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Effect of microwaves at X-band on guinea-pig skin In tissue culture. 3. Effect of pulsed micro
waves on skin respiration and biochemistry. Small pieces of guinea-pig skin were exposed to 
known power densities of pulsed microwaves at X-band (9·6 GHz). The pulse duration was 
0·25 microsecond and the pulse repetition frequency 4 KHz. The peak power was thus 1,000 
times the mean power. Otherwise conditions were closely comparable with those of previous 
experiments using continuous microwaves. After exposure the skin was maintained on a 
nutrient medium in vitro. The respiration of the skin and the uptake of 35S-sulphate, 81p. 
phosphate, and uc-L-proline into skin constituents were reduced by exposure. The reduction 
was very similar to that observed after exposure to the same mean power density of 
continuous microwaves. The effects are believed to be attributable to heating of the skin. 

Parts I and 2 of this series of papers (Lawrence, 1968; 
Carney, Lawrence, and Ricketts, 1968) have de
scribed the effect of continuous microwaves at an 
X-band frequency on the respiration and bio
chemistry of guinea-pig skin using tissue culture 
techniques. The kind and degree of cellular damage 
found were entirely consistent with the known effect 
of heat on the skin. There remains, however, the 
question of whether there is any other effect, such as 
might be due to an intense electrical field. 

: Mudl radar equipment ~ pulsed microwaves. 
During the pul!es very high powers and electrical 
field strcnaths are attained; these are followed by 
relatively Ion&. periods without radiation. It was 
therefore df very &real interest to compare the effects 
of the same averaae power delivered in continuous 
or iu pubcd1form. 1 
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Through the courtesy of the Royal Radar Estab
lishment we have had access to equipment delivering 
pulsed microwaves at X-band. This has enabled us to 
make a direct comparison with our previous work 
using continuous microwaves. The equipment 
chosen operated at a frequency of 9·6 GHz which 
was satisfactorily close to the frequency of 8·73 GHz 
of the continuous wave equipment previously used. 
The percentage absorption of energy by muscular 
tissue and, presumably, by skin is almost the same 
(about. 45 %) at these two frequencies (Puschner, 
1966). The ratio of peak power to mean power was 
1,000: I. The mean power and total energy input were 
kept the same in the two series of experiments so 
that the thermal experience of the skin would be 
similar. Hence if aQy effect were attributable to the 
very high peak powers it should become evident by 
comparison with the experiments previously reported. 
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The circuit dia&ram of the' microwave apparatus uaed WU 
the same as in the continuous wave experiments but in 
this case the generator wu a masnetron opcratinc at a 
frequency of 9·6 GHz with a pulse duration or 0-25 
microsecond and a pulse repetition frequency of 4 KHz. 
The mean power was I 00 W and the peak .power was 
therefore 100 kW. The power was obtained throu&h a 
wave&Uide, size 16, measurina: internally 2·286 x HJJ6 
cm. This waveauide was smaller than that used in the rest 
of the circuit which was size IS, internal dirnemions 
2·850 x 1 ·262 cm. Consequently, it was neccosary to 
connect the generator to the remainder of 't~e apparatus 
with a tapered adaptor. The upper frequency limit of a 
size I 5 waveguide is 9·99 GHz so that it was 11eccssary to 
recalibrate all the couplers and attenuators at 9·6 GHz, 
as the original calibration was for a lower frequency. A 
general description of the operation of the circuit and the 
considerations affecting the introduction of skin samples 
into the wa,e&Uide has already been given (Lawrence, 
1968). 

The power levels chosen for transmission along the 
waveguide were based on those used previously in the 
continuous wave experiments. Five levels were used: 
1·7, 3·4, 6-8, 13·6, and 27·2 w. which gave the following 
power densities respectively over the central area of the 
waveguide within which the skin was placed: 0·97, 1 ·94, 
3·89, 7·78, and 15·5 W/cm.• Exposures lasting I, 2, 
and 4 seconds were made at each of these power levels. 
The total radiation incident on each skin explant was 
expressed in millijoules per square centimetre. It should 
be noted that this is only valid for short exposures; if times 
longer than 6 seconds arC used cooling of the specimen is 
appreciable, as was pointed out in Part 2 (Carney et al., 
1968). _ 

As before, a strict aseptic technique was carefully 
maintained. Measurements of skin respiration for two
hour periods before and 20 hours after exposure to the 
pulsed microwaves were made using the differential 
respirometer devised by Cruickshank (1954). After 
exposure some of the skin explants were maintained 
in vitro on a nutrient medium containing one of the 
following radioactive substrates (bought from "the Radio
chemical Centre, Amersham, Bucks.): 2 µCi/ml. up. 
phosphate (Carney, Lawrence, and Ricketts, 1962), 
15 µCi/ml. "S-sulphate (Lawrence and· Ricketts, 1957) 
or 0·5 µCi/ml. "C-L-proline (Carney, Lawrence, and 
Ricketts, 1965). Uptake of these isotopes by skin cells 
and their incorporation into skin constituents was 
measured as described in those papers. 
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no. I. Percentage respiratory survival or skin cells 
exposed to pulsed microwaves plotted on a probability 
scale against logarithm of incident energy in millijoules. 
Respiration was measured 24 hours after exposure to 
microwaves. The number of observations at co.ch point 
is indicated. The broken line shows the effect of COIi· 
tinuous microwaves and is quoted from Lawrence (1968). 
0 Pulsed X-Band; 0 X-Band (CW). 

logarithm of total energy incident upon the skin a 
sigmoid curve was obtained. By transferrin& the 
percentages to a probability scale and using points 
between 16¼ and 84% a straiaht line was fitted to 
the data, as shown in Figure I. From this line the 
median effective radiation dose (ED,.) was obtained: 
6 J/cm•. reduced skill"respiration by SO¼. The ED,0, 

corresponding to a 30 % reduction in respiration, is 
also of interest as previous experience suagests that 
this is the maximum level of dama;e at which 
explants cultured in vitro show a normal mi&ration 
of epithelial cells round the ed&es of the explant as 
shown in a histological section (Lawrence, 1961), 
The power density required to produce this cft'cct 
was 3·98 J/cm•. 

Two separate experiments were carried out on the 
Results incorporation of np from orthophosphate lnt9 

Respiration rates were expressed as microlitrcs of phospholipid, nucleic acid, and phosphoprotcln 
oxygen per milligram fresh weight of skin per hour. fraction, Crom &Uinca-Pig skin cxpo9ed to pubed 
Control skin, not exposed to microwaves at all, microwaves. ln each experiment four skin ::xphlnts 
respired steadily throughout the 24 hours of the from a ~ingl,e guinea-pig were expoted at each power 
experiment. Exposed skin ahowcd a decreased level and a further four explaots, which were 1101 
respiratory activity. As might he expected, the et'l'ect exposed, formed the cootrol '1'oup, 1be ll'le:ln r:id.io-
was greatest at the hi11her l)ower levels. The rate activity of each fraction, an4 the sta.D~ error d 
after exposure was expressed as a perccntao, of the ~ the meatn.rc shown in Table I. A m1uced in,cor. 
rate for the same piece of akin before exposure. poration of 11P into some fractions r..s found, end 
When this percentage was plotted against the this was statistically ii:Dil\canl at th: bl..~ ww~-r 
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TABLE 1 
l'HovHATB UPTAKE IY VAJUOUS FRACTIONS FROM SKIN ExrosEO TO PuLSED MICROWAVES IN TifB X-BAND 

EMro t1,,ui1y (J/cM. ') 
Experiment I Experiment 2 

Control H/4 3·88 7·76 Comrol 3·88 7·76 15·56 
l'lwspllolipitb 

Mean cu/s«./ms. ln,sh wt. 22·1 23·4 13-6 9·8 5-20 4·52 3-30 0·79 ±S.E.M ... 0·46 1·67 2-20 2-40 0·55 0·80 1·10 0·47 ¾ uptake relative to control 100 105·8 61·5 44·3 JOO 86·9 63-4 15·2 
_ ~mp~son _ with { 

N.S. s s N.S. N.S. s Statistical 0-5 <P 0·02 <P 0-01 <P 0·5<P 0·2 <P P <0·001 control <0-6 <0-05 <0·02 <0·6 <0·3 
N.1..le.A.u1..hJ., 

Mean cts/se,;./m&,. fresh wt. 3·46 2·04 3·11 1·74 1·24 1·50 0·84 0·12 ± S.E.M. .. . .. 0-39 0·47 0·91 0·72 0·01 0·20 0·30 0·004 % uptake relative to control 100 58·9 89·8 50·2 JOO 112·2 67·8 9·7 N.S. N.S. s N.S. N.S. s Statistical 0·05 <P 0-6<P 0·01 <P 0·2<P . ~omp~son _ ~ith { 0·2<P P<0·OOI control <0·1 <P0·7 <0·02 <0·3 <0·3 
Phosphoproteins 

Mean cts/sec./mg. fresh wt. 6·00 6·48 5·14 4·71 2·21 2·37 1·48 0·42 ± S.E.M ... 0·42 0·41 1·57 0·24 0·42 0·38 0·56 0·82 ~I. uptake relative to control 100 Hll!·O R~-6 78-5 100 107·2 33·1 19•0 N.S. N.S. N.S. N.S. N.S. s Statistical comparison 0·4<P 0·6<P 0·05<P 0·7<P 0·3 <P _with { 
0·001 control <0·5 <0·7 <0·1 <0·8 <0·4 <P<0·0J 

levels, as shown in Table I. The mean value for the 
control group was taken as 100% and the incor
poration of 82P and other values were expressed as 
a percentage of this. 

Skin in tissue culture takes up "$-sulphate from 
the medium and incorporates it into chondroitin 
sulphate and other polysaccharide sulphates. Fix
ation of sulphate in this non-dialysable form by skin 
exposed to pulsed microwaves was measured in four 
separate experiments. In each experiment a group of 
four skin explants was exposed at three different 
power levels and a further group served as a control. 
This form of experiment was repeated so as to span 
the required range of energy density. The mean 
values and standard errors for sulphate uptake by 
all skin explants exposed to each energy density are 
shown in Table 2. Except at the two lowest power 
levels there was a graded reduction in sulphate 
uptake with increasing energy density. Differences 
from the control value were highly significant at the 
higher energy densities. The mean value for all 
controls was taken as 100 % and the other values 
were expressed as percentages of this. 

"C-L-proline is taken up from the medium by 
skin cells in tissue culture and incorporated into 
~wly formed collagen. The radioactivity of a gelatin 
extract of the skin provides a measure of the radio
activity of the collaaen. Two experiments were done 
on the incorporation of proline into collaaen by skin 
exposed to pulsed microwaves. In each experiment 

four skin explants from the same guinea-pig were 
exposed at three different power levels, and four 
explants remained unexposed to provide the control 
group. Table 3 shows the radioactivity of gelatin 
extracts from skin exposed to pulsed microwaves. 
Mean values and their standard errors for all 
explants irradiated at each energy density are shown. 
Taking the mean value of the control group as 100% 
and expressing other values as a percentage of this, 
the gradation was not as marked as in previous 
experimenls of this type. Only at the highest power 
level was the reduction in proline uptake statistically 
significant. 

One of the effects of heat and continuous micro
waves on skin is the release of soluble substances 
with strong absorption of ultra violet light at 
260 nm. Slices of guinea-pig skin, about 19 mg. in 
all, were exposed to pulsed microwaves for 4 seconds 
at 3·4 W, I.e., an energy density of 7·76 J/cm•. The 
skin was then transferred to 1 ml. saline for 5 minutes 
to allow diffusion of soluble substances. The control 
sample of skin was treated in the same way except 
that it was not irradiated. The ultra violet absorption 
spectrum of the irradiated and control skin extracts 
is shown in Fig. 2 and corresponds to the effect 
obtained with continuous radiation. 

The energy absorbed or reflected by skin slices of 
the kind and thickness (c. 0·15 mm.) used in these 
experiments was measured usin& the instrumentation 
described in Part 1 (Lawrence, 1968). For pulsed 

TABLE 2 
SU!.PHATB UPTAKE 11Y SKIN ExPLANTS ExP0eD TO PuLIEO MlaowAVES AT X-AAMI> ----------,----------.. 

Mean CU/min./m1. 
±S.B.M ... 
No. or explantl . . . . 
o/. uptake relative to control 

Control 

41·3 
H 

IS 
100 

0·97 

37·2 
H 
4 

,0 
N.S. 

£Mrry 4nll1Y (//cm,., 

35·3 
3·2 
8 

15 

J·l8 

21-2 
1-8 

12 
68 

7•71 15·'6 

17-5 1-0 
0·12 2-0 

12 7 
42 19 

S 5 

J/·lJ 

H 
H 
4 

12 
s 

Statistical comparison with control { 0-2<P 
N.S. 
0-05<P 

<0·1 

s 
P<0-001 P <0·001 • P <0--001 P<O-OOI 

0-3 

TABLE 3 
PROTEIN UPTAKE INTO Cot.LAOEN OF SKIN ExPoSEo· TO PUI~ED MICROWAVES AT X-BAND . 

Enern density (J/cm.•) 
Control 0·79 H/4 3·88--... 7-76 15·56 

Mean cuf,;cc./mg. f,..h wt. 
± S.E.M. 

42·68 4-4-17 24·'!0 211-,i-" 2~·9! 3·55 
10·68 19·24 8·84 1-411 10·61 1·43 

No. of cxplants .. 
% uptake relative to control 

Statistical comparison with control 

t•O 

0·'1 

0·8 

0·7 

f 0·0 

-8 0-5 
8 
~0-• 

0·l 

O·l 

0·1 

wavelength (nm) 

8 
JOO 

{ 

FIO. 2. Ultra violet li&ht absorption.spectrum or soluble 
substances, possibly nucleotides, released from skin cells 
through the action of pulsed microwaves. Incident enerJIY 
7·78 Jlcm.• 

4 4 I, 4 4 
l0H 57-4 66·8 63-0 •·3 
N.S. N.S. N.S. N.S." s 
0·9<P 0·3<P • 0·2<P 0-3<P 0·02<P 

0-4 <0·3 <0·4 <0-05 

34% absorbed, 26% TCflccted, and 40% trammitte4 
so that there appears to be no great difference in this 
respect. 

Discussion 
It was interesting to find that the percentage of power 
absorbed by the skin explant in the wave&uide W8$ 
so very nearly the same, 34-35 ¾, from continu':>us 
and from pulsed microwaves with such a very hi&h 
ratio of peak power to mean power as 1,000:1, 
Release of soluble ultra violet absorbin& substances 
from the skin cells was similar to that occurring with 
continuous microwaves and with heating. The d~ 
response curve for the effect of pulsed microwa~ 
on skin respiration (Fig. I) suagests that the medllUI 
effective microwave dose (ED11) is 6 J/cm.• ·Ibc 
lower power levels show a small constant degree of 
damage. In previous experiments with cont":'~ 
microwaves this was attributed to imperfect tun1na 
of short intervals but, although this was remedied in 
the experiments ddcribed, the effect has ~isled 
and remains unexplained. As suggested by Geddum 

microwaves about 35% of the incident power wu (1948), only points between 16 and 114¾ have 1;: 
found to be absorbed, 30 ¾ was refitcted, and the Wied in calculatina tho d09C response c:w-,e. 
remaining 35 ¾ was transmitted· through the ,kin._ broken ~ in ~c 1-~ts t!i= do90 ~ 
Correspondin& fl&Urea for continuous waves were curw ohtamed in prcv1ous work usln!! a COftti!WOUS 
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IO\ltte of microwave po,,.,u-; the ED11 of this curve 
was 4·751/cm.• This sugests somewhat surprisingly 
that J)Ulsed microwaves at X-hand may be less 
damaain& than continuous waves. However, the 
difference between the two sets of observations is 
r•·obably not meaningful. The ambient temperature 
in the current work was 2-3 •c. lower than that of the 
earlier experiments using continuous irradiation. 
This difference in temperature may be quite import
ant as the rise in temperature of the skin sample 
••ill be about 30°C. above ambient temperature for 
incident radiation of 5 J/cm.• (assuming about one
third of the energy to be absorbed and the specific 
heat of skin to be about 1). Thus, in a typical 
experiment carried out in the laboratory at 22°C., 
the final temperature of the skin will be 50-55 •c.; a 
further few degrees may well be critical, for instance 
it has been found that skin immersed in saline at 
50°C. for 1 second was damaged less than specimens 
immersed for 2 seconds (Lawrence, 1969, in prep
aration); similarly, Cruickshank and Hershey (1960) 
found that the respiratory activity of guinea-pig skin 
heated to 60°C. for 1 minute decreased by 86 % 
whereas reducing the heating time to one half 
minute caused only a 20 % decrease. 

It seems therefore that expressing the dosage of 
pulsed microwaves in terms of mean power is 
satiffactory for biological purposes. The choice of 
the very high peak power to mean power ratio of 
1,000:1 for this study could reasonably be expected 
to reveal any difference in effect on skin metabolism 
as compared with the effect of continuous radiation. 
The";.~ is always the possibility that a particular 
enzyme may be selectively destroyed perhaps by 
heat-denaturation or even as the result of a momen
tarily intense electrical field. The respiration measure
ments reported here reflect the overall effect of 
pulsed microwaves on skin metabolism. Other 
experiments have been done to examine specific 
aspects of skin biochemistry. 

The incorporation of sulphate in skin in non
dialysable form, mainly into skin mucopoly
saccharides, is known to be a biochemical process 
with a relatively low turnover rate; that is to say, the 
sulphate becomes fixed in the mucopolysaccharide 
which is broken down only slowly into sulphate ions 
again. Measurements of mean sulphate uptake by 
a number of skin explants are highly reproducible. 

The incorporation of phosphate into cell con
stituents has a much faster turnover and the vari
ations shown by skin explants have proved to be 
greater. This has been found particularly with the 
application of pulsed power either as 0·25 micro
second pulses of microwaves or as previously 
reported with the even more intense 2 millisecond 
pulses from a ruby laser (Carney, Lawrence, and 
Ricketts, 1967). Heating, e.g., 43°C. for 30 minutes 
and continuous microwaves applied for 1, 2, and 4 
seconds, gave much narrower standard deviations 
about the mean value for the incorporation of 
phosphate into cell constituents (Carney et al., 1962). 

Although these experiments have been done with 
guinea-pig skin, previous work has shown that the 
thermal response of human skin is similar (Lawrence 
and Ricketts, 1957). In the intact animal or in man, 
other factors assist the dissipation of heat from the. 
skin so there is reason to believe that more energy 
would be needed to do equivalent damage. 

Thanks are due to the Royal Radar Establishment, 
Malvern, for the use of microwave equipment and to 
Mr. K. R. Pulley of the Establishment for advice and 
assistance. 
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Obituary 

Les I ie George Norman C.B.E., B.Sc., M.O:(Lond.), F.R.C.P., O.P.H. 

Dr. Leslie Norman, who was a leader in Occupa
tional Medicine in Great Britain in recent years, 
died on 17 September 1969 at the age of 60 after a 
Jong illness. He was editor of this journal for five 
years (1957-1962). 

A man of outstanding ability he was bound to 
make his mark in whatever branch of medicine he 
chose. He had a brilliant career as a student at 
University College Hospital, London, from which 
·he joined the Ministry of Health. After war service 
he entered industrial medicine in 1946 by way of the 
London Passenger Transport Board. There he built 
up an industrial medical service of outstanding 
·quality. His connection with Road Transport 
stimulated his interest in Road Safety and he made 
this his special field. He lectured extensively on it -
an activity which took him all over the world. 

He contributed widely to medical literature. 
Naturally his more important wtitings dealt with 
.the medical aspects of Road Safety. He wrote on 
standards of fitness for drivers and was responsible 
for one of the WHO Public Health Reports on 
Road Traffic Accidents. He edited the booklet 
Medical Aspects of Fitness to Drive Vehicles which 
is the standard work on the subject. It is not su[Pris
ing that when elected Milroy Lecturer in 1960 by 
the Royal College of Physicians he chose 'Medical 
Aspects of Road Safety' as his subject. 

Early in his career Norman became interested 
in improving standards in industrial medicine and 
he served with distinction on various prof_essional 
committees dealing with the .. ,;ubject. -He was 
president of the Association of Industrial Medical 
Officers (now the Society of Occupational Medicine) 
from 1949 to 1951 and of the Society of Occupational 
Hygiene in 1961/62. His talents were soon recognized 
-outside the profession and he found himself on 
vatious Government Advisory Committees including 
the Occupational Medical Committee of the Medical 
Research Council, the Industrial Health Advisory. 
Committee of the Ministry of Labour (now the 
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Department of Employment and Productivity), and 
the Industrial Injuries Advisory Council of the 
Ministry of Social Security. In all the!!C spheres his 
wide professional knowledge, his wisdom, and his 
sound commonsense made him a valued member. 

Leslie Norman took over the editOTShip of this 
journal in 1957. By that time it was well established 
and high scientific standards had been set. He newr 
allowed these high standards to fall. He creatly _ 
helped the organization for handling and refereein1 
papers which proved a great boon to those involved, 
He also improved the presentation of papers by 
prefacing them with an abstract. He worked quickly 
and wrote easily but even so his journal activities 
made heavy inroads on his spare time but this he 

, never grudged. His own writings reflected hi~ wide 
knowledge of English iiterature and were atwa1s 
presented in a delightful simple style. 
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Leslie Norrnan·wm be missed by a lar,e circle of 
friends who· respected him for his intellec,ual 
integrity, his personal courage, and his dt.ep 
compassion and who enjoyed hl1 ready wit and tood 
company. 
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