243, 88 unexposed)

Analogue 16/86 23 33/127 34 19/84 3.1 68/297 29
1.2-4.1 2.1-55 1.7-5.7 2043
<85h 11/67 2.1 13/63 25 7/26 36 31/156 25
1.03-4.2 1349 1492 1.6-4.0
>85h 5/19 38 20/64 38 12/58 3.1 37/141 36
1.3-11 2.1-7.1 1.5-6.4 22-58
Digitai 75/581 14 29/177 1.8 1/18 0.6 105/776 1.5
101-2.1 1.1-3.0 0.1-50 1.1-2.1
<64 h 50/349 1.6 6/70 0.9 0/0 - 56/419 1.5
1.1-2.4 04-22 1.01-2.2
>64h 25/232 1.2 23/107 24 1/18 0.6 49/357 1.5
0.7-2.1 1.3-44 0.1-5.0 0.99-23
Cordless 61/437 1.5 31/219 1.5 4/45 1.0 - 96/701 1.5
1.01-2.1 0.96-2.4 03-29 1.04-2.0
<I95h 27/260 1.1 8/74 1.3 0/17 - 35/351 1.1
0.7-1.8 0.6-29 0.7-17
>195h 34/177 20 23/145 1.8 4/28 20 61/350 1.9
1.3-3.2 1.04-30 0.6-6.1 1.3-2.8

Other benign (n=96,

34 unexposed)
Analogue 4/86 09 10/127 22 5/84 1.6 19/297 1.6
03238 0.997-50 05-45 0.8-30
<85h 4/67 1.0 5/63 32 226 1.9 11/156 1.8
03-3.1 1.1-9.1 04-94 09-38
>85h 0/19 - 5/64 1.6 3/58 14 8/141 1.3
0.6-4.7 0452 0.6-3.1
Digital 29/581 14 5177 09 4/18 12 38/776 14
038-2.5 0.3-2.6 2.8-52 0.8-2.5
<64 h 19/349 1.8 4/70 36 0/0 - 23/419 19
098-34 1.01-13 ' 1.03-33
>64h 10/232 09 1/107 0.2 4/18 12 15/357 1.0
04-20 003-1.8 2.8-52 . 0520
Cordless 23/437 1.6 10/219 1.3 1/45 07 34/701 1.5
09-2.8 06-2.8 0.1-59 0.8-2.5
<195h 12/260 14 2/74 10 0/17 - 14/351 1.2
0.7-2.8 0.2-4.6 0.6-2.3
>195h 11/177 2.1 8/145 1.7 1/28 25 20/350 1.8
09844 0.7-40 0.2-26 09-33

*Unconditional logistic regression analysis adjusted for age, sex, SEI and year of diagnosis, was used. In the dose-response calculations, the
median number of cumulative use in hours among controls in the total material was used as a cut-off.
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Table III. Number of exposed cases (Ca) with benign brain tumours and controls (Co), odds ratio (OR) and 95% confidence
interval (CI) for use of cellular or cordless telephones for tumour localisations in relation to ear used during phone calls.*

Localisation/type All Ipsilateral Contralateral Ipsi-/contralateral
of telephone Ca/Co Ca/Co Ca/Co Ca/Co
OR (CD) OR (CI) OR (CI) OR (CD)
Benign
Analogue phone 199/297 83/98 59/100 18/35
1.6 1.9 1.4 1.3
1.3-20 13-2.6 ' 099-2.1 07-24
Digital phone 437/776 172/240 1607266 45/84
1.2 1.5 1.2 1.2
0.96-14 1.1-19 09-15 08-19
Cordless phone 423/701 167/232 138/235 4277
12 14 1.1 1.1
101-1.4 1.1-1.8 09-15 07-1.7
Meningioma
Analogue phone 113/297 42/98 33/100 10/35
1.3 1.3 1.2 1.1
099-1.7 0.9-20 07-18 05-23
Digital phone 295/776 114/240 112/266 28/84
1.1 1.4 1.1 1.1
09-13 1.01-1.8 08-1.5 0.7-1.8
Cordless phone 294/701 109/232 101/235 2577
1.1 1.3 1.1 09
09-14 09-1.7 . 08-1.5 06-1.6
Acoustic neuroma
Analogue phone 68/297 35/98 23/100 8/35
29 3.0 24 23
2043 1.9-50 1.4-42 1.001-5.5
Digital phone 105/776 50/240 38/266 16/84
1.5 1.7 1.3 1.7
1.1-2.1 1.1-2.6 0.8-2.0 09-32
Cordless phone 96/701 52/232 28/235 15/77
15 1.7 1.1 1.8
1.04-2.0 1.1-2.6 07-17 09-34
Other benign
Analogue phone 19/297 6/98 3/100 0/35
1.6 43 1.4 -
0.8-3.0 1.3-14 0.3-59 -
Digital phone 38/776 8/240 10/266 1/84
14 1.7 22 0.6
038-2.5 0.6-5.1 0.8-6.0 0.1-5.5
Cordless phone 34/701 6/232 9/235 2/77
1.5 1.7 20 1.5
0.8-2.5 0.5-5.1 0.7-5.5 0.3-8.0

“Ipsilateral, same side for tumour and phone; contralateral, opposite side for tumour and phone; and ipsi-/contralateral, both ears used
equally. Unconditional logistic regression analysis adjusted for age, sex, SEI and year of diagnosis, was used. Note that tumour site was
missing for some cases and the matched control was excluded as well as controls with a missing corresponding case.
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Table IV. Number of exposed cases (Ca) and controls (Co), odds ratio (OR) and 95% confidence interval (CI) for the use of

cellular or cordless telephones.?

>1- to 5-year latency

>5- to 10-year latency

>10-year latency Total, >1-year latency

Ca/Co OR,CI Ca/Co OR, CI Ca/Co OR,CI Ca/Co OR,(CI
Benign .
Analogue 52/86 12 90/127 1.5 57/84 15 199/297 15
09-1.8 1.1-19 1.04-2.1 12-18
Digital 323/581 1.0 101/177 1.1 13/18 1.4 4371776 1.0
09-12 08-15 0.7-30 09-12
Cordless 250/437 1.0 145/219 1.2 28/45 1.1 423/701 1.1
0.8-1.2 097-15 0.7-18 09-13
Meningioma
Analogue 32/86 1.2 47/127 1.1 34/84 14 113/297 1.2
0.8-1.8 0.8-1.6 09-2.1 0.96-1.6
Digital 220/581 10 67/177 1.1 8/18 12 295/776 10
08-1.2 08-15 0.5-29 08-12
Cordless 167/437 09 104/219 1.3 23/45 14 294/701 1.1
0.7-1.1 0.98-1.6 0.8-24 09-13
Acoustic neuroma
Analogue 16/86 1.7 33/127 2.5 19/84 22 68/297 2.5
0.96-3.0 1.7-39 1.3-38 1.8-35
Digital 75/581 1.1 29/177 15 1/18 0.5 105/776 1.1
08-1.6 09-2.3 0.1-39 0.8-1.6
Cordless 61/437 12 31/219 1.1 4/45 0.7 96/701 1.1
09-17 0.7-17 02-19 09-15
Other benign :
Analogue 4/86 0.7 10/127 1.6 5/84 1.1 19/297 12
02-20 08-32 04-2.8 0.7-20
Digital 29/581 1.1 5177 0.6 4/18 9.6 38/776 1.1
0.7-1.7 02-15 2.6-36 0.7-1.7
Cordless 23/437 13 10/219 1.1 1/45 04 34/701 1.1
0.8-2.1 0.5-2.1 005-2.9 0.7-18

2Unconditional logistic regression multivariate analysis adjusted for age, sex, SEI and year of diagnosis, was used.

Discussion

The reporting of new cancer cases to the Swedish cancer
registry is compulsory. Also certain benign diseases such as
benign brain tumours are reported. As soon as the histo-
pathological diagnosis is obtained, the respective pathological
departments send a report to the local cancer registry in
the five medical regions in Sweden. In addition, the treating
physician makes a clinical report. Thus, a high reporting
frequency is obtained with good coverage of all new cases
and no selection bias as to reporting exists.

We recruited cases in a consecutive way from cancer
registries in the included medical regions, and we have no

indication of selection bias in this respect. Thus, it was
possible to include cases soon after diagnosis. For inclusion,
it was necessary to have histopathological verification of the
diagnosis. If information was unclear or missing in the cancer
registry, we obtained copies of records from the pathology
and radiology departments. Since all diagnoses were based
on histopathology, it was possible for us to analyse different
types of benign brain tumours as well as tumour localisation
in the brain.

According to Table I, in our pooled studys, it is obvious that
a fairly high number of lifetime cumulative use of cellular or
cordless telephones is necessary in order to obtain a stable risk
estimate.
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Table V. Number of exposed cases (Ca) with benign brain
tumours and controls (Co), odds ratio (OR) and 95%
confidence interval (CI) for the use of cellular or cordless
telephones for different combinations of phone use.?

>1-year latency

Ca/Co OR CI
Benign
NMT only 45/79 13 09-19
GSM only 168/312 1.1 09-14
Cordless only 152/272 1.0 08-13
NMT + GSM 111/173 1.6 12-22
NMT + cordless 113/138 2.1 15-2.8
GSM + cordless 228/384 13 1.05-1.7
NMT + GSM + cordless 70/93 20 14-29
Total, any combination 677/1172 1.1 098-1.3
Meningioma
NMT only 26/79 1.0 0.6-1.7
GSM only 119/312 1.0 0.8-13
Cordless only 114/272 10 0.8-13
NMT + GSM 61/173 13 09-1.8
NMT + cordless 65/138 1.7 12-25
GSM + cordless 154/384 12 09-16
NMT + GSM + cordless 39/93 1.7 1.1-2.6
Total, any combination 461/1172 10 09-13
Acoustic neuroma
NMT only 11/79 20 09740
GSM only 33/312 1.2 0.8-19
Cordless only 25/272 10 0.6-16
NMT + GSM 43/173 33 20-53
NMT + cordless 42/138 39 24-6.3
GSM + cordless 57/384 1.6 1.04-2.4
NMT + GSM + cordless 28/93 4.1 23-7.1
Total, any combination 155/1172 1.5 1.1-20
Other benign
NMT only 8/79 20 0.8-4.7
GSM only 16/312 15 0.7-2.8
Cordless only 13/272 1.8 09-36
NMT + GSM 8/173 1.3 0.5-33
NMT + cordless 7/138 1.1 0.5-2.8
~ GSM + cordless 18/384 1.5 0.8-3.1
NMT + GSM + cordless 4/93 1.2 04-3.8
Total, any combination 62/1172 1.5 09-24

sUnconditional logistic regression analysis adjusted for age, sex,
SEI and year of diagnosis, was used.

In the analyses, we adjusted for sex, since all controls
were used and they were frequency matched to the cases. It
should be noted that meningioma more commonly occurs
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Table VI. Odds ratio (OR) and 95% confidence interval (CI)
in different age groups' first use of cellular or cordless tele-
phones.?

>1-year latency

Ca/Co OR CI
Analogue phone
All ages 199/297 1.6 1320
<20 7/6 39 1.2-12
-20-49 137/214 1.6 12-2.1
-50-80 5577 1.5 1.03-2.2
Digital phone
All ages 437/776 1.2 0.96-1.4
<20 6/9 1.7 0.6-5.3
-20-49 250/445 1.3 1.02-1.6
-50-80 181/322 1.1 09-14
Cordless phone
All ages 423/701 1.2 1.01-14
<20 4/16 0.6 02-19
-20-49 255/416 14 1.1-1.7
-50-80 164/269 1.1 09-14

*Numbers of exposed cases (Ca) and controls (Co) are given.
Unconditional logistic regression analysis adjusted for age, sex, SEI
and year of diagnosis, was used.

among females (13), so sex might be a confounder since the
use of both cellular and cordless phones differs among men
and women. The use is also age dependent and, generally,
more common among younger persons, so adjustment was
made for age in the calculations of OR and 95% CI. Another
factor to take into account is the year of diagnosis for the
cases and corresponding year for the controls since this pooled
analysis encompassed cases and controls recruited during
1997-2003 and the use of both cellular and cordless telephones
increases over the years. Finally, we also adjusted for current
or last reported SEI-code since social class has been reported
to be a determinant for brain tumours.

Different types of bias may limit the interpretation of results
in all case-control studies. We designed the study to minimise
this problem. We selected controls from the population
registry to avoid selection bias in this respect. Blinding of
case/control status in all data collection and coding of exposure
avoided observation bias. Misclassification of exposure
may occur if cases recall exposure different to controls. The
questionnaire contained many questions other than use of
cellular and cordless telephones in order to avoid focusing on
such use. Furthermore, such a bias would occur for cases
regardless of tumor type. Since our results differed for various
types of benign brain tumours, it is less likely that the findings
could be explained by recall bias. Also, the same methods
and questionnaire were used in a study of salivary gland
tumours where no association with cellular or cordless phones
was found (14).



Case3:10-cv-03224-WHA Document71-13 Filed10/07/11 PagelO of 11

INTERNATIONAL JOURNAL OF ONCOLOGY 28: 509-518, 2006

The main finding of our pooled analysis of benign brain
tumours was an increased risk for acoustic neuroma. The
highest risk was found for a latency period of >15 years for
use of analogue cellular telephones. However, an increased
risk was also found for shorter latency periods. This might be
consistent with a tumour-promoting effect from microwaves.
In support of this, a Danish study found significantly larger
acoustic neuroma among cellular phone users than controls
(15).

In the univariate analysis, we found also a significantly
increased risk for using digital cellular or cordless telephones.
Furthermore, the risk was highest for ipsilateral use of the
different phones, which certainly is of biological relevance.
For analogue phones, increased ORs were also found for
contralateral as well as varying ipsi- and contralateral use.
This may be explained by the fact that hearing loss is an
early symptom of acoustic neuroma leading to shift of the ear
for phone calls during the progress of the disease. Thus, in
spite of our efforts to carefully assess the most used ear over
time, some cases may have reported the most recently used.
It should be noted that only one case had used a digital phone
and four cases a cordless phone with >10-year latency period.
In the multivariate analysis, only analogue phones yielded a
significantly increased risk for acoustic neuroma. So the
association with digital cellular phones and cordless phones
is still an issue for study with cases of long-term use.

For meningioma, we found an increased risk for analogue
phones in the group with a >10-year latency period. However,
no dose-response effect was seen. No significantly increased
risk was found for digital cellular telephones. The OR increased
for cordless phones with latency period with a tendency for
dose-response effect. We found also some effect of laterality
with the highest risk for ipsilateral exposure for all phone
types. In the multivariate analysis, no significantly increased
risks prevailed for meningioma.

As has been discussed elsewhere (1-3,9), the main short-
coming of most published studies on the association between
cellular telephones and brain tumours has been that the latency
period is too short. Thus, both longer latency periods and a
higher cumulative number of hours of use are necessary in
order to obtain a more precise estimate of the risk. In our
pooled study, 64 cases with benign brain tumor had used a
cellular telephone (analogue and/or digital) for >10 years,
and it should be noted that 28 cases had used a cordless
phone for >10 years. Regarding different types of benign brain
tumours, the results were based on lower numbers. Thus, risk
estimates for longer use of cellular or cordless telephones must
be interpreted with caution.

Recently, results were presented from the Interphone
(WHO) study on mobile phone use and risk of acoustic
neuroma (12). The study consisted of one study in Sweden,
Denmark, Norway and Finland and two studies in the UK.
The main outcome was a significantly increased risk of acoustic
neuroma with OR=1.8, 95% ClI=1.1-3.1 for analogue phone
users after use for 10 years or longer. As we have discussed
elsewhere, there are limitations in the design, conduct and
interpretation of the Interphone study (16,17). For example,
interviews and coding of data were not blinded to the case/
control status of the subjects, cases were interviewed at
hospitals and controls mostly at homes, controls were obtained
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from general practioners' practise lists in the UK and there
was not a histopathological verification of diagnosis for all
cases. For the Swedish part, the number of cases was not in
agreement with the Swedish cancer registry (16,17). Thus,
the results may have been influenced by selection, recall and
observation bias. These pitfalls were avoided in our studies
as far as possible, as discussed in more detail elsewhere (6).

The mechanism for a carcinogenic effect from RF fields
has been discussed for several years. Some studies have
shown biological effects in experimental studies whereas
these findings have not been replicated in others (1-3). Of
interest are findings of genotoxic effects in cell systems exposed
to radio frequency electromagnetic fields (RF-EMF) in the
recently presented REFLEX-study (18). They used SAR levels
that varied between 0.3 and 2 W/kg and found an increase in
single- and double-strand DNA breaks and micronuclei
frequency. Findings of chromosomal aberrations were observed
in fibroblasts (19) and an intracellular increase of free radicals
in HL-60 cells. It was concluded that RF-EMF might activate
several groups of genes that play a role in cell division, cell
proliferation and cell differentiation. These results indicate
pathophysiological mechanisms that could be a basis for the
development of chronic diseases, such as cancer, in humans.
Also, a recently published study in mice on radiofrequency
exposure and cellular calcium homeostasis is of interest
regarding carcinogenesis (20). The results suggested that
carcinogenesis might be induced earlier and with different
pathological forms in exposed mice than in controls. Based
on these results and our findings, it must be concluded that
the current allowed SAR level of 2 W/kg based on thermal
effects from RF-EMF is not appropriate.

In conclusion, this pooled analysis showed an increased
risk of benign brain tumours, especially acoustic neuroma.
For other types of benign brain tumours, no convincing pattern
of association was found. For cellular telephones, the OR
was highest for subjects with a first phone use at <20 years of
age. However, several of the calculations were based on low
numbers. This research area needs further study with increased
numbers of exposed cases and higher latency periods.
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