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1 UlTRODUCTION 

The U.S. Department of Energy (DOE) is considering several options 

for generating electrical power to meet future energy needs. One of 

these options, the satellite power system (SPS), would collect solar 

energy with a system of geosynchronous satellites in space, each of 

which would convert the solar energy to microwave energy and transmit 

the microwave energy from a directive antenna to a large, earth-based 

receiving/rectifying antenna (rectenna) for that satellite. A reference 

system has been described that defines many of the component subsystems 

of such a concept (US DOE and NASA, 1978). The potential environmental 

impacts associated with constructing and operating the SPS are being 

assessed as a part of the DOE's SPS Concept Development and Evnluation 

Progr:am. 

This report is concerned with the potential health and eco

logical effects of the microwave beam from the microwave power trans

mission system (MPTS) of the SPS. The report is written ln the form of 

a detailed critical review of selected scientific articles from the 

published literature on the biological effects of nonionizing electro

magnetic radiation, followed by an assessment of the possible ef f~cts 

of the SPS, based on exposure values for the reference system (U.S. DOE 

and NASA, 1978). 

In various parts of the report, radiofrequency radiation is 

ref erred to as "RFR," "microwave radiation," "microwaves, 11 or ''radiation." 

Although the terms are used somewhat interchangeabl•.1, 11micrownvas 11 or 
11microwave radiation11 appears mobt commonly in Chapter 6, where most of 

tre st•1dies were performed in the microwave region, and 11radiofrequency 

radiationtt or "RFRT' appears most commonly in other chapters, particularly 

Chapter 5, where studi.es inc.ludn a broader range of the electromagnetic 

spectrum. 
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1.1 THE PROBLEM 

The microwave energy generated at each sat~llite will be trans

mitted by the MPTS to earth in the form of a relatively narrow beam of 

continuous-wave (CW) RFR having a frequenc.y of 2.45 GHz.. The power

density profile of the beam at ground level (and within the troposphere) 

is illustrated in Figure 1-1, and the power densities at various loca

tions along the path of the beam are as follows (USDOE and NASA, 1978): 

• center of transmitting antenna, 2.2 W/cm2 

• edge of transmitting antenna, 240 mW/cm2 

• peak near-field pattern density (on-axis, 1600 km 

from transmitting antenna), 3.2 W/cm2 

• center of rectenna, 23 mW/cm 2 

• 
• 
• 

• 

edge of rectenna, 1 mW/cm2 

rectenna site exclusion boundary, 0.1 m.W/cm2 

first sidelobe level (approximately 9 km from center 

of rectenna), 0.08 ntW/cm2 

grating lobe 1 evels (at spacings of 440 km), < 0.01 mW/cm2 . 

Therefore, the basic RFR exposure situations are: 

(a) People may be nonoccupationally exposed for long periods 

to power densities generally much less than 0.1 mW/cm2 

because they reside or work in population centers near 

a rectenna site but outside the exclusion boundary of 

the rectenna. 

(b) Persons entering t: •. -rectenna site for occupational 

reasons could be exposed to power densities of up 

to 23 mW/cm2 (and perhaps higher if reflections 

are considered) unless suitable safety precautions 

are invoked. 

(c) Space workers would be occupationally exposed to 

considerably higher power densities (e.g., of the order 

of W/ cm2) if their space suits rlo not include adequate 

shieJ.ding from RFR. 
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~H-t..,........ POWER DENSITY IS 23mW/cm2 
AT RECTENNA CENTER 

POWER DENSITY f 5 1 m W/cm 2 

AT RECTENNA EDGE 

FIGURE 1-1 SPS MICROWAVE POWER DENSITY CHARACTERISTICS AT 
RECTENNA SITES (from USDOE, 1980) 
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(d) Airborne biota (birds, flying nonhuman mammals, insects) 

within the main MPTS beam will be exposed to power densi-
2 ties uf up to 23 mW/cm for durations that depend on 

whether they are transient or indigenous to the rectenna 

site. 

(e) Humans flying through the main beam in airplanes will be 

exposed to power densities generally much lower than 23 mW/cm2 

because of Rl-'R shielding by the metal skin of the fusilage. 

It is r;ossible that RFR will enter the fusilage through 

windows. Ht.wever, the maximum ~.ncident power inside the 

cabi.n will not exceed the maximum value just outside the 

aircraft because th~ cabin and its contents (including the 

humans) will corst-.i.:.te a11 extremely lossy (low Q) multimode 

resonant cav!ty. 

(f) Plantsgro1,.-:'3 :, ..:tie rectenna area will be exposed to 

power dC".3.i~.:..e; ranging from 0.01 to 1.0 mW/cm2• Plants 

growing outside the rectenna urea will be exposed to 

power densities of up to 0.1 mW/cm2, but generally much less. 

(g) Non-airborne animal species will be exposed to power 

densities of 0.1 mW/crn2 or less outside of the rectenna 

area and between 0.01 and 1.0 rnW/cm2 within ~he area, 

provided that they remain below the rectenna. If they 

climb on top of the rectenna, they will be exposed to 

23 mW/crn2• 

1.2 DATA BASE AND LITERATURE SELECTION 

Many sources were used in acquiring a wo~king data base for this 

assessment, including reference bibliographies provided in previous 

reviews of the literature; a comprehensive bibliography prepared by 

U.S. Government personnel; published proceedings of recent seminars 

and meetings on the biologic effects of RFR; the computerized data 

base on Biological Effects of Electromagnetic Radiation (BEER file) 

1-4 



of the Mend Technology Corporation, Dayton, Oltio; <1mJ 1·ompilatinn,c; of 

artkles published by the Franklin Instituti.~. Conflideration w;is also 

r,iven to recent symposin on the biologi«n1 c•ff<.•cts of RFR. 

Several critcri .• 1 were usc•d in flelc•rt ing articles for inc lm;ion 

in this review. Preference wns given to (·omp1t~tL' P<lla>rs published in 

scientific journals or proceedings of sri1>nt:Hi•~ symposia. Where 

details of the procedures and findings W<'rl.! su!" f ic hmtly (: frar nnd 

complete, abstracts of prus~nt~Lions nt rPc~nt scientific symposia 

were also used. Considerations hw.1 tt<l('d tht• d;lt<.' of publication (more 

~ec:e>nt nrticl es wert" r-ref errE.d hc·~n·tli~ of improvPm<.mts in tlw tt>chn<'logy 

of exposure nnd dose mcasurerner.::), the fr ... ~q u~ne I e~ of till' RFR (especially 

frequenc ic:!s close to thoi:i2 [) f s·t·3, but il \ l->\I .1tlwrs ln the g<:>nt•r.i 1 rangt.> 

from 10 ?1llz to 1, GHz as appropriatl'), <Jll<l thi:.• Hignifk.:mcc of tlw 

findings to human health (e.g., stL1ies of human populntions to 

ascertain whether the occurrence of sp~cific effects is statistically 

higher ln popu1Jtlon samples cxpost'cl to HFH than in similar popula

tion samples not exposed, and c.>xpr.'rimen.ts involving long-t<.•rm exposure 

of animals). Other critPria included tlll' relcv:mcr of <tn art: ic le to 

others on the same topic and poss1ble rt>levance to c\1nccrns <!v;prf•sse<l 

by citizens' groups. The number of articles sclc~Ctf•d w:1n rwecssnri1y 

limited because of the large nurnt)er of references on thu hiulogl~~ 

effects of RFR. However, thG nrticlPs selected are r~presl·ntntlve 

of the entire body of liternturP on this suhj(•et. 

1. 3 EASTERN EUROPEAN BIOEFFECTS LITE?iATURE 

Probably the most controvcrsinl aspects of r~s£nrrh on the 

biological effects of RFR are the large discrepancies hetwPen results, 

at low levels of RFR, reported in tlw Eastern European literature and 

those obtained in Hestern countries such ns the United States, and the 

basic differences in philosop~y between the two groups of countries 

in prescribing safety standards or guidelines for the protection of 

humans against possible haz~~ds from exposure to RFR. 
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From the end of !o/orld War II to about: the late 1960s, few of 

the scientific reports on bioeffects research in the USSR (or other 

Eastern European countries) were amenable to critical review because 

they lacked essential information. In the early 1970s, starting 

essentially with on international conference on the bioeffects of RFR 

in Warsaw in 1973 under the joint sponsorship of the World Health 

Organization (WHO), the U.S. Departmen• of Health, Education, and 

Welfare (HEH). and the ScientH f.c Council to the ~iinister of Health 

and Social Welfare of l]olnnd, international interchanges '1f information 

in~reased materially, and translations of Eastern European articles 

became easier to obtain. Beca~se most of the Eaotern European documents 

prior to 1973 (and many since than) are merely abatracts that contain 

no d~tails of the experimental method, number of subjects, or analytical 

approach used in the study, evaluation of them proved difficult. Nore 

recent Eastern European studies contain more dctall and a number of them 

are ci Lf'd in the bibliography. 
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2 PRESENT C~IMATE AND CONTEXT 

2.1 PROLIFERATION OF RFR SOURCES 

The SPS concept has been introduced in a general climate of 

wi~espread proliferation and usage of RFR-emitting devices and systems. 

Demand for the servkes and faciliti»s of these devices ls reflected 

by the following figures for the United States (McRee~ 1978). During 

1976, sales of conununi~ations and el~ctronics products are estimated to 

have totalled $38 billion. The FCC, as of 1977, had authorized trans

missfons by over 9 million transmitters. Between 1971 and 197.3 there 

was an increa,;e of 87% in the number of FM stations operating in the 

88-108 NHz band. The Nationnl Institute of Occupational Safety and 

Health (NIOSII) has estimated that over 35 -... i.llion industrial RF sources 

fnr ht!atinr; and drying are in t1se in the pla.i: .... lcs, paper, and oth,~r 

industries. Appi:oximatt·ly 5 million microwave ovens have been in~+-;' 1 led 

in homes in the United States (McConnell, 1978). As of 1979, about 30 

millicn citizen band (CB) radios are licensed, with those operating in 

the 27-MHz band capable of emitting up to 4 watts. Domestic. and business 

satellite conununications systems are burgeoning. Air and maritime navi

gation makes widespread use of fixed and mobile radar systems. 

Thus, there is a widespread climate of acceptance of the benefits 

of RFR devices fer communications, radar, ancl industrial processes. On 

the other hand, there are concerns whether the proliferation of usage 

of RFR devices includin~ SPS may be associated with sone as-yet-undefined 

hazardou~ biological effects. The pu:tpose of the present docwnent is 

to address such concerns as they pertain to the SPS. 
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2. 2 MEASL'Rf'.MEN'rS OF ENVI ({ONMEN'fAI. u:VELS OF RFR IN SEi,ECTED 
U.S. CITJES 

'l'hC' EnvironruL•ntal Pro tee tlon Agency (EPA) is m~astrr lng the 

environmental field inl:ensities at sel l~c ted locations within various 

U.S. cith~:::;. Tell and Mantiply (1980) nnd Janes (1979) discuss the 

results for the 15 cities (total of 486 sltes) studied so far. The 

sites .Ln eac.:h city wc·re selected so as to pennit estimations of cumula

tivP fractions of the totnl population being exposed at or below various 

average power densities, based on the population figures for the 1970 

census enumeration districts. 

Flc>ld intPnsity ntl'nsurcmL~nts were rnnde at 6.li m (20 ft) above 

ground nl 1.:.'IH'h sf t<.> in the fol lowing fn.!qucm·y ranges (Janes et al., 1977): 

0 .. 5 to 1.6 HHz (the Htn11dnrd AH-rndi0 broadcast band}, 54 Lo 88 ~Utz 

and 174 to 2l6 Milz (tlw VHF-TV bm1c.ls), 88 to J 08 MHz (the standard 

F~l-ra<lio hroadc«lRt hnnd), nhout l 50 and 450 MHz (land-mobile bands), 

and 4 70 to 890 Mil?. (the UHF-TV bands). The signals in each band were 

rt.lcelvcd with Ht•pnr:1t<' nntt'nrms designed .specifically for each bund. 

However, the Till'<Hmrl•nwnts in the.• stnndard IJ1-radio broadcast band were 

aot includccl ln the ;rnal.yses because this band is below the 10-MUz lower 

frequency limits uf the present U.S. radiation protection guideline 

(~>NST, 19711). 

The mQasured field strengths at each site were integrated over 

the frequency band~ from 54 to 890 Mltz included in the ann.lys~s and 

converted into equ:lvalt'nt nveruge power densitiei;. ·rhe site values :ln 

each city were than used wlth the population figures in the various 

censu8 cm•mcratiun districts in a statistical model designed to estimate 

th~ population-weighted medion exposure value for that city and to 

calculate otht?r sta tistlcs of interest. 

The population-wcighte>J medl.an value for a city is defined as 

the average po~·h!r density at or below which half the population of the 

city is being exposed. The rcEUlts are based on the assumption of 

continuous exposure of people whe.'.:e: they reside; they do not take into 

account pupulation changes since the 1970 cer.sus, population mobility, 

exposure at heights grea.ter than 6 .4 m, attenuation of signals by 
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buildings, or periods of time when any of the contributing RFR sources 

are not transmitting. These median values range from 0.002 µW/cm2 

(for Chicago and San Fracisco) to 0.020 µW/cm2 (for Portland, Oregon). 

The population-weighted median for all 15 cities is 0.0048 µW/cm2• 

Also, the percentage of the population of each city exposed to less than 
2 1 µW/cm ranges from 97.2% (for Washington, D.C.) to 99.99% (for 

Houston, Texas), with a mea.n value for all 15 cities of 99. 4%. The 

major contributions to these exposure values are from the FM and TV 

broadcast stations. 

EPA also made measurements at sites close to single or multiple 

R.FR sources, e.g., at the bases of tr~msmitter towers and at the upper 

stories (including the roof) of tall buildings or hospital complexes 

close to transmitter towers. At the base of an FM tower on Mt. Wilson, 
.., 

for example, the fields ranged from 1 to 7 mW/cm' (Tell and O'Brien, 1977, 

cited in Janes, 1979), but such values arc believed to be uncommon. 

Most measurements in tall buildings close to FM and TV transmitters 

yielded values well below 100 µW/cm2, but a few values were close to or 

slightly exceeded 200 µW/cm2 (e.g., 230 uW/cm2 on thl! roof o( the Sears 

Building, Chicago). 

Janes (1979) also discussed the field intensities clos~ to ground

based transmitters of satellite communications sysletns, radars used for 

air-route surveillance and other activities, microwave t"adio relay 

transmitters, microwave ovens, and personcl radios (CBs). He also 

mentioned other sources such as those used for medical applications 

(diathermy, electrosurgery) and for industrial applications (heating, 

drying, and sealing). 

Because rectenna sit2s are likely to be distant from major popu

lation centers such as those analyzed in these studies, tha increases 

in population exposure values in these and other densely populated 

regions due to operation of SPS are likely to be very small. However, 

when the locations of the rectennas are specified, it would be pertinent 

to determine the ambient exposur~ values over the entire RFR frequency 

spectrum due to the SPS and other RFR sources in the municipalities 

closest to each site. 
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2. 3 EXPOSURE STANDARDS 

The term "exposure standards" is generally applied to specifica

ti ~~ or guidelines for permissible occupational and/or nonoccupational 

:!Xposure of humans to electromagnet le fields. The standards are expressed 

as max:imum 'power. <lcnsltles or field intensities in specific frequency 

ranges nnd for lndicuted exposure durations. 

'l'hc present U.S. standard is based on average power densities 

and is es.scnt"inl.ly the same rs the American National Standards Institute 

Radfotlon Protectfon Guide ANSI C95.l (ANSI, 1974}. Under this standard, 

which applies to the frequency rnngc from 10 Mllz tQ 100 Gilz, none of the 

follc..dng values~ when averaged over .nny exposure perlod of 0.1 hour, 

should be exceeded: 

• Power density: 
2 10 mW/cm 

• 
• 
• 

2 
Square of electric fiel<l strength {E rms): 

Square of magnetic field strength (H2rms>= 

gncrgy dt•nsity: l mWh/cm
2 . 

2 2 
~o.ooo v /m 

0.25 A2/m2 

The values of g2r . and 112rms above are approximately the "free-space 
ms · 

equiva tent:-;" of lO mW/cm 2 (lOO W/m2) power density--Le., 

E2 = (Z) X (100 W/m2) rms 

H2 rms = (l/Z) X (100 W/m
2

) 

(1) 

(2} 

where Z represents the 11 imped::mce" or value of E/H for free space, but 

rounded off from 377 ohms to l100 ohms to yield Ermi:; =- 200 V/m and 

H = 0.5 A/m instead of values to more than one significant figure. 
rms 

Where only one type of field is present, the appropriate value of 

maximum field applies. Where both types of field are present (e.g., 

from separate sources of magnetic and electric fields), the maximum 

energy-density value above rr:!presents an additional condition that the 

total contributions froM both fields, averaged over any 0.1-hour period, 

should not exceed the equivalent of 10 mW/cm2. 'fhe standard states that 

these maximum permissible levels are appropriate for exposure under 

moderate environmental conditions (temperature and humidity); lower 

values should be used under environmental conditions that induce 

significant heat stress. 

2-4 



The 10-mW/cm2 values originated from (a) the physiological considera

tion that whole-body exposure of a human to levels from ahout 100 mW/cm2 

upward would produce a mild to severe increa::-e in thermal load (depending 

on the level) and (b) the application of a safety factor of 10 to the 

lower limits of this power-density range. 

The U.S. standard does not contain specific enforcement or punitive 

provisions for violations. It has been promulgatPd by the Occupational 

Safety and Health Adm:lnistration (OSHA) as a radiation protection guide 

for occupational exposure and has been udoptea by a number of organiza.

tions, including the Department of Defense. The principle underlying 

this guideline was the belief, based on the then available scientific 

evidence, that nearly all workers can be exposed to such a level during 

the normal .scrles of working days without adverse effects. The guideline 

thus recogpizcd that electromagnetic fields might cause biological effectH 

that have.' no medical consequences, or that the workers could readily 

<.il!corrunodatc to the effects. 

Bnscd on recent experimental and theoretical results, the EPA, the 

NIOSH, and the ANSI are considering possible revisio~s to the U.S. 

st:rndard. A provisional frequency-dependent standard l>ascd on an average 

SAR limits of 0.4 W/kg in ~xposed tissue is under discussion by the ANSI 

Subconunittee C95.L1 to be applicable to both occupational and non-occupational 

exp0sure. However, environmental levels of electromagnetic fields are 

very mu•..!h lower than occupational levels, and the question of environmental 

standards for the general (nonoccupational) population is still undur 

considerutlon by the EPA. 

Sine~ other countries may be exposed to the sidelobe RFR from 

U.S. SPSs, a dl•cussion of the standards of other countries is pertinent. 

Present standards in the United Kingdom, France, and West Germany 

are essentially the same as the current A..~SI guideline (Stuchly and 

Repacholi, 1978). This was formerly true for Canada also. However, 

the Canadian federal government has recently revised its standard 

along the lines shown in Table 2-1. The maximum permissible general 

(nonoccupational) level for continuous exposure is 1 mW/c 2 , applicable 

to frequencies in the band from 10 MHz to 300 GHz. For occupational 
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Table 2-1 

CANADIAN STAliDARD OF 
MAX1MUM PERMISSIBLE EXPOSURE LEVELS 

..,, 
Exposure Frequency Maximum Level Duration 

(GHz) 

Genera 1 pub lie 0.01 to 300 
2 1 mW/cm 24 h 

1 
2 

Occupu tiona l 0.01 to 60 V/m (1 rtM/cm )
2 

8 h 
0.16 A/m (1 rrM/cni) 
1 rrM/cm2 

1 to 
2 

25 rrM/cm t(rnin) ;;: 60/P 
P ~ power density 

1 to 300 
2 

· 5 trM/cm 8 h 

2 
1 to 10 RM/cm t(min) :.-i 300/P 

2 
10 to 25 rrU/cm t(min) = 60/P 

Values in parentheses are approximate "free-space-equivalent" 
power densi.ties. 
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exposure, the maximum levels are frequency- and duration-dependent. 

For example, for the frequency range from 1 to 300 GHz, the new standard 

permits exposure to 5 mW/cm2 for a maximum of 8 hours/day, up to 10 mW/cm2 

for 6 minutes or less, and up to 25 mW/cm2 for 2.4 minutes or less. 

The Swedish standard, which formerly was essentially the same 

as ANSI C95.1, was revised in 1976 as shown in Table 2-2 (Stuchly and 

Repacholi, 1978). Again, the new maximum occupational exposure levels 

are about tenfold lower than they were. The new standard is nssumed to 

apply to the general (nonoccupational) population as well. 

Presumably, the reductions of maximum permissible levels in the 

Canadian and Swedish standards were engendered in part by consideration 

of some of the relatively recent research results indicative of bio

effects due to chronic exposure at power densities in the range from 

l to 10 mW/cm2, For similar reasons, it is likely that the U.S. 

standard may also be comparably reduced. 

In the USSR, the maxinum level for 24-hour exposure of the 

genercl population is 5 vW/cm2 (Shandala, 1978; McRee, 1979). The 

occupational standard is summarized in Table 2-3 (Stuchly and Repacholt, 

1978; NcRee, 197~). It specifies higher maximum levels than for the general 

population. For example, in the frequency range from 300 MHz to 300 GHz, 

it permits levels from 10 µW/cm2 for a full working day to 1 mW/cm2 

for 20 minutes of exposure. However, the So~iet military services and 

establishments are specifically exempted from such standards. The 

process by whic.h the USSR standard was arrived at is unknown, because 

the Council of Ministers that sets standards does not publish its 

proceedings. Nevertheless, we can surmise that the standard is bused 

in part on the claimed existence of "nonthermal" effects and on the 

philosophy that exposure to any power-density level is potentially 

harmful, leading to the application of large safety factors in formu

lating maximum pennissible levels (but exempting the military from such 

standards, as mentioned above). 
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Frequency 
(GU~) ... 

o. 01 to 0.3 

0.3 to 300 

0.01 to 300 

Table 2-2 

SWEDISH OCCUPATIONAL STANDARD OF 
MAXIMUM PERMISSIBLE EXPOSURE LEVELS 

Maximum Power Exposure Remarks 
Densitt, Duration 
(mW/cm ) (h) 

5 8 Averaged over 

1 8 Averaged over 

25 Averaged over 

Table 2-3 

6 min 

6 min 

1 s 

USSR Mt\XIMUM PERMISSIBLE LEVELS FOR OCCUPATIONAL EXPOSURE 

Frequency Exposu.re Exposure Remarlr 
(GHz) Limit Duration 

2 Working day 0.01 to 0.03 20 V/m (100 µW/cm ) --
2 Working day 0.03 to 0.05 10 V/m (25 µW/cm ), --

0.3 A/m (4 rrM/cm2} 

2 Working day 0.05 to 0.3 5 Vim (6 µW/cm ) --
0,3 to 300 

2 
10 µW/cm Working day Stationary antennas 

2 
100 µW/cm Working day Rotating antennas 

2 100 µW/cm 2 h Stationary antennas 

1 mW/cm 2 2 h Rotating antennas 

2 
l mW/cm 20 min Stationary antennas 

* Values in parentheses are approximate "free-space-equivalent'' 
power densities. 
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3 ANALYSIS OF SCIENTIFIC I'NFCI~MA1'ION 

In an environmental effects assessment, the interpretation of 

Sl' il~ntific infomation presents some novel problems that 1 ie outside 

of thP. nrdJnar:r rf!olm of scientiflc investigntion. In traditional 

M~ientlffc proccdur~t a statement or proposition is considered true 

lf--an<l only if ·-it can be pre.wen by objective evidence and can be 

n•lnted logicol1 y and theoreticnl ly to the existing body of scientific 

knnwl<.>dg". Speculation about what else might be true is nppropriatc 

as th<.• nl'.:!xt step in the advant~eincnt of scientific knowledge, but in 

traditionnl science, speculntion is cloarly distinguished frl.lm established 

(;wt <rnd usable theory. Expansion of scientific knowledee ordinarily 

eom<..'s f:-om invcstigatlon of quC!stions au3r,~stl~d by the r<:!s•:lts of 

1msl (usunlly recent) discovery~ hencl• the cllrec.•tlon of scientific 

inV<!stlgntion is usually ~ontrolJed by tlu .. • results nchil•ved, rather 

r..han by specific information desired. 

Im t•nvironml~ntal eff~wts assessment, or any nssessmcmt of 

pnl(.>ntin1 technological hazards to mankind, departs frum trmlitinmd 

s~ientiff~ procedure in two significant ways. First, the dir~ctlun of 

inv!•stir,ntlon ls control led hy t1m nec>d for spc;-cific ,kinds of inforrm-

l jun, uften formulatt•d by agenc it•s that do not conduct th~ investigation. 

S(·c~oml, the investigation is oftCtn direl·teJ at estnblishing the abscnco 

nf harmful or deleterious cffet•ts. Tlw first dt•partun• somc.•tlrnes 

remilts in tlw inefficient us<.• of scientific man1>0Wt!r and resources: 

llw st•(·ond rP.quires proving :1 negative statl•ment, which is ;.mthndologkally 

impossible. The only feasible accommodation to proving the nbsencc 

oi hazardous effectR is to establish a battery of stnnc.lnrdized laboratory 

Lests to which an agent or t:hcmical must be suhl!litlccl, and to designate 

it us hazardous if .lt shows effects in .nny of the tests. Proper applica

L ion of such a principle also requires that the benffits and costs of 

t!1e test system must be wei3hed a~ain_,t tha benE~f its and costs of th~ 

environmental agent in question. 
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The foregoing problems apply to any kind of risk assessment, 

whether it be for the Food and Drug Administration, the Environmental 

Protection Agency, or a pri~ate insurance company. In the case of this 

survey on the environmental assessment of effects of radiofrequency 

radiation, the historical development of a field of study has incor

porated two problems that seem to be peculiar to this type of environ

mental agent. These problems are considered briefly in the following 

paragraphs. 

1he first problem involves the long-standing debate over thermal 

versus nonthennal effects. The technical aspects of the question of 

thermal versus nonthermal effects is discussed in some detail in Section 

5 of this document. What is discussed' here is the philosophical aspect 

of the problem as it relates to the evaluation of the available scien

tific information. Based on review of the liternture, it seems that 

the problem constitutes a misdirection of scientific effort. Because 

most of the absorbed energy of radiofr!equency radiation is deposited 

in the form of heat, it is virtually i•possible to prove that a given 

effect is "nonthermal11 evE!n though it is obtained at a power-density 

level that appears to be too low to induce a rise in temperature in the 

irradiated subject. Even the absence pf the effect when thermal load 

is induced by other agents (i.e., hot ~ir) does not prove the nonthermal 

nature of the effect, since the rate Oif absorption and distribution of 

the thermal load will differ from those induced by radiofrequency 

radiation. In this assessment~ the q~stion of thermal versus nonth~rmal 

as a basis for the mechanism of an eff
1
ect is largely ignored, and tl1e 

attention is directed instead to the power-density level and duration 

or repetition of exposure that produce or fail to produce the effect. 

The second problem involves the question of the thousandfold 

differ~nce between the USA and.the USSR in standards for permissible 

occupational exposure to microwave irradiation. This difference is 

of ten considered to be evidence for (tnispecif ied) deleterious effects 

of microwaves that officials in the USA have failed to recognize. 

However, occupational or environmental standards for exposure to any 

agent involve at least two independent factors: 1) the scientific 
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infc•rmatiun av.11l:ib1c for making a dce.lslon and 2) the regulatory 

philosophy on which tlw bureau charged with setting standards operates. 

l~ith rt·itard lo the firHt fm·tor, all .sclent.ific information available to 

tht• pn·pan·r~ uf this assc:·Him1..•nt hal.i been n~viewed carefully by reasun

ahly i-;Cricr. scamlards of Sl:il•ntifk competence. With regard to the 

sl•t·om.I lac Lor, Llwrl.' ls a profound difference in regululory philosophy 

ht>t\~(·lm tlw lw11 rnuntrit>8 (Zlcllmis, 1974). In thl! USA, efrects art~ 

usun 11 v rt!l'll)~ni 1.t!d mi hazardous .i.n lt•rms of tlwir fro.nk pathologic-al 

naLun• or tht• discmnturt l'Xperlenced by c-xposud subjects. In the 

USS1t 1 any <.•!lr!rl rl•:·mlt.lng In H change in any physiological function 

h~· morl' than lwo standard dl•vlntlnns Crom the norm in any individual 

h; rl•gank<l ;.rn unan·l•pt:1bll.!. It ls inappropriat~ to discuss the merits 

of Lhl.! Lwo phi I usophit>s in dt•tall, hut two points in the philosophico.l 

11oniti1111 or till' trSSlt may In.• noted. First, biuchemic.nl and physiological 

w>rms ur tlw human population rarely lmve pc•ril~ct Gaussinn distributions 

with WL•ll-tl1·filwd -;t;.111dnrd ch.•viaiinnH; lwne(•, <.lpplicatiun of the 

,. r .i l L'l" i c1n •) r hazard hlWl•m<>H cl if F inll t. St•ccmd, hurnnn l'XPC r i encc shows 

that tlmrP art' ft·w suhst·rrnl'l•H 11r agPnts th«t have no significant 

<'ff1·l:l on tht> l•nlin• population. Even nutural foods that man has 

l'lllt>n for llunt:><inds uf ycm rs may provoke v iulcmt ill lergic rc>actions in 

a ft•w indivl1..h1:d~-. H1.!1We, nny critt>rion of absolute safety is illusory. 

In <l"·v<·lC1pln~ till! as~wssm<mt thlll.: follows, the maln areas of 

,·un•·t·rn h:tVl! 1)(~1·11 Llw 1-r1!dll>lllly and n.•.liablli.ty of the scientific 

d:1ta avni Jnhk for rt.>v{ew nnd the informntio11 on physiological mttl:hc:tnisms, 

du:-1,'-re:•sptntSl' n1rve~, nnd power-dcnsi ly or dose> thresholds. 

;'\tll:•lll l•m iH a l~:u gh'l'I! to th<' q1wsllon of wlwther specific effects may 

lw n•l l'V<llll Lt• human :-;a(t•Ly nml lwul th, but lht>se are subjective matters, 

and l•thPn;mighL disagre(• wi.th tlw assessni~nt. l'inally, speculation 

aboul t..rlmt t'!!'ei•ts !n_i.J.;.!i.t:_ on.·ur is r~strkted to narrow areas of physi

ol<>gY when• llu•rt> are wC"J l-defin1.~d mechan:i.sms that could lead to 

l"f. fl'I' ts t haL ltaVl' nnl Yl'l lnwn obSL'rvl•d ur n•corded. 
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4 OTHER REVIEWS 

Thls section contains descriptions of representativ8 gcn~ral 

reviews of the literature on the bioeffects of Rfl, including lwo liy 

Eastern European authors (Baranski and Czerskis 1976; Sudakov and AnUmouiy. 

l~,3) and two of Eastern European rest .. arch by an American {NcRec. 1979, 

1980). The bibliographies in these reviews served as additional Si..ttffl"('S 

of ?Ossibly relevant literature citations, thereby ensuring adequnt1..• 

coverage of th«;> literature. Al though the conclusions and opinions of t lw 

authors of these revieus were carefully examined, the concl ut>ions 

stated in this assessment of the SPS were derived independently hy 

analyses of the primary research literature on each bioefferts topit'. 

Two useful recent compendia are the issue of the Bu llc>ti).~_y_f. _L_h_~: 

New York Academy of Nedicine (1979) that covers the "Symposium on 

Health Aspects of Nonionizing Radiation" held at the Academy i.n 1\pl· i I 

1979 and the Proceedings of the IE"i!"E, Special Issue on Biolo_t.fral ___ ll_i:_':-_-~:J-.s 

and Medical Applications of Electromagnetic Energf (1980). BL)lh p111-.l ;

cations contain reviews of specific RFR bioeffects topics as WP11 :is 

reviews of the entire field. The presentations in the ~ulJet!_i;i_ ar~· 

directed primarily toward acquainting physicians about th~ status '' f tlu' 

field, whereas thuse in the f_roceedings are primarily ft.>r th"-' 110n:-q1:..··· i:t.l i::t. 

In addition, the Proceedings contains first publication of Sllme rc.>.-·.:.•nt 

research results. Only the general review articles in tht;)fle l~!".'Uf:'r-; <md 

those selected from earlier publications are considered in this sec ti on. 

In the Proceeding!:l, Michaelson (1980) presents an overview thnt 

includes brief discussions o.f principles of biological experimentation 

and interpretation of results, the necessity for and the pr~blems 

associated with scaling and extrapolating results on nnimals to humans, 

and some basic physiological considerations involved in exposure to m:R. 

He then summarizes the current state of research on all of th~ ma i•'r 

bioeffects topics. He concludes that most of the cxperimentnl d;-,ui 
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indicate that the reported effects of RFR exposure are primarily due to 

temperature incroases or intcrnnl changes in temperature grndfonts, but 

recommends further research in areas wher~ there are substantial 

uncertainties and disagreements, particul~rly on the effects of chronic 

exposure to low levels of RFR. Michaelson cltes 99 references. An 
I 
I 

~arlicr review by Mlchaebon (1978) cover~ much of the sA.me subject. 

matter and provides 209 r~terence citations. 

In both the Proceedings and the J!lt1lletln, McRee (1979, 1980) 

reviews the difficulties in assessing the i Eastern European llLr.!ratur!l 

on bioef f ects of RFR prior to about 1972, i nnd he d lElcusi:u!s tht! lnc~cption 

of the cooperative ngreements between the I USSR and the USA. Uc also 

indicates that the initial stngcs of the fOOperatLe pror,ratn primarily 

involved exchanges of infotmation (and .ln~erchangc vis.Lt:;). It bcca111t

evident that moECt of the USSR research lnyolved chronk exposureo I;() 
12 

average power densities of about 500 µW/c1't and lower, whereas the 
I ? 

U.S. research involved relatively short exposures to about 5 mW/cm-
1 

and higher. This situation led to nn agr~ement to perform duplicate 
I 

expedments in the two countries. In th~! dupl .. cate experiment that MrHcH! 

describes, rats were exposed at 500 µW/cm? for 7 hours/day, 7 days/week 

for 3 months~ and specific behavioral and!biochemical tests were perfot.mcd. 

The U.S. study found a decrease in sulfhy~ryl activity and blood 

cholinesterase, as did the USSR study, anf blood chemicnl analyses at 

the end of the 3-mon&:h exposure period shfwed aldosteronism in the 

exposed animals, relative to controls. duf to vacuolated and hyper

trophied zona glomerulosa of the . .aurenal flanas. Also, significant 

differences in the same direction as the USSR results were found in 

all behavioral parameters studied (increaied threshold in footshock 

detection, decrea~ed activity in an open ~ield, and poor retention 

of an avoidance response). In both revieis, McRee also sullllllarizes 

effects on hwnans and animals reported by! Soviet, Polish, and 

Czechoslovakian scientists, and he discus~es the safety standards in 

these and Western countries in the Bullet!n. McRee cites 33 r~ferences 

in the Proceedings and 5 references in thf Bulletin. 

! 
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In the Bulletin, Cleary (1979) presents a brief overview, with 

emphasis on reported effects of exposure at low avera~c ~owar densities. 

P.e indicates the difficulties in making quantitative comparisons of 

results and extrapolating from datt.1 on animals to effects on humans. 

He cites 22 reference~. In a more compreh._.,,•iive, earlier review 

(Cleary, 1977), he analyzes the results of 12 studies on various 

aspects of RFR bioeffects and includes references to 100 other articles. 

He discusses the physical characteristics of RFR, the 111«.>t=hanisms of 

interaction of RFR with biological systems, and whole-body dose rates 

and dose-rate distributions within actual and model biological systems. 

He then reviews the major physiological and behavioral effects of Rl'R. 

Carpenter (1?77) gives a critical, compr1>hensive presentation 

of RFR aµd its effects, emphasizing RFR as on environmentn L :1gent. 

Sections deal with physical characteristics and propN"t i.•:s of RFR, 

effects un tissue, 11 thecmal 11 and "nonthermnl" effects, exposure levels, 

biological effects of RFR on human beings and experim«:!ntal animals, and 

RFR effects on the eye, the testes, the nervous system, and on 

development. Carpenter cites 110 references. 

Two reviews, one covering RFR biophysics and the othc.>r discussing 

biological and pathophysiological effects of exposure to RPR, Hrt' con

tained in the transactions of a short course held in Ottawa, Canndu, 

ln June 1978. Lin (1978) presents an assessment of the <.:urrenL knowledge 

about RFR interactions with bioJ.ogical systems, with emphasis on the 

dielectric properties of tissue materials, propagation and absorption 

of RFR in tissues, and basic physical mechanisms of interaction. He 

cites 76 references. 

Stuchly (1977) reviews potentially hazardous R~~R sources, citing 

38 references. The review discusses those sources judged to have 

potential for producing hazardous levels of RPR under nurmnl operating 

conditions and under possible malfunctio.1, and considers satellite 

conununications systems and microwave-power devices for generating heat. 

Dodge and Glase:..· (1977) assess international treuds in research, 

development, and occupational health and safety, con~entrating on 

4-3 



events since 1975. Some 25 ref~rence~ arc cited. Sections discuss 

t~xposure standards, research on bioufl"ccts, effects of RFI~ on humans, 

:ind U.S. federal RFR hca 1th and safety prograni.S. 

:- A very comprehensive Eastern ~uropean pt:t~scmtation of the then 

current literature and research results ls the 234-pagc book by 

BuranHki and C?.eraki (1976) published in English (translation by 

Czcrski). The.> book contninfi referenc~s to 614 articles, with widl! 

r\•presentation given to Wc>stl:!rn, as wP.11 as Eastern European, 

investigations. The seven c~hapter headings are: 

Introduction 

Phys i 1·:11 Char::icteristlcs of Mii.crowaves 

lntet"act ion of Mlcrownves with Living Systems 

Blologlcnl Effects of Microwaves. Expcdmento.1 Data 

l·h.!alth Stcttus of Personnel O~cupationally F.xpoi:;ed to Micro

waves, Symptoms of Microwave Ove'"exposure 

Safe Exposure Limits and Prevention of Health Uaznrds 

n nnJ Comments 

Sudukov and Antimonly (1973) provide an ext:cmsive review (224 

references) of the neurophysiology and behavior of animals ond 

humans, i.n an Engli.sh translation of the original Russinn article by 

the Joint Publications Research Service. The authors appear to ac-ccpt 

as ~mcontestnble the premise that RiR has direct effects (denot;!d by 

them as 11nonthermal") on the nervous system of animals. 'l'he review 

is in two main sections. The first is concerned with hfo!ogkal 

nspects of the eff\. .. ~s ot RFR on the central nervous system (C~S) of 

ullimnls and man; it contnins subsec.tions on natural RFR ns n factor 

in evolution, the sensing of RFR by living organisms, nnd the effel·ts 

of natural RFR on nnimals and man, on the activity of the CNS, and un 

the behavior and conditioned activlty of animals and man. Tht> second 

main section is concerned with neurophysiological mechanisms of action 

of RFR, with subsections on bioelectrf.cal activity of the brain during 

exposure to RFR, morphological and functional changes in the CNS un 

exposure to RFR, and selective action of RFR on structures of the CNS. 
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5 PRESENT STATE Oli' KNOWLEDGE REGARDJ\IG PHYSICAL EFFECTS 

'l. I lN'l'ERAC'l'IONS OF RFR \H'l'H BIOLOGICAL E~Jl'ITIES 

Bccausu of the frcqul~nt usage, in the literature, of "thermal" 

und "nontherma.1" to charncteri:r.c interactions of R1'~R with biological 

l•nt it les nnd thP controvt•rsy and confusion engendered by such usage, 

it is npprnpri.nt~ to introduce working definitions of these terms, 

with the recognition that the boundary between these typQs of inter-

1.\t' t ions is sio t Hha rp. 

The inleruct.lon of Rl~R wlth a blologlcal entity can be 

1·huracter:ized as thermal 1 f the etwrgy absorbed by the entity is 

tn111sformed into heat at the nhsorption site. Implicit in this 

c.lt•finition is that 11 heat" is a macroscopic quantity involving many 

mol~cules. Hent absorption, in turn , is dof foed in classical thermo

dynamics ns el thl'r on inC'rcase in the 1nean random speed (or kinetic 

L•1wrgy) or the molc-culcs al: the absorption site (a local increase in 

tC'mpPmt11rc>) or ::i.n incrC'nsc> in the dlsordcr or randomness of the 

rnolN:ular motion nt the site without an increase in temperature (a 

fir~t-ort:or phase chnng~), or both. 

l~1wrgy <'UD n lso be absorbed by an entity at specific discrete 

frl''llll•nr lt•H in the form of cnc>rgy packets or "quanta, 11 t-ach of which has 

an energy proportional to one of the discrete frequencies. Although 

largl' numbL•rs uf molel·ules can be involved, quantum absorption is 

essentially a microscopic phenomenon in that the constituents and 

conf igurutions of the various molecular species composing the entity 

<lf.~Lc•rmim.• the spt•cif ic frequenc les or charnc teris tic spectra at which 

quantum nbsorption can occur. The kinds of interactions involved are 

numerous and of varying degre<~s of cpmplexity. They include altera

tions of molecular orientations and configurations that do not change 

the basic ldentities of the molecules, disruption of intermolecular o-:

lntramol~culnr bonds, and excitation of atoms or molecules to higher 

5-1 



electron states (including ionization). Such interactions can be 

characterized as "short-range" processes. There are also coope-.:ative 

interactions among subunits of molecules within biological cells, in 
I 

cell membranes, and in extracellular flutds. Cooperative interactions 

are often charactel;'ized as "long-range .. because absorption of energy 
i 

at one specific site in a structure (e.g., in a membrane or in a 

biological macromolecule) can affect a process elsewhere in the 

structure, or a function of the structure as a whole can be triggered 

by the re~~ease of energy stored in the structure, thereby producing 

biological amplification. 

Conceptua~ly, all such quantum interactions can be characterized 

as "nonthermal. u HoweverJ il most of the energy thus absorbed is sub

sequently transformed locally into heat (as defined above}, the dis

tinction between nonthermal and thermal is blurred. Pragmatically, 

therefore, characterization of an interaction of RFR with a biological 

entity as nonthermal requires that the inreraction give rise to a 

frequency-specific effect that is experimentdlly distinguishable from 

heating effects due to thermalization of the absorbed RFR energy. 

5.1.1 Thermal Interactions 

Consider now the incidence of continuous-wave (CW) RFR on a 

human or an animal. The relative magnetic permeability of most organic 

constituents is about unity. Therefore~ thermal interactions (as 

defined above) can be described primarily in terms of the dielectric, electrical~ 

conductivity, and thermal properties of the body organs, tissues, fluids, 

and so forth, as well as the characteristics of the RFR (frequency, 

power density, polarization). These properties have been measured for 

various mammalian tissues, blood, cellul•r suspensions, protein molecules, 

and bacteria over the spectral region f~om about 10 Hz to 20 GHz, 

notably by Schwan and coworkers (Schwan and Foster, 1980; Schwan, 1963, 

1957; Sch~an and Piersol, 1955; Schwan and Li, 1953), as well as others 

(Lin 1975; Cook, 1951, 1952). In general, the dielectric constants were 

found to.vary with frequency in a separate characteristic manner for each 

of three parts of that frequency range ("alpha," "beta,'' and "gamma" 
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dispersion regions). as shown for muscle tissue in Figure 5-1. ~hes~ 

dispersion regions are ascribed to differenf; predominant relaxatio 

mechanisms. each characterized by specific time constants (Schwan, 

1957). In the low and intermediate frequency ranges (about 10 Hz to 

about 100 M~:z) :t encompassing the "alpha- and beta-dispersion" regions, 

the properties of cell membranes, which have large specific capacitances 

(about 1 microfarad/cm2), predominate. In ti.1e range above about 10 GHz 

(
11gamma-dispersion11 region), membrane impedances are negligible and 

the behavior of the water and electrolyte content are most predominant. 

In the frequency range from about 300 MHz to about 10 Gltz, the 

dielectric constants of skin, muscle, and blood vary relatively little 

with frequency because the transition between the beta- and gamma

dispersions occurs in this range. (This behavior is illustrated in 

Figure 5-2 for muscle.) The mean dielectric constants for these three 

constituents are about 40, 50, and 60, respectively; the differences 

in values are largely ascribable to the proport)on of ~ater in each 

constituent~ "'1ater having a dielectric constant of about fiO. 

Because the index of refraction of any material is related to 

its dielectric constant, electromagnetic fields are reflected and 

refracted at the air-surface interface and at internal boundaries 

between constituents of widely different dielectric properties (e.g., 

at interfaces between the skull and the dura or between a body cavity 

and adjacent tissues}, thereby affecting the internal field distributions. 

Figure 5-3 displays plots of the pow~r transmission factor at air-

muscle, fat-muscle, and air-fat interfaces over the frequency range 

from 100 MHz to 10 GHz. It is seen that at an air-muscle interface, 

for example, only about 44% of the incident power density of 2.45 GHz 

RFR is transmitted (the remainder being reflected). The corresponding 

value for the air-skin interface is approximately the same. The 

fraction entering a body is progressively attenuated with depth because 

of energy absorption. 

The attenuation constant (rate of energy absorption with 

distance) of any material is proportional to the square root of its 

electrical conductivity. The concept of "penetration depth" (inverse 
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of attenuatton t~onsta.nt) is oftet'I. used. Jlor homov,en1.•ous S!Jl't'imens, 

the penetration dt.!pth is definud as tht.! distance.· at whil'h th(.> ulcctric 

field amplitude is 1/e (37%) of its vnlul• or the power densi.ty is 1/e2 

(141.:) of its V<tlue just within the surfacl~. Tlw electrkal condm·tivitks 

of skin, mu.sL~le, blood, nnd utlwr !.'<'llstit:twnts of tht' budy inerc.:u:c 

slowly wlth frequency up to nbout l Gll2: and rapidly from &1lmut: I GHz 

upward. (See, for exnmpl~, Figure 5-2.) Thi:' penetration <ll•pths fllr 

th1.!S(.' three cunstituants art.• 8hown in l,.lgurc 5-4. At 2.45 GHz, fur 

example, th<.~ 1wnc.•trntion depth for mus~lt.> is nbout 1-3/4 t~m. wh<.•rt.•ns 

nt nhoul.: H> GHz and hir,hcr, fldd pcnct:ralillll is ronfint:?d to the skin. 

In th<.• Lit<~rature on blnt:>ffc,~ts of RFR, tlwrmal l11wrgy ubsorp

tiun frc>m an l'lcctrom:1gnL•tfr fit~lc.I is usunl ly d1ar;1ctcrl;wd by the 

Specif fr J\bsorptlon Ra tc• (SAR), d<.•f ilwd aH Un· ra l°l' of crwq~y ;1bsorp

tion inn small volunw llt: uny Jcwal~ within nn l'lltit~'. clividl•d by tlw 

mean dcnslty of the constituents in tlwt volumt•. SAR ls c.•xprl·s~w<l In 

te.rms of W/kg or mW/g. Tlw numerkal value of SAR in any Hnmll n•i;ion 

with a blologicul cnt.Lty d~iponc.Js on tlw eh.:.trat'tl'riHLlcs of thl' 1l1ci<ll·nl 

field (()()Wf'r density, fr1•quc.mry, poJai·i?:nti.on) ns Wl'IJ ns on tlw 

propertic.•s of th<• entity and thl.' ltH'Htiun llf tlu..• n.•gion. l•'or bh,logil·nl 

entities thnt have compl(-'X shapes and internal distributions <>f 

constituents, spatial vnri;1tions of SAR are not n•ar.lily c.·.:dculntcd. 

Thc.>rc:•fon•, the run<.'l•pt of 11mt•an SAR, 11 whkh Tl'Prl.'Sl'nts till' spntfnl 

nvl~rage value.' for the body per unit of iul·idl~nt pnwt~r c.Jensity, 1H 

often used ht->cnuiw lt ls a qunnt i tv that nm hr.' m<.·asur~d l'Xporim<.>ntn l ly 

(e.g., by cnlorimetry) without requir inp, informn tion on the.> internal 

SAR distribution. 

Nany investigators have studl<.~<l reli1tively simpll> geometric 

models, including homogeneous and mu1tiJay1..'rec.I splwroids. c.dlipsoids, 

and cylinders that havl? weights an:l dimt.'mdnns approximntt•ly repre

sentative of various speciE"s, including humans. Such models were 

ac tually--or wt.•re assumed tu be--irrad iated 1o1ith linearly po 1 arized 
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plane waves to determine the dependence of mean SAR on frequency and 

orientation of the object relative to the polarization direction of the RFR. 

Many of the significant data have been included in a compendium (Durney 

et al., 1979, 1978) that is useful for very approximate frequency-

scaling and interspecies comparisons of mean SAR values. An important 

result of this work is that the largest value of mean SAR is obtained 

when the longest dimension of each kind of model is parallel to the 

electric component of the field and when the wavelength of the incident 

RFR is about 2.S times the longest dimension. The adjective 11resonant" 

is often applied to the frequency corresponding to this wavelength. 

The resonant value of mean SAR for each model is also inversely dependent 

on the diJT1ension perpendicular to the polarization direction (and 

propagation direction") of th.:! field--i. a.,, the model has characteristics 

somewhat similar to those of a lossy dipole antenna in free space. 

Resonances would also occur fur circularly polarized RFR. Such RFR 

can be resolved into tt.10 mutually perpendicular components, each having 

half the total power density. Tlwreforc.>,, an entity exposed to circu

larly polarized RFR would have lowt.>r mean SAR values at resonance than 

it would have if exposed ~o 1 in~arly polarized RFR of the same total 

power density. 

Figure 5-5 shows plots of mean SAR versus frequency for a 

prolate-spheroidal model of an "average" nian, approximately 5 ft 9 in. 

(L 75 m) tall and wc>ighing nbl)ut 154 1 b (70 kg), exposed to 1 mW/cm2 of 

plane-polarized RFR in thret! orientations relative to the polarization 

direction. (A relatively sharp peak is obtained at resonance for the "E11 

orientation) in which the long axis of the prolate spheroid is parallel 

to the polarization direction (electric vector) anJ perpendicular to the magnetic 

vector and propagation direction. (In the "H11 orientation, the long 

axis is parallel to the magnetic- VPctor and perpendicular to the 

electric vector and propagation direction; in the "K" orientation, the 

long axis is parallel to the propagation direction.) It is seen that 

for this model of man, the resonant frequency (ir. the E orientation) is 

about 70 MHz; at this frequency the mean SAR is about 0.2 W/kg for 1 

mW/cm2 incident power density, or about l'/6 of his resting metabolic 
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exercise ranging from walking to sprinting (Ruch and Patton.- 1973). 

Similarly, the resonant frequency for an "average" woman c',out 5 ft 

3 in. tall is about 80 MHz, and her mean SAR is about the same as for 

the average man. The resonant frequency for a 10-year-old is about 95 

MHz; for a 5-year-old, about 110 MHz; and for a 1-year-old, about 190 

MHz. The resonant mean SAR values for such children are about 0.3 

W/kg for 1 mW/cm2• The presence of a gro~nd plane or other rsflecting 

surf aces shifts the resonant frequencies downward and can produce higher 

values of mean SAR at the lower resonant frequencies (Hagmann and 

Gandh:~ et al., 1979; Gandhi et al., 1977; Gandhi, 1975). 

Below resonance in the E orientation, the mean SAR is approxi-
2 mately proportional to f ; above resonance, the mean SAR is approximately 

pro~ortional to 1/f for about one decade of frequency and then it levels 

off. (These relationships of mean SAR to frequency constitute the basis 

for the physical aspects of the Exposure Protection Guide currently 

being considered by the ANSI C95.4 committee.) 

Figure 5-6 presents similar data for a prolate-spheroidal model 

of a 11medium" rat (0.2 m lone and weighing 0.32 kg). It is seen that 

not qnly is the resonant frequency (approximately 650 MHz) higher than 

the values for humans, but also the resonant mean SAR is larger (about 
2 0.8 W/kg for the rat, versus about 0.2 for man, per mW/cm of incident 

power density). Therefore, scaling of data from experimental animals 

to humans muse also consider such differences of mean SAR as well as 

frequency. 

The foregoing discussion of mean SAR is also largely applicable 

to modulated RFR (including pulsed RFR) at corresponding carrier 

frequencies and time-ave~aged incident power densities. 

To illustrate how the concept of mean SAR could be inte~preted~ 

consider the model man. Absorption of energy as heat by exposure of 

such a model man at his resonant frequency (7~ MHz) in the E orientation 

to an average power density of l mW/cm2 ($AR of 0.2 W/kg) for 1 hour 

would produce a mean body temperature rise of only about 0.2°C if no 

heat removal mechanisms are present and if no first-order phase changes 

are involved. At 2.45 GHz, the mean SAR is about 0.04 W/kg per mW/cm.2 
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for the H orientation and about 0.03 W/kg per mW/cm2 for the E orienta

tion, as ~e~p in Figure 5-5. Therefore, exposure of the model man to 

the same power density for the same duration, but at 2.45 GHz, would 

produce mean temperature rises of only about 0.04°C or 0.03°C for the 

H and E orientations, respectively. By contrast, exposure of the model 

of the medium rat to 2.45 GHz in either orientation (SAR of about 

0.2 W/kg per mW/cm2, as seen in Figure 5-6) for 1 hour at 1 mW/cm2 

would yield a mean body temperature rise of about 0.2°C, which is about 

fivefold larger than for the model man at this frequency. 

Numerical calculations of internal spatial distributions of 

SAR have been performed on "block" models, in which the shape of the 

body is approximated by an appropriate arrangement of many cubical cells, 

with ~ach cell assumed to be biologically homogeneous and to have 

constant internal field over its volume when the model is exposed to 

RFR (Hagmann et al. 1 1977). Block models, as well as homogeneous and 

multilayered spheroidal and cylindrical mcdels havinn appropLiate 

electromagnetic and thermal characteristics, have also been used to 

represent various parts of the body, such as the head and limbs (Gandhi 

et al., 1979; Massoudi et al., 1979; Ruk.spollmuang and Chen, 1979; Wu 

and Lin, 1977; Neuder et al., 1976; Kritikos and Schwan, 1975, 1976; 

Lin, 1975; Weil, 1975; Joines and Spiegel, 1974). 

Probably the most significant finding for spherical models of 

the isolated head assumed to be exposed to plane-wave RFR has been the 

discovery of local regions of relative maximum SAR values. The 

locations of such regions depend on the size of the head, the electro

magentic characteristics of its layers, apd the wavelength of the 

incident field. These regions have been conveniently dubbed "hot spots," 

even for combinations of incident power density and exposure duration 

that would produce biologically insignificant temperature rises at such 

spots. An analysis of a homogeneous lossy spherical head model (Kritikos 

and Schwan, 1975) indicates that hot spot's are inside spheres having 

radii between 0.1 and 8 cm, and in the frequency range. from about 

300 MHz to 12 GH-. for iarger radii and other frequencies, there are 

internal hot spots, but the hottest spots are at the front surface (facing 
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the RFR source). Similar results were obtained for multilayered 

spherical. models (Kritikos and Schwan, 1976; Weil, 1975). Specifically, 

Kritikos and Schwan (1976) an."lly~ed two Kuch models. one with a -radius 

of 5 cm and the other, 10 cm. l'or the 5-cm he>ad, the hot spots are 

internal over the freC(uency range from about 400 MHz to J <mz. The 

highest relative maximum SAR occurH nenr the center of the head at a 

frequency of about 1 GHz, and has a vnl.uc of about 9 W/kg for an incident 

power density r:f l mW/cm2. At 3 Gii~, the hot spot is at the front 

surface and has an SAR of about 5 W/kg. (Of' course, the mean SARs 

are considerably lower.) By contrast, for tho head of 10-cm radius 

(about that for an adult human head), there are no deep internal hot 

spots at any frequency; r:he hot spots are always at or just beneath 

the front surf ace. 

·nukspollmunng and Chen (1979), stnrtlng with a block model of 

a multilayered spherical head, found qualitatively similar results. 

They then studied a block model having u shnpe and internal structure 

more closely approximating that of the human head (lncludlng eyes, nose, 

skull bcne, and brain) and found that much of the energy within the 

head would be absorbed by the skull. Specifically, for frontal exposure 

of this model at 918 MHz (near head .:esonance), the maximum SAR for the 

brain region is about about one-third that for the brain re'._).Jn of a 

7-cm-radius multilayered spherical model. Also, for frontal exposure 

of the more accurate model to 2.45 GHz, the induced field is concentrated 

primarily near the proxim."11 Hurf ace and therefore energy dissipation 

within the brain would be relatively low. Based on these analyses, 

thermal brain damage is unlikely to occur in the adult human head at 

2.45 GHz unless the incident power density and exposure duration are 

sufficient to heat the entire head to well above normal. 

Results of theoretical analyses of simple geometric models have 

been verified experimentally by constructing physical models from 

synthetic biological materials that have approximately the same electro

magnetic characteristics as their corresponding biological constituents. 

than exposing such models to sufficient power densities ta obtain readily 

measurable temperature rises, and measuring such rises in temperature 
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immediately after irradiation. Although much useful information has 

been obtained from models that have relatively simple geometries, human 

and animal configurations are far more complicated and are different 

from one another. Therefore. SAR distributions in animal carcn· ;es 

and figurine-shaped physical models have been determined experimentally 

(Gandhi et al., 1977~ Guy et al., 1976a). Calorimetry has been used to 

measure whole-body mean SAR values (Allen and Hurt, 1979; Gandhi et 

al., 1979; Kinn, 1977; Hunt and Phillips, 1972). A widely used technique 

to determine internal field distribution is to section a careass or 

physical model along parting planes of interest, then reassemble and 

expose it. The spatial temperature distrlbution over each 

plane is then measured with scanning infrared thcrmography immedfotely 

after exposure. However, such spotlal temperature distributions should 

not be regarded as the corresponding .!!!. vivo internal temperature 

distributions, because the heat-transfer characteristics of such 

carcasses and physical models are significantly different from those 

of live animals and do not have the thennoregulatory mechanisms of the 

latter. Instead, such measured temperature distributions represent 

approximations to the internal field or SAR distributions. 

Among the interesting qualitative resu 1. ts with human figurines is 

that at: frequencies near resonnnce, the local fields con be much higher 

for certain regions (such as the neck and groin) than for other body 

locations. In addition. field distrihutlons for nonprimates are quite 

different from those for pr lmates; this point should be given proper 

consideration when the analyst attempts to extrapolate experimental 

findings on any laboratory animal species to humans, or to compare 

experimental results on different laboratory sp~cics. 

5.1.3 quantum Interactions 

Regarding quantum interactions of CW RFR> the activation 

energies for short-range effects at the molecular level extend from 

about 0.08 eV (1.3 X io-20 J) for hydrogen-bond disruption to about 

10 eV (1.6 X io-18 J) for ionization. The corresponding quantum 

frequencies range from about 19 to 240 1'Hz (1 THz ::: 103 GHz) (Cleary, 1973). 
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However, an elcctromngnetic quantum at J GHz has an energy of only 

about 10-S eV (1. 6 X l o-24 J) or approximately l. 2 x 10-4 of the em~rgy 
requi:i:ed for hydrogen-bond disruption, the latter being at the lowt.~r e>nd 

of the energy-activation range cited above. At 100 GHz, the quanta nre 

still mon• than two orders of magni tudt.~ too low to c·amw hydrogen 

bond disruption. Therefore, the exhitc•nt~r.· \>f nontlwrmal hlolo8fra1 

effects of CW RFR asc-ribable to such short-range molecular interac-Uon 

mechanisms is extremely doubtful. 

Biological generation of fields having fr«..•qtumries in the m.,l•' 

range (below 100 Hz), such as the el~ct:roenccphalugram (EEG), iH regarded 

as evidence for the occurrence of coo1lerattve or long-ronge quantum 

interactions. Several theoretical models of neuronal mcmhr~n~s (~.g., 

Schmitt and Samson, 1969; Frohlich, l975a, l975b; Grodsky, 

1976) indicate that activation energies or frequuncies for coop~raLiVL~ 

prucesses can be much lowet' than those for short-rangt! interal'tlons. 

The thermal energy corresponding to the phystologk.nl tl"mperature 

37DC is about 0.027 eV, the spt!ctrum of whlch encompasses the quantum 

frequency range for cooperative processes. Conar.quently, thC' question 

has been raised whether postulated eft,•<'ts of t.rcak Rl1R on <'m>1ll'rnti'Jl• 

processes> bnscd on theoretical models, would be disLingu-Lslmblt.• from 

effects that are spontaneously induced thermally. Al t:ernat lvcly, 

separation of such RFR in ternctions from those tlwrma l ly inclm~r.·d m;.1y 

require that the rates of occurrence of the former exceed the r01tes 

for the latter. This requirement implies that for manifestation of 

such effects of RFR, the intensity of the incident field must l'xcL•l•cl 

minimum values or thresholds related to the spe~if i~ processes. 

Because predictions from various theoretical models and related ~on

siderations conflict to a significant C!Xtent (see Adt.~y and nawin, 

1977; Taylor and Cheung, 1978), the issue of whether weuk external 

fields at frequencies well below the infrared range (i.e., RFR) can 

alter biological processes is not yet resolved. 
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5.1.4 Interactions of Modulated RFR 

Precise usage of the term CW RFR implies the presence of only a 

single frequency and of unvarying power density. Although the RFR incident 

from an SPS at a rectenna site and its surroundings is essentially Clv, 

the presence of the rectenna and reflective objects in its vicinity 

produces spatial variations of power density. Moreover, a biological 

entity that moves through this spatially varying field will thereby be 

exposed to a time-varying or modulated field. Consequently, possible 

biological eff~cts ascribable to the modulation characteristics per sa 

(as distinguished from the effects of time-averaged power density) must 

also be c0nsidered. The occurrence of such effects would require 

demodulation and filtering. by the biofogical entity. 

Although ostulated nonlinear interaction mechanisms (e.g., Adey, 

1980; Adey, 1975,; Adey and Bawin, 1977) are conjectural, in vitro effects 

ascribed to cooperative processes have been reported, notably f it.•ld-indu,·\·d 

increases and decreases of calcium-ion binding to cell membranes of isolatt.'d 

neonate chick brains, a phenomenon called "calcium efflux" (irrespective 

of tho directiomf the change). Specifically, lower calcium efflux was 

reported for chick-brain hemispheres e~cised, incubated in physiological 

solution, and exposed for 20 minutes to fields in the ELF t'ange than for 

similarly treated but unexpcsed hemisp~eres (Sheppard et al., 1979; 

Blnckman et al., 1979; Bawin and Adey, 1976b). Statistically slgnificanl 

results were reportt-d for modulation frequcncie~ from 6 to 20 Hz, with 

highest response at 16 Hz. This pbeno~enon was not observed with CW 

(unmodulated) RFR at 147 MHz (Bawin, .Kaczmarek, and Adey, 1975) or with 

CW (unmodulated) RFR at 450 MHz (Bawin~ Sheppard, and Adey, 1978a); however, 

higher calcium efflux was report~d for brain hemispheres exposed to ELF-
' 

l1\odulated RFR at these carrier frequen9ies. The latter effect was 

observed for incident average power densities within the range from 0.1 
I 

to 1 mW/cm2 but not below or above thi~ range, indicating the existence 

of a power-density "window." Bawin et :al. (1977b) also reported preliminary 

results of increased calcium efflux fr~m the cerebral cortex of the 
' 

paralyzed awake cat exposed to 16 Hz-modulated 450 }ffiz RFR at an incident 
2 I 

power density of 375 µW/cm • 

The likelihood that a. biological entity that moves through the 

rectenna area would engender the modulation frequencies and exposure 

durations necessary for the calcium ef{lux phenomenon is negligible. 
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.5.1.5 ..!Eteractions of Pulsed RFR 

Although the RFR from an SPS is CW (or quasi-CW if the afore-

1nc:mtioned spatial variations within and near a rectenna site are con

sidered), the t•ffects of high pulse power densities at low average power 

densities arc dlscusscd herein because they are often cited as being 

"non thermal" effects. 

1'hc tc>mpcrnturP- rise of .o.ny given region within a biological 

entity du~ to thl~ nrrival of n single RFR pulse would be small, because 

of the rclnllvely lnrge thermal time constants of biological materials 

and the opernt.ion of heat-exchange mechanisms. However, if the region 

contains a boundary between layers of widely different dielectric 

proper:t fos, then the temperature gradient (rate of change of i:emperature 

with distuncc) cnn be large at such a boundary even though tha mean 

temperature rlse of the region is small. 

Ona Ringle-pulse effect known to occur .!!!. ~ is the phenomenon 

of "microwave hearing" (ro'rey and Coren, 1979; Frey, 1961) or the 

pcr<!t~ption of single en l."t!petitive short pulses of RFR as apparently 

aud ibh• c1 kk~. In human volunteers subjected to pulsed fields at 3 

GHz, pulst.' durations of the order of 10 IJS and longer and minimum 

f>Ulsl! pow~r <ll!nsllfos of" 300 rnW/cm2 were needed for perception (Cain 

nnd Rif1sm•1n. 1978). Th~ interact lon mechanisms involved are not yet 

comp t c> tt• 1 y underfi lt>od. However, moat of the experimental results tend 

to auppnrt the theory that pulse perception occurs because of trans

duction of the electromagnetic energy i~to sound pressure waves in the 

head and normal detection by the auditory apparatus. In one gro.up of 

suggested mcch.o.nisms, trnnsduction is postulated to occur at a boundaey 

between layers that hnve widely different dielectric properties (e.g •• 

at the boundary between the skull and the skin or dura). The energy 

in a pulse arriving at such a boundary is converted into an abrupt 

increasa in momentum that is locally thermalized. producing a negligible 

volum~tric trmperatura rise but a large temperature gradient across 

the boundary. Under such conditions~ rapid local differential expansion 

would occur, giving rise to a pressure (sound):wave. This effect is 

often chan1cterized as nonthermal because the power density averaged 
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over two or more pulses can be miniscule. For example> consider two 

successive pulses. each 20 µs in duration and having 1 W/cm2 pulse 

power density (i.e., v.o.lues well above 1 the threshold). The time

averaged power density would be pro1>ortional to these values but 

inversely proportional to the time interval between the arrival of the 

pulses at the perceiver. This interval could be indefinitely long 

withouL nffccting the perception of e£t¢h pulse. Therefore, the time

averngl!d powt•r deusi ty has no relevance to perception. Irrespective 

of how the microwave-hearing phenomenon :i.s characterized, the significant 

polnt is that the preponderance of experimental evidence indicates that 

th<! pulst.•s arc converted into actual sound in the head, rather than 

recelved by dirC>ct RFR stimulation of ~he auditory nerves or the 

brnin. 

I 

As dlscuss<.•d in Section 6, pul$ed RFR has been 1eported to 

produce other effects, such as alterad11ns of the blood-brain barrier 

and bt.•hnviornl C'hnnges. However, neitl~er the auditory effect discussed 

ilbove nor th~se other t~ffects nre likeiy to be of concern relative to 

tho SPS. 

5.2 INSTRUMENTATION FOR DENSITOMETRY AIND DOSIMETRY 

Much nf the early laboratory r¢search on bioeffects of tlFR 

suffered from lack or adequate instrum.ntat!on for measuring incident 

f it>lds or en<.~rgy nbsorpt1on rates (e.gl, as lnternal temperature rises 

.:it high incidtmt levels) within biotor,ical entities. Moreover, the 

avnilnble instrumentnt:ion was often in¢orrec.tly used or was the source 

of ~ ignif kant errors in numerical val\,les or of spurious biological 

f f.ndings (artifacts) trnceable to pertt11rbations introduced by the 
I 
I 

p-rest.~m·e of tlu.• sensors. 'For thes~ reasons, many of the early results 

should he viewed as questiomtble, at 1.ast from a quantitative standpoint. 

During recent years, however, major ad~ances have been made in instru

mentation, hath for determining incidetllt-field intensities for biological 

resenrl'h and for determining internal energy-absorption rates. 

Considering first the instrume~tation for determining incident 
I 

fields, a representative device for measuring average power densities 
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ls th~ commereinlly available broadband isotropic monitor (Aslan, 1972). 

Its s~nsors consist of linear arrays of thermocouple elements, each array 

~·ompriwi.ng a los:iy antenna of relatively small length and capable of 

;Hh.'qua tt> n•sponse over the frequency range from 300 MHz to 18 GHz, for 

'"hid1 a callbrntton curve is provided by the manufacturer. Isotropic 

r~Rpon~~ is obtained by incorporation of three mutually perpendicular 

st.·nsnr ;1rrays. Tn minimize errors in the direct-current output values 

,, f t hl• !-Wllsor assembly caused by possible induction of spurious R1'~ 

,·11rrt•nt:; in the lead wires, the wires used are of very high resistivity 

(annut 200 kilohms/M}. Also, the sensors are only lightly coupled to 

t.lu .. • incident field, so that perturbations of the field caused by 

sc·a t tc:-r i ng arc:- minimal. ·rhe sensors respond to the mean squ::are of only 

tlw ,.Jc•drk romponent of thc:- field. Nevertheless, the use of the 

f n::-;trunu~nt for measuring average power densities in the far-field region 

is fully Justified because the ratio of the amplitudes of the electric: 

and magth.'tfr l'omponents has essentially the same value (377 ohms, the 
11 itnpl·U~llH'L• 11 u( frae space) at all points in that region, and the instru

i;.,mt is l'al ihrated to read total average power density. The most sensi-

1 lvt• modl• l of this instrument has a full-scale range of 200 iiW/cm2. 

A mor~ recently developed instrument is the National Bureau of 

St.:rndards (NBS) Model EDM-2 Electric Hnergy Density Meter, dc:>signed 

111r th<: 10- to 500- MHz range (Belsher, 1975; Bowman, 1974). Its 

Sl·nsor 1•onsiscs of three mutually perpendicular integral dipole-diodes 

("rl',. t1.~nn:1s") that nlso respond only to the electric component of the 

fidtl. An 18-inch handle from the sensor contains high-resistivity 

h•acl wl rL?:.-; to minimize field perturbation and spurious p-Lck.up. The 

mt•sl "1L'llsltive range of the instrument is 0.003 uJ/m3 .full-scale (equi

v:1ll•nt to approximately 176 µW/cm2), and its response time (rise time 

plus fall time)· ls about 1 ms in this range. 

1-'ield survey ins trwnents of this kind have been analy:ted for 

possible sources of error (Wacker and Bowman, 1971). Because of the 

relatively long response times of such instruments, they cannot be 

used for measuring the pulse power densities of short pulses. Therefore, 

in research programs on possible bioeffects of pulsed fields, incident 
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pulse pmver densities are usually calculated from measurements of 

average power density and duty cycle (or pulse duration and pulse 

repetition frequency), made with comntonly available and readily 

calibrated components and instrumentation. The use of sophisticated 

equipment for directly measuring pulse heights (t:'t:' instantaneous pulse 

power densities) at low average power densities in bioeffects res~~rch 

is relatively rare. 

Magnetic-field probes have been developed for relatively low 

frequency ranges, as exemplified by the two devices developed at UBS for 

near-field measurements in the Industrial, Scientific, and Medical 

(ISM) bands within the range from 10 to 40 MHz (Greene, 1975). The 

probes consist of single-turn, balanced-loop antennas of 10-cm and 

3.16-cm dia1neter for the amplitud.e ranges of 0.5 to 5 A/m and 5 to 50 

A/m, respectively. (The free-space equivalent power density is propor

tional to the square of the amplituJe. For example, the power-density 

equivalents to 0.5 and 5 A/mare approximately 10 mW/crn2 and 1 W/cm2 , 

respectively.) 

The development of assemblies of electric dipoles and magn~tic 

loops for simultaneously measuring both components in the near f:~eld 

for frequencies below 300 MHz was reported from Poland (Babij and 

Trzaska, 1976). 

Regarding methods for determining whole-body dose rates for 

biological entities and dose-rate distributions within such entities, 

calorimetry for the former and scanning infrared thermography for the 

latter {previously discussed in Section 5.1.2) continue to be important 

techniques which are appli.cable primarily to animal carcasses and physical 

models of various species constructed from synthetic biological materials. 

It is important to note that temperature distributions measured within 

a carcass by infrared thermography do not represent the in vivo 

temperature distributions for that animal; rather, they correspond to 

the incident internal-field distributions. 

Probes have been implanted or inserted to measure local RFR

induced temperature changes or fields within animals during irradiation 
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in~' often with the introduction of artifacts. However, recent 

developments of probes have largely diminished the problem of pertur

bation of the temperature or local field caused by the presence of the 

sensor and its lead wires. Such developments have also reduced the size 

of readout errors caused by pickup of the incident field in the lead 

wires and by the presence of spurious potentials at junctions between 

sensors and lead wires. The miniaturized isotropic dipole-diode 

probe developed by Bassen and co-worker$ (Bassen et al., 1975, 1977), 

the liquid-crystal/fiber-optic probe developed by Johnson and co-workers 

(Johnson et al.~ 1975), and the nonmetallic thermocouple developed by 

Olsen and Molina (1979) are representative examples of such progress. 

Efforts are also being made to reduce errors and artifacts in 

measurements of biologically generated fields and potentials~such as the 

EEG and the ~lectrocardiog-ram (EKG)--in the pt:esence of the incident 

RFR. Chou and Guy (1979) have developed electrodes that can be implanted 

in the cortex or subcortex for measuring the EEG during chronic exposure 

to RFR. These electrodes are made of carbon-loaded tefloo that has an 

electrical conductivity close to that of tissue, and they have been 

shown to be nonpolar, thereby minimizing field perturbations and 

spurious local potentials. The electrodes have also been shown to have 

good tissue compatibility by histological examination after 4 to 6 

\'llOnths of implantation. Several high-resistivity electrodes have also 

been developed by Tyazhelov et al. (1977). 

The use of RFR for imaging internal organs is being developed, 

notably by Larsen and co-workers. For example, using a pair of wave

guide antennas (one for transmitting and the other for receiving) 

submerged in wateT~ Larsen and Jacobi (1979) were able to obtain 

images of the internals of an excised canine kidney with a resolution 

of about 5 111111. The kidney was suspended between the antennas, and the 

antennas were slowly moved together in a successive line pattern (raster) 

relative to the kidney by a stable electromechanical. scanning system. 

The frequency used was 3.9 GHzs which corresponds to a wavelength of 

about 8.5 Diil in vater. The use of submel'ged phased-array antennas to 

decrease the scanning tille is currently under development. 
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6 PRESENT STATE OF KNOWLEDGE REGARDING BIOLOGICAL EFFECTS 

6.1 EPIDEMIOLOGY 

Several epidendolo3ic studies have been done termine 

whether one or more health-related conditions can be associated statis

tically with chronic exposure to RFR. Representative examples of 

such studies are presented below. Although none of these studies 

involved well-defined RFR r.haracteristics or exposure durations, they 

do represent recent information on possible effects of human exposure 

to RFR. 

The U.S. Embassy in Moscow has been subjected to RFR since 1953, 

the year after the U.S. moved its chancery to Chekovsky Street (Pollack, 

1979). Prior to 1963, the presence of RFR was detected intermittently 

during routine surveillances of the building, at which time continuous 

monitoring of the signals was instituted. A study of the health of 

U.S. personnel assigned to the Moscow embassy during the period from 

1953 to 1976, compared with the health of those assigned to other U.S. 

Eastern European embassies, was conducted by Lilienfeld et al. (1978). 

The signal frequencies ranged from 2 to 7 GHz (Pollack, 1979), but 

the modulation patterns were not specified. The maximum incident 

average power densities and exposure durations varied with the period: 

5 µW/cm2 for 9 hours/day from 1953 to May 1975; 15 µW/cm2 for 18 hours/day 
2 from June 1975 to February 7, 1976; and less than 1 µW/cm for 18 hours/day 

thereafter. The highest average power density reported was 18 µW/cm2 

in one part of the southeast corner of the building, where beams from 

two sources converged. 

After considerable effort spent in tracing employees and 

dependents, 1,827 employees and 1,228 dependents were identified as 

having been at the Moscow embassy during the 1953-1976 period. The 

control population consisted of 2t561 employees and 2,072 dependents 

assigned to·embassies and consulates in Budapest, Leningrad, Prague, 
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WarHuW, .Belgrndl·, P.uch11r,•st, Snf Ja and Zagreb during the same time 

p<>rfotl. P(•rh1dic tt'sts for RFR at thf.• control sites showed only back

ground levels. 

Hl"dfral rt.•t.·onls WL•re rt>vjewed for 1,209 Moscow employees and 

834 d~p~,ndt.!nls. Ttll' l~Ol"rt!sponding numbers for the control group were 

1, 882 and 1, 507. Hen lth questionnaires were returned by 96!) Moscow 

l.'mploye ... and 1, 1:>9 control (.>m('loyt.•es. The number of completed 

dt•f>t>ndent questionnaires is not c h•arlv specified in the report. 

Thr 1mtlwra nf thi" studv n>cognized and commented on the 

limilatlons plac1;·ll on th<:" st11Jy bv their inability to acquire complete 

s1.·t"• uf mL•-.lft-;11 rPcord~, clL•.ith n•rt ificates, and returned health 

c:11··~:1 i11111\ilifl•s, •mcl h•1 thP imprc•r.is ion of thP classification of the 

in1:ivlrl11,1I PmplovPc:>s ;w1·nrdlng r,, probable> <>xl:ent of' radiation exposure. 

1•11rthL•rn111rp, tiwv noted that the highest Pxposure levels were reco-rded 

l ·ll t• ir. t ht• s tttrly ;tnd t hPTt"forc>. for thP subgroup with the highest 

··~posur1."', th~ perind ut timP durln~ whirh hP.alth effects might become 

app.1n·nt was tl1t" slu>rtc•sl:. ThPV .11~0 nntPd that the size of the study 

p11p111.'lt ion '"as in•,uffidt•nt t~ ·fot.Pct "'xress risks that were less than 

twofold for manv of the 111~d'<.1l conditions studied. However, despite 

these a,·knowled~ed 1 imi .. 1t ions, the authors were able to draw the 

fn 11 owing cone 1111{ inns. 

ThL"rP wt-rt- nn 1li ·~•·t'rnil.J •• ,Ji fff'renC'es between the Moscow and 

C'nntrul gr.,ttp!'i in 101.11 mnn-1J itv nr mortal fty lrom specific causes,, 

nor ~·!~ri' th~·r~ di ff<•rt~1wt·~ in 1n.1rt<ll ity hP.tween the Moscow and control 

r.rihtfls n f dl'p~nde>nt dl f I dri·n ur adu 1 ts. With the exception of cancer

r1 .. I:1ti:.•1l tf,•.1thi.; :unung fr->m<ilE• 1•mployP.e groups (both Moscow and control), 

mortiilftv rnlE'"' rnr ho~h Mu~C'ow ;lnn ('t>ntrol groups were less than for 

thP ir c.. 11·1p1d:Hinn .1t l:trgt>, Although the study groups were subject 

to .. 1 J:trP.f' \11rh•tv nl Ji, .. ,H·h pr11hlt>m&. on the basis of the medical 

r••1!ordE> lh»·:P pt uh I •111 ... ··•·•r·· a;h,r"'l nearly Pqually bv both Moscow and 

C'c>ntrol J!roup.; ·.rith rwo f'x1·eptlon!': thP Moscow male employees had a 

tt1r:• .. f1•!d .1~th ·-, 1· it • '!' '"14 pr.,tozoal infections, and both men 

1 1· 1 '!f'" ·'• 'll !''' u·; . .:l'T"° found to have slightly higher 
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frequencies of most of the common kinds of health conditions reported. 

Rowe~er, the authors could not relate these two exceptions to RFR 

exposure. From the health questionnaire informa.tiont the authors 

reported that there were some excesses in the Moscow employee groups 

as compared with the controls: more correctable refractive eye problems, 

more psoriasis in men and anemia in women, and more frequent cases of 

depression, irritability, difficulty in concent~ating, and memory loss. 

However, the authors note.f that "In view of the possibilit.ies which 

had been publici2ed of the increased danger to their health and that 

of their children. it is not at all surprising that the Moscow group 

might have had au increase in symptoms such as those reported. However, 

no relationship was found between the occurrence of these symptoms and 

exposure to microwaves; in fact, the four symptoms mentioned earlier, 

which showed the strongest differences between the Moscow and Comparison 

groups, were all f~1nd to have occurred most frequently in the group 

with the least exposure to microwaves. 0 

For dependents, the autho~s found no differences between the 

adult Moscow and control groups. Moscow dependent children had twice 

as high a frequency of mumps as the control children. The incidence of 

congenital anomalies occurring in children born after arrival of the 

parents at the duty station was comparable !or the Moscow and control 

groups. 

Finally, the authors smnmarized as follows: "With '\rery few 

exceptions, an e1haustive comparison of the health status of the State 

and non-State Department employees who had servcJ in Moscow with those 

who had served in other Eastern European posts during the same period 

of time revealed no differences in health status as indicated by their 

mortality experience and a variety of morbidity measures. No convincing 

evidence was discovered that would directly implicate the exposure to 

microwave radiation experienced by the employees at the Moscow ~bassy 

in the causation of any adverse health effects as of the time of this 

analysis." 
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Two studies have been made of the possible relationship between 

the occurrence of Down's syndrome (Mongolism) in Baltimore and presumed 

exposure of the fathers to RFR from radar~ during military service 

(Sigler et al.~ 1965; Cohen et al., 1977). The first study involved 

216 nungoloid children and 216 control children matched for hospital 

of birth (or at home), sex, date of birth, and maternal age at birth, 

covering the period from January 1946 to October 1962. The data for 

this study were derived from Baltimore hospital records and interviews 

with the parents. These data showed that 63.1% of the case fathers and 

56.6% of the control fathers had been in the military, but that 8.7% 

of the case fathers and only 3.3% of the control fathers had reported 

close association with radars {both within and outside of military 

service), a statistically significant difference. The authors con

cluded that "the only truly puzzling association is the suggested 

relationship betwer,:n Mongolism and paternal radar exposure," and that 

"one can only speculate concerning possible mechanisms. but the 

association between Mongolism and radar exposure deserves further 

investigation." 

In the second study (Cohen et al., 1977), the data from the first 

study, denoted as the "Original Series," were examined together with 

data regarding 128 add ~.tional matched pairs, denoted as the "Current 

Series." More detailed questions about RFR exposure and military 

service were incorporated in the Current Series questionnairest and 

service record information on the fathers was acquired. An attempt was 

made to acquire similarly detailed data on the fathers of the Original 

Series. In addition, a chromosome study of the fathers was undertaken 

to determine whether there was any detectable residual dama.ge in the 

chromosomes of the peripheral blood. After considering the more 

detailed exposure information, the following findings were reported 

for the C:urrent Series: 15. 7% of case fathers and 2.1.3% of control 

fathers had received radar exposure; combining the probably-exposed 

with the definitely-exposed groups, the corresponding values were 

26.0% and 28.3%. The re-evaluated Original Series values for definitely

exposed fathers were 18.6% for case fathers and 15.2% for controls, 
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and when probably-exposed fathers were added the values were 20.6% 

and 15. 7%. 

When the data from the Original Series and from the Current 

Series were combined, the values for case vs control fathers were 17.4% 

vs 17. 5% for defir · tely exposed and 22. 7% vs 20. 6% when "some" exposure 

was included. None of the foregoing comparisons showed statistically 

significant differences. The results of the chromosome studies have 

not been reported yet. 

The authors concluded that the Current Series uid not confirm 

the suggestions of the Original Series that there was either an excess 

of radar exposure or a larger proportion of fathers with military 

service prior to the conception of the cases of Down's syndrome. The 

authors note that nin view of the suggestive findings of the original 

series with regard to a possible radar association, it was certainly 

necessary to inv~sti~ate this question further. The initial steps 

were taken. A replication study was the simplest and least expensive 

immediate approach. Supplementing it with the independent search of 

service records added an objective approach eliminating any possible 

differential in parental responses. These methods having been attempted 

with inconclusive findings, it is now necessary to look to the pros

pective, longitudinal~ surveillance studies to resolve the issue. 11 

In a study of personnel who had served in the Navy during the 

Korean War (Silverman, 1979; Rob:i.nette and Silverman, 1977), a gro1Jp 

of approximately 20,000 persons waa selected and classified as naving 

had occupational exposure to RF'R on the basis of their titles of 

Electronics Technician, Fire Control Technician, or A'rc~aft Electronics 

Technician; another group of about 21t000 persons wns classi ·:- ~ '.:d "s 

not having had occupational exposure hecause of their tit· P · .- ......... , 

Radarman, or Aircraft Technicians Mate. For brevity, tt~ 

was referred to as the control group, even though these p1.· · · ... 

have had some RFR exposure--presumably much less than the l • ;:· .";!C<: •. 

Although comparisons with an unexposed group would have strengtheueu 

the study, the two groups ~elected were presumably similar in terms of 
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non-RFR factors. The study utilized only ~xtant records, covering 

1955 to 1976, of mortality and morbidity (both in service and later 

in Veterans Administration hospitals), and of both granted and 

disallowed requests for disability compensation. 

The report by Robinette and Silverman (1977) provides only 

mortality results, which show 619 deaths from all causes for the 

occupationally exposed group versus 579 deaths for the control group, 

with the difference being not statistically significant. It was noted 

that these death rates for both groups were lower than those for the 

comparable age group in the U.S. population at large. Examination 

of these decedent data in more detail showed a significantly higher 

death rate from trauma in the exposed group; however, many of the trauma

associated deaths resulted from military aircraft accidents, and a 

higher proportion of the exposed group had subsequently become flyers. 

The incidence of deaths associated with arteriosclerotic heart disease 

was significantly lower in the exposed group. No significant differences 

were noted between the two groups in terms of total mortality or in 

terms of mortality from any of about 20 a~signed catego~ies of causes 

of death. 

Although the later report by Silverman (1979} does not furnish 

details regarding tnorbitli.ty and other ll·~alth-related aspects, she did 

state: 

''Differential health risks associated with potential occupa
tional exposura to radar in the Navy more than 20 years ago 
are not apparent with respect to long-term mortality 
patterns or hospitali~ed illness &round the period of 
expo~ure, two endpoints for which there is virtually 
complete information for th~ total study group. Later 
hospitali~ation (in Vet~raus Administration facilities 
only) and awards for service-connected disability, the 
twn other endpoints examined, provide incomplete information. 
While some significant differences among the occupational 
groups classified by level of potential exposure have been 
fc~nd with respect to all the endpoints studied, the 
differences could not be interpret~d as a direct result 
of microwave exposure." 
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Peacock et al. (1971) reported that an initial examination of 

birth certificates filed during the period i1om July 1969 tu November 

1970 from Dale and Coffee Counties, Alabama, in which Fort Rucker is 

located, indicated that the number of clubfoot cases among white 

babies was much larger than the expected statewide incidence. A more 

detailed study of this and other congenital anomalieR in the six 

counties surrounding Fort Rucker (Calhoun, Henry, Butler, Jefferson, 

Dale, and Coffee} showed a higher rate of anomalies among babies born 

to military personnel than for the state as a whole. However, for 

non-white populations, only Calhoun County had a significant departure 

from the expected incidence. No interpretation in. terms of causal 

factors for the excess incidences was given. 

Burdeshaw and Schaffer (1977) re-analyzetl. the Alabama birth 

record anomaly data for 1968-1972, but instead of usinr. statewidl~ 

averages as control data, they compared the Coffee and Dale County 

data with those of each of the other 64 Alabama counties on a score 

and rank basis. In addition, to acquire more detailed inforniation on 

hospital characteristics and reporting proredures, they sent question

naires ti) 46 Alabama hospitals. They used that information to predkt 

expected values for Lyster General Hospital. '!'hey found that thl" two 

highest hospital anomaly rates were from Fort Rucker m1d l'b1xwel I AFB 

(both military aviation centers) and that 13 of 17 Alabama counties 

with anomaly rates in the upper quartile wc:>re in a <'onti~uous band 

from southeast to west-northwest Alabama, which indicated the existence 

of a geographically distributed anomaly problem. Howpver, they also 

found evidence against the conclusion that the-:e was ti.It unusually high 

anomaly incidence rate specifically in the Fort RuckPr a1·ea: overAll 

rates for Coffee and Dale Counties ranked only sixth and eighth amonft 

the 67 Alabama counties; at least five other Alabatna hospitals report~d 

anomaly incidences that were uot sigoH kant I y luwer than for I.ystl"'L 

Hospital; Lyster 1s overall rate was within predicted limits for 

hospitals with its chaJ:acteristics; there was no clustering of residen~es 

of mothers with anomalous children in the vicinity of J:adar sites; 

carefully controlled surveys from other (non-Alabama) hospitals 

revealed anomaly Incidences consistent with -;~yster' s; and significant 

time-clustering of anomalies at Lyster indicated a high reporting rate 

for one or twc particular phyi:;ician!:i. L. i:..ut1\.lllHlvn, they i;tat .. cl 
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that on the basis of the birth record data, it could not be concluded 

that an unusually large number of infants with congenital anomalies 

were born to military personnel at Fort Rucker or to other residents 

in the immediate area. 

Siekierzynski {1974) compared the causes of unfitness for work 

and incidences of lens translucency and of several neurotic disturbances 

in 507 Polish male radar station workers occupationally exposed to 

more than 200 ~W/cm2 with those for a group of 334 men at the same 

radar stations exposed to less than this value for periods ranging 

from 2 to 16 years. No correlations were found between the degree of 

exposure or the duration of employment and any of the criteria of 

effect. The author states that no appropriate control (unexnosed) 

group was available and that the two groups were hir,hly matched excent 

for exposure intensity. 

Ka.lyada et al. ,(1974) related narrative clinical evidence 

indicating that several symptoms were observed in people occupationally 

exposed to "non-thermal intensities" of RFR at 40 to 200 MHz for 

periods rangins from 1 to 9 years. The symptoms were described as 

vegetative dysfunction of t:he CNS, thermoregulatory pathology, cardio

vascular changes, elevation of plasma cholesterol, and gastritis and 

ulcers. The authors referred to statistically significant changes, 

but did not present any actual statistical data. They also referred 

to control subjects, but the incidences of these symptoms in exposed 

workers were not compared with those in the general population. 
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Klimkova-Deutschova (1974) surveyed various industrial worker 

populations, including metal welders, steel factory workers, plastic 

welders, technicians operating radio or television transmitters, and 

people working in research institutes and other industries that involve 

exposure to RFR. Miscellaneous administrative staff members were 

studied for comparison. Frequencies varied according to the place of 

exposure, ranging from l to 150 MHz, 300 to 800 !-fllz, or 3 to 30 GHz. 

The power densities, where specified, ranged from 100 to 3,300 µW/cm2• 

The observations involved 530 people. The findings included electro

encephalographic disorders (consisting of synchronized waves of high 

amplitude and slow rhythm) and biochemical changes (such as elevation 

of fasting blood glucose, serum beta-lipoprotein, and cholesterol). 

Changes in brain-wave patterns and in blood sugar, protein, and 

choles~erol levels were described as mere pronounced in the people 

exposed in the 3-30 GHz range. 

Sadcikova (1974) sunnnarized data for two groups of USSR RFR 

workers; 1,000 people who were subjected to up to a few thousand 

microwatts/cm2 and 180 workers who were exposed to up to a few tens of 

microwatts/cm2 were compared with a group matched for age and character 

of work but not exposed to RFR. (Note that althoush the Soviet 

occupational standard for exposure to RFR is 10 microwatts/cm2, 

Sadcikova was able to locate 1,000 people exposed to up to several 

hundred times this level.} Of 16 ki.nds of symptoms reported, the 

incidences were higher for the higher-power-density group in five cases, 

higher for the lower-power-density group in nine cases, and essentially 

equal in two cases. Values of symptoms for the control group were 

less than those for at least one of the two exposed groups in all 

16 cases. Symptoms reported included fatigue, irritability, sleepiness, 

partial loss of memory, bradycardia, hypertension, hypotension, cardiac 

pain, and systolic murmur. A table in the report describes 100 cases 

of "microwave sickness," and the text predicts little chance for 

recovery unless the patient is removed from t,e work environment. 
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Pazderova (1971) reported on the results of a battery of medical 

evaluations carried out on 58 employees of Czech television t1 .msmitter 

stations. Exposure frequencies were estimated to range from 48.5 to 230 MHz 

at field intensities equivalent to 0 to 22 µW/cm 2, with a mean exposure 

durati-in of 7.2 years (10.6 hours/workday). Electrocardiograms, heart and 

lung X-rays, erythrocyte sedimentation rates, urinalyses, and liver 

function tests weTe conducted as well as hematologic, serologic, 

ophthalmologic, neurologic, gynecologic, psychiatric, and psychologic 

examinations. The only statistically significant finding was that the 

mean plasma protein levels were higher than "normal" values taken from 

the literature, a finding that even the author finds unexplainable. 

The appropriateness of the use of literature control values is highly 

questionable, and the author notes the desirability of a control group 

matched for "age, way of life and educational background." 

The U.S., Polish, and Czechoslovakian studies offer no evidence 

of detrimental effects associated with exposure of the general population 

to RFR. Consistent with the voluminous, earlier Soviet literature, the 

Soviet studies offer findings that occupational exposure to RFR at 
2 average power densities less than 10 mW/cm does result in various 

symptoms, particularly those associated with CNS disorders. Because 

the USSR symptomatology has never been reported in Western studies 

and because there are marked differences between Soviet and Western 

publications in the procedures used for reporting data, any prediction 

of possible RFR hazards based on the USSR epidemiological studies 

would require acceptance of thei;e Soviet findings at face value. 

Overall, the epidemiological evidence does not offer any reliable 

evidence that the ordinary level of exposure of humans within the rectenna 

area of SPS (0.01 to 1.0 mW/cm2) would cause any harm. The major 

exception is that persons required to climb above the rectenna system 

might be exposed to as much as 22 mW/cm2, and for this level of exposure 

there are no human data. 
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6.2 GENETIC AND CYTOGENETIC EFFECTS AND CANCER INDUCTION 

Although a number of papers published over the last 30 years 

have claimed that microwave irradiation at various frequencies can 

produce mutations, chromosome aberrations,, and cancer, a careful review 

of the various ~apers indicates that all of the reported effects are 

probably due to temperature rise, faulty experimental procedure, or 

other incidental causes. 

Direct mutation studies have been conducted in bacteria, fruit 

flies, and mice. The study in bacteria (Blackman, 1976) involved 
2 exposure of E . .£e.!! WWU to 1.70 or 2.45 GHz at 2 to 50 mW/cm for 3 to 

4 hours. The results were negative--there was no increase in mutations. 

over controls. Two separate studies in Drosophila (Mickey, 1974; 

Dardalhon, 1977) also had negative results. A third study (Pay and 

Beyer, 1972) found no evidence of microwave-induced mutation in 

Drosophila and also found no consistent evidence of an effect of micro

waves on reproductive capacity of Drosophila. Two studies of 

mutagenesis in mice, using n dominant lethal assay, gave conflicting 

results. In th·~ first study (Varma et al., 1975a, 1975b), male mice 

were exposed to 13icrowave radiation (1.7 GHi, 50 mW/cm2, 30 min, or 

10 rnW/cm2, 80 min; and 2.45 GHz, 100 mW/cm2, 10 min, or 50 mW/cm2 for 

3 X 10 min in one day or 4 X 10 min in 2 weeks) and then bred to 

unexposed femalet> once a week for the next 7 to 8 weeks. The females 

were killed on th~ 13th day of gestation, and the uteri were removed 

and examined for numbers of implants and early embryonic deaths. The 

authors concluded that the 1.7-GHz radiation was mutagenic at both 

powEcr-density levels, but that the 2.45-GHz radiation was mutagenic 
2 only for the 100 mW/cm power-density level. In the second study 

(Berman and Carter, 1978), mice were exposed to microwaves (425 MHz 

and 2.45 GHz, 5 to 28 mW/cm2) in repeated daily exposures for periods 

of up to 3 months. The authors found no evidence of either dominant 

lethal mutations or reduced fertility. Review of the first study 

shows that there was a discrepancy in the rate of occurrence of 

spontaneous mutations in control mice for the two power-density levels 
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(1% vs 5%) and an error in the statistical computations. Taken as a 

whole, the study indicates that there might have been a marginal 

increase in early fetal deaths (dominant lethals) at 1.7 GHz; however, 

because of the discrepancy in control values at the two frequencies, 

the result can be considered unproven. Considering both e~udies 

together, it appears likely that mutagenic effe • .:ts it1 lliJ.•-::e, if they 

exist at all, are the result of temperature rise in the testes rather 

than showing any intrinsic mutagenic potential of the microwaves. 

Cytogenetic studies have included observation of ch~omosome 

aberrations in a variety of cell types and sister chromatid exchange 

in Chinese hamster ovary cells. In the study cf sister chromatid 

exchange {Livingston et al., 1977)~ exposure~~ ~ells in vitro to 

2.45-GHz microwaves did cause a rise in nuruc· ·,· ·.J ~charges, but the 

effect was clearly the result of n rise in t!.t: tempetature of the 

medium. Two studies reported observation of chromosome aberrations 

in cells following microwave exposure of the cells in vitro. In the 

first study (Chen et al., 1974), Chinese hamster cells and human 

amnion cells were exposed to 2.45-GHz microwaves at 200 to 500 mW/cm2 

for 1.5 to 20 minutes. There was no significant difference in the 

incidence of chromosome aberrations between control cultures and 

cultures exposed at any dose level for either cell type. In the 

second study (Stodolnik-Baranska, 1974b), human lymphocyte cultures 
2 were exposed to 2.95-GRz microwaves at 20 or 7 mW/cm • Exposure at 

20 mW/cm2 caused a rise in temperature of the culture medium and an 

increase in the number of chromosome abrrrations, but neither of these 
l 

effects occurred on exposure at 7 mW/cn1". 

Chromosome aberrations have also been reported in cells of 

garlic root-tips and in lung and bone marrow cells and spermatogonia 

of Chinese hamsters exposed to microwaves in~ (Heller, 1959; 

Mickey et al., 1975). The dosimetry is described very poorly in both 

reports, and the experimental procedures are de~cribed very poorly 

in the second report; hence evaluation of the work is rather difficult. 

However, the studies involved ex:posures in the region of 10 to 30 GHz 
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2 at pot:er-density levels ranging up to 600 mW/cm for long periods of 

time. Againt it appears doubtful that microwaves actually caused any 

chromosomal aberrations. Considering all of the studies together, 

the results indicate that, where the reports are reliable, the cyto

genetic effects of microwave radiation are solely the result of heat 

produced by the irradiation and do not indicate any intrinsic mutagenic 

potential of microwaves. 

Although mutagenic effeC"ts of tmvironmental agents are considered 

potentially deleterious, the principal reason for concern about muta

genesis at the present time is that it may indicate carcinogenic 

potential (Ames et al., 1979). A review of the literature reveals 

only three papers indicating the possibility of cancer induction by 

microwave irradiation. The first paper (Zarett 1976) stated that the 

incidence of cancer in the human population of the Karelia district of 

Finland had increased following installation of an extensive rader 

warning system in an adjacent region of the USSR. Since the statement 

was not supported by any data on cancer incidence, it can be disregarded. 

The second paper (Prausnitz and Susskind, 1962) reported a somewhat 

higher incidence of leukosis in mice chronically exposed to microwaves 

(9.27 GHz, 100 mW/cm2, 4.5 minutes/day, 59 weeks), which was described 

as "cancer." 

In reviewing the reported finding, the following points have been 

noted: 

• 

• 

Tissues from a number of animals &tying during the study 

were lost because of autolysis. Hence the finding of 

leucosis is based on incomplete groups. 

Leuc'1sis means an abnormally high leukocyte count in 

the circulating blood, and can arise from a variety of 

causes, including--possibly--action of microwaves on 

the iilll1lunological or endocrine systems. 

• Some of the mice in the study were sacrificed~ and 

sections of spl~en were examined for presence of leukemia. 

The1.e was no difference in leukemia incidence between 

experimental and control animals. 
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• The authors noted that the survival of the microwave

exposed animals was somewhat longer than that of the 

controls, and speculated on whether a brief daily 

exposure to microwaves might actually be beneficial 

to animals. 

The third paper (Dwyer, 1978) is a review of the potentially 

carcinogenic properties of microwave irradletion prepared for the 

National Institute of Occupational Safety and Health under contract with 

the Franklin Institute. '.l'he review covers most of the papers reviewed 

in this section, but contains no critical analysis of power density 

levels, sources of data, reliability of conclusions, or validity of 

~xperimental procedures; hence no inference about potential carcino

g~nicity of microwaves can be drawn from it. 

In conclusion, there is no reliabble or systematic evidence that 

microwave irradiation can induce any type of mutation in living systems 

other than--possibly--by induction of heat in the tissue under examina

l:ion. The mechanism by which temperature rise could induce apparent muta

genic effects is not understood. Possibly an increase in temperature 

accPlerates the rate of spontaneous mutagenic processes in the tissue. 

There is no evidence that microwave irradiation induces cancer. On the 

whole the specter of mutation or cancer from microwave irradiation can 

probably be laid to rest as nonexistent. 

Since there appear to be no intrinsic mutagenic or carcinogenic 

effects of microwaves, the problem of such effects can be dismi~sed 

for the ordinary level of exposure of humans within the rectenna area of 

SPS (0.01 to LO m\'1/cm
2
). For persons who might occasionally be 

exposed above the rectenna to the full beam power (22 mW/cm2), it is 

hypothetically possible that heat-induced mutations or cytogenetic 

eifects might occur. However, only one out of seven biological studies 

reported mutations, and afl of the cytogenetic studies involved isolated 

cells that lacked any capacity for control of temperature rise, such 

as would be found in mammalian tissues .!!! vivo. Hence, induction of 

mutations or cytogenetic effects in humans by the full beam power of 

SPS must be considered highly improbable. 
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6. 3 STUDIES ON TERATOGENESIS AND DEVE'L.OPMENTAL ABNOR.J.f.ALITIES 

In the narrowest sense of the word, teratogenesis refers to the 

production of anatomical aberrations in a developing fetus. The term 

is most often applied to development of mammalian fetuses, but studies 

of development of eggs of birds and the pupae of the darkling beetle, 

Tenebrio molitor, have also been performed with microwave radiation. 

Although the term usually refers to anatomical anomalies, studies have 

~lso included observation of fetal death and/or resorption and of 

physiological and cellular abnormalities in the offspring observed 

postpartum. 

Two critical remarks are pertinent to studies of 

teratogenesis in general. First, the ordinary mechanism 

by which terata are usually produce~ involves alteration 

{often temporary) in the rate of growth of a particular tissue under 

development. Development of the entire fetus is a complex process 

requiring that individual tissues develop within a preset time frame, 

and interruption of this timing will result in abnormalities because 

a particular tissue or organ fails to complete development on schedule. 

Because of this. production of abnormalities is highly dependent on 

time in the gestation sequence when the agent is applied and on the 

species of animal under stndy. The second remark is that there io a 

difference in experimental circumstances in studying development of 

birds' eggs or insect pupae1 as contrasted with th~ study of mammalian 

teratogenesis. In the former instance, the experimental material is 

exposed to the whole environment without any protection; hence the 

studies must include rigorous control of all environmental parameters, 

including temperature. In the lat~er instance, the developing fetus 

is isolated from the environment to some extent by the dam; however, 

influences of the noxious agent on the dam must be considered as a 

potential indirect source of teratogenic effect. 

A number of studies have been conducted on the induction of 

teratogenesis in pupae of Tenebrio. The two most recently publ~shed 

studies {Green et al., 1979; Pickard and Olsen, 1979) will be discussed 
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here. These studies reviewed previously published work and commented 

on the variability and inconsistency of results. Green and co-workers 

showed that teratogenic effect was partly dependent on the humidity 

of the environmental chamber, which affected the rate of loss of water 

from the pupae during irradiation. They observed that there was ~ 

slight increase in incid~nce of terata with increasing applied microwave 

power (2-hour constant exposure) up to 40 mW of applied power. At 

80 mW there was a decrease in teratogenic frequency, and at 160 and 

320 mW there was a further increase in teratogenic frequency, accompanied 

by an increase in death of pupae before completion of development. 

The authors attributed the apparent "power window" at 80 mW to an 

an~agonism between nonthermal teratogenic effects and protective effects 

caused by the rise in temperature. The second study showed that the 

incidence of teratogenesis in the pupae depended on a number of factors, 

including the source of the larvae, the diet on which they were raised, 

and the conditions under which the pupae were maintained during 

development. 

Taken together, the studies i1vlicate that teratogenesis in 

Tenebrio pupae depends on such a wide variety of environmental influences 

that the use of such a model for studying microwave teratogenesis is 

questionable. The existence of the "power window" at 80 mW is quite 

interesting, but the effect can·be explained by a number of possible 

causes other than that offered by the authors. In the first place, 

the assertion of nonthenna.1 effects below 80 mW is unproven, since 

the authors show (Figure 5, p. 169 in Green et al., 1979) that 40 mW 

of power produces a rise in temperature. One possible explanaticn is 

that at 80 mW under the conditions of the experiment, the irradiation 

induces a water loss from the pupae to a level that renders the pupae 

relatively resistant to teratogenesis. 

Fisher et al. (1979) studied the development of rhicken ~mbryos 

during a 4- or 5-day continuous exposure to microwaves (2.45 GHz, 1.4 

and 6.2 mW/cm2). The eggs were exposed to a gradient of incubator 

temperatures from 32 to 36°C~ and the stage of development of the 
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embryos was observed at the end of the exposure. In the control eggs, 

the rate of development was dependent on the temperature; howe~er, this 

was not so for the microwave-exposed eggs. The authors observed no 

difference in incidence of sterility or premature deaths between the 

two groups. From the description of the method it is difficult to deter

mine whether the temperature of the microwave-exposed eggs were actually 

measured or whether possible differences in temperatures ,,f microwa~.;:

exposed eggs might have existed because of inhomogeneity of the micro

wave field. Finally, the significance of the fihding in relation to 

possible human hazard is unclear, since the embryos were not carried to 

hatching. 

In Japanese quail embryos exposed to continuous microwave radiation 

(2.45-GHz, 5 mW/cm2) during the first 12 days of development, there 

were no gross deformities at hatching (McRee and Hamrick, 1977}. The 

investigators did find a slight increase in blood hemoglobin and a slight 

decrease in monocyte count in the exposed birds~ as compared with 

controls. A further study (Hamrick et al., 1977) showed that exposed 

male birds were sligh_:.y smaller than control birds at 4 and 5 weeks of 

age. The ··nificance of these findings for human health is questionable. 

Teratogenic effects of microwaves have been reported for a number 

of studies in rats and mice. The subject was reviewed recently by 

O'Connor (1980)s who observed that, because of the hagh power density 

levels employed, the probability of killing the dam was somewhat larger 

than the probabili~y of producing a teratogenic effect. The only major 

study in which a significant number of terata w~re produced without 

significant mortality of the dams was that of Rugh et al. (1975). These 

researchers exposed pregnant CF-1 mice on the eighth day of gestation 

to 2.45-GHz radiation at a power density level 0£ about 120 mW/cm2 for 

two to five minutes. Mice were sacrificed on the 18th day of gestation, 

and the fetuses were examined for gross abnormalities and evidence of 

resorption. The authors described several visible abnormalities, but 

reported only on the incidence of exencephaly--an abnormality in which 

the skull fails to close, leaving the brain exposed. There appear to 

have been no controls; however, exencephaly is a comparatively rare 
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anomaly, so the absence of control incidence is, in this study, probably 

inconsequential. 

The authors claimed that microwave radiation did not produce a linear 

relationship between exencephaly and absorbed dose, and that there was no 

evidence rf a threshold effect. To test these statements, we extracted 

the data o~ incidence of exencephaly (Figure 8, page 232 of the paper) 

and re-analyzed them. The doses and in~idences of e~encephaly were 

determined for each point in the figure and, from the litters showing 

exencephaly, the numbers of affected pups and litter sizes were calcu

lated. Litter size could be determined only from the litters showing 

partial response, but the mean value of 56 such litters ~as 10 pups per 

litter. This value was used lu all subsequent calculations. 

The microwave dosea in the experiment were spread out more or 

less on a continuum from 3 to 8 Cal./gram. To facilitate analysis, we 

grouped the litters by dose intervals of 0.5 Cal./gram, and the mean dose 

of the interval. Some inaccuracy may have arisen in the count of the 

number of zero-responders, because points for these litters were plotted 

quite densely along the X-axis of t.he figure. Where the plot was 

represented by a solid line, we assumed that there was one litter for 

each O. 045 f...;; · /g1 -m dose interval. It is doubtful that the uncertainty 

of litter count would significantly affect the conclusions of out' 

analysis. 

The results of this anaJysis are presented in Table 6-1 and 

Figure 6-1. When tha results are considered in terms of fraction of 

litters showing t::~ncephaly, the incidence increases with increasing 

dose to a level of a~out 50% of the litters, afte~ which there i$ no 

systematic incr~ase. When the results are considered in terms of the 

fraction of the total pups affected, the incidence rises linearly with 

increasing dose over the entire range. From both viewpoints of 

analysis. there is an apparent threshold at slightly less thar.. 4 Cal./ 

gram. From a linear regression of the points for fraction of 
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Tahle 6-1 

INCIDENCE OF EXENCEPHALIES IN MICE 
EXPOSED IN UTERO TO MICROWAVE FADIATION 

ON THE EIGHTH DAY OF GESTATION 

Litters with Pups with 
Dose Range Mean Dose* No. of No. cf Exencephal;y: ExenceEhalx 

Cal. /g Cal.Jg Litters Pups No. Fraction No. Fraction 

3.0-3.45 3.32 6 61) 0 0 0 0 

3.5-3.95 3.72 10 100 0 0 0 0 

4.0-4.45 4.24 13 130 2 o.154 2 0.0154 

4.5-4.95 4 i2 15 150 4 o.267 6 0.0400 

s.o-5.45 5.27 15 150 5 0.333 7 C.0467 

5.5-5.95 5.74 22 220 11 0.500 17 0.0773 

6.0-6.45 6.27 20 200 9 Q.450 11 .. 08~1) 

6.5-6.95 6.75 22 220 12 0.546 1 '? 0.0113 

7.0-7.45 7.18 16 160 8 o.soo 21 0.1313 

7.5-7.95 7.61 11 110 5 0.454 12 O.lOJl 

*Extracted from Rugh et al. (1975). Standard deviation range: 
0.10-0.16. 
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affected pups on dose, the apparent threshold dose was calculated to be 

3.6 Cal./gram. 

The incidence of resorption sites in the uteri of microwave-exposed 

mice (Figure 8, page 231 of the paper) was also analyzed by the procedures 

described above. The results of the analysis are prssented in Table 6-2 

and Figure 6-2. Whether the incidence of resorptions is considered in 

terms ·if fraction of the number of litters affected or fraction of the 

total number of implantations affected, the result is the same: the 

incidence rises linearly with increasing microwave dose. Again, there 

is a suggestion of a dose threshold, calcu1ated to be between 1.5 and 

3. 5 Cal. /gram. 

Another extensive study of teratogenesi~ in mice was conducted 

by Berman et al. (1978), who exposed mice to 2. 45-GHz microwaves at 
? 

power-density levels of 3.4 to 28 mW/cm· for 100 minutes per day during 

most of the period of gestation. The study found 27 anomalies among 

3,362 live fetuses exposed to microwaves, as compared to 12 among 3,528 

sham-irradiated controls. Overall~ this would indicate a marginal 

teratogenic effect of the microwaves. Because of the small incidence 

of each individual anomaly and the absence of a consistent dose

response pattern, it is impossible to demonstrate conclusively that the 

anomalies result from the microwave exposure. 

Several studies have been conducted or are in progress (Reiter, 

1976; Rosenstein, 1976; Kaplan et al., 1978) to detennine effects of 

microwave exposure in utero in the power-density range of 0.1 to 

10 mW/cmL on the neurological and behavioral development of animals 

foll~~ing parturition. Full reports have not been available for review, 

but abstracts o~ summaries have ind~cated negative results. 

In sununary, teratogenic effects of microwave radiation appear to 

occur reliably only at relatively high power-density levels, probably 

greater than 28 mW/cm2. In relation to the problem of SPSS, it appears 
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Table 6-2 

INCIDENCE OF RESORPTION SITES IN UTERI 
OF PREGNANT MICE EXPOSED TO MICROWAVES 

ON THE EIGHTH DAY OF PREGNANCY 

Litters with 
Dose Range Mean Dose* No. of 

Cal./g 
No. of Resor2tions Pul?s .Rcsorbed_ 

Cal. /g Litters Pups No. Fraction No. 

3.0-3.45 3.27 1 10 0 0 0 

3.5-3.95 3.72 16 160 5 0.312 7 

4.0-4.45 4.23 17 170 6 0.353 10 

4.5-4.95 4.76 23 230 12 0.522 32 

s. o-s .1.s 5.30 29 290 20 0.690 43 

5.5-5.95 5.70 32 320 211 0.750 91 

6.0-6.45 6.23 20 200 15 0.750 64 

6.5-6.C)S 6.70 25 250 23 0.920 74 

7.0-7.45 7.20 16 160 15 0.938 65 

7.5-7.95 7.59 8 80 5 0.625 25 

*Extracted from Rugh et al. (1915). Standard deviation range: 
0.08-0.15. 
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very likely that neither the ordinary level of exposure of humans 

(0.01 to 1.0 mW/cm2) nor the maximum level (22 mW/cm2) would cause any 

teratogenic effect in humans. 
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6.4 OCULAR EFFECTS 

6.4.1 Animals 

During the past 30 years, various investigations have been 

conducted on the effects of RFR exposure on the eyes of live experi

mental animals. Many of the results indicate that intraocular tempera

ture increases of about 5°C or more are necessary for eye damage (Guy 

et al., 1974; Williams et al., 1955; Daily et al., 1952; Richardson 

et al., 1948). Also, lens opacifications caused by RFR exposure 

alone were not produced at the same average power density when the eye 

was cooled (Kramar et al., 1975; Baillie et al., 1969a, 1969b). 

Many of the results of RFR exposure indicate the reciprocity 

(inverse relationship) between average power density and exposure 

duration for cataract formatio~ and the existence of a threshold 

average power density of about 150 mW/cm2 for single or multiple 

exposures for tens of minutes or more (Carpenter, 1977; Ferri and Foti. 

1977; Guy et al., 1969; Williams et al., 1955). As a representative 

example {Guy ~t al., 1976). for average power densities decreasing 

fr1Jr11 about 500 to 200 mW/cm2, the exposure duration needed for causing 

eye damage in the rabbit increased from 1-2 minutes to about 20 minutes. 

Also, cataracts were not produced at 100 mW/cm2 for exposure durations 

of up to at least 100 minutes (exposures for longer periods were not 

done in this investigation). Thus, curves of average power density 

versus exposure duration show that the average power density for 

catarac::ogenesis asymptotically approaches a value of about 150 mW/cm2 

(the aforementioned threshold). Cataractogenesis thresholds of com

parable magnitude are evident from the experimental results of others 

(Carpenter, 1977; Birenbaum et al., 1969; Williams et al., 1955). 

Carpenter (1979), in reviewing RFR cataractogenesis from a clinical 

viewpoint, presents a detailed description of the post-irradiation 

progression of eye changes, based on experimental results with animals. 

Kramar et al. (1975) measured intraocular temperatures in vivo 
2 --

at 200 mW/cm over a period of 40 minutes by quickly inserting a 

thermocouple probe during brief shut-off of the RFR at the end of 
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successive fi-;e-minute exposure periods. They found that the tempcta

ture of the vitreous humor rose from about 37°C to about 42°C during 

the first 10 minutes of exposure and remained at 42°C for the re'~t ?f 

the exposure period. Equilibrium between the rates of energy absorption 

and heat removal in that region of the eye is believed to be the deter

mining factor in attaining the 42°C plateau temperature. In the orbit, 

which is cooled by blood flow to a greater extent than the vitreou$ 

humor, the corresp~.1nding plateau temperature was less than 40°C. 

Th:.:- ef(ec.ts of temperature increases produced by non-RFR 

means un isolated (in vitro) rat lenses were studied recent'v by 

Stewart-DeHaan et al. (1979). Lenses incubated in tissue ,;ulture 

medium M 199 (containing 10% fetal calf serum) at the normal physio

logical temperature of 37°C maintained their clarity for up to two 

weeks. When ten times the normal concentration of serum glucose was 

included in the medium, opacities and associated globular degeneration 

of the lens cells developed in one day. Similar effects were obset'Ved 

when lenses were warmed to 39 or 41°C for one hour and then incubated 

at 37 °C for 24 hours. Lenses heated to 60 or 75°C for one hour 

did not become opaque. The authors surmise that the lenses became 

histologically ?'fixed." Radio.active tracer studies suggest that 

membrane changes may be involved in temperature-induced cataract 

formation. 

A number of investigators (Ferri and Foti, 1977; Reider et 

al., 1971; Richardson et al. 1951) compared the ocular effects of 

pulsed and CW RFR at equivalent average power densities. In repre

sentative investigations~ the average power densities were greater 

than 100 mW/cm2 and the exposures were for about 1 hour/day for several 

weeks. No significant differences between the effects of pulsed and 

CW RFR were found. 

The existence of a cataractogenesis threshold of about 150 

mW/cm2 is regarded as evidence that single or multiple exposure for 

indefinitely long durations at average power densities well below the 

threshold would not cause eye damage to humans or any other species. 
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This conclusion is supported by preliminary results of an inve~tiga

tion by Chou et al. (1978). They exposed one group of six rab.uits to 

2.45 GHz CW at 1.5 mW/cm2 for two hours per day over several months 

and another group to pulsed RFR at the same frequency and average power 

density (10-µs pulses at a repetition rate of 100 pulses/s, co~prising 
. 2 

a duty cycle of 0.001 and a pulse power density of 1.5 W/cm ); a third 

group was sham-irradiated. Periodic eye examinationo for cataract 

formation yielded no statistically significant differences among the 

thr~e groups. {This investigation also included comparisons of body 

weights, EEG and e•1oked potentials, hernatol08Y, and blood seru::i 

chemistry; no significant differences were found among the g-coups for 

these aspects either.) 

6.4.2 Humans ---
Some cases of ocular damage in humans ascribed to occupational 

exposure to RFR were reported during the 25 years f ol'.owing the end 

of World War II (Zaret, 1969; Shimkovich and Shilyaev, 1959; Hirsh 

and Parker, 1952). Although the exposure histories of these individuals 

could not be ascertained with any degree of certitude, it is likely 

that their actual or incipient v:f.sion impairment was due to exposure 

to average power densities well above the threshold. 

More recently, the occurrence of catarai.., . .:il in two editors with 

the New York Times was ascribed, in newspaper a~counts du-cing 1977 and 

1978, to their exposure to supposed RFR from the cathode-ray tubes in 

video-display terminals used by them (Justesen, 1979). (Cases of RFR

induced birth defects and abortions were also linked, in other newspaper 

stories, to exposure to video terminals.) the .!:!,ew York Times arranged 

for measurement surveys of the terminals in question. These surveys 

yielded negative results; the only measurable radiations emitted by the 

terminals were well above the RFR spectrum (primarily in the visible 

range). Independent surveys of the sanie terminals by personnel from the 

National Institute for Occupational Safety and Health (1977, cited in 

Justesen, 1979) confirmed these findings. 
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Several retrospective epidemiological studies were performed, notably 

by Zaret et al. (1961)> Cleary et al. (1965). and Appleton (1973), to 

ascertain whether chronic exposure to RFR could cause cataracts. 

Zaret et al. (1961) examined a group of 475 persons for eye 

defects> who we't'e believed to have been exposed to RFR at 11 military 

and non-military establishments, and a group of 359 persons as controls. 

The investigators found a slight but statistically significant difference 

in defect scores between the two groups, but expressed some doubt 

regarding the full validity of the scoring method used. 

Cleary et al. (1965) examined Veterans Administration Hospital 

records of 2,946 Army and' A"r Force veterans of World War II and the 

Korean war who had been treated for cataracts. A control sampl~ of 

2,164 veterans was selected. Based on military occupational specialties, 

they classified each individual as a radar workers, or as nonradar 

workers, or one whose specialty could not be discerned. In the radar 

group, they found 19 individuals with cataracts and 2,625 individuals 

without cataracts, whereas in the nonradar group, there were 21 indi

viduals with cataracts and 9,935 individuals without cataracts. (The 

remaining 510 individuals were in the unspecified occupational category.) 

'lbese differences between the radar and nonradar groups are not statis

tically significant. Cleary and Pasternack (1966) statistically analyzed 

the records of 736 microwave workers and 559 control persons for minor 

lens changes~ using a scoring range from 0 to 3. They reported that the 

defect scores increased with age for persons in both groups, but t~at 

the average score for the microwave group was significantly higher 

than for the control group. They suggested that this finding is an indi

cation that exposure to RFR may have an aging effect on the leTIS. How

ever, nQ cataracts or decrease of visual acuity were found. 

In the Appleton (1973) study, which covered a period of five years, 

military personnel identified as having been occupationally exposed to 

RFR from radar and communications systems were matched as closely as 

possible in age and sex with other militai~ personnel on the same bases 

who had not been occupationally exposed. Several ophthalmologists 

independently examined exposed and control personnel {without knowl ·•dge 
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as to the group to which each individual belonged) for opacities> 

vaeuoles, a.nd P'lsterior subcapsula·r. iridescence, taken as diagnostic 

precursors of c<1taracts. Because of the complexity of the eye and the. 

unavoidable judgmental aspects in the diagnosis of each exar1ining 

ophthalniologistr each prelursor was scored as either present or absent 

in ~ach individual, and the binary data thus obtained were u~ed for 

stat.lstical analvses by age group and numbers of persons per age group. 

The? results indicated that more people in older age groups exhibited 

these precursors, but ~he pooled data from s~veral Army installations 

shllwed no statistically significant differences between exposed and 

rontrol groups. the rresence or absence of the three diagnostic pre

cursors is only a crude measure of actual or possible incipient eye dama~:.~, 

useful primarily for statistical purposes. Nevertheless, the findings of 

no statistical differences between exposed and control groups are probably 

valid. 

Thl' principal investigator recognized the judgmental aspects by 

citing the results of two of the ophthalmologists who had examined the 

personnel at Tyndall AFB. These ophthalmologists scored the presence 

of opacities in 96% of the personnel in the exposed group and 93% in 

the rontrcl group. However, they also' concluded thnt ,,no optically 

significant opacitieR were found in either group," \>'~ich illustratf.'d 

•IJe point emphasizPd by the principal lnvestigator that the presence of 

any of the precursors did not necessarily mean that significant vision 

impairment had occurred. 

hs with other retro~~ective epidemlological stud1es. the extent of 

the exposure historfes (frequencies, intensities. durations, etc.) in 

either the expos.ad or the control groups used in these three studies is 

difficult to determine accurately. However, it is quite likely that the 

exposed groups did receive more RFR exposure than the control groups. 

The results support the conclusion from animal studies that chronic 

exposure to RFR at average power de as it i es well be low the threshold is 

not likely to produce catnracts. The threshold power denslty indicated 

from the animal studies is of the ord~r of 100 mW/cm2 or more. Within 

the rectenna area of SPS, neither the exposure (0.01 to l.O mW/cm2) nor 

the w~ximwn exposure (23 mW/cm2) has any realistic probability of 

inducing catar.octs in workers in the area. 
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NERVOUS SYSTEM STUDIES 

6.5.l 

Humans in the vicinity of scme types of pulsed radar systems 

haV\' pcrceivt>d individual pulses of RFR .'ls audible clicks (without the 

LHW 1ll any elet.:troni,· re,•t•ptors). This phenomen~rn, flr1->l invf.•sll~Fllec.J 

hv Fn•v (1961), has attracted much int('rest--especially in the U.S.-

ht•,-.m:;~ it has often been cited as evidence that nonthermal eH1;tcts 

\.'JU l1l't'Ur and hl•Cause an initial hypothesis was that onC:' of thr p\lSsibi<• 

mc•clmnlsms for perception is direc:t stimulation of the CNS by Rf-'R. 

Var io11s theort'f ical and experimentnl studies, tht:· latter with both human 

voluntl!ers and laboratory animals, have been conducted to detPrminf> thP 

cuu<l l t Jons und~r \./hi ch pulsed RFR f:'.an be heard and to investlr,;1te Lht> 

intt•rw· t ion mechanisms involved. Hany of the rt>sultf; support Lln:

hypothL·~ls that a pulse of RFR having the requisite pulse power dPnHity 

;tnd duration t"iln produce n trnnsil•nt thermal gradient large t!llmti~h t.~ 

g'i!nt-ra te an elastic Rhock wave at some boundary between regions ot 

dissimilar dieleetric properties in the head, and that thh> shock wave 

is transmitted to the middle ear, where it is pet"ceived ns a click. 

Pl•rsuns with impaired hf.>aring are unable to hear such clicks. and 

PXpt>rimental animals in which the rochlea (the inner enr) has bl'en 

destruyed do not exhibit brainstem-evoked responses. TherefoH .. this 

phenuml~non is unlikely to be attributable to direct RFR stlmulatlon of 

the brain. Also, becnu~e individual pulses can be perceived, C'it;1tions 

of low average power densities based on <·alculations for t1..10 ur IT!orc 

wiJPl y spaced pulses ilre not particularly meaningful. Represcntativt• 

investigations of this phenor.tenon nrP. summarized below. 

White (1963) reported that acoustic transients can be generated 

In various metnls and pla-;tit·s, in a pie:imelet·tric t•rystnl, and in 

1 I quid~ such ns W•lter by tcaasient surfare-he01ting with pulses of 

tffR {••r J rum an Ple .. ~tron beam). Such trans~·ent~ WL"t"c c1~-tn·tabll• In 

;1 barium tit.:rnatt• crystal at calculatad surf .. h·e temper.atun~ rist•s of 

tlw •·nl~r ut iml_\ O.O!H"C. Fost1·r :tn<l Fitwh '1974), t1si'lg :! •. ~'> Gil7. 

RFR, 1.''-'nfirmt~d l./h I te' .s f'indings that .QUCh transients t•nn he produt·ed 

in w<.i.tt>r, and thPY r:a•asun•d t!w .1utllofrec1 .. u·n~"; pn·ssun·~ g1·1wr3Li•tl by 
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Reveral combinations of pulse power density and pulse duration. The 

r~sults indicat~d that the peak pressures would be sufficient to induce 

human p~rception of such RF pulses as auditory clicks. '.rhey also showed 

that the effect vanished when the water was cooled to 4 °C, where its 

tlwrni•1l expansion coefficient is very small. These results support 

tlw th~·rmoelastic hypothesis. 

Lin (1977a, 1977b) has reported on detailed theoretical studies 

uf thP. RFR auditory effect. He assumed that the auditory sensation 

n•su I ts from acoustic waves gE-nerated in the tissues of the hend by 

rnpid thermal expansion of the tissues upon microwave absorption, in 

consonance with the investigations cited above. His results indicate 

that the audio frequencies produced are independent of th(" frequency 

of the R1''R, but are dependent or. head size. The predicted fundamental 

f'r1.•quency is 13 kHz for an adult human and 18 kHz for an inf11.nt. 

Chou, Guy, and Galambos (1977) studi9d cochlear microµhonics 

(CM) produced by pulsed 918- and 2450-MHz RFR in guinea pigs and cats. 

Thi..·y· found that the CM frequencies correlated well with the long~st 

dimension of the brain cavities of the two spP.cies, but poorly with otht•r 

brttln C;tvfty dimensions. Extrapolation of the results indicates that 

C:'-1 frequencies in humans should bE> between 7 and 10 kHz, in rei-sonable 

.11~rt=>c•mL·nt with Lin 1 s theoretical calculations. 

Chou and Guy(l979b) used 918-MHz RFR to investigate the 

thresholds for brains Lem-evoked ::-esponses in guinea pigs. T',.~y found 

that for pulse durations of 10, 20, nnd 30 ~s, the ~.,eshold incident 

Mwrgy density was approximately constant (l.56-1.87 µJ/cm2 per pulse), 

n>rresponding to incident pulse power densities of 156, 78, and 62. 4 

mW/em2, respectively. However, for pulse durations longer than 70 .iS, 

tht.• ilK !<lent pulse power density nec-<.>ssnry for obtaining resp.mses 
? 

W<!S approxlmatt.•ly constnnt (about 90 mW/~m'"'), teprr-senting correspondiClg 

incr •.·asl'H t> f incident c>nergy dt.•nslty per pulse with pulse durntion. 

r;iluu a11d ~uv indicated that thP.ir ex~'lt>r lmental results agree well with 

r": .. · Prl"'! ictions .1f tho thermal C.'tpansion thttory. 
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Chou and Galnmbos (1977) investigated the effects of external-

ear blot!idng, middle-ear dampl.ng, and middle-ear destruction on brainstem

evoked responses t.o both acuustiC' and lffR atlmull. They found tnat 

the vuimal W<lS capnbl e of responding tLl p\lli..• , RI;-R only if itli c:ochlc?u 

was jntnct. 

LebovU-z and Seaman (1977) reported on single auditory uni· 

(eighth-nervL~-relatt.~d) responses to pulsed 915-MUz lffR ar1ti acoustic. 

"licks. They found that thl:! response of a typical single aud ltory 

unit was very slmilnr to the.> rec.ipon:;.,e of the unh to Ot.'.oustil" click 

sti111uU, differing pr lmarily only in amplitude. 

Cain and RiE;sman (1976, 1978) used 3.0-GHz RFR to study the 

uud"Ltory effect .ln two cats, two chinchillas, one beagle, and e-ight 

human volunteers. for the animals, surface or brainstem-implanted 

electrodes ware used to mc•nsu':'E> the responses to RFR pulses and the 

responses evokl"d by audio cl i.cks from n flpeake:r. They found thn t tlw 
2 

threshold energy density for RF!t responses ranged from 8~7 to 14 1i.J/l'm 

p~r pul~e for the cats, from 7 .5 to 2C v.J/cm2 for the chinc.-hillas, 

and nvcraged 5.0 µJ/cm2 for the> beagle. For a puJse width of 10 11s, 

these vnlues correspond to pulse. power densities of l. 3 W/cm2 for 

both ca.ts. J and 2 W/cm2 for the two chinchillas, and 300 mU/cm2 for 

the beagle. J.'he eight humans were given standard audiograms. Because 

such audiograms do not tesL h~aring abOVE:! 8 kHz, binaural hearing 

thresholds were also detennined for seven of the subjects for freque1cies 

in the range from 1 to 20 kHz. Five of the subjects could detect 1~-µs 

pulses as click~; the other three required a pulse duration of 20 µs 

for perception. No correlation between the results and the audi.>grams 

was apparent; however, there was a strong correlation between RFR 

percertion and hearing ability above 8 kHz ns determined from ... _.,.. 

binaural thresholds. The nveragl' thresho1"1 energy density for the 
2 

humans was I0.6 µJ/cm pt!r pulsr. For JS-ps pulsc.>.s, this value cor-

responds to a pulse powc>r de .• ·dt\' of .Jbo·.1t :'00 nM/:· 11
2 ; l1ou~v'-'r, Lhri..·e 

of the subjects were: abl c> to iw1·l•el ve 15-ps pul.sc.s :;t a pult;e powor 

density of 300 mW/cm2 • 

6-.32 



Tyazhelov et al. (1979) reported some peculiarities regarding 

auditory perception of pulsed 800-MHz RFR in humans. The pulse widths 

used ranged from 5 to 150 µs at pulse repetition frequencies (prfs) of 

50 to 2,000 (the latter for short pulse durations). Each subject could 

be presented with sinusoidal audiofrequency (AF) sound wavP.s a!ter

nately or concurrently with the pulsed RFR and could adjust the nmpli

tude, frequtncy, and phase of the AF signal to match the timb~e and 

loudness of the perceived RFR. Using AF s_gnals, the high frequency 

auditory limit (HFAL) of each subject was tested first. Three of the 

subjects had a HFAL below 10 kHz and could not perceive RFR pulses 

of short duration (10 t.o 30 µs), whereas only one of the 15 subjects 

having a HFAL above 10 kHz could not perceive such pulses. These 

results are consonant with those of Cain and Rissman. Among the 

peculiarities lloted by Tyazhelov et al. was the biphaslr dependence 

of RFR perception thresholds on pulse width. They also reported that 

subjects could detect beat frequencies when concurrently presented 

w.lth 8-kHz AF sound and RFR having prfs above or below 8 kHz, and that 

when the prf was the same as the AF, the subject .::ould cancel perception 

by adjust~ng the phase of the AF. Their conclusion is that the thermo

elastic model is inadequate to explain these observations. 

Frey and Coren (1979), using d1namic time-averaged interfero

mecric holography, endeavored to detect tissue movement in successive 

layers of heads of animals exposed to pulsed RFR; for comparison, they 

used holograms obtained for the sar-"" ani11als i•tring sham exposure. No 

movements were detected. The authors con~luded that the locus of 

perception of pulsed RFil is most likely within the cochlea rather 

than anywhere else in the head. 
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6.5.2 Calcium Efflux 

Over the last six years, Adey and Bawln •md their colleagues have 

reported extensively on their studies of changes of radioactive calcium 

ion c'f5ea*) efflux from neonate chick. brain prcpar:itions and isolated 

samples of cat cortex under very specif le regimes of amplitude modula

tion frequencies and power densities for gu~, VIW, and um~ fie] ds 

(Adey, 1975a, 1975b, 1976, 1977, 1978, 1979, 1980; Adey and D..iwin, 

1977, 1978; Bawin, 1974; Bawin and Adey, 1976n, 1976b, 1977; Bawin 

et al., 1975, 1977a, 1977b, 197Bn, 1978b; Sheppard et al., 1979). 

Extensive details of the experimental protocol are given 1n two 

of the papers (Bawin and Adey, 1976b, 1977). Briefly, following decapita

tion, forebra.in hemispheres of 11eonate chicks w.;:re obtained by rapid 

dissection. The hemispheres were separated; one was used for exposure 

and the ot;her as control. Ea·~h was lncubFtted for 30 minutes in a &peci

fied physiological solution co1.:.alni.ng 45ca +r. J\t the end of incubation, 

the samples were rinsed -:hree times with nonradioactive solution. 

They were then transferred to new glass test tubes, bathed in 1.0 ml 

of solution, and exposed c•r sham-exposed for 20 minutes. Sets of ten 

brain samples (ten exposed hemispheres, ten c:untrol hemispheres) 

were used simultaneously. At the conclusion of l~Xposure~ aliquots of 

0.2 ml of the bathing solution were taken, and radioactivity was 

assayed by scintillation counting. R.ldivactivitics (counts per minute, 

cpm~ per gram) were norni.alizt!d to the 111car. value c>f criunts obtained in 

control effluxes. All normnlhed data were compared (by r:-tcst) with 

matched samples of control valuef; Adey (1977, 1978) presents datn 

from experiments with approximately 190 chick brains for 450-fillz 

exposures. Power densities of 0.05, 0.1, 0.5, 1.0, 2.0, and 5.0 

tN.Ucm2 were used for 16 Hz amplitude modulation of th~ field. 

Statistically significant increases were seen at 0.1, 0.5, and 1.0 

m~/cm2 , but not at 0.05, 2.0 or 5.0 mW/cm2, for 450-MHz RFR amplitude

P!odulated at 16 Hz. In a subsequent paper, Bawin et al 1;1978b) 

desc:ribP.d experiments aimed at a better definition of the calcium 

sites respondina to weak electrical stimulation. Changes in efflux 

were studied with and without imposed electrornagnei..i.c f~elds (450 MHz, 

16 Hz amplitude modulation, 0.375 or 2.0 rrM/cm2) to ascertain the effect 
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of calcium concentration in the exchanging medium. Also tc.>stl'd Wl'rc 

pH and bicarbonate-free solutions. They also examined modiflcation of 

calcium release, by the addition of l.:i~thanum to the bnthini~ ti\ilut ion, 

for both no-field and ,\!th-field stimulation condit lons. Efflux of 
45ca ++ in the standard physiological solution was the.> 1'L·nnt ro J" for 

these experiments. In any test series, each half brnin was tl'Htt•tl 

against the corr~sponding hemisphere. 

The results confirmed the previous findings by Bawin and Adl•y 

that amplitude-mor!ulated 450-?ftlz fields can stimulatL-" the• n•lr~t.HW of 

preincubated " 5ea* from isolated brain tissue. This n:l1;;w;l! w;1s 

significantly different, statistkally, at extn1cel lular ca* l'01Wc'll

trn tions of 2.16 and 4.16 mM, but not in Ca++-frec solutions. Till• 

release was enhanced by addition of H+ (0.108 rnM, as IICJ). cvl•n thm1,~h 
this did not affect the efflux in the absence of L"hc f h·I<l. tlmi s:-; ion 

of HCO-
1 

resulted in a decrease (not statistically significant) In 

efflux ~f 45ca +f- both with and without field st:imulnt ion. A<ld it I on 
+I-+ -of La to the HCO Tfree solution resultc,ad in £i statistically 

45 * significant: decrease in Ca efflux (compared with nn inc·n•<J<il' in tlw 
+-H other cases, above) for an extracellular concentration of 2.0 m~l T.a 

for both no-field and with-field (0.375 and 2.0 mW/cm
2

) situationH. 

These results, taken together~ are stated to support the hypnth~sb 

that u limited number of extracellular cationic b1.ndlng sitt.!s an~ 

involved in the transaction of weak extracellular electri~nl ~vPnts 

and to suggest that the electrosensitive sites in I.a+++-tn•al 1•d ,.;amp I l':; 

are in the class of sites responsible for the field response• In lhP 

"standard" solution. 

Bawin et al. (1977b) have also reported on rt>sults from a p~-l·timinLJry 

study involving the monitoring of calcium efflux from the• int<1d t•.>rtt•:.; 

of 12 awake, paralyzed cats. The methods were sim lar Lo lhosl' 

utlized in the chick brain experiments. The cats were l'XJ)(ISl'd f11r 20 

minutes to 450-lll:lz fields amplitude mod1.;lated nt 16 Hz. Pow~r dc:onsi th•;; 

were 0.375 or 1.0 mW/crn
2

. Results are stated to be a clear Increase 

in 45ca ++ efflux during and following the exposure in 8 of 12 animals. 

However, some animals :ipparently respo11<led to the p1·csenl e of Lh1.~ 
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experimenter during sampling. Further experiments are planned to remove 

the possibility of artifact and to elaborate on these preliminary 

findings. 

Blackman et al. (1979) conducted experiments that ve-ri.fied and 

extended Bowin and Adey's findings. for chick brain at 147 'Mllz. Treated 

tissue wns exposed in a Crawford chamber to power densities between 

0.5 and 2.0 mW/cm2 and amplitude modulation of the carrier at selected 

frequencies between 3 and 30 Hz. 'rhey found a statistically significant 

increase in calcium efflux (.£. < 0.05) when the frequency of modulation 

was 16 Uz and power density was 0.75 mW/cm2• (Preliminary findings indi

catlng the existence of the power window, in addition to the frequency 

window discove1·cd by Adey and Ba win were t"C!ported by Dlackman et al. in 

1977.) 

The above work on c.alcium efflux represents one of the very few 

cases in which RFR effects have been found at average power densities 

in a possibly nonthermal range (O.l-LO mW/cm2). 

The incident RFR on the rectenna is continuous-wave, but a 

biological entity that moves through the spatial variations of the 

rectenna field will experience a time-varying or modulated field. How

ever, the likelihood that the modulation frequencies and the c11rations 

of exposure to such frequencies will give . '.se to the calcium efflux 

phenomenon is negligible. 
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6.5.3 Blood-Brain Barrier Effects 

The existence of a "blood-brain ba.rrier11 (BBB) in most regions 

of the brain has been established experimentally, although its specific 

morphology is still conjectural. This barrier normally provides high 

resistance to movements of large molecules (e.g., ,proteins or poly

peptides) from the blood vessels into the surrounding brain tissue, 

presumably to protect the brain from invasion by various blood-borne 

pnthogens and toxic substances. Sev ·al investigators have reported 

that low levels of RFR can increase the permeability of the BBB to 

certain substances of large molecular weight. However, others were 

unable to confirm such effects, thereby rendering the subject contro

versial, as summarized helow. 

Rodzilsky and Olszewsky (1957) found that permeability changes 

in cerebral blood vessels could be induced by various non-RFR means, 

including those that produce heat necrosis. Sutton and co-workers 

(Sutton et al., 1973; Sutton and Carroll, 1979), who ... -•. ·.i-·.o interested 

in the use of RFR for selective hyperthe~:mic tr.e.atment of braiu 

tumors, determined the maximum temperatures :!.n~ expos~J1:e durations 

that wo~l~ not alter the integrity of the J3a in che tat. They used 

2.45 GHz to induce hyperthermia in horseradish peroxidase (HRP), a 

high-molecular-weight protein, as a trace:r that is detectable both 

morphologically and quantitatively. Heads of rats were heated with 

RFR to a brain temperature of 40, 42, or 45°C. They found that BBB 

integrity was diminished, in orthonormic animals (37°C), by heating 

the brain to 45°C for 10 minutes, to 42°C for 15 minutes, and to 40°C 

for 60 minutes. The corresponding durations in rats precooled to 

30°C were 15, 30, and 180 minutes, respectively. 

Frey et al. (1975) exposed groups of anesthetized rats to 

pulsed or CW RFR at 1.2 GHz for 30 minutes. For the pulsed RFR, the 

pulse and average power densities were 2.1 and 0.2 rnW/cm2 , respec

tively, and the power density of the CW RFR was 2. l1 mW/ c•m2• Sham

exposed rats were used as controls. After exposure \>r sham exposure, 

sodium fluorescein was injected into the femoral vein. Five minutes 

after injection, the blood of the rat was withdrawn and the brain was 

removed. embedded in ge1atin, refrigerated, and sectioned. The sections 
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were viewed under ultraviolet light for fluorescence, the intensity 

of which was sec.red by the viewer. Greater fluorescence was reported 

for pulsed than for CW RFR, and some control specimens also exhibited 

slight fluorescence. The investigators regard thest~ rasults .us evl

dence that exposure to RFR alters the BBB. 

Spackman et al. (1978) performed a similar investigation i.n mict:-, 

us.hg fluorescein and several nonphysiological amino acids as test sub

r.:tancPs. c;roups of mice were exposed to shorn, CW, or pulsed RFR ot 

9 l8 MHz for '30 minutes. A\l'erage power densities of 2. 5 and 33 mW/r:.m2 

wen: used .in both the CW and pulsed modes. Also, some mice were exposed 

to CW lffl< at 132 mW/cm2. Ai ::er exposure, the concentration of each 

t~ht s11bstance in the brain Telative to the concentration of that 

substance !n the blood plasma (the "specific concentration") was deter

mim·<l. A :->pt!ctc-ofluutomt!tar and an aulomatic amino acid analyzer w1U'..· 

used to mN1sure the concentrations of fluorescein and ·1e test amino 

udds, respet'tively. The specific concentrations of all substances 

tl:iStt'a in the RFR-t:xposed animnls were found to be in the same ranges 

as for the controls. Subsequently t Spackman et al. (1979) used whole

body heating or Lp. injection of glycerol, ureo, metaraminol, or 

dimethyl sulfoxide (DMSO) as alternative agents to RFR eJcposure. 

They found t:hat heating mice to 50°C in an incubator for 22 to 25 

minutes caused no apparent inct'ease in BBB permeability to the test 

substances. The same results were obtained for all of the injected 

agents ex~ept for ~MSO, which produced a significant increase in BBB 

p~rmeability relative to controls. 

Albert et at. (1977) also used HRP as a tracer an.1 reported re>gion-,i 

of lealuge in the microvt1sculatura of the brains of Chinese hamsters 

C?xposed to 2.45-GHt CW RFR at 10 mW/cm2 for 2 to 8 hours. In control 

animals, extravascular reaction product was found only in brain 

regions normally Jacking a BBB. Iu a later paper, Albert (1979) 

indicated that for hamsters and rnts exposed to 2.8-GHz CW RFR at 
2 

10 mW/cm foi: two hours, partial resto,·at1.on of BBB impermeability 

occurs within one hour after cessation of exposure and restoration is 

complete after two hours. Albert believes that these chat'lges may be 
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clinically subacute and probably cause no lasting ill effects. It 

should be noted that thei?e leakages of the microvasculature of the 

brain OC'cur irregularly. During the formal discussion period following 

presentation of a paper by Preston at the 1978 International Symposium 

on Biological Effects of Electromagnetic Fields in Ottawa, 27 June 

1978, Albert indicated that such leakage is observed in approximately 

50% of his exposed animals and in about 20% of his control animals. 

Oscar and Hawkins (1977) reported changes in BBB permeability 

to D-mannitol du~ exposure of rats to 1.3-GHz pulsed or CW RFR for. 20 

minutes at various average power densities. Permeability changes wer~ 

measured by the Oldendorf technique; that is. 0.2 ml of a mixture of 

14c-labeled mannitol and trit!ated water was injected rapidly into each 

rat's carotid artery after exposure, the animal was sacrificed 15 

seconds later, and brain sections were disnected out and prepared for 

assays of radioactivity using a liquid scintillation counter. The 

ratio of counts of 14c-·labeled D-mannitol to counts of freely diffusiblt> 

tritiated water in samples of brain tissue was normalized to a similar 

ratio for the injected solutlo11. This normalizt:...: ratio, exprest:ied as 

a pet'centage. is defined as the brain uptake 1.ndex (BUI). Oscar and 

Hawkins found statistically s.i.gnificant changes in the BUl at average 

power densities less ... ban 3 mW/cm2• 'rhey also found that pulsed RFR 

could be either more or less effective in altering BBB permeability 

than CW RFR of the same average power density, depending on the specif.le: 
(, 

pulse characteristics used. For pulses of long duration and high pulse 

power density but only a few pulses per second, mannitol permeation 

could be induced at average power densities as low as O. 03 mW/cm2 . 1'he.i.r 

results alsf.) indicated the possible existence of a power density "wlndow, 11 

i.e •• permeaLility is not altered for power densities anovc or below 

the> window. 

Merritt (1977) endeavored to repeat the experiments of Oscar 

and Hawkins, but did not obtain slmi lar n~sul ts. Data from three of 

his experiments indicated that hyperthermfa of the braln is necessary 

to alt~r permeability. 
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Preston et aL (1978), ustng methods similar to those of Oscar 

and Hawkins, attempted to dete1mine whether exposure to 2.45-GHz CW 
14 RFR increased BBB permeability to C-labeled D-mannitol. They exposed 

rats to O.l, 0.5, 1, or 10 mW/cm2, with sham-exposed rats for controls, 

and found no evidence to indicate that RFR exposure increased the 

permeability oE the BBB for mannttol. 

Chang et al. (1978) used a technique involving 13lr-labeled 

albumin to investigate alterations of the BBB in dogs. The heads of 

dogs were exposed to various average power densities between 2 and 

200 mW/cm2• In general, no statistically significant ~ifferences #ere 

ound between exposed and sham-exposed animals, but the numbers of 

animals used in thiu study were too small to ascribe a high level of 

statistical confidence. 

Several investigators have indicated that exposure to RFR may 

alter the sizes of vascular and extravascular volumes and cerebral 

blood flow rate, thereby yielding changes in the BUI that are not nec~s

sarily related to BBB permeability alterations. Blasberg (1979) 

t"eviewed \llany of the methods previously used for investigating BBB 

chang~s and the problems associated with th~se methods. R~poport et al. 

(1979) have developed a wethod for measuring cerebrovascular permea

bility to 14c-labeled sucrose that yields results that are independent 

of cerebral olood flow rate. Oscar et al. (1979) have confirmed experi

m~ntally that local cerebral blood flow is incr~ased in the rat brain 

by exposure to pulsed RFR at either l or 15 rnW/cm2 average power density. 

Based on recent findings such as those mentioned above, little 

quantitative confidence can be placed in the results of eurly experi

ments on RFR-induced BBB alterations. Qualitatively, it is clear that 

hyperthermic levels of RFR can alter the permeability of the BBB. 

However, additional research using current methodology is necessary 

to ascertain whether chronic exposure to low levels of RFR affects the 

BBB. The present status of this topic was revieWP.d by Justesen (1980) 

and by Albert (1979). 
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Tolg~kaya an<l Gordon (1973) rl•purt~·d a i11111t1w1· Pl· ll•··' •·' ··!· 

(frcquenclcs 500 kHz lt• lOfl n11z) on :.J LHgl.· n•1111bt·r (.1ppr11:.im.1t' J · l.• 1111 

of animnh;, preclomluanlly rats. 'i.'heir so-c~d IC'c.1 <l(•1 iml·tt'I· l1.11:tl ('~1)!l '.!II.~ 

to 1 GHz, <..•XnC"t frequency or frt.•qttPncic>!-l nnt :•p1•<'ifi<.•d) i:: ,.J,,,, .... :t 1 ·--'•1!: 

below--tlw SPS fn~quency uf Z.45 f;Hz. P.:itluiln1~ir.·l •.:lfr,·t:; .-J ii·1···' ,,., 
') 

high-lnLL•nsity C:~U t11 :?40111\.1/cm-) ratllntinn jn.;·lm1'.•d mnlti11'1 

perivancular hc•morrhagt~S in the br..1in and ullwt or~am;, ~i.-:·:.·t11 •.ii it'll .,, 

apical denclrl.tes in the c-ort<.>x, e)nudy ~Wl'lling of cytPpL1~;m, , . ._ t.,pl.1<->mit· 

shrinkage, formatic>n of vac~uules, unc?V~ntl<-"Ss of :-;tainlni~. l1 i•::wpl•ar:rn.:o. 

of cytoplasmic stru1:turos, f.:itty degl•nt~rathm, tll~crt>a::w r11 1i 11,•1111t·l1·11-

protcin, a.nu Ul'.r.asional knryocytolysif>. The IntL•nHltic-; ,;1 1:·:p••''llr1' 

Wf•l"P l",'1pa1ilt' of <."11.l',:in~ cf..:1th of lit•:' :1nimaj~ (t:Jftd,-.JI ~i\~ll·~ ,,f h"!'"'" 

thermia, t(!mperature rises up to 42-lt5°C) in sevvra·1 minutes tn Sl'Vl't·.d 

hours. Photogruphf; of the rx:posure arrangc>ment shm- mu~::ipL· animal 

exposures at the ss.unc time~ in ;.i room appearing not" to h:tvl• nllli;tl iun

absorbing material on the wn1 ls. It is lik1.~ I ·,r Lhal tlw sp1•d l i ... 

absorption rates (SARs) for individunl anlmnl s umlt>r l l11:Sl' ··nnd i, i 1111~; 

varied widely and that all c:ff(;>Cts weru cfoarl.y tlwnua1 in nal 11q" 

So-call c>d "low-intensi t~.1 11 ~xposures wt: re a 1so nirr h·d nut. 

Th~ authors definr.? threshold fh!ld inte1"?sitlcs for nonl:lwrm:d. effp1·ts 

( 11 intensi ty not raising bocly tempt.1rature") for drcimett>r mfr runlVl'S 

al:' 40 mW/cm
2 

(Tolgskaya nncl Cordon, 1973, Table 3. p. 56). l'.:~pmrnrt!S 
at so-called low intensity fot· der.imetE~r waves were gl•nE'ral Iv :it 11r 

') 
slightly below 10 111W/l:11r for 60 minutes daily for 10 mt1nt1rn. 

Investigation of tlw anim•1ls by ordinary morphological m(•lhl)ds r PVt~:1 I ed 

practically no vnscular disorders in the ner ·ts !>)Stt.•m. ' 1neJ ie:1Lt• 

elective neurohh: to.l ogicaJ methods" (unspec if i t!d) showNl d isappl·;n :1twt• 

of spines from cortical dendrit('S, lhe appenrance of heading anJ 

irregular thicl•.ening of d~ndrites, swelling of cytoplasm of lmli.vldual 

cells fwi th appearance of va<'uoles) 1!1 th<." basal ganglia and hypoLh.:11-

amus, and focal and diffuse proliferation c·f mlcroglial cel 1 s. with 

microglial processes slu~wing inlti."11 si;.:n~~ 1'F <lL·g~nt•1·:11: iP•r. 
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Mnny of thes«.> low-intensity effects are similar to those described 

for the high-ir•tensity exposures. In view of the exposure levels 

(approximately 10 rnW/cm2). the previously described exposure arrange

mt•nt, ancl the knowledge of the possibility of localized regions of high 

SAR, it sel'ms likely that the descr·ibed effects (more subtle than those 

of frank hyperthermia) were also thermal in origin. 

Alb~rt and De SJntis (1975) have also reported changes in the 

hypothalamus and subthalamus of Chinese hamsters exposed to 2.45 GHz 

radiation either at 50 mW/cm2 for durations from 30 minutes to 24 

hours or ~ t 25 mW/ cm2 for 14 hours/ day for 22 days. Changes were 

not cv ldcnt in the hippocampus, ce-rebellum, thalamus, or spiral 

cord ventral horn. In the discussion printed w:i.th this pa.pet·, 

Guy pointed out that his laboratory had measured mean SARs as high as 

4 mW/g per incident 1 m\~/cm'L in animals of similar size. Peak SARs 

could hnve rencht?d 40 to 200 mW/g in selected brain regions of 

Albert's animals; this range far exceeds what is normally used for 

diathermy treatment in 20-minute exposures of patients. Rectal tempera

ture measun~ment .would not necessarily ref] ect such high SARs in 

localized areas. 

Albert anJ De Santis (1976} studied CNS histological effects in 

60 Chinese hamsters exposed to l. 7 GHz radiation at power densities 

of 10 and 25 mW/cm2• Cytopathology was obseY:Ved after 30 to 120 

minutes or exposure tn hypothalamic and subthalantic areas, but not 

in other areas. These observed effects were also likely thermal in 

origin for the same reasons as above. 
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6.5.5 EEG Studies 

Many studies have been conducted on effects on the EEG and/or 

evoked responses (ERs) of animals exposed to RFR. Some of these have 

been carried out with metal elec~rodes either implanted in the brain 

or attached to the scalp during exposure. johnson and Guy (1972) 

pointed out that such metallic electrodes grossly pertui-b the fields 

and produce greatly enhanced absorption of energy (i.e., field enhance

ment) in the vicinity of the electrodes. Such enhancement prodLJces 

major artifacts in the biological preparation under investigation. 

These artifacts are not to be confused with the recording artifact 

that is produced by pickup of fields by the electrodes and leads during 

the recording of EEGs or ERs while the animal is being exposed. In 

addition to these cautions concerning methodology, it should be noted 

that many EEG studies are performed on heavily s~datl'd aninials, 

phenobarbitsl being the usual drug. Hence, the responses reportt.•d du 

not necessarily reflect those that would be expected in normal, alert 

animals. 

Tyazhelov et al. (1977) discussed these problems and pointed 

out th~.t even for the coaxial elect.t de developed by Frey et al. (1968), 

diffraction of EM waves is still a major source of error because of 

the electrodets metallic nature and large dimensions. They solved the 

problems by developing electrodes of high linear resistance (greater 

than 100 kilobm~/m) and by proper filtering of the recorded signal. 

This paper indicates an awareness in the USSR that questions may be 

raised about the validity of data and conclusions from many experiments 

involving animals with indwelling electrodes, both in the USSR and the 

Unitetl States. 

Bruce-Wolfe a·.1d Justesen (1979) investigated the effects of 

microwave-induced hyperthennia on the visually evoked electrocortical 

response (VER) in five female &uinea pigs. The VERs were recorded 

post-exposure from animals that had been exposed to modulated 2450-MHz 

RFR in a multimode~ mode-stirred cavity for durations ranging from 

4 to 15 minutes. Such exposures raised rectal temperature to as high 

as 43°C and brain temperature to as high as 41°C. The mean latency 
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l. I· •tlh1Utf.ltlon to Llw U) peak ditdn:lshed from 42.8 

to 17.7 m11 For ··cn!r.al temperntuJ:"e increase of 37.0 to 40.5°C. For 

.1 urt Sc nl tt~mpt.;•aturt:' above 41. 5°C• the VER becnme highly variable, 

•ind nbuw .. 41.0°C the." animals diod. The authors recognl~ed the possibility 

• f l•·c·:il brain damageo resulting from the use of lmplRnted metal electrodes 

:uul ·;l.tlnlc·i->!-4-~t..,.c>l 1H·ruw~, and state that this aspect la belng 

• ·.plnr.·•I In furtlu.!l' ntudiei; in th.:! rat and guinea plr~. 

f111mnn1o1ki.I •ma Shllndala (1974) rtrported changes ln th~ biocur

r.·nts i11 th•· ur:aln rnrh.,c of rabbits aftE.'r 60 days' ..-xposure to RFR 

(~,o ·mz, 2.'i'l <;th:. 10 Glfa). Changt:'s (vngu•lY aperifled as "an increase 

i 11 1 In· rhv t tun n I s I nw · t •t!M and a decrease ln the rhythm of lntermediate 

.1wl 1 .isl w;1Vc.>!i11
) Wf!rl• ci1:>Hl0 rih1.•d Ill 10 and 1.9 11W/cm

2 
• but not at 0.01 ., 

l,J/,·m· . .\ltlmuv.h thl:' :-nth1•r ''lwtdw 1ml111··· .. f lhrfr rte-iircr!ntlan 

ptt-duth:s d1.•flnltlve rr;llque of tlWl{t:' ri:•tmltH, Lt appears that the use 

.. r inilweol I in~ t•lt•t•trudeH may hnvr:· l'ontributtod t1rtifat·ts, as described 

.1h1•Vt•, 

111 •1 mun• rN•1.-rat pretamtatloo, Shand;11:1 et ol. (1976) reported 

1•11 11hs1·rv;it lcins of rahbils with lmpt.untt:'d EF.C el..-ctrodes, and again 

d.i!rnt·ci •ptltP v;1rluhh·--but statistLcall;• !;ignlflcant--Ef.C changes 
') 

.1l IO ;.Wfrm- l'Xpusures (2. 375 GHz) for 7 ~1uurs/day for l month. The 

:-iaDll' q111:·io1t inns ~1hout implanted electrodes posslbly eau~ing artifactual 

,lal<i mny he rnl~ttd. 

c;o ldf;te!n and C1sko (1974) studied the EEGs of sedated rabbits 

to ddi.->rmf_ne whC?tht•r RF'R exposure would evoke arousal. They used 

lJ. ·J-1:tlz lffK at O. 7 to 2.8 mW/cm2. Tl•e EEG of each rabbit was 

r··"•·nlr .. c.I for about ontt hour. After the first ten minutes~ thf'. rabbit 

wa!i C!Xposttcl or sham-exposed to the RFR for five minutes. 'fhe EEGs 

showed no aroul'llal during RFR exposure but indicated alternations of 

aroui::H.11 and sedation characteristics sta,·.:ing 3 to 12 minutes after 

exposure. However, control ani;nals also exhibited alternations, with 

shorter arousal durations, rendering int~~pretation of these results 

difficult. 'these investigators were aware of the potential problem 

of metals in the pathway of the RFR and claimed to have mitigated it 
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by using thin (0.01 inch) insulated~ implanted stainless-steel electrodes. 

It is unlikely that this reduced the artifacts significantly, if at all. 

They al.so stated that "under everyday conditions~ the EEG patterns of 

rabbits are quite variable. The animals oscillate be&ween sedation 

and arousal unpredictably." This variability is another potential 

source of er-or f.r. anv experiments on the EEG of rabbits. 

Chou et ~1. (1978) used implanted carbon electrodes to avoid 

the artifactual problems associated with metal ones. Two gro~ps of 

rabbits (six animals/group: thr~e males, three females) were exposed 

to 2.4~ GHz, 1.S ni.4/cm
2 radiation f~r 2 hours daily for 3 months. 

One group received CW, the other pulsed radiacion (lO ps, 100 pps, 

1,500 mW/cm2 pulse power density). A similar group of six animals 

was sham-exposed. No significant differences were observed betw~en 

groups at lht! i:nd ut t.,r~t~ months with regard to EEG .ind evoked poteni:ials. 

Kaplan et al. (1978) repc:rted that from the beginning of the 

seco1id trimester of pregnancy. 33 squirrel monkeys were exposed for 

3 hours/day in special cavity/cage modules to 2.45 GHz pulsed radiation 

at whole-body mean SARs equivalent to those resulting from plane-wave 

expos11re to 0 .1, 1. 0, and 10. 0 mW I cm2 and comp 1red with a group 

of eight pregnant sham-exposed monkeys. Eighteen of the exposed mothers 

were exposed with their offspring for an additional 6 months after 

parturition, and then their offspring were expcsed alone fo~ anothex 

six months after weaning. No statistically significant differences 

w~re found between exposed and nonexposed adults nor between exposed 

and nonexposed offspring on resting EEG and photically driven EEG 

parameters. (No chronically attached or indwfllling electrode1:: were 

used.) 

Rosenstein (1976) exposed one group of eight female rats to 
2 10 mW/cm at 425 ~ffiz for 4 hours/day from the 12th day after 

breeding until parturition, and another group of 12 dams to 5 mU/cm2 

at 2.45 GHz for 4 hours/day from the 6th day after breeding until 

parturition. The offspring were then exposed for 92 days. Control 

groups having the same population numbers were used for each frequency. 
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!~valuation of the EEGs and the. visual !!:Rb oi thu ofisprir.g at 140 days 

of age indicated no significant difference between the exposed and 

control groups. (Again, indwelling electrodes were not used.) 

In summary, the use of indwelling metallic electrodes in studies 

on the effects of RFR on the EEG and /or evoked potentials may be 

questioned as a procedure likely to introduce art:tfact.ual effects in 

the preparation under study, as well as in the recordings themselves. 

'!hese a.:-tifacts may be minimized by use of electrodes appropriately 

designed from high-resistivity materials. Experiments in which such 

specially constructed electrodes were used, or in which electrodes 

were applied after exposure. show no evidence of statistically 

significant differences in EEGs or evoked responses between control 

~nd RFR-exposed animals. 

b.S.6 Conclusions 

In relatiNi to the problem of exposure to microwaves within the 

ri,l'tenna area of SPS, the microwave hearing phenomenon is an effect 

only of pulsed radiation. Since the SPS radiation is continuous> the 

microwave hearing phenomenon has no bearing on exposure of workers. 

The calcium efflux phenomenon is an effect only of low-frequency 

amplitude modulated radiation. While hUntans moving under the rectenna 

could be exposed to modulated RFR fields, the 1 · .:' .,,. ,od that the 

rate and duration of their motion would be sufficient to produce the 

calcium efflux phenomenon appears negligiule. Changes in blood-brain 

barrier have been reported at power-density levels as low as 3 mW/cm2, 

but the evidence is in dispute. Histological changes in the bl:ain 

have been reported at power-density levels as low as J mW/cm2, but the 

~vidence is in dispute. Histological changes in the brain have been 

reported at power-density levels as low as 10 mW/cm2, but the effects 

may have resulted from.an unusually high SAR within the skull. Micro

waves have no effect on evoked potentials or EEGs. For the ordinary 

exp~sure within the rectenna area (0.01 to 1.0 mW/cm2) there is little 

or no probability of an effect on either blood-b~ain barrier or brain 

hbtology. For the maximum exposure within the rectenna area (23 mW/cm2), 

t11ere could be changed in the blood-brain barrier or brain histology, but 

::.,1e pathological significance of ti.ese changes is not yet understood. 
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6.6 EFFECTS ON BEHAVIOR 

The very large number and variety of behavioral studies in animals 

exposed to microwaves makes it difficult to present a detailed review. 

The papers reviewed in this section are selected as being representative 

of the types of behavioral studies that have been conducted. The types 

include microwave perception studies> effects of microwaves on learning 

and on performance of trained tasks, and interactive effects of micro-

1'7aves and drugs on bel1avior. 

With regard to perception of microwaves, the microwave hearing 

effect discussed in the previous section is, by definition, perception 

of microwaves. Other studies of modulated microwaves have been con

ducted to determine whether they can ser.ve as a behavioral clue. King 

et al. (1971) showed that 2.45 GHz microwaves, modulated at 60 and 12 

Hz, could serve as a cue to warn rats of impending electrical shock. 

The effect had a thr.eshold of between 1.2 and 2.4 mW/g. Since the 

study was conducted iu a cavity system, plane-wave power densities 

were not available; however, a reasonable estimate is that the power

density threshold would be between 2.5 and 6 mW/cm2• Frey and Feld 

(1975) showed that rats exposed to 1.2 GHz pulsed at 100 to 1000 p~lses 

per second would tend to avoid the radiation by moving into an RF

shielded area. The authors inte-rpreted this behavior to indicate that 

the microwave radiation produced a noxious stimulus, but the evidenr.a 

indicates that the noxious stimulus was probably the microwave hearing 

effect. The avoidance behavior was produced at 0.6 and 0.2 mW/cm2 

for the 100 and 1000 pulse/sec exposures, respectively, but e~posure 

to 2.4 mW/cm2 CW radiation did not produce any avoidance behavior. 

A number of other microwave perception studies were designed to 

determine whether animals would avoid CW radiation as a noxious 

stimulus. Monahan and Ho (1977) observed that when mice were exposed 

for various periods to 2.45-Gllz micl.owaves at vario11s power densities 

and ambient temperatures, the mice were able to reduce the percentage 

of micrownve energy absorbed. There was an apparent threshold of 

power level at which the effect would occur at ambient temperatures 
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of 20 and 2~°C, but not at 30 and 35gC. The authors attributed the 

effect to the ability of the animals to orient themselves in the 

radiation field so as to minimize energy absorption. In a subsequent 

study, Gage et al. (1979a) observed rats and mice by closed-circuit 

TV during exposure to 2.45-GHz microwaves and failed to observe 

orientation effects. However, comparison of the power levels and 

ambient temperatures in the two experiments suggests that the power 

density and ambient temperatures e~ployed by Gage et al. may have been 

too low to produce the orientation behavior. 

A second ap~roach to the question of radiation avoidance (Monhan 

and Henton, 1979) involved exposing mice to 2.45 GHz microwaves at an 

average SAR of 45 mW/g (90-100 mW/cm2), coupled with a soni~ cue. 

The mice learned to turn off the microwaves !>y interrupting a beam of 

light; this was interpreted as escape behavior. 

A third type of approach involved pairing microwave irradiaton 

with conslDDption of sucrose solution and subsequently testing for 

avoidance of the sucrose. In an ear.Lier test (Monahan and Henton, 

1977) th~re was no evidence that the sucrose was associated with a 

noxious experience. In a subsequent test (Sessions, 1979), saccharin 

(instead of sucro$e) was paired with microwave exposure of rats. The 

animals developed aversion to the saccharin (indicating association 

with a noxious experience) at a power density of 41 mW/cm2 or greater, 

but not at lower levels. 

The results cited above are interpreted by the authors as indicating 

that microwaves are a noxious or unpleasant sti"Uulus to the animul. 

However. the orientation behavior observed by Monahan and Ho (1977) 

appears to be, at most, thermoregulatory behavivr of the animals, 

and the saccharin aversion appears to require relatively high power 

densities of the microwaves. The escape hy interrupting the beam of 

light (Monahan and Henton, 1979) also involved relatively high power 

densib: ", arhl in addition, appeared to require t~e coupled sonic cue. 

Grove et al. (1979) observed that rats exposed to nearly lethal levels 

of microwave radiation in the abFPnce of other cues (e.g. sonic cues) 

made no attempt to escape; nven though the means of escape were readily 
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available. Overall, it can be concluded that pulsed or otherwise 

modulated microwave radiation can be perceived readily by animals at 

moderate-to-low power densities, but that C:.W ~icrowaves are, at best, 

an ext~emely feeble per~eptual cue. 

Many studies have been conduct~d on the effects of mir-~wave 

radiation on the performance of trained tasks. Animals studied 

were rats, rhesus monkeys, and squirrel monkeys. Acute exposures at 

power-density levels ranging from 10 to greater than 100 rnW/cm2 

(Sanza, 1977; de Lorge, 1979; D'Andrea, 1977; Lin, 1977; Scholl and 

Allen, 1979; de Lorge and S~ell, 1979; McAfee et al., 1979) resulted 

in somewhat inconsistent results. The overall conclusion is that 

microwave irradiation will suppress performance of learned tasks, 

but that the effect depends upon power density, duration of exposure, 

animal species, and the demand characteristics of the behavior. Th~ 

studies of de Lorge and Szell (1979) indicate that suppression of 

learned behavior tasks by acute microwave irradiation depends on the 

amount ar.d distribution of energy absorbed by the animal. 

Chronic microwave irradiation has also been reported to disr.upt 

learned behavior in animals. Lobanova (1974) reported a weakening 

of conditioned reflexes in rabbits and rats, as shown by increased 

latency or absence of respond~ and failure to recognize the conditioned 

stimulus. Power-density levels in her studies were 1 to 10 mW/cm2• 

Mitchell et al. (1977) reported that rats showed an increase in locomotor 

activity and a disturbance of differential responding to operant 

behavior over a 22-week exposure at 2.3 mW/g (~ 5-6 mW/r.m2). Lebovitz 

and Seaman (1979), however, found no disturbance in lever-pressing 

performance in rats chronically expos£i at up to 2.6 mW/g. 

Studies of the effect of microwaves on learning are more recent 

and fe~er. Schrot et al. (1979) investigated the effects of microwav 

irradiation on the ability of rats to learn a novel sequence of respons~s 

to obtain food reinforcement. Decrements of learning occurred at power 

densities of 5 and 10 mW/cm2 , but not at 1 mW/cm2 or less. Gage et al. 

(1979b) exposed rats daily for four hourF- to 50 mW/cm2 from day 6 of 

gestation until the age of 126 days, artd found no effect of the 
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irradiation on the learni11g of two tasks during the last two weeks 

of :irradiation. 

Several studies of interaction of microwave irradlation and 

drugs that affect the CNS have been conducted (Monahan and Henton, 

1979; Thomas und Maitland, 1979; Thoma.a et a~ •• 1979; Maitland, 1979). 

In the first study, chlordiazepoxide was found to interfere with 

radintiCln nvoidance responses, hut chlorpromazine and cl-amphetamine 

gave vnriuble results. In the other studies, the effect of a drug on 

animal behavior was tested, and then the effect of the drug and micro

wavo irracliatjon together was tested. Microwave radiation at a power 

density of 1 mW/cm2 was found to enhance the effects of d~xtroamphetamine, 
chlord.laiowpoxidc, and pen to barbital. An interesting aspect of these 

studies, taken together, is that the drugs have pharrnacologicaly 

different and opposite properties. Dextroamphetamine is a CNS stimulant, 

whUt- ch1nrdinzepoxide and pentobarbital are CNS depressants, but the 

mierowavt> rncl iotiC'n enhances the effect in either case. 

Some of the behavioral studies seem to have originated from 

~tutlks in the USSR claiming that RFR had direct effects on the CNS 

at low power densities. The association is discussed by King et al. 

(1971). Evidence to support this claim from neurophysiological 

studies in tl1e USA is meager, and the behavioral evidence also does not 

generally support the claim. The studies on microwave irradiation as 

a noxious stimulus do not show that the animals can perceive microwave 

radiation as such. The radiation-avoidance studies appear to be part 

or the thermoregulatory behavior of animals, and under circumstances 

where the environment is cold, animals will use microwave radiation as 

a source of wannth (Stern et al., 1979). In addition, Adair and Adams 

(1980) showed that microwave irradiation enhanced dermal vasodilatation 

in the squirrel monkey (a tharmoregulatory response). The effect 

appearen to be mediated by the CNS, but a minimum of 8 mW/cm2 was 

required to elicit the response. Disruption of performance or learning 

appears to have rather high power-density tresholds. Interaction of 

microwaves with drugs affecting the CNS appears to be the most sensitive 

behavioral response to microwaves, but even these studies do not prove a 
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direct effect of microwaves on the CNS. Overall, the behavioral 

studies do not indicate a special effect of microwaves on the r.ervons 

system, and the ·nechan1.sm of tnost of the results remains unknown. 

In reference to the SPS, workers in the rectenna area exposed 

at the ordinary power density level (0.01 to 1.0 mW/cm2) would probably 

not experience any effect on performance of trained tasks or speed of 

learning, but workers exposed at the maximum power density level. (23 

mW/cm2) might experience some performance or learning decrement~ 

particularly if the exposure is of long duration. Workers \'1ho are on 

medication might be subjected to enhanced action of t:he drugs at either 

the ordinary or the maximum power densit:1 level. However t there 

probably will not be any subjective feelings of malaise in non-medicated 

workers e:xposed at either t:he ordinary or the maximum power dr isity 

levels. 
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6. 7 F.NPOCllINOLOGICAJ, m~·1~ECTS 

Microwave> lrradlntin11 of animals hm• prud1w1:C: ·:1,,.1t,,ll'lt i111·1··n·-

sistcnt ~ffects on the f'nd0t~ri1w system nf m;in1n1.1I •· In >:•·n· 1-.11. t Ii•· 

t•fft.>c·ts produced llPtWar to ht'_ relntt•d l,1 E>il'lwr I IJ .. lw1L 1 .... d , . 

1.:latPd with the irradiation or the• strt•ss induc·{·Ll i11 1111 -111!.,.;,I 

tlw Lt·radintion und~ possibly, otlwr t•xpt·rimt•nl.i I •. i 1"·1m1 .1 .11w1 · 

..... 
•:·• 

,•ffN'ls n.lso appeilr to be rt•lat<>d to <llU•ratirHl .. 1 l/11· t'ir,;uli•'t 1
1
1·lhi,1 

b~ microwaves. Thl'rl' dn not nppenr tn lw any t•ft•, L •• 11 i .• in;.; 1 , •. ,., 

<lln•rt stimulnti.on C>f the endoC"rin"' syHtPrn or thl •-~;"•I Jt• d 1· ·: • "' 

tht> CNS. 

'tht~ heat lond inducL•d by the.~ m il·rowav1· i r r ;id i.1 t i 1 tt1 pi· i m.-11 ii ·; 

affects the thyroid gland and, to soml• PXtent, lh" :tilt• 11.d t: I .•P·'. ,, 

}-fagi.n et al. (J977a, 1977h) obst•rvc•cl that <llr~·d 1""p1·1·a·n' 1•1 111 .. 

thyroids of dogs to 2.45 GH~ irrndlation ('HllSL•d ;11L iih r\ .1:.~· In : ·11 t:dt· 

of release of thyrox.inc. Tlw amnunt ol im:n••lS•' .,.-:1" dq11•11dvi:I . •1 1111· 

power-denslty level, and the authors attrlbul1.•d th\ d t i···t l•' ri1o· 11:. 

in tc.'mpcrnture of L h~ •,land. Lu et :1 t. (197 7) r1 p11t· 11·d t li.1l ,.·i '" ! • · hi "h' 

exposure of rnt!'l to 2.45 Gll7. irracllntion •ll !n mh'i, ,n lnr ;: 

hours resulted in a dee re<rne 1 n srrum I hyrm: I Ill· I'"" J :-•• r1, .. d··· 11·.i:;1• 

was associated with a significant rlst.! In l"l'l'lal t1·1111'..i"1tur1. 

of rats at lot,,rer powc>r densitieH or fllr short1.•r (l11r-.1t i1•11:• t;J11:, ... 1 .. 111. 

minor changes in body t<.>tT"H't'nture and insi1~niflc;mt d1·ptt· .slon~. 111 :-; .. r11n 

thyroxin<.3 levels. TrllV£.' rs and Vl•l: ter ( l 97 8) <\ t :->o l'l'I'" r I , d I 11\·'• 1·. ·tl 

scrum thyroxine levels in rots uxpos1,;~d 8 hours/<l•I" 1.1 2 .1, •1 cm;: 1 n .t.J Lr·· 
') 

ti.on for 7 to 21 cloys. These authorH elaiml.'cl ~·fh'\'l"i .ii '1 1.1 :: 111'·'/, m··, 

but the report was available only in nhhtnwt lorm anti lh•1w1· rJ,,. r.l 1r.1 

could n~t be reviewed. 

Stress responses ln rats c>epo1H1d to 2.:.5 1:11.~ i'lt.-n~1 •• -.1•:i·~ ~-··~r•.· 

reported by Michndson ct al. {1975), Lolz (1976), 1,,,,..: ;rnd '.ti, h.tl'l :-nn 

(1977) and Lotz et ul. (1977). Tht'He ~Luclil~H sh<n.-,•d Pviill'111 ,. "! 

time/power-density thresholds. Ra ts t>Xpost•d at ')IJ mW/:~ I "r JO ,,r f1n 

minutes showed a rise in plasmn cort lt•nsternrh.• h•v,•I and a tft·.-·11 .1·~1· in 

plasma pituitary growth hormone' level, hulh of whi"h nn· i11dic.1tt1rf·: 

of a. general stress response. lrradint:ion at h>WPr rwwp1· 1l1·ns it f 1•:; 
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for 30 or 60 minutes did not produce any similar response, but when the 

duration of irradiation was extended to 120 minutes, plasma cortico

sterone was elevated at a power density of 20 mW/cm2 and plasma 

pituitary growth hormone was depressed at a power density of 13 mW/cm2• 

Hypophysectomized rats and rats treated with dexamethasone did not 

show an increase in plasma corticosterone at any power density, indi

cating that the microwave effect was mediated through the anterior 

pituitary. 

Because of the known sensitivity of the testes to heat, there 

I.as been some investigation of the effects of microwaves on gonadal 

function. Prausnitz and Susskind (1962) reported that mice exposed to 

9.27 GHz microwaves at 100 mW/cm2 for 4.5 minutes per day, 5 days per 

week, began to show testicular atrophy after 4 months of treatment. 

More recently, Cairnie and Harding (1979) reported that exposure of 

mice to 2.45 GHz ii:radiation at 20 to 32 mW/cm2 for 16 hours a day for 

4 days had no effect on sperm count or percent of abnorm.:il sperm. No 

endocrinological measurements were reported for either study. 

Mikol~.jczyk (1974, 1975) reported that irradiation of rats to 2. 86-2. 88 

GHz at 10 mW/cm2 for 2 to 6 hours a day for 35 days caused a decrease 

in the pituitary level of luteinizing hormone. Finally, Lancranjan 

(1975) reported that men occupationally exposed to radiofrequency 

radiation at levels of up to several hundred microwatts/cm2 showed 

slightly reduced sperm counts, but normal plasma levels of 17-ketosteroid 

and gonadotropic hormone. 

Effects of low-level microwaves on circadian rhythmwere reported 

by Czerski (1974) for the mitotic figure count of bone marcow. Lu et 

al. (1977) reported that the circadian rhythm of normal plasma cortico

steroid levels had a confounding effect on the assessment of low-level 

microwave cff ects. A subsequer,t report (Lu et al., 1979) indicated 

that high and low power-density levels may have opposite effects on 

plasma corticosteroid, with the high power-density effect arising 

from stress and the low power-density effect arising from circadian 

rhythm changes. 
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Al though most of the effC"l'ts of mlcrowavl'i> on t!w l•ndocrl1ll' 

system nppe;ir to re rl!lativc•ly straightforward ancl pn.~clic•tabl<.• fr11111 

physiological f.'onsidt~rations, tlwrc: art• 8tl l 1 i-;omc> dt!talls c•11w•t•rnin~ 

tht? cffccts of ml<."rowavcs 0.1 a<ln•no(·urtit·•il ntt~rold~ that" rt..>quirL· 

further study. Part of tlw prnhh•m aptwars tu ariHt~ from Llw ltnn·rtain 

1t11ture uf "strw;s." llc-ar.:, nr tt•mperaturt~ r I::;l', is. assttffil'cl to ho :J 

stress to the animals. Howt~V<"l", Lilmnly (1979:1) ohHt•rvwl th;1t mfrP 

cxpc>sed to warm ;llr to produce u tl'OJpt.•ratun• rf:-;l~ l'CJtdvalt>nt t<l LhilL 

proclt1C'.ecl by microwavu 1rrncl1ut.inn d.ltl not sho1·1 a ri:->f.! in pLrn111•l sL•·1·11ld:; 

comparuble to thnl producr.•d by tlw M irrowavl• I rra<l 1.:1 t tnn, ancJ d f cl nol 

exhibit the lymphopcmla prndu1'l•cl h/ tlw m[crnwuvc> frradiatf<•ll. Furtlwr-· 

mor.c, n numh~r of otht:.>r t•Xpl•rlmcnls un lnununnloglcal l•fft•rts of chr11nl1· 

micrm.,.aVl' i.rrncliation hnvl• produced •.!fft.>i~ts nt 1><>WL!r-clt·mlity lt•VL'I :; 

too low to ellelt strcsH n•Hpumws In an iH'.lllt.• lrrLltllaLinn sil1mlinn. 

finally, t}Wl"l' is ll SllhStantial mTommudati1H1 factor in t>l fl'ft Lil~~ 

stress responses. Animals that <Jl"l' plact•d in 11uvel ~:H11;1Liom; arl· 

much more prone lo exhibit Hll"l·ss rvHpomwi> th:m <lrl' animals that ho1v1• 

heen adapted to the aEtuatiun, nnd tlw USl~ uf ttham-lrracliatl«I conlrol~; 

does not always eliminnte t:.lw prol>Jc•m. 

Work£'rs in thl' rE't'lt•nnn &Hl'<l pf SPS t.•Xpll.scd ;.1l thr onlfn•lP' l1P~· 1 1'1· 

dc>nsity lcvt'.!1 of mlcrownvei; (0.01 tn 1.0 mW/C"m
2

) wrn lei 1wl ho l'><Jlt'l°l<·1l 

to show any endocrine changl'S resu l 1· lng from tlw 1.:xpos11rc.>. Jf such •lll 

exposure were repeated regularJy, the workers mighl L~Xpcrienc:c snnw 

alterations tn clrC'ndlnn rhythm, hul thff:I t•ffpc·t w11ulr1 prohably not lw 

serious. Workers exposed to tht: •rnxlmum power <lcnsi ty lcvr.•1 (23 mW/1·m'.~ J 

would probably show challges in blood thyroxine levels, and possibly 

increa~es in blood adrenocort lea id levels. Tlw prnbabi 1 ity of 

occ.urrcnce of Ruch changes would incn•ase ~dth inrre;:1sin~ <lurntlon 

of exposure. 
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6.8 IMMUNOLOGICAL EFFECTS 

The accumulation of reports to date indicates that microwave 

irr.radiation has quite definite effects on the immunological system of 

mammals. Most of the reported effects were detected after exposure 

at relatively high power-density levels (> 10 mW/cm2); a few have been 

detected following exposure to low power-density levels c~ 0.5 mW/cm2); 

and in some cases effects obtainable from high power-density exposure 

were not found at lower power densities. In most studies the mechanism 

for the effect was not investigated, and there is a fair degree of 

inconsistency among the separate reports. 

Tc present a reasonable overview of immunological effects, the 

principal resultR of a sample of the studies are summarized in Table 

6-3. The first four studies were investigations of the ability of micro

wave irradiation in vitro to act as a mitogenic stimulus for lympho

cytes. This effect was first reported by Stodolnik-Baranska in l967t 

was repeated (with some difficulty) by Czerski (1975) and by Baranski 

and Czerski (1976)9 but Smialowicz (1976) could not obtain a similar 

result. After extensive study, Baranski and Czerski concluded that 

the mitogenic effect depended, in a complex way. on the rise of tempera

ture in the culture medium. On the basls of his Gtudy, one would 

conclude that microwaves have no intrinsic mitogenic effect on lymphocytes. 

The next three studies were investigations of the effect of 

r.ticrowave irradiation i:J2 ~ on the number of cells of the spleen 

forming antibody to sheep red blood cells (SRBC). Krupp (1977) 

reported an increase in number of anti-SRBC cells following acute 

irradiation. Czerski (1975) reported the same following chronic irradia

tion at low power-density lovels, and Smialowicz et al. (1979b} reported 

no effect following subchron1c irradiation over a wide range of power 

densities. The results of Krupp (unfortunatelyt o~ly obtainable as 

an abstract) indicated that the same effect could be produced by an 

increase in the temperature of the animals or by injecting them with 

cortisone, suggesting that the effect was a stress response mediated 

through th.- endocrine system. The results of Czerski indicated that 

there was an increase in the number of anti-SRBC cells after six weeks 
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7 .... 
··-··r 

Wiktor-Jt1drzc.Jezilk Mn use 2.45 l\-22 a.c-
OllCI! 

t.:i nl. (1977) o. ;:, 
SmiaJawicz et al. r.at ?.45 5 4 D.'.ll ly, 
(l!H9.1) JS-55 d. 
Sh<1ndala .. t ;J.l. Rat 2.375 o.s 7 OJ lly. 
(J977) JO d. 

Uuaug & Held 097!1) I' o ISt.: 2.lo5 5-15 0.5 Da! 1 y, 
1-l7 ... -

r.tbur<ly {197!1il) Huu&t.: 0.026 soo 0.25 Once or 
2D d. 

SL·h!Hgel et 11 I. 
Ho usu 2.4S - 0.25-

Oneill (1979) 0.75 

c:uyc.•tal. (1976b) Rnbbit l.45 10 2'l D.::tily, 

6 ""'· 
Llddlu et al. (1919) House 9 to 2 Dally, 

s d. 
•~J<lu & Lin (1979) Hu use 0.148 w.ao.s 1 

Ila lly, 
1 d. 

Llburdy (.1979h) tlnus~ 2.5 30, ll\O o. o; Dully, 
lO J, 

l.lb11l'dy (1979<'} Hou!lu 2.. 5 ·so o.s Onre 

Szmigfelskl et al. 
RubtJit ] l o Ddly. 

(1975) 6-1? ~k 
P1111t1:· izc I UI: 11 I • 

•tom1e 11.s. H.S. f, Dally. 
0975} 6 d. 
l'r:msnitz. & S111111kind 

Hom11e 9.27 lO-O 0.067 Daily, 
0%2\ 5!J wk 
S~mig!,..lskl et al. 

House Z.4S S,20 :z Dally. 
{1979) 1-6 M•> 

l'rlnrl1•al Rcmo1rk .. 
l"ltullng 

Ulnst tranl:lfilrm.·u ion Cel 1 t•ul tures 

lllm1t transfor11ULlo11 Pu(•r reprnducfbII lty 

Bl.1!1t trnnl:lfor ... 1t lun 1"umpcr•nur" 
d!.!pendc:nci; 

lk•gatlve l'esul ts 

ln•·rease ln number ui' Temp. dcpl!nd11nce 
antU1ody cells cnrt ha•ne I ntlu..:lb le 
1 m: re:111e lt\ II umber ll f EfC•H"t <1t 6 wit 
nnt lhi.:idy eel ls reversed at 12 wk 

N.!~atlve results 

t.ym.1il11>cytosis at 
4-7 dayi:1 

LymphaJleni.l 
No effect at l 
tnYlcm2 

rn..-r~n»c of Fe and 
c:.f- cells 
lncr ... ase of 111itogun Only lon~er 
respi.:ind1ng cells exposure positive 
Re\lroductfan ln Fu11 pul>Ucathm 
numb"'r of T cells not av11Uable 
Fluc:tu.u:lon in nuoabc\" Tlme-dependen.·u 
of band T cal ls respunsf veness 
lncn•as" in numht?rs • Same otffe4"t fr"m 
,,f bund T cells <·nrttrold lnj1<rt Ion 
lnt•r1t.:1se ln nun;!1er tkipenden•·e "" 
ur c+ •·1tI I~ genetic!' foi.-cors 
Decruasot in 11umher 
nf 11 c·el l!I 
Elevatlnn of clrc. Nu P,t'l\tei: t Ion agn1 nst 
<1ntlhody titotr "'rgan ls111 c-ha llenge 
Suppro:ssion '1f t bollr expnsure to 
.1n<1phylaxls ~·~.ld gnve s.ume efft.i••t 
Enhanred lymphocyte 
a.-t lvlty n1~atnat graf1 
Altt·r' .. d mlKt'atlnn of 
T-lvmnh414•vt,. .. 

Red111· .. d gran11loi-ytt.' 
l'fl• at1lm;al11 dll.!t.1 

r1:sptu11u1 to lnfe1·tf"n 
l'rnlPt:tlun .;iy,ahl11t 
lelh<1 I fnft!l't ion 
Pnitt:l•tfon ar,ain11: lnt:J~cn~~l obfiervat. 
co luny Infect l••n In:· ction u11 lntund11d 
E<trller appearan~~ Only 20 aa.• va11 
··' ·--~· ···--- ~r-. - ~1 ..... 



of irrad~.ation, but that after 12 weeks of irradiation, the effect had 

disappeai:t:!.i, suggesting that the animals had accommodated physiologically 

to the radiation. 

Rotkovska and Vacek (1975) reported lymphocytosis following a brief, 

intense exp~sure to microwaves, and Pazderova-Vejlupkova (1979) re~,rte<l 

lymphopenia following chronic mi~rowave exposure at 24 mW/cm2• When 

Pazderova-Vejlupkova attempted to repeat the work at 1 mW/cm2, she 

found no effect; the latter experiment was performed in collaboration 

with the USSR Acaden1y of Sciences. Lymphopenia was also reported by 

Liburdy (1979a) following a single, intense exposure of mice to micro

\-:aves. The occurrence of the lymphopenia depended on a rise ln core 

temperature of the irradiated animal~; irra~iation at nonthermogcnic 

doses produced no response. How~7er~ heating the animals to the same 

core temperature produced only a weak lymph~~~nic response. 

Several stuc.~.es have been conducted on the number of immuno

logically reactive lymphocytes in the spleen or circulating blood of 

animals exposed to microwaves. The most extensive review of the nature 

and experimental manifestation of cellular immunity and of the effects 

of microwaves on cellular immunity is presented in the study by 

Wiktor-Jedrzejczak et al. (1977). The responses were somewhat variable, 

with the only certain conclusion being that there were effects. The 

results of Smialowicz et al. (1979b) and of Huang and Mold (1979) indi

cate that the response may depend on duration of exposure, sugges~ing 

an effect similar to that of Czerski (1975) with sheep red blood cells. 

The results of Schlagel et al. {1979) suggest that genetic factors may 

play a role in the response: mouse strains having th~ hi~tocornpatlbility 

H-2k haplotype were responsive, whereas those bearing the H-2b and H-2d 

haplotypes were not. The results of Liburdy (1979a) indicated that the 

response was associated wit~ a rise in plasma corticosteroid hormone 

levels and could be produce~ by injection of synthetic corticosteroid 

hormones. 

Various other immunologica.l responses have been studied. Liddle 

et al. {1979) obse"ed that mfce immunized against Streptococcus pneurnoniae 

had higher circulating antibody titers against the organism after five 

days of microwave irradiation. This higher titer did.not, however, 
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protect the mice from challenge with a.virulent strain of§_. pneumonia~. 

Mnjde and Lln (1979) reported suppression of an.nphylactic response following 

microwave irradiation. A similar effect was observed by Liburdy (1979c). 

Madjc noted that the same effect could be produced by keeping the 

animals :i.n a cold room. This (Jbservation is quite interesting in that 

exposure to cold is a known producer of stress. Perhaps cold exposure 

could he used to identify microwave effects that are stress-mediated 

and t<' distinguish between stress-mediated and temperature-mediated 

effects. Liburdy (1979b) observed that microwave irradiation increased 

the potency of lymphocytes for rejecting allografts of ET.-.+ lymphoma 

cells. He also reported that microwave irradiation selectively caused 

circulating T-lymphocytes to be trapped in the lungs and to be directed 

to the bone mnrrow, rather than the spleen. 

s~veral studies have been conducted to determine whether micro

~ave effects on the immune system alter the severity or inc.~denl ~ of 

disease. This is a relatively difficult area to investigate, and 

reliable, consistent results are hard to achieve. Szmigielski et al. (1975) 

observed rabbits experimentally infected with Staphylococcu~ aureus 

following microwave irradiation for 6 to 12 weeks. Re reported that 

microwave-exposed animals showed a depression in peripheral granulocyte 

count, a depression in granulocyte reserve that could be mobilized by 

ba1.•terial endotoxin, and an increased lysozyme activity of serum; he 

stated that the irradiated animals appeared ''sicker. 11 On the other 

hand, .Pautrizel et al. (1975) reported that radiofrequency irradi.at:lon of micE: 

conferred protection against an otherwise fatal challenge with !!.Y.J!..~~ 

equiperdum. F:inally, as noted above, Liddle et al. (1979) reported that 

microwKve irradiation caused elevation of antibody titer against ~· 

pneumonia~, but no protection against challenge by the living organism. 

Prausnitz and Susskind (1962) observed ~~ring long-term chronic micro-

wave irradiation of mice that the irradiated mice .appeared to have 

more resistance than controls did to a pneumonia infection accidentally 

introduced into t11c colony. However. this was an incidental observati.on, 

and not a planned experiment. Szmigielski er: 3.1. (1979) reported that 

microwave irradiation of mice at 20 m\'1/cm2 and simultaneous treatment with 
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diethylnitrosamine or 3,4-benzpyrene led to earlier appearance of tumors 

from these carcinogens. When the micruwave irradiation was given at 

5 mW/cm2, howevert :!..t had no "promoting" effect on carcinogenesis. 

In summary, microwave irradiation hau effecta on the immune system 

of mammals. Some of the reported effects were obtained at low power-denr::it:.y 

levels, but most of the studies were performed at relatively high power 

densities, and in some cases effects obtained at high power density were 

not found at lower power denRities, suggesting the possibility that 

power-density thresholds exist. Some of t:1e reults indicate immunosuppressive 

effects, some indicate immunostimulative effects, and some indicate that 

the state of the immune system depends on the duration of exposure or the 

time--in relation to irradiation--when measurements were taken. The 

existing evidence indicates that the immune system effects are probably 

mediated through the effect of the radiation on the endocrine system, 

involving the general adaptation syndrom to st:.: ,:3s. It appears dou,.>t ... ul 

at pres~nt that microwaves hav~ any direct stimulatory effect on th~ 

cells of the immune system. 

From the viewpoint of the SPS, workers exposed to the radiation at 

ordinary power density levels (0. 01 to L 0 mW/ crn2) would probably exhibit 

no changes in immunological response~ particularly if the exposure occurred 

rather irregularly. If the exposure occurred regularly on a five-day-a

week schedule, there might be some changes in immune responsiveness. 

workers exposed to the maximum power density (23 mW/cm2) might show 

some changes in immune responsiveness. Againt regular exposure would 

be more likely to produce changes than sporadic exposure. Evidence for 

potential hazard to humans fr.om immunological changes brought about by 

microwave exposure is inconsistent, but there is presently no strong 

evidence that harm would probably result. 
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6.9 BIOCHEMICAL, PHYSIOLOGICAL, AND CELLULAR EFFECTS 

A numbe~ of reports have been publ~shed indicating that microwave 

irradiation has specific direct effects on biochemical processest enzyme 

systems, cell membranes, ·'lnd muscle cont-raction. This section considers 

some of the completely published reports on these phenomena. 

In a study of mice exposed to 2.45 GHz in the dose-rate range of 

0 to 44 mW/g, Ho and Edwards (1977) found that mice decreased their 

oxyg~n consumption and metabolic rate during exposure. The decreas~d 

o:icygen consumption appears when the radiation dose rate exceeded the 

basal metabolic rate, and returned to normal when the irradiation was 

discontinued. Phillips et al. (1975) exposed rats to 2.45 GHz micro

waves at 4.5, 6.5, and 11.1 mW/g for 30 minutes. Colonic and skin 

temperatures were elevated at all dose rate levels, and oxygen consump

tion was reduced at 6.5 and 11.1 mW/g, but not at 4.5 mW/g. The reduced 

oxygen consumption at 11.1 mW/g persisted for more than five hours after 

cessation of exposure. In a r.iore recent study, Lovely et al. (1979) 

found that rats exposed to 2.45 GHz radiation at 5 mW/cm2 for 10 hours 

per day reduced their food and water consumption without significant 

reduction in body weigr~. Both of these effects can be reasonably 

attributed to metabolic adaptation to the heat load induced by the 

irradiation. 

Deficis et al. (1979) exposed mice to 2.45-GHz microwaves continuously 

for 60 hours at 3-4 mW/cm2. They reported that the mice had elevated 

levels of serum triglycerides and serum beta-lipoproteins two hours 

afte~· termination of the radiation. There was some indi.:.ation that the 

effect might be po• . .;er density-dependent. This result may be related to 

the study of Pazderova et al. (1974), who reported that workers in 

television and radio transmitting stations had decreased serum albumin 

leve!s and 3.ncreased serum alpha- and beta-globulin levels. The report 

noted that although the changes were significant, the values were still 

within the normal human range and the workers appeared to be in good 

health. 

Although claims have been made that microwave irradiation alters 

the permeability of cell membranes, Liu et al. (1979) found no effect 

of microwaves on the membrane permt•ability of rabbit, human, and dog 

erythrocytes other than what could be attributed to a rise iu temperature 

of the suspending medium. Similarly. Allis and Fromme (1979) found no 

effect of microwave irradiation on adenosine triphosphatase, an enzyme 

involved in maintaining the sodium-potassium balance of erythrocytes. 
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The calcium efflux phenomenon and the eff c>cts of microwaves on the blood

brain barrier (discussed in Section 6-5) might also he considered 

effects of microwaves on membrane p<.~rmeabiU ty. The calcium efflux 

phenomenon dependsupon a low-frP.quency ampiltud"~ modulation of the 

radio frequency signal, and hence is probably not an intrinsic proparty 

of the microwaves. The ~ffQcts of mfo.rowovos on the hlood-hr11ln barrier 

• remain in dispute at prt•s1.mt, but the evidence> indicatt'S tlmt the effect 

is subject to a power-dt'nsity threshold. 

Several reports have been published Indicating thnt tnicrowaVl!S 

affect smooth muscle contraction. McArthur et al. (1977) found that 

960- MHz irradiation of post-pylor .' c SL•gmcmts of rat gut ut 1. 5 tu 5. 5 

mW/g caused an increase in peristallle nc~tlvity. l'ht' lncrl.!ase<l nctlvity 

could be blocked by traatmcnt of the st~gmC'nt with ntropine. On _the 

other hand, Whitcomb et al. (J.979) found no effect of 1-GHz microwaves 

on contraction rate of isolated segnwnts of rat gut. 

Reed et al. (1977) found that exposure of the isolatud rat heart 

to 0.960 GHz microwaves at 2 mW/g for 10 minutes caused a slight 

bt"adycardiac ("' 5 to 10% reduction below controls • PrctrC'ntment of 

the isolated hearts with atropine and propanolol to hlock·the auto

nomic nervous system nlso blocked the microwuvc-induc<.>d hrn1ycardia. 

Phillips et al. (1975) observed a bradyl~ardla in intnet rats following 

exposure to 2.45 GHz microwaves for 30 minutc.>s. At an SAR of 4.5 mW/g 

the effect was insig11lficant; at 6. 5 mW/g, Lt was mild nnd returned 

to normal within two hours; at 11. l mW/g, it wns pronounce-cl, .md tachy

cat·dia developed after two hours. In addition, seven out of ten rats 

at 11.1 mW/g and two out «f ten nt 6. 5 mW/g exhibited trregular heart 

rhythm. The rhvthm returned to normal within one hour. They calculated 

that the plane-wave power density eorrcsponding to 6.5 mW/g in these 

animals was 31 mW/ cm2. 

In summary, microwave irradiation produces a m?tabolic adaptation 

to heat load and a change in serum lipids and proteins. Continuous-wave 

microwaves have no ef feet on cell membranes or ml'mbrr.ne>··hound enzymes 

except that produced by temperature rise, but modulated microwaves at 

low t¥>dulation frequency may affect mc>mbrane funct:f.on. Reports of 
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effect o~ smooth muscle contractions appear to be inconsistent and, in 

any c. ~, are reported only for isolated preparations and not for 

intat 4nimals. Microwave irradiation at high power density levels can 

produce temporary bradycardia and irregularities in cardiac rhythm. 

Workers in the rectenna area of the SPS would probably show 

changes in serum protein levels similar to those reported by Pazderova 

et al. at both the ordinary (0.01 to 1.0 mW/cm2) and maximum (23 mW/cm2) 

power-density levels of exposure. There is no evidence that this effect 

would have any significance for human health. In addition, workers 

exposed to the maximum (23 mW/cm2) power density level would experience 

a significantly increased heat load which could lead to several bio

chemical and physiological effects that are part of the normal physio

logical response to heat load. In addition, depending on the SAR in 

various locations in the human body, wo~kers exposed to the maximum 

power density (23 mW/cm2) could experience temperatures elevated 

considerably above the average at specific sites, which could lead to 

spacial compensating mechanisms. Finally, workers exposed to the 

maximum power density (23 mW/cm2) might occasionally experience slight, 

but temporary, bradycardia and irregularities of cardiac rhythm. 
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7 ECOLOGICAL ISSUES 

The ecological effects of the solar power satellite system within 

the rectenna area can be considered under several headings, e.g., 

effects of construction activity, effects of presence of the rectenna, 

etc. This section will consider only the possible effects of the 

microwaves from the satellite on the biota within the rectenna area. 

The effects of microwaves on the biota can be considered from two 

points of view: effects on climate in the region, and direct biological 

effects of the microwaves on the biota. Since most of the microwave 

energy will be absorbed by the rectenna and converted :i.nto electric 

energy, the resirl.ual incident power density available for altering the 

regional temperature (about 1 percent of l to 23 mW/cm
2

) will be 

essentially trivial, and there would be no expected effect on climate. 

Likewise, the rectenna design provides for 98 percent transmission of 

solar energy down to the ground, so there will be no perceptible shading 

effect of the rectenna. 

Biological effects of the microwave radiation can be considered 

for three regions: the region underneath the rectenna, the region 

between the exclusion fence and the rectenna, and the region above the 

rectenna where insects, birds, and other vertebrates may fly around or 

perch on top of the rectenna. The region directly underneath the 

rectenna will be exposed to power density levels of between 0.01 and 

0.23 rnW/cm2, the region between the exclusion fence and the rectenna 

will be exposed to power density levels of between 0.1 and 1.0 mW/crn2 ~ 
and the region above the rectenna will be exposed to 23 mW/cm2. 

There is a general lack of information about the effects ~f micrn-

waves on the diverse species of the animal and plant kingdom. Based on 

the biological studies summarized in Section 6, there are few documented 

effects at power density levels significantly below 1 mW/cm2 ; hence it might 

be reasonably expected that there would be no significant effect:s on the biota 

residing and remaining below the rectenna. Between the exclusi~n fence 
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and the. rectcnnu (O. l lo 1.0 mW/cm2) there might be some biological 

effct!ls, partLuarly in the n•gion inunticUtttt>ly adjacent to the rectenna. 

Tiu- nnlure of thL•sc effects cannot be predicted, huL it should be noted 

tlmL, because of the punelrnl ing natuni of microwaves, there could be 

some effL•Cl!i rt•lntln~~ tu ll11..• <listributJ.on of water within the soil and 

th<! plmH:-:i and insects :lmmediatt!ly next to the rectenna. 

AIJOVt' the n~ctc.•nna, blult1gkal cffcc:ts or the microwaves would 

dt•fi.nftely b·· c}:pm:tcd, l>ut again, the c~xac:t nature of the effects cannot 

be predicl<.•d. Gnry and West<.•i-dnhl (1978) have summarized a variety of 

rerortl•<l £1f fr~cl:s c•uused by exposure_. of insects to RFR. The direct 

t•ffoctH rangt•d from unrest lo dPath, depending on the level and 

durnti.on of exposure nnd the s1wcias studied. More recently, in a 

preliminary i·eporL submitLPd tu gpf\, they noted that brlef exposures to 

microwaves nt power tlensitJ.cs ranging up to 50 mW/cm2 had no signif leant 

1.~ffot:t on lhl' nbllity of hont:!y bees to return to their hives. Effects 

of mur.1malt;, hinls, nnd other vertobrLtes nt"c somewhat difficult to predict. 

A pnilimi nnry n•imrt on effects of mlcrownves on birds (Arthur D. Little, 

1980) consiHts mainly of i.l description of experimental dc:>sign and 

facility r.onstrut'tlon. Probably, on~· of the major hazerds would be to 

b I rds in fl ighL ovur the rcctcltlta arc.a. 1'h~st• birds would be already 

subject to a substantial heat stress from tlm act of flying, and the 

additional heat burden from the microwaves might overload thermal 

compunsat:ing rncchanlsms in these aninmls. The problem of vertebrates on 

top of tlw rectenna iH complicated by the possibility that during cold 

WPetllwr thc.~se anlm<1ls mighl s<.•ek tht• top of the rectenna as a region of 

comparative warmth. 'l'his could create a problem of reduced energy 

.nbsurptlon and conversion within the rectenna. 

In summary, the major effects of the microwave radiation on the 

biota of the rectenna area will most likely be found in the region above 

the rcctenna. Presently available data are insufficient to make exact 

predictions of the biological and ecological effects in this region. 
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8 MISCONCEPTIONS 

Several misconceptions regarding the bioef f ects of RFR continue 

to be expressed in popular accounts outside the scientific literature on 

the subject. Those accounts tend to be sources of some confusion to 

the intelligent nonspecialist. The following are representative 

examples. 

The distinction between RFR and ionizing radiation is of ten 

not made; consequently, the known hazards of the latter are linked--by 

implication--with exposure to RFR. In essence, ionizing radiation 

(which includes ultraviolet light. X-rays, and the emissions from radio

active materials) has sufficient quantum energy (see Section 5.1) 

to expel an electron from a molecule, leaving the latter positively charged 

and thereby strongly affecting its interactions with neighboring molecules. 

Ionization can alter the functions of biological molecules fundamentally 

and of ten irreversibly. By contrast, the quantum energies of RFR are 

so much smaller, that their primary* effect is to agitate molecules 

rather than ionize them. Also. RFR-induced agitation ceases as soon 

as exposure to RFR is halted. At low RFR intensities, the heat that 

such agitation represents is well accommodated by the normal thennoregu

latory capabilities of the biological entity exposed, and therefore 

such effects are generally reversible. At high RFR intensities, the 

thcrmoregulatory capabilities may be inadequate to compensate for such 

effects, thereby leading to thermal distress or even irreversible 

thermal damage. In summary, a single quantum of ionizing radiation 

that is absorbed by a molecule alters the properties of that molecule 

and thereby mayprofoundlyaffect the function of the biological con

stituent involved, whereas the concurrent absorption of many quanta of 

RFR is necessary to cause biologically significant effects. 

* The possibility of long-range quantum interactions, discussed in 
Section 5.1.3, is not excluded; however, evidence of their occurrence 
in live animals is sparse as yet~ and there is no evidence that such 
effects could b~ hat'I'lful if they do occur. 
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It follows from the discussion above that even if an effect is 

produced by RFR, that effect may not necessarily be deleterious to the 

entity involved. As an example of a nonhazardous biological effect, 

normal levels of light (a form of electromagnetic radiation having 

quantum energies above those of RFR but below those of the ionizing 

radiations mentioned previously) are absorbed by the skin and con

verted into harmless heat and. of course, such absorption in the eyes 

is necessary for vision. Nevertheless, it should be stated that one of 

the reasons why the levels of allowable exposure of humans to RFR are 

generally lo"1er in Eastern European countries is their philosophically

based assumption that every effect produced by RFR is potentially 

harmfl.11--a view not generally shared by Western countries. 

Concerned people of ten ask whether quarantees can be offered 

that chronic. exposure to low levels of an agent such as RFR will have 

no deleterious effects many years in the future. The frequent ingestion 

of small quantities of certain substances that are stored in the body 

can result in a large, potentially harmful total dose. Unlike such 

substances, RFR energy continually absorbed at low incident power 

densities (dose rates) is readily dissipated and does not accumulate 

toward the equivalent of RFR energy absorbed at high incident power 

densities. This is one of the basic reasons why there are threshold 

power densities for the various RFR bioef fects. 

Accounts of purported deleterious ef fecr.5 of RFR exposure on 

humans sometimes Appear that, on investigation, are found to be either 

specious or not due to RFR exposure. Moreover, some of these accounts 

persist or are repeated well after investigations have shown them to 

be incorrect. Examples of such occurrences include the videoterminal 

cases discussed in Section 6.4.2 and the often reported Moscow Embassay 

story discussed in Section 6.1. In the videoterminal situation, the 
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level of RFR from the terminals was found to be unmeasurable relative 

to the environmental level. Regarding the Mos~ow embassy, residents 

did Lndeed suffer various illnesses, but the occurrence of such 

illnesses could not be ascribed to RFR exposure. The intelligent 

nons1>cciolist should examine such popular accounts with caution. 
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9 EVALUATION 

The potential impact of the solar power satellite radiation can be 

considered from four points of view: effects on workers in the areu of 

the rectenna system, effects on workers in space-building or maintaining 

the satellite, effects on the general 1Npulation, and qffects on 'the 

e·~ology within and outside of the rectenna. 

A worker traversing the region between the exclusion fence and thQ 

edge of the rectenna would be exposl!d to between 0.1and1.0 mW/cm2 • 

Once underneath the rectenna and proceeding toward the center, he would 

be exposed to approximately one percent of the incident power density, 

with a maximum of 0.23 mW/cm2 at the center (USDOE and NASA, 1978). 

Thus, the full range of ordinary exposure of the worker in the area of 

the rectenna ~ystem would be 0.01 to 1.0 mW/cm2• The review of biological 

effects in Chapter 6 reveals only a few reported effects at power densities 

in this range: 

• Clinical studies on occupational exposure of persons to 

radiofrequency radiation over a broad range of frequencies 

(Klimkova-Deutschova, 1974; Sadcikova, 1974; Pazderova, 1971). 

Pazderova reported that the workers were in good health, and 

thnt the only change observed was a statistically (but not 

clinically) significant rise in plasma protein levels. The 

results of Sadcikova and of Klimkova-Deutschova have internal 

inconsistencies that indicate limited application to SPS. 

• The radiofrequency hearing effect. Since this effect 

involveA only pulsed radiation, it is not relevant to SPS. 

• The calcium efflux effect, reported by Adey and co-workers. 

This involves amplitude-modulated radiation, and hence is not 

applicable to SPS. which will be CW. 

• The microwave-avoidance effect, reported by Frey and Felt 

(1975). This, a.gain, involves pulsed radiation, and is 
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not applicable to SPS, for reasons stated above. 

• The drug-microwave interaction effects, reported by 

Monahan and Henton (1979), Thomas and Maitland (1979), 

Thomas et al. (1979), and Maitland (1979). 

• The reduced sperm counts in persors occupationally 

exposed to radiofrequency radiation, reported by 

Lancranjan (1975). 

• Immunological effects reported by Czerski (1975) and 

by Shandala (1977a). 

The medical significance of the non-pulsed effects noted above 

re.mains in •.10ubt, but the possibility exists that some of them could 

appear in some of the workers under the normal conditions of exposure. 

'rhe highest level of exposure would occur in trave-rsing the space bctwl•t.•n 

the exclusion fence and the edge of the rectenna (O.l-1.0 mW/cm2), so 

if any problems are anticipated, most of them might be avoided by 

transporting the workers in shielded vans. 

A worker would be exposed to the full incident power of SPS {l.O 

to 23 mW/cm2) only if he had 1:0 climb on top of the rectenna or ent~r 
an open area where part of the rectenna had collapsed. A number of the 

biological studies have shown effects in this power-density range. 

Although few, if any, of the reported effects necessarily imply hazard 

to humans, prudent: measures for the protection of workers under thofw 

circumstances of exposure may be appropriate. pending acquisition of 

more iuformation on effects of RFR on humans. 

For workers in space, the incident power densities are likely to lw 

of the order of watts peT cm2• This level is much too great for a human 

to tolerate for any length of time. Therefore~ vehicles, space suits, 

a nd other paraphernalia used by workers in the main beam area will have 

to be provided with adequate RF shielding> including shielding for th~ 

eyes. 

For members of the general public outside the exclusion boundary, 

the incident power density will be 0.1 mW/cm2 or less. There are no 
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rt.J labl" rt'port~ Lhut nrutt• or chronlt· (!Xposur ~ to such power denslties 

w 111 h:•Vl' any nc.lvcnw pf ft·i·t s i>n hummrn ClT Liu.· fl uru and faunn uf this 

t l'J~ion. 

ln l'Vld1111t Ing thl• poL<.•nt in] hlnlny,tcnl and hcnl th affects of microwave 

r:ullatJon from SPS, tlw l>lolu~~it:al cffc·~Cts rl.'µurted In mlcC:.! and ruts havu 

ln•L'll l n•;lll•d <IS Ir t•xpmrnn~ of humunR at till' sumc powur dcnsicy lcvc.>lR 

WI •U I rt JI r11duc·.. s r mJI a r l' r I PC l i-:. llnWl'Vt•r. :lH c.I iscm;sec.I in Chup te t" 5, 

min• :111<.l rats hav1.• hudy 1Jlmt:"11sloi1H rHthi.>r clmrn Lo the wavl.' lt.mgth of 

;:J1'l c:llz ndL'ruwavl·s, aml, t.~nnip;tri•d to man, tlw S/\R in ntic(;' and rut~ will 

he· .1hout l.U l iml'S grC"ntl'r at tliis fl'l:!q1wrn:y. Thu~, in nsHcssit.g effects 

1111 l1111nam• Llu·n· is a 1·11ns1•rvalivt• saf<..'Ly f:H•tor of lO, whh·h w.ill allow 

lt>r 1m1· .. rtaL11l ir•s In w1rr .. L1s fal'!or~. ~;11d1 '•~" puw1.•r tknsity thrL!Shulda, 

l·:nilu)~fr;d l'rfL•c·ts m;1y hl' t·unsid<.•n·cl scpnratt•Jy fur spt.'clt•s at 

1:1••11ml l1•vt•I :111<l •tlrh.,rtll• hiotil. For ~round h•v1..J HJH:!Clt!s, thr;> powL!r 

d1·m;it' or Jffl{ will rn11gl' trum 0.1. lo 0.21 mW/cm2 undl'r the rectennu 
., 

;11nl fr1•111 O. I l1• 1 mW/l·m~ hl'lWl.'L'll till' hountfary f tttW" and the rectennn 

([l~:J)nt·: and NASA, 11178). Tlwn• ls no r•urn'nl t•vi.denr'.e> thut tht.!se powvr 

1!•·11:• it y I l•Vt• Is w [ 11 advl'nw I Y n 0 l•c t tlw Cl'm,;ys tt•m Ln th Ls region; i.ndec.'d, 

1•v1·r m11.st nf Lill• rl~~~lon, tlw rat<.• of l'tll'rgy dl•p1.1i-;ition will nVl:!ragc less 

Llaan Lin• cllurnal ll!m1wraLurl' t·ydc. Airborue l>iutn may ent .... r the region 

ofl •II' ;tfWV<• th<> Tl't'tC'llll:l :tnd n•mnfO thl.!rt! for slgniffrant periods of 

t i 1111•. i\l pr<•sent. tlwn· ii; no Pv f.dcmce Ollt.! \·my or thl" nthC'r that such 

1 ::111~~~uro· wuulJ adv(·nwl: .afrl•ct Stll'h SllE'C~il•s. 
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