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MR33 
Depression of phagocytosis: a non-thermal effect of 
microwave radiation .as a potential hazard to health 

C. P. :;\.tAYFRS and J. A. HABESHAW 
Department of Pathology, University of Edinburgh, Scotland 

(Reui1·ed 5 Septe111ber 1972; acupted 26 Mardi 1973) 

The widespread use of microwa,·e equipment presents potential hazards to 
health from inadvertent exposure. The hl!Zards due to the heati.ng effect of 
micr<i,,·a,·es are well recognized. Recent e,·idence suggests that microwave 
radiation produces other biological effects that are not in any way due to heating. 
Experiments ,,·ere performed to investigate the non-·thermal effects of micro­
wa,·es.on ihe. process of phagocytosis. Monoiayer culrJres of mouse macrophages · 
on cm·er-slips were perfused wit\l suspensions of human red blood cells: wlule 
being exposed to microwave radiation of 2450 MHz frequency, at a power. level 
of 50 m\\' /cm2

, under strict temperature control. Comparison of the phagocytic 
indici,s of the irradiated cultures with unirradiated control cultures dcmonstrated · 
a marked depression of phagocytic activity. Further investigation showed 
that macrophage phagocytic activity was restored to normal if the radiat-ion was 
discontinued. The potential hazards to health of this phenomenon are briefly 
discussed. 

1. Introduction 

:\IicrowaYe equipment is used extensively in radar, communications, medical 
diathermy, microwavt: ovens, glue-setting in laminated ·wood fabrications, 
plastic setting, rubber curing,· grain drying, concrete ·splitting· (Puschner 1966), 
and e\'en in the eradication of malarial mosquitoes (Xew Scir11tist, .1972). 
Increasing numbers of peoplt: arc being exposed to potential health hazards due 
to thl· biological effects of microwa\'eS (;\lichadson 19il, Powell and Rose 1970, 
Swanson, Rose and Powdl 1970). 

The most obvious biological effect of microwa\'eS is heating. The quantity 
and distribution of heat production depends on such factors as the wave-length, 
duration and power of the applied energy, and on the absorption coefficient aoo 
internal reflection at interfaces in the exposed material (Schwan and Piersol 
1954, Sdman 1971 ). The human health hazards include cataract formation 

· and testicular damage. :\lany countries now han:' saft:ty • limits for microwave 
exposure (Swanson et al. 1970). These arc. based largely on the ht:ating effects 
of microwaws in animal expcrimcnts .. The Jnost commonly accepted upper 
level ~>f safety is 10 m \\' /cm 2. · 

In rc~cnt years, evidence has accumµlatcd that microwa\'c energy may 
pro.duce other and cntjrely different biological effects, which are not in any way 
due to heating. For instance, whole mice exposed to microWa\·es of 10 cm 
wa\'e-lcngth produced an initial rise in phagocyti.c activity, as measured by the 
carbon clearance technique, which was followed by a fall (Plurien, Sentenac­
Houmanov, Jolly and Drovet 1966). Similar phasic changes in the phagocytic 
and bactericid:il activity of the blood have been demonstrated in whole mice 
cxposi:d to otha frequencies of microwaves (Smurova 1967). 
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Figure 1. General arra~t'fllent of apparatus. 
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Figure 2. Elevation (:ibon·) anJ plan of microwave chamber. 
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1· . / Nucicar abnormalities have been produ~ed in the lymphocytes of whole 
ariimals exposed to microwaves (Baranski 1971) and lymphoblastoid transforma-

1 

tion has been dem~nstrated in _ly~phocytc:s irradiated in ri!ro (Stodolinik­
Bara~ska 1967). )\hcrowave rad1at1on has also been shown to mduce. chromo-

1 smnal aberrations in the cells of garlic root-tips (Heller and Texeii:a-Pinto 1959), 
·;and has been shown to affect the motility of unicellular· organisms and mammalian 
~ells (-Furedi' and Valentine 1962, Furcdi and Ohad 1964, Hubner 1960, Tcxeira­
Pinto, l'\ejclski, Cutler and llcller 1960) and to induce abnormal development 
of chick embryos (\'an Ummersen 1963) and of insect pupae ·(Carpenter and 
Livstone 1971). ln Soviet Russia there has bc~n considt:rable experimental 
interest in the non-heating effects of micro,,·avcs (Subbota 1972), although as 
Dodge (1969) has pointed out, some of the Russian reports lack details of 
microwa,:c energy absorbed or of experimental controls. 

The experiments hen: described were designed to investigate the biological 
effects· of micro~\'aves at a cdlular level, and in particular to investigate: 

·(t1) whether or not a non-heating effect of microw:n·es could be deinonstrated, 
and 

(b) if so, what effect, if any, microwave radiation might han on intercellular 
reactions. 

The process of phagocytosis was selected for study as an example of ~ 
intcrcellular reaction. The experiments involved the exposure of red blood 
cells to the· phagocytic activity of macrophages, with and without microwave 
radiation. An ad,·antage of this system is the n:liability with which phagocytosis 
can be quantitatcd (I labeshaw 1970). The experimental set-up consisted of 
cultures o·f macrophages perfused with suspensions of erythrocytes in a micro­
wave chamber, •with stringent controls to maintain a constant 3i°C temperature. 

2. Materials and methods 

The general arrangement of the apparatus is shown in figure L It consisted 
of a microwave chamber in which a culture of macrophages on a glass cover­
:-lip in a small test-tube was maintained at constant h.>J11per.tture and perfused 
with a continuous flow of l:'rythrocytes suspended in culture medium. 

2. l. Jfirrom,-.:e Tf.<()11{/ll(t' dwmber and ge11erator 

The coppt:r microwave chamber was 26 cm long and 74 x 32 mm in cross­
section (figure 2). The chamber carried three paired tubes to allow for the 
circulation of a dummy load of running water (W) (figu1e 1). A tight-fitting 
d.oor allowed access to_thc chamber, which contained a car\"ed polystyrene-foam 
hlock (G), m which t.he test-tubes containing the macrophage. monolayers ,rE) 
were placed. The block. located the cultures in .the same position in each 

. experiment, at approximately ~.\ from the microwave input terminal (H). 
The microwave generator was a l\licrotron 200 microwave di:nhermy unit 

made by Elcctro-:!\lellical Suppli1.-s (Greenham) Ltd, London. The operating 
frequency was 2450 ± 25 J\lHz. The microwave source in this instrument was 
a Mullard magnetron, type )P2-02. 
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·2,2. Cultures of marmphages 

:'llacrophages were: obtained from 12 to 20 g mice ofa dosed colony strain 
by the method of Stuart (196i). The mice_\\we killed and after partial dissec­
tion, 6 mm of culture n1edium was injected into the peritoneal cavity, and 
circulated by grntlt· prodding. The medium used was :\ledium 199 (Wellcomc 
Reagents, ·England) and contained penicillin 200 iu/ml, streptomycin JOO µg,'ml 
and heparin 5 iu_inl. The fluid was aspirated from the pcritoricalcavity through 
a wide-bore needle:, and the. aspirates from hatchc.-s of six mice were pooled. 
I ml \'Oli:mc:s of tht· cell suspension at a concentration of l x 10

6
. cells per ml · 

were seedeJ onto flying conr-slips mt·asuring JO x 6 cm in 40 x JO mm Pyrex 
culture tubes. · The: mc:dium was supplemented by the adcJition of 10 per cent 
Yolume of scrum-fret•·: medium. supplement (Habeshaw 19i2) containing 
lactalb11111in hydn,lysate 4·i_g, oyster glycogen l g, sucrose 0·5 g, polyvinyl 
pyrrolidine O·i5 g, calcium pantothenatc 20 mg, L glutamine 10 mg and water• 
to JOO ml. The tuht·s were stoppered with Esco white rubber stoppers and 
incubatt-d at 3T C for 24 hours beforc use. 

2.3. 1:'rJ·thruryte s11spmsiu11s 

Frt·sh h11man red blood cells Were obtained froin volunteers by venipuncture, 
anticoagulatcd with heparin and sedimented by centrifugation for 15 min at 
1500 g.. The supnnatant plasma ,,ms remon:d and the cells were washed four 
ti•mes in a largc t·xcess ot 0·85 per cent XaCJ solution. They wcre reconstituted 
as :1 suspensi;,n in mt·di11m 199, \\'ith JO per i:ent serum-free medium supplemcnt, 
to a concentration of 8 x 111" rnl cdls 'ml. The suspension was placed in thc 
rcscrn,"ir ( I!) (figurc ] ), and the rt·d cells were kept in suspl'nsion by a gentle 
111echanical stirrn ( . .\ ). From the reservoir (B) the perfusion fluid was led 
through the coil ( C) in a 3i' C water-hath, and through a ~,·atcr-ja.ckl'ted inflow 
tuhc: fl)) in the minowa,·c: chamhl·r to the culture tuhc (E). The outflow ran 
in an ins11latl'd dll11rnt tube (F), past a thermocouple probe fJ'), and was 
colb:tcd in the rncasuring eylindl'r (Rj. Thc flow-rate of th<· red cell susp~nsion 
through tlw macrophage c11lt11re d1an1her was kl'pt constant at 3rnl/min by 
adj11sting tlw hl'ight of the rcser\'Oir (H). 

2.4. Tf'l11pf'l·11t11,·t, Ctmtml 

To control thc tempt·rature of the t:ells in the culture tubes, the temperature 
of till' inflo\\' to the culture t11be was held constant at 3TC, the temperature of 
the: outflow was umtinuously inonitorcd, the tcrnp~ratu,e within the culture 
chambcr was 11Jt•as11n·d at thc end ot each e:;pnimt·nt, and calibrations were 
pcrfomll'd to t·stahlish the IJl.'ating and cooling d1aractcristics of the system. 

2.4. J. l11jl,,u· ln11prruture 

The perfusion inflow was warmed from JOom temperature (usually 20-22°C, 
in the n·servoir, I! in figure J) to 3TC by passage through the coil_ (C), in the 
water-hath. The inflow tuhe (D) to the culture tube was encased ·in a water­
jacket, through which water from the water-bath was c,;nst:intly circulated by 
means of a roller-impdlc:r pump. The temperature of the water-bath was 
thennostatically contrnlled at 3i C. During each experiment, the temperature 
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~f the water-bath and the tcmperat111"e of the return flow from the water-jacket 
were frequently checked by in-dwelling mercury thermometers. It was found 
that with the ambient room temperatures experienced, there was very little 
,·ariation in the water-bath or wa-ter-jacket temperatures; and at no time did the 
temperature Jrop below 36·5°C or rise aboye 37·5°C. 

2.4.2. Outffow temperature 

The temperature of the outflow from the culture chamber was continuously 
monitored by thermoeouple. The outflow passed out of the microwave chamber 
along a short (6 cm) hea,·ily-lagged tube into a small chamber of 1 ml volume 
into which the needle-flrobe of a thermocouple (T) was insl'rted. The tem­
perature of the outflow was continuously monitored throughout each experiment, 
by a thermocouple connected to a Pye ' Scalamp ' gah-anometer. During most 
experimental' runs, the outflow temperature remained constant. During a few 
runs, the mean outflow temperature was calculated as the mean of thnmocouple 
temperature readings taken through the experimental run. 

At the end of each experimental run, the cultu1 e tube was remo\'ed quickly 
from the microwa\'e chamber, ·and its temperature was taken using the same 
thermocouple probe. This procedure served to check that the outflow tem­
peratures did in fact closely reflect the temperatures obtained _in the culture tube. 

2.4.3. Calibration of thermocouple 

A series of readings was made of water temperatures from 0° to lOO"C using 
mercury thermometers and the thermocouple connected to a galvanometer. 
,\ linear relationship bctwe~n the mercury thermometer arid the thermocouple 
readings was _established. The accuracy and reproducibility of the thermocouple 
and mercury thermometer were investigated by taking repeated rl'adings of 
melting ice and of boiling distilled water.· The most important part of the 
temperature scale was the 30° to 45°C range and thermocouple readings of the 
melting points of o Cresol (m.p. 30·9°C), p Cresol (m.p. 34·7'C) and phl'nol 
(carbolic acid, m.p. 41·WC) were used to determin~ the accuracy and repro­
ducibility of the readings in this range. The drift 

0

of thl' thermocouple readings 
\\'as in\'cstigated by taking repeated readings of mdting ice and boiling water 
ovet a period of two hours with no correction of the zero setting. 

2.4.4. C11/ihr11tro11s of porrer ifi•el, hellt gn1eratio11 a11d cuol.ing rate 

The rate of heating in the microwa\'e chamber of unperfused 1 ml ,·olumes 
of ,,·atcr was in\'estigated umk·r a range of input h:\'Cls to determine the heat 
energy absorbed by the specimens, and also the subsl·quent cooling rate of the 
unperfused specimens. From these obser\'ations, nomograms \\'l•re construct~d 
to relate the heating rate to the power input, and lhe rate of cooling to the 
diffcrenc_c of temperatu_re bet\vccn the specimen and the surrounding air. 

2.5. Experimental method 

The thermocouple galvanom<:tcr was switched on for 40 min, and the 
water-bath was turned on to reach 37°C before each experiment commenced. 
The macrophage cultures in tcst~tubes were placed in the polystyrene block in 
the microwave chamber. A bung carrying the inflow and outflow tubes of the 
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pcrfusing system was in•scrtc•d into the end of the <;ulture tube, and· perfusion 
was performed for 30 min. . During this time the microwave. generator was 
either switched on at 25 ,v output lc\'el, or was off for a· control run. Each 
30 min test run in which a culture was im,diated was followed by a control run 
in which the generator was turned off. During each 30 min run, the tempera­
tures of the water-bath, the water-jacket return flow, ai:,d. culture tube outflow 
were continuously monitored, and the perfusion flow-rate checked and adjusted 
if necessary. · 

At the end of each run, the temperature of the fluid in the culture tube \\as 
measured directly by thcrinocouple. The macrophage monolayer on a co\'er­
slip was rcmo,·cd from the culture tube, rinsed in physiological saline, fixed in a 
mixture of. equal parts of methanol and acetone and stained by the Giemsa 
method. The phagocytic index was calculated as: · 

~umbe.r of m~crnphagcs containi~g one or more inges~~~rcd ~~ X JOO. 
fotal number of macrophages counted . 

Figure 3. Mouse macrophagt.-s after exposure to suspensions of human red blood cells 
( x 800, Giemsa). The cells arrowed sh.ow ingestion of red blood cells. 

Figure 3 shows the microscopic appearance of mouse macrophages after exposure 
to human red blood cells. Soinc of the macrophages show ingestion of red 
cells. The percentage of n1acrophagcs showing ctythrophagocytosis gi\'cs the 
phagocytic index. 

2.6. Co11trols 

The following six groups of control experiments were performed: 

Group 1: Twenty control experiments in which monolayer culturl'S of 
macrophages were incubated at 37°C for 30 min with a suspension of red cells. 
Ko pt:rfusion was performed on these cult\Jrcs. The phagocytic indices from 
these controls provided the basic data with which the data from the experimental 
series were compared. · 
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Group 2: Twenty~six control experiments in which macrophage cultur~_ 
were .Perfused with red cell suspensions for 3(}° min, and in \\·hich neither the 
red cells no·r the macrophages were irradiated. The phagocytic indices of 
.these cultures were compared with those of the non-perfused controls (Group 1) 
to determine whether or not the physical movement produced by perfusion 
affected the phagocytic index. 

Group 3: Five macrophage cultures were perfused with tissue culture medium 
devoid of red cells and exposed to micro,vaves for 30 min. These cultures were 
examined for morphological ch.anges and compared with unirradiated cultures 
· to determine whether or not any morphological change was produced in 
macrophages by irradiation. 

Group 4: Five macrophage .cultun.'s were perfused with tissue-culture 
mcdi.um dcrnid of red cells and exposed to microwaves for 30-minute periods. 
These cultures were subsequently exposed to perfusion by red cdl suspensions 
for 30 min in the absence of microwaves. The phagoeytic indices from these 
cultures. were compared with those of the unirradiated perfused cultures to 
determine whether or not macrophage phagocytic activity was restored to normal 
after cessation of microwave exposure. · 

Group 5: F_ive suspensions of red cells were each allo'wed to flow for one 
hour through a continuously-irradiated chamber containing no macrophages. 
These suspensions were subsequently perfused for 30 min, through unjrradiated 
macrophage cultures.- The phagocytic indices of these cultures were compared 
with those of the non-irradiated perfused cultures of Group 2 to investigate 
whether previously irradiated red cells were phagocytosed . as readily as 
unirrad.iated red. cells. 

Group 6: Twenty-four macrophage cultures were incubated with suspensions 
of red cells for two hours at different temperatures to determine the effect of 
temperature on phagocytic acti,·ity in this experimental system. 

2.7. Precautions 
(a) Two monolayer cultures of macrop,hages from each batch were tested 

before use by incubation for 24· hours with red cells coated with a st;mdard 
preparation of rabbit haemolysin. Healthy cultures showed a phagocytic index 
of over 90 per cent and were morphologically normal. A few cultures which 
showed less .phagocytic activity, or. showed a11y morphological abnormalities 
wcrr discarded. The cultures that had to .be discarded were deri,·ed from 
animals which subsequently showed evid.ence of infection. 

(h) All the glassware and other apparatus used for the preparation of the macro­
phage cultures and red cell suspensions was batteriologically sterile. The 
tubing used for each of the 30-min, or 60-min experiments was not bacterio­
logically skrile, but was repeatedly washed through with sterile normal saline 
solution between experiments. The subsequent microscopic examination of 
the cultures showed no evidence of bacteriological or other infection. 

(c) No specific precautions were taken to eliminate mechanical injury to the 
·red cells. A slight increase of phagocytic activity was noted towards the end of 
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each batch, probably due to mechanical injury to· th~ cells during their passage 
through the perfosing system, but as irradiated cultures and unirradiatcd control 
cultur-cs were equally affected, no attempt was mad-e to prevent it. 

3. Results 
3.1. Acrnracy of temperature readings 

The temperature of the three mclting--points, as recorded by the thermocouple 
and mercury thermometer, are shown in table 1, together with the standard 
dcYiations. The table indicates that 95 per cent of thermocouple readings are· 
accurate to ± 0·4°C, and that 95 per cent of the mercury thermomctc:r readings 
arc accurate to within ± 0·6"C. (The effect of barometric pressure on the 
melting points was calcul_ated and found to be negligible at 450 ft above sea-level 
and thermocouple drift was also found to be ncgligibTe, after the initial warm 

up period of 40 min). 

I I 
-·· 

I 
I o Cresol p Cresol Phenol 

I I 

Theoretical melting point °C 30·9 34·7 41-0 

I 

Thermocouple, mean of 10 readings I 

in °C with standard d1:,·iation· 30·62 ±0·34 34·85 ±0·36 40·6±0·415 I 
I 

Mercury thermometer, mean of 10 I 
readings in •c, with standard I 
deYiation 30·56±0·48 34·12±0·61 40·26±0·5 

I 
Table 1. 

3.2. 
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The mean value of the phagocytic _indices of the 26 petklsed irradiated 
cultures was 6·3 ( ± 2·5) per cent and for the perfused cultures not exposed to 
microwaves 20·2 ( ± 5·8) per cent.· The. irradiated cultun."S differ significantly 
from the control!\ (P <0·025), but the unirradiated perfused cultures do not 
(P<0·3). . 

Type of culture 

Control (Group 1) 

Pefused, unirradiatcd (Group 2) 

Perfused irradiated 

Irradiated, subsequently exposed to 
red cell perfusion (Group 4) 

1· 

I 
I 

I 
I 
! 

Erythrophagocytic index 

31 ·5 ± 3·4 per cent 

20·2 ± 5·8 per cent 

6·3 ± 2·5 per cent 

23·2 ± 1 ·0 per cent 

i 
• I 

I 

Significance P 

P<0·30 

P<0·025 

P<0·50 
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3.5. Th,::::; p:::·::~;:;:::·:~::~~ :~~:~ t I ; • .;:;;;;;' ,_.,'/ '_ 
~lacrophage cultures exposed to microwaves, and subsequently interacted EL-/I.\.\L.\.{.;.u_u11;;m:?t:!EEAZf%M%fa\UEB1ttt?i??:.:·:·:·:·:·::_:· 

with red cells gave a mean phagocytic index of 23·2 ( ± 1 :04) per cent, a result .. ······································ ···············:::: .. 

:h:• ~,~;,;~;;~;~~;;,~;;;;;:; ;.:~:;,;:~::: :::~:-~;"" ~n~d tlj:"~t·,11~i,;· i,:I[:~I~,")~.-2(I,'.'t·i"~~i'li)f 
··································•··············:::::::::::::: ..... . 

;~;:i~~d a c~:;tk ~;~:1:~:;:~:;:di::e!r:~:~r f~~.:~c~;~b~!ri~ ~~i!h{f.~cr~o;i.~)t~: (\;;;;;;;;?/:;;;:;::::;}/:5:;/::?·:·::?::::::::ii:;;;;;:;:i:;;;;;;;;;:::::::;;;;;;;;::::'.'/·:···· 
cent and with irradiated red cells 25·5 ( ± 3·3) per cent. There is 11o·significa,nt :;.·.::·.······:::.:.:.::.:.: .. :.:.L:\::.:::::,:,::::::·:'·:·._._._._-································::::;:;:;;:;::;:;;;;::::::::. 

difference between these results. '.\lacrophages readily ingest injured human 
red cells, and the increased phagocj·iic activity cm be used to detect injury ~o 
red cells (Stuart 1967)·. In this case, as there is no significant increase in 
phagocytosi°s, we can assume that no significant degree of injury is present in 
the red cells as a result of microwave radiation exposure. 

3_,7. Temperatures recorded dm:i11g the experiments 
At the end of each experiment, the temperature within the culture chamber 

w,1s measured. It was always found to be within 0·8°C of the outflow tempera­
ture. The constantly monitored outflow tempcr.Ltun:s thus indicate that the 
chamber temperatures recorded did not conceal a hidden rise of chamber 
temperature: The chamber temperatures. achieved are shown in table 3. ::::::::::::::::::::::::·············· .................... . . ··· ··· · ···:::.:: .. :::'.::·:::::: .. :.:.:.:.:.:.:.:_..,_.:: .... . 

The temperatures recorded were lower than 37cc, even when the cultures ::.:.:.:-::·'.(;./:}/}/?_\(\/·/\'.\:.c;;:;;·i·i//L/:\{·\\:·::·:·:::;;;L;;;;;;;;;;;:;;;:;·;;· ·. 
were being irradiated. The principal heat loss occurred in ·the short length of · ·· ····· ··· ······· ··········· ···· . .-·· ... ·· ···:·:·:·:·:·:·:·:::::·:·:::::·:·:·:·:·:·:":·.·.·. 

perfusion tubing between the watcr-jack<.-t and the culture chamber, and this ............... · ..................... . 
could not be overcome. It i~ noteworthy that the temperature of the perfused ·············· ·· ·············· ················ 

control cultures were always less than those of the perfused irradiated cultures, 
but that their phagocytie indices were higher. 

::: : ·. ·::::::::::::::::::::: ::::::: _.:: ·: :: ::::::::: :: : : : : : : : ::: :::: .- .-: .- _. :: .-: :: :::: ·. ·. ·• ·. ·. ·:::::::::. ·.: ·. ·. ·.:: ·.: ·. ·. · ........... .-: ·: :-: ·:•:·: :-:·:-:-:-::::::::::::: :: : : : : : : : : : : : : : : : : : : : . _:: .:_:_:_:.:_:.:,:_:.:.:_:_:_·._::: :·:·:·: ·:: ·. : : . . . ·: .. ..... _.:·:·:: :·.-:·:·.-·:·:·:·:·:·:·:·::·::·:. ·:: :: :: :: .... :: ::::: :::::::::: ::::::::::::::::::. ·:::::::::::. ·::::. ·:. ·::: ......... .. . 
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--·---------- ------

·\ Type of culture I-­Control (Group 1) 

Chamhc,r tc,mpcrature \ .. 
li---"--------

31·5 ± 3·4 per cent 

Phagocytic index 

37•0±0·5°C 
I 

PcrfuseJ·unirradiatcd (Group 2) 

I rradiatc,d, perfused 

31 ·8 ± o-s···c 20·2 ± 5·8 per cent 

34·3 ± 0·?"C 6·3 ± 2·5 per cent 
_______ _\_ 

Table 3. "l\ticrowa,·e chamber temperatures and phagocytic indices. 

3.8. The effal of te1i1prrat11re 011 pl111gory1ir 11rti1:ity 
The phagocytic indices obtained at different 
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thermal or _a non-thermal effect, and it is for this reason that we have 
d in some detail the_ temperature control and monitoring methods used 
re5ults obtained. 
principal monitoring device was the thermocouple probe placed in the 

' tube from the microwave chamber, the readings fro1n which were 
ously observed during each experim1:nt. It has been ·shown that these 
· temperature readings were an accurate reflection of the actual tempera­
·ithin the microwave chamber, and it has also been sh•Jwn that 95 per cent 
thermocouple readings were accurate to with.in 0·4°C. 
e temperatures recorded for the irradiatt:d cultures were 34·3° ± 0·7°C, 
r the unirradiated control cultures 31 ·9° ± 0·8°C. It is ~pparent that 

wave i'rradiation has produced an average ot 2·5°C kmperature increase 
iiradiated cultures. If we allow for inaccuracy of the thermocouple 

f ), and discrepancy between the outflow temperature an_d that actually 
tining within the chamber at the end of each experiment (ma.ximum 0·8°C) 
J he variation in the temperature of tht cultures (O·i

0 C), then the maximum 
rcrature th.at could have existt:d within the culture chamber at any time 
fg the experiment was 36·2cC. We have shown that the rate of phago­
r.;is in our t1:st system increases with temperature up to 38·5°C (figure 4) 
lother workers (Harmon, Zarafonctis and Clark 1946) have previously shown 
!Jar changes in phagocytic activity with temperature, using a test system of 
ha pig. lcucocytes versus Staphylucoai. We conclude that the depression 
phagocytosis shown by the irradiated cultures cann~t be accounted for on a 

ma! basis. I ndccd the 2·5°C higher temperature of the irradiated cultures 
1ld have been expected to enh_ance phagocytosis rather than depress it, if in • 
, the microwaves had no effect on phagocytosis other than heating .. 
Another possibility which might be comidered is that microi;copic foci of 
t production may have occurred within the cells, or on the cell surfaces, as 

stulatcd by Torn burg { 1961 ). If such microscopic foci of heating do occur, 
cir effects appear to be very limited., as: · 

(a) :\licruwave radiation produced no ptrmancnt impairment ot macrophage 
functi?n or morphological appearance, and no injury to the red cells. 

(h) Any appreciable quan_tity of heat produced at a theoretical localized site 
would have been rapidly dispersed through the medium by conduction, 
but in our experiments, the medium showed only a 2·5°C tt:mperature · 

increase. 

(c) As the heating effects of microwaves deprnd on the presence of dipolar 
molecules, and as water.molecules are the most numerous of the dipolar 
molecules, and as they are ubiquitous and ·almost uniform in their distri­
bution throughout the cells and the media, it is difficult to conceive of 

· any significant degree of microscop=cally localized heat production. 

As mass-heating has been excluded and as any significant degree of micro­
! scopic hea~ing appears improbable, we conclude that the effects demonstrated 
/ arc non-thermal, but we are not in a position to describe the precise manner of 

their production. 
It may, however, be of interest to speculate to what extent the results obtained 

in these experiments_ ind_i_~a~e a potential health hazard. A transient exposure 
. - ~ --·-· 

······························. 
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to microwaws would probably ha\'e little effect other tf1an heating and any 
non-thermal effect would be confined to the supt"rficiaI tissues as the effective. 
depth of pent'tration by microwa,·es of this wa,·clength is no more than a few· 
Ct'ntimt"tres (:\Iieh;iclson 1971, Schwan and Piersol 1954). Jfowe\'cr, longer 
periods of exposure might ht' expected to affect the mechanism of cell-mediated· 
immunity in superficial tissues, with consequent increased susceptibility to 
infections, and suppression of the immunological survcilJancc mechanisms 
which might allow aperrant cell forms to de,·elop. 

It is possible that other cellular interactions might i-imilarly be affected, arid 
that for instance, the phagocytic acti,·ity of ncufrophil ]4:ucocytes, might be 
depressed. In the c·asc of fong lt'rm exposure, this might be expected to produce 
a condition similar to agranulocytosis of the superficial tissues, and infections 
such as boils might be anticipated. \\'c ha\'e shO\rn that a non-thermal effect 
can be demonstrated at the cellular level. . \Ve ha\'e noted the energy absorbed, 
but we ha\'e not been able to dcs·cribc the intensity of the field to which the 
specimens were exposed.. It is suggt"stcd that the quantification of the field 
intensity should be urgently investigated in \'icw of the potential health hazard 
due to the non-heating effects of microwaws. It is probable that the duration 
of exposure will ha\'e to be taken into account as ,n-11 as the field intensity. 

5. Conclusions 

1. :\Iicrowavc radiation at a fn:qul·ncy of 2450 ± 25 mllz and 
power level of 50 m\\','cm2 ~icpre$St.:s phagocytosis. 

2. This cffoct is non-thermal. 

an absorbed 

3. The lkprcssion of phagocytic acti\'ity is transient, and ceases when the 
irradiation is stopped. 

. . 
4. _At this power lc\·cl and ffl•quency, micro\\·a,·c radiation docs not produce 

red cell injury, nor ·docs it produce any dclt'ctablc morphological change 
in macrophages. 

5. The precise nature of this non-tllt'nnal effect of microwave i:s not known. 

6. The present safety limits of rnicrowa,·e exposure which relate to absorbed 
powc"r levels may need to he qualified as to pt'rn1itted duration of exposure. 

.-\cKXO\\'I.EIJ<,:\IE!'<T 

\\'c acknowll'llgc receipt of a grant from the Scottish llomc .ind Health 
Deparunent fur the purchase of the microwa\'c apparatus. 

L'us,1~c rcpan<lu <le materiel ,i micro-on<lcs pr,·s<·nte des •risqucs pm!r la santc a cause 
<le la possihilitc d'cxposition acci<lcntdlc. L<·s dan~<·rs quc present<· l'cffct. th<·rmi11uc des 
nicro-on<lcs sont hicn connus. .Tnukfnis, <lcs ohscrn1tions r.:-ccnks <lonn<·nt a pens.er que 
'irradiation par micro-m1<les priiduit ,ks cffets hiolo~iques qui ne snnt -nulkmc,nt causes 
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__ •.. , ar l'<·ffct thcrmiquc. On a cffrctui'.· <ks expcri<·nn·s pour c:tu<li<·r Jes l'ffets non-thermiques 
.. -----· des micro-on<lcs sur le prnccssus de la pha~ucytose. Des euhun,s <le macrophages de 

souris, en couche simple sur h1mclk·s couHc-nh.icts, ont i'.·tc pl'rfusi'.·cs <l'crythrocytcs de 
sang humain l'n ·suspension tout <'n rtant cxpusi'.·cs it unc irradi,11ion par micro-ondcs a 
2450 l\ll-17. de fn:qucnce ct a une puissancc de 50 mW /cm•, sous strict coi1trole de tem­
perature. 
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La comparais1,n entre les indices phagocytaires des cultures irradiees et !es cultures de 
controle non-irradices a muntrc unc ncttc baissc d'actiYite phagocytaire. Des experiences 
complcmentaires ont montrc que l'acth·itc phagocytaire des macrophages redeYenait 
nnrmale apres discontinuation de !'irradiation. Les dangers quc ce phfoumene pcut 

presenter pour. la santc sont bricYement examines. 

Bci der wcitYcrbreiteten . .),nwcndi:ing nm :!\·1ikrowcllenausriistungen bestcht die 
!\tiiJ.(lichkt'it nm Gesundhcitsschadcn aufgrund unvorhergesehcner Bestrahlung. Die 
Schaden, die mm 1-litzecffckt dcr .'.\likrowcllen hcrriihrcn, sind weithin erkannt. Jiingste 
Ergcbnisse !assen darauf schli.essen da!.l ;\1ikrowellenbestrahlung andere \\.irkungen 
hcrvorruft,. die kcincswcgs auf l·litze zuriickzufiihrcn sind. Es wurdcn Versuche durchge­
fiihrt, um di.c nicht-thcnnischcn \\.irkungcn rnn ;\1ikrowellen auf Jen Prozc!.l der Phagozy­
tose zu untcrsuchcn. Einschichtigc Kulturcn rnn '.\·1ausmakrophagcn auf Deckgllii.em 
wurdcn mit Aufschwemmungcn Yon mcnschlichen Erythrozyten durchtrankt, wahrend sie 
cincr !\likrowclknhestrahlung mit eincr Frequcnzc rnn 2450 MHz und bei einer Stromstarke 
yon 50 m\V /cm' unter strikter Tcmperaturkontrolle ausgesetzt wurden. Ein Vergleich der 
Phagnzytcnindizes dcr bcstrahlten Kulturcn mit nicht bcstrahlen Kontrollkulturen zeigte 
cine bc"mcrkcnswcrte _.),bnahnie des phagozytlircn AktiYitlit. w~,itere Untersuchungen 
crgabcn, da!.l bci Cntcrbrcchung dcr Bcstr.ihlung die nom1alc phagozytare Aktivitll.t 
wiederhcrgcstcllt wurde. Die putt,ntidlcn Gesundheitsschliden diest:r Erscheinung werden 

kurz bchandelt. 
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