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<3n the Coupling of Microwave
Radiation to Wire Structures
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Here. Ais the wavelength and q is the impedance :Datcbing
factor defined.

II. RECEJWjG CRoss SeCTIOl'l

When characterizing the dectromagnetic coupling trom the
exterior of a.o electrical system to a spcc:i.fic interior point (set
of terminals), a conveD.ieat parameter is !.be ~c~i ..·Utg cross
Stcn~ defined by

where PI. is the power delivered to a load. ZL I coCJ1eeted
aaoss the specified terminals aDd ,.. is the incident power
deasity. Iu shown by Part aDd Tai [1], the receiving cross
sectiOQ ean be expressed by the general relatioQSbip.

A2
~R =- m D(8. 41). (2)

4~

(3)

(1)

4R1.R;.
q=

IZL + Z,.I
where R" a.od Ron are lbe resistive compoce:u e>f ~":e im
pedaac= ZI. and. Z,D respectively. The impedance Z,O IS the
impedance seeD wnea lbe subjca terminals are dri... en forming
a radiatina aDteana with obmic efficiency vuyin& from zero
to unit)' and with directivity gaiD D(841). Note thai

4~r2
D(8.q,) =-;;-p(r,9,,p) (4)

.,.0

Adams tr aL {51 detennined the response of transmISSion
hne Inteuas in the SHF frequency range by \Ulng a method
of moments numeric.al solution. Their analy'is did not ancmpt
to identify specific modal conuibutioDS. However. lbe results
do provide information of the relative imponance of the reM
mode couPling from the standine wave and aa....ehng wave
pattern in tbe induced current disuibution.

Barnes and Stevens [6] sNdied tbe transient response of an
infinitely long wire above I coaductiDI eanb l.aSiDg scattering
theory and TEM mode aDuysis (transmission \ine theory).
They were primarily coQC:Cmed with the adequacy of consid
ering ol11y the TEM mode in their coupling aDalysis.

This paper discusses the general trends of microwave cou
pling to wire structures and presents numerical. analytical and
experimental data. A simple procedure based on the receivUlg
cross section is presented for bouodinl the response of c:etU..in
canonical configurations. Also. the rcspoase of tr3JWDissiolf
lines to microwave illumination is considered and diSC'USSCd.

I. I....-rROOL:C110N

UNDER microwave illumination. wire configurations
witllin eleCU'ical systems will become receiving antefUlU

and wave guiding strUctUres (tr1J1Smission lines). A cooveniel1t
means of analyzing the response of these Objects is the use of
receiving cress sectioQ5 (1). Often, lbe characteristic dimen
sion of the illuminated configuration is several wavelengths (at
30 GHz the wavelength is 1 em). \\o'hen the wire configuration
is only a few wavelengths in length. then a numerical analysis
is a practical approach. The NEe code. for example can be
used [2}.

Wave guiding strue:tures may be more difficult to analyte.
In additioQ to the TEM or transmission line mode, bigber
order modes should be coosidered. LeviaWl IDd Adams PI
have investigated the effects of higher order modes 011 the
respoDSCS of a two-wire trlDSmissioQ tiDe drivea from a poiDt
source IDd illumiaated by a pllDe wive. They I15Cd fourier
specuallDuysis to develop relatively simple solurioQS for the
TEM mode aDd the scx:a1led ..tuky" modes. In addiooa to
these modes. there is I braDc:h cut cootribution to the induced
currents that wu Dot obt.aiDed. A limited amount of results
are presented.

Hsi tl flL [.1 coasidered the excitation of I wire located
bebind ID apertUre pcrfonted coDCIuc:tiDg sbeet. They used I

aumeric:a1 soluooa technique to obtain the higher order mode
conuibutioQ to the wire current. Wl1e heights of 0.1). and
O.2SA were col1sidered. Their solution technique assumed ooly
the TEM mode currect is appreciable at a conveniently large
distance from lbe apel'1UIe. 'Nhen the wire height is sufficiently
targe that bigher order modes propagate, tben the TEM mode
assumption is no longer strictly valid.

Mllluscnpc receiVed MII'dl :7. 19'91. rCYlsc4 ()cloOcr 30. 199\
C. D. Tlylor \I W\dl tbc DcputlDClli of El~ ud Coa:apcncr EACJACCr.

iD&. M.W&ssiA'i SD&e Uaiversiry. 104~ Sial&. MS 39'762-
C. w. 1UtNoD. Jr. illmq I.D Albuquerquc. N'M 87110.
[E.EE Los p.j IIlDbeT 9\0&133.

AbSlJ'act-11Ie aeaeraJ aspecu 01 the ucitaliOQ or -iR UNC'
turel uoder lIIicro....~ Ilhamiudoll an p~.ted&Ad clisaaSMd.
Numerical. a.alydal aad tlIpef'ilDflIW results are proYlded.
At. .llDple pl"OCtdure it preteDted tor boll.dial (be rapoase
o( een.iD C&OGaIea. coaftcuntloas. Results DR obtaiaeel lor D
cena.aated si0lle wire onr a poouad plao, .ad tor. two--iR
tnulDwioo 1I0e "Dder , .....a.e Illumiaatioa. The .an-doa
or lIIe lIIduced curreat .ttb 1I0e dlmeosioas .ad frequeoC"1 aR
couldend. II .. silo...dlat die TEM mode C'IIrTeat is a suitable
approl1mat,loG for tIM win C'IIrreat with lIae sepandou up to
.od tlcecdiq ••••efeqtb.
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loll bere p( r. 9. ~) IS tbe power density radialed 111 tbe (9, ~)
direction. and Prwt is the- toW radiated power. The OhmiC

efficiency is
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-1J[Zc cosh("'fl) + Zo sinhh-t)l f EzII.t J..:

o

I

h = 15 JK{z)[Ze c06h(..,z) + 10 sinhh:)] d=

o

A. 'Virt Over IJ GroUNi P14ne

In order 10 delermine me tnnsrnissioD line response .... hen
h ~ A. CQo.sider a transmission line that is fanned b~ a
wire parallel to a ground plane with arbitrary {e~.J::.ltlan

impedances u shOWD in Fig. 1. Following the proce~;.;re of
Taylor tt IJL (8), it is easily $bOWD that thc TEM mode C"olfTent
iD me ZI termination is for a general eleetrOmagl'lenc ~eld

illumination.

"Zc f+ 75 E,(x, 0) dz
o

where the wire extends from: =0 10 : = l along ~~e ~ 2,~,d

plane ala height r =h above the ground plane at :: = 0, .l~J

wavC$ and Q"ayeling waves wbere the peak currents tended to
remain relatively CODSWlt as the fn:qucDCY iDauscd. Their
results were obuined for cases wbere me direction of the
incident microwave beam aod the polarization were cbos.cn
10 yield the greatest peak currents. Wben they conSidered
transmission Iiae utea.aa CODfigura.r:ioQS, their results i.odieated
that the higher order (waveguide) mode excitation coot.nbuted
little to the iDduc:ed wire curreats., eYeD wben the UansmWIOQ

line separation was several waveleqths. This resull seems to
be confirmed also by Barnes IDc:I Sceveas [6J. CooscCjuenuy
the subseqllCDl analysis is c:1i.reacd toWVd obtaining only t.be
TEM mode currents. Note that Table I provides the mUlmum
receiving CTOSS section ud radiation resisWJce for a sLr.:ple
IransmissioD utenna configuration for h << ~

-~"--

TABLE I
RI.caYlNc; c:ac.s s.:-natcs~ AA.IAs) 4."'1)~

RaISTNOQI 1'01 " fTw WU ~'lAMHsII~. II j]. 11.\

...-
'--

(6)

(S)

1II. TEM MODE ExcrrAllON

Using numerical solutioa techniques to determiDc tbe cur
rents induced on trusmission tiDe configurations .t miaowave
frequencies becomes' computationally intensive IS me elee
aieal length increases. A recent study by Tabet tt IJL [7J,
utilizing lhe NEe codc. shows th.t varying segment Icngths
exponentially away from sources. from a.OlA to 0.3SA. and
holding the O..3SA segment length over the remainder of the
structure. where the current does nOI vary rapidly yields rea
sonably accurate results. Even Wilh this scheme. the analysis
ma~ become computationally intensive.

Acams and colleagues (5] performed numerical sludies of
field-lo-wire coupling for a few antenna configurations illu
minated at microwave frequencies. They found that the wire
fO ......."'" w ..~ .. t1"v"lnnooti in 2 r'l2l1l'rn consistinll of standing

wbere Pia is the power supplied by tbe uJlem.a.l source wben
the subject tenniDals are driven inlerior 10 the eleetric.a.l system.
The quantity p appearing in (2) represetUS lhe polarization
matching factor with a value varying from zero to unity.
For linear polarization incident on the system and linear
poIarizatioa trIIlSmiaed &om the drivea iDterier tenDinals. me
polarization factor is simply the mapit\lde of the cosine of
the angle berweeu dJe ilJuminatiDg and the radiated fields.

The reecivinl cross-section expression (2) is the most
leneral formuJa characterizing tbe trlDSfer ot power from an
i.ocidcnt .field to a specific set of terminals. Noce thai for an
aperture uteua the reccivinl cross section is the same as
the effectiv,e area that is sometimes used for characterizing
receiving antea.aas. Using (2) La (1) witb

where (0 .::: 1201r is the inuinsic impedance of free space.
wbicb relates th. iDcideat power density to the incident elecaic
and mapetie field strengths. enables the determination of the
received power in terms of the incident field strength. Table 1
presents the maximum receiving cross sections for certain
c:.anonica.l configurations.

Using the maximum receiviDg cross seerion provides an
upper bound on me power coupled 10 Ihe inferior terminals.
From Table I. it appears that for a set of interior lerminals the
maximum power that caD be coupled decreases with increases
in frequency. This is somewhat misleading since the efficient
extraction of power from an electrically small antenna is very
difficult beeau5C of the very small resistive pan of the utenna
impedance. the radiation resistance. For example. the radiation
resistance of a 10 em dipole at 300 MHz (1 m wavelength) is
only 2 n (see Tablc I for formula). 'Whereas the co1'Tespoading
radiation resistance at 4.5 GHz is about 93 n ('laiD see
Table I for formula).



It = ;2£0 5an UJl). 5In(Jhc0l'i9\_IJt ..n~
ZIC06lJl) ~JZcsln\Jl) Jr.C)lj1j

(17)

Here. £0 is the amplitude of the incident eleclnC field.
As seea from (17). the termiution CUrTent will osclliate In

frequency according to the 5in(~l) term in the numer~tor wllh
deep nulls U1d pnXs to response. Also. allow frequ~::c" '... here
Jit. << 1. the termination cu.rtent will be proponronal to h..
As the frequency is iDcreUcCl. the wire cutTent dependence
will depend on h aa:ording to the sin(>3hc0lS9) factor thIS

will resuit in peaks and nulls in the response. The firsl null
occurs for Jh cos 8 = lI'.

ArId for a 10ssle55 line .,2 = -iF Then (16) yields

9

•

QROUl'lO~ z • I

K(:) =05[£~nc(h.z) - £~nc(_h.z)

+ Ei.r{h. z) - £i9
'( -h. z)] (10)

Fil I Neurlnl,- rermlnllcd tranSmISSIon liM fonned by , ....In parallel 10
• .-oncUC'!Inl pille "'" :nodelll ;:lIllie ... ave and :lie grcuna rei'lCC1ed plane
.... ave .&re 'tio....n.

Here. £Inc is the direct field from the source and £~, is
the electric field of the signal refiected from the ground
plane. The transmission line parameters Z:n\, L'. C', and C'
are the series internal impedance. series external inductance.
shunt conductance and shunt capacitance per unit length.
respectively. For the wire over a ground plane

Z' 1 ... } ... ~I)
::: - (13)

Inc 2:ra 2O'e [1 - (a/h)'l

C' =~C' =211'0'1 cosh- 1 (hla) (14)
e

£' =~ cosh- 1 (hla) (15)

B. Two-Wire LIM

A second configUration is considered to ClamlM the rela
tive imponance of higher mode excitation. The configuration
considered is sbown in Fig. 2. wbicb is similar to the ~t:"'.;cnm:

analyzed by Leviathan and Adams [3). Here. me hne :ength
is l and the termination resistances are malched :0 !~e ':~aI'

aetcristic impedance of the two-wire line. i.e .• Z.) =Z; =Ze.
The CUrTent in Z1 may be obtained from [91

t

[I =~ JK:::'[Zccosbhz) + Zosinb(-r:!;:;

o
/I

- ~ [Ze cosb. hi) + Zo sinh bt)l J£'1 {) I I J~
o

4

+ ~ J£v(O.y,O)dy (18)

o
wbere

(24)

<::.3 )

(21)

(::0)

k. =.3(068.

Without loss of generality. the incideQt eleanc nelJ !\ .:cnsid
ered polarized panJJel [0 the pla.ae of U1clde:'l~

SubstiNUng (19)-(23) uno (18) yields

Ii =2Eoc- JiI ,4/2 sia(k,d/2)

.{2.- [k. - i"1 . <II coe' sin. ~ .. _". f

22 1.~ 2!U111 + .. .
e ~,+ 'T ., j

_ Ze fk, - ;"1 ., co" sin ~ • 1
n 102 ~ ...2 1m + k.. i f- ,

where a is the wire ~dius, (1c is the wire conductivity, t1 is
the conduc:tivily of the dielectric medium U'OW2d the wire, aDd
E is the comspondina dielecaic permittivity.

Results for various truSmissioa liDe-i1Jumiutor-wmiD.ation
coaiiguratiODS are prae1lrcd by Smitll [9]. He coasiders elee
aic and mapetic dipole sources u weU u plaoe wave
illumiDatioD. Fol"lDu1u aDd papb.ical data are provided. How
ever, the .eacral treads of 6eld-to-wire coupling CaD be seen
from (7) by coDSiderina a spcci4c iDumiDatioa that yields
relatively simple results.

Coasider plane wave UlWDi.Dation such that the incident
mapetic field is horizontal and perpendicular to the U'ans
mission tine while the a.agJe of incidence (measured from the
vertical) is 8. see Fig. 1. {JDder these cODditions. (7) yields
for Zo = O.

1
1
= 2£oZe lin<'8hcod)

(..,2 + .Fsin28)D BCC)$8

.{(..,2 + J32) sin'

+ [;/h'cos2"9sinhhl )
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FiC. J. ClIrmIa i8duced Oft a two-wire coatIpnDoIl froftl plane ""a...e

.UIIIII..-~ ""lrC SCplt'lllOO for dIe = 10. IDd , =0 =r/4.

Fic. 2. PI&Dc .....e illummallOG of a lCnIlUwed two-wire tral\SIIILSSIOa liDe.
The UIC'IdCDI elec:tnc 6cld IS eotISIdcn:d polanud p&nlJel to tbc pl&llC of
iDadcllCC.

[n general• .., = () + ):3 has a nonzero rea! part and

0.8. wbile the TEM mode current peaks ncar d/ A - 1.0.
Apparendy the different peak locations must be related to the
relative phase of the differential a.ad commoa mode current
contributions. Otherwise. reasonable apecment is obwned
for a line separation as large IS 1.25>', Beuer agreement is
expected for the '"wire over I croUDd pluc" coailguration
where there is no common mode current contribution.
~ the liDe separation is increased to 2~. the induced

TEM mode current approacbes zero. CoasequeatJy. lhe lC.M.
mode approximatioD for tbe total curreat is not valid in th.al
frequency regime.

The correspondinl result for the infinu~ length two-wire line
may be obtained by superposition. It is

D-x
t- 'X.

Accordingly. Lhe term in (24) with the D-l multiplier vanishes
for sufficiently large t. Then approximating.., ::: j 13 yields for
Lhe kai! iflfinllt! line length.

[V. MEASlJ Il£O REsULTS

Microwave coupling to transmission tiDe: config'Jrauons
has also been measured. Since the wavelength is near the
characteristic dimensions of typic:a1 ausmission line configu
rations. special consideralions are oftea required. Moreover. an
extension of the results to general configuntions must be done
wiLh caution. With these precautions in mind. recent results
will be discussed.• •. Anderson (10] has performed aD experimeataJ study of the
power coupled to various transmissioD tiDes UDder illumination
from I-180Hz. He considered S wire types with hon:ontal
and vertical illumination and three: beights above a ground
-3/8", 2" aad infinite (over absorber material). The S trans
missioa tine configurations included: a bare wire (8""). I

twisted pair (TP). a standard ROS8 c:ouial cable (5("). an op
timum braid ROS8 (OC). and the shielded twisted pair (STP).
With the inc:ideat illumination normalized to I mW.' m:. the
maximum rcc:cived power into son terminations was -~ dBm
for BW. -42. dBm for ",. -80 dBm for OCt -70 dBm for SC
and -70 dBm for the STP. Here. dBm is the po..... er ~!e~e::ced

to 1 mW. Usually the received power was greatest at low
frequency (1-2 OHz) and relatiVely insensitive to "'me height
(less than &-dB varialion). This appell'S to be consistent with
(17) for wire height variation. It is difficult to verity other
conclusions since the line length and termination ImpcdJnces
are not provided. "

AJso. rec:eatly Brock ~r tiL ll1} modified the so...:alled
IEMCAP Dforram (lntrasystem Eleetromaanetic Compabl1ity

(26)

(25)
sin(,3d sin 8 sin t;/'2)

sin 8

11'1 '1 sin(J3dsinhiDlb/2)
Eo>. =1rZe sin 8

The' foregoiag result is now compared with the results
obtained from LeviaWt and Adams [3). Their analysis obtained
not only the higher order mode contributions. but also the
common mode contribution--(he current components on the
wires that are excited in phase. Fig. 3 exhibits the comparison
of results. Sino: Leviathan and Adams show that their line
current expressions. in the limit of small line separation.
agree with the transmission line current expression derived
by Lee [15]. the deparTUre of the line currents from the
TEM mode CWTent at low frequency. d/ A < 0.2. must
be due to the common mode current. It is noted that the
("II n-ro nl indu~d on wirro Ml rollhibits a Duk near d/ A -



.o\nalysls Program) to treat field·to-wlre coupling from I GHz
to 40 GHz. They Inco~ralcd musured data together with
method of moments calculations. Results from the new ai
gorlthm appeat to be much tess consef'\lative than those
obtained from using uansmissioa line approximations alone.
The algorithm predictS that maximum coupling occurs for a
line height of >+./2 and tends to hold that level of coupling for
greater wire heights. 11us saturallon coupling level decreases
WilD frequency as 1/ f. These obsc:rv~tions appcu to be
consistent with (17). The saturation coupling level may be
the result of higher order modes contnbullng to the current
when (17) predicts nulls.

There is a discrepancy berween tbe results of Anderson and
Brock ~t al. on how the microwave coupling to wires depends
upon the wire height. This may be explained in part by the
difficulty in obtaining acturate measurements for the low level
signals such as those recorded by Anderson 'in detennining the
variation of lhe received power with wire height.

V. COHERf~CE EF'F'ECTS

King and his colleagues [l~J suggest that coupling to a
given wire inside a shielded electrical system will involve a
number of coupling mechanisms and multiple scattering. They
suggest that the signal traveling from a given point of entry
(POE) to a given terminal does so over many more or less
random coupling paths as the frequency. angle of incidence or
the polarization of the incident field changes. This is due to
the manner in which the many cavity and cable resonance
modes ate excited. as well as many other factors such as
cavity-to-<:avity coupling. Funher. in the case of coupling
to a susceptible component pin. circuit trace and component
resonances make the coupling path even more random-like.
i.e.• stochastic. Consequently. as the frequency cbanges. the
phase IS 'lieU as the amplitude of I sigD&l aniviDg It a giveD
terminal or pin via a given POE is likely to be a more or less
stochastic process. Furthermore. the contribution of a given
POE relative to other possibly conaibuting POEs may also be
a stochastic proc:ess.

A multipon leSt object was constrUcted by King ~ Gl.
and the c::obereoc:e effect was studied experimentally. It was
found that simple bounds on the rcc:civing cross section can
be formed by C::ODSidcriDg the iDduc:ed voltages from each
contnbuting POE simply added ill ptwe. i.e., all sources are
c::oberenl

VI. CONa.CSION

The general aspccts of the excitation of ""ire suue:tUres u.oder
microwave illumination have been presented and diSC'JSSCd.
Numerical. analytical and experimental dat.a are provided. A
simple procedure is prcscnted for bounding the respoase of
certain canonical confilURDoos.

It bas been sboWtl that the TEM mode CUlTeDt can be
used to estimate the tow current induced OD transmission
line configurations under microwave illumination for tiDe sep
ataDODS up to and exceedina I wavelength. Simple formulas
...A .........Pi,. .. 1 ."cllhe ~r.. nrnvidcd. Two soecific tra.l:ISmission

line confiauratlons Ire considered. a Single Wire with I ground
plane return and a two-wire transmission line. Measured results
:ue olscuss.c:d lind compared with theoretical results.
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Operant Behavior and Colonic Temperature
of Macaca mulatta Exposed to Radio
Frequency Fields at and Above Resonant
Frequencies

John O. de Lorge

Naval Aerospace Medical Research Laboratory. Pensacola, Florida

Five li~M.' (It'privcd rhe"",,s nmnkeys were r'p,~t to 22.4i-MH1. l"untinunus-wavc. iU,., 1..1
011/. 11IHt IIli M(Jtt, rul"nl flKlh,linlt tn d..tl'lminr ttlt' miniuml rnwc.-r tk'n!'lili...... nfl"r'r1inll

,,,,,,'1II111811\,C. lhe 1II11l1kl'Y' WI'le 118hH'" hI \'"'" " h'VI'1 h~"'·lVhl. II",,,,,,,,, 11"''''h~

p,,~llId,,1o' cd.,tllllq Ihul h"til'lUt'ti 1I\'1Ii1llhilitv II' tit"" In Ihl" l'h''''''''U,'c It' tltt' Itllt'II'Hhl'lally
ulll""lIhl" 1110111 "1",",,1,,. ,111•.11-111111111 "11111t",,· 'III It .III"h·ltll.·IH ''',ttl ..·IIt""II'11 h, ., f· ...,1
relict. (·"ntinuuu~. ",t"hll' rl~"Il'nlttlinl& dill mil ftllllllll 'u.·~,,'utl!'l ,k'vdup\',llInll "'It.. 11 11111""',1
hy rC'prllh',1 fJllpn"Urt'M hi ,"n,Hnru·(rt1t"'k'y nI,lintion. Thl' ~1Ihil·l'hl. fr-flUninrcl in II Styrnrunm
chltir. wert' r'pu!'4('ll to frcl' Ikltl rHdililltU) wltill' ·ttttlmiullll... III!'4k. ('ultll1il' '("ml..-Illllltl"

WO" sitnllkolll't""ly I""air~d. Ol'.ervilll!-rc.p"n • pcrfllflllftncc wa.. impftircd al ill.:rcII'-
ill~ly highcr powcr dcn.ilies HS Ireqll~IH:y inl'fCIl5Cd frm" lhe IIcar-re""nallCe 22~ MHl '"
the nhove·re,oRllII\'e ~.K Iillt. The Ihre"hold powcr dCllsily '" di""f'1cd rc","'"sc rHlc ftl
n~ Milt "'". M I ",WI..,,,', III I. \ Ollt i. WII. ~1 ",W/..,II' .• 'H' ". ~.K <1111 it "'ft' 1411
II1W/,:ttl J 'Ihl'''-: "!tWI"1 ,It-U"loiU..•.. WI'It'II",,.uduh,·tI with Il'linhlt hU:'l'U''ll"lll In l"ulunk h·m'....1
'lillie_ ,,1.lVr .h""1 r'I~""tr h'wl. I'hr 1111'''" hHW".., w"o hl,"nlly In IIH' 1111111" .,11 ''I',
11111111''''"'11''1.1' Inlt' (hnn!.!,''1 \\'I'lt' '"" llh~t·I\·I·.1 In lht' "h'l(O''''(' 1.1 ,·.m('ll",ltlilit ""Uf'K"lllhlr'"
111111'11"" '" lit Ih"'H l "Ill IIIIIHII", III. II dIll, Itll IIhllth h-IIII"-I.IIIII" '''II", II 11111' h I.. ·th·l I'll·tlil ttlt

tll t".hu\'!lllitl tlllllupttlllllhUlI WII_ 1'1111"1 Ih,' 1"'\\"'1 ''''''11111)0' III lin' IlItlll"1I1 'lfltI"t '·"!lllll'h· ...

til wh,\h' I"Hlv n\"('III"'I'11 llIle'''! Illl'nt'lll\' "hlt,up'hlll

k.y 11'''' I'" "'l4't 11111 h.hllt'..... "h."1 tlllll n"IHIII'I", ,",I"'fll·'I",·"q ,",III1t1111', ,,,,,.,,11 "''''''''''11
'tnf', 'h.·..".. ,,,,,"kr,-..

INTRODUCTION

The I.'nnlClIIllllrnry Ihl~rulurl' on hiolo~klll l·tll·I'ls "I ....IIioltl·llul·III·y tIH') Inll

dhui"l1 wlllttinH lillie Illli.rtIll11inll Hunil-ielll In /lr('tlkl IhreHhtl'tlH nf hllrll1f'ul hehllY·
ioral effects in animals of dinerent species at dinercnt frequendcs. Although such
irradiation has been shown to produce heating of hoth peripheral and internal l10dy
tissues that is dependent on the animal's mass and geometry and on frequency and
intensity of the field (Michaelson et al. 19611. behavioral changes have not been as
well characterized as the temperature deviations (for example. see the recent review
by Stern. 19801. Behavior has been shown to be affected by fields at both high and
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low power densities (Thomas et al. 19751, and hehavioral thermoregulation is modu
lated even al relatively low pllwer densities (Adair and Adams, 19801. Nevertheless,
few studies have attempted to quantify the relationship hetween thermal effect.
hehavioral changes. and various RFs. A m~ior limitalion is the unavailability of
e~posllre chamhers at appropriate and different RFs.

In those cases in which hehavior has heen investigated al differenl frequencies
in Ihe same organism hy different researchers, different hehaviors have often heen
eltlllnined Iherehy precluding generalization from one study 10 anolher IDe Lorge,
IQll.f'. "·Iosl Ilchavioral experiments have used rats, therehy limiting Ihe generalily of
findings Ikhavioral measurements in Ihese ral experiments have also tended 10
measure general motor activity as the primary index of a microwave effect. An
assessment of Ihe qualilative nature of a microwave effect is difficull to make when
general molor activity is measured, For eltample. an increase in molor activilY
produced hy microwaves fails to indicate either a heneficial or delrimenlal effect.

The qualitative nature of a behavioral effect can be assessed with behavior
maintained hy schedules of reinforl'ement [Catania, IQ681 and sllch hehavior has heen
h,unt' to he sensitive to microwave irradialion IStern, 19KO; Tht.mas et al. 19751,
Scht'duled behavior can be arranged 10 simulale human hehavior in specific cases.
( )ne SUdl inslance is perforrnanl'e of a vigilance lask wherein an animal can he Irained
Itl produce tlhserving-responses resulling in differenl stimuli thaI are to be delected
Illollaml. 19571·

An animal model much doser to man on the phylogenl'lk scalc than the rat is
Ihe rhl'sus monkey (Mamm m"/I/lla). The rhesus Immkey is IIlso an e~n'lIent model
Itlr ICIIll'eralun' sensitivity when applying the results 10 mllll IKenshalo and Half.
11)741. Thesl' dmral'lerislics and Ihl' fill'llhal the rht'sns is l'a,sily trnint'd on schedliles
til h'inliuH"lIt'1I1 I"HVl.I,· jll~lilkntillll Ii,,. u"11I1t thl' ,hl'~us fll(lukey liS II 11I0,11'1 fi,r
1'1",lillm~' ,'II,', I" '" ,~,; ,:,,!illli"n "" ""11I Inllddili,," n,,','nl n·I"'lls ..n h',"'lllll'nllill
l'I,,,ln'I'II ", "1",,1111' 1111",11" '"""~"\' I.. Ill' 111,'1""'"1 11 ..1,. I'/H.' I 111101 dll'"II1'I'h
"".....III,·,lIt'lIh III till"'" fll,,11I"~ 11l1~I'II '"lel (Itllll'l, 'I}NI. II'IOI,llllvlI'" 11111111111111,,"
,h,t' ,11111\\ t ''''fJI'Ut tliin .tl " ..·I"th,·" I tttlll'h., •. 1111 hili' III ,II., Idllltlflil III ,·1111 ,,, Ifl
11114 ,.tW.I\/I'"

I h"I"""'1\1 'IlIoIv ill\'"lvI'II Ih"'II' 1II,,"k.·\', "~I""'01 III 11t'11I 11''''1111111 III100n"",'('
..·.'"'"nl ""'1'""" i,',. \\hlloo 1'1'111111111111', 111\ "1,,1,,,'1111' 11·'I'"n..· 1\'11'11'"111' I,"~I lilt,
' ..·.IIIt·II. h" 11111111I1111111111 \(I....' 111t1~"II 11I1'1I11'f""II"'II' '"11'111111" 1"I,,·,III"'ltI III whhh
,htl"UIllIUIIH~I""1',1111111111"., IIUt,h'u11\lltiJ •"ttl'tH"lI' "t'IL '''~\I''I''f'lt~,III''t 1111111""1"'11

11111 1""1"""' Y .., ,'." 1111/ lilt· 1.0111", I"/hl, Iht' 1t"lIh. III Iht' 1'1'1'''''111 ~11111)' III
I·OI1I.IIIl·1101I wilh Ihl' 1'1I1'1i\,1' sl\l('Y III1I1W 1111(' 10 sl'('('IIln't' on Ihl' twhnviornl t'fll'("s of
"\"""1" "I "Ih," 11 nitllll I "I"" it'" '1'"1'1, III,u h 111,'"1 III n"nl,,"I,lnll ',ItIl"lI,," "I .1

III' "'0,,,",11111/ 1111I/1" "' '''''I"''"dt'' 1111I1 11111'11.1'1,'., I h,' 11,..,1,. l'\'vI'III1'" IlIt'II·II.IIIlIly
hlllht'I Ihlt'sh,II,lo III l"IIh 1"'hl,vl'lllll lli~lIll'IIIIII 111I11 hl"11'1I0",1 "'11I1'1'11111111' ,.. thl'
II.'''".'IIlIl'. 1t""'II~I'tI 1"'1111""'"''''' ,I"I"'IIII'III~ I)'f'hllll)' WI"t' 11111 IIh",·IVI·oIl1l1k••
11I1""h ftolllllt·lIIltl1'· 111111'110.',1 hV I "(' IIllllV" thl' "0111'01 II·vl·1 Th,' 11I('1"ns,'~ III
I~',h 1o'"II~'','III''' w.·,,· '" ""'"'I'IIItII'1t1\ ,,,111,1,,10',' wllit th,' ""'ltl\'ltll"I,h-'II'III1'1I1
11I"'" Otl "ltlll 1'1",,' 111""0""" "',,h,,"I...tI.'IIl"II~, 1111.1 IIll1l'h 11101(' ~II 'hllli W"I('IH'WI"
,I,·fl.lh flll''''III,'' til th,' lilt "','II' 11t'1"

MAT!AIAtl AND M!THODS
.uhl_tlt.

Five male rhesus monkeys (MI/(,(/(,(/ mu/afla) , offspring ffllm Ihe Naval Aero
spal'e Mt't1kal Research Lahmalllry rheslls monkey breeding rolony. served as sub-

"

jeets, The mean body mass (4 ..l-5.7 kg) of Ihese animals increased over the 2-year
duration of the study. The monkeys were food-deprived during the experimental
stages of the study and were maintained at approximately 92 % of their free-feeding
body tna'lS. Periodically, the animals were relurned 10 ad libitum feeding so that new
norms of 100% body masses could he established. The animals usually obtained their
daily intake of food while performing in Ihe experimenl, but were supplemented in
Iheir home cage when necessary hy a diet of Wayne Monkey Chow (Allied Mills,
Chicago). Waler was continuously available in Ihe home cages.

Apparatus

Three microwave anechoic chambers. one for each frequency. were used. These
chamhers and Iheir accompanying sources have been previously dest'rihed in delail
IDe Lorge and Ezell, 1980; LolZ, 19821. The chambers were shielded by metal and
were lined with pyramidal ahsorber. Inside each chamber were two small 'oudspeak
ers (one for while noise. Ihe olher for discriminalive slimuli) a closed-circuit TV
camera, a 25·W incandescenl lamp, and a Slyrofoam chair. The noise level inside
each chamher varied, bUI in general, wilh all devices active including lhe while Iwise.
il was 74 dB on Ihe C scale. The chambers were ventilaled and Ihe lamp was localed
directly above the center of Ihe reslrainl chair. The primary differences among Ihe
Ihree charnhers were lheir differenl sizes. The 225-MHz chamber was Ihe largesl and
Ihe 5.8-GHz chamber was Ihe slPalles!.

Continuous-wave RF energy al 225 MHz was provided hy a mililary radio sel
(type GRT-3) in conjunclion wilh a cavity type amplifier (MCL model 1(270). A
rndllr s\'1 (AN/TPSIO. Illl/ellint' ('orp, Lilli,' Nt'rk. NY) provided Ihe l ..l-<aV
encrlZY pulscdnt .no PI's wilh II IllIlse durulloll 01'.1 ItS. Anolher rudnr scI (ANITI'S
-t, "",IIt",", "1"""""I,,,i"I' I'". W"II'''III1. "11\1 ,'ltI,i"..,1 II", 'I 1I1l1l, "ti... tlWII""S,
p"I•• ·.1 III IIf,.' 1'1'" Wllh II 1'111..· "1111111"" "' 1'lIh," II , "I .' ''" I'llottllll 11111110' h"","
'VI'II'II~'·" wllh "If')J~ Mill ","1 I 'tllil ~V~It·IIIS. "11I1,, ~1"11I1""II!,,hl h"IIIIN"I""
Ill' "kl 10·11. N."tI,1 I\Ih I"" .11 I' I tI'l'. ,'1,,11I, h'll . N \ I II.lh 1Ih1'" "lilt' " I III, 'V''''II'
In 1111 Ihl't'r l'I""l1h.·l's Ih,' Imnl smlnn' 01 Iht' "11I111111, ."IIIt·d ,hr.lI~ 1I11111~1'\I WII~

h,,,,I1,,"·" "V" IIlIII'''''I''''V 1''''1'''''''''''1. "",Ii,,,",, 1~"IIti"", h.."",
l'IIw,', II"".ltv WII. 111"11.11I"" I" Ihl' 1111.1'111'" "I Ih,' 111111111I11111" 11,.11111111 Ihllil "v

NIII,III 1I11"II.lIm' 1."""1'''' 1'1,,111'. /I, 1111111'" II I,' , I',,,h,' 11'110 II.,·" III' "1'1". "lilt" I ,
IIml,'.HIlIll IIt'tlll"lIdt'o, 1111" 11111,,,1"1 Hh.'IIII'."I ..· W". lI.t·III". Ih., .'.',' Mill
frC!quC!nl'y. Thl' t'1'1I1C!t III thl' nllhllnl'~ hrlld WII. IIIl'lIll't11401'1II lrollllhc hlltllllnll'l1Il11
h' Ih,' )}'1 Mil' .tII,"· Thl. 1"...'11"" """"'I~,,,"q III II 711Ii",,·0 II", 1',,, Iit-Id di.,,,,,,, ..
Th(' 11111111111_ III .h,' 1'~I'NIlIIt'III. "' Iht, IIlht" IW" 11."1111'111'11'. W,'II' 1"'.llIIIm·" III
Vlll'll"'~ .1I~hlfl,·r. 1'11'111 Illl' 1'\'~llt'I'llv,' 1IIh""II1~; Ihl'lt h","l1l1l1~ w",,' III 1111' III' 1II,Idlli
IlIw 1"IWt" tI"II.III1'. 11I111 lht'v W"II' "'"."1 I" Ih.· ho'" 111111'111111 III th" hll/hl'l '''''w,'
t11'1I~lllr~ IlIlhr I 1(111/"'1"'1'11111'111, Ihr 11II11I",1~ Wl'tI' Ill'VI'I' I'Il1st'" III Ihl' hilI II 'hllll
U "111111" Ih,' """11'11 "" 111'1.1,11011"111', "II" III th., , H1111, 1'\1"'11111""1 "II'v WI'II'

II('VN 1'1111\(" Ih.1It "~I 111111" 'hI' 1.11 IlI,hl tll.llllln· Th,' IHIW.'I d"II.IlIl·, 1'\'1"IIII'd III
thl. 1"'1"" ,"'.. , I" Ih".,' III"""""" IlIlh,' "'1""" 111"1",,1"· .,,', 111,10',1 "v ,I... "''''''1 "' "
ff1.If,kl'y·" 111'11I1 whll,' ••'II1t'tl III tht' ft'.I'lIlllt dillIt , Tht' n'lIh'I III "ll' 111111111I1'. Ill'"''
WII' 1I1l!!,,,',1 wllh ,h.. ""11"" ",- Ih,' h"," ill "II"h dllllllh.. I' !'i,"" IIl1lh"llIilV "I }J'
Mill, did 11111 VlllY llIl1lt' 1111I11 j /'X, IIvn IIII' Nlllln' IIt:t'III"ed lIy lhl' Il'slllllllt dUIII.
Although the field was very uniform at Ihe far-field dislance in the nther ehamhers.
The I.J-GHz field varied less than ± 10% nver a 40-cm circle Incated at the center
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of the animal's head. The 5.8-GHz field varied less than ± 20% over a similar space.
As the animals were located closer to the horn the lower portion of their bodies
received relatively less energy. This diminution was compensated somewhat by the
fal'l Ihal Ihe animals were seated. so their legs were closer to the horn than was their
Iorso.

A restraint chair was constructed of Styrofoam (Reno and De Lorge. 19771 and
st'rved lhrnughout the study. The chair was equipped with two operant levers placed
directly in front of the right and left hands. and a food receptacle was located on the
lop surface. The chair was equipped with an opening in the seat that allowed
continuous lllonilOrinl! of colonic temperature of the seated monkey. The chair was
situated Oil Styro(ilam guides in each of the chamhers in a uniform manner. Food
05(l-mg Noyes Precision food pellet. PJ. Noyes Co.• Lancaster. NH) could be
deliwred from outside the chamber via a plastic tube to a depression on the top
surface of the chair. where it was obtained hy the monkey by his tongue and lips.

A telethermol11eter (Yellow Springs Instruments (YSI) model 40 I. Yellow
Springs. OH) was used to record amhienttemperatures in all three chambers. Colonic
temperature was recorded during a session hy an electrothermic monitor (Vitek model
101. Roulder. CO) in the 225·MHz slUdy. and by a telethermometer (YSI model 46
TlJC and probe model 40 I) in Ihe ellperiments at the other two frequencies. The
probes were inserted apprt'llimatcly 10 cm past the anal sphincter of the monkeys
after they were restrained in the chair and immediately prior to placement in the
chamher. The YSI probes had been found not to be perturbed by microwaves at the
two higher frequencies during placement in the animals ..

Method

The animals were trained '0 press 'he Iwo levers hy the method of apprmdl1la
lions 1(';I'ania. 1~6!l1. Delails of lraining and a description of Ihe specific lask can be
lound in De I.orge \ICJ76J and De Lorge and Ezell 119ROJ. The final performance
required a monkey In press Ihe ri!!ht lever repeatedly (an observing response). Each
press pmduced eilher a 0.7-s tone al a \(,w pilch (R60-I.OOO Hz) or a longer tone of
1.2·, at a higher pitdl II. 250·.1,703 Hz). The loudness of the wnes was appro~i

mately tiO dh on the C scale hUI specific frequency and loudness varied wilh the
different chambers. The low-pitched lone (the signal that food was not availahle. S·)
oct'urred most frequently. whereas the higher tone (the signal indicating Ihat food was
availahle. s") occurred randomly on the average of once every 30 s. No lones
occurred wilhout a lever press. If Ihe left lever was depressed (a detection response)
during sounding of the higher-pitched tone. Ihe tone would stop and a food pellel was
delivered l.eft-Iever responses al other times pnKluced a 5-s period during which
right-lever presses pnKluced only the low lone. If the left lever was not pressed
during the high- frequency tone. the tone extinguished after 1.2 s and the reinforce
ment schedule would recyde. Right-lever presses during presentation of either tone
had no consequences. The original reinforcement schedule involved a random interval
averaging I min. hut. as the study progressed. the animals' behavior became more
efficient resulting in the shorter intervals between receipt of reinforcers,

The experiments occurred in the following order: A total of 328 sessions was
devoted 10 the 1..'-GHz sludy; 133 sessions. to Ihe 5.8-GH1. study; and 53 sessions.
to the 22.'i-MHz study. Approllimately 70 days separated each study. Sessions lasted
for 60 min. and the animals were exposed. when scheduled, during the session.

Approllimately 5 min was required to remove the animal from its transport cage and
to restrain it in the chair while a temperature probe was inserted. The same amount
of time was required to reverse the procedure following a session. Approximately 2
min elapsed from the time the animal was placed in a chamber until the ellperimental
session was started. A PDP-SA computer in an adjoining room was used to control
the experiment and 10 record data.

The animals were not ellJXlsed until several sessions of stahle performance on
the ohservinl!-response task had occurred. Typically. three ellJXlSures at each power
density were scheduled for each subject. Exceptions to Ihis procedure will be men
tioned where appropriate. Power densities ranged from 5 to II mW/cm l in the 225
MHz ellposures. from 201095 mW/cm l in the 1.3-GHz ellJXlsures. and from II to
150 mW/cl1l l in Ihe 5.R-GHz exposures. In several instances the JXlwer densities
indicated in the results (Figs. 2-6) consist of means based on two separate exposure
distances in the 1.3- and 5.R-GHz experiments. For ellample. the JXlwer density of 83
mW/cml referred 10 in the 1.3-GHz study is aClually a mean of several exposures at
both 80 and 85 mW/cm2

. In general. ellposures occurred in an ascending order.
However all ellposure sessions were followed hy sham-ell(Klsure sessions. and follow
ing a weekend. if behavior was not at baseline levels, stable baselines were ree.~ah

lished prior to microwave ellposure. Additional ell(Klsures al most frequently used
power densities occurred in a descending order near the end of each experiment. The
exposure sequence in the 225-MHz study was random ellcept that the initial power
density was the lowesl at which the animals were exposed. The different power
densities in the 1.3- and .'i,8-GHz experiments were achieved by moving the animals
along the Z axis of the horn antenna. and at Ihe lower IWo power densities hy
decreasing pulse duration in the 5. R-GHz ellperimenl.

RESULTS

As a matter of convenience. lhe results of Ihese sludies are presented beginning
with results of exposure al Ihe lowest frequency and proceeding 10 Ihe highest.
Approximately 100 session.~ elapsed be/ilre all five animals were t"Onsislently respond
ing within and helween sessions on lhe ooserving-response lever. Four of Ihe animals
reduced their rates of emiUing incnrrect responses on the deteclinn lever 10 low and
stahle levels. One animal. subject 10, always made an ellcessive number of incorrecl
detection responses Ihroughout the sludy. and at times lhese rates were greater that
the oOserving-response rate. Nevertheless. Ihis animal's performance was generally
affected by microwaves in the same manner as was the I1ehavior of the other animals.

The most obvious effect on performance while the animals were cXJXlscd at
above-threshold microwave (Klwer densities was a reduction in ohserving-res(K1I1se
rate. An eumple of typical performance is shown in Figure I. This figure contains
cumulative records nf pressing on the oOserving-resJXlI1se lever by monkey n when
ell(KlSed to 1.3-GHz microwaves. Selected JXlwer densilies are indicated on the right
and session numbers are shown at the top left corner of each set of records. Sham
sessions occurred on one day followed oy irradiated sessions the nellt day. The
response pen stepped upward with each oOserving resJXlI1se and the resJX1I1se line
reset after 280 resJXlnses (indicated at lower left) or when the session ended al 60 min
(indicated by horizontal line at bottom). Hatch marks on the response line (slanted
lines) denote reinforced detection responses. Deflections on the horizontal lines



Fi~ I ("IJ01ulalive- rt''l'ords of ohseorving-rec;rnnses of suhjeci L\ when C:I(po!\ed 10 I. .1-GH7: microwaves.
!\. rcpre"'f'n.atiH' self'c.ion ('tf r~rnsnres II various power densities as indicaled in Ihe rip:hl margin is
c;hu"T1. The nlll11t'Cr.. af fhe- left (If rach recnrd denolt" the se~sinn number. Data from sessions of sham
irmdiafiun itr(" on thr l("ft. :nut tho"'!" rrnrn ac;.c;fl('ialed se.c;coinn" nf irradiatinn art" nn Iht" right.

denote Ihe S"- As ohserved in Figure I response rates during irradiation sessions
were reduced beginning at 50 mW/cm2• and this difference became somewhat greater
in the latter put of eal'h session as the power density increased. Another aspect of
responding while I." 11 posed to microwaves was the more erratic paltern on the cunlll
lative rel'nrd. Animals frequenlly stopped responding completely. This change in
paltern was greatest at 255 MHz when animals paused for as long as 15 min and often
stopped re"ponding for the last half of a session at 10 mW ICI111. There was less of an
effect when the monkeys were ellplJsed al 5.1l GHz. At this lalter frequency there was
more nf a !!radulli diminution of resplJnding when the monkeys were exposed at the
highest power densilies lind erratic respllOse palterns were less nhvious Ihlln during
thl." I 1-GHz exposures.

The avcrllJ!,ed perfllflllance indices show a more definitive picture of hehavioral
changes thall do thc cUlllulalive rel-onls IIlone. Figure 2 illustrates Ihe ralio of
nhsel ving-respollscs durin!! irradiatinn to ohserving-respllOSeS during the previous
sham session. At 225 MH7., there was a graded effect as the power density increased.
although del'feased resplJl1lling was not reliahly estahlished until power d('nsity was
elevated to 7 ... mW Icm7

. A large decrease in responding was evidenl al \0 rnWIcm2.

Whcn the monkeys were eXplJsed to 1.3 GHl. the graded effecI was nol
ohserved. At 45 InW/cm2 Ihe animals actually increased rates of respllllding; how
ever, this increase was primarily associated with the data of one animal (No. 10). At
50 rnW/l'n1-'. no effect on ohserving-resJXlnse rate was evident in the averaged data
in contrast 10 the data of one monkey (Fig. I l. whereas at 63 mW/cm2 the effecI
appeared in full forl'e and hecame only slightly more pronounced as the power density
increased to 93 mW/cm2.

At 5.1l GHz. the observing-resJXlnse rate was more variable. with rates some
times increasing at some intermediate power densities. Such increases were not large
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Fig. 2. Mean rati('co of the numher of oh~ervinll-respnnses made durinJ! irradiation sessions 10 those
tnadt" during sessinns of sham irradiolinn. The hori7cmlal line at t.O indkRtes O(l differt>m:t" hetween the
Iwo condi.ions. Fi"'d frequencies are indicaled t>y differen. symhols. and power densilies ",e indicated
on the ahsci«a. Verrical hars indica.e Ihe slandard error of Ihe mean. Earh poin. represents the mean of
me8n!\ from five monkeys exposed three timt's. Exceptions In the mllnher of sU~iecls and ("'ltpo'lijures
occurred at the highest pnwcr densities' sometimes only four sllhiecl~ were exposed. or snme suhjeels
were e~ql(lst"d nnl)" Iwi(."c.

and invariahly depended on Ihe resplmses of one animal. The only substantial de
creases in response rail." were first seen at 140 mW Icn/ and became greater at 150
mW Icm2• By observing Ihe power density scales in Figure 2 one can see that as the
frequency of the field increased. higher pI'....er densities were required I" affcc·t
ohserv ing-resplll1ses.

The highesl power density associated with a Ihreshold performance decrement
at 5.H GHl. 150 mW/cmJ

• also produced minor burns on the faces of three of Ihe
five monkeys. The worst of these hums occurred belween the eyes and along Ihe
orbitonasal area. The erythema generally disappeared within a few days. ellcelJt in
one animal that continued to irrilale the burned skin by remnving scahious material
Similar facial hums did not occur al allY olher frequency.

The detection-resplJllse raIl." on the food lever was not consistently affected hy
microwaves at any frequency. No effect was observed al 225 MHz or 5.8 GHl.. and
only at power densities of 83 mW/clll2 or higher was an effect. a decreased resplJIIse
rate, observed on occasion at 1.3 GHl_

There is one interesting finding regarding detection behavior that is illustrated
by the irradiation-to-sham-irradiation ratios of detection-response latencies (Fig. 3).

- we -
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The effect was small but consistent. At all three frequencies and at most power
densities the monkeys lended to lake longer to make a detection-response during an
irradiation session as compared with response latencies during sham-irradiation ses
sions. This ralio increased wilh increases in power density at all frequencies. although
not in a linear fashion. and the wrrelation wefficienls were significant at the .05
level in the caSl'S of 225 MHz. and I.J GHz (r = .RI. df = J; r = .51. df = 10) hut
'I<.t m the case pf 5.8 GHz (r = .41. df = 9). NOll.' also the decrease in the variance
(.f these ratios as the animals prngressed from their inilial exposures at I. J GHz to
.<;.R (;Hz and finally to 22.<; MHz.

Another effect was found in Ihe postreinforcemenl pause (pause after a rein
forced detection-resJXlllse). When converted inlo ralios of mean pauses during irradi·
ated sessions to mean pauses during sham-irradialion sessions. a graded effect was
ohserved al Ihe 225-MHz exposures shown in Figure 4. The animals paused longer
during irradialed sessions and Ihe pauses increased with Ihe power densily. Although
a similar effect was observed al I.J GHz the pauses did not increase reliaoly until
power densilies were ti.' mWIcm1 or greater. and Ihe increase did nOI vary closely
wilh increases in JXlwer densily. The effect of 5.8 GH7 was variable and Ihe only
large difference in pause limes was seen at 150 mWIcm1

. Even at thaI power densily
the pause time was nol as subslanlially affected hy microwave eXJX'sure as had
occurred at the olher frequencies.

Associaled wilh tbe various performance changes were changes in colonic
lemperalure as a function of exposure tn the different frequencies. Figure 5 iIIuslrates
the average increases in wlonic temperalure as a functinn of power densily and of Ihe
Ihree different freque'ncies. The ordinale's of each of the Ihree curves indicate the
mean temperalure difference belween increases thaI normally occurred during a 60
min session (,f sham irradialion and Ihose that occurred during Ihe respeclive exposure

Fig. 4. Mean fatiof\ of po.;treinf(lrcement pall~e time durin~ irradiation Verf\US that of assol'iated sessions
of ~ham irradiation.

sessinn. No error bars are shown bUllhe standard error of the mean was typically 0.2
·C or less. The mean animal temperalure at Ihe slart of exposure was 38.6 ·C and an
average increase of 0.15 ·C generally occurred during Ihe 6O-min sham session. The
curves in Figure 5 corresJXllld 10 Ihe lines of best fil as denoted by Ihe various
formulas shown in Ihe figure. Frequency is indicated by arrows pointing 10 the
aPJIropriate curve. The curve formula is shown in brackels benealh Ihe frequency
designation. The exponential curve at 225 MHz is dislinctly differenl from the curves
at I.J and 5.8 GHz. Noll.' Ihat Ihe highest lemperalure increases were observed al 225
MHz. Temperalure curves for squirrel monkeys IDe Lorge. 1979) and rhesus mon
keys [De Lorge. 19761 eXJXlsed al 2.45 GHz also displayed exponenlial curves Ihat
were snmewhat different from Ihe present dala. The 2.45-GHz exposures resulted in
curves thaI were relatively Oat inilially and then accelerated dramatically as ~Ts

reached I 0c.
Estimales of Ihe absolute Ihreshold for disruplion of ooserving response rales in

lerms of power densily were made by taking Ihe midJXlinl belween Ihe JXlwer density
where no difference in rates occurred among irradiated and sham sessions and Ihe
power densily where an obvinus difference did occur in Ihe Iwo conditions (see Fig.
2). Performance during an irradiation sessinn was judged not differenl from Ihat of a
sham-irradiation session if the standard error bars overlapped Ihe equal-ratio line.
The highesl power density al which this occurred was designaled Ihe "no-difference"
estimate. The Judgment of an obvious difference in performance belween sham
irradiation and irradiation sessions was made by selecting Ihe power density at which
a 10% of greater difference occurred belween the two conditions. and the correspond
ing error bars did not overlap either the equal-ratio line or the error bars of the no-

_.- -------- -
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Fill. 5. Mran innrasrs 01 colonic lemprralUre above control 'sham irradialionl levels as a lunction of
power dt"nsily .ahscis..l whrn monkeys were e.posrd lor 60 min al lhe various frequenc;e.. Frrquencieo
art' imtit'3letl hy itrrnw~ J'OintinJ!: '0 respective curve~ The 1int>-fJ(·bf"sf-fit formula is in hrackel~ ht-Iow
'he frequelll"y de~igna'itln.

difference estimate. These midpoints or estimates of absolute thresholds are 8.1 mWI
l"1I1~ al .!25 MH/. '57 mWfcllIz at 1.3 GHz. and 140 mW/cmz at '5.8 GHz. A threshold
of (,7 IIlW/cnr' at 2.4'5 (jUl. was o"tained from an earlier experiment IDe I.orge.
1<)761

The minimal power densities associated with I °C increments in colonic tem
peralUrt"s were also clllculaled at each microwave frequency. A similar calculation
was made for the previous experiment in which the 2.45-GHz field was used and
these data illustrate that an ahnost linear relation exists between power density and
frequem:y when using a I °C colonic temperature rise as a measure of a hiological
effect of microwaves. The data points for temperature of the combined experiments
were transformed into normalized specific absorption rates (SAR) by dividing esti
mates of SAR by the corresponding power density. The results are shown in Figure
6. The SAR at5.8 GHz was obtained on flesh-simulating material by this investigator.
and that at 22'5 MHz and 1.3 GHz was obtained on saline models by LOlz11982J. The
SAR estimate al 2.45 GHI was derived from formulas in Durney et al 119781·
Ohviously more energy per milliwall of power density was ahsorbed at 225 MHz
than al the olher frequencies. and the rate of energy ahs(lrption was an inverse
function of frequency. Allhough 1110re energy per milliwall of power was ahsorbed at
225 MH,. suhstantially less ahsorbed energy was required to raise minnie tempera
ture I "(' 12.5 Wfkg). In fll('1, lIpproximately twice the energy absnrptilll1 was required
tn raise tempcralUres I "C at the other three frequencies (4-5 Wfkg). Power density
requirements. on the other hand. were as much as 6. 10. and 24 limes as greal al 1.3.

Fig. 6. Normalized sprcific absorplion rales (SAR) 01 enerllY absorbed as a lunclion of micmwave
Irequency. The SAR is expre.sed in lerms 01 (W/klll/(mWlcm2) as shown on thr ordin.le. TIli. lliraph
illu.lrale. Ihal • monkey rxposed 10 a 225-MHz field al 10 mWlcm2 would he absorbinll enerllY al a rale
of 4 Wlk!!_ Thr 24~-GH7 point is from an earlier uperimcnllDr Lorllr. 19761.

2.45, and 5.8 GHz. respectively. than was needed at 225 MHz to raise colonic
temperature I DC.

DISCUSSION AND CONCLUSIONS

Several cnnsistent relationships have emerged from Ihe foregoing experiments.
Disruption of the ohserving-response, a hehavior predicated on highly motivated
performance. by microwave irradiation was closely related to increases in core
temperature. The relationship is no douht dependent upon various factors hut. invar
iahly. this behavior was not greatly disrupted unless holly temperature increased hy
- I "C, or unless an animal was suffering superficial burns or was bothered hy facial
skin irritation. Other aspects of operant behavior such as the detection-response rail'
and post-reinforcement pause failed to show this relationship.

The results of this study illustrate that predictions of biological effects based
solely on power density are poor. Similarly, the information shown in Figure 6
reflecting the dependence of SAR on frequency demonstrates that predictions based
on normalized whole-hlJdy energy absorption are not very useful. A contribution of
Don R Justesen (Fig. 7) illustrates Ihe relative stahility of power-density and SAR
measures corresponding to response-rate disruption thresholds as determined from
the same data that Figure 6 was based on. An assessment of the efficiency of the two
measures as predictors is made by comparing the ratios of the highest SAR (left
ordinate) to the lowest with a similar ratio of the highest power density (right ordinate)
to the lowest. The ratio. 17.5. associated with the power density measure is clearly
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rill 7. ("'ervin~-resp ..nse disnoplion thresholds in teons of SAR (len mdinatel and power densily
Iri~ht nntinale. Hi 1o ralin< mrrespnnd 10 relative SAR and power density values ""rmali,ed to Ihe
near ·,esnnanl frequency nf 22.. MH7. The values ahnve lhe har< are means h.sed nn five rhesus
'''''nkeys. The triangles in the rillht-hand r0rlinn of lhe fillure enrrespond to lhe seale nn the rilEht and
in"i"ate th<' minimal power den.sily needed tn produce a /),T I "C nf cnlonic tem""r.lure Don R
.,.."Iescn ,-"rcaled thi~ figure and has given his permission fnr its U~ in the' present article

larger and hence less efficient Ihan the ralio, 2.6, associaled wilh SAR, The power
densilies producing a I °C incremenl in colonic lemperature parallel those associated
with behavioral disruption as indicated hy the arrowheads in Figure 7. By all accounts
SAR is Illwiously a better predictor of response disruplion than power density. bUI in
rolh ('ases one has to take frequency into consideration, A more reliahle. single indelt
of behavj(lral disruption is a tlT of colllOic lemperalure of - I "C, Other investiga
lions based on other animals. olher frequencies. and olher exposure durations mighl
yield different outcomes although research in our lahoratory ha.s consislenlly sullslan
tiated the present findings IDe Lorge. 19831.

The different rales of heating as iIIustraled hy Ihe power-densily and temperature
curves (If Figure 5 indicate thai various frequencies pronably produce hody tempera
ture increases in various idiosyncralic ways. My speculations regarding these findings
are Ihat the 22.'i-MHl data reflect a resonance heating effect hy which an animal has
extreme difficulty thermoregulating hecause hlood is healed throughout the hody and
Ihere is no way to replace healed hlood with cooler blood,

The 2.45-GHl data may reflect potential hot-spol heating in the center of the
rhesus head. According 10 Kritikos and Schwan 119751. animals of Ihe physical
dimensions of M fflllltlttll (whnse hrain radius is greater Ihan the 2.45-GHz wavelength
in lhe hrain-..·3..'i:2 cm) should have a hoi spot situated snmewhat behind the cenler
of the nrain. Investiglllors have found locali7.ed heating exactly in Ihe center of Ihe
head of a rhesus cadaver IRufr and Krupp, 19110) and in Ihe center of the head of a
model of a rhesus mnnkey IOlsen et al. 1(80) al 1.29 GH7 WeiI 119751 reported that
the peak internal heating pntential of a multilayered, 3.3-cm radius sphere is grealer
at 2.45 GHl than III lhe nlher Ihree frequencies referred to in this study. Weil's (19751
reseafl'h alsn documents the existern.:e of a hot spot in front nf the center of a sphere
similar in size to the rhesus monkey brain. These hot spols have ratios of inner vs
surface heating of aPflroximately 4: I. If lhese hot spots dn exist in Ihe rhesus monkey
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head at 2.45 GHz. lhe lemperature curve obtained previously IDe Lorge, 1976) might
have been produced by a failure in lhe animal's thermoregulating mechanism at the
highesl power density and a facililation of such mechanism; al lbe lower power
densities. The curves al 1.3 and 5_S GHz may illustrate normal thermoregulalion in
lhe monkeys; limbs or skin are not only differentially heated al these microwave
frequencies, hut are heated 10 a much greater extent than is the interinr of Ihe head
IBurr and Krupp, 19S0; Olsen el ai, 19801. AI neilher 1.3 nor 5.8 GH7. were the
animals of the presenl study ever expnsed at power densities associated with tlTs
larger than 2 "c. However, at hoth 225 and 2.450 Mfl7:. the animals did elthinit tlTs
in excess of 2 "C.

The results of the presenl study when applied 10 animals of olher species-for
example, man-will allow one 10 predict Ihe general effecl on behavior while an
organism is being irradialed at near-resonanl and supraresonant frequencies. No doubt
additional research is necessary 10 validate such a claim, hut wilh use of elevaled
body temperature as a general indication of the level of microwave energy absorption.
predictive curves similar tOlhose generated in Ihe presenl study could be conslrucled.
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Thermal Action of 2.45 GHz Mi9t0waves on
the Cytoplasm of Chinese Haoister Cells

\
M. Derdelhon\C. Mor6, D. Averbeck, end A.J. s,tteeud

de Biologle, Paris (M.D., D.A.), amiC.N.R.S.. GR 35, Thia/s (C.M.•

In order to demons .te I",...ible specific effects of krowaves at lhe cellular level V -79
Chinese hamster cell. were e,po!<ed to 2.45-GH7. r iation at power levels of 20--200 mWI
em' and .t specifi,·. rplion rates of 11)- 1Il0 Ig. Intracellular cytoplasmic changes
were o!>served by flun scence polarilation us' g a rn<'thod hased nn the intracellular
enzymatic hydrolysis of nfluorescent fluore. in diaerlate (FDA). At levels "f ahsorhed
energy hel"w 90 Jig. ""~ 'calions of microv' cosily and mitoch"ndrial stale were ......nt.
but a slight slimulalion 0 nlymalic hydr ysis "I FDA was observed which may he
expl.ined by microwave-ind ed .lteralio "f c..llular n1Cmhr.nes possihly due to differ
ences in heating pattern of icrow.ves omp.red 10 waler-hath healing. AI levels of
ahsorhcd energy ahnve 90 Jig. he decr se "f enlymatic hydrolysis "f FDA. increase in
degree of polarizati..n. and inc ase permeation of the fluorescenl marker correlated
well with Ihe decrease in cell vi iI' as measured by lhe exclusion 01 trypan blue. At
equal ahsorhed energy. microw.v were lound I" exert effects comparable I" classical
heating excepl Ihat permeation w lightly more affected hy microwave Ihan by classical
heating. This suggests Ihat me bra alteration prnduced hy microw.ves mighl differ
Imm thnse induced hy c1assiea tin or th.1 microw."es may have heated Ihe memhra....
to higher temperatures than c1a..ic healing.

Key ..nrds:

INTRODUCTION

cytnplasm, Chi,.."... hamster cells,

'en explored in various ways.
significant rise in temperature

In recent ye s, hyperthermia alone 0 in combination with radiotherapy has
become an inter ting tool for treating certal cancers IHahn. 1978). Local hyper
thermia has produced by hot water. mic waves. longer wavelength radiofre
quency fields. or ultrawund IHahn, 19781. A ng the methods used, microwaves
are consider to be especially useful for obtain g efficient, well-eontrolled heating
of certain tu lors IHornback et al, 1977; Johnson tal. 1979; Gahoriaud et ai, 19811·
However, UlOre information about possible speci c biological effects produced by
microwav~ is needed to optimize the therapeut . effects of microwave-induced
hyperthermia.

Specific effel'ts nf electromagnetic waves have
Some authors have employed low power levels to avoi
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EPIDEMIOLOGICAL srooIES OF RADIOFREQUENCY RADIATION EXPOSURE

I. Introduc:tlon

The purpose of this report is to brieOy review the epidemiological literature concerning human exposure
to radiofrequency electromagnetic radiation as part of an information Ptberin& proc:edure by the
California Public Utilities Commission with respect to cellular telephone traDSmitting facilities.

Because of the emerging public conc:em about any potential risk of developing cancer throup the use of
ceUular telephones, this report focuses on studies about cancer inddeDc:e and mortality. Such studies are
described in detail. Studies concerning other endpoints are only briefly deIIcribed but have been reYiewed
in detail in an earlier report (U.S. EPA, 1984).

cellular telephones operate at frequencies from 800-900 megahertz (MHz). However, epidemiological
studies have largely examined exposures at other frequencies, cbIefty thOle used for radar systems. The
frequencies used for radar are blper. Amateur radio frequendes, abo the SUbject of epiclemiological
investigations, are lower. There are, thus, no studies directly focused on c:eUuiar telephone frequendes,
exposures, or usage. However, twO studies underway at the National cane:er Institute are addressing
cellular telephones and may provide useful information about potential health risks in the future.

To aid the reader, a brief glossary of important epidemiological terms is appended.

n. Cancer aDd Mortality

Ulienfeld et al. (1978) studied mortality and morbidity of Foreign Service employees and their dependents
to assess the potential health consequences of microwave irradiation of the U.s. Embassy in Moscow. The
microwave irradiation of the U.S. Embassy in MOICIQIW was fint detected in 1953 and subsequently varied
in intensity, direction, and frequency over time. The frequencies ranged from 0.6 to 9.5 gigahertz (GHz)
(pollack, 1979; U.S. Senate, 1979). The measured average power densities over time are given in Table 1.
The health status of Foreign Service employees and thOle from other agencies who bad served in the U.S.
Embassy in Moscow from 1943 to 1976 was compared with that of employees at eipt other embassies or
consulates in Eastern Europe over the same time period.

Extensive efforts were launched to identify and trace the populations. Information on illnesses, conditions,
or symptoms were obtained from: (1) employment medical records, which were fairly extensive because of
examination requirements for foreign dUty, and (2) a self-administered health lUstory questionnaire. Death
certificates and other sources were used to ascertain mortality status. Standardized mortality ratios for
various subgroups were calculated for each cause of death, were standardized for age and calendar period,
and were specific for sex. Similar procedures were used to develop summary indices of morbidity.

Table 1: Microwave Expoaure Lev." at the U.S. Embauy In M08COW

1953 to May 19n

June 1975 to Feb. 1976

Since Feb. 7, 1976

Source: Ullenfeld et aI., 1978.

West Facade

South and East Facade

South and East Facade

1

Maximum of 5 "W/crrf
9 hrsIday

18 ,.W/Cf'I'il
18 hrsIday

Fractions of a ,.W/crrf
18 hrsIday



A total of 4388 employees and 8283 dependents were studied. More than 1800 persons with 3000
dependents were employed at the U.S. Embassy in Moscow, and 2500 persons with more than 5000
dependents were employed at the comparison posts. Ninety-five percent of the employees were traced.
Receipt of completed questionnaires was less successful, with an overall response rate of 52% for State
Department personnel.

Based on information in medical records, various health problems were generally similar, with two
exceptions. Moscow employees had a threefold greater risk of acquiring protozoal infections than
comparison post employees. In general, both sexes in the Moscow group had somewhat higher frequencies
of most of the common kinds of health conditions reponed. U1ienfeld et aL (1978) stated, lIJiowever,
these most common conditions represented a very heterogeneous collection, and it is dift'lcult to conclude
that they could have been related to etpOSure to microwave radiation since no consistent pattern of
increased frequency in the exposed group could be found.·

Some excesses were reported by Moscow employees in the health history questionnaire. Both sexes
reponed more eye problems due to correctable refractive erron. More psoriasis was reported by men and
anemia by women. The Moscow employees, especially males,. reponed more symptoms such as irritability,
depression, difficulties in concentration, and loss of memory. It is possible, however, that a bias due to
awareness of potential adverse effects is operating, since the strongest ditJerences were present in the
subgroup with the least etpOSure.

The observed monality was less in both male and female employees than expected, based on U.S. monality
rates (Table 2). The male employees had lower monality than did female employees. Cancer was the
predominant cause of death in both sexes. The risk of leukemia was elevated both at Moscow
[standardized monality ratio (SMR=2.S» and at comparison posts (SMR=I.8). Neither SMR was
statistically significanL Comparison post employees had a statistically significant excess risk (SMR-3.3) of
nervous system tumors. In general, the Moscow and comparison groups were similar in overall and
specific monality. However, the population was relatively young; it may have been too early to detect
long-term monality effects.

The authors concluded that no convincing evidence implicated microwaves in the development of adverse
health effects at the time of the analysis. However, they noted the limitatiODS inherent in the study:
uncenainties associated with the reconstruction of the employee populatioDS and dependents, difllculties in
obtaining death cenificates, a low rate of response to the questionnaire, and limited statistical power of
the study. An imponant limitation relates to ascenainment of etpOSure. Unknowns relative to individual
mobility within the embassy and variation of field intensities within the building are present in this study.
No records were available on where employees lived or worked, so one had to rely on questionnaire
responses to estimate an individual's potential for exposure. The highest exposure level [18 microwatts per
square centimeter ("W/cm2)] was recorded for only 6 months in 1975-1976; thus, the group exposed to the
most intense fields had the shonest cumulative time of exposure and of observation in the study. In any
event, these inteDSities are considered to be very low. It is also not clear what exposures may have been
experienced by employees at the comparison posts.

Robinette and Silverman (1977) and Robinette et aL (1980) examined monality and mOrbidity amona U.s.
naval personnel occupationally exposed to radar. Records of service technical schools were used to select
subjects for the study; the men graduated from technical schools during the period from 1950 through
1954. Exposure categorizations were made on the basis of occupational specialty. The exposure group
(probably highly exposed) consisted of technicians involved in repair and maintenance of radar equipmenL
The ·controls· (probably minimally exposed) were involved in the operation of radar or radio equipmenL
It was estimated from shipboard monitoring that radiomen and radar operators (in the low-exposure
group) were generally exposed at less than 1 milliwatt per square centimeter (mWIcm2), and gunfire
control and electronics technicians (in the high-exposure group) were exposed to higher levels during their
duties. Over 40,000 veterans were included in the study and were about equally distributed in these two
major exposure classificatiODS. The mean age in 1952 of the low-exposure group was 'JD.7 years and of the
high-exposure group, 22.1 years. In conjunction with naval personnel, an inca of potential exposure,
termed Hazard Number, was developed for a limited ponion of the population. This number was based
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Table 2: Moscow Embuay Study - Obeerved and Expected Number 01 Death8, Standardized
Mortality RaII_ (SMRe), and IS'" ConIIdence Interva18 (CI) by All C.... 01 Death, SpecIfIed
Cauees or Death from Cancer, and Poet for Male and Femele State and Nonatate Department

Employ.. Combined

All Causes (0.5, 0.7)

Malignant Neoplasms

Digestive Organs

Brain Tumors/CNS
Neoplasms

Pancreas

Lung

Leukemia

Hodgkin's Disease

Breast

Uterus

Cervix

;l::l:i:;,:j:·:··;,.::·i··;·::;'·::·:·:.. :::;;:';:~:~_:.::j:;:;:·:·'.:::;:::i·::,:;,;:;,:;;:\:::;::::;:::;::::j:

==._=:-
49 105.3 0.47 (0.4-0.6) 132 223.7 0.59

17 19.0 0.89 (0.5-1.4) 47 41.1 1.1 (0.8-1.5)

3 4.6 0.65 (0.4-1.9) 11 10.8 1.0 (0.5-1.8)

o 0.9 0.0 5 1.5 3.3 (1.1-7.7)

1 1.0 1.0 (0.0-5.6) 1 2.2 0.5 (0.0-2.5)

5 5.8 0.86 (0.3-2.0) 11 12.2 0.9 (0.4-1.6)

2 0.8 2.5 (0.3-9.0) 3 1.7 1.8 (0.4-5.3)

0 0.5 0.0 0 0.7 0.0

2 0.5 4.0 (0.5-14.4) 3 1.2 2.4 (0.5-7.0)

1 0.2 5.0 (0.1-27.9) 0 0.0 0.0

1 0.1 10.0 (0.3-55.7) 0 0.0 0.0

Source: Ullenfeld et aI.• 1978.

on the duty months multiplied by the sum of the power ratings [eqUipment output power of
gunfire-control radars (ship) or search radars (aircraft)] wJ1ere technicians were assigned.

Medical information was obtained through Navy and Veterans Administration records. Records were
searched for information on: (1) monality, (2) morbidity via in-service hospitalizations, (3) morbidity via
Veterans Adminisuation (VA) hospitalizations, and (4) disability compensation. Mortality was ascertained
through the VA beneficiary system. MonaUty ratios were calculated for both the low and the high group,
standardized for year of birth and using the combined experience of both groups as the standard
population.

For the low-exposure groups, monality ratios were only slightly elevated for diseases of the circ:ulatory
system (1.07); the cancer residual, other malignant neoplasms (1.19); and the total residual, other diseases
(l.()8). cancers of the digestive uaet (1.14), respiratory system (1.14) and lymphatic and hematopoietic
systems (1.18) were elevated for the high-exposure group, but none of the increases was statistically
significant. The differences in mortality from malignant neoplasms of the lymphatic and hematopoietic
system, although elevated, were not statistically significant.

As seen in Table 3, comparisons were also made within the higb-exposure group across Hazard Number
categories. In this case, only two comparisons were statistically significant: (1) the difference in respiratory
tract cancer between those with a Hazard Number smaller than 5000 versus larger than 5000, and (2) the
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Table 3: Number of Dntha from D...... and Mortality Ratlc.· by Hazard Number: U.S.
Enllated Naval Peraanne. Expoeed to Microwave Radiation During the Korean War Period

«>«...... . ·<·?~ :·./.··.:.·:.:.•iI.:•..•~.·..•.·.•..•.·.• :..•.· .••...••.•..•.• :.••..:.•..•.•..•.•..•.•...•.:..•..:.•~..D.·:.••.· .•..•.•• ·.:·.•.••..· · ..•.·.:.•....•:.:.••.:..•....:.•.. <: ..:..•..•..••.••....•: :..•.••...•..•.·.•.:..•.·.•·...•.•.:.: ::•..i':: :: :«~::.i.: {::~~~IB__III
ii;;i:I~;;II;I~'11 " ::.::.: :•.• \\\ ······<····:·:\·~I··_\:)\·\\\\\·\\·l:

'f:---..::··.....--..:·:·:•.·.·:•.·.·.•.•.I.•.L.·.•.:.Q.:.•·1..·.•.••.·.I.·.:.·.•••.•.•.•.:..•.•..:

R
..:.••.:.•.:.•.•.:...•.•.•.••..••..•::•..:.•..::..••~,;.:•••.•..•..•..•..•.•..~.•...•......•.•....•..••..•.•:.•.::...•.•.•.•:.."....•..'....:.....'•.:·....1:: jj.~~j.) ii;:••:.••• !.. !.:!!.!.:.!
.~,~ • :\:;\1;.:\: :l·\\.i\li·.I:·

All Diseases 000-796 325 309 63 160 86
(1.04) (0.96) (0.82) (0.91) (1.23)

Malignant Neoplasms 140-209 87 96 22 45 29
(0.96) (1.04) (0.99) (0.90) (1.44)

Digestive Organs 150-159 14 20 6 11 3
(0.85) (1.14) (1.49) (1.14) (0.78)

Respiratory Tract 160-163 16 24 4 10 10
(0.85) (1.14) (0.82) (0.86) (2.20)

Lymphatic and 200-209 29 26 6 12 8
Hematopoietic System (0.83) (1.18) (1.09) (1.04) (1.64)

Other Malignant Residue 37 26 6 12 8
Neoplasms (1.19) (0.82) (0.78) (0.70) (1.17)

Diseases of 390-458 167 150 36 73 41
Circulatory System (1.07) (0.93) (0.94) (0.83) (1.17)

Other Diseases Residue 71 63 5 42 16
(1.08) (0.92) (0.30) (1.13) (1.08)

Source: Robinette et .... 1980.

• MonaIIty ratio (1n~) ltMdardized for y'" of birth; the combined experience of the low and high ~ure
gro~ .. talcen .. the 1tMdard.

test for trend for all diseases combined. These results may be fonuitous since one or two positive fiDdiDgs
might be expected when many statistical comparisons are made. Also. among men whose work received
the highest hazard rating, elevated but nonsignificant risks were seen for aU cancers combined
(SMR.=l.44), cancer of the lympbatic and hematopoietic system (SMR.=l.64). and the residual category of
miscellaneous cancers (SMR=l.l7) as well as circuJatory diseases (SMR=1.17). In general. the group with
the highest hazard rating showed the highest SMR. values.

Differential health risks with respect to hospitalized illness around the period of exposure were not
apparent Subsequent VA hospitalizations and disability awards provided inc:omplete information.
Because the study focused largely on the use of automated VA record systems. it was not possible to
determine non-Navy or non-VA hospitalizations. nonhospitalized conditions, reproductive histories, or
subsequent employment histories.

The mortality data were obtained from death certificates. Obtaining background information from
next-of-kin was not feasible. Smoking histories could not be obtained. Since actual individual exposure
could not be reconstructed retrospectively, only an estimate of the potential exposure of the individuals
was possible. Longer follow-up of the population would be useful.
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Milham (l98Sb) investigated mortality among amateur radio operators wllo were members of tile
American Radio Relay League and whose deaths were reported in the Leap·. mapzine between 1971
and 1983. Proponional Mortality Ratios (PMRs) were calculated. Death cenificates were obtained for
280 deaths in Washinaton State and for 1411 deaths in C8lifornia. &peeled values were .-rated usinl
1976 U.S. age-spedfic white male death ttequendes. It was reponed that PMRs were sipilcantly elevated
for aU leukemias and for acute and chronic myeloid leukemia, considered separately and toaetlaer. The
author also noted a strong association between League membership and an occ:apation with potential
exposure to EM fields. For cases from the State of Washington, the PMR for amateur radio operaton
who were also in electrical-exposure occ:apations was 264. The PMR for operators whose obituary did not
mention such a job was 210. There may be biases in this study that could result from the metIlod of
identifying deaths from tile Leape·s magazine. For example, not an deaths of members may be reponed.
Deaths of ex-memben may not be reportable, and the experience of ex-members may be cWl'erent tban that
of continuing members. On the other hand, this study illustrates use of an iDDoYative and acx:essible
source of survival information useful for an exploratory study.

Mllbam (1988&) next invcstipted the mortality of 67.829 men liceDlCld as amateur radio operators between
January 1. 1979. and December 31, 1984, with the Federal Communications CollllDfllion (FCC) and who
resided in California and Washington State. Deaths were sought in california and Washington State.
SMRs were calculated using U.S. deatb rates to estimate expected deaths.

Observed deaths (Table 4) were significantly lower than expected for an-cause mortality and for mortality
from aU malignant neoplasms combined, pancreatic cancer, cancer of the respiratory system, an ciIaIlatory
diseases combined, an respiratory diseases combined, and an accidents. SMRs were elevated for several
cancer sites, and statistically significant excesses were found for specific sites in lymphatic and
bematopoietic tissues, namely. acute myeloid leukemias (SMR-1.76) and multiple myelomas and other
neoplasms of the lymphoid tissues, considered together (SMR-l.62). The latter category indudcs
lymphOmas other than lymphosarcomas and reticulum-eeU sarcomas and Hodgkin'S disease It was not
stated why this heterogeneous group of lymphomas was considered with multiple myelomas; separate
analyses were not presented. It \\'Quid seem to be more appropriate to evaluate deaths from multiple
myeloma separately. However, Milham noted that the observed defidt for lymphosarcomas and
reticulosarcomas (ICD8: 200) (SMR=0.47) nearly cancelled out the excess observed for deaths from other
neoplasms of the lymphoid tissue (ICD8: 202.0). The risk of Hodgkin's disease (SMR-1.23) was also
elevated but not significantly. For the leukemias, the SMRs were elevated at aU sites for wbich deaths
were observed, but, as mentioned, only deaths from acute myeloid leukemias were found to be significantly
in excess.

This is a study with a large population (67,829 licensees; 232,499 accumulated person-years; 248S deaths).
The study found excess risks for various cancers of the lymphatic and hematopoietic system. especially
acute myeloid leukemia, among amateur radio operators in Washington State and C8lifomia, some of
whom also may have experienced occupational exposure to EM fields. Excess risks are seen at several
cancer sites but are especially concentrated at tissues of tbe lymphatic and hematopoietic system. The risk
of acute myeloid leukemia was significantly elevated. Leukemias generally predominate in younger ages.
Chronic leukemias were low.

Since licensing is required for amateur radio operators, enumeration of the population should be
reasonably complete although licensing per se does not provide information on usage and exposure.
Milham cites survey data that found that amateurs practice their bobby about 6 hours per week. It \\'Quld
seem that licensees \\'Quid bave exposure but the extent and degree is not clear and is probably variable.
However, the potential for exposure misclassiftcation would tend to bias estimates towards the null.

These results mayor may not bear on risks from other frequendes, either of RF or ELF radiation, or even
on the operating frequency. Amateur radios operate at the low end of the RF band of the electromagnetic
spectrum. Modulations to lower frequencies are known to occur. Among Washington
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Table 4: Mortality In Washington State and California: U.S. Federal Communications
Commlulon (FCC) Amateur Radio Operator LJcenMM, January 1, 1.71 to December 31, 1884

.r.·.··.·..·..···· ............. Si·· .............. <. . ;,:::-:.:.:.;.', ';';';';

·:_1\\:::[:·::\[[\.... }::::;:.:
:':-;';':'.

All Causes 2,485 3,478.9 71*

All Malignant Neoplasms 741 836.9 89*

Esophagus 22 19.4 113

Stomach 30 ZUJ 102

Large Intestine 88 79.0 111

Rectum 14 18.2 77

Liver 11 18.8 65

Pancreas 27 41.9 64*

Respiratexy System 209 315.6 66

Prostate 78 67.6 114

Urinary Bladder 16 24.1 66

Kidney 19 20.1 94

Brain 29 20.8 139

Lymphatic and Hematopoietic Tissue 89 72.1 123

LyrnphosarcomalRetlculosarcoma 5 10.6 47

Hodgkin's Disease 5 4.1 123

Leukemia 36 2&.0 124

Lymphatic 9 8.7 103

Acute 3 2.5 120

Chronic 6 5.5 109

Unspecified 0 0.8 0

Myeloid 18 12.9 140

Acute 15 8.5 176·

Chronic 3 3.5 86

Unspecified 0 0.9 0

Monocytic 0 0.6 0

Unspecified 9 6.7 134

Acute 6 3.4 176

Unspecified 3 2.5 120

Other Lymphatic TISSUes 43 26.6 182*

All Circulatory Diseases 1,208 1,731.7 70*

All Respiratory Diseases 127 252.5 50*

All Accidents 105 164.5 64*

-SMR - Standardized mortality ratio.
*p<O.05
Source: Milham. 1988.
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State licensees, Mi1bam found tbat about 31% bad jobs tbat involved potelltial EM-fteld expoIure.
Exposure to many different frequencies among part of tbe population is, thus, a possibWty. Confounding
exposures to chemicals are possible but could not be evaluated in this study. Further studies of amateur
radio operators and their exposures may be warranted.

Mi1bam (1988b) extended the above analysis by examining the mortality in the amateur radio operators
according to their Federal Communications Commission (FCC) license class. Dopendinl on one's kNel of
expenise and expericnc::e, an individual will be granted one of five specific l1ceDleS, i.e., DOYice, teebDidaD,
general, advanced, or sua. 1bcsc license classes can, thus, serve to some eltCDt 81 surrogates for duration
of exposure. There were, as might be expected, some cWfcrcnces in age by license class. 'lbe awrage age
of persons per class was: novice, 38.4 years; technidan, 44.3 years; general, 49.5 years; adva.nced, S1.4 years;
and extra, 49.2 years.

As in the previous analysis, SMRs were derived, and expected deaths were calculated by applying age, SSt
race, year of death, and causc-specific U.S. mortality rates to agc-stratified years at risk. Results were
presented for each license class for a limited number of causes of death, Lc., an caUllCll combined, an
malignant neoplasms, brain cancer, alllympbatic and hematopoietic neoplasms, an leukemias, myeloid
leukemia, and multiple myeloma and other lymphOmas, considered together. The SMR. for Hodgkin'S
disease was elevated in the earlier analysis, but mortality from Hodgkin'S disease by license class was not
reponed in this paper.

All-cause mortality in all license classes was significantly lower than would be expected based on general
U.S. mortality. SMRs for the most advanced license class, extra, were the lowest for an-eause mortality
and for deaths from all malignant neoplasms. These results may indicate tbat some sUlVival,
socioeconomic, or other son of bias may be operative. Generally, SMRs were lowest among the deaths of
licensees in the novice class, the youngest group. Milham states that, in a sense, the novice class provides
an internal control group. It would be interesting to see results in any further analysis of amateur radio
operators, if novice operators are treated as a control subset of the population.

Other than the lower SMRs in the novice class, there is no other gradient in the SMRs by license class. In
faCt, SMRs are generally highest in the second level license class, technicians. 1bis group had a
statistically significant excess of deaths from all lympbatic and hematopoietic neoplasms, considered
together. Deaths in the general license class resulted in a significantly elevated SMR. for multiple
myeloma and other lymphomas (202-203). With the exception of the novice class, SMRs were generally
elevated, although not significantly, for all classes for the lymphatic and hematopoietic cancers reported.
This excess risk was also true for deaths from brain cancer, but none of the obselVed increased SMRs was
significantly different than expectation.

This study reanalyzes results from the earlier repon by specified strata. These strata are surrogates for
duration of exposure and, possibly, level of exposure. The greatest risk seems to be centered in the
technician license class which is the class between novice and the more advanced license classes. 1bis
group was also intermediate in average age. The similarity in age for the three upper classes may mask
any differences between those groups. No clear or distinct gradient by class was obselVed. It appears,
therefore, that either license class may not be a good exposure surrogate (special unknown conditions may
be operative for technician class licensees or their operational activity may differ), or class exposure may
bave nothing to do with cancer.

The Environmental Epidemiology Program in the State of Hawaii Department of Health (1986)
investigated cancer incidence in census tracts with and without broadcast towers in Honolulu, Hawaii.
This study was prepared for and reponed to the City Council of the City and County of Honolulu in 1986.

Cancer incidence data was collected from the Hawaii Tumor Registry which registers an newly diagnosed
cases of cancer in the State, except cases of squamous and basal ceU carcinoma of the skin. cases were
identified from an hospitals, and private pathology laboratories as weU as from searches of death
centficates. Less than 2% of cases were identified solely from death cenificates, and 94% of cases were
microscopically confirmed.
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Nine census tracts with broadcast towers and two without towers were eDIIlined. Expected number of
cases for the census tracts were calculated using age- and race-specific rates for the State for the period
1979-1983. Standardized incic1ence ratios (SIRs), representing the ratio of observed to expected values,
were computed, and tested at a significance level of p=0.01. Confidence intervals were not presented.

Age-adjusted rates and SIRs by sex were presented for each census tract and for tracts categorized as
haYing towers (N-9) and not having towers (N=2). For all tracts with towers oombined, the summary
SIR for aU cancers was 1.45 for males and 1.27 for females, and both values were sipificant at p-O.Ot.
The SIRs for aU cancers for both sexes in the two tracts without towers, taken together, did not differ from
unity (male SIR=l.OS, female SIR=O.SS). The SIR, for leukemias were also elevated, but statistical
significance at the p=O.Ol level was not achieved. The SIRs for individual census tracts were sfgnificandy
elevated for aU cancers among males for eight of the nine tracts with towers, and not elevated for the two
tracts without towers. Among females, the SIRs for aU cancers was significandy elevated in only two
census tracts, and these oontained towers. Four other tracts with towers had elevated SIRs, but the excess
was not statistically significanL Age-acljusted rates and SIRs were also examined in indMclual tracts-for
leukemias in both sexes, but the number of cases was very small, making the results unstable. It was noted
that there was a tendency for elevated SIRs for both sexes in census tracts with towers.

Because of its diverse ethnic Populations, ethnicity and race are critical factors to oonsider in health
studies in Hawaii. Race was a factor controUed in the study; however, the authors stated that small
numbers precluded simultaneous adjustment for age, race, and sex. After adjusting for race, the SIR for
all cancers for tracts with towers was 1.88 (p <0.01). The SIR for aU cancers for the tracts without towers
was 1.07 and was not significantly elevated. For individual tracts, the SIRs were apin signffiC8ndy
elevated for eight of the nine tracts with towers. The one tract with towers that did not demonstrate an
excess in aU cancers after adjustment for race was the same tract that did not show excess cancer after
controlling for age and sex. For the two tracts without towers, the SIR for aU cancers was significandy
elevated in one (SIR=1.31) but not in the other, after adjusting for race; this did not occur in the analysis
that controlled for age and sex although the one tract had consistendy higher rates and SIRs than the
other. Again, analyses for leukemias yielded very smaU numbers of cases in individual census tracts. No
result was statistically significant, but tracts with towers, individually and overall.. presented elevated SIRs
for leukemias.

In summary, using State rates as the standard schedule of rates, the observed deaths in tracts with towers
for aU cancers were significantly greater than expected values of cancer incidence. Tracts without towers
did not appreciably differ.

This study is of a type that can be called an ecological study or that is of an ecological design. This means
that relatively broad populations (here, from census tracts) are examined rather than individuals. It is
dimcult to determine causal relationships from such studies. And this dimculty is aggravated by typically
weak measures of exposures. In this case, broadcast towers are located in certain census tracts, but it is
not known if the cases of cancers were exposed to RF radiation or, if so, at what levels. The dichotomous
estimate of exposure is only a crude proxy; some tracts have towers, others do noL Studies of this design
also cannot usually address confounding factors except those that are broad demographic characteristics
such as age, sex, or race, readily available from vital and census records.

The authors pointed out the limitations inherent in the study, including issues such as personal exposure,
latency, duration of exposure, confounders, and so forth. They do not comment, however, on ·urbaD/rural
differences that could be a factor in Oahu. The tracts with towers largely constitute downtown Honolulu
and Waikiki; the tracts without towers are more centrally located on the island, have less dense population
centers, and have some agricultural lands and mountainous/vaUey areas. The study does indicate that
further investigation are warranted.

This study foUowed an EPA measurement study of exposures near broadcast towers in populated areas in
Honolulu (U.S. EPA. 1984). Conservation and preservation concerns have led to restrictions on the siting
of commercial broadcast towers. As a result, most tower sites impinge on populated areas. The EPA
study measured emissions close to towers and generally found that levels of RF radiation tended to
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approach or exceed various voluntary exposure guides. The RF exposures in Honolulu may be unique
given environmeDtal restrictions, topography, and populatiOD density patterns ID relatioD to radiating
sources. Several military and navigational sources also exist OD oahu. The EPA data, plUS the data from
this study, point out the poteDtial Deed for analytical studies of HawaiiaD populations that, it feasible,
examine health indices with more detailed exposure assessment.

Hill (1988) investigated the mortality of 1492 men in a radar research and ckMlopmeDt project at the
Massachusetts IDstitute of Technology (MIT) during World War II at what was known as the Radiation
Laboratory (Rad Lab). The term radar is aD acronym tbat refers to the use of electromapetic encqy for
detecting aDd locating reflecting objects. Radars geDerally operate within the microwave ponton (0.3 to
3.5 GHz) of the electromagnetic spectrum. The cohon was scientific, teelmica1, and senior IlllDaJeDleDt
staff members ever employed at the Rad Lab betweeD October 1940 and Jaauary 1946. The population
was ideDtified from records retained by MIT and was traced from World War II throup 1986. Only 4.69fJ
of the SUbjects were Dot traced beyond the 1940s. Over 679fJ were traced iDtO the 19801, and about 80%
were traced into the 19705. There were 52,80S person-years accumulated.

Vital status of the cohon was determined from various sources, induding state death c:ertifkate8, city/toWn
clerk reports, aDd Social Security AdmiDistratiOD records of earnings reports or beneficiary claims. cause
of death data were based aD death cenificates or city/lown derk reports. Comparisons were to U.S. white
males and to a populatioD of white male physiciaD specialists. Internal comparisons were also made.

Two approaches were used to estimate the exposure environmeDt at the Rad Lab. First, sUllltlWY
estimates based OD the parameters of two typical radar systems of 1943 vintage were calculated. It was
estimated that the maximum power density in the Dear field of the systems' antennaa could be about 2 to S
mW/cm'l., correspoDding to a spedftc absorptioD rate (SAR) of 0.1 to 0.4 watts per kilogram (w1kg).
secoDd, a surrogate estimate of e:IpOSure was derived from the job patterns in Lab Divisions which were
organized around the basic eqUipment aDd systems beiDg tested aDd ckMlopecL A three tier ranking
system was used (1=little or DODe, 2-low or moderate, aDd 3-bipest) to represeDt a gradient of
poteDtial exposure of the various jobs aDd projects in relatioD to each other, e.g., admiDistrative (low) <
work with receivers (medium) < work with transmitters (high). The radiatiOD levels that would define
such groupings could not be determined. The longest divisional assignment of an individual was used to
rank his exposure. Over half the population was ranked as most highly exposed by mostly working with
transmitters or operatiDg systems. The rest of the cohon was about equally divided betweeD low or
moderate exposure. About 25% of the men in ranking group 2 (moderate) had worked on Beacons and
LORAN (navigational systems). These systems fall in the Low FrequeDcy rather than the microwave
ponion of the electromagnetic spectrum.

There was DO informatioD available OD COnfoUDding exposures. SMRs were calculated to compare the Rad
Lab cohon to U.S. white males and to physician spec:ialists. In addition, the direct method of
standardizatioD, to adjust for age, was also used in comparisons to physician specialists aDd in internal
comparisons. The Racl Lab cobon was also compared to physicians using Cox's proponional hazards
model to handle differeDces in time-depeDdent variables (age or length of follow-up) and to estimate risk
ratios. This is aDother approach to age adjustmeDt. The only indepeDdeDt variable evaluated was cohon
(Rad Lab staff or physiciaD); the cohorts were already uniform with respect to race and sa. No other
potentially relevant variables were available OD physicians to permit comparisons to Rad Lab cohon
members.

With respect to expected mortality based OD U.S. rates, overall mortality in the populatioD was lower tban
expected. This probably reflects a '1lealthy worker' effect and the socioeconomic status of the population,
aDd may be evideDce that the protective beDefit (or, rather, the selectiOD bias) of actively working is
enhanced in professional occupations (here, physical scientists largely believed to be employed at
universities, in governmeDt, or in hip technology industries). Several specific causes of death were
elevated, but DO excess was statistically significant. These increases occurred for eenain cancers (skin,
prostate, testis, and cancers whose nature was unspecified) and mental disorders. With censoring to
include only meD at least 25 years of age at eDtry to the study and to eDd follow-up in 1974, elevated
SMRs were again seeD for selected caDcers (pharynx, gallbladder and bUe duets, paDcreas, skin, prostate,
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