
responsible for the production of the 
zones of inhibition. Experiments were 
designed to determine the sensitivity of 
a number of organisms to the growth 
inhibitors produced by aspen tissue. In 
each experiment three pieces of tissue 
each weighing approximately 6 mg, were 
placed on the surface of the medium 
and allowed to grow for a period of 3 
weeks in the dark at 270 to 290C. After 
this growth period the tissue was re- 
moved and weighed; the surface of the 
agar was flooded with a suspension of 
the test organism in nutrient broth 
(Difco) or Staphylococcus broth (Dif- 
co). The excess inoculum was removed 
and the cultures were incubated until 
sufficient growth of the test organism 
was evident. 

Data from cultures in which all three 
pieces of tissue gave consistent results 
are shown in Table 1. Occasionally, 
the degree of inhibition was difficult to 
determine because of poor growth of 
the test organism or the tissue and in 
some cases not all three pieces of tissue 
produced an inhibitory zone even 
though the test organism and the tissue 
grew well (footnote to Table 1). As a 
result of this variability, all experiments 
were performed at least three times. In 
most cases the inhibitory zones were 
quite extensive and clearly defined. The 
diameter of the inhibitory zones is an 
indication of the magnitude of inhibi- 
tion. A quantitative relationship be- 
tween the diameter of the inhibitory 
zones and the amount of tissue growth 
was not observed. This aspect, how- 
ever, was not extensively investigated. 

The best test organisms selected for 
possible use in further investigation are 
Fusarium roseum, Bacillus subtilis, Sar- 
cina lutea, and Pullularia pullulans be- 
cause of uniform results and the pro- 
duction of clearly defined inhibitory 
zones ( 17). 

MARTIN C. MATHES 

Institute of Paper Chemistry, 
Appleton, Wisconsin 
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Cancer: Relation of Prenatal 
Radiation to Development 
of the Disease in Childhood 

Abstract. Experimental evidence indi- 
cating a linear response and the absence 
of a threshold for the development of 
childhood cancer and leukemia at total 
doses below 1 roentgen is contained in 
recent studies of prenatal diagnostic x- 
ray exposure. Implications for the 
nature of the carcinogenic mechanism 
in the human organism are discussed, 
with emphasis on the possible effects of 
the ionizing radiation from iodine-131 
and other short-lived isotopes. 

One of the most difficult problems 
in predicting the effects of low-level 
radiation on the development of cancer 
in man has been the lack of data on 
the dose-response relationships of the 
human organism at levels approaching 
those produced by natural background 
radiation (0.1 to 0.2 roentgen per 
year). Experimental evidence has re- 
cently become available on whole-body 
doses well below I r to the infant in 
utero. 

This evidence is contained in the 
recent study by MacMahon (1) of the 
effect of prenatal x-ray exposure on the 
mortality of children from neoplastic 
diseases, when it is combined with the 
earlier results of Stewart and her co- 
workers in England which MacMahon's 
investigation was designed to test (2). 
MacMahon's study was planned to over- 
come the principal criticisms of the 
earlier work with objective evidence 
from hospital records of intra-uterine 
x-ray exposures and with accurately 
controlled -estimates of mortality rates 

for malignant diseases in both exposed 
and unexposed children. 

The population studied by Mac- 
Mahon consisted of all children born in 
37 large maternity hospitals in the New 
York-New England area during the 
years 1947-54, a total of 734,243 
children. Among 584 children who had 
died of cancer by 1959, sufficiently 
complete records of 556 single births 
were located. After correction for birth 
order and other variables, the average 
cancer mortality was about 40 percent 
higher for children who had been x- 
rayed in utero than for those who had 
not, and the rate was also higher for 
those irradiated during the first 6 
months than the last 3 months. This 
finding is in qualitative agreement with 
the earlier result of Stewart (2), who 
had found an increase of about 90 
percent for children in England and 
Wales, as well, as increased sensitivity 
during early pregnancy. 

The evidence for the dose-response 
relationship is- in Stewart's and Mac- 
Mahon's data for cancer mortality as a 
function of the number of x-ray films 
taken during a given examination. Mac- 
Mahon's data have been plotted in Fig. 
1, where the length of the vertical bars 
is a -measure of the probable error 
arising from the size of the sample in 
each category, and the length of the 
horizontal bars represents the grouping 
used. These data show that there is 
no evidence for a threshold greater than 
the dose corresponding to one x-ray 
picture. Furthermore, as the number 
of films increases by a factor of 4 to 5, 
the increase in cancer mortality is best 
fitted by a linear law, although a 
quadratic law cannot be definitely ex- 
cluded on the basis of these data alone 
(dashed line) (3). 

To distinguish between a linear and 
quadratic relationship, it is necessary to 
compare Stewart's earlier data with 
MacMahon's more recent results 
grouped in a comparable manner 
(Fig. 2). Stewart's data also are 
fitted best by a straight line through 
the point of zero exposure, but 
with a slope almost twice that in- 
dicated by MacMahon's results. Such 
a trend. is in fact to be expected from 
the improvement in x-ray techniques 
starting during the postwar period, 
when the . bulk--of Stewart's cases re- 
ceived their irradiation (1.944-51), and 
continuing more rapidly through the 
later period covered by MacMahon's 
sample ( 1947-54) . 

As shown by detailed comparisons 
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Fig. 1. Cancer and leukemia mortality 
rates of children irradiated in utero as a 
function of the number of x-ray films 
taken (MacMahon, 1). Vertical bars 
represent probable errors due to sample 
size; horizontal bars represent the grouping 
into four exposure categories used by 
MacMahon. Dashed curve represents a 
quadratic law fitted to MacMahon's data 
at 0 and 3 exposures. 

of typical doses during diagnostic x-ray 
procedures before and after the intro- 
duction of new techniques (1949-53), 
dose reductions by factors of four to 
eight had become possible (4). These 
resulted from a combination of im- 
proved films (approximately a factor 
of 2), development of better intensify- 
ing screens (factor of 1.4), and higher 
voltages accompanied by a change from 
1 to 3 mm aluminum filtration of the 
primary beam (factor of 2). The latter 
practice especially became rapidly ac- 
cepted as the result of the work of 
Trout, Kelly, and Cathay in the United 
States (5), and Ardran and Crooks in 
Britain (4). 

Since the peak in the time-incidence 
curve for leukemia and childhood can- 
cer is close to the fourth year, it may be 
assumed that the great majority of the 
cases in Stewart's sample, consisting 
of children up to age 10 who died dur- 
ing the years 1953-55, received the 
higher dose per picture associated with 
the older techniques. On the other hand, 
the latter half of MacMahon's test 
population (born 1951-54) undoubt- 
edly experienced a lower dose per 
exposure, especially since they were 
born in some of the largest hospitals 
in the New York-New England area. 

As a result, although dose-reductions 
by a factor of 4 probably apply for 
the most recently born cases of Mac- 
Mahon's sample, as compared to 
Stewart's, the average reduction for 
MacMahon's group as a whole may be 
closer to a factor of two as suggested 
by the observed ratio of the slopes. To- 
test this hypothesis further, Stewart's 
data has been plotted together with 
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MacMahon's with a linear change in 
the scale of the abscissa by a factor of 
2 (Fig. 3). A linear transformation of 
this type should cause the two sets of 
data to fall along a single straight line if 
a linear dose-response relationship exists. 

With this scale change, Stewart's 
points do in fact fall on the same 
straight line as MacMahon's (Fig. 3). 
Furthermore, because of the greater 
range of exposures represented by Mac- 
Mahon's and Stewart's combined data, 
the quadratic curve fitted to MacMa- 
hon's data is clearly ruled out (dashed 
curve, Fig. 1). Thus the dose-response 
relationship for childhood cancer ap- 
pears to show no threshold and to be 
linear down to below the dose received 
by the embryo in a single pelvic x-ray 
picture. 

Schubert applied the best available 
data to Stewart's earlier study and ar- 
rived at an estimate of 2 r to the em- 
bryo in a typical pelvimetry consisting of 
three exposures, or about 0.6 r per film 
(6). With heavier filtration, high volt- 
ages, and modern films, a mean value 
of 0.3 r per exposure seems to be a 
reasonable estimate for MacMahon's 
cases, with a spread due to variations in 
technique of about ? 33 percent (4, 7). 
This leads to an estimate of the doubling 
dose consistent with both Stewart's and 
MacMahon's data of 1.7 r, or a 1 per- 
cent increase in mortality for each 17 
mr to the embryo in the range investi- 
gated. This value is in good agreement 
with the calculations of Lejeune and 
Turpin (8) who arrived at a doubling 
dose of 1 to 3 r for irradiation during 
the last 3 months of pregnancy. Such a 
response to ionizing radiation is about 
20 to 30 times greater than that ob- 
tained from the slope of the response 
curve for adults as judged by the studies 
on the leukemia cases among the sur- 
vivors of Hiroshima (9) and individuals 
treated for ankylosing spondylitis (10) 
at total doses above 100 r. 

The evidence for a linear dose- 
response relationship indicates that the 
significant dose parameter is the total 
accumulated dose, essentially inde- 
pendent of the period over which the 
radiation is administered (11). That 
dose-rate effects are not likely to be 
very strong at these relatively low total 
doses is supported by the following con- 
sideration: although the x-ray pictures 
are all taken within approximately the 
samne brief examination period so that 
the highest exposures of Stewart's sam- 
ple represent dose-rates in roentgens per 
hour 10) times as high as for the lowest 
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Fig. 2. Comparison of the data obtained 
by Stewart et al. (2) and MacMahon (1) 
for cancer mortality of children irradiated 
in utera as a function of the number of 
x-ray films taken during pregnancy. Stew- 
art's data have been regrouped into cate- 
gories similar to those of MacMahon. 

exposures of MacMahon's samples, 
there is no detectable deviation from 
linearity in the dose-response curve 
(Fig. 3). This is in agreement with 
other observations of dose-rate effects 
on genetic point-mutations, where 
changes in dose rates by three orders of 
magnitude result in effects differing 
only by factors of 2 to 4 (11, annex 
C, Table X). 

A direct comparison with radiation 
from normal background sources and 
fallout at comparable total doses now 
appears possible. Thus, typical doses 
from normal background radiation (75 
to 150 mr in 9 months) would sug- 
gest that about 5 to 10 percent of all 
childhood cancer and leukemia cases 
may be traced to the triggering action 
of natural ionizing radiation. 

Total doses comparable to back- 
ground radiation are encountered as the 
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Fig. 3. Combined results of MacMahon 
and Stewart after application of linear 
change in abscissa scale by a factor of 
two for Stewart's data to correct for differ- 
ence in average dose per x-ray picture (see 
top and bottom scales ). Dashed curve 
represents quadratic relation of Fig. 1. 
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result of large-scale nuclear explosions 
in the atmosphere. Thus, it is now gen- 
erally agreed (12) that the insertion 
of fission products into the low strato- 
sphere at polar latitudes equivalent to 1 
megaton explosive force results in an 
amount of additional radiation equiva- 
lent to 1 to 2 weeks of natural radiation 
(2 to 4 mr) to every individual in the 
northern hemisphere. Approximately 
75 percent of this activity is contained 
in short-lived isotopes which deliver 
their dose in less than 6 to 12 months 
(.11, annex F). Thus, a series of test 
explosions totaling 100 megatons of 
fission-product equivalent explosive 
force, comparable to the combined tests 
of the U.S.S.R.-U.S. in 1961-62, 
would be expected to produce a 9 
months' dose to the bone marrow any- 
where from 150 to 300 mr. This is of 
the order of magnitude of the dose to 
the embryo in a typical pelvic x-ray 
picture taken with the best modern 
techniques (4). If dose-rate effects do 
not reduce the risk by more than a 
factor of two to four, as the existing 
evidence indicates, then one would ex- 
pect an increase in childhood cancer 
mortality between 2.5 and 10 percent 
for children born within about a year 
after the last atmospheric test series. 

Doses considerably larger than these 
average worldwide values can result 
from heavy local fallout in certain 
areas because of unusual meteorologi- 
cal conditions even for relatively small 
nuclear explosions, such as occurred in 
the Troy-Albany (N.Y.) area, after a 
40 to 50 k-ton low altitude explosion 
in Nevada in 1953 (13). Due to the 
short time between the formation of 
the fission products and the arrival of 
local fallout, the short-lived isotopes 
present special hazards to the embryo. 
Aside from the external 7-radiation 
originating mainly from short-lived Zr` 
and Nb , estimated to have been about 
100 mr for the first 13 weeks after 
arrival of the fallout in this particular 
case (14), a significant dose to the 
blood-forming bone marrow results 
from the short-lived isotopes Sr89, 
Ba140, and 11"3 ingested by the mother, in 
particular with fresh milk and vege- 
tables. 

The special hazard that these short- 
lived isotopes (half-lives 53 days, 12 
days, and 8 days, respectively) present 
for the development of childhood 
cancer should be noted: (i) These 
isotopes give off their radiations in a- 
time short compared with pregnancy 
and the critical phases of rapid cell 
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division associated with organ and 
skeletal formation, unlike the much 
longer lived Sr90 and Cs'7, for which 
the appropriate integration time is the 
whole adult life-span. (ii) In particular 
P"31 is known to have produced leukemia 
in adults (who are much less sensitive 
than children) when administered in 
large therapeutic doses (15). (iii) 
Starting close to the end of the first 
trimester the embryo has a tendency to 
accumulate radioactive iodine con- 
sumed by the mother in its own thyroid 
at a concentration 2 to 10 times that 
of the normal adult (16), and there is 
a similar tendency for greater concen- 
tration of Sr89 and Ba'40 in the fetal 
bone structure (17). Although P"3 
concentrates primarily in the thyroid 
and gives a strong p-dose to this organ, 
it is also carried to the blood-forming 
centers. Thus, the centers nearest the 
thyroid are subjected to the y-rays as 
well as to the :6-decay of the radio- 
iodine in the embryo's thyroid. The 
principal danger of I13. may there- 
fore not be thyroid cancer, which 
is normally extremely rare in children 
and treatment for which leads to better 
than 90 percent recovery (18), but 
rather leukemia, which is the highest 
single cause of death in children 4 to 
14 in the U.S. (other than accidents) 
and affects about one in every thousand 
(18). 

Since the indication of a linear re- 
sponse relationship does not support 
the hypothesis that multiple hits are 
required (11), MacMahon's and Stew- 
art's data tend to support the "single 
hit" or genetic point defect theory (19) 
of the radiation damage responsible for 
childhood cancer and leukemia. The 
important implications of this result, 
both for the etiology of cancer and 
the long-range after-effects of fallout 
from the detonation of nuclear weap- 
ons, would seem to make it desirable 
to extend studies of this whole problem 
to still larger population samples. It 
would seem especially important to initi- 
ate carefully controlled surveys of 
childhood leukemia and cancer deaths 
among children born in areas known 
to have received heavy fallout doses 
in the preceding 6 to 9 months (20). 
As a further test of the present inter- 
pretation of the different rates of inci- 
dence in Stewart's and MacMahon's 
investigations, a follow-up study, with a 
test-population of children born after 
the introduction of improved diagnostic 
x-ray methods, should be undertaken, 
accompanied by detailed checks of the 

average dose received under the pre- 
vailing examination conditions. If the 
present interpretation of the difference 
between Stewart's and MacMahon's 
results is correct, such a study should 
reveal an increased mortality approxi- 
mately half that observed by Mac- 
Mahon, which would correspond to an 
average increase of only 20 percent 
for all irradiated children. 

E. J. STERNGLASS 
Westinghouse Research Laboratories, 
Pittsburgh 35, Pennsylvania 
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