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phase oocytes in the first meiotic division whereas the
lowest ones are encountered in the dictyate oocytes
in mammals and in oagonia in insects (mammalian
oOgonia have not yet been studied from this point of
View); (d) the time at which death due to dominant
lethality occurs varies in different species; and (e)
dominant lethals induced in mouse spermatogonia may
be due to the unbalanced products of translocations
Which can successfully pass through the post-meiotic
stages of spermatogenesis and be transmitted to the
immediate offspring. Studies carried out during the
past few years fully support these conclusions.

3. Recent experiments have measured dominant
lethality using the pre-natal method,l because of its
greater reliability compared to the method based on
litter ,size.. However, in· investigations designed for
other· purposes, reduction in litter size has been used
to estimate the proportion of deaths due to induced
dominant lethals (34, 71, 543).

1. Spermatogonia

4. The induction of dominant lethals in mouse
spermatogonia has been studied earlier by several in
vestigators (37, 245, 246, 288, 396, 507). Recently,
Schroder (474) studied this problem using an x-ray
exposure of 600 roentgens. The frequencies of domi
nant lethals varied over a wide range but most of the
differences were not significant. The induced fre
quency of pre-implantation losses can be estimated
to be between 2.0 and 8.0 per cent and that of post-im
plantation losses between 5.0 and 14.0 per cent. The
Tatter is much higher than the frequency of 2.0 per
cent recorded by Sheridan (507) after an exposure of
550 roentgens. The over-all frequency of induction of
dominant lethals obtained by Schroder is about 10.0
p~r cent. .

5. . Pomerantseva and Ramaia (622) found that the
frequency of post-implantation losses observed after
irradiation of mouse spermatogonia remained at about
the same level after x-ray exposures ranging from 400
to ,1,200 roentgens. The frequency at 400 roentgens
was estimated to be about 4.0 per cent or 1.0 10-4
per roentgen. Ehling's recent results (126) show that
the frequencies of induced post-implantation losses are
3.0, 6.5 and 5.5 per cent, respectively, after 200, 400
and 800 roentgens (lSTCs gamma rays) to spermato
gonia. The lack of increase in frequency above 400
roentgens is in line with the observations of Pome
rantseva and Ramaia (622).

6. Litter-size data were used by Batchelor, Phillips
and Searle (34) to evaluate the incidence of dominant
lethality in a study designed mainly to estimate the
RBE of neutrons relative to gamma rays. A neutron
dose of 214 rads (plus 93 rad gamma contamination)
and a gamma-ray dose of 606 rads (plus 2.5 rad neu
tron contamination) were delivered, in both cases, over
a 12-week period. It was found that the mean litter sizes
with neutron- and gamma-irradiation were 5.95 and
6.22, respectively; the difference of 0.27 is significant
and represents a 4.3 per cent reduction with neutrons
( 1,806 pairs of litters compared; the total number of

1 Females are dissected at suitable stages of pregnancy (12-
. 18 days for the mouse, 14-31 days for the guinea-pig, 13-19
days for the rabbit and 9-15 days for the hamster) and the
numbers of corpora lutea and of dead and living implanted
embryos are counted. It is thus possible to estimate the pro
pOl;'tion of pre-natal deaths that occur before or after im-

·'plantation.· .

animals born was 10,751 in the neutron series and
11,237 in the gamma series).

7. Chambers (71) x-irradiated rat spermatogonia
at exposures of 600 roentgens (single, testicular irradia
tion) or 450 roentgens (in three fractions of 100, 150
and 200 R at 10, 12 and 14 weeks of age; whole
body). Using F 1 litter size at one day of age as the
criterion of dominant lethal damage, he estimated the
rate of induction to be in the range between (1.2 ± 1.5)
10-4 and (3.3 ± 2.9) 10-4 per gamete per roentgen.

8. In experiments involving spermatogonial x-irra
diation of rat populations (for details see paragraph
216) Taylor and Chapman (543) also used litter size
as a measure of dominant lethal damage and estimated
the rate to be between (1.4 ± 0.6) 10-4 and (0.9 ±
0.9) 10-4 per gamete per roentgen. The authors point
out that these values are in good agreement with the
average estimate for mouse spermatogonia which is 1.1
10-4 per gamete per roentgen (217, 246, 270, 276,
288, 454).

(a) Relationship between induced dominant lethals
. and translocations

9. In the 1966 report, it was suggested that a major
fraction of dominant lethality induced by spermato
gonial x-irradiation might in fact be due to the un
balanced products of translocations. The correctness of
this surmise has now been strengthened by the results
of the study of Ford et al. (139). Male mice received
an x-ray exposure of 1,200 roentgens in two equal
fractions separated by eight weeks. In the pilot ex
periment, spermatocytes derived from irradiated sper
matogonia were directly examined for tbe presence of
translocations, and, in the main experiment, the irra
diated mice were first allowed to produce a large num
ber of progeny and later sacrificed for making cyto
logical preparations. Frequencies of spermatocytes with
various numbers and types of multivalents were used to
.estimate the proportion of sperm with normal, balanced
translocated and unbalanced haploid genomes and
hence the expected frequencies of zygotes with abnormal
karyotypes. The results are summarized in table 1.

10. It can be seen that the expected frequencies of
dominant lethals and of semi-steriles are twice as large
as those observed in F1 sons and in other genetic ex
periments with the same radiation exposure (288,
477). The discrepancy between the expected frequen
cies of semi-steriles and dominant lethals and the fre
quencies actually observed is assumed to originate from
a selective process operating on translocation-carrying
diploid (rather than on haploid) genomes between
meiotic metaphase and fertilization (139).

11. Lyon et al. (288) observed a frequency of
semi-steriIes that implied an associated dominant
lethality of 6.6 per cent. The observed frequency of
dominant lethals being 10.6 per cent, the authors
attributed the 4 per cent excess to "primary" dominant
lethality not dependent on segregation as such. It is
now evident that all the dominant lethals observed
genetically can be accounted for by the segregation of
unbalanced haploid genomes from spermatocytes with
translocation multivalents. Nonetheless, the possibility
of some "primary" dominant lethality is not excluded,
although the fact that less than 1 per cent of sperma
tocytes exhibit chromosomal changes other than multi
valent associations indicates that only a very small
proportion of dominant lethals can be attributed to
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17. Sensitivity differences of the spermatogenic I

stages in the induction of dominant lethals (and of
other types of genetic damage) are known to exist
between the mouse and other organisms. Recently,
Ehling (126) found that after x-irradiation (200 R)
of male mice the frequency of dominant lethals in
early spennatids was nearly twice that in spermatozoa,
late spermatids and spermatocytes. With 400 or 800
roentgens, however, the spermatocytes showed the
highest sensitivity, the number of live embryos per
female in the irradiated groups being far below that in
the controls. For induced post-implantation losses that
can be estimated from his data (all exposures) sper
matids (sampled between 15 and 22 days after irradia
tion) show maximal sensitivity.

18. Ehling (126) found that pre-irradiation in
jection of chloramphenicol led to an enhancement of
the frequency of dominant lethals in mouse spenna- I
tozoa (exposure: 600 R single; two equal fractions of
400 R separated by 24 hours). This result is similar
to what has been observed for sex-linked lethals in
Drosophila spermatozoa ( 528) . The mechanism of 1
chloramphenicol-mediated enhancement of dominant
lethality in mouse spermatozoa is not known.

19. Ehling (127) also observed that treatment of
males with mitomycin-C (intraperitoneal injection;
1.75 mg kg-I) prior to irradiation with 200 roentgens
(137CS) resulted in a drastic reduction of the embryonic
litter size, the magnitude of the reduction far exceeding
those in parallel series treated with either mitomycin-C
or gamma rays alone; this synergistic effect was very
pronounced in the mating intervals from 27 to 34 days
after treatment.

20. In another study Ehling (123) examined the
effects of pre-treatment with aminoethylisothiourea
(AET) and observed a decrement in dominant lethal
ity in early spermatids; the mean number of embryos
per female increased from 1.1 -I- 0.1 in the controls
receiving NaCl and an x-ray exposure of 600 roentgens
to 2.6 -I- 0.2 in the group receiving AET and 600
roentgens. The radio-protective action of AET was
less pronounced after an exposure of 1,000 roentgens.

21. In similar work with 5-methoxytryptamine pre
treatment, Pomerantseva (621) observed a reduction
of x-ray induced dominant lethals in spermatids but
not in spermatozoa. With cysteamine pre-treatment,
decreased yields of dominant lethals were obtained in
spermatocytes, spermatids and in spermatozoa (617).

(c) Species differences

22. Lyon (281) carried out a study comparing the
pattern of sensitivity to dominant lethal induction in
the male germ-cell stages of the mouse, guinea-pig,
golden hamster and rabbit. Attention was focused pri
marily on the response of post-meiotic germ cells al
though some limited information was obtained for the
germ-cell stages sampled soon after the period of
sterility.

23. The data are presented in table 2 which showS
that (a) the frequencies of dominant lethals at the dose
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other forms of gross chromosomal changes induced in
pre-meiotic cells.

2. Post-meiotic stages

(a) Dose-response relationships

14. Uonard (247) and Leonard and Deknudt
(251) observed that the relationship between x-ray
exposure and yield of dominant lethals in mouse sper
matozoa was linear over a wide range of exposures.
The estimated rates of induction of dominant lethals
are 1.5 lO-s per roentgen (10-100 R; 10 levels) and
1.1 10-8 per roentgen (100-6,000 R; 15 levels). In
the range from 1°to 100 roentgens, the frequency of
pre-implantation losses is low 0-3 per cent) whereas
that of post-implantation losses shows a steady increase
with increasing exposures. Above 100 roentgens, the
frequencies of both pre- and post-implantation losses
increase with increasing exposures. In addition, the
percentage of pregnant females and the number of im
plants per female are reduced with exposures from 100
to 6,000 roentgens.

15. Pomerantseva and Ramaia (622) observed a
linear relationship between x-ray exposure and the
frequency of post-implantation losses when mouse sper
matozoa were irradiated. The rate of induction is 1.0
10-3 per roentgen (100-1,200 R; 6 levels). This
figure is almost identical to that of Leonard (paragraph
14), in spite of the fact that Leonard's estimate applies
to both pre- and post-implantation losses. A linear
relationship (1.5 10-8 R-l) was also observed by the
same authors after x-irradiation of spermatids (100
900 R) and spermatocytes (100-600 R). The delinea
tion of the stages, however, was not clear-cut.

16. More recent evidence for the linear dose-effect
relationship for dominant lethals induced in meiotic
and post-meiotic stages of the male mouse comes from
the work of Schroder and Hug (476) and of Ehli.ng
(126). Ehling, however, uses a different procedure2 to

2 Dominant lethal frequency = 100 -

(
liVe embryos per female in the experimental group) X 100

live embryos per female in controls

(b) Fractionation

12. The complete results of the fractionation ex
periment of Sheridan (510) (reported at a preliminary
stage in the 1966 report) show that the frequency of
post-implantation losses with a single x-ray exposure
of 275 roentgens to mouse spermatogonia is 3.3 per
cent whereas that with the same exposure delivered in
55 daily fractions is 0.3 per cent. The difference is
clearly significant. These results would be expected if
dose fractionation reduced the frequency of induction
of translocations. Evidence showing that this is indeed
the case is presented in paragraphs 72, 79 and 80.

13. Lyon and Morris (283) obtained a nearly
three-fold increase in the frequency of dominant
lethals when the spermatogonia received an x-ray dose
of 1,000 rads in two equal fractions separated by 24
hours, instead of a single dose (18.2 per cent with
fractionation versus 6.6 per cent for the single dose).
The frequencies of post-implantation losses alone were
14.0 .and 2.0 per cent with fractionated and single
doses, respectively. In the same study, the yield of
translocations, specific-locus and dominant visible
mutations were also found to be enhanced by fractiona
tion (paragraphs 69, 158, 197).



If sao rads are lower in the guinea-pig and the rabbit
ban in the mouse; the pattern of relative sensitivity of
he germ-cell stages, however, is similar in these three
:pecies, spermatids (sampled during the third week in
he mouse but in the fourth and :fifth weeks in the
~inea-pig and in the rabbit) being more sensitive than
nature spermatozoa (first week). The finding in the
present study, that the rabbit is less sensitive than the
mouse, is at variance with the results of Shapiro et al.
(624) who found the opposite; (b) after a dose of 200
rads to the hamster, the yield of dominant lethals from
mature sperm is nearly as high as after 500 rads to the
mouse; (c) in the hamster, spermatids and mature
sperm show an approximately similar response, the
sensitivity pattern thus being different from that in the
other three species; (d) for weeks 2-4, the yield of
dominant lethals in hamsters after 200 rads is con~

siderably lower than in mice after 500 rads; (e) in
the mouse, hamster and guinea-pig, a large proportion
of deaths occurs after irradiation whereas it occurs
prior to implantation in the rabbit; and (f) after equal
doses, the pre-sterile period in the rabbit and in the
guinea-pig is about one week longer than in the mouse.

3. Oocytes

24. Investigations on the sensitivity of the mouse
oocytes to the induction of dominant lethal damage at
diplotene (dietyate) and at stages beyond diplotene
were carried out earlier by Russell and Russell (434)
and by Edwards and Searle (122). Similar studies had
been performed with the golden hamster ( 172). To
obtain more information on the sensitivity of mature
diplotene oocytes of guinea-pigs and golden hamsters,
Lyon and Smith (289) irradiated young adults of these
species. To ensure that the ova were at the diplotene
stage at the time of irradiation, females were irradiated
in middle dicestrus and immediately caged with fertile
males. The females which mated at the first cestrus
after irradiation were dissected during mid-pregnancy
and the numbers of corpora lutea and of live and dead
embryos were counted as in the experiments with
irradiated males.

25. The results are given in table 3 which shows
that (a) the mean number of ovulated eggs per female
is slightly enhanced by the irradiation; (b) as after
irradiation of males, most of the induced embryonic
death occurs after implantation, although there is some
pre-implantation loss after the highest dose to the
guinea-pigs; (c) in both species it is in fact only the
highest dose which gives a really marked yield of
dominant lethals.

26. A comparison of the data of Lyon and Smith
(289) with those published earlier (122, 434) shows
that, at least at high doses, both the hamster and the
guinea-pig are more sensitive to the x-ray induction
of dominant lethals than the mouse. However, more
data are needed to assess the significance of this
finding.

4. Summary and conclusions

27. In meiotic and post-meiotic stages of the male
mouse, the frequencies of dominant lethals increase
linearly with increasing exposures; in contrast, in sper
matogonia, the frequencies seem to level off at high
exposures, as would be expected from the results of
translocation studies.

~Q3

28. Almost all the dominant lethality induced in
mouse spermatogonia is due to the unbalanced products
of translocations.

29. After an x-ray dose of 500 rads to males, both
guinea-pigs and rabbits give a lower yield of dominant
lethals than the mouse, but they show a similar pattern
of relative sensitivity of germ-cell stages, spermatids
being more sensitive than mature spermatozoa. Ham
sters, after a dose of 200 rads, give a yield of domi
nant lethals from mature spermatozoa nearly as high
as mice after 500 rads, but the pattern of sensitivity
is different, mature sperm and spermatids being almost
equally sensitive and giving a lower yield, close to that
expected in mice after 200 rads.

30. Thus, in extrapolating from species to species,
account must be taken of different patterns of relative
sensitivity of germ-cell stages as well as of overMall
differences in sensitivity.

31. At least at high doses, the mature diplotene
oocytes of the hamster and guinea-pig are more sensi
tive than those of the mouse to the induction of domi
nant lethals by x-irradiation.

B. SENSITMTY OF OOCYTES TO CELL-KILLING EFFECTS

32. The most distinctive feature of oogenesis· in
mammals is the absence of oogenia from the post
natal adult ovary. Female mammals are born with a
finite number of oocytes formed already during embry
onic development. These so-called primordial oocytes
are surrounded by a single layer of follicular cells. With
maturation, the oocytes grow and multilayered follicles
are formed. In young adults of both the rat and rhesus
monkey, the number of growing oocytes amounts to
10 per cent of the total population, the remaining 90
per cent being primordial follicles (39).

33. In the oocytes, the sequence of nuclear changes
comprising meiosis is arrested at the diplotene stage
which lasts until the time of ovulation. The nuclear
morphology of the diplotene stage of the "arrested"
oocyte, however, varies widely between species. A
"typical" diplotene is characteristic of man, the rhesus
monkey the goat and the dog. A synizesis-like diplo
tene (chromosomes clumped into a dense knot) is
characteristic of the guinea~pig and a diffuse inter
phase-like diplotene (dictyate) is present in the mouse,
the rat and a few related species of rodents such as
the hamster, the deermouse and the gerbil (23, 24, 25,
359, 364).

34. The suggestion has often been made that dif~

ferences in the radiation response of oocytes to killing,
both within and between species, may be correlated
with variations in nuclear configuration (20, 23, 294,
359). The chromosomes in the nucleus of the pri
mordial oocyte in man and rhesus monkey are of the
so-called lampbrush type, similar in form to those of
amphibia and other lower vertebrates (58), consisting
of a central axis from which lateral loops protrude on
either side in association with clusters of ribonucleo~

protein granules (25). The oocytes in growing follicles
in all the species examined possess lampbrush-type
chromosomes.

35. Oocytes with the 1ampbrush-type chromosomes
have been found to be resistant to the cell-killing
effects of irradiation. Baker (19, 21) observed that the
primordial oocytes in the rhesus monkey are eliminated



C. TRANSLOCATIONS

genetic criterion used to assess the difference. For
example, the data of Lyon and Smith (289) (para
graphs 24-26) suggest that the hamster and the guinea.
pig, at least at high doses, are more sensitive to x-ray
induction of dominant lethals than the mouse. In con
trast, the hamster and the guinea-pig are species in l
which the sensitivity of the oocytes to cell-killing is
much lower than in the mouse (paragraph 35). Re
sults of this kind reinforce the need for caution in
applying the quantitative rates obtained in the mouse
to the problem of risk estimates in man.

41. In its 1966 report, the Committee reviewed
the evidence then available on the induction of trans-
locations in pre-meiotic and post-meiotic germ-cell
stages of the male mouse. It was pointed out that the
presence of translocations is usually diagnosed through
the incidence of semi-sterility in the offspring of those
exposed, with cytological confirmation of translocation
heterozygosity when possible. While this approach is
still being pursued, attention is now focused on a
direct cytological examination of the testes of the
treated males (thus making possible the study of pre
meiotic germ cells) or of F1 males sired by treated
males, to investigate the induction of viable and trans
missible chromosome rearrangement in both pre-meio
tic and post-meiotic stages. The development of an
air-drying technique for meiotic preparations of mam
malian testes (131) has facilitated this line of inquiry
and has greatly accelerated research.

42. Cytological examination of dividing primary
spermatocytes of untreated mice at the diakinesis or
first-metaphase stages of meiosis usually shows that
20 bivalents are formed. Because of the precise pairing
of homologous chromosomes that exists at these stages,'
it is possible to correlate abnormal configuration with
specific chromosomal changes induced by irradiation
or by other treatments. The frequency of multivalent
configurations gives a better indication of the fre
quency of induction of translocations than is obtain
able from a genetic analysis, since the time available
for the action of selective processes is shorter.

43. There have only been two studies on the in
duction of translocations in irradiated mouse oocytes. 1

In the late fifties, L. B. Russell and Wickham (435)
reported a very small decrease in the fertility of male
mice after acute x-ray exposures of 400 roentgens to I

their mothers, only 1 male in 320 being semi-sterile
with semi-sterile offspring, and thus presumably hetero
zygous for a reciprocal translocation. However, a few
others were sterile and so presumably may also have
carried translocations, though cytological methods for
determining this were then not available. Searle (479)
and Searle and Beechey (482) carried out a large·
scale study involving irradiation of late dictyate oocytes
at fast-neutron doses of 100 or 200 rads and at an
x-ray exposure of 300 roentgens. There was no evi-
dence of inherited semi-sterility in the neutron series;
in the x-ray series, the results of tests completed thus
far show that lout of 386 sons tested was sterile
although no chomosome abnormality could be found.
However, 8 out of 293 daughters were judged semi-,
sterile on the criterion of litter size and four of these
showed definite evidence of being translocation-car
riers. Thus the translocation frequency in daughters is
probably between 1.4 and 2.7 per cent.
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only after an x-ray exposure of 7,000-12,000 roent
gens, and that the LD6o / 3o is 5,000 roentgens. In con
trast, exposure of mice to 15 roentgens, and of rats
to 100 roentgens gives effects similar to those obtained
with 5,000 roentgens in the monkey. In the mouse,
Oakberg and Clark (364) have shown that almost all
primary oocytes are destroyed by 50 roentgens where
as mguinea-pigs they survive several hundred roentgens.
Shapiro et al. (624) and Petrova (620) showed that in
the guinea-pig and the golden hamster, <estrus cycles
persist for several months after an exposure as high
as .400 roentgens.

36. In contrast to the drastic differences in the
response of the primordial oocytes of the rhesus mon
key on the one hand and of mice and rats on the
other, the response of oocytes in growing follicles is
more comparable: exposures of mice to 2,000 roent
gens and of rats to 4,400 roentgens result m approxi
mately the same amount of killing as from 5,000
roentgens in the monkey (22, 39).

37. In an extension of their study, Baker and Neal
(26) and Baker (20) found that the responses of the
oocytes of rats, mice, monkeys and humans main
tained morgan cultures to the cell-killing. effects of
radiation are essentially similar to those reported from
in vivo studies, i.e. monkey and human oocytes are far
more resistant than those of the rat and the mouse.
Of . particular importance is the observation that a
majority of human oocytes in organ culture survived
for seven days after an x-ray exposure of 2,000 roent
gens (almost all the cells were destroyed by 4,000 R)
whereas in the rat an x-ray exposure of only 300
roentgens was sufficient to nearly deplete the popula
tion of primordial oocytes.

38. Baker, Beaumont and Franchi (23) have pro
posed that the high radiosensitivity of the oocytes at
the dictyate phase may be related to the fact that,
during this phase, the axial core and loops of the
lampbrush chromosomes (of which DNA is a major
constituent) become extended and the ribonucleopro
tein (RNP) sheath more diffuse. Parts of the genome
!pay thus become more sensitive to radiation damage
because they lack the protection afforded in the mon
key by the continuous RNP sheath. The latter may
either shield the genetic material or, more probably,
act as a "splint" allowing restitution and repair to
take place. Miller, Carrier and von Borstel (305) re
ported that radiation-induced breaks in lampbrush
chromosomes in the newt (examined in vitro) became
apparent only when the sheath was dispersed by pro
teolytic enzymes.

39. Searle (480) has recently pointed out that it
seems unlikely that the very drastic and rapid radia
tion killing of mouse and rat immature dictyate oocytes
(for example, loss of 93.5 per cent of all oocytes in
10-day-old female mice within 3 days after a 25-R
x-ray exposure (358)) can result just from the non
repair of breaks in the genetic material of cells at this
non-dividing stage.

40. VVhatever the underlying basis, judged from
cell-survival experiments, monkey and human oocytes
are more resistant to radiation than mouse oocytes.
However, the differences in sensitivity to the induction
of genetic damage (mutations, chomosome aberra
tions, .etc.) may not be of the same magnitude as the
one for cell survival and may also vary with the



1. Adutt spermatogonia

(a) Acute exposures

(i) X rays

44. The data obtained from experiments involving
acute x-irradiation of spermatogonia are summarized in
table 4 which indicates that heterogeneities often exist
between investigators and within exposures studied at
different times. In addition, differences between mice
and between testes of a single mouse have sometimes
been noted.

45. The frequencies of translocations seem to in
crease linearly with exposures, at least over the 25- to
600-roentgen range (15, 132, 139, 248, 250, 253,
254, 256, 258, 283, 284, 347, 463, 488, 491). This
is unexpected since a dose exponent greater than one
is normally found for the induction of two-track aber
rations by low-LET radiations (326, 327). Using the
data from four different sets of experiments each with
different but occasionally overlapping exposure ranges,
and excluding exposures higher than 600 roentgens,
Uonard and Deknudt (256) arrived at the relation
ship

y = 3.810-'1 + (1.7 + 0.1) lO--4X

where Y is the mean yield of translocations per sper
matocyte and X the exposure in roentgens. Evans et at.
(132) obtained a similar relationship, but with a sig
nificantly higher regression coefficient as is evident from
the equation

Y =3.610-'1 + (2.9 + 0.4) 10--4X

46. The relation between x-ray exposure and fre
quency of affected spermatocytes also appears to be
linear. As in the case of translocations, the regression
coefficient estimated by Evans et at. (132) - (2.6 ±
0.3) 10--4 - is significantly higher than the one
(1.610--4) calculated by Leonard and Deknudt (256).

47. Muramatsu et at. (347) expressed the linear
dose-effect kinetics for translocation induction with the
following equation (range: 50-700 R; 8 levels):

Y = 10.610-3 + (2.1 ± 0.4) 10--4X

This regression coefficient of (2.1 ± 0.4) 10--4 and that
for affected spermatocytes (2.2 -I- 0.4) 10-4 are nearly
identical, but intermediate between those given in para
graphs 45, 46.

48. The reasons for the discrepancy in the slopes
(for translocations as well as for affected sperma
tocytes) are not clear. Evans et at. (132) suggest strain
differences in radio-sensitivity as one possibility.
Whereas Leonard and Deknudt used the inbred
BALB/C strain of mice, the studies of the Harwell
workers had been carried out with hybrid mice and
those of Muramatsu et aI. (347) with a strain of mice
maintained in a close colony of small size by random
mating after inbreeding for 14 generations. It may be
pointed out that, in an earlier investigation, Leonard
and Deknudt (250) had compared the radio-sensitivities
of five inbred strains of mice using as end-point the
induction of translocations in spermatogonia by an
x-ray exposure of 400 roentgens. No significant differ
ences, either in the nature or in the frequency of trans-
locations, were found. .

49. When the over-all dose response of transloca
tion yield over the 25-1,250-roentgen range is consid-
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ered, a humped dose-effect curve is obtained which is
characterized by an apparent linear increase up to at
least 600 roentgens followed by a marked falling off at
higher exposures. Two major questions arise: (a) is the
dose-response curve up to 600 roentgens really linear
or is it likely that the initial curve has the square-law
component expected of two-track aberrations but dis
torted by secondary factors intervening between irradia
tion and meiotic examination of the cells? and (b) what
possible mechanisms could account for the reduction
in yield at higher exposures?

50. Leonard and Deknudt (256) seem to favour
the interpretation that translocation induction in sper
matogonia is mainly, although perhaps not exclusively,
the result of a one-track process. They are inclined to
the view that the yield of translocations presumably
consists of two components, a major one that increases
linearly with dose and a minor one that increases as
the square of the dose.

51. In a more recent paper, Gerber and Leonard
(149) have examined mathematically the role of fac
tors that may influence the dose-frequency relationship
of these aberrations which, on theoretical grounds,
will be expected to increase as the square of the dose.
Their analysis reveals that selection by interphase death
and/or by early elimination of severe, or delayed elimi
nation of small, chromosome aberrations can convert a
square-law curve into a linear one. The implication of
this finding in general terms is that the observed linear
dose-response of translocations in mouse spermatogonia
may be a consequence of selective factors that operate
between the induction of translocations in spermato
gonia and their scoring in spermatocytes, a possibility
which was put forth earlier by Lyon and Morris (283)
and by Evans et al. (132) (paragraphs 52-55).

52. Lyon and Morris (283) and Evans et at. (132)
have suggested that the observed linear response is·
probably secondary and that at least two plausible
mechanisms might be postulated to explain the distor
tions of the dose-response curve at higher doses. Firstly,
the chromosome aberrations reported in the preceding
paragraphs are all stable, compatible with cell Viability.
However, it may be assumed that the aberrations actu
ally induced in the spermatogonial stages include un
stable ones, which after mitosis would give rise to
inviable daughter ceUs lacking chromosomes or parts
of chromosomes. If stable and unstable aberrations
occurred independently, the death of cells carrying both
aberration types would not lead to any decrease in the
observed incidence of translocations. However, if the
cell population was heterogeneous in radio-sensitivity
so that the various types of damage tended to occur
together in the same cells, the elimination of the un
stable aberrations would lead to a fall in the observed
incidence of the other types.

53. Another possibility envisaged by Lyon and
Morris (283) and by Evans et at. (132) to explain
the distortion of the dose-response curve is consistent
with the interpretation proposed by Russell (437) for
his specific-locus data at 1,000 roentgens, namely,
that at higher exposures most of the spermatogonia are
killed and that the mutation rate in the surviving cells
is lower. A general theoretical model of the conse
quences of this type of heterogeneity in response has
been put forth byOftedal (367). According to this
model, humped curves for mutant yield would be ex
pected following acute irradiation of germ cell popu
lations of heterogeneous sensitivity, provided the same



cells or stages are sensitive to both killing and muta
tion induction. The consistency of the translocation
data with tbis model is clear enough and need not be
detailed.

54. Elimination from one or both of these causes
(paragraphs 52 and 53) would increase as induction
increased and would tend to give a humped dose
response curve which might lead to an apparent linear
relationship between translocation yield and exposure
up to about 600 roentgens.

55. Lyon and Morris (283) mention one further,
relatively less important, possible cause of elintination
of translocations. This relates to those translocations
(X-involved as well as autosomal) that may interfere
with spem1atogenesis so that cells carrying them seldom
reach the stage of meiotic metaphase at which they
are scored (paragraph 109).

56. The evidence for heterogeneity in radio
sensitivity between cells of a spermatogonial population
with respect to translocation induction is largely based
on the statistical treatment of the relevant data of
Searle et ai. (491), Lyon and Morris (283), Morris
and O'Grady (309) and Lyon, Phillips and Glenister
(286). Briefly, the observed frequencies of spermato
cytes with 0, 1, 2, etc., translocations were compared
with those expected from a Poisson distribution. The
analysis demonstrated the existence of significant
deviations from expectations with a general tendency
for a deficit of cells carrying one translocation and an
excess of those carrying more.

57. Observations that depart from a Poisson dis
tribution in the direction of over-dispersion can often
be fitted satisfactorily by a negative binomial distribt;
tion which in this context could be interpreted as indI
cating heterogeneity of the irradiated gonia with respect
to genetic sensitivity (381). If so, this is probably
connected with differential radio-sensitivity during the
gonial cycle for which there is good evidence from
earlier fractionation experiments (442).

58. In view of the fact that a period of 12-14
weeks intervenes between x-irradiation and examina
tion of the cells (during which interval the treated
A-type spelmatogonia must have undergone an un
known but large number of mitotic divisions) it is .con
ceivable that deviations from an expected POIsson
distribution may arise as a secondary effect. One factor
that might lead to the observed divergence would be
selection for or against particular translocation-carrying
germ-cell lineages during the period of mitotic multi
plication. There is some evidence in the work of Searle
et ai. (491) and of Lvon and Morris (283) for the
existence of clones of spermatocytes with multiple
translocations derived from x-irradiated spermatogonia;
it is thus possible that the divergence from a Poisson
distribution might originate from a tendency for sper
matogonia carrying more than one translocation to
show preferential clonal proliferation. An evaluation of
the magnitude of the contribution of this factor to the
observed divergence must, however, await further
studies.

(ii) Gamma rays

59. The data obtained by Searle et aZ. (483) on
the induction of translocation in mouse spermatogonia
following acute, hi!1h-exposure-rate (95 R min-1 )

gamma-irradiation (OOCo; 56 to 816 R) are presented
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in table 5. From an analysis of the data as a whole,
taking into account the existence of significant hetero
geneity between testes (both with reference to the fre
quencies of affected spermatocytes and of translocations
per spermatocyte), the authors have concluded that
the exposure-frequency relationship does not signifi
cantly depart from linearity. The regression coefficientsS

are (1.67 + 0.18) 10-4 for affected spermatocytes and
(1.81 + 0.20) 10-4 for translocations per spermato
cyte. In the 56-402-roentgen range, the exposure
frequency relationship looks concave'! although, again,
linearity cannot be excluded.

60. A comparison of tables 4 and 5 will show that
for each comparable exposure, the yield of transloca
tions is lower after gamma- than after x-irradiation.
The ratio of the linear regression coefficients with re
spect to the frequencies of affected spermatocytes
(paragraphs 46 and 59) is 0.62 which gives the best
estimate of the RBE of acute gamma-irradiation rela
tive to acute x rays.

(iii) Neutrons

61. Searle, Evans and West (492) investigated the
effects of acute, high-dose-rate (49 to 55 rad min-I)
fast-neutron-irradiation (0.7 MeV) on the frequencies
of translocations in spermatogonia. Their results are
presented in table 6 which shows that the dose-response
curve is markedly convex, the frequency of affected
spermatocytes reaching a peak at 100 rads and then
falling sharply so that 220 rads appear to be less
effective than 25 rads.

62. The main explanation suggested for the humped
dose-response curve is the same as the one discussed
in connexion with a similar curve for acute x-irradia
tion (paragraphs 52-54). While the data from the
acute neutron-irradiation are in general agreement
with OftedaI's model, the position of the peak raises
problems, since the dose giving the maximum yield
(l00 rad) is much higher than would be expected from
Oftedal's curves and Oakberg's data (357) on s~er
matogonia survival following fast-neutron-irradiatlon.
The peak frequency of translocations would be expected
around a dose of 25 rads; it occurs instead at 100 rads
which is expected to kill all the cells at a sensitive
stage, as judged from cell-survival data. Further work
is needed to resolve this contradiction.

63. It must be pointed out that, in these experi
ments, as in those with other types of irradiation, sig
nificant heterogeneities between testes (and to a smaHer
extent, between mice) were noted. Heterogeneity be
tween testes might stem from preferential proliferation
of particular clones of translocation-carrying germ cells
(for which some evidence was presented in paragraph
58) but might also reflect chance differences in the
proportion of sensitive cells (in a heterogeneous popu
lation) affected by ionizing tracks. Such an effect is
more likely to arise from high-LET radiation (such as
neutrons) in which the number of tracks is much less
than with low-LET radiation (such as x rays) and the
over-all heterogeneity correspondingly greater.

S Since translocation frequencies in spermatocytes from un
irradiated mice of the stock used in the present study are
known to be extremely low, these regressions were computed
so as to go through the origin.

4 The quadratic equation Y= 0,97 Ifr-4X + 3.04 ID-7X2 fits
well the data on numbers of translocations per spermatocyte.
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I<b) Dose rate

I 0) X rays

I 64. The effects of low- versus high-dose-rate
lx-irradiation on the frequencies of cytologically de
jtectable translocations were examined by Searle and
Ibis co-workers in two series of experiments, the first
at a dose level of 600 rads (range: 913 rad min-I to
0.8 rad min-I (490, 491)) and the second at 300 rads
(range 93 rad min-I to 0.09 rad min-I (484)). The
latter series was carried out in order to eliminate the
possibility of any saturation effect. Data from both
series are presented in table 7.

65. It can be seen that varying the dose rate over
a thousand-fold range in the 600 rads series has no
detectable effect on the frequencies of cells carrying
translocations. At the lower dose of 300 rads, how
ever, the frequency of affected spermatocytes at 93 rads
per minute is more than twice that at 0.87 or 0.09 rad
per minute. This difference is highly significant. These
results suggest that, in spite of its linear dose-frequency
relationship, the induction of translocations· in mouse
spermatogonia by acute x-irradiation is at least partly
a two-track process.

(ii) Gamma rays

66. Searle, Evans, Ford et al. (491) published the
results of a study in which translocation induction by
gamma rays (60CO) in mouse spermatogonia was m..
vestigated using 600 rads at five different rates. The
data are presented in table 7 and show that the fre
guencies of translocations decrease steadily with de
creasing dose rates. There is almost a nine-fold differ
ence in the yield between the effects at the highest
(83 rad min-I) and at the lowest (0.02 rad min-I)
rate studied. Plotting the dose rates on a logarithmic
scale and the frequency of affected spermatocytes on
an arithmetic one, the authors find that there is no
significant departure from log-linearity and obtain the
relationship

F = 6.1 + 2.9 10gloD

where F is the per cent frequency of affected spermato~

cytes and D the dose rate in rads per minute.

67. It may be noted that, over a comparable range
of dose rates (80 rad min-1 to 0.09 rad min-I), the
reduction in translocation frequencies observed with
gamma rays (600 rad) is much greater (12.1 to 2.9 per
cent) than with x-irradiation (300 rad: 7.2 to 3.0 per
cent). This differential response might be due to the
different magnitudes of the one-track component, this
being larger with x- than with gamma-irradiation.

(iii) Neutrons

68. In the study described in paragraph 61, Searle,
Evans and West (492) also investigated the effects of
low-dose-rate fast-neutron-irradiation (0.7 MeV) On
the frequencies of translocations induced in spermato
gonia. The data are presented in table 7. It is clear
that, with 62 rads delivered at low dose rate, the fre
quency is 3.3 per cent and that there is a sharp increase
with 214 rads, the frequency of cells carrying translo
cations being 21.7 per cent. Although only two points
are available, the dose-response curve appears to de
part significantly from linearity in the direction oppo
site to that recorded for acute neutron-irradiation. At
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high doses then, protracted neutron-irradiation is more
effective than acute irradiation whereas the reverse
seems to be true at low doses.

(c) Fractionation

(i) Long intervals

69. Lyon and Morris (283) compared the effects
of a single x-ray dose of 1,000 rads with those of two
equal fractions of 500 rads. separated by a 24-hour
interval, on the frequencies· of translocations induced
in spermatogonia. They recorded a much higher fre
quency (24.9 per cent) after fractionated than (5.3
per cent) after unfractionated irradiation (table 8).
However, the observed frequency was merely twice that
obtained with a single dose of 500 rads (463) differing
in this respect from the high degree of enhancement
observed with specific-locus mutations, under similar
conditions of radiation exposure (paragraph 158).

70. In another study (309) where x-ray doses of
100, 300, 500, 600, 800, 1,200 and 1,400 rads were
split into two equal fractions 24 bours apart, the inci
dence of translocations increased approximately line
arly over the entire dose range studies (table 8). This
finding is in marked contrast to the humped dose
response curve found with single doses of comparable
size.

71. Table 8 also shows that up to 600 rads the
results with fractionated doses (excluding experiments
2B, 2C and 2D which are discussed in paragraph 72)

.are remarkably close to those with single doses. Be
yond 600 rads, the response to single doses declines
and that of the split dose continues to increase linearly.
When the effect is measured by the number of translo
cations per cell, the increase is somewhat faster than
linear (last column of table 8) and at the higher doses
(500 + 500 and 700 + 700 rad) fractionation results
in frequencies somewhat higher than expected from
single-dose experiments. It may be pointed out that 1he
analysis of the data with respect to the numbers of
translocations per spermatocyte is perhaps less reliable
in view of the fact mentioned earlier (paragraph 56)
that the distribution of 0, 1, 2, 3, etc., translocations
per cell does not in fact fit a Poisson distribution.

72. In a third investigation (284) a total dose of
300 rads was delivered to spermatogonia in a single
fraction or in daily fractions of 60, 10 or 5 rads. (table
8). A comparison of these results with those at 150 +
150 rads indicates that (a) translocation frequencies
remain approximately the same whether the dose is
single or split into two fractions of 150 rads each;
(b) when the dose is split into five fractions of 60
rads each, the effectiveness noticeably decreases; and
(c) with 30 fractions of 10 rads each, the effectiveness
decreases further and stays at approximately the same
level even when the individual fraction is reduced to
five rads.

73. To account for the drop in yield with repeated
small doses of radiation, Lyon et al. (284) suggested
two possible explanations. The first one is based on
the repair hypothesis origInally postulated by Russell
and Kelly (451) to explain the reduction in specific
locus mutation frequencies after low doses and at low
dose rates. These authors assumed that the observed
reduction in mutation frequencies is a consequence of
the operation of· a repair process that is effective at
low doses and dose rates, but is damaged or saturated



at high doses and dose rates. The interpretation of
Lyon et al. (284) is essentially the same except that
it is extended to the situation where repeated small
daily doses are administered to spermatogonia and
where the damage under consideration is that which
leads to the production of translocations. The second
interpretation assumes that a single small dose pro
duces as much effect as one would expect, but that
repeated irradiation changes the sensitivity of the
spermatogonial cell population making it more resistant,
with the result that later doses have less effect.

74. If the first explanation is correct, the transloca
tion frequencies (after 10, 20, 30, etc., dose fractions,
each dose fraction being small and equal in magnitude
to the others) are expected to be linearly related to
dose, with the dose-response curve passing through the
control value. On the other hand, if the cell population
·sensitivity changed with repeated doses, then the dose
response curve would not be linear or would not pass
through the control value.

75. The validity of these explanations was recently
verified by Lyon, Phillips and Glenister (286). Male
mice were given a total dose of 620 rads of gamma rays
(60CO; 17-18 rad min-I) either singly or in successive
daily fractions of about 10.4 rads (5 fractions a week
for 12 weeks). After treatment, the mice were kept
for appropriate periods, then killed and cytological
preparations made using standard procedures. The re
sults are given in table 9.

76. It can be seen that (a) the yield of transloca
tions in spermatocytes after 620 rads delivered in 60
fractions is only about one fifth of that with the same
dose delivered singly, a result which is in agreement
with that discussed in paragraph 72; (b) after 30 frac
tions of lOA rads each (total dose about 300 rad) ,
1.6 per cent of the spermatocytes showed translocations,
again in agreement with the x-ray data (paragraph 72).
A weighted regression analysis of translocation yield

· versus number of weeks of exposure (for repeated
doses) gave the following equation:

Y = (6.16 ± 2.96) 10-3 + (1.39 +- 0.41) 10-3X

·where Y = the proportion of affected spermatocytes
and X = number of weeks. For the number of trans
locations per spermatocyte, analysed in a similar way,
the relationship was expressed as:

Y = (5.69 ± 2.96) 10-8 + (1.52 ± 0.41) lO-3X

where Y = the proportion of translocations per sper
matocyte and X is defined as before.

77. There was no significant departure from line
arity, whichever measure of translocation yield was
used. The intercepts on the ordinate, however, were
much higher than the observed frequency of translo
cations in unirradiated mice which in previously re
ported experiments (258, 283, 488, 492) was only
two in 27,200 cells or 0.07 10-8 • The difference between
the Y intercepts (paragraph 76) and the control value
of 0.07 10-8 is significant at the 5 per cent level or on
the border-line of significance (P = 0.04, and 0.058,
respectively, for the first and second).

78. These data are interpreted by Lyon et al.
(286) as providing evidence for the possibility that
under conditions of repeated irradiation, changes in
sensitivity of the spermatogonial cell population aris
ing from the selection of radio-resistant cell-lines
·might be quite important.

79. In a more recent study of Lyon, Phillips and
Glenister (287) male mice received 600 rads at high
dose rate or in 12 fractions of 50 rads each, at daily
or weekly intervals. The frequencies of translocations
observed in spermatocytes (irradiated as spermatogo
nia) were compared in the three groups.

80. It was found (table 10) that the yields after
either type of repeated irradiation were similar (6.1 ±
0.7 per cent with daily intervals and 7.1 + 0.9 per
cent with weekly intervals) but significantly lower than
that after unfractionated irradiation. These results are
in agreement with those from an earlier experiment
(paragraph 72) and appear to suggest that the size of
each dose fraction rather than the interval between
them is important in determining the effect of repeated
radiation doses. .

81. In work similar to that outlined in paragraphs
79 and 80 but in which specific-locus mutations were
scored (paragraphs 159-160), the mutation rates after
single (600 rad) or fractionated doses (12 X 50 rad;
weekly intervals) were not significantly different (15.4
10-5 locus-I versus 12.6 10-5 locus-1), thus differing
from the situation discussed above.

82. Searle, Evans and Beechey (485) studied the
induction of translocations in mouse spermatogonia by
fractionated, high-dose-rate (49 to 55 rad min-1) fast
neutron irradiation (0.7 MeV). A total dose of 276
rads was delivered to male mice in two fractions of
184 and 92 rads, the interval between the fractions
being eight weeks. In one parallel experiment, the
order of the radiation doses was reversed (92 rad, first
and 184 rad, second) and in another, the mice received
a single dose of 92 rads.

83. The above experiment was designed to examine
whether there was selection (of the kind envisaged by
Lyon et al. (286); paragraph 78) for radio-resistant
spermatogonial stem cells after a large' initial radiation
dose which would kill most of the cells sensitive to
both killing and translocation induction. If this occurred,
the final yield of translocations after dose fractionation
(184 + 92 rad) would be low and close to that
obtained with 184 rads alone. If, on the other hand,
there was no such selection for radio-resistant cells,
the final yield would be closer to the sum of the yields
of the two dose fractions.

84. The results show that the frequency of affected
spermatocytes after a single dose of 92 rads is 6.5 ± 1.5
per cent and that expected (on the basis of earlier
data (492)) from 184 rads (single) is 3.5 per cent.
The observed frequency after fractionated irradiation
is 904 +- 1.0 per cent (184 +92 rad) and 8.4 ± 2.0
per cent (92 + 184 rad), frequencies consistent with
the expectation of additivity of response to the dose
fractions (when there was a long interval between
them) and not in line with that based on the presence
of any radio-resistant population of spermatogonial
stem cells as the result of a large first dose.

85. The above data have led the authors to suggest
that either (a) there are no radio-resistant cell lines
of spermatogonia or (b) such lines are present and
initially predominant after a large radiation dose, but
tend to disappear after further cell generations, unless
selected for by repeated irradiation. The latter inter
pretation does not conflict with the possibility envisaged
by Lyon etal. (286) to explain their fractionation

.results, namely, continuing selection for radio-resistant
cells by repeated irradiation. ' .
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(li) Short intervals

86. Leonard and Deknudt (259) and Searle et al.
(489) carried out a study to examine the effects of
short-interval fractionation (exposures separated by 1,
2 3 hours etc.) on the induction of translocations in
~ouse spermatogonia. Earlier work along similar lines
had been carried out on human and plant cells. In one
of the human leucocyte experiments (30), for exam
ple it was found that, with fractionation intervals of
between one half and five hours, the yield of dicentrics
and of rings declined to a minimum that was slightly
below the expected base-line. With a six-hour interval,
however, the yield significantly increased and was equal
to the yield obtained with the single dose. With about
eight· hours, the yield declined again and was back to
its base-level at 12 hours.

87. This "fall-rise-fall" pattern has been called the
"Lane effect" or the "Evans effect". In the study of
Leonard and Deknudt (259), an essentially similar
pattern is observed. After a single x-ray exposure of
500 roentgens to mouse spermatogonia the frequency
'of affected spermatocytes was 8.1 ± 0.8 per cent, and
4.2 ± 0.2 per cent after an exposure of 250 roentgens.
With the exposure (500 R) split into two equal frac
tions, the frequency fell to 5.7 -I- 0.8 per cent at two
hours and rose to 8.8 -I- 0.9 per cent at four hours.
With a four-hour interval, the yield dropped to 4.4 -I

0.8 per cent and rose again to 8.4 -I- 1.3 per cent with
a 16-hour interval. With a 24-hour interval, the yield
was slightly reduced to 6.8 -I- 0.9 per cent. The authors
interpret these variations in the frequencies with dif
ferent fractionation intervals as a possible consequence
of differential radio-sensitivity of the cell-cycle stages.

88. In the study of Searle et al. (489) a marked
fall in translocation frequency was also observed when
a dose of 300 rads was split into two equal fractions
separated by an interval of half or one hour between
them; with longer intervals (up to eight hours) how
ever, fluctuations in frequency were less pronounced
than in the experiments of Leonard and Deknudt (259).

(d) Intervals between irradiation and examination

89. Evans et al. (132) investigated the dependence
of the frequency of translocations induced in sperma
togonia on the interval between acute x-irradiation and
examination. As the data in table 11 clearly show, no
significant differences are seen between the three groups
at any of the exposures, except for a possible decline
in frequency 210 days after 800 roentgens.

90. A similar study was carried out by Leonard
and Deknudt (258) over a still longer period of time,
up to 600 days, following an acute x-ray exposure
of 600 roentgens. The frequency of spermatocytes with
translocations increased from 8.4 per cent after 60
days (1,000 cells scored) to 12.6 per cent after 100 days
(1,800 cells scored), remained at approximately the
same level up to 200 days, decreased 250 days later,
and remained reasonably steady for the following 200
days. At 500 and 600 days, there was a slight non
significant tendency towards an increase. No chromo
some rearrangements were recorded in controls after
60, 100, 200 and 300 days (3,400 metaphases exam
ined). However, after 400 days one abnormal metaphase
was found in 800 cells examined (0.13 per cent)
whereas after 500 and 600 days, 2 out of 1,000 cells
(0.20 per cent) and 9 out of 1,200 cells (0.75 per
cent), respectively, were found to be abnormal.
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91. The authors suggest that the presence of
chromosomal rearrangements after 400, 500 or 600
days might be related to the ageing effect described in
mice by Curtis et aI. (99) and in man by Jacobs et al.
(187). The small increase observed after 500 and
600 days in the radiation experiment might be related
to the same phenomenon.

92. It must be pointed out that none of the changes
in frequencies outlined in paragraph 90 for the irra
diated groups appears to be significant when the fre
quency obtained at 60 days is used as a base-line
although the response as a whole can hardly be
characterized as uniform. With a higher exposure
0,200 roentgens in two equal fractions separated by
eight weeks) Ford et al. (139) observed 41.6 per cent
(623 cells examined) and 32.5 per cent (4,000 cells
examined) of the spermatocytes with one or more mul
tivalent configuration when the ln.ice were killed 91-126
days and 413 days, respectively, after the second dose
(table 8, experiments 7B, 7C). '

(e) Cytological versus genetic observation

93. All the experiments reported thus far employed
the cytological technique to screen for the presence
of translocations in the irradiated males themselves.
With the genetic experiments, on the other hand, the
irradiated males have to be bred to raise the F1
generation and the male or the female progeny further
test-crossed to ascertain the incidence of heritable
semi-sterility. A comparison of the data from the
cytological experiments with those from the genetic
experiments therefore necessitates that the primary
cytological data be manipulated to derive the expected
frequencies.

94. From a comparison of the genetic and cyto
logical results on translocations, Ford et aI. ( 139)
concluded that the frequency of translocation hetero
zygotes in the progeny of irradiated male mice (sper
matogonial irradiation) was only about one half of
what would have been expected from the frequencies
of multivalent configurations observed in the sper
matocytes of their fathers (table 1).

95. It is therefore easy to understand that in the
cytological studies of Leonard and Deknudt (255) on
121 F 1 males (300 R paternal irradiation; sperma
togonia) no translocation heterozygosity could be found
since the expected translocation frequency in F1 genera
tion with this exposure is quite low.

96. Griffen and Bunker (61) have published data
shOWing that the incidence of semi-sterility in the
offspring derived from gonial stages of x-irradiated
males given 350 and 700 roentgens was 4.6 and 3.9
per cent, respectively. Since the presumed semi-sterility
was not shown to be inherited and since only some
sterile and semi-sterile animals were studied cyto
logically (from squash preparations of the seminiferous
tubules and not with the air-drying method of Evans
et al. (131)) a quantitative comparison of these data
with those of Leonard and Deknudt (255) and of
Ford et al. (139) is difficult.

(f) Radio--sensitivity of wild mice

97. Searle et al. (488) investigated the sensitivity
of house mice Jiving under natural conditions on the
Pembrokeshire (Wales, United Kingdom) island of
Skokholm to the induction of reciprocal translocations



following spermatogonial x-irradiation (300 rad, whole
body; 75 rad min-1 ). Eleven out of 528 metaphases
examined were abnormal, giving a frequency of 2.1
per cent compared to only 0.2 per cent (1/500) in
controls.

98. The frequency in the irradiated series appears
to be about 3-4 times lower than the frequencies found
in laboratory strains of mice after the same whole
body exposures to x rays (table 4, experiments 14,
15 and 16). In further experiments involving simulta
neous x-irradiation of Skokholm wild, mainland wild
and laboratory male mice, the authors were unable
to confirm the apparent difference in radio-sensitivity
discussed above (489).

(g) Differem:es between species

99. Work on the genetic radio-sensitivity of post
meiotic stages of male mammals has shown that at
present there are no sure grounds for extrapolating
from one stage or type of genetic damage to another
(paragraphs 105, 106). To throw further light on this
problem, Lyon and Smith (289) conducted an experi
ment in which translocation induction in spermatogonia
was studied in the guinea-pig, the rabbit, the hamster
and the mouse. The notable difference in the cyto
logical procedure used in this study and in other mouse
studies is that preparations of the spermatocytes were
made using Meredith's method (302).

100. The results are given in table 12 which shows
that (a) the mouse data obtained using Meredith's
method are in good agreement with those obtained
previously with the method of Evans et aI. (131);
(b) translocations are induced in the spermatogonia
in all the experimental species although the dose
response relationship differs from that in mice; (c) in
both rabbits and guinea-pigs, the over-all dose-response
curve appears humped (as in mice) but the peak
incidence occurs at doses around 200-300 rads, com
pared with 600-800 rads in mice (table 4); and (d) in
hamsters at the one dose level tested (200 rad) ,
translocations are indeed induced.

101. The interpretation of the humped dose-response
curve in mice is that the spermatogonial cell population
is heterogeneous. in sensitivity to both mutagenesis and
cell-killing. The sensitive cells are killed at high radia
tion doses and the mutation rate represents that of
the resistant population (paragraph 53). On this basis,
in rabbits and guinea-pigs, either the range of sensi
tivities or· the proportions of sensitive and resistant
cells might differ from those in the mouse. The point
of greatest interest would be the form of the curves
at doses below the peak, but on this the available
data are insufficient.

2. DIFFERENCES BETWEEN PRE- AND POST-MEIOTIC
GERM CELLS

102. The existence of pronounced differences in
radio-sensitivity between pre-meiotic and post-meiotic
stages of spermatogenesis with reference to the induc
tion of translocations and other kinds of genetic damage
is now well-documented in mice, is in line with similar
findings in Drosophila and in other species, and has
now been confirmed and extended at the cytological
level. Leonard and Deknudt (255) examined the F1
male progeny (sires exposed to 300 rad at a dose rate
of 100 rad min-1) obtained by mating each treated
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male to one virgin female per week for a total period
of nine weeks. With this mating scheme which is
essentially similar to the brood-pattern technique em
ployed by Drosophila workers, progressively younger
stages at the time of irradiation would be sampled
in successive weeks.

103. The incidence of males with aberrations was
5.1 (6/117), 10.4 (11/106), 21.7 (20/92), 2.2
(1/45) and 6.3 per cent (3/48), respectively, during
the weeks 1-5 whereas in weeks 6-9 no males with
aberrations were found. The germ-cell stages samples
would, at irradiation, approximately correspond to
sperm from vas deferens and epididymis (first week),
testicular sperm (second week), spermatids (third
week), spermatocytes (fourth and fifth weeks) and
spermatogonia (sixth, seventh, eighth and ninth weeks),
respectively (365). The peak sensitivity to transloca
tion induction is clearly found in the third week cor
responding to spermatids at the time of irradiation,
in good agreement with the data of L. B. Russell
(428) on induced X-chromosome anomalies.

104. The data of Griffen and Bunker (161) show
that the frequencies of semi-sterile offspring of x-ir
radiated males (350 and 700 rad) are 7.2 and 11.8
per cent among the progeny sired during the pre
sterile period (spermatozoa, spermatids and sperma
tocytes) whereas in the post-sterile period (sperma
togonia) these are 4.6 and 3.9 per cent. Cytological
anomalies were more frequent in the F1 males sired
during the pre-sterile period.

105. In order to study whether the spectrum of
translocation induction in post-meiotic male germ-cell
stages of the hamster follows a pattern similar to that
for the induction of dominant lethals (paragraphs 22,
23) Lyon and Smith (289) irradiated male hamsters
with x rays (200 rad) and measured the incidence
of translocations in the various post-meiotic stages.
The testes of F1 males were examined cytologically
using Meredith's method for translocation configura
tions. It was found that the frequencies of males carrying
translocations were 0/50, 0/11, 1/7 and 1/9, respect
ively, in male progeny sired during weeks 1 to 4.

106. Except for week 1, the number of F1 sons
tested is obviously too small for an accurate estimation
of translocation frequency. However, it is clear that
week 1, with the highest incidence of dominant lethals
(paragraph 23) does not have a correspondingl¥ high
incidence of translocations. Rather, the pattern m the
hamster is generally similar to that recorded for the
mouse (paragraphs 102, 103). This and other observa
tions recorded earlier (paragraph 40) are quite im
portant in extrapolating from one criterion of radiation
damage to another and from species to species.

3. EMBRYONIC IRRADIATION

107. Leonard and Deknudt (252) studied the pos
sibility of inducing viable and transmissible chromo
some rearrangements by irradiating mouse embryos
in utero during the pre-implantation period. The timing
of the irradiation of the pregnant females was such
(day 0.5 of gestation) that the eggs received the
irradiation at the pronuclear stages (100 R; whole
body; 100 R min-1 ). A total of 38 males and. 24
females irradiated at the pronuclear stage surVIVed
and were available for testing. The testes of 141 sons
of the 38 males and of 100 sons of the 24 females
were examined for the presence of chromosome re-



4. TYPES OF TRANSLOCATroNS AND THEIR EFFECTS ON
FERTILITY AND VIABILITY

(a) Autosomal translocations

109. Lyon and Meredith (282) exposed males to
x rays (600 rad) and carried out a genetic analysis
of the female progeny obtained in the pre-sterile period
(spermatids or sperm sampled). Forty-six of the 168
daughters (27.4 per cent) studied were semi-sterile
and of these 26 carried translocations causing semi
sterility in both sexes. Five carried translocations
causing semi-sterility in females and full sterility in
males, and five had translocations giving some semi
sterile and some sterile males. All the translocations
were autosomal. The five translocations causing male
sterility were studied more fully. All gave chain quadri
valents and some univalents at male meiosis. Examina
tion of the male progeny in the first and later genera
tions showed that spermatocytes were present (though
in reduced numbers) in four cases in stages up to
first metaphase but that there were very few, if any,
spermatids or mature sperm.

110. This investigation provides important evidence
of two kinds: first, certain autosomal trallslocations
in the heterozygous state can be fully viable but yet
lead to male sterility through failure in spermato
genesis; second, the failure may not be specific to a
particular stage or cell type but occur with variable
incidence throughout the meiotic process and possibly
at earlier steps in the germ-cell sequence. The fact that
autosomal translocations associated with male sterility
can be induced in sperm or spermatids has been further
substantiated by the work of Cattanach et al. (68)
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arrangements by analysing, for each son, 50 spennato~

cytes at diakinesis-first metaphase. Whereas 110 chromo
Some rearrangements were found in the spermatocytes
of the sons of the irradiated females, some sons of
three irradiated males showed spermatocytes having
translocation configurations. Using the method of Fal
coner (134) the authors estimate that the over-all
rate of induction of translocations when irradiation is
delivered to the embryos in utero is 2.5 10-4 per genome
per roentgen, in good agreement with the rate observed
in adult spermatogonia as discussed in paragraphs
45-47.

108. Searle and Phillips (494) used fast neutrons
(0.7 MeV; 108.5 rad plus 20.5 rad gamma contamina
tions; 0.011 rad min-I) to irradiate mouse embryos
between the blastocyst stage and the beginning of
somite formation. Twenty of the males irradiated in
utero were examined cytologically for the presence of
translocations. It was found that two of the males had
high and two had low frequencies of trans10cations.
The over-all translocation frequency was 1.2 per cent
which is lower than that found after fast-neutron
irradiation of adult spermatogonia which, at a dose of
62 raels spread over 12 weeks, gave a mean frequency
of 3.3 per cent (paragraph 68). This reduction is of
the same order as that for specific-locus mutations.
Since, however, a protracted exposure (600 R) of
adult males to gamma rays gave a yield of only 1.4
per cent translocations (table 7) it can be seen that
irradiation of male embryos with fast neutrons at low
dose rate is much more effective for translocation
induction than gamma-irradiation of adult males. The
same is true for the induction of specific-locus muta
tions (table 14).

with ethylmethane sulphonate treatment and of Leonard
and Deknudt (255) with x-irradiation.

111. If translocations with genetic properties similar
to those described in paragraph 110 are induced in
spermatogonia, and if these behave autonomously, they
will not be represented in the effective sperm popula~

tion. It follows therefore that male sterility attributable
to translocation heterozygosity will not be expected in
the progeny of fathers whose spermatogonia have been
exposed to irradiation or other mutagenic treatments.
The failure to detect translocations in the sterile sons
from the irradiation experiments of Ford et al. (139)
is in line with this expectation.

(b) X-autosome and Y-autosome translocations

112. In contrast to the ease with which autosomal
translocations can be induced and recovered, those
involving the X chromosome have been recovered only
rarely. This rarity of induced X-autosome transloca
tions seems to be the rule in experiments illvolving
spennatogonial irradiation. The X-autosome transloca
tions that have actually been discovered were found
as a result of experiments designed for other pur
poses (431).

113. Analysis of the data from all experiments
(involving irradiated spermatogonia and. cytological
scoring in descendent spermatocytes) published by
Searle and his collaborators (15, 132, 139, 483, 491,
492) shows that 24 out of 7,898 presumptive transloca
tions were diagnosed as being between the X chromo
some and an autosome. Their over-all frequency is
thus 0.30 per cent. Since there are 38 autosomes in
the mouse, there are 38 possible paired combinations
of X chromosome and autosome which could be
involved in a translocation, while there are 38 X 36/2
possible paired combinations of non-homologous auto
somes which could be involved. Therefore, if an X-auto
somal translocation was as likely to occur as a com
pletely autosomal one (the X chromosome is about as
long as the average autosome), its expected frequency
would be about 1/18 of all translocations, namely,
5.56 per cent. It thus seems likely that there is selective
elimination of this type of translocation (483). Probable
reasons for this have been discussed by Lyon and
Morris (283).

114. Similar calculations made by L. B. Russell
and Montgomery (431) from genetic data obtained
from irradiation experiments involving post-spermato
gonial stages also showed that there was a discrepancy
between the estimated (estimated because some were
not adequately tested) and the expected incidence of
X-autosome translocations, the former being about one
quarter to one half of the latter.

115. All the known X-autosome translocations
seriously interfere with spermatogenesis when a male
mouse is hemizygous for them (431,483). For exa~

pIe, L. B. Russell (427) found that spermatogenesIs
was interrupted before meiotic metaphase in six of her
translocations. Translocations with these types of effects,
if induced in spermatogonia and if they act autono
mously, will normally be eliminated before meiosis
and thus will not contribute to the zygotic population
of the next generation.

116. Leonard and Deknudt (257) have reported
the first case of a cytologically-diagnosed radiation
induced Y-autosome translocation observed in the F1



D. INVERSIONS

126. Roderick and Hawes (418) and Roderick
(417) reported the first radiation-induced chromo
somal inversions recovered in mice. Male inbred mice
received x-ray exposures of 700 to 900 roentgens and
the F 1 male progeny from matings during the pre
sterile period were used for the cytological screening
of the inversions. The procedure included removal of
one testis from each F 1 male, appropriate fixation and
sectioning, and examination of the sections for meiotic
anaphase bridges. The males suspected to have induced
inversions were later used to build up stocks.

127. Anaphase bridges were used as indicators of
inversion heterozygosity since it is well-known that a
single crossing-over within the inverted segment in
a paracentric5 inversion heterozygote will generate a
dicentric and an acentric chromatid, in addition to two
normalchromatids. At anaphase the dicentric chromatid
will form a bridge and the acentric a fragment, both
of which can be scored.

128. Approximately 30 first meiotic anaphases
were examined in each F1 male from the control and
irradiated groups. Out of 915 anaphases (from 30
animals) in the control, 31 (3.4 per cent) showed
bridges. Among the irradiated males, those which gave
10 per cent (or more) anaphase bridge frequencies
were more intensively investigated. In cases suspected
of being inversions heterozygotes, additional anaphase
up to a maximum of about 130 were examined.

129. Until now 18 males with presumptive inversions
have been isolated. Of these, two inversions (anaphase
bridge frequencies of 34 and 21 per cent, respectively)
were followed for more than two generations and
checked cytologically and genetically. One inversion
on the XIII linkage group (In (13) 1 Rk) is approxi
mately 17 map units long and spans the distance
between loci Id-l (isocitrate dehydrogenase) and the
Dh (dominant hemimelia). The other is on linkage
group XVII (In (17) 2 Rk), is approximately 10 map
units long, and is closely linked with hi (buff) which
is at one end of the known group of markers for
linkage group XVII; preliminary data also show .that
this inversion is linked with rd (retinal degeneratIon)
and Pgm-l (phosphoglucomutase) loci that also belong
to linkage group XVII.

130. Using the data pertaining to the 15 pre
sumptive inversions recovered among the first 541 F 1

males screened (exposures between 700 to 900 R with
an average of 814 R), Roderick (417) has estimated
that the rate of induction for post-meiotic male germ
cell stages is about 3.4 10-5 inversions per gamete
per roentgen. This is an ~nderestimate~ since smap'
inversions cannot be effiCIently recognIzed by thIS
method. Since it is doubtful that a linear relationship
exists between irradiation dose and number of inver
sions per gamete, other exposures may give different
results.

131. The major advantage of having these as well
as more and longer inversions will be their usefulness
in uncovering and then retaining recessive lethals.
The inversion on linkage group XIII is particular~y

suited for this purpose since the inverted segment IS
opposite to loci that can be used to construct a balanced

son of a male mouse given an x-ray exposure of 300
roentgens. Genetic testing, however, has not been made.

5. Summary and conclusions

117. Translocations can be induced by 100Izmg
radiations at all stages of spermatogenesis and in late
dictyate oocytes of the mouse.

118. The pattern of radio-sensitivity as it emerges
from the cytological studies closely parallels that from
genetic studies in demonstrating that post-meiotic germ
cells are more radio-sensitive with regard to transloca
tion induction than pre-meiotic stages; among the post
meiotic stages, spermatids are by far the most sensitive.

119. Some translocations induced in spermatogonia
can successfully pass through the remaining stages of
spermatogenesis and can contribute to zygotic popula
tions.

120. Certain autosomal translocations can be fully
viable in the heterozygous state and yet cause male
sterility through failure in spermatogenesis. If such
translocations are induced in spermatogonia, they will
not be represented in the effective sperm population
and consequently will not be expected in the progeny
of fathers whose spermatogonia have been exposed to
irradiation. A similar argument is true for transloca
tions involving the X chromosome.

121. A marked discrepancy exists between the
frequencies of translocations diagnosed cytologically
and genetically in that the expected frequency in the F1

was about twice that actually observed. It is con
sidered that selection operating on diploid and haploid
genomes between the spermatocyte stage and matura
tion of the sperm is sufficient to cause the observed
discrepancy.

122. The data obtained from experiments involving
high-dose-rate x- or fast-neutron-irradiation of sper
matogonia are consistent with a linear kinetics (up to
600 R with x rays and up to 100 rad with neutrons)
after which the yield falls off drastically, giving an
over-all humped dose-response curve. With high-d?se
rate gamma-irradiation, however, there may pOSSIbly
be a small square-law component, although a linear
relationship cannot be excluded when the data are
analysed as a whole. All these responses are very
probably the result of secondary distortions of the
primary dose-response curves which may wen have a
more marked square-law component in the case of
x and gamma rays.

123. A dose-rate effect has been observed with
x., gamma- and n.eutron-irradiation, the effect being
most pronounced WIth gamma rays.

124. Acute x-irradiation is mutagenically more
effective than acute gamma-irradiation; acute gamma
irradiation is more effective than chronic gamma
irradiation; and the efficiency of chronic neutrons at
high doses is about 20-25 times that of chronic gamma
irradiation.

125. The effects of fractionation are dependent on
total doses and on fractionation procedures. Especially
important from the standpoint of human genetic risks
is the observation that the fractionation of a total dose
of 300 rads of x rays into several sman fractions of
10 or 5 rads leads to a significant reduction in transloca- 5 Because the chromosomes of the mouse are all acrocentric,
tion yields as compared with the effects of a single dose. the great majority of inversions should be paracentric.
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lethal system of the kind that had so many practical
advantages in Drosophila genetics.

132. In trying to use the anaphase-bridge method
to screen for the induction of inversions, it should be
remembered that differences with regard to the in
cidence of natural inversion polymorphism are likely
to exist between species as well as between sub-species.
For example, in Fi males obtained in crosses of
laboratory strains of mice (Mus m musculus) and a
Japanese sub-species (Mus m molossinus; originally
trapped in Kyushu), Roderick (417) found that the
average anaphase-bridge frequency was 20.3 per cent,
much higher than the 3.4 per cent observed in the
laboratory strains of Mus m musculus used in his study.

E. Loss OR ADDITION OF CHROMOSOMES

133. Loss of any autosome is probably lethal in
the mouse while loss of a sex chromosome causes few
adverse effects provided one X remains (the OY con
dition results in lethality) and is phenotypically de
tectable by the use of appropriate markers. Induction
of sex-chromosome losses has been used by L. B.
Russell (428) to compare a large number of genn
cell stages for radiation sensitivity to chromosomal
damage. Most of the earlier work on this subject was
reviewed in the 1966 report from which the following
conclusions, which are still valid, can be drawn:
(a) losses of sex chromosomes can be easily induced
in the mouse; (b) by far the highest yields of these
losses are obtained by irradiating zygotes from the
time of sperm entry (second meiotic division) through
early pronuclear stage; the maternal X chromosome
may be relatively more sensitive than the paternal
X chromosome or than the Y chromosome during the
first part of this period; (c) there is a sharp drop in
sensitivity between early and late pronuclear stages;
(d) among the germ cells tested, the ones yielding the
highest XO frequencies are the dictyate oocytes in
mature follicles of the female and the spermatids in the
male; (e) taken as a group, leptotene-through-diplo
tene oocytes and spermatocytes give a lower, and
roughly equal, yield; and (f) among spermatocytes,
post-pachytene stages give the lowest frequency of
XOs. These comparisons must, however, take account
of the fact that YO yield from irradiation of sper
matocytes and pre-dictyate oocytes is presumably being
measured in selected populations.

134. Although the XXV and XYY (but not XXX)
type of sex-chromosomal aneuploidy are known in the
mouse, there is as yet no evidence of their being
induced by irradiation.

1. Male germ cells

135. The induction of X-chromosome loss after an
x-ray exposure of 600 roentgens to mouse spennato
gonia was studied by Leonard and Schroder (260).
The paternal X chromosome was marked by the
dominant sex-linked gene, Tabby (Ta). In all, three
XO exceptions were recovered, one among 1,347 F1

females in the irradiated group (0:07 per cent) and
two among 1,508 females in the control (0.13 per
cent). Since all the three XO exceptions were of the
genotype TajO, their X chromosomes were of paternal
origin. Consequently, this study provides no evidence
for the induction of paternal-X losses. It is lik:ely that
the observed XOs were either due to the' mothers
being XOs' (the mothers of the exceptions were not

cytologically tested) or to the spontaneous loss of the
maternal X chromosome, although the incidence of
the latter is known to be extremely low (426).

136. L. B. Russell and Montgomery (432, 433)
irradiated male mice with x rays (600 R, 66 R min-1 )

either in a single exposure or in two exposures of
100 and 500 roentgens separated by 24 hours. The
latter regime was chosen in order to examine whether
sex-chromosome losses would also show an enhanced
response to fractionation similar to what was already
known regarding the response of the specific-locus
mutations induced in spermatogonia (439).

137. Immediately after completion of irradiation,
these two groups and a sham-irradiated control group
were mated to females (homozygous for the sex-linked
dominant gene Greasy) for 10 days in order to obtain
data on spermatozoal sensitivity; males were then
removed and re-mated shortly prior to the estimated
end of the sterile period and for the remainder of their
lives (spermatogonial data). Paternal sex-chromosome
losses are detectable by the occurrence of Gs/O
daughters. The exceptional progeny were tested gene';'
tically and cytologically.

138. The results analysed thus far indicate (a) no
significant differences between the effects of single and
fractionated exposures (the frequencies are so small that
differences cannot be picked up at present); (b) with
spermatozoal irradiation, the induced rate of loss of
the X (or the Y) chromosome is 0.8 1O-~ per roentgen
(results of single and fractionated irradiation considered
together, 2 XOs among 538 as against none among
538 female progeny in the controls); and (c) with
spermatogonial irradiation, the frequency of induction
is much lower, being 0.02 10-~ per roentgen (16/7789
in the irradiated; 10/5190 in controls).

2. Female germ cells
139. Russell et 01. (452) investigated the effect of

dose rate on the induction of X-chromosome loss in
female mice. Mature hybrid female mice (X chromo
somes unmarked) were exposed either to x rays at a
rate of approximately eight roentgens per minute or
to gamma rays eS7Cs) at about 0.6 roentgen per
minute, the total exposure being in both cases 400
roentgens. On the day following the irradiation, the
females were mated to males carrying the dominant
sex~1inked gene Greasy (Gs) and the progeny from
the litters conceived within the first seven weeks after
irradiation were screened for exceptional females of the
genotype Gs/O. The presumed exceptions were checked
by breeding tests and chromosome counts. Chromo
some counts of the mothers of these females were also
made to exclude cases in which the parent was also XO.

140. The results show that the frequency of ex
ceptional females (GsjO) at the low dose rate is
significantly below that at higher rate (21 out of 6,674
female progeny versus 50 out of 7,576 female progeny).
Tests are not yet completed on a few additional
exceptions (6 in the low-dose-rate series and 14 in,
the high-dose-rate series). The frequency of exceptions
in the control series currently stands at 0.05 per cent
(3/5,547) and the test on one ,more presumed exception
is incomplete.

141. In a translocatio~ study inVOlving irradiatiJi)
of mouse dictyate oocytes with 200 rads of fast neutrons
Searle (479) obtained one definite and one presumptive
case of XO out of 37 females tested. . .
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F. POINT MUTATIONS

1. Spontaneous mutations

142. Schlager and Dickie (467-469) have published
the results of their very extensive study on spontaneous
mutations and mutation rates in the mouse incorporat
ing also the earlier data of the Bar Harbor group
(158, 466). Taylor (541) investigated this problem
in the rat populations that were used as controls in
experiments designed to study the genetic effects of
cumulative spermatogonial irradiation (paragraph 216).
The data are given in table 13.

143. According to the latest results of Schlager and
Dickie (469) (a) the average fOlWard mutation rate
per locus per gamete for the five coat-colour loci
studied (estimate based on mutations that occurred
in both males and females) is about four times that
for back mutation at these loci; (b) the confidence
interval of their estimate (7.3 10-6 ; 16.6 10-6 ) encom
passes the rates (7.5 10--<l and 10 10-6 ) for the seven
loci reported by Russell (440) and by Lyon et al. (285)
from data collected, respectively, at Oak Ridge and
Harwell; and (c) the over-all rates of forward muta
tions to recessive alleles at 26 unselected loci and to
dominant Visibles at 12 other unselected loci are not
significantly different from one another but significantly
lower than that for the specific loci.

144. Batchelor et al. (36) and Russell (448)
recovered a total of seven specific-locus mutationsO

among 202,812 offspring of control females (0/37,813
and 7/164,999, respectively). In Russell's experiments,
six of the seven mutants were recovered among the
progeny of the same female, representing a cluster
of mutant germ cells occurring early in development.
This complicates the computation of the spontaneous
mutation rate in females.

145. If it is assumed that the chance of a mutation
occurring in the limited number of germ cells in early
development is much less than the chance of occurrence
among the numerous germ cells available later, then
this leads to the conclusion that, in spite of the finding
of a cluster, clusters will usually be much rarer than
single mutants. On this basis, one can assume that
there will be little error in assuming the mutation
frequency to be 2 in 202,812 which gives a rate of
1.4 10-0 per locus per gamete.

146. On the other hand, if it is assumed that the
only estimate of the frequency of clusters is that
observed in Russell's experiments, namely, one out of
two mutational events, then the sample size should
be corrected to get an estimate of the number of
independent observations. This gives 2/7 of 202,812,
i.e., 57,946. The frequency of independent mutational
events will then be 2 in 57,946 which gives a rate of
4.9 10-0 per locus per gamete.

147. The estimate of Taylor (541) on spontaneous
mutation rates in rats cannot be directly compared with
the other data presented in table 13 since the former is
on a per gamete and not on a per locus basis.

148. Since all estimates of specific-locus mutation
rates in Drosophila and the mouse as well as in man
are based on loci at which mutations were known to
have occurred before, they must be considered as pos
sibly biased. This point has been particularly stressed
by Cavalli-Sforza and Bodmer (69).

6 The seven-locus tester stock was used; see foot-note 7.

149. Of the five coat-colour loci used in the study
of Schlager and Dickie (469), the highest rate of spon
taneous mutation from wild type was recorded for the
a (non-agouti) locus (table 13). This is in contrast to
the low rate of mutation recorded for this locus under
acute spermatogonial x-irradiation. Russell and Russell
(453) found only two mutations at the a locus out of
174 mutations recovered from x-irradiated spermato
gonia (300 to 1,000 R; 90 R min-I). Lyon and
Morris (283) found no mutations at the a locus in
their irradiation experiment (600 R) involving over
24,000 progeny. Further comparisons of the spon
taneous and induced mutation rates of the four loci
common to the study of Schlager and Dickie (469)
and of Russell and Russell ((453) show an inverse
relationship between the two rates in rank order:
b> d> c> a under irradiation versus a> c> d> b
for spontaneous mutations.

150. With reference to the discrepancy between
induced and spontaneous rates at least at the a locus
it must be pointed out that most of the mutation~
observed in radiation studies at this locus were of a
type which could not have been picked up in the usual
kind of specific-locus experiment; the hybrid stock
normally used in radiation experiments has the geno
type AA'v at the a locus which means that A'" A or
A A'" mutations cannot be detected (430, 480). It
shoul~ also be borne in mind that the spontaneous
mutatIons recorded by Schlager and Dickie (469)
could have occurred in any of the male or female germ
cell stages whereas in the radiation experiments (para
graph 149) they were specifically recovered from irra
diated spermatogonia. Because of these reasons the
apparent discrepancies between the spectra of ~pon
taneous and induced rates at the loci compared are
presumably not as big as they appear to be.

2. Specific-locus mutations

. 151. In its 1962 and 1966 reports, the Committee
dIscussed data on the induction of recessive mutations
at 12 specific 10cF in the mouse. Tables 14-17 sum
marize the major results and include new data from
exper~ents that have since been completed. In the
followmg paragraphs, attention will be focused on the
new data.

(a) Adult spermatogonia

(i) Acute irradiation

152. The complete results of the specific-locus ex
periment (six loci) carried out by Lyon and Morris
(283) show that seven mutations were obtained out
of a total of 24,834 offspring giving a rate of 0.78 10-7

mutation per locus per rad with 95 per cent confidence
limits, 0.16 10-7 and 2.5 10-7 (600 rad: x rays). This
estimate is not far from the approximate one derived on
the basis of limited data in the 1966 report (0.50 10-7 ).

The confidence ranges of the present estimate overlap
those for Russell's estimate of 2.2 10-7 for the seven
loci (0.89 10-7 ; 4.75 10-7 ).

153. Tests of viability effects of five mutations (out
of the seven recovered) revealed that only one (at the

7 The seven loci: a (non-agouti), b (brown), co~ (chin
chilla), d (dilute), p (pink-eyed dilution),
s (piebald spotting), se (short ear).

The six loci: a (non-agouti), bp" (brachypody-Har
well), i1. (fuzzy), In (leaden), pa (pallid),
pe (pearl).
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six loci, 14 mutations among 17,301 offspring were
found. The mutation rate per locus per rad is 1.4 10-7

with 95 per cent confidence limits 0.74 10-7 and
2.27 10-7• When the differential mutability of the two
sets of loci is taken into account, the agreement be
tween the new data of Lyon and Morris (283) and
those of Russell's group is quite good. Viability tests
showed that three out of the nine mutations in the
six-locus fractionated series, and two out of Seven
mutations in the seven-locus fractionated series, were
lethal when homozygous.

159. In subsequent experiments, Lyon, Phillips and
Bailey (285) examined the mutagenic effects of repeated
small radiation doses delivered to spermatogonia at
different dose rates; with a total dose of 600 rads of
60CO gamma rays (at 17 rad min-I) delivered in daily
doses of 10 rads each, the yield of specific-locus
mutations (at seven loci) was one third of that after
the single exposure, under otherwise similar radiation
conditions (compare treatments 1 and 2, table 15) and
was close to that found after the low-dose-rate irradia
tion at 0.008 rad min-1 (treatments 2 and 3, table 15).
Thus repeated small doses produce less effect than a
single dose of the same size and the reduction in yield
is of the same general order as in the case of transloca
tions (table 9).

160. However, when a similar total dose was split
into 50-rad fractions and administered at weekly in
tervals, the yields depended on the dose rate, being
about twice at 60-70 rad min-1 than at 0.05-0.07 rad
min-1 (treatments 4 and 5, table 15); the yield with
the higher dose rate is close to that after the single
exposure, thus differing in this respect from the response
observed for translocations (paragraph 80).

(b) 06cytes

(i) Low-dose-rate 1'leutron- and gamma-irradiation

161. Since it is known from earlier work that chronic
fast-neutron-irradiation is nearly 20 times as effective
as chronic gamma-irradiation in inducing specific-locus
mutations in mouse spermatogonia, and since it is also
well established that gamma-irradiation at low dose rate
induces even fewer mutations in female mice than in
males, a series of experiments were carried out to
investigate the relative radio-sensitivity of the dictyate
oocytes to chronic neutron and gamma irradiation
(36, 493). The seven locus stock was used. In this
large-scale study (79.7 rad 0.7 MeV neutrons + 57.8
rad gamma contamination; 412 rad ~oCo gamma
irradiation; both irradiations were over a 12-week
period) involving a total of over one hundred thousand
PI mice, only one mutation was recovered in the first
litter of the neutron series (among 32,221 progeny)
and none in the gamma or in the control series.

162. From the results of neutron-irradiation, the
mutation rate can be estimated to be 0.3 10-7 per locus
per rad per gamete, or less than 5 per cent of that
found when spermatogonia are exposed to a similar
dose of fast neutrons over the same 12-week period
(table 16).

(iii) Fractionation

158. The fractionation effect leading to a striking
increase in mutation frequency observed by Russell
when 1,000 roentgens were administered to spermato
gonia in two equal fractions separated by 24 hours
has now been confirmed and extended by Lyon and 163. The absence of specific-locus mutations after
Morris (283) using both sets of specific loci. With the 412 rads received chronically from a gamma source is
seven loci, 16 specific-locus mutations were recovered in line with previous findings of Russell (440). All
among 5,462 offspring, giving a mutation rate per the oocyte studies so far carried out with different
locus per rad of 4.2 10-7• This figure is not far from exposures of chronic gamma-irradiation (258, 400 and
that (4.9 10-7 ) obtained by Russell (438). With the 412 R, table 16) have yielded only three specific-locus
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bpI{ locus) mutation was lethal in the homozygous
condition in contrast with the observations of Russell
and Russell (453) that 77 per cent of the specific
locus mutations recovered in their study were lethal
when homozygous.

154. The data of Lyon and Morris (283) permit
the conclusion that the over-all rate of mutation induc
tion at the six loci is about one third of that at the
seven loci. It should, however, be mentioned that the
point estimates for the individual loci (in either group)
vary a great deal and have wide confidence limits.
Consequently, it is not unreasonable to assume that
the mutation rate of the average mouse locus (based
on all 12 loci and with equal weight to each locus)
in the spermatogonial stage is of the order of 1.7 10-7

mutations per roentgen per gamete.

(ii) Dose rate

155. Russell's earlier data from exposure-rate studies
in spermatogonia revealed that the maximal effect of
reducing the exposure rate is already obtained at
0.8 R min-1, namely, a reduction of the yield to 30 per
cent of that obtained at high dose-rate. This has been
confirmed by a repetition of the 0.001 R min-1 gamma
ray experiment. In addition, the effects of an exposure
rate much higher than the highest one (90 R min-I)
used previously were also studied by Russell (446).
With an x-ray exposure of 300 roentgens delivered at
a rate of 1,000 R min-1 to spermatogonia, 24 specific
locus mutations were recovered among 38,207 F1 off
spring, giving a rate of 3.0 10-7 mutations per locus
per roentgen per gamete which is almost identical to the
figure (2.9 10-7 ) obtained from earlier experiments
with the same x-ray exposure of 300 roentgens, but
delivered at 90 R min-1 (table 14).

156. Batchelor, Phillips and Searle (35) have pub
lished the final results of their dose-rate study with
0.7-MeV neutrons. Mouse spermatogonia were given
either a dose of 188 rads (+ 18 rad gamma contami
nation) delivered in 3-4 minutes or a total dose of
62 rads (+ 42 rad gamma contamination) delivered
over a period of twelve weeks. The induced rates of
mutation at the PT loci were 0.15 10-6 per locus per
rad per gamete (188 rad, acute) and 1.33 10-6 per
locus per rad per gamete (62 rad, chronic). This
reverse dose-rate effect is in line with earlier findings
reported by Russell (440).

157. The amount of germ-cell killing with chronic
neutron irradiation at a dose of 62 rads was much
less than that found in an earlier experiment in which
214 rads were delivered over a 12-week period (34).
With 62 rads, the mean testis weight decreased to only
about 50 per cent of normal whereas with 214 rads
the decrease was greater (20 per cent of normal).
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170. While it is quite possible that ability to repair
genetic damage is correlated with metabolic activity, it
should be borne in mind that there are other systems
where such a correlation does not seem to exist. The
rate of incorporation of 3H-uridine is low during the
first three cleavage divisions of the fertilized egg, but
then increases sharply and rapidly to a high level (306,
308). High metabolic activity presumably continues
during the period of differentiation and active multi
plication of the primordial germ cells, which never
theless show a high level of mutational sensitivitY
(paragraphs 176-177). These findings argue against
metabolic activity being the sole determinant of muta
tional insensitivity of the early dictyate oocytes (480).

171. These findings have led to the suggestion that
the mutational insensitivity of the immature dictyate
oocyte depends on some other factor or factors besides
the level of metabolic activity (494). However, a posi
tive correlation between mutational sensitivity and a
sudden and dramatic change in 3H-uridine incorpora
tion within the dictyate oocyte may still be indicative
of repair processes associated with a specific kind of
metabolic activity occurring within this cell stage (449).

172. After chronic gamma irradiation of oocytes,
the mutational yield is so low that the effect of in
terval between irradiation and conception is not very
obvious; as a matter of fact, the mutation frequencies
recorded for oocytes sampled during the first seven
weeks and those for oocytes sampled subsequently are
not significantly different from one another (table 16).
Nonetheless, the interval effect presumably operates
here too; the observation that the mutation frequencies
for later matings are lower than those for earlier matings
is in keeping with this line of reasoning (1/21,854
versus 1/15,195; 0/18,684 versus 1/8,373).

173. The exposure rate of 0.009 R min-1 in the 258
and 400 roentgen experiments involved exposure dura
tions of approximately three and five weeks, respec
tively. The progeny from matings made within seven
weeks after the termination of these exposures obvi
ously included some derived from oocytes that received
a sizeable proportion of their radiation while in a
resistant stage (earlier dictyate stages: paragraph 167);
most of the oocytes responsible for later litters would
have been in a resistant stage during the entire dura
tion of irradiation. Thus the low total mutation fre
quency over the first seven-week mating period and
the still lower one over the subsequent period could
be explained as due to the operation of both the dose
rate effect and the interval effect although the latter, as
discussed above, is not as dramatic as after acute irra
diation.

licular stages to specific post-irradiation litters is man
datory for a critical evaluation of the possible relation
ships between metabolic activity and sensitivity to
mutation induction of the mouse oocyte".

mutations in about 100,000 progeny. This frequency is
of the same magnitude as the maximal estimate of the
spontaneous frequency (paragraph 146) and roughly
three times that of the minimal one (paragraph 145).
In view of the uncertainty as to which of the spon
taneous estimates is to be used for comparison, any
firm statement on the mutagenic efficiency of chronic
gamma-irradiation is difficult except that it is very low.

164. While considering the low mutagenic effec
tiveness of chronic gamma irradiation, the possible
,effects of the interval between irradiation and concep
tion should also be taken into account. This aspect is
discussed in paragraph 172.

(ii) Small single doses
165. The low mutational yield obtained with small

single doses of high-dose-rate irradiation and with me
dium-sized doses split into several fractions, which is
predicted on the hypothesis of repair of one-hit muta
tional events and for which preliminary evidence was
presented in the 1966 report, has now been fully con
firmed (443-446, table 15). The mutation rate
after 50 roentgens is only one third of that after a
single exposure of 400 roentgens; with eight fractions
of 50 roentgens each, the mutation rate is less than
one half of that after a,single exposure of 400 roent
gens.

(iii) Interval between irradiation and conception

166. In adult male mice, no effect of the interval
between irradiation and fertilization has ever been ob
served on the induced specific-locus mutation fre
quency in spermatogonia. This holds tme even to the
end of the animal's reproductive life (440).

167. In contrast, the results from experiments in
volving irradiation of female mice clearly show that
the interval between irradiation and conception has a
dramatic effect on the mutation frequency observed in
the offspring. This effect was first discovered with high
dose-rate fast-neutron-irradiation (441); at a dose of
63 rads, the mutation frequency was high in those
litters conceived within seven weeks after irradiation
but zero or nearly so in later litters (table 16). This
finding was subsequently extended to low dose-rate
neutrons and high-dose-rate x rays (445, 448; table
14).

168. The failure to recover mutations from earlier
dictyate stages could be due to their low intrinsic muta
tional sensitivity, to the high efficiency of their repair or
to selection, since in these experiments large numbers
'of oocytes in early follicle stages are killed by radiation.
Of these possibilities, selection perhaps is the least likely
one (448).

169. The autoradiographic study of Oakberg (360)
on the relationship between stage of follicular develop
ment and RNA synthesis in the mouse oocyte shows
that the oocyte stages with high mutation frequency
may correspond to those in which uridine incorpora- (c) Neonatal and embryonic germ cells
tion has stopped, whereas the earlier stages with low
mutation frequency probably correspond to those that 174. Selby (498) has obtained data on the x-ray
show heavy labelling. Oakberg concludes that, since it induction of specific-locus mutations (300 R; 80 R
is likely that capacity for repair is closely correlated min-:1 ) in male mice at various ages from new-born to
with metabolic activity, the change in mutation fre- young adult. For day one, the results obtained thus far
quency with time after irradiation may be explained by show 16 mutations among 55,126 offspring or a rate
a changing capacity for repair of genetic damage. He of about 1.4 10-7 per locus per roentgen, less than
cautions, however, that "a better understanding of one half of that obtained in adults with the same ex-

;normal oogenesis and the ability to relate specific fol-posure, and the difference between the two is sta-
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tistically highly significant. The combined data from
nine groups of males irradiated at ages ranging from
2 to 35 days show 43 mutations among 77,429
offspring yielding a rate of 2.6 10-7 per locus per
roentgen. This rate is quite close to that (2.9 10-7 per
locus per roentgen) calculated from the results of adult
irradiation (table 14).

175. In another study Selby (499) exposed within
nine hours after birth new-born female mice to 300
roentgens at high rate and obtained three specific-locus
mutations in a total of 14,259 offspring. This gives a
rate of about 1.0 10-7 per locus per roentgen, one which
is only about one sixth of that expected from similar
irradiation of adult females.

176. Searle and Phillips (494) compared the muta·
genic response of mitotically dividing primordial sper
matogonia and oagonia with their precursors, following
protracted in utero irradiation of mouse embryos. A
neutron dose of 108.5 rads (plus 20.5 rad gamma con
tamination) at 0.011 rad per minute was given to preg
nant females over a period of one week before the
twelfth day of embryonic life. Weaned males and
females were appropriately mated at eight weeks of
age to mice of the PT tester stock and the offspring
were scored for mutations at the specific loci.

177. The large clusters of specific-locus mutations
found in both the male and female series show con
clusively that mutations can be readily induced in
embryonic germ cells. Using cluster size to estimate
the mean number of germ cells at risk, Searle and
Phillips (494) calculated the mutation rates to be
5.3 10-li per locus and 6.4 10-5 per locus, respectively,
in male and female primordial germ cells with induced
rates per locus per rad 4.2 10-7 and 5.8 10-1 in male
and female germ cells, respectively. The difference
between the two rates is not significant. If dose attenua
tion is allowed for (because of the depth of the embry
onic germ cells within the pregnant females) the rates
are one third higher (5.6 10-7 and 7.7 10-7).

178. A comparison of these rates with those ob
tained after irradiation of spermatogonia and oocytes
in adults (tables 14 and 16) shows that (a) the rate
of induction of specific-locus mutations in primordial
spermatogonia is somewhat lower than that obtained
after neutron-irradiation of adult spermatogonia and
(b) the rate in primordial oagonia is less than that
:iIl mature oacytes irradiated at 0.17 rad per minute
although very much higher than that after chronic
irradiation of oocytes (79.7 rad; 0.0007 rad per
minute).

179. Further comparisons of the data of Searle and
Phillips (494) can be made with those of Carter (62,
63) and Carter, Lyon and Phillips (66). Carter (62)
reported a very low mutation rate of 4.7 10-8 per locus
per rad after x-irradiation at 300 rads (70 rad min.-1 )

of male fretuses 13 112 days after conception, but this
may have been mainly the result of strong germinal
selection, since spermatogonial killing was so high that
30 per cent of males proved infertile. The mutation rate
after a dose of 200 rads at a high dose rate given to
171h-day-old male fretuses was 2.1 10-7 per locus per
rad (66), not significantly different from the rate in
adults and in fretuses of 13V2 days of age; 7.6 per cent
of males were sterilized by the radiation exposure and
so, again, germinal selection may have tended to reduce
the yield of mutations. The general conclusion that can
be made then is that the genetic sensitivity of the
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primordial germ cells in the male may not in fact be
much less than that of spermatogonia in the adult.

180. In other experiments, Carter (63) gave female
fcetuses between 12~ and 18Y2 days of age 300 rads
(gamma rays) at 0.05 rad per minute and obtained a
mutation rate of 1.02 10-7 per locus per rad which is
much higher than 0.23 10-1 per locus per roentgen
obtained after low-dose-rate gamma-irradiation of
oocytes in adult females (table 16). In Carter's ex
periment, the irradiated germ cells would have been
oagoma and pre-dictyate oacytes in early meiotic
stages. In another study (66), high-dose-rate x-irradia·
tion of 17~-day-old fretuses at 200 rads yielded a
mutation rate of 0.7 10-7 per locus per rad which is
significantly lower than the rate of 4.02 10-7 in mature
dictyate oacytes.

181. It thus seems clear that the mature dictyate
oocyte is genetically rather mOre radio-sensitive than
pre-dictyate and pre-meiotic germ-cell stages. It is alsO
becoming increasingly likely that the immature dictyate
oocyte is the only germ-cell stage (among both male
and female germ-cell stages) which is insensitive from
the point of view of mutation induction.

(d) Nature of specific-locus mutations

182. A careful examination of tables 14-17 will
reveal that the pattern of response of the specific
locus mutations to changes in the radiation variables
is in certain respects qualitatively similar to that of
translocations. This feature has been noted by several
workers (280,478) and suggests that there is something
in common between the primary lesions leading to
gene mutations and translocations. In particular, the
response of specific-locus mutations to changes in dose
rate, to some fractionation procedures and to high-LET
radiation is so similar to what is usually observed with
translocations and to what is known about the response
of chromosome-breakage events in general, that it has
been argued that specific-locus mutations are really
two-track chromosome deletions, rather than one-track
events (524, 604). However, the evidence presented
below does not support this view.

183. Especially pertinent in this context is the
recent work of L. B. Russell (430) who has been
able, by means of complementation tests, to make a
detailed genetic analysis of the d se region of linkage
group II of the mouse (recombination frequency of
0.16 per cent). While the original screening for mu
tants employed only two markers (d, se), subsequent
analysis (using nearby markers SV, tk and sg in addi
tion) has so far revealed 16 complementation groups
spanning eight or nine functional units. Mutations used
for this purpose were derived from specific-locus ex
periments of W. L. Russell and co-workers at Oak
Ridge, and were detected by their visible phenotype in
combination with tester-stack's markers, d and se.

184. The results given in tables 18 and 19 (involv
ing well over 800 combinations and a total of about
40,000 progeny) show that there is a strong effect of
the irradiated germ-cell stage, as well as of the type
of radiation, on the locus spectrum (Le., on the rela
tive frequencies of events involVing d, se or both) and
on the involvement of single functional unit as against
that of two or more functional units. In the case of
x- or gamma-irradiated spermatogonia, the spectrum is
very similar to that of controls, with a majority of
mutations being at the d locus (table 18).



185. With 24-hour x-ray fractionation and with
neutron-irradiation again in the same germ-cell stage,
the spectrum of events is different (and, with neut~ons,
significantly so) with relatively fewer d and relatIVely
more se and DfB (d, se) events. In addition, in the
neutron series, a somewhat higher percentage of events
is pre-natally lethal.

186. The spectra 0 btamed after irradiation of post
spermatogonial stages and oocytes are very clearly
different from those obtained after spermatogonial irra
diation. In each case, the proportions of the three types
of events are much more nearly equalized (table 19).
The post-spermatogonial stages and oocytes do n~t

differ significantly in total distribution, but there IS
evidence of a higher proportion of pre-natal lethals
among the latter group.

187. The frequency of mutations interpreted as
aberrations ranges from 13.5 per cent in most x- or
gamma-irradiated spermatogonia to 42.3 per cent in
post-spermatogonial stages and 65.6 per cent in oocytes
(table 19). The recombinationallength of most of the
aberrations is very small, 75 to 80 per cent of them
spanning less than two cross-over units. Even in those
groups that have a high total frequency of aberrations
(post-gonial stages and oocytes) no more than 23 per
cent of all mutations exceed this length and the figure
is zero per cent for x- or gamma-irradiated spermato
gonia (excluding the 24-hour fractionation group).

188. The findings presented in paragraph 187 lend
strong support to V(. L. Russell's c.oncl~sion t~at the
specific-locus mutatLOns recovered 1D hIS studIes are
predominantly single-track events. In .wh.at follows,
the validity and/or usefulness of other cntena that have
been used to characterize the specific-locus mutations
as point mutations or as resulting from chromosome
breakage events will be discussed.

. 189. The mutational spectrum of specific-loc~s
mutations at high exposure rates is expected to be dif
ferent from that at low rates if these mutations are
predominantly two-track in origin (442). Informa!ion
bearing on this point is given in table 20 for s,Peclfic
locus mutations induced in spermatogonia. It IS clear
that the spectrum is hardly affected by the exposure
rate even though the spectrum itself is characterized
by ~arked differences bet~een loci. Altho~gh the data
for oocytes are less extenSIve, Russell pomts out that
the results of the analysis of spermatogonial mutations
apply to them also. This is so even with regard .to t?e
relative frequency of d and se presumed defic~encles

which is greater in oocytes than in spermatogoma and
large enough for a more meaningful dose-rate compari
son. These observations, then, seem to be more com
patible with the one-track nature of the origin of these
mutations.

190. In oocytes, about half the mutations induced
at high exposure and high exposure rate that involve
either the d or the se locus also affect the other locus,
i.e., they are genetically-detected deficiencies. Tests
with marker genes close to the d-se region (430) show
that these deficiencies are also small, most of them
probably involving less than two cross-over units. The
assumption that these are predominantly two-track
events implies that most of those that involve only one
of the two loci may also be two-track in origin but
must, on average, be smaller than those which affect

B Df = deficiency.
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both loci. If these small deficiencies, are the result of
two independent hits occurring close together, the
probability of hits occurring farther apart and causing
larger deficiencies must be greater.

191. Russell (447) argues that even if the probabil
ity were only three times as great, a single acute ex
posure of 400 roentgens would, on the above assump
tions, bring about more than one large deficiency per
genome, which would be lethal either in the germ cells
or during development. Since only enough oocytes
mature in each oestrus to produce the number of eggs
ovulated, an average frequency of at least one lethal
deficiency per genome, regardless of whether death
occurred in the germ cell or during development, would
usually eliminate most of the offspring in the first litter
after irradiation. However, there is only a small reduc
tion of litter size in litters conceived shortly after an
exposure of 400 roentgens, strongly suggesting that
most of this reduction may not result from two-break
aberrations causing dominant lethality. Thus, one can
conclude (although by somewhat indirect reasoning)
that most of the specific-locus mutations observed are
not due to two-break aberrations, a conclusion which is
in line with the findings of L. B. Russell presented
earlier (paragraphs 183-187).

192. When the effect of a single exposure of 1,000
roentgens to spermatogonia is compared with that of
an exposure split into two equal fractions separated by
a 24-hour interval it is seen that the specific-locus
mutation frequency'increases nearly five-fold. With. f\ac
tionation (table 14). On the other hand, WIth SImilar
exposure and similar fractionation procedure, the fre
quency of translocations is no greater than expected
on the basis of the additivity of yields of two well
separated 500-rad fractions (table 8). Furthermore, at
doses of 600 rads and below, the translocation yield
of a single dose and of fractionated doses (two f~ac
tions, 24 hours apart) are the same. These observatIons
raise the question as to whether the presence or ab
sence of a fractionation effect is sufficient per se to
decide on the nature of the events involved in specific
locus mutations.

193. The results of the fractionation experiment in
females where a total exposure of 400 roentg~ns was
split into two fractions separated by a 24-hour mterval
(table 16) show that the observed specific-locus muta'"
tion frequencies are the same irrespective o~ whet~er
the exposure is single or fractIOnated. This findmg
would be unexpected if the specific-locus ~utati~ns
were predominantly two-track events. The difficu!tIes
encountered in upholding the two-track interpretations
to explain the lack of fractionation effect in the above
experiment have been summarized by Russell (445).

194. One additional argument against the specific
locus mutations being predominantly two-track events
comes from work on chemical mutagenesis carried out
at Oak Ridge (447). Four different methane sulpha
nates were tested both for dominant lethal and specific
locus mutation induction. All gave a dominant lethal
frequency and some a translocation frequency ~4~9)
equivalent to that yielded by a large dose of radIation,
but only one gave any significant increase over control
values for specific-locus mutations, and even there the
effect was small. Since there is strong evidence that
dominant lethals are due to chromosome breakage,
Russell considers that the evidence from the chemical
work suggests that chromosome aberrations, including
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two-break deficiencies, are unlikely to be the source
of most specific-locus mutations.

195. From the foregoing discussions it will be clear
that the results of the various dose-rate and dose
fractionation experiments with specific loci should be
compared in the wider context of the recent data on
translocation induction; the results of complementa
tion tests at the d-se region, however, have led to an
improvement of our understanding of the nature of
radiation-induced mutations in the mouse and strongly
support the idea that the specific-locus mutations studied
in the mouse may predominantly be one-track events.
Wark on other closely linked loci in the mouse would
seem desirable, in order to find out whether the d-se
pair presents a typical picture.

3. Domirwnt and recessive visibies and recessive
Iethais

196. Recent data on these mutations have been ob
tained from straightforward mutation experiments as
well as from long-term population experiments designed
to assess the magnitude of the genetic load under
different conditions of irradiation and its effects on
several measurable components of fitness. Specific-locus
mutations which turn out to be homozygous lethals,
thus fulfilling the criterion of recessive lethality, will
not be discussed here since this aspect has already been
considered in the section on specific-locus mutations.

(a) Dominant visibies

197. The data on dominant visibles summarized in
table 21 lead to the following conclusions for mouse
spermatogonia: (a) the frequency of dominant visibles
increases with exposure fractionation; (b) high doses
of fission neutrons lead to higher yields at low than at
high dose rates; (c) at low dose. rates, neutron
irradiation is mutagenically more effective than gamma
irradiation; (d) the general pattern of response of the
dominant visibles to irradiation is similar to that of
specific-Ioclls mutations; (e) the frequency of dominant
skeletal mutations induced by x-irradiation of post
spermatogonial stages after 600 roentgens is 2.6 times
that induced in spermatogonia. The magnitud~ of the
difference in response between spermatogomal and
post-spermatogonial stages observed in Ehling's study
(124, 125) is strikingly similar to that rec~rded by
Russell, Bangham and Gower (450) for speCIfic-locus
mutations; and (f) the dose response for 14.~ MeV
neutrons in post-spermatogonial stages is approxImately
linear (572).

198 The mutational nature of the events involved
in the' induction of dominant skeletal mutations was
examined by Ehling (125) and by Tutikawa (572) in
experiments designed to perInit breeding tests on a
sample of presumed skeletal mutations, the first genera
tion offspring being sacrificed only after they had
produced one litter. In Ehling's study t~ree out of
five mutations were found to be transmItted to the
second and later generations. One of the~e mu~ants was
found in an earlier experiment (124) In WhlCh sper
matogonia had been irradiated and two others
were from a study involving irradiatioll;. of post
spermatogonial stages. The test of two ~ddlUonal pre
sumed mutations is incomplete. In Tutlkawa's work,
2 out of 11 presumptive mutations were found to be
autosomal dominants.

219

(b) Recessive Iethais and visibies

199. In recent years, there have only been a few
investigations aimed at studying the induction of sex
linked lethal mutations in mice or in rats. In the ab
sence of efficient screening methods, the techniques
thus far employed have relied on changes in sex pro
portion and reduction in litter size as possible indica
tors of lethals induced in the X chromosome. In some
experiments, use was made of X chromosomes marked
with suitable dominant genes to identify at least those
lethals that happen to be induced in the vicinity of the
marker(s). The closer the lethal to the marker(s), the
greater the chance of detecting it. The results obtained
using any of these approaches have so far yielded
equivocal evidence for the induction of sex-linked
lethals, and the estimates, where given, seem open to
question on grounds outlined in paragraphs 208-210.

200. Auerbach et al. (16) exposed male mice to
x rays (500 R) and carried out a test for sex-linked
lethals in post-meiotic germ cells using bent-tail (En),
tabby (Ta) and brindled (Mobr) as sex-linked mark
ers. Among 176 tested gametes, there was no indica
tion of a lethal in the segments adjoining the markers.

201. In one of the two experiments of Schroder
(475), male mice of TalY constitution were x-irra
diated at exposures of 600 or 1,200 roentgens and
mated to unirradiated females (X chromosomes un
marked) after the period of sterility. The F 1 females
heterozygous for tabby (Tal+) were outcrossed to
normal inbred males (+IY) to produce an Fz. If an
F1 Tal+ female carried a recessive lethal on the X
chromosome marked by Ta, no viable Ta sons would
be expected among her progeny. If no Ta son was
produced in 20 offspring, the F1 female in question
was suspected to be a carrier of a recessive sex-linked
lethal mutation and would be expected to have trans
mitted the lethal to all her Tal+ daughters (the situa
tion is not so simple because of crossing-over). All the
Tal+ daughters of "suspect" females were retested to
confirm the absence of TalY sons.

202. In the second experiment, SchrOder irradiated
females homozygous for Ta(TaITa) (x rays, 300 R)
and mated them to normal males (+IY). The F1 Tal
+ females were handled in the same manner as out
lined above. Appropriate controls were maintained.

203. Out of a total of 3,504 X chromosomes (in
both groups together with their. respective controfs)
screened no true recessive Ta-linked lethal mutatlOn
could b~ found that satisfied the criterion of non
occurrence of Ta males in both the F2 and F3 genera
tions.

204. In the study of Grahn et al. (153), irradiated
(500 R' spermatogonia) and control males were mated
to fem~les heterozygous for the dominant se~-linked
gene Tortoise (To). F 1 Tol+ females carrymg the
irradiated X chromosome from the father w~re out
crossed to +/Y males to raise an F2 gener~tlOn and
the suspected lethal-carriers were appropnately re-
tested.

205. In the F2 generation, the female progeny will
be of two types, Le., Tol+ and +1+, the la~ter carry
ing the irradiated X chromosome, but there w1l1 b(l ot;ly
one class of males (+/Y) since TolY males are ill

viable. If an F1 Tol+ female carries n~ lethal o~ the
X chromosome, her progeny will occur m the ratio of

------__1



mothers and/or sisters. Furthermore, there was tl-0
indication of a reduced mean litter size in the selected
group relative to its appropriate control, nor was there
any evidence for a decreased sex proportion in faJ1li~
lies with fewer litters (one to three) and small mean
litter size (of up to six) relative to those with more
litters (ten or more) and large mean litter size (mOre
than six). On the basis of these results, the authors
have concluded that the sex-proportion shift is an un~

reliable indicator for the presence of sex-linked lethaIs.

210. In a study on the genetic effects of spermato
gonial irradiation (1,200 R of x rays in two equal
fractions separated by eight weeks) on productivity of
F 1 female mice, Searle (477) observed a significant
deficit of males. However, a familial analysis of cases
with such a deficit and a comparison of families with
small and large sibships showed that sex-linked lethals
were responsible for very little, if any, of the reduc~

tion in litter size and productivity, from which it was
concluded that "the sex-ratio change was probably
mainly a chance effect or due to some other unknown
factors".

211. In view of the uncertainties involved and of
the divergence of views on the use of sex-proportion
shifts in identifying sex-linked lethals (paragraphS
206-210) it does not seem feasible at present to use
the data on sex-proportion shifts to compute the rate
of induction of sex-linked lethals.

212. LUning and Searle (275) have recently sum
marized the results of studies on the induction of auto
somal recessive pre-natal lethals in the mouse. These
data from experiments involving single or fractionated
x-ray exposures of spermatogonia in one generation
only, and those from experiments involving irradia
tion of spermatogonia over several generations can
be used to compute the rate of induction of recessive
lethals in mouse spermatogonia. The derived estimates
are presented in table 22.

213. It can be seen that (i) with reference to spon
taneous recessive lethals, the three separate experi
ments give widely divergent results, presumably because
of the low number of spontaneous lethals expected per
experimental group under test and the resultant large·
random variation. Combining the three, the best esti
mate of the incidence of spontaneous recessive lethals
can be arrived at, and this is of the order of 29 1()-i
per gamete with an upper 95 per cent confidence limit
of 65 10-4 per gamete; and (ii) there is variation in
the estimated induced rates (experiments 5-7) although
this seems to be of a lesser magnitude than in the con
trol groups. Averaging results from the three separate
sets of data, the induced rate can be estimated as
0.9 10-4 per gamete per roentgen, with 95 per cent
confidence limits of 0.4 10-4 and 1.5 10-4 per gamete
per roentgen.

214. The estimates derived from population stu
dies (table 22, experiments 8-9) are not directly com_
parable with those presented in the preceding para
graph since (i) there were no precautions to exclUde
semi-sterile animals, with the consequence that the re
sults may and do show considerable variation; and (ii)
consecutive generations are not independent of each
other. Nevertheless, it is worth pointing out tha~ the
estimates derived from the study of these irradiated
populations are of the same magnitude as the upper.
limit of those presented earlier (paragraph 213).
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two females to one male (sex proportion: 0.33). How
ever, if that female carries a lethal on her X chromo
some, such a lethal can he "transferred" through cross
ing-over to the other X chromosome carrying the To
gene with a probability that depends on the distance
of the lethal from the To gene. Under the extreme as
sumption that the chance of crossing-over is 0.5,
female and male progeny of a carrier F1 female will
occur in a 4: 1 ratio. As will be obvious, the probability
of detecting a lethal will increase as the distance be
tween the lethal and the To gene decreases.

206. In analysing the F2 data using Haldane's
swept-radius method of detecting lethals linked to a
visible marker (To was the point marker and the
presence and location of the lethal was determined by
the degree of deficiency in number of males), Grahn
et al. (153) found that no estimate of sex-linked lethal
damage could be arrived at. However, when the data
were analysed taking into account the distributive prop
erties of sex proportion and litter size and their vari
ances, the authors noted that (i) there was good evi
dence for induced sex-proportion changes at birth and
litter-size reduction in F1 and F 2 generations; and
(li) the sex-proportion changes at birth were consistent
with sex-linked lethals and detrimentals being induced
in mouse spermatogonia at a rate of 0.85 10-4 per
roentgen per X chromosome with 95 per cent confi
dence limits of 0.2 10-4 and 1.5 10-4• The assumption
used here in making this estimate was that the dif
ference between the control and the irradiated groups
(with regard to sex-proportion changes) was a meas
ure of the induced lethal and detrimental genetic bur
den specific to the X chromosome. This assumption,
as will be shown below (paragraphs 208-210), seems
questionable.

207. In attempts to perpetuate the suspected sex
linked lethals to generations beyond F2, Grahn et al.
(153) found that only two lethals (one in the control
and the other in the irradiated group) continued to
give positive evidence for segregating lethals; these
two were discarded as "indeterminate" after the sixth
generation. In all of these generations, the suspect
carriers had been identified by the occurrence of a sig
nificant sex-proportion deviation.

208. LUning and Sheridan (279) tested the hypo
thesis whether sex-proportion shifts and litter-size re
duction could be used as reliable criteria for the de
tection of sex-linked lethals. No X-linked marker genes
were employed, and the material for this study was de
rived from their irradiated (276 R to spermatogonia
in each generation) and control mouse populations.
Production records from single-pair matings of off
spring of the ninth and fourteenth generation were
,examined. The irradiated series gave, in both genera
tions, a lower proportion of males than the control
although only the results of the fourteenth generation
test showed a significant difference.

209. If these observed changes were due to the
circumstance that some of the females tested were
heterozygous for sex-linked lethals then (a) the causal
basis should be more easily demonstrable and the pre
sumed lethals identifiable in families with a significant
as well as in those with a considerable but non-signif
icantly decreased sex proportion and (b) such selected
families should provide more clear evidence of reduced
litter size. These expectations were not fulfilled; there
seemed to be no correlation between the sex-proportion
shift observed in the "index cases" and that in their



215. In the investigation discussed in paragraph 7,
Chambers (71) also studied the induction of auto
somal recessive lethals in rat spermatogonia. It was
found that the estimated rate (based on litter size at
one day of age) ranged from (8.4 -+- 7.6) 10-4 to
(9.1 + 3.3) 10-4 per gamete per roentgen, being about
five times higher than those obtained in other studies
with rats (paragraphs 216-217). The latter might be
due to the experimental scheme employed, in which
the lethality caused by induced reciprocal transloca
tions could have had a significant contribution (the
experimental design was based on a combination, with
appropriate modifications, of Haldane's method in
which marker genes were used to scan the genome for
recessive lethal mutations and of Russell's specific
locus method).

216. Havenstein et at. (174), Havenstein and
Chapman (173) and Taylor and Chapman (543) have
presented some data on the x-ray induction of sex
linked lethals and of autosomal lethals and visibles.
The basic data are derived from their two albino rat
populations (and two contemporaneous controls)
started around 1960 with highly inbred strains. Males
of one and females of the other received whole-body
irradiation (450 R) every generation, the total ex
posure being administered in three fractions of 100,
150 and 200 roentgens at 10, 12 and 14 weeks of age
in each generation. This schedule of irradiation was
designed to minimize somatic effects. The germ cells
sampled were spermatogonia in one population and
oocytes in the other.

217. A total of nine generations were irradiated in
each group and data were collected for five subsequent
generations after irradiation was discontinued. Full
sib-matings were made at appropriate generations, 3:nd
estimates of both sex-linked and autosomal receSSIve
lethals obtained using sex-ratio shifts and litter sizes
at various ages after birth as measured end-points.
The following main conclusions were drawn: (i) the
pattern of response of the genomes of the rat and the
mouse is essentially similar; (ii) the rate of induction
of sex-linked lethals in rat spermatogonia is (1.6 +
0.6) 10-4 per gamete per roentgen. Despite its close
ness to the available estimates for mouse spermato
gonia, the reliability of this estimate is open to ques
tion in view of the fact that sex-ratio shifts were used
as indicators of sex-linked lethal damage (see para
graph 211); and (iii) the rate o~ induction of aut?
somal recessive lethals (table 22) m rat spermatogoma
(based on litter size at one day of age) is (1.0 ± 0.8)
10-4 per gamete per roentgen, in general agreement
with the rate based on embryonic survival in mice
(table 22; 1966 report, annex C, paragraphs 142-144);
for oocytes, the rate is similar to that for spermato
gonia and also has wide confidence limits.

4. EfJects of induced mutations on components of
fitness

218. Fully recessive mutations have relatively little
importance in determining the fitness of individuals in
large random-breeding populations, except that at the
human level they can be regarded as being roughly
equivalent to recessive genetic diseases. There is, how
ever, the possibility that mutations considered to be
recessive because of their visible or lethal phenotypic
effects may have deleterious effects in heterozygotes
either singly or in combination with other heterozygous
recessives. This problem has been debated for well over,I 221

a ~ecade, disc~ssed in the earlier reports of the Com
mIttee and r~:ll~wed recently by Searle (478), Green
(155) ~nd Lumng (273) for mammalian experimental
populatIOns and by SpIess (531) for insect populations
Table 23 summarizes the more recent results of studie~
with mammals.

219. Many but not all (see for example Russell
(436), Russell and Russell (453)) of the results that
bear on the problem of detrimental effects of induced
~utation.s in the heterozygous ~ondition are either nega
tive or Just on the border hne of significance. The
weight of evidence thus far accumulated tends to sug
gest that such effects are of a lesser magnitude in mam
malian populations than those that have been observed
in Drosophila studies (155, 273). As Green (155)
summarized, the generally negative results of the mam
malian studies may be due to the "non-existence of
induced mutations having only moderate individual ef
fects on heterozygotes, to the failure to find the right
indicator trait or to the relatively small sizes of the
experiments so far conducted and their relative lack
of power for discriminating small genetic differences in
the presence of large amounts of non-genetic varia
bility".

5. Summary and conclusions

220. The average spontaneous forward mutation
rate at the five coat-colour loci studied in the mouse
(a, b, c, d and tn) in the course of routine breeding
is 11.3 10-0 per locus per gamete, based on mutations
that occurred in both males and females. This rate is
about five times that for spontaneous back-mutations
at these loci.

221. At other loci studied in conjunction with
radiation experiments the average forward mutation
rate is 7.9 10-0 per locus per gamete in males and 1.4
10-6 or 4.9 10-6 per locus per gamete (depending on
the method of estimation) in females.

222. The over-all rates of spontaneous forward
mutations to recessive alleles at 26 unselected loci and
to dominant visibles at 12 other unselected loci are
not significantly different fr0In: one another,. but sig
nificantly lower than the speCIfic-locus rate m males
mentioned above.

223. The recent data on the induction of specific
locus mutations, dominant and recessive visibles and
recessive lethals in spermatogonia ~nd oocytes. of 1;he
mouse and of the rat are in essentIal conformIty WIth
the earlier mouse data and strengthen the conclusions
reached by the Committee in 1966.

224. The available data from experiments involving
acute x-ray exposures. of up t<;> 600 roentgens .\adult
spermatogonia) permIt an estImate of 1.7 10 per
locus per gamete per roentgen ~s the ayeragc rate. of
induction of specific-locus mutatIOns, thIS figure. be~ng
based on all the 12 loci studied with equal weIghting
given to each locus.

225. The rate of induction of specific-!ocus muta
tions in the spermatogonia of new-born mIC~ (on day
of birth) is less than one half of that obtamed after
irradiation of adults with the same x-ray e~posure of
300 roentgens; the combined ~ata from nme groups
of males irradiated at ages rangmg from ~ to 35 days
give a rate of induction not significan.tly dIfferent from
that recorded for adult spermatogoma. For .ne:v-b?rn
female mice irradiated (300 R. of x .rays) WIthm ~me
hours after birth, the rate of mductlon IS only a out



234. According to the Oakberg-Huckins modeJ, re
newal of stem cells occurs by the division of some AI
spermatogonia to form more isolated As cells; o0er

divisions of As spermatogonia result in the fon.nati?n
of "paired" cells and constitute the initial. step III dif
ferentiation. Further divisions of the paIrs result In

one sixth of that expected from similar irradiation of
adult females.

226. Specific-locus mutations can be readily in
duced by low-dose-rate neutrons (0.011 rad min-1) in
primordial spermatogonia and oogonia by irradiating
mouse embryos in utero. The rate of induction per
locus in primordial spermatogonia (4.2 10-7 rad-I) is
somewhat lower than that obtained after irradiation of
adult spermatogonia; the rate per locus in primordial
oagonia (5.8 10-7 rad-I) is less than that in mature
oocytes irradiated at 0.17 rad min-1 and very much
higher than that after low-dose-rate irradiation (0.0007
rad min-I) of oocytes.

227. The results of genetic analysis and comple
mentation tests at the d se region (linkage group II of
the mouse) have led to an improvement of our under
standing of the nature of radiation-induced mutations
in the mouse and strongly support the idea that the
specific-locus mutations studied in the mouse may be
predominantly one-track events.

228. There is controversy on the use of sex-propor
tion and litter-size changes as measures of sex-linked
lethal damage in mice; there is evidence showing that
these changes can be due to factors other than sex
linked lethalsand until the exact role of sex-linked
lethals in causing these changes is more clearly defined,
the· meaning of the estimates derived using these
changes as criteria must, for the time being, be re
garded as open t? question.

229. Attempts at measuring the over-all effects of
induced mutations using several measurable end-points
believed to be components of fitness have, in general,
yielded negative results and suggest that the deleterious
effects in heterozygotes are presumably much less
severe than would be expected from the results of
Drosophila experiments.

G. SPERMATOGONIAL STEM-CELL RENEWAL AND
ITS RELATIONSHIP TO GENETIC EFFECTS

230. Description of the stages of the cycles of semi
niferous epithelium has made possible the accurate
identification of cells, the determination of cell line
ages, the quantitation of cells and the elucidation of
cell development times in spermatogenesis (233, 356).
It became clear that the stem cell of the seminiferous
epithelium is a type A spermatogonium which, by a
series of divisions plus differentiation, gives rise to an
unlimited number of intermediate spermatogonia irre
versibly committed to the production of more mature
cell types (87, 233, 356). Some type-A cells fail
to differentiate and become the stem cells for the next
multiplication cycle. This process has been termed
stem-cell renewal.

231. Currently, the most widely accepted model of
spermatogonial stem-cell renewal is that proposed by
Clermont and Bustos-Obregon (88) as a result of a
study of tubule whole mounts in the rat. According
to these authors, the spermatogonial population of the
rat is made up of two groups of cells. The first con
stitutes the actively renewing population and is com
prised of spermatogonial types A I-A 4• Spermatogonia
of each type divide sequentially, each type giving rise
to the one next to it in the series, and are involved in
the four mitotic peaks of spermatogonial multiplication.
Most A 4 cells divide to form intermediate spermato
gonia; a few, however, give rise to Al cells which later
initiate a new cycle.
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232. Th~ slecofnd WOu
d
P 0llf type-A spermatogonia

occurs as smg e or paIre ce s that do not normally
contribute to the replenishment of A spermatogon'
and are considered to function as "reserve stem cens~~
These cells designated as A o constitute about 20 pe'
cent of the A population and become active only if th~
more mature class~s ?f cells become depleted by some
agent such as radIatIon. The whole sequence can be
diagrammed as follows:

Ao

fAm,••"d 'oom",.my l (A''\
(A4 A2

\AJ
Jntermediate spermatogonia 3

t
Type B spermatogonia

t
Primary spermatocytes

233. The recent studies of Oakberg (361, 362
363) in the mouse and of Huckins (182) in the rat'
however, have led to a different model of spermato~
gonial stem-cell renewal (as diagrammed below) which
casts the Ao spermatogonium of Clermont and Bustos
Obregon (88) in the role of the active stem cell.
Accordingly, the authors have proposed the designation
As for this type of cell.
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higher only in the F i and F2 offspring after spermato
gonial irradiation; (c) in experiments in which the
gonial stages were irradiated, post-natal mortality (per
cent dead between birth and 90 days) was enhanced
only in the F 2 ; and Cd) the incidence of skeletal ab
normalities (curvatures of the vertebral column) and
of pigmentation defects of the body was higher in the
generations of the hybrid and inbred lines that were
born after irradiation.

262. Newcombe and McGregor (351) investigated
the incidence of major malformations (eyes, head,
tail, etc.) and of several minor ones in the embryos
and fry of the rainbow trout, Salmo gairdnerii, derived
from in vitro irradiated sperm or eggs. Fertilization
was accomplished by mixing and stirring the gametes
in petri dishes. The sperm or the eggs were given x-ray
doses of 200, 2,000 and 20,000 rads in 2.1, 2.4 and
13.4 minutes, respectively. Screening for malformations
in embryos was done by stereo-microscopic examina
tion.

263. Major malformations, equivalent to the skele
tal mutations described by Ehling in the mouse, were
substantially more frequent following irradiation. The
response per unit dose fell off at high doses but at 200
rads, the lowest dose used, the yield was approximately
300 lO-a per embryo per rad for irradiations of either
gamete.

264. In an extension of this work to low doses,
McGregor and Newcombe (299) showed that, follow
ing gamma irradiation CUOCo) of sperm, the frequency
of major eye malformations in the immediate offspring
followed a linear relationship in the 25-400 rad range
C5 levels). Analysis of the survival data revealed that,
at doses of 25 and 50 rads, there was a significant
increase (by about 35 and 40 per cent, respectively)
in the proportion of' eggs with embryos as compared
with unirradiated controls. After 400 rads, however,
the yield of embryos was greatly reduced (352). The
"beneficial" effect of the lower doses is more apparent
during the early and intenllediate stages of embryonic
development while the "harmful" effect of .the higher
dose is expressed mainly during the intennediate stages
(300).

265. In another study (298) the embryos received
x-ray doses of 10, 100 and 1,000 rads at early cleavage,
late cleavage, blastula and germ-ring stages. Ten and
100 rads had little or no effect on egg mortality. The
loss of ability to produce visible embryos was greatest
following 1,000 rads, and resistance to the lethal effects
of this dose increased progressively with the age of the
embryo. More interesting, however, is the finding that
the embryos developed a high incidence of major
malformations when irradiated prior to active organo
genesis, there being a peak effect of 40 per cent eye
malformations and 35 per cent body malformations at
late cleavage. This observation is in contrast with the
evidence from studies in the mouse (429). The au
thors suggest that the apparent lack of quantitatively
similar responses in mammals must be due to loss of
potentially malformed individuals resulting from selec
tive failures to implant or from post-implantation
deaths.

mates of mutation rate, however, can be made from
their data.

257. In a further extension of their study, Alber
tini and de Mars (7) have obtained evidence showing
that (a) the exposure-frequency relationship for the
x-ray induction of HG-PRT mutations may be non
linear (exposure levels: 75, 125, 150 and 250 R);
(b) the HG-PRT activity varied among the mutants
tested. Approximately one half of the derived strains
had very low activity comparable to that found in
Lesch-Nyhan cells, while the remainder showed inter
mediate activity and one strain had activity in the nor
mal range; and (c) surprisingly, all but one of the
mutants were able to utilize hypoxanthine for growth
in the presence of an aminopterin block; they did this
as well as normal cells, regardless of the apparent HG
PRT activity. Current attempts of Albertini and de
Mars are directed towards an understanding of whether
the various phenotypic classes of AG-resistant mutants
represent a multiple allelic series of one gene or muta
tions at different loci.

258. In table 25, the mutation rates in mammalian
somatic cells in vitro are compared with the rates
known in germ cells of the mouse and in some other
organisms on the one hand, and with the rates in
micro-organisms on the other. It can readily be seen
that the mutation rates per locus per cell (or gamete)
per roentgen are considerably higher in animal cells
and cell systems than those in micro-organisms. Bridges
and Huckle (51) suggest that the high mutability of
animal cells may be a general property of both somatic
and germinal cells, not specifically associated with
meiotic stages.

259. From what has been presented in this section,
it seems clear that biochemical mutations can be in
duced in mammalian ceIIs in culture after exposure to
UV light and to ionizing radiation suggesting that
such studies have a great deal of potential to permit
insights into the mutagenic sensitivity of mammalian
cells, information which will be of great value in
facilitating comparisons with what is already known
for germ cells. It is hoped that somatic cell genetics
studies will eventuaIIy complement studies with germ
ceIIs and will provide a surer basis to evaluate the
genetic sensitivity of the human species to ionizing
radiations.

II. Effects in fish

260. Schroder (473) studied the genetic effects of
x-irradiation in male and female germ-cell stages of
the guppy, Lebistes reticulatus, a viviparous species of
fish. A hybrid (obtained by crossing two inbred lines)
and one inbred line were employed as experimental
material. To sample presumed primordial gametogonial
stages, new-born male or female guppies of the hybrid
line were given x-ray exposures of 1,000 roentgens.
To sample later stages, adults of the inbred line were
exposed to radiation (SOD and 1,000 R to males or
females). Irradiated fish were appropriately mated to
raise the Fi and subsequent generations, without any
further irradiation.

261. The results showed that: (a) irradiation of
primordial germ cells led to no significant changes in ITI. Effects in insects
litter size (live-born per litter; first four litters) though A. Loss OR ADDITION OF CHROMOSOMES
in the inbred lines a trend towards increasing litter size
was seen in the F2 to F{ generations; (b) the frequency 266. It is known from earlier studies if! Dros?phila
of still-born fish (expressed as per cent live-born) was (462, 533, 556, 615) that (a) for the lllductlOn of
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~ :xx females + 1: XO males

1: XY males + ~ XO males
~ XO males

Definition 1.

Definition 2.

9 Frequency of X-chromosome losses:
1: XO males

some in Drosophila sperm is profoundly influenced by
the genotype of the females with which the irradiated
males are mated. Furthermore, the rate of loss observed
in brood 1 (first day of egg-laying) was twice that in
brood 2 (second to fourth day of egg-laying) this being
true for all types of females used. The authors suggest
that a plausible interpretation for the observed "brood
pattern" is that there may be a difference in the ma
ternal effect depending on whether aged stage-14
oocytes (first day sampling) or newly produced stage
14 oocytes (not aged, second to fourth day sampling)
are fertilized by irradiated spermatozoa.

(b) Female germ cells

(i) Exposure-frequency relationships

271. Traut (557) compared the frequencies of
X-chromosome losses induced in mature (stage-14)
and immature (stage-7) oocytes of Drosophila melana
gaster at x-ray exposures of 100, 200 and 400 roent
gens. In stage-7 oocytes, the frequencies increased
linearly with increasing exposures. In stage-14 oocytes,
however, the relationship was non-linear. In the expo
sure range studied, stage-14 oocytes seem to be 23 to
31 times as sensitive as stage-7 oocytes depending on
the definition9 used to calculate the frequencies of
X-chromosome losses.

272. In view of the fact that in Traut's experiments
a 24-hour period was employed to sample stage-14
ceIIs and in view of the known heterogeneities in sensi
tivity within such samples (616) the sensitivity ratios
given in the preceding paragraph are to be regarded
as only approximate.

273. In a subsequent study Traut and Scheid (564)
studied the problem in relatively more homogeneous
samples by restricting the period of egg-laying to eight
hours so as to sample stage-14 ceIls. The x-ray expo
sures employed were 100, 200, 300 and 400 roentgens.
The earlier general conclusion of a non-linear dose
response for induced X-chromosome losses was con
firmed, but the absolute frequencies at comparable
exposure levels in the present study were much higher
than in the previous one, obviously a result of im
proved sampling technique.

274. Kiriazis (219) investigated the induction of
X and chromosome IV losses in stage-14 oocytes at
x-ray exposures of 100, 200, 300, 400 and 500 roent
gens. Egg-laying was restricted to the first 12 hours
following irradiation. At comparable exposures, the
frequencies of XO males recorded in this study were
of the same magnitude as those found by Traut and
Scheid (564).

275. The data of Kiriazis on the loss of chromosome
IV in the same germ-cell stage are not in agreement
with the X-chromosome results. There is no effect ob
served for the loss of chromosome IV. Although the
numbers are small at some exposures, the probable
explanation is that the majority of the haplo-IV indi
viduals are not viable and have died before ecIosion.

276. In summary, in spite of differences in absolute
frequencies at comparable exposures observed between

1. Chromosome loss in Drosophila

(a) Male germ cells

267. Traut, Scheid and Wind (566) observed that
the frequency of X-chromosome losses induced in ma
ture sperm increases with exposure (1,000-4,000 R)
with a dose exponent greater than one. In a parallel
cytological study, the authors obtained evidence indi
cating that more than 90 per cent of the losses at 4,000
roentgens were partial (detected as ring and rod frag
ments). Since partial losses are expected to be two-hit
events, the results of the cytological and genetic study
complement each other well.

268. In an investigation designed to study the in
duction of ring-X-chromosome losses in various stages
of spermatogenesis, Leigh (241) observed that in
post-meiotic stages the frequencies of XO males in
crease linearly with x-ray exposures (500-3,000 R).
In spermatocytes, however, the yield increases faster
than linearly over the same range of exposures, indi
cating that a two-hit mechanism might be involved.
The author suggests that induced crossing-over may be
the mechanism largely responsible for the production
of high frequencies of XO males in spermatocytes.

269. In another study (240) the frequencies of ring
X-chromosome losses induced in mature spermatozoa
were found to be almost identical whether the males
were x-irradiated in nitrogen or in oxygen atmosphere.
This observation is in line with that reported by Baker
and von Halle (27) for the loss of inverted rod-X
chromosomes, but is in contrast to that recorded for
the loss of structurally normal rod-X chromosomes
(269, 462, 605), for sex-linked lethals and for auto
somal translocations, where a marked oxygen enhance
ment effect has been found. The induced rate of ring
X-chromosome loss, however, is greater than the rate
of both normal and inverted rod-X chromosomes and
this may be in some way related to the configuration of
the ring-X chromosome. No satisfactory explanation is
yet available to account for the refractoriness of ring
X-chromosome losses to changes in oxygen tension.

270. Wiirglei and Maier (604) have recently re
ported that the x-ray induced loss of ring-X chromo-
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X-chromosome losses in males, spermatocytes are the
most sensitive stage, followed byspermatids, spermato
zoa and spermatogonia in that order (the situation
being thus different from that in the mouse where
spermatids have been found to be the most sensitive
stage, paragraph 133); (b) below 1,000 roentgens, the
results in spermatocytes are consistent with a linear
dose-effect relationship, the rate of induction of XOs
being approximately 2.3 10-11 per roentgen, a figure
which is close to that obtained for spermatocytes in
the mouse; (c) for the induction of X-chromosome
non-disjunction, spermatocytes again are the most
sensitive stage; (d) in females, the sensitivity of the
germ cells to radiation-induced X-chromosome losses
varies strikingly during oogenesis; (e) in stage-7
oocytes (Prophase I of meiosis), the frequency of
X-losses increases faster than linearly with exposures
in the range from 500-5,000 roentgens; and (f) in the
same exposure range, the dose-effect relationship for
X-chromosomes non-disjunction in stage-7 oocytes
follows some kind of step-wise pattern and is not
amenable to any simple interpretation. The data that
have been collected in recent years confirm and extend
these findings.
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experiments of different investigators, it is safe to con
clude that in stage-14 oOcytes, the yield of X-chromo
some losses in the range 100-500 roentgens increases
with exposure with a dose exponent greater than one.
In stage-7 oocytes, however, the dose-response curve
is linear between 100 to 400 roentgens after which
level it becomes n~n-linear, suggesting that, at higher
exposures, there nught be a two-track contribution in
the induction of this type of genetic damage.

(ii) Exposure fractionation and exposure rate

277. Traut (560) investigated the effects of x-ray
dose fractionation and of dose rate on the yield of XO
males obtained from stage-14 and stage-7 oocytes. Egg
laying was restricted to 18 hours in sampling stage-14
oocytes and to 48 hours in sampling stage-7 oocytes. In
stage-14 oocytes, when a total exposure of 400 roent
gens was split into two equal fractions separated by a
20-minute interval, no fractionation effect was ob
served.

278. The lack of fractionation effect might be due
to the fact that chromosome-breaks induced in stage
14 oocytes do not rejoin before fertilization. In stage-7
oocytes, however, when total exposures of 2,000, 4,000
and 5,000 roentgens were split into two equal frac
tions separated by either 20 or 60 minutes, there was
a decrease in the yield of XO males relative to single
exposures but this decrease was significant only with
2,000 + 2,000 roentgens separated by 60 minutes.

279. With an exposure of 2,000 roentgens delivered
at a rate of 50 R min-1 (as compared with 850 R
min-1 ) to stage-7 oocytes, no dose-rate effect could
be detected. But with 3,000 roentgens at 100 R min-1,

there was a significant decline relative to the single
acute exposure.

280. It is known that repair of radiation damage in
stage-7 oocytes is completed within approximately 15
to 20 minutes following irradiation (389). On this
basis, and because of the multi-hit dose response for
XO induction in this germ-cell stage (219, 556), one
would expect that the fractionation procedure and the
dose rate employed by Traut should lead to a reduc
tion in the frequencies of XO males. However, such
a reduction was observed in only two out of seven
experiments. The causes for the discrepancy are not
known.

281. In more recent work with stage-7 oocytes,
Traut (563) found that the frequency of X-chromo
some losses decreased highly significantly with frac
tionated exposure (1,800 R in two equal fractions
separated by one, three or five hours) and at lower
exposure rates (10 R min-1 ) relative to those obtained
with single exposures delivered at 850 R min-1. The
reduction, however was more pronounced with the
lowering of the exposure rate than with fractionation.
In the latter series of experiments, a one-hour interval
between the exposure fractions was found to be al
ready sufficient to cause a reduction in the X-loss
frequencies such that there was no further decrement
in frequency with increasing intervals.

(iii) Cytological analysis

282. Traut and Scheid (565) carried out a cytol
ogical study of X-chromosome losses induced in
oocyte stages 7 and 14, similar to the one reported
earlier for mature sperm (paragraph 267). About 39
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p~r cent (13/33) of the losses induced in stage-14
ooc~tes ~ter an x~ray exposure of 400 roentgens were
partIal. Smce partial losses are in general expected to
be two-track events, this result corroborates that
?btaine~ in genetic studies (paragraphs 266, 273). It
IS considered that the frequency of partial losses
o.bserved in. this. study is sufficient to account for the
Ilse above lmeanty of the dose-effect curve observed in
experiments with mature oocytes.

283. Similar results were obtained for X-chromo
some losses induced in stage-7 oocytes after an x-ray
exp~sure of 3,?00 roentgens. Nevertheless, the pro
portIOn of partial losses (amounting to between 7(3/
43) and 23 (10/43) per cent depending on whether
the dot-like small fragments observed Were chromo
some IV or of X-chromosomal origin) is not large
enough to account for the whole two-track component
observed at this exposure.

284. In order to determine the nature of the un
classified dot-like fragments Traut and Scheid (567)
resorted to staining with quinacine dichloride and
fluorescence microscopical analysis of the cerebral
ganglia.of F1 larva: originating from complete or partial
X-loss mdllced by x rays (3,500 R) in stage-7 oocytes.
As has been demonstrated recently (584) the fourth
chromosome is more strongly fluorescent than any other
chromosome of Drosophila melanogaster except for
parts of the Y and a short region at the centromere
of the X chromosome.

285. Fluorescence analysis permitted an unam
biguous identification of the seven cases recovered
in this study which were characterized by a third
(instead of the normal two, corresponding to the two
fourth chromosomes) dot-like fragment as being fourth
chromosomes. The results demonstrate a positive cor
relation between the x-ray induction of complete X
chromosome loss and chromosome IV non-disjunction
in stage-7 oocytes.

286. A possible mechanism underlying the corre
lation observed might be radiation-induced interchange
between chromosome X and chromosome IV followed
by the separation of the heterologues at the first meiotic
division. Consequently, the homologues of the inter
change-involved X and IV might segregate more or
less at random, thus producing (among other non
disjunctional types) nullo-X, diplo-IV gametes. This
attractive hypothesis has been developed by Parker
(388) from his work on x-ray induced detachment of
the attached-Xs. After irradiation of attached-X fe
males, Parker also recovered relatively frequently
mono-X, triplo-IV individuals. However, it remains to
be seen whether in immature oocytes with free X
chromosomes (as used in the study of Traut and
Scheid) interchanges between the X chromosomes and
chromosome IV are induced at frequencies high
enough to correspond to the mechanism postulated
above.

287. Grell et al. (160) investigated the role of
chromosome size in radiation-induced loss of chromo
somes by irradiating newly eclosed females (most
advanced stage: stage-7 oocytes) carrying two extra
small chromosomes of equivalent length, one a free
IV and the other a free X duplication. These two extra
chromosomes constitute approximately one tenth of
the length of the normal X chromosome. With x-ray
exposures of 4,000 roentgens the normal X chromo
somes are lost about three times as often as the X
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of sex-linked lethals and autosomal translocations
induced in the successive stages of spermatogenesis.
Of particular importance was the finding that for any
given radiation exposure in nitrogen, the frequencies
of lethals and of translocations are almost identical
in mature spermatozoa and in late spermatids. How
ever, when irradiation is carried out in air, the fre
quencies are higher in mature spermatozoa than in
late spermatids, and significantly so at higher exposures.

314. In an independent study designed to explore
the basis for the differences in radio-sensitivity between
mature spermatozoa and later spermatids, Sobels (523)
found that these differences disappeared when irradia
tions were performed in either nitrogen or oxygen but
were quite pronounced with irradiations in air. The
observations of Shiomi and Sobels are best interpreted
as indicating that, under normal conditions in air,
mature spermatozoa are relatively more oxygenated
than late spermatids. These findings have since been
extended to dominant lethals in these two germ-cell
stages (460). This interpretation finds further support
in studies with fast-neutron irradiation where it has
been found that neutrons are more efficient than x rays
in inducing genetic damage in late spermatids than in
mature spermatozoa (526; table 26).

315. Inagaki and Nakao (184) observed that in
Drosophila spermatozoa the frequencies of complete
mutations at four X-linked recessive visible loci in
creased non-linearly with increasing exposures (1,000
4,000 R). However, the frequency of 0.05 per cent
does not differ significantly from the control frequency
and consequently, it seems doubtful whether mosaic
mutations were induced at all.

(ii) Silkworm

316. Tazima and Onimaru (550) irradiated wild.
type silkworm males with gamma rays (2,500-15,000
R; 4 levels; 331 R min-1 ) and found that in mature
sperm the exposure-frequency relationship was linear
for complete mutations and exponential for mosaic
mutations at the pe and re loci. With x-ray exposures
of 2,500 to 10,000 roentgens (4 levels; 100 R min-1)

Inagaki and Nakao (185) also obtained similar results.
The kinetics of the induction of mosaics in silkworm
spermatozoa thus differs from that observed for Droso
phila spermatozoa (paragraph 315).

317. The results of Tazima and Onimaru (550)
also indicate that the rate of induction of mosaic and
complete mutations varies with the progress of sper
matogenesis. In spermatogonia, mosaics are induced
at extremely low rates (1-2 10-6 R-l) relative to com
plete mutations (39-354 10-6 R-\ depending on the
exposure and locus). The frequencies of both mosaics
and complete mutations increase sharply through meiotic
prophase up to V-4.5 (fifth instar larvre, day 4.5)
although most mutations are still complete. Around
V-4.5 the ratio of complete to mosaic mutations
reaches unity and, from then on, relatively more mosaic
than complete mutations are produced.

318. Tazima and Murakami (549) have recently
summarized the data on the mutational response of
male germ cells to x-irradiation of several sensitive
and resistant strains of silkworm studied by them.
The original criterion of selection was based on the
LD50 values for embryonic killing by x-irradiation,
which varied over a threefold range from about 670
roentgens for the most sensitive strain to about 2,000
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roentgens for the most resistant strain. Sensitivity to
mutation induction was compared at three different
stages of spermatogenesis: spermatogonia, spermatids
and spermatozoa.

319. Marked (up to tenfold) differences were
observed among the strains when spermatogonia were
irradiated. The differences, however, diminished as
more advanced stages were sampled, being about two
to threefold in spermatids and only about l.5-fold
in spermatozoa.

320. Murakami et aI. (344) showed that fractionat
ing a 1,000-rad dose of 14 MeV neutrons (two equal
fractions separated by 10 to 45 hours) can more than
double the frequency of specific-locus mutations when
spermatogonia are irradiated soon after hatching of
the silkworm egg. This is similar to the previous finding
with low-LET radiation (548) but the peak yield was
obtained with a 36-hour interval for neutrons, in
contrast to 18 hours for x or gamma rays. The
enhancing effect is probably the result of differential
radio-sensitivity within the gonial cycle.

(b) Internally-deposited radio-active isotopes

321. Earlier work with radio-active nucleosides such
as 8H-thymidine, 8H-uridine etc., showed that these
substances are capable of producing mutations in
Drosophila germ cells (204, 205, 374). Recently,
Kieft (214) studied the induction of recessive lethals
by 8H-uridine and 8H-thymidine following injection of
these nucleosides into adult Drosophila males. Six suc
cessive two-day broods were taken and the maximum
sensitivity was observed in the broods corresponding
to spermatocytes and late spermatogonia. This finding
is similar to the one reported by Olivieri and Oli
vieri (374).

322. In Kieft's work, uridine with tritium in the
5 position of the pyrimidine ring produced approxi
mately twice as many lethals as an equivalent dose of
6-8H-thymidine. This finding might indicate a possible
transmutation effect at the site of tritium decay.

323. Kaplan and Oftedal (206) made a similar
study using SH-thymidine. Each brood was of one-day
duration. Elevated mutation rates were observed earlier
than the tenth day post-injection, when the first labelled
sperm cells are expected to be available for fertiliza
tions. Radio-autographs prepared from testes of males
taken from successive broods disclosed a cytoplasmic
label which was removable by DNAse. The authors
suggest that beta rays from the labelled cytoplasmic
DNA was responsible for the mutations produced in
the early broods. The nature of the cytoplasmic body
which had incorporated the 8H-thymidine is not known.

324. In early work on 82p mutagenesis in Droso
phila (reviewed in reference 366) there were difficulties
in critically separating the mutagenic effects of beta
irradiation from those from transmutation of 82p to 828.
Lee et aI. (236) showed that these two effects could
be separated by storing labelled spermatozoa in unlabel
led females and found no mutagenic effects of trans
mutation that could be detected by genetic tests in
the F 1 and F 2 generations. However, when the experi
ments were extended for an additional generation, a
significant increase of sex-linked recessive lethals (de
tected in the Fs) was observed (235). The authors
have attributed this increase to transmutation effects.
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325. In another study concerned with the mutagenic
effects of transmutation of HC to 14N, Lee (234)
obtained results similar to those outlined in paragraph
324, in the F1 and F2 tests; tests are not yet com
pleted for the F3 and later generations.

2. Female germ cells

(a) Drosophila

(i) Introduction

326. Much of the radiation genetics work in female
Drosophila has been concerned with two stages, desig
nated in the terminology of King, Rubinson and Smith
(218) as 7 and 14, which are, respectively, the oldest
stages in newly emerged females and the fully mature
chorionated oocyte found in females ready to begin
egg-laying (usually during the second day of adult
life). Stage-7 and stage-14 oocytes are in prophase I
and in metaphase I of meiosis, respectively. In recent
years, other meiotic stages in the eggs and early mitotic
stages in embryonic development have also received
attention. The sensitivity varies widely over these stages.
Stage 14 and division stages are much more sensitive
than stage. 7 and the stages preceding it, the extent of
the difference depending very much on the kind of
genetic damage under observation (383, 386).

(li) Recessive lethals

327. Parker (382) published a brief paper on re
cessive lethals induced in stages 7 and 14 showing that
in both stages, a quadratic equation fits the data better
than a linear one. Here the apparent differences in sen
sitivity are at their smallest. The dose required to give
equivalent damage in stage 7 is only about two to three
times that required in stage 14, and the major increase
in stage 14 seems to be the component that is increas
ing approximately as the square of the dose.

328. Markowitz (295) investigated the effects of
exposure rate in stage-7 oocytes by irradiating Droso
phila females with gamma rays (l37CS) at about 4.8
and 300 roentgens per minute (total exposures 2,000
and 4,000 R). Sex-linked lethals were the measured
end-point of genetic damage. In the experiments of
Meyer quoted in Markowitz's paper, an essentially sim
ilar scheme was used except that in her study, chromo
some II recessive lethals were scored. In neither series
of experiments was there any evidence of a dose-rate
effect.

329. With an x-ray exposure of 3,000 roentgens
delivered to stage-7 oocytes at rates of approximately
3,000, 150 and 50 R min-I, Sankaranarayanan (460)
also found that sex-linked and autosomal (chromosome
IT) recessive lethal frequencies were nearly the same
irrespective of the exposure rate. However, the results
of dominant lethal tests in the same germ-cell stage
likewise irradiated showed that the damage was less
at lower exposure rates.

330. Meyer and Abrahamson (303) have recently
obtained data on exposure-frequency relationship for
sex-linked lethals in oogonia after x-irradiation with 20,
100, 500 and 6,000 roentgens. Over 166,000 X chro
mosomes have so far been tested. The mutation fre
quencies (in per cent) recorded in this study are as
follows: Control: 0.17 ± 0.02; 20 R: 0.17 ± 0.02;
100 R: 0.14 ± 0.02; 500 R: 0.27 ± 0.03 and 6,000
R: 2.81 ± 0.27.
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331. It can be seen that the frequency after 6,000
roentgens (corrected for controls) is in line with the
expectation based on 0.5 per cent lethals per 1,000
roentgens found by many investigators (329, 414);
however, those at the lower exposure levels are low
suggesting the lack of a linear exposure-frequency
relationship in this range. As a working hypothesis the
authors suggest that low doses of radiation may induce
repair of mutational damage (compare with the results
of Newcombe and McGregor (352) in fish; paragraph
264).

332. Rinehart and Lee (414) have presented the
results of a large-scale study (over 70,000 X chromo
somes tested) with oagoma where sex-linked lethal
frequencies were determined following gamma (l37CS)
or x-ray exposures (2,000 or 4,000 R) delivered at
intensities in the range from 0.13 to 4,000 roentgens
per minute. The results indicate a small reduction in
mutation frequencies (2.6 versus 2.0 per cent: 4,000
R) when the exposure rate is lowered from 4,000 roent
gens per minute to 50 roentgens per minute. Below
this exposure rate, there was no further reduction.

333. These results are thus qualitatively similar to
those obtained in mouse spermatogonia (440, para
graph 155) although, in the latter experiments, the
range of intensities was different and the magnitude
of the effect was greater (table 14). As in the case
of mouse spermatogonia, the Drosophila results with
oogonia show that there is no threshold exposure rate
below which no mutations are induced. It may perhaps
be mentioned that the results of earlier investigators
(329, 401, 403, 404) have not provided unequivocal
evidence for a dose-rate effect (of the type found in
the mouse) for the induction of recessive lethal muta
tions in any of the Drosophila germ-cell stages tested
thus far. Even in the one experiment with spermato
gonia where an exposure rate of 0.01 roentgen per
minute (200 R) produced a significantly lower muta
tion frequency than that of 2.6 roentgens per minute,
this single observation was not regarded as conclusive
(401).

(iii) Autosomal translocations

334. Traut (558, 559) has published the results
of a genetic investigation in which the induction of re
ciprocal autosomal translocations (between chromo
somes II and III) by x-irradiation of mature (stage 14)
and immature (stage 7) oocytes of Drosophila was
studied. In stage-14 cells, frequencies of 0.25 per cent
(13 out of 5,158 tested gametes), 0.36 per cent (14/
3935), 0.36 per cent (12/3334) and 0.22 per cent
(6/2699) were recorded after exposures of 250, 500,
750 and 1,000 roentgens respectively. The dose-effect
relationship thus bears a general resemblance to that
obtained with x-irradiated mouse spermatogonia (para
graph 49). In stage-7 oocytes, Traut obtained a fre
quency of 0.32 per cent translocations (7/8877) after
4,000 roentgens.

(iv) Chromatid interchanges (half-translocations)

335. While attempts to recover reciprocal translo
cations from irradiated Drosophila females have not
been very successful, it has been possible, when the
effects of aneuploidy are not so great, to recover one
of the two products of exchange between two chromo
somes. These "half-translocations" as some workers
call them (3) are chromatid interchanges and have
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(v) Meiotic stages beyond metaphase I

342. Wtirgler and his colleagues have made exten
sive studies on the variations in radio-sensitivity during
meiotic and early cleavage stages of Drosophila eggs
(~52, ~9~, 471, 607, 611). I!l newly-inseminated eggs
laId wIthm the first three mmutes or so, the oocyte
nucleus progresses from metaphase I to anaphase I
and the paternal genome is still contained within the
condensed sperm head. It has been shown by Schneider
Minder (471) that meiosis of the maternal genome is
completed and maternal pronucleus formed within the
first 15 minutes after the egg is laid. Simultaneous
with the meiotic divisions, the initially condensed
sperm head changes into the paternal pronucleus.

343. Petermann (393) and Oraf et at. (152) found
that in newly-inseminated eggs the paternal X chromo
some is more sensitive to the x-ray induction of re
cessive lethals than the maternal X which shows no
change in sensitivity at any stage from anaphase I
until the completion of meiosis. In contrast, the pater
nal X in the sperm head which changes into the pa
ternal pronucleus goes through a transient phase of
very high sensitivity (nearly twice that of the maternal
X and of the paternal X in eggs 10-16 minutes after
egg deposition). The authors speculate that this tran
sient high sensitivity may be connected with the re
placement of the arginine-rich histone by a lysine-rich
histone in the paternal chromosomes.

344. Wtirgler (608) observed essentially a similar
pattern with regard to the x-ray (500 R) induction of
autosomal translocations in newly-inseminated eggs. A
constant rate of 0.3 per cent translocations within the
maternal chromosome set was found throughout the
period during which the maternal genome passes from
meiotic metaphase I to the pronuclear stage. However,
during the period when the sperm head transforms into
the paternal pronucleus, a rate of 2.3 per cent trans
locations within the paternal chromosome set was
found. This rate fell to 0.2 per cent with the progres
sion towards the pronuclear stage. From the recovery
of three maternal-paternal translocations, Wilrgler
estimates that the maximum rejoining time for chromo
some breaks induced in newly-inseminated eggs is
of the order of 10 minutes.

(b) Silkworm

345. Inagaki and Nakao (185) observed that x
irradiation (1,000-4,000 R) of mature silkworm
oocytes produced predominantly complete mutations.
The exposure-frequency relationship was non-linear,
with a dose exponent greater than one. In contrast, the
frequency of mosaics increased only slightly with in
creasing exposures.

346. Murakami (336) treated silkworm oocytes at
different stages during meiosis I with x-ray exposures
ranging from 1,000 to 6,000 roentgens. Using em
bryonic mortality as the criterion of genetic damage,
Murakami found that the silkwonn oocytes were more
radio-sensitive in metaphase I-anaphase I than in
other phases, a finding which is in line with the results
obtained in other insect species (383,583). The LD 1iO
values for embryonic mortality increased from 2,100
roentgens for oocytes in metaphase I and early ana
phase I to 4,150 roentgens for prophase-I oocytes
sampled from late pupae.
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been found as detachments of attached-X chromosomes
involving exchanges between X and Y, X and IV,
X and tips of major autosomes or as gross deletions
of an X from the attached-X chromosome (386).

336. Parker's data on the frequency of detach
ments at various exposure levels in stages 7 and 14
show that the exposure-frequency relationship is of the
form (l-exp( -kD))2 where k is the mean number of
breaks in a chromosome in a site per roentgen and D
the exposure in roentgens. That is, the yield increases
as the square of the exposure at low exposures, while
at high exposures the curve begins to ~aturate. Conse
quently, when the exposure is doubled, there is less
than a fourfold increase in effect. Therefore, a D3/2
kinetics is simulated over the biological range (603).

337. In the ranges where meaningful comparisons
can be made, the difference in sensitivity between stages
7 and 14 can be expressed by a dose-reduction factor
of about five, i.e., an exposure of 200 roentgens pro
duces damage in stage-14 oocytes approximately equi
valent to that produced by 1,000 roentgens in stage-7
(383 ).

338. Abrahamson et at. (2) have recently shown
that in stage-14 oocytes, the exposure-frequency rela
tionship for induced detachments of attached-X chro
mosomes appears to fit a linear response between 10
and 50 roentgens; from 50 to 500 roentgens, the fre
quency follows the conventional D3/2 relationship.
Their results also show that an x-ray exposure of 10
roentgens to stage-14 oocytes causes a significant in
crease over control frequencies and more than doubles
them.

339. The exposure fractionation experiments of
Parker and Hammond (389) showed that in stage-7
oocytes when the fractions were separated by 15 min
utes or more, there was a significant decrease in detach
ment frequency, indicating that chromatid breaks rejoin
in about 15 mlnutes or so. In contrast, in stage-14
oocytes there was no fractionation effect even with a
24-hour interval between the exposure fractions. It was
therefore concluded that the broken ends did not rejoin
before fertilization. Abrahamson (l) reported similar
findings.

340. More recent studies of Parker (384, 385,
387, 388), Parker and Williamson (390) and William
son (594) have been concerned with devising sensi
tive methods for the detection of various kinds of aber
rations induced in female germ cells, detailed genetic
analysis of the aberrations so recovered, examination
of their disjunctional properties and so on (see also
paragraph 286).

341. Rinehart and Ratty (415) used a brood-pat
tern technique to study the x-ray induction of aberra
tions in stage 7 and earlier stages. When the number
of aberrations recovered from individual females was
compared, it was found that there was a significant
departure from expectation based on a Poisson distri
bution in which the aberrations were assumed to have
been recovered as independent events, i.e., there was a
deficit of females with fewer aberrations and an excess
of females with more aberrations. Furthermore, most
aberrations occurred among the earliest broods and
when individual females had multiple aberrations among
their offspring, such aberrations occurred as early
as the first brood. which is far too early to assume an
oogonial origin of these events. No satisfactory expla
nation is yet available to account for these results.



I 3. Summary and conclusions

I 347. The results presented in the preceding para
graphs entirely confirm and extend the conclusions
ireached in the 1966 report of the Committee on the
/existence of radio-sensitivity differences among germ
Icell stages in Drosophila and in silkworm. The magni-

l
tude of the difference varies between the stages and
depends very much on the kind of genetic damage
lunder observation.

I 348. In silkworm, the rate of induction of complete
and mosaic mutations at the pe and re loci varies in
different male germ-cell stages. In spermatozoa the
exposure-frequency relationship is linear for complete
mutations and exponential for mosaics.

349. Fractionated neutron-irradiation of silkworm
spermatogonia leads to an enhancement of the muta

I tion frequencies similar to what has been known for
low-LET radiations.

350. In Drosophila, it has been shown that the
sensitivity differences between mature spermatozoa and
late spermatids is due to a higher degree of oxygena
tion of the former germ-cell stage under normal condi-

I tions in air.

351. There is no dose-rate effect for the induction
of recessive lethals in stage-7 oocytes of Drosophila,
the situation being thus different from that obtaining in
mouse oocytes. However, such an effect has been ob
served in oogonia, the frequencies of sex-linked lethals
at 50 R min-1 being lower than those at 4,000 R min-1•

352. The exposure-frequency relationship for sex
linked lethals induced in Drosophila oogonia deviates
from linearity in the range from 20 to 500 roentgens,
namely, a reduction from that expected from higher
exposures (e.g. 6,000 R).

353. Autosomal translocations are induced at very
low frequencies in Drosophila oocytes. Sensitive meth
ods, however, are available to study the induction of
another type of chromosome aberration, namely, de
tachment of the attached-X chromosomes. The fre
quencies of detachment induced in mature (stage-14)
oocytes appear to increase linearly with exposures in
the range between 10 and 50 roentgens; beyond this
exposure and up to 500 roentgens, the kinetics follows
the D3 f 2 relationship.

354. In newly-inseminated Drosophila eggs, the
paternal X chromosome passes through a period of
high sensitivity during the transformation of the sperm
head into the paternal pronucleus. The .mater~a.1 .X
chromosome, however, shows no change III sensItIVIty
at any stage from anaphase I until the completion of
meiosis.

D. RELATIVE BIOLOGICAL EFFECTIVENESS

355. Earlier studies in insects designed to estimate
the RBE of high-LET radiations, especially of neu
trons, in inducing different kinds of genetic damage
were comprehensively reviewed in the 1966 report of
the Committee. In general terms, the conclusions were
that (a) compared to x or gamma rays, neutrons hn~e
RBE values almost always in the range from one to SIX
and (b) these values vary with the dose, the dose rate
a?d the energy spectrum of the neutrons and ~ay be
dIfferent for different germ-cell stages and for dIfferent
types of genetic damage. Since 1966 some new data

have become available and these will be reviewed in
the following paragraphs. Whenever necessary for pur
p.oses of comparison, earlier results will also be con
SIdered.

1. Drosophila

356. There have been several recent studies on neu~
tron RBEs for the induction of recessive lethals trans~
locations and dominant lethals in Drosophila and these
are summarized in table 26, which shows that the
~BE valu~s are dependent on ~e germ-cell stage, be
I?g lower ill mature sperms than III spermatids. In addi
tIon, they are higher for translocations than for reces
sive lethals. The stage-dependent differences in RBE
reflect differences in the degree of oxygenation of the
treated cells (paragraph 314). The disparity in the
RBE value! for comparable stages might be related to
the differences in neutron energies and to the lack of
standardized mating procedures in sampling given
germ-cell stages.

357. It may be noted that, for mature spermatozoa,
the RBE values recorded by Sobels and Broerse (526)
for the induction of sex-linked lethals (0.8) and trans~

locations (1.0) are lower than those found by others
(table 26) and those reported earlier by Eelington
(120) and Edington and Randolph (121). Sobels
and Broerse have argued that the discrepancy between
their estimates and those of Edington (120) and of
Edington and Randolph (121) might stem from the
possibly mixed population of germ-cell stages sampled
(mixture of late spermatids, with a lower x-ray sensi
tivity, and mature spermatozoa) and the use of gamma
rays as a standard to compute the RBE values (which
are known to be slightly less efficient in the production
of mutations than x rays) both of which in these
earlier studies would lead to higher RBE values than
those estimated from the data of Sobels and Broerse.

358. Beside the data given in table 26, Traut's
conclusions (555) may be also mentioned. He com
pared his results for translocation induction after x
irradiation of Drosophila spermatozoa at low doses
with those obtained by Muller (325) for fast-neutron
irradiation of males and concluded that the RBE at low
doses was in the range of 4.5 to 5.9 depending on the
dosimetric criteria used.

359. Nakao and Machida (348, 349) found that
the RBE of 2.5 MeV neutrons for dominant lethal in
duction in spermatozoa increased markedly with. de
creasing dose reaching a higher value than that gIven
in table 26 ~t low doses (experiments 11 and 12).
SobeIs and Broerse (526) also found that the neutron
versus x-ray RBEs for the induction of translocations
in late spermatids increased at low dose~ because of
the linearity of the neutron response whIle the x-ray
yield increased more than linearly, as expected.

360. Panikovskaia and Troitzky (619) found t~at
intermediate neutrons (200 keY) were more effective
1han gamma rays in inducing X-chromosome dele
tions in spermatids and spermatocytes but showed
about the same effectiveness as gamma rays when
spermatogonia or spermatozoa were irradiated.

361. Here it may be pointed out that the .RUEs of
neutrons for the induction of recessive lethals In Droso
phila spermatozoa are ~omewhat lower. than those for
the induction of speCIfic-locus mutatIOns found by
earlier investigators (186, 304, 375). The la~ter values
range from 4.0 to 5.3 in the different studIes.
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g62. Of the experiments reported in table 26, only
in one (experiment 1) were spermatogonia sampled.
The REB of 2.1 can be compared with the mean value
of 3.9 obtained by Murakami and coworkers (table
27) for the induction of specific-locus mutations in silk
worm after fission-neutron irradiation of late sperma
togonia.

363. Lamb et ai. (231) studied the mutagenic ef
fectiveness of 600-MeV protons (LET of about 0.26
keV ttm-I in water) using second-chromosome reces
sive lethals as the measured end-point of genetic dam
age. A wide range of male germ-cell stages were
sampled (six successive three-day broods). Over-all,
the data suggest that 600-MeV protons do not differ
from 250-kVp x rays in their mutagenic effectiveness
This result is similar to the one reported by Rappoport
et ai. (623) for the induction of sex-linked lethals in
spermatozoa with 660-MeV protons.

364. In order to investigate mutation induction by
the heavy primaries of cosmic radiation, Malich et ai.
(292) exposed Drosophila males to carbon ions (max.
LET 630 keV ttm-1) and studied the rates of induction
of various types of mutation in spermatozoa. No actual
RBE values were calculated, but the mutation rates
observed were "several times smaller" than those in
duced by uniform irradiation with protons, alphas and
boron ions (LET 1.5, 20 and 120 keY /Lm-1 ). The
authors concluded that the affected cells are usually
killed, while those surviving carry few mutations.

2. Silkworm

365. Most of the silkworm studies, like those in
the mouse, have been concerned with the induction of
specific-locus mutations (pe and re loci). Both old
and new data are given in table 27 which shows that,
as in Drosophila, the RBE depends on developmental
stage. However, this is largely due to variations in
the gamma rather than in the neutron response. It is
suggested by Murakami and Kondo (342) and Mura
kami et ai. (343) that the capacity for repair of
gamma-ray-induced mutational damage may differ in
different stages but that neutron damage is probably
not reparable (see also paragraph 415). It can be seen
that with the exception of primordial spermatogonia
in embryos, RBEs are higher in later stages than in
earlier ones and reach a maximum with irradiation of
spermatozoa. At low doses, oogonia and spermatogonia
gave similar mutation frequencies.

366. The RBEs of 1.S-MeV fission neutrons follow
tbe same pattern as those of 14 MeV, but are markedly
higher. On average, fission neutrons are 1.7 times as
effective as 14-MeV neutrons for the four comparable
stages studied by Murakami and colleagues.

367. Murakami (339) compared the mutagenic
response in five silkworm strains known to differ mark
edly in their sensitivities to embryonic killing by x rays.
Primordial gonial cells in newly-hatched larvae were
given either 970 rads of x rays or 910 rads of 14-MeV
neutrons. It was found that the average mutation rates
(at the two loci studied) in the male germ cells of the
most sensitive strain were 31.7 10-7 per rad with x
rays and 14.4 10-7 per rad with neutrons while the
comparable figures for the resistant strain were 3.0
10-7 and 3.8 10-7 • A similar trend was observed in
the female germ cells. The estimated RBE values conse
quently are dependent on the strain, being 0.44 and
1.11 for primordial spermatogonia and oogonia of the
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sensitive strain and 1.29· and 6.06 for . those of the
resistant strain. Thus the strain with the highest sen
sitivity to embryonic killing by x rays is the one giving
the highest mutation rates and the lowest RBE values.

368. The induction of dominant lethalsin silkworm
germ cells by 14-MeV and fission neutrons has also
been studied by Murakami (337, 340); with 14~Mev
neutrons and I37CS gamma rays, RBEs of 1.6, 4.4. and
8.2 were found with primordial germ cells, spermato
gonia in larvae and mature spermatozoa, respectively.
A linear dose-reponse relation was established only
for spermatozoal irradiation. Effects on other germ
cells were compared at the 50 per cent survival level.
At the same level the RBE of 1.5-MeV fission neu
trons relative to gamma rays was 11.2 with sperma
togonial irradiation, 2.5 times the figure for 14-MeV
neutrons. Thus the general pattern is very similar to
that for the induction of specific-locus mutations:
higher RBEs with fission neutrons than with 14-MeV
neutrons and with more mature than with less mature
cells.

3. Dahlbominus and Mormoniella (Hymenoptera)·

369. One great advantage of Dahlbominus for mu
tational studies is that unmated females produce only
haploid male progeny in which all mutations are ex~

pressed. Baldwin (32) and Baldwin and Cross (33)
studied especially four classes of eye-colour mutants
(carmine, claret, chestnut and russet), which arise at
a minimum of eight loci. In earlier studies reported
in the 1966 report, Baldwin and Cross compared the
frequencies of such eye-colour mutations in female
Dahlbominus of different ages after exposure to 14.6
MeV neutrons (80 rad min-I) or to 60CO gamma rays
(100 rad min-I) at a dose of 750 rads. Mutation fre
quencies rose with the age of the insects at the time of
exposure, i.e, with increasing numbers of mature
oocytes. The RBEs calculated as ratios of mutation
frequencies were 1.2-1.4.

370. In separate experiments, Baldwin (32)
showed that when oocytes are irradiated at a stage of
constant radio-sensitivity, the yield of mutations is
higher with low-dose-rate than with high-dose-rate
gamma-irradiation. Germinal selection did not appear
to be responsible for the lower yield with low-dose-rate
irradiation.

371. Work similar to that of Baldwin was carried
out by Kayhart (212) on Mormoniella vitripennis,
another hymenoptera. Like Baldwin, Kayhart irradi
ated virgin females and looked for eye-colour muta
tions in their haploid sons. However, the effects of
thermal neutrons, fast neutrons from detonation of
nuclear devices and acute x-irradiation were studied
rather than those of 14-MeV neutrons and gamma rays.
Dose-response curves were linear at low doses but
became exponential at higher ones. Kayhart reported
that the RBE for fast neutrons relative to x rays was
17-21 at lower doses and 2-4 at higher ones, but no
figures for thermal neutrons were given. It was con
sidered that the decreased effectiveness of fast neutrons
at high doses was to be expected if many of the muta
tions were due to minute rearrangements and deletions.

4. Summary and conclusions

372. In general, recent work on insects suggests
that the RBE of neutrons for recessive visibles are
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higber than for recessive lethals. For chromosome
aberrations, the shape of the dose-response curves
indicates that RBEs will tend to increase with decreas
ing doses, except with spennatozoa where they also
tend to increase with decreasing neutron energy, from
15 MeV to the fission energy spectrum.

E. RADIATION-RESISTANT POPULATIONS

373. In a laboratory population of Drosophila
melanogaster in which males and females were x-irradi
ated (2,100 R) in every generation for a period of
over 10 years (220 generations) with an accumulated
exposure of over half a million roentgens, Nathel (354)
obtained evidence for resistance to irradiation. In spite
of the fact that spermatozoa, spermatids and oacytes
from stage 14 to possibly stage 6 were irradiated in
every generation, only stage-7 oocytes showed radia
tion resistance (354). At comparable exposures, the
frequencies of induced dominant lethals, X-chromo
some losses and recessive sex-linked lethals in the
irradiated populations (tested in stage-7 samples drawn
from the population) were approximately one half of
those in the control population.

374. This pronounced difference in radio-sensitivity
was not associated with oxygen-dependent sensitivity
differences and/or oxygen-mediated repair. The results
of experiments desi~ed to localize the gene loci re
sponsible for radiation resistance show that at least
two different factors, one on the X chromosome and
the other on chromosome II, might be involved (355).

375. Sensitivity differences, as measured by relative
mortalities of adults at specific times (days) after irra
diation, among natural populations of Drosophila
(370,371,391), among different strains of Drosophila
(535, 536), and among silkworm strains (338, 549)
have also been reported.

F. MUTATION RATES TO RECESSIVE LETHALS AND
POLYGENIC MUTATIONS

376. Data on spontaneous rates of mutation to
recessive lethals at loci On the X chromosome are
quite extensive in Drosophila melanogaster, for these
constitute the controls in a large number of experi
ments on induced mutation rates. Information regard
ing other chromosomes and other species, although
less extensive, is sufficient to make meaningful com
parisons. During the past 15 years or so, increasing
attention has been paid to the study of polygenes,
especially those affecting viability, to obtain estimates
of their mutation rates and gain an insight into their
effects in heterozygotes and their role in the mainte
nance of genetic variability. The literature on this sub
ject has recently been reviewed by Crumpacker (98),
by Mukai (311), and by Spiess (531). The following
paragraphs will be devoted to an examination of some
of the representative data that bear on the problem of
mutation-rate estimates.

1. Sex-linked recessive lethaIs

377. Using the published data of several earlier
investigations, Crow and Temin (97) estimate that the
weighted average mutation rate for the X chromosome
of Drosophila melanogaster is 2.6 10--3 lethals per X
chromosome per generation. The authors found no
significant rate differences between laboratory stocks
and wild flies nor between sexes.

. 378. Wallace (587) found that the over-all muta
110n rate for sex-linked lethals in the same species was
~.8 10-3 per X chromosome per generation (75 lethals
10 27,094 tests), a direct estimate not significantly dif
ferent from the one given in the preceding paragraph
and close .to the indirect estimate (2.0 10--3) based
~m the POIsson distribution. No significant differences
m rates betv.:een the sexes were found although there
were same differences between the strains tested.

379. Rinehart (413) studied the effects of ageing
of sper~atozoa on .the spontaneous rate of mutations
to sex-h~ed recessive lethals in a laboratory stock of
Drosophzla melanogaster. Females inseminated by 2-3
~ay old males were either allowed to lay eggs in a
slllgle four-day brood ("non-aged" sperm sampled)
or held for three weeks on sugar-agar food ("aged"
sperm sampled) and later allowed to lay eggs. In the
"non-aged" group, the frequencies of sex-linked lethals
were 0.142 ± 0.027 (22/15,449) and in the "aged"
gro.up 0.283 + 0.049 (29/10,216), suggesting a rate
of lllcre~se of 0.047 per cent of lethals per week. The
rate of mcrease found in the present study is approxi
mately of the same magnitude as the one reported by
Mu~er (324) (8.6 1O-~ lethals per day) from earlier
studies.

2. Autosomal lethals

380. In the ~ame paper ~scussed in paragraph 377,
Crow and Temm (97) arnved at a weighted average
of 5.0 10-.3 as the mutation rate per generation for
ch~omosome-II lethals, in agreement with the expec
tation based on the physical length of chromosome II
relative to the X chromosome.

381. After comparing the rates of recessive lethal
mutations for chromosomes II and III, Wallace (586)
concluded that there was no significant difference be
tween the chromosomes (or between the sexes), the
over-all average mutation rate being 6.9 10-8 per
chromosome per generation (direct estimate: 80/
11,655) or 5.9 10-3 (indirect estimate) in both cases
in good agreement with the estimate made by Crow
and Temin (97).

382. Purdom et al. (402) made a study similar to
that of Rinehart (413) (paragraph 379) on the effects
of ageing of the spennatozoa on the spontaneous mu
tation rate, but using the induction of chromosome-II
recessive lethals as the criterion. The age of the
gametes was varied by ageing male flies and by storage
of spermatozoa in inseminated females held at 10° C
under conditions which precluded egg-laying for four,
six or eight weeks. It was thus shown that mutation
frequencies increased with time in each case, but the
rates were low compared with the normal spontaneous
mutation rate observed in spermatozoa of young ma~e
flies, the latter ranging from 4.4 10-3 to 7.2 10-3 m
the different experiments.

3. Viability palygenes
383. The past 15 years have wit~essed a~ increas

ing interest in the study of polygemc mutatIons ~on

trolling viability in natural ~nd la~orat?r~ populatlOns
of Drosophila, with and WithOut rrradmtlOn .(95, 9.6,
310-320, 522, 585). The results of these stt~dles, ~hile
contributing to our knowledge of the gen~ti~ archlt~c
ture of the populations, have raised cert~m mterestmg
problems concerning the dynamics of detnmental ge~es
in populations and thus are of relevance for human rISk
estimates as well.
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384. Mukai' (310) conducted an experiment in
which spontaneous polygenes controlling viability were
allowed to accumulate under minimum selection pres
sure generation after generation in 104 second chr0t?0
somes, kept heterozygous by means of appropnate
markers and balancers. All these second chromosomes
were derived from a single second chromosome (from
a natural population of Dro!oph~la "!el~~ogaster)
which was chosen because of Its hIgh ViabIlity when
h.omozygous.

385. In generations 10, 15,20 and 25, the chro~o

somes .under test were made homozygous and the VIa
bility and genotypic variance am?ng the .lines were
examined. From these tests, Mukar has. estimated that
polygenic mutations controlling viability arise at a rate
of 0.1411 mutation per second chromosome per genera
tion in contrast to the rate of 0.0063 per second chro
mos~me per generation for recessive lethals. Mukai
and Crow (315) later repeated this experiment with
concordant results.

386. A high mutation-rate ratio (-.28) was ob
tained by Mukai et al: (320) for x:ray-mduced poly
genic mutations relative to receSSive lethals (0.79
versus 0.028 per second chromosome after 500 R to
spermatozoa) .

387. In a series of papers (312-320) Mukai and
his colleagues' analysed several aspects of these poly
genic mutations in relation to their effec!s on. fit~~ss
and their role in the maintenance of genetiC vanability
in populations. One of the most important findings re
lates to the fact that polygenic ?1utati0t,ls (spontaneous
or induced) manifest overdommance ~n heterozygous
condition when they arise in an otherWise homozygous
background. When, however, they arise in a heterozy
gous background, they are detrimental or, .at best,
neutral (317-320). This result helps to reconcIle much
of the controversy that exists in the literature on. ~he

effects (in heterozygous condition) of newly-ansmg
mutations (reviewed in references 9~, 311, 531). The
implication of this finding is !hat, sInce. naturalpopu
lations of sexually reproducmg orgamsms are nor
mally heterozygous at most of ~heir loci, n~wly-induced
mutations are expected to mamfest a certam degree of
deleteriousness (semidominance) rather than over
dominance.

4. Relevance for man

388. The foregoing evidence from Drosophila sug
gests that polygenic mutations with very minor dele
terious effects occur at a much higher rate than con
ventional recessive lethals. As pointed out by Crow
(96) their very mildness usually means that these
mutants will have a correspondingly mild effect on fer
tility and therefore be transmitted frol1l generation to
generation. Although at present we have no knowledge
about the incidence of this type of mutations in human
populations, they probably exist and their eff~cts wou1~

roughly correspond to a whole array of pOSSIble ph~SI

cal, physiological and mental impairments, each causmg
a small deleterious effect with the effects spread Over
some dozens of generations. As Crow points out, the
over-all effect of these in terms of morbidity and mor
tality as well as of economic costs is probably great,
but it may be so diluted in space and time as not to be
recognizable as being of mutational origin.
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G. NATURE OF RADIATION-INDUCED LETHALS

389. Lifschytz and Falk (263,264) studied a small,
proximally-located, region (about 1.5 cross-over units
long) of the X chromosome of Drosophila along lines
similar to those followed by Benzer (40) in phage and
de Serres (111) in Neurospora crassa. By using a Y
chromosome carrying a duplication for the region,
they were able to construct a complementation map
based upon radiation- and chemically-induced lethals.
The map contained 34 functional units.

390. With an x-ray exposure of 3,200 roentgens
to mature spermatozoa and possibly late spermatids,
a total of 413 chromosomes carrying recessive lethals
were recovered, out of which 42 (10 per cent) were
covered by the duplication. Appropriate complementa
tion tests of the 35 lethals analysed showed that nearly
85 per cent were deletions of various lengths with
breakage points distributed non-randomly in the seg,
ment and with some "hot spots".

391. In contrast, nearly 80 per cent of the lethals
induced by ethyl-methane sulphonate in the same germ
cell stages involved single functional units, operation:.
ally indistinguishable from point mutations.

392. In a subsequent study involving irradiated
spermatogonia, Falk (135) found that the proportions
of aberrations were smaller than among those induced
in spermatozoa.

393. It should be bome in mind that the conclu
sion of Lifschytz and Falk that, at least in post-meiotic
germ-cell stages, most radiation-induced recessive
lethals may be deletions, is based on an analysis of
only the proximal part of the section of the X-chromo
some covered by the Y-chromosome duplication. F~r

thermore, that region is atypical and not representative
of the Drosophila genome, if only because it is imme
diately adjacent to the "proximal heterochromatin"
(division 20 of the salivary chromosome map) in which
30 per cent of all x-ray-induced breaks have been
found to be located (210). Thus, the region studied
by Falk and Lifschytz would be expected to yield an
unusually high frequency of x-ray-induced deletions,
as has long been known to be the case for other regions
when they are placed adjacent to the proximal hetero
chromatin by means of inversions (238, 327).

394. Recently it has been shown by Schalet, Le
fevre and Singer (465) that at least the distal part
of division 20 of the salivary chromosome contains loci
capable of producing ordinary sex-linked lethals. Con
sequently, about one half of the 34 functional units
mapped by Lifschytz and Falk are actually located
within the segment of the X chromosome found to
contain 30 per cent of all x-ray-induced breaks (210),
and about two thirds of the lethals obtained in their ex
periment lie entirely within division 20.

H. REPAIR OF RADIATION DAMAGE

1. Drosophila

395. In earlier investigations, Sobels (521) dem~n

strated that in Drosophila spermatozoa, repair of radIa
tion damage is favoured by post-irradiation treatrn:nt
with nitrogen but adversely affected by that With
oxygen. Sex-linked recessive lethals and autosom~
translocations were the scored end-points of genetic
damage. In experiments in which dominant lethals



were used as criteria, Sankaranarayanan (456) found
that the frequencies were precisely the same, irrespec
tive of the gas used for post-treating the flies.

396. Mukherjee and Sobels (321) studied the
effects of pre-treatment with sodium fluoride (NaP: a
known inhibitor of glycolysis) on x-ray induced sex
linked lethals in Drosophila spermatozoa and found
that the pre-treatment led to a consistent and highly sig
nificant increase in mutation frequency (relative to sa
line-injected controls). When the action of NaP was
studied in combination with pre- and post-treatment
with nitrogen or oxygen, it was observed that (i)
irrespective of pre-treatment with nitrogen or oxygen,
NaP enhanced the mutation frequency over that in the
saline controls and (ii) following irradiation under
anoxia, post-treatment with nitrogen reduced the muta
tion frequency below that observed with oxygen post
treatment, even when the flies had been pre-treated
with NaP.

397. These additive effects of NaP pre-treatment
and oxygen post-treatment have been taken to indicate
that, even when glycolysis is inhibited by NaP, some
energy is left, which is stilI available for repair by
post-radiation anoxia. This interpretation that the
amount of repair in spermatozoa depends on different
levels of available energy is supported by the observa
tion that NaP pre-treatment is still effective in in
creasing the mutation frequency over that in the con
trols when nitrogen has been given before, during and
after irradiation. Thus, repair is maximal in the saline
nitrogen-radiation-nitrogen group, intermediate in the
NaP-nitrogen-radiation-nitrogen group and minimal in
the NaF-nitrogen-radiation-oxygen group.

398. In contrast to the situation obtained in mature
sperm (paragraph 395), the repair process in sperm
atids is oxygen-dependent (522, 588). However, repair
OCcurs only when x rays are delivered at a high ex
posure rate of about 2,700 R min-I. With exposures
of 1,250 or 2,500 roentgens delivered at 1,000, 500,
250 or 120 R min-I, the yields obtained with nitrogen
as well as with oxygen post-treatment are nearly the
same (457). Such a peculiar dose-rate effect was also
observed by Sobels (520) with hydrocyanic-acid post
treatment under similar conditions of radiation ex
posure.

399. As early as 1940, Muller proposed, on the
basis of the lack of dose-fractionation effects in x-irra
diated mature sperm, that chromosome breaks remain
open until fertilization (323). The work of Leigh and
Sobels dealing with the recovery of homoisochromo
somes from irradiated post-meiotic germ cells (para
graphs 307-309), among other things, confirmed this
possibility and extended it to spermatids as well. Addi
tional evidence from exposure-fractionation experi
ments has substantiated the above thesis (525).

400. The experimental procedure consisted of irra
diating adult males with the first fraction of a dose,
sampling the various germ-cell stages by means of a
brooding technique and giving the second fraction of
the dose to the mature sperm in the inseminated fe
males in the various broods. Appropriate controls
where only males were irradiated (RM) and brooded
as in the fractionation series or only sperm in insemin
ated females were irradiated (RF) were run concur
rently. The progeny were scored for translocations be
tween the second and third chromosomes. The fre
quencies in the fractionation series were compared
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with those expected on the basis of additivity or
of interaction of breaks in the RM and RF groups.

40 L The results showed that the translocation
frequencies in spermatids of the fractionated group
were significantly higher than the sum of the yields
of the separate fractions. This indicates that a con
siderable proportion of the breaks produced in sperm
atids of the adult testis remains open until fertilization.

402. An important point that emerges from the
work of Wtirgler and Maier (609; paragraph 270)
and other related work referred to in their paper, is
that the repair machinery in the females plays a role
in determining the magnitude of the genetic damage
in the paternal genome. This raises the possibility of
manipulating the genetic constitution or the physiologi
cal environment of the oocytes by appropriate methods
to gain an insight into, and define the role of, maternal
repair processes on various kinds of genetic damage
in the male genome.

403. Proust (398) and Proust et al. (399) studied
the effects of treating (injection) females with actino
mycin-D on the frequencies of dominant lethals, auto
somal translocations and sex-linked lethals induced in
mature sperm by x-irradiation. When compared to the
appropriate controls, it is found that such treatment of
the females with actinomycin leads to an increase of
the frequency of dominant lethals and to a decrease of
those of translocations and recessive lethals; the modi
fying effect on the translocation and recessive lethal
frequencies is most pronounced in oocyte stages uti
lized four to six days after injection.

404. The likely interpretation of these findings is
that actinomycin acts by partially inhibiting the resti
tution of chromosome breaks thereby increasing the
frequency of dominant lethals and decreasing those of
translocations and recessive lethals. This implies that
maternal repair processes acting at the stage of pro~

nucleus formation are required for the repair (restitu
tion) or misrepair (reunion giving rise to transloca
tions) of chromosome breaks induced in mature sperm.

405. Traut and Schmidt (568) studied the x-ray
induction of dominant lethals in stage-7 oocytes (850
R min-I). Exposures ranging from 1,000 to 6,000
roentgens were used and these were delivered either
singly or in two equal fractions separated by one
hour intervals. The dose-response survival curves with
single and fractionated exposures were sigmoidal and
the survival with fractionated exposures always higher
than with single exposures. In addition, survival signi
£cantly increased relative to that at single exposure
(a) when an exposure of 3,000 roentgens was split
into six equal fractions separated by two-hour intervals
and (b) at lower dose rates (l00 R min-I, 5 R min-I).

406. The effects of oxygen and nitrogen post-treat
ments on x-ray-induced dominant lethality lD stage-7
oocytes were studied by Sankaranarayanan (458). Ir
radiations (2,700 R min-I) were carried out in anoxia,
in air or in an oxygen atmosphere. A wide range of
exposures from 1,000 to 14,000 roentgens was used,
the actual range depending on the gaseous atmosphere
in which the flies were irradiated. The results indicate
that the dose-response survival curves are predomin
antly two-hit and that with oxygen post-treatment the
egg survival is consistently higher relative to that
observed with nitrogen post-treatment. The latter
observation is interpreted as indicating oxygen-medi
ated repair of dominant lethal damage. The oxygen
enhancement ratio is estimated to be about 2.6.



407. In a similar study on stage-14 oocytes it was
found that the dose-effect relationship (with either
oxygen or nitrogen post-treatment) was consistent with
a one-hit survival kinetics and that with post-irradia
tion oxygen the survival Was significantly higher than
with post-irradiation nitrogen much as has been ob
served in stage-? oocytes (459). In stage-14 oocytes,
however, the effect of oxygen post-treatment can be
easily reversed by subsequent post-treatment with ni
trogen, suggesting that the mechanisms responsible for
the post-radiation modifications observed with these
gases are probably not the same in stage-? as in stage
14 oocytes.

408. The data also suggest that under normal con
ditions stage-14 oocytes have more oxygen available
than stage-7 oocytes. It is likely that this differential
oxygenation in air may constitute one of the factors
contributing to the higher radio-sensitivity of stage-14
oocytes relative to those in stage 7. Sobels (523) found
a somewhat parallel situation in comparing the radio
sensitivities of late spermatids and mature sperm
(paragraph 314). The oxygen-enhancement ratio for
stage-14 oocytes is about 3.6 (459).

409. Wiirgler and Matter (610) observed a small
but measurable reduction compared with the effect of
the single dose in the mortality of stage-14 oocytes
when an exposure of 600 roentgens was split into two
equal fractions separated by a time interval ranging
from 10 minutes to 8 hours. The fractionation effect,
however, was pronounced only with longer intervals
between exposures. These authors interpret this finding
as indicating that stage-14 oocytes are capable of re
pairing some of the radiation-induced damage although,
as they themselves point out, only about 10 per cent
of the damage can be repaired in eight hours.

410. In a study on the x-ray induction of dominant
lethals in stage-? and stage-14 oocytes of a recombi
nation-deficient mutant of Drosophila, Watson (589)
obtained evidence that this strain was also more radio
sensitive than wild-type flies.

411. Seeley and Abrahamson (496) found that in
stage-14 oocytes the frequency of chromatid aberra
tions can be slightly but significantly enhanced by
post-irradiation anoxia.

2. Silkworm

412. Tazima (547) compared the responses of
normal, weakly radio-sensitive, intermediate and highly
radio-sensitive strains to irradiation. Spermatids in
full-grown larvre were exposed to 1,000 roentgens
delivered either singly or in two fractions separated by
intervals of 3, 6 or 12 hours and the incidence of com
plete or mosaic mutations at the pe and re loci was
studied. The results show that fractionation reduces
the mutational yield only in the normal and weakly
radio-sensitive strains, suggesting that the other strains
presumably lack the ability to repair radiation damage.

413. In parallel experiments with the normal strain,
larvre were irradiated (1,000 2,000 or 3,000 R) in
nitrogen or in air and then post-treated with either
nitrogen or oxygen. Oxygen post-treatment in the ni
trogen-pre-treated group resulted in a slight non-signi
ficant decrease in mutation frequencies whereas the
opposite effect was found in the air-irradiated group.
These effects are thus different frolp those reported for
Drosophila spermatids.
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414. Mutation frequencies obtained after irradia
tions in nitrogen are roughly one half of those obtained
at the same dose after irradiations in air. In particular,
the dose-modifying effect of nitrogen was more pro
nounced for mosaic mutations than for complete muta
tions.

415. Evidence that neutron-induced mutational
lesions are poorly reparable was obtained by Mura
kami and colleagues in experiments involving post
irradiation treatment of silkworm spermatogonia with
the base analogue 5-bromodeoxyuridine (BUDR).
With x-irradiation, BUDR enhanced the yield of spe
cific-locus mutations at most 2-3 times (345), but
there was very little effect with 14-MeV neutrons
(335). Murakami and Ito (341) interpreted these
results as being due to the replacement of thymine by
BUDR during the course of the rep21ir resynthesis that
follows the degradation of DNA segments once the
lesions have been induced by radiation. Such replace
ment would lead to mutations of base-substitution type
and they have proposed the term "co-mutagenesis" to
describe this synergistic effect. They considered that
the smallness of the enhancement with neutrons was
because more double-strand breaks, not susceptible to
repair, were induced by densely ionizing radiations.

416. In line with this view are the findings of Ta
zima et ai. (551) that a much higher proportion of
mosaics are recovered after treatment with chemical
mutagens than with 14-MeV neutrons. The predomin
antly whole-body (complete) mutations obtained with
the latter treatment are believed to result from lesions
affecting both strands of the DNA double helix.

3. Summary and conclusions

417. The results of studies on repair of radiation
damage in Drosophila and in silkworm germ cells
carried out during the last few years are in essential
conformity with those reported in the 1966 report of
the Committee. The new data have come from experi
ments in which (a) the effects of nitrogen and oxygen
post-treatments following irradiation in nitrogen, air or
oxygen were compared and (b) dose-rate and dose
fractionation procedures were employed. The most fre
quently used criteria of genetic damage were: sex
linked recessive lethals, chromosome aberrations, domi
nant lethals and specific-locus mutations.

418. In Drosophila spermatozoa, the yields of sex
linked lethals and of autosomal translocations are re
duced after post-treahnent with nitrogen whereas the
yield of dominant lethals shows no differential response
to the contrasting post-treatments. In the same germ
cell stage, pre-treatment with sodium fluoride (a known
inhibitor of glycolysis) leads to an enhancement of
mutation frequencies. In immature (stage 7) oocytes
of the same insect, dominant lethal frequencies are
significantly lower after oxygen post-treatment (rela
tive to that with nitrogen), after fractionated exposures
(relative to single exposures) and after low dose rates.
The response of mature (stage 14) oocytes to post
treatments (nitrogen or oxygen) and to fractionated ex
posures is qualitatively similar when measured by
dominant lethals and/or chromatid interchanges, but
the causal mechanisms that might underlie these effects
in mature oocytes are not sufficiently understood.

419. The existence of an oxygen-dependent repair
process in Drosophila spermatids is documented but it
seems to operate only when radiation is delivered at
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a high exposure rate (2,700 R min-1 ); At rates of
1,000 R min-1 and below, no repair of sex-linked re
cessive lethal damage can be demonstrated.

420. Chromosome breaks induced in Drosophila
spermatids and spermatozoa stay open until fertiliza
tion.

421. Treatment of Drosophila females with actino
mycin-D prior to their mating with irradiated males
results in an increment of the frequency of dominant
lethals and a decrement in those of autosomal trans
locations and sex-linked recessive lethals recovered
from irradiated spermatozoa.

422. In silkworm spermatids, oxygen post-treat
ment following irradiation under anoxia leads only to
a slight and non-significant decrease in the frequency
of specific-locus mutations. An opposite effect is found
in the air-irradiated group, contrary to what has been
found in Drosophila. Whereas fractionation of the ex
posure results in a decrement of mutation frequencies
in spermatids of normal and near-normal silkworm
strains, no such effect is observed in highly radio
sensitive strains, suggesting that they may lack the
ability to repair radiation damage.

IV. Effects of radiation at the cellular and molecu.
lar levels and their implication with regard
to genetic risks

423. For a comprehensive assessment of the genetic
risks of radiations, it is necessary to take into account
all processes from the induction of initial lesions to
their final fixation as genetic changes. The extensive
body of data now available in radiobiology documents
the fact that DNA is one of the main, and perhaps the
principal, target, damage to which sets in train a series
of biochemical events leading to such visible effects
as cell death, mutations, chromosome aberrations and
so on.

424. Information on the changes brought about by
irradiation at the level of the DNA and the conse
quences of these changes is not readily obtainable at
higher levels of biological complexity. For that reason
radiation studies with cell-free and microbial systems,
and in recent years with mammalian cell systems as
well, are of great value since they are likely to provide
the necessary links between the purely chemical studies
on DNA and radiobiological effects.

425. The past decade has witnessed an almost ex
plosive growth of molecular radiobiology; a great deal
is now known about the kinds of damage produced
in the DNA by ultraviolet (UV) irradiation and, to a
lesser extent, by ionizing radiations. Advances in UV
mutagenesis have led to a greater insight into the
effects of ionizing radiations, reinforcing the idea that
these approaches to the study of the dynamics of radi
ation action and of repair processes must be viewed
as complementary rather than mutually exclusive.

426. Impressive as these developments are, mole
cular biology has not yet provided information on the
relationship between the damage from ionizing radia
tion at the DNA level and mutational events to explain
or to predict the array of mutational responses ob
served with different dose rates, cell stages, etc., in
mammals. However, since there is the prospect for
understanding these phenomena at the molecular level
in the future, it seems appropriate to review the present
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state of knowledge in this field. What follows is a brief
survey of the kinds of damage produced in the DNA
by UV and ionizing radiations and of repair processes.
Exhaustive treatments of these subjects are given in
several recent papers (49, 55, 177, 196, 376, 397,
408, 420, 518, 532, 538, 598. 600).

A. ULTRAVIOLET RADIATION

1. Nature of damage

427. Several lines of evidence indicate that the
biological inactivation of cells by UV-irradiation is
mainly due to DNA damage. Most of the photochem
ical alterations induced by UV rays in DNA have been
studied in micro-organisms and, in recent years, also
in mammalian cell systems. The main UV-induced
photochemical changes which are now considered to
contribute to biological inactivation are: formation of
pyrimidine dimers,. hydration of cytosine and uracil,
single-strand breaks, DNA cross-linking (intra- and
inter-molecular), local denaturation and DNA-protein
cross-links (516, 517).

428. A major class of photoproducts formed in
UV-irradiated DNA is represented by the cyclobutane
type pyrimidine dimers between two adjacent pyrimi
dine residues in the same DNA strand. Pyrimidine
dimers have been found in many organisms after
UV-irradiation, e.g., in viruses, bacteria and cells of
higher organisms. Thymine-thymine (TT) dimers are
formed more readily than other types of pyrimidine
dimers. In bacteria, at low UV exposures (up to a
few hundred erg mm-Z ) , TT, TC (thymine-cytosine)
and CC (cytosine-cytosine) dimers are produced in
the relative ratio of 5: 2: 1 (504). In mouse L cells,
Kllmek (221, 222) has estimated that the ratio of
TT to UT dimers is 4: 1.

429. Klimek (221, 222) and Trosko et al. (569)
first demonstrated the UV-induction of thymine dimers
in mouse L cells and Chinese-hamster cells, respect
ively. These findings were later extended to other mam
malian cell lines. Within the range of incident UV
exposures tested (0.1 103 to 20 103 erg mm-2 ) thymine
dimers were found to be induced as a linear function
of the dose (221, 222, 224, 569).

430. The biological significance of the pyrimidine
dimers was deduced from the increased biological ac
tivity observed after various treatments by which dimers
are either reconverted to the original monomeric state
or eliminated from the DNA. All known strains of
Escherichia coli are equally susceptible to the produc
tion of pyrimidine dimers in their DNA (about 6
dirners erg-1 mm2 ) although, because of differences in
repair mechanisms, some strains are more than 2,000
times as resistant to UV-irradiation as others (177,
422).

431. Hydrates of cytosine and of uracil are formed
by the additions of a molecule of water at the 5-6
double bond. There is at present not sufficient evidence
to show that these photoproducts have biological sig
nificance, although cytosine hydrate could have a muta
genic effect (516) .

432. Single-strand breaks, which are disruptions of
the linear continuity of a single polynucleotide chain in
the DNA double helix, occur too infrequently at low
UV doses to be of biological significance. The same is
true of UV-induced local denaturation of the DNA
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are eliminated from DNA, with the resultant gap being
mended ~y ."repair syn~hesis" i.e. by re-polymerization
of ~he mlsslllg nucle?tldes, the bases opposite to the
eXCIsed segment servm~ as ~ template (45, 171, 394,
503) ..~he first steps In this repair process are the
recogrutIOn of the damage and the introduction of a
br~a~ in the DNA chain near the lesion (incision step);
thIs IS followed by the complete removal of the lesion
from the DNA (excision step) and a further widening
of the gap. The gap is then filled by the action of DNA
polymerase (repair replication) using the opposite
strand ~s the template. When the excised region is
~lled wI~h ';lndamaged nucleotides, the single-strand
Interrul?lion.ls closed enzymatically (probably by poly
nucleotIde lIgase (373)).

. 438. Thus, at least four different enzymatic activi
lies seem to be involved in excision repair: an endo
nuclease (incision), an exonuclease (excision), a DNA
polymerase (repair synthesis) and a DNA ligase (seal
ing of the backbone). Enzymes of these steps have
been found in bacteria (147, 165, 166,203, 213,534,
540) and more recently in higher organisms (paragraph
465).

439. In contrast to photoreactivation, excision re
pair is not specific for pyrimidine dimers, since lesions
produced by such diverse agents as 4-nitroquinoline
oxide (a carcinogen), mitomycin C, nitrogen mustard
(DNA cross-linking agents) etc. may be repaired by
the same mechanism or at least by a mechanism shar
ing some of the same steps (44, 54, 227, 228). This
suggests that the enzymes associated with the excision
repair mechanism recognize certain distortions of the
phosphodiester backbone rather than the precise chemi
cal form of the defective bases (44, 170).

. ~40. As discussed in paragraph 437, repair by ex
CISIOn depends on the presence of an intact comple
mentary strand of the DNA double helix. It would
therefore seem that the double-stranded nature of the
l?NA is a requisi~e for excision repair. This expecta
tIon has been verified by Jansz, Pouwels and Rotter
dam (192) and by Yarus and Sinsheimer (613) who
UV-irradiated, and used for infecting spheroplasts
(bacteria without cell walls) , single- and double
stranded DNA (the so-called replicating (RF) form)
fr?m mature phage <l>X174. On spheroplasts of
Wild-type cells (which possess excision ability) the
plaque-forming ability of RF-DNA was about 10 times
higher than that of single-stranded DNA. However, on
spheroplasts of mutants which lack the excision ability,
only the survival rate of the RF decreased and to such
an extent that both forms of DNA had equal sensitivi
ties to UV light.

441. Strains of bacteria deficient in excision repair
are UV-sensitive. Such strains have been isolated in
Escherichia coli, Bacillus subtilis, Serratia marcescens,
Salmonella typhimurium and several other species. A
comparison of UV mutagenesis in strains of Escherichia
coli differing in excision ability (Her possessing exci
sion ability; Hcr without excision ability) has shown
that the different kinds of mutations studied (auxo
trophy ~ prototrophy; streptomycin sensitivity ~

resistance; inability to ferment lactose etc.) were in
duced at much higher rates in Hcr strains (54, 175,
229, 596-600). On the basis of these and other studies
Witldn (600) concludes that Hcr+ strains are able to
excise at least 99.9 per cent of the pyrimidine dimers
produced at low doses. .
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strands. DNA cross-links are produced mainly upon
irradiation of dry DNA or bacterial spores. They prob
ably have biological significance only at very high UV
doses in the inactivation of very UV-resistant organ
isms and of transforming DNA.

433. DNA-protein cross-links are detected as a
dose-dependent decrease in the amount of DNA ex
tracted free of proteins by detergents. Only in the
inactivation of very UV-resistant organisms such as
Micrococcus radiodurans are they probably important
lethal factors (516).

2. Repair mechanisms

(a) Procaryotes

(i) Photo-enzymatic repair

434. The lethal and mutagenic effects of UV light
on bacteria or viruses can be partially or nearly com
pletely reversed (repaired) by different mechanisms.
One of the well-characterized mechanisms is direct
photoreactivation or photo-enzymatic repair (PER)
(421, 500). PER causes the splitting or monomeriza
tion of the pyrimidine dimers in situ in the presence of
visible light (wavelengths between 0.31 and 0.44 ""m)
leading to the restoration of the nonnal helical DNA
structure. The process is mediated by an enzyme, the
photoreactivating enzyme, the presence of which has
been ascertained in Escherichia coli, Saccharomyces
cerevisiae and some other organisms. The enzyme is
very specific in its substrate i.e., pyrimidine dimers.
Because of its relative simplicity, photoreactivation is
least likely to introduce errors into the DNA in the
course of repair (600).

435. The involvement of pyrimidine dimers in UV
killing and mutation induction has been examined by
comparing photoreversibility in Phr+ and Phr strains
of Escherichia coli which, respectively, possess or lack
the photoreactivating enzyme. Any effect of UV light
that is -photoreversible in the Phr+ but not in the Phr
strain therefore depends more or less on the persistence
of pyrimidine dimers in the DNA. On the basis of
these studies, it has been concluded that in the Phr
strain, essentially all of the killing caused by UV doses
of up to 200 erg mm-2 and most of that due to up to
about 600 erg mm-2 can be attributed to pyrimidine
dlmers. Similarly, at least 90 per cent of the mutations
to the streptomycin resistance (at doses of up to 900
erg mm-2 ) and 90 per cent of the suppressor mutations
(at doses below 100 erg mm-2 ) in some strains of
Escherichia coli are due to pyrimidine dimers (596,
602). The gene locus responsible for photoreactivation
has been mapped at a position closely linked to the
gal locus (578).

436. Drake (117) found that nearly 64 per cent
of the UV-induced r mutations (rapid lysis) in phage
T4 were photoreversible. Since r mutations are known
to be base-pair substitutions (mostly from GC ~ AT)
or frame-shift mutations, their photoreversibility indi
cates that pyrimidine dimers are important in the in
duction of phage mutations. Evidence for photoreversi
bility of the c mutations (clear plaque) in the phage
kappa was obtained by Winkler (595).

(ii) Excision repair

437. Excision repair which does not require light
is an alternative mechanism whereby pyrimidine dimers



442. Howard-Flanders et al. (178), van de Putte
et aI. (578) and Howard-Flanders, Boyce and Theriot
(179) isolated UV-sensitive mutants of Escherichia
coli KJ2 that were also Hcr and found that the muta
tions lay in three widely-spaced genetic loci, designated
as uvrA, uvrB, and uvrC. A mutation at any of the
three uvr loci can cause the loss of capacity to reacti
vate DNA containing UV photoproducts. The UV
sensitivity of a given Her mutant could not be in
creased by recombinational incorporation of a second
Her mutation in the same bacterial cboromosome, but
at a different site (180).

443. The discovery that the uvr genes control the
excision enzymes in the host bacterium explains the
drastic reduction in the survival of UV-irradiated
phages T1 or lambda as the hosts' excision enzymes
are presumably necessary for the release of pyrimidine
dimers from the phage DNA. However, the uvr genes
are without effect on the survival of UV-irradiated T2
or T4 phages. Setlow (501) showed that the excision
of pyrimidine dimers in the DNA of the T4 phage is
controlled by a gene designated as v. The T4 phage
excision enzymes are able to release pyrimidine dimers
from either phage or bacterial DNA, while the Esche
richia coli enzymes are without effect upon the T4
phage DNA (497, 502, 614). The product of the v
gene has been purified and has been found to be an
UV-specific endonuclease (144).

444. Ogawa et al. (372) reported the isolation
and characterization of yet another class of uvr mu
tants, the genetic locus for which has been designated
as uvrD. These mutants have an intermediate sensi
tivity to UV-irradiation and higher sensitivity than
others to gamma irradiation. Even at a relatively low
dose of UV (110 erg mm-2 ), the DNA of uvrD is
rapidly and extensively degraded. In contrast to the
other uvr mutants, the uvrD cells are able to reactivate
the UV-irradiated lambda phage (514). A double mu
tant, uvrB-uvrD, in which DNA degradation proceeds
at a much lower rate than in uvrD, is about three times
as sensitive to UV-irradiation as the uvrB mutant.
These results suggest that the uvrD gene participates
in the repair synthesis at a step subsequent to that per
formed by uvrB, and that there is a functional rela
tionship between these two genes.

445. There is evidence that the Escherichia coli
DNA polymerase can perform both the excision step
(but not the incision step) and the polymerase function
(213). The recent isolation of a mutant deficient in
polymerase activity (108, 164) has considerably
advanced our understanding of the role of DNA
polymerase in repair. The mutation designated as pol
Al is probably located in the structural gene for DNA
polymerase and confers increased (nearly five-fold)
sensitivity to UV light and to methylmethane sulphon
ate. The mutant shows essentially normal genetic
recombination.

446. Preliminary experiments indicate that the
amount of repair replication in UV-irradiated pol Al
is similar to that of the parental strain (197). The
mutant degrades more of its DNA after low doses of
UV-irradiation than does the parental strain. This
nuclease activity appears to be exonucleolytic (47).

447. Boyle et al. (47) found that the pol A mutant
cells can excise UV-induced pyrimidine dimers. This
property, coupled with the increased exonuclease ac
tivity observed in these strains, have led these authors
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to conclude (a) that the increased UV sensitivity of
the mutant cells is not the result of a failure to excise
dimers and (b) that the increased exonuclease activity
"leads to the degradation of UV-irradiated DNA,
masks the excision of dimers and interferes with the
final step in excision-repair, that of restoring the integ
rity of the phosphodiester backbone of the DNA
duplex".

448. The above thesis is confirmed by the observa
tion that the DNA of pol Al cells contain more single
stranded breaks than por- when incubated for the same
time after UV-irradiation (47, 197). If functional
polymerase is truly absent in vivo as it is in vitro (i.e.,
has less than 1-2 per cent residual activity), the ques
tion arises as to how the gaps in the DNA produced
by excision are repaired in pol AI. The suggestion has
been made that the rec A repair system (paragraph
454) presumably substitutes for DNA polymerase in
repairing the gaps. The increased UV-sensitivity of
pol Al cells would thus be explained by assuming that
the rec A system is slightly less efficient in repairing
the gaps produced by excision than is DNA polymerase.
It is of interest therefore that attempts to construct a
rec A-pol Al double mutant have been unsuccessful
(80, 163).

449. A ligase-deficient mutant has been isolated
and has been shown to be sensitive to UV-irradiation
(392) and to x-irradiation (l05).

(iii) Post-replication repair

450. Post-replication repair of gaps opposite to
pyrimidine dimers, discovered in Escherichia coli by
Rupp and Howard-Flanders (422), is the most re
cently described and the least understood of the repair
mechanisms. The present state of knowledge in this
area has recently been reviewed by Smith (518). Rupp
and Howard-Flanders studied the replication of DNA
containing pyrimidine dimers in an excision-defective
strain after UV-irradiation. It was found that in the
first DNA replication after irradiation, the daughter
strands contained gaps or discontinuities, the number
of these defects being similar to the number of pyrimi
dine dimers in an equivalent length of parental DNA.
In recent studies it has been found that these gaps were
800-1,OOO-nucleotides wide (423). The discontinuities,
however, gradually disappeared during incubation (the
hour following the first post-radiation DNA replica
tion). As excision-defective cells surviving UV-irradia
tion usually produce normal rather than mutant
daughter cells, it is unlikely that the gaps in the daugh
ter strands are filled by the random insertion of bases.

451. Rupp and Howard-Banders (422) have sug
gested that the repair of daughter-strand gaps is effected
by a series of recombination-like events after DNA
replication. In each of these events, the strand contain
ing a gap at a given level pairs with its complementary
sister strand which may contain gaps, but never at the
same level. Such pairing would permit repair synthesis
to restore the correct sequence of the region within
each gap by utilizing the corresponding intact region
of the other strand as template. The occurrence of a
series of recombinational events at the level of each
gap (with or without actual physical exchange) could
reconstitute an intact DNA molecule capable of fur
ther replication.

452. From the foregoing, it follows that post-repli
cation repair cannot occur unless both daughter mole-



later extended to the recA- and recC- mutations
(600.

458. The observations that (a) pyrimidine dimers
induced in the DNA of an excision-defective strain
cause the formation of daughter-strand gaps at the
first DNA replication, that are then slowly repaired
by a mechanism presumably involving a series of re
combinational events; (b) UV mutability and recom
bination ability are both affected by mutations at four
distinct loci (exr, recA, recB and recC); and (c) exr
strains are refractory to mutation induction by UV
light whereas exr+ strains are not, have led Witkin
(598) to suggest that "uv-induced mutations are actu
ally recombination-induced mutations produced as a
consequence of inaccurate recombinational repair of
secondary UV damage (gaps opposite to pyrimidine
dimers) in exr+ strains". Bridges, Dennis and Munson
(50) and Kondo (227) have also suggested that in
accurate recombinational repair could generate UV
induced mutations.

459. In Escherichia coli nearly 80 per cent of all
UV-induced mutations of the tryptophane synthetase
A gene are single-base substitutions, the remainder
being frame shifts (612). Since UV-induced mutations
are thought to originate from inaccurate recombina
tional repair (paragraph 458), it may be concluded
that the recombinational repair process generates these
molecular alterations-transitions, transversions and
frame shifts.

cules of DNA produced by the first post-UV replication
are present. Evidence indicating that this is true has
been obtained (181).

453. A post-replication repair mechanism of this
type could complement the excision. repair process in
wild-type cells. While excision repair would .be effec
tive before replication, the post-replication repair
mechanism would act on abnormalities in the daughter
strands.

454. Willets, Clark and Low (592) showed that
there are three distinct loci in Escherichia coli K12,
namely, rec:A, recB and recC which control recom
bination ability. The recA locus lies between the pheA
and cysC loci on the genetic map, recB and recC loci
between argA and thyA (28). Mutations at the recA
locus result in a drastic reduction in recombination,
high sensitivity to UV-irradiation and increased amount
of DNA breakdown following exposure to UV light.
On the other hand, mutations at either the recB or the
recC locus lead to reduced but detectable recombina
tion, increased sensitivity to UV light and reduced
breakdown of DNA (relative to the recA mutations)
following UV-irradiation. The product of the recB and
recC genes has been shown to be an ATP-dependent
exonuclease (28, 57, 593). The recombination
deficient mutants are collectively referred to as Rec
mutants, in contrast to the wild type which is desig
nated as Rec+.

455. There is compelling evidence for the associa-
tion of the two characteristics, namely, recombination (b) Eucaryotes
deficiency and high sensitivity to the lethal effects of
UV light (81, 177). Moreover, Howard-Flanders, 460. Sutherland, Carrier and Setlow (537) showed
Boyce and Theriot (179) and Howard-Flanders and that UV-irradiation produces pyrimidine dimers in the
Boyce (177) found that mutants of Escherichia coli DNA Paramecium aurelia and that these photoproducts
K12 isolated for their sensitivity to x rays were also can be monomerized in vivo by photoreactivating light.
recombination-deficient and vice versa. The exr muta- Kimball (215) found that the mutational yield was
tion (phenotypic symbol Exr) isolated from Esche- reduced to one half when UV-irradiation was followed
richia coli B 8-1 confers increased sensitivity to UV by photoreactivating light, which suggests that pyri-
light as well as to x rays (296), besides reducing re- midine dimers play a role in UV mutagenesis in Para-
combination by a factor of two to three (598). mecium aurelia. In the same study, the mutational

yield under normal conditions (in the dark) was found
456. Since defects in excision repair or recombina- to be maximal when Paramecia were exposed to UV

tion can each cause a large increase in UV sensitivity, light just before, or perhaps in, the S period (period
studies have been made to assess the relative contri- of DNA synthesis) and was less when the interval
bution of these defects to the UV-sensitivity of bacteria. between irradiation and S was longer. Kimball inter-
Howard-Flanders (176) investigated the magnitude prets this finding as suggesting that UV-induced pre-
of mean lethal doses of UV light (37 per cent sur- mutational damage can undergo dark repair until S
vival) in strains of Escherichia coli K12 which were and that this repair is nearly error-free (by analogy
(a) uvrA+ recA+ (wild type); (b) uvrA- recA+ with the exr condition in Escherichia coli) since the
(excision-defective); (c) uvrA+ recA- (recombina- yield drops to nearly zero. The variation in mutational
tion-deficient); and (d) uvrA- recA- (excision-defec- yields during cell cycle is roughly similar to that found
tive and recombination-deficient). The mean lethal for x rays and triethylene melamine.
doses were, respectively, 500, 8, 3 and 0.2 erg mm-2

f?r groups (a) to (d). It hardly needs to be empha- 461. Neurospora crassa studies have demonstrated
SIZed that the recA+ gene plays a very decisive role the ability of this organism to exhibit photoreversal of
. d ... both lethal and mutagenic damage induced by UV-
m" etermmmg UV sensitivIty. This observation coupled irradiation (56). Terry, Kilbey and Howe (553)
with the estimated rate of formation of pyrimidine showed that extracts of Neurospora crassa in conjune-
dimers in the bacterial genome (paragraph 430) sug- tion with light of the proper wavelength can reactivate
gests that the product of the recA+ gene is required
to tolerate the passage of one pyrimidine dimer through in vitro the UV-irradiated transforming DNA of Hae-
h 1" mophilus influenzae. The results of Kilbey and de

t e rep IcatlOn point. Serres (215) indicate that photoreversal reduces the
457. Witkin (597) made similar studies in Esche- frequency of all ad-3B mutations induced by UV light,

richia coli B but used the criterion of mutation in- including those suspected of being base-pair substitu-
duction; she found that UV mutability is absent in tions and deletions or additions (frame shifts). It
any strain carrying an exr mutation (paragraph 455). therefore seems likely that pyrimidine dimers are capa-
The failure of exr strains to produce UV-induced ble of giving rise to these molecular alterations in
mutations establishes that the product of the exr+ gene Neurospora. The non-photoreactivable mutations con-
is necessary for UV mutability. These results were stitute about 30 to 40 per cent.
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462. Pyrimidine dimers have also been found to
play a major role in UV mutagenesis of several other
eucaryotic organisms (see 49 for a recent review).
Mutations which increase or decrease UV sensitivities
have been isolated in Chlamydomonas reinhardi (102),
Aspergillus nidulans (13, 74), Saccharomyces cere
visiae (519) and several other organisms. While many
of their properties seem to resemble those of com
parable bacterial mutants, their biochemical charac
terization has not proceeded far enough to permit
generalizations.

(c) Mammalian cells in culture

(i) Photo-enzymatic repair

463.. Attempts to demonstrate photo-enzymatic
repair of normal growth or of DNA synthesis in mam
malian cells have been unsuccessful (221, 569, 570)
except in marsupial cells in which Cook and Regan
(90) demonstrated the existence of this process. The
activity was found in all tissues tested, namely, liver,
brain, kidney, testis, heart and lung. The activity was
also found in an established cell line of rat kangaroo
that had been in culture for more than four years. In
view of the fact that photoreactivation is found only
in marsupials and because it is restricted to UV damage
only, it is of marginal interest in the present context.

(ii) Unscheduled DNA synthesis and repair
replication

464. One of the key steps in excision repair in UV
irradiated bacteria (paragraph 437) is the synthesis of
new DNA which is inserted into sites from which the
damaged nucleotides have been removed. Experimen
tal evidence for this kind of synthesis called repair
replication was first obtained by Pettijohn and Hana
walt (394). Although pyrimidine dimers are formed in
mammalian cells after exposure to UV light, the level
of excision repair seems to vary widely between dif
ferent cell lines (see 223, 376, 408 for reviews). Ex
cision of dimers is not easily detectable in mouse (221,
222) or in Chinese-hamster cells (571) whereas exci
sion of 50 per cent or more of the dimers in the DNA
of Syrian hamster and from several sources of human
cells can occur (411, 505, 618). Painter (376) has
pointed out that labelling procedures are required to
determine dimer excision, in which the materials of
interest (dimers) represent only a very small fraction
of the total radio-activity in the system so that up to
10 per cent dimer removal is not detectable by the
method employed.

465. It was pointed out in paragraph 438 that, in
bacteria, at least four different enzymatic activities
(endonuclease, exonuclease, DNA polymerase and
ligase) are involved in the excision-repair process. En
zymes of these types have also been found in mam
malian cells and the properties of purified DNA poly
merases, DNA ligase and DNAse IV (an exonuclease)
are very similar in many respects to those of related
microbial enzyme activities (265, 266). An endonu
clease that attacks alkylated DNA but not normal or
UV-rrradiated DNA is present in human lymphocytes
(534). The observation (paragraph 515) that cells
from Xeroderma pigmentosum10 patients lack the nor-

.10 Xeroderma pigmentoslIm is a rare autosomal recessive
dIsorder in which the skin is extremely sensitive to UV and sun
light. The striking clinical feature of homozygotes is a very high
incidence of actinic skin cancer on exposed regions of the face
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mal ability to produce chain-breaks in their DNA after
UV-irradiation implies that a different endonuclease
that recognizes regions containing pyrimidine dimers
is also present in human cells (84, 505). These find
ings suggest that such enzymatic activities are pre
sumably used for the same purposes in mammalian
cells as in micro-organisms and that the process of dimer
excision and repair proceeds by similar biochemical
mechanisms in both types of cells.

466. The problem of excision repair in mammalian
cells bas been approached by means of autoradiogra
pille and density-labelling procedures, the latter being
based on the technique used by Pettijohn and Hana
walt (394). Rasmussen and Painter (405) reported
that if HeLa cells were UV-irradiated prior to incuba
tion with 3H-thymidine, aU of the cells in the culture
became labelled as determined by auto-radiography,
instead of just the cells in the S phase as was the case
in unrrradiated cells. These authors subsequently ex
tended the study and found tbat of 12 different kinds
of cells tested (in addition to BeLa) all but three
showed this phenomenon. The three that did not show
the phenomenon were two mouse lines and one
Chinese-hamster line (406). Moreover, these showed
the effect if they were grown in the presence of
5-bromodeoxyuridine (5-BUDR) prior to irradiation.
Recent results have indicated that the effect could be
demonstrated in the mouse and Chinese hamster cells
if the autoradiographic exposure was greatly extended
(378). Therefore this phenomenon, which was also
observed by Djordjevic and Tolmach (116) in HeLa
cells and is called "unscheduled DNA synthesis" oc
curs to a much lesser extent in some cells than in
others.

467. Rasmussen and Painter (406) also demon
strated the occurrence of repair replication in BeLa
cells after UV-irradiation (using essentially the same
technique employed by Pettijohn and Hanawalt (394)
for bacteria) and conjectured that repair replication
and unscheduled DNA synthesis might reflect the same
molecular process (but see paragraph 514).

468. This possibility received strong support from
the work of Cleaver (83) who compared normal human
skin cells with those from patients suffering from the
de Sanctis Cacchione syndrome of Xeroderma pigmen>
tosum with respect to the ability of these cells to effect
repair replication and unscheduled DNA synthesis after
UV-irradiation. Cleaver found that while irradiated
cells from normal humans showed both repair replica
tion and unscheduled DNA synthesis, those from the
Xeroderma pigmentosum patients did not show either.
Cleaver's work was the first demonstration of a gene
tically determined defect in a radiation-repair process
in human cells.

469. In further studies, Painter and Cleaver (378)
examined repair replication in cells showing extensive
unscheduled DNA synthesis (those of human origin)
and in those showing very little unscheduled DNA
synthesis (mouse and Chinese hamster cells) and found
that the former cells always showed extensive repair
replication while it was possible to demonstrate repair
replication only with difficulty in the latter cells. These

and arms. Two clinical forms are known both of which show
the skin symptoms, but the rare form shows additional neuro
logical disorders and is known as the de Sanctis Cacchione
syndrome. There is no ready way to diagnose heterozygotes,
and repair replication in these is near normal (85, 128).



correlations together with the results of comparisons
of the amount of repair replication and unscheduled
DNA synthesis in HeLa cells strengthen the hypothesis
that these two phenomena are manifestations of the
same molecular process.

470. In bacteria, strong correlations exist between
the ability to carry out repair replication and resistance
to UV-irradiation (597). But such a correlation is not
easy to make between cell survival and repair replica
tion for mammalian cell lines (376, 408). The UV
sensitivities of HeLa, L and Chinese-hamster cells do
not appear to differ by more than a factor of two to
three, but the amount of repair replication in Chinese
hamster cells and mouse L cells is much less than in
BeLa cells (378).

471. The possibility that repair replication may
enhance survival finds· support in the recent work of
Cleaver (85) and of Goldstein (151). Cleaver (85)
found that Xeroderma pigmentosum cells (which show
greatly reduced levels of repair replication) also show
reduced survival in terms of colony formation; both
normal and Xeroderma pigmentosum fibroblasts have
exponential survival curves with a DOll of 29 and 9 erg
mm-2, respectively.

472. Goldstein's results are similar to those of
Cleaver in that they show that in the Xeroderma pig
mentosum cell lines that he investigated, exponential
survival curves were claimed with a Do of 2 erg mm-2•

Painter (376) believes that if these observations are
confirmed, a case can be made for repair replication
having a function in maintaining the reproductive in
tegrity of human and presumably of other mammalian
cells.

473. In recent studies evidence has been obtained
showing that Xeroderma pigmentosum fibroblasts from
different patients show different levels of repair repli
cation; these range from zero to 25 per cent in the
studies of Cleaver (85) and from zero (extreme case)
to 70 per cent (a "light" case) in those of Bootsma
et al. (42).

474. Regan et al. (410) have recently reported the
development of a sensitive technique which utilizes the
photolysis of bromodeoxyuridine to study the extent
of repair of UV-irradiation damage to DNA in human
celIs. The authors point out that (i) the quantitative
aspects of this assay for repair and its sensitivity should
make it applicable to the study of repair of damage
induced by agents other than UV and (ii) the method
can also be used as a rapid, sensitive pre-natal assay
for Xeroderma pigmentosum.

475. Repair replication and/or unscheduled DNA
synthesis occurs in mammalian cells after treatment
with nitrogen mustard and methylmethane sulphonate
(18, 168, 416).

476. If the DNA that has undergone repair repli
cation is functional, then it must be able to participate
in semiconservative replication. Rasmussen et al. (407)
and Painter et al. (379) have shown this to be true
for human diploid and aneuploid cells.

(iii) Recombinational repair
477. Studies seeking evidence for the occurrence of

recombinational repair in mammalian cell systems

11 The dose that reduces survival to 37 per cent of an initial
survival level on the exponential region of a dose-response
survival curve.
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,
(similar to that observed in Escherichia coli) are only I
just beginning. Since only a part of the dimers are
excised from some mammalian cells and almost not
at all from others, such repair systems may be of
great importance. Cleaver and Thomas (86), Klimek
and Zemanova (225, 226) and Rupp et al. (424)
have published some evidence for this kind of repair in
Chinese-hamster and in mouse cells.

B. IONIZING RADIATION

478. In contrast to the wealth of information avail- \
able on the nature of the damage induced by UV
light and its possible repair mechanisms, our knowledge .
regarding the effects of ionizing radiations is still
meagre. Ionizing radiations produce different types of r..·
alterations in the DNA among which are: base changes,
base destruction, sugar-phosphate bond cleavage, chain
breakage (single- and double-strand breaks), cross
linking of the strands and degradation (196).

479. In spite of the fact that DNA-strand breakage
is an intensively studied phenomenon, the exact chem
ical changes that occur during the formation of breaks
are not known (196, 376). Studies on the irradiation
of DNA in aqueous solutions have shown that inorganic
phosphate is liberated (472) and that phosphomo
noester groups are formed (89). Such studies suggest
that chain breakage occurs at the phosphodiester bond
when DNA is irradiated in aqueous media. Significant
damage to the deoxyribose moiety has also been re
ported (209) suggesting another site of chain break
age at the C3'-C4'-bonds. The x-ray-induced breaks
have sometimes been classified as "clean breaks" (e.g.,
phosphate-ester break) or "dirty breaks" (e.g., sugar
damage and/or base loss). It is presumed that clean
breaks can be more quickly repaired than dirty breaks
(518).

480. The failure of the polynucleotide-joining en
zyme (which is known (373) to act on 3' hydroxyl-5'
phosphoryl termini in double-stranded DNA) to repair
in one step the single-strand breaks produced in DNA
by x-irradiation in aqueous media implies that chain
breakage involves a more complicated mechanism
than a simple rupture of the phosphodiester bond pro
ducing polynucleotide chains with 3'-hydroxyl and
5'-phosphoryl groups in juxtaposition (207). After
reviewing some other additional lines of evidence,
Painter (376) also concluded that after x-irradiation,
the single-strand breaks can terminate in several kinds
of end groups.

481. The above studies, designed to identify the end
groups of irradiated DNA, have been done in solutions
of DNA in which the bulk of the damage is probably
caused by indirect action (Le. free radicals formed in
water). Within the cell, however, direct action plays
a much greater role. Which of the effects described in
paragraph 478 is important and to what extent there
are mechanisms in the cell to repair or by-pass this
damage and the role of oxygen and other agents in
modifying the yield are problems that have been inten
sively pursued.

482. The studies on ionizing radiation-induced dam
age and repair mechanisms can be broadly divided
into two categories, namely, (a) those performed by
means of physico-chemical techniques at the level of
the primary damage induced in the DNA and concerned
with the induction of single- and double-strand breaks,
base damage, etc. and (b) those that apply genetic
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techniques to the assessment of the mutational dam
age.

1. Primary DNA damage and associated repair
mechanisms

(a) Single- and double-strand breaks

483. Freifelder (141) measured the number of
x-ray-induced single- and double-strand breaks per
phage (T7) at high survival levels (20 to 100 per
cent) by ultracentrifugal analysis of the DNA, and
correlated the inactivation of phages with the yield of
double-strand breaks and with possible base damage
(thymine?). Single-strand breaks are not lethal and
this is consistent with the fact that viable phages con
tain natural single-strand breaks. While the technique
of ultracentrifugation analysis used by Freifelder is
simple and direct, it is strictly limited to situations in
which the unirradiated DNA molecules, as isolated,
are homogeneous.

484. In bacteriophage cliX174 (single-stranded
DNA) every chain break leads to inactivation (136).
Lytle and Ginoza (290) estimate that the frequency
of sugar-phosphate-backbone breaks induced by .gam
rna rays in this single-stranded phage under conditions
of direct action is 0.20 ± 0.03 per lethal event and
per primary ionization in the DNA. These results are
in contrast with the observation that there are 0.75
single-strand breaks per primary ionization in the
double~stranded replicating form of DNA of the same
phage, also irradiated under conditions of direct action
(544 ).

485. McGrath and Williams (297) developed a
method applicable to the study of whole cells in which
the cells are lysed directly on top of an alkaline su
crose gradient. The DNA is released with minimal
shearing and sediments through the gradient, the dis
tance being dependent upon the molecular weight.

486. Using this method, these workers analysed the
DNA of x-irradiated Escherichia coli Blr (radio
resistant) and B .-1 (radio-sensitive) strains and ob
served that the decrease in sedimentation rate of the
alkali-denatured DNA of both strains are similar.
However, re-incubation of the irradiated cells restored
the sedimentation rate essentially to the pre-irradiation
level in the Blr strain, but not in the B8- 1 strain. They
concluded that the increase in sedimentation rate re
flects a repair process that joins broken pieces of the
DNA (in Blr) with alkali-stable bonds. Single-strand
breaks are thus reparable in the BIr strain.

487. Calculations showed that single-strand scis
sions could quantitatively account for lethality in the
Be-i strain, although double-strand breaks produced in
lesser yield would also be expected to contribute to
same extent to lethality.

488. Freifelder (143) has recently reported the re
sults of some experiments with the Escherichia coli B 8- i
strain in which he compared the rate of strand
breakage with the inactivation rate. His data suggest
that the ratio of single-strand breaks to lethal hits is
about seven "from which one cannot make a very fum
statement about the role of single-strand breakage in
x-ray inactivation". However, as Freifelder has pointed
out, if single-strand breaks are not lethal, this raises
the question of the cause of the greater sensitivity of
strain B.-i. A study of the role and possible repair
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of base damage may lead to an answer, although it is
not clear at present how to investigate base damage
using biologically meaningful doses.

489. Using techniques similar to those employed
by McGrath and Williams (297), Kaplan (201) re
ported that x-irradiation of Escherichia coli K12
induced a decrease in sedimentation rate of alkali
denatured and of native DNA attributable to single
and double-strand scissions, respectively. Single-strand
scissions were repaired during re-incubation of the
irradiated cells whereas double-strand scissions were
not. BUDR (the incorporation of which in DNA is
associated with a 2-3 fold increase in x-ray sensitivity
(202)) increased the yield of double-strand scissions
per unit dose to an extent proportional to its effect on
radiation-induced lethality. These correlations suggest
that even in radio-resistant bacteria, double-strand
scissions are the major radio-chemical lesions leading
to loss of viability.

490. The studies of Munson et al. (333) on the sen
sitivity of Escherichia coli to radiations of different
LET led to the suggestion that potentially lethal dam
age may be of two kinds, double-stranded damage,
which is largely irreparable, and single-stranded dam
age, which is reparable to different degrees in different
strains.

491. Kapp and Smith (208) showed that a corre
lation exists between the inability to repair single-strand
breaks and the radio-sensitivity of bacteria. These in
vestigators used strains of Escherichia coli K12 mutant
in genes controlling excision repair (uvr) and genetic
recombination (rec) to study their x-ray sensitivity
and their ability to repair x-ray-induced single-strand
breaks in the DNA. It was found that mutations in
the ree genes appreciably increased radio-sensitivity
(see also paragraphs 454, 518) whereas uvr mutations
produced little, if any, increase. For a given dose of
x rays, the yield of single-strand breaks was largely
independent of the presence of rec or uvr mutations.
The rec+ cells (including those carrying the uvr B5
mutation) could efficiently rejoin x-ray-induced single
strand breaks in DNA, whereas rec A56 mutants could
not repair these breaks to any great extent. The ree
B2l and rec C22 mutants showed some indication of
repair capacity. These observations suggest that un~

repaired single-strand breaks may be lethal in Escheri
chia coli.

492. This correlation between the inability to re
pair single-strand breaks and the radio-sensitivity
of bacteria is further documented by studies using
drugs that appear to selectively inhibit (in rec+ strains)
the recombinational repair of x-ray-induced single
strand breaks in DNA (518).

493. In Micrococcus radiodurans, in contrast to
what has been discussed above, both single- and double
strand breaks are effectively rejoined. However, the
mechanism by which double-strand breaks are rejoined
has not been resolved (10, 106).

494. Alexander et al. (11) have shown that in
Micrococcus radiodurans, approximately 90 per cent of
the single-strand breaks produced by x-irradiation in
oxygen are repaired rapidly (within minutes) in buffer
at 30° C but not at 0° C. The remainder of the breaks
not repaired in buffer are restituted slowly (hours)
when the cells are incubated in growth medium. How
ever, after irradiation in oxygen, cells are still capable
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Oxygen Enhancement Ratio (OER) of between two and
three. Dean et al. (107) subsequently established that
the OER for the induction of single-strand breaks in
Micrococcus DNA was not significantly different from
unity if an inhibitor of repair was present, whereas a
value of about three was obtained if repair operated.
They also re~examined the earlier data of Lett et al.
(262) on oxygen effect for mouse-lymphoma cells
and considered this to be spurious and to result from
the peculiarities of the molecular weight distribution
after irradiation in nitrogen. When this factor was taken
into consideration, the OER was close to unity.

501. The lack of oxygen effect in the production of
single-strand breaks discussed above is in agreement
with the result of Freifelder (142) with the DNA of
phage B3 and also with those of Neary et aI. (350)
with the DNA of phage T7. It must however be pointed
out that there are other reports in the literature in which
OER values higher than one have been found (5,46).

502. Dean et aI. (107) consider that the initial
production of single-strand breaks is uninfluenced by
oxygen but that there may be a chemical difference
between the breaks produced in the presence or ab
sence of oxygen, which causes a difference in the
reparability of the two classes of break. They suggest
that the variability in OER values for single-strand
breaks of DNA in cells may be accounted for by the
extent to which repair has proceeded in the. conditions
of any particular experiment.

503. In the same study mentioned in paragraph 501
Neary et al. (350) found that oxygen did not signi
ficantly increase the effectiveness of radiation-induced
double-strand breakage in T7 DNA, a finding which is
in line with those reported by Lett et al. (262), Lett
and Alexander (261), Alexander et al. (12), Frei
felder (141) and others, but at variance with that of
van del' Schans and Blok (579).

504. Lett et al. (262) were the first to observe the
rejoining of single-strand breaks in mammalian cells.
They found that rejoining occurred very rapidly in a
radio-sensitive strain of mouse lymphoblasts after
30,000 rads, an obviously supra-lethal dose.

505. Lohman (268) and Humphrey et aI. (183)
studied by means of a modified alkaline-sucrose-gradient
technique the x-ray (or gamma) induction and rejoin
ing of single-strand breaks in the DNA of human
kidney (T) cells and in Chinese-hamster (Don C)
cells. They obtained results similar to those of Lett
et al. (262) and extended the data to lower doses.
While Lohman (268) found that strand-rejoining was
most effective in early S and minimal in G2 (after
20 kR), Humphrey et al. (183) found no evidence of
a difference in ability to repair single-strand breaks
during the cell cycle. Results similar to those of the
latter authors were obtained by Sawada and Okada
(464) with mouse lymphoblasts.

506. Elkind and Kamper (129) were also able to
show repair of x-ray induced single-strand breaks in
Chinese hamster cells at doses of 1,440 rads and
higher.

507. Using a biochemical method (the use of poly
nucleotide kinase which catalyses the reaction of a
polynucleotide chain terminating in 5'-hydroxyl group
with the gamma phosphate of ATP to form polynucleo-
tide-5' phosphate) Dalrymple etaI. (100) demonstrated
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of repairing rapidly at 0° C single breaks induced by
a subsequent anoxic irradiation suggesting that the
repair system itself is not especially vulnerable to irra
diation in the presence of oxygen. Ligases capable of
linking 5'-P . .. 3'-OH breaks have been shown to be
active at 0° C and the authors have speculated that the
majority of breaks produced by x rays under anoxic
radiation are of this type, since in Micrococcus radio
durans they are restored so rapidly.

495. The finding in the above study that there may
be both a fast and slow enzymatic process operating in
the repair of single-strand breaks in DNA has led to
the suggestion that many of the single-strand breaks
in DNA are rapidly repaired in Escherichia coli before
the samples can be analysed by sedimentation. Such a
situation would be consistent with an apparent require
ment of about 500 eV to produce a DNA chain break
in Escherichia coli (5, 150, 201,209).

496. The DNA polymerase deficient mutant pol Al
(paragraphs 445-446) of Escherichia coli is very sen
sitive to killing by x-irradiation. In fact it is as sensi
tive as rec A. Thts property prompted an investigation
of the ability of this mutant to repair x-ray-induced
single-strand breaks in DNA. These studies revealed an
unexpectedly high yield of breaks per dose of radiation
compared to pol+ (518) and led to the speculation
that pol Al might be defective in a rapid repair system
for chain breaks which had not been previously detected
in Escherichia coli. This has been confirmed by fmding
conditions which inhibit this process in pol+. In pol Al
and in "completely" inhibited pol+ the energy required
to produce single-chain breaks is approximately 75
eV per break (554).

497. The nature or possible extent of interaction
between the repair systems controlled by the rec+
and pol+ genes is not known. Preliminary data in
dicate that pol+ reC+ cells can repair more chain
breaks than the sum of the efforts of rec+ pol- and
rec:- pol+ cells, suggesting that the two systems may
be somewhat interdependent (554).

498. Using the technique of McGrath and
Williams (297), Lett et al. (262) showed that the
x-ray sensitivities of the DNA in murine leukremic
cells (Do = 38 rad) and Micrococcus radiodurans
(Do = 70 krad) to the induction of single-strand
breaks are very similar. They estimated that, under
irradiation in an oxygen atmosphere, one single-strand
break was produced for approximately 50 eV with
Micrococcus and 70 eV with murine lymphoma, sug
gesting that variations in radio-sensitivity are not deter
mined by the magnitude of the primary DNA lesion.
The efficiency of strand breakage in Micrococcus is the
same as the recently corrected value for "fully pro
tected bacteriophage systems" (142, 143).

499. In general it may be said that the average
energy expended per single-strand breakage of DNA
irradiated within a cell (for low-LET radiations) is
around 50-100 eV and that single-strand breaks are
some 7-10 times more numerous than double-strand
breaks (91, 142); Neary et al. (350) have indicated
that the ratio of single-strand to double-strand breaks
may be of the order of 10-20 to 1.

500. Lett et al. (262) also found that irradiation of
Micrococcus and of murine lymphoma cells under
anoxia gave fewer single-strand breaks (one third to
one half the number observed in oxygen) leading to an
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the repair of radiation-induced DNA breaks in mouse
liver DNA and in mouse L cells. Their work suggests
that breaks exposing the 5' phosphate are metabolically
formed within one minute after x-irradiation and then
rapidly "healed" within the next 10 minutes. This find
ing is at variance with the results obtained by Kapp and
Smith (207) in their in vitro studies (paragraph 480).

508. The question whether double-strand breaks
in the DNA can rejoin has been the subject of con
siderable controversy. Double-strand breaks do occur
after irradiation (paragraph 499) but at present there
is no direct evidence that they are rejoined. Painter
(376) has argued that if double-strand breaks did not
rejoin, then it should be possible to detect a small
percentage of DNA as a fraction remaining at low
sedimentation values in alkaline-sucrose gradients, since
1 in 7 to 10 strand breaks must have been derived
from double-strand breaks. This has not been the case
however because most .(certainly more than 90 per
cent) of the broken DNA appears at control sedimen
tation values. On the basis of these results it may be
inferred that many double-strand breaks are rejoined.

509. The other line of reasoning used by Painter is
based on the consideration of the number of double
strand breaks that must occur in cells surviving
x-irradiation. Since 1 rad produces about 10 single
strand breaks per mammalian genome, a Do of 100
rads would produce 1,000 breaks, of which at least
100 must actually be double-strand breaks. Survivors
must be able to cope with these in some fashion; it
must therefore be presumed that they are rejoined at
some time. Possible mechanisms that might play a
role in the rejoining of double-strand breaks have been
suggested.

(b) Unscheduled DNA synthesis and repair replication

510. Unscheduled DNA synthesis and/or repair
replication have been demonstrated to occur in mam
malian cells after x-irradiation. Rasmussen and Painter
(406) observed unscheduled DNA synthesis in HeLa
cells and Painter and Cleaver (377) reported repair
replication in them, but only after a very high expo
sure (100,000 R). Later, Painter (375) reported re
pair replication in BeLa cells after low doses, and
also in unirradiated controls. However, the amount of
repair replication measured as specific tritium activity
(from lIHBUDR) in normal density DNA did not
exceed that in controls until the exposure to the cells
exceeded 1,000 roentgens.

511. In a further study of repair replication in
mammalian cells after x-irradiation, Painter and Young
(380) examined the quantitative and qualitative char
acters of repair replication in Chinese hamster cells
(B14FAF), mouse cells (P388F) and human diploid
cells (WI-38) and found them to be similar. Calcula
tions of the amount of DNA damage per cell and
number of bases inserted per damaged site indicate that
degradation at each damaged site does not exceed
three bases; this small amount of base insertion can
not be detected in the presence of the nonconservative
synthesis occurring in controls until the damage to
DNA is extensive-more than that caused by 1,000
rads (paragraph 510).

512. In contrast, Ayad and Fox (17) and Fox et al.
(140) reported that repair repliclltion occurred in
mouse cells (P388F) after exposures to as low as
150 roentgens and not in controls; the amount of
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repair replication occurring in these cells after 150
roentgens, however, was extremely large; the incorpora
tion of isotope was 15 to 20 per cent of that occurring
by means of semiconservative replication in controls.
For higher exposures, the relative amount of repair
synthesis was even greater.

513. It is obvious that the results of Ayad and Fox
(17) and Fox et al. (140) are at variance with those
of Painter and Young (paragraph 511). The latter
authors have re-examined the data of Ayad and Fox
(17) and Fox et al. (140) and point out that "the
extensive synthesis reported by these workers is not
restricted to damaged sites in the DNA and therefore
must not be related to repair".

514. Shaeffer and Menz (506) compared un~
scheduled DNA synthesis, Do, cell recovery and
chromosome number in several x-irradiated mammalian
cell lines. If unscheduled DNA synthesis represents a
biologically significant repair system, cell lines showing
greater extents of unscheduled DNA synthesis should
exhibit a correspondingly lower radio-sensitivity (higher
Do) and/or a higher recovery ratio. However, the data
of these authors suggest that there was no such cor
relation. These observations are consistent with the
conclusion that cell survival after x-irradiation is not
solely, if at all, dependent on unscheduled DNA syn
thesis.

515. Perhaps one of the most interesting findings in
mammalian cells is the occurrence of unscheduled DNA
synthesis and repair replication in Xeroderma pigmen~
tosum cells after x-irradiation: Cleaver (84) found
that unscheduled DNA synthesis occurred in these
cells to the same extent as in normal diploids; Kleijer
et al. (220) found this to be tme for both unscheduled
DNA synthesis and repair replication. Since x-irradiation
is known to produce single-strand breaks, these findings
have led to the proposal that Xeroderma pigmentosum
cells are defective in the initial incision-step (and
consequently unable to effect repair replication after
UV-irmdiation, paragraph 468). Xeroderma pigmen
tosum cells apparently have normal levels of the other
enzymes in the sequence involved in repair replica
tion.

2. Mutational damage and its repair

(a) Proearyotes

516. Munson and Bridges (332) found that the
mutagenic damage in Escherichia coli is largely single
stranded and considered it likely that this might con
sist of the scission of the sugar-phosphate backbone
of the DNA.

517. The lack of photoreversibility of x-ray-in
duced mutational damage in Escherichia coli indicates
that pyrimidine dimers are not involved (194). Ex
cision-defective strains (Her) are no more sensitive to
x rays than their Hcr+ counterparts suggesting that the
damage is not reparable by excision (54, 177, 331).

518. It has been mentioned earlier (paragraph 455)
that, in Escherichia coli, sensitivity to UV-killing is
significantly increased by exr- or ree- mutations. The
same is true for the killing effects of x rays (177, 296).
Since both these loci affect genetic recombination, tlte
suggestion has been made that there might be a com
mon pathway for UV and ionizing-radiation .muta
geneses and that some potentially lethal primary or
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secondary x-ray damage may be reparable by recombi~

nation (50, 598, 600). The findings that one Rec
strain is refractory to the induction of mutations by
x rays (227,228) and that, in an EXt strain, the yield
of gamma-ray-induced mutations is only 5 per cent of
that observed in the Exr+ strain (53) are entirely in
line with the expectation based on the postulated role
of recombination in the induction of mutations by
x rays (see paragraph 457 for UV mutability in similar
strains).

519. In contrast to UV-induced mutations which
seem to arise after replication of DNA (paragraph
458), x-ray-induced mutations are produced before
replication. Unlike UV mutations, the x-ray-induced
mutations can be transferred by conjugation immediately
after irradiation of the donor (195) and appear on both
daughter chromosomes at the next DNA replication
(55, 330). It is thus obvious that, if recombination is
the primary mechanism that generates x-ray-induced
mutations as well, it should operate before DNA repli
cation. Witkin (598) has postulated that, if the single
strand breaks in the DNA induced by x rays are located
in parts of DNA which have replicated before x
irradiation, then these may be subject to recombina
tional repair and may thus be the only breaks capable
of giving rise to x-ray-induced mutations.

520. It should here be pointed out that it has not
yet been demonstrated that a complete recombinational
event is required for the repair of x-ray-induced single
strand breaks. It is possible that only a few of the
enzymes normally required for genetic recombination
are used in the repair of x-ray-induced single-strand
breaks (518).

(b) Eucaryotes

521. The x-ray induction of forward mutations at
the ad-3A and ad-3B loci in Neurospora erassa has
been extensively investigated by de Serres et ai. (110,
112, 113, 114, 293, 590). Although Neurospora is a
haploid organism, by using a two-component hetero
karyon this system can be made to mimic a diploid
organism. The heterokaryon is heterozygous for markers
at the two closely linked loci, ad-3A and ad-3B, which
control different but sequential steps in purine bio
synthesis. Inactivation of either of these genes results
in the accumulation of a reddish-purple pigment in the
mycelium and a requirement for adenine.

522. It has been shown that the x-ray-induced muta
tions at these specific loci fall into two classes desig
nated as ad-3R and ad-3 IR (114). The flIst class
consists of reparable mutants that will grow as homo
karyons on adenine-supplemented medium and the sec
ond consists of irreparable mutants that will not grow
as homokaryons either on adenine-supplemented or on
complete medium.

523. Genetic analysis has shown that the ad-3R mu
tants have only the ad-3A or ad-3B locus inactivated
whereas, in the ad-3 IR mutants, the inactivation covers
other loci in the immediately adjacent regions (110) .
Moreover, the ad_3R mutants predominate at low doses
and show a linear relationship with dose whereas the
ad-3 IR class predominates at high doses and the rate
of induction is proportional to the square of the dose
(590) .

524. These results are consistent with the interpreta
tion that ad-3 R mutations are essentially point muta-

tions and that the ad-3 IR mutations are multilocus de
letions. In line with this interpretation are the results
of dose-rate studies in which it was found that the
ad~3R class showed no dose-rate effect whereas lower
ing the dose rate (1,000 R min! to 10 R minI) brought
about a significant reduction of the frequencies in the
ad-3 II'. class (113). These results are taken as evidence
for the occurrence of repair of the ad-31R class of le
sions.

525. The molecular alterations that lead to point
mutations (ad-3 R

) have been characterized (293). The
results of allelic complementation and specific rever
tibility tests (with chemical mutagens) conducted on a
sample of sixty-eight x-ray-induced ad-3B mutations
(ad-3 n type) revealed that nearly more than one third
and possibly up to one half of these mutations could
be due to base-pair changes and deletions.

C. SUMMARY

526. Our knowledge concerning the effects of radia
tions on DNA and repair processes has rapidly ex
panded during the past several years. A variety of
systems from procaryotes to mammalian-cell cultures
have been used to examine damage induction and to
elucidate the operation of repair processes of the
primary damage in the DNA (by physico-chemical
and biochemical techniques) and of mutations (genetic
techniques) .

527. Cyclobutane-type pyrimidine dimers are among
the most studied photoproducts formed in the DNA
after UV-irradiation. These have been identified in
micro-organisms as well as in mammalian cells. They
act as at least a temporary block to DNA synthesis in
micro-organisms, but not in certain mammalian cells.

528. In bacteria, there are at least three repair
processes-photo-enzymatic repair, excision repair and
post-replication (recambinational) repair-which
operate to eliminate these lesions and restore the
normal DNA structure.

529. Photo-enzymatic repair and excision repair
operate before DNA replication whereas post
replication repair, as the name implies, operates after
DNA rcplication. Strains of bacteria deficient in one
or more of these processes are significantly more sen
sitive to the killing effects of UV light. In addition,
excision-defective and recombination-deficient strains
are also more sensitive to x-ray killing. The genetic
loci that control these processes have been identified.

530. Photo-enzymatic repair and excision repair
are considered to be very much less likely to introduce
errors into the DNA in the course of repair than post
replication repair. The striking correlation between re
combination-deficiency and increased sensitivity to UV
killing, and the absence or near-absence of UV mutabil
ity in strains of bacteria such as exr or rec- which are
recombination-deficient have led to the hypothesis that
UV mutability is intimately related to recombination
and that UV light induces mutations in normal wild
type bacteria through inaccuracies introduced into the
DNA by the recombinational repair process.

531. The results of studies of the tryptophane syn
thetase A gene in Escherichia coli indicate that about
80 per cent of the mutations at this locus are single
base substitutions, the remainder being frame shifts.
If the hypothesis of recombinational origin of muta~
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V. Risk estimates

A. RATES OF INDUCTION OF DIFFERENT KINDS OF
GENETIC DAMAGE IN THE MOUSE

1. Dominant lethals

The rate of induction of dominant !ethals fol
acute x~irradiation of spermatogoma can be

547.
lowing

12 The terms "acute" and "chronic" will ~e used to denote
irradiation at high and low dose rates, respectIvely.

break~ are al~o repai:ed). In mammalian cells, although
there IS no dIrect eVIdence demonstrating the rejoining
of double-strand breaks, there are grounds to believe
that they may undergo repair.

542. There is not yet enough evidence for repair
synthesis in bacterial DNA following exposure to ion
izing radiation. In mammalian cells, however, both re
pair replication and unscheduled DNA synthesis do
occur following exposures to ionizing radiation.

543. The mutagenic damage produced by ionizing
radiation in bacteria is not photoreversib1e, suggesting
that these lesions are not likely to be pyrimidine dim
ers. In addition they are not exciseable either. The par
allelism between recombination-deficiency and en
hanced sensitivity to the killing effects of UV light and
x rays On the one hand, and the refractoriness of the
recombination-deficient strains to mutation induction
by UV light as well as by x rays on the other, have
led to the suggestion that x-ray-induced mutations
may also arise via a recombinational repair mechanism.
However, whereas UV-induced mutations are expressed
after DNA replication, the x-ray-induced ones are ex
pressed before it.

544. In Neurospora, evidence is available indicating
that x-ray-induced mutations at the ad-3 loci may be
either point mutations (intragenic alterations) or
chromosome deletions, the former type predominating
at low doses and the latter type at high doses. Nearly
one third and possibly One half of the point muta
tions involving the ad-3 loci may be due to base
pair changes and deletions.

545. In the 1966 report, risks of genetic effects
were expressed in terms of expected frequencies of ge
netic changes (point mutations or chromosome ~berrn

tions) induced per unit dose; this procedure.WIll also
be followed in the present report. ~he followmg para
graphs will be devoted to an updatmg of some of the
estimates reached in the 1966 and 1969 reports of
the Committee in the light of recent advances in radia
tion genetics and human population cytogenetics (48,
189, 249, 353, 448, 461, 480, 481).

546. Estimates of the genetic dan:age for the D?ou~e
will first be reviewed and the meanIng and the sIgmf
icance of such estimates for man will then be dis
cussed. An estimate of the risks in terms which may
be related to the incidence of genetic disorders in man
will also be given. Attention will be focused on t~e
germ-cell stages most at risk, namely.. spermatogonIa
and oocytes. For the mouse, unfractIOned x-ray ex
posures at high doses and dose rates are taken as the
standard condition and the effects .of other t;'Pes of
treatment are considered in relatIOn to thiS. For
man the risk estimates are based on expected rates
at low doses and under conditions of chronic exposure
(see paragraph 579) .12

tions in Escherichia coli is accepted, then it follows
that the errors introduced into the DNA during recom
binational repair relate mainly to the alteration of pair
ing specificities in single bases.

532. Among mammals, the photo-enzymatic repair
system exists only in marsupials. The ability to excise
dimers varies markedly among mammalian cell lines
and ranges from nearly no detectable excision (mouse
and Chinese hamster cells) to excision of up to 50 per
cent or more (human cells), still much less than in
bacteria where over 90 per cent of the dimers are re
moved from the DNA.

533. One of the essential steps in excision repair
synthesis of new DNA to fill up gaps produced by the
excision of dimers - has been demonstrated to occur
by antoradiographic techniques (unscheduled DNA
synthesis) and by density labelling procedures (repair
replication) in several mammalian cell lines.

534. It has been shown that repair replication is
functional Le. repaired DNA can undergo normal serni
conservative replication.

535. After UV-irradiation, cells from patients suf
fering from Xeroderma pigmentosum are either unable
to effect unscheduled DNA synthesis and repair repli
cation or are able to do so only at low rates.

536. The amount of repair replication occurring
after UV-irradiation in several mammalian cell lines
does not appear to be strongly correlated with cell
survival data; however, the possibility that repair re
plication may enhance survival follows from the dem
onstration that Xeroderma pigmentosum cells show
reduced survival levels (relative to normal cells) in
terms of colony formation.

537. The fact that repair replication and unsched
uled DNA synthesis in Xeroderma pigmentosum cells
occur at normal rates after x-irradiation (which is
known to produce single-strand breaks) but not after
UV-irradiation, shows that these cells are probably
lacking, or deficient in, the incisi~n. enzym7(s), the
operation of which precedes the eXCISIOn of dlIners.

538. Evidence showing the occurrence of recombi
national repair after UV-irradiation has been obtained
in mammalian cells.

539. The identification and isolation of certain en
zymes in mammalian cell systems the properties of
which are similar to those controlling the excision re
pair process in microbial systems suggest that such
enzyme activities are probably used for the same pur
poses in mammalian cells as in microbial systems and
that the process of dimer excision and repair proceeds
by similar biochemical mechanisms in both types of
cells.

540. Among the different kinds of damage pro~uced
by ionizing radiations, the formation and repaIr of
single- and double-strand breaks in the DNA ha~e been
extensively studied in bacteriophages, ba~tena and
mammalian cells. It has been shown that smgle- and
double-strand breaks occur in a ratio of about 10-20 to
1 in DNA after exposure to ionizing ra~iatio,:. Thei.r
production, at least in the systems studIed, IS. un~f
fected by the presence or absence of oxygen dunng Ir
radiation.

541. Single-strand breaks are not normally lethal
since they may be effectively repaired, where~s double
strand breaks are lethal in phages and bacterIa (except
in Micrococcus radiodurans in which double-strand
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estimated from fOUf sets of data (288, 474, 507, 510).
Each set gives a different estimate of post-implanta
tion mortality (used here as an index of dominant
lethality)U1 ranging from 4.0 10-5 per rad (507) to
slightly more than three times this figure (474) 14 with
a mean value of 8.6 10-5 per rad.

548. In making these estimates, three assumptions
have been made, namely, (a) the dose-response curve
for the induction of events leading to dominant le
thality is linear. This seems fairly reasonable since it
has been demonstrated that almost all dominant le
thality induced in spermatogonia is due to secondary
causes arising from induced translocations and that
the dose-response curve for the latter is linear; (b) the
frequency of cells carrying 0, 1, 2, etc. transmitted
lethal effects follows a Poisson distribution; and (c)
the post-implantation losses observed in the controls
are due to dominant lethals, although the relative pro
portions of these losses that are due to genetic and
non-genetic causes are not known.

549. Data are insufficient to determine risks of
induction of dominant lethals under other conditions
of irradiation (low dose rate, fractionation procedures,
high LET etc.) but it can be presumed that the re
sponse of the dominant lethals will be similar to that
of translocations (described in paragraphs 552-556).
The study of Sheridan (510) in which a total exposure
of 275 roentgens was delivered in 55 daily fractions of
5 rads each (spermatogonial irradiation) shows that
the frequency of induced post-implantation losses is less
than one tenth of that obtaining after acute irradia
tion. This observation suggests that the risk may be
considerably reduced with such fractionation proced
ures and is supported by the findings with respect
to translocations (paragraph 72).

550. No new data are available for estimating the
rate of induction of dominant lethals in female mice.
Based on the results given in table 3 the dominant
lethal rate for oocytes can be estimated to be about 0.9
10-3 per rad of acute irradiation. This estimate is in
line with the conclusion drawn in the 1966 report from
the data of Bateman (37) for spermatogonial rate and
those of Edwards and Searle (122) for the rate in dic
tyate oocytes, namely, that the dictyate oocytes are
more sensitive than spermatogonia by a factor of about
10 to 20.

551. The above difference between oocytes and
spermatogonia may well result from the fact that
chromosomes damaged in oocytes, i.e. during meiosis,
have a much higher probability of being transmitted
than those damaged at a premeiotic stage, as in sper
matogonia. As discussed in paragraph 11, unbalanced
chromosome changes induced in spermatogonia are
practically all eliminated before meiosis; in metaphase
I oocytes of irradiated female mice, on the other hand,
chromatid breaks and acentric fragments (changes that

13 Strictly speaking, the total mortality due to both pre- and
post-implantation losses should be used as an index of dominant
lethality; however, only the latter can be compared in the four
sets of data. Furthermore, the actual extent of pre-implantation
mortality is difficult to assess though its magnitude is known
to be small (275). Moreover, pre-implantation mortality is of
no consequence from the standpoint of genetic risks. Conse
quently, in the present section, only post-implantation losses
are llsed to compute dominant lethal rates.

14 Experiments 5 and 6 of Schroder (474) have been omitted
since a different mouse strain had been used. In addition, in
these experiments, control and irradiated males were mated at
different ages.' .

250

may result in dominant lethality) have been observed
(482).

2. Translocations
552. The rate of induction of translocations can be

estimated for the mouse using two kinds of data,
namely, those from semi-sterility tests and those from
cytogenetic studies of spermatocytes. For purposes of
risk estimation, the most pertinent data are the con
firmed cases of inherited semi-sterility. The spontaneous
frequency of semi-sterility is 10.4 10-4 per gamete
(275). For the radiation-induced rates, the most rele
vant data are those obtained by experiments in which
heritable semi-sterility is recorded and confirmed cyto
logically in the offspring of males given two 600-roent
gen exposures eight weeks apart. The rate that can be
estimated from these data after correction for controls
is 0.33 10-4 per gamete per rad (139, 288, 477).

553. The frequency of spontaneous reciprocal trans
locations detected cytologically in primary spermato
cytes is very much lower than the frequency of spon
taneous semi-steriles mentioned in the previous para
graph (258, 283, 488, 492). This suggests that most
of the reciprocal translocations identified as spontane
ous semi-steriles must arise in the male germ-cell line
subsequent to meiosis or in the female germ line (137).
Consequently, the frequency of translocations observed
in spermatocytes cannot be used in the computation of
risks.

554. On the other hand, the induction rate can be
used since the expected frequency of semi-steriles Clln

be computed from the frequencies observed in sperma
tocytes. The data presented in paragraphs 45-47
would indicate that in the 25-600 roentgens range the
frequency of induction in spermatogonia is linearly
related to the exposure mean rates, as measured in
spermatocytes, being 2.0 10-4 per rad. From this,
the expected reduced rate of translocations (semi
steriles) among live-born can be estimated to be 0.5
10-4 per rad. In the experiments of Ford et al. (139)
involving two 600-roentgen exposures, the observed
frequency was only about one half of the expected
value (paragraph 94). This leads to an estimate of
0.25 10-4 per rad and is in good agreement with that
of 0.33 10-4 per rad from genetic experiments.

555. Translocation frequencies after chronic
gamma-irradiation are only about one ninth of those
after acute x-irradiation (491). Although Leonard and
Deknudt found no divergence from linearity in the
relationship between translocations yield and x-ray
exposure down to 25 roentgens, some of the evidence
from fractionation experiments (paragraph 72) sug
gests that the rate of induction may be reduced after
a small single dose. At low exposure levels, fission
neutrons are nearly four times as effective as acute
x rays for translocation induction (492).

556. Although observations on sons of x-irradiated
females (435, 482) suggest a very low frequency of
translocation-induction (1/705 with semi-sterility after
300 R or 400 R) those on daughters present a very
different picture (8/293 with proven or presumptive
semi-sterility). The over-all rate is about 0.3 10--4 per
rad, which is very similar to that for spermatogonial
X-irradiation. No estimates of relative rates under other
conditions are possible at present.

3. Sex-chromosome loss
557. As L. B. Russell (428) has shown, the high

est frequency of X-chromosome loss is found after
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irradiation of the fertilized egg at the pronuclear stage.
The frequency after spermatogonial irradiation does
not differ significantly from control values (paragraph
138). For acute x-ray exposures of late dictyate
oocytes, the induced rate is 15 10-6 per rad; for
gamma-ray exposures at 0.6 R min-\ the figure is
6.5 10-6 per rad (449, 452).

558. Little information is available on X-chromo
some loss after exposure of female mice to fission
neutrons but a high RBB is indicated.

4. Point mutations

(a) Specific-locus mutations

559. Five sets of data are available for estimating
the rate of induction of recessive mutations in adult
spermatogonia at exposures of 300 and 600 roentgens
(283,395, 440, 446). An over-all estimate of 1.7 10-7
per locus per rad is obtained by giving equal weight
to each locus in the calculations. With chronic gamma
irradiation, the rate is reduced by a factor of three
to four. Although there are no direct data as yet on
rates in spermatogonia at low x-ray exposures, the
results of fractionation experiments (285)15 suggest
that these will be reduced by a factor of about three
under these conditions as well. However, with acute
(up to 100 rad) and chronic (220 rad) fission-neu
tron-irradiation, the rates are increased by a factor of
about six, there being no dose-rate effect at low doses
(e.g. ,..., 60 rad) and a reverse dose-rate effect at high
doses.

560. The induced rate at high acute x-ray expo
sures (400 R) in mature mouse oocytes can be esti
mated at 5.4 10-7 per locus per rad or 5.5 10-7 per
locus per rad, depending on which control frequency is
used for correction16 (paragraphs 144-146). At an
exposure of 50 roentgens, the rate is either one third
or one fifth of this, again depending on the assumption
regarding the control frequency.17 These rates apply
to oocytes sampled within seven weeks after irradia
tion; in later samplings, hardly any mutation is in
duced. With high doses at low dose rates, the rate is
reduced by a factor of about 20.

561. It should be kept in mind that specific-locus
mutations may involve more than one functional unit.
With x- and gamma-irradiation of oocytes and post
spermatogonial stages, and with neutron-irradiation of
all stages, there are clear and not infrequent examples
of the mutation consisting of a small deficiency affect
ing both of the closely linked d and se loci. With x
and gamma-irradiation of spermatogonia, deficiencies
of even this small size are rare. Nevertheless, even un
der these conditions there is evidence from comple:..
mentation tests that at least some of the mutations
involve more than one functional unit (425).

562. The results of various experiments, with both
male and female mice on the effect of age at irradia
tion, indicate no marked increase in mutational hazard
over that determined for young adult animals. In fact,

15 600 rads (gamma) delivered in 60 daily fractions at 17
rad min-1to spermatogonia.

IU The figure of 5.4 10-7 is obtained assuming a control frc:
quency of 7 mutations in 202,812 offspring; that of 5.5 10-7 IS
obtained if, instead, the control frequency is assumed to be 2
in 202,812 offspring. For details see paragraphs 144-146.

17 A figure of 1.8 10-7 is obtained by using the lowest. con
trol frequency and of 1.1 10-7 is obtained by using the hIghest
control frequency.

in males, all ages tested (namely, older adults, infants,
new-born, two fretal stages and embryos) give muta
tion f~equencies below that for young adults, although
only III new-born and 13~-day-old fretuses is the
reduction statistically signmcant.ls

563. In new-born females and 17l/z-day-old fe
~ale fretuses, !here is a marke? and statistically sig
mficant reductIOn compared WIth the mutation fre
quencies in young adults. In the former, the rate is
reduced by a factor of about six, in the latter by a
factor of nearly eight.

564. The data from experiments involving pro
tracted fast-neutron-irradiation of embryos suggest
that the risk might be reduced by a factor of about
two, relative to that after similar irradiation of adults
but at a higher dose rate (0.17 rad min-1).

565. There are, however, two striking qualitative
differences between the results from adult females on
the one hand, and new-born and fretal females on the
other. Firstly, whereas fertility persists after acute
exposures of 300 roentgens to new-born and 200
roentgens to fretal females, adults given these exposures
become sterile after one or two litters. Secondly,
whereas adults given doses or dose rates low enough
to permit extended fertility have zero or near-zero
mutation rates in offspring conceived more than seven
weeks after irradiation, the mutations from the new
born and fretal females come from conceptions oc
curring at much longer intervals. This is also true in
the case of protracted neub:on-irradiation of the em
bryos discussed in the preceding paragraph (448).

(b) Sex-linked lethals

566. The results of Grahn et al. (153) on sex
ratio changes at birth (following 500 R to PI sperma
togonia) were discussed in paragraphs 204-207. He in
terpreted his results as being due to the induction of
sex-linked lethal equivalents. However, similar signif
icant changes in sex-proportion which were observed
by Searle (477) and LUning and Sheridan (279)
seemed to result mainly from the action of factors
other than sex-linked lethals. These and other uncer
tainties preclude the use of the data cited above to
make reliable risk estimates for sex-linked lethals.

(c) Autosomal recessive lethals

(D Spermatogonial x-irradiation in one generation

567. The best data currently available from which
risk estimates for the induction of autosomal recessive
lethals in mouse spermatogonia can be obtained are
those summarized by LUning and Searle (275) who
estimated the spontaneous rate for lethals acting in
utero as 29 10-4 per gamete with an upper 95 Rer
cent confidence limit of 65 10-4 per gamete. Averagmg
results from the four sets of data presented, the au
thors have estimated the induced rate as 0.9 10-4 per
gamete per rad (see paragraph 213).

568. Since autosomal lethals are included among
specific-locus mutations, it can probably be assu~ed
that the response of the former group (see preceding

18 For new-born irradiated on day of birth, the rate is less
than one half of that in similarly irradiated ad?1t males (para
graph 174). For 13 lh·day-old fretuses the .esttmated low rate
of 4.7 10-S per locus per rad, however, might have been due
to strong germinal selection (paragraph 179).



paragraph) to the various modifying factors will not
differ greatly from that of the specific-locus mutations.

569. No data are available as yet for estimating
the rate of induction of recessive lethals in females.

(ii) Spermatogonial x-irradiation over several
generations

570. In their paper, Luning and Searle (275) did
not consider data from population studies involving
irradiation of mice or rats over several generations
on the valid grounds that (a) there were no precau
tions to exclude semi-sterile animals, with the conse
quence that the results may show considerable varia
tion and (b) consecutive generations are not inde
pendent of each other. Nevertheless it is worth noting
that the estimates derived from the study of these irra
diated populations (table 22) are of the same order
of magnitude as the upper limits discussed in the
previous paragraphs.

(d) Dominant mutations

571. A limited amount of data is available on the
induction of dominant visible mutations after acute
irradiation of mouse spermatogonia (275) . Among
184,972 control mice examined, three dominant visible
mutations were observed, giving a spontaneous fre
quency of about 81 10-7 per gamete (the number of
tested gametes is taken to be twice the number of
mice). The data from radiation experiments after cor
rection for the above control rate give an induced rate
of 5 10-7 per rad per gamete for this type of mutation.
This value is an obvious underestimate of the total
dominant mutation rate because it includes only easily
visible traits.

572. Dominant mutations affecting the skeletal sys
tem have been studied by Ehling (124, 125) whose
data on the effects of spermatogonial x-irradiation yield
an estimated rate of 1.1 10-5 per gamete per rad, the
control frequency being 2.9 10--4 per gamete.

573. Whenever it has been possible to compare
the effects of varying the conditions of irradiation on
the incidence of specific-locus and dominant visible
mutations, the responses of these two categories of
genetic damage have been very similar. Therefore, the
risks associated with dominant mutations are likely
to be similar to those for specific-locus mutations.

574. These and other estimates discussed in the
preceding paragraphs are set forth in table 28.

B. ApPLICABILITY OF THE MOUSE ESTIMATES
TO OTHER MAMMALS

575. The applicability of the mouse estimates
discussed in the preceding paragraphs to other mam
malian species including man depends on the validity
of the assumption that the radiation response of the
latter is similar to that of the mouse, or at least not
strikingly different from it, an assumption that has
been used in the Committee's earlier reports. There
still appears to be no obvious reason for rejecting the
applicability of the results in mouse spermatogonia.
For oocytes, however, there may be a serious problem.

576. Studies on radiation effects on monkey, human
and mouse oocytes have clearly shown that both the
monkey and human oocytes are far less sensitive to

cell killing than the mouse oocytes (paragraphs 35,37).
The female mouse is sterilized, as a result of oocyte
killing, by doses that have no effect on the fertility in
women.

577. These findings might be taken to imply that
human oocytes are also far less sensitive than mouse
oocytes to mutation induction. However, other evi
dence shows that no simple deduction of this kind is
possible. In the mouse, irradiated at high doses and
high dose rates, the mature dictyate oocytes are re
sistant to killing, but sensitive to mutation-induction
whereas the reverse appears to be true for immature
dictyate oocytes under these conditions. However at
low dose rates (which are particularly relevant from' the
stand-point of genetic risks to irradiated women) the
mature dictyate oocytes are not only resistant to kill
ing, but also show extremely low mutational sensi
tivity.

578. These findings thus underline the need for
caution in extrapolating from one species to another
and from one measured end-point of radiation damage
to another; however, the use of data from the genetic
ally most sensitive stage in mouse females to estimate
risks in human females should not lead to any under
estimate of the hazards.

C. RISK ESTIMATES FOR MAN

579. Individuals in human populations generally
receive low total doses of radiation during their re
productive life. These are either delivered at high dose
rates (e.g., for diagnostic medical purposes) or are
greatly protracted (e.g., continuous exposures from
natural and man-made environmental sources). Under
these exposure conditions, the rate of induction of
mutations or chromosome aberrations per rad re
ceived is expected to be several times less than with
high acute doses. The extent of the reduction depends
partIy on the kind of genetic damage and germ-cell
stage involved.

1. Point mutations

580. In the 1966 report the risk of gene mutations
for the human genome was obtained on the basis of
the rate of induction per locus in the mouse (12 loci)
and the number of genes that were estimated to make
up the human genome. Basic to the latter estimate was
the rate of spontaneous sex-linked recessive lethals in
man as derived from sex-ratio changes with age oyer
three generations (230). However, the Committee is
unwilling at present to use sex-ratio changes as a basis
for estimating the size of the human genome (see
paragraphs 208, 209). As a consequence, there is a
need to consider alternative approaches to estimate the
size of the human genome. One such approach detailed
below makes use of published data on the number of
functional units in a defined chromosome segment of
the mouse.

(a) Size of the human genome

581. From the stand-point of genetic fine-structure
analysis, the most intensively studied chromosomal re
gion in the mouse is the One between the dilute (d)
and short-ear (se) loci of linkage group II (see para
graph 183). Two functional units - I2 and I3 (each
lethal when homozygous) and possibly a third one af
fecting the size of the animal- have been identified
in this region (425, 430). Since the d and se loci are

252



0.16 cross-over unit apart, under the assumption that
this sector is fairly representative of the mouse chromo
some, it would appear that there are about 20 func
tional units per cross-over unit.

582. It should be pointed out here that the number
of functional units that are identified within a certain
map length may vary depending on the segment of
the chromosome analysed, as indicated by extensive
data from similar studies in Drosophila (75, 211, 263,
264, 409). For example, in the best-studied section of
the X chromosome between the loci white (w) and
zeste (ze) spanning a distance of 0.5 cross-over unit,
12 functional units have been mapped; in the region
surrounding rosy (ry: chromosome III) with 0.5
map unit, 17 functional units have been defined;
there appears to be 34 such units in the vicinity of
maroon-like (rna-I) with a recombinational span of
slightly longer than 1.5 cross-over units.

583. The entire Drosophila genome is 280 (cross
over) units long (267) and the total number of bands
in salivary chromosomes is 5,161 (41). Since, at least
in the chromosomal regions intensively studied (41, 211,
237, 409), there is a one-to-one relationship between
functional units and salivary chromosome bands, it
can be estimated that in Drosophila too, the number of
functional units per cross-over unit is around 20. A
consideration of the above sets of information in con
junction with that available for the d-se region of the
mouse makes us feel reasonably confident that the
figure of about 20 functional units per cross-over unit
is probably not an unrealistic estimate for the mouse.

584. From the recent linkage map of the mouse
published by Green et al. (159) it appears that the
total number of cross-over units between end-markers
in known linkage groups is 1,054. This figure is clearly
an underestimate since linkage group XIX has not yet
been found and XV is represented only by two very
closely linked markers. Allowing for these, it can be
presumed that the genetic length of the mouse genome
is of the order of about 1,250 map units. Multiplying
1,250 by 20 (the latter being the number of functional
units per cross-over unit) one gets a figure of 25,000
as the number of functional units capable of mutating.

585. The estimated number of nucleotide pairs per
diploid cell is 4.7 IOU in the mouse and 5.6 10D in man
(581) .19 When this difference is taken into account,
one arrives at a figure of about 30,000 functional units
as the size of the human genome.

586. The figure of 30,000 functional units, esti
mated as the size of the human genome, is in agree
ment with that of Muller (328) who arrived at the
same figure using other data, is within the range ob
tained by the Committee in its 1966 report, and one
and a half times that used there for computing the
total risk from the induction of point mutations.

(b) Total rate of induction of recessive point muta
tions

587. There are at least two ways to estimate the
total rate of induction of recessive mutations. If the
rate of induction of specific-locus mutations in male
mice (spermatogonial rate) assumed to apply to mall
is multiplied by the estimated size of the human ge-

19 Vogel (582) has assumed that the haploid chromosome
set of man contains about 3 109 nucleotide pairs.

nome, the resulting estimate of total risk of point
mutations in the male is 0.5 10-7 X 30 000 = 1 500
per million gametes per rad under conditions of ch;onic
x-irradiation. Since, as pointed out earlier (paragraph
561), specific-locus mutations may involve more than
one functio~al unit the total rate given above may be
an over-estunate.

. 588. The estimated rate for recessive lethals (acting
In utero) per gamete per rad in mice (spermatogonia)
is 30 p~r million. Correcting for the 20 per cent
greater SIZe of the human genome and assuming that
the corresponding rate will apply to man, one arrives
at the figure of 36 per million. As studies of specific
locus mutations indicate that the proportion of pre
natallethals averaged over the loci is less than one half
of the total mutations (449), this estimate must be
considered as an underestimate of the total risk of
point mutations.

589. In females the risk is expected to be very
low under conditions of chronic irradiation at lOW-dose
levels.

590. The nature of the damage measured by the
total rate of induction of recessive mutations is difficult
to assess, or to express in terms of individual or col
lective hardship. Data from Drosophila would suggest
that induced "recessive" mutations have a consider
able degree of semi-dominance, adversely affecting the
fitness of heterozygotes in terms of fertility, viability,
etc. to the extent of 2 to 5 per cent. However, many
of the types of adverse effect likely to be important
in man can hardly be studied in experimental animals.
So an accurate measure of the heterozygous effects on
human fitness of newly arisen recessive mutations can
only be obtained from studies on man himself. In the
mouse, the evidence accumulated so far suggests that
these heterozygous effects are smaller than in Droso
phila (paragraph 219); the same may be true of man.
However, it is possible, as Green (155) has remarked,
that the right indicator traits have not yet been found.
If, for computational purposes, the 2-5 per cent range
is accepted as applying to man, at least as an upper
limit, it can be expected that 30-75 or 1-2 mutations per
million male gametes per rad will be expressed in the
first generation after exposure, depending upon
whether 1,500 or 36 mutations per male gamete per
rad are induced (paragraphs 587, 588).

(c) Dominant mutations

591. In the 1966 report it was assumed that the
part of the human genome responsible for some ?O
dominant traits most commonly observed and easily
detected consists of at least 50 loci and is unlikely to
consist of as many as 500. However, McKusick's com
pendium (301) of Mendelian traits in man now lists
over 400 well demonstrated dominant traits and over
500 more for which the evidence is incomplete. There
is good reason to predict that the number will not ~e
less than 1,000 based on the progress of research III

this area.
592. The rate of induction at high acute doses ?f

dominant visible mutations in mouse spermatogoOla
has been estimated as 4.96 10-7 per gamete per rad
(275). At low doses and dose rate~ it is probably one
third of this (on the basis of. specific-locus fi~dIllgS).
About 7510ci are now known 1U the mouse whIch have
mutated to visible dominant traits. Therefore an ~pper
estimate of the mutation rate per locus to dommant
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plied by the assumed number of loci that determine
dominant traits in man, an over-all rate of two domi
nants per rad per million is obtained.

593. A presumed class of dominant mutations is
constituted by those that cause dominant skeletal dam
age in the mouse (paragraphs 197-198). The data of
Ehling (124, 125) show that at high doses and high
dose rates, the rate of induction is 1.1 10-0 per rad per
gamete (spermatogonial irradiation). Proceeding on
the empirical assumption that the response of the
skeletal mutations to low doses and dose rates will be
similar to that of specific-locus mutations, one can pre
sume that the rate may be 4 per million under these
conditions.

594. So far the transmission of only a few skeletal
mutations has been studied (paragraph 198). It seems
probable that most of the presumed dominant skeletal
mutations may be heterozygous manifestations of re
cessive mutations. Therefore, they have been placed in
the appropriate category (recessive mutations with
heterozygous effects) for considering risks.

2. Chromosome aberrations

,(a) Translocations

595. The rapid progress of human cytogenetics
since the publication of the 1966 and 1969 reports of
the Committee has increased our knowledge on the
spontaneous incidence and genetic properties of struc
tural rearrangements, especially on translocations (119,
138, 169, 189). Since information on these is quite
relevant for the assessment of the over-all risk due to
induced translocations in terms of (a) the likelihood of
transmission to first generation progeny; (b) the risk of
transmission to subsequent generations and (c) the
risk of abortion and of birth of congenitally-malformed
children, it is necessary to review the recent advances
in this field.

596. Almost all of the data on the incidence of
translocations in man have been obtained from studies
on somatic cells (lymphocytes). Since only those trans
locations involving the exchanges of parts of chromo
somes of very different lengths (unequal exchanges)
are detectable in this type or material, such rearrange
ments may well represent only a small proportion of
the total "translocation load". Exchanges of approxi
mately equal chromosome segments would be unde
tected and it would appear that depending on the tech
niques employed, a smaller or a larger proportion of
them are missed,20 Although this limitation is likely
to be overcome in the near future,21 it should be
stressed that the data currently available on the fre
quencies of translocations in human populations can
only provide lower limits of the estimates.

597. The majority of spontaneously-occurring
translocations recorded in man are Robertsonian trans-

20 Evans has estimated that the efficiency of scoring sym
metrical rearrangements in cultured human lymphocytes fol
lowing irradiation may be as low as 20 per cent (92). Jacobs
et al. (191) consider that the efficiency is about 25 per cent.

21 The recent technical advances in identifying chromosomes
from banding patterns produced with fluorescent dyes (67) or
by one of a variety of Giemsa techniques (118) holds a great
deal of promise of making possible the identification with a
high degree of precision of the chromosomes involved in
translocutions. .
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location, (combination of two acrocentric chromosomes 1
resulting in one metacentric chromosome so that the
chromosome number in the heterozygote is reduced by
one). the remainder being reciprocal translocations
identified in the somatic chromosomes through the ob-
servation of one chromosome shorter than normal and
of a second chromosome longer by the same amount.

598. Because of the nature of the rearrangement,
the number of possible types of Robertsonian transloca
tions is limited and these types can all be detected in
somatic cells. In contrast, the breaks leading to the
production of reciprocal translocations can occur at
many points on any of the chromosomes, with the re
sult that there are a large number of theoretically pos
sible types. Because of this, each reciprocal transloca
tion may be considered for all practical purposes as
being unique in terms of the kind and amount of
chromosome material involved and may therefore
also be unique in terms of its behaviour at meiosis
(190), However, because of the relatively small num
ber of families thus far studied, it is not realistic at
present to treat any particular translocation separately.

599. Robertsonian translocations occur with an
over-all frequency of about 8 per 10,000 births (para
graph 602). Some rare types of Robertsonian trans
locations (between homologues) carry a 100 per cent
risk of producing unbalanced progeny; some others
t(Dq 21q), t(21q 22q)22-produce trisomy 21 with a
frequency that varies with the sex of the carrier. The
more frequent type t(13q 14q) is associated with a
relatively low risk (,..., 5 per cent) of producing un
balanced progeny (119). Data from population surveys I

(190) suggest that a certain proportion of those
Robertsonian translocations between non-homologous
chromosomes may be transmitted with a low or even
a zero risk of producing unbalanced progeny.

600. Robertsonian translocations have been found
in the mouse (133, 253) and the recent discovery of
a wild population (Mus poschiavinus; the tobacco
mouse) with no less than seven pairs of metacentrics
(162) shows that these translocations may have evolu
tionary importance (137). However, all the above
mentioned Robertsonian translocations are of spon
taneous origin and there is no evidence so far for their
induction in mouse germ cells (481).

601. In the mouse it has been established that the
predominant type of radiation-induced structural change
is represented by reciprocal translocation. If this reflects
a general property of chromosomes rather than a
species peculiarity the same is likely to obtain in man
also.

(i) Rates of incidence and origin of structural
rearrangements

602. Surveys of the chromosomal constitution of
consecutive live-born hospital births have been under
taken in several laboratories (for recent summaries of
the data, see references 169 and 189). The chromo
somes of peripheral blood leucocytes from a total of
21,996 babies have been examined and 114 of them
(0,52 per cent) found to have an abnormal constitu
tion.23 A total of 37 babies (0.17 per cent) were found

22 t = translocation; the numbers of 13, 14, 21, 22 denote
the chromosome involved; D refers to a chromosome of group
D; q denotes a long arm.

23 Calculations based on Jacobs (189) and Hamerton (169).



24 To what extent the adoption of birth-con.trol measures may
mask or distort this difference cannot be estimated.

under study but with normal karyotypes). The sex
?ependent diffe.rence in selective values may, at least
10 part, explam the relatively lower ascertainment
through an abnormal proband born to male carriers
(paragraph 606).

609. When a familial translocation is ascertained
through a balanced proband, it is found that (a) the
ratio of balanced carriers to normals among the progeny
of carriers does not differ significantly from unity (as
in the situation outlined in paragraph 607); (b) the
risk of producing unbalanced progeny must be close
to zero for both male and female heterozygotes since
no individual has been found with an unbalanced form
of the translocation, in spite of the substantial number
of individuals studied (thus differing from the situation
when ascertainment is through an unbalanced pro
band).

610. It thus appears that the method of ascertain
ment of the majority of reported translocations is
biased in favour of detecting those translocations which
give rise to genetically unbalanced but viable offspring.
Therefore any estimate of future risks to carriers based
on families ascertained through an unbalanced proband
is not applicable to translocations detected via a bal
anced carrier. It may be that the two methods of
approach (ascertainment through unbalanced and bal
anced probands) tend to detect different types of
translocations. This hypothesis seems to be supported
by the observation of differential risks depending on
the method of ascertainment.

611. The virtual absence of progeny with unbal
anced products of segregating translocations where
there is ascertainment through a balanced proband has
raised the question of whether unbalanced products
are generated at alI and, if they are, whether the re
sultant gametes are selected against. The significant
deficit of abortuses plus congenitalIy abnormal chil~

dren where ascertainment is through an unbalanced
proband raises similar problems. However, a ~on

sideration of the behaviour of mouse translocatlOns
helps to elucidate them.

612. Data from the mouse suggest that unbalanced
products of balanced translocations do arise in meiosis
at expected frequencies and show normal transmission.
However most of them produce lethality around the
time of implantation although in so~e .this oc~urs a
little later and only a very small mmonty surVIVe to
produce viable progeny (481).

613. If the situation in man is similar and if most
unbalanced products cause death of the resulting
zygotes around implantation, this would at most result
in a missed menstrual period for the mother and con
sequently would not be diagnosed as pregnancy. This
means that no striking increase in the frequency of
abortions would be expected.

614. If the zygotes resulting fro~ :unbaJanced
gametes are eliminated before pregnancy IS Identifiable,
a slightly larger mean interval between births would.be
expected in the case of matings between translocatlOn
heterozygotes and normals.21 Th~ evi.dence o! Jacobs
(188) of no difference in mean bIrth mterval IS hardly
sufficient to rule out this possibility.
. 615. Notwithstanding these considerations, those
unbalanced products that produce viable but abnormal

(li) Genetics of reciprocaitransiocations

605. The great majority of families with a reci
procal translocation have been ascertained through an
index case who carried an unbalanced form of the
translocation. In the two earlier analyses (138, 244),
it was found that the ratio of zygotes with normal
genomes and with balanced translocations to those
presumed to be carrying the unbalanced form of the
translocation departed from 1: 1 with a significant
deficit in the latter class. More recent and extensive
analysis involving much larger material (comprising
200 families, conception histories of 330 couples, 903
live-born and 246 abortions) confirmed the above
observation (119).

606. One hundred and fifty of these families were
ascertained through abnormal probands with un
balanced karyotype; in 105 of these, the translocation
was transmitted through the mother and in the rest,
through the father. The calculated frequency of un
balanced children is 19 per cent in the progeny of
male as well as in those of female carriers.

607. Among the phenotypically normal children,
one half had normal karyotype and the rest carried
the translocation in the balanced form. The frequency
of abortions is 22 and 16 per cent in the progeny of
female and male carriers, respectively. Although, at
face value, the abortion frequencies recorded ab~ve do
not represent striking increases over the level 10 the
general population (around 15 per cent, see reference
606) they are significantly higher than the 10 per cent
for control samples (the progeny of normal people
related to these families).

608. When the carrier parent is female, the mean
number of children is 2.77 whereas with the male
carrier, it is reduced to 1.96. The latter figure is also
lower relative to the mean number of children (2.92)
in control samples (individuals related to the families

255

to have a structural abnormality of the autosomes,
namely, 13 (0.06 per cent) had reciprocal transloca
tions, 17 (0.08 per cent) had Robertsonian transloca~

tions (14 DID and 3 DIG) and 7 (0.03 per cent) had
unbalanced rearrangements.

603. Jacobs et al. (191) have recently estimated
that the mutation rate for alI structural rearrangements
of the autosomes which result in live-births is about
4 10-4 per gamete per generation composed of about
2.8 10-4 balanced and 1.2 10-4 unbalanced rearrange
ments. They consider that the figure of 4 10-4 must be
a serious underestimate of the true rate for at least
two reasons: the first is that only a fraction of all
chromosome rearrangements in man is detectable in
preparations of somatic celIs; the second is that many
aberrations may be selected against before birth.

604. As mentioned earlier (paragraph 602) un
balanced structural rearrangements of the autosomes
are infrequent in neonatal surveys (only 7 in 21,996
babies) . An examination of the transmission data
obtained from these surveys and from other sources
summarized by Jacobs (189) and by Dutrillaux (119)
suggest that between one half to two thirds of the non
mosaic unbalanced structural rearrangements arise de
novo, the remainder being familial. In those with an
affected parent, the mother is about two to three times
more likely to have an abnormal constitution than the
father.
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children (which may be in a small minority) consti
tute a group associated with the greatest social load.
The frequency of such translocations cannot be esti
mated with any accuracy at present.

616. An upper estimate of the number of viable
but chromosomally unbalanced live-born relative to the
total unbalanced zygotes conceived may be derived
from the data on spontaneous abortions (43, 59).
Firstly, Carr (61) suggests that 45 per cent of all
conceptions spontaneously terminate before birth. Only
one third of these (15 per cent) are recognized as
abortions. The remaining two thirds occur so early
as to go undetected.

617. It has been shown (43, 59) that 8 out of a
total of 747 abortions analysed cytologically, or 1.07
per cent, were unbalanced Or aneuploid as a conse
quence of structural rearrangement. Assuming that this
frequency will also be found in the undetected class,
it can then be estimated that 0.48 per cent of all con
ceptions (0.0107 X 0.45) end as a result of unbal
anced structural rearrangements. Since, as mentioned
in paragraph 602, 0.03 per cent of all live-born carry
unbalanced translocations, it follows that about 6 per
cent of all conceptions with a structurally unbalanced
chromosome complement will survive birth (Le.,

0.0003
0.0048 + 0.0003 X 100).

(iii) Risks from radiation exposure

618. While there is no direct information on the
induction of translocations in human germ-cells, the
recent data of Brewen et at. (48) on five different
species of mammals demonstrate that the rate of
induction of dicentrics in lymphocytes is proportional
to the number of chromosome arms. Their data show
that there are twice as many dicentrics in human (arm
number = 81) as compared to mouse (arm number =
40) lymphocytes at each of the six x-ray levels studied
(50, 100, 150, 200, 300 and 400 rad).

619. The above data permit the inference that the
induced translocation frequency in human gametes
will be twice that obtained for the mouse. With acute
irradiation at high doses, the rate of induction in mouse
spermatogonia and dictyate oocytes is of the order of
0.3 10-4 per gamete per rad.25 Therefore for man, the
expected value under these conditions is 0.6 10-4 per
gamete per rad. For low-dose acute x-irradiation, the
rate is likely to be one quarter of this (Le., 1.5 10-5 )

and for chronic gamma-irradiation about one ninth
(i.e. 0.7 lO-n). The rates in females under both con
ditions is expected to be very low, but no estimates
can be given.

620. It follows from this that if males are exposed
to low-dose acute x-irradiation, the expected number
(per million progeny per rad) of balanced and un
balanced translocation-carrying zygotes in the FI will
be 15 and 30, respectively. The corresponding figures
for chronic gamma-irradiation will be 7 balanced and
14 unbalanced zygotes per million per rad.26

25 Estimate based on semi-sterility data in mice.
211 The contribution from exposed males to the F 1 transloca

tion load is estimated on the assl1mption of 1 : 1 : 2 ratio of
normal to balanced to unbalanced gametes. Therefore, if the
rate of induction in the parental generation under acute irra
diation at low dose is 1.5 10-5 per rad, there should be 15
balanced carriers per million progeny and twice this number
would have unbalanced genomes. The comparable figures for
chronic gamma-irradiation would be 7 balanced carriers and
14 unbalanced genomes.
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621. Assuming further that only about 6 per cent
of the unbalanced products (and this is likely to be
an over-estimate) results in children with multiple con
genital anomalies (paragraph 617) about two mal
formed children per million would be expected from
males exposed to low-dose acute x-irradiation. After
chronic gamma-irradiation, however, only one mal
formed child will be expected. One third of the re
maining unbalanced zygotes after either of these two
types of exposure would fall into the recognized abor
tion category whilst the other two thirds would die so
early as to go undetected.

622. In all the above considerations the "load" due
to spontaneously-occurring translocations and their un·
balanced products has not been considered. The toll
due to the induced translocations will be over and
above that occurring spontaneously and consequently
the figures for multiple congenital anomalies and abor
tions given above are to be considered as "increment"
over the spontaneous level.

623. Assuming that translocation carriers contribute
an equal number of zygotes to the next generation as
non-translocation carriers, then the 15 balanced car
riers of translocations per million resulting from
paternal exposure to low acute x-ray doses will give
rise to 7.5 zygotes per million with balanced trans
locations and to 15 zygotes per million with unbalanced
translocation pro~ucts in the next generation.27 For
chronic gamma-irradiation the frequency of zygotes
with balanced translocation products will be 3.5 and
7 per million, respectively. However, the carriers may
well contribute more zygotes than normal to the next
generation because of early losses of unbalanced
genomes, in which case their numbers would be in
creased. The unbalanced F 1 zygotes will, of course,
not contribute to the next generation.

624. Assuming as before that 6 per cent of the
unbalanced genomes survive to produce congenitally
abnormal children, there will be about one such child
per million after low-dose acute irradiation,28 or one
per 2 million zygotes (chronic gamma-irradiation) that
can be attributed to causes stemming from reciprocal
translocations.

625. The risks outlined above may be influenced
by the selective values of the different translocations
and by those depending on the sex of the carrier parent.

626. The formulation of risks to generations be
yond the second is considered premature at this time.

627. It has been assumed that translocation induc
tion per rad in human spermatogonia and oocytes is
twice that of the same stages in the mouse. Particularly
needed is information (currently not available) on
the question as to whether the human oocyte more
closely resembles the mature dictyate oocyte (as has
been assumed hitherto) or the immature dictyate
oocyte from which virtually no mutations have been
recovered.

(b) Loss of X chromosome

628. The available mouse data (paragraph 557)
suggest that the frequency of induction of X-chromo-·

27 Each balanced translocation heterozygote irrespective of
sex produces gametes in the ratio of 1 normal: 1 balanced: 2
unbalanced. If 15 per million is taken as the figure for carrier
gametes, the frequency of unbalanced gametes will be 30 per
million. The figure for the zygotes will be 7.5 million balanced,
and 15 per million unbalanced.

28 6 10-2 X 15 10-6•
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D. RELATION TO NATURAL INCIDENCE OF GENETIC
ILL-HEALTH IN MAN

635. This report, so far, has presented revised esti
mates of genetic risks as given in the 1966 report.
These are expressed in terms of the number of new
mutations induced per gamete per rad. Information of
this kind cannot, at present, be translated directly into
socially meaningful terms. It is possible, however, to
express the risk in terms which relate to the observed
incidence of genetic disorders now present in man.
This involves knowledge of the extent to which the
genetic load is maintained by recurring spontaneous
mutation, as well as information on the induced muta
tion rates. The advantages of this approach are obvi
ous, and it has been used by this Committee in earlier
reports (573,574). However, it is important to realize
that the estimates so obtained are fraught with con
siderable uncertainties, particularly with regard to
spontaneous mutation frequencies in man and mouse
and would imply that the absolute risk of induction of
genetic effects will be different in populations with
different spontaneous mutation rates. In this report,
the relative risk per unit dose is applied to the assumed
average spontaneous incidence of genetic disorders in
the world population.

636. The interpretation in terms of an actual in
crease of ill-health and human suffering as expressed
in future generations depends on various assumptions
concerning (a) the comparability of the nature of
spontaneous and radiation-induced mutations, and (b)
the rate at which the newly arisen mutant genes are
eliminated from the population.

637. In a recent review of mutation studies in mice,
LUning and Searle (275) summarized a number. of
quantitative estimates by calculating the doses which
would double the natural incidence of five different
kinds of radiation-induced genetic damage (i.e. semi
sterility, specific-locus mutations, domin~nt visibles,
mutations affecting the skeleton and receSSIve lethal~).
These all fall within a range of 16-51 rads averagmg
about 30 rads for spermatogonia exposed to high acute
x-ray doses. Some of the individual estimates have very
wide confidence limits.

638. With chronic exposures or with acute x-irra
diation at very low doses, it can be expected that the
rate of induction will be reduced by a fac:t?r of 3-4.
Hence the doubling dose under these condItIons could
be estimated at approximately 100 ~ads for male.~. The
authors gave no doubling dose estImates for oocyte.s,
since very little information on spontaneous rates m
females has been obtained.

639. As has been pointed out in previous. reports
of this Committee, about 1 per cent .of all lIve-b~rn
suffer from conditions determined by ~lllg1~ Men~elIan
factors of which a substan~al'prop~rtlOn IS dommant.
The incidence of these traits IS belIeved to be essen-·

of autoso~al loss. in .the same germ-cell stage will be
about 19 tunes thIS, I.e. 28.5 10-5 per rad per gamete.
The rate of induction of other types of chromosomal
change cannot be individually estimated at present.
However, it is interesting to note that L. B. Russell
(430) found that the proportion of dose deficiency
events among mutations at the dilute and short-ear loci
was over nine times as high after unfractionated x- or
gamma-irradiation of oocytes as after similar irradiation
of spermatogonia (41.7 per cent against 4.4 per cent).

(c) Other chromosomal anomalies'

632. Most; if not all, types of a?tosomal aneupl<;>idy
seem to act as dominant lethals III the mouse, smce
very few possible examples have b~~n reported from
examination of juvenile or adult individuals. The same
is probably true of polyploids and of large d~p1ica!i~ns
and deficiencies. Since the dominant lethalIty ansmg
after spermatogonial irradiation seem~ to ~e largely,
if not entirely, accounted for by the mductlOn of re
ciprocal translocations (paragraphs 9-11) the extra
risk of induction of these other types of gross chromo
somal aberration is probably small.

633. In the present state of our kno~ledge,. how
ever, it is not possible to give individual nsk estimates
for these different categories of chromosomal change.
This is also true for small deletions and duplications.
It is known that both of these categories can lead to
the production of viable heterozygotes (282, 453),
although known duplications in the n;ouse usua,uy
cause sterility. Known small deletions (I.e., those m
volving the d and se loci) are lethal in the homozygotes
and are therefore included in the category of auto
somal recessive lethals. The proportion of recessive
lethals falling into this category is unknown, although
it is known that d-se mutations are very rarely recov
ered from x- or gamma-irradiation of spermatogonia.
There is a greater probability of transmission of auto
somal aneuploidy and other tYP7s o~ chrom~.somal
anomaly after irradiation of maturmg dictyate oo~ytes.
Again, they will mainly be expressed as dommant
lethals.

634. The incidence of dominant lethality after
x-irradiation of maturing dictyate oocytes is muc~
higher than after spermato~onial irradia~io~ and it
seems likely that a substantial part of thiS IS due to
causes other than translocation induction. Since the
rate of induction of X-chromosome loss in such dicty
ate oocytes is estimated to be 15 10-6 per. rad per
gamete, it seems probable that the rate of mductlOn
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some losses in spermatogonia is not significantly above
that in controls, although in dictyate oocytes the risk
is higher (15 10-0 per rad per gamete) at high dose
rates and reduced by a factor of at least two at lower
dose rates.

629. Since about 7 per cent of spontaneous abor
tions in man are associated with the loss of the X
chromosomes (189), and since the normal level of
spontaneous abortions in man is about 15 per cent
(paragraph 607) it can be concluded that about 1
per cent of all recognized conceptions terminate as
abortions due to loss of the X chromosome. The data
from neonatal surveys indicate that the frequency of
individuals with Turner's syndrome due to the 45,X
karyotype is very low, suggesting that a predominant
majority of XOs are inviable (189, 575).

630. On the basis of mouse data it can be assumed
that low dose-rate irradiation of human spermatogonia
and oocytes will result in the production of about
eight additional XO zygotes per rad per million
progeny. If almost all of them are lost as abortions,
then they should be added to those resulting from the
induction of reciprocal translocations.

631. So far, there is no evidence that XXY, XYY
or other types of sex-chromosomal aneuploidy have
been induced by irradiation of mouse germ cells.

I
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tially supported by recurring mutation. In addition
another 2 per cent developing serious physical or mental
abnormality is presumably also genetic in origin, but
their mode of transmission is not yet clearly under
stood. For that reason it cannot be said with certainty
to what extent these traits are maintained by mutation.
A further 0.5 to 1.0 per cent result from chromosomal
anomalies. In consequence the total frequency of dis
ease maintained by mutation or resulting from chro
mosomal anomalies ranges from 2 to 4 per cent.

640. For computational purposes, it will be assumed
tllat 30,000 live-born per million are affected by dele
terious traits maintained by mutation. If the population
is in equilibrium with respect to spontaneous1y
occurring mutations, this will correspond to a rate of
30,000 gene and chromosome mutations per million
zygotes per generation.

641. This rate of mutations will be increased by
300 per million for each rad of low-dose or low-dose
rate radiation to the males in a parental generation,
if a doubling dose of 100 rads is accepted. The great
majority of these will be gene mutations with an un
known degree of dominance. If, however, the range
observed in Drosophila (2-5 per cent) is used as an
upper limit to the average dominance in man as ex
pressed by the frequency of deleterious traits among
live-born, then 6-15 affected individuals per million
live-born would be expected in the first generation
following irradiation, the rest of the damage being
expressed in subsequent generations.

642. The fragility of the estimates obtained in this
section, as well as that of the direct estimates given
earlier, must be emphasized, but it is encouraging to
note that the two sets are not too widely at variance
if the fact is taken into account that direct estimates
apply to genetic damage expressed through the whole
period from conception to the end of reproductive life
whereas the doubling dose has been used in such a way
as to apply only to damage expressed post-natally. On
the other hand, results with Drosophila show that muta
tions resulting in minor deleterious effects grossly out
number those with severe effects (paragraphs 383-387).
The calculations given here for estimating the total
radiation-induced genetic damage by either of the
methods employed do not take into account this class
of mutations which lead to minor disability and disease.
Because of the greater frequency of occurrence of these
mutations, their total effects in terms of genetic burden
to the population could be greater than that of a
smaller number of relatively more serious conditions.
There is, however, no way at present to assess their
contribution to the genetic burden in man.

E. SUMMARY AND CONCLUSIONS

643. This section has been devoted to an updating
of the earlier conclusions of the Committee (1966 and
1969 reports) regarding genetic risk estimates for man,
in the light of progress that has been made in recent
years in radiation genetics and human population
cytogenetics.

644. Risk estimates for the mouse are first given
and those for man are discussed in this context. While
those for the mouse are expressed per rad of acute
x-irradiation at high doses and possible modifications
e:xpressed under other conditions, those for man are
based on the conditions of radiation exposure m.ost

relevant for our species, namely, low doses and pro
longed exposures. Risk estimates are summarized in
table 29.

645. The estimate of the total risk from recessive
point mutations has been arrived at in two ways: (a)
?sin~ the specific~locus ra!e in the mouse and multiply
mg It by the estImated sIze of the human genome in
terms of the number of functional units at which de
tectable recessive mutations arise, and (b) using the
per genome mutation rate for recessive lethals in mice
and multiplying by a factor to correct for the 20 per
cent greater size of the human genome.

646. The first method gives a figure of 15 10-4 mu
tations per gamete per rad under conditions of chronic
x-irradiation (0.5 10-7, the rate after chronic irradia
tion multiplied by 30,000, the estimated number of
functional units). With the second method, the total
risk of recessive point mutations is 0.3 10-4 per gamete
per rad under similar conditions (i.e. 0.25 10--4 multi
plied by 1.2 to correct for the genome size in man).
The estimate arrived at by the first method is to be
considered as an upper limit in that it is based on
specific-locus mutations some of which may include
more than one functional unit; the second estimate is
a lower limit based on recessive pre-natal lethals which
are only a part of all mutations.

647. The estimate of 30,000 loci is based on that
for the mouse genome (25,000) and the fact that the
number of nucleotide pairs per diploid cell in man
(5.6 109 ) is slightly higher than that in the mouse
(4.7 10°). The size of the mouse genome was esti
mated using the results of fine-structure analysis car
ried out on a section of the mouse chromosome
results which are consistent with those from similar
studies on chromosomal regions in Drosophila.

648. The rate of induction of dominant visible
mutations has now been estimated at about two per rad
per million at low doses and dose rates. This estimate
is based on the expected rate of induction of such mu
tations in mouse spermatogonia under similar condi
tions (2.2 10-0 per rad) multiplied by the number
(1,000) of loci likely to determine dominant traits in
man. Regarding dominant skeletal mutations, there
have not been substantial additions to our knowledge
that would warrant revising the risk estimates made in
the 1966 report.

649. The predominant risk from radiation-induced
chromosome aberrations in the mouse is constituted
by reciprocal trans10cations. It is possible that in man
the hazards from other types of chromosome aberra
tions are greater than in the mouse.

650. Under the assumption that the risk of induc
tion of reciprocal translocations in human germ cells is
twice that in those of the mouse, the expected frequen
cies of abortions and congenitally malformed children
in the first and second generation progeny have been
calculated; to estimate the relative proportions of un
balancedgenomes (resulting from unbalanced products
of trans1ocations) that will result in either abortions or
malformed children, the extensive data available from
surveys on abortions and similar data from neonatal
surveys have been used.

651. With this procedure, an exposure to low-dose
x-irradiation of human spermatogonia can be estimated
to result in an increment of 30 zygotes per million per
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rad carrying unbalanced products. Of these, about two
will result in live-born, but congenitally malformed,
children in the generation following that irradiated.
One third of the remaining unbalanced zygotes will be
lost as a result of abortions after pregnancy is identified,
while the other two thirds will be lost so early as to go
unrecognized. After chronic gamma-irradiation, the
frequencies will be half of those just given. In the
second generation, the expected frequencies of abor
tions and malformed live-born are 15 and 1, respec
tively, per million zygotes.

652. It appears that the method of ascertainment
is crucial to the estimation of risk of unbalanced prod
ucts of translocations. Thus, when a reciprocal trans
location is ascertained through an unbalanced proband,
the proportion of multiple congenital anomalies and
abortions in the progeny of carriers of balanced trans
locations is much higher than when ascertainment is
through a balanced proband. It seems likely that differ
ent types of reciprocal translocations are involved in
the two methods. Further research may shed light on
this problem.

653. The risk of inducing X-chromosome losses
in irradiated spermatogonia appears to be very low.
It is somewhat higher in irradiated oocytes where,
however, a dose-rate effect has also been found. Again
these inferences are based on mouse data. The avail
able human data indicated that about 7 per cent of
all spontaneous abortions are due to X-chromosome
losses, corresponding to a frequency of 1 per cent of
X-chromosome losses among all conceptions. In new
born, the frequency of 45,X individuals (Turner's syn
drome) is very low. If the above situation obtains in
the case of radiation-induced X-chromosome losses
too, then virtually all the 45,X conceptions will be lost
as abortions and only a very small fraction will survive
to produce individuals with Turner's syndrome. It can
be calculated that chronic exposures to both sexes will
produce an increment of about eight abortions per
million zygotes, a frequency to be added to that result
ing from reciprocal translocations.

654. Rates of induction of point mutations per
unit dose of radiation have also been related to the
observed incidence of genetic disorders in man. This
approach has advantages but depends on a number of
unproven assumptions and at present can only be ap
plied to exposures of males.

655. Estimates of doubling doses obtained from
acute x-irradiation of mouse spermatogonia all fall
within a range of 16-51 rads, with a mean of about 30
rads. Under chronic exposure a value of about 100
rads would be expected, corresponding to a 1 per cent
increase in mutation frequency per rad. If this figure
applies to man, it can be estimated that low dose or
low-dose-rate exposure of males win result in the
induction of 300 new mutations per million zygotes per
rad. These mutations would be expressed over several
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generations, with perhaps 6-15 of them becoming
manifest in the first generation after exposure.

VI. Suggestions for future research in the field
of radiation genetics

656. A considerable body of new information has
been presented in the report on genetic effects of radia
tion, but the Committee feels that, for the more accu
rate assessment of genetic risks, further work is desirable
in the following areas:

(a) Spontaneous frequencies of gene mutations and
chromosome aberrations (especially reciprocal trans
locations) in human populations: more accurate esti
mates by the exploitation of existing methods and the
development and use of new ones;

(b) The rates of elimination of deleterious muta
tions (especially of recessive lethal and detrimental
mutations) from human populations; in particular,
studies on the expression of these mutations in hetero
zygous condition are considered of importance;

(c) Spontaneous and induced rates of chromosome
rearrangements in mammalian oocytes;

(d) The over-all frequency and genetic behaviour of
human reciprocal translocations, especially the extent
to which their unbalanced products lead to social harm
by causing death in late pregnancy or malformations
at birth;

(e) The development of new "bridges" or points of
comparison between experimental animals and man,
which will allow more confident estimates of relative
genetic radio-sensitivity to be made. Thus, information
on the induction of mutations and chromosome aberra
tions in germ cells of the mouse could be used for risk
estimates with greater confidence when comparative
studies on the induction of similar mutational changes
have been made in vivo and in vitro;

(f) Studies on the mechanism of induction of non
disjunction (leading to gains and losses of chromo
somes) by irradiation of germ cells in experimental
organisms, and on its frequency of occurrence under
different conditions of irradiation of the germ-cell
stages most at risk;

(g) Comparative radio-genetic studies on female
mammals to discover whether the "interval effect" (in
which mutation frequencies fall to virtually zero when
the interval between irradiation and conception is more
than a few weeks) is likely to apply to man or is more
restricted in its occurrence;

(It) Rates of induction of mutations in germ cells
and somatic cells at very low doses, and the develop
ment of new techniques to facilitate such studies;

(i) Molecular approaches to basic phenomena of
mutation and chromosome breakage and further eluci
dation of the role of heterochromatin in chromosome
breakage.

«



TABLE 1. DOMINANT LETHALS AND TRANSLOCATIONS IN MICE FOLLOWING SPERMATOGONlAL
X-RAY EXPOSURE OF 1,200 R IN TWO EQUAL FRACTIONS SEPARATED BY EIGHT WEEKS (139)

Percentaga of zygotic classes

B.'rperim",t Domiuaut lethals Sami·steriles

Total
trunslocat1'on
lzeterozygotes

Expected frequencies from cytological observations of fathers

Pilot experiment 23.5 ± 1.70 11.6 ± 1.47
Main experiment _. . 18.1 ± 0.99 8.6 ± 0.45

Observed frequencies in sons of irradiated males

Main experiment . . . . . . . . . . . . 4.0n ± 1.60

Observed frequencies in genetic experiments

Lyon et al. (288) 10.6 ± 3.8 3.5 ± 0.88
Searle (477) 6.7 ± 2.45

12.5 ± 1.51
9.2 ± 0.48

3.3 ± 1.46

3.5 ± 0.88
6.7b ± 2.45

n One semi-sterile son was cytologically normal but gave some semi-sterile progeny that
were also cytologically normal.

b One semi-sterile daughter with sterile sons that were not examined cytologically was
presumed to be a translocation heterozygote.

TABLE 2. PRE- AND POST-IMPLANTATION LOSSES AND TOTAL DOMINANT LETHALITY IN DIFFERENT MAMMALIAN SPECIES IN SUCCESSIVE
WEEKS FOLLOWING X-IRRADlATION OF MALES

Based on Lyon (281)

I>.duced blCluced
Dose Corpora Live pre- post· Total

Dose .,.ate luten ImPlauts embryos implautation implautatio" domjllant
Species (rod) (rad min..1) Week (C) (I) (B) losses& lossesb let/lOUts'

Mouse ............... a 725 587 529
100 229 1 122 90 77 0.09 0.05 0.14

2 104 78 66 am 0.06 0.13
3 160 113 94 0.13 0.08 0.20

500 200 1 181 123 76 0.16 0.30 0.42

2 239 155 93 0.20 0.33 0.47

3 145 87 24 0.26 0.69 0.77
Post-sterile 560 422 354 0.07 0.07 0.13

Guinea-pig ........... 0 98 89 87
500 200 1 39 31 25 0.12 0.18 0.28

2 34 32 21 0.33 0.30

3 32 29 17 0.40 0.40

4 and 5 32 30 9 0.69 0.68

Post-sterile 94 83 80 0.03 0.01 0.04

Rabbit ....... , ....... 0 114 89 74
500 200 1 71 39 32 0.30 0.01 0,31

2 79 43 35 0.30 0.02 0.32

3 59 27 19 0.41 0.15 0.50

4 and 5 37 15 13 0.48 0.46

Post-sterile 28 15 14 0.31 0.23

Hamster ............. 0 64 62 50
100 87 1 56 50 32 0.08 0.21 0.27

200 87 1 65 46 30 0.27 0.19 0.41

300 87 1 69 43 21 0.36 0.39 0.61

0 148 139 111
200 87 1 213 187 106 0.07 0.29 0.34

2 178 172 118 0.14 0.12

3 154 135 80 0.07 0.26 0.31

4 128 106 65 0.12 0.23 0.32

Post-sterile 129 108 85 0.11 0.01 0.12

IIC in the irradiated
b 1

Ell in the irradiated 01
E/C in the irradiated

a 1 - IIC in controls - Ell in controls E/C in controls
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TABLB 3. X-RAY INDUCED DOMlNANT LBTHALS IN MATURE DIPLOTENE OOCYTBS OF TIlE GUINEA-PIG, TIlE GOLDBN HAMSTBR

AND THE MOUSB

Indueodb Indueedb

Corpora Live
Corpora Live pre- post·
lute.. embryos implan. imp/an· TotalbDose" Dose f'ate a No,0t. lutea Implants embryos per per tation. tation dominantSpecies (rad) (rad min·1) fema es (C) (1) (E) female femaJe losses Josses lethality Reference

Guinea-pig .......... 0 17 61 51 50 3,6 2.9 289
70±5 32±2 15 60 56 52 4,0 3,5 -0,12 0.05 -0,06 289

130±10 32±2 18 65 54 49 3,6 2,7 0.01 0.D7 0,08 289
270±20 32±2 13 52 42 33 4.0 2,5 0,04 0.20 0,23 289
370±25 32±2 6 25 17 12 4,2 2,0 0.19 0,28 0.41 289

Golden hamster ...... 0 5 69 54 43 13,8 8,6 289
100±10 63±3 8 121 93 66 15.1 8.3 0,02 0.11 0.13 289

200 63±3 6 109 101 73 18,2 12.2 -0,18 0,09 -0,08 289
400±40 63±3 9 144 111 37 16,0 4,1 0,02 0.58 0,59 289

Mouse ............. 0 8 158. 99 81 19,8 10.1 122
1000 480 13 250 128 103 19,2 7,9 0.18 0,02 0,20 122
0 14 196 70 90 14,0 6.4 122

2000 480 8 111 53 42 13,9 5,3 -0,04 0.10 0,07 122

0 16 314 150 142 19,6 8.9 122

2000 480 10 168 82 65 16.8 6,5 -0.02 0.16 0.14 122

0 ? 119 108 434

4000 ? ? 100 76 0.16 434

a The recorded doses and dose rates varied appreciably ac- b See foot-notes to table 2.
cording to the exact position and size of the animal's body c Roentgens; whole-body irradiation from beneath.(guinea-pigs and hamsters). Hence, not only the xpe~n but
also the possible range of doses and dose rates are mdlcated.
Anterior third of the body was shielded during irradiation.
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TABLE 4. 1'RANsLOCATIONS IN SPBRMATOGONIA OF MICE FOLLOWING X-RAY EXPOSURES OF SHORT DURATION

Whole When

E~p.ri-
E~po· body E~posMe examined
Jure (WE) or rate (days after Scored Abnormal F~eqlle"cyb

me'Jt~ (R) local (L) (R tlti,,·') M,ce "radialio,,) tnetaphases mctaphases pc~ cent 1?efe~e"ce

1 25 WB 100 12 70 2,400 10 0.4±0.1 254

2 50 WB 100 12 70 2,400 16 0.7±0.2 254
3 50 L 88 5 77-210g 1,000 14 1.4±1.0 132
4 50 WB 85 5 70 1,000 12 1.2±0.3 347

5 75 WB 100 12 70 2,400 37 1.5±0.3 254

6 100 WB 100 12 70 2,400 45 2.0±0.3 254
7 100 WB 100 9 70 1,500 55 3.7±0.6 253
8 100 L 88 6 77-210g 1,200 31 2.6±0.4 132
9 100 WB 85 5 70 1,000 12 3.7±0.6 347

10 200 WB 100 9 70 1,800 77 4.3±0.6 253
11 200 L 88 6 77-210g 1,200 96 8.0±0.7 132
12 200 WB 85 10 70 2,000 144 7.2±0.6 347

13 250 L 100 8 210 1,600 72 4.5±0.8 256

14 300 WB 100 9 70 1,350 82 6.1±0.6 253
15 300 WB,L 217 3+3 98 1,200+1,200 95+88 7.6c 132
16 300b WB 16.8 8 Not precise; post· 1,620 103 6.3±0.6 284

fertile period
17 300 WB 85 8 70 1,600 135 8.4±0.7 347
18 300 WB 93 10 56-77 950 68 7.2±0.8 484

19 400 WB 100 9 70 1,750 110 6.3±0.7 253
20 400 WB 100 10+10+7+8+2 60 6,900 518 7.5d 250
21 400 L 88 6 77-210g 1,200 141 11.8±0.9 132
22 400 WB 85 7 70 1,400 125 8.9±0.8 347

23 500 WB 100 7 70 1,300 104 8.0±0.8 253
24 500 L 100 9 210 1,700 124 7.3±1.3 256
25 500b L 88.3b 7 56+ 1,400 171 12.2±0.9 463

26 500 WB 85 5 70 1,000 103 10.3±1.0 347

27 600 WB 100 5 70 640 64 10.0±1.7 253

28 600 L 100 8 60 1,600 135 8.4±1.5 258

29 600 L 100 9 100 1,800 227 12.6±l.1 258

30 600 L 100 9 150 1,500 197 13.1±1.7 258

31 600 L 100 8 200 1,600 208 13.0±2.5 258

32 600b WB 234b 3 231-259 2,400 417 17.4" 15

33 600b WB 0.8-913b 22 84-98 11,600 1,478 12.8 t 491

34 600b L 88.3b 7 56+ 1,400 196 14.0±0.9 463

35 600 WB 85 5 70 1,000 135 13.5±l.1 347

36 600 WB 60-70 6 At least 1,200 123 1O.3±1.6 287
84

37 700b L 88.3b 7 56+ 1,400 199 14.2±0.9 463

38 700 WB 85 4 70 800 113 14.1 ±1.2 347

39 750 L 100 10 210 1,925 89 4.6±1.0 256

40 800 L 88 6 77-210g 1,200 198 16.5±2.2 132

41 800b L 88.3b 7 56+ 1,400 95 6.8±0.7 463

42 1,000 L 100 8 210 1,600 25 1.6±0.6 256

43 1,000b L 88.3b 10 Not stated; pre- 2,000 106 5.3±0.9 283
sumably as in
experiment 16

44 .. 1,250 L 100 7 210 1,275 22 1.7±1.3 256

a Although several exposure levels were used at the same 14.38±1.24; 23.38±1.50; 14.38±1.24.
time in a single experiment, they have been given serial num- t In view of the lack of dose-rate effect the data obtained
bers for easy reference. at eight different dose rates (ranging from 0.8 R milll to

bRads instead of roentgens. 913 R min-l ) are combined to give an average estimate.
c Pooled data of part-body and whole-body irradiation (no

gSince length of time between irradiation and examinatiollsignificant difference between the two groups).
d Pooled data of five different strains of inbred mice used (77 days, 140 days, 210 days) did not give rise to a significant

in the experiments (no significant inter-strain variation). trend In the observed translocation frequencies, the data at
e Pooled data of three different mice; 800 spermatocytes per each exposure level have been considered together.

mouse scored. Frequencies for the individual mice are: h Not corrected for controls.
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TABLE 5. TRANsLOCATIONS IN SPEkMATOGONIA OF MICE FOLLOWING GAMMA-RAY (eOCO)
EXPOSURES OF SHORT DURATION (483)"

Es~o.rure Spermatocylcs Cells with
R) Mice scored Irans/ocotions Froquency

56 ...................... 4 800 9 1.1 ± 0.4

112 ...................... 4 800 11 1.4 ± 0.4

214 ...................... 4 800 17 2.1 ± 0.5

402 •••••••••••••••• 0 •• 0 •• 4 800 71 8.9 ± 1.5

816 ...................... 4 800 105 13.5 ± 2.5

n All exposures were at 95 R min-I; with all but the 56-R exposure, the front part of
the body was shielded with lead. The mice were killed 12-17 weeks after irradiation for
making meiotic preparations.

TABLE 6. 'fRANSLOCATlONS IN SPERMATOGONIA OF MICE FOLLOWING FAST-NEUTRON EXPOSURES
OF SHORT DURATION (492)&

Dose Spermlltocj..'tcs Cells with
(rod) Mice scored tra.1ulocationJ Freque1lc:Jl

25 ....................... 2 1,600 37 2.3 ± 0.9

50 •••••••••••••••••• 0 •• • 2 1,600 89 5.6 ± 3.3

100 ...................... 2 1,600 139 8.7 ± 1.7

140 .. , ................... 3 2,200 103 4.7 ± 1.3

188 ...................... 3 2,609 91 3.5 ± 0.7

220 ..................... , 3 1,800 29 1.6 ± 0.3

• All doses were delivered at 49-55 rad min-1.

TABLE 7. TRANSLOCATIONS IN SPERMATOGONIA OF MrCR FOLLOWING X-, GAMMA- OR NEUTRON-IRRADIATION AT DIFFERENT RATES

Type of E~·pos·ure· E.1'posureb Sperln.toc::;tes Ce//swith
rad,ation or dose 01' dose rotc Mice scored tr"ls/oeM/oM Freq..ency Refer.nce

"rays ............ 300 93 10 950 68 7.2 ± 0.8 484
300 0.87 10 1,000 30 3.0 ± 0.5 484
300 0.09 10 1,000 30 3.0 ± 0.5 484
600 913 2 1,600 205 12.8 ± 0.8 491
600 89 3 2,400 291 12.1 ± 0.7 491
600 87 3 1,200 159 13.3 ± 1.0 491
600 9.8 3 1,200 162 13.5 ± 1.0 491
600 9.7 2 1,600 204 12.8 ± 0.8 491
600 5.0 3 1,200 181 15.1 ± 1.0 491
600 2.4 3 1,200 147 12.3 ± 1.0 491
600 0.8 3 1,200 129 10.7 ± 1.6 491

Gamma rays ....... 600 83 3 1,200 145 12.1 ± 0.9 491
600 11 3 1,200 123 10.3 ± 0.9 491
600 0.86 3 2,400 120 5.0 ± 1.0 491
600 0.09 2 1,600 47 2.9 ± 0.4 491
600 0.Q2 3 2,400 33 1.4 ± 0.2 491

Neutrons .......... 50 49-55 2 1,600 89 5.6 ± 3.3 492
62 0.0005-0.0008 3c 1,200 28 2.3 ( 3.3 ± 0.4 492
62 0.0005-0.0008 6d 3,200 118 3.7

220 49-55 3 1,800 29 1.6 ± 0.3 492
214 0.0014-0.0024 3 2,932 635 21.7 ± 2.1 492

n Roentgens or rads. c Killed 17 weeks after irradiation.
b Roentgens or rads per minute. d Killed 63-66 weeks after irradiation.
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TABtE! 8. 1'RANstOCATIONS IN SPERMATOCYTES AFTER FRACTIONATED IRRADIATION OF SPERMATOGONIA.

Interval
Dose bet,ueell Days after Scored Abnormal Per cent Tr","slocatio"s

E.xperiment (rad) fractions Animals irradiationll. cells cells abnormal per cell Referellc~

lA ~ .......... 50+50 24h 6 84 1,462 31 2.1 ± 0.4 0.021 309

1B ........... 100 6 77-210 1,200 31 2.6 0.026 132

2A ........... 150 + 150 24h 6 84 1,324 72 5.4 ± 0.6 0.059 309

2B ........... 5 fractionsd

of 60rad 24h 7 84 '1,723 58 3.4 ± 0.4 b 284

2C ........... 30 fractionsd

of 10 rad 24h 8 84 1,600 21 1.3 ± 0.3 b 284

2D .......... . 60 fractionsd

of 5 rad 24h 9 84 1,629 28 1.7 ± 0.3 b 284

2E ........... 300 8 1,620 103 6.3 ± 0.6 b 284

3A ........... 250 + 250 24h 11 84 2,998 312 10.4 ± 0.6 0.114 309

3B ........... 500 7 56 1,400 171 12.2 ± 0.9 0.129 463

4A ........... 300 + 300 24h 6 84 1,335 163 12.2 ± 0.9 0.132 309

4B ........... 600 7 56 ' 1,400 196 14.0 ± 0.9 0.161 463

5A ............ 400 + 400 24h 9 84 2,617 529 20.2 ± 0.8 0.229 309

SB ........... 800 7 56 1,400 95 6.8 ± 0.7 0.078 463

6A ........... 500 + 500 24h 10 84 2,000 497 24.9 ± 1.6 0.294 283

6B .......... . 1,000 10 ? 2,000 106 5.3 ±0.9 0.058 283

7A ........... 600 + 600 24h 16 84 2,162 510 23.6 ± 0.9 0.276 309
7B •• 0 ••• • •• • • 600 + 600 56 d 5 91-126 623 259 41.6 0.531 139

7C ........... 600 + 600 56 d 5 413 4,000 1,300 32.5 0.411 139

7D 1,250c 7 210 1,275 22 1.7 ± 1.3 b 256...........
8A ........... 700 + 700 24h 3 84 311 117 37.6 ± 2.8 0.473 309

• Days after the second or the last dose (fractionated expo- c Roentgens.
sures) or after the unfractionated dose. d Daily fractions.

b Cannot be estimated from the data.

TABLE 9. YmLD OF TRANSLOCATIONS AFTER REPEATED DAILY DOSES OF GAMMA RAYS
TO MOUSE SPERMATOGONIA (286)

TABLE 10. COMPARISON OF THE YIELD OF TRANSLOCATIONS AFTER SINGLE OR REPEATED
RADIATION DOSES OF X OR GAMMA RAYS TO MOUSE SPERMATOGONIA

No. of
doses No. of No. of Translocations

(10.4 rad No,of spermatocytes affected Frequency per cell
Weeks, each) mice scored spermatocytes (per cent) (per cent)

3 ................ 15 11 2,200 22 1.0 1.0

6 ................ 30 9 1,800 29 1.6 1.6

9 ................ 45 10 2,000 34 1.7 1.8

12 ................ 60 10 2,000 47 2.4 2.5

Single dose of 620 rads

10 2,000 231 11.5 13.2

(After Lyon, Phillips and Glenister (287))

6.1 ± 0.7

7.1 ± 0.9

10.3 ± 1.6

11.5 ± 1.3

134

156

123

231

2,200

2,200

1,200

2,000

11

11

6
10

No. of No. of
sperma:to· affected

No. of c:vtes sper",a:to· Freq"e"cy
mice scored c:vtes (per cent)Dose'

12 X 50 rad; daily

12 X 50 rad; weekly

-600 rad; single

620 rad;b single

Type of radiation

X rays .

X rays ., .

Gamma rays (COCo)

Gamma rays (COCo) .....

a X-ray doses at 60·70 rad min-1; gamma rays at 17 rad min-1•

b From table 9.
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TAilLE. 11. FREQUENCIESOFTRANSioCATIONSINDUCEDIN MOUSE SPERMATOGONIA, ACCoRDING.

TO INTERVAL BETWEEN ACUTE X-IRRADIATION AND EXAMINATION (132)

Mean frequency 1.4 ±.1.0 12.6 ± '0.4 8.0 ± 0,7 11.8 ± 0.9 16.5 ± Q.2

II Only 200 celIs examined at 50 roentgens.

TABLE 12. X-RAY-INDUCED TRANSLOCATIONS IN SPERMATOGONIA

OF SOME LABORATORY MAMMALS (289)

a Cytological preparations were made according to Meredith (302). In contrast to the
method of Evans, Breckon and Ford Whereby slides are prepared from a homogeneous cell
suspension by macerating the whole testis, in Meredith's method only a small portion of the
testis macerated in 60 per cent acetic acid is used to make each slide. To avoid possible
heterogeneities between slides, many separate pieces of tubule were used for maceration to
make each slide.

Species

Guinea-pig

Rabbit , .

Hamster """""'"

Mouse .

P4rcentage
trans/ocations Perce"tlJge

(Possible transloca·
Dose No. at No. of Total no. + t'Z'otiS
(rad) anima .s slides· of cells delinUe) ( defi"ite)

a 4 70 1,254 0.24 a
100 1 20 233 1.72 0.85
200 3 40 541 5.18 4.62
370 3 45 645 1.24 0.31

1,000 1 10 101 a 0
1,845 1 10 73 a 0

a 2 13 655 0.31 0.15
250 1 28 683 2.34 1.17
300 1 15 716 6.64 5.79
500 1 32 436 1.15 0.23
600 1 10 252 0 0

a 1 10 70 0 0
200 2 37 560 1.61 0.89

200 3 31 1,745 4.58 4.47
500 3 30 1,489 11.21 10.95

TABLE 13. EsTIMATES OF SPONTANEOUS RATES TO VISffiLE MUTATIONS IN MICE AND RATS

Nal"re of Tested Mlltalion rate
ReferenceLac. mutation studied gameles MMa/io"s per locHs per gamete Remarks

Mice

a, b, c, d, in ., ...... Forward: + -l- 2,220,376 2511 11.3 10-6 Estimates based on mu- 469
recessive allele (7,3 10-6, 16.6 10-6 )b tations that occurred in

both males and females

a, hp, ft., In, pa, pe .. Forward: + -+ 20,769 0 283
recessive allele

a, b, c, d, :Ie, p, :I Forward: + -l- 531,500 28 7.5 10-0 Mutation rate in males 440
recessive allele

a, b, c, d, se, p, :I Forward: + -l- 157,421 11 10.0 10-0 Mutation rate in males; 285
recessive allele summary of Harwell

data

8.1 10-6 Over-all rate based on 285
data given in references
285 and 440
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TAlILE 13. EsTIMATES OF SPONTANEOUS RATES TO VISrnLE MUTATIONS IN MICB AND RATS (continued)

Loci

a, h, c, d, se, p, s .. ,

a, h, c, d, se,p, s ...

a, h, c, d, In .

Unselected (26 loci)

Unselected (12 loci)

Nature of
mlltaHDtl studied

Forward: + -+
recessive allele

Forward: + ...
recessive allele

Reverse: recessive
allele -+ + or
dominant allele

Forward

Dominant visibles

Tested
gametes

164,999

37,813

17,236,978

83,368,463

14,021,464

Mutation rotc
Mutations per lacln per gamete

7 1.4 1cre

o 4.9 10~

43 2.5 10--6

(1.8 10-6, 3.4 10-6 )b

28 0.67 10--6
(0.51 10--6, 0.87 10~)b

54 0.44 10-6

Remarks Reference

Mutation rate in femalese 448

Mutation rate in femalese 36

Estimate based on muta- 469
tions in both males and
females. Reverse mu-
tation rate about 1/4
of forward rate, a and
d alleles backrnutate at
a significantly higher
rate (4.2 10~ and
3.9 10-6, respectively)
than hand c alleles
(no backmutations)

Forward rate at unse- 467
lected loci is about
1/17 of the forward
rate at the five specific
loci. The number of
mutations actually ob
served was multiplied
by 2 to estimate muta-
tion frequency since
the breeding system
permitted detection of
only half of the muta-
tions that occurred

The rate given is the 469
average unweighted
rate for the 12 loci
(rates for individual
loci range from 2.20
10-6 to 0.07 10-6).

The average rate is
much lower than 2.5
10-6 estimated for a,
h, c, d, In

Unselected Forward: -+ recessive visibles

•• I

2.9 10-4
(0.7 10-4, 16.0 10-4)b

Unselected

Unselected

Unselected

Dominant skeletal

Dominant skeletal

Dominant visibles

TOTAL

438g

117,727

854

4,290

3,519

37,813

20,769

184,972

o
2

o
o
o
o
1

3

Rats

3

0,1

0.81 10-5

(0.3 10-5, 2.4 10-5)b

f
(0.75 ± 0.38) 10-3

124

572

65

64

288

395

36

283

541

a Includes mutations to dominant alleles at the a locus.
b 95 per cent confidence limits.
e Six of the seven mutations represent a cluster; the rate

1.4 10-6 assumes two independent mutational events among
202,812 progeny; the rate 4.9 1~ also assumes two muta
tional events, but involves an adjustment for sample size. For
full details, see paragraphs 144-146.

d Sex-linked.
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e Rate per gamete.
f Rate per gamete per generation.
gNumber of F1 skeletons examined.
!l Presumed mutation.
j In calculating the mutation rate, the number of tested

gametes is taken to be twice the number given to take into
account the possible origin of the mutations in either the male
or the female germ line.



.-
;
;
,

z!
z

I!l
o

~
-
'
>
~

T
A

B
L

E
14

.
M

U
TA

TI
O

N
RA

TE
S

A
T

12
S

P
E

C
IF

IC
L

O
C

I
IN

A
D

U
L

T
AN

D
N

E
O

N
A

T
A

L
M

O
U

S
E

S
P

E
R

M
A

T
O

G
O

N
IA

M
u

ta
ti

o
n

f"
'a

te
N

o.
of

N
o.

of
pe

r
lo

cu
s

pe
r

Lo
ci

Ty
pe

of
E

,.p
om

ro
of

fs
pr

in
g

m
u

ta
ti

on
s

ga
m

et
e

pe
r

in
vo

lv
ed

E
ffe

ct
st

ud
ie

d
ra

di
at

io
n

E
zp

os
ltr

C
or

do
sc

a
or

do
se

ra
te

b
te

st
ed

ob
se

rv
ed

R
X

lo
r.

R
ef

er
en

ce

S
ev

en
.
.
.
.
.
.
.
.
.
.

D
os

e
re

sp
on

se
X

ra
ys

30
0

8
0

-9
0

65
,5

48
40

2.
9

44
0

X
ra

ys
30

01
80

-9
0

55
,1

26
d

16
1.

4
49

8
X

ra
ys

30
0m

8
0

-9
0

77
,4

29
d

43
2.

6
49

8
X

ra
ys

30
0

1,
00

0
38

,2
07

d
2

4
3.

0
44

6
X

ra
ys

60
0

80
-9

0
11

9,
32

6
11

1
2.

2
44

0
X

ra
ys

60
0

60
-7

0
11

,1
38

12
2.

57
28

5n
X

ra
y

s
1,

00
0

8
0

-9
0

44
,6

49
29

0.
85

44
2

S
ix

•
•
•

4
•
•
•
•
•
•
•
•

D
os

e
re

sp
on

se
X

ra
ys

60
0

88
24

,8
34

d
7

0.
78

28
3

S
ev

en
..

..
~
..

..
.

D
os

e
ra

te
60

C
O

ga
m

m
a

ra
ys

60
0

2
4

44
,3

52
33

1.
77

43
7a

X
ra

ys
60

0
9

40
,3

26
23

1.
35

44
0

13
7C

S
ga

m
m

a
ra

ys
60

0
0.

8
28

,0
59

10
0.

85
44

0
13

7C
s

ga
m

m
a

ra
ys

86
1

0.
00

9
24

,2
81

12
0.

82
44

0
13

7C
s

g
am

m
a

ra
ys

51
6

0.
00

9
26

,3
25

5
0.

52
44

0
13

7C
s

g
am

m
a

ra
ys

30
0

0.
00

9
58

,4
57

10
0.

80
44

0
60

C
O

g
am

m
a

ra
ys

60
3

0.
00

7-
0.

00
9

22
,6

82
5

0.
53

28
5

n

tv
60

C
o

ga
m

m
a

ra
ys

60
6f

0.
00

5
58

,7
95

16
O

.4
4e

34
0'

1
60

C
o

ga
m

m
a

ra
ys

37
.5

0.
00

11
-0

.0
07

8
63

,3
22

--
J

6
3.

6
62

13
7C

S
ga

m
m

a
ra

ys
86

0.
00

1
59

,8
10

6
1.

63
44

0
13

7C
s

ga
m

m
a

ra
ys

30
0

0.
00

1
49

,5
69

15
1.

43
44

0
13

7C
s

g
am

m
a

ra
y

s
60

0
0.

00
1

31
,6

52
13

0.
98

44
0

S
ev

en
.

~
..

..
..

..
D

os
e

fr
ac

ti
on

at
io

n
X

ra
ys

1,
00

0
8

0
-9

0
44

,6
49

29
0.

85
44

2
(u

;n
fr

ac
ti

on
at

ed
)

X
ra

ys
2

fr
ac

ti
on

s;
5

0
0

+
5

0
0

80
-9

0
14

,8
79

1
2

1.
15

43
9

2-
hr

in
te

rv
al

X
ra

ys
2

fr
ac

ti
on

s;
5

0
0

+
5

0
0

80
-9

0
11

,1
64

39
4.

92
44

2
24

-h
r

in
te

rv
al

X
ra

ys
2

fr
ac

ti
on

s;
5

0
0

+
5

0
0

88
5,

46
2d

16
4.

2
28

3
24

-h
ou

r
in

te
rv

al
X

ra
ys

5
fr

ac
ti

on
s

o
f

20
0

ea
ch

;
80

-9
0

8,
58

8
16

2.
66

43
9

24
-h

r
in

te
rv

al
s

X
ra

ys
5

fr
ac

ti
on

s
of

20
0

ea
ch

;
80

-9
0

10
,9

68
15

1.
88

43
9

w
ee

kl
y

in
te

rv
al

s
X

ra
ys

2
fr

ac
ti

on
s;

6
0

0
+

4
0

0
80

-9
0

4,
90

4
10

2.
84

43
7a

>
15

w
ee

k
in

te
rv

al

60
0

80
-9

0
11

9,
32

6
11

1
2.

2
44

0
(u

nf
ra

ct
io

na
te

d)

X
ra

ys
2

fr
ac

ti
on

s;
1

0
0

+
5

0
0

8
0

-9
0

24
,8

11
42

3.
9

44
2

24
-h

r
in

te
rv

al



T
A

B
L

E
14

.
M

U
T

A
T

IO
N

R
A

T
E

S
A

T
12

S
P

E
C

IF
IC

L
O

C
I

IN
A

D
U

L
T

A
N

D
N

E
O

N
A

T
A

L
M

O
U

S
E

S
P

E
R

M
A

T
O

G
O

N
IA

(c
o

n
ti

n
u

e
d

)

0.
7

M
eV

ne
ut

ro
ns

D
o

se
re

sp
on

se
an

d
do

se
1

-2
M

eV
ne

ut
ro

ns
ra

te

L
o

ci
in

vo
lv

ed

S
ix S
ev

en
.

E
ff

ec
t

st
u

d
ie

d

D
os

e
fr

ac
ti

on
at

io
n

T
yp

e
o

f
ra

di
at

-i
on

X
ra

ys

M
u

ta
ti

o
n

ra
te

N
o

.
o

f
N

o
.

o
f

p
e
r

lo
cu

s
p

er
&

p
o

su
re

of
fs

pr
in

g
m

u
ia

ii
O

tt
S

ga
m

et
e

p
er

E
xp

o
su

re
o

r
do

se
-

o
r

do
se

ra
te

b
te

st
ed

ob
se

ru
ed

R
X

IO
'e

R
ef

er
en

ce

1,
00

0
-

-
-

0.
28

k

(u
nf

ra
ct

io
na

te
d)

2
fr

ac
ti

on
s;

5
0

0
+

5
0

0
88

17
,3

01
14

1.
40

28
5

24
-h

r
in

te
rv

al

59
g

79
16

,7
58

10
14

.4
44

0

59
g

0.
79

17
,0

41
12

17
.1

44
0

63
g

0.
17

18
,1

94
13

16
.2

44
0

10
1g

0.
13

19
,5

06
20

14
.4

44
0

62
h

0.
00

1
39

,0
83

27
9.

5
35

21
41

0.
00

2-
-0

.0
03

41
,8

75
67

lO
.l

e
34

18
8j

55
--

60
39

,0
28

8
1.

42
35

"
R

oe
nt

ge
ns

o
r

ra
d

s.
b

R
oe

nt
ge

ns
p

er
m

in
ut

e
o

r
ra

ds
p

er
m

in
ut

e.
•

N
o

t
co

rr
ec

te
d

fo
r

co
nt

ro
ls

;
w

hi
le

th
e

la
ck

o
f

co
rr

ec
ti

on
at

hi
gh

er
do

se
s

w
il

l
m

ak
e

li
tt

le
di

ff
er

en
ce

,
at

lo
w

er
do

se
s,

th
e

in
du

ce
d

ra
te

s
w

il
l

b
e

lo
w

er
th

an
th

os
e

gi
ve

n.
d

N
ew

da
ta

.
tv

e
C

or
re

ct
ed

fo
r

co
nt

ro
l

ra
te

.
~

t
P

lu
s

2.
5

ra
d

n
eu

tr
o

n
co

nt
am

in
at

io
n.

g
In

cl
ud

es
a

g
am

m
a

co
m

po
ne

nt
eq

ua
l

to
ap

pr
ox

im
at

el
y

on
e

se
ve

nt
h

o
f

th
e

ne
ut

ro
n

co
m

po
ne

nt
.

h
P

lu
s

42
ra

d
g

am
m

a
co

nt
am

in
at

io
n.

i
P

lu
s

93
ra

d
g

am
m

a
co

nt
am

in
at

io
n.

j
P

lu
s

18
ra

d
g

am
m

a
co

nt
am

in
at

io
n.

k
E

st
im

at
ed

o
n

th
e

as
su

m
pt

io
n

th
at

th
e

si
x

lo
ci

ar
e

ab
o

u
t

on
e

th
ir

d
as

m
ut

ab
le

as
th

e
se

ve
n

lo
ci

.
1

Ir
ra

d
ia

ti
o

n
o

f
y

o
u

n
g

ad
ul

ts
o

n
da

y
o

f
bi

rt
h.

m
Ir

ra
di

at
io

n
at

ag
es

fr
o

m
2

to
35

da
ys

.
n

D
at

a
o

f
P

hi
ll

ip
s

re
p

o
rt

ed
in

th
is

re
fe

re
nc

e.

T
A

B
L

E
15

.
M

U
T

A
T

IO
N

R
A

T
E

S
A

T
S

E
V

E
N

S
P

E
C

IF
IC

L
O

C
I

IN
A

D
U

L
T

S
P

E
R

M
A

T
O

G
O

N
IA

A
F

T
E

R
-6

0
0

R
A

D
O

F
X

R
A

Y
S

O
R

G
}.

.M
M

A
R

A
Y

S
T

O
M

A
L

E
M

IC
E

IN
S

IN
G

L
E

O
R

R
E

P
E

A
T

E
D

D
O

S
E

S
(2

85
)

Il
F

iv
e

co
ns

ec
ut

iv
e

da
ys

a
w

ee
k

fo
r

12
w

ee
ks

.
b

In
cl

ud
es

d
at

a
o

f
P

hi
ll

ip
s

(3
95

).
•

N
in

et
y

co
ns

ec
ut

iv
e

d
ai

ly
ex

po
su

re
s.

T
re

a
tm

en
t

no
.

1 2
_.

_.
_

_
.

3 4 5 6

R
a

d
ia

ti
o

n
ty

p
e

G
am

m
a

ra
ys

(B
O

C
a)

G
am

m
a

ra
ys

(B
O

C
a)

G
am

m
a

ra
ys

(B
O

C
o)

G
am

m
a

ra
ys

(B
O

C
a)

X
ra

ys

X
ra

ys

In
te

rv
a

l
an

d
no

.
o

f
ex

po
su

re
s

S
in

gl
e

do
se

D
ai

ly
"

D
ai

ly
'

W
ee

kl
yd

W
ee

kl
ye

S
in

gl
e

do
se

95
p

er
ce

n
t

M
u

ta
ti

o
n

co
n

fi
de

n
ce

ra
te

li
m

it
s

o
f

D
'o

se
ra

te
T

o1
al

p
er

lo
cu

s
m

u
ta

ti
o

n
(r

o
d

m
in

-'
-)

o
ff

sp
ri

n
g

M
u

ta
n

ts
X

1
0

'
ra

te
X

1
0

'

17
12

,0
21

11
13

.1
7.

6,
24

.7

17
23

,9
82

7
4.

2
1.

6,
8.

6

0.
00

8
22

,6
82

5b
3.

2
1.

0,
7.

4

0.
05

-0
.0

7
22

,8
16

10
6.

3
3.

0,
11

.5

60
--

70
18

,1
19

16
12

.6
7.

9,
21

.3

60
-7

0
11

,1
38

12
b

15
.4

9.
1,

28
.2

d
O

ne
ni

gh
t

ea
ch

w
ee

k
(1

2-
16

h
o

u
rs

).
e

T
w

el
ve

co
ns

ec
ut

iv
e

w
ee

ks
.



\ TABLE 16. MUTATION RATES AT SEVEN SPECIFIC LOCI IN OOCYTES OF ADULT AND NEONATAL MICE

ll'f"tatiolls

TyPe of
No. of No. of per lows

E.1:pos1<re E.1:poS1tre offspri1lg mutations per galllete
Effect studied radiation or doseD. or dlJSC 1'ateb tested observed pe.. R X 107 • Reference

Dose response and
interval effect ..... X rays 50 90 180,472d 13 2.06 448

X rays 50 90 78,191e 0 448

X rays 200 90 37,297d 21 4.02 442

X rays 300t 90 14,259 3 1.0 499

X rays 400 90 14,842d 23 5.53 446
Dose-rate and

interval effect ..... 137Cs gamma rays 400 0.8 20,827 7 1.2 440

aoco gamma rays 600 0.05 10,117 1 0.23 62

187CS gamma rays 258 0.009 8,373d 1 0.67 448

137Cs gamma rays 258 0.009 18,6846 0 448

137Cs gamma rays 400 0.009 15,195d 1 0.24 448

137Cs gamma rays 400 0.009 21,854e 1 448

137Cs gamma rays 400g 0.009 14,130d 2 448

137Cs gamma rays 400g 0.009 953e 0 448

60CO gamma rays 412 0.0034 34,263 0 36,493

Dose fractionation .. X rays 400 90 14,591h 21 5.15 446
(unfractionated)

X rays 2 fractions 90 6,086h 9 5.28 442
200 +200

24-hr interval

X rays 8 fractions of 90 27,906<1 19 2.43 443
50 each; 75 min

intervals
Dose response and

interval effect ..... 1-2 MeV neutrons 63 79 43,000<1 37 19.4 448

63 79 40,096" 0 448

120 79 6,058d 7 13.8 448

120 79 33" 0 448
Dose-rate and

interval effect 1-2 MeV neutrons 30 8 5,870d 1 8.1 448

30 8 19,477" 1 2.4 448

63 0.17 46,301d 22 10.8 448

63 0.17 80,3950 1 0.29 448

0.7 MeV neutrons 79.71 0.0007 32,221 1 0.3 36,493

a Roentgens or rads. e Conceptions occurring later than seven weeks after irradia-
b Roentgens or rads per minute. tion.
e Not corrected for controls; the lack of correction at higher f New-born females irradiated within seven hours after birth.

doses is likely to make little difference to the actual induced g Old adults at time of irradiation.rates; at low doses, however, the reduced rates will be lower
h Restricted to conceptions occurring within the first threethan those given (see table 13 for spontaneous rates).

(1 Restricted to conceptions occurring within the first seven weeks after irradiation.
weeks after irradiation. 1 Plus 57.8 rad gamma contamination.
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TABLE 18. DISTRIDUTION OF MUTATIONAL EVENTS AT THE dose llEGION (LINKAGE GROUP II) IN MOUSE ACCORDING TO GERM-CELL
STAGE AND MonE OF INDUcnON" (430)

Spermatogo"ia Post,sPertllatogo"ial stages Ooeytes

S01lree 01 tIllitations d se Di(d se) d se Df(d se) d se Di(d $C) d se Di(d $0)

Controlb .............................. 16 3 Ie

X- or gamma-irradiation experiments
at exposure rates of:

<10 R min-1 ..................... 18 1 0 2 0 0 0 2 2
10-100 R min-1 ................... 35 6 2 6 4 7 8 3 6
>100 R min-1 .................... 4 1 1 0 1 1 1 0 2

TOTAL 57 8 3 8 5 8 9 5 10

X-irradiation experiments:

Fractionated exposures (24-hr interval) 11 5 2 1 2 1 0 0 1
Fractionated exposures (others) ........ 12 4 1 0 0 0 4 0 0

Neutron-irradiation experiments .......... 24 10 7 1 4 2 2

a Includes some mutants only partially tested.
b All but three events occurred in control males.
C Died at 2 months; unknown whether Df (deficiency) or double non-disjunction.

TABLE 19. PROPORTION OF MUTATIONAL EVENTS AT THE dose REGION IN MOUSE INVOLVING MORE
THAN ONE FUNCTIONAL UNIT, BASED ON COMPLEMENTATION TESTS (430)

Percen.tage iWlJoltJiHg
) 1 I"'letiollal .....t

Cross-over
Total Ie"utI. >2 map lI"itsh

eel/ stage Irradiation
No. of

Mi1limam Ma.~imu",mlltants

Control 19 5.6 or 10.5a 0 0

Spermatogonia X or gamma rays excluding 67 13.5 0 0
24-hr fractionation

Spermatogonia X rays; 24-hr fractionation 18 27.8 5.6 5.6

Spermatogonia ...... Neutrons 41 31.7 4.9 4.9

Post-spermatogonial
stages ........... All experiments 26 42.3 7.7 23.1

Oocytes ........... All experiments 32 65.6 3.1 18.8

a Excluding or including, respectively, the questionable dose mutant.
b Minimum is based on only 44 presumed aberrations (out of a total of 61) for which the

length had been established. Maximum is based on the assumption that all of the 9 Df(d se)s
not used in complementation tests were longer than 2 cross-over units.

TABLE 20. DISTRIBUTION OF RADIATION-INDUCED SPECIFIC-LOCUS MUTATIONS
IN MOUSE SPERMATOGONIA AT VARIOUS EXPOSURE RATES (442)

E"'pos1lre Lac'us
rate

(Rmin·1 ) Radiatio" a b c I> d se dsen. Total

90 . . , . . . . . . . . . X 2 32 15 22 24 2 69 166

9 ....... , ......... X 1 1 3 7 3 10 26

{ Observed 2 12 9 9 15 1 29 77
0.8, 0.009, and 0.001. Gamma

7 10 11 1 32 77Expectedb 1 15

11 Simultaneous occurrence of mutations at the d and se loci.
b Number of mutations expected on the basis of results at 90 R min-1 •
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TABLE 21. FREQUENCIES OF, DOMINANT VISIBLE'MUTATIONS AFTER IRRADIATION OF MOUSE' SPERMATOGONIA OR OP'

POST-SPERMATOGONIAL STAGES WITH X RAYS, NEUTRONS OR GAMMA RAYS

Total M1ttatiolls
Dose or Do.. or "0. of No. of pcr 10'

Germ-cell stogo Type of radiation e~t:posur8a eXpOSllYO l"ata~b olfsprillg mutants gG1netcs Reftr.nc.

Spermatogonia .........X rays 600 68 838 0 64

X rays 600 60-70 10,761 2 18.6 395

X rays 600 88 24,834 9 36.2 283

X rays 600+600e 88 3,612 2 55.4 288

X rays 500+500d 88 17,301 18 104.0 283

X rays 50D+500d 88 5,462 6 109.8 283

Neutrons (0.7 MeV) 188e 54-60 39,028 2 5.1 35

Neutrons (0.7 MeV) 62f 0.001 39,083 7 17.9 35

Neutrons (0.7 MeV) 214~ 0.001-0.002 41,875 24 57.3 34

6Deo gamma rays 606h 0.005 58,795 6 10.2 34

X rays 600 83 754J 5k 663 124,125

X rays 100+500d 83 277J 5k 1,805 124,125

X rays 500+5001 83 131J 21t 1,527 124,125

Neutrons (14.1 MeV) 485 47.5 433J 1k 231 572

Post-spermatogonial ..... X rays 600 83 569J 10k 1,757 124

X rays 222 47.5 154J 2k 1,299 572

Neutrons (14.1 MeV) 242.5 47.5 343J 41t 1,166 572

Neutrons (14.1 MeV) 485 47.5 157J 4k 2,548 572

a Roentgens or rads. g Plus 93 rad gamma contamination.
b Roentgens or rads per minute., h Plus 2.5 rad neutron contamination.
e Separated by 8 weeks.

1 Separated by 10 weeks.
d Separated by 24 hours.
e Plus 18 rad gamma contamination. j F 1 skeletons screened.

•Plus 42 rad gamma contamination. It Presumed mutations.
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TABLE 24. FREQUENCY OF LABELLED A-TYPE MOUSE SPERMATOGONIA SURVIVING DIFFERENT
X-ffiRADIATION EXPOSURES (362)

Time after
500 R 1,000 R 500 + 500 Rairradiation Conlrol 100 R

12 hours .......... 0.600 0.349 0.343 0.229 0.387
72 hours .......... 0.159 0.474 0.577 0.557 0.593

5 days ........... 0.134 0.467 0.629 0.590 0.598
8.5 days •••••••• to 0.078 0.156 0.163 0.024 0.391

17 days ........... 0.007 0.016 0.017 0.002 0.031

a Fractions given 24 hours apart.

TABLE 25. FORWARD MUTATION RATES AT SPECIFIC LOCI IN VARIOUS CELL SYSTEMS AFTER HIGH-DOSE-RATE X- OR GAMMA-IRRADIATION

Mltlalion rale
per lacus

Test No. of E."posure or per roclltgen
Eft:P crime"t Orga-IU'sm Cell stage loci studied dOle" (or rod) RefeTell"

1 Mouseb Spermatogonia 7 600 2.2 10-7 440
2 Mouseb Spermatogonia 6 600 7.810-8 283
3 Mouseb Oocytes 7 400 5.5 10-7 445
4 Chinese hamster Somatic cells in culture 1 200-1,000 4.110-4-2.110-2 51

(from lung) ; anell- (azgr-U )0
ploid cell line

5 · . Chinese hamster Somatic cells in culture (azgr-30)d 450 9.210-7 51
(from lung) ; aneu-
ploid cell line

6 · . Chinese hamster Somatic cells in culture (azgr-30)d 200·1,200 4.2 10-7-1.8 1Q-a 77
(from lung) ; aneu-
ploid cell line

7 · . Chinese hamster Somatic cells in culture 4
(from ovary) ; aneu- (gIY+--7gIy-) 600 4.0 10-8 200
plaid cell line

8 Drosophila Spermatogonia 8 on 900 1.5 10-8 8
chromosome III

9 Drosophila Spermatogonia 8 on 900 1.3 10-8 9
chromosome III

10 Drosophila Immature oocytes (stage 10 on 4,000 6.9 10-8 577
7 and earlier) X-chromosome

11 Drosophila Oogonia 10 on 4,000 1.7 10-S 577
X-chromosome

12 Silkworm Spermatogonia in 7-day- 2 1,000 7.4 10-7 (pe) 546
old larvre (pe, re) 3.2 10-7 (re)

13 Silkworm Spermatogonia in 7-day- 2 1,000- 3.5 10-7 (pe) 550
old larvre (pe, re) 1.3 10-7 (re)

14 Silkworm Oogonia in 7-day-old 2 1,000 3.7 10-7 (pe) 546
larvre (pe, re) 3.210-7 (re)

15 Dahlbomil1us Oogonia 4 1,000 1.3 10-7 29,30
Oogonia 4 1,500 5.3 10-S 30

16 Dahlbomil1us Oocytes in females at 4 250 3.510-7 (12hr) 31
ages of 12, 60 and 108 5.5 10-7 (60 hr)
hr 7.010-7 (l08 hr)

17 · . Dahlbomillus Oiicytes in females at 4 1,000 3.010-7 (1211r) 31
ages of 12, 60 and 108 4.610-7 (60 hr)
hr 6.6 10-7 (l08 hr)

18 Dahlbominus Mature oocytes in fe- 4 500- 18.9 10-7 32
males aged 9-13 days

19 Dahlbominu$ Mature oocytes in fe- 4 250· 17.110-7 32
males aged 11 days

20 Marmoniella Oocytes 5 1 1.4 10-7 212
21 Neurospora crassa 2

(ad-3A+--7ad-3A-) 1.8 10-0 590
(ad-3B'~ad-3B-) 3.6 10-0

22 · . Escherichia coli Blr 2 1 1.0 10-0 109
(resistance to T1 phage)

a Roentgens or rads. d Resistance to 8-AG at a concentration of 30 p.g ml-1.
!> Rates at other exposures are given in tables 13 and 14. • Gamma rays.

I
c Resistance to 8-AG at a concentration of 7.5 p.g m1-1,
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T.ABLE 27. ApPROXIMATE RBEs OF NEUTRONS IN INDUCINO RECESSIVE VISJDLES AT THE pe AND re LOCI IN SILKWORM OERM CELLS

Esper;",e)!t
nO. Germ-cell ;tage Mean ellergy

Neutrons

Dose- Dose rate Radiation

Standard radiation

Dose or Dose or
esposureb espoSure rate' RBEd Reference

1 .. Primordial spermato
gonia in hibernat-
ing eggs 14 MeV 320-1,300

2 .. Primordial spermato
gonia in newly
hatched larvre 14 MeV 760-2,240

3 .. Primordial spermato
gonia' in' newly
hatched larvre 1.5 MeV 202-787

4 " Late spermatogonia
in 7-day old larvre 14 MeV 860-4,420

5 .. Late spermatogonia
in ?-day old larvre 1.5 MeV 202-787

8.7 Gamma rays (137Cs) 250-3,000 100 1.8
2.9
2.4

6.7-19.6 Gamma rays (137Cs) 500-2,000 316-333 0.8
1.0
0.9

200.7 Gammarays(137Cs) 500-2,000 316-333 1.7
1.9
1.8

7.6-38.7 Gamma rays (137CS) 1,000-3,500 100 3.2
2.1
2.7

200.7 Gamma rays(137Cs) 1,000-3,500 316::'333 4.2
3.5
3.9

346

342

343

342

343

6 .. Mature sperm in late
p~pre 14 MeV 990-5,050

7e .. Mature sperm in late
pupre 14 MeV 990-5,050

1.2-6.0

1.2-6.0

Gamma rayS(137Cs) 2,000-6,000

Gamma rays (137Cs) 2,000-6,000

100

100

5.3 334,340
6.7
6.0

4.2 334
4.8
4.5

8 .. Primordial oagonia
in newly hatched
Iarvre 14 MeV 760-2,240

9 .. Primordial oagonia
in newly hatched
larvre 1.5 MeV 202-787

10 .. Late oagonia in 7-
day old larvre 14 MeV 860-4,420

11 .. Late oagonia in 7-
day old larvre 1.5 MeV 244-949

6.7-19.6 Gamma rays (137Cs) 500-2,000 316-333 1.2

1.2
1.2

200.7 Gamma rays (137CS) 500-2,000 316-333 2.1
2.4
2.3

7.6-38.7 Gamma rays (137CS) 1,000-3,500 100 1.7
2.8
2.3

242.2 Gamma rays (137Cs) 1,000-3,500 100 3.8

3.0
3.4

342

343

342

343

12 ., Prophase-I oacytes
in pupre 2.5 MeV ? ? X rays ? ? 3.0 291

II All doses are absorbed doses.
b Roentgens or rads.
e Roentgens or rads per minute.
d Except in experiments 6 and 12, the RBEs were estimated

as a ratio of doses at an arbitrarily chosen level of mutational
yield of 10-3 ; this was done because the mutation frequencies
increased faster than linearly with dose regardless of the type of
radiation used. In experiment 6, because of linearity, the REE

280

was estimated as a ratio of the two slopes; in experiment 12,
the dose-response was again non-linear and the RBE given
is for low doses where the responses were approximately
linear. Of the three RBEs given for each of experiments 1-11,
the first is for the pe locus, the second for the re locus and
the third is the mean value.

e Mosaic mutations were scored at the two loci.
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TABLE 29. RISKS OF lNDUCTION OF DlFFERENT KlNDS OF GENETIC DAMAGE IN MAN PER RAP
AT LOW DOSES OR AFTER CHRONIC EXPOSURES

Ella point

Expected rate of induction per million

Spermatogonia

EXp'ression i1l Pi
per ""Ui01l conceptio1ls
after sperIlIotogo1lial

irradiation

5. X-chromosome losses .. 'Very low 8

6. Other chromosome
anomalies .............. Very low

Total genetic damage 1,521g

(57)11

Total genetic damage! 300

1. Recessive point muta-
tions .

2. Dominant visibles

3. Skeletal mutations

4. Reciprocal transloca-
tions<1 .

1,500n

(36)b

2

4

Very low

Very low

30-75
(1-2)

2
c

2 congenitally malformed
children, 19 unrecognized
early embryonic losses and
9 recognized abortionst

8 early embryonic losses
and/or abortions

Very low

6·15l

Note: dashes indicate that inadequate or no information is available.
n Estimate based on mouse specific locus data.
b Estimate based on the per genome rate for recessive lethals induced in mouse sperma

togonia.
C Included under (1); see paragraph 594.
d Figures apply to low-dose x-irradiation. Estimates for chronic gamma-irradiation are

50 per cent lower.
C Balanced products.
t For low dose x-irradiation; for chronic gamma-irradiation, figures should be halved

(see paragraph 621).
I: Obtained by adding 1,500+2+4+15 in the column.
11 Obtained by adding 36+2+4+15 in the column.
! Relative to spontaneous incidence of genetic diseases among live-born, based on an

estimated "doubling dose" of 100 rad.
l In terms of incidence of genetic disease among live-born.
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Introduction

1. For many years it has been realized that whole
body irradiation has profound effects on the immune
response of experimental animals, and, more recently,
this has also been demonstrated in man. Since many
types of radiation are now being frequently used in
clinical treatment of patients and in experimental re
search, it is essential that more detailed information
on the effect of irradiation on the different phases of
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immune responses be obtained. This particularly applies
to the effects of single or multiple low doses of radia
tion, as it is becoming increasingly clear that the com
plex process of immunity is composed of several dis
tinctly separate events, some of which· involve very
radio-sensitive cells.

2. The essential aim of a review of this type is to
provide a means of estimating the risks to man from
radiation-induced lesions in the immune system. At



I. The general components of the
immune response

towards breaking the tolerant state or helping in the
induction of tolerance. In recent years a new concept
of two zones of antigen dosage for the induction of
tolerance has emerged. Some studies suggest that low
zone tolerance may be involved in normal immunologi
cal homeostasis and that breaks in this mechanism
may lead to auto-immune disease. It is therefore
relevant for human studies to consider the effects of
radiation on the state of tolerance, as radiation-induced
alterations in this state may lead to auto-immune
phenomena.

8. This annex will attempt to consider the effects of
radiation in three main areas: Ca) the normal immune
response, specifically examining the various components
of resistance to infection, the antibody-forming me
chanism, transplantation immunity and delayed hyper
sensitivity; (b) effects of radiation on experimental
tumour induction associated with effects on the immune
state; and (c) the two zones of immunological toler·
ance, with specific reference to possible auto-immune
consequences after alteration of the normal homeostatic
condition. For definitions of immunological terms, the
reader is referred to a glossary of immunology (231).

the present time numerical risk estimates cannot be
made in relation to the immune system. This annex
will therefore merely attempt to evaluate the order of
magnitude of the immune system's radio-sensitivity, on
the basis of experimental and clinical observations in
volving mostly high radiation doses. As muc~ of the
experimental work is drawn from animal specIes other
than man, some attention will be paid to species vari
ation in order to evaluate the significance of extra
polation to man.

3. It is essential to realize that an analysis of radio·
sensitivity of the immune system is not simply a study
of the radio-sensitivity of one cell type. The immune
response as a whole comprises several distinctly dif
ferent types of response with different cell types and
modes of expression. These will therefore be examined
separately and, in the course of this analysis, reference
will be made to the possible medical uses of sup
pressing immunity by radiation to assist organ trans
plantation, and to the use of immunological methods
in tumour therapy. This annex will cover each of the
major types of the immune response which are detailed
in the following paragraphs.

4. Detailed information on the events leading up
to the release of circulating antibody has been obtained
in the past few years. In many systems an antigen
processing step is obligatory before the antibody-
forming machinery can be brought into action. Fur- A. RESISTANCE TO INFECTION

thermore in many antibody responses the early events 9. Immunity has been associated with resistance to
subsequent to antigen processing also may involve a b
collaboration between two ontogenically distinct hae- infection. In this context we are considering the a ility
mopoietic cell lines. Thus at least three different cell of the body as a whole to check the large number of
types can be involved prior to the development of the infectious agents and parasites that perpetually threaten

life and health. The term infection is used here to
actual antibody-forming cell. Since all three types are describe the situation in which an organism enters
frequently obligatory for certain antibody responses,
suppression of anyone by irradiation will profoundly into a relationship with the host such that the host's
affect the over-all antibody response. As these three cells or tissues are frequently damaged. Resistance
components may involve cells of different differentia- describes the relative ability of the animal to counteract
tion stages, it is possible that they may show differ- the infection and not to succumb to the invading
ential radio-sensitivities. This review will accordingly organisms.
attempt to analyse the radio-sensitivity of the humoral 10. Resistance has been frequently divided into
antibody response in terms of the sensitivities of the natural and acquired resistance. Natural resistance
different components comprising the response. generally refers to the resistance of animals not speci~

5. The time interval between antigen administration fically immunized, or exposed, to the infection, whereas
and irradiation greatly affects the subsequent changes acquired resistance refers to the state of resistance
induced by radiation. Whereas it is more commonly which develops in animals following active or passive
found that radiation suppresses immunity, under some immunization or following exposure to the infection
circumstances enhancement of certain aspects can be at a sub-clinical leveL In general, acquired resistance
generated. Stimulation may be related to certain over- is specific for a particular organism while natural
corrections in the controlling mechanisms following resistance may be relatively non-specific. This implies
irradiation. A specific analysis of this point will be that· acquired resistance is therefore mediated by a
made, as it is relevant for consideration of radiation specific immune response either cellular or humoral in
therapy in man. nature. It is at this point that considerable confusion

arises within the immunological literature. To students
6. Radiation induction of some animal tumours is of infectious disease, cellular immunity refers to the

thought to be mediated through an activation of latent form of acquired anti-microbial resistance in which the
viruses. As it has been clearly demonstrated that host's monolluclear phagocytes show increased destruc-
many of these tumours carry strong tumour-specific tive capacity for ingested organisms. This form of cellu-
transplantation antigens, it is possible that a factor in lar immunity can be transferred with cells but not with
the induction of tumours by radiation is the associated serum (15). Although it is evoked by way of a specific
immune depression, which in tum permits a normally immunological reaction, it is frequently non-specific in
suppressable potential malignancy to become expressed. its anti-microbial effects for the period of a few weeks
Since these experiments usually involve fractionated following antigenic challenge but, once established, it
doses of radiation of the order of 100-200 rads, it is will be specific for the original immunogen (160,
important to consider this phenomenon in terms of 258, 318).
possible relevance to human neoplasia.

11. Another use of the term cellular immunity refers
7. The effect of radiation on the state of im- to those immunological reactions that are mediated

munological tolerance may also be in either direcuon, directly by lymphocytes and are not dependent on
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secreted antibody. This includes most forms of trans
plantation immunity and delayed hypersensitivity and
will be discussed in section I B. Recent studies have
tended to bring these two alternative views of cellular
immunity closer together, as lymphocytes as well as
macrophages have now been shown (319) to have an
important role in at least some types of resistance to
infection, in that lymphoid cells play an inductive role
in the immune response which is then primarily effected
by the macrophages. In transplantation immunity, how
ever, both lymphocytes and macrophages can be in
volved in the actual effector stage of killing target
cells.

12. For the purpose of this report, this section and
section II will deal with resistance to infection in which
the animal as a whole is studied, or in which other
processes apart from specific antibody formation or
lymphocyte-mediated immunity are involved.

13. Resistance to infection is a broad field and
has been the subject of several excellent books and
reviews (67, 321, 402, 441, 626). It includes defined
cell responses in which the macrophage is the essential
cell type, antibody formation, possible role of eosino
phils, and various non-specific phenomena. Specific
antibodies can neutralize toxins, neutralize viruses, or
prevent their entry into susceptible cells. With com
plement, and possibly lysozyme, lysis of bacteria can
occur. Antibodies can promote phagocytosis of micro
organisms by polymorphs, as can natural antibodies
in natural resistance. A large role in natural resistance
may be played by such non-immunological factors as
unbroken cutaneous or mucous surfaces; free fatty
acids with antibacterial properties on the skin; the
sweeping action of cilia in the bronchial tree and by
lysozyme and other humoral factors (204, 267, 513).

14. From the time of Metchnikoff (360), it was
strongly felt that acquired resistance to infection resulted
from "the perfecting of the phagocytic and digestive
powers of the leucocytes". The important role of the
macrophage has indeed been well documented (402),
and little more need be said in this introductory section
about the importance of this cell type, other than to
stress one point concerning its heightened activity in
acquired resistance. Although the formation of specific
antibody can be an important factor in acquired
resistance, it is also clear that macrophages from
infected animals can show an intrinsic elevated func
tional activity, although non-specific methods of stimu
lating increased lysozymal activity of macrophages will
not lead to increased functional activity against specific
organisms. This is indicated by the fact that cells from
infected mice will completely inactivate Salmonella
typhimurium organisms within 15 minutes, whereas nor
mal cells only partially inactivate, and do so in a much
slower time (51). Furthermore, cells from animals
infected with Listeria monocytogenes Or Salmonella
typhimurium are equally microbicidal for Salmonella
typhimurium, despite the absence of demonstrable anti
Salmonella antibody in the serum or absorbed on cells
of the Listeria-infected mice (51). It has also been
reported that in the infection of mice with Salmonella
enteritidis, immunization with a live vaccine (294, 386,
487) or convalescent immunity (431) achieves high
resistance against further infection with a virulent
strain of the same bacteria. It was noted in this
immunity that cultured macrophages derived from
either the peritoneal cavity, the subcutaneous tissue
or the liver of immunized miCe, resisted the cell de-
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generation caused by in vitro infection with virulent
bacteria regardless of the presence of antiserum in
the culture medium. Furthermore, the serum obtained
from immunized mice did not show any passive im
munization against fatal infection and had no inhibitory
effect on the intracellular growth of virulent bacteria
in macrophages cultured in vitro (385,387,487,492).
Such resistance was referred to as cellular immunity
and was also described in some other infections with
cytophilic bacteria such as tuberculosis, brucellosis and
listerosis (188, 322). In more recent studies (320),
it bas been shown that acquired resistance may depend
upon the activation of host macrophages through a
product resulting from the specific interaction between
sensitized lymphoid cells and the pathogen or its anti
genic products. This finding may help bring together
the two interpretations of the term cellular immunity,
in suggesting that the enhanced macrophage response
is dependent upon the cellular lymphocytic response.

B. CELLULAR AND HUMORAL IMMUNE RESPONSES

15. Before embarking on a detailed analysis of the
effects of radiation on the immune response, it is
essential to stress that "the immune response" is a
rather general term embracing several different types
of immune reactions observed in animals and man.
Any consideration of the effects of radiation must,
therefore, be made separately for each type of response
and in some cases for the separate components of a
given type of immune response. This does not imply
that the different clinical forms of immunity, hyper
sensitivity and allergy are all mediated by different
mechanisms, but rather that there are a few basically
distinct mechanisms of immunity within which there
may be many slight variations expressed in different
species or under different conditions.

16. The two basic types of immune responses are:
(a) humoral-antibody formation, which involves the
production of circulating antibody molecules found
either in serum or in other body fluids; and (b) lym
phocyte-induced cellular immunity, in which the actual
site of the immune reaction contains both lymphoid
cells and macrophages.

17. Although there are many results and experi
ments which support this basic dichotomy, the most
striking demonstration that these are two distinctly
separate forms of immunity comes from studies in
experimental chickens (106, 603) in which the dif
ferentiation of the immunoglobulin-synthesizing plasma
cell system is under separate ontogenic control (the
bursa of Fabricius) (206, 392) from that of the lym
phocyte-mediated cellular immunity (26, 271, 611).
Thus, by embryonic bursectomy, animals. can .be ob
tained which are totally agammaglobuhmemic and
cannot form any antibody (612) but which have nort;lal
delayed hypersensitivity (609) and tra?splantation
immunity. This experimental demonstratIOn of two
separate types of immune. ~esponse is als~ clea.rly
evident in several human clinIcal syndromes, In whIch
either antibody formation or cellular immunity is
selectively depressed (lOS, 141, 407,450, 474, 496).

18. A schematic outline of the immune response
is given in table 1. Three of the major distinguishing
features of the dichotomy of immunity are listed.
Antibodies found in serum and other body fluids are
primarily synthesized and secreted by cells of the
plasmacytic series (57, 133, 304) and also by lym-



phocytic cells (B lymphocytes) (119, 220), which
ultrastructurally, have the endoplasmic reticulum char
acteristic of an active protein-secreting cell.

19. The differentiation of the plasmacytic cell line
is controlled by the bursa of Fabricius in chickens
(105, 603). Several candidates for a bursal equivalent
in mammals have been proposed, including Peyer's
patches (104), appendix (23), tonsil (451), diffuse
intestinal epithelium (179), and even skin (180).
There is, however, no universal acceptance of any
of these as bursal equivalent sites. For example, the
immunological role of the appendix of rabbits seems
to be directed only towards the differentiation of IgM
synthesizing cells and not towards the differentiation
of cells synthesizing other classes of immunoglobulins
(104, 233, 298). In contrast, the bursa of Fabricius
has an important role in the differentiation of cell
systems involved in the synthesis of all classes of
immunoglobulins. It has also been reported that Peyer's
patches in the rat (101) and rabbit (249) are directly
involved in the syntllesis of IgM antibody when antigen
is directly injected into the patch or when Peyer's-patch
cells are treated with antigen in vitro..

20. In the earlier work by Cooper et al. (104), it
was observed that combined removal of the appendix,
the sacculus rotundus and all the Peyer's patches in
rabbits followed one month later by whole-body ex
posure to 650 rads resulted in the partial, but not
complete, depression of antibody-forming capacity when
challenged 21 days after irradiation. Thus, in at least
some animals, restoration of the antibody-forming
capacity following near-lethal whole-body irradiation
did occur in the absence of the postulated bursal
equivalent. In a comprehensive examination of germinal
centres in the rabbit appendix, it was concluded (409)
that it is essentially the germinal-centre compartment
which is responsible for the delivery of antibody
forming-cell precursors and that, contrary to the view
of Good et al. (214), the germinal centres of the gut
associated lymphoid tissue represent plain germinal
centres like those in the spleen and lymph nodes.

21. By contrast, cellular immunity is induced by
lymphocytic cells which are also found in the immediate
vicinity of the active immune lesion, together with
macrophages, as for example, in the infiltrate under
lying a rejecting skin homograft (49, 497) or in
various organs in auto-immune diseases (323). The
actual mechanisms of lymphocyte-mediated pathological
changes will be considered in a later section in relation
to radio-sensitivity. The differentiation of the lym
phocyte-dependent line in cell-mediated immunity is
thy~us-dependent in most animal species stUdied, in
cludmg man (213, 215, 373), although in sheep this
could not be demonstrated.

22. Humoral immunity is manifested in a variety
of different clinical and experimental forms which can
broadly be considered as either the production of
antibody, resulting in high serum titres of antibody and
a state of elevated resistance to certain infections, or
as the production of certain molecular classes of anti
body which are capable of initiating immediate hyper
sensitivity reactions and some auto-immune disorders.
Antibody molecules can be subdivided into different
immunoglobulin classes (90, 171, 194,306), for exam
ple, in man, IgM, IgA, IgG, IgD and 19B which have
in common the basic molecular form of two light (L)
and two heavy (H) polypeptide chains (158, 461) but
which differ; in that different structural genes code
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for the constant regions of the H chains of the various
classes (195). Certain biological properties of antibody
molecules are mediated through sites on the C terminal
half of the heavy chain (433), and since the classes
differ in their heavy chains, a given biological effect
is usually mediated by only one or a limited number
of immunoglobUlin classes. These properties include
the fixation of antibody molecules to mast cells, which
is at the basis of the anaphylactic and reaginic hyper
sensitivities (433) and is associated with certain spe
cific immunoglobulin classes (IgE-mediated reaginic
hypersensitivity in man (268, 274), gamma-Gl-me
diated anaphylaxis in mice (34, 428, 435) and guinea
pigs (434), and another separate unidentified antibody
mediated reaginic hypersensitivity in mice (595».
Another form of hypersensitivity leading to tissue
damage is the Arthus reaction (involved in serum
sickness and SOme glomerulonephritis) mediated by
those classes of immunoglobulins that are capable of
forming a precipitating complex with antigen in tissue
sites (for example blood-vessel walls), which then
fix complement components (88).

23. The role of antibody in the rejection of antigenic
tumours has not yet been fully elucidated. Cytotoxic
antibodies are those antibodies which fix complement
and cause lysis of tumour cells. These have been
suspected to be active against dispersed leukremic cell
suspensions in vivo (16). On the other hand, it has
also been shown by Hellstrom and Hellstrom (247)
that some serum factors can protect tumours in vitro
from lymphocyte-mediated tumour destruction. The
nature of these serum factors and their role in vivo
remains to be elucidated. It is by no means clear
whether these blocking serum factors are the same as
enhancing. antibodies, which have been conventionally
demonstrated by their ability to enhance tumour growth
after prior injection into recipients which are then
challenged with tumour cells (275). Although one
study (598) suggested that enhancing antibodies were
electrophoretically fast migrating (and possibly IgG1),
two other studies (266, 543) implicated IgG2 mole
cules, which are also capable of :fixing complement.

24. Cellular immunity is broadly recognized in two
basic forms: (a) rejection of tissue allografts such
as skin or kidney, or (b) delayed hypersensitivity
reactions, best typified by the Mantoux reaction to old
tuberculin or PPD in individuals sensitized to tubercle
bacilli. As mentioned in the previous paragraph, there
are reports suggesting that not all forms of transplanta
tion immunity are mediated directly by lymphoid cells.
Tumour allografts presented in the form of single-cell
suspensions can be rejected by circulating cytotoxic
antibody. (16), and immunological damage to some
organ transplants such as kidney has also been claimed
to be antibody-mediated (299). .

25. The morphological and hrematological repre
sentation of this distinction of immunity into cellular
and humoral is diagrammatically represented in figure I
in which it is indicated that a multipotent hrematopoie
tic stem cell has the potentiality to differentiate into any
hrematopoietic cell system. The true stem cell may
possibly differentiate initially into two types of stem
cell-a lymphoid stem cell (190) and a second type
with potential to form other blood elements. On the
other hand, Nowell et al. (427) reported evidence
indicating the existence of multipotential lympho
hrematopoietic stem cells in the adult rat. In this study,
rats were given near-lethal x-ray doses to produce
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Figure 1. Development of the hremopoietic system from a
common stem cell. The first division indicates a possible di.
chotomy involving a lymphoid stem cell. One type can then
differentiate into thrombocytes, erythrocytes, or granulocytes
and monocytes, under the induction of platelet factors (PF),
erythropoietin (EP) or colony-stimulating factors (CSF), re
spectively. Immunocyte differentiation is from antigen (AG)·
induced stimulation of immunocompetent precursor cells (ICC)
which have differentiated under the control of thymus or bursa

equivalent (bursa in birds only)

clones of hrematopoietic cells marked by radiation
induced chromosome abnormalities. Subsequently, bone
marrow from these rats was injected into lethally
irradiated mice to form erythropoietic spleen colonies,
and peripheral blood lymphocytes from the same rats
were stimulated to proliferate in a mixed lymphocyte
interaction (MLI), an immunological response to histo
compatibility isoantigens. Chromosome markers indi
cated that in several instances the cells of an erythroid
spleen colony and a proportion of the lymphocytes
reacting in the MLI were progeny of the same stem
cell in the donor rat. In addition, lymphocytes of the
same radiation-marked clone were shown to proliferate
in response to several different histocompatibility iso
antigens, suggesting that immunological specificity is
determined during lymphoid differentiation, subsequent
to the stem-cell stage.

26. Differentiation of the stem cell into lymphocytic
elements is then directed by thymic induction, and
differentiation into plasma cells by the bursa .. of
Fabricius or its equivalent, although, as mentioned
before, certain cells that are morphologically lympho
cytes are also concerned with humoral immunity (B
lymphocytes). Differentiation of stem cells into the
erythroid series involves erythropoietin (182), whereas
differentiation into granulocytes and monocytes involves
a colony-stimulating-factor effect on a precursor cell
(359, 524) and platelet factors are required for throm~
bocyte differentiation (442). The complete maturation
into active iromunocytes of lymphoid and plasmacytic
immunocompetent cells then involves antigenic stimula
tion.

C. STAGES WITHIN ANTIBODY FORMATION

2,7. The injection of an antigen or vaccine into an
animal is usually followed by a delay of a few days
before detectable circulating antibody appears in the
serum. During this period, several discrete steps leading
to the production of antibody may be discerned. These
can broadly be considered in three parts: (a) appro
priate processing or handling of the injected antigen so
that it effectively reaches the appropriate immuno
competent cell (the afferent limb); (b) theprolifera
tion of certain immunocompetent cells and their inter
action which, although involving specific antibody-like
receptor sites on the surface of these cells, does not
involve active antibody secretion (the inductive phase);
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and (c) the final process of differentiation of the
plasma-cell line which progressively leads to a cell
whose major function is the active synthesis and secre
tion of specific antibody (productive phase). These
stages are schematically depicted in figure II.
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Figure II. Stages of antibody formation within a lYmph
node. The antigen (AG) often first requires "processing" by
macrophages (M) or follicle cells (Fe) (afferent stage) and
then is transferred in a suitable fo-rm to the thymus-derived
(T) and lor bursa (or bursal equivalent)-derived (B) lympho
cytes for initiation of the immune response (induction). This
stage may often require collaboration between the T and B
cell types. Tbe B lymphocyte then becomes the progenitor of
the antibody (Ab) producing cell clone (efferent stage), first
giving rise to immunoblasts (IB) or immature plasma cells,

and thence to mature plasma cells (PC)

28. The relevance of this preliminary division of
the immune response into separate stages to radiation
susceptibility of immunity is that different cell types
are involved in these steps and that these may show
either over-all differences in sensitivity, or differences
at critical stages of their function. The afferent limb
involves granulocytic and macrophage cells which
directly interact with antigens, and process or simply
hold the antigen in a suitable manner for presentation
to immunocompetent cells. The inductive phase then
involves the presentation of this antigen or of some
cellular product specific for the antigen to lymphocytic
cells of thymic origin which then proliferate and may
interact with another cell type (bursal-derived) which
differentiates into the antibody-secreting cell line.

II. Effects of radiation 011 susceptihility
to infections

29. Over the past eight years a vast body of litera
ture has been assembled which repeatedly demonstrates
one basic observation. Namely that, if an animal is
given a moderate to high dose of radiation and ·is
then challenged with an infectious agent, it will show
increased sensitivity to the infectious agent. This
observation has been made with virtually all experi~

mental animals (and man), with most known infectious
agents, including bacteria, viruses, protozoa;-· rickettsia
and fungi, and with various sources, of radiation and
doses. Well over 1,000 such independent observations



have been reported and, as it would be extremely repeti
tious, these will not all be cited in this present docu
ment.

30. Of considerable relevance to this review is that
increased susceptibility to infection is primarily caused
by the decrease in immune responsiveness of the host.
As several factors can influence the degree of increased
susceptibility, this section will primarily concentrate
on examining these variables with examples drawn
from the abundant literature in this field. Probably
one of the main things to stress is that exactly the
same principles apply to radiation-induced immune
depression, whether assessed by actual measurements
.of the immune response, or more indirectly by the
.death of the animal resulting from increased pathogen
growth. In many instances, this latter estimation may
be complicated by other factors and accordingly a
direct relationship between the· radiation parameter
and true susceptibility is not observed.

31. Many reviews On the susceptibility of irradiated
animals to infections are available (40, 55, 146, 150,
255 365 452, 453, 515, 534, 538, 551, 572, 648,
652; 659,' 662, 678, 680). Approaches to this problem
include assessment of the course of infection after
irradiation following challenge with either (a) known
pathogenic agents; (b) conditionally pathogenic agents
(normal fiora); and (c) no challenge but determination
of the infection that spontaneously results. In consider
ing the relevance of many of these data to man, it
appears that the same principles found in animals also
apply in man. For example, in one study (680) it was
concluded from an examination of many species that
radiation sickness in man closely resembled that ob
served in monkeys. In a study of patients with late
stage malignancy given whole-body irradiation, it was
found (21) that the major cause of early death was
infection, principally of gram-negative or fungal origin.
Although there are a few other reports describing

'radiation infection in man, understanding of the basic
principles have come from studies in mice, rats, rabbits,
guinea-pigs, monkeys or dogs.

32. Antimicrobial immunity against infections in
radiation sickness is so markedly impaired that suscep
tibility is increased not only towards pathogenic agents
but also to bacteria which are part of the normal
flora. These two aspects will now be considered, fol
lowed by examination of several variables such as
timing of infectious challenge and radiation, and
radiation parameters.

33. For more than 50 years (l09) of experimenta
tion in the field of immunology of infections associated
with radiation sickness, investigators have determined
the sensitivities of irradiated animals to various patho
gens. For example, in a study by Yakovleva et al.
(699) of 14 monkeys given approximately 4 1010

paratyphoid B organisms orally, only one died of para
typhoid. However, in monkeys also given 300 roentgens
(in itself non-lethal in monkeys) four fifths died with
paratyphoid five days later. In other studies of this
type susceptibility to hcemolytic streptococci increased
five times (689) and susceptibility to S. enteritidis
increased hundreds of times (493) in mice exposed
to 350 roentgens. A sharp drop in resistance to in
fluenza virus has been demonstrated in experiments
with irradiated mice and rats (682). Similar increases
in sensitivity to gas gangrene organisms, to tetanus
(673), to icterohremorrhagic leptospirosis (673) and
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to tularemia (694) were observed in sublethally-irra
diated mice. It is essential to note that any measure
of increased sensitivity to an infection following irradia
tion will be accurate only for the given host, pathogen,
and irradiation conditions. The over-all rule, however,
is quite clear. The sensitivity ofaninials to microbes
is markedly increased in radiation sickness.

34. In several studies with continuous expOSl,lre to
low-dose-rate gamma radiation, increased susceptibility
to chronic infections· has also been observed. In studies
in mice with Listeria monocytogenes, and using BOCa
gamma radiation at a dose rate of 1.0 to 1.5 rads
per hour, it was found that the greater the total dose
of radiation administered, the greater became the
susceptibility (509) . Mice receiving 500 rads were
three times as susceptible as non-irradiated mice, while
those exposed to 2,500 rads were approximately 30
times· as susceptible. In an even more prolonged type
of study (651), various animals were given continuous
BOCO gamma radiation at 1.2-4.3 roentgens per day,
for 1.5-2 years. The cause of death of the irradiated
animals was totally attributable to auto-infection with
the development of septiccemia. Autopsy of these
animals did not show the characteristic pattern of acute
radiation sickness. The strongest disturbance of natural
immunity occurred in young animals and particularly
with radiation delivered during intra-uterine develop
ment.

35. In irradiated animals, the pathogenicity of con
ditionally pathogenic micro-organisms is often observed.
For example, intravenous injection of doses of B. pro
teus, which are non-lethal in unirradiated mice, led
to an increase in number of bacteria in the blood
and to eventual death in mice given 400 roentgens
three days previously (240). This phenomenon has
also been demonstrated with colon and paracolon
bacilli, Pseudomonas aeruginosa, type III pneumococci
and many other bacteria which are non-pathogenic for
normal animals.

36. In view of this striking increase in susceptibility
of irradiated animals to both pathogenic and con
ditionally pathogenic organisms, it is reasonable to
question whether irradiated animals might also become
infected with an agent which characteristically does not
infect normal animals of that species. In the main, the
answer to this question is no. Species resistance to
uncharacteristic infectious agents appears to persist
(innate resistance). Thus Kolmer et al. (296) were
unable to overcome the innate resistance of rabbits,
guinea-pigs, rats and ferrets to poliomyelitis virus,
despite the fact that the animals were twice irradiated.
Many other examples of this type are documented in
the review of Petrov (673), and include the agents
for anthrax, tularemia, diphtheria, typhus, dysentery,
typhoid and leptospirosis. The only exception that
might be noted is that sensitivity to non-specific into
xication is increased after the injection of large quan
tities of microbial mass. It therefore appears that there
is a high degree of stability of the animals' innate
resistance to the effect of ionizing radiation in terms
of certain infectious agents. In all probability, disease
not characteristic of a given species does not occur
even after irradiation. Irradiation is therefore incapable
of abrogating the interrelationships which have been
built up during the course of evolution between species
of animals on the one hand and of micro-organisms on
the other.



37. Although irradiated animals are severely com';'
promised in their ability to undergo active immuniza
tion against bacteria and bacterial toxins, they can be
satisfactorily protected by the use of passive immuniza~

tion with antisera. This has been shown with diphtheria
(659, 688), tetanus, and gas gangrene. (653,
672). Although it has been claimed that irra~

diation does not change the rate of clearance
of passively-transferred antibodies in syngeneic
combinations, this has not been specifically evalu
ated with purified IgM and IgG antibody. In view
of other observations on the loss of IgG and IgA
through the irradiated gut wall (see paragraph 65), it
might be expected that some loss of passive antibody
would occur. Indeed, it has been shown that to obtain
equal antitoxic effects in normal and irradiated reci.:.
pients given passive antisera, three to five times more
serum must be given to the irradiated recipients (659,
672). As was shown by Kaulen, an increased sensitivity
to the complexes of toxin and antitoxin has also been
observed in irradiated animals (689).

38. Increased susceptibility to virus infections fol
lowing irradiation has also been observed frequently
with many types of viruses including influenza, small
pox, ornithosis, mouse encephalomyelitis and mouse
hepatitis. This is often seen as a shorter incubation
period, more virus proliferation or more virus-induced
pathogenic lesions, and is observed with sub-lethal doses
of 200-500 rads. In several cases, however, the oppo
site result has been found, namely, a reduction in
severity of the disease. On general grounds this might
be expected on the premise that cell metabolism is
markedly disturbed after irradiation and intracellular
virus proliferation may be inhibited. Several examples
from the earlier literature (211, 462) concern en
cephalitis in man, and show that alleviation of sym~
toms often resulted after radiation, possibly as a result
of lymphocyte destruction. Similar results were also
observed in studies of lymphocytic choriomeningitis in
mice, a type of virus-induced auto-immune disease in
mice whose pathogenetic basis is the induction of cell
mediated immunity. Mice exposed to 500 roentgens
24 hours prior to virus inoculation were protected for
48 days (256, 257), the depression of disease pre
sumably being caused by inhibition of proliferation of
the pathogenic lymphocytes.

39. Experiments for determining the time of in
crease in sensitivity to infection after irradiation can
be divided into two groups: those showing an im
mediate increase in sensitivity, and those showing an
increased sensitivity only after several days-usually
about three days. In the first group, increased sensiti
vity to infection when given simultaneously with radia
tion has been shown for trypanosomes, plasmodia, in
fluenza, yellow fever and tuberculosis (673). On the
other hand, in a number of cases in which increased
sensitivity to infection could be clearly demonstrated if
the infectious challenge was given several days after
radiation, no increased susceptibility occurred with si
multaneous challenge. This includes studies with hremo
lytic streptococci, pneumococci, staphylococci and colon
bacilli. Irradiation after the infectious challenge leads
to results similar to those in the first group (simul
taneous administration). Thus, irradiation of mice three
days after an inhalation of whooping cough bacilli led
to a more serious infection than in control mice (684).

40. What is the reason for the existence of these
two distinct timing relationships? The unifying con-
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cept is that these different results are related to the
duration of the infectious process. Titus, those instances
in which simultaneous challenge leads to increased sen
sitivity all involve chronic infections, whereas acute
infections fall into the second group. In confirmation
of this interpretation, it has also been found that irra
diation after infection will aggravate a chronic infec
tion, and that the difference in the two groups can be
brought about with the same pathogen, if it is admin
istered in ways which lead to either an acute or a
lingering process.

41. In conclusion of this section, several points
might be stressed which are derived from large numbers
of individual reports: (a) radiation leads to increased
susceptibility not only to pathogenic organisms (bac
teria, rickettsia, parasites), but also to conditionally
pathogenic ones (bacteria); (b) species resistance to
infections that are not characteristic of that species is
usually maintained in irradiated animals; (c) increased
susceptibility to virus infections also results from radia
tion exposure, except in those cases where the cellular
immune process is actually a part of the pathogenesis;
(d) increased sensitivity to acute infections is only
manifest if challenge is made at least several days after
radiation, whereas simultaneous irradiation or irradia
tion after challenge is also effective with chronic infec
tions; and (e) the majority of these consequences are
mediated through the effect of radiation on the immune
response. Accordingly, the duration of the period of
reduced resistance to pathogens follows the period of
immune depression and, as discussed in more detail in
relation to the immune response itself, depends on
many factors, such as the dose of radiation, the dose
rate, and the animal species and its individual sen
sitivity to the particular infection.

42. The delayed consequences of radiation in man
with respect to infection are not clearly defined at
present. Considerable effort in this regard has been ex
pended at ABCC and to date, with one exception, no
relationship between a variety of infectious diseases and
radiation has been documented. An analysis of mortal
ity data among members of the Life Span Study Sample
in both cities during the period 1950-1960 showed
elevated ratios for all causes of death, all natural causes,
leukaemia and other malignant neoplasms for persons
located 0-1,399 metres from the hypocentre (269).
Hiroshima males so located demonstrated a significant
excess of deaths due to tuberculosis while Hiroshima
females showed an increased frequency of deaths at
tributable to infectious or parasitic disease other than
tuberculosis. These discrepancies were particularly
marked during 1951-1952 and seemed to disappear
thereafter. Periodic evaluations of the ABCC-JNIH
Adult Health Study Sample have shown no clinical,
radiographic or laboratory evidence of radiation-related
infectious disease. Komatsu et al. (297) found no rela
tion between absence from work and exposure dose in
a group of male shipyard workers. A review of the
ABCC autopsy experience also failed to document a
consistent relationship between exposure status and
inflammatory processes or infectious disease (22).

43. Finally it must also be stressed that immune
depression is not the sole mediator of radiation-induced
increased susceptibility to infection. It is almost cer
tainly the major factor, but other components also play
a role. Increased permeability of biological barriers has
been demonstrated for the skin, the intestines and the
blood-tissue barrier. Shortly after irradiation, even before



HzOz content is elevated, the particle-associated
(? lysosome) metabolic H20 2 is specifically decreased,
possibly as a result of radiation-induced depression in
production of H20 2 through the hexosemonophosphate
shunt. Metabolic H20 Z thus seems to be more spe
cifically related to bactericidal activity.

48. These results suggest that direct intracellular
effects of radiation on the bactericidal properties of
polymorphs can occur, being either suppressive or
enhancing, depending on whether phagocytosis takes
place at the time of, or later than, irradiation. This
may therefore be one of the factors leading to in
creased susceptibility to infection after irradiation,
even at exposures of the order of 100 roentgens. How
ever, there is little evidence to suggest that polymorphs
play any decisive role in the induction of antibody
formation, although some claims have been made in
this regard (521).

49. Irradiation also causes a profound depression
of the production of polymorphs in the bone marrow
by virtue of the destruction of the hrematopoietic stem
cells which are extremely radio-sensitive. This is clearly
seen in an analysis of the in vitro colony-forming cells
which are the precursors of macrophage and granulo
cytic progeny and which show a D 37 survival dose of
approximately 85 rads (79, 473). Within 6-8 hours
after irradiation, a temporary rise in blood polymorph
levels wa~ observed, the mechanism involved being un
known (229). Regeneration of normal levels of in vitro
colony-forming cells in the bone marrow takes about
16 days after 250 rads (229).

50. Studies in ,experimental animals have demon
strated that the hrematopoietic stem cell is the essen
tial precursor cell of the entire hrematopoietic system,
and if all cells of this type were completely inactivated
by irradiation, then all activities of the immune system
which are dependent on a continual input of differentiat
ing stem cells would eventually fail. However, the reo
serve of stem cells in the body appears to be such as
to outweigh any possibility of its complete eradication
'with moderate doses ,of irradiation. Following a dose
of 150 rads all parameters of hrematopoiesis had re
covered to at least normal values by 7-8 days (150).
On a daily schedule of 50 rads following an initial
150 rads, it required at least a further 250 rads to
reduce stem-cell repopulating activity to 5 per cent of
control values, which still represents a massive reserve
of potential hrematopoiesis.

2. Follicular localization of antigen

51. Primary lymphoid follicles in both spleen and
lymph nodes represent rounded densely-packed collec
tions of small lymphocytes in close relationship to a
"web" of cytoplasm derived from' specialized dendritic
reticular cells. The web contains fine cytoplasmic
strands with small spaces between them and no definite
association with reticulin fibers (377). These cyto
plasmic processes set up a very complicated three
dimensional network in the interstices of which many
blast lymphocytes are found. The dendritic cells have
few free ribosomes and an almost complete lack of
lysosomes and of. phagocytic inclusions (364) and the

,v~ry thin cytoplasmic processes can be seen to fonn,
closely connected interdigitations with thin processes
from primitive lymphocytes. After deposition of antigen
in this webbed distribution, a germinal centre may
form in the follicle with the original rounded web

the development of an acute radiation syndrome, there
is a depression of the bactericidal properties of the skin
with respect to intestinal bacilli and other microbes
applied to it (659). There is a decrease in the com
plement (655) and properdin levels (679) of the
blood. These non-specific aspe~ts have been discussed
more fully elsewhere (673).

III. Effects of radiation on antibody formation

A. THE AFFERENT LIMB OF ANTIBODY FORMATION

44. The afferent limb of the immune response in
volves the handling of injected antigen in an appropriate
fashion to ensure that some of it effectively contacts the
immunocompetent cells. It is clear that the first cells
to capture antigen are not the ones that synthesize anti
body, although some of these cells-particularly mono
cytes and macrophages-do carry surface immunoglo
bulins adsorbed cytophilically from the serum (43, 59,
259). The amount of injected antigen is usually many
orders of magnitude greater than the amount which
ultimately reaches the appropriate lymphoId organ
,(416), and which then survives the initial degradation
within macrophages (4).

45. The initial phase after antigen injection involves
a diffuse distribution throughout the tissues without any
special associations with the reticulo-endothelial system
'(4). The duration of this phase depends on the nature
of the antigen, as some relatively poor immunogenic
materials such as heterologous serum proteins may
remain in a diffuse form for days, whereas bacterial
products are usually rapidly cleared from the circula
tion. With particulate materiill, clearance is extremely
rapid. Following its diffuse spread, the antigen is taken
up by phagocytic cells, of which there are three main
types: polymorphonuclear leucocytes, macrophages, and
follicular reticular cells. As these three cells belong to
slightly different, though interrelated, cell lines, we will
consider their radiation sensitivity separately.

1. Polymorphonuclear leucocytes

46. Direct irradiation of polymorphs in vitro (498)
or irradiation of whole animals appears to have no
effect on the ability of polymorphs to phagocytose bac
teria (517). However, if phagocytosis is permitted to
occur and simultaneously the system is irradiated, in
creased bactericidal activity of the cell is. observed
(393). This enhanced killing has been shown to be due
to an intracellular effect of irradiation, as irradiation of
the cells after phagocytosis of the bacteria is also ac
companied by an increased bactericidal activity (395).
Furthermore, when active bactericidal fractions of
polymorph homogenates are concurrently irradiated,
the bactericidal activity is again increased (394).

47. Although the phagocytic capacity of polymorphs
from in vivo irradiated animals is unaltered, they are
not as efficient in killing ingested bacteria as are con
trolleucocytes (647). The total H20 2 levels of poly
morphs from these irradiated animals are higher, how
ever, than those from normal guinea-pigs and, from
the interpretation given above, they might be expected
to be more bactericidal, not less. On a more detailed
eramination(440), it was found that polymorphs
isolated from guinea-pigs three to five days after whole
'body irradiation (100 R) showed decreased bacteri
cidal activity, and that addition of foreign particles
did not increase H20 2 production over resting cells

•as it did with non-irradiated cells. Although the total
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specific study of this possibility has been made (403)
in mice subjected to a whole-body exposure of 600
roentgens.. Th.e anti~en-caI?ture and retention capacity
of lymph01d tissue, m particular of the germinal centre
stroma, was found to be radio-sensitive, with maximum
damage being evident about two weeks after 600 roent
gens. Recovery was slow, taking several weeks to be
complete. Preliminary electron-miscoscope evidence
seems to indicate that the defect in antigen trapping
may ~e attri~uted to direct damage of the antigen
captunng retlCular cells, whereas a role of opsonic
factors was not suggested in this study.

being compressed into a crescent cap as the rapidly
dividing lymphoid cells proliferate.

52. These follicular antigen-capturing cells differ
markedly from macrophages in their handling of in
jected antigen. With 125I-Iabelled flagellar antigens and
using electron microscopic autoradiography, it was
shown (380) that a substantial proportion of the an
tigen localized in lymphoid follicles is not actually
phagocytosed. These reticular cells retain antigen on
the surface of their long dendritic processes where
intimate contact is made with lymphoid cells. A similar
finding has also been reported for germinal centres in
lymph nodes of guinea-pigs injected with ferritin (340).

3. Macl'Ophages and the reticula-endothelial system53. As will be discussed later, medUllary macro-
phage phagocytosis of antigen is virtually unaffected 56. Mononuclear cells, of which the macrophage is
by radiation. However, the retention of antigen in the common free form and the Kupffer cell is typical
follicles can be profoundly affected by sublethal whole- of tbe fixed form, constitute the third and, in terms
body x-irradiation. The cytoplasmic fibril web is itself of antibody formation, the most important group of
extremely radio-resistant since little direct damage phagocytic cells. Macrophages take up particulate
could be observed with doses less than 1,250 rads, and and soluble antigens within minutes of injection
it took 8,000 rads to destroy the structure completely. (71). As shown by electron-microscope studies (619),
However, the process of follicular localization and this involves the phagocytic and pinocytic vacuoles be-
retention of antigen was affected with exposures of 450 coming surrounded by Golgi vesicles and lysosomes,
roentgens (272). Spleen autoradiograpbs and whole- with fusion to form a complex phagolysosome. Pro-
organ counts showed that the follicle web was abnor- gressive digestion occurs in these vacuoles, but rem-
many small, perhaps as a result of its collapse with nants of antigen persist for months. In quantitative
the radiation-destruction of the lymphoid cells, and studies (585) it has been shown that, although at least
that a continuous cortical rim of antigen persisted in 90 per cent of the antigen is actually lost from the
the lymph node, possibly indicating a radio-sensitive macrophage, it still retains its normal immunogenicity.
active process which is normally involved in the move- 57. In general, x-irradiation in the LD50 range has
ment of antigen from the subsinus region into the fol- not been found to affect phagocytosis or antigen deg-
ticle. Total retention of antigen in lymph nodes WaS radation of a variety of substances in several species
not reduced, but was severely impaired in the spleen. examined (33, 186, 196, 402, 628). Furthermore,
This latter observation is perhaps more relevant, as macrophages in lymphoid tissue have been noted to
initially all splenic antigen localization is in the fol- be very active in phagocytosing the debris of cells
tides (420), whereas medullary macrophages are also damaged by X-irradiation (62, 514). In one study
very prominent in lymph-node antigen localization. (445), x-ray exposures of up to 50,000 roentgens

54. Localization of antigen in lymph-node follicles caused only a 15 per cent reduction of the engulfing
was further studied in rats exposed to whole-body x- capacity of isolated peritoneal macrophages. The
irradiation (800 R) (624). This exposure markedly migratory activity of macrophages is also quite radio-
reduced the ability of the lymphoid follicles to retain resistant (397). The capacity of phagocytes to replicate
antigen but did not affect the antigen uptake by the is, however, as radio-sensitive as that of any other cell
whole lymph node or the uptake by phagocytic cells population, and although only 1-5 per cent of a phago-
of the medullary sinuses. It was then found that admin- cyte population appears to be undergoing cell division,
istration of specific antiserum to the antigen used, or this could lead to a decrease in phagocytosis as a
even of larger doses of normal isologous serum, would function of time following high doses of x rays.
result in significantly-improved follicular-antigen up- 58. In contrast, several reports have indicated that
take when assayed 10 days after irradiation. Shielding the phagocytic activity of animals can be reduced by
of the popliteal nodes at the time of irradiation also whole-body irradiation. Several of these reports show
improved follicular antigen uptake. It was suggested impaired intravascular clearance of bacteria (82) or
that the follicular antigen-trapping mechanism is ex- colloidal material (553) after whole-body irradiation,
tremely sensitive to changes in the level of serum an impairment that can be considerably reduced by
opsonins and that substances present in normal serum hepatic and splenic shielding during irradiation. Radia-
act as follicular opsonins. Accordingly, the decreased tion-induced depression of phagocytic activity has also
follicular localization of antigen after radiation may been demonstrated for macrophages from lung (646),
be due to a decline in these opsonic materials, which intestinal wall (Fridenstein quoted in reference 689)
must therefore be secreted by radio-sensitive cells (7 and in vitro culture (689). Several reports (142, 196)
lymphoid cells) in the lymph nodes. This point will indicate that a different tissue distribution of injected
be considered in more detail in a following section. material may occur following radiation, without affect-
. 55. What role this impaired antigen trapping plays ing the over-all phagocytic removal or rate of clearance.
~n the primary immune deficiency of irradiated animals In a recent detailed study (482) the phagocytic activity
IS not clear, particularly as at least some antibody of rats was significantly impaired after whole-body
responses can be initiated in the total absence of fol- X-irradiation (800 R). The degree of depression was
licular antigen localization (301). However, follicular related to the post-irradiation time interval and was
trapping may be of considerable importance in .the associated with a highly significant decrease in hepatic
~evelopment of immunological memory (5.64) or con- and splenic phagocytosis. In contrast, the lungs of the
trnuance of the immune response, and thus its decline irradiated rats showed a significantly greater accumula-
could play a major role in antibody depression. A tion of the injected colloitl.
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59. Several early reports suggested that although
no effects on actual phagocytosis or uptake of antigen
by cells were induced by radiation, other subtle changes
in the irradiated macrophages might occur. Donaldson
et aZ. (147) and Kakurin (647) found that ma
crophages from irradiated animals had a depressed
ability to digest intracellular material, and Gordon
et aZ. (216) observed that reappearance of live organ
isms in the blood of irradiated rabbits occurred after
a period of normal clearance, although Benacerraf et
aZ. (41) found a normal breakdown of a denatured
protein in the Kupffer cells of irradiated mice.

60. These results variously suggest that actual
phagocytosis may in some instances be affected by irra
diation (possibly mainly in liver and spleen) whereas
in other cases, although the engulfment of material is
normal after irradiation, changes in the normal intra
cellular digestion of the ingested material may occur
as a result of radiation-induced enzymatic changes to
the cell. These two stages will now be considered sepa
rately, in terms of the radio-sensitivity of phagocytosis
as associated with opsonin changes, whereas changes
in the actual fate of the ingested antigen will be con
sidered in the light of the subsequent ability of ma
crophage-processed antigen to trigger the antibody
response.

4. Opsonins and immunoglobulins

61. It is well established that serum or plasma
factors, called opsonins, can augment the phagocytosis
of both soluble and particulate material (479, 481).
Accordingly, it is possible that depression of phagocy
tosis by radiation could be mediated through depres
sion of opsonic activity or concentration. In some re
ports, sublethal irradiation has been shown to depress
natural antibody formation with a rapid rate of decline
of serum levels (550). This short half-life suggests
that the globulins may have been IgM macroglobulins,
which in some cases have been formally shown to be
responsible for opsonic activity (469). Furthermore,
there is mounting evidence that lymphocytic cells may
synthesize small amounts of IgM molecules (56, 590,
604, 606, 607) which may be responsible for some
or all of the serum opsonin. As. these cells are relatively
radio-sensitive, opsonic concentration in serum might
thus be expected to decrease following radiation. The
capacity of spleen cells for the total synthesis of IgG
and IgM immunoglobulin was studied quantitatively
with cells cultured in vitro (668). Mice received a
dose of 500 rads and their spleens were extracted for
culturing 1 to 12 days later. The rate of immuno
globulin synthesis was reduced by 80 per cent for a
period of one to six days, but by the ninth day had
over-compensated to a value of 70 per cent in excess
of the control.

62. Decreased opsonin activity was proposed to be
the most plausible mechanism for radiation-induced
changes in follicular antigen uptake (624). Normal
serum was shown significantly to improve follicular
anti~en uptake in irradiated animals as was specific
antibody to the antigen. Shielding of the lymph. node
could lead to protection by either preventing direct
damage of the cells, or by preserving some lymphoid
cells which could continue to release opsonin. Fur
thermore, follicular localization of antigens is greatly
accelerated by the passive transfer of specific antibody
(417). The finding (250) that autologous immuno
globulins themselves tend to localize in follicles sug-
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gested that the opsonin coating might be a critical
factor for follicular trapping. These results indicate
that a serum. factor, presumably specific antibody,
whether "natural" or immune, is very important for
follicular antigen localization.

63. In certain cases serum obtained from irradi
ated animals was slightly more effective in augmenting
phagocytosis than normal serum (483, 490), and in
another study radiation of young chickens failed to
inhibit the production of natural' opsonins (519).
These apparent contradictions with other reports might
indicate that generalizations are not valid in this con
text, and it might be proposed that, for some antigens
and some species, the opsonic factor is produced by
a long-lived, more radio-resistant cell, perhaps a mature
non-dividing plasma cell.

64. In a detailed study (482) of rats in which tbe
over-all clearance of a gelatinized 131I-labelled triolein
was shown to be reduced after irradiation and to be
specifically associated with decreased splenic and
hepatic phagocytosis, analysis of serum opsonins has
been performed. Opsonization of the test material
prior to its injection into irradiated rats significantly
enhanced its clearance and therefore appeared to sug
gest a recovery of phagocytic activity. However, the
enhanced clearance was found to be due to greater
localization of the colloid in the bone marrow and no
changes were found in liver or spleen. This empha
sizes that even in the presence of elevated opsonic
serum activity, x-irradiated animals can still manifest
reticulo-endothelial depression in liver and spleen. This
suggests that radiation-induced depression of phago
cytosis in liver and spleen may be due to a direct effect
on the macrophages in these sites. It also implies that
different phagocytic cells may manifest variable radio
sensitivities and therefore that their tissue distribution
is required to analyse a given situation.

65. If all opsonin activity was associated with IgM
macroglobulin, it might be expected in at least some
cases to find lower IgM levels in irradiated animals.
However, whereas IgG and IgA are depressed in mice
exposed to 700 roentgens, IgM levels are virtually un
altered (38). Similar effects have been found when
only the gut of mice was irradiated, whereas whole~

body irradiation with the gut shielded caused only a
slight change in serum immunoglobulins (37). Hence
the characteristic early responses of the total serum
immunoglobulin levels to irradiation appear to result
from x-ray damage to the intestinal epithelium and the
consequent increased immunoglobulin secretion into
the gut.

5. Macrophage-antigen transfer studies

66. The various reports described above have dealt
primarily with specific studies of irradiated macro
phages and their handling of antigens. In this section we
will consider studies in which the process has been
extended further in relation to immunity, and ask: in
systems where macrophages are importam for the elic
itation of antibody formation, will irradiation. of the
macrophages interfere with the inductive phase of the
immune response? This question. can best be ap
proached through the use of cell-transf.er studies. Using
radiation doses which will significantly suppress anti.
body. formation in the whole animal, se'veralgroups
have investigated whether normal macrophages will
restore antibody.,.forming capacity to these animals.



macrophage cell type had been acutely depressed by
irradiation even with sublethal doses.

71. Mitchison (382, 383) has shown that a.. s~s
pension of bovine serum albumin. (BS.A~ con!aInmg
macrophages is extremely efficient 10 pnnung mtce for
an antibody response to BSA, much more so than the
free BSA. It was reported that the ability of this m ac~o
phage-bound BSA to prime mice was relatively radiO
resistant. Spitznagel and Allison (523) also showed that
macrophage-phagocytosed BSA (MBSA) is far more
immunogenic for mice than comparable doses oE free
BSA. When the MBSA was given to mice exposed to
600 roentgens 24 hours previously, no antibody re
sponse occurred. If the recipients were also given ZO
million normal lymph-node cells, good anti-BSA re
sponses developed, suggesting that either MBSA can
substitute for macrophage-processed antigen, or that
only lymphoid depletion had occurred in the irradia~ed
recipients and that macrophage activity is JadlO
resistant.

72. Although it is now quite clear "that macrophages
do play an important role in the induction of immune
responses to many antigens, particularly in those c~ses

involving large particulate antigens, the mechamsm
whereby they act is by n? means elucid~ted..In vie;v
of the controversy in the literature on their radiO-senSi-
tivity, which in essence seems to say that for some
antigens macrophages are very radio-sensitive and for
others are very resistant, it is difficult to pinpoint a spe
cific radio-sensitive stage in macrophage-antigen han
dling in general.

73. Various studies have recently indicated that
RNA fractions from macrophages that have ingested
antigens will transfer the ability to make antibody to
normal lymphoid cells (183, 184, 185). In many cases
this may be due to the presence of an antigen-RNA
complex (25) containing minute amounts of antigen,
which alone would not be immunogenic. The alternative
possibility is that a true messenger RNA fraction coding
for the specllc antibody can be obtained from the mac
rophage preparation and transferred to normal lym
phoid cells. Similar results have been obtained with
mRNA fractions derived from macrophage-free lymph~
cyte preparations (lZ)' and this raises the possibility
that the mRNA fractions obtained from macT<Jphages
may in fact have been derived. from a small contami
nating population of lymphocytes. Such a possibility
has been borne out in at least two reports, both involv
ing allotype markers as evidence of transfer donor
immunoglobulin to messenger (7, 39). Recently, Yama
guchi et al. (635) reported that a minimum dose of
immunogenic RNA, which was derived from spleens
of mice immunized with Salmonella flagellar antigens
and was capable of transferring the immunity against
the test antigen to normal mice, did not reveal a11 evi
dence of antigen contamination. In this study, it was
shown that this immunogenic RNA fraction failed to
initiate a secondary response to the test antigen when
injected into animals that had been primed with immu
nogenic RNA or Salmonella flagella, while normal
mice treated with immunogenic RNA were able to
initiate a secondary response upon challenging injec~
tion of the test antigen. Regardless of the nature of the
material presented by the macrophage to the lymphoid
cell (free antigen, an antigenic fragment, an RNA
antigen complex or antigen-free RNA), there still
remains the problem of how the material reaclles the
reactive lymphoid cell. In one study with hremocyanin
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Since cell suspensions are rarely completely homogene
ous for a given cell type, it is important to control for
possible contamination of macrophage preparations by
immunocompetent lymphocytes.

67. Studies by Gallily and Feldmann (177) have
indicated that the essential function of the macrophages
in the induction of humoral-antibody formation can
be destroyed with a sublethal exposure of 550 roent
gens. Normal C57BL mice were given whole-body
irradiation (550 R) and were found to be virtually
incapable of making antibody to Shigella antigen. How
ever, when macrophage preparations which had been
pre-incubated in vitro with Shigella were given to irra
diated mice, considerable antibody production then
occurred. This activity was not due to contaminating
lymphocytes since transfer of pure macrophage prep
arations also gave similar results and, if mice exposed
to 900 roentgens were used as recipients, no restora
tion took place. In this latter case, if lymph-node cells
were combined with the Shigella~treated macrophages
and transferred to the irradiated recipient, antibody
production could then occur.

68. A critical experiment was then performed with
donor macrophages which were themselves derived
from irradiated mice (table 2) (177). These were
incubated in vitro with Shigella and transferred to
recipients that had been exposed to 550 roentgens.
Almost complete depression of the ability to transfer
a capacity for antibody production occurred with ina·
diated (450 R) donors, and a significant depression
occurred even with donors exposed to 150 roentgens.
Macrophages irradiated in vitro and then incubated
with Shigella also had lost the ability to aid in the
induction of antibody formation. These results strongly
indicate that with Shigella antigen, sublethal doses of
irradiation will markedly interfere with induction of
humoral-antibody formation as a result of a direct
effect on an intracellular process (rather than inhibi
tion of phagocytosis) of the macrophages.

69. A similar conclusion was reached by Pribnow
and Silverman (465) who showed that both BCG
sensitized macrophages and normal lymph-node cells
were required to restore antibody-forming capacity to
rabbits exposed to 450 roentgens, whereas neither cell
population alone would do so. It appears that in these
rabbits 450 roentgens affected the lymphoid cells as
well as the macrophages, whereas in Galli1y and Feld
mann's experiments with mice 550 roentgens did not
sufficiently deplete the lymphoid component (com
partment) but markedly affected the macrophages.

70. In some other studies, no radiation damage
could be shown to the macrophages required for the
induction of an antibody response. The critical differ
ence may be solely in that a different antigen has been
used. Ellis et al. (163) investigated the restoration of
antibody response to sheep red blood cells in rats given
different doses of x rays. Their results showed that even
with lethal doses of radiation (1,000 rads), syilgeneic
lymphocytes were able to restore an impressive hremo
lysin response in the irradiated animals, thus indicating
radio-resistance of the host macrophage, as other
studies have clearly indicated that macrophage process
ing or treatment of antigen is essential for the antibody
response to sheep red cells (507). Gershon and Feld
mann (201) investigated the response to sheep red
cells in mice and could find no reconstitution of sub
lethally-irradiated mice with macrophage-ingested
sheep red cells, again suggesting· that another non-
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Figure III. Genesis of immunocytes. Hremopoietic stem cells
(HSC) are first directed toward immune pathways by induc
ing agents in primary lymphoid organs. They then emerge as
immunocompetent cells (ICC) which enter the lymphocyte
recirculation route passing through the lymphoid organs (in
cluding gastro-intestinal lymphoid tissue G.I.L.T.) from blood
to lymph and back. It is in these peripheral organs that the
second antigen-directed level of differentiation takes plnce,
leading to the development of the antibody-producer or the

effector lymphocyte of cellular immunity
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competent. A similar process (103, 389, 604) occurs
with stem cells which enter the bursa of Fabricius in
chickens, and the as yet unidentified bursal equivalent
in man and other mammals. However, in this latter
instance, differentiation into an immunocompetent cell
involves the synthesis and expression of IgM molecules
on the cell membrane (103, 566, 606). This IgM
molecule may act as the recognition unit for antigen
(45, 100, 468, 535, 539, 606). Particularly during
early life (414), but also to a lesser extent throughout
later life (311, 618), the potentially-immunocompetent
cells then leave the thymus or bursa (or its equivalent)
and form the recirculating pool of lymphoid cells (219)
that move from peripheral lymphatic tissue via the
lrmph in~o the ~irculation and back i?to .the ~ymphoid
tIssue. It IS at thIS latter level that antlgemc stImulation
occurs and induces the formation of the true immuno
cytes, the effector lymphocyte of cellular immunity
and the antibody-producing cell. Since proliferating
cells are the most susceptible to radiation destruction,
three levels of acute radiation-sensitivity are suggested
in this differentiation scheme.

77. The first level is represented by the h<emato
poietic stem cell which is capable of repopulating the
bone marrow, the thymus and ultimately the peripheral
lymphoid tissue of irradiated animals (363). This cell
~ype . is self-perpetuating, as has been shown by the
zn VIVO colony-forming assay of Till and McCulloch
(569), and is extremely radio-sensitive, with a Da7 of
around 95 rads (351, 511). Lethally-irradiated mice
can. be restored by injections of hrematopoietic cells
denved from. i~ vivo. hrematopoietic colonies (571)
and t~ese recIpIent allimais will eventually regain the
cap~clty. fo~ humoral-antibody formation. However,
as ImplIed 111 figure III, recovery of immunocompe-
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(585) in which the mat.erial bound to macrophages was
extremely immunogenic, it was proposed that the su
perior activity of the macrophage-bound antigen might
be associated with a membrane-bound fraction which
would have a far greater probability of contact with
lymphoid cells, in much the same way as dendritic
follicular cells are thought to interact with lymphoid
cells. However, in experiments with larger h<emo
cyanin molecules, macrophage-associated antigen was
less immunogenic than free antigen (443).

74. At the present time, the possible role of macro
phage depression in reduction of the inductive phase
of the immune response with relatively low doses of
radiation appears to be uncertain. Since its importance
has been strikingly demonstrated in at least one system
(177), which is perhaps the most closely related to
human resistance to infection of all the experimental
systems studied, further studies with many different
antigens, particularly bacterial antigens or organisms,
rather than "laboratory antigens" such as heterologous
serum proteins and erythrocytes, should be made in
order to determine whether antigen processing by
macrophages is a radio-sensitive phase which might
account for radiation-induced depression of the immune
response to many antigens. .

B. THE INDUCTIVE PHASE OF THE ANTIBODY RESPONSE

75. The antibody-forming plasma cell is a highly
differentiated cell with the major function of secreting
antibody and having virtually no prospect for further
division. As will be discussed later, this cell is rela
tively radio-resistant. However, it is clear from a large
body of data on the suppressive effect of radiation on
antibody formation that there are earlier stages before
the formation of the actual antibody-forming cell
which are acutely radio-sensitive. In this section we will
consider the origin of the antibody-forming cells and
the radio-sensitivity of these precursor ceJIs at stages
before and after antigen-induced differentiation. Recent
evidence of a collaboration between two cell types in
the induction of many humoral-antibody responses has
been obtained (84, 85, 122, 371, 384), and it is
therefore most important to consider separately the
radio-sensitivity of these two components. However, as
mo~t of the liter~ture on radiation sensitivity of primary
antIbody formatIOn was produced prior to the formu
lation of this recent collaboration concept, only a gen
eral consideration of this separation will be possible.
Be~ore discussing the actual radio-sensitivity of the early
antIbody response, it is relevant to consider briefly the
origin of the immunocompetent cells.

1. Radiation and the genesis of the immunocompetent
cells

76. In following the complete lineage of the anti
body-forming cell, there is a striking demarcation into
two stages. These are illustrated in figure II and are
functionally distinguished as pre- and post-antigenic
stimulation. In this section we are concerned with the
radio-sensitivity of the precursor cells which have not
ye.t been confronted with a~ti.gen. The true self:perpetu
atmg cells, the hrematopOletlc stem cells, resIde prin
cipally in the fretal liver and in the bone marrow in
adult animals and to a lesser extent in the spleen. Cells
then travel via the circulation and may enter the thymus
(390). In a manner which is as yet not entirely eluci
dated, these. stem ,cells are induced to differentiate along
the lymphOldal lIne and are thus rendered immuno-
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tence after irradiation and injection of hrematopoietic
stem cells will only occur if the host animal has an
intact thymus gland or a source of thymic inducer
(114, 207).

78. The second stage of proliferation involves the
lymphoid cells within the thymus (358) and the bursa
of Fabricius which have been derived from the pro~

liferating stem celL X-irradiation causes a rapid in
volution of the thymus, and was in fact once used as a
treatment for the spurious "status thymolymphaticus",
a condition observed when a large thymus shadow
was seen in the chest x-ray of a child (58). This pro
cedure is not only of no benefit, since it is now well
realized that the thymus is normally at its largest size
in early life (358), but is actually dangerous as some
irradiation of the adjacent tissue may lead to develop~

ment of malignancy (see annex H). X-irradiation of
the human thymus causes a rapid thymic involution
and shrinkage, with regrowth occurring within a week
(70). This effect not only involves a depression of the
relatively-high proportion of dividing cells in the
thymus, but also a direct lymphocytolysis of thymic
lymphocytes (148). The stress of x-irradiation, result
ing in an increased cortisol secretion (439), which is
known to rapidly lead to thYmic-lymphocyte destruction,
makes a small contribution to this process.

79. This indirect action of x-irradiation on the
adrenal gland leading to some steroid release might
possibly affect the immune response more directly
(apart from thymic cell destruction). Several studies
(36) have demonstrated the sensitivity of antibody
production to corticosteroids, and this has also been
demonstrated recently in vitro (238), with the thymus
derived lymphocytes possibly representing the target
for this effect (see also paragraph 298).

80. The third stage of active cell proliferation comes
after presentation of the antigen to the immunocom
petent cell. This rapidly leads to cell proliferation and
accordingly to radio-sensitivity of this phase. This
aspect will be considered in two sections: (a) the ra
diation sensitivity data, in which the immune response
as a whole is discussed, and (b) the limited data avail
able on the recently-demarcated two-component cell
collaboration in antibody formation.

81. Radiation can therefore affect the differentiation
sequence at three main points of cell proliferation: the
hrematopoietic stem cells; the early-differentiated cells
in the thymus; and the antigen-stimulated immuno~

competent cells. As all of these cell types may'look
morphologically like small lymphocytes, examination
of the radio-sensitivity of lymphocytes as a distinct
morphologically-defined population does not permit a
clear demarcation of possible differential radio-sensi
tivities in these three compartments.

2. Radio-sensitivity of the early primary immune
response

82. One of the most radio-sensitive phases of the
immune response appears to be associated' with the
process of early induction (415, 546). Many authors
(75, 145, 332, 333, 516, 532, 544,.673, 688) have
reported on measurements of the radiation sensitivity
of the antibody response, and, although somewhat
different systems were studied in each .case, their. radia
tion sensitivities were similar and clearly indicated that
cell proliferation must be an essentiaLfeatu.re of .the
early immune response (330, 333). As.ity;ould b~
redundant to consider all the reports oli radio-sensitivity
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of the early antibody formation (reviews in referenc7s
332, 531, 534, 540, 550, 551, 673, 688), we will
consider in some detail only a few case:s whic~. c.1early
demonstrate the magnitude of the radlO-sensltlvlty of
the early phase.

83. The existence of an early radio-sensitive phase
which rapidly moves into a radio-resistant phase was
clearly shown by Dixon et al. (145) who irradiated
rabbits two days prior to the injection of 131I-BGG. A
slight inhibition of the antibody response was observed
with exposures of 75 roentgens or less, whereas 125
roentgens resulted in a considerable depression and
200-300 roentgens prevented the formation of all but
traces of detectable antibody.

84. Makinodan et ai. (333) tested the ability of
spleen cells transplanted into lethally-irradiated mice
(800-900 R) to produce hremagglutinin against sheep
erythrocytes when the donor spleen cells were derived
from mice which themselves had been subjected to
varying doses of radiation three hours before preparing
the cell suspensions. The results showed that 37 per
cent of the original antibody-forming activity remained
after 130 roentgens. Based on the straight-line portion
of the inactivation curve, the Do value was calculated
to be 70 rads. Using a somewhat similar system, Celada
and Carter (75) obtained a value of approximately
47-57 rads for this parameter. The immunization of
mice with sheep erythrocytes one day after irradiation
with an LD50/~O reduces to 1 per cent of normal the
number of antibody-producing cells accumulated in
the spleen (662a, 676). Determination of the dose
effect relationship for spleen cells irradiated z'n vitro
and subsequently placed in vivo together with sheep
erythrocytes yielded a value of Do=125 rads for the
case n=1 (692). The radiation inactivation of im
munity as shown by Makinodan et al. (333) and Simic
et al. (510) is graphically represented in figure N. As
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ents ·together with antigen. The resulting immune response is
plotted relative to that given by control unirradiated donors



emphasized above, these data strongly indicate that the
most radio-sensitive cellular event in the initiation of
an antibody response is· cell proliferation.

85. In several other biological systems (28, 46,
112, 459, 525, 652), it has been claimed that resist
ance to radiation is increased in animals repeatedly
exposed to ionizing radiation. The population of im
munocompetent cells in the body is one that is in a
state of flux, showing a continual exponential increase
until young adulthood, followed by a decrease with
advancing age (335). If the concept of increased radio
resistance after pre-irradiation were to apply to this cell
population, it would imply either that cells in a state
of flux are more radio-resistant or that their capacity
to repair radiation-induced damage is more efficient.

86. In an analysis of this possibility, Petrov and
Cheredeev (454) studied the radio-sensitivity of
splenic lymphoid cells derived either from normal
spleens or from mice which had been given a whole
body dose of 500 rads 14 days previously. In each
case, samples of the lymphoid cells were irradiated in
vitro and transferred to irradiated recipients together
with antigen. The immunocompetence of the popula
tion was then assessed by the resulting numbers of
plaque-forming cells six days later. The dose-effect
curve for the population of spleen cells taken from
the pre-irradiated mice is characterized by Do=220
rad (DS7=325 rad) and n=10.2. For the normal
spleen cells, Do=188.3 rad (D a7=125 rad) and n=
0.8. This study therefore appears to indicate the in
duction of radio-resistance in lymphoid cells by pre
irradiation. A subsequent study (466), however, did
not confirm this observation, although in this study
whole-body irradiation of only 250 rads was used.
Price and Makinodan (466) suggested that the results
obtained in the former study might be related to other
observations (662a) which show that the recovery of
a normal splenic lymphoid population is a slow process,
only partly completed in 30 days.

87. In more recent studies (455), the basic observa
tion of Petrov and Cheredeev (454) has been con
firmed, but it has also been found that it can be abol
ished by the prior addition of normal lymph-node cells
to the pre-irradiated spleen cells. This suggests that the
pre-irradiated spleen contains limiting numbers of
radio-resistant lymphocytes which must then colla
borate with the actual antibody-forming-cell precursors
or with the progeny of hrematopoietic stem cells. As
the latter are in great excess in the spleen 14 days
after receiving 500 rads (but not nearly as much in
spleens after 250 rads), considerable reduction in their
number by the second radiation treatment can occur
without reducing the actual level of immunocom
petence, which is dictated by the limiting number of
lymphoid cells, possibly of the thymic-derived type.
The important conclusion is that these experiments
still do not prove that pre-irradiation induces radio
resistance in the cell lineage of the antibody precursor.

88. In most of the studies on radio-sensitivity of
the humoral-antibody response, the methods used in
volved estimation of the amollDt of specific antibody
present in the serum of animals following exposure
to known doses of radiation. However, it is by no
means certain that an assay for a serum antibody will
give a value that is directly proportional to the number
of surviving cells producing this antibody, unless it is
first demonstrated that the doses of radiation employed

316

have an all-or-none effect on the rate of production of
antibody, by individual· cells, and that irradiation
affects neither the rate of removal of antibody from
the circulation nor the concentration of various serum
factors which might alter the sensitivity of the assay.
These objections apply mainly to whole-body irradia
tion studies rather than to the cell-transfer model of
Makinodan. Recently, several techniques (120, 265,
273) have been developed which circumvent these
problems by readily permitting the enumeration of
antibody-releasing cells in a cell suspension.

89. This approach was used by Kennedy et ai.
(286) in a study of the radiation sensitivity of the
ability of normal mice to respond to sheep erythro
cytes. A typical result is shown in figure V, in which
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Figure v. Plaque-forming ability of the mouse as a function
of radiation dose (286) when antigen (4 108 sheep erythro
cytes) was given 10 days after irradiation and assays for
plaque-forming spleen cells were made 4 days later. The re
sults are plotted relative to the plaque-forming response of
control unirradiated mice (control value 2.4 104 plaque-

. forming cells per spleen)

the plaque-forming ability of the mouse is shown as a
function of the radiation dose given two hours before
the injection of antigen. A D37 value of approximately
80 rads has been found in this experiment. The para
meters of this curve were found to be unchanged for
two different doses of antigen and for two different
time intervals between antigen injection and assay for
plaque-forming cells. These results therefore indicated
that no significant repair of radiation damage to the
plaque-forming cell system had occurred during the
2·hour to 10-day interval following irradiation. In a
few experiments in which antigen was given 17 or 24
days after irradiation, some recovery of immune capac
ity was observed.



, 90. The DS7 values reported by these various studies
are all in the vicinity of 50-100 rads. This degree of
radio-sensitivity suggests that it depends on continued
cell proliferation because no cellular process other
than proliferation is known which shows a radio-sensi
tivity of this order although interphase death of lymph
ocytes may also be of some importance (see para
graph 152). This interpretation is based on studies of
the type reported by Puck and Marcus (467) and by
others (251, 568). The effects of x-irradiation were
quantitatively studied by Puck and Marcus with single
cells of a human cervical carcinoma (HeLa) grown
under conditions in which 100 per cent of the un
irradiated cells reproduced in isolation to form ma
croscopic colonies. Survival of single cells (defined
by the ability to form a macroscopic colony within
15 days) yielded a typical two-hit curve when plotted
against x-ray dose. The exposure needed to reduce
survivors to 37 per cent was 96 roentgens. This radia
tion sensitivity is tens to hundreds of times greater
than that of any micro-organism studied in similar
manner.

91. In considering the high radio-sensitivity of the
early response, Kennedy et al. (286) suggested that
a relatively small number of cells normally present in
the mouse give rise by proliferation and differentiation
to the large number of plaque-forming cells at the
height of the immune response. The survival curves
indicated that for values of fractional survival of 0.001
or more there was still enough residual immune capa
bility for the system to react to an injection of antigen
with the formation of antibody. In other words, the
immune system could suffer at least a thousand-fold
depletion of the proliferative capacity of its cells with
out completely losing its capacity to respond to an
tigen by the production of plaque-forming cells. This
may not be true for all antigens, as it will depend on
the number of precursor cells for the appropriate
antigen.

92. Various investigations have compared the radio
sensitivity of the IgM versus the IgG humoral re
sponse. In general terms, as the IgG response usually
appears later in time than the IgM, it might be expected
to be more radio-resistant (as radio-resistance of the
immune response as a whole appears to increase with
time). Alternatively though, if the earlier IgM response
were essential for the development of IgG response,
the IgG response might indirectly appear more radio
sensitive than the IgM. In an examination of this prob
lem, all combinations have in fact been found experi
mentally and will be briefly considered.

93. Several groups (406, 472, 541) have reported
that the IgM response is more radio-resistant than the
IgG response. Whole-body x-irradiation was admin
istered to rabbits 20 hours prior to antigenic stimula
tion with polio virus. Antibody formation in rabbits
exposed to 600-650 roentgens showed (541) a delay
in IgM-antibody formation with a lower but more
persistent titre than controls, and virtually-complete
inhibition of IgG-antibody synthesis over a period of
21h months after antigen. .

94. The effect of x-irradiation on the sequential
formation of immune globulins was studied (472)
using flagellar antigens in rabbits given increasing
whole-body doses. A delay in the appearance of IgG
antibody was observed, whereas only a slight diminu
tion in the timing or amount of IgM antibody was
noted. In another study (406) on the regenerative
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potential of the immune response after irradiation, a
preferential suppression of the IgG antibody was
observed in mice exposed to 200, 400 or 600 roent
gens. That is, the capacity to form 78 antibody was
more heavily suppressed than the capacity to form
19S antibody, and this preferential suppression perp

sisted throughout the recovery phase after irradiation.
This was even more striking in thymectomized mice
given 850 roentgens and isologous bone marrow, in
which recovery of the 7S-antibody response was vir
tually abolished whereas the 198 response recovered
substantially. X-irradiation may impair conditions
necessary for the differentiation of 7S-producing cells,
possibly by damaging the mechanism of antigen reten
tion in lymphatic-tissue germinal centres, as discussed
previously. These centres do in fact seem to be more
closely related to the production of 7S antibody in the
primary response (234). Alternatively, the IgM and
IgG response may involve totally separate progenitor
cells, and the IgM progenitors might either be more
numerous or more radio-resistant than those of the
IgG progenitors. Indeed, evidence consistent with this
interpretation has been reported by Shearer et ai.
(501). These investigators considered that precursors
of IgM and IgG plaque-forming cells are distinct
populations and that the frequency of the former popu
lation in the normal spleen of a mouse is seven times
higher than that of the latter. However, several studies
(308, 424) have suggested that the IgM-IgG line is a
single differentiating line of cells.

95. In a study with Salmonella antigen in rats
(272), both the IgM and the IgG phases of the
primary response were markedly inhibited by 450
roentgens given a day before antigen, and both phases
could be restored by an injection of 200 microgrammes
of Colchicine given at the same time as the antigen.
The final possible combination of radio-sensitivity was
reported by Berlin (44) who irradiated mice one to
four days before immunization with influenza vaccine
and observed markedly low IgM-antibody titres and a
high degree of sensitivity of IgM antibody, as indicated
by a D a7 of 74 rads.

96. This latter value indicates that the radio-sensi
tivity of IgM cells is of the same order as that of the
over-all immune response previously mentioned. Since
all the data mentioned on greater sensitivity of the
IgG response have been concerned with measuring
IgG titres in sera obtained from irradiated animals,
it should be noted from earlier discussion that, fol
lowing irradiation, the IgG globulin is more selectively
lost from serum than the IgM antibody. Accordingly,
a greater radio-sensitivity of the IgG response might
be falsely deduced from measurements of serum titres.
A complete solution of this problem will again require
the use of a direct cell-plaque estimation technique
which is capable of determining both IgM and IgG
plaque-forming cells following varying doses of radia
tion.

97. The effect of internal irradiation delivered from
intravenously administered radio-active (32P) colloidal
chromic phosphate on the primary immune response
of rabbits to sheep erythrocytes and typhoid antigen
has been studied (636). When 14 days of internal
irradiation from 520, 624 and 780 microcuries pre
ceded a single immunizing injection, antibody responses
to both antigens were significantly depressed, as shown
by delayed appearance of antibody, decreased antibody
synthesis rates, and lowered maximum antibody titres.



Splenic participation in the immune response of rab
bits given 488 microcuries or more was judged non
operative. The spleens of these rabbits were estimated
to have absorbed 7,000 to 14,000 rads during the 14
days preceding immunization. This result therefore
parallels the marked suppression of primary antibody
response with a single antigen injection after splenec
tomy in rabbits (545). In both cases, the impairment
of antibody production could be corrected by the use of
multiple antigen injections, which would induce the
participation of non-splenic sites in antibody produc
tion. This might well indicate that intravenously ad
ministered radio-active colloid primarily affects the
lymphoid tissue of the spleen, and has less effect on
the circulating lymphocyte pool.

the inoculated lymphocytes, but from cells already
present in the thymectomized bosts. In an attempt to
identify the origin of the true precursor of the anti~

body-forming cells, a synergistic effect between thymus
and bone-marrow cells on transfer into lethally-irradi
ated mice was demonstrated (85, 378). By means of
a chromosome marker it was again shown (421) that
all the antibody-forming cells produced were derived
from the bone marrow. These series of experiments
therefore indicated that, at least with some antigens,
collaboration of thymus-derived cells with bone-mar
row-derived cells is required to initiate the antibody
response.

100. Although more recent studies (366) have
further extended the list of antigens for which cell
collaboration seems to be essential for antibody pro
duction, it is doubtful that this is an obligatory phe
nomenon for the initiation of all antibody responses.
For example, current data would perhaps suggest that,
although cell collaboration is important for heterolo
gous antigens such as gamma globulin, albumins,
erythrocytes and some baptens, it may not be involved
in responses to many bacterial antigens. Recent studies
with a congenitally-athymic strain of mouse have
clearly shown that whereas this strain is quite incapable
of making antibodies to heterologous erythrocytes, nOr
mal IgM-antibody production to several bacterial
antigens occurs, although IgG-antibody responses are
considerably depressed (110).

101. Various studies have demonstrated that al
though the· thymus-derived cells do not become the
actual antibody-producing cells, they do directly pro
liferate in response to antigenic stimulation. By the
use of chromosomally-marked cells, Davies et aI. (123)
have demonstrated that thymus-derived cells will di
rectly proliferate in response to either sheep red cells
Or an allogeneic skin graft, and will not become the
antibody-forming cells (124). This has been extended
in another study (500) showing by means of a limiting
dilution assay that proliferation of the thymus-derived
cell produces more cells which can collaborate with
bone-marrow-derived cells and induce the latter into
antibody formation. Similarly, using tritiated-uridine
or thymidine markers, a proportion of injected thymus
cells was observed (371) to transform directly under
antigenic stimulation into blast-like pyronophilic cells
which then divided into smaller lymphocyte-like cells.
To confirm this interpretation, Koller et al. (295)
assessed whether any significant frequency of mitosis
would follow the antigenic stimulation of immunologi
cally-incompetent (thymectomized) mice. Although the
results are rather sparse, they do indicate that nearly
all the mitoses seen in lymphoid sites after antigenic
stimulation of thymus-grafted mice were indeed de
pendent upon the immunocompetence of the injected
animal. This might be interpreted as indicating that the
bone-marrow-derived cell does not proliferate unless
it is somehow "stimulated" by the antigenically-stimu
lated thymus-derived cell. This interpretation would
imply that a thymus-derived cell is the only cell type
directly stimulated to proliferate by antigenic challenge.
If so, this cell would represent a major radio-sensitive
cell type involved in the radiation suppression of the
inductive phase of the antibody response.

102. Studies on cell-to-cell interaction in the initia~
tion of humoral-antibody responses in rabbits have
given somewhat different results. In this species, anti:'
body response to sheep erythrocytes of· animals treated
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3. Cell collaboration in the humoral immune response

98. The irradiation studies described above indicate
that cell proliferation is an early event following anti
genic stimulation. The simplest view would be that
the immunocompetent cell is stimulated by antigen
(perhaps via macrophage) and directly proliferates
and differentiates to become the antibody-forming cell
(328, 423). Clonal expansion has been directly dem
onstrated in studies by Playfair et al. (458) and Ken
nedy et at. (287). These workers devised a method
for the enumeration and characterization of cells Which,
on appropriate antigen stimulation, could produce a
clone of antibody-forming cells. These they termed the
"antigeu-sensitive cells". They are detected by the in
jection of normal lymphoid cells into a lethally-irra
diated animal. A proportion of the injected cells reach
the spleen and settle there. A stimulus of antigen
(sheep erythrocytes) then triggers a certain specific
proportion of the injected cells to proliferate and dif
ferentiate into antibody-forming cells. Provided a
small enough inoculum is given, these form discrete
areas in the recipient spleen, which can be detected
by laying thin slices of the spleen on agar containing
the antigenic red cells. Mterallowing for diffusion of
antibody and attachment to the red cells, hremolysis
is induced by the addition of complement. This system
therefore appears to show a direct proliferation of
cells following antigenic stimulation, because most
studies are compatible with the concept that a single
cell is the progenitor of the clone and ultimately prod
uces many antibody-forming cells. It does not, how
ever, establish that the cells that initially react with
antigen are the ones that give rise to the clones ob
served. In fact, the "simplest" view described above
has been controverted by later work demonstrating
cell. interaction in immune responses, interactions that
produce specific second-order effects on the cells whose
progeny eventually produce the antibody..

99. Collaboration between thymus or thymus
derived lymphocytes present in thoracic-duct lymph,
and non-thymus-derived precursors of antibody-form
ing cells has been implicated in the immune response
of mice to sheep erythrocytes (84, 85, 122,371, 372).
Neonatal thymectomy impairs the response of mice to
sheep erythrocytes. This can be reversed by inoculating
thymus or thoracic-duct lymphocytes simultaneously
with the red cells (370). In this system, the identity
of the antibody-forming cells was determined by using
anti-H-2' sera in allogeneically-reconstituted hosts and
chromosome.;.marker analysis in a syngeneic· system
(421). These techniques demonstrated that the anti-

.hody-forming cel1s were in .general derived not from



with 800 rads can be restored by injection of allo
geneic bone marrow from normal rabbits (2). Further
more, with the use of allotypic markers of immuno
globulins, it was shown that the antibody-forming cells
are derived from the irradiated host and not from the
donor marrow (470) . These results suggested that
antibody-forming precursor cells are relatively radio
resistant, while antigen-reactive cells which, in the
rabbit, are found in bone marrow (1) are more radio
sensitive. Several other alternative explanations might
be given, however. As allogeneic marrow was used,
it is possible that augmentation might result from a
graft-versus-host reaction as has been proposed recently
(283). It is also possible that the peripheral tissues of
rabbits contain different proportions of thymic-derived
lymphocytes than mice, and therefore that restoration
is made by T lymphocytes in the bon~ marrow.

103. Several experiments have indicated that the
lymphoid cells that reside in the thymus are very radio
sensitive whereas the supporting thymic epithelial cells
are not. The recovery of thymic epithelium after irra
diation is the major thymic factor in effecting the full
recovery of immunocompetence in the animal. As men
tioned previously, virtually all thymocytes are destroyed
by an x-ray exposure of 500 roentgens (573), leaving
a residual stroma of reticular epithelial cells. Morpho
logical observations indicate that these latter cells are
resistant to exposures as high as 5,000 roentgens. Al
though several studies show that the irradiated thymus
is capable of some lymphoid regeneration (within 3-4
days after 400 roentgens (166), within 1-2 weeks
after 500 roentgens (367) and within 2 weeks after
850 roentgens (114)), normal regeneration is grossly
impaired after exposures of 2,000 roentgens. Although
lymphoid regeneration in thymus grafts exposed to
2,000 roentgens in vitro was observed after 11 days
(154), two other studies (50, 125) showed that, despite
almost normal lymphoid repopulation, the functional
activity inducing immunological competence had not
returned after three weeks.

104. A more direct evaluation of the radio-sensi
tivity of thymus-derived and non-thymus-derived cells
would be to irradiate in vitro either suspension sepa
rately and then to attempt cell-collaboration experi
ments with the other cell type being unirradiated. Sev
eral recent reports on this type of experiment appear
to give conflicting results. Claman and Chaperon (84)
found that in thymus-marrow synergism in mice, both
cell populations are sensitive to irradiation. Miller and
Mitchell (370) also showed suppression of thymus-cell
induction of antibody formation in bone-marrow-de
rived cells when the thymus cells were exposed in vitro
to 1,000 roentgens. In contrast to this report, Goldie
and Osoba (212) have reported synergism between
heavily-irradiated (up to 2,500 rads) and non-irradi
ated normal spleen or lymph-node cells of the mouse
in the development of plaque-forming cells to sheep
erythrocytes in vitro.

105. It has been amply demonstrated that in the
adoptive secondary response to hapten-protein conju
gates in mice, co-operative interactions are mediated
by hapten-specific and carrier-specific lymphoid cells
(384). :More recent observations (366) have con
firmed that these correspond to bone-marrow and
thymic-derived cells, respectively. Using this hapten
specific and carrier-specific cell-interaction system,
Katz et al. (282) have studied the radio-sensitivity of
the carrier-primed cells in guinea-pigs. The transfer of
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lymphoid cells, from strain-2 guinea-pigs immunized
to bovine gamma globulin (catTier cells) into syngeneic
recipients immunized with dinitrophenyl ovalbumin,
was found to enhance markedly the recipient's second
ary anti-dinitrophenyl response to challenge with dini
trophenyl bovine gamma globulin. This function of the
carrier bovine gamma-globulin-specific cells was found
to be resistant to 5,000 fads. However, the capacity to
transfer immunological memory to bovine gamma
globulin or to be stimulated by antigen to synthesize
DNA in vitro was abolished by as little as 500 rads.

106. Similar results have also been obtained with
an in vitro system (288). A primary immune response
of normal spleen cells to trinitrophenylated sheep
erythrocytes (TnpRBC) was studied in vitl'O and the
number of anti-Tnp plaque-forming cells was deter
mined. The number observed could be greatly en
hanced by prior inmunization of the donor spleen in
vivo with the carrier erythrocytes, or by using normal
unprimed spleen cells in combination with spleen cells
from mice that were immunized to the carrier erythro
cytes. If these latter added carrier-primed cells were
first treated in vitro with 1,000 or 4,000 rads before
their addition to the normal spleen cells, they were
still capable of enhancing the anti-Tnp response of the
normal spleen cells. The immune response of the
carrier cells themselves to erythrocytes was totally
abolished by the irradiation. This observation also
therefore demonstrates radio-resistance of thymus-de
rived helper cells.

107. These studies clearly indicate that in the
transfer of immunological memory, where cell division
is required, irradiation will abolish this function. How
ever, in a primed system, reactive carrier cells are
clearly able to co-operate with hapten-specific cells,
without the need for division of the reactive carrier
cells. This may therefore entail a presentation of the
antigen by the carrier-primed cell to the hapten-specific
cell, a task which can satisfactorily be perfonned by
a lethally-irradiated cell. It is also possible that the
reactive carrier cells may normally continue to divide,
but that helper activity is needed only briefly at the
initiation of the response. The experiments in which
thymic cell function was destroyed by irradiation all
involve primary immune responses. In this situation
.the virgin thymic cell on confrontation with antigen
must proliferate in order to collaborate, and this is
therefOre a radio-sensitive step.

108. Although no direct data on radio-sensitivity
in terms of collaboration potential have been obtained
for the bone-marrow compartment, some data may
be cited from avian studies. This is based on the view
that the mammalian bone-marrow-derived cell is in
effect "bursa-differentiated". The bursa· is the pri
mordial site of origin for cells that synthesize im
munoglobulins in birds and the immunoglobulin speci
ficity in the antibody-forming cell of mammals is of
bone-marrow-type origin (270). Although embryonic
bursectomy by hormones or surgery will totally prevent
all potential antibody and immunoglobulin synthesis
(102, 612), surgical bursectomy at hatch is not as
effecti",e in this respect. This is presumed to be due to
the movement of bursal cells into peripheral tissues
prior to hatching (J 03). If sublethal whole-body irra
diation is given to newly hatched bursectomized
chickens, much greater immuDodepression is observed,
even with doses of 250 rads (106). This suggests con
siderable radio-sensitivity in this cell line, although



the number of cells available in the periphery may
only be very small at this stage, even in the normal
animal. If the bursa of Fabricius is exposed in vivo
to 1,000 roentgens at one and seven days of life (613)
massive destruction of the bursal lymphoid follicles
occurs without eventual normal regeneration. A dimin~
ished antibody response then results in most birds.
Further studies are clearly needed to define the radio
sensitivity of the bone-marrow component, and in
chickens to confirm whether bursal cells play this role.

4. Timing of irradiation and antigenic challenge

109. The effect of irradiation on the immune re
sponse can be studied when the antigen is given before,
at the time of, or after irradiation. In the latter case,
where antigen follows irradiation, immunodepression
is usually observed. The studies on radio-sensitivity of
the inductive phase described above all deal with anti
gen given within a fairly short time after irradiation,
namely, up to a few days later. When antigen is given
many days or weeks after irradiation, this in essence is
a study of the regeneration of the immunocompetent
population and depends on many factors including stem
cell differentiation.

110. As discussed above, regeneration of the im
mune response appears to be thymus dependent, at
least for certain antigens. Thymectomized, lethally
irradiated, bone-marrow-protected mice will respond
only poorly to many antigens given even months after
the irradiation (368, 406). The primary antibody
forming potential recovers very slowly from irradiation
and this process does not require the presence of anti
gen, although impairment of the antigen-retention
mechanism may be a factor in the delay of recovery of
expression of immunity (403). In cell-transfer studies,
the size of the immunocompetent pool was shown to
be reduced for three to five months after sublethal x-ray
exposure. It is not completely clear whether the renewal
of .the immunocompetent cell pool is partly due to a
self-renewal system normally maintained in a steady
state which slowly recovers after irradiation, or whether
new competent cells are formed by differentiation from
true progenitor cells. Some evidence (542) suggests
that the resting antigen-reactive cell is not a rapidly
dividing cell, as massive doses of the mitotic poison
vinblastine yield only a slight reduction in the numbers
of antigen-reactive cells. Thus most of these cells are
in the Go state and are rapidly induced to divide by
antigen. Although the relatively large amount of data
on the importance of the thymus for the regeneration
of immunocompetence tends to suggest a major role of
differentiation of stem cells to immunocompetent pre
cursors, the removal of the thymus does not totally
deprive the animal of its capacity to regain immuno
.competence even after severe suppression. Thus the
recovery in thymectomized mice or rats given 400-600
roentgens was only moderately retarded in comparison
with non-thymectomized irradiated animals (9, 153,
406). After higher exposures (850 or 500 + 500 R)
the effect of thymectomy is much more marked, but
nevertheless still not absolute, as particularly 19S re
sponses still eventually recover (406). It therefore
appears possible that in the absence of the thymus
some regeneration of the immunocompetent cells (x
cells or pel cells) (444, 499) might occur from other
surviving x cells, or from a more primitive precursor
pool.

111. The classical studies of Taliaferro et al. (550)
have clearly revealed that the timing of irradiation
relative to the injection of antigen is of crucial import
ance in determining the amount of antibody eventually
produced by an animal. When antigen was given prior
to x-irradiation, an actual increase in the titre of anti
body produced by the animal was noted. With an x-ray
exposure of 500 roentgens given two days to two hours
after the antigen, enhanced peak titres were the rule,
though the latent period was lengthened. If, on the
other hand, antigen was given one hour after irradia
tion, there was a slight inhibition, whereas the response
to antigen was drastically inhibited if the injection
took place 24 hours after irradiation. On the basis of
these and other studies, Taliaferro proposed two types
of radiation-induced enhancement. In the first type,
seen with x-ray exposures between 25 and 300 roent
gens given two days to two hours after injection, there
is a heightened peak titre accompanied by a shortened
latent period, and an abnormally high rate of antibody
synthesis. In the second type, observed with exposures
from 500 to 700 roentgens also after injection, there
is an increased peak titre, but a lengthened latent
period and a slower rise to peak titre.

112. Since the original observations of this pheno-
menon (338, 547, 549), many other workers have
amply confirmed radiation-induced enhancement of
antibody formation. Perhaps one of the most important
of these studies was a detailed analysis by Dixon and
McConahey (144). Before considering this in depth,
mention of a few other confirmatory reports will be
made.

113. A series of rabbits were given diphtheria tox
oid, followed by x-irradiation (850 R) one, two or four
days after injection (664). The synthesis of antibody
took place in a large number of cells that were present
for significantly longer periods of time than in unil'ra
diated, immunized rabbits. In the early periods after
irradiation, there was a tendency towards a reduction
in the proportion of young forms of cells containing
antibody. From the eighth to the fourteenth day after
immunization, irradiated animals showed considerably
greater numbers of young forms of antibody-containing
cells than unirradiated animals in the same periods after
immunization. After irradiation, the synthesis of anti"
body took place in the same types of cells as in unir
radiated animals, although degenerative ch8nges in the
nucleus and protoplasm were seen in a large percentage
of cells and the amount of antibody in the cell was
altered. The percentage of lymphocyte-like cells in the
antibody-forming population was considerably in
creased. These results are in contrast to a similar mar·
phological study (665) made when antigen was given
after irradiation, and somewhat opposite cellular
changes were observed.

114. Antibody formation was analysed by the plaque
method in mice treated with a dose of 660 rads one
to two days after immunization with sheep erythrocytes.
It was shown that exposure to radiation does not halt
the increase in number of plaque-forming cells (677).
The number of such cells accumulated in the spleen
was only half that of controls. After irradiation, the
number of antibody-producing cells continued to in
crease, becoming at least tenfold greater. This would
suggest that after several mitotic cycles (before irradia"
tion was given) the antigen-stimulated immunocom
petent cells become capable of maturing (differentia
tion?) to antibody-producing cells without any, or only
a limited number of, cell divisions. The general laws
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governing suppression or stimulation of the immune
response as a function of the relative timing of irradia
tion and immunization have also been discussed in
detail by several authors (659, 675, 690).

115. In another study with rabbits exposed to 500
roentgens at various times before or after antigen, it
was found (289) that essentially unimpaired responses
occurred in animals irradiated immediately before,
immediately after, or 12 hours after antigen. Marked
depression was observed with irradiation given 12 or
24 hours prior to antigen. With irradiation 12 hours
after antigen, there was usually a slight initial depression
up to the sixth day after antigen, but the eventual peak
titres rose to levels above those in the non-irradiated
control. (This exactly agrees with the Taliaferros'
observations on their second type of enhancement.)
Radiation damage of the spleen was characterized by
the complete degeneration of the lymphoid follicles,
with survival of much of the peri-arteriolar lymphocyte
sheaths. In the irradiated animals in which antibody
responses were unimpaired (radiation after antigen),
normal plasma-cell reactions localized in the surviving
peri-arteriolar lymphocyte sheaths were observed two
to three days after stimulation.

116. Irradiation after antigen is not always associ
ated with antibody titres higher than in controls. In
some instances (87), it is rather that the degree of
immunodepression observed is not as great as when
irradiation precedes antigen. Rats exposed to 500
roentgens at various times after antigen all showed
some immunodepression which was greater when irra
diation was given a few hours after antigen rather
than four days after. Mice given a whole-body x-ray
exposure of 710 roentgens immediately before or after
antigen were severely immunodepressed (200), whereas
radiation given five or more days after the antigen had
only a slight enhancing effect on antibody formation.

117. Further studies (548) on the radiation enhan
cement of antibody formation with exposures fropl 25
to 100 roentgens have confirmed the original report
that injection of antigen four hours to a week, or even
one month, after irradiation in this dose range will
lead to a prolonged production of hremolysin and to
transient high peak titres. It was suggested that after
injury, the cells show an over-compensatory activity
of a duration proportional to the x-ray dose. This
stimulatory effect of small doses did not seem to be
directed against the developmental and proliferative
activities of immunocompetent cells or of memory cells,
as in neither case was an effect observed during the
latent period preceding antibody detection in serum.

118. These various reports taken together seem to
indicate that radiation-induced enhancement of antibody
formation is more marked in certain cases than in
others. A detailed analysis of this problem by Dixon
and McConahey (144) has revealed that many varia
bles can indeed affect the degree of enhancement
induced by radiation. They observed that (a) the
degree of optimum stimulation varied from one antigen
to another; (b) the time interval between antigen and
irradiation differed in terms of optimum stimulation
for different antigens; and (c) the optimal radiation
dose also differed for the various antigens. In general,
it appeared that the more rapid the antibody response
the earlier x-irradiation may be given to enhance the
response. For example, with soluble bovine gamma
globulin (BGG) the interval between antigen stimulus
and peak antibody response was from 10 to 11 days,

and x-irradiation gave maximum enhancement when
administered 21h days after antigen. With heat-ag
gregated BGG as antigen, the interval between stimulus
and maximum antibody was only seven to eight days
and x-irradiation gave maximum enhancement when
administered as early as two hours after antigen,
although comparable enhancement could be elicited
with irradiation one and two days after antigen injection.

119. It was proposed on the basis of these results
that x-irradiation given early in the immune response
destroys the majority of lymphoid cells, leaving behind
depleted lymphoid tissues. Of the remaining lymphoid
cells, many of which are primitive or immature, some
are presumably responding to antigen and some are not.
Those responding to antigen would be expected to
proliferate more rapidly than those unaffected by the
antigen. The cellular proliferation after antigenic stim
ulation and irradiation may then be more rapid and
extensive than after either alone. During this exag
gerated proliferation, the rapidly dividing antigen-stim
ulated cells can far outstrip their non-stimulated
counterparts, resulting in the observed increased anti
body formation and in large numbers of antibody
containing cells.

120. A second view has been proposed by Maki
nodan and Price (336) and is based on the concept
of feed-back control mechanisms, that is, that the
maximum immune expression of an individual, as
measured by peak serum-antibody titre or number of
antibody-synthesizing cells, need not necessarily reflect
his full immunological potential. Several experiments
clearly indicate that the immune system is capable of
enhanced responses that are much greater than are
achieved in conventional immunization schemes. Ani
mals given 10,000 roentgens to exteriorized spleens
with the rest of the animal shielded, will make a mark
edly-augmented antibody response to intravenously
injected particulate antigens (510). Cell-impermeable
diffusion chambers containing antigen and spleen cells
from pre-immunized mice, when implanted in irradiated
recipients, can generate 10 times more antibody-pro
ducing cells per unit number of spleen cells than in
situ immunization (331). In recipients made immuno
logically inert by the use of drugs, transfused histo
incompatible spleen cells will generate more antibody
than compatible spleen cells (489).

121. These and other studies therefore imply that
the level of antibody response found in a conventionally
immunized animal reflects activation of only a fraction
of its full immunological potential. Makinodan and
Price (336) suggested that an immune response can
be augmented most readily by radiation if it can cause
a sufficient amount of cell destruction and thereby
create a milieu for proliferation and differentiation of
more immunocompetent cells than normally would
participate in a response. However, it is essential that
the dose of radiation be low enough so that the per
centage of immunocompetent cells destroyed be less
than the percentage normally expressed in the response:

122. Berenbaum (42) has determined the number
of antibody-forming cells at various stages of the
immune response when 450 roentgens were given
between 1 day before and 20 days after antigen. At all
times a rapid fall in the number of antibody-forming
cells occurred, which was followed by a rise towards
the levels found in unirradiated controls. Further stirn':'
ulation of newly emerging antigen-reactive cells may
have occurred from antigen lodged in depot site~ in the

321



X-RAY OOSE IRAOSI

10-.\ ....L.-...-----.------.1---,j----jr----.......,j
50 100 200 300 400 500

~
ANTIGEN 24 HOUR~ ANTIGEN IMMEOIATELY
AFTER IRRAOIATION ~ AFTER IRRAOIATION

~

Figure VI. Radiation dose-response relation of IgM plaque
forming cells in mouse spleen (638). The points represent the
number of plaque-forming cells determined four days after
immunization, expressed relative to unirradiated mice. The
bars represent 95 per cent confidence limits. The upper curve
was obtained with mice injected with antigen within one hour
after irradiation, and the lower curve with mice injected 24

hours after irradiation

spleen. There was no evidence that radio-resistance
rises after the antigen is given. As one of the first
demonstrable effects of antigen injection is an increase
in the number of antigen-reactive cells, an increased
pool of antigen-reactive cells is exposed when irradia
tion follows antigen. Even if this post-antigen pool is
reduced by radiation to the same extent as a pool that
has not been exposed to antigen, the absolute number
of surviving antigen-reactive cells may be considerably
greater.

123. A third explanation for this apparent change
in radio-sensitivity of the antigen-stimulated versus
unstimulated immune response is to consider that there
is a difference in the radio-sensitivity of the cells at
these two stages, or that a better repair mechanism
exists in the immunocompetent cell than in other
proliferating cells. As previously discussed, there is
little support for this view, although one recent report
(63 8) has shown a basic change in the radiation
dose-response relationship when the immune system is
irradiated before or after antigen injection.

124. Using a modification of the plaque technique
(63 8a), Zaalberg and Van del' Meul (638) found a
significant difference in the effect of irradiation on
plaque-forming capacity to sheep erythrocytes depend
ing on whether the antigen was given 24 hours after
or 1 hour before, or after, irradiation. The results
~iven in table 3 show that when antigen is given after
rrradiation, a dose-dependent depression in immune
.response occurs. Shown graphically in figure VI, this

level of radio-sensitivity of the non-stimulated small
lymphocytes is connected with its relatively-inactive
metabolic state. It is therefore not capable of repairing
the radiation damage leading to interphase death,
However, provided the antigen encounters the cell very
soon after irradiation, it may stimulate the cell to
repair the radiation damage, possibly by causing changes
similar to those previously shown (622) to be capable
of preventing interphase death.

125. From a practical point of view, the enhance
ment of antibody formation by x-irradiation has several
interesting facets. It is a convenient laboratory tool
for manipulating the immune response, in that antisera
of very great potency can be obtained far more rapidly
than in normal prolonged hyper-immunization schemes.
For clinical medicine, these results serve as a caution
against any attempts to inhibit the immune response
of patients with x-irradiation if they have recently
received the antigen. This may be of particular
relevance to homograft situations such as kidney graft,
where this type of model might imply that enhanced
rejection rather than depression could result, if the
antibody response is indeed participating in the graft
destruction. Alternatively, if antibody production were
acting to enhance graft survival (in the "blocking"
sense referred to in paragraph 23), increased antibody
production would not be disadvantageous. Also, in
situations such as the response to a pathogen or a
tumour antigen, an exposure to x rays after the admin
istration of the antigen might greatly facilitate the
immune process. As emphasized by Dixon and
McConahey (144), the timing relationship of irradia
tion and antigen injection for either suppression or
enhancement of the immune response depends on
several factors, including the actual antigen used.
Accordingly, this approach to achieve more efficient
antibody responses to pathogens or tumours would be
most dangerous to apply to man at the present time.

1~6. Although it might be expected that immuno
competence would be fully restored within months
after irradiation, studies on antibody formation in
survivors of atomic-bomb-irradiation have occasionally
indicated persisting immunological changes. In several
studies on blood-group antibody (254), bactericidal
activity (253), or serum agglutinin to TAB vaccine
(506), no appreciable difference in serum antibody
titres of the survivors and controls was found, How
ever, as these studies were performed at least 10 years
after the atomic bombing, a more sensitive retrospective
indicator for effects of irradiation on antibody forma
tion was sought. Studies of Davenport et al. (121)
~ave suggested that serum-antibody levels which appear
m response to influenza-virus infection in a specific
age group are highest against the strain of virus of
!he initial infection. Thus, following inoculation with
mfluenza-virus vaccine antigenically related to the virus
of primary infection, lower levels of serum antibody
against the primary virus should develop in the heavily
exposed subjects in comparison to the non-exposed
controls.

127. The effect of atomic-bomb radiation on anti-
is a linear depression. However, when antigen is given body production was studied (276) among persons
one hour before or after irradiation, an enhanced living in 1961 who were exposed while in utero to the
response is seen with 50 rads, and a totally-different atomic bomb in either Hiroshima or Nagasaki. Patterns
dose-dependence is found (figure VI). As the radiation of the antibody levels in the group beyond three kilo-
damage had already occurred in the animal given metres from the hypocentres suggested that the primary
antigen one hour after irradiation, a repair mechanism infection in these individuals was from a virus of
might be postulated. It was suggested that the high type AI. Significantly reduced AI-type serum-antibody
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levels were noted in pre- and post-vaccination sera of
subjects .within tW? kilometres from the hypocentre in
Nagasaki. DepressIOn in the pre-immunization sera was
not, however, observed in the Hiroshima subjects. In
~oth series, the. he~erotypic antibody response to Asian
mfluenza vaccmatIon among those within two kilo
metres clearly demonstr~ted a. c?nsiderably-poorer
response to PM1. In subjects wlthm 1.6 kilometres
antibody responses to type-A1 viruses were almost
compl~tely suppressed. ~ Hiroshima, subjects within
two kilometres also farled to increase their serum
antibody response to Gotoh virus which is a variant
strain of type-AI virus. In the case of serum response
as tested with other type-A viruses the results wer~
somewhat more varied. All subject; showed a strong
response to PR8 virus, although the response to the
Weiss tYP.e was poor. T~e o~er-all development of
serum antIbody to the ASian VIruS following vaccina
tion showed the opposite result, a somewhat better
response being observed in subjects within two kilo
metres than in those beyond three kilometres. While
this result might indicate involvement of the overcom
pensation m~chanism discussed above, this is unlikely
to have persIsted for such a long period of time.

128. A further factor affecting the radiation-induced
depression of the primary immune response is the
exposure rate. A study was undertaken (74) to de
t~rmine. whether an .exposure-rate-dependent suppres
SIon eXIsted for antibody synthesis, and to establish
the range of exposure and exposure rate over which
an effect could be seen. Adult mice were exposed to
ODCO gamma radiation in doses of from 200 rads to
1,100 rads at exposure rates ranging from 4 R min-1

to 100 R min-l. Irradiated mice were injected with
rat- and sheep-erythrocyte antigen at various times
bef?re or after irrad~ation, and the titre of circulating
antIbody was determmed. Greater suppression of anti
bodr production occurred at the higher exposures rates,
particularly when the total dose was in the sublethal
range, 600 and 700 rads. Rate-dependent suppression
of antibody pro~uction was dependent upon the type
3;Ild dose of antigen, the route of antigen administra
~IOn, . and the t!m.e interval between antigen admin
~strat!o~ and radIation exposure. When antigen preceded
IrradIatIon by 12 hours and the dose was 700 rads
the suppression at 72 R min-l was 64 times that at
8 R min-l. The exposure-rate effect was demonstrated
~t ~he c~llular level by culturing irradiated spleen c~lls
m 1IT~dlated (950 rads) syngeneic recipients. In this
experImenta~ system both primary and secondary anti
body formatIOn were differentially sensitive to exposure
rate. At the level of maximum exposure-rate sensitivity
for formation of antibody against sheep erythrocytes
(700 rads), responses were depressed with increasing
exp?~ure rates up to 40 R min-l , whereas insignificant
addItIonal depression occurred after exposure to higher
rates, ~p. to 100 R .min-l. The exposure-rate dependence
of radIatl~n mortahty was determined, and the responses
of mortalIty and immune suppression were compared.
No correlation was observed. '

been recognized that other cell types of different mor
phology can secrete antibody. Many of these include
DNA-synthe~izing cells (305, 413) and other smaller
lymphocyt~-like cells were also found to be active.
The majorIty of these differ from the main bulk of
s~all. lymphocytes in having a distinct rim of cytoplasm
nc~ 10 RNA and are now known to be non-thymic
den~ed B lymphocytes. More detailed electron-micro
SCOpIC studIes of antibody plaque-forming cells have
appeared more recently (57, 119).

130.. In studies combining detection of antibody
formatIon at the cell level with ability to synthesize
DNA (328, 423, 446), the conclusion was reached
that eyery antibody-forming cell which arose during
the prImary or secondary response was the result of
a rec~nt mitotic diVision. It is quite clear that antigen
r~a~tIve cells usually enter a proliferative phase and
dIv~de, proba?ly several times, to produce mature
antIb?dy-formmg progeny. Multiplication and the ex~

preSSIon ~f specialization (differentiation) occur over
the same mterval. Thus, s?me actual antibody-secreting
cells. (plasmablasts and Immature plasma cells) stilI
retam the capacity for division. However, after a
sequence of a~o~t six to ei~~t .mitoses, division stops
and fuIIy specIahzed non-dlVldlllg end-ceIIs dominate
the scene.

131. In a detailed analysis (446) of the rate of
ceP.ular proliferation and recruitment in the spleens of
mIce undergoing a primary immune response, it was
concluded that, although ceIIular proliferation during
the lag phase is the dominant event, many recruitment
.events also occur with an exponential increase. It was
f~und that (a) antigen-induced cellular proliferation be
gills about 12 hours after antigen injection; (b) plaque
forming ceIIs begin to significantly appear after a lag
of about 24 hours; (c) most, if not all, of the pre
cursors of the plaque-forming ceIIs during the lag
phase are proliferating; (d) the number of these ceIIs
increases in a staircase fashion suggesting a considerable
degree of synchronous growth; (e) a series of recruitM

ment events occur in phase with division of plaque
forming cells (this possibly involving the ceII-coIIabora
tion phenomenon); and (f) ceIIs responsible for these
recruitments are themselves proliferating before they
transform into plaque-forming ceIIs. Similar findings
have been reported for both 19S and 7S plaque-forming
cells from spleen-cell cultures undergoing secondary
anti-sheep RBC response in millipore diffusion cham
bers (486).

132. In this section of the productive phase we are
therefore concerned with ceIIs which are actuaIIy synM

thesizing and releasing the antibody molecules. In terms
of ceII-coIIaboration concepts, this refers to the bone
marrow-derived (bursa-induced?) compartment in
which the proliferative events referred to above may
be induced either simultaneously with or, more probably,
only after antigen-induced thymus-cell proliferation.
The productive phase therefore is heterogeneous, in
that it involves some immature blast cells, some of
which are capable of several further division cycles
and would be relatively radio-sensitive, fully differen
tiated plasma cells, the "background" antibody-forming
ceIIs present in animals not deliberately immunized, and
finally, although not strictly an active secreting cell,
the memory cells involved in the elicitation of the
secondary response. Virtually no direct data are avail
able on the immature plasma cell. Its contribution
to the total serum antibody would be rather small

C. THE PRODUCTIVE PHASE OF ANTIBODY FORMATION

;29. A great deal of data obtained through histo
logIcal correlative studies (170), studies on antibody
content of cells (305) and observations of direct
in. vitro antibody formation by single plasma cells in
!1llcrodrops (413) has shown that plasma cells' are
Important antibody producers. However, it has. also
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and direct single-cell experimentation would be required
to assess its radio-sensitivity. We shall therefore con
centrate on the major antibody-producing cells and
the secondary response.

1. Plasma cells and the active immune response

133. Various early studies on whole~body x-irradia
tion of animals after antigen injection clearly indicate
that a depression of antibody formation does not result
(as discussed under enhancement). Thus, Dixon et al.
(145) showed that 800 roentgens given three days
after antigen had no suppressing effect on the antibody
response. Mice given about 650 or 775 rads from a
60CO source at the time of peak serum~antibody forma
tion to tetanus toxoid showed (228) only slight de
pression or no change in their antibody level 5 to
10 days later. Rabbits immunized with bovine serum
albumin were given 450 to 550 roentgens during the
steady-state phase of antibody production after either
primary or secondary antigen challenge (83). Irradia
tion during the primary-response steady state produced
a continuous fall in antibody levels, but was without
effect when given during the declining phase of the
secondary response. This would indicate that, at least
in some cases, the steady state of persisting serum
antibody, particularly after a primary response, is
maintained by a balance between proliferation of dif
ferentiating cells (probably involving many immature
plasma cells) and the half-life of the antibody molecules.
In another study, rats received bacterial antigens and
gave a prolonged and sustained antibody response
(302). Whole-body irradiation during this steady-state
phase did not affect the antibody titre for at least a
period of several weeks after irradiation. This, in com
parison to the report previously mentioned, probably
indicates that in other systems, that is, with different
antigens, the steady state of persisting antibody pro
duction may involve only the mature non~dividing

element, and does not require the continuing recruit
ment of other immunocompetent cells.

134. From these and many other similar studies
it its clear that, as the phase of detectable serum anti
body develops, the over-all immune response appears to
become much more radio-resistant. However, this type
of study could involve many factors. Particularly with
the use of different antigens, there may well be marked
differences in the proportion of mature non-dividing
cells and newly-recruited dividing antibody-producing
blast cells in the steady-state level. Radio-sensitivity of
the antibody molecules, their loss through the gut, the
actual radio-sensitivity of the antibody-forming cell or
of the antigen depots, are all further factors affecting
serum titres in an animal given whole-body x-irradia
tion.

135. Before considering the effect of irradiation on
antibody-producing plasma cells, it is relevant to de
termine whether irradiation can directly affect the
product of the plasma cell, namely, the antibody
molecule. The effect of ionizing radiation on the hremo
lytic activity of rabbit IgG and IgM hremolytic anti
bodies Was studied (477). Protein fractions of rabbit
serum were irradiated in a beam of 2-MeV electrons
generated in a Van de Graaff electrostatic accelerator
or by a beam of 5-MeV protons generated in a linear
accelerator. The antigen-binding capacity of hremolysin;
unirradiated and irradiated, was measured by determin
ing the number of sheep erythrocytes required to
neutralize (absorb) hremolytic activity. Other investi-
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gators who have studied the inactivating effect of
ionizing radiation on biologically active proteins of
known molecular weight, have found a good correla~
tion between the apparent target size of the active:
molecule and the size of the whole molecule. Inactiva
tion curves with these other systems were linear.
However, with the IgM system, non-linear radiation
inactivation curves were obtained. For IgM, 10 per cent
of hremolytic activity was retained with a dose of
14 106 rads and for IgG 30 per cent remained after
18 106 rads (2-MeV electrons). Some structural char
acteristics of IgG and IgM hremolytic antibodies were
then deduced by target theory analysis of the relation
between the dose of radiation and inactivation of the
molecule. Destruction of a single target with a molecular
weight of 52,000 in the IgG molecule was sufficient
to destroy hremolytic activity. These data are con
sistent with a model of the IgM molecule containing
more than three sub-units, each of molecular weight
from 1.6 to 1.8 105• In this model, each sub-unit waS
capable of combining with antigen, and two adjacent
sub~units were required for the fixation of complement
(C') and for hremolytic activity. In the context of
the present discussion these results clearly indicate
that no inhibitory effect on antibody molecules them
selves is detected within the dose range used in experi
ments with antibody-forming cells.

136. In most cases mature plasma cells are relatively
short-lived, surviving for two to four days only. How
ever, a small but important minority, perhaps one in
a thousand of all antibody-forming cells created during
the proliferative phase, live for many months and
maintain continued antibody production (375). These
long-lived cells will therefore become of increasing
importance in the maintenance of serum-antibody levels
once the productive phase is reached. In assessing their
possible radio~sensitivity, Miller and Cole (376) gave
rats and mice a secondary stimulus of TAB vaccine,
followed by injections of tritiated thymidine twice a
day for four days. Thirty days later two groups of mice
were given 850 rads and 500 rads, respectively, and
one was left unirradiated; the rats received 850 rads,
controls being unirradiated. Large numbers of persisting
labelled plasma cells were found in lymph nodes after
irradiation. No difference could be found in the num
bers or distribution of labelled plasma cells in lymph
nodes from irradiated animals compared to lymph nodes
from those non-irradiated. This ability of plasma cells
to survive irradiation may partly explain the radio
resistance of established antibody production.

137. It has been shown (334) that exposure of
spleen cells in millipore diffusion chambers to 10,000
roentgens during the plateau phase of secondary anti
body formation results in a decrease in the total number
of cells and in a relative increase in the proportion of
plasma cells. Based on the incorporation of amino-acids
into specific antibody, Vann (591) showed that spleen
cultures exposed to 10,000 roentgens continue to syn
thesize antibodies at a normal rate. This indicates that
the antibody-synthesizing polyribosomal units, which
contain the messenger RNA for specific antibody-pep
tide synthesis, as well as enzymes required for prot~1I1

synthesis, are not only stable but remarkably radlO
resistant. In a further analysis of the ultrastructural
changes in irradiated antibody-forming cells exposed
in chambers to 10,000 roentgens, Sado (484) showed
by plaque assay that 3 out of 10 nucleated cells w~re

specific-antibody formers four days after the irradta-
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Figure.VIII. Survival curves for direct plaque-forming cells.
Each Circle represents a value obtained from individual cham
bers and the solid circles represent the mean. Mice bearing
diffusion chambers containing immunized spleen cells were
irradiated with the indicated doses and the chambers then
transferred to new hosts. Plaque-forming cells in the chambers

were then assayed three days latm- (485)
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Figure VII. Plaque-forming ability of spleen cells from immu
nized mice as a function of radiation dose in vitro. Four days
after the injection of antigen, the spleen cells from 12 mice
were pooled, irradiated and assayed, 10 aliquots being used for
each point. The 95 per cent confidence limits shown were cal
culated from variation in the numbm- of plaques per plate (286)

on the capacity of plaque-forming cells to form plaques
and doses in excess of 2,000 rads, up to 10,000 rads,
had only a moderate effect. Although an accurate D37

could not be obtained, approximately 9,000 rads were
required to reduce plaque-forming capacity to 37 per
cent of its initial value.

tioD .0 0 p~r c~nt in th.e unirradiated control). The
half-lIfe of Irradiated antIbody-producing cells was not
different from that ofunirradiated cells. Electron-micro
scope studies showed pronounced nuclear damage, but
fully developed endoplasmic reticulum rich in ribo
somes. A low but significant number of blast and mature
plasma cells were still capable of incorporating tritiated
thymidine several days after exposure to 10,000 roent
gens. Based on several studies, it was suggested that
these cells represent those which were in the S phase
~t the time of irradiation and were incapable of generat
l~g furth~r pr<?geny. This study indicates an extremely
hIgh radIo-reSIstance of plasma cells according to all
parameters.

138. The direct effect of x-irradiation on antibody
plaque-forming cells in vitro has been studied by Ken
ne~y et al. (286). Four days after the injection of
antigen (sheep red blood cells), spleen cells from mice
were taken and irradiated in vitro. They were then
plated for content of antibody-forming cells as assayed
by the Jerne plaque technique. As shown in figures
VII-IX, doses of less than 2,000 rads had no effect

ing cells gave a shoulder portion at exposures below
15,000 roentgens which was followed by an exponential
decrease with increasing doses, indicating that there
exists a threshold for inactivation of this type of anti
body-producing cell. This surVival curve gave a Dq dose
of 8,000 rads, a Do of 4,250 rads, and an no of 1.62.

140. In contrast to these situations involving direct
irradiation of plasma-cell populations, some results with
cell-transfer situations have indicated a depression
following radiation. For a quantitative estimate of the
radio-resistance of the productive phase of the immune
response, mice of the C57BL strain were immunized
with non-pathogenic leptospirre (667). After 14 days
of antibody production the spleens were removed, and
a cell suspension was prepared and then irradiated
in vitro with doses ranging from 100 to 20,000 rads.

139. In a more recent study, Sado et al. (485) After this the cells were placed in culture in vivo (Le.
determined the characteristics of the survival curves of injected into irradiated recipients), and after six days
198- and 7S-antibody-producing cells irradiated in vivo. the antibody titres in the blood of the syngeneic recipi-
In this study, the antibody-producing cells were derived ents were measured. In this case the dose-effect curve
from spleen-cell cultures undergoing secondary anti- consists of two parts. The first part-in the 100-S00-rad
sheep erythrocyte responses in cell-impermeable dif- dose range--has characteristic values of Do = 260 rads
fusion chambers and their numbers· were assessed and no = 1.3. The second part of the curve is less
three days after irradiation by a modification of Jerne's steep: an increase in the dose from 1,000 to 20,000
hremolytic plaque procedure. The results indicated that rads produces no substantial additional depression of
the number of 19S-antibody-producing cells decreased antibody formation in the cell suspension. Irradiation
exponentially with increasing doses, giving a survival with a dose of 800 rads depressed the antibody forma-
curve with a Do of 6,200 rads and an no of 1.0. On the tion by 81 per cent, and 20,000 rads by 93 per cent.
other hand, the survival curve for 7S-antibody-produc- The conclusion drawn from this was that in the pro-
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be given at a time well after the first injection when
the primary response has completely disappeared, or
earlier, when persisting antibody is still present. The
three main hallmarks of a secondary, memory or anam
nestic response, are a shortened latent period (time
between antigen injection and appearance of serum
antibody), a higher peak titre, and a greater and earlier
contribution of IgG rather than IgM to the antibody
population. All three of these criteria are not always
manifest in a secondary response, and generalizations
are not very relevant in this regard as differences occur
with different species, antigens, doses, timing, etc.

143. In general, when the secondary response is
considered in its entirety, without attempting to separate
the true secondary from a decaying primary, or without
giving attention to the quality (avidity) of antibody,
the secondary response is quantitatively more radio
resistant (figure X). Thus Dixon et al. (145) found

Figure X. Relative radio-sensitivity of the primary (solid
line) versus secondary (broken line) response (532). In these
studies the effect is estimated in the whole .animal bymoasur.
ing over-all antibody response (for both primary and secon
dary, the results are plotted relative to control unirradiated
animals given primary or secondary immunization, respectively)
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Figure IX. Survival curves for indirect plaque-forming cells.
Other details as for Figure VIII

ductive phase the population of producing cells is
heterogeneous: some are in the blast stage and require
cell division in order to develop, while others are
mature non-multiplying plasma-cell elements. The
results were analogous when the synthesis of antibodies
in an in vitro culture after the inclusion of tagged
amino-acids was considered (668).

141. In normal spleens of unimmunized animals,
there are varying numbers of cells which will form
antibody plaques against several red-cell antigens. These
are referred to as background plaques and may re-
present persisting plasma cells from previous immuniza
tions (spontaneous or induced) to cross-reacting anti
gens. The numbers of these background plaque-forming
cells are unaltered (241) when measured two and
seven days after x-ray doses of up to 200 rads. Doses
of 500 rads and 900 rads caused some slight decrease
in background plaques (approximately 20 per cent
at two days and 30 per cent at seven days after 900
rads). The lack of sensitivity to radiation at whole
body doses of 50 to 100 rads indicates that maintenance
of normal levels of background plaque-forming cells is
not dependent on rapid proliferation, and that the
average lifetime of these cells is greater than seven days.
This result is also consistent with the relative radio
resistance of the mature plasma cell.

2. The secondary antibody response little effect of 400 roentgens two days before the
secondary antigen injection; but some delay occurred

142. The secondary antibody response is elicited in with 800 roentgens (400 R was fully effective in the
an animal after the second injection of antigen. This may ·primary). SimilarlY,Silverman and ChiD. (508) found
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no effect on the anamnestic response in rabbits given
400 roentgens 24 hours before second injections of egg
albumin. However, in the earlier studies of Taliaferro
et al. (549), it was reported that the specific anamnestic
response to Forssman antigens was as susceptible to
x~ray damage as the initial response. Crosland~Taylor

(113) also found that the secondary response of rabbits
to tetanus toxoid was radio-sensitive but differed from
the primary response in that an exposure of 400 roent
gens had to be given two or more days before the
antigen to reduce the peak titre. Porter (460) found that
550 roentgens given to rabbits during the latent period
between the first and the second antigen injection
destroyed or markedly inhibited secondary response.
Following this further, Thorbecke et al. (565) showed
that Whole-body irradiation (450-500 R) given to rab
bits 21 days after a primary injection produced a per
manent partial inhibition of the booster response,
Whereas irradiation eight days after the primary injection
resulted in some inhibition followed by a rapid recovery.
This recovery appeared to be correlated with the
destruction and reappearance of secondary nodules in
the white pulp of the spleen.

144. These earlier studies therefore seemed to in
dicate that the secondary response could be inhibited by
pre--irradiation, but perhaps not to the same degree of
sensitivity as the primary response. Detailed measure
ments of radio-sensitivity using the cell-transfer system
were then made by Makinodan et al. (333). When the
antibody-forming activity of spleen cells is assayed on
a given day after an antigenic stimulus, the logarithmic
relation between antibody titre and viable-cell number
is linear up to a certain cell dose, and the slopes of
these regression lines are not significantly different
regardless of whether the response is primary or
secondary. The slopes of these regression lines remained
unaltered even after sublethal x-irradiation, and the
magnitude of the decrease in the primary and secondary
antibody-forming activities of spleen cells after a given
dose of x rays was approximately the same. These
findings therefore suggest that the apparent difference
in radio-sensitivity between primary and secondary
antibody responses among intact animals exposed to
sublethal whole-body doses of radiation is mainly due
to the· difference in absolute number of competent cells
surviving after radiation treatment. It follows then that
radio-sensitivity of secondary antibody-forming capacity
of intact animals can be best shown with those given a
minimum pre-immunization treatment.

145. In further extending their original observations
made in 1952, Taliaferro and Taliaferro (548) have
shown that, in rabbits immunized with sheep erythro
cytes, the anamnestic response to Forssman anti~e~ was
still depressed when sheep erythrocytes were rn]ected
two to six months after exposure to 500-700 roentgens.
The results demonstrate that the IgM response is of
equal radio-sensitivity in the primary and secondary
response when maximally depressed by 500-700 roent
gens, but that the anamnestic response is more radio
sensitive than the primary response during the phase
of recovery from these high doses. These authors
accordingly suggested thatthe m~m.ory cells them~e!~es
might be more sensitive to radiatIon than the lllittal
immunocompetent cells.

.. 146. It .has been suggested (499) that the c~ll po.ol
responding in the secondary response is a speCific dlf-

ferentiation product of the memory-cell pool induced
by antigenic stimulation. As the antigenic stimulation
subsides, its expansion ceases and it does not regen
erate after injury if the stimulus is lacking. Since its
self-generating capacity may be limited, it can be per
manently reduced in size or even abolished by irradia
tion. This general conclusion (406) is based on earlier
studies of the regenerative potential of antibody forma
tion after irradiation. It was shown (404) that the
minimum antigen dose necessary to initiate a near
maximum antibody response is about 105 times greater
for irradiated than for unirradiated spleen cells. Accord
ingly, various factors affect post-irradiation recovery of
the ability to give a secondary response. These incLude
the type and amount of priming antigen, the primary
x-irradiation interval, and the x-ray dose (405).
Recovery of the memory-cell pool after irradiation does
occur provided the antigen persists until uncommitted
progenitor cells again become available and are stim
ulated to form memory cells.

147. A recent report (552) has described the radio
sensitivity of the in vitro-induced primary and secondary
antibody responses to a bacteriophage antigen. In this
culture system both types of responses could be com
pared in an identical environment. Radiation-induced
depression of the secondary response initiated in vitro
with lymph-node cultures from immunized rabbits was
clearly demonstrated with 500 rads given 3 hours
before or 24 hours after antigen. Peak antibody pro
duction was both delayed and reduced. The radio
sensitivity of the secondary response was as great as,
if not greater than, that of the primary response. Tbis
type of direct study, taken with the recent reports
described above, clearly demonstrates the equal radia
tion sensitivity of the actual antigen-induced cells
whether they be of virgin or memory type. The actual
expression of the radio-sensitivity of tbe primary or
secondary response, as measured by se~m t!tres in the
whole animal, involves other factors, which m turn are
mainly related to the number of virgin or memory cells
that are respectively irradiated.

148. In a previous discussion of the enh.ancing
effect of radiation on antibody formation, Makmodan
and Price (336) considered the phenomenon in terms
of the actual immunological expression in relation to
the full potential response that would be po.ssible: They
also discussed the apparent paradox of radlO-reslst~nce
of the secondary response in these tenns. PrevlOus
studies had clearly shown that although the. di~~rence
in . the magnitude of response between mdlYlduals
undergoing primary and secondary responses might be
only twofold the secondarily-stimulated animal actu
ally possesse; up to 100 times more potentially re
sponsive immunoc<;>IDpetent ~nits (331)- In other
words the ratio of Immunological expreSSlOn to poten
tial is'much larger in a primary than in a ~econdary
response. This in turn implies th~t, for a gIVen dose
of radiation, even though both pnmary and secondary
cells have equal radio-sensitivities, a much greater
number of unused potentially reactive cells remain in
the secondarily-challenged animal. A saml?le calcula
tion of this nature has been made by Makmodan and
Price (336) and is shown intable 4. In this example
it is seen that although 300 roentgens reduced a pri
mary response to 5 per cent of control, no effect was
observed on the secondary response.
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Figure XI. Weight changes in four peripheral lymph nodes in
mice exposed to supralethal whole-body doses of x rays. Also
shown are the weight changes in lymph nodes in mice similarly
irradiated but given isologous bone marrow afterwards. The
temporary weight increase between 5 and 10 days after the
treatment was caused by extramedullary granulopoiesis. Each

point represents five mice (95)

generation, the regeneration of lymphoid tissue and
of functional activity depends on the presence of an
intact thymus. Extramedullary myelopoiesis in lym
phatic tissues preceding lymphoid regeneration has
been observed (54) but is of unknown significance.
Regeneration of lymph nodes after local, rather than
whole-body, irradiation is extremely rapid, presumably
because of the influx of normal cells from the unirra
diated areas (98). If a high local dose (e.g. 3,000 rads)
is given, an extreme secondary atrophy develops in
subsequent weeks, apparently following vascular dam-
age and destruction of the original stroma (165).

152. In considering the effect of radiation on
lymphocytes, it is important to distinguish between two
general mechanisms. Firstly, lymphocytes are virtually
the only cell population of the body to show interphase
death from radiation, and this may play an important
role in radiation-induced depression of immunity. On
the other hand, as has been previously discussed (para
graph 90), the doses of radiation that affect the pri
mary antibody response suggest that a main effect of
radiation is on cell division.

. 153. The biochemistry of necrosis has not been
studied to the same extent as the morphology of ne
crosis and there is no firmly established biochemistry
of radiation necrosis in lymphatic tissue. Bacq and
Alexander (27) consider interruption of energy supply
and enzyme release as two main theories on the nature
of the early biochemical lesion in cells exposed to
ionizing radiation. Major consequences of radiation
exposure are the interference with the biosynthesis of
nucleic acids and chromosome breakage. It is generally
considered that the inhibition or delay in DNA syn
thesis is the single most important biochemical chango
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IV. Effects of radiation on cellular
immune reactions

A. CELLULAR COMPONENTS INVOLVED IN CELLULAR
IMMUNITY

149. As originally outlined in this review, immune
responses are broadly divisible into those involving
humoral antibody mediated by plasmacytic and some
lymphocyte-like cells, and cellular immunity mediated
by lymphoid cells. The small thymic-derived lympho
cyte (T cell) is the cell involved in immune reactions
such as delayed hypersensitivity and graft rejection.
This cell may undergo various changes and appear as
a pyrinophilic blast cell which then may give rise again
to lymphocyte-like progeny (523a). Although this cell
is known not to secrete appreciable amounts of immu
noglobulin molecules, it is likely that the recognition
unit on the cell surface, which is responsible for spe
cific reaction to antigen, is an immunoglobulin molecule
(30, 35,225, 343,425), or possibly only a free light
chain or light-chain component. Many studies of this
problem are currently in progress, and at least agree
that the density of immunoglobulin molecules on the
surface of the T cell, if present at all, is only of the
order of 1 per cent of that on non-thymic-derived
lymphocytes. The T lymphocyte is part of the recircu
lating pool and is markedly depleted by thymectomy,
particularly neonatal thymectomy (374, 379). Those
lymphocytes which are involved in cellular immunity
are directly derived from the thymus and carry surface
marker antigens such as theta, which distinguishes
them from the non-thymic lymphocytes that are pre
cursors of antibody-forming ·cells. The phenomenon
of cell collaboration has been repeatedly stressed in
discussions on antibody formation. Although cell col
laboration may be equally relevant for cellular immu
nity, there is at present only slight direct evidence of
such interactions (72), involving two thymic-derived
cells. There is no evidence for collaboration between
thymic-derived cells and bone-marrow (bursa equiva
lent?) derived cells in cell-mediated immunity (91,
536, 577). This section will first examine morphologi
cally-defined lymphocytes, as a heterogeneous popula
tion, and then discuss in functional terms specific
cellular immune responses.

B. LYMPHOCYTES, LYMPHOID TISSUE AND RADIATION

150. Organized lymphatic tissue and individual
lymphocytes are extremely radio-sensitive. This fact
was recognized within a few years of the discovery of
x rays, and has been the subject of numerous detailed
reviews over many years (54, 156, 165, 408, 495,
663, 670, 675). The striking effect of a single lethal
whole-body dose of x rays on the mouse lymph node
is indicated in figure XI. The effect of a large acute
exposure to ionizing radiation is to destroy the cortical
masses of tissue lymphocytes and the dividing cells in
the germinal centres of the lymph node, leaving intact
the stroma, blood vessels, mature plasma cells and
reticula-endothelial cells (95). A few lymphocytes
usually remain and these will be considered later. This
pattern is typical of all organized lymphatic tissue.

151. Regeneration of lymphatic tissue usually in
volves reappearance of parenchymal elements in the
same order as in the original ontogenic development,
that is, collections of cortical lymphocytes appear first,
and are followed by germinal centre formation. As
previously discussed in relation to immunological re-
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in lymphatic tissues caused by radiation and it may be
presumed that ionizations are in some way affecting
those portions of the cell genome that control DNA
synthesis itself.

154. Normal human blood lymphocytes have been
found (527) to show extreme sensitivity to x-irradia
tion in vitro. A statistically significant sensitivity to
x-irradiation was shown with two and five roentgens,
producing, respectively, 13 to 21 per cent and 35 per
cent effect (scored by morphological and motility
changes). In other studies in vivo, as little as four
hours after receiving a radiation exposure of 100
roentgens, the peripheral lymphocyte count is 25 per
cent of normal in four- to seven-month-old rats (495).
In addition to a reduction in count, the lymphocyte
shows direct changes with pyknotic nuclei beginning
to appear in four to six hours in lymphocytes exposed
in vitro to 100-400 roentgens. It should be noted that
the extreme sensitivity of lymphocytes to two and five
roentgens was only observed with cells irradiated in
vitro. It is possible that this represents an artificial
condition in so far as the cells are not in their normal
environment, and that these results might therefore
not be relevant to in vivo irradiation, whereas in vivo
results may also depend upon abscopal effects (e.g. as
discussed in paragraph 298).

155. Lymphocytes within the gut epithelium in
mammals have been termed theliolymphocytes, and it
was proposed that they constitute a specialized type
in that the gut epithelium may function as the first-level
lymphoid organ. It has been shown (178) that on the
whole they are as radio-sensitive as blood lymphocytes,
although the number of theliolymphocytes is restored
to normal values much earlier than blood-lymphocyte
levels after irradiation. This may indicate a selective
radio-resistance of the unknown source of the thelio
lymphocytes, or a preferential localization of the regen
erating precursor cells.

156. Some persisting lymphocytes are still seen in
lymph nodes of animals given whole-body irradiation
in the lethal dose range. These cells may represent
either a random fraction surviving the particular dose
of radiation, or a specific population of more radio
resistant lymphocytes. Some in-vitro-culture studies
with phytohremagglutinin-stimulated lymphocytes have
pointed to the existence of a separate resistant popu
lation (93). It has been shown that some smalllympho
cytes can persist for at least a year (375) and some of
these may be responsible for immunological memory
(222, 426). Several studies have accordingly been
carried out to determine whether there is a difference
in the radio-resistance of the long-lived and short-lived
lymphocyte. In two reports (169, 621) no change in
the proportion of long-lived to short-lived lymphocytes
was found in blood lymphocytes or thoracic-duct
lymphocytes after 215 or 300 rads. In another study
(376) where doses of 500-850 rads were used, lympho
cytes were examined in the local lymph nodes draining
an antigen-injection site. Despite a marked generalized
destruction of lymphocytes, the nodes examined con
tained significantly higher proportions of the long
lived lymphocytes (identified by tritiated thymidine
introduced at time of antigen stimulation one month
prior to irradiation). It was felt that these cells were
probably not part of the circulating pool of small
lymphocytes, and the results therefore do not neces
sarily contradict the other two reports which are con
cerned with the recirculating pool. It was therefore

proposed that a.t least sO?1e types of ~ong-lived lympho
cytes are relatIVely reSIstant to qUIte high doses of
x rays.

157. There is a clear-cut dose-response relation for
lymphatic-tissue damage and repair when the dose is
delivered over a short interval. However, the dose rate
as well as the total dosage is important. In two studies
(108, 198) on transplantation of foreign bone marrow,
dose rates of 1-4 rads per minute were much less
effective in immune depression than dose rates of 29-54
rads per minute, although the same cumulative dose
was given. Dose rates in the range of 1.1 to 1.8 rads
for eight hours per day had only a moderate effect on
morphological changes in lymphatic tissue, as it often
took several months to produce discernible changes.

158. A paradoxical finding on radiation exposure
and thymic destruction has been reported by several
authors (574, 575, 597). Whereas increasing exposure
usually leads to enhanced lymphoid destruction, when
it reaches the kiloroentgen range an opposite effect is
observed. Thus rat thymus given between 10 and 30
kiloroentgens in vivo showed less damage (by mor
phology and weight) than in animals exposed below 10
kiloroentgens. With 30 kiloroentgens, virtually no
thymus weight reduction was observed, whereas maxi
mum depression in thymus weight occurred with ap
proximately one kiloroentgen. A similar phenomenon
has also been observed with thymus llTadiation in vitro
(574). Within the lymphatic-tissue system all sites ap
pear to be equally radio-sensitive. The thymus, how
ever, regenerates faster than other lymphatic tissues,
presumably because it is the site of differentiation of
new lymphocytes from immigrant stem cells.

159. X-ray exposures in the 10-200-roentgen range
produce stimulation of adrenocortical secretion as
judged by depletion of either adrenocortical sudano
philic material or total adrenocortical cholesterol (148).
Accordingly, it is possible that x-irradiation may dam
age the lymphocyte through an indirect corticosteroid
mediated effect. In a study on atrophy of lymphoid
organs in unoperated and adrenalectomized mice given
different doses of radiation, it was found (149) that
acute involution of lymphatic tissue (that is, steroid
independent lymphocyte destruction) occurred in both
groups of animals with x-ray exposures from 25 to 200
roentgens, but that with 10 roentgens destruction of
lymphoid tissue was more pronounced in intact mice
than in adrenalectomized animals.

160. Thoracic-duct lymphocytes enter the splenic
white pulp via the blood and, after traversing a path
way within the splenic pulp, subsequently re-enter
blood (192). This suggests that local continuous irra
diation of the spleen would lead to a marked fall in th.e
recirculating lymphocyte pool and therefore of the pn
mary immune status of the animal (221). This has
been studied (191) by attaching a s2P-impregnated
polythene strip to the antihilar surface of the rat splee~.
This resulted in a profound drop (to 15 per cent m
four days) in the output of small lymphocytes from a
thoracic-duct fistula. No other type of blood cell was
affected. It appears that the lymphopenia was broug~t
about by radiation death of small lymphocytes (pOSSI
bly mainly interphase death) passing through the spleen
from the blood. Other studies (230) on isolated lymph
nodes had previously shown that large acute doses .of
radiation do not impair the organ structures es.sential
for the recirculation of lymphocytes at least 10 the



163. Delayed hypersensitivity reactions can be
readily induced in man and various laboratory animals.
The guinea-pig is the classic species favoured for
studies of this type of immune reaction. Studies on
delayed hypersensitivity in vivo suffer from the dis
advantage that the reaction can only be assessed semi
quantitatively at best, and that little information is
available on the relation between the sensitivity of
development of the skin lesion and the number of
sensitized lymphocytes. Accordingly, the possibility
of detecting accurately small radiation-induced changes
is more limited than for antibody production, par
ticularly when in the latter case. actual numbers of
antibody-forming cells are measured.. At present, there
is no universally accepted technique, for enumerating
sensitized cells involved in delayed hypersensitivity re-

actions comparable to the plaque type of assay. (Al
though one recent plaque type of assay has been
reported (53) it is rather complex, and has yet to be
fully confirmed.) This absence of a satisfactory plaque
assay implies that a rather substantial reduction in the
immune reaction probably has to be induced before
it becomes observable by current methods such as
measuring indurated skin lesions.

164. In several early studies, the induction of
delayed hypersensitivity was not markedly inhibited
by irradiation in doses which suppressed antibody
formation. Thus 300 rads given 18 hours before sensi
tization with diphtheria toxoid resulted in a period of
pure delayed hypersensitivity up to the twenty-first day
post-sensitization without any antibody being detect
able. When 300 rads were given 18 hours after sensi·
tization, delayed hypersensitivity lasted for the usual
period (488). This was confirmed (584) with another
antigen, ovalbumin, which again showed retention of
delayed hypersensitivity in the absence of antibody
formation. However, when high radiation exposures
(800 R) were given to rabbits before sensitization,
complete suppression of delayed hypersensitivity was
observed. A single exposure of 200-250 roentgens to
guinea-pigs failed (494) to suppress the acquisition of
allergic contact dermatitis to dinitrochlorobenzene,
which is a manifestation of delayed hypersensitivity.
Radiation will also depress the development of hyper·
sensitivity to tularin and brucellin (661).

165. A febrile reaction is often associated with the
state of delayed hypersensitivity. In guinea-pigs given
200-300 roentgens before sensitization, a febrile re
sponse occurred on systemic challenge with antigen in
both irradiated and control groups (584). This reac-
tion occurred in animals showing suppression of anti
body response but not of delayed hypersensitivity.

166. Most types of experimental allergic auto
immune diseases such as experimental allergic enceph
alomyelitis appear to involve predominantly a cellular
immune response (437). Administration of 150 roent
gens 18 hours prior to antigen was reported (181)
to result in an increased severity of experimental
allergic encephalomyelitis in guinea-pigs, rather than a
depression. There was no significant diminution of
delayed sensitivity to the original brain material used
for inoculation. However, in another study (438) of
allergic encephalomyelitis induction, 400 roentgens
(whole body) given to rats prior to sensitization with
spinal cord and adjuvant suppressed the encephalomy
elitis. This suppression was dose-dependent and was
observed in two strains of rats sensitized by either of
two routes. A reduced production of complement·
fixing antibodies occurred, but there was little, if any,
suppression of delayed immunologic reactivity as based
on tuberculin skin testing. In two other reports, x
irradiation enhanced rather than depressed the devel
opment of experimental allergic encephalomyelitis in
guinea-pigs (13) but suppressed it in rabbits (94).
These apparent contradictions in radiation effect on
the induction of experimental allergic encephalomyelitis
may be due to differences in species, doses of x rays,
etc. The studies of Paterson (437) would seem to in
dicate that a reduction of cytotoxic-antibody formation
might explain the reduced clinical disease. It might be
speculated that reduced antibody formation could also
lead to the enhanced severity observed in guinea-pigs.
Since certain types of antibodies (enhancing anti
bodies) may protect animals from the disease (437)
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C. DELAYED HYPERSENSITIVITY

immediate period, although later effects have been
noted (see paragraph 289).

161. Lymphopenia has also been produced by
chronic extracorporeal irradiation of the blood (111),
by intra-atrial implantation of a beta-emitting source
(31) and by intralymphatic infusions of radio-isotope
labelled agents (159, 567, 620). In this latter instance
studies in man with intra-lymphatic infusion of 131I_li_
pidiol have shown that even with a unilateral lower
limb infusion an appreciable volume of lymphoid tissue
is irradiated, and histological examination of lymph
nodes revealed widespread destruction. Many workers
have proposed that depression of lymphopoiesis ac
counts for the lympho-cytopenic state. However, in the
experiments with the 32P-soaked strip (191), the
lymphopenia occurred far too rapidly (50 per cent fall
in one day) to be accounted for by depressed lympho
poiesis. A direct radiation death of the recirculating
small lymphocytes seems far more likely. Leukremic
lymphocytes also appear to be markedly radio-sensitive
and accordingly chronic extracorporeal blood irradia
tion may be of potential value in removing leukremic
cells. Several of the relevant findings from a recent
international symposium on chronic extracorporeal
blood irradiation are summarized below.

162. Reports at the experimental level clearly indi
cate the efficacy of chronic extracorporeal blood irra
diation in producing lymphopenia. This may either be
due to radiation destruction of the lymphocytes or to
their inability to recirculate after irradiation. It was felt
that there was still a bewildering amount of variability
in technique for a relatively small amount of clinical
information. In general, the experience with different
clinical situations after chronic extracorporeal blood
irradiation could be summarized as follows:

Acute myelocytic leukcemia: rare hrematological remis
sions. Survival does not appear to be greatly changed;

Chronic myelocytic leukcemia: relatively few cases re
ported. No remission reported. White-cell count
rises again rather rapidly;

Acute lymphocytic leukcemia: again relatively few
cases reported and generally poor results;

Chronic lymphocytic leukcemia: best results With
chronic extra-corporeal blood irradiation are in this
disease. There have been clinical but no hrema
tological remissions. Some decrease in spleen and
lymph-node size has occurred.
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it. is possible that these, rather than a cytotoxic anti
body, are normally produced in the guinea-pig with the
immunization scheme used. Accordingly, radiation
induced depression of this type of antibody formation
would lead to an apparently more aggressive immune
cellular response that would further the disease process.

167. Some contradictions also exist in the literature
regarding the question of radiation sensitivity of the
transfer of delayed hypersensitivity. Experiments with
donor cells irradiated in vivo or in vitro and with
normal recipient animals have been described. As
regards irradiation of the donor in vivo, it was shown
(118) that a whole-body x-ray exposure of 150 roent
gens diminished the tuberculin reaction of sensitized
donors when irradiation was given prior to antigen.
Comparable x-irradiation of recipient animals four
days before cell transfer from either irradiated or non
irradiated donors also produces a diminution in the
tuberculin reactivity of the recipient animals. Irradia
tion of sensitized cells in vitro prior to transfer has
also been reported (24) to reduce the resulting reac
tion, provided the exposure is above 1,500 roentgens.
Exposure to 1,000 roentgens did not affect transfer.
Since the small lymphocyte is very sensitive to radia
tion, it might be expected that reduction of transfer
by irradiated donor cells would occur very readily.

168. Three possible explanations for this apparently
high radio-resistance of sensitized cells might be con
sidered: (a) that, as discussed by Makinodan et al.
for antibody production, the immunized cell popula
tion is as radio-sensitive as unimmunized cells, but
contains so many specifically sensitized cel1s that high
doses of radiation are needed to eradicate enough of
the component donor cells; (b) that the sensitized
memory cell responsible for the transfer of delayed
hypersensitivity may belong to a different category of
lymphocytes (possibly of the type described by Miller
and Cole (376)) and be inherently radio-resistant. This
might imply that its radio-resistance has in fact been
induced by the antigenic stimulation, as suggested by
Stefani (526); and (c) by analogy with the experi
ments of Katz et ai. (282) on the radio-resistance of
carrier-primed cells, it may be that the donor-sensitized
cells in transfer of delayed sensitivity also collaborate
with host cells, and that this collaboration involves
very little, if any, donor-cell proliferation, and is there
fore relatively radio-resistant.

169. X-irradiation (550 R) of recipient rats (89)
before transfer of senshized cells totally prevented the
expected delayed reaction, provided skin-test challenge
was given soon after the cell transfer and irradiation.
The passive transfer by sensitized cells of experimental
allergic encephalomyelitis into recipients was also in
hibited (309) by x-irradiation of the recipients 24
hours before cell transfer. Complete inhibition oc
curred with 700 or 1,000 roentgens, partial inhibition
with 400 roentgens and no inhibition with 100 roent
gens. These two experiments strongly suggest that a
host component involving cell proliferation is essential
for sllccessful passive transfer of delayed sensitivity of
e!perimental allergic encephalomyelitis. This is con
sistent with various studies (review by Bloom and
Ch~se (52)) which clearly indicate that the majority
of mfiltrating cells in the delayed-hypersensitivity lesion
are host-derived cells.
. 170. One of the more classical hallmarks of delayed
hypersensitivity reactions is that they can be passively
transferred by cells but not by serum (52). A recent
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report (157), however, has described the passive
transfer of delayed hypersensitivity to PPD by plasma
from BCG-immunized x-irradiated (800-1,000 R)
donors. Neither plasma from non-irradiated BCO
~ensitized donors, nor plasma from x-irradiated non
Immunized donors, could transfer PPD sensitivity to
normal recipients. Passive transfer of PPD sensitivity
was also achieved by normal spleen cells which had
~een. incubated in vitro with plasma from immune x
Ir~adlated donors. Repeated washing of these cells
failed to remove their ability to passively transfer PPD
sensitivity. It was suggested that some factor of un
known nature which is normally bound to cel1s was
r~leased into the plasma by irradiation and could then
bInd to host cells in vivo or in vitro and "confer re
activity". Such a factor could theoretically be an im
ml;1llog10bulin-type molecule with appropriate speci
fiCIt:x, ~ nucleic acid coding for a polypeptide with the
spe?lficlty, a transfer factor of one of the types recently
rev~ewed by. L~wrence (303), or a very immunogenic
antigen. ThIS IS a complex problem as a failure to
detect migration-inhibition factors in supernatants of
sensitized lymphocytes irradiated in vitro was also
recently reported (19).

D. TRANSPLANTATION IMMUNITY

1. Experimental allograft rejection

171. The feasibility of pretreating prospective re
cipients with ionizing radiation to promote survival of
foreign grafts was clearly demonstrated by Murphy in
1914. This work appears to have been forgotten until
the early 1950s when, following on the pioneer studies
of Medawar (355) on the immunological basis of
transplantation rejection, Dempster et al. (131)
showed suppression of skin homograft rejection by
pretreatment of the recipients with x-irradiation. An
exposure of 250 roentgens given to rabbits before the
application of skin grafts from another rabbit markedly
prolonged the survival of the grafts. The second-set
response, however, was unaffected by this dose of
radiation.
. 172. Prolonged survival of skin grafts with only
minor genetic differences can be induced by pretreating
recipients with ionizing radiation in non-lethal doses.
A moderate delay in primary homograft rejection was
observed (362) in mice given 400 rads, although the
depression of antibody formation was far greater. Pro
longed rejection of male-skin grafts on female syn
geneic mice has also been induced by exposing re
cipients to 300 roentgens (285). Exposures of 1,000
~oentgens were far more immunosuppressive on both
primary and secondary graft rejections (63).

173. The effect on graft survival of extracorporeal
gamma irradiation (Eel) of the circulating blood of
calves before and after skin homografting has been
described in 13 calves (77). In all the ECl-treated
calves, the normal acute and violent skin-homograft
rejection process occurring at 9 to 10 days was modi
fied to a slow and mild process with an increase in
rejection time by 1 to 11 days. In one calf where
thoracic duct lymph was drained for eight days and
cell-free lymph was returned to the animal followed
by four days of ECl to the lymph, the skin-graft-
rejection time was 40 days. .

174. These results clearly indicated that the homo
graft-rejecting capacity could be depressed by prior
irradiation, although the relative radio-sensitivity of
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primary versus secondary graft rejection was not clear.
Tyan and Cole analysed this problem in a series of
papers in which different variables were considered,
such as radiation dose, method of presensitization,
comparison of hremagglutinin production versus graft
rejection, and comparison of xenogeneic (heterograft)
with allogeneic (homograft) grafts. It was found (580)
that the second-set response of mice presensitized by
means of allogeneic or xenogeneic skin grafts was more
resistant to a lethal dose (850 rads) of x rays than
the first-set response. This was also shown (578)
with mice given sublethal irradiation (670 rads). Dif
ferential radio-sensitivity of the xenogeneic and allo
geneic reactions was also observed but in opposite
directions in primary versus second-set rejections
(579). The method used for presensitization can also
affect the apparent radio-sensitivity of the second-set
rejection mechanism (576). Thus, if spleen cells in
Freund's adjuvant are used for presensitization, the re
llulting homograft response is as radio-sensitive as that
produced by application of skin grafts. However, if the
spleen cells are anatomically separated from the
Freund's adjuvant in the recipient, a more radio
sensitive response develops, this difference possibly
being due to a differential proportion of proliferating
and mature cells induced by the two regimes. Con
sideration of hremagglutinin production and skin-graft
rejection by irradiated mice also tends to suggest that
these two immune responses are mediated by separate
cell lines (581), as has been discussed previously.

175. Accurate measurements of radio-sensitivity of
the homograft immune mechanisms are again difficult
unless a quantitative cell assay can be used. Two ap
proaches to this problem have been reported. In one
case (76), for estimating second-set rejection, recipient
mice are primed with donor homologous (transplanta
tion) antigens and then given irradiation and an in
jection of spleen cells of donor type which have been
previously sensitized to sheep red cells. The ability of
the transferred cells to form anti-sheep-red-cell anti
body in the recipient is then dependent upon radio
sensitivity of the cellular immune response of the re
cipient. When recipients were given 500 roentgens, only
a few animals responded, indicating an almost com
plete failure to take on the part of the infused homo
logous cells, that is, evidence of a still functioning host
immune response. With 700-850 roentgens the anti
body responses by the donor cells were intermediate
and, with 900 roentgens, titres comparable to isologous
controls were observed (complete homograft suppres
sion).

176. Further quantitative evidence of the radio
sensitivity of homograft immunity came from a second
assay method (75) in which the killing effect of
parental (PI or P2) cells was studied in irradiated,
immunologically inert (PI X P2) FI recipient mice,
by determining the decrease of anti-rat agglutinins
synthesized by P2 cells. The data showed that the
homograft-rejecting capacity is more radio-resistant
than the agglutinin-forming capacity. Slight strain dif
ferences were also observed. The LD37 values for agglu
tinin formation by C3H and C57 cells were 58 and
47 rads, respectively. The corresponding value for
homograft-rejecting capacity (C3H cells) was calcul
ated to be 78 rads, which is in the range of radio
sensitivity calculated for cells in the inductive phase
of the humoral antibody response. This suggests that
cell proliferation is also the major radio-sensitive step
in the development of a homograft response.

332

177. One problem with this interpretation is that
the particular assay system used has not been proved
to represent graft rejection by a direct T lymphocyte
cellular process, and that cytotoxic or protective anti
body formation might also be involved. In fact, in a
further extension of this assay method (73), evidence
was presented that the reaction could proceed through
a porous membrane. Critical studies of the radio-sensi
tivity of the actual effector cells that mediate cellular
immunity are still needed, and several suitable methods
for this have recently become available. These involve
in vitro assays directly measuring cytotoxic effects of
sensitized lymphocytes on target cells (64, 65, 205,
447). Recent data suggest that there are two cate
gories of specific cytotoxic lymphocytes, one of which
retains cytotoxicity after doses of 2,000 rads, whereas
the other is much more radio-sensitive, being markedly
inhibited after doses of around 500 rads. There is also
some evidence to suggest that stimulation by antigen
renders the cytotoxic lymphocytes more radio-resistant
(224) .

178. Inactivation of stem cells has also been used
as a target assay for homo-transplantation activity of
lymphoid cells (681). When both lymphoid and hremo
poietic cells are grafted from CBA and C57B1 mice to
lethally-irradiated PI hybrids, the lymphocytes of CBA
genotype inactivate 90-100 per cent of the colony
forming elements of C57Bl type, which is detected
by the reduction in spleen colony formation (677).
CBA donors were irradiated with LD50/ 30 doses of
gamma rays, after which the ability of their spleen
cells to inactivate the stem cells of C57Bl mice was
investigated. One hour, one day, seven days and four
teen days after irradiation the index of inactivation was
o to 10 per cent.. A partial re-establishment of lymph
ocyte homograft activity was observed after 30 days.
Normal values were not obtained until 60 days after
irradiation.

2. Hcemopoietic grafts

179. Bone-marrow transplantation to a lethally
irradiated recipient within a syngeneic system will
produce complete restoration of the hremopoietic sys
tem and thus, in situations in which the radiation
damage causes lethality due to hrematopoietic dam
age, the survival of the animal. This effect was well
studied in laboratory animals for many years and is
known to be due to the repopulation of hrematopoietic
tissues in the depleted host by the injected cells and
their descendants (189, 310, 314, 315, 587, 644).

180. When marrow transplantation is performed in
allogeneic situations, two problems are encountered.
Firstly, if the bone marrow is foreign to the host, then
the immune competence of the host must be suffi
ciently depressed by irradiation or by other means to
permit the survival of the injected cells. It was esti
mated (570) that, when a major histocompatibility
difference is involved, the minimum dose of radiation
(followed by homologous marrow) necessary to permit
survival of the injected cells, and therefore tolerance
to the donor, lies between LD13 and LDoo• With minor
histocompatibility differences, lower radiation doses are
effective (126). In studies in mice, insufficient radia
tion leads to marrow-graft rejection and an early
(within 5-21 days) mortality (570). This occurs even
in the high sublethal range, presumably because the
graft-rejection mechanism appears to be more radio
resistant than the animal's own hremopoietic stem



cells. Thus, although the number of cells that persist
is sufficient to reject allografts, the animal's own hremo
poiesis is suppressed below limits required for its sur
vival.

181. The second problem with allogeneic grafts
occurs when the host carries a major transplantation
antigen not present in the donor's genotype. This re
sults in a late mortality (21-60 days) when bone
marrow cells are injected into allogeneic lethally-irra
diated recipients (e.g. parental strain into PI hybrids).
This type of mortality is attributed to an immunological
reaction against the foreign host antigens by the homo
logous lymphoid elements (or their progeny) that have
been introduced with the grafted bone marrow (92,
99, 136). The immunological nature of both of these
problems is now well documented (162, 512) and will
not be extensively reviewed. Instead, a brief considera
tion of hremopoietic transplantation in larger animals
and man will be undertaken, particularly in terms of
the radiation conditions and doses required for ade
quate immunosuppression of the recipients. Several
other factors concerned in this problem, such as dose
rate, will also be discussed in relation to the animal
experiments.

182. In a study of the survival of irradiated rats
injected with allogeneic bone marrow, Courtenay
(l08) found a relation between survival and the x
ray dose rate. The study suggested that the lower rates
of 0.28 and 1-4 R min-1 were less effective in de
pressing the host's immune response than the higher
rate of 29 R min-I. This was confirmed by Gengozian
(198) who irradiated mice at several different exposure
rates so that they received a total of 900 roentgens
over the whole body. Within two hours they were in
jected with rat bone marrow. The higher the exposure
rate, the greater was the success of the grafts. The
results strikingly indicated that in mice given 900
roentgens at a rate of 3.75 R min-I, virtually no take
of donor cells occurred. This phenomenon was further
studied by Gengozian et aI. (199) who gave mice
lethal whole-body exposures of 900 and 1,200 roent
gens at different exposure rates followed by allogeneic
or xenogeneic bone marrow transfusion. With both
grafts and both total doses, mice exposed at 3.75 or
19.8 R min-l did not show permanent survival. In
fact, with 900 roentgens at 3.75 R min-1 no increased
survival could be shown. Mice given 1,200 roentgens
at high rate (39.7 R min-lor 53.4 R min-I) had a
permanent take of grafted marrow.

183. It is to be emphasized that in these experi
ments the difference between dose rates is not large.
Previous work (547) has stressed the importance of
high dose rates for immunosuppression in comparing
chronic (days, weeks) with acute (minutes, hours)
irradiation. The distinction drawn in the experiments
with bone-marrow transplantation is between a time
of delivery of only 22 minutes (1,200 R at 53.4 R
min-I) and one of about 5lh hours (1,200 R at 3.75
R min-I). These findings may have great relevance
to clinical attempts at allogeneic marrow transplanta
tion after whole-body irradiation, because many of the
irradiators used on humans operate at low exposure
rates. A survey of various clinical studies (20, 346,
352 555) reveals that radiation is often delivered at
exp~sure rates ranging from 0.5 to around 5 R min-I,
so that even though a total dose of 800 to 1,800 rads
may be given, it is delivered at a very low rate. As
will be discussed in the following paragraphs, most
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attempts at allogeneic bone-marrow transplantation in
man have been relatively unsuccessful. Similarly, the
difficul.ties in o.btaining successful foreign-marrow
grafts III large arumals are well documented and again
may be related to the low dose rates used usually of
the order of 4-20 R min-I. '

184. As a result of the geometry of large animals
and of man relative to the radiation sources used the
absorbed tissue dose and the tissue-dose rate may be
even lower. Exposure rates greater than those found
(199) satisfactory for transplantation of bone marrow
~n the mouse may therefore be necessary for success
~n .large animal studies. These considerations clearly
mdICate the need for careful evaluation of this basis
for transplantation failure, as opposed to the more
conventionally accepted graft-versus-host reaction.

185. Grafts of bone marrow from donors which
differ at major histocompatibility loci can survive for
about a month or two if the prospective recipients are
pretreated with sub- and mid-lethal doses of radiation
(197). Rejection of the foreign graft, which is related
to the recovery of the host's immune system, can occur
with a severe reaction leading to the death of the
recipient. This effect is often referred to as the "mid
lethal killing effect" and is observed in these situations
in mice where a mid-lethal dose is used together with
strongly-antigenic donor bone marrow (587). The
effect may be analogous to the enhancing effect of
irradiation on the antibody response, and accordingly
may have an important bearing on clinical attempts
with allogeneic marrow transplantation after total body
irradiation in so far as, with the doses and dose rates
of irradiation used, this mid-lethal killing effect may
be involved in apparent failure of takes of allogeneic
donor marrow. A similar problem may also occur
with situations of minimal donor-host genetic differ
ences, since Barnes and Mole (32) showed that the
injection of a minimal number of lymph-node cells
from H-2 compatible mice into sublethally-irradiated
recipients (CBA) caused a significant fraction to die
2-18 months later of a lymphoid deficiency (? graft
versus host) syndrome.

186. The lethal effects of whole-body irradiation
(1,800 R) of dogs can be overcome by administration
of the dog's own marrow taken before irradiation
(227). However, when allogeneic bone marrow is used,
permanent takes are extremely rare. When methotrex
ate is given early in transplantation, controlled studies
(558) show that an increased number of long-term
survivors results. Survivors for five months to four
years have been observed after whole-body exposures
of 1,200-1,800 roentgens and injection of marrow with
methotrexate (561). In some animals, mild secondary
disease developed and then subsided. In studies with
dogs given 1,200 roentgens al;ld cross-circ.ul~ted (16~)
with normal dogs of OppOSIte sex or lllJected With
marrow of opposite sex (167) donor-type mature
granulocytes were readily evident in the irradiated
partner. In this study also, methotrex.ate was of some
value in diminishing the secondary dIsease (168). In
view of the previous discussion of dose rate, it is to be
noted that in these studies with dogs dose rates of less
than 10 rad min-l were used and the effect of metho
trexate may have been to aid the immunodepression of
the host However the clinical symptoms are claimed
(562) t~ be diffe;ent in dogs dying of graft rejection
than in those dying of secondary disease, and care
should be taken to clarify this in all cases.



187. In contrast to much of the experience in dogs
and man, bone-marrow takes appear to be relatively
successful in primates. In recipients given whole-body
doses in the range of 550-930 rads and 4.2 108 allo
geneic bone-marrow cells, takes have occurred in at
least 95 per cent of the cases (116). However, at this
stage the major problems with primate-bone-marrow
transfusions are encountered. In mice and rats, although
takes of bone marrow require suppression by reason
ably-high radiation doses, permanent chimeras are
then relatively frequently established. In primates, on
the other hand, secondary disease is a far more com
mon problem (135). This difference may be partly
due to the numbers of cells required to protect the
lethally-irradiated recipient. Estimates (588) range in
the order of 5 10° cells per kilogramme for mice,
40 10° cells per kilogramme for monkeys and of the
?rder of 100 10° cells per kilogramme for man. If it
IS assumed that comparable proportions of immuno
competent cells exist in the bone marrow in the dif
ferent species, and that a similar absolute number of
immunocompetent cells will initiate the graft-versus
host process, then it is possible that the excessive
severity of secondary disease in primates is mainly
due to the larger absolute numbers of immunocom
petent cells. On the other hand, by varying the number
of allogeneic bone-marrow cells used in transfusion,
Vos (599) has shown that mouse bone marrow indeed
contains less immunologically active cells than monkey
bone marrow. Dicke (137) has also shown that mouse
bone marrow contains far fewer phytohremogglutinin
sensitive cells than monkey bone marrow.

188. Attempts at bone-marrow transplantation af
ter whole-body irradiation in Rhesus monkeys which
have received multiple transfusions only rarely leads
to acceptance of the graft, in distinction to the almost
invariable takes in non-immunized monkeys (593).
This was also demonstrated with prior transfusions of
blood from third-party donors. Decreased takes may
well.be due to the existence of a heightened state of
t~e .Immun~ respo~se in ~he recipients prior to irra
diation, whIch, by mcreasmg the number of immuno
competent cells, would accordingly lead to an increased
number of reactive or potentially-reactive immunocom
petent cells surviving after irradiation. 111e time inter
val between transfusion and irradiation (minimum 30
days) is probably too long to account for the decreased
takes being caused by increased levels of antibody re
sulting from irradiation-induced antibody enhancement.
In presensi.ti~ed recipie?t~, this problem might be over
come by glVlng the reCIpIents hIgher doses of radiation
with a view to a more complete eradication of the
population of immunocompetent cells. However if
some of this population should involve the more l~ng
lived radio-resistant subpopulation irradiation at a
sufficiently high total dose would o'ot be feasible. Be
fore considering the various approaches to ameliora
tion of the secondary disease problem, a brief report
on human bone-marrow transplantation is relevant.

189. Bone-marrow grafts were first introduced in
~a~ in patients with leukremia (344) and in the
VIctIms of the radi~tion accident in Vinca, Yugoslavia
(348). Although It has been clearly indicated that
marrow Wafts cap take initially, t~e secondary disease
problem m man IS very severe, as ItS onset is generally
very early, when the aplasia from total irradiation at
the high dose of 800 rads is still uncorrected. Several
groups have studied the effect of marrow infusion in

patien!s with leukremia. Using dose rates of up to 2
rad mm-I, total exposures of 1,200 to 2,000 roentgens
do not appear to induce early gastro-intestinal com
plications. However, even in this exposure range it was
found (556) that, although initial takes of allogeneic
marrow (usually from related donors) occurred sur
vival of the patient was only of 2-4 weeks dur~tion.
Death was either ~rom infection or, occasionally, from
recurrent leukremta. It appears that extremely high
doses of radiation would be needed to completely eradi
cate the leukremic cells.

190. With the increasing frequency of marrow
transplantation in man, the syndrome of graft-versus
host disease as seen in man is becoming well defined.
In a study by Meuwissen et al. (361), the following
clinical findings were noted in 7 of 13 patients treated
by marrow transplantation. The classical syndrome of
fever, rash, liver disease and diarrhea was present in
most instances although exceptions were noted. Skin
showed destruction of the basal cell layer, a predomin
antly mononuclear cell infiltration, acanthosis and
dysparal1yperkeratosis. A most striking finding w~s the
frequency of localized or generalized ulceration of
gastro-intestinal mucosa. Bone-marrow abnormalities
?ccurred less regularly, and included hypoplasia and
lOfiltration with plasma cells and histiocytes. Although
elevation of liver enzymes occurred regularly during the
graft-versus-host reaction, serious liver lesions were
rare at post-mortem. It is noted that some patients
showing these changes included those in whom an
HL-A-matched marrow transplant bad been given.

191. Although occasional remission of leukremia
has been observed (557, 560) with whole-body irra
diation in a sublethal exposure range of 325 or 880
roentgens, most studies have involved higher exposures
combined with marrow transfusion. In several studies
with identical twins, the leukremic individual was given
800-1,600 roentgens and marrow from the normal
twin. In each instance (557, 559) a remission was
achieved but the improvement was followed by a dis
couraging early return of the leukremia (554). These
studies confirm that the lethal effect of high doses of
radiation in man can be counteracted by marrow trans
fusion, but again indicate that the same doses are not
sufficient to eliminate all the leukremic cells. A series
of reports on allogeneic-marrow grafting in irradiated
leukremic patients was reviewed in 1965 (554). It was
stressed that large numbers of cells must be given and
that addition of immunosuppressive therapy to the
radiation treatment is advantageous. Over-all success,
however, is rare.

192. The seven years since that review have not
seen any major improvement. A summary by MatM
(347) showed that 17 out of 24 marrow grafts had
ta~en in the recipients. However, of the 17, 10 died
WIth acute secondary disease 3 with a later subacute
or chronic secondary diseas~ and 4 with recurrent
leukremia.. Several workers, i~cluding Mathe (345),
have c0!lsldered the possibility that presensitization of
the reCIpient by repeated blood transfusions might
occur. and some evidence for this is suggested. It has
been mdicated (345) that administration of Imuran
during the period of the transfusions reduces or annuls
this immunization.

193. To stress the point again, it is the eradication
of secondary disease which appears to be the major
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problem for human-bone-marrow transplantation.
Thus, although low dose rates are usually used, it
appears that a sufficient depression of host immunity
has been achieved. It is possible, however, that the
low dose rate may partially account for the incomplete
eradication of the host leukremic cells, particularly as
recurrences occur even after very high total radiation
doses. Approaches to prevention of secondary disease
consist mainly of (a) pre- or post-treatment of the
host and (b) direct efforts to reduce or remove im
munocompetent cells from the donor inoculum.

194. Treatment of recipients includes the addition
of other immunosuppressive agents in the few days
after marrow grafting, in an attempt to suppress the
proliferation of the injected immunocompetent cells.
Some success in this regard has been achieved with
cyclophosphamide, amethopterin or antilymphocyte
serum (396, 589), although it now appears that cyclo
phosphamide only postpones the onset of secondary
disease and does not suppress it sufficiently to allow
long-term survival.

195. Suppression of the induction of secondary
disease by manipulation of the donor cells can be
approached in various ways. The essential aim is to
transplant an inoculum which contains sufficient
numbers of hremopoietic stem cells without con
taining any immunocompetent cells with specificity
against the host. The ideal source of cells is a bone
marrow donor of identical histocompatibility type, at
least for "major" antigens, and considerable effort
is currently being invested for the complete histocom
patibility typing of man. However, this can only be a
complete solution provided there is ready availability
of all types of donor marrows, which involves problems
of procurement and storage. .

196. The other approaches are all concerned with
using allogeneic bone marrow lacking immunocom
petent cells. Again, a possibility for the use of an
unmanipulated cell suspension exists. In the adult,
hremopoietic stem cells are found predominantly in
the bone marrow. However, in fretal life the liver is
the major site of hremopoiesis and, if taken at an
early stage, liver does not contain any immunocom
petent cells, as the thymus induction of immune dif
ferentiation has only barely commenced. Studies in
mice (582, 583, 586) clearly show that fretal-liver
cell suspensions will not induce secondary disease in
primary irradiated hosts. However, they become dif
ferentiated to immunocompetent cells provided the
host has an intact thymus, and at the same time be
come tolerant to the host's histocompatibility antigens.
The use of fretal-liver-cell suspensions for the treatment
of irradiated Rhesus monkeys has been studied by Van
Putten et at. (594) who found that more than one
complete fretal liver was required per recipient. With
the use of pooled fretal-liver-cell suspensions, 4 108

to 11 108 cells per kilogramme gave repopulation in
one fifth of the monkeys after 800 roentgens and in
three fifths after 900 roentgens. It was concluded that
fretalliver is relatively less effective than bone marrow,
possibly because the initial immune attack of the bone~

marrow competent cells on the recipient aids in de~

pressing the host's immunity. However, studies in mice
(388) clearly show that fretal liver is extremely rich
in hremopoietic stem cells provided it is taken at an
appropriate fretal age, and it is possible that the optimal
age of monkey fretal liver was not used. Perhaps the
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main drawback of fretal liver cells as potential donor
cells for use in clinical medicine is the problem of
availability. If large numbers of cells are needed, this
approach could only be realistically achieved through
the use of pooled donors with a successful storage
method. It was concluded (594) that the pooled frozen
liver cells of roughly 50 human fcetuses of 20-26
weeks of age would be required for one adult. As
such a large amount of material cannot be transfused
safely, the use of fretal liver cells was thought to be
clinically unrealistic. On the other hand, it is possible
that a more judicious choice of fretal age for the liver
source, and possibly fractionation of the cell popula
tions giving more effective cells might permit the use .
of this approach.

197. If allogeneic bone marrow is to be the source
of donor cells, the next general approach is either to
purify the stem cells, or to selectively kill or remove
the immunocompetent cells. Various physical cell
separation methods (for example, gradient centrifuga
tion) with mouse bone marrow have shown (138,
388) that fractions with enriched hremopoietic stern
cell activity can be obtained, although as yet not in
pure form. In one study (139) it was also shown that
certain fractions could be obtained which contained
up to 50 per cent of the original stem-cell activity,
but produced no secondary disease even with large
numbers of cells. This approach is therefore promising
and should be attempted with primate cells, provided
suitable in vitro assays for measuring separately the
activity of stem cells and immunocompetence can be
developed.

198. By the uSe of the in l'itro-colony-forming
method (61) as a measure of stem-cell activity, recent
data with monkey bone marrow strongly suggest that
this approach may be very successful (391). Separa
tion of Rhesus monkey bone marrow by buoyant
density gradient has demonstrated a reproducible and
homogeneous light density distribution profile of cells
capable of forming hremopoietic colonies in agar cul
ture. An average hundred-fold enrichment of these cells
was obtained, with the most enriched fractions con
taining the majority of these cells in the original marrow
inoculum. Although assays for immunocompetent ceJIs
have not been performed on these inocula, it is most
probable that the content of these latter cells would
be considerably reduced, particularly in those fractions
where up to 33 per cent of the cells are in vitro-colony
forming cells.

199. Recent studies (343) of graft-versus-host re
actions in mice have indicated that the receptor site on
the mouse immunocompetent cell that is responsible for
recognition of the foreign histocompatibility antigens is
an immunoglobulin molecule, possibly either a free L
chain or a new type of immunoglobulin. Pretreatment
of adult mouse spleen cells with rabbit antisera against
mouse-immunoglobulin light chains completely pre
vented the cell suspension from inducing a graft-versus
host reaction. Viability of the cell suspension after this
treatment was indicated by dye-exclusion tests with try
pan blue. However, of even greater relevance was the
observation that hremopoietic stem-cell activity, as
measured by the mouse spleen-colony assay, was un
affected by the anti-light chain serum treatment (605).
This general approach should be extensively applicable
to clinical work if it proves reliable in experimental
studies. The treatment involves a short (approximately



1-2 hours) incubation of the cells with an appropriate
concentration of the antiserum, followed by cell wash
ing and then transfusion.

200. Specific r~moval of. ~~muno~ompetent cells
reactive to host-hIstocompatIbIlIty antIgens could be
achieved by treating them with the specific antigens and
in some manner then effecting their removal. This
might be approached by determining whether the spe
cific immunocompetent cells formed rosettes or aggre
gates on mixing with allogeneic cells. If this occurr~d,
the aggregates could be removed by some method. m
volving particle size. Another potential method mI~ht
be based on the studies of Ada and Byrt (3) whIch
showed that the potential for the formation of specific
antibody to a bacterial antigen could. be r~moved by
pre-incubating a normal cell suspenSIOn wIth a very
heavily 125I-labelled preparation of the at;1tigen, ~hus
inducing radiation killing in those ~ells WhICh specIfi~
ally bound the antigen. The pot~ntIal t~ produce antI
bodies to other non-cross-reactmg antigens was not
destroyed, indicating that the radiation effect was only
induced at very close range, presumably through the
labelled antigen held on the cell surface (337). For
this approach to be applicable to man, it would be ~ec
essary to purify specific histocomp~tibi1ity antIgen
which can be successfully labelled WIth 1251, and to
apply a concomitant histocompatibility-matchi.ng
scheme, so that the appropriate cells are removed pnor
to their transfusion into the recipient. This latter neces
sity, however, could be avoided, at least theoretically,
if a radio-labelled antigen preparation were to be pre
pared from each recipient and then applied to the donor
cells before transfusion. This method offers the poten
tial advantage of involving only a relatively short
pretreatment of the donor cells before transfusion.

201. Other measures that have been attempted to
eliminate the graft-versus-host reaction in~lude (a) an
in vitro exposure of donor cells to antigens of the
prospective recipients before use in transfusion (107),
(b) sublethal irradiation of donors before collection of
their bone marrow (117), a procedure which, however,
would also considerably reduce the hrematopoietic stem
cell activity of the marrow, and (c) control of the
radiation dose rate (199, 562).

202. At the present time, none of the above meth
ods has yet been shown to work completely satisfac
torily, which probably indicates that several variables
are involved. This is substantiated by the studies of
Congdon et al. (96, 97) who undertook a compre
hensive "4-factorial" study in mice, assessing the effects
of variation in the interval between whole-body irradia
tion and injection of allogeneic bone marrow, the
humber of bone-marrow cells, the age of bone-marrow
donor and sex. On the basis of these experiments the
90-day mortality could be reduced tenfold by controll
ing these factors. These results indicate that, combined
with other approaches mentioned above, complete
elimination of the secondary-disease mortality is a very
realistic possibility.

203. At present, there is very little information
bearing directly on the question of possible cell col
laboration in cellular immunity as related to radiation
sensitivity. Several aspects of the induction of a graft
versus-host reaction by bone-marrow cells are at pres
ent confusing. The basic immunological question is
whether the bone-marrow population contains immuno
competent T lymphocytes which will immediately initi
ate the graft-versus-host reaction on injection into

recipients, or whether maturation of the potentially
immunocompetent cells in marrow (stem cells) is
required. If the latter is true, or if a cell-collaboration
step is involved, the process may take place in the host
and the radiation dose rate used in man and other pri
mates may be insufficient to prevent a rapid expression
of secondary disease by the donor cells. This possibility
is based on the following experiments.

204. Adult thymectomized irradiated mice given
syngeneic bone marrow are immunologically unreactive.
When an allogeneic thymus graft was also placed in
the recipient, the mice recovered their immune capa
bilities and rejected the thymus graft itself (369).
At no time was there any evidence of repopulation of
the allogeneic graft. This indicates that the injected
syngeneic bone-marrow cells already carried the po
tential to react against the histocompatibility antigens
of the allogeneic graft but first required something from
the graft, probably humoral in nature (432), to express
this activity. Thymus grafts irradiated in vitro (2,000
R) failed to restore neonatally-thymectomized mice to
full immunological capacity (367), thus suggesting the
existence of a radio-sensitive stage in the synthesis,
release or activity of the thymic factor. These experi
ments therefore suggest that bone marrow contains an
immunocompetent cell capable of reacting against histo
compatibility antigen, provided a thymic factor is avail
able.

205. If this is also applicable to the injection of
bone-marrow cells into allogeneic recipients, it implies
that the host animal must provide a thymic factor for
the injected cells to be able to induce the graft-versus
host reaction. As this effect of the host thymus may
be radio-sensitive, it is quite possible that the relatively
late onset of secondary. disease in lethally-irradiated
mice is due to radiation damage to the host's thymic
epithelium, and that this must first recover before the
injected cells can attack. As the dose rates used in man
and primates are of a low order «5 R min-I), it is
quite possible that this radio-sensitive phase of the
thymic effect has not been sufficiently destroyed, thus
allowing for immediate maturation of injected stem
cells to immunocompetence. This concept would sug
gest that higher dose rates might also be advantageous
in delaying thymic epithelial restoration and therefore
development of immune competence. It is possible that
local thymic irradiation might even produce a sufficient
delay to permit the injected cell population 'to become
tolerant to host antigens.

206. Experimental verification of this concept could
come from a direct demonstration that removal of
the host thymus prevented the induction of secondary
disease in irradiated mice given allogeneic cells. Such
an experiment has been reported by three groups, but
the interpretation of the results is difficult, because
adult thymectomized lethally-irradiated mice given syn
geneic bone marrow also develop a wasting disease as
a result of lymphoid aplasia. Even if the secondary
disease were prevented in thymectomized allogeneic
recipients, the mice could still die of wasting through
lymphoid aplasia. In one study (592) with heterologous
combinations, a marked reduction in the incidence of
secondary disease was observed in thymectomized mice,
and in two other studies a marginal prolongation of
life was observed (209, 537). A critical test of this
hypothesis would require the use of germ-free irradiated
thymectomized recipients, to avoid wasting disease
from lymphoid atrophy.
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irradiation will be discussed in the section on delayed
effects (VILe).

209. In 1953 Dempster (130) claimed that the
pyrinophilic reaction in the transplanted kidney could
be reduced by irradiating it prior to transplantation.
Approximately 250 rads were given to the kidneys
while still in the donor. However, in other early reports
or experimental studies, high doses given to the donor
did not influence the characteristic reaction (193,
260). In a further study in dogs, local irradiation was
given as six fractions of 150 roentgens every two days
(631) to the graft in situ. The mean kidney survival
in the irradiated group was 23.4 days compared to
9.9 days in the controls. This prolongation was con
firmed clinically (261) in a review of many patients,
and again experimentally in a further trial in dogs
(631 ). With experimental heart transplants in rats a
similar schedule of repeated local irradiation (6 X
150 R) of the graft starting immediately after trans
plantation also produced a slowed interstitial infiltra
tion of the graft by lymphocytes, and its longer sur
vival (430).

210. The critical question in relation to the radia
tion effect is whether radiation is destroying the actual
immunogenicity of the donor graft or is suppressing
the early phase of the host response. There is some
experimental evidence for both points of view. The
former interpretation is based on the notion that the
circulating lymphoidal cells of the graft constitute the
major immunogenic stimulus. It has been shown that
the mixed lymphocyte reaction can be inhibited when
one of the component cell populations is exposed to
1,000 roentgens and it was suggested that this acts by
destroying the capacity to stimulate the allogeneic lym
phocytes (300). However, this was not consistent with
another study using 2,500 roentgens in which no loss
of activity was observed (326). In transplantations of
allogeneic tissues together with adult leucocytes onto
the chick chorioallantoic membrane, rejection only
occurred if the transplant contained a relatively large
component of reticular tissue. Treatments such as
gamma-irradiation, which reduce the amount of reticu
lar tissue in the graft, protected it from transplantation
damage (300).

211. In another study (161) it was shown that in a
direct graft-versus-host reaction induced by parental
strain cells injected in the kidney of an PI rat, several
factors were operative. Since Gowans has reported
(218) that sensitization of lymphocytes is a cons~
quence of their perfusion through an isolated allogeneIC
kidney, and since rat kidney cell~ h~ve been use~ as
target tissues for in vitro cytotoxIc Immune reactIOns
(625), it is likely that kidney parenchymal cells may
offer an immunogenic stimulus to specific cells. How
ever by themselves the donor parental strain cells
cann'ot do much da:nage to the host kidney or even
generate more than a very sparse local !nfiltrate. It
therefore appears that a host component IS necessary
for the full development of interstitial infiltration and
parenchymal destruction. This was deduced. fro~ ~x
periments which showed that whole-body IrradIatIOn
of the hosts 24 hours before the injection of allogeneic
parental cells resulted in an inhibition o.f the subse~u~nt
reaction, to a degree commensur~te WIth the radiatIOn
c:j.amage sustained by the lymphOId system of the host.

212. These results in general suggest that local
irradiation of the kidney after transplant~tion. may be
beneficial and that several factors are pOSSIbly Involved,
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Figure XII. Effect of local kidney-graft irradiation o~ sur
vival of the graft. The figures are drawn from the k!dn~y
transplant registry (8), and plot the J?ercentage of functlOnmg
grafts against tIme for both irradIated (stars) and non-

irradiated (closed circles) grafts

irradiation can be seen as early as one day after
grafting. Local graft irradiation is usually perfo~e~ by
fractionation of some substantial dose of radIation,
e.g. 1,000 rads, into smaller doses of not less than
150 rads, which are given at some appropriate interval-.
Before considering the possible mechanism involved, ~t
is of interest to mention a few of the direct expen
ments on local irradiation. Some complications of local
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3. Organ grafts

207. Human renal allograft transplantation has
become a major accepted form of clinical therapy for
certain kidney diseases. Inherent in any successful
organ grafting is the prevention of a host immune
response from rejecting the graft. This can basically
be approached in two ways: (a) by avoiding presenting
the recipient with an effective foreign antigen, and
(b) by suppressing the host's immune response. Irradia
tion has been a valuable tool for immunosuppression
over the past 10-15 years, but it is certainly not the
ultimate ideal approach. The majority of current
approaches to suppression do not involve irradiation,
and accordingly the field of organ transplantation is
currently of less direct relevance to the topic of radia
tion and immunity. The main current efforts are aimed
at (a) developing histocompatibility typing in order
to select the most closely matched graft possible and
therefore to limit the degree of foreignness in the donor
graft, and (b) achieving immunosuppression by means
of drug therapy, anti-lymphocyte serum, or immuno
logical tolerance. However, as radiation has been used
very frequently in the past, certain aspects which involve
different uses or types of radiation will be discussed
here. In terms of the two approaches to suppression
of homograft immunity mentioned above, radiation
has been aimed at either (a) the graft itself, or (b) the
immune system of the host. These will be considered
separately.

208. An impressive body of data clearly indicates
that local irradiation of the kidney soon after trans
plantation is of definite value in delaying acute rejection
(261). An example drawn from the kidney-transplant
registry is shown in figure XII. The influence of local
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including both destruction of any donor lymphoid cells
which may act as a strong immunogen, and destruction
of early-infiltrating host cells, many of which may be
acting in a non-specific destructive manner, perhaps in
a fashion analogous to the recruitment of normal host
lymphoid cells in delayed-hypersensitivity reactions
(52).

213. Even apart from other more serious considera
tions of the disadvantages of using radiation, in immuno
logical terms whole-body irradiation for suppression
of organ-graft rejection is by no means an ideal
approach. If radiation were to be the sole agent for
immunosuppression, the accompanying problems of
bone-marrow transplantation would also have to be
solved as the dose required to create sufficient immuno
suppression would lead to marrow aplasia~ Accordingly,
only sublethal exposures are practical, which, although
aiding in immunodepression, may still be expected to
provide significant radiation damage. Before the advent
of the more recent methods of immunodepression,
whole-body irradiation at doses of the order of 400
rads was used with some possible success (232, 357).
Additional localized irradiation of the spleen and the
!ight lower abdomen has also been given to depress
unmunity and to obliterate the lymphatic field draining
the transplant (633).

214. Under certain experimental circumstances,
Whole-body irradiation has facilitated the destruction
of renal grafts. Studies in inbred rats (174) with renal
grafts placed into immunologically-tolerant hosts
afforded a means of examining the rejection process
under controlled conditions. Graft rejection could be
induced by the injection of large numbers of com
petent syngeneic lymphoid cells. If whole-body irradia
tion (550 R) was also given, graft rejection was
greatly facilitated, in that fewer injected cells were
needed to induce rejection, and graft destruction was
hastened. Total-body irradiation per se was occasionally
followed by the destruction of skin homografts. This
e!fect may have occurred through a variety of mecha
msms, such as (a) depletion of lymphoid cells in host
organs allowing better seeding of the injected cells;
(b) enhanced cell growth and preferential mitosis in
the presence of antigen; (c) alterations in the target
cells rendering them more susceptible to rejection or
(d) reduction or suppression of the state of toler~ce
in the host. This latter mechanism will be discussed
in more detail in a later section.

215. Various other means of achieving radiation
induced immunological depression have been reported
~29). Although. it is through the discovery of many
unmunosuppressive drugs that the results of organ
~ransplant~tion have greatly improved, in certain
lOstances It may n?t .be ~dvisable to use these agents,
and resort to radIatIon-Induced depression may still
be required. For example, it has been reported that a
severe ~oxic reaction to Imuran and prednisolone may
occur In Japanese people, and alternative immuno
suppression by intralymphatic administration of radio
active isotopes (l9BAu) to destroy lymphoid tissues
was attempted (505). This method resulted in a re
duction of peripheral lymphocytes and a decrease in
serum gamma globulin. A useful reduction in dosage
of Imuran and prednisolone thus became possible
safegu~rd~ng a~ainst the deyelopment of post-operativ~
complIcatIons 10 these patIents. Several other studies
with intralymphatic radio-active materials have been
reported. Wheeler et ai. (620) also used intralymphatic
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colloidal gold (lOBAu) combined with splenectomy and
direct injection of the isotope into the mesenteric
lymph node of dogs. A marked selective lymphopenia
was observed in the dogs for three to five weeks. The
rejection of homologous renal transplants was delayed.
Severe lymph-node destruction was produced and it
was felt that, combined with Imuran, additive immuno-
suppression occurred. .

216. Intralymphatic injection of l31I-ethiodal into
dogs was followed by a marked lymphopenia for four
weeks, with progressive reduction in lymph-node size
(567). Repeated doses were found to have a cumula
tive effect. Radio-active chromic phosphate (32P) given
by direct intralymphatic injection into dogs has also
been used (81) and produced a severe destruction of
a 11?ajority of lymph nodes ~th subsequef;lt lympho
pema. However, although antibody productlOn against
human serum albumin was significantly inhibited in
this series, the reactivity to the allografted heart was
not altered. It was noted that intralymphatic injection
of radio-active material leads to selective destruction
or change only in lymphoid tissues. All other organ
syst~ms. .app.eare:I quite no~al following intralym
phatlc InJectlon, 10 contrast WIth intravenous injection
?f 32p ~hich affects all systems. The intravascular
unplantatlOn of a high-energy beta-emitting source
(ooY) into dogs was also shown (630) to produce
a profound lymphocytopenia. Within 12 hours, levels
fell t? 0 to 10 per cent of pre-implantation values and
rema10ed low for three weeks. Ten animals given
ren~l homografts (~ith the implant as the only source
of ImmunosuppresslOn) showed a mean functional
survival of 16.9 days (controls 5.3). Biopsies showed
minimal cellular infiltration.

217. These approaches suffer from the disadvantage
that it is very difficult to control the radiation dose.
Their use is still in the experimental stage and they are
not at present recommended for human clinical use.

218. Another approach to the reduction of the
circulating immuno-competent lymphocyte pool is
through extracorporeal blood irradiation (BCrn). This
approach was first developed by Heymans in 1921
(252) and subsequently refined extensively by Cronkite
et ai. (111) who described a method of producing a
profound lymphopenia in calves by shunting the blood
around a 187CS or 60CO source. In dogs, a short course
of BCIB produces a significant lymphocytopenia, and
repeated daily doses give a prolonged lymphocyte sup
pression (324). Two patients also were so treated and
In one case some reversal of the early acute rejection
process was reported. However, no effect on the later
rejection process was observed. In a study (476) of
11 patients waiting for renal transplantation, to whom
approximately 9-37 kilorads were given by ECrn, lym
phocytopenia was observed in only three. An impair
ment of renal-homograft rejection in dogs given con
tinuous ECIB has also been observed by Wolf el 01.
(632). Several other reports (262,356) have indicated
that BCrn has been successfully applied in the treat
ment of rejection crises. In a recent detailed study
(448) of 18 patients on BCIB before renal transplanta
tion, followed by drug-mediated immunosuppression,
a significantly smaller number of rejection crises oc
curred in the irradiated patients as compared to 60
controls given only the same drug treatments, and in
general survival rate was higher.

219. Despite the encouraging results of currently
used schedules of BCrn in human renal transplanta:-
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tion, some recent data suggest that there may be a
n~ed to further evaluate different schedules (78). In
th1S study, two alternative schemes of Eern were used
in goats and, following one of these the mean goat
renal allograft su~vival was double~'as compared to
control goats. Th1s success was achieved without the
help of immunos~ppressive therapy or the benefit of
donor-host matchlllg. The preliminary results with two
goats indicate that a combination of pre- and post
transplant .ECIB might be better than pre-transplant
ECIB. Th1S study also showed that as with other
techniques of i~nmunosuppression, the' degree of blood
lymphocytopema following ECIB does not correlate
with the transplant survival.

220. The general lack of close correlation between
lymphope.nia and imp~o~:d allograft survival following
ECIB, ra1ses the poss1b1hty that more subtle inactiva
tion changes may have occurred in the remaining
lymphocytes, or that there may be an alteration in the
proportion of T and B lymphocyte types. This latter
possibility was investigated (614) by means of lym
phocyte-transformation tests with blood samples taken
bef~r~ and after ECrn. Th~ response to phytohremag
glutmm .was unchanged,. while the response to purified
tuberculin and allogene1c cells was reduced per unit
number of lymphocytes after ECIB. These results
were interpreted as indicating that the fraction of
thymic derived cells left in the peripheral blood after
ECn~ was unchanged, but that the immunological
functlOns of these cells was impaired. Similar results
were observed after irradiation of the blood in vitro
with single doses of from 100 to 500 rads.

221. In all these reports, it is fairly clear that
~CIB, like intralymphatic irradiation, implant irradia
tion or even local lymphoid-organ irradiation, will
reduce the level of the recirculating lymphocyte pool
a~d ~educ~ the incidence and severity of the early
reJectlon cnses. As a complete and permanent immuno
s~ppressive regime it is clearly not enough, but may
still be useful as an adjunct to immunosuppression by
ot?~r mea?s,. perhaps particularly during rejection
ensIS. AgaIn It should be stressed however that in
view of the damaging effects of r~diation, ~ goal of
!ransplantation research should be to avoid and replace
Its use wherever possible.

V. Radiation and imnnmological tolerance

A. Two ANTIGEN DOSAGE ZONES FOR TOLERANCE
INDUCTION

222. The concept of immunological tolerance as
first proposed by Burnet and Fenner (69) was based
on the discovery by Owen (436) that erythrocyte
mosaicism existed in dizygotic twin cattle and persisted
for a long period of time. This mosaicism results from
an interchange of primordial hremopoietic cells through
vascular anastomoses between the co-twins. It was the
persisting nature of this chimeric state that led Burnet
and Fenner to the hypothesis that the immunological
system of the organism becomes non-reactive to anti
gens with which it comes into contact in embryonic
life and that the normal function of this mechanism
is to ensure the non-antigenicity of self components.
Further evidence of the anomalous situation in dizygotic
twin cattle was found in the acceptance of skin homo
grafts between the partners (17, 48) and the phe
nomenon was termed immunological tolerance. Experi
mental demonstration of the production of tolerance

was then made by injection of embryos with homologous
cells (47).

223. Since these earliest demonstrations of tolerance
a vast literature on the subject has developed and
has been the subject of various reviews (152 239
307, 518). As much of this is not relevant to thi~
present. topic, we shall be concerned in this section
only WIth the recent development of the concept of
!wo zones of antigen dosage in which tolerance can be
md.uce~,. as one of these zones may be involved in
mamtammg ~e normal homeostatic mechanism and
t~us preven~mg .anti-self reactivity. Theoretically, a
dlsturb~n~e In thIS system, such as might be induced
by radIatIon, could lead to breakdown of tolerance
and. the p~oduction of auto-immunity. This will be
conSIdered m section V (D).

224. In normal adult mice, the repeated administra
tion of high doses of antigen paralyses the immune
system and leads to a progressive decline in reactivity.
Lower.doses of antigen (for example, 0.1 to 1.0 mg
of bovme serum albumin) lead to immunization and
to stabilization of the serum antibody at a high level.
The studies of Mitchison (381, 382), Dresser (151),
Shellam and Nossal (504) and Ada and Parish (5)
have now revealed that another antigen-dose zone
for the induction of tolerance exists with amounts of
antigen below the immunizing dose. The actual dose
range involved appears to differ for different antigens
used. With bovine serum albumin, repeated doses of
1-10 microgrammes will induce a partial tolerance but
with Salmonella flagellin, the picogramme range is mor~
effective.

225. Although the detailed mechanism of tolerance,
particularly of low-zone tolerance, is not completely
understood, the existence of such a phenomenon may
be of some fundamental importance. The results suggest
that tolerance might be the most likely result of an
interaction between an antigen-sensitive cell and a
molecule of antigen, although it must be noted that
low-zone tolerance has not been demonstrated to occur
after challenge with low doses of living infectious agents.
Immunity appears to require the presence of more
antigen, either because it has a higher threshold or
because it requires antigen-processing by macrophages
or localization of antigen on the dendritic processes
of reticular cells. Some recent studies (244-247, 456)
have suggested that true allogeneic tolerance of T lym
phoid cells may not exist, and that the phenomenon
may be explained by the presence of a. blocking factor
which prevents the cell-mediated attack by T lympho
cytes. On the other hand, recent data by Rouse and
Warner (478) demonstrates the induction of allogeneic
tolerance in agammaglobulinremic animals, which in
dicates that the formation of blocking antibodies cannot
be the sole explanation for allogeneic tolerance.

B. INDUCTION OF TOLERANCE

226. It appears likely that tolerance induction and
immunity induction are alternative effects of the antigen
on particular lymphoid cells. One injection of antigen
may drive some of the cells in one direction and other
cells in the opposite direction (381, 419). The great
usefulness of x-irradiation in regard to tolerance in
duction relates to the use of adult animals, when
moderate to high immunogenic materials ate used.
In the absence of x-irradiation, the antibody formation
which results from antigen-reactive cells being driven
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towards immunity masks or blankets any simultaneous
tolerance induction in other individual cells. When sub·
lethal irradiation precedes antigen injection, many of
the antigen-reactive cells are killed in proportion to the
dose of radiation. Recovery of the immune system
then occurs mainly by recruitment of stem cells from
the bone marrow which, under thymic influence, are
induced to become antigen-reactive cells. This recovery
phase in essence resembles the immunological matura
tion around the time of birth, and many studies have
clearly indicated a greater ease of tolerance induction
in new-born than in adult animals (152, 518), even
with the low-zone tolerance model (6, 418). As the
recruitment and differentiation of new antigen-reactive
cells after irradiation is a progressive occurrence, para
lyzing antigen concentrations must be maintained for
some time in these tissues. Several studies have been
performed on the detailed kinetics and exact require·
ments for tolerance induction after x-irradiation and
these will be briefly reviewed.

227. In normal adult rabbits, repeated infusions of
large amounts of heterologous plasma proteins can
induce a state of specific immunological unresponsive
ness. This normally lasts for about 3-4 months. How
ever, if the rabbits had been given 400 roentgens two
days before the start of the antigen infusions, the
tolerant state persisted for at least 10-11 months (143).
These studies were then extended by Nachtigal and
Feldmann (399) who assessed the influence of two
variables on tolerance induction, namely, (a) dose and
timing of irradiation, and (b) dose of antigen. Evidence
was presented that the degree of unresponsiveness was
a function of the time interval between x-irradiation
and the beginning of antigen administration. If antigen
was given 24 hours or 16 days after irradiation, com
plete tolerance was produced, whereas 42 days later
administration of the antigen led to only partial
tolerance. In this system, doses of antigen that would
be immunogenic in normal animals were found to bring
about tolerance in the irradiated rabbits. In another
study (471) adult rabbits were given either 10 or
100 milligrammes of bovine serum albumin 24 hours
after irradiation. Antibody response to the lower dose
was suppressed but not that to the higher dose. It was
further shown that the 10 milligramme dose had in
fact established a state of specific inlIDunological
unresponsiveness.

228. Kinetic studies (400) in rabbits given 550
roentgens and human serum albumin revealed that
tolerance can be induced with small amounts of antigen
which in non-irradiated animals would constitute small
immunizing doses. This only occurs when the antigen
is injected over a prolonged period. Thus 20 milligram
mes given in a single injection applied shortly after
x-ray treatment did not induce tolerance. This result
is contrary to the overloading concept of tolerance
induction, since cellular depletion is most severe imme
diately after irradiation and the overloading of cells
with antigen would be most pronounced at that time.
Tolerance was most effectively induced in the x-irradi
ated rabbits when administered in small doses spread
over the post-irradiation period. Tolerance induction
could occur even when the antigen treatments were
started four weeks after irradiation. Moreover, it
appeared that smaller amounts of antigen are required
for tolerance induction in this period, which suggests
that susceptibility to tolerance does not develop im
mediately following inactivation of immunocompetence
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by x rays and that it may perhaps be a transient
phenomenon appearing closer to the immune recovery
phase. In other words, this would indicate that tolerance
induction is acting on a cell at a certain stage of
differentiation which is present particularly in new-born
animals and during the recovery phase after irradiation.

229. The effects of small amounts of proteins givcn
over the course of ten weeks immediately following
whole-body irradiation (600 R) has been examined in
mice (383). Four different proteins acted in much the
same way, all but one showing a similar threshold
dose of antigen for tolerance induction. Doses of
antigen given three times a week are more effective
in paralyzing than doses more widely spaced or than
a single injection. The only exception to this statement
is that in rabbits a single injection of bovine serum
albumin was shown to paralyze after irradiation (312),
but this may be due to the relatively slow elimination
of bovine serum albumin from the circulation of the
rabbit.

230. The concept of radiation-enhanced immuno
logical tolerance might be applicable to problems of
graft rejection. A soluble histocompatibility antigen
prepared either directly from the potential kidney
donor or from another source of histocompatibility
matched (to the donor) material, might be used to
induce tolerance in the recipient, at least for the initial
period when graft rejection is most likely to occur,
The graft itself might then act as a continuous source
of transplantation antigen to permit the maintenance
of the tolerant state. The critical problem then is to
be assured of inducing tolerance rather than immunity
in the recipient. Theoretically there are two approaches.
As it is rather unlikely that enough material will be
available to induce high-zone tolerance in adult, either
low-zone tolerance or radiation-induced tolerance would
be required. As the former is rarely an absolute and
total tolerance, and to err on the side of too much
antigen might easily provoke an immune response, the
use of sublethal irradiation of the recipient two to three
weeks before the transplant, combined with repeftted
injections of the soluble antigenic material, would be
more likely to result in specific tolerance. Indeed,
studies in mice (285) have clearly shown that non
lethal exposures (e.g., 150 R) can be used as an
excellent facilitating agent in inducing skin-graft toler
ance to weak histocompatibility antigens. Further doses
of radiation would not be advisable, in part because
radiation-induced breakage of tolerance might then
occur (see next section).

c. BREAKDOWN OF TOLERANCE BY RADIATION

231. The state of immunological tolerance persists
for only a certain finite period unless continuing, albeit
low, levels of antigen are maintained. There are several
factors involved in the loss of the tolerant state, the
two major ones perhaps being the decrease in antigen
concentration and the emergence of new immunocom
petent cells via the differentiation pathway. Regardless
of whether or not there is such an entity as a reversibly
tolerant cell, new immunocompetent cells are constantly
arising throughout life. Thus if tolerance is to be
maintained, there must be sufficient antigen still present
to make tolerant each new immunocompetent cell as
it arises. Thus, measures that reduce the rate of appear
ance of new competent cells, such as thymectomy,
prolong the state of tolerance (86, 87). On the other
hand, if antigen were to be more rapidly eliminated



tolerance breakdown, the effect is essentially an acceler
ation of the anticipated eventual breakdown. Thus
tolerance situations that are inherently more stable and
permanent may be relatively more difficult to break
by radiation.

D. IMPLICATIONS FOR AUTO-IMMUNITY

235. It has been frequently pointed out that the
immunocompetent cell population is often called on to
produce antibodies or cellular immune reactions against
materials which are of a nature very similar to that of
the tissues of the animal itself. This includes recogni
tion of histocompatibility antigens, allotypic forms of
immunoglobulins including those derived by maternal
fretal transmission (522, 608, 627), various tissue
specific iso-antigens (e.g. those within the thymus, TL,
theta, etc.) (60) and various tumour-specific antigens
(e.g. Prehn, (463». The cell population of the body
must therefore have some means of distinguishing these
from self-antigens or of preventing the continual
emergence and activation of potentially autoreactive
cells (66). If the maintenance of the normal state of
immunological homeostasis (non-reactivity to self)
involves a tolerance type of mechanism which eliminates
or inhibits anti-self reactions, then agents which break
down induced tolerant states might behave similarly
with potential anti-self reactions and play a role in the
induction of auto-immune diseases. A precedent for
this argument comes from studies that show that injec
tion of related antigens can break down a state of
immune tolerance. Weigle (615) showed that injection
of either human serum albumin or chemically-modified
bovine serum albumin into rabbits tolerant to bovine
serum albumin will break the state of tolerance to a
certain extent. He then (617) extended this observation
in showing that auto-immune disease in rabbits could
be induced by the injection of a similarly chemically
modified self protein. Hence it is reasonable to consider
the possibility that, as radiation can break tolerant
states, particularly weak states, it may also be capable
of breaking self-tolerance, that is, of inducing an auto
immune disease.

236. Recent studies with an in vitro system of mouse
spleen cells and a fragment of a bacterial flageUin, have
shown that specific tolerance can be induced purely
in vitro with either a high-zone (140) or a low-zone
dose of antigen, provided that an optimal concentra
tion of antibody is present in the latter case (176).
It is the critical ratio of antigen to antibody that
determines the capacity to induce tolerance in the
antigen low-zone dose range. If this mechanism is also
applicable in vivo, a source for this critical amount
of antibody must be envisaged. Such a source could
either be found in the so-called natural antibody, or
be induced by the initial dose of antigen. Ada et al.
(6) have in fact reported a concomitant antibody
production to occur during induction of low-zone toler-
ance in vitro. It was therefore considered by Feldmann
and Diener (176) that such a mechanism of low-zone
tolerance may be operative in the maintenance of self
tolerance. Possibly the small amount of antibody llyn
thesized by the antigen-reactive cell, and normally
exposed on the cell surface, may serve this purpose.
Regardless of the actual source of this antibody, it
might be proposed that radiation-induced proliferation
of the stem-cell system and differentiation towards
potential antibody production might alter the balance
between the normal homeostatic levels of self-antigens
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or an excessive production of immunocompetent cells
were stimulated, then breakdown of tolerance would
Occur much faster.

232. If the continued presence of antigen is indeed
required for the maintenance of the tolerant state,
it was predicted by Denhardt and Owen (132) that
x-irradiation of tolerant animals would result in a loss
of the tolerant state. This would be expected either
from possible radiation destruction of the cells storing
antigen, or by the excessive proliferation of stem cells
which occurs following irradiation. In the first experi
mental test of this idea (132) rabbits made tolerant
to bovine serum albumin were given 300 roentgens
and immunized with bovine serum albumin 16 days
later. No evidence of a break in tolerance could be
detected. In a similar experiment but using 450 or
1,000 roentgens, Weigle (616) also could not find
any break in tolerance. However, this particular toler
ance model represents one of the most stable tolerance
situations known and may therefore be the most
resistant to change.

233. In studies with rats, Nossal and Larkin (422)
induced tolerance to mouse red blood cells by starting
injections at birth, and then gave lethal irradiation
when the animals were adult. The rats were then given
bone marrow from a tolerant donor, and on immuniza
tion with mouse red cells were shown to be capable
of antibody production. This was then extended (327)
to a simpler system in which the tolerant rats were
given sublethal irradiation. Tolerance breakdown was
again observed with the formation of substantial
amounts of antibody. Similar data were also obtained
by Stone and Owen (530) using rats tolerant to sheep
erythrocytes. These results also showed that the loss
of tolerance could not be demonstrated unless the
antigenic challenge was given at least 6-18 weeks after
irradiation. The results of both groups indicate that
the cells emerging by proliferation and differentiation
after irradiation are less likely to be made tolerant by
antigen and perhaps are more prone to stimulation
towards antibody formation, thus aiding further in
tolerance breakdown by immune elimination of any
residual antigen. Breakdown of transplantation toler
ance has also been demonstrated; partial tolerance
across H-2 barriers was induced in mice at birth, and
tolerance was completely abrogated by exposure to
350-450 roentgens (173).

234. Attempts to break tolerance induced with
antigen doses in the low-zone range have recently been
described (503). Tolerance to flagellin was induced
in rats by repeated daily doses of 10 microgrammes
for several weeks. These animals were then given
normal thoracic-duct lymphocytes with or without
added irradiation of the recipients prior to cell injection.
Challenge with antigen was also made at the time of
thoracic-duct cell injection. Irradiation alone did not
produce any loss of tolerance in the three weeks
following injection. In view of the preceding reports,
this may well have been too short a time to allow
for recovery. However, the injection of normal thoracic
duct cells combined with host irradiation led to a
breakdown in tolerance, even when only the recipient's
spleen was irradiated. In this instance, irradiation may
have aided by creating some lymphoid atrophy in the
lymphoid organs of the host, thereby permitting a more
successful colonization of the injected normal mice
by the transfused lymphoid cells. In general, it appears
that, regardless of the exact detailed mechanism of
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and of their respective antibody. Such an event might
then swing the system in either direction. Excess anti
body would possibly not provoke any break in control
of self-reactivity as· it would perhaps continue to
mediate feed-back inhibition at the central level (175).
However, the alternate direction of increased antigen
levels, perhaps as a result of radiation-induced release
of antigen, might trigger an auto-immune process.
Further experimental studies on the relevance of the
different current mechanisms of tolerance to the normal
homeostatic control are clearly warranted.

237. In the light of these general considerations
on radiation and auto-immunity, it is of considerable
importance to examine any available human data that
may relate to this problem. The most suitable material
would derive from an examination of the immuno
logical consequences of exposure to the atomic bombs
of Hiroshima and Nagasaki. Interest in this area at
the Atomic Bomb Casualty Commission is of relatively
recent origin, and much of the attendant data is as
yet incomplete. However, various observations have
been made and should be considered. Two studies have
been carried out in an examination for effects on auto
antibodies. In connexion with a study for the presence
of thyroid disease, the Hyland thyroglobulin autopreci
pitation test and the Wellcome thyroglobulin hremag
glutination test were applied to approximately 1,100
sera. No relation between agglutination titres and
radiation experience was observed. In a study of
rheumatoid arthritis, examination of sera by the latex
agglutination test for rheumatoid factor was made.
Again, no relation between the findings of this test
and exposure to radiation was apparent (281). A
further index of auto-immunity that has been studied
concerns the spleen weight. The ratio by weight of the
spleen to the entire organism has been used to docu
ment experimentally-induced auto-immune disease,
although other causes may lead to the same observation.
One study of this parameter, made prior to the avail
ability of the T65D dose estimates, showed no radia
tion-related effects with respect to spleen index (18).

238. On the whole, the available data on incidence
of auto-immune findings in individuals exposed to radia
tion is sparse, but does not at present indicate any
significant connexion. It should be strongly noted, how
ever, that, in animal species, the maximum radio-sensi
tivity is in the early young adult period, and accordingly
the incidence of auto-immune changes among highly
irradiated persons who were exposed at relatively
young ages will be of particular interest. The available
studies on the effect of spleen shielding (described
elsewhere) certainly indicate that the maximum effect
may be in persons exposed in the second and third
decades of life. Thus, a future relationship with radia
tion of, for example, spleen index and collagen disease,
may well become apparent, but probably only in a
select age group. Detailed studies on cellular criteria
of auto-immune immunological activity should also be
sought for, as these may more directly relate to the
a.ctual disease process.

239. In considering the possible relationship be
tween auto-immunity and radiation, it is also relevant
t6 consider this association in terms of the various
concepts relating to radiation and ageing. Much of the
attention placed on studies of ageing has related to the
use of parameters of ageing in non-dividing cell popu
lations and static tissues on the a priori assumption
that these are most intimately concerned with ageing.

On the other hand, it is possible that a more indirect
biological principle may be operative, which involves
proliferating cells. Such a theory has been expounded
by Walford (602) in propounding an immunologic
theory of ageing. This theory basically considers that
ageing is due to somatic-cell variation, particularly of
those factors which determine self-recognition patterns
among cells. In higher animals the cells of the reticulo
endothelial system are especially involved. Ageing in
these species is brought about by the unleashing of self
destroying processes of the nature of auto-immunity or
transplantation disease. The initial cause of the somatic
cell variation, whatever it may be, is extrinsic to this
pathogenetic mechanism, although cell variation may
be further stimulated by auto-:catalytic immune pro
cesses. If irradiation increases the rate of somatic-cell
variation, and therefore the potential development of
an auto-immune state, and if at the same time is im
munosuppressive, it will tend to inhibit the auto-im
mune tendencies of the somatically-variant cells. Thus
irradiation may have two opposing effects on the onset
of auto-immune disease, one accelerating and one re
tarding. The actual result might therefore depend on the
balance of these two factors and in turn depend upon
the type of radiation, total dosage, dose rates, age of
animals at time of irradiation, species, nutrition, and
many other factors. In particular, if age is a factor, it
may well relate to the greater radio-sensitivity of the
young animal. If ageing is an !luto-immune process,
then in adults the process may well be sufficiently un
derway to be autocatalytic, and irradiation at this time
would not lead to any greater observable rate of change.
This conclusion (from Walford, (602)) is indeed
similar to that reached by Anderson (18) in consid
ering the preliminary data available on the immuno
logical effects of radiation on atomic bomb survivors.

240. Another connexion of auto-immunity with
irradiation lies in the possibility that radiation-induced
somatic mutations in lymphoid cells might enable these
to directly react with self-components (14). Spleens
from inbred mice were taken seven days after lethal
whole-body irradiation. Cell suspensions were injected
intracutaneously into the skin of normal syngeneic mice.
A marked reaction was observed which did not occur
with either allogeneic or syngeneic cells taken only one
day after irradiation. It was speculated that this repre
sented acquisition of self-reactivity induced by the
radiation. However, as mouse skin is a rather sensitive
site for these types of local reaction mediated by vari
ous pharmacological agents, considerably more studies
with precise controls are needed for a confirmation of
this observation.

241. In addition to these previously mentioned
speculative aspects of radiation and auto-immunity, it
has also been recognized that radiation-induced tissue
damage might lead to the release of normal self antigens,
which then induce the formation of auto-antibodies
(155, 659). These might then playa role in the gen
eral pathology of radiation damage, although tbis has
not been conclusively confirmed.

242. Irradiation has also been shown (639, 645,
649, 654, 673) to produce changes in the antigenic
structure of tissues. This is also often followed by the
appearance of auto-antibodies (646, 654, 659). A!1
important role has been ascribed to these auto-antI
bodies in the development of radiation sickness (658).
In the opinion of one author (645) the complement
fixing auto-antibodies against denatured protein, formed
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under the action of external irradiation, are capable of
neutralizing the toxic products of tissue disintegration
and are a vital factor in protecting the organism against
the effects of irradiation. Similarly, with internal irra
diation by daily intake of a mixture of rare-earth and
alkaline-earth radio-isotopes, rats were shown (697)
to develop auto-antibodies for tissues of the kidney
and liver. Disturbance in enzymic function of the liver
preceded the detection of auto-antibodies, which in
turn preceded the development of morphological
changes in liver and kidneys.

243. Two hypotheses have been formulated con
cerning the role of auto-immune processes in the patho
genesis of acute radiation damage. The first is the auto
allergy hypothesis (657, 661), which assumes that the
development of an anti-tissue immunological reaction
caused by the action of cell-destruction products on
the immunological apparatus leads to the appearance
of anti-tissue cytotoxic antibodies and autohremolysin
forming cells in the blood. This in turn leads to the
development of general and local increases in sensi
tivity to autologous, allogeneic, and xenogeneic tissue
products. The second hypothesis is the immunogenetic
concept of the consequences of radiation damage (674,
675) which assumes the following sequence of events:
mutagenic effect of radiation~relative increase in the
anomalous cells which have an immunological com
petence against normal tissue antigens~accumulation

of clones of these "forbidden cells" with the develop
ment of tolerance to them~auto-immune aggression
of the forbidden clones against the normal tissues as
in the graft-versus-host reaction.

244. These preceding paragraphs have considered
the general question of radiation as it may relate to
auto-immunity, and possibly in tum to ageing. In gen
eral, there is very little information available either in
animal models, or from human studies. As was dis
cussed in relation to the acute radio-sensitivity of the
immune response at the young adult period, it may still
be some time before the effects on the immune system
that might be expected from atomic bomb exposure
will become evident, and further studies on these pa
tients are continuing. There are however several re
sults, particularly from animal studies, that are con
sistent with the present hypothesis, that irradiation may
lead to a breakdown in the balance of self-tolerance,
which in tum may lead to auto-immune disease.

VI. Immunological aspects of radiation.induced
carcinogenesis

245. It is a well-established. fact that irradiation
can lead to an increased incidence of cancer. A general
review of cancer induction in animals is provided in
annex G. Radiation neoplasia in man has been known
for an even longer period of time and there is a vast
literature covering the field. The reader is referred to
annex H for a detailed discussion of human data.

A. IMMUNOLOGICAL SURVEILLANCE AND
ENHANCEMENT

246. In this report on radiation and immunity, the
connexion with cancer stems from the interactions of
the immune response with malignant cells, and there
fore we will be concerned solely with those aspects of
cancer and radiation which may involve immunological
mechanisms or interactions. This will be confined to a
detailed examination of a few of the mouse tumours
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~ which the retiology of the malignancy may involve
mmune processes activated or suppressed by radiation.

247. The general concept of immunological sur
veillance is based on the observation that tumours can
pres~nt to ,the ho~t a foreign antigen which is capable
of strmulatmg an Immune response directed against the
tumour. It was first proposed by Thomas (563) and
then considerably expanded by Burnet (68) that one
of the mail?- functions of the body's cellular:immunity
system is 1ll fact to control and eliminate potential
malignancies. This thesis is essentially based on the
factual observations that some tumours are antigenic.
It should be noted, however, that although it is well
established that the immune response can affect the
gr<;>wth of an established tumour, there is little direct
eVIdence (except for virally-induced tumours in mice)
to indicate that immunosuppression will increase the
incidence of primary tumours, despite several recent
investigations of this possibility. Furthermore, although
an elevated incidence of certain malignancies has been
~bserved in immunosuppressed kidney transplant pa
tIents and in immunodeficiency disease patients, this
has not been found in a large series of immunosup
pressed auto-immune disease patients.

248. Several reviews (246, 290, 429, 464) have
dealt in depth with this area and the types of tumour
specific antigens might be summarized as follows:

(a) Antigens associated with viruses: these are well
described in mice and represent a virus-directed prod
uct which is ultimately found either within the cell or
on the cell membrane. All tumours induced by a given
virus carry the same virus-associated tumour~specific

antigen, for example, the G+ antigen of the Gross
murine-Ieukremia virus (293, 529). In man, the Ep
stein-Barr viral antigens carried on and in Burkitt
lymphoma cells and in nasopharyngeal carcinoma cells
appear to be the most likely parallel known at present
to the mouse-Ieukremia viruses (134);

(b) Tumour-specific antigens induced by chemical
carcinogenesis: in this instance, a series of tumours in
duced by the same chemical carcinogen may all have
tumour-specific antigens, but with the exception of
occasional cross reactions, these are mostly different
antigens from one tumour to another. It should be noted
that carcinogen-induced tumours may have virus-asso
ciated tumour antigens, which may be the conse
quence of later super-infection of the tumour by latent
leukremia viruses, although this relationship is still
uncertain;

(c) Embryonic antigens: these are not strictly speak
ing tumour-specific antigens, but are antigens normally
present only in embryonic life and expressed by ~e
tumour in the adult host. The human-colon embryOnIC
antigen carried by all tumours arising in the gastro
intestinal tract is one of the best known examples of
this type (210), although some other recent data cast
doubt on the colon specificity of this antigen (313).
It is not yet clear whether some of the instances of
tumour-specific antigens presently classified in groups
a and b may not in fact belong in group c.

249. In many of these cases, it can be djrectly dem
onstrated that an immune response develops in the host
bearing the tumour (244). Alternatively, immunization
of normal animals with various forms of killed or
altered tumour cells will provoke a state of immunity
such that subsequently-transplanted tumour cells will



be rejected. Many of these studies have been performed
with serially-transplanted mouse tumours, principally
virus-induced tumours, which are quite strongly anti
genic. Other studies have been performed with caI'cino
gen-induced primary tumours or radiation-induced
sarcomas and in these cases the antigenic stimulus
often appears weaker. On the basis of these studies,
it is a reasonable hypothesis that the first malignant
cell arising in the primary tumour, carrying the tumour
specific antigen, presents an immunogenic challenge to
the host's wandering lymphocyte pool of cells. Whether
such stimulation is then mediated directly or via anti
gen-processing mechanisms is not known. It is envis
aged that a continuing eradication of emerging, poten
tially-neoplastic cells must be occurring in the body,
and that if a tumour clone is to develop, it must over
ride or evade this potential antagonism. It is important
to stress that this type of study has not been extensively
performed with spontaneous primary tumours (al
though some data are available, Stjernsward and Vanky
(528», and that at present we are extrapolating from
the data with virus- and carcinogen-induced tumours
in tlle mouse.

250. The relevance of this discussion of neoplasia
:iPd immunity to radiation and immunity is based on
the following set of premises: (a) many tumours are
antigenic and therefore may initiate an immune re
sponse in the host against the tumour cells (cellular
and/or humoral response); (b) many carcinogens,
both chemical and viral, can induce an immune depres
sion; (c) upon induction of a tumour, an interaction
develops in which the growth rate of the tumour is
pitted against the developing immune response. Vari
ous studies have shown that the immune response can
both retard the growth rate of tumours, and be of par
ticular importance in limiting the metastatic spread of
malignant tumours. The relationship of the immune re
sponse to tumour growth is therefore pictured in an
analogous fashion to the balance between immunity and
infection, and. just. as radiation depresses immunity and
permits a greater spread of infection, so it is proposed
that radiation depression of immunity may permit more
rapid tumour growth and spread. The essential question
relevant to this report is therefore whether radiation
induced depression of immunity is a key factor in the
mechanism of the radiation induction of cancer.

B. RADIATION AND TUMOURS IN MICE

1. Effect of radiation on antigenicity and the immune
response

.. 251. Radiation may act on the immune response to
tumours by a possible effect on the antigenicity of the
tumours, or by altering the host's immune response
itself. In regard to the first point, normal lymphocytes
exposed to 1,200 roentgens in vitro fully retain their
antigenicity, as assessed by their ability to stimulate a
mixed lymphocyte reaction (164). Irradiated mouse
lymphoma cells were assayed by two different methods
for growth activity in syngeneic mice (341, 342). No
difference was observed between cells exposed to 100
roentgens and controls, but with 1,000 roentgens in
creased reaction against the tumour was very evident.
It appears that the irradiation may have exposed the
antigenic sites of the tumour cells to a greater extent,
or alternatively may have selectively enriched the
tumour population in al).tigenic cells by selectively re
moving the less antigenic ones.

252. There are many observations indicating that
mouse tumours are antigenic to their syngeneic strain
and that irradiation, like many other forms of immuno
depression, will permit a more rapid tumour growth or
an earlier induction of tumours (172, 208, 292, 610).
For example, in a study (475) on methylcholanthrene
induced sarcomas in mice, whole-body irradiation prior
to transplantation resulted in markeq increase in tumour
growth. A dose of 400 rads give a maximum effect, and
enhanced growth rate could be detected in mice in
which the tumour was transplanted four months later,
although the maximum effect was observed with trans
plantation 24 hours after irradiation. Unfortunately,
there are few studies yet available dealing with pri
mary or spontaneous tumours and radiation-induced
immune depression. However, a similar result of an
earlier appearance of primary carcinogen-induced tu
mours has been reported in mice immunodepressed by
neonatal thymectomy (223).

253. Osteosarcomas which arose in mice following
administration of 90Sr have been shown to carry tu
mour-specific transplantation antigens, in that immuni
zation of recipients with 15,000 irradiated tumour cells
will result in a lower incidence of takes of transplanted
tumours providing the recipients are also exposed to
400 roentgens one day before transplantation (410).
These experiments confirm a previous suggestion (411)
that radiation-induced sarcomas may be antigenic, and
that this antigenicity may be a factor in the develop
ment of the primary tumour. Infection of OOSr-treated
mice by BCG at a time close to the expected appear
ance of the first bone tumours resulted in a delay of
the development and a significant decrease of the total
incidence of such tumours, which may have been due
to an increased stimulation of the immune system by
the BCG.

2. Radiation and mouse leukmmias

254. One of the strongest arguments relating radia
tion-induced immune depression to tumour induction
comes from a study of radiation-induced mouse leu
hemias. Before considering this argument in detail, it
must, however, be emphasized that the model system
used is not ideal, as it involves neoplasia of a com
ponent cell type in the immune system. The changes
that have been attributed to the host immune system
might alternatively be explained by direct interference
with the potential neoplastic line of cells. However, in
the absence of any more suitable model, but with this
reservation, it is relevant to consider this model system
(see also annex G).

255. In any attempt to propose a pathogenic mecha
nism for radiation-induced lymphosarcomas and lym
phatic leukremias in mice, two main experimental ob
servations must be considered (277,278): (a) there is
a far greater incidence of tumours when the dose is
fractionated with successive increments spaced a few
days apart; and (b) the entire body must be irradiated
since shielding of the spleen or bone marrow, or injec
tion of normal bone marrow after whole-body irradia
tion, drastically reduce tumour incidence (280, 316).
Three separate factors appear to be involved: injury to
the normal sites of storage of the latent virus with its
concomitant release; injury to the thymus followed by
regeneration; and injury to the bone marrow which in
turn interferes with the thymic regeneration, thereby
producing a maturation arrest in which large numbers
of blast cells are exposed to oncogenic virus. Lym-

344



}

f
1

I
1

I
1

1
I

I
~
I

1

1
r

I
1

J
J
1
1

p~om.a induction can also .be achieved by the direct
l~]ectlOn of the.leu~remogemc filterable agent from irra
dmted C57 m1ce mto a thymus graft carried by a
thymectomized irradiated host (236). If the host is not
irradiat~d, leukre!?ia wi~l not result, sug.gesting that
somethmg more 18 reqUITed than the act1ve virus in
large numbers and the presence of large and medium
thymus lymphocytes. Haran-Ghera (235) and Haran
Ghera and Peled (237) have given evidence to suggest
!hat ~he. oth.er essen~al factor in leukremogenesis may be
trrad1atlOn-mduced 1mmunological depression. Tests on
the immunological reactivity of irradiated mice were
performed by evaluating the production of antibodies
to Shigella antigen. The four weekly whole-body expo
sures of 170 roentgens used for leukremia induction
resulted in marked immunological depression with the
minimal antibody production in these mice 'persisting
for about one week following irradiation, and coinciding
with the timing of the demonstration of release of filter
able agent into bone marrow. Inoculation of normal
bone marrow immediately after irradiation was there
fore, s:uggested to re-equip the immune syste~, and
accordmgly reduce tumour incidence. An alternative
explanation is that it leads to repopulation of the host
thymus, thus interfering with the maturation arrest of
thymic cells.

256. It therefore appears that in leukremia induc
tion a transient radiation-induced depression in host
immunity (possibly mainly homograft immunity, Haran
Ghera, (235)) is an important factor, combined with
the activation or release of a latent virus, in permitting
expression of the neoplastic transformation that occurred
in the appropriate thymus cell. A similar phenomenon
may well pertain to other tumour-induction systems
in that host immune depression may permit the pro
liferation and expression of other non-radiation-induced
neoplastic transformations.

257. In these preceding paragraphs we have been
considering radiation-induced tumour induction in a
mouse strain that rarely develops lymphoid leukremia
unless it is irradiated. In studies with a high-leukremia
incidence strain of mice, AKR, a novel immunological
approach to the retiology of the tumour was proposed
(601). In this strain, all mice eventually succumb to
leukremic development and it has been shown that the
Gross virus probably acts as one of the retiological
agents of the AKR lymphomas (600). In an analysis of
the immunological status of the AKR mice, it was pro
posed (601) that an immune attack, rather than im
mune depression as we have previously been discussing,
may play an retiological role in AKR-Ieukremia devel
opment. Using a cytolytic plaque assay with AKR
embryonic cells (600) it was shown that both spleen
~nd lymph-node cell suspensions from AKR mice taken
1n the preleukremic adult period will exhibit an immune
type of cytolytic activity against syngeneic AKR cells.
As young AKR mice are tolerant to the G antigen, it
was suggested that the development of a partial or com
plete breakdown of tolerance to the G antigen occurs
in the preleukremic period. Secondary, immunologi
cally-mediated damage of virus-infected G+ thymic
lymphoid cells may then be the ultimate process that
precipitates leukremia development in the AKR mice.
Recent evidence (637) suggests that a comparable se
quence of events may occur in the development of
mammary cancer following neonatal infection by the
Bittner virus. Thymectomy reduced the incidence of
mammary cancer in C3H MTV-positive mice (mam-
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m~ry-tumour-viru.spositive) and thymus grafts to such
mlCe restored a h1gh mammary-cancer incidence. When
adult C3H .MTV-negative spleen cells were injected into
thymectom1zed C3H MTV-positive mice, a high inci
denc~ of ~ammary cancer was observed. It seems likely
that 1ll th1S tumour also, the injection of non-tolerant
~pleen cells precipitated tolerance breakdown, leading
1ll some manner to the development and/or emergence
of mammary cancers.

. 25.8.. These latter tw~ experiments do not involve
1rrad1atlOn. However, therr basic premise is that loss of
tolerance may lead to the development of an immune
response which itself is directly involved in the retiology
of the neoplasia. Since irradiation has been shown to
break the t~lerant state, particularly in situations where
tolerance Wlll eventually be lost in any case, it is not
unreasonable to consider that radiation-induction of
neoplasia might sometimes involve a break in the state
of tolerance against a vertically-transmitted oncogenic
agent, which would then swing the balance· towards an
i~mune attack against those cells expressing the par
!lcular tumour-specific antigen. This in turn may lead
1ll some manner to a proliferation or destruction of the
targ~t cells which, perhaps by altering the normal pro
portions of .blast and mature fonus, greatly increases
the proportion of cells that are acutely sensitive to
malignant transfonuation.

259. Another effect of radiation on leukremia inci
dence in mice has recently been reported (317). The
same ~adia~ion dose whic~ enhances leukremogenesis in
an umrradmted mouse wm counteract leukremia devel
opment, if given to a mouse which was previously irra
diated but has not yet developed leukremia. This indi
cates that the preleukremic interval between recovery
from the first dose of radiation and the development of
the tumour includes a vulnerable radio-sensitive stage
in the preleukremic cell line. It was proposed that the
target cell for transformation may be acutely radio
sensitive in this phase. However, in terms of the im
mune-attack theory of Wahren and Metcalf, it might
be proposed that the first dose of radiation has broken
a state of tolerance to a vertically-transmitted leukremia
virus. Following this, a phase of a developing immune
response to the viral antigen occurs, which may be
essential for neoplastic development. A second dose
of radiation in this period would largely suppress this
newly-emerging state of immunity against the viral
antigen, and therefore suppress tumour development.

260. It must also be considered that radiation may
have other effects on viral release akin to lysogeny,
such as has been shown for lambda phage in bacteria
(see for instance reference 127). If radiation has such
an effect on vertically-transmitted oncogenic viruses in
animals, it may well be of considerably greater retio
logical importance than any of the other more specula
tive immunological considerations.

C. RADIATION AND IMMUNOTHERAPY

261. Viable tumours frequently carry exposed
tumour-specific antigens on their surface membranes
which renders these cells vulnerable to an immune
reaction against the tumour antigen. This observation
suggests that elimination of the cancer cell by an
induced immune reaction might be a feasible means
for therapeutic elimination of the cancer. This has now
become a most intensively investigated area. Most of
the current work is concerned with basic immunological
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approaches and does not touch on the field of radiation.
Approaches to immunotherapy are reviewed elsewhere
(11, 520). Two aspects of this field are, however,
relevant to this present report: (a) the use of irradia
tion of donor cells as antigens and the effect of host
irradiation on tumour immunity, and (b) the use of
radio-labelled antitumour antibodies.

262. Growing tumours may lead to the establish
ment of a type of paralysis to the tumour antigens in
the host. If an immune response against the tumour is
to be elicited, a more potent immunogenic stimulus
must be given to the host. Furthermore, if immunization
is to be attempted, it must be in a manner such that
the serum blocking factors described by Hellstrom and
Hellstrom (242) are not increased but rather that
cellular immunity is primarily activated. When tumours
carry unique tumour-specific antigens, the autologous
tumour may have to be used as the immunizing antigen.
Since re-inoculation of the viable autologous tumour
may lead to its regrowth, the tumour cells must first
be exposed to some treatment that destroys their
viability without affecting their irnmunogenicity. X-irra
diation appears to meet these requirements in most
cases. Lymphoid cells appear to retain their normal
immunogenicity after irradiation (164), although some
reduction in activity has been reported (353). While
some investigations have not shown any effect of
irr.adi~ted autologous cells alone in inducing tumour
~eJectlOn (349), others have observed a significantly
mcreased immunogenicity of irradiated isologous tu
mour cells (341, 342). In one study (226), a sample
of fibrosarcoma was removed from rats and exposed to
10,000 roentgens in vitro. The irradiated cells were
then. given back to the autologous animal and the
remaining large mass of the primary tumour was locally
exposed (in vivo) to 2,000 roentgens. A striking regres
sion in growth of the primary tumour occurred in many
cases. Injection of irradiated autografts alone had no
e~ect without local irradiation. It was suggested that
With large masses of tumour tissue, local irradiation
(ev~n 2,0~0 R) d~es not kill all cells. A certain pro
portl.on WIll remam. The gro~th of t~e .surviving
fractIon, however, may be consIderably mhibited by
the immune response initiated by the irradiated auto
logous graft.

263. Tumour-specific cytotoxic antibodies were also
produced in man by the immunization of 13 patients
with their own irradiated melanoma cells (263). The
longest response lasted 14 days, but again the pro
cedure had no apparent effect on the course of the
disease in these patients. In a study with the Morris
hepatoma in rats, the immunogenicity of the hepatoma
cells was considerably increased when the cells were
combined with a pertussis vaccine (629). Irradiation
?f the hepatoma or liver homogenate did not seem to
Interfere with the immunizing properties of the tumour.

264. In recent studies, attempts have been made
to determine whether rat reticulo-endothelial cells are
capable of producing a cellular anti-tumour agent
against Yoshida-sarcoma cells in tissue culture (491).
In these studies, it was found that an effective antigenic
cell component was released into the tissue-culture
medium from tumour cells after three days of culture
in a diffusion chamber. The same cell components were
obtained from cultured medium of tumour cells after
x-irradiation. Optimal doses of radiation capable of
releasing this agent ranged from 2,000 to 4,000 rads.
In other studies (412) this same anti-tumour agent,
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derived from incubation of macrophages in the super~

natant fluid from irradiated tumour cells, could be
transferred to lymphoid cells when they were cultured
in the same tube. These studies therefore indicate the
possibility of producing immunogenically-active tumour
specific antigens in culture by irradiation of cultured
cells, and also of activating immunocompetent cells
in vitro and perhaps of then obtaining in vivo destruc
tion of tumour with these cells.

~65. Immune sera prepared against tumour-specific
antigens can occasionally be shown in vivo to reduce
the growth rate of tumours (217) and in these cases
it is. most li~ely that cytotoxic c?mplement-fixing anti
bodIes are mvolved. However, In many cases this is
not found, and antibody-mediated enhancement of the
tumour is more likely. It is clear, from these experi
ments, that anti-tumour antibodies can localize on the
surface of tumours in vivo. If the antibody carried with
it a high source of radiation, then selective radiation
killing of the tumour cells might occur. This finds a
good precedent in the work of Ada and Byrt (3) who
showed that l25J..labelled antigen bound to the surface
o~ antigen-re~ctive cells specifically killed those cells
WIt~oUt. affectmg normal cells. In man, cancer-specific
an~Ibodles have been produced, but there is little
eVidence that they have any inhibitory or destructive
effects in vivo (263, 264). In a report on the pro
duction of a specific precipitin to a renal cancer in
man, Nairn et al. (401) suggested the idea that specific
antibody to tumours might localize on the surface of
the tumour cells and act as a holning carrier for radio
therapeutic or chemotherapeutic agents. This was then
demonstrated in mice by Ohose et al. (203) who
treated Ehrlich-ascites cells in vitro with an lBlI-labelled
antibody to the tumour. On inoculation of these cells
into mice, the tumour did not grow. In another series
of investigations (128, 129, 325), it was shown by
means of radio-labelled antibodies that antibody mole
cules to human brain tumours could be localized in
vivo, and further studies on this approach are in
progress. Radio-labelled antifibrin antibodies have been
sh~wn (350) to localize preferentially in certain cancer
leSIOns, as the deposition of fibrin often occurs in
!hese areas..~is indicates a possible means of deliver
mg local radiatIOn to fast-growing tumours.

266. Another recent approach has been the de
monstration (202) that antibody-treated Ehrlich-ascites
cells are rendered more radio-sensitive than control
tumour cells. This may be an effect mediated through
antibody fixation on the membrane and interfering with
the cell-membrane permeability, making some of the
x-ray effects more damaging (596). Doses of radiation
that did not greatly influence the subsequent growth rate
of normal rabbit-serum-treated tumour cells severely
inhibited the antibody-treated cells. It was suggested
that this phenomenon may be related to the correlation
of "observed durability of the response to chemotherapy
in a Burkitt lymphoma" with the observed frequency
of preferential binding of a globulin fraction on the
tumour cells surface (291).

VII. Effect of variation of condition of irradiation
on imm1W.ological responses

267. In the preceding paragraphs, much of the avail
able data on the effects· of radiation on the different
types of immune responses has been considered.
primarily from the point of view of the nature of the
immune. response. In this section emphasis will be
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given to the different ways in which radiation may be
presented to the individual, and their subsequent effects
on the immune response.
· 268. It must be stressed that in most of the cases
where. e~perimental studies have clearly shown effects
of radiatIOn on.some type or component of the immune
response, relatIvely few studies are available on the
effects of changing the conditions of irradiation and
in pa~ticular dose, nu~ber of exposures, or type of
radIation. In ~ost studIe~, the aim has been primarily
related to an ImmunologIcal problem and the type of
data that would be most relevant for estimates of risks
from radiation is simply not available.

A. SMALL DOSES

269. Studies of radiation inactivation of antibody
forming capacity have usually given D S7 values of
around 60-100 rads. Thus doses of radiation in this
range, when given to the whole animal, have usually
shown some significant degree of suppression of anti
body formation. A 75 per cent reduction in antibody
forming plaques was found (286) in mice given 50
rads 10 days prior to antigen. Dixon et al. (145) also
found a significant reduction in antibody formation
with 75 roentgens, and 125 roentgens gave considerable
depression. The results of Makinodan and Price (336)
show 65 per cent of a normal primary response follow
ing 100 rads. In dose-effect studies, which have usually
started at either 50 or 100 rads, increasing exposure
to radiation yields proportionately more suppression of
antibody formation (e.g., table 4 and figure V). The
phenomenon of interphase death of lymphocytes in vivo
discussed in paragraph 152 is probably not involved
with doses of radiation to the whole body below 100
rads, although it must be observed that there are few
direct data on the effect of different types of radiation
or of dose rate on interphase death of lymphocytes.

270. The effect of radiation exposures in the 100
roentgen range may not be solely on the immuno
competent cell. Decreased bactericidal activity was
observed in polymorphs isolated from guinea-pigs 3-5
days after whole-body exposures of 100 roentgens
( 440). Some depression in antibody formation was
also observed (177) when mice exposed to 550 roent
gens were given macrophages from donors that had
received only 150 roentgens (table 2). These two
studies therefore reinforce the point that depression of

·the immune response as a whole by radiation in the
100-roentgen range is not solely due to interference
with the proliferation of immunocompetent cells.

271. Radiation-induced enhancement of the immune
response has also been observed with relatively low

·doses. A heightened peak titre, shorter latent period,
and a high rate of antibody synthesis were all observed
in rabbits given 25 rads two days to two hours after
antigen injection (547). Prolonged production of hae
'molysins was also observed when rabbits were given
25 rads even one month before injection of antigen
(548). In a similar system with mice a dose of 50 rads
was also shown to give an enhanced response when
·given one hour before or after antigen (table 3). These
results show that single doses of radiation in the
range of 25 to 50 rads may either depress or enhance
the antibody response, the direction being determined
mainly by the time relation between injection of antigen
and exposure to radiation.

272. Data on the effects of single radiation doses
below 25 rads are very sparse, and in most instances
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no significant effects were observed on the immune
response a~ measured in the whole animal. However,
a change In the morphology and motility of small
lymphocytes following in vitro exposures of 2-5 roent
g~ns. was reported (527), although the possible in vivo
SIgnIficance of an effect at this dose might well be
doubted.

273. A key problem in attempting to extrapolate
~rom the effects of high doses of radiation on the
Immune response to the effects of low doses is that
the immune resp?nse a~ a w~ole is composed olseparate
compo~ents WhICh differ In their radio-sensitivities.
Accordmgly, at moderate to high doses, several com
ponents' may be. affected, but at low doses only one
may be susceptIble. The real question is therefore
whether any of the essential components are indeed
radio-sensitive with exposures below 50 to 100 roent
g~ns. The studies mentioned above dealt primarily
WIth the 25 to 100 roentgen range, and it is indeed
apparent that some significant, albeit relatively minor
effects are observed with 25 roentgens. However a~
the DS7 value (calculated from experimental cu~e)
for the actual antibody-forming cell series is around
75 rads, very little significant effect on this component
will occur with single exposures below 25 roentgens.
As mentioned above, the phagocytic cell series is also
affected,. but o~ly .marginally, by 50 to 100 roentgens,
and agam no sigruficant effect would be expected with
exp~sures ~ess than 25 roentgens. For antibody pro
ductIon, thIS only leaves the lymphocyte cell series to
be considered and, in view of the extreme radio-sen
sitivity of this cell series as a whole, it is possible
that some depression in the antibody response might
occur in situations where the full available complement
of thymic-derived "T" cells are needed in eliciting a
primary response. Clearly, further direct studies are
needed to provide information relevant to this question.
A more appropriate question, however, concerns the
effect of multiple or continuous low doses of irradia
tion on the immune response and, in particular, whether
the immune-response potential will eventually decline
or adapt to continuous low-level exposure. This will
be considered in the next section.

B. FRACTIONATED AND PROLONGED DOSES

274. It is perhaps appropriate to first consider
the hrematopoietic stem cells, and to note that if all
cells of this type were completely inactivated by irradia
tion, then the immune system would also eventually
fail, at least in the ability to mount primary responses
as, in this case, a continual input of differentiating
stem cells proceeds throughout life. It is quite clear
that this possibility is remote except with relatively
high doses. With a daily dose of 50 rads after an initial
dose of 150 rads, a further 250 rads was required to
reduce the stem-cell repopulating activity to 5 per cent
of control values which still, however, represents a
large reserve of potential hrematopoiesis. Furthermore,
the observation that adult thymectomy alone only leads
to a depression in some immune responses several
months later, suggests that a large reserve of dif
ferentiated immunocompetent cells already exists in
the body.

275; The amount of actual data available on the
effects of continuous or repeated exposure at low dose
levels is again quite limited, but does at least provide
an order of magnitude of exposure for which sup
pression is found. In rabbits given 4-5 roentgens per
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day to a cumulative exposure of 356 to 2,039 roent
gens, no functional disturbances of antibody formation
in response to three injections of paratyphus vaccine
(642) were evident. However, with 21 roentgens per
day up to a total of 2,000 roentgens a partial inhibition
was observed. Also, in monkeys, a daily exposure of
1.34 roentgens (up to a total of 675 R) did not affect
the production of antibody to tetanus toxin (641).
In another study on mice, rats, guinea-pigs and rabbits
(651) given a daily exposure of 1.2 to 4.3 roentgens
for 11,6 to 2 years, animals Were investigated for
bactericidal activity in the blood. The strongest disturb~

ance of natural immunity occurred in young animals
and particularly with radiation delivered during intra
uterine development. Some depression of immunity
occurred with cumulative exposures in the range of 300
to 450 roentgens. In a study (533) on pathogen-free
mice exposed to 1-4 roentgens per hour, the ability
of irradiated animals to produce antibody to some but
not all antigens was inhibited by sublethal doses.

276. In a study (671) on the effect of low doses
of radiation given each day for five days, pregnant rats
with fcetuses at 16 days of embryonic development were
irradiated with 4-65 roentgens per day for five days.
There was found to be a resulting inhibition of agglu
tinin production to typhoid vaccine when the immuniza
tion was performed at 2-5 months of age. Some
reduction of phagocytic activity of blood leucocytes
was also observed.

277. In considering data on the effects of fraction
ated low doses, it is important to bear in mind the
studies previously discussed in paragraphs 128, 157
and 182, that stress that dose rate as well as absolute
dose is quite important in determining the degree of
radiation-induced inhibition of immunity. As many of
these fractionated or continuous radiation studies were
performed with low-dose rate irradiation, it is dif
ficult to assess the actual effect of a fractionated dose
.that would have caused considerable suppression if it
had been given in a single dose.

278. One of the main issues that is relevant here,
is whether repeated small doses or low-level continuous
irradiation give rise to an accumulation of damage,
or whether restoration following small doses is com
plete and thus adaptation to repeated irradiation occurs
for the immune system. This problem is at the heart
of the matter in attempting to assess risk estimates for
man in terms of effects on the immune system. Although

.there are considerable data on the over-all susceptibility
of the immune response to higher doses of radiation,
there is very little that is of direct relevance to this
central question. Some speculation is therefore justifi
able.

279. It is most likely that the immune response as
a whole would readily adapt to repeated low doses of
irradiation. Studies assessing the over-all potential ex
pression of responding cells by comparison with those
that actually respond (336) stress the enormous reserve
that is held unexpressed. Thus, if an individual normally
expresses only 10 per cent of his actual immunological
potential, then this cell population could readily tolerate
up to a 90 per cent loss in that system from continual
irradiation without any apparent loss of immune respon
siveness. In this connexion, it is also relevant to

.consider the hrematopoietic stem cell which is con
tinually entering into differentiation throughout life
and feeding more potentially-immunocompetent cells
into the system. Unlike some other tissues, the immuno-
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competent population of cells is not produced only once
in ontogeny but rather depends heavily on continual
replacement. Furthermore, as the hrematopoietic stem
cell itself is in large reserve, considerably high levels
of radiation would be required to limit the potential
input into the immune system.

280. It is essential, however, to remember that the
expression of an immune response is not a single one
hit event dependent on antigen directly stimulating one
cell. From studies on the relative radio-resistance of
thymic-derived carrier cells essential for collaboration
in many secondary responses, it would not be expected
that much of an effect would be exerted on this cell
type by repeated or continuous irradiation. The cell
type which is more likely to control the over-all
immune response is the macrophage, as this cell type
may not be renewed as frequently as immunocom
petent cells, and in many instances active processing
by this cell is obligatory if the immune response is
to proceed. As several studies mentioned above have
suggested that some interference with antigen processing
may occur at moderately-low single exposures (100 R),
it is possible that cumulative damage to these cells
might result from repeated or continuous exposures
to low doses. Further studies on this aspect are clearly
required, with particular emphasis on a comparison of
the effect of continuous or repeated irradiation on
immune responses which do or do not require macro
phage participation.

281. It is important to distinguish this concept of
adaptation to repeated low-level irradiation from the
implication of acquired radio-resistance in the antibody
cell series. This latter view Was first proposed in
studies with mice (454) but, as has been discussed
previously (paragraphs 85 and 86), can be explained
by changes in the proportions of interacting cells.
Instead, the concept of adaptation implies that cells
of the antibody-forming precursor series are all equally
radio-sensitive, and are being continually replaced
throughout life, and that at any given time there are
many more potentially-immunocompetent cells to a
given antigen than are needed to produce the usual
level of immune response. In the studies of Kennedy
et aZ. (286) it was in fact suggested on the basis of
plaque-forming response data, that the immune system
could suffer at least a thousand-fold depletion of the
proliferative capacity of its cells without completely
losing the ability to respond to an antigen by the
production of plaque-forming cells. This actual number
will vary for different antigens, and further studies of
this type would be most relevant to this problem.

282. There is one instance in transplantation immu
nology where fractionated radiation doses appear to be
of some value in depressing the host's potential immune
rejection of the graft. Local irradiation of organ grafts
(kidney or heart) in situ appear to aid in prolonging
graft persistence. These studies (see paragraphs 208
to 212) usually involve 150 rads given six times at
two daily intervals. The actual mechanism of prolonga
tion is obscure, but is likely to be associated with
destruction of invading host cells which are continually
infiltrating the graft.

C. WHOLE-BODY AND LOCAL IRRADIATION: DELAYED
EFFECTS

283. Most of the studies described in this report
have dealt with early effects on the immune system



D. RADIO-ISOTOPES

~8~. In this aspect of ~e~ayed changes following ir
radIatIOn, data from the clImcal use of radio-therapy in
Hodgkin's disease and malignant lymphomas are most
relevant. Radio-therapy offers a significant chance for
cure of Hodgkin's disease (449). In retrospective studies
of the 1"ecurrence rate (279), defined as the probability
of reappearance of disease in a radiation-treated field
as the first new manifestation of disease, a correlation
with the median dose was clearly evident. With a
median exposure of 500 roentgens there was a 78 per
cent recurrence rate, with a median exposure of 1,000
roentgens the rate fell to 60 per cent, and with
4,000 roentgens in weekly fractions of 1 000 roentgens
(using megavoltage energy beams) oniy 2 per cent
recurrence was observed in 300 fields at risk. As these
figures are based on single fields, it was stressed that
the chance of success is an independent variable for
each field, and accordingly the use of higher doses
(4, 000 rads) becomes of even greater statistical import
ance. With this type of treatment, it is obvious that
considerable care must be taken to shield the lungs
and other vital tissues. The judicious use of lead
shielding, monitored carefully, bas proven that this
problem can be successfully avoided. But what of late
complications in those areas which are irradiated?

289. Severe leucopenia or thrombocytopenia has
rarely been a problem (279), presumably because of
adequate shielding of some bone marrow which has
sufficient hrematopoietic stem-cell reserve. In 1erms of
survival rates, the data in table 5 strongly vindicate
the use of radical (3,500-4,000 R) radio-therapy.
This is particularly evident when it is realized that
virtually no cures of Hodgkin's disease in stage III
had been reported before this study. Subsequently,
some evidence of late necrotic changes may occur
in lymph nodes in the treated fields. In one study
(634) some calcification was observed in intrathoracic
lymph nodes 1-14 years following irradiation of the
mediastinum at exposures between 1,000 and 6,000
roentgens. This calcification is probably due to post
irradiation tissue necrosis. However, it must be stressed
that this possibility of some minor post-irradiation
changes in lymph nodes most certainly does not out
weigh the enormous value of carefully-administered
radical radio-therapy for this disease. Hall and Morris
(230) observed that the irradiated lymph nodes of
sheep eventually showed a definite increase in the
thickness of the capsule and of the connective tissue
trabeculre. They suggested that the lymph node may
eventually lose its capacity to transmit recirculating
lymphocytes. In an earlier report (10) with irradiated
rabbit popliteal lymph nodes marked fibrosis was seen
three weeks following irradiation.

290. In various experimental studies radio-isotopes
have been used to deliver radiation at localized sites
in the lymphatic system. This includes such methods
as the application of 32P-impregnated polythene strips
to the surface of the spleen (191), intra-atrial implanta
tion of a j3-emitting source (31) I and intra-lymphatic
infusions of radio-isotope-labelled agents (159, 567,
620). Perhaps one of the greatest dangers in applying
these types of treatments to man is that it is relatively
difficult to calculate effective dosages to organs in the
body. In one study (80) with endolymphatic radio
therapy· (ERT) for therapy of malignant lymphomas,
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after whole-body irradiation. In some studies in vitro
irradiation of cells bas been used, and these ~re often
valuable in determining immediate and acute effects
on a given cell type. Local irradiation of an organ
in vivo can, however, be complicated by other problems.
In many instances, local radiation applied to various
organs of the immune system, such as lymph nodes
spleen, or even extracorporeal radiation, have bee~
shown to lead to lymphopenia and reduction in immuno
competence by depleting the recirculating lymphocyte
pool. However, in cases where solid organs are irra
~iate9' the fixed stl:uctural cells of the organ are also
uradlated, and it IS reasonable to question whether
long-term effects may be observed in these cases, even
though the lymphocyte content of the organ may be
completely restored by entry of new cells.

284. The special case of local irradiation of renal
allografts in man, dog and goat was discussed above,
and in this instance with the doses used (6X 150 R)
no deleterious effects appear to have been observed
in the parenchymal tissue of the kidney, although in
many of these experimental situations, prolonged ob
servations were not made.

285. In many centres there is increasing use of
cadaveric kidneys for renal transplantation. As the
kidney from the cadaver source frequently shows some
degree of acute tubular necrosis (ATN), it is pertinent
to consider the effects of radiation on the regenerating
tubular epithelium. In a recent study of this problem
witb kidney grafts in dogs, it was shown (354) that
therapeutic doses of local graft radiation (600 rads)
given immediately following the onset of acute tubular
necrosis significantly delay recovery of renal function
from the ischemic insult. These authors therefore caution
against indiscriminate use of local kidney radiation
without signs of immunologic injury to the kidney which
would merit its use.

286. Following whole-body irradiation at a dose of
1,250 rads, little direct damage was observed to the
cytoplasmic fibril web of the reticular stmcture in
lymph nodes of rats. When doses of up to 8,000 rads
were used, the entire structure showed considerable
necrosis and destruction (272). With local irradiation
of lymph nodes, regeneration of lymphoid content is
extremely rapid, presumably because of entry of immi
grant unirradiated lymphoid cells. However, following
3,000 roentgens, an extreme secondary atrophy develops
several weeks later, ?pparently following vascular
damage and destruction of the original stroma (165).

287. The effect of radiation on the popliteal lymph
node of sheep on its output of lymphocytes has been
described (230). Chronic fistulre were established in
the different ducts, and the nodes received x-ray ex
posures of 800 to 2,000 roentgens. A significant fall
in lymphocyte output occurred, but was not accom
panied by any gross change in the morphology of the
cells. Five preparations were also antigenically stim
ulated 6 to 140 hours after the nodes had received
2,000 rads. The resulting increases in antibody titre
and characteristic cellular changes showed that irradia
tion had not significantly altered the immunological
performance of the nodes. This strongly indicates that
the functional capacity of the node is dependent on the
entry of recirculating lymphocytes and not on a fixed
cellular population. Late effects on the node are
discussed in paragraph 289. A similar conclusion was
reached from a study of the regeneration of lymph
nodes from whole-body irradiated mice (643).
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E. INDIRECT EFFECTS

isotopes have several phases: periods of depressed at1-ti~
body formation alternate with phases of normalizatiOD.
and stimUlation. It is also important to point out t1J.~j
internal irradiation is accompanied by a very marIce
suppression of the secondary immunological respoo.Sd
in a number of cases; this suppression is more marIce 1
than the depression of the primary immunologic~

reaction (666, 696). It is assumed that when anirna1~
are irradiated internally, the long period over whic
the dose is accumulated slows down the restorative
processes. Under these conditions, continued exposure
to radiation causes a marked suppression of the iJ::11:'"
munological response when the animal is revaccinated.
Internal irradiation with 144Ce may stimulate the forIJl.1l-'"
tion of plasma cells (685, 687) and there have ev~1l.
been cases of mitosis among them. The sUb-microscoplC

organization of the plasma cells undergoes only sligbt
changes (some disturbances in the structure of tbe
nucleus and the mitochondria), which confirms tbe
structural hypothesis concerning radio-sensitivity to tbe
effect that resistance to radiation is due to the presence
of enough organoids in the cells to keep reparati-ve
processes at a high level. The irradiation both acceler
ates differentiation of the plasma-series cells and
stimulates the development of the endoplasmatic re
ticulum (686, 687). It has been shown by electron
microscopic immunocytochemistry (using peroxidase as
an antigen) that, despite the normal ultrastructural
organization of the plasma cells, an antigen~antibodY
reaction no longer develops in ultra-thin sections after
irradiation. A generalized discussion of these data is
available in a monograph by Klemparskaya et al. (660).

294. In various other studies radio-active gold, bis
muth, silver, yttrium and iodine have been used, either
as the "naked" radio-active material itself, or coupled
to a carrier. Probably the main point with which to
conclude this section, is to stress again that the major
problem with this type of irradiation is the great dif
ficulty in controlling radiation dose, and thus although
it may be valuable in experimental research studies,
it should be considered hazardous in clinical studies.

some attempts were made at dosimetry. ERT may use
either 1osAu, DOY, 82p, but more frequently 1811. With
50 millicuries of 1S1r injected, it Was estimated that a
dose of 842 rad mCi-1 was given to the lymph node,
and of only 1q, 2 and 8 rad mCi-1 to lungs, liver and
spleen, respectively, but of 48 rad mCi-l to the thyroid.
Possible complications from 1311 accumulation (after
excessive doses) in the thyroid can be minimized by
administration of Lugors solution preceding ERT (80).

291. Several experimental studies on the effects of
various radio-isotopes on immune responses have been
reported. Moderate inhibition of immunity after chronic
uptake of small doses of DOSr was observed even a year
later. A single subcutaneous injection of 0.5 mCi kg-1
of 210pO, or a single intraperitoneal injection of 0.05
rnCi kg-1 of oOSr to guinea-pigs did not affect the
primary response, but led to a marginal reduction in
secondary immunization (666). Single intraperitoneal
injections of tritium oxide in doses of 0,3 Ci kg-1 (total
dose 400 rad) to dogs (693) led to depression in
immunological activity which correlated with the clinical
manifestation of radiation disease. Depression of pha
gocytic activity and agglutinin formation was observed
in rabbits given simultaneous subcutaneous injections
of oOCo or 1811 together with secondary immuniza
tion (698b). Intravenously-administered 32p colloidal
chromic phosphate in a dose of 780 microcuries to
rabbits (636), was calculated to yield 14,000 rads
during the 14 days between isotope and antigen injec
tion. This resulted in marked depression of antibody
formation. This effect could be counteracted by multiple
antigen injections, which might indicate that the major
effect of intravenously-injected isotope was on the
spleen, and that by multiple injections non-splenic sites
then participated in the response. However, in another
study (81), the injection of 32p chromic phosphate
showed some effect on all organ systems when injected
intravenously, whereas a selective destruction or change
only in lymphoid tissues occurred following intra
lymphatic injection.

292. The literature also contains a large amount of
data concerning the effects of various incorporated
radio-isotopes (210PO, 89Sr, 90Sr, 82p, 1811, 1osAu, 611Zn
and an unseparated mixture of nuclear-fission products) 295. It is well recognized that lymphocytes, par-
on immunogenesis when experimental animals are ticularly thymic cortical lymphocytes, are very sensitive
vaccinated with various other bacterial antigens: 801- to lymphocytolysis by x-irradiation, by corticosteroids
monella breslau (683), Proteus vulgaris (669), typhoid- and some other steroid hormones. This raises the
dysentery vaccine (698b) and brucellosis vaccine theoretical possibility that destructive effects observed
(666). It has also been shown that antibody fonnation on the immune system through the use of external
is decreased when animals damaged by 210PO, 181I, 411Ca agents such as radiation, may in fact operate by causing
or 6IIZn are immunized with tetanus and diphtheria a release of endogenous steroid hormones which in
anatoxins or gamma globulin (691). In a number of turn actually cause the destructive effect on the lympho-
investigations it was found that antibody formation was cyte. A distinction between the direct action of radia_
reduced when animals damaged by 32p, 1811, 187CS and tion and steroid-mediated destruction could be made
wCe were immunized with rickettsial and viral antigens (a) by assessing effects of in vitro radiation of lymphoid
(smallpox-vaccine virus and influenza virus) (640, 695, cells, and (b) by the use of adrenalectomized animals.
696). Reduced antibody formation in animals damaged Actual data on this subject are again sparse and, where
by 4~Ca, II0Sr and 187CS was observed when the animals available, have been obtained without consideration of
had absorbed total doses of the order of 220~270 rads the separate components of the immune response~

(698). A depression in the fonnation of antibacterial 296. In vitro studies (238) have shown that the
and antiviral antibodies in rats damaged by 144Ce was antibody-forming response can be inhibited by COrti...
observed when the isotope had been introduced intra- costeroids only very early after antigenic challenge,
abdominally, even at relatively low total absorbed Resistance to steroid inhibition develops rapidly Witb
doses to the critical organs-liver, skeleton and spleen- time, and as this steroid-resistant phase coincides witb
apparently because of severe damage to the reticulo- the lag phase of cell proliferation, steroid inhibition ig
endothelial cells (696). clearly active only on non-dividing lymphoid cells, prio(

293. According to some authors (698) the changes to th7ir antigen-induced proliferation. This would iu
in immunogenesis which result from incorporated radio- turn Imply that doses of radiation which are knoWu
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Figure XU!. Radio-s~nsi~vj(y of th~ immune .res~onse. as a
function of time of IrradIatIOn relative to, antlgentc stimula
tion for three animal species (336,510, 550): mouse (710R)

'(-);rabbit (SOOR) (_._); and rat (SOaR) (---)

response required to deal with the particular type of
antigenic challenge. Thus if 90 per cent of cells are
destroyed with a given d~se of radiation, an immune
response which requires most of the original potential
response to be expressed may be approximately as
severely compromised in man as in the mouse.

301. This factor will certainly vary from antigen
to antigen but it does not even imply that what is true
for a particular antigen as studied in mice need also
be true for man. As stressed previously, the secondary
immune response as a whole appears far more radio
resistant than the primary response, simply because
there are more cells available to react with that antigen.
This is most relevant for species comparisons, as the
natural experience of cross-reacting antigens often
determines whether a state of immunity may have been
developed to a particular antigen. For example, natural
antibodies to various bacteria may be present in man
but not in mice, so that first direct challenge in these
two species may in fact respectively measure a
secondary versus a primary response.

302. Where direct measurements of radio-sensitivity
of the immune response have been made in different
laboratory animals, similar results were almost in
variably found. For example figure XIII shows the
radio-sensitivity of the immune response as a function
of the time relative to antigenic challenge for mouse,
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to mediate suppression of the immune response by
inhibition of cell division, are clearly not operating
through steroid mediation. Indeed, in a study (149)
on atrophy of lymphoid organs in unoperated and
adrenalectomized mice, no difference in involution was
observed with exposures from 25 to 200 roentgens.

297. The possibility of steroid effects mediating
lymphocytolysis is more likely with exposures around
10 roentgens. X-ray exposures in this range will produce
stimulation of adrenocortical secretion, as judged by
depletion of either adrenocortical sudanophilic material
or total adrenocortical cholesterol (148) , and by
increased cortical secretion (439). On the other hand,
some in vitro effects of radiation on lympllOcytes have
been observed with two to five roentgens (527). Again
it might be concluded that although further studies are
necessary, there is little likelihood that steroids play
an important role in mediating radiation-induced
immune depression.

298. It it also possible that abscopal effects may
exert a positive influence on the lymphoid system
rather than a negative effect. It has been shown (339)
1:hat exposure of the head of rats to 1,000 roentgens
will increase the rate of incorporation of thymidine
into DNA in the thymus. With 250 roentgens it was
found that the effect is detectable wIthin two llOurs,
reaches a maximum at 19 hours, and then disappears
after four days. No change in DNA incorporation into
spleen was observed in these animals. This observation
nlay wen relate to another study which demonstrated
-'that neonatal thymectomy of mice results in early
degranulation of acidophilic cells of the anterior pitui
tary (457) and it was suggested that the thymus is
a target gland of the hypophysis, It is therefore possible
t:hat thymic cell turnover is directed and controlled by
a neuro-endocrine factor probably at the hypothalamic
hypophyseal level and that irradiation of the bead
affects this system.

F. COMPARATIVE STUDIEs IN ANIMALS AND MAN

299. That radiation has profound destructive effects
on the immune response of experimental animals is
quite clear but, because of the paucity of data in man,
it is essential to question whether direct species com
parisons are possible in order to extrapolate from the
experimental findings to a realistic risk estimate for
nlan, This is of particular importance in evaluating
'those situations where considerable benefit to the patient
£rom radio-therapy must be compared to the long-term
risks.

300. Much of the experimental data on radiation
suppression of immunity has been obtained in small
laboratory animals, such as mice. We are therefore
attempting to extrapolate from an animal with approxi
:r:nately 3 108 potential immunocompetent cells to
xnan with approximately 101~ cells of this type. This

:absolute difference is probably one of the main factors
vvhich might argue against the feasibility of direct
extrapolation, in the sense that, whereas a single
'exposure of 700 roentgens in the mouse may depress
'the primary immune response to an antigen to 5 per
cent of control, the degree of depression may not be
nearly as large in man. Several factors will be important
i:o. determining whether or not this is so. For each
antigen, the absolute number of initial responding cells,
;as a proportion of the actual potentia] number capable
of responding, must be related to the degree of eventual
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Figure XIV. Effect of exposure rate on the relative antibody
response of mice (-) given a total exposure of 700 R, and of

rats (- - -) given a total exposure of 500 R (197, 336, 510)

rat and rabbit. Similar results were observed in all
cases for both radiation depression and enhancement.
In terms of the actual radio-sensitivity of the immuno
competent cells, the data available would strongly
predict that no essential difference will be observed
among species, including man. Direct assessment of this
will be possible with the use of in vitro techniques for
studying the immune response of human cells.

303. One of the other major problems in comparing
radiation studies in different species, particularly the
radio-therapeutic studies in man, is the wide range of
dose rates and radiation quality used in these studies.
A further example of the dramatic effect of dose rate
on immune depression is shown in figure XIV, in which

and would therefore seem to indicate that extrapolation
from animals to man, at least for this type of immune
response, may not be subject to any wide errors.

304. Clearly we need more direct data on the radio
sensitivity of human immune responses before it can
be concluded that the wealth of experimental animal
work can be safely extrapolated for estimates of human
risk. Such basic data on the radio-sensitivity of the
various components of the immune system could be
obtained from in vitro studies of antigen processing,
of lymphocyte-mediated cellular immunity, and of anti~

body induction and proliferation. With this as a basis,
it might then be more practical to consider other
possible factors that might modify direct extrapolation,
such as nature of antigen (primary or. secondary
response depending on previous cross antigenic experi~

ence), dose rate, etc.

305. Despite some uncertainty at present on this
matter, it should be stressed that in many radio-thera~

peutic studies such as with Hodgkin's disease, and for
eradication of leukremia followed by marrow trans
plantation, the benefit to the patient of successful radio~

therapy (and marrow transplantation if feasible) may
well outweigh the perhaps minor but uncertain risks in
regard to long-term effects of radiation on the immune I
response.

VIII. Summary and conclusions ~
A. PROPOSALS FOR FURTHER INVESTIGATION j

306. There is virtually no well-controlled careful i

assessment of the radio-sensitivity of the antibody r~

sponse in man. As this may be extremely relevant to
certain aspects of the problem of radiation and neo
plasia, some effort should be made to ascertain radia
tion sensitivity in vitro of the different human lymphoid 1
cells involved in different stages of immune responses,
with due consideration to effects of different forms of
radiation, dosage, and dose rate.

307. It is clear from the many experimental studies \
that assessment of the true radio-sensitivity of the cells
involved in antibody formation in vivo may be com- l
plicated by many factors. These include differential
sensitivities of the various components, for example,
macrophages Band T, lymphocytes and plasma cells,
and differential effects on the catabolism of different
antibody proteins. Accurate measurements of the radio-

o0'---.---,20-..,--4..,.0-,.......-6,...0-,...-....,8"""0---.-1....0-0--120 sensitivity of the various human lymphoid cells involved 1,
in the development of an immune response should be

DOSE RATE.(R/minJ made in vitro. With the various cell-separation systems
available and the methods at hand for inducing primary~

antibody formation in vitro and for quantitating num
bers of antibody-producing cells, it should be possible
to carry out the following determinations: (a) macro- Jl

mice were given a cumulative exposure of 700 roent- phages: with certain antigens, macrophages are r~ {
gens, and rats one of 500 roentgens. As a curve of quired for the primary induction of antibody formation. 'f'
this type is not available for man, and since so many Through the use of a macrophage-free test system, .
factors enter into the calculation of the actual dose assays could be performed on the effect of addition of '
rate received by the relevant tissue, extrapolation of macrophage preparations which were previously sub~
effects from animals to man simply on the basis of jected to different radiation exposures; (b) antigen~
cumulative dose is very likely to be inaccurate. Despite reactive cells and antibody-forming precursor cells: in
this possible problem, however, studies with experi~ similar fashion, both thymus-derived and bone-marrow
mental primates have shown that whole-body irradia- (bursa?) derived cells could be separately irradiated
tion in the range of 550 to 930 roentgens did permit at various doses and then recombined with the appro-
initial successful takes of allogeneic bone marrow in priate unirradiated cell type and studied for ability to
at least 95 per cent of cases (116). This is in the collaborate towards antibody production in vitro. In
same dose range as for similar experiments in mice, man, bone-marrow cells and thymus cells (obtained
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observed in immunosuppressed auto-immune patients.
However, as there is now available a considerable
amount of background knowledge (480) on produc
tion of antibodies in man to defined antigens under
controlled circumstances, a careful examination of vari
ous groups of irradiated subjects for antibody produc
tion might therefore be undertaken. This should include
patients receiving intralymphatic radio-isotopes, as
well as all known survivors previously subjected to
whole-body irradiation. The basic question is whether,
if immunodepression were demonstrated, tlllS result
would help in assessing the probability or risk of subse
quent tumour development. Studies on cell-mediated
immunocompetence would perhaps be of even greater
value.

312. The concept of loss of the tolerant state after
irradiation leads naturally to a consideration of possible
auto-immune consequences. If the normal absence of
anti-self reactivity is due to a continuing equilibrium
between a potential aggressor cell and the right balance
of self-antigen (perhaps in combination with natural
antibody), then an alteration in the equilibrium might
lead to antibody production as a result of radiation
effects on the population of lymphoid cells. As few rele
vant data are available, further examinations of the
sera of surviving patients who have received whole-
body irradiation (from atomic bombings or, for ex
ample, from treatment for ankylosing spondylitis) for
various auto-antibody levels will be of great interest.
Again, there is considerable background information
available on the incidence of various auto-antibodies in
normal subjects of differing ages (623). It already
appears that incidence of auto-antibody fonnation in
creases with age, and whether this is indeed a part of
the ageing process itself is of great interest. Particularly
as radiation is also thought to have some accelerating
effects on the ageing process, auto-antibody incidence
and titre estimations would be of considerable value.
If radiation-induced life-span shortening is associated
with, or mediated by, effects on the immune system,
then it is likely that increased manifestations of auto
immunity may occur predominantly in the sub-popu
lation of those exposed to radiation in young life.
Accordingly, more intensive surveys for cellular as well
as humoral auto-immune activities would be most
warranted in exposed individuals.

313. The potential involvement of radiation in im
munotherapy of neoplasia is of great interest. Several
relatively new approaches are available, which will re
quire extensive evaluation. If a tumour gives rise to an
impairment of the host's immune response to its own
tumour antigens, a drastic immunogenic stimulus will
be required to overcome this state. This might well be
aided by a break of the tolerant state brought about by
sublethal irradiation of the recipient, followed by ad
ministration of a sample of the autologous tumour pre
irradiated in vitro in order to stimulate additional
lymphoid elements. This type of approach should be
monitored not only by examination of the growth of
the primary tumour but also by attempting to directly
assess the state of anti-tumour immunity (cellular and
humoral) of the host by the various in vitro assays
which are currently under development in several labo
ratories.

314. Eradication of tumour cells might also .be ~p
proached by the use of tumour-specific antIbodIes
which would localize on the tumour-cell surface. If
the antibodies were heavily labelled with·· a radio..

from fragments at surgery), could be assayed, together
with T cells and B cells derived from normal human
blood and fractionated by some of the immunological
techniques now ava,ilable; and (c) plas1Jw cells: anti
body-plaque-forming cells from any primary induction
system with human lymphoid cells could be assayed for
radio-sensitivity in vitro.

308. In studies with Shigella antigen and mice, the
radio-sensitivity of the macrophages has been stressed.
This type of study in experimental animals should be
extended to other antigens, since, if this is a major fac
tor with bacterial antigens, then susceptibility to infec
tion following sublethal irradiation with doses above
100 rads might primarily involve interference with
macrophage function. Active immune responses against
pathogenic bacteria might then be induced in man by
the use of appropriately modified forms of the bacterial
antigen (for example, small soluble proteins rather
than whole bacteria or flagella) which do not require
macrophage processing. This would apply even in situa
tions where irradiation had been previously encountered
by the individual.

309. In the field of transplantation there are at least
two areas in which radiation can be of considerable
value. In organ transplantation, it is clear that immuno
suppression from whole-body irradiation with sublethal
doses is not feasible. However, both extra-corporeal
irradiation of the blood, and local graft irradiation have
been shown to be of value, particularly in acute reac
tions. Further experimental studies with these tech
niques, preferably in large animals, should be cont~n
ued, and in particular should evaluate alter~ative

schedules of irradiation. The use of other techmques,
such as intralymphatic injection of radio-active colloids
in suppression of allografts, also need further evalu~
tion, with much emphasis on a more accurate deternu
nation of doses received by various cells and tissues.

310. In marrow transplantation, several promising
approaches to the elimination of the secondary disease
syndrome must be actively pursued if elimination of
leukremic cells by radiation, followed by marrow trans
plantation, is to be a practical .form of. theraI?Y· Such
approaches include comprehensIVe multifactOrial stud
ies fractionation of immunocompetent cells from
hre~atopoietic stem cells, and elimination of immuno
competent cells by appropriate anti-serum pretreatment.
The possibility also exists that host thymic fac~ors (?
epithelial in origin) are involved in inducing dIfferen
tiation of donor marrow stem cells into immunocompe
tence. This host component might be vulnerable, to
radiation suppression and thereby result in a depressl?n
of the initiation of secondary disease. Further studIes
of this phenomenon are needed to determine w?e~her
this could lead to a practical approach to the ehmma
!ian of secondary disease.

311. If the concept of immunological surveillance
is applicable to most forms of cancer, it might be ~x
pected that irradiated individuals would show an 1I~
creased susceptibility to all types of cancer, approxl
-?lately in prop~rtion to their norm~l in<;:idence although,
If serum blockmg factors are antIbodIes, .the!! depres
sion of this factor could result in an effectIve lllcreased
efficiency of cell-mediated tumour regression. These
aspects are however quite spec:ulative at. p~esent, as
the original observation of an mcreased mCldence of
reticulo-endothelial and lymphoid tumours. that ,occur
in immunosuppressed kidney transplant patients IS not
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isotope, a lethal radiation dose to the cell might
thereby be delivered. However, the major problem may
rather be in effectively contacting tumour cells in a
solid tumour with the antibodies.

B. RADIATION, RESISTANCE TO INFECTION, AND
ANTIBODY FORMATION

315. One of the best illustrations of the injurious
effects of ionizing radiations on immunity is that
showing decreased resistance of irradiated animals
(usually in the 200-600-R exposure range) to the
pathogens of infectious diseases. This has been demon
strated countless numbers of times with many different
pathogens of bacterial, viral, rickettsial and fungal
types. In general, species resistance is maintained after
irradiation, although in some studies there are exam
ples of partial elimination of congenital resistance to
certain infectious age~ts.

316. Decreased resistance to infection varies con
siderably for different infections, species, types of in
fections (acute or chronic) and radiation parameters.
Part of this variation may depend on the type of assay
system, for example it appears that radiation-induced
decreased resistance to infection occurs primarily after
several days, rather than immediately, and challenge
with a very acute infectious agent at the time of radia
tion will not show any decrease in resistance. Chal
lenge with an agent that induces a more chronic and
prolonged infection will be more likely to show de
creased resistance.

317. Radiation-induced decreased resistance to in
fection is primarily mediated by the decrease in the
host's specific immune response, although other non
specific factors may also be of importance, particularly
macrophage handling of antigen and granulocyte func
tions. As this review is primarily concerned with the
immune response, evaluation of the susceptibility of
its components cannot be very readily ascertained by
simple whole-animal studies with challenge of infec
tious agents. Accordingly, a more detailed examination
of the separate components of immunity has been
made.

318. Phagocytosis of antigens and antigen deg
radation are relatively radio-resistant with doses of
the order of 1,000 rads. Some changes in granulocyte
activities have been reported even with relatively low
doses (100 rads) but the significance of this for the
eventual immune response is probably minor. In sev
eral studies, however, although irradiated macrophages
successfully phagocytosed antigen, they did not appear
to be capable of processing it in a manner which is
obligatory for the initiation of the immune response.
This effect was observed even with doses of 150 rads.
Antigen-handling in lymphoid follicles appears to be
particularly important for the development of the sec
ondary response and radiation inhibition of this func
tion may be a factor in antibody depression.

319. Depending upon dose, dose rate and time of
irradiation relative to antigen injection, the immune
response may show either a shortened lag phase and
higher antibody levels (particularly with relatively low
doses), or a lengthened lag phase and reduced antibody
response. This· increase in the antibody response ap
pears whenever the radiation dose is low enough (ob
served with 25 rads) and antigenic stimulation delayed
enough to allow the steady-state population of precur-
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sor cells to recover. The radio-sensitivity of the hrema
topoietic stem cells and the precursor immunocompetent
cells, as indicated by their DS7 values, is in the range of
60 to 150 rads. It is during the lag phase of the immune
response that cell co-operation appears to occur in
some antibody responses, and although the actual pre
cursor cell of the antibody producer is most sensitive,
conflicting data on the thymic-derived cell (T) exist. It
appears that in primary responses, if the T cell must
proliferate to produce sufficient numbers for collabora
tion, then it will appear radio-sensitive, whereas in its
carrier function in secondary responses proliferation
may not be as important, and radiation in doses of up
to 2,000 rads does not seem to interfere with this
function.

320. The logarithmic phase of antibody production
is only moderately radio-sensitive, because of the mix
ture of both proliferating immature plasmablasts and
the highly radio-resistant mature non-dividing antibody
synthesizing cells. Finally, no significant depression of
antibody secretion is observed in the populations of
cells irradiated (with doses up to several thousand rads)
in late logarithmic, plateau and decline phases, most
of which are mature plasma cells.

321. The secondary antibody response has often
been described as radio-resistant in studies which assess
the over-all antibody production in whole animals.
However, many of the differences between the primary
and secondary responses can be accounted for by the
numbers of potentially available cells which can be
called upon for the particular immune response. Thus
a comparable reduction by radiation in the percentage
of cells in a primary and secondary response will still
leave in absolute numbers many more surviving cells
in the secondarily-stimulated· animal.

C. RADIATION AND TRANSPLANTATION

322. Although it is clear that the lymphocyte popu
lation which is involved in cellular immunity is in
general relatively radio-sensitive, there are few direct
assessments of the actual .radio-sensitivity of all com
ponents involved in graft rejection. Furthermore, there
are indications that some of the lymphocytes that medi
ate cytotoxic cellular immune responses are relatively
radio-resistant.

323. It is now quite definite that prolongation of
foreign organ grafts cannot be obtained solely by whole
body irradiation of the recipient, at least without using
lethal doses of radiation, which would then require
simultaneous marrow transplantation. Local irradiation
of the graft in situ (e.g., kidney), usually administered
in fractionated doses, has been used as giving some
definite advantage for graft survival in the early stages.
Indiscriminate use of radiation may, however, be of
considerable disadvantage since, if radiation is admin
istered in a form such that radiation-induced augmen
tation of the immune response occurs, this might lead
to accelerated graft rejection, which might also negate
any further attempts at transplantation.

324. Various other methods of irradiation have
been attempted in order to suppress the recirculating
pool of lymphocytes which is of prime importance in
graft rejection. These include extracorporeal irradiation
of the blood (ECIB), intravascular insertion of radio
active implants, intralymphatic injection of radio-active
colloids, and application of a radio-active strip to the
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surface of the spleen. As these latter approaches are
mainly experimental and suffer from some problems
of irradiation of other tissues, and because it is very
difficult to calculate doses at various points in the body,
further investigations are needed before these techniques
can. be used extensively in man. ECIB, however, has
been found to be of advantage with renal allografts,
particularly in acute rejection crises. The combined
use of radiation therapy and other immunosuppressive
regimes (drugs, anti-lymphocyte serum) often leads to
considerably greater immunosuppression and graft
prolongation.

325. Lethal doses of whole-body radiation have
been attempted only in bone-marrow transplantation.
If these patients could indeed be restored by marrow
transplants, then a direct application of this technique
to leukremia might be possible. Although it is by no
means certain that there is a systemic factor involved
in the induction of the malignancy, it must be pointed
out that if this did exist, donor-derived marrow cells
could eventually become malignant and the major
problem of marrow transplantation would indeed not
be the immunOlogical problem. However, there is a
major immunological obstacle to marrow transplanta
tion in man, namely, the graft-versus-host reaction
(secondary disease) which is now clinically well docu
mented. Initial takes of marrow appear to be satis
factory, indicating that irradiation has prevented early
host rejection. The key immunological problem now is
to prevent the subsequent secondary disease complica
tions, and several recent promising reports in this field
have been published, although care must be taken in
extrapolating from animal graft-versus-host reactions,
as the content of T cells in marrow clearly differs from
species to species.

D. RADIATION, TOLERANCE AND CANCER

326. In considering the interaction between a devel
oping primary tumour and the antagonistic host immune
response, it is likely that any factors which affect the
host immune response may alter the current balance,
and tend to favour or inhibit the growth of the tumour,
again depending in turn on the relative proportions of
cell-medIated immunity, humoral immunity and block
ing factors. Experim~ntal .studies have. demons~rated
that immune suppresslOn WIll lead to an Increase In the
growth rate of transplanted tumours, and will permit
greater and more rapid metastatic sprea~ of tumours.
This in turn affects the time of observatIon of macro
scopic tumour development and the survival of the
host. Whether immune suppression actually leads to
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an increase in the number of primary malignant clones
is not yet clear. It is on this critical point that the
concept of immune surveillance rests, and further work
is still needed, particularly with spontaneous primary
tumours, rather than the more highly antigenic viral
induced tumours. Alternatively, however, if the case
f?r human virus induced tumours becomes fully estab
lIshed, the role of immune depression in the retiology
of tumours must be carefully evaluated.

327. Radiation-induced augmentation of immune
tolerance has been demonstrated with various systems.
In the field of transplantation, non-lethal doses (300
500 rad) have been used in this manner to facilitate
the induction of skin-graft tolerance to weak histo
compatibility antigens. On the other hand, a state of
persisting immunological tolerance can be broken by
radiation and converted into an active immune response.
This may well have relevance to certain types of tumour
induction.

328. If radiation can break the state of induced
immunological tolerance, it may also do so with self
tolerance. This could lead to the development of auto
immune disease. Experimental or clinical information
on this aspect is very sparse, and limited studies with
atomic-bomb survivors have not at present indicated
any increased incidence of auto-antibodies in this
population. However, it is also quite probable that such
increased incidence may only be observed in that sub
population of individuals who were exposed at a young
age, and further studies on this aspect should continue.

329. In conclusion, it must be emphasized that
accurate determinations of the radio-sensitivities of the
various cell types involved in immune responses in
man are not at present available. It appears reasonable
to extrapolate from animal studies in relation to the
actual radio-sensitivities of the cell types, although it
is important to note that the expression of an immune
response frequently involves an interaction of cell types,
and that the proportions of these cells in the tissues
of man may not be the same as in other species. Even
less is known in man about the possible role of radia
tion effects on immunity in relation to cancer and auto
immune disease.

330. These considerations indicate that accurate risk
estimates for man on the effect of radiation on immu.ne
responses cannot. ~t. pres~nt .b~ made. Further studies
on the radio-sensItlVlty of m~lV1dual cell t>yes an~ long
term studies on immunologrcal changes III relation to
cancer and auto-immunity may eventually lead to the
realistic assessment of these risks.



TABLE 1. CLASSIFICATION OF IMMUNE RESPONSES

HlImoral·antibody formation Cellnlar i1lltlll",ily

Reactive cells ...
Ontogenic control

of differentiation

Plasma cells and B lymphocytes

Bursa of Fabricius (avian), bursal
equivalent (mammal) and thy
mus

T lymphocytes

Thymus

Primary mediator
of measured im
mune response . Antibody-secreted

lin
immunoglobu- Lymphoid cells (possibly through

cell-surface-bound immunoglob
ulin) and macrophages

Secondary media
tors of response Complement components, hista

mine, serotonin, SRS
Migration inhibition factor
Transfer factors
Lymphotoxin, etc.

Clinical and ex
perimental forms
of immunity ... Serum antibody

IgM, 19A, IgG
etc.

Immediate
hypersensitivity

Anaphy- Arthus
lactic type

reaginic

Transplantation
immunity

Delayed
hypersensitivity

TABLE 2. ANTIBODY PRODUCTION BY 550 R IRRADIATED MICE FOLLOWING INOCULATION OF
MACROPHAGES FROM NORMAL AND IRRADIATED DONORS INCUBATED WITH Shigella ANTIGEN (177)

TABLE 3. THE EFFECT OF THE TIME OF ANTIGEN INJECTION ON THE IMMUNB RESPONSE TO
SHEEP ERYTHROCYTES OF SUBLETHALLY IRRADIATED MICE: PLAQUE FORMATION IN THE SPLEEN
AS A FRACTION OF THB CONTROL&

.. Animals were exposed to x rays two days after thiog1ycolate injection. Two days later
the peritoneal cells were harvested.

b 15 100 macrophages incubated in vitro with Shigella antigen.

log.

0.8

5.7

2.8
2.2

1.5
0.8

0.8

B days

47
34

31
12

12
10

36

N"mberol
animals

Agglil/inin tilre
Radialion e-TpOsure 5 days

10 macrophage
Number 01donors' Treattlllml 01

(R) recipienls animals log,

0 · ......•..•• Macrophagesb 20 2.0

150 · ........... Macrophages 15 0.5

300 · ......••••.• Macrophages 15 0.4
450 · ........... Macrophage3

600 · .........•. Macrophages

750 · .........•• Macrophages 5 0
Shi{?ella (0.1 001 of

0.1 per cent sus-
pension) 12 0.5

(95 per cent confidence limits)

I rradiat;""
dose

(rads)

Antigen
1 hOllr before

irradiahon

Antigen
1 hour afler
irradia#on

Anlige..
24 holtrs afler

irradiation

50
100

200
300

1.645 (1.354-1.930)
0.914 (0.751-1.087)
0.600 (00408-0.729)
0.133 (0.095-0.159)

1.698 (1.390-1.956)
1.086 (0.900-1.282)
0.697 (0.564-0.837)
0.107 (0.079-0.139)

0.774 (0.617-0.916)
0.533 (0.417-0.623)
0.142 (0.102-0.185)
0.032 (0.026-0.038)

.. Plaque formation determined 3 days after antigen injection.
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TABLE 4. EXPECTED RESULTS ON mE EFFECT OF TOTAL-BODY X-IRRADIATION ON PRIMARY (l.) A.ND SECONDARY (2·) ANTmODY

RESPONSES BASED ON 'IRE POPULATION-DENSITY FEED-BACK-CONTROL THEORya (336)

Number of i,,"mmocompetellt
unils differentiaH1Ig Responses

Relative . Number of survivin'l into antibody- (pcr cent of
X·ray s"PPressionb 111Jt1IfUlOCompetcnt ututJ'C1 synthesizing cells normal)

eXposure (survival
l' 2' 1· 2'(R) perceutage) l' 2'

0 " .......... 0 100 4,000 100 200 100 100

100 ............ 65 65 2,600 65 200 65 100

200 . ~ .......... 18 18 720 18 200 18 100

300 ............ 5 5 200 5 200 5 100

400 " .......... 1.5 1.5 60 1.5 60 1.5 30

500 0.3 <1 12 <1 12 <1 6............

TABLE 5. RESULTS OF X-RAY THERAPY IN HODGKIN'S DISEASE (279)

cells can be as small as twofold.
b Data obtained from Makinodan, Kastenbaum and Peterson

(333).
C For convenience it is assumed that there are 100 immuno

competent units in nonprimed individuals. If so, there should
be 4,000 immunocompetent units in maximally primed indi
viduals.

a It is assumed that the ratio of immunological expression to
immunological potential is 1.9 in a primary anti?o~y response
and 0.05 in a secondary antibody response. This IS based on
the following two observations: (a) there can be as many as
10 to 100 times more immunocompetent units responsive to an
antigen in the spleens of maximally p'rimed mice than in those
of nonprimed mice, and (b) the difference between primary
and secondary antibody responses against foreign red blood

Patients cOJ,ti"uously free
of disease

2
7

3 30,39,43

4 14,24,43,47

0
7 15,15,15,22

23,25,51

Duration
Number (mollths)
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N"mber of deaths

With disease Withollt disease

4 0

0 1

2 0
1 0

5 0
7 1

10
10

Total ""mber
of patienls

X-ray therapy
and stage of

disease

IB and lIB
Limited fields
Extended fields

IIIA
1,500 R 6
3,500-4,000 R 5

IUB
1,500 R 9
3,500-4,000 R 17



REFERENCES

1. Abdou, N. I. and M. Richter. C.ells !nvolved ~
the immune ,response. V. The mIgratIon of anti
gen reactive immunocompetent cells out of the
bone, marrow following antigen administration.
Int. Arch. Allergy 35: 330 (1969).

2. Abdou, N. 1. and M. Richter. Cells involved in
the immune response. VI. The immune response
to red blood cells in irradiated rabbits after
administration of normal, primed or immune
allogeneic rabbit bone marrow cells.J. Exp. Med.
129: 757 (1969).

3. Ada, G. L. and P. Byrt. Specific inactivation of
antigen reactive, cells with 125I-Iabelled antigen.
Nature 222: 1291 (1969).

4. Ada, G. L., G. J. V. Nossal and J. Pye. Antige~s
in immunity. III. Distribution of iodinated antI
gens following injection .into rats via the hind
footpads. Aust. J. Exp. BIOI. 42: 295 (1964).

5. Ada, G. L. and C. R. Parish. Low zone tolerance
to bacterial fiagellin in adult rats. A possible
role of antigen localised in lymphoid follicles.
Proc. Nat. Acad. Sci. 61: 556 (1968).

6. Ada G. L., C. R. Parish and G. J. V. Nossal
et al. The tissue localisation, immunogenic and
tolerance-inducing properties of antigens and
antigen fragments. Cold Spring Harb. Symp.
Quant. BioI. 32: 381 (1967).

7. Adler, F. L., M. Fishman and S. Dray. Antibody
formation initiated in vitro. III. Antibody forma
tion and allotypic specificity directed by ribo
nucleic acids from peritoneal exudate cells. J.
Immunol. 97: 554 (1966).

8. Advisory Committee of the Human Kidney
Transplant Registry. An analysis of the incidence
of early transplant failure data from the human
kidney transplant registry. Transpi. Proc. 1: 197
(1969).

9. Aisenberg, A. C. and B. Wilkes. Immunologic
status of thymectomized adult rats. J. Immunol.
93: 75 (1964).

10. Akawa H. and M. Takeshima. The reaction of
lymph~id tissue to roentgen radiation. Amer. J.
Roentgen. 24: 42 (1930).

11. Alexander, P. Immunotherapy of cancer: experi
ments with primary tumors and syngeneic tumor
grafts. Prog. Exp. Tumor Res. 19: 22 (1968).

12. Alexander, P., E. J. Delorme, L. D. G. Hamilton
et al, Effect of nucleic acids from immune lympho
cytes on rat sarcomata. Nature 213: 569 (1967).

13. Allegnauza, A "Allergic" Encephalomyelitis,
edited by M. W. Kies and E. C. Alvord. C. C.
Thomas, Springfield, 1959 (p. 494).

14. Allegretti, N. and D. Dekaris. Cutaneo?s reac
tions in mice injected intradermally Wlth cells
from heavily irradiated syngeneic donors.
Transpi. 7: 215 (1969).

15. Allen, W. P. Immunity against tul.aremia: ~assive
protection of mice by transfer of Immune tissues.
J. Exp. Moo. 115: 411 (1962).

358

16. Amos, D. B. and E. D. Day. Passive immunity
against four mouse leukoses by means of isoim
mune sera. Ann. N. Y. Acad. Sci. 64: 851
(1957).

17. Anderson, D., R. E. Billingham and G. H.
Lampkin. The use of skin grafting to distinguish
between mono-zygotic and dizygotic twins in
cattle. Heredity 5: 379 (1951).

18. Anderson, R. E. The delayed consequences of
exposure to ionizing radiation: Pathology studies
at the Atomic Bomb Casualty Commission. Hiro
,shima and Nagasaki 1945-70. Human Pathology,
in press (1971).

19. Anderson, V., E. Weeke and G. Bendixen. Irra
diation of sensitized lymphocytes. Lancet, ii, 699
(1969).

20. Andrews, G. A, B. W. Sitterson, A. L. Kretch
man et al. Studies of total body irradiation and
attempted marrow transplantation in acute leu
kaemia. Acta Haemat. 26: 129 (1961).

21. Andrews, G. A, B. W. Sitterson and B. M.
Nelson. Infections in :patients exposed to total
body irradiation. Oak RIdge Inst. of Nuc!. Studies,
Med. Div. Res. Rept 1964.

22. Angevine, D. M., S. Jablon and ;y: S. Matsu
moto. ABCC-JNIH. Pathology studies, Hiroshima
and Nagasaki. Report October 1950-Sept. 1962.
ABCC Technical report TR 14-63 (1963). .

23. Archer, O. K., D. E. R. Sutherland and R. A.
Good. Appendix of the rabbit: a homologue of
the bursa in the chicken? Nature (Lond.) 200:
337 (1963).

24. Asherson, G. L. and G. Loewi. The effect of
irradiation on the passive transfer of delayed
hypersensitivity. Immunol. 13: 509 (1967).

25. Askonas, B. A. and J. M. Rhodes. Immuno
genicity of antigen containing ribonucleic acid
preparations from macrophages. Nature 205: 470
(1965) .

26. Aspinall, R. L., R. K. Meyer, M. A Graetzer
et aI. Effect of thymectomy and bursectomy on
the survival of skin homografts in chickens. J.
Immuno!. 90: 872 (1963).

27. Bacq, Z. M. and P. Alexander. Fundamentals of
radiobiology. Pergamon Press, London 1961.

28. Baker, D. G. Report of Symposium on Radio
sensitivity, p. 95. (Laval Medical, Quebec),
1963.

29. Bainer, H. Perspectives of immunosuppression.
Transpl. Proc. 3: 949 (1971).

30. Bankhurst, A, N. L. Warner and J. Sprent.
Surface immunoglobulins on thymus and thymus
derived lymphoid cells. J. Exp. Med. 134: 1005
(1971).

31. Barnes, B. A, G. L. Brownell and H. Fl~x.
Irradiation of the blood: Method for reducUlg
lymphocytes in blood and spleen. Science 145:
1188 (1964).



32. Barnes, D. N. H. and R. H. Mole. Allogeneic
lymphoid cell disease in sublethally irradiated
CBA mice. The delayed harmful effects of small
numbers of C3H lymphoid cells. Int. J. Radiat.
BioI. 15: 43 (1969).

33. Barrow, J., J. L. Tullis and F. W. Chambers.
Effect of x-irradiation and antihistamine drugs
on the reticulo-endothelial system measured with
colloidal radiogold. Amer. J. Physiol. 164: 822
(1951).

34. Barth, W. F. and J. L. Fahey. Heterologous and
homologous skin sensitizing activities of mouse
7S ')'1 and 7S ')'2 globulin. Nature (Lond.), 206:
730 (1965).

35. Basten, A, J. F. A. P. Miller, N. L. Warner
et al. Specific inactivation of thymus derived (T)
and non-thymus derived (B) lymphocytes by
1251 labelled antigen. Nature 231: 104-106
(1971).

36. Batchelor, J. R. Hormonal control of antibody
formation, in Regulation . of the Antibody
Response, edited by B. Cinader. C. C. Thomas,
Springfield, p. 276, 1968.

37. Bazin, H., P. Maldague and J. F. Heremans.
The metabolism. of different immunoglobulin
classes in irradiated mice. II. Role of the gut,
Immunol. 18: 361 (1970).

38. Bazin, H. and F. Malet. The metabolism of dif
ferent immunoglobulin classes in irradiated mice.
1. Catabolism. Immunol. 17: 345 (1969).

39. Bell, C. and S. Dray. Conversion of non-immune
spleen cells by ribonucleic acid of lymphoid cells
from an immunized rabbit to produce I'M anti
body of foreign light chain allotype. J. Immuno!.
103: 1196 (1969).

40. Benacerraf, B. Influence of irradiation on resist
ance to infection. Bacteriol. Rev. 24: 35 (1960).

41. Benacerraf, B., E. Kivy-Rosenberg, M. M. Se
bestryeb et ai. The .effect of high doses of
x-irradiation on the phagocytic, proliferative and
metabolic properties of the reticuloendothelial
system. J. Exp. Med. 110: 49 (1959).

42. Berenbaum, M. C. Radiosensitivity of immuno
logically activated cells. Nature 209: 1313
(1966).

43. Berken, A and B. Benacerraf. Properties of
antibodies cytophilic for macrophages. J. Exp.
Med. 123: 119 (1966).

44. Berlin, B. S. Radiosensitivity of yM antibody
response in mice injected· with killed influenza
virus. Rad. Res. 26: 554 (1965).

45. Bert, G., A. L. Massano, D. di Cossano et al.
Electrophoretic study of immunoglobulins and
sub-units on the surface of human peripheral
blood lymphocytes. Immunology 17: 1, 1969.

46. Betz; E. H. CR Soc. BioI. 159: 1818 (1956).

47. Billingham, R. E., L. Brent and P. B. Medawar.
'Actively acquired tolerance' of foreign cells.
Nature (Lond.) 172: 603 (1953).

48. Billingham, R. E., G. H. Lampkin, P. B. Me
dawar et al. Tolerance to homografts, twin
diagnosis and the freemartin condition in cattle.
Heredity 6: 201 (1952).

359

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Binet, J. L. and G. Mathe. Optical and electron
microscopic studies of the immunologically com
petent cells during the reaction of graft against
the host. Ann. N. Y. Acad. Sci. 99:·426 (1962).
Blackburn, W. R. and J. F. A. P. Miller. Electron
microscopic studies on thymus graft regeneration
and rejection. II. Syngeneic irradiated grafts. Lab.
Invest. 16: 833 (1967).
Blanden, R. V., G. B. Mackaness and F. M.
Collins. Mechanisms. of acquired resistance in
mouse typhoid. J. Exp. Med. 124: 585 (1966).
Bloom, B. R. and M. W. Chase. Transfer of
delayed-type hypersensitivity. Prog. Allergy 10:
151 (1967).
Bloom, B. R., L. Jumenez and P. 1. Marcus.
A plaque assay of enumerating antigen sensitive
cells in delayed type hypersensitivity. J. Exp.
Med. 132: 16 (1970).
Bloom, W. and M. A. Bloom. Histologic changes
after irradiation, in Radiation Biology, edited by
A Hollaender, Vol. 1, Part 2, Ch. 17, p. 1091
1.143. McGraw-Hill Book Co. Inc. New York,
1954.
Bond, V. P. The role of infection in illness
following exposure to acute total-body irradiation.
Bull. N.Y. Acad. Med. 33: 369 (1957).
Bosman, C. and J. Feldman. Heterogeneity and
homogeneity of immunoglobulin forming cells.
Lab. Invest. 22: 309 (1970).
Bosman, c., J. D. Feldman and E. Pick. Hetero
geneity of antibody-forming cells. An electron
microscopic analysis. J. Exp. Med. 129: 1029
(1969).
Boyd, E. Growth of the thymus: its relation to
status thymicolymphaticus and thymic symptoms.
Amer. J. Dis. Child. 33: 867 (1927).
Boyden, S. V. Cytophilic antibody, in Cell Bound
Antibodies, edited by B. Amos and H. Ko
prowski, Wistar Institute Press, 1963.
Boyse, E. A., L. J. Old and E. Stockert. The
TL (thymus leukemia) antigen. A review in
Immunopathology, IV Intern. Symposium. Edited
by P. Grabar and P. A Miescher, Schwabe and
Co. Basel, 1965 (p. 23) ..
Bradley, R. and D. Metcalf. The growth of
mouse bone marrow cells in vitro. Aust. J. Exp.
BioI. 44: 287 (1966).
Brecher, G. K., H. G. Endicott and H. P. Broner.
Effects of x-rayon lymphoid and haemopoietic
tissues of mice. Blood 3: 1259 (1948).
Bridges, J. B., J. F. Loutit and H. S. Micklem.
Transplantation immunity in the isologous mouse
radiation chimaera. Immunology 3: 195 (1960).
Brunner, K. T., J. Mauel, J. C. Cerottini et al.
Quantitative assay on the lytic action of immune
lymphoid cells on 51Cr-Iabelled allogeneic target
cells in vitro; inhibition by isoantibody and by
drugs. Immunology ]4: 181 (1968).
Brunner, K. T., 1. MaueI, H. Rudolf et al.
Studies of allograft immunity in mice. 1. Induc
tion, development and in vitro assay of cellular
immunity. Immunology 18: 501 (1970).
Burnet, F. M. Clonal selection theory of acquired
immunity. Camb. Univ. Press, 1959.



67. Burnet, F. M. Natural history of infectious
disease. 3rd Edition, Cambridge University Press
(1962).

68. Burnet, F. M. A certain symmetry: Histocom~

patibility antigens compared with immunocyte
receptors. Nature 226: 123 (1970).

69. Burnet, F. M. and F. Fenner. The production
of antibodies. Macmillan, Melbourne, 2nd edi
tion, 1949.

70. Caffey, J. Pediatric x-ray diagnosis: A textbook
for students and practitioners of pediatrics, sur
gery and radiology. Yearbook publishers Inc.
Chicago,p. 382, 1956.

71. Campbell, D. H. and J. S. Garvey. Nature of
retained antigen and its role in immune mecha
nisms. Adv. Immunol. 3: 261 (1963).

72. Cantor, H. and R. Asofsky. Synergy among
lymphoid cells mediating the graft-versus-host
response. n. Synergy in graft-versus-host reac
tions produced by BALB/c lymphoid cells of
differing anatomic origin. J. Exp. Med. 131:
235 (1970).

73. Capalbo, E. E. Cellular and humoral events
during homograft reaction in diffusion chambers,
in Radiation and the Control of Immune Re
sponse. Intern. Atomic Energy Agency, Vienna,
1968 (p. 59).

74. Carlson, D. E. The radiation exposure rate
effect: action upon the immune response in mice.
Thesis Univ. of Tennessee (1968).

75. Celada, F. and R. R. Carter. The radiosensitive
nature of homograft rejection and agglutinin
forming capacities of isolated spleen cells. J.
Immunol. 89: 161 (1962).

76. Celada, F. and T. Makinodan. A new model to
study hematopoietic transplantation antigens. J.
Immunol. 86: 638 (1961).

77. Chanana, A D., G. Brecher, E. P. Cronkite et al.
Influence of extracorporeal irradiation of the
blood and lymph on skin homograft rejection.
Radiat. Res. 27: 330 (1966).

78. Chanana, A D., E. P. Cronkite, D. D. Joel et al.
Prolonged renal allograft survival: extracorporeal
irradiation of blood. Transpl. Proc. 3: 838
(1971).

79. Chen, M. G. and J. G. Schooley. Effects of
ionizing radiation on the proliferation of peri
toneal macrophage precursors in the mouse.
Radiat. Res. 41: 623-636 (1970).

80. Chiappa, S., G. Bonadonna, B. Damascelli et aT.
Endolymphatic radiotherapy for malignant lym~

phomas. Indications and long term results. Progr.
Clin. Cancer 4: 324 (1970).

81. Chiba, C., M. Kondo, M. Rosenblatt et aT. The
selective irradiation of canine lymph nodes by
means of intralymphatic injection of 82P. Transpl.
5: 232 (1967).

82. Chrom, S. A Studies of the effect of roentgen
rays upon the intestinal epithelium and upon the
reticuloendothelial cells of the .liver and spleen.
Acta Radiol. 16(935).

83. Claman, H. N. Decline of antibody and impaire4
anamnesis following x-ray. J. Immunol. 91: 29
(1963).

360

84. Claman, H. N. and E. A Chaperon. Immuno
logical complementation between thymus and
marrow cells-A model for the two cell theory
of immunocompetence. Transplant. Rev. 1; 92
(1969)·.

85. Claman, H. N., E. A. Chaperon and R. F.
Triplett. Thymus marrow cell combinations
synergism in antibody production. Proc. Soc. Exp.
BioI. Med. 122: 1167 (1966).

86. Claman, H. N. and W. McDonald. Thymus and
x-irradiation in the termination of acquired
immunological tolerance in the adult mouse.
Nature 202: 1712 (1964).

87. Claman, H. N. and D. W. Talmage. Thymec
tomy: prolongation of immunological tolerance
in the adult mouse. Science 141: 1193 (1963).

88. Cochrane, C. G. Mediators of the Arthus and
related reactions. Progr. Allergy 11: 1 (1967).

89. Coe, J. E., J. D. Feldmann and S. Lee. Immuno
logic competence of thoracic duct cells. I. Delayed
hypersensitivity. J. Exp. Med. 123: 267 (1966).

90. Cohen, S. and C. Milstein. Structure and biologi
cal properties of immunoglobulins. Adv. Im
munol. 7, i (1967).

91. Cole, L. J. and W. E. Davies. Studies on thymus
bone marrow cell interactions in relation to homo
graft and graft versus host reactions. Exp.
Hematol. 16: 21 (1968).

92. Cole, L. J., J. G. Habermeyer and V. C. Bonet
Recovery from acute. radiation injury in mice
following administration of rat bone marrow.
J. Nat. Cancer Inst. 16: 1 (1954).

93. Conard, R. A Quantitative study of radiation
effects in phytohaemagglutinin stimulated leuco
cyte cultures. Int. J. Radiat. BioI. 16: 157
(1969).

94. Condie, R. M. and T. Nicholas. Effect of total
body irradiation (TBR) on the development of
experimental allergic encephalomyelitis (EAE).
Fed. Proc. 21: 43 (1962).

95. Congdon, C. C. Destructive effect of radiation on
lymphatic tissue. Cancer Res. 26: 1211 (1966).

96. Congdon, C. c., D. A. Gardiner and M. A.
Kastenbaum. Reduced secondary disease mor
tality in mouse radiation chimeras. J. Nat.
Cancer lnst. 38: 541 (1967).

97. Congdon, C. C., M. A. Kastenbaum and D. A.
Gardiner. Factors affecting mortality from see
ondary disease in mouse radiation chimeras.. J.
Nat. Cancer lnst. 35: 227 (1965).

98. Congdon, C. C., T. Makinodan, M. Gengozian
et al. Lymphatic tissue changes in lethally irra
diated mice given spleen cells intravenously. J.
Nat. CancerInst. 21: 193 (1958).

99. Congdon, C. C.and 1. S. Urso. Homologous
bone marrow in the treatment of radiation injury
in mice. Amer. J. Path. 33: 749 (1957).

100. Coombs, R. R. A, B. W. Gumer, C. A Jane·
way et al. Immunoglobp.lin detenninants on the
lymphocytes of normal rabbits. I. Immunol. 18:
417 (1970).

101. Cooper, G. N. and K. Runner. Development of
IgM memory in rats after antigeniC. stimulation
of Peyer's patches. J. Res. Soc. 6: 419 (1969).

I



102. Cooper, M. D., W. A. Cain, P. Van Deten et al.
Development and function of the immunoglobulin
producing system. I. Effect of bursectomy at
different stages of development on germinal
centers, plasma cells, immunoglobulin and anti
body production. Int. Arch. Allergy 35: 242
(1969).

103. Cooper, M. D., P. W. Kincade and A. R. Law
t9n. Th~m~s and bursal function in immunologic
differentIatIOn. A new theoretical model of
plasma cell differentiation. In Immunologic In
co.mpetence. Edited by B. M. Kagan and E. R.
Stiehm. Year Book Medical Publishers Chicago
1970. ' ,

104. Cooper, M. D., D. Y. Perey, A. E. Gabrielsen
et al. Production of an antibody deficiency syn
drome in rabbits by neonatal removal of organ
ised intestinal lymphoid tissues. Int. Arch. Allergy
33: 65 (1968).

105. Cooper, M. D., D. Y. Perey, R. D. A. Peterson
et al. The two component concept of the lymphoid
system, in Immunologic Deficiency Diseases in
Man, edited by R. A. Good, J. Finstad, P. A.
Miescher et al. Birth Defects a.A.s., Vol. 4
National Foundation, N. Y. (1968).

106. Cooper, M. D., R. D. A. Peterson, M. A. South
et al. The functions of the thymus system and the
bursa system in the chicken. J. Exp. Med. 123:
75 (1966).

107. Cosgrove, G. E., A. C. Upton, E. E. Schwartz
et al. EffeCts of immunised parental strain bone
marrow on lethally irradiated F I hybrid mice.
Proc. Soc. Exp. BioI. Med. 100: 417 (1959).

108. Courtenay, V. D. Studies on the protective effect
of allogeneic marrow grafts in the rat following
whole-body irradiation at different dose rates.
Brit. J. Radiol. 36: 440 (1963).

109. Coyter, H. J. and P. Chovey. The effect of
roentgen ray and thorium X on pneumococcus
and streptococcus infections in mice. J. Inf. Dis.
27: 491 (1920).

110. Crewther, P. and N. L. Warner. Antibody forma
tion and serum immunoglobulins in congenitally
athymic nude mice. Aust. J. Exp. BioI. In press
(1972).

111. Cronkite, E. P., C. R. Jansen, G. C. Mather
et al. Studies on lymphocytes. 1. Lymphopenia
produced by prolonged extracorporeal irradiation
of circulating blood. Blood 20: 203 (1962).

112. Cronkite, E. P., C. R. Sipe, D. C. Eltzholtz
et al. Proc. Soc. BioI. Med. 73: 184 (1950).

113. Crosland-Taylor, P. J. The effect of x-rays on
the secondary antibody response. Brit. J. Exp.
Path. 36: 530 (1955).

114. Cross, A. M., A. J. S. Davies, B. Doe et al.
Time of action of the thymus in the irradiated
adult mouse. Nature (Lond.) 201: 1045 (1964).

115. Cross, A. M., E. Leuchars and J. F. A. P. Miller.
Studies on the recovery of the immune response
in irradiated mice thymectomized in adult life.
J. Exp. Medo 119: 837 (1964).

116. Crouch, B. G., L. M. Van Putten, D. W. Van
Bekkum et al. Treatment of total-body-x-irra

. diated monkeys with autologous and homologous
bone marrow. J. Nat. Cancer Inst. 27: 53
(961).

361

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Cudkowicz, g. Suppres~ion .of. the foreign bone
marrow reaction by pre-Irradiation of donor Inice
Proc. Soc. Exp. BioI. Med. 107: 821 (1961). .
Cummings.. M. M., P. C. Hudgins, R. A. Patnode
et al. The mfluence of. x-irradiation on the passive
tr~sfer .of tuberculin hypersensitivity in the
gumea pIg. J. Immunol. 74: 142 (1955).
Cunningham! A. J., J. B. Smith and E. H.
Mercer. Antibody-formation by single cells from
lymph nodes and efferent lymph of sheep. J.
Exp. Med. 124: 701 (1965).
~unningham, .('>.. J. and A. Szenberg. Further
~mpr<;vements.10 the plaque technique for detect
mg smgle antibody-forming cells Immunol 14'
599 (1968). .. .

!?avenport, .F. ~., A: v,. Hennessy and T. Fran
CIS, Jr. El?ld~mI~loglC Immunologic significance
of .age dIst;lbution of antibody to antigenic
vanants of influenza virus. J. Exp Med 98'
641 (1953). . . .

Da~ies, A.. J. S.. The thymus and the cellular
baSIs of ImmuOlty. Transplant Rev l' 43
(1969).. " .

Davies,. A; J. S., E. Leuchars, V. Wallis et al.
The mItotic response of thymic derived cells to
antigenic stimulus. Transpl. 4: 438 (1966).
Davies, A. J. S., E. Leuchars, V. Wallis et al.
The failure of thymus derived cells to produce
antibody. Transpl. 5: 222 (1967).
Davis, W. E., Jr., and L. Cole. Retarded immu~o
logical recovery in sublethally x-irradiated mice
by additional thymic exposure. Reversal with
injected marrow cells. Froc. Soc. Exp. BioI. Med.
130: 1336 (1969).
Davis, W. E., Jr., and L. J. Cole. Homograft tol
erance in mice: Use of urethan and sublethal
irradiation. Science 140: 483 (1963).
Davis, B. D., R. Dulbecco, H. N. Eisen et ai.
Microbiology. Hoeber Med. Division. Harper and
Row (1968).
Day, E. D., S. Lassiter and M. S. Mahaley.
The localisation of radio-antibodies .in human
brain tumors. III. Radio-iodination of pre-purified
localising antibody. J. Nucl. Med. 6: 38 (1965).
Day, E. D., S. Lassiter, B. Woodhall et al. The
localisation of radio-antibodies in human brain
tumors. 1. Preliminary exploration. Cancer Res.
25: 773 (1965).
Dempster, W. J. Kidney homotransplantation.
Brit. J. Surgery 40: 447 (1953).
Dempster, W, J., B. Lennox and J. W. Boag.
Prolongation of survival of skin homotransplants
in the rabbit by irradiation of the host. Brit. J.
Exp. Path. 31: 670(1950).
Denhardt, D. T. and R. D. Owen. The resistance
of the tolerant state to x-irradiation. Trans. B.ull.
7: 394 (1960).
de Petris, S., G. Karlsbad and B. Pernis. Localisa
tion of antibodies in plasma cells by electron
microscopy. J. Exp. Med. 117: 849 (1963),
De Schryver, A. S., Friberg, G. Klein et al.
Epstein-Barr virus associated antibody patterns
in carcinoma of the post-nasal space. Clin. Exp.
Immunol. 5; 443 (1969) ..

c



l
1
T

135. De Vries, M. J., B.G. Crouch, L. M. Van
Putten et al. Pathologic changes in irradiated
monkeys treated with bone marrow. J. Nat.
Cancer Inst. 27: 67 (1961).

136. De Vries, M. J. and O. Vos. Delayed mortality
of radiation chimeras: a pathological and hema
tological study. J. Nat. Cancer Inst. 23: 1403
(1959).

137. Dicke, K. A. The selective elimination of immu
nologically competent cells from bone marrow
and lymphocyte cell mixtures. III. In vitro test
for detection of immunocompetent cells in frac
tionated mouse spleen cell suspensions and
primate bone marrow suspensions. Transpl. 8:
422 (1969).

138. Dicke, K. A. and D. W. Van Bekkum. Allogeneic
bone marrow transplantation after elimination of
immunocompetent cells by means of density
gradient centrifugation. TranspI. Proc. 3: 666
(1971).

139. Dicke, K. A, J. I. M. Van Hooft and D. W.
Van Bekkum. The selective elimination of im
munologically competent cells from bone marrow
and lymphatic cell mixtures. II. Transpl. 6: 562
(1968). .

140; Diener, E. and W. D. Annstrong. Immuno
logical tolerance in vitro: kinetic studies at the
cellularleveI. J. Exp. Med. 129: 591 (1969).

141. Di George, A. M, In Immunologic Deficiency
Diseases in Man, p. 116. Edited by D. Bergsma,
New York, 1968.

142. Di Luzio, N. R. Effects of x-irradiation and
choline on the reticuloendothelial system of the
rat. Amer. J. Physio!. 181: 595 (1955).

143. Dixon, F. J. and P. H. Maurer. Immunologic
unresponsiveness induced by protein antigens. J.
Exp. Med. 101: 245 (1955).

144'. Dixon, F. J. and P. J. McConahey. Enhancement
of antibody formation by whole body x-irradia
tion. J. Exp. Med. 117: 833 (1963).

145. Dixon, F. J., D. W. Talmage and P. H. Maurer.
Radiosensitive and radioresistant phases in the
antibody response. J. Immunol. 68: 693 (1952).

146. Donaldson, D. M. and S. Marcus. Aspects of
the relationship between irradiation injury and
mammalian host defense mechanisms: a review.
Sch. of Aviation Med. USAF, Randolph AFB,
Texas, AF-Sam 56-50 (1956).

147. Donaldson, D. M., S. Marcus, K. K. Gyi et al.
The influence of immunization and total body
x-irradiation on intracellular digestion" by peri
toneal phagocytes. J. Immunol. 76: 192 (1956).

148. Dougherty, T. F. 'Effect of hormones on lym
phatic tissue. Physio1. Rev. 32: 379 (1952).

149. Dougherty, T. F. and A. White. Pituitary-adrenal
cortical control of lymphocyte structure and
function as revealed by experimental x-radiation.
Endocrin. 39: 370 (1946).

150. Draper, L. R. The effects of prolonged irradia
tion on the immune response. In Effects· of
Ionizing Radiation on Immune Processes, edited

. by C. A. Leone. Gordon and Breach, New York,
p. 221-244, 1962.

362

----~-~---- --------

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Dresser, D. W. Specific inhibition of antibody
production. II. Paralysis induced in adult mice
by small quantities of protein antigen. Immunol.
5: 378 (1962).
Dresser, D. W. and N. A. Mitchison. The mecha
nism of immunological paralysis. Adv. Immuno!.
8, (1968).
Dukor, P., F. M. Dietrich and M. Rosenthal.
Recovery of immunological responsiveness in
thymectomised mice. Clio. Exp. Immunol. 1:
391 (1966).
Dukor, P., J. F. A. P. Miller, W. House et aI.
Regeneration of thymus grafts. 1. Histological
and cytological aspects. Transp. 3: 639 (1965).
Dumonde, D. C. Tissue specific antigens. Adv.
Immunol. 5: 245 (1966).
Dunlap, C. E. III. Effects of radiation on the
blood and the hemopoietic tissues, including the
spleen, the thymus and the lymph nodes, in
Effects of Radiation on Normal Tissues, edited
by S. Warren. American Medical Ass., Chicago,
p. 9-55, 1943.
Dupuy, J. M., D. Y. E. Perey and R. A Good.
Passive transfer, with plasma, of delayed allergy
in guinea pigs. Lancet, i, 551, 1969.
Edelman, G. M. and M. D. Poulik. Studies on
structural units of y-globulins. J. Exp. Med.
113: 861 (1961).
Edwards, J. M., R. W. Lloyd-Davies and J. B.
Kinmouth. Selective lymphopenia in man after
intralymphatic injection of radioactive 1811
lipiodol. B.M.J.I., 331, 1967.
Elberg, S. S., P. Schneider and J. Fong. Cross
immunity between Brucella melitansis and Myco
bacterium tuberculosis. J. Exp. Med. 106: 545
(1957).
Elkins, W. L. The interaction of donor and host
lymphoid cells in the pathogenesis of renal cortical
destruction induced by a local graft versus host
reaction. J. Exp. Med. 123: 103 (1966).
Elkins, W. L. Cellular immunology and the
pathogenesis of graft versus host reactions. Progr.
Allergy 15: 70 (1971).
Ellis, S. T., J. L. Gowans and J. C. Howard.
Cellular events during the formation of antibody.
Cold Spring Harb. Symp. Quant. BioI. 32: 395
(1967).
Elves, M. W. Comparison of mitomycin C and
x-rays for the production of one-way stimulation
in mixed leucocyte cultures. Nature 223: 90
(1969).
Engeset, A Irradiation of lymph nodes and
vessels. Acta Radiol. Suppl. 229 (1964).
Engeset, A. and J. C. Schooley. Morphological
changes following irradiation of a segment of
the rat thymus. Pree. Soc. Exp. B. and M. 128,
26, 1968.
Epstein, R. B., J. Bryant and E. D. Thomas.
Cytogenetic demonstration of permanent tolerance
in adult outbred dogs. Transplantation 5: 267
(1967).
Epstein, R. B., T. C. Graham, C. D. Buckner
et al. Allogeneic marrow engraftment by cross
circulation in lethally irradiated dogs. Blood 28:

692 (1966). ~



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Eve~ett, N. B., ~. W. Caffrey and W. O. Riek.
RadIoautographIC studies on the effect of irradia
tion on the long lived lymphocyte of the rat.
Rad. Res. 21: 383 (1964).

Fagraeus, A. Antibody production in relation
t? develop!Uent of plasma cells; in vivo and in
vItro expenments. Acta Med. Scand. Supp!. 204,
130, 3, 1948.

Fahey, J. L. Heterogeneity of ')'-globulins. Adv.
Immunol. 2: 41 (1962).

Fefer, A., J. L. McCoy and J. P. Glynn. Studies
on the growth and regression of a transplantable
Moloney sarcoma. Cancer Res. 27: 2207 (1967).

Fefer, A. and G. J. V. Nossal. Abolition of
neonatally induced homograft tolerance in mice
by sublethal x-irradiation. Transpl. Bull. 29:
73 (1962).

Feldmann, J. D., E. Pick, S. Lee et al. Renal
homotransplantation in rats. II. Tolerant reci
pients. Arner. J. Path. 52: 687 (1968).

Feldmann, M. and E. Diener. Antibody-mediated
suppression of the immune response in vitro.
I. Evidence for a central effect. J. Exp. Med.
131: 247 (1970). .

Feldmann, M. and E. Diener. Antibody-mediated
suppression of the immune response in vitro. III.
Low zone tolerance in vitro. hnmunology 21:
387 (1971). .

Feldmann, M. and R. Gallily. Cell interactions in
the induction of antibody formation. Cold Spring
Harb. Symp. Quant. BioI. 22: 415 (1967).

Fichtelius, K. E. Radiosensitivity of the lympho
cytes within the gut epithelium. Acta Path. Micro
bioI. Scand. 75: 27 (1964).

Fichtelius, K. E. The gut epithelium. A first
level lymphoid organ? Exp; Cell. Res. 46: 231
(1967).

Fichtelius, K. E., O. Groth and S. Liden. The
skin, a first level lymphoid organ? Int. Arch.
Allergy 37: 607 (1970).

Field, E. J. Effect of x-irradiation upon the
development of experimental allergic encephalo
myelitis in guinea pigs. Brit. J. Exp. Path. 42:
303 (1961).

Fisher, J. W. (ed.). Erythropoietin. Ann. N.Y.
Acad. Sci. 149: 1-583 (1968).

Fishman, M. Antibody formation in vitro. J.
Exp. Med. 114: 837 (1961).

Fishman, M. and F. L. Adler. Antibody forma
tion initiated in vitro. II. Antibody synthesis in
x-irradiated recipients of diffusion chambers con
taining nucleic acid detived from maerophages
incubated with antigen. J. Exp. Med. 117: 595
(1963) .

Fishman, M., R. A. Hammerstrom and V~ .P.
Bond. In vitro transfer of macrophage RNA
to lymph node cells. Nature 198: 549 (1963).

Fitch, F. W., P.Barker, :K. H. Soules et al.
A study of antigen localisation and degradation
and the histologic reaction in the spleen of
normal, x-irradiated and spleen shielded rats.
J. ·Lab. Clin.· Med. 42: 598 '(1953).

363

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Fitch,. ~. W., R. .W. Wissler,' M. La Via et al.
The tImmg of antigen injection relative to whole
body. x-irrad~ation and the development of cir
cUla~g . antIbody and the splenic histologic
reactIon ill the rat. J. Immunol. 76: 151 (1956).
Fong, J., D. Chin, H. J. Akiyama et al. Studies
on the t~~ercle ba~illusmonocyte relationship.
III. CondI~lOns affectmg the action of serum and
cells: Modification of bacilli in an immune system
J. Exp. Med. 109: 523 (1959). . .
Ford, C. E., J. L. Hamerton, D. W. H. Barnes
et al. Cytological identification of radiation
chimaeras. Nature (Lond.) 177,452, 1956.
Fo~d, C. E., H. S. ¥icklem and D. A. Ogden.
EVidence for the eXIstence of· a lymphoid stem
cell. Lancet 1: 621 (1968).

Ford, W. L. The mechanism of lymphopenia
produced by chronic irradiation of the rat spleen
Brit. J. Exp. Path. 49: 502 (1968). . .

Ford, W. L. and J. L. Gowans. The role of
lymphocytes in antibody formation. II. The in
fluence of lymphocyte migration on the initiation
of antibody formation in the isolated perfused
spleen. Proc. Roy. Soc. Lond. B. 168 244,
196~ ,

Fowler, R. and C. D. West. Evidence against the
graft versus host hypothesis in renal transplanta
tion. Trans. Bull. 26: 133.

Fudenberg, H. H. The immune globulins. Ann.
Rev. Microbiol. 19: 301 (1965).

Fudenberg, H. H. and N. L. Warner. Genetics
of immunoglobulins. Adv. in Human Genetics 1:
131 (1970).

Gabrieli, E. R. and A. A. Auskaps. The effect
of whole body x-irradiation on the reticulo
endothelial system as demonstrated by the use
of radioactive chromium phosphate. Yale J. BioI.
Med. 26: 159 (1953).
Gengozian, N. Radiation immunology: Effects of
hematopoietic tissue transplantation, in Effects of
Ionizing Radiations on Immune Processes, New
York. Gordon and Breach, 1962.
Gengozian, N. Transplantation of. rat bone
marrow in irradiated mice: Effect of exposure
rate. Science, 146: 663 (1964).
Gengozian, N., D. E. Carlson and E. M. Allen.
Transplantation of allogenic and xenogeneic
(rat) marrow in irradiated mice as affected by
radiation exposure rates. Transplantation 7:
259 (1969).
Gengozian, N. and T. Makinodan. Relation of
primary antigen injection to time of irradiation
on antibody production in mice. J. Immunol.
80: 189 (1958).
Gershon, H. and M. Feldmann. Studies on the
immune reconstitution .of sublethally irradiated
mice by peritoneal macrophages. hnmunol. 15:
827 (1968).
Ghose, T. and M. Ceiini. R~diosensitization of
Ehrlich ascites tumor cells by a specific antibody.
Nature 222:993 (1969).
Ghose, T.,M. Cerini, M. Carter et al. Immun<;>
radioactive agent against cancer. Brit. Med. J. 1:
91 (1967).

=



204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Ginsberg, H. S. Serum and tissue inhibitors of 224.
virus. Bacteriol. Rev. 24: 141 (1960).
Ginsburg, H. Graft versus host reaction in tissue
culture. I. Lysis of monolayers of embryo mouse
cells from strains differing in the H-2 histocom- 225.
patibility locus by rat lymphocytes sensitized in
vitro. Immunology 14: 621 (1968).
Glick, B., T. S. Chang and R. G. Jaap. The
bursa of Fabricius and antibody production. 226.
Poultry Sci. 35: 224 (1956).
Globerson, A and M. Feldmann. Role of the
thymus in restoration of immune reactivity and
lymphoid regeneration in irradiated mice. Transp. 227.
2: 212 (1964).
Glynn, J. P., A. R. Bianco and A. Goldin.
Studies on induced resistance against isotrans- 228.
plants of virus-induced leukemia. Cancer Res.
24: 502 (1964).
Goedbloed, J. F. and O. Vos. Influences on the 229.
incidence of secondary disease in radiation
chimeras: thymectomy and tolerance. TranspI. 3:
603 (1965).
Gold, P. and S. O. Freedman. Demonstration of 230.
tumor specific antigens in human colonic car
cinomata by immunological tolerance and absorp-
tion techniques. J. Exp. Med. 121: 439 (1965).
Goldberg, S. A, C. F. Baker and 1. W. Hurt!. 231.
The rationale of X-ray treatment in encephalitis
lethargica. Radiology 22: 663 (1934). 232.
Goldie, J. H. and D. Osoba. Proc. Soc. Exp.
BioI. Moo. 133: 1265 (1970).
Goldstein, G. and I. R. MacKay. The human
thymus. Heinemann, London (1969). 233.
Good, R. A, W. O. Cain, D. Y. Perey et aI.
Studies on the nature of germinal centers. Adv.
Exptl. Med. and BioI. 5: 33 (1969). 234.
Good, R. A. and B. W. Papermaster. Ontogeny
and phylogeny of adaptive immunity. Adv. Im
munol.4: 1 (1964).
Gordon, L. E., D. B. Cooper and C. P. Miller.
Clearance of bacteria from the blood of irradiated
rabbits. Proc. Soc. Exp. BioI. Med. 89: 577 235.
(1955).
Gorer, P. A. and D. B. Amos. Passive immunity
in mice against C57BL leucosis E.L. 4 by means
of iso-immune serum. Cancer Res. 16, 338 236.
(1956).
Gowans, J. L. The role of lymphocytes in the
destruction of homografts. Brit. Med. Bull. 21: 237.
106 (1965).
Gowans, J. L. and E. J. Knight. The route of
recirculation of lymphocytes in the rat. Proc.
Roy. Soc. Ser. B. 159, 257 (1964).
Gowans, J. L. and D. D. McGregor. The 238.
immunological activities of lymphocytes. Prog.
Allergy, 9: 1 (1965). 239.
Gowans, J. L., D. D. McGregor, D. M. Cowen
et al. Initiation of immune responses by small
lymphocytes. Nature 196: 651 (1962). 240.
Gowans, J. L. and J. W. Uhr. The carriage of
immunological memory by small lymphocytes in
the rat. J. Exp. Med. 124: 1017 (1966).
Grant, G. A. and J. F. A. P. Miller. Effect of 241.
neonatal thymectomy on the induction of sar-
comata in C57 Bl mice. Nature 205: 1124
(1965).

364

Grant, C. K., G. A. Currie, and R. Alexander.
Thymocytes from mice immunised against an
allograft render bone marrow cells specifically
cytotoxic. T. Exp. Med., 135: 150 (1972).
Greaves, M. F. Biological effects of anti-immuno
globulins. Evidence for immunoglobulin receptors
on T and B lymphocytes. Trans. Rev. 5: 45
(1970).
Haddow, A and P. Alexander. An immuno
logical method of increasing the sensitivity of
primary sarcomas to local irradiation with x-rays.
Lancet, i, 452, 1964.
Hager, E. B., J. A. Mannick, E. D. Thomas
et ai. Dogs that survive "lethal" exposures to
radiation. Rad. Res. 14: 192 (1962).
Hale, W. M. and R. D. Stoner. The effect of
Cobalt-60 gamma radiation on tetanus antitoxin
formation in mice. J. Immunol. 77: 410 (1956).
Hall, B. M. The effects of whole body irradia
tion on serum colony stimulating factor and
in vitro colony forming cells in the bone marrow.
Brit. J. Haemat. 17: 553 (1969).
Hall, J. G. and B. Morris. Effect of x-irradia
tion of the popliteal lymph node on its output of
lymphocytes and immunological responsiveness.
Lancet, i, 1077, 1964.
Halliday, W. J. Glossary of immunological terms.
Appleton-Century Crofts (1971).
Hamburger, J., J. Vayasse, J. Crosnier, et 01.
Renal homotransplantation in man after radia
tion of the recipient. Experience with 6 patients
since 1959. Amer. J. Med. 32: 854 (1962).
Hanaoka, M., K. Nomoto and B. H. Waksman.
Appendix and y M antibody formation. J.
ImmunoI. 104: 616 (1970).
Hanna, M. G., Jr., P. Nettesheim and M. W.
Francis. Requirement for continuous antigenic
stimulation in the development and differentiation
of antibody-forming cells. The effect of passive
antibody on the primary and secondary response.
J. Exp. Med. 129: 953 (1969).
Haran-Ghera, N. The mechanism of radiation
action in leukaemogenesis. The role of radiation
in leukaemia development. Brit. J. Cancer 21:
739 (1967).
Haran-Ghera, N., M. Lieberman and H. S.
Kaplan. Direct action of a leukemogenic virus
on the thymus. Cancer Res. 26: 438 (1966).
Haran-Ghera, N. and A. Peled. The mechanism
of radiation action in leukaemogenesis. Isolation
of a leukaemogenic filtrable agent from tissues
of irradiated and normal C57BL mice. Brit. J.
Cancer 21: 730 (1967).
Harris, A. W. Annual Report. Walter and Eliza
Hall Institute, Melbourne (1970).
Hasek, M., A Lengerova, A. and T. Hraba.
Transplantation immunity and tolerance. Adv.
ImmunoI. 1: 1 (1961).
Hatch, M. H., H. B. Chase, P. E. Fenton, et 01.
Response of x-irradiated mice to intravenous
inoculation of intestinal bacteria. Proc. Soc. Exp.
BioI. Med. 4: 632 (1952).
Hege, J. S. and L. J. Cole. Antibody plaque
forming cells in unsensitized mice. Specificity
and response to neonatal thymectomy, x-irradia
tion and PHA. J. ImmunoI. 99: 61 (1967). I

I



242.

243.

244.

245.

246.

247.

249.

250.

251.

252.

253.

254.

255.

256.

257.

Hellstrom, I. and K. E. Hellstrom. The· role of
immunological enhancement for the· growth of
autochthonous tumors. Transpl. 3: 721 (1971).

Hellstrom, I., K. E. Hellstrom and A. C. Allison.
Neonatally induced allograft tolerance may be
mediated by serum borne factors. Nature 230:
49 (1971).
Hellstrom, I., K. E. Hellstrom, G. E. Pierce
et al. Demonstration of cell bound and humoral
immunity against neuroblastoma cells. Proc. Nat.
Acad. Sci. (Wash.) 60: 1231 (1968).

Hellstrom, 1., K. E. Hellstrom, R. Storb et al.
Colony inhibition of fibroblasts from chimeric
dogs mediated by the dogs' own lymphocytes and
specifically abrogated by their serum. Proc. Nat.
Acad. Sci. U.S. 66: 65 (1970).

Hellstrom, K. E. and I. Hellstrom. Cellular
immunity against tumor antigens. Advances
Cancer Res. 12: 167 (1969).

Hellstrom, K. E. and I. Hellstrom. Immuno
logical enhancement as studied by cell culture
techniques. Ann. Rev. Microbiol. 24: 373
(1970).
Hellstrom, K. E., I. Hellstrom and J. Braun.
Abrogation of cellular immunity to antigenically
foreign mouse embryonic cells by a serum factor.
Nature 224: 914 (1969).

Henry, C., W. P. Faulk, L. Kuhn et al. Peyer's
patches: immunological studies. J. Exp. Med.
131: 1200 (1970).

Herd, Z. L. and G. L. Ada. Distribution of 12~1

immunoglobulins IgG subunits and antigen anti
body complexes in rat lymph nodes. Aust. J.
Exp. BioI. 47: 73 (1969).
Hewitt, H. B. and C. W. Wilson. A survival
curve for mammalian leukaemia cells irradiated
in vivo (implications for the treatment on mouse
leukaemia by whole-body irradiation). Brit. J.
Cancer 13: 69 (1959).

Heymans, J. F. Iso, hyper et hypothermisation
des mammiferes par calorification et frigorifica
tion du sang de la circulation curotodjugulaire
anastomotique. Arch. Inst. Pharmacodyn. Ther.
25: 1, (1921).

Hollingsworth, J. W. and H. B. Hamilton. Blood
bactericidal activity in Hiroshima subjects.
Atomic Bomb Casualty Commission, Technical
Report 14-60 (1960).
Hollingsworth, J. W., H. B. Hamilton et al.
Blood group antibody levels in Hiroshima. Blood
17: 462 (1961).

Hoptman, J. Radiation microbiology and im
munology in the USSR. A brief review of the
literature, in Effects of Jonizing Radiation on
Immune Processes, edited by C. A. Leone. Gor
don and Breach, New York, p. 455-503, 1962.

Hotchin, J. The biology of lymphocytic cheno
meningitis infection: virus induced immune
disease. Cold Spr. Harb. Symp. Quant. BioI.
27: 479 (1962).
Hotchin, J. E. and H. Wergan. The effects of
pretreatment with X-rays on the pathogenesis of
lymphocytic choriomeningitis in mice. J. Im
munol. 87: 675 (1961).

365

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

Howard, J. G. Resistance to infection with
Salmonella paratyphi C in mice parasitised with
a re~atively avirulent strain of Salmonella typhi- '
munum. Nature 191: 87 (1961).
Huber, H. and H. H. Fudenberg. Receptor sites
of human monocytes for IgG. Int. Arch. All 34:
18 (1968). .

Hume, D. M., B. T. Jackson, C. F. Zukoski
et ai. T~e homotransplantation of kidneys and
of fetal hver and spleen after total body irradia
tion. Ann. Surg. 152: 354 (1960).
Hume, D. M., H. M. Lee, G. M. Williams et al.
Comparative results of cadaver and related donor
re~al .homografts in man and immunologic im
phcabons of the outcome of second and paired
transplants. Ann. Surg. 164: 352 (1966).
Hume, D. M. and J. S. Wolf. Modification of
renal homograft rejection by irradiation. Transpl.
5: 1174 (1967).
Ikonopisov, R. L., M. G. Lewis, K. Hunter
Craig et al. Autoimmunisation with irradiated
tumor cells in human malignant melanoma. Brit.
Med. J. 2: 752 (1970).
Immunotherapy of Cancer (Editorial). Brit. Med.
J.H, 185, 1966.
Ingraham, J. S. and A. Bussard. Application of
a localized hemolysin reaction for specific detec
tion of individual antibody-forming cells. J. Exp.
Med. 119: 667 (1964).
Irvin, C. L., J. C. Eustace and J. L. Fahey.
Enhancement activity of mouse immunoglobulin
classes. J. Immunol. 99: 1085 (1967).
Isaacs, A. and D. C. Burke. Viral interference
and interferon. Brit. Med. Bull. 15: 185 (1959).
Ishizaka, K., T. Ishizaka and M. M. Horn
brook. Physico-chemical properties of human
reaginic antibody. IV. Presence of a unique im
munoglobulin as a carrier of reaginic activity.
J. Immuno!. 97: 75 (1966).
Jablon, S., M. Ishida and M. Yamasaki. JNIH
ABCC life span study, Hiroshima and Naga
saki. Report 3: Mortality October 1950-Sept.
1960. ABCC technical report TR 15-63 (1963).
Jacobson, E. B., J. L'Age-Stehr and L. A. Her
zenberg. Immunological memory in mice. II. Cell
interactions in the secondary immune response
studied by means of immunoglobulin allotype
markers. J. Exp. Med. 131: 1109 (1970).
Jankovic, B. D. and M. Isvaneski. Experimental
allergic encephalomyelitis in thymectomised, bur
sectomised and normal chickens. Int. Arch.
Allergy 23: 188 (1963).
Jaroslow, B. N. and G. J. V. Nossal. Effects
of X-irradiation on antigen localization in lym
phoid follicles. Aust. J. Exp. BioI. 44: 609
(1966).
Jerne, N. K. and A. A. Nordin. Plaqu.e forma
tion in agar by single antibody-producIng cells.
Science, 140: 405 (1963).
Johansson, S. G. O. and H. Bennich. Studies
on a new class of human immunoglobulins, in
Nobel Symposium 3, edited by J. Killander.
Almquist and Wiksell p. 193 (1967).
Kaliss, N. Immunological enhancement of tumor
homografts in mice-a review. Cancer Res. 18:
992 (1958).

«



276. Kanamitsu, M., K. Morita, S. C. Finch et al.
Serological response of atomic bomb survivors
following Asian influenza vaccination. Atomic
Bomb Casualty Commission Technical Report,
4-66.

277. Kaplan, H. S. On the aetiology and pathogenesis
of the leukaemias: A review. Cancer Res. 14:
535 (1954).

278. Kaplan, H. S. The role of radiation on experi
mental leukemogenesis. Nat. Cancer Inst. Mono.
14: 207 (1964).

279. Kaplan, H. S. Clinical evaluation and radio
therapeutic management of Hodgkin's Disease
and the malignant lymphomas. New Eng!. J.
Med. 278: 892 (1968).

280. Kaplan, H. S., M. B. Brown and J. Paull. In
fluence of bone marrow injections on involution
and neoplasia of mouse thymus after systemic
irradiation. J. Nat. Cancer Inst. 14: 303 (1953).

281. Kato, Duff, Russell et al. Prospective study of
rheumatoid arthritis and gout. TR 20-68,
AB.C.C. Technical Report.

282. Katz, D. H., W. E. Paul, E. A. Goidl et al.
Radioresistance of co-operative function of carrier
specific lymphocytes in anti-hapten antibody re
sponses. Science 170: 462 (1970).

283. Katz, D. H., W. E. Paul, and B. Benacerraf.
Carrier function in anti-hapten antibody re
sponses. V. J. Immuno!., 107: 1319 (1971).

284. Kawakami, M., K. Kitamura, H. Mikami et al.
Transfer agent of immunity. II. Conversion of
non-immune spleen cells into antibody-forming
cells by transfer agent in ribonucleic acid fraction
of immunized mice. Japan J. MicrobioI., 13:
9 (1969).

285. Kelly, W. D., M. F. McKneally, F. Oliveras
et al. Cell free antigenic material employed to
produce tolerance to skin grafts: Tissue sources,
preservation, dose requirements, and the effects
of combined use with azothioprine and sublethal
irradiation. Ann. N. Y. Acad. Sci. 129: 210
(1966).

286. Kennedy, J. C., J. E. Till, L. Siminovitch et al.
Radiosensitivity of the immune response to sheep
red cells in the mouse as measured by the haemo
lytic plaque method. J. Immuno1. 94: 715
(1965).

287. Kennedy, J. C., J. E. Till, L. Siminovitch et al.
The proliferative capacity of antigen sensitive
precursors of hemolytic plaque forming cells. J.
ImmunoL 96: 973 (1966).

288. Kettman, J. and R. W. Dutton. Radioresistance
of the enhancing effect of cells from carrier

.immunised mice in an in vitro primary immune
response. Proc. Nat. Acad. Sci. U.S. 68: 699
(1971).

289. Keuning, F. J., J. Van Der Meer, P. Nieuwenhuis
et al. The histophysiology of the antibody re
sponse. II. Antibody responses and splenic plasma
cell reactions in sublethally x-irradiated rabbits.
Lab. Invest. 12: 156 (1963).

290. Klein, G. Tumor antigens. Ann. Rev. MicrobioL
20: 223 (1966).

291. Klein, G., P. Clifford, E. Klein et al. In Treat
ment of Burkitt's Tumor, edited by J. H. Bur
chenal and D. P. Burkitt. Springer-Vedag, 1967.

366

292. Klein, G. and E. Klein. Antigenic properties of
other experimental tumors. Cold Spring Harbor
Symp. Quant. BioI. 27: 463 (1962).

293. Klein, G., H. O. Sjogren and E. Klein. Dem
onstration of host resistance against isotrans
plantation of lymphomas induced by the Gross
agent. Cancer Res. 22: 955 (1962).

294. Kobayashi, R. and D. Ushiba. Studies on the
immunity of the experimental typhoid. Keio J.
Med. 1: 35 (1952).

295. Koller, P. C., A J. S. Davies, E. Leuchars et al.
The absence of mitoses in the spleens of immuno
logically incompetent mice after the administra
tion of antigen, in Radiation and the Control
of Immune Response. Int. Atomic Energy Agency
Vienna, 1968.

296. Kolmer, J. A, A. Rule and M. Werner. Attempts
to transmit epidemic poliomyelitis to rabbits,
guinea pigs, rats, mice, chickens and ferrets with
and without depression by x-rays. J. Infect. Dis.
61: 63 (1937).

297. Komatsu, T., T. Hashimoto, S. Onishi et al.
Dlness episodes and A-bomb exposure. ABCC
technical report TR 2-63 (1963).

298. Kanda, S. and T. N. Harris. Effect of appeItdec
tomy and of thymectomy with x-irradiation, on
the production of antibodies to two protein
antigens in young rabbits. J. ImmunoI. 97: 805
(1966).

.299. Kountz, S. L., M. A Williams, P. L. Williams
et al. Mechanism of rejection of homotransplanted
kidneys. Nature (Lond.), 199: 257 (1963).

300. Lafferty, K. J. and M. A. S. Jones. Reactions
of the graft versus host (GVH) type. Aust. J.
Exp. BioI. Med. Sci. 47: 17 (1969).

301. Lang, P. G. and G. L. Ada. The localization of
heat denatured serum albumin in rat lymph
nodes. Aust. J. Exp. BioI. 45: 445 (1967).

302. La Via, M. F. and M. A. Parks. Effect of
x-irradiation on 'steady state' phase of antibody
production. Fed. Proc. 22: 500 (1963).

303. Lawrence, H. W. Transfer factor. Adv. Immuno!.
11: 196 (1969).

304. Leduc, E. H., S. Avraneas and M. Bouteille.
Ultrastructural localisation of antibody in differ
entiating plasma cells. J. Exp. Med. 127: 109
(1968).

305. Leduc, E. H., A. H. Coons and J. M. Connolly.
Studies on antibody production. II. The primary
and secondary responses in· the popliteal lymph
node of the rabbit. J. Exp. Med. 102: 61 (1955).

306. Lennox, E. S. and M. Cohn. Immunoglobulins.
Ann. Rev. Biochem. 36: 365 (1967).

307. Leskowitz, S. Tolerance, Ann.. Rev. Microbiol.
21: 157 (1967).

308. Levin, A. S., H. H. Fudenberg, J. E. Hopper
et al. Immunofluorescent evidence for cellular
control of synthesis of variable regions of light
and heavy chains of immunoglobulins G and M
by the same gene. Proc. Nat. Acad. Sci. U.S.
68: 169 (1971).

309. Levine, S., J. Prineas and L. C. Scheinberg.
Allergic encephalomyelitis: Inhibition of cellular
passive tl:ansfer by x-irradiation. Proc. Soc. Exp.
B. andM. 131: 986 (1969).

I
i

\
I,

1

I
I



310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

Lindsley, D. L., T. T. Odell and F. G. Tausche.
Implantation of functional erythropoietic elements
following total body irradiation. Proc. Soc. Exp.
BioI. Med. 90: 512 (1956).
Linna, J. and J. Stillstrom. Migration of cells
from the thymus to the spleen in young guinea
pigs. Acta Path. Micro. Scand. 68: 465 (1966).
Linscott, W. D. and W. O. Weigle. Induction
of tolerance to bovine serum albumin by means
of whole body x-irradiation. 1. Immunol. 94:
430 (1965).
Lo Gerio, P., J. Krupey and M. Hansen. Dem
onstration of an antigen common to several
varieties of neoplasia. New Eng. J. Med. 285:
138 (1971).
Lorenz, E. Modification of irradiation injury in
mice and guinea pigs by bone marrow injections.
J. Nat. Cancer Inst. 12: 197 (1951).
Lorenz, E., C. C. Congdon and D. Uphoff.
Modifications of acute irradiation injury in mice
and guinea pigs by bone marrow injections.
Radiology 58: 863 (1952).
Lorenz, E., C. C. Congdon and D. Uphoff.
Prevention of irradiation induced lymphoid
tumours in C57BL mice by spleen protection.
J. Nat. Cancer Inst. 14: 291 (1953).
Ludwig, F. C., R. M. Blashoff and O. N. Rambo.
Postponement of murine radiogenic leukemia by
manipulation of the preleukemic state. Proc. Soc.
Exp. BioI. Med. 130: 1285 (1969).
Mackaness, G. B. The immunological basis of
acquired cellular resistance. J. Exp. Med. 120:
105 (1964).

Mackaness, G. B. The relationship of delayed
hypersensitivity to acquired cellular resistance.
Brit. Med. Bull. 23: 52 (1967).
Mackaness, G. B. The influence of immuno
logically committed lymphoid cells on macro
phage activity in vivo. J. Exp. Med. 129: 973
(1969).
Mackaness, G. B. and R. V. Blanden. Cellular
Immunity. Progr. Allergy, 11: 89 (1967).
Mackaness, G. B. and R. V. Blanden. Cellular
immunity, in Infectious Agents and Hosts Re.ac
tions, edited by S. Mudd Saunders Co., Phila
delphia, p. 22-60 (1970).
Mackay, I. R. and F. M. Burnet. Autoimmune
diseases. Thomas, Springfield, Illinois (1963).
Maginn, R. R. and J. A. Bullimore. Extra
corporeal irradiation of the blood in renal homo
graft rejection. Brit. J. Radiol. 41: 127 (1968).
Mahaley, M. S., J. L. Mahaley and E. D. Day.
The localisation of radio-antibodies in human
brain "tumors. II. Radio-autographic studies.
Cancer Res. 25: 779 (1965). "
Main, R. K., L. J. Cole, M. J. Jones et al. DNA
synthesis in mixed cultures of dog leukocytes:
differential effect of x-irradiation and freeze-thaw
ing on cellular isoantigenicity. J. Immunol. 98:
417 (1967).
Makela, O. and G. J. V. NossaI. Accelera!ed
breakdown of immunological tolerance folloWlllg
whole body irradiation. J. Immunol. 88: 613
(1962).

367

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

Makela, O. and G. J. V. Nossal. Autoradio
graphic studies on the immune response. II. DNA
synthesis amongst single antibody producing cells.
J. Exp. Med. 115: 231 (1962).
Makinodan, T. Advances in radiation immunol
ogy. Fed. Proc. 19: 586 (1960).
Makinodan, T. and J. F. Albright. Cytokinetics
of antibody response. In: IIIrd International
Symposium Immunopathology, edited by P. Gra
bar and P. A. Miescher. Schwabe and Co., Basel,
1963, p. 99.
Makinodan, T. and J. F. Albright. Proliferative
and differentiative manifestations of cellular
immune potential.. Progr. Allergy 10: 1 (1967).
Makinodan, T. and N. Gengozian. Effect of
radiation on antibody formation, in Radiation
Protection and Recovery (A. Hollander, ed.)
Pergamon Press, p. 316, 1960.
Makinodan, T., M. A. Kastenbaum and W. J.
Peterson. Radiosensitivity of spleen cells from
normal and pre-immunized mice and its signi
ficance to intact animals. J. Immunol. 88: 31
(1962).
Makinodan, T., P. Nettesheim and T. Morita.
Synthesis of antibody by spleen cells after ex- .
posure to kiloroentgen doses of ionising radiation.
J. Cell. Physiol. 69: 355 (1967).
Makinodan, T. and W. J. Peterson. Growth and
senescence of the primary antibody forming
potential of the spleen. J. ImmunoI. 93: 886
(1965) .
Makinodan, T. and G. B. Price. Radiation effects
on immune response: Its significance to trans~

plantation in Transplantation. Ed. T. Najarian
and R. Simmons (in press).
Mandel, T., P. Byrt and G. L. Ada. A morpho
logical examination of antigen reactive cells from
mouse spleen and peritoneal cavity. Exp. Cell.
Res. 58: 179 (1969).
Manoukhire, I. I. Sur Ie role des globules blancs
et de la rate dans la production de l'alexane,
des Mmolysines, des agglutinines et des bacte
riolysines. C. R. Seances Soc. BioI. 74: 1221
(1913).
Maor, D. and P. Alexander. Abscopal stimula
tion of the thymus of rats by exposure of the
head to x rays. Nature, 205: 40 (1965).
Maruyama M. and T. Masuda, Antigen distribu
tion and structure of the germinal centre in lymph
nodes of guinea pigs sensitised with ferritin.
Ann. Rep. Int. Virus Res. Kyoto Univ. 8, 50
(1965).
Maruyama, Y. Contribution o~ host r~sistance
to radio-sensitivity of an isologous murme lym-

. phoma in vivo. Int. J. Rad. BioI. 12: 277
(1967).
Maruyama, Y. Dose-dependent recognition of
irradiated isogeneic mouse lymphoma cells: study
by terminal dilution assay. Inst. J. Cancer. 3:
593 (1968).
Mason S. and N. L. Warner. The immuno
globuli~ natur~ of the antige? re.cogniti?n site
on cells mediating transplantation unmumty and
delayed hypersensitivity. J. Immunol. 104: 762
( 1970).



344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

Mathe, G. Transfusion et greffe de cellules
myeloides chez l'Homme, in Intern. Cell. on
Biological Problems of the Grafts. University of
Liege, 1959, vol. 1.
Mathe, G. Reduction par l'azathoprine de l'inhibi
tion de la greffe de moelle osseuse allogenique
par des transfusions sanguines anterieures. Rev.
Fr. Etudes Clin. Bio!. 11: 1026-1027 (1966).
Mathe, G., J. L. Amiel, L. Schwarzenberg et al.
Successful allogenic bone marrow transplanta
tion in man: Chimerism, induced specific toler
ance and possible anti-leukaemic effects. Blood
25: 179 (1965).
Mathe, G., J. L. Amiel, L. Schwarzenberg et al.
Bone marrow transplantation in man. Transp.
Proc. 1: 16 (1969).
Mathe, G., H. Jammet, B. Pendic et al. Trans
fusions et greffes de moelle osseuse homologue
chez des humains irradies a haute dose acci
dentellement. Rev. Fran9aise Etudes Clin. Bio!.
4: 226-238 (1959).
Matsuyama, M., K. Suzumori, A. Maekawa et al.
Ineffectiveness of autotransplantation on growth
of the methylcholanthrene sarcoma in rats and

. mice. Nature 197: 805 (1963).
McCardle, R. J., P. V. Harper, I. L. Spair et al.
Studies with iodine-131-labelled antibody to
human fibrinogen for diagnosis and therapy of
tumors. J. Nucl. Med. 7: 837 (1966).
McCulloch, E. A. and J. E. Till. The sensitivity
of cells from normal mouse bone marrOw to
gamma radiation in vitro and in vivo. Rad. Res.
16: 822 (1962).
McGovern, J. J., P. S. Russell, L. Atkins et al.
Treatment of terminal leukemic relapse by total
body irradiation and intravenous infusion of
stored autologous bone marrow obtained during
remission. New Eng. J. Med. 260: 675 (1959).
McKhann C. F. The effect of x-rayon the anti
genicity of donor cells in transplantation immu
nity. J. Immuno!. 92: 811 (1964).
Meakins, J. L., E. J. Smith, B. S. Aron et al.
Delayed recovery from acute tubular necrosis
following radiation. Transp!. Proc. 3 : 494
(1971).
Medawar, P. B. Immunity to homologous grafted
skin. The suppression of cell division in grafts
transplanted to immunised animals. Brit. J. Exp.
Path. 27: 9 (1946).
Merrill, J. P., E. Cronkite, L. Schiffer et al.
Extracorporeal irradiation as an adjunct to im
munosuppressive therapy. Transp. 4: 541
(1966).
Merrill, J. P., J. E. Murray, J. H. Harrison et al.
Successful homotransplantation of the kidney
between non-identical twins. New Engl. J. Med.
262: 125 (1960).
Metcalf, D. The thymus. Recent results in can
cer. Res. Vol. 5. Springer Verlag, (1966).

Metcalf, D. and E. R. Stanley. Quantitative
studies on the stimulation of mouse bone marrow
colony growth in vitro by normal human urine.
Aust. J. Exp. BioI. 47: 453 (1969).
Metchnikoff, E. Immunity in infective diseases.
University Press, Cambridge (1905).

368

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

Meuwissen, H. J., J. Kersey, H. Pabst et al.
Graft versus host reactions in bone marrow
transplantation. Transpl. Proc. 3: 414 (1971).
Micklem, H. S. and J. A. H. Brown. Rejection
of skin grafts and production of specific iso
hremagglutinins by normal and x-irradiated mice.
Immunology, 4: 318 (1961).
Micklem, H. S., C. E. Ford, E. P. Evans et al.
Interrelationship of myeloid and lymphoid cells:
Studies with chromosome-marked cells trans
fused into lethally irradiated mice. Proc. Roy.
Soc. Lond. Ser. B. 165: 78 (1966).
Milanesi, S. In: Proc. 5th Italian Congress Elec
tron Microscopy, 1965, p. 92.
Miller, C. P. The effect of irradiation on natural
resistance to infection. Ann. N. Y. Acad. Sci. 66:
280 (1956).
Miller, J. F. A. P. In Proceedings of the Third
Sigrid Julius Symposium on cell co-operation in
the immune response. Ed. A. Cross, T. Kosman
and O. Makela. Acad. Press (1970).

Miller, J. F. A. P., P. M. de Burgh, P. Dukor
et al. Regeneration of thymus grafts. II. Effects
on immunological capacity. Clin. Exp. Immunol.
i, 61 (1966).
Miller, J. F. A. P., S. M. A. Doak and A. M.
Cross. Role of the thymus in the recovery of the
immune mechanism in the irradiated adult
mouse. Proc. Soc. Exp. BioI. Med. 112: 785
(1963).

Miller, J. F. A. P., E. Leuchars, A. M. Cross
et al. Immunologic role of the thymus in radia
tion chimeras. Ann. N. Y. Acad. Sci. 120: 205
(1964).

Miller, J. F. A. P. and G. F. Mitchell. Cell to
cell interaction in the immune response. I. Hemo
lysin forming cells in neonatally thymectomised
mice reconstituted with thymus or thoracic duct
lymphocytes. J. Exp. Med. 128: 801 (1968).

Miller, J. F. A. P. and G. F. Mitchell. Inter
action between two distinct cell lineages in an
immune response in "Lymphatic tissue and
germinal centers in immune response". Plenum
Press (1969).

Miller, J. F. A. P. and G. F. Mitchell. Thymus
and antigen reactive cells. Transplant. Rev. 1:
3 (1969).

Miller, J. F. A. P. and D. Osoba. Current con
cepts of the immunological function of the thy
mus. Physio!. Rev. 47: 437 (1967).

Miller, J. F. A. P. and J. Sprent. Thymus de
rived cells in mouse thoracic duct lymph. Nature
230: 267 (1971).

Miller, J. J. III. An autoradiographic study of
plasma cell and lymphocyte survival in rat pop
liteallymph nodes. J. Immuno!. 92: 673 (1964).

Miller, J. J. III and L. J. Cole. The radiation
resistance of long-lived lymphocytes and plasma
cells in mouse and rat lymph nodes. J. Immunol.
98: 982 (1967).

Miller, J. J. III, and G. J. V. Nossal. Antigens
in immunity. VI. The phagocytic reticulum of
lymph node follicles. J. Exp. Med. 120: 1075
(1964).

I
1

I
I

~
f
!

il

J

I
I'
II
I

I

i
'"'.~

I,



378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

Mitchell, G. F. and J. F. A. P. Miller. Cell to
cell interaction in the immune response. II. The
source of hemolysin forming cells in irradiated
mice given bone marrow and thymus or thor
acic duct lymphocytes. J. Exp. Med. 128: 821
(1968).
Mitchell, G. F., J. F. A. P. Miller and N. S.
Weiss. The cellular basis of the immunological
defects in thymectomised mice. Nature 214: 992
(1967).
Mitchell, J. and A. Abbot. Ultrastructure of the
antigen retaining reticulum of lymph node folli
cles as shown by high resolution autoradiography.
Nature 208: 500 (1964).
Mitchison, N. A. Induction of immunological
paralysis in two zones of dosage. Proc. Roy. Soc.
B. 161: 275 (1964).
Mitchison, N. A. Immunological paralysis as a
dosage phenomenon in Regulation of the anti
body response, edited by B. Cinader. Charles
C. Thomas Springfield, 1968, p. 54.
Mitchison, N. A. The dosage requirements for
immunological paralysis by soluble proteins.
Immunol. 15: 509 (1968).
Mitchison, N. A., K. Rajewski and R. B. Taylor.
In Developmental aspects of ~mtibody formation
and structure. J. Sterzl and H. Riha. Acad. Press,
1970.
Mitsuhashi, S., M. Kawakami, H. Hashimoto
et al. Anti-lethal resistance of mouse immunized
with live vaccine against the infection with
Salmonella enteritidis, and cellular basis of im
munity. Proc. Jap. Acad. 37: 163 (1961).
Mitsuhashi, S., M. Kawakami, Y. Yamaguchi
et al. Studies on the experimental typhoid. I. A
comparative study of living and killed vaccines
against the infection of mice with S. enteritidis.
Japan. J. Exp. Med. 28: 249 (1958).
Mitsuhashi, S., 1. Sato and T. Tanaka. Experi
mental Salmonellosis. Intracellular growth of
Salmonella enteritidis ingested in mononuclear
phagocytes of mice, and cellular basis of immu
nity. J. Bacteriol. 81: 863 (1961).
Moore, M. A. S., T. McNeill and J. S. Hask.i~l.
Density distribution analysis of in vivo and III

vitro colony forming cells in developing fetal
liver. J. Cell. Physiol. 75: 167 (1970).
Moore, M. A. S. and J. J. T. Owen. Experi
mental studies on the development of the bursa
of Fabricius. Devel. BioI. 14: 40 (1966).

Moore M. A. S. and J. J. T. Owen. Stem cell
migration in developing myeloid and lymphoid
systems. Lancet ii, 658 (1967).
Moore M. A. S., N. Williams and D. Metcalf.
Purific~tion and characterisation of the in vitro
colony forming cell in monkey hemopoietic
tissue. J. Cell. Physio!. in press (1971).
Mueller, A. P., H. R. Wolfe and R. F. Meye~.
Precipitin production in chickens. XXI. Anti
body production in bursectomized chickens and
in chickens injected with 19-nortestosterone on
the fifth day of incubation. J. Immunol. 85: 172
(1960).
Mukherjee, A. K., B. Paul, R. J. McRipley et al.
Effect of continuous x-irradiation on phagocytes.
Bacteriol. Proc. 92 (1967).

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

369

Mukherjee, A. K., B. Paul, R. Strauss et al. The
role of the phagocyte in host-parasite interactions.
XV. Effects of H20 2 and x-irradiation on the
bactericidal activities of phagocyte fractions.
J. Ret. Soc. 5: 529 (1968).
Mukherjee, A. K. and A. J. Sbana. The role of
the phagocyte in host-parasite interactions. XIV.
Effect of concurrent x-irradiation on phagocy
tosis. J. Ret. Soc. 5: 134 (1968).
Muller-Berat, C. N., L. M. Van Putten and
D. W. Van Bekkum. Cytostatic drugs in the
treatment of secondary disease following homo
logous bone marrow transplantation: Extrapola
tion from the mouse to the primate. Ann. N. Y.
Acad. Sci. 129: 340 (1966).
Muramatsu, S., T. Morita and Y. Sohmura. Cel
lular kinetics of phagocytic cells in immunised
x-irradiated mice. J. Immunol. 95: 1134 (1966).
Murphy, J. B. Heteroplastic tissue grafting ef
fected through roentgen ray lymphoid destruc
tion. J. Amer. Med. Ass. 62: 1459 (1914).
Nachtigal, D. and M. Feldman. Immunological
unresponsiveness to protein antigens in rabbits
exposed to x-irradiation or 6-marcaptopurine
treatment. Immunol. 6: 356 (1963).
Nachtigal, D., E. Greenbger and M. Feldmann.
The kinetics of immune tolerance to human
serum albumin induced in sublethally x-irradi
atedrabbits. Immunol. 15: 343 (1968).
Nairn, R. C., J. Philip, T. Ghose et al. Produc
tion of a precipitin against renal cancer. Brit.
Med. J. i: 1702 (1963).
Nelson, D. S. Macrophages and immunity. North
Holland Publishing Co., Frontiers in Biology, 11:
181 (1969).
Nettesheim, P. and M. G. Hanna. Radiosensi
tivity of the antigen trapping mechanism and its
relation to the suppression of immune response.
In Lymphatic Tissue and Germinal Centers in
Immune Response. Plenen Press, 167 (1969).
Nettesheim, P., T. Makinodan and M. L. Wil
liams. Regenerative potential of immunocompe
tence cells. I. Lack of recovery of secondary
antibody-forming potential after x-irradiation.
J. Immunol. 99: 150 (1967).
Nettesheim, P. and M. L. Williams. Regenera
tive potential of immunocompetent cells. II.
Factors influencing recovery of secondary anti
body-forming potential from x-irradiation. J. Im
munol. 100: 760 (1968).
Nettesheim, P., M. L. Williams and A. S.
Hammons. Regenerative potential of immuno
competent cells. III. Recovery of primary anti
body-forming potential from x-irradiation. The
role of the thymus. J. Immunol. 103: 505
(1969) .
Nezelof, C., M. C. Jammet, P. Lortholary et al.
L'hypoplasie hereditaire du thymus: Sa place et
sa responsabilite dans une observation d'aplasie
lymphocytaire normoplasmocytaire et normo
globulinemique du nourrisson. Arch. franc.
pectiat. 21:897 (1964).
Nicholson, G. W. de P. The morphology of tu
mours. In Studies on tumour formation. Edited
by N. Gilbert and W. de Poulton. Butterworth
and Co. Ltd., London, 1950, p. 11.



409. Niewenhuis, P. On the ongm and fate of im
munologically competent cells. Wolters-Noord
hoff, Publishing Groninger (1971).

410. Nilsson, A., L. Revesz, and K. H. Eriksson.
Antigenicity of radio-strontium induced osteo
sarcomas. Rad. Res., in press (1972).

411. Nilsson, A., L. Revesz, and J. Stjernsward. Sup
pression of strontium-90 induced development of
bone tumours by infection with Bacillus Calmette
Guerin BCG. Rad. Res., 26: 378 (1965).

412. Nio, Y. Studies on the cells producing an anti
tumor agent. Nippon Acta Radiologica 30: 481

. (1970).
413. Nossal, G. J. V. Antibody production by single

cells. III. The histology of antibody production.
Brit. 1. Exp. Path. 40: 301 (1959).

414. Nossa], G. J. V. Studies on the rate of seeding
of lymphocytes from the intact guinea pig thy
mus. Ann. N. Y. Acad. Sci. 120: 171 (1964).

415. Nossal, G. J. V. Effects of radiation on antibody
formation: Current views. Atomic Energy Re
view 5, p. 3 (1967).

416. Nossal, G. J. V., G. L. Ada and C. M. Austin.
Antigens in immunity. IV. Cellular localization
of 1251 and 131I labelled flagellin in lymph nodes.
Aust. J. Exp. BioI. 42: 311 (1964).

417. Nossal, G. J. V., G. L. Ada, C. M. Austin et al.
Antigens in immunity. VUI. Localization of 1251
labelled antigens in the secondary response. Im
munol. 9: 349 (1965).

418. Nossal, G. J. V., G. L. Ada and C. M. Austin.
Antigens in immunity. X. Induction of immuno
logical tolerance to Salmonella adelaide flagellin.
J. ImmunoI. 95: 665 (1965).

419. Nossal, G. J. V. and C. M. Austin. Mechanism
. of induction of immunological tolerance. 11. Si
multaneous development of priming and toler
ance. Aust. J. Exp. BioI. 44: 327 (1966).

420. Nossal, G. J. V., C. M. Austin, J. Pye et ai.
Antigens in immunity. XU. Antigen trapping in
the spleen. Int. Arch. All. 29: 368 (1966).

421. Nossal, G. J. V., A. Cunningham, G. F. Mitchell
et ai. Cell to cell interaction in the immune re
sponse. III. Chromosomal marker analysis of
single antibody-forming cells in reconstituted
irradiated, or thymectomised mice. J. Exp. Med.
128: 839 (1968).

422. Nossal, G. 1.. V. and L. Larkin. Breakdown of
immunological tolerance following irradiation.
Aust. J. Sci. 22: 168 (1959).

423. Nossal, G. J. V. and O. Makela. Autoradio
graphic studies on the immune response. I. The
kinetics of plasma cell proliferation. J. Exp. Med.
115: 209 (1962).

424. Nossal, G. 1. v., N. L. Warner and H. Lewis.
Incidence of cells simultaneously secreting IgM
and IgG antibody to sheep erythrocytes. Cellular
Immuno!. (in press) (1971).

425. Nossal, G. J. V.; N. L. Warner, H. Lewis et ai.
Quantitative features of a sandwich radio-im
munolabelling technique for lymphocyte surface
receptors.J. Exp. Med. in press (1972).

370

426. Nowell, P. A. Unstable chromosome changes in
tuberculin-stimulated leukocyte cultures f'illom
irradiated patients. Evidence for immunologic Y
committed, long-lived lymphocytes in huJ1lan
blood. Blood 26: 798 (1965).

427. Nowell, P. C., B. E. Hirsch, D. H. Fox et ~l.
Evidence for the existence of multipoteIlUal
lympho-hematopoietic stem cells in the adult rat.
J. Cell. PhysioI. 75: 151 (1970).

428. Nussenzweig, R. S., C. Merryman and B. Be~a
cerraf. Electrophoretic separation and properttes
of mouse antihapten antibodies involved in pas
sive cutaneous anaphylaxis and passive hremo
lysis. J. Exp. Med. 128: 315 (1964).

429. Old, L. J. and E. A. Boyse. Antigen of tumors
and leukemias induced by viruses. Fed. Proc. 24.
1009 (1965).

430. Ono, K., E. S. Lindsey and O. Creech Jr. Trans
planted rat heart: local graft irradiation. Transpl.
7: 176 (1969).

431. Osawa, N., M. Kawakami, S. Kurashige et al.
Experimental Salmonellosis. VIII. Postinfective
immunity and its significance for conferring
cellular immunity. J. Bacteriol. 93: 1534 (1967).

432. Osoba, D. and J. F. A. P. Miller. The lymphoid
tissues and immune responses of neonatally thy
mectomised mice bearing thymus tissue in milli
pore diffusion chambers. J. Exp. Med. 119: 177
(1964).

433. Ovary, Z. The structure of various immunoglobu
lins and their biologic activities. Ann. N.Y.
Acad. Sci. 129: 776 (1966).

434. Ovary, Z., B. Benacerraf and K. J. Block. Prop
erties of guinea pig 7S antibodies. II. J. Exp.
Med. 117: 951 (1963).

435. Ovary, Z., N. M. Vaz and N. L. Warner. Passive
anaphylaxis in mice with 'YG antibodies V. Im
munology 19: 715 (1970) .

436. Owen, R. D. Immunogenetic consequences of
vascular anastomoses between bovine twins.
Science 102: 400 (1945).

437. Paterson, P. Y. Experimental allergic encephalo
myelitis and autoimmune disease. Adv. Immuno!.
5: 131 (1966).

438. Paterson, P. Y. and N. E. Beisaw. Effect of
whole body x-irradiation on induction of allergic
encephalomyelitis in rats. J. Immunol. 90; 532
(1963) .

439. Patt, H. M., M. N. Swift, E. R. Tyree et al.
Adrenal response to total body x-irradiation.
Amer. J. Physiol. 150: 480 (1947).

440. Paul, B., R. Strauss and A. J. Sbarra. The role
of phagocyte in host-parasite interactions. XVI.
Effect of x-irradiation on H20 2 production in
guinea pig exudate cells. J. Ret. Soc. 5: 538
(1968) .

441. Peila, D. and J. Marmoiston. Natural resistance
and clinical medicine. Little Brown, Boston
(1941).

442. Penington, D.· G. Regulation of red cell and
platelet production. Proc. Roy. Soc. Med. 60:
1032 (1967).

443. Perkins, E. H. Digestion of antigen by peritoneal
macrophages. Proe. Conf. Mononuclear phago-
cytes (in press) (1970). .

,
I
I



444.

445.

446.

447.

448.

449.

450.

451.

452.

453.

454.

455.

456.

457.

458.

459.

460.

461.

~erkins, E. H.. and T. Makinodan.. Relative pool
Size of pot~ntIally competent antIbody forming
cells o~ I?nm~d and non-primed spleen cells
grown ill In VIVO culture. J. Immunol. 92: 102
(1964) .
Perkins, E. H., P. Nettesheim and T. Morita.
Radio.r~sistance ?f the engulfing and degradative
capacIties of pentoneal phagocytes to kiloroent
gen x-ray doses. J. Ret. Soc. 3: 71 (1966).
Perkins, E. H., T. Sado and T. Makinodan. Re
cruitmen~ and proliferation of immunocompetent
cells durmg the lag phase of the primary anti
body response. J. Immuno!. 103: 668 (1969).
Perlmann, P. and G. Holm. Cytotoxic effects of
lymphoid cells in vitro. Adv. Immuno!. 11: 117
(1969).
Persson, B., B. Rosengren, S. E. Bergentz et al.
Evaluation of preoperative extracorporeal irra
diation of the blood in human renal transplanta
tion. TranspI. 1: 534 (1969).
Peters, M. V. Study of survival in Hodgkin's dis
ease treated radiologically. Am. J. Roentgen.,
63: 299 (1950).
Peterson, R. D. A., M. Blaw and R. A. Good.
Ataxia-telangiectasia: A possible clinical counter
part of the animals rendered immunologically
incompetent by thymectomy. J. Pediat. 63: 701
(1963) .
Peterson, R. D. A, M. D. Cooper and R A
Good. The pathogenesis of immunologic defi
ciency diseases. Amer. J. Med. 38: 579 (1965).
Petrov, R V. Exogenous infections in radiation
sickness. Adv. Modern BioI. 46: 48 (1958).
Petrov, R. V. Current trends in radiation im
munology. Progress in Modern Biology, 58: 262
(1964).
Petrov, R V. and A N. Cheredeev. Effect of
preliminary irradiation of mice on radio resis
tance of immunologically competent spleen cells.
Nature, 220: 1349 (1968).
Petrov, R, and A. N. Cheredeev. High resistance
of immunocompetent spleen cells to repeated ex
posure of y-radiation and its abolition by syn
geneic lymphocytes. Cellular ImmunoI., 3: in
press (1972).

Phillips, J. M., W. J. Martin, A R. Shaw et al.
Serum mediated immunological non reactivity
between histoincompatible cells in tetraparental
mice. Nature, in press (1971).

Pierpaoli, W., and E. Sorkin. Cellular modifica
tions in the hypophysis of neonatally thymecto
mised mice. Brit. J. Exp. Path., 48: 627 (1967).

Playfair, J. H. L., B. W. Papermaster and L.
F. Cole. Focal antibody production by transferred
spleen cells in irradiated mice. Science 149: 998
(1965).

Pomerantzeva, M. D. Second Intern. Congo
Radiat. Res. Harrogate 150 (1962).

Porter, R. J. Studies on antibody formation.
Effects of x-irradiation on adaptation for the sec
ondary response of rabbits to bovine y-globulin.
J. ImmunoI. 84: 485 (1960).
Porter, R. J. The hydrolysis of rabbit y-globulin
and antibodies with crystalline papain. Biochem.
J. 73: 119 (1959).

371

462.

463.

464.

465.

466.

467.

468.

469.

470.

471.

472.

473.

474.

475.

476.

477.

478.

479.

Portmann, U. V. and R Laigh. Roentgen therapy
for acute encephalitis. Amer. J. Roent 53' 597
(1945). . .

Prehn, R T. Role of immunity in the biology
of cancer. Prec. Nat. Cancer Conf. 5: 97 (1964).
Prehn, R. T. Cancer antigens in tumors induced
by chemicals. Fed. Proc. 24: 1018 (1965).
Pribnow, J. F. and M. S. Silverman. Studies on
the radio-~ensitiv~ phase of the primary antibody
response In rabbits. 1. The role of the macro
phage. J. Immunol. 98: 225 (1967).
Pri~e, G. B. ~nd T. Makinodan. Radiosensitivity
of Immunologically competent cells. Trans. N. Y.
Acad. Sci. 32: 453 (1970).
Puck, T. T. and p. 1. Marcus. Action of x-rays
on mammalian cells. 1. Exp. Med. 103' 653
(1956). .

Rabellino, E., S. Colon, H. Grey et al. Immuno
globulins on the surface of lymphocytes. J. Exp.
Med. 133: 156 (1971).
Reade, P. C., K. J. Turner and C. R Jenkin. The
functional development of the reticuloendothelial
system. IV. Studies of serum opsonins to S.
typhimurium in foetal and natal rats. ImmunoI.
9: 75 (1965).
Richter, M. and N. 1. Abdou. Cells involved in
the immune response. VII. The demonstration
?sin~ a~lotypic .markers of antibody formation by
IrradIatIOn reSIstant cells of irradiated rabbits
injected with normal allogeneic bone marrow
cells. J. Exp. Med. 129: 1261 (1969).
Rittenberg, M. B. and E. L. Nelson. Lengthened
induction period or immunologic unrespon
siveness depending on antigen dose in adult
x-irradiated rabbits. Prec. Soc. Exp. Band M:
113, 101, 1963.
Robbins, J. and R. T. Smith. The effect of x-ray
irradiation upon the sequence of immune glob
ulins following initial immunization in the rab
bit. J. Immuno!. 93: 1045 (1964).
Robinson, W. A, T. R. Bradley and D. Metcalf.
Effect of whole body irradiation on colony
production by bone marrow cells in vitro. Proc.
Soc. Exp. BioI. Med. 125: 388 (1966).
Rosen, F. S., D. Gitlin and C. A. Janeway.
Alymphocytosis, agammaglobulinaemia, homo
grafts and delayed hypersensitivity: Study of a
case. Lancet 2: 380 (1962).
Rosenau, W. and H. D. Moon. Suppression of
the immune response to antigenic tumors in
isogenic mice by whole-body irradiation. Cancer
Res. 27: 1973 (1967).
Rosengren, B.,S. E. Bergentz, B. Hood et aZ.
Extracorporeal irradiation of blood. A clinical
study in candidates for transplantation.Scand. J.
Urol. Nephiol. 2: 58 (1968).
Rosse, W. F., H. J. Rapp and T. Borsos. Struc
tural characteristics of hemolytic antibodies as
determined by the effects of ionizing radiation.
J. ImmunoI. 98: 1190 (1967).
Rouse, B. T. and N. L. Warner. Induction of
T cell tolerance in agammaglobulinemic chickens.
EUfop. J. Immunol., in press (1971) ~

Rowley, D. Phagocytosis. Adv. Immunol. 2:
241 (1962).



480.

481.

482.

483.

484.

485.

486.

487.

488.

489.

490.

491.

492.

493.

494.

495.

496.

Rowley, M. and 1. R. Mackay. Measurement of 497.
antibody producing capacity in man. I. The
normal response to flageIIin from S. adelaide.
Coo. Exp. ImmunoI. 5: 407 (1969).
Saba, T. M. and N. R. Di Luzio. Kuppfer cell 498.
phagocytosis and metabolism of a variety of par-
ticles as a function of opsonization. J. Ret. Soc.
2: 437 (1965). 499.
Saba, T. M. and N. R. Di Luzio. Effects of
x-irradiation on reticuloendothelial phagocytic
function and serum opsonic activity. Amer. J.
Physio!. 216: 910 (1969).
Saba, T. M. and N. R. Di Luzio. Reticulo-en-
dothelial blockade and recovery as related to 500.
opsonic activity. Amer. J. Physio!. 216: 197
(1969).
Sado, T. Functional and ultrastructural studies of
antibody-producing cells exposed to 10,000 R in
millipore diffusion chambers. Inst. J. Rad. BioI. 501.
15, i, 1969.
Sado, T., Kurotsu, T. and H. Kamisaku. Further
studies on the radio-resistance of antibody produc
ing cells: characterisation of the survival curve.
Radiat. Res., in press (1971).
Sado, T., E. H. Perkins and T. Makinodan. 502.
Staircase rise in the antibody forming cell popula-
tion in secondary response. J. ImmunoI. 105:
642 (1970).
Saito, K, T. Akiyama, M. Nakano et ai. Inter- 503.
action between Salmonella enteritidis and tissue
cultured macrophages derived from immunized
animals. Japan J. Microbial. 4: 395 (1960).
Salvin, S. B. and R. F. Smith. Delayed hyper- 504.
sensitivity in the development of circulating
antibody. The effect of x-irradiation. J. Exp.
Med. 109: 325 (1959).
Santos, G. W. and A. H. Owens. Adoptive 505.
transfer of immunologically competent cells. Bull.
Johns Hopkins Hosp. 118, 109 and 127, 1966.
Sarian, J. N. Irradiated human plasma and pha-
gocytosis. Amer. J. Roentg. Radium Therapy 506.
65: 940 (1951).
Sato, I., Y. Nio and M. Abe. In vitro production
of an anti-tumor agent by reticuloendothelial cells.
Gann 59: 273 (1968). 507.
Sato, I., T. Tanaka, K Saito et al. Inhibition of
Salmonella enteritidis ingested in mononuclear
phagocytes from liver and subcutaneous tissue
of mice immunized with live vaccine. J. Bac- 508.
terioI. 83: 1306 (1962).
Schechmeister, I. L., L. J. Paulissen and M.
Fishman. Effects of sublethal total body x-irradia-
tion on susceptibility to certain microbial agents. 509.
Fed. Proc. 11: 146 (1952).
Schifior, P. and H. C. Maguire. Resistance of
the allergic contact dermatitis sensitization reac
tion to whole body x-ray in the guinea pig.
Int. Arch. Allergy 29: 447 (1966). 510.
Schrek, R. Qualitative and quantitative reactions
of lymphocytes to x-rays. Ann. N. Y. Acad. Sci.
95: 839 (1961). 511.
Schubert, W. K, R. Fowlen, L. W. Martin et ai.
Homograft rejection in children with congenital
immunologic defects. Agammaglobulinaemia and
Aldrich syndrome. Transplant. Bull. 26: 125 512.
(1960).

372

Scothorne, R. J. and I. A. McGregor. Cellular
changes in lymph nodes and spleen following skin
homografting in the rabbit. J. Anat. 89: 283
(1955).
Selvaraj, R. J. and A. J. Sbana. Effects of
x-irradiation on the metabolic changes accom
panying phagocytosis, Nature 210: 158 (1966).
Sercarz, E. and A. H. Coons. The exhaustion
of specific antibody producing capacity during
2 0 response, in Mechanisms of Immunological
Tolerance. Edited by M. Hasek, A. Longerova
and M. Vojtiskova, Czechoslovak Academy of
Science, Prague, 1962, 73.
Shearer, G. M. and G. Cudkowicz. Distinct
events in the immune response elicited by
transferred marrow and thymus cells. I. Antigen
requirements and proliferation of thymic antigen
reactive cells. J. Exp. Med. 130: 1243 (1969).
Shearer, G. M., G. Cudkowicz, M. S. Corneli
et ai. Cellular differentiation of the immune
system of mice. I. Separate splenic antigen
sensitive units for different types of antisheep
antibody forming cells. J. Exp. Med. 128: 437
(1968).
Shellam, G. R. Mechanism of induction of im
m~nological tolerance. V. Priming and tolerance
WIth small doses of polymerized flagellin.
Immunol. 16: 45 (1969).
Shellam, G. R. Mechanism of induction of
immunological tolerance. VII. Studies of adoptive
tolerance to flagellin. Int. Arch. Allergy 40: 507
(1971).
Shellam, G. R. and G. J. V. Nossal. Mechanism
of induction of immunological tolerance. IV. The
effects of ultra low doses of flageIIin. Immunol.
14: 273 (1968).
Shikata, T., Y. Nakane, T. Oka et al. Study on
selective irradiation of lymph nodes and its
application to clinical renal transplantation. Adv.
in Transp. 1: 735 (1967).
Shimizu, K, M. Watanabe et ai. Antibody and
complement values among A-bomb survivors in
Hiroshima: A statistical study of Hiroshima
Ipaku. J. Hiroshima Med. Ass. 16: 477 (1963).
Shortman, K, E. Diener, P. Russell et ai. The
role of non-lymphoid accessory cells in the
immune response to different antigens. J. Exp.
Med. 131: 461 (1970).
Silverman, M. S. and P. H. Chin. Quantitative
serological determination of antibody formation
in x-irradiated rabbits. J. Immuno1. 73: 120
(1954).
Silverman, S., L. Karnfield and R. H. Stewart.
The susceptibility of mice to airborne infections
following continuous exposure to low dose rate
x-radiation. Ann. Rep. U.S. Nav. Radiol. Def.
Lab. (1965).
Simic, M. M., M. Slijivc, Z. Petrovic et al.
Antibody formation in irradiated rats. Bull. Boris
Kidric Inst. Nat. Sci. 16, SuppI. 1, 1 (1965).
Siminovitch, L., J. E. Till and E. A. McCulloch.
Radiation responses of hemopoietic colony form
ing cells derived from different sources. Radiat.
Res. 24: 482 (1965).
Simonsen, M. Graft versus host reactions. Progr.
Allergy 6: 349 (1962).

i

J

1
1

I
~i

\
r

1

1

)

1



531.McGregor. CelJ~
spleen following !~

. J. Anat. &9: 2!

Sbana. Effects;
olic changes ace<:
~e 210: 158 (l96~

ons. The exbausf"
;ing capacity dut,
IS of Immunologh
lasek, A. Longew
lslovak Academy (

Cudkowicz. Di56.:
~sponse elicited r,
mus cells. 1. AD6~::
)n of thymic anti21l
130: 1243 (1969)

wicz, M. S. Corn~

on of the imm::.::
ate splenic an~gt:'

types of antis1Jtt;:
~xp. Med. 128: 4)1

of induction of b
riming and tolela:,~

flymerized flageo.

m of induction dl
r. Studies of adop~~i
·ch. Allergy 40: go

NossaI. Mechani~:!
11 tolerance. IV. 'r<i
: flagellin. Immun(l.

Oka et (It. Study g
lph nodes and i,
ransplantatioo. Ad!

'!t ai. Antibody a:;
I.-bomb survivors t
rudy of Hiroshirl
;s. 16: 477 (l961)~

Russell et al. Th,
ssory cells in !!I'
It antigens. J, Er.p

Chin. Quantitatil~

antibody formalbJ,
[mmunol. 73: I::'

llld R. H. Slewa1
airborne infecrl~~

e to low dose [!~

Nav. Radiol. IX!

Z. Petrovic et d
ted rats. Bull. BOl!'
pI. 1, 1 (1965), '
I E. A. McCuJlC(~!
oietic colony fo~·
nt sources. Ra~~•r
st reactions, Pr~i

513. Skarnes, R. C. and D. W. Watson. Antimicrobial
factors of normal tissues and fluids. Bacteriol.
Rev. 21: 273 (1957) .

514. Smith, E. B., D. C. White, R. J. Hartsack et al.
Acute ultrastructural effects of 500 roentgens on
the lymph node of the mouse. Amer. J. Patho!.
50: 159 (1967).

515. Smith, J. C. Radiation pneumonitis. A review.
Am. Rev. Respir. Dis. 87: 647 (1963).

516. Smith, L. H. and Q. Vos. Radiation sensitivity
of mouse lymph node cells relative to their pro
liferative capacity in vivo. Rad. Res. 19: 485
(1963).

517. Smith, M. R, D. O. Fleming and W. B. Wood.
The effect of acute radiation injury on phagocytic
mechanisms of antibacterial defense. J. Immunol.
90: 914 (1963).

518. Smith, R T. Immunological tolerance of non
living antigens. Adv. ImmunoI. 1: 67 (1961).

519. Solomon, J. B. Effects of germfree environment,
bursectomy, and irradiation, on the production
of natural and immune opsonins in young chicks.
Immuno!. 11: 97 (1966).

520. Southam, C. M. Evidence for cancer-specific
antigens in man. Prog. Exp. Tumor Res. 9: 2
(1967).

521. Speirs R S. and E. E. Speirs. Cellular localiza
tion ~f radioactive antigen in immunized and
non-immunized mice. J. Immuno!. 90: 561
(1963).

522. Speiser, P. New ~spects of immunogenetic r~la
tions between child and mother. Ann. Pedlat.
207: 20 (1966).

523. Spitznagel, J. K and A. C. A~ison. Mode of
action of adjuvants: effects on antibody responses
to macrophage associated bovine serum albumin.
J.Immuno!. 104: 128 (1970).

523a. Sprent, J. and J. F. A. P. Miller. Interaction of
thymus lymphocytes with histoincompatible cells.
II. Cellular Immuno!., 3: 385 (1972).

524. Stanley, E. R., W. A. Robinson and G. L. Ada.
Properties of the colony stimulating factor in
leukaemic and normal mouse serum. Aust. J.
Exp. BioI. 46: 715 (1968).

525. Steamer, S. P., S. A. Tyler, M. H. Sanderson
et ai. Radiat. Res. 14: 732 (1961).

526. Stefani, S. Old-tuberculin-induced radio-resistance
on human lymphocytes in vitro. Brit. J. Haemat.
12: 345 (1966).

527. Stefani, S. and R. Schrek. Cytotoxic effect of 2
and 5 roentgens on human lymphocytes irradiated
in vitro. Rad. Res. 22: 126 (1964).

528. Stjernsward, J. and F. Vanky. Cellular immunity
in Morphological and Functional Aspects of
Immunity (Ed. K. Lindahl-Kressling, G. AIm
and M. G. Hanna). Adv. in Exp. Med. and
Bio!. Vol 12, 545 (1971)

529. Stockert, E., L. J. Old and E. A. Boyse. The GIX

system. J. Exp. Med., 133: 1334 (1971).

530. Stone, W. H. and R D. Owen. The loss of
partial tolerance following sublethal irradiation.
TranspI. 1: 107 (1963).

373

532.

533.

534.

535.

536.

537.

538.

539.

540.

541.

542.

543.

544.

545.

546.

Stoner; R. D. Radiation and infection. An an
notated bibliography Suppl. 1. Commission on
Ra~iation and Infection. Armed ForcesEpidemio
10gLCal Board, Dept. of Defense, Washington,
D.C., 1967.

Stoner, R. D. and W. M. Hale. In International
Symposium on the Effects of Ionising Radiations
on Immune Processes, Edited by C. A. Leone.
Gordon and Breach, N.Y., 1962.

Stoner, R. D. and W. M. Hale. Radiation effects
On immune mechanisms. N.Y. State J. Med. 63:
691 (1963).

Stoner, R. D., M. W. Hess and V. P. Bond.
Radiation and infection. An annotated biblio
graphy. Commission on Radiation and Infection.
Armed Forces Epidemiological Board, Dept. of
Defense, Washington, D.C., 1965.

~trom, R. and E. Klein. Fluorometric quantita~
tIon of fluorescin coupled antibodies attached to
the cell membrane. Proc. Nat. Acad. Sci. U.S.
63: 1157 (1969).

Stuttman, O. and R. A. Good. Absence of
syneigism between thymus and bone marrow in
graft-versus-host reactions. Proc. Soc. Exp. BioI.
Med. 130: 848 (1969).

Summons, R L., S. M. Wolf, J. G. Chandler
et at. Effect of allogeneic bone marrow on
lethally irradiated thymectomised mice. Proc. Soc.
Exp. BioI. Med. 120: 81 (1965).

Sumnicht, R W. Increased susceptibility to in
fection following exposure to radiation. Med.
Bull. U.S. Army Europe, 15: 51 (1958).

Sundaram, K, G. P. Phondke and P. Sundaresan.
In vitro studies on antibody production by lymph
node cells using cetl electrophoresis. Immunology
13: 433 (1967).

Sursdorf, D. H. Partial body irradiation and
antibody response in effects of ionizing radiations
on immune processes. Condon and Breach Sci.
PubI. 335, 1962.

Svehag, S. E. and B. Mandel. The formation
and properties of polio virus neutralising anti
body. II. 19S and 7S antibody formation: dif
ferences in antigen dose requirement for sustained
synthesis, anamnesis and sensitivity to x-irradia
tion. J. Exp. Med. 119: 21 (1964).

Syeklocha, D., L. Siminovitch, J. E. Till et al.
The proliferative state of antigen-sensitive pre
cursors of haemolysin producing cells, deternllned
by the use of inhibitor, vinblastine. J. Immuno1.
96: 472 (1966).

Takasugi, M. and W. H. Hildemann. Regula
tion of immunity toward allogeneic tumors in
mice. 1. Effect of antiserum fractions on tumor
growth. J. Nat. Cancer Inst. 43: 843 (1969).

Tali~ferro, W. H. Modification of the immune
response by radiation and cortisone. Ann. N.Y.
Acad. Sci. 69: 745 (1957).

Taliaferro, W. H. and L, G. Taliaferro. Dynamics
of hemolysin formation in intact and splenec
tomised rabbits. J. Ini. Dis. 87: 37 (1950).

Taliaferro W. H. and L. G. Taliaferro. Effects
of x-rays'on immunity: a review. J. ImmunoI.
66: 181 (1951).



547. Taliaferro, W. H. and L. G. Taliaferro. Further
studies on the radiosensitive stages in hemolysin
formation. J. Inf. Dis. 95: 134 (1954).

548. Taliaferro, W. H. and L. G. Taliaferro. Effects
of radiation on the initial and anamnestic IgM
haemolysin responses in rabbits; antigen injection
after x-rays. J. Immunol. 103: 559 (1969).

549. Taliaferro, W. H., L. G. Taliaferro and E. F.
Jansson. The localisation of x-ray injury to the
initial phases of antibody response. J. Inf. Dis.
91: 105 (1952).

550. Taliaferro, W. H., L. G. Taliaferro and B. N.
. Jaroslow. Radiation and immune mechanisms.
Academic Press, New York, 1964.

551. Talmage, D. W. Effect of ionizing radiation on
resistance and infection. Ann. Rev. Microbiol.
9: 335 (1955).

552.· Tao, T. W. and P. L. Leary. Radiation-induced
depression of primary and secondary antibody
responses to bacteriophage 0 x 174 in vitro.
Nature 223: 306 (1969).

553. Taplin, G. V., C. Finnegan, P. Noyes et al.
Blood retention of intravenously injected colloidal
prodigiosis in normal and roentgen irradiated
rabbits: an index of phagocytic function in the
reticuloendothelial system. Amer. J. Roentgenial
71: 294 (1954).

554. Thomas, E. D. and R. B. Epstein. Bone marrow
transplantation in acute leukemia. Cancer Res.
25: 1521 (1965).

555. Thomas, E. D. and J. W. Ferrebee. Experiences
with marrow and kidney transplantation in
Cooperstown. Lancet i, 1289,1960.

556. Thomas, E. D., E. C. Herman Jr., J. H. Cannon
et al. Autogenous recovery of marrow function.
Arch. Int. Med. 107: 395 (1961).

557. Thomas, E. D., E. C. Herman Jr., W. B. Green
ough III et al. Irradiation and marrow infusion
in leukemia. Arch. Int. Med. 107: 829 (1961).

558. Thomas, E. D., S. Kasakura, J. A. Cavins et al.
Marrow transplants in lethally irradiated dogs:
the effect of methotrexate on survival of the host
and the homograft. Transplantation 1: 571
(1963 ).

559. Thomas, E. D., H. L. Lochte Jr., J. H. Cannon
et al. Supralethal whole-body irradiation and
isologous marrow transplantationinman. J. Clin.
Invest. 38: 1709 (1959).

560. Thomas, E. D., H. L. Lochte and J. W. Ferrebee.
Irradiation of the entire body and marrow trans
plantation: Some observations and comments;
Blood 14: 1 (1959).

561. Thomas, E. D., G. L. Plain, T. C. Graham et al.
Long-term survival of lethally irradiated dogs
given homografts of bone marrow. Blood 23:
488 (1964).

562. Thomas, E. D., R. Storb, R. B. Epstein et al.
Symposium on bone marrow transplantation:
Experimental aspects in canines. Transp. Proc.
1: 31 (1969).

563. Thomas, L. In Cellular and Humoral Aspects
Of the Hypersensitive States,· edi,tedby H. S.
Lawrence. Cassell, London, 1959, p. 529..

374

564.

565.

566.

567.

568.

569.

570.

571.

572.

573.

574.

575.

576.

577.

578.

579.

Thorbecke, G. J., M. W. Cohen, E. B. Jacobson
et al. The production of memory cells by the
white pulp of the spleen in rabbits. In Germinal
Centres in Immune Responses, edited by H. Cot
tier, N. Odartchenko, R. Schindler and C. C.
Congdon. Springer Verlag, N.Y., 1967.
Thorbecke, G. J., E. B. Jacobson and R. Asofsky.
y-globulin and antibody formation in vitro. IV.
The effect on the secondary response of x-irradia
tion given at varying intervals after a primary
injection of bovine 'Y globulin. J. Immunol. 92:
734 (1964).
Thorbecke, G. J., N. L. Warner, G. M. Hoch
wald et ai. Immune globulin production by the
bursa of Fabricius of young chickens. Immunol.
15: 123 (1968).
Tilak, S. P. and J. M. Howard. Selective irradia
tion of lymph nodes as a means of conditioning
for homotransplantation. Surg. Forum. 15: 160
(1964).
Till, J. E. Radiation effects on the division cycle
of mammalian cells in vitro. Ann. N.Y. Acad.
Sci. 95: 911 (1961).
Till, J. E. and E. A. McCulloch. A direct
measurement of the radiation sensitivity of normal
mouse bone marrow cells. Rad. Res. 14: 213
(1961).
Trentin, J. T. Tolerance and homologous disease
in irradiated mice protected with homologous
bone marrow. Ann. N.Y. Acad. Sci. 73: 799
(1958).
Trentin, J., N. Wolf, V. Cheng et al. Antibody
production by mice repopulated with limited
numbers of clones of lymphoid cell precursors.
J. ImmunoI. 98: 1326 (1967).
Troitsky, U. L. Effects of radiation on natural
immunity and ways of its stimulation. Effects
of ionizing radiations on immune processes. (C.
A. Leone, ed.) N.Y. Gordon and Breach, p.
269, 1962.
Trowell, O. A. Radiosensitivity of the cortical
and medullary lymphocytes in the thymus. Int.
J. Rad. BioI. 4: 163 (1961).
Trowell, O. A. The effect of very large doses
of radiation on the thymus cortex. Int. J. Rad.
BioI. 8: 239 (1964).
Trowell, O. A., M. J. Cerf and W. R. Lush.
Paradoxical resistance of thymus lymphocytes to
high doses of x-radiation. Rad. Res. 7: 120
(1957).
Tyan, M. L. Rejection of allogeneic skin grafts
by sublethally irradiated and non irradiated mice
sensitised with spleen cells and Freund's adjuvant.
Transp. 3: 54 (1965).
Tyan, M. L. Fetal liver and adult thymus cells.
Absence of syneigism in graft-versus-host reac
tions. Proc. Soc. Exp. BioI. Med. 132: 1183
(1970).
Tyan, M. L. and L. J. Cole. Differential response
to allogeneic and xenogeneic skin grafts by
sublethally irradiated (670 rad) and non irra
diated mice sensitised by various means. J. Im
munol. 91: 396 (1963).
Tyan, M. L. and L. J. Cole. Differential radio
sensitivity of first and second set responses to
allogeneic and xenogeneic skin grafts in sub
lethally irradiated mice. Transp. 1: 546 (1963).

"
J

I
1

I,

1



580. Tyan, M. L. and L. J. Cole. Differential radio
sensitivi~y of first and second set responses to
allogeneIc and xenogeneic skin grafts in lethally
irradiated mice. Transp. 1: 365 (1963).

581. Tyan, ¥. L: and L. J. Cole. Rejection of
allogeneic skm grafts and production of iso
hemagglutinins by sensitised mice after sublethal
irradiation. J. In1111uno1. 95: 945 (1965).

582. Tyan, M. L. and L. J. Cole. Further observa
tions on potential immunologically competent
cells of fetal liver origin. TranspI. 4: 557 (1966).

583. Tyan, M. L., L. J. Cole and P. C. Nowell. Fetal
liver an~ thymus: roles in the ontogenesis of the
mouse Immune system. TranspI. 4: 79 (1966).

584. ~r! J. W. and M. Scharff. Delayed hypersen
SItiVIty. V. The effect of x-irradiation on the
development of delayed hypersensitivity and anti
body formation. J. Exp. Med. 112: 65 (1960).

585. Unanue, E. R. and B. A. Askonas. Persistence
of immunogenicity of antigen after uptake by
macrophages. J. Exp. Med. 127: 915 (1968).

586. Urso, P., C. C. Congdon and R. D. Owen. Effect
~f foreign feta~ and newborn. blood forming
tissues on SUrviVal of lethally Irradiated mice.
Proc. Soc. Exp. BioI. Med. 100: 395 (1959).

587. Van Bekkum, D. W. Present status of bone
marrow transplantation following whole body
irradiation. Oncologia 20 (Suppl. 1) 60, 1960
1966. '

588. Van Bekkum, D. W., H. BaIner, K. A. Dicke
et al. Experimental aspects of bone marrow
transplantation in primates. Transplant. Proc.
1: 25 (1969).

589. Van Bekkum, D. W., G. D. Ledney, H. BaIner
et al. Suppression of secondary disease following
foreign bone marrow grafting with anti-lympho
cyte serum. In Antilymphocyte Serum. CffiA
Foundation Study Group No. 29. Churchill,
London, 1967, p. 97.

590. Van Furth, R, H. R. E. Schuit and W. Hijmans.
The formation of immunoglobulins by human
tissues in vitro. III. Spleen, lymph nodes, bone
marrow and thymus. Immuno!. 11: 19 (1966).

591. Vann, D. C. Antibody synthesis after exposure
of lymphoid cells to 10,000 r. Fed. Proc. 26:
751 (1967).

592. Van Putten, L. M. Thymectomy: Effect on
secondary disease in radiation chimeras. Science
145: 935 (1964).

593. Van Putten, L. M., D. W. Van Bekkum, M. J.
De Vries et al. The effect of preceding blood
transfusions on the fate of homologous bone
marrow grafts in lethally irradiated monkeys.
Blood 30: 749 (1967).

594. Van Putten, L. M., D. W. Van Bekkum and M.
J. De Vries. Acute secondary disease in dogs,
in Radiation and the Control of Immune Re
sponse. Intern. Atomic Energy Agency, 1968,
p. 41.

595. Vaz, N. M. and A. Prouvost-Danon. Behaviour
of mouse mast cells during anaphylaxis in vitro.
Progr. Allergy 13: 111 (1969).

596. Vermund, H. and F. F. Gollin. Mechanisms of
action of radiotherapy and chemotherapeutic
adjuvants. Cancer 21: 58 (1968).

375

597. Vogel, ~. S. and J. C, Ballin. Morphological
changes In thymu~ of rats following whole-body
exposure to maSSIve doses of radiation. Proc.
Soc. Exp. B. and M. 90: 419 (1955).

598. Voisin, G. A., R G. Kinsky and F. K. Jansen.
Transplantation immunity-localization in mouse
serum of antibodies responsible for haemag~

glutination cytotoxicity and enhancement. Nature
210: 138 (1966).

599. Vos, O. Mortality of radiation chimeras in rela~

tion to the number of transplanted bone marrow
and lymph node cells. J. Nat!. Cancer Inst 36'
441 (1966). . .

600. Wu?ren,. B. Demonstration of a tumor-specific
antIgen III spontaneously developing AKR lym
phomas. Int. J. Cancer 1: 41 (1966).

601. Wahren, B. and D. Metcalf. Cytotoxicity in vitro
of pre-leukemic lymphoid cells on syngeneic
monolayers of embryo or thymus cells. Clin.
Exp, Immuno!. 7: 373 (1970).

602. Walford, R. L. The immunologic theory of
aging. Munksgaard (1969).

603. W~rner, N. L. The immunological role of the
aVian thymus and bursa of Fabricius. Folia BioI.
13: 1 (1967).

604. YI~rner, N. 1:.. Differentiation of immunocytes
10 ImmunogenICIty. Frontiers in Biology (Ed. F.
Borek) North Holland Publishing (1971).

605. Warner, N. L. Nature of antigen recognition
site in cellular immunity. TranspI. Proc. 3:
848 (1971).

606. Warner, N. L. Surface immunoglobulins on
lymphoid cells. In Contemporary topics in im
munobiology. Ed. M. G, Hanna. Vol. 1, p. 87.
Plenum Press (1972).

607. Warner, N. L., P. Byrt and G. L. Ada. Antigens
and lymphocytes in vitro: Blocking of the antigen
receptor site with anti-immunoglobulin sera.
Nature 226: 942 (1970).

608. Warner, N. L. and L. A. Herzenberg. Tolerance
and immunity to maternally derived incompatible
IgG2• globulin in mice. J. Exp. Med. 132: 440
(1970) .

609. Warner, N. L., Z. Ovary and F. S. Kantor.
Delayed hypersensitivity reaction in normal and
bursectomised chickens. Int. Arch. Allergy 40:
719 (1971).

610. Warner, N. L, and B. T. Rouse. Immunologic
responses of mice to induced plasma cell tumors,
in "The nature of leukemia" Proc. Int. Cancer
Coni. D.I.C.C. Sydney, (Ed. P. Vincent)
(1972).

611. Warner, N. L. and A Szenberg. Effect of neo
natal thymectomy on. the immune response in
the chicken. Nature 196: 784 (1962).

612. Warner, N. L., J. W. Ubr, G. J, Thorbecke et al.
Immunoglobulins, antibodies, and the bursa of
Fabricius, J. Immuno!. 103: 1317 (1969).

613. Weber, W. T. and N. P. Werdanz. Prolonged
bursal lymphocyte depletion and suppression of
antibody formation following irradiation of the
bursa of Fabricius. J. Immuno!. 103: 537
(1969).

IS



61

61

6l

6f

6f

6f

6(

6(

6(

6E

64

6E

6E

6E

6E

631. Wolf, J. S., J. D. MeGavie and D. M. Hume.-T 64
Inhibition of the effector mechanism in transplant I
immunity by local graft irradiation. Surg. Forum
18: 249 (1967).

632. Wolf, J. S., F. T. O'Folphludha, H. M. Kauffman
et aZ. Prolongation of renal homograft survival
by in-dwelling beta irradiation. Surg. Gynec.
Obstet. 122: 1262 (1966).

633. Woodruff, M. F. A., J. S. Robson, R. McWhurter
et al. Transplantation of a kidney from a brother
to a sister. Brit. J. Urol. 34: 3 (1962).

634. Wyman, S. M. and A. L. Waber. Calcification
in intrathoracic nodes in Hodgkin's disease.
Radio!. 93: 1021 (1969).

635. Yamaguchi, N., S. Kurashige, and S. MitsuhasIii.
Antibody formation against Salmonella flagella
by an immune ribonucleic acid fraction. J. Im
muno!., 107: 99 (1971).

636. Yohn, D. S. and S. Saslow. Effect of internal
irradiation from colloidal chronic phosphate
(p-32) on the primary immune response in rab
bits. J. Immuno!. 92: 762 (1964).

637. Yunis, E. J., C. Martinez, J. Smith et aZ. Spon
taneous mammary adenocarcinoma in mice: in
fluence of thymectomy and reconstitution with
thymus grafts or spleen cells. Cancer Res. 29:
174 (1969).

638. Zaalberg, O. B. and V. A. Van Der Meul.
Radiosensitivity of the stimulated and non-stim
ulated antibody forming system, in Fourth In
tern. Congr. Rad. Res. 1970 (in press). •

638a. Zaalberg, O. B., V. A. Van Der Meul.and M.
J. Van Twirk. J. Immunol. 100: 451 (1968).

639. AJIerweeiJla, O. r. 0 rrpOTH'lJOTRfi,HemIiIX aHTHTeJIaX
llpH JIytIeBI>1X 'IWpa.iKeUHJIX. Pa,IJ;Ho6noJIorRJI, 9,
753-755 (1970).

640. BeItTeMll'pOn, T. A., MacTIOIwna, ro. R. BJIHJlHlIe
iBuyTpeHHero ,o6nytIeHIIJI na SItCrreplI'MeHTaJIJ,HylO
IImpycrryro H PUKIt8TCH03JIYIO mIcPerm;nIO. BOIijl.
!B1IIJy'COJIOrnH, 2, 221 (19'60) .

641. ~jKHIm,IJ;3e, E. K. II A. C. AKcermlla. jEM8H 4:29
(1964) .

642. ~jKHKH,IJ;3e, E. K. II A. C. AmceHona. Mefl. Pal\TIoJl.
9:72 (1964).

643. ~iH,IJ;YX, M. O. H E. A. JIyprra. OnoCCTaHD-BJremm
;06JIY'!eHHIiIx JIHMCpaTfflIecKlIX ySJIO'B JIIlR TpaIrc
ITJIllJHTa:o;rrrr in vitro n in vivo. Apx. ABa'r. rHOTOJl.,
8M6pJIOJI. 52 :33 (1967).

644. 3apeIIIKaJI, ro. M., IIu:HT8JI-eeB, 9. IiI., KaBaJIJ,nryR,
JI. B. Ooo6eHHOC'NI DOCCTaHOllJIerrlIJI y pafl1raWfOH-
IIIilX XHMep 1lirrTlIT8JIOreHeSa .n OTHomeRRII ]las
JIlItIHIiIX aHTHreHOn, JItM8H, N~ 1,27-30 (1969).

645. 3IIJIIiO'ep, JI. A., B. A. ApTaMOHOBa, r. M. .ppa11R
iII ,IJ;p. 0 !BJIIIJIHlIH Houm3IIpyrom;eil: paflllan;IUI Ea
aHTlITeJRHIiIe 'c'BotlcTBa 6eJIROB. Mefl. PaflllOJI. 2:17
(1956).

646. JiIiIlaFOB, A. E., I{ypmaI~oBa, H. H. Ii31>fBH8HlIe
CparOIJ;1ITOn D JIer()tIIIoit TltaHH TIpII ocrpon JTYtIe
!Bot!: 50JIe3HII. B 1m. «IIaToreHes, 'Ii.J[IIHmm, Tepa
IrlIJI JI rrpoclJ-mraltTHRa JIytIMO:!t 60JIe3HII». JI.,
42-43 (1957). .

647. RartyplIH, JI. II. q.arO~TapnaH aRTJrnHQCTIi 1I~i1:- ~1
TpOtPIIJIOB 3JcerrTIItIeCIWrO nepiiTOHeaJIbHoro BIte
.cYflaTa 'IIplI sRcrrepIfMeHTEliJIliHoit oCTpoil: JIytrenol!
OOJI'e3HH. Me~. pa,IJ;HoJrOrIIJI, N2 5, 7-11 (1959).

376

614. Weeke, E. and S. F. Sorenson. Extracorporeal
irradiation of the blood lymphocyte transforma
tion tests and clinical results after renal trans
plantation. Transp!. Proc. 3: 387 (1971).

615. Weigle, W. O. Termination of acquired immuno
logical tolerance to protein antigens following
immunization with altered protein antigens. J.
Exp. Med. 116: 913 (1962).

616. Weigle, W. O. The effect of x-irradiation and
passive antibody on immunologic tolerance in
the rabbit to bovine serum albumin. J. Immuno!.
92: 113 (1964).

617. Weigle, W. O. The induction of autoimmunity
in rabbits following injection of heterologous or
altered homologous thyroglobulin. J. Exp. Med.
121: 289 (1965).

618. Weissman, 1. L. Thymus cell migration. J. Exp.
Med. 126: 291 (1967).

619. Wellensiek, H. J. and A. H. Coons. Studies on
antibody production. IX. The cellular localiza
tion of antigen molecules (ferritin) in the sec
ondary response. J. Exp. Med. 119: 685 (1964).

620. Wheeler, J. R, W. F. White and R Y. Calne.
Selective lymphopenia by use of intralymphatic
l08Au and splenectomy. Immunosuppressive
action on rejection of canine renal homografts.
Brit. Med. J. ii, 339, 1965.

621. Whitelaw, D. M. The effect of total body irra
diation on the labelling of circulating mouse

·lymphocytes with tritiated thymidine. Blood 25:
749 (1965).

622. Whitfield, J. F. and T. Youdale. A comparison
of the effects of radiation and inhibitors of
oxidative phosphorylation on the nuclear struc
ture of rat thymocytes. Exp. Cell. Res. 43:
153 (1966).

623. Whittingham, S., J. Irwin, 1. R. Mackay et aZ.
Autoantibodies in health subjects. Aust. Ann.
Med. 18: 130 (1969).

624. Williams, G. M. Antigen localization in lympho
phenic states. II. Further studies on whole body
x-irradiation. Immuno!. 11: 475 (1966).

·625. Wilson, D. B. The reaction of immunologically
activated lymphoid cells against homologous
target tissue cells in vitro. J. Cell. Camp. Physio!.
62: 273 (1963).

626. Wilson, G. S. and A. A. Miles. Topley and
Wilson's principles of bacteriology and immunity.
4th Edn. Williams and Wilkins (1955).

627. Wilson, J. A. and A. G. Steinberg. Antibodies
to gamma globulin in the serum of children and
adults. Transfusion 5: 516 (1965).

628. Wish, L., J. Furth, C. W. Sheppard et al. Disap
pearance rate of tagged substances from the
circulation of roentgen irradiated animals. Amer.
J. Roentgenol. 67: 628 (1952).

629. Wissler, R. W., K. Craft, D. Kesden et al.
Inhibition of the growth of the Morris hepatoma
in buffalo rats using a mixture of pertussis vaccine
and irradiated tumor. In "1st International Con
ference on Organ Transplantation and Bone
Marrow". Paris, France (1967).

630. Wolf, J. S. and D. M. Hume. Transplant im
munity iIi animals with lymphocytopenia induced

. by in-dwelling beta irradiation. Surg. Forum 16:
202 (1965).



653.

648.

656.

JIeoeAeB, K A. HM'MY,no'JrOI1HlIeCJi,III1 onneT y xpo
JIRIton,06JIYllBHHhlX p6HTI'eIIO>lbIMII JIYtIaMIr, IIOCJIe
rroBTollHoro a!MJJ;eHIIJI aHTlIrena: 1. IIsytIe-Hlre
AllHaMlIltII IlOJIBJIeHIIJI II MOp epOJIOrJIH aUTllTeJIO
'CO,lI;eplItam;HX KlIeTOlt IIpII IIOM0ID;H «'HBIIpJIMOrO Me
TO,ll;a» RylIca. Pa.,n;Hoon::OJIOrHlT 5 (1): 81-86
(1965).

JIeoep;eB, K A. HMMynOJ1O'1'HTIeCI~IIit O'DBeT y 'ltpO
JII11tom Ifla aHTHren, alBei\eRHlJIit IIOCJIe peH'rrenOB
CEoro 'o6JIyQemrJl lItnnOTH])IX (nsyTI8HHe ,f\IIHaMlIItH
'lIOJlJUenHJI n: ,l\IOllrpOJIOrHH aHTHTeJIOCOp;epmaIII)IX
I{JIBTOlt rrpn:: lIOMOm;H «n8-IIpmWrO 1IIeTOAa» I{Yllca:
OOO'Om;e'HII8 II. Pap;noor:rOJIoDnJI 5(2): 237-242
(1965).

JIbBHI\bIHa, r. M. 8qJrpeRTlfBHOCTb rre.pIBHtInoil: HM

MyHHsa:qnn H peBaltI\ImaI\IIlI JltIFnol1 6py:n;eJIJIes
,nail: narm;u'Hofi B yCJIOiIlHJIX TIOpaJltemuropraHHslIIa
RHIWPIIO]JHPOIHIIHJIbIMn ifJeII\B'CTBaMII. Pa~OOIIOJIO
rnJI N2 4, 540 (1965).

MaIl1JIW, B. M. ,1I;eli:c'DBne Y~ODJIyq8HHJI lIa BbIpa
60TIty allTHTeJI ICJleTKaMR CeJIB38.I1ItH II KyJIl>Type
in vivo, PaAHODHoJIOrIIJI, VII, M 2, 237-242
(1967).

MHxaltJIOOla, A. A" rypmrTI, A. E., TIeTpon, P. B.
BJInJIHJre HOHlislfpyroID;eJ:l: paAHaI\lIII ilIa C[f]ITea
aIITHTeJf 11 HeCrreI:\lIcPIIlJeCltlIX Y-rJIOoYJfII'HOOl mIeT
ita-MIl 'CeJI8a6HKH MlJIillH. BOIIpOCbI 'Mei\, XIIMIm,
XV, M 2, 128-132 (1969).
HeBcrpyBiBa, M. A. 1I p;p. 0 1303111IOlItIrOCTH npHlIIerre
ilIIIJI mrnY'HMOrIITI8'CRlIX lfCCJIeI10BaHIrll:p;JIJI HOp
MHpOBaHlIJI paAnO!liKTHllmX JIOCTY'IlJI'BHIIll:. BJIHJI
nne IIIlIwprrUpHpOB3JHHOrO 'CTpOHI\HJI na rrpOiJ;yJi,
IJ;IIro fliHTIITeJI, BecT. AMH ccep, M 8,57 (1966).
Oe8'lJIIncRlIlt, II. B., Manuo, B. M. CpaBIlemre
pealm;Hn ltp'OneTBoJlHbIX pOCTROB ilIa nepBlItInyIO
lIM'MYJIlr3aI\HIO y 'ABYX KHopeAHbIx JIHHHn 'MJillIIe:lt.
IJ;HTOJlOrnJI, 8, 6, 763-767 (1966).
TIeJIbI\, ,11;. r. HO'CTnaTa1.rl>IIble ll'MMyHOJIOrJIqecmre
'll3Merrenll.H y ItplJIC, IIOi\IDeprIIIUCJI C 16 lIO 20
,lI;BHl> 9M6pIIoreHcaa ~efiCTlliIUO QTHlYC1lTeJThHO Mll.
JIlJIX )1;03 HonIIsrrpyIOm;ero 'l:ISlITtreHllJI. Plli)l;lIOono
JIornJI 6(4): 565-567 (1966).
IIeTpO'D, P. B. lIYB'CTBlITeJl1JIIOCTb ODJIytIeHHLIX lItH
!BOTJIbIX Ii. IlMOrenHlJIM 3JHafJpOOaM li 9wtlJeItTHB
HOCTbC eporrpoqJl1JIaKTlIItlI aHaspo6HlJIX limpeRJ¢t
!B YCJIOBIIJIX· JIyqellOrO lIopajJteRH.lI. Mei\. pa]\,HOJIO
TIIJf, Ng 2, 61--,66 (1937).
IIerp'o'll, P. B. lLMr.rynoJlOrB:JI OCTporo JIy1£eBoro rro
IlaJIVe'IrlfJI, M., rOcaToMHsp;aT, 1962 r .
lleTpoll, P. B., 8apeI\ItaJf, 10. M. TpanCrrmvIITa
IJ;IIOlIBbIlt llMMYHHTeT II paAIIan;IIOHHbIe xnllrepbI,
M., AToMRsp;aT, 1965.

UeTpO'Il, P, E., 3apeIJ;KaJI, ro. M. P3Ji\HaI\nOHHaJI
RMMyHOJIOrHJI II Tp 3JHCIIJIaElTarr;II.rr, ATOMilISi\aT,
Mocnma, 1970 r.
IIeTpoBlli, IT. B., I\apramena, A. .II. IIsYTIeIlHe
BJI'IIJIlIII.H lmelIIHero Y-OOJIJ1IemrJIHa !liHTlITCJIO
iITpOP;YI\IIpyrom;ne ItJI8TKlI MBTOAOM EpHe. BIOJlJI.
BI~ClI. BlIOJI. Me,ll;., N2 8, 68-69 (1967).

TIeTpoiB, P. B., OeCJIa]IIHa, .71. C. JiLHaItTlliBaIJ;lIJI
CTnOJIO'llliIX IweTOR rrpll '!~OHTaI,Te reHeTHlIeCEII He
COllMeCTlIMblXJi,lIeT0'tI!llm BBBeceit ns JI'lIWpOrr;n;HbIX
Tltllinelt ,1(oItJIai\LI ARap;eMIIlI HaYI, CCCP, 176,
1170--1173 (1967).

665.

664.

667.

666.

668.

669.

672.

670.

671.

673.

675.

676.

674.

677.

649.

650.

652.

651.

654.

658.

655.

660.

659.

657.

661.

RaMaJHliH, JI. A. 0 iBJIllJIHllH IrOHlIsIIpyro:rn;eit pa
~aI\lI'lI ilIa CBII'py'CHlJIe lIHCpeKllillli. Borrp. Pa,ll;HO
6HOJI. 2:225 (1961).

RamItIIH, R. II., AJIeKCaH,lI;pO'Ba, C, B. MMMyHO
9JIeltTpocPopeTlFlec'Iudl: aHaJIllS 'CD1'JlOpOT(}lIJThlX 1I
TKaHellblX OeJIKOB OOJIytleIIHbIX i1ClfBOTHbIX. BecTHlIE
AME CCCP N2 9, 33-35 (1965).
I\amlnIH, R. II.,C. B. AJIeECaH,lI;pOOla II ro. O.
RyJIHm. B !tH. «Borrp'(}clJI paAHaI\IIOHHo:!i II:M?ll:Y'HO-
JIorIrn n M'lIltpOOHOJIOrnH». AMH CCCP, MOCI\illa,
1967, 'CTp. 97.
I\lTceJI6'Il, n. H. II n. A. By'STIUll. 0 ffiJIlT.HHlIII xpo
'HIItIeCKOrO 'AefiCTBHJI lTOHlTSH'pyroID;eit pall;Han;IIII na
ffiIMyHHTeT. Mell;. PaJil;IIOJI. 4 :36 (1959).
I{H'ceJIe~, n. H., n. A. BysIIHlr n R. II. HllKHTHHa.
liJ~HlYHOJIOrHtIeCKlitt aHaJIRS COCTOJIHHJITIOBlJImeH-
HOtt P8SHCTBilITIrOCTH oprfl;HH3Ma K nOHll311pYIOII\Im
II3JIYQeHllTIDL Me',ll;. Pai\noJI. 1:43 (1956).

RHCB'JIen, TI. E., EaplIo'lla, E. B. BJIH$f,HIIe rrpe.n;
BapnTeJIb'HOrO 'IlOSAeltc'rmlTJI Ha 'opra'HHs'M rrpOHH
'KaIOID;IU lISJIy<IeHHtt Ha Te-rremre 6aKTepnitHlJIX
TO'ItCHE03(}1l. MeA. pa,!\IIOJIOrIUI, M 2, 23-29
(1956).

I{ffceJIeB, II. R., CeMHHa, B. A. 0 nBICOTOplJIX IIMMY
HOJIOrHlIeCRHX 'MeXllJHHSMaX 'Call103aII\HTbI OpraHlr3
Ma OT p;eJ:l:cTJJIIJI nOHHsHpyroID;ett 'pa~lIaI\Irn, JKM8H,
M 1, 44-50 (1959).

RIICeJIen, II. H., CHIllepn;e'Ba, B. R., BYSHJlH, n. A.
AyToHHtlJeItIJ;HJI ITpII JIYlIeBoi!: OOJle3HH n e'e JIe
qemre. jItM8II, M! 12, 54-61 (1955).

RnceJIen, II. E., B. E. CHBepn;BBa 'II E. B. Rap
Ilona. 0 ,ocooeRHOCTJIX 13 Te'!BIIIIe HHtlJe-KIJ;IIOHH1JIX
rrpoI\ecCOB :jl 'C:BJI3II 'C AettCTIlneM llOHHSnpyrom;e:ll:
pap;IIaI\HH Ha lOpram13M. .iltM8M 29:1557 (1958).

RJlBmraIl'cRaJI, H. H. POJl!> ayTOaJIJIeprlllI !B lIaTO
reHese JIYQeBo1toOJIeSHlr. BroJIJI. BEcrr. BllOJI. 1I
Me-A., M 5, 22-27 (1956).

RJIeMnapDKaJI, H. H. IJ;HTOJIllTR'tIe'CKaJI altTHBHOCTb
ItpOnII 1I opmIIOB06JIYlIeHHliIX XtrrnOTHblX. Me;n;.
PaAlIOJI. 2 :18 (1957).

I{JIeMrrapCltaJI, H. R., AJIeKCeeBa, O~ r., IIeTpoB,
P. B., Cocona, B. .p. Borrpoc])! lIHCpeRIJ;lIrr, IIMMY
rHHTeTa 1I aJIJIepTHlI IIpH OCTpOit JIyTIeBoit OOJI8SID[.
M., Mei\m3, 1958 r.

I{JIBMiIIalpCRaJI, H. H., .JIL13IIIl;I>ma, r. M., IIIaJII>
HO'Ba, r. M., RySI>MHHa, T. ,11;., MaJThI\6B, B. H.
Pa;n;nOaltTJIiBHble HSOTOIThI II IBIMyHHTeT, M., ATOM
llS;n;aT, 1969 r.

RJIBMIIapCltaJI, H. E., .JILDnIJ;bIiHa, r. M., IIIaJTh
'Hana, r. A. AJIJIepI1HJI 1I paAIIan;I1JI, M., Mep;IIIJ;llHa,
1968.

662. I\JleMJIapCltaJI, H. H., H. B. Paeila II B. .p. Co
Icoma. AHnr6aKTepnaJIMI1JIit lI'lIIMYHuTeT II 'Pa,n;HO
IlesHcTBHTHOCT]). Mep;rHs, MocIUIla, 1963.

662a. I\oSJIOB, B. A. II JI. C. CeCJIaBHHa.. I{oJIlI1IecTJJo
HMl\IynoKOMIIeTBHTHMX II ltOJIOHHeo6pasyroIIl1Ix
itJIeTOlt B 'CeJIeSeilIRe :MTiIilleit !B paSHMe 'CIloItII no
CJIe OOJIYlIe.HIIJf. P3Ip;IIOOnOJIOrH.rr 8(1): 72-78,
1968.

663. Rpae.:BCI~nit, H. A. 01IepRH rraTOJIOrH"'IBCEo1!: aHa
TOMIIH JIy'Ie'Boit OOJIe3Hn, M., Me.,lI;rHs, 1957 r.

377.

JIti\l8lI 4:2;

1\fel\. Pa.,l,TIc1. l'

, H. B.mtrnE'
mMBHTMbJm: '
~K~IO, nj~.'

1 et ai. Sp'X. '
in mice; b,

stitution ~i:l'

leer Res. 19

et of inlem2
ic phosplt!~·

,ponse in ra:' ~

CCTaHOBJern
npn TpaF.:·

llIaT. men'!,

D. M. Hullll.
1 in trampb
. Surg. Foro

M. Kauffm::
19raft survi,:;
Surg. G}'nt~

•, KonaJL'I.g,
y pa'UlRQIT(':',
omen nil pa> f
-flO (1969\. '
r. ~f. !.Ppm
pai\lIa,lI,llll E!
Plti\I{(),'[, ?:!i.

I

a Der ~kJ.r
md non·stir::.i
n Founh J:.'
lress).
Meul and}t
451 (l96Sl,
urx n,HTlIre.m
fOnOiIOrHH, ~,

S. MitsuhaJ1:i
)nella Bage[J
ICtion. 1. In:.'

~. McWhurI::
rom n brot~e

1962).
. Calci~ca!t::

kin's dise~~

• H3~reHeHE!;

Ocrpo!t :1)11- :
mmRa, ~rl·f

OJIe3Hn». .l..

(l'BHOCTh Btl· F'
lJlbHOrO ~r· ~

'Polt JlY'!erl t
-11 (1959),:



678. IIplITymnr, II. 11. 0 ,,n;efi'CTIllIH liOHH3HPyrom;eit
paAnan;n:n na HmpeR:n;nn H HMMJHHTeT. BeTspHRa
pRJI 12:9 (1965).

679. Paymen5ax, M. A., "'ISpTKO:B, II. JI. IIaTOre'IIeTHlle
'CIwe 060lCHOB8ilIne reMO- n MneJIOTepaIIHn OCTpOit
JIy~e:nofi 50JIesHEI, M., Me',lI;1IIJ;IIIIa, 1965 r.

680. CeMeMOB, JI. ~. IJI .IL A. .HIWBJIeBa. GpaB,HB>HHe oco
5eHHocTett JIY'Ieffiott OOJI83HH 'Ha 1laaJllIQHlJIX BH'~ax

MJIeKOIIHTarOID;HX, 'I3RJII01IaJ! npnMaTIiIx. BecT. AMH
'CCOP 9:11 (1965).

681. OeClLaBHRa,.Jr. O. EOJI:fflIe'CTBIYHHa,fI 'O:n;eHI\a ~JIllJI

'RnJI pa,n;nan;nn Illa, rOIllOTpalfClIJIama:n;lIoHHYro art
TlffiHOCTb JIHoMCIJolIlI;HIJX \RJIe'f(}E, Pap;no5noJI,ornJI, 9,
715--721 (1969).

682. CMOpO;n;HHlIe!B, A. A. BJI'HJHIne o6mero peRTrIYHO!B
CRoro 'o6JIyQeJIHJI 'Ha TelIBRlr8 9RclIep'lEMeHTaJI:bHolt
rpllIIIIo3Ho:lt 1I1ItlJeRIJHn y5eJIblX :MJiIIJIett n Rp:b1'C.
Acta Virologica (Praha), M 16, 145-156
(1957).

683. Coccma B. <P. 11 'lJ:p. CepoJIOrnqeCltlIe (II reMaTOJIlO
J.1WqeC>ltlle )l;aRlIbIe iQ rpeaRJJ;JIlI ilIa !BRlltIJllHan;n:ro y
,cooaK !B 'OTp;aJIeiIIBNe 'CPOltll rrOCJIe iBBe')J;emUI pa,n;no
aItTHllHOrO 'CTp0HTI;llJl. Pa,n;llo5noJIOrH:ll, N~ 5, 742
(1961).

684. OOrppOH01l, B. H. BJIlIJIJIHe llOmISnpyrom;ero naJIy
"'IeHIIJ! tHa OlIal'OOlYIO lI'R«PeRIJffiO eRa 'MO)l;eJI'H IlI~C
'IlepHMeHTaJIbHoit 'KO\KJIIOillHOtt ~H«peltIJ;lIH). Mep;.
pap;llOJIOmJl, N~ 1, 45-49 (1959).

685. TOItlIR, H. B. It 3iHaJIHay 'pap;llaI:Qi0HHTiIX aw<!JeKTOB
1J RJIeTKaxJ.\BeHCl-A'!IaTHIIep:cTHott EHTIII\.H rrptIllI;elt
CTBHlI lIe.pRJI. ApxIIn ArB, 58, 28 (1970).

686. TOE1Nf, II. B. K «PYRRJJ;HOHaJII,ROfi MOP«P0JlOrrrn:
'IlJIaSM:amqemtllXRJIeTOK. A]lXHB Are, 60, 36
(1971).

687. TOItllIR, 11. E., IIonoMap'e'Ba, T. B. flSMeneIlllJI
n:efiepenIiIX 6JIIDIIelt ItpDl!C rrp:n IrHIWprrO]HlpOB!lJHHOM
lo5lfY'y:eHnJI Oe-144. APXll'B ArB, 58, 45 (1970).

688. TpoHIljElltt, B. JI. BJl'l:IJIRlre HOHH311pYIOm;eft pru)!;Ha
n;HH Ha JITMMymrTeT. Boe.RHO-Mep;. mypIra:JI 2:53
(1958).

689. TpOHlJ)Kintt, B. JI., !{ayJIeH, )1;. P., Ty'M3;I1Jr:H, M A.
<ppn.n;enillTeJii,H, A. JI., 1JaxM3a, O. B. Pa,ZJ;HaIIHoH
:RaJ! H'M!MYHoJrorHJI. M., Me,n;Im;rrHa., 1965 r.

690. TP0HTI;ltHtt, B. JI., TyMaHJ.EH, M. A. BJlHJIIDIe HOJm
8Hpyrom;nx 'H3JIYQenH1l: ,Ra ~¥MYJIlITeT. M., Me;n;-
rns, 1958r. .

691. IDHJIa.TOB, II. II. BJIllJrHII'e X1pOTIIftIBC:K:OrO lB03)!;efi
,CTBIIJI pap;n:oaltTHBHoro :n;nHilta (Zn-65) ,Ha o6pa30
lIlaIIIIe 3iHTIlTeJI. Co. MaTeprraJIM no TOItCRIi:OJlOrllR
pawroaIt'I'lffiHbIX 'Bem;eC'IlB, 5, JI., MS)!;l!IJITiHa, 124
(1965).

692. qepe~eeD, A. II. Pe3IrCTeHTHOCTb It IIOBTOpHOMy
o6JIY'Ie'lIuro ~tJIeTOI\ lIM'MYflO.K:O'MlreTe.HTHofi II .K:pOBe
TJlOPJIoit TItaHH y MliImett. Pa,ZJ;HoOnOJlOrnn:, 10,
663-668 (1970).

693. illaJIbHo,na, r. A. H B. ID. tiKypa.BJIBB. ,1l;BHaMllRa
rr3MeHennH HMMynOJIOTlItIeCROfi pearrtTHBHOCTII y
'c068JR, nOpaiIteThHMX O'ItnC:bIO TpH'I'HJI. PfJllI;noon:o
JIOrHJI 6(6): 863-868 (1966).

694. illellleJI8IB, A. C. BaItlIlJ:HaJILHaJl TyJIJIPBMn:ll:RMI
ThH<!Jecrrn;n:JI y 5eJIliIX MliIIlIett III yCJIOiJJIIJIX JIYlI&BOrO
rrOpame.JIIolJI. Me;n;. pa.)I;HOJI'Ol'IIJI, N~ 4, 50-56
(1958).

695. illy5HIt, B. :M. BJInJIHne,u;OoJIrOilillJlyrrpIX pa.)I;llO
HSOTOIlOB C'l'p0HIJI!JI-90 H n;ealIJI-137 'Ha o6pa30~

ll8iHIIe aRTHTeJI K IlHPYCY rpHlIlIa A. Borrpoc DR
pycOJIOrnll, M 5, 598 (1968).

696. illy5IIIt, B. M. BJl1IJIHIIe HJl!i:OpIIopHpOBalHIlbIX
pap;lloH30TonOB Ha lI'H<!JeItIIHOHHMe npolIecc:r;r 'If
'nMMyHOJIOrfflIeC:Kne pealt:n;nn. (0530p JIHTepaTjl
pM). tiKMB11, 5, 52· (1970).

697. illy6IIIt, B. M., M. A. HeiBcTpyeBa, H. A. 3a
IIOJIDCRaJI 11 All. MaTepIlaJIDI K H3Y'QemIIO 1l0JlJI
ayTOaHTnTeJI IIpn JrylleiJllIX I10pajltemlJIX, iBIil3DaH
HliIX,n;e:J:!1cTBHeM ~HYTpeIrHero '05JIyrtIeHIIJI. PaAIlO
onoJIoruJI 9(3): 378-382 (1969).

698. illy51IK, B. M. 1I .n;p. )l;IDIaMHKa iHeitOTOPIIX lIO
Ra3aTeJIefi eCTeCTBeHHOrO 'll aKTHBHO lI'p'H05peTeH
Horo HMMYHIITeTa IIpIl op;HoKpaTHoM IIOCTYITJl8HIfII
lIea.1fJl-137. DHrne:aa H IcaHlITapHJI, N~ 2, 107
(1970).

698b. JIItIIM, C. M. BJIlIJIHIIe pa)l;HOaI\Till3iHIIX H8OTOIlOll
lia 'IIMM]oHOJIOrJPIeCKIIe ,p eaKlIHlI 'opraHlIsMa lIm~

!BOTIIbIX. Pa,r.vrooHO)J>ornJI 6(6): 627-629 (1966).

699. .lfrwIBJIeBa,.Jr. A., IIaJlIII'H, B. A., IIeItepMaJR, C.' M.,
HQlBIIROBa, M. fl., Ml8TlICOna, O. A. It DOITpOcy 0
!llJl:rIJfHIIH 'o6IIJero peHTr8HOncKoro o6JIyqenllJI !!la
TeqeHRe IIapaTII<!Ja B y 'OOeS:bJfH. B KH. «Tpy~Ol

BcecOIo3HofiKOR<!JepeHlImr TIO 'Me)!;. pa~HOJIOrIIHII,
M., Mep;rns, 'CTp. 125-127 (1957).

I,

I
1,

I

i

378



•

Annex G

EXPERIMENTAL INDUCTION OF NEOPLASMS BY RADIATION

CONTENTS

379

I. The role of animal experiments in predicting
radiation carcinogenesis in man

3. While medicine has frequently turned to animal
experiments for assistance in solving problems of hu~an
disease the validity of animal models for studymg
human'disease has often been questioned. It is well

Introduction

1. From the time of the initial observations that
radiation causes tissue damage and subsequently cancer
(66, 67), animal experiments have been designed and
carried out (119, 120) in an attempt to understand
better the mechanisms of radiation-induced injury and
predict the carcinogenic effects of radiation in man.
The older literature has been reviewed by Colwell
and Russ (28), Furth and Lorenz (53), Furth and
Upton (54), and Lacassagne (101, 102). More
recently, the Committee has reviewed the subject
(182) and reviews have been published by Casarett
(19), Moskalev and Streltsova (135), Upton (185,
187) and Van Cleave (201).

2. It is not the purpose of this annex to review
exhaustively the literature but rather to evaluate the
present understanding of some of the basic principles
of experimental radiation carcinogenesis which could
lead to a better predictability of ~adi.a?on efl'e~ts. in
man. Direct assessments of the relIabIlity of eXIstmg
standards for radiation protection in man will not be
made, but the review will indicate what useful data
exist or could be developed from experiments on
animals. It is recognized that radiation is but one of
several important retiological agents known to induce
or accelerate neoplasms in man and while many of the
principles discussed in this review are of general
significance to carcinogenesis, studies on viral and
chemical carcinogenesis have in general not been
reviewed.
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neoplasms in experimental animals used in the study
of radiation carcinogenesis. Not only are the life spans
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induced or accelerated by radiation vary markedly
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of the same species. Such variability leads to consid
erable difficulty in extending conclusions from experi
mental animals to man. Nonetheless, the development
of neoplasms appears to be qualitatively similar in
man and in those experimental animals that have
been studied. Thus, the epidemiological data on radia
tion carcinogenesis in man, when evaluated in the
light· of conclusions developed from experimental
studies, can lead to a better understanding of the
risk to man from exposure to radiation. There are
three basic .methods for developing experimental data
which will be useful for evaluation of such risks in
man; these are outlined in paragraphs 4-7.

4. The most useful method entails the study of
neoplasms in experimental animals that respond to
radiation in a manner qualitatively and quantitatively
comparable to their counterpart in man. Unfortunately,
directly comparable neoplasms are not.well documented
in radiation carcinogenesis since conSiderable amounts
of data are required from humans to validate the
authenticity of the animal data. Perhaps the best
documented model system is osteosarcoma induction by
226Ra in beagle dogs (40, 122) but even here c?n
siderable uncertainty is involved in producing quan.ttta
tive inferences applicable to man. Another ammal
model system is radiation-indu~ed myelogenous leu
kremia in RF mice (192), WhICh has many of the
qualitative characteristics of human chronic granulocytic
leukremia. No quantitative relations have been dem
onstrated and some qualitative characteristics. of t~e
murine disease, such as its dependence on the mIcrobIal
environment (209), have not yet been documented
in man.
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5. Another method of developing experimental data blum (6). Such a mechanism has been considered for
which are of value in estimating the risk of radiation chemical carcinogenesis for many years, but only
to man is the establishment of useful generalizations recently have data begun to suggest a similar mecha-
as described by Mole (134). Qualitative generaliza- nism for radiation carcinogenesis. Croton oil, a potent
tions are particularly useful when all types of neoplastic promoter of chemically-induced skin tumours, efIcc-
diseases show the same patterns in all species. There tively enhances the induction of skin tumours by some
are three such generalizations apparent from existing (44, 176), but not all (16), types of radiation. It has
data, although some exceptions have been noted in the also been identified as a promoter of murine thymic
literature: high-LET radiations (that is, those radia- lymphosarcoma following exposure to moderate doses
tions which deposit large amounts of energy per unit of x rays (86). The enhancement of radiation-induced
length of track, e.g., fission neutrons, alpha particles) thymic lymphosarcoma in mice treated with urethan
are more effective in inducing neoplasms than low- has been reviewed by Vesselinovitch (205). Beren-
LET radiations (e.g., x rays, gamma rays); the in- blum et ai. (7) have recently shown that x rays, in
cidence of such neoplasms generally increases with doses not normally leukremogenic, serve as an initiating
dose up to some maximum incidence; and for low-LET treatment when followed by adequate doses of the
radiations, lower dose rates are less effective in inducing promoter urethan, the increase in effect being gen-
neoplasms than higher dose rates. These generaliza- erally related to increase in radiation dose. A similar
tions appear independent of species and hold true for initiating effect of radiation has been described for
most, if not all, of the radiation-induced neoplasms production of lung tumours in mice treated with
that have been adequately studied. urethan (23, 108, 227). Interactions of radiation with

other carcinogens have resulted either in an increased
6. Quantitative generalizations are not as easily incidence of tumours (75, 109, 136, 169, 200, 224,

apparent and none are immediately obvious from 232, 236), or in no change, or in decreased incidence
experimental animal data. Measurements of RBE (99,167,200,224), depending on the carcinogen and
(Relative Biological Effectiveness, the inverse ratio tumour system studied and the dose and dosage
of the absorbed dose from one radiation type to that schedule used.
of a reference radiation required to produce the same
degree of a stipulated effect) vary considerably; the 9. Another general theory of interest to the mech-
reduced effectiveness of low-dose-rate radiation is also anism of radiation carcinogenesis involves the interac-
variable; and dose-effect relations are not only quanti- tion of energy at the intracellularlevel. Through a series ~J
tatively different but the shapes of the dose-response of theoretical considerations and examination of ex- ~
curves appear to vary from one neoplasm to another. perimental data, Rossi (160) and Kellerer and Rossi
Such quantitative generalizations require either that (98) have concluded that a number of radiobiological
the characteristic measured not vary with species and effects are due to primary lesions within the cell
type of neoplasm or that it vary according to some nucleus produced by as few as one particle, in the case
fixed relation with some other quantifiable variable of neutrons having energies up to about 14 MeV, or
such as body weight, metabolic rate, rate of synthesis by two or more electrons, in the case of x and gamma
of DNA, etc. Were such a relationship established, rays, and, further, that the elemental lesion results
the neoplastic response in man could be predicted by from dual damage within a site by inactivation of
relating it to the non-neoplastic response. Thus every two loci. These conclusions would predict a much
attempt should be made to develop such quantitative greater reduction in effect at low doses for x and
relationships. gamma rays than for neutrons, and an RBE that

increases inversely with x-ray dose as has been dem-
7. Perhaps the most useful application of experi- onstrated for breast tumours in rats (161) (see

mental animal data is to clarify the mechanisms of paragraphs 35 and 41). It is not clear how such events
radiation carcinogenesis. As early as 10 years ago, relate to the general mechanisms of radiation carcino-

, currently popular theories on the mechanisms of radia- genesis discussed above (paragraph 8) but the implica-
tion carcinogenesis were well developed and discussions tions for dose-effect relationships and RBE for radia-
about how to clarify their relative importance were tion-induced neoplasms must be considered.
common (see discussions in reference 69). Although

, considerable effort has been directed to the problem 10. Theories of the mechanisms of radiation car-
over the last decade, the mechanisms of radiation cinogenesis which best fit the existing data involve both
carcinogenesis remain obscure. The design, execution, initiating and promoting events. Initiating mechanisms
and analysis of definitive studies on radiation carcino- concern immediate events occurring during the inter-

,genesis have proved to be extremely difficult. To be action of radiation with cellular macromolecules. The
conclusive, many of these studies require large numbers principal initiating mechanisms are release or activation
of animals which must be examined minutely for of oncogenic virus and induction of somatic mutations,
pathology at death and the results analysed statistically mechanisms which may be, but are not necessarily,
to adjust for competing probabilities of other causes exelusive. The principal promoting mechanisms are
,of death (see paragraph 22). Frequently, scientists increase in cell replication and decrease in immune
designing animal studies with large sample sizes use competence, both of which may be operating con- l

'only survival as an end-point and those carefully currently but independently. 1
_analysing pathology at death design experiments with 11. The role of leukremogenic viruses in radiation-
inadequate sample sizes. Few have properly corrected induced murine leukremia has been reviewed repeatedly

. the data for intercurrent mortality before drawing con- b d' d ',.
elusions. However, when combined, consistent reports (42,95, 113, 188) and has een thoroughly Iscus~e

by the participants of the 1966 Conference on Munne
of .an effect obtained .wit? small sa~pl~ sizes can give Leukremia (29). The early work of Kaplan with ...

'weIght to useful quahtatlVe generahzatIOns. C57BL thymic; lymphosarcoma and of Upton with ~ ~
8.. One of the principal gen~ral theories of carcino- myeloid Ieukre~a clearly establishe? a vira~ mec~an1sm J"i,

geneSIs is the two-step mechamsm proposed by Beren- as one of the Important factors ill the mductton of
380 I
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murine leukremias by radiation. The significance of
numerous host and environmental factors (193) in the
development of murine leukremia suggests the import
ance of viral interaction with a number of other factors.
Strain susceptibility in mice may be more closely
related to factors other than virus release, since the
release of C-type particles has been demonstrated in
resistant strains of mice after x-irradiation at doses
which do not induce significant amounts of leukremia
(64). An infectious virus capable of inducing osteo
genic sarcoma in mice has been isolated (49), sug
gesting that there may also be a relationship between
radiation-induced osteosarcoma and virus release. On
the other hand, lloSr-induced osteosarcomas of CBA
mice have few demonstrable virus particles (145, 181)
and low antigenicity (147), suggesting that oncogenic
virus may not always be involved in the retiology of
these tumours. The importance of virus activation and
release for other radiation-induced neoplasms has not
been identified and visible viruses ("C-type particles")
have not yet been demonstrated after irradiation or
in neoplastic tissue of germ-free rats, although germ
free mice have an abundance of such particles (92).
Young adult rats are susceptible to leukremia induction
following radiation if injected with rat-adapted pas
sage-A Gross virus but not if treated with radiation
or the virus alone (216).

12. Radiation carcinogenesis has also been explained
on the basis of radiation damage to nucleic acids and
its effect on information contained in the genetic
material of the cen (45, 68). The relationship of such
somatic mutations to radiation-induction of neoplasms
has been recently reviewed by the Committee (183).
In summary, the support for this theory derives from
the observation that radiation induces both chromo
some aberrations and neoplasms and that chromosome
changes have been demonstrated in most of the tumours
studied. There are few or no quantitative data that
would permit correlation of incidence of chromosomal
abnormalities (or gene mutations) with incidence of
neoplasia following exposure to radiation. Moreover,
such a direct quantitative relationship may never be
found if the complex, multi-step, pathogenesis sug
gested for radiation-induced diseases is correct (25,
34).

13. Interest in the immunological reactions asso
ciated with neoplasia has been heightened by the dis
covery of tumour-specific antigens (Le., surface antigens
not present on normal cells of the adult host). Cells
carrying these antigens are capable of stimulating an
immune response. These observations have led to the
concept of immunological surveillance (see annex F,
paragraph 247), which proposes a continuing eradica
tion of emerging, potentially neoplastic cells. A
thorough review of the current status of the relation
of immunity and tolerance in oncogenesis has been
published in the Proceedings of the IV Perugia Qua
drennial International Conference on Cancer (168).
Recent data on tumour-specific antigens and their
relation to immunotherapy of cancer have also been
reviewed (2).

14. The relation between radiation-induced im
munosuppression and radiation~induced neoplasia is
reviewed by the Committee in annex F of the present
report. There is abundant evidence to show that
immunosuppression is not the sole factor in radiation
Carcinogenesis and the relative contribution of immune
suppression to the complex chain of events resulting in
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radiation-induced neoplasms has not been determined.
As with viral and chemical inducers of neoplasia,
radiation results in a tIansient immunosuppression
during what is thought to be a critical period in
development of neoplastic cells. The selection of
radiation-induced murine leukremia to study this hypo
thesis may have been l1nfortunate since the neoplasm
arises out of the same tissue that produces antibodies.
Increased cell proliferation of the lymphopoietic organs
follows radiation-induced immunosuppression and the
importance of this to radiation leukremogenesis has
been reviewed (95) (see paragraph 16). The relative
importance of these two mechanisms cannot be de
termined with this model system.

15. Indirect evidence supporting the importance of
immunosuppression has been reviewed by Cole and
Nowell (26) and includes such general phenomena as
immunosuppression induced by carcinogens, including
radiation; increased tumour incidence following im
munosuppression; and increased ease of transplanting
tumours in immunosuppressed animals. It is interesting
that the principal neoplasm observed in immunologic
deficiency states in experimental animals (26, 100)
and man (151) is lymphoma and that the greatest
increase of an types of tumours following immuno
suppression for organ transplantation in man is reti
culum-cell sarcoma (lSI). Nonetheless, it has been
clearly demonstrated that immunosuppression by radia
tion and other treatments permit& more rapid growth
of neoplastic cells, results in more metastases, and
permits transplantation across weak histocompatibility
barriers (2, 26, 100, 168; see abo this report, annex
F). Therefore, depending on the antigenicity of radia
tion-induced tumours, immunosuppression may play a
significant role in the rate of growth and rate of
metastasis of such tumours, and may determine the
tumour latency and final incidence, and the rate of
survival of irradiated animals.

16. Another important promoting mechanism of
radiation-induced neoplasia is increase in cellular pro
liferation. Some aspects of the relation between cel
lular proliferation and neoplasia have been reviewed
by Reiskin (156). In summary, numerous chemical
carcinogens cause a reduction in DNA synthesis and
cell division, followed by recovery characterized by
increased cell division. Mean duration of the DNA
synthetic period remains nonnal but the number of
cells synthesizing DNA increases. These observations
are further supported by the generalization that rapidly
proliferating tissues are more responsive to carcinogens
than their more slowly proliferating counterparts.
There are some tissues which are not covered by this
generalization, and the exceptional behaviour of some
of them, such as intestinal epithelium, may be ex
plained by loss of potentially neoplastic cells thro~gh
physiological mechanisms (110). Treatments whIch
induce cell proliferation frequently increase the in
cidence of neoplasms in irradiated tissue as well. Data
on tbe following radiation-induced tumours support
the importance of cell proliferation for expression
of radiation-induced neoplasms: mammary-gland neo
plasms of the rat (52); bone tumours in the shaft
of fractured long bones in some (225, 226) but not
all cases (59); naSr-induced bone tumours in mice
following estrogen treatment (144); thyroid tumours
in rats following goiterogen treatment (39, 109);
thymic lymphoma alone (95, 166) and following
uretban treatment (7); kidney cortical adenomas
following uninephIectomy (27) and necrotizing doses
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with this or other non-radiation-induced diseases were
not significantly different when corrected data were
used for the calculations but were reduced in the
irradiated groups when such corrections were not made
(208). Although radiation can reduce the life span of
animals by inducing non-neoplastic diseases, the greater
importance of radiation-induced neoplasms has been
noted in animals continuously exposed to neutrons
(132) and 60eo-gamma radiation (60) and in animals
carrying internally-deposited radio-nuclides (18) when
doses (and dose rates) were low. Additional data from
larger experiments will be required to verify the ob
servation that specific diseases, principally neoplasms,
are responsible for life-shortening after exposure to
moderate to low doses of radiation.

III. Statistical analysis of specific disease incidence
in survival experiments

21. Failure to analyse properly data from survival
experiments seriously weakens the conclusions that
can be drawn. The common rules, including clear
statement of hypothesis, proper experimental design
(particularly, adequate sample sizes), a~e9uate accl!-
mulation and recording of data and statIstical analySIS
of the data with particular reference to testi.ng for
significance, must be applied before accepting or
rejecting the hypothesis on which the experiment is
founded. These rules have been particularly difficult
to apply to animal survival experiments because of
the duration and biological variability inherent in such
experiments, but the rules must be applied nevertheless.
The use' of computer data storage and retrieval systems
coupled with statistical analysis and testing by computer
(see reference 63, for example) permit easier handling
of these complex data.

22. An additional problem in analysis of survival
experiments is posed by competing probabilities of
other causes of death. It has long been recognized
that the final incidences of late-occurring diseases are

II. Importance of radiation carcinogenesis for seriously affected by mortality rates from early-occur-
. life-shortening effects of radiation ring diseases. Despite this, data obtaiIied at necropsy

are usually presented as the observed incidence of a
19. The general principle that radiation-induced specific disease and the mean age at death of animals.

life shortening is due not to the induction of specific dying with that disease. Such incidences are also used
diseases but to the advancement in time of all causes for computing RBE and dose-reduction factors due to
of death is derived from analysis of two large, carefully protraction of radiation and for describing dose-re-
designed and executed, studies on the late somatic sponse curves despite recommendations to the contrary
effects of radiation in mice (lOS, 106, 194) where (47, 132). The extreme variability of these radiation
the mean age at death for every disease was reduced parameters is due in part to the use of such uncorrected
by x-irradiation. Corrections for intercurrent mortality data. Various actuarial techniques are available for
were made for some of the data (percentage incidence correction of mortality from a lethal disease (e.g., 35,
of some specific diseases) but adjustments for mean 93) and should be used. The Committee has based its
age at death of the corrected data were not presented. conclusions almost exclusively on data which have not
It has been suggested that this consistently-reduced been obscured by intercurrent mortality. In most cases
mean age at death for all diseases is a statistical artifact this has been accomplished by using data corrected
(see paragraph 22), and the importance of serial for competing risks, data for diseases occurring early
killing to provide end-points free from alterations due in life, such as thymic lymphoma where perturbations
to survival has been emphasized (3). from other diseases are relatively minor, or data from

20. Preliminary analysis of the survival of RPM serial-sacrifice experiments. Occasionally, uncorrected
male mice exposed to 300 roentgens of x rays at 5-6 data for late-occurring tumours are referred to if the
weeks of age suggests that virtually all the life-shorten- mortality patterns for all causes of death are similar
ing effects of the x-irradiation can be ascribed to in- in the groups being compared.
duction of neoplasia (210). In this experiment it was 23. Another possible source of error in statistical
also shown that radiation did not significantly alter analysis is the use of the actuarial techniques designed
the cumulative survival curve for mortality from re- for assessing causes of death (paragraph 22) with non-
ticulum-cell sarcoma when the data were properly lethal diseases such as benign tumours. Changes in
corrected for mortality from other causes. It was also mortality pattern due to lethal diseases can be shown
noted that the mean ages at death for mice dying to alter age-specific incidence rates of non-lethal diseases
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of x rays (117); lung tumours following urethan (8)
and following exposure to radon in the pres~nce .of
irritating dusts (21, 152); hepatomas followmg m
jection of carbon tetrachloride (24); liver tumours
following hepatic deposition of thorotrast (175); and
stomach tumours following necrotizing doses of x rays
(71).

17. Attempts to clarify the relative importance of
these various hypothetical mechanisms ha~e inclu~ed
studies with chemical and cellular protectIon agamst
the late somatic effects of radiation. Most of these
experiments (13, 73, 103, 116, 127) have given
conflicting results largely because of small sample
sizes, inadequate description of tu~our. sites ~nd lack
of correction for causes of competmg mortalIty. The
data however do show that isogenic bone marrow is
highly effectiv~ at preventing radiation-induced thymic
lymphoma (97) but less effective at preventing the
development of other late-occurring tumours (31).
Chemical protective agents are also able to reduce the
incidence of radiation-induced thymic lymphoma follow
ing single exposures to x radiation (lIS, 233) and of
other leukremias with fractionated radiation (l39) .
Chemical protection does not appear to be effective
against the induction of non-reticular tumours resulting
from whole-body exposure to radiation but interpreta
tion of these data is obscured by competing probabili
ties of other causes of death because these tumours
occur later in life. When local irradiation is used;
however, there appears to be protection against radia
tion-induction of kidney (43) and breast tumours
( 174). More data will be required, however, before
experiments of this sort are able to clarifY the mecha-
nism of radiation carcinogenesis. .

18. In summary, it seems quite possible that all
the mechanisms identified above play some role in
radiation carcinogenesis, but the relative contribution
has not been assessed and may vary from case to case.



dose from X in man

v. Tissues at risk

dose from X in animal

internal emitters were presented in a uniform manner
b~ di~erent investigators and if more accurate deter
mmatlons Qf ?ose to. the tissue at risk could be per
f?rmed. As will be dIscussed subsequently, genera1iza
bons drawn from data on neoplasms induced by
external radiati<;lll seem to apply equally well to data
on I,leoplasms ID?uced by internally-deposited radio
nuclIdes, su~gestmg that when dosage patterns are
comparable to those for external radiation internal
emitters produce similar results (18). '

26, An equation relating known experimental data
from animals to the observed effects of 22BRa in man
has been used to extrapolate data for other internally
deposited radio-nuclides from animals to man. Thus
the ratio of the accumulated absorbed doses of radia
tion from radio-nuclide X to those from 220Ra that
give equal. effect in an experim~ntaI animal is equated
~o the ratto of the correspondmg doses of radiation
mman:

dose from 226Ra in animal dose from 220Ra in man

Parameters in the experimental animal can be deter
mined, leaving "dose from X in man" as the unknown
for which the equation is solved (41, 49). This equa
tion carries the assumption that the ratio of absorbed
doses which produce equal effects for different radio
nuclides will be the same in man and in the experi
mental animal, independent of promoting host factors
which might act differentially, an assumption that at
present remains unproved.

such as ovarian. cysts a~d. small pu.lmonary adenomas.
Use of appropnate statIstical technIques for correction
of competing risks in the case of both lethal and non~
lethal diseases has been described by Hoel and Wa1~
burg (72).
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~.~:, ~J~' IV. Special problems of internal emitters

; ;lodin an1:: 24. Considerable animal experimentation has been
'des (18) W:: carried out in the last decade in an attempt to predict
:, .....n3!J;iI,fri: the effects of internally-deposited radio-isotopes in man.
I - ~·C'rif)· lhtd In assessing the experimental data, there are several
)1iUY lleQrltr: difficulties in interpretation which must be considered.
leC CX'poiIl.1; The principal problem is the determination of dose

, to the susceptible cell population. Different isotopes
localize in different tissues to different extents-depend
ing on route of introduction, species, age, and other
physiological and environmental variables. In addition,
deposited radio-isotopes are involved in the normal
metabolic and replacement mechanisms of the body
which proceed at varying rates in different hosts and
environments. Without measurement of dose to the
tissue at risk it is difficult to determine such quantita
tive factors as dose-response curves, dose-reduction fac
tors for protracted radiation, and RBB (see reference
18 for discussion). Recent attempts have been made
to measure the dose to various regions of an organ
(principally bone) . Both theoretical considerations
(121, 228) and direct measurement of linear path
length with packed lithium-fluoride thermoluminescent
dosemeters (177) and quantitative auto-radiography
(70) have been investigated. Considerably more data
on dose distribution of internal emitters and structural
characteristics of tissues from experimental animals
and man are required before a confident comparison
of effects in experimental animals and man can be
developed. 27. As noted in a previous Committee report (182),

neoplasia is apparently induced if sufficient radiation
25. An additional problem is that the susceptible is administered to almost any tissue. Induction of neo-

cells are exposed to continuous irradiation at variable plasms in various tissues has been recently reviewed
dose rates depending on the replacement or metabolic (187). The most frequently studied tumours induced
changes and physical half-life of the radio-isotope by whole-body exposure to external radiation are thymic
studied. The dose-response relationships of radiation- lymphosarcoma and granulocytic leukremia in mice and
induced neoplasms are often difficult to determine for tumours of the endocrine system (particularly of the
internal emitters because the dose and dose-rate effects female) including tumours of the breast, pituitary,
cannot be isolated from one another, although it bas thyroid, adrenal and ovary. Considerable attention has
been shown in some cases that the total accumulated also been paid to tumours induced by internally-de~
dose is more important than the initial dose rate posited radio-nuclides including bone, lung and liver
(146, 202), It is clear that when an animal is con- tumours. Most of these tumours are common after ex-
tinuously irradiated (externally or internally) until posure to doses of radiation ill the 100'-1 ,OOO-rad
death, the cumulative dose received by a tissue contains range. Recent datu support the concept that even
a component of "wasted radiation", i.e., radiation in highly-resistant tissues can be stimulated to form
excess of that required to produce the effect being neoplasms. Carcinoma of the <:esophagus in mice
measured (9, 49, 128). In addition, survival time following oOCo wire implantation (56), bronchial
may be affected by the radiation administered during adenocarcinomas in rats following high x-ray doses
the development of an ultimately fatal pathological to the lung (65), intestinal neoplasms in mice
process (49, 134). Because of these indeterminates, following whole-body x- and neutron-irradiation
it becomes essential to define the parameters involved (33), ovarian neoplasms in dogs following fraction-
in assessing quantitative radiation factors. For exam- ated x-ray doses (4), and tumours of the central ner-
pIe, the RBE for external whole-body irradiation vous system following implantation of radio-active
describes the relative effectiveness of different qualities pellets (88, 220, 221) have been documented. None
of radiation. An RBE for internal emitters, on the of the tumours of the central nervous system have
other hand, depends not only on radiation quality but arisen from adult neuronal tissue. As previously noted
also on differences in distribution, dose rate, etc. Dose- (182), although neoplasms arise most commonly in
effect curves and dose-reduction factors are often ca]- proliferating tissues, among different tissues no simple
culated on the basis of the "mean skeletal dose", but relationship between rilte of cellular proliferation and
it appears that for osteoblastic osteosarcomas it is the tissue sensitivity exists (85), However, for anyone
dose delivered to cells on the surface of the bone that tissue, an increase in cell 1J1'oliferation appears to in-
is important (see paragraph 28). It would be helpful crease the incidence of radiation-induced neoplasms
if the data from experiments on late somatic effects of (see paragraph 16).
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dicting effects of exposure to radiation at levels too
low to examine experimentally (see paragraph 39).
The theoretical curves which might be expected and
cannot be excluded by presently available experi
mental data are linear, quadratic, sigmoid, or some
other with a slowly-increasing response to increasing
dose as shown in figure I (85). The shape of a dose-

28. The extensive literature on tissues at ris~ of
tumour induction by radiation from internal enntters
has been repeatedly discussed (10, 18, 109, 123, 13.5,
229). In general, neoplastic effects depeIl:d ~)ll the dIS
tribution of the radio-nuclide and its radIation energy,
susceptible cells within range of the radia~ion p~ovid
ing the site of origin of the neoplasm. Particular mter
est has been focused on the tissue of origin of osteo
genic sarcomas. The subject has recently been reviewed
(84, 204). The conclusion of thes~ reports and. of. re
cent experimental data (211, 215) IS that the pnnclpal
cells at risk are the endosteal pre-osteoblasts andlor
osteoblasts, although the site varies with the. site of
osteonecrosis and its resultant bone resorption and
osteoblastic activity (78, 226). The clearest descrip
tion of events preceding development of a grossly ob
servable bone tumour following treatment with DOSr
has been provided by Nilsson (141). The initial event
is cell death followed by increased bone resorption
and increase in number of osteoblasts, then by an in
crease in non-neoplastic fibroblastic and osteoblastic
proliferation within the resorption cavities or along the
endosteal linings and finally by the development of
microscopically and then macroscopically-visible osteo
sarcomas, both fibroblastic and osteoblastic. This
pathogenesis demonstrates the importance of localiza
tion of radio-nuclides and, for induction of osteosar
comas, explains the greater effectiveness of surface
seekers compared to those radio-nuclides that have a
more diffuse distribution in bone.

29. The relative importance of leukremia and osteo
sarcoma for radio-nuclides deposited in bone has also
received considerable attention. There appears to be a
dependence on total accumulated dose, quality and
dose rate of radiation, as well ,as a strain and species
sensitivity. Radio-nuclides emitting sbort-range alpha
particles are more effective in producing osteosarcomas
than leukremia (57, 84). Single doses of long-range
beta emitters, which expose the endosteum to large
doses of radiation in short periods of time, principally
cause osteosarcomas (11, 76, 111, 126, 141). On the
other hand, leukremoid reactions and myelogenous leu
kremia predominate when long-range beta emitters are
administered continuously (57, 76, 111, 126, 231)
or in single low-dose injections (12, 142), presumably
because of the resultant low dose rates. Rats, dogs, and
pigs have a high sensitivity to induction of leukremia.
Mice and rabbits, on the other hand, have a low sensi
tivity (84, 111) although non-thymic lymphoma can
be induced by DOSr in some strains (87, 143). Even
mice, which characteristically have a high incidence
of myelogenous leukremia after whole-body x-irradia
tion, appear refractory to induction of these leukremias
following lIOSr injection (30).

30. A similar interest exists in defining the sensi
tive cell population in skin-tumour induction. Althougb
there is no correlation between general skin damage
and tumour. induction for some radiation (81, 154),
careful studIes have demonstrated a close correlation
between damage to the hair follicles and the induction
of skin tumours 0, 17). It has also been shown that
development of carcinomas in the mucous membranes
of the head of mice injected with DOSr is preceded by
enhanced mitotic activity and dysplasia in the stratum
germinativum of the epidermis (140).

response curve can be altered not only by differences
in radiation quality and related experimental variables
but especially by the end-point used as the indicator
of response. For example, use of final uncorrected
incidences of a late-occurring tumour may give a de
cidedly different dose-response curve from use of
incidences of animals carrying the tumour in mid-life,
as determined by serial-killing experiments. Attempts
to verify one or another of the initiating mechanisms
of radiation carcinogenesis by the shape of the dose
response curve do not appear reasonable in the light
of the many promoting influences which appear to be
operating from the internal and external environment
of the e)(perimental animal.

32. Of particular interest to the selection of ap
propriate end-points is the question of induction
versus acceleration. It is generally agreed that if a
neoplasm occurs spontaneously with high incidence
(e.g., breast tumours in Sprague-Dawley rats), then
radiation acts principally by changing the time of onset
or latency of the neoplasm. The continuing increase

VI. Dose.effect relations with time in probability of death from a specific nea- "o,

plasm is often interrupted by death of the animals
31. Characterization of the dose-response curves because of unrelated diseases. Therefore, the final l'

for radiation-induced neoplasms i, essential for pre-384incidence is determined not only by tbe mortality rate I



from the neoplasm of interest but by that from other
l1D.related diseases as well. Even when neoplasms
Occur spontaneously late in life with a small but con~

tinuously increasing probability, the earlier occurrence
and increased incidence of these neoplasms in irradi~

ated populations may be due to acceleration rather
than induction. Thus, some measure of acceleration,
e.g., the mean age at death corrected for competing
probabilities of other causes of death may be a more
appropriate end-point than the corresponding final
incidence.

33. Whether tumours are induced or are acceler~

ated, one apparent effect of increasing dose is to de~

crease latency, where this term is defined as "time
from application of radiation to observation of neo
plastic changes". Such an effect has been noted for rat
skin tumours following irradiation with alpha particles
and with electrons (17), as well as with fast neutrons
and x rays (91); mouse skin tumours after exposure to
low-energy beta particles (80); induction of resopha
geal cancer in mice following implantation of oOCo
wires (212); rat mammary neoplasia following whole
body x-irradiation (172); radiation-induced thymic
lymphosarcoma in mice (55, 188); radiation-induced
myelogenous leukremia in mice (192, 234); myelo
and lympho-proliferative diseases of swine following
feeding with OOSr (77); oOSr-induced bone tumours
in mice (141); osteosarcomas induced by alpha-parti-

90

de radiation in dogs (40) and mice (79); 224Ra-in
duced ossifying fibromas in mice (59); squamous-cell
carcinomas of lung in dogs following inhalation of
230PU02 (150), and skin sarcomas and basal~cell

carcinomas in rats following implantation of radio
isotope-impregnated Mylar disks ( 15). When death
with a tumour of moderate to long course is the end
point, decreasing latency with increasing dose is not
always seen (49). With this end-point, considerable
inaccuracy in determination of latency can be expected
since the neoplasm originated (and could be observed
in radiographs) long before it was observed macro
scopically. In all of the examples cited above, except
the last, the complications associated with mortality
from neoplasms having a long course were not a factor
in assessing the latency since determination of early
neoplastic growth was made without death of the ani
malar by serial killing. Where mortality occurred, the
course of the neoplasm was short and it appeared
early in the life span of the animal.

34. The general character of the dose-response
curve consists of an increase in incidence of neoplasms
with increasing dose of radiation to a maximum fol
lowed by a decline in incidence. The doses at which
(a) the rise in incidence becomes detectable, (b) the
maximum incidence is reached, and (c) the decline in
incidence begins, differ for different neoplasms, spe
cies, types of radiation, etc. (figure II). With whole-

eo

body irradiation, the limiting factor is often death due
to hrematopoietic failure, and the decline in incidence
seen with higher doses can be explained in part by
decreased numbers of animals at risk (199). None
theless, the fall in incidence of myelogenous leukremia
at higher whole-body doses (192, 234) can in part
be explained on the basis of cell killing (62). Cer-

tainly there is a decline in incidence of neoplasms with
exposure of local areas to high doses of radiation. Such
a decline has been seen in the induction of skin (17,
80) and breast tumours (173) by partial-body ex
posure to radiation from an external source, in the
induction of kidney tumours following high doses of
radiation to the exteriorized kidney (118) and in the
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induction of bone tumours by internally-deposited
radio-nuclides which give rise to high doses of radia
tion, principally to bone (141). These data can best
be explained by cell killing rather than by reduced
numbers of animals at risk since little or no mortality
of the irradiated animals occurred or the animals were
part of a serial-killing study. The doses at which the
effect of cell killing begins to reduce the incidence of
such tumours are an order of magnitude greater than
for myelogenous leukremia.

35. The dose-response relationship for low doses of
external radiation at high dose rates has been described
as linear for some neoplasms and curvilinear for others.
Data from cell killing and chromosomal-mutation
induction experiments (38) indicate that more than a
single event is required to produce the end-points
measured. At high dose rates there are often indica
tions that the dose-response curves are linear for high
LET radiation but exhibit positive curvature for
low-LET radiation. This is in agreement with the
Kellerer-Rossi arguments (see paragraph 9) i.e. with
the assumption that two critical events are initiated by
a single high-LET particle but predominantly only by
two low-LET particles. However, an analysis by Rossi
and Kellerer (161) of the dose-incidence curve for
mammary neoplasms in the Sprague-Dawley rat indi
cates that there is lack of linearity at low doses of
high-LET radiation. These data suggest also that each
tumour arises because of unspecified radiation effects
on more than one cell and that extrapolations to low
doses are unwarranted. The complications of a multi
step process, however, preclude drawing firm conclu
sions and these arguments must be tested by examina
tion of more extensive data on radiation carcinogenesis
before the validity of the theory can be asserted. It is
apparent, however, that repair does not play a signifi
cant role in determining the shape of the dose-response
curves for single exposures to high-dose-rate radiation,
although it is important in the case of low-dose-rate
radiation (see paragraph 47).

36. Few experiments have been large enough to
provide statistical proof concerning the exact form of
the dose-response curves for radiation-induced neo
plasms. An apparently linear relationship has been
described for the acceleration of mammary neoplasms
in Sprague-Dawley rats from x-ray exposures of
25-400 roentgens (172) and preliminary data from
a large experiment suggest that the frequency of thymic
lymphoma induced in RPM mice by gamma-ray ex
posures between 10 and 300 roentgens may rise linearly
with exposure (190). On the other hand, the x-ray
induction of kidney tumours in rats is almost certainly
non-linear in the low-dose range (118), and the radia
tion-induction of skin tumours in rats (17) and mice
(80) is probably curvilinear, the response varying with
the second or fourth power of the dose. The dose
response curve for myelogenous leukremia in mice has
been described as curvilinear, the response varying
with the square of the dose (192). In contrast to the
linear dose-response curve seen for thymic lympho
sarcoma in RPM mice, the curve for C57BL mice
strongly suggests a curvilinear response for the same
disease (96). Although the C57BL strain is normally
considered to be highly susceptible to induction of
thymic lymphosarcoma, it is in reality more resistant
to induction of this disease by single, brief x-irradiation
than is the RPM strain. These data from experiments
with low-LET radiation suggest that the more resistant
the tissue to tumour induction, the more likely that
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the dose response will be curvilinear or sigmoid, and
the more sensitive the tissue to radiation, the more
likely that linear dose-response curves for tumour in
duction will be observed. Likewise, linear dose-response
curves are seen where the spontaneous incidence of
neoplasms is moderate to high, further suggesting that
linearity of the dose-response curve is related to
sensitivity of tumour induction.

37. As the character of the radiation changes, so
does the dose-response curve. X or gamma rays are
much less effective at low doses and low dose rates
than neutrons. Life-shortening data (197), which can
be related principally to the induction of neoplasms
(210) demonstrate such differences. For life-shorten
ing due to neutron-irradiation of female RF mice
(197), the dose-response curve below 150 rads ap
pears to be linear for both high and low dose rates. The
character of the dose-response curve for gamma rays
is not as clear, the response to the high dose rate ap
pearing to be linear (as is the case for the thymic
lymphosarcoma in this strain), whereas that to the low
dose rate appears to be non-linear with marked reduc
tion in effect. For acceleration of mammary tumours
in rats,. the dose-response curve is non-linear with
doses of neutrons up to 50 rads and shows a saturation
effect from 50 to 250 rads (207). Considerably more
data will be required before the shape of the dose
response curve for neutron-irradiation below the point
of saturation can be clearly determined. Change in
dose rate also alters the shape of the dose-response
curve, but the exact nature of the curve at low dose
rates cannot be determined from the limited data
available. For both thymic lymphosarcoma and mye
logenous leukremia in RF mice (198) a reduced dose
rate of gamma rays results in a dose-response curve
similar to that for a high dose rate but with lower peak
incidence.

38. The shapes of the dose-response curves for
internal emitters, while of importance for predicting
effects of such type of exposure at low doses and dose
rates, are difficult to interpret because as the activity
decreases so does the dose rate. It is clear that for
induction of bone tumours by long-range beta emitters,
particularly ooSr, the dose response cannot be linear
(125). This effect is attributed to recovery from dam
age produced by the low-LET radiation when dose
rates are sufficiently low. The induction of bone sar
comas by high-LET radiation (i.e. alpha emitters)
appears to increase linearly with dose in some cases,
but to follow threshold or sigmoid relationships in
others. Thus, at low doses, non-linearity was demon~

strated for the combined studies of 220Ra, 228Ra and
228Th in dogs (122, 124), and for 226Ra plus 228Ra in
humans (162). On the other hand, 22°Ra-induced bone
sarcomas in CF-1 mice appear to have a linear dose~

response curve down to very low doses (49). A similar
response was detected with external partial-body x-irra~

diation (49). The presence of a linear response in this
strain of mice may be related to the high (2 per cent)
spontaneous incidence of the disease (49). It has also
been shown that the RF (30) and the CBA strains
(49, 141) are significantly less susceptible to ooSr-in
duced bone sarcomas than the CF-1 strain of mouse.
As was the case for external irradiation, the induction
of tumours in resistant tissue by internally-deposited
radio-nuclides appears to be non-linear. The induction
of osteosarcomas in most animals (excluding the
sensitive CF-1 mouse strain) is a good example of
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such non-linear dose-response curves, as is lung-tumour
induction by inhaled radio-nuclides (20, 104).

39. There have been many attempts to demonstrate
the presence of an absolute threshold for radiation
effects. It appears that there is a threshold for very
resistant tissues since it requires doses of more than
800 rads in a single brief exposure of the exteriorized
kidney to produce kidney tumours in rats (118) and
an exposure of more than 35,000 roentgens with local
continuous irradiation at high dose rate to produce
resophageal tumours in mice (56). While it has not
been disproved that there is an extremely low but
slowly increasing response below these effective doses,
it seems more likely that induction of these neoplasms
occurs only after sufficient tissue destruction and re
generation have occurred, suggesting the existence of
a threshold. For more susceptible tissues, however,
the threshold, if it exists, is at sufficiently low doses
to require massive, expensive experiments to determine
its presence. Such efforts should have low priority.

40. On the other hand, the concept of a "practical
threshold" has been introduced by Evans (46). This
concept is based on the fact that, as dosage decreases,
the latency or tumour appearance time increases in
some monotonic fashion such that there wi11 be some
value of the dose below which the tumour appearance
time exceeds the life span. This concept is supported
by the suggestion that most, if not a11, neoplasms show
a decreasing latency with increasing dose (see para
graph 33) and that animals irradiated as adults often
die of other diseases before developing long-latency
neoplasms because the latency exceeds the remaining
life span (see paragraph 51). However, as discussed
in paragraph 33, the relationship of dose to latency
varies with the end-point for determination of effect.
In addition, an· accurate determination of the dose at

.which latency equals the remaining life span requires
ext:apol~tion into low-dose ranges where no data exist,
WhICh raises much the same problem encountered with
the absolute threshold. Further different values for
the practical threshold result whdn the data are plotted
on a semi-log as compared to a log-log plot. It has
also been suggested (22) that an extrapolated least
square fit to the MIT human radium data provides
a better estimate (and a considerably lower "practical
threshold" dose) than the method selected by Evans.
Thus, while a "practical threshold" based on latency
has some validity, it also appears to have many of the
same indeterminants that plague the absolute threshold.

VII. Relative hiological cffectivenells (RBE)

41. It has been known for many years that low
LET radiation is less effective than high-LET radiation
in producing a variety of biological effects including
carcinogenesis. Relative biological effectiveness (RBE)
was ~rst used by Failla and Henshaw (48) to compare
the bIological effectiveness of different radiations. Sub
sequently, RBEs were also used in radiation protection
a~ weighting f.a7tors in adding doses of radiations with
dIfferent qualItIes (137). It was recognized that the
usage of RBE in radiation protection was incorrect
(82) and it was recommended that RBE be used ex
clusively for its original purpose in radiobiology and
that the term quality factor be used in the field of
radiation protection (83). Thus RBE is now defined
as the inverse ratio of the absorbed dose from one
radiation type to that of a reference radiation required
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to produce the same degree of a stipulated biologic
effect (138). It has been noted recently that in some
instances the RBE increases as the dose decreases be
cause variations. in RBE are dependent on the shapes
of the dose-response curves. Thus it is necessary to
define the curves for both radiations before the RBE
can be estimated (figure III). The relationship of
RBEs to dose-response curves and their implications
for theories of energy interactions at the molecular
level have been outlined (98, 160, 179) and are
discussed above (paragraph 9).

42. There is no single value of RBE which can be
used to predict the relative effects of radiations of
different quality in man. A variety of RBEs for differ
ent neoplasms in animals, varying from less than 1 to
as high as 80, have been reported. It seems certain
that much of this variation is due to the use of inap
propriate data (e.g., uncorrected incidences) or differ
ences in level of dose or dose rate studied. There are
only a few cases where high-LET and low-LET radia
tions have been compared over a wide range of doses.

43. One of the most extensively studied radiation
induced neoplasms is thymic lymphoma in female RF
mice (198). It has been demonstrated that at high
doses and high dose rates the RBEs of fast neutrons
(196, 198), 14-MeV neutrons (36) and 60-MeV
protons (36) are approximately equal to one. This
appears to be true over a dose range of approximately
150 to 400 rads of x rays. Between 150 and 25 rads
of x rays the REE for neutrons increases to between
7 and 10 (37). No data exist for REE below 25 rads
of x rays and the shapes of the dose-response curves
are unknown at these doses. If both curves become
linear, the RBE will remain between 7 and 10. If, as
anticipated from theoretical considerations, the neutron
curve is linear and the x- or gamma-ray curve is
curvilinear at these doses, then the RBE will increase
further. The influence of dose rate on RBE has also
been studied extensively with this neoplasm and it is
clear that neutrons are more effective at lower dose
rates than x or gamma rays over a wide dose range.
Between gamma-ray doses of 700 and 25 rads, the
REB for fast neutrons increases from between two and
four to more than seven, depending on dose rate (196,
198). Since the dose-response curve for neutrons ap
pears to be linear and that for gamma rays curvilinear,
higher RBEs might be expected at lower doses.

44. Mammary tumours in Sprague-Dawley rats
have also been studied extensively. These data are
more difficult to interpret since most of the x- and
gamma-ray data come from one laboratory (172) and
the data for fission neutrons from another (206). At
tempts to determine RBE values from these experi
ments, which use different techniques and different
end-points, have led to values as high as 80 (207).
These high values were obtained from the ratio of
gamma to neutron doses (400 rad/5 rad) which pro
duce roughly 90 per cent incidence of mammary tu
mours in Sprague-Dawley rats maintained to death.
~e a~curacy of. su~h determinations is open to ques
tIon smce final mCIdences uncorrected for competing
risks were used and since the final incidence in unirra
diated control rats is high (about 50 per cent). Since
irradiation results in a dose-dependent acceleration of
mammary neoplasia in this strain of rats, the percent
age of rats with mammary neoplasms 10 to 12 months
after exposure represents the dose-effect relationships
more accurately than the survival data. In either case
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radiations, and the localization patterns of radio-iso
topes in bone and the lung play an important role in
determining their effectiveness (121, 159, 165).
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Figure IV. Cumulative percentage incidence of skin tumours
at 76 weeks ,versus surface dose of alpha (. - - - .) and elec

tron (0 - - - 0) irradiation (17)
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the second order term, i.e., Y = cx2, but with different second order term constants; (d)
standard radiation, second order polynomial defined by only the intercept and the second
order term; test radiation, second order polynomial defined by the intercept, first and second

order terms, i.e., y = bx + cx2

the REE approaches a value of one between 350 and
400 rads of x rays and increases with decreasing dose
(161,207).

45. Considerable information is also available on
the induction of rat skin tumours by cyclotron-accel
erated alpha particles and mono-energetic electrons.
At lower doses the dose-response curve appears to be
curvilinear for both types of radiation, although the
alpha particles are more effective and have a more
rapid rise in response than the electrons (figure IV).
Over the range of doses studied, the RBE of the alpha
particles compared to electrons is approximately three
and can be considered to increase slowly as the inci
dence decreases-from 2.3 at 2.0 per cent incidence
to 4.3 at 0.2 per cent incidence. Thus within the range
of doses for which data for different neoplasms are
available, the REE for high-LET radiation appears
to move from one at high doses and high dose rates
toward a maximum of 10 at doses between 25 and 100
rads. Estimates at lower doses are not possible since
data for calculation of RBE or estimation of REE by
shapes of the dose-response curves are lacking.

46. The relative effectiveness of internal emitters
for induction of neoplasia depends not only on the

.RBE of the particle emitted, but even more strongly
on differences in localization, metabolism, transport
and size of animal, all of which influence the resultant
dose and dose rate to target tissues. For this reason it
is not possible to derive quantitative values of RBE
for internal emitters for the purpose of extrapolating
to man. It can be said, however, that alpha emitters
are more effective in producing osteosarcomas (40,
58) and lung tumours (165) than the lower-LET
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Figure V. Cumulative incidence of mammary gland neoplasia
in rats, expressed as a percentage of surviving animals at a
given time (rats at risk) having one or more tumoms of any
histologic type. "At 40" and "at 160" indicate age of rats at
time of exposure; "125 R X 4" means that 4 fractions of
125 R were given twice weekly beginning on the fortieth day

. of age (171)

the cumulative percentage of rats with mammary neo
plasms is inversely proportional to the amount of
fractionation, with the 32-exposure group showing
about 40 per cent reduction. Thus it appears that
radiation damage which leads ultimately to neoplasia
shows evidence of repair, as do most biological effects
of low-LET radiation.

50. The determination of dose-rate effects with
internal emitters is a more difficult problem but it is
clear that reduction in dose rate reduce.s the efficiency
of tumour induction. Such an effect is seen for induc
tion of bone sarcomas in beagle dogs injected with
DOSr (122). There is a "low-risk" region where bone
tumours are not seen despite an accumulation of total
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peculiar response associated with induction ,of murine
l~ukremia, which ~s increased by fractionation of radia
tion dose dependmg on the schedule of administration
(89,95, 218), most neoplasms occur with lower inci
dence when doses are substantially fractionated. Such
an effect has been reported for skin tumours (81 157
~35), for ovarian tumours (222), and for the induc~
tion of lung tumours promoted by urethan (23, 227).
<?n the other hand, it has been reported that fractiona
tlOn does ~ot alter the final incidence of mammary
neoplasms m rats (230) even when a dose of 500 rads
of g~ma rays is given in 32 exposures over a period
of eIght weeks (171). However, since the final inci
dence of mammary tumours is high in controls the
best measurement of effect is the acceleration c~used
by the radiation (see paragraph 32). An examination
of the data (171) (figure V) shows that at 400 days

VITI. Effect of dose rate

47. It has been known for many years that the dose
of ionizing radiation required to produce a given bio
logical effect varies with the dose rate but there are few

, data on late somatic effects of radiation at low dose
rates. Much of the data available relate to life-shorten
ing, which has been reviewed recently by Grahn and
Sacher (61). The much smaller body of data on dose
rate effects in radiation carcinogenesis has been re
viewed by Upton (185) and the greater dependence
on dose rate of low-LET radiation compared with high
LET radiation has been discussed (189). These dose
rate effects can be explained in part by the same
roe?hanis?1 used to explain changes in RBE with dose.
If mductlOn of neoplasms by radiation requires that
two events occur within a small volume within a suffi
ciently small amount of time to preclude repair, then
low-LET radiations delivered at low dose rates would
be expected to result in a low probability of two events
occurring simultaneously, and sufficient time might
elapse between the two events for repair to take place.
With high-LET radiations, the intense ionization pat
terns yield such a high probability of two events oc
curring in a small volume at the same time, that even
low dose rates would be expected to decrease the effec-

" tiveness of high-LET radiations relatively little com-
pared with low-LET radiations. '

48. A reduced efficiency of x and gamma rays for
production of mouse leukremia at low dose rates has
been reported (164). Dose rates as high as 0.35 rad
min-1 produce a lower incidence of leukremia than do
dose rates normally employed in "high"-dose-rate
exposures (5-100 rad min-1 ) (129). Thymic lympho
sarcoma is more sensitive to this dose-rate effect than
is myelogenous leukremia (196, 217) and induction
of both diseases by neutron-irradiation at low doses
shows less dependence on dose rate than does induc
tion by x or gamma rays (186, 188, 192, 196, 198).
The effect of protraction of dose on the induction or
ac~el~ration of other tumours by radiation is less clear,
pnnclpally because uncorrected incidences have so far
been used as end-points. Thus the report that lower
dose rates cause an increase in hepatoma incidence
~148) can best be explained by increased survival time
~ the ~ower-dose-rate group. A significant reduction
m ovanan tumour incidence was seen in RF mice
irradiated with 60CO gamma rays at low dose rates
.0 ~4 ). Althoug~no mortality data accompany the
mCldence data, It was demonstrated that survival at
.the lower dose rate was greater than at the higher dose
rate (197); thus the reduced incidence cannot be ex
plaine? on the basis of shortened life span. Since the

'mductlOn of ovarian neoplasms by radiation has a
c?,mplex patho&enesis involving the primary event of

, oocyte destructlOn and secondary hormonal stimula
tion l.ea~ing to tU?lour development (see paragraph
53), It IS not pOSSIble to determine which part of the
complex chain of events is affected by the decreased

, dose rate when tumour incidence is the end-point. No
difference in incidence of mammary adenofibroma was

'noted in Sprague-Dawley rats after gamma-irradiation
at exposure rates of 10 R min-1 and 0.03 R min-1 but
the incidence of adenocarcinoma was lower in rats ex
posed at 0.03 R min-1 (170).

49. Numerous studies on fractionation of radiation
dose have been performed to determine the amount
of reparable injury sustained by the cell and its trans
lation into radiation-induced disease. Other than the
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Figure VII. Incidence of thymic lymphoma in relation to sex
and age at irradiation (x rays, 300 R) (195)
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a maximum early in life with subsequent decline (94,
107). Since the latent period and course of murine
leukremias are relatively short, the decline with age
cannot be due to insufficient residual life span for
expression. X-ray exposures of 50-400 roentgens to
RF mice in utero at fcetal stages of development when
blood formation is localized predominantly in the yolk
sac (9lh days after conception), liver (121/2 to
14~ days after conception) and marrow and spleen
(17~ days after conception) failed to induce leukremia
(185, 191), although these doses are effective in in
ducing both thymic lymphoma and myelogenous leu
kremia in mice of this strain irradiated after birth
(198).

53. The incidence of ovarian tumours is dependent
on the age .at irradiation. Total-body irradiation of
young adult mice produces degenerative changes in the
ovary with loss of ova of all stages. This radiation

Figure VIII. Incidence of myeloid leukremia in relation to
sex and age at irradiation (x rays, 300 R) (195)

weeks of age and declines thereafter, demonstrating
low sensitivity after thymic atrophy is far advanced.
Myelogenous leukremia in RF mice also demonstrates
a low sensitivity to induction at birth with a slower
increase to a later maximum at 10 weeks of age and
a slower decline thereafter (l95) (figures VII and
VIII). Thymic lymphosarcoma in other strains also has
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Figure VI. .Life·shortening per 100 R exposure as a function
of age at irradiation in SAS/4 mice which survived at least
30 days after whole-body exposure to radiation in the

LDo to LD100 range (107)

compared to juvenile animals may be due largely to
the failure of adult irradiated animals to survive the
long induction period required for expression of the
late somatic effects responsible for life-shortening. On
the other hand, there is evidence that the susceptibility
itself varies with the .age at irradiation.

52. The induction of neoplasms is likewise affected
by the age at irradiation. Thymic lymphosarcoma, mye
logenous leukremia, and ovarian tumours are par
ticularly sensitive to age effects in mice. In RF mice
the sensitivity to induction of thymic lymphosarcoma
is low just after birth, increases to a maximum at six

20 40 60 eo 100
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IX. Dependence of sensitivity on age

51. The relation of age to the life-shortening effects
of radiation (much of which can be ascribed to induc
tion of neoplasms) has been reviewed by Upton
(191). In mice, age susceptibility to life-shortening
following a single brief exposure to radiation increases
to a maximum in juvenile animals, declines until middle
age, and increases again in old age (107, 131) (figure
VI). The reduced effectiveness of radiation in adult as

dose in excess of that required for induction of these
tumours at higher dose rates. A similar dose-rate effect
is seen (a) in mice when injected doses of 90Sr are
fractionated, giving a reduced maximum dose rate and
a decreased number of osteosarcomas (49) ; (b) in
mice exposed to different but constant dose rates by
continuous ingestion ofsoSr (214), where a reduced

. dose rate results in reduced incidences of bone sar
coma and brematopoietic disease; and (c) in lactating
mice where the dose rate of 90Sr and the bone tumour
incidence are reduced when compared to their non
lactating counterparts (146). In studies on lung-tumour
induction by surgically-implanted intrabronchial pel
lets of l06Ru (104), no difference in lung-tumour
incidence was noted between animals exposed at 2,250
rad d-:-1 and those at 422 rad d-1• This is, however, a
relatively small dose rate reduction and it would be
useful to repeat the experiment with a wider range of
dose rates.
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damage enhances the production of gonad-stimulating
hormones of the pituitary. While the relative role of
this endocrine imbalance as opposed to the direct effect
of radiation on cells of the ovary is not clear, the
former must be important since intact ovarian endocrine
function inhibits the development of tumours in irradia
ted ovaries (see reference 51). A gamma exposure of
200 roentgens which produces complete sterility in mice
exposed at the age of 2 or 12 weeks failed to destroy
all ova in ovaries of mOuse fcetuses irradiated on the
fourteenth or fifteenth days after conception (223).
Likewise, doses of radiation which induce a high inci
dence of ovarian tumours in young adult mice fail
to induce such tumours when mice and rats are exposed
before birth (155, 195). Immediately after birth, the
sensitivity to induction is high (195), reaching a
maximum when animals are exposed at 10-20 weeks
of age (107, 155) and declining thereafter (32, 107,
155,158). It is not possible to determine whether
the decline in sensitivity with age of irradiation is
associated with insufficient life span for expression or
with reduced sensitivity of the tissue.

54. The importance of age at time of irradiation
has also been demonstrated for the induction of other
neoplasms. Kidney adenomas are more easily induced
in neonatal than in three-month-old mice (27). Male
Sprague-Dawley rats exposed to fast-neutron doses of
215-230 rads show an age-related susceptibility to
induction of certain neoplasms (90). Rats irradiated
at one month of age were more susceptible to osteo
chondromas than their three-month-old counterparts.
While skin tumours were induced in both groups, those
irradiated at one month had a predominance of fibro
mas while those irradiated at three months had a
predominance of basal cell carcinomas. Rats irradiated
at three months were more susceptible to cortical car
cinomas of the kidney than their one-month-old
counterparts.

55. Age-related susceptibility to radiation-induction
of tumours by internal emitters has also been reported,
and. is related to differences in uptake or metabolism
of the radio-nuclides. Bone-tumour incidence in young
mice (203) and rats (180) is higher than in older
animals after treatment with oOSr; this can be explained
on the basis of higher uptake and higher initial dose
rate in the younger animals. Similarly, bone-tumour
incidence in young rats after treatment with 1 p.Ci g-l
of 144Ce was higher than in old rats (114). These
results were caused by a lower dose resulting from
dilution effects in the rapidly growing rats. Adult rats
developed bone tumours at lower injection doses. When
dose corrections are made, the differences tend to
disappear indicating that the bone cel1s of young
animals are not much more susceptible to induction of
neoplasms than those of older animals. Similar results
have been noted in man when 224Ra was injected into
juveniles and adults; the bone-sarcoma incidence in
juveniles was no greater than four times that in adults
(178).

56. Fretal exposure to 90Sr ingested by the mother
may be an important factor in the subsequent develop
ment of hrematopoietic neoplasms in miniature swine
(149) and 32p administered to pregnant female mice
resulted in a significant incidence of leukremia in female
offspring (74). This last result is in contrast to the
results obtained with external irradiation (para
graph 52).
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X. Differences in sensitivity between strains and
between species

5? The ~ole o! genetic constitution in long-term
surVival and mduchon of neoplasms has been reviewed
by the Committee (182) and has since been reviewed
by .upton (1 ~7). Most of the data on experimental
radIatIOn carcmogenesis come from studies with rodents
where considerable variation is noted in unirradiated
animals, even among different inbred strains of the
same specie~. T~e. spectrum of tumours induced by
whole-body uradiation and the amount of life-shorten
in$ attribu,table t~ t~ese tumours vary considerably
WIth. genetic constItutIOn. For example, while the in
duction of neoplasms by radiation in rodents is well
established, none is evident in female burros receiving
gamma exposures of 300-550 roentgens despite the
occurrence of life-shortening (14). As stated earlier
(paragraph 27), almost any tissue will produce a
neoplasm if exposed to sufficient radiation. It has also
been demonstrated that the different sensitivities .attri
butable to genetic constitution can be overcome if
sufficient radiation is administered (212, 213).

58. Different inbred strains of mice differ in their
sensitivity to radiation-induction of thymic lymphosar
coma and myelogenous leukremia (188), but when
sufficient radiation is applied in a proper pattern (i.e.,
fractionated radiation timed to maximize the number of
blast cells), some of the differences tend to disappear
(153). Species differences exist even among rodents:
some strains of rats (130) and guinea-pigs (163, 219)
are susceptible to radiation-induced leukremia, but the
Chinese hamster is strikingly resistant (130). Since the
Committee last reviewed the subject, additional exam
ples of strain and species differences in sensitivity to
induction of various neoplasms have been described.·
Rats are more susceptible than hamsters to induction
of adenocarcinomas of the lung by local external
x-irradiation (65); rats are more susceptible than mice
to induction of kidney tumours following whole-body
x-ray exposures of 500 roentgens (5) but may be less
susceptible to large local doses (118); beagle dogs do
not show the marked sensitivity of mice for radiation
induction of ovarian neoplasms (4). Different species
and strains of animals respond differently to induction
of corneal tumours by ultraviolet radiation, with rats,
mice, and hamsters being sensitive and guinea-pigs
relatively resistant (50). In addition, albino strains of
rats are less sensitive than pigmented strains.

59. Considerably less species variation is seen in
the spectrum of neoplasms induced by internally
deposited radio-nuclides. Thus, in most species, bone
seeking radio-nuclides cause bone tumours, leukrernias,
and squamous-cell carcinomas from tissues in close
proximity to the bone. Neoplasms may be induced in
other organs when radio-nuclides are deposited there
either through direct introduction (e.g., inhalation) or
by translocation through physiological mechanisms
(e.g., liver with plutonium, pigment epithelium of the
eye with radium). This qualitative similarity may be
related to the high doses required for induction of
many of the neoplasms induced. As was noted in para
graph 57, different sensitivities attributable to genetic
constitution can be overcome if sufficient radiation is
administered. The qualitative similarity in induction of
bone sarcomas by bone-seeking radio-nuclides (122,
125) has been analysed for quantitative similarities
among species (133). Although one method of dose
calculation (i.e., number of beta particles divided by



body mass) suggests that the radio-sensitivity to tumour
induction of the entire endosteum is independent of
species, the average skeletal dose required to produce
50 per cent bone sarcomas does vary with the species.
In addition, extreme variability in sensitivity among
inbred mouse strains suggests that quantitative similar~

ities among species may not exist (30, 49).

XI. Summary and couclusions

60. Comparisons of experimental animal data with
human data have been frequent and the Committee is
reviewing the most recent data on radiation carcino
genesis in man in annex H of this report. The data
reviewed here suggest that the animal systems studied
thus far are quantitatively inadequate for determining
risk estimates in man. In addition, many of the most
commonly studied animal tumours such as thymic
lymphoma and ovarian neoplasms of the mouse and
mammary neoplasms of the rat appear to have an
induction sensitivity far in excess of that seen in man
(annex H).

61. On the other hand, there appear to be several
qualitative generalizations which may help to interpret
the few human data now available:

(a) Virtually any mammalian tissue with the pos
sible exception of adult neuronal tissue will give rise
to neoplasms if exposed to sufficient radiation;

(b) The data from gamma- or x-irradiated animals
suggest that for low-LET radiation, while both linear
and curvilinear dose-response curves are seen, linear
curves in the dose range of less than 100 rads occur
principally when the target tissue is highly susceptible
to induction of neoplasms by radiation. In man, target
tissues which show such high sensitivity to tumour
induction by radiation have not been identified except
possibly in the fretus (see annex H). If, as the data
suggest, most human tumours induced by radiation arise
from relatively resistant tissues, then it could be pre
dicted in the light of experimental animal data that the
dose-response curves for such neoplasms will be non
linear in the low-dose. range;

(c) It is clear, both from theoretical considerations
(see figure III) and from animal data, that the REE
for high-LET radiation can vary with dose. A
comparison of the dose-response curves for neoplasms
induced by high- and low-LET radiation will indicate
increasing RBEs with decreasing doses. Estimates of
the RBE may be particularly difficult to determine in
man where the data at low doses are few, and con
clusions about the dose dependence of RBE cannot
be drawn until the dose-response curves are defined;

(d) Another important consideration is the reduced
effect of protracted irradiation as compared to an
equal dose administered in a short period of time.
While considerably more data are required, the animal
data available indicate that both protracted continuous
irradiation and fractionated irradiation produce less
carcinogenic effect than a single administration of the
same total dose, suggesting that such an effect might
be expected to occur in man as well;

(e) While some exceptions are noted, resistance to
radiation-induced tumours is higher in adult than in
juvenile rodents and, although some strains of rats
and mice are highly susceptible to radiation-induction
of leukrernias, fretal irradiation has failed to induce a
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significant amount of leukrernias in those strains. The
significance of this observation to fretal irradiation of
man must await further studies (see annex H);

(1) A difference among species and among strains
of the same species in resistance to radiation-induction
of neoplasms has been noted, suggesting the existence
of considerable genetic control. Such genetic control of
tumour induction by radiation makes clear the need for
caution in the extrapolation from experimental animals
to man. On the other hand, the development of valid
qualitative generalizations which appear to apply to
mammals of many different species gives hope that
quantitative inferences may ultimately be possible.

XII. Areas of major emphasis for future studies

62. While some qualitative generalizations have
been derived from animal data which may be useful
in understanding the risk of neoplasia following irradia
tion in man, considerably more data from experiments
with a variety of animal species will be required before
they can be useful for supplementing quantitative
estimates of risks of neoplasms in man. It is particularly
important that attention be paid to the determination
of the populations of cells that are at risk of neoplastic
transformation and the determination of the physical
dose to such cells. Where such determinations can be
made, it is then essential that experiments be designed
in such a way that their results may help in better
evaluating quantitative risk estimates for humans. Con
siderable work is in progress in these three areas for
the induction of bone tumours by internally-deposited
alpha-emitting radio-nuclides, but other tumour systems
must also be studied.

63. Further, the Committee recognizes that there
are several broad areas in which we require more
information. Among these are studies relating to the
mechanism of radiation carcinogenesis. Support or
rejection of the various initiating and promoting mecha
nisms or evaluation of their relative importance will
require considerably more data from a much broader
spectrum of radiatio11i-induced tumours. For example:

(a) The role of virus activation as a mechanism
in radiation-induction of neoplasms of the hremopoietic
system needs to be extended from the C57BL mouse to
other strains of mice and other mammalian species;

(b) Similarly, efforts must be made to determine
whether viruses which can produce tumours of noo
hremopoietic tissues are activated by radiation;

(c) Additional attention should also be given to
radiation-induced cell destruction and any subsequent
changes in cell repopulation which might temporarily
increase the population of susceptible cells. Since dif
ferent tissues have various susceptibilities to radiation
induction of neoplasms, they can be examined for such
corresponding changes in cellular kinetics;

(d) Likewise, damage and repair of DNA with the
production of gene and chromosomal mutations, as
well as damage to other biologically important macro
molecules, must be related to the production of neo
plasia before radiation-induced somatic mutations can
be accepted as a cause of the neoplastic effects;

(e) Radiation-induced changes in other cell consti
tuents, particularly cellular and nuclear membranes,
should also be examined and their relationship to
neoplastic transformation determined;

I,.
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(I) The role of radiation-induced immune disorders
in neoplasia should be examined with radiation-induced
tumours of different tissues;

(g) Further clarification of the mechanism of radia
tion-induced neoplasia may result from studies on
disturbances of the neuro~endocrine system by radia
tion;

(h) The effect of radio-protective agents, including
both chemical agents and cellular replacement, on radia
tion-induction of neoplasms may also help to clarify
these mechanisms;

(i) Another broad area of particular importance to
the ultimate understanding of radiation carcinogenesis
in man is the role of genetic constitution as a deter
minant of the susceptibility to induction of cancer by
radiation. Studies on the mechanism of gene action
in inbred animals are critical to this' understanding;

(j) Further clarification of the relative impDrtance
of dose and dose rate for induction of neoplasms by
internally deposited radio-nuclides should be sought
through studies on the effect of repeated administration
of short-lived radio-nuclides, a procedure analogous
to fractionated external irradiation.

64. More data are required to confirm and extend
some of the conclusions reached in this report. Most
of the experimental animal data derive from studies on
a few very sensitive rodent tumour systems. It is essen-

tial to s.tudy. the reduced efficiency resulting from pro
!racted IrradIation (dose-rate effect) in other radiation
~nduced .tumour sy~tems, especially less sensitive ones,
~ .a .varIety of strams and species. In the same sense,
It IS Important to provide data on change in RBE with
d.ose of radiati.on !?r a variety of tumour systems,
SInce the applicabIlity of the Rossi-Kellerer 'theory
(see paragraph 9) to the mechanism of radiation
ind?ce~ damage leading to neoplasia is based. on ex
ammation of only one such system. The suggestion
that shortening of life span by moderate to low doses
of radiation (below 300 rads) is primarily due to in
duction of lethal neoplastic diseases is based on very
few data. Expansion of these data is necessary to verify
this generalization which can be extremely important
for setting risk estimates for human populations. And
lastly, the Committee feels that the apparent discrep
ancy between the rodent data and human data on
induction of leukremia by fretal irradiation must be
studied in additional species which have different rates
of maturation of the lymphopoietic system during gesta
tion. All of the studies suggested in this paragraph
can be carried out now with existing knowledge and
techniques. However, it is es&ential that such studies
utilize the best of statistical approaches to experimental
design, as well as careful and proper pathological
diagnosis. Analysis of the data must include correc
tions for competing risks, especially where studies
involve late-occurring radiation~induce:d tumours,
which now are those of principal interest,
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RADIATION CARCINOGENESIS IN MAN
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Introduction

1. It is generally accepted that cancer is the major
.long-term somatic effect of radiation on human beings.
The Committee discussed the subject of human cancer

. induced by radiation in its 1958, 1962 and 1964
reports (161-163). In view of the substantial increase
in knowledge about radiation carcinogenesis in man
since the Committee's latest report, this annex will
review this subject again.

2. The carcinogenic effects of radiation, as indeed
the effects of any environmental factor implicated in
the causation of human cancer, are best evaluated by
human population studies. Because of the great dif
ferences in susceptibility to cancer induction between
human beings and other species, studies with experi-
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mental animals provide information of more qualitative
than quantitative significance. The mechanism of car
cinogenesis in general and specifically the role of radia
tion in carcinogenesis are certainly not well enough
understood to deduce from first principles the extent
of radiation effects on human beings. It is therefore
essential to obtain empirical information from epi
demiologic studies.

3. In the evaluation of such studies, the following
inherent difficulties must be borne in mind:

(a) Populations of sufficient size who were exposed
to a sufficiently high dose of radiation are few, and
their number has been decreasing as radiation hazards
have become increasingly understood;
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risk has been the estimate of risk of radiation effects
adopted by 0e Committee in its 1964 report and by
the. InternatIOnal Commission on Radiological Pro
tectlo~ (69). Another consideration is that if, under
any ~lrcu~stances, equal doses of radiation increase
the nsk 10 proportion to the natural occurrence of
cancer (either in ~ifferent populations for a given form
of c~cer,. or for dIfferent forms in a given population),
relative nsks may provide more general estimates of
the. e~ects. of radiation. If, on the other hand, the
radIation nsks are unrelated to the natural probability
of cancer occurrence, and the excess risk is a function.
?f the dose o~ radiation only, then the absolute risk
IS a better estunate of the effects of radiation. In the
present annex radiation risks will be given both in
absolute and in relative terms.

6. Estimates of risk per unit dose derived from
epidemiologi~al investigations are valid only for the
doses at w1;ich they have been estimated and they
~an be apP~led ~o a range of doses only if there is a
lmear relahonshlp between dose and incidence since
extrapolatiops beyond that range may lead to gross
e.rrors. Particular care should be exercised in estimating
nsks from data on people exposed to mixed neutron
8?d gamma radiation. Radiobiological experiments in
dIcate that the RBE of neutrons varies with dose (see
annex G) so that, if these results are applicable to
human beings, the incidence of various effects cannot
be proportional to absorbed dose for both gamma rays
and neutrons and estimates of risk in terms of incidence
per unit dose need to be clearly qualified.

7. Another serious problem at the present time
arises from the fact that present knowledge of cancer
induction by radiation is based on the experience of
a limited number of years after exposure, thereby
making risk estimates for an entire life span impossible.
Because of this incompleteness of follow-up period,
information is lacking, particularly about the later part
of human life during which the natural incidence of
cancer greatly increases over rates at younger ages.

8. In terms of man-year experience, the cohort
followed by the Atomic Bomb Casualty Commission
(ABCC) with the collaboration of the Japanese
National Institute of Health (JNIH) is of far greater
significance than the other cohorts under study. How
ever, even the experience of this cohort at present
gives only part of the information as to the whole
risk of cancer induction. The proportion of cancer
deaths to deaths from all causes ranged roughly from
10 to 20 per cent in the past 20 years in Japan. If the
average figure of 15 per cent is applied to the ABCC
cohort, 15,000 cancer deaths would be expected by
the time all persons in the cohort had died. Although
the extensive follow-up of the ABCC has revealed
about 4,000 deaths due to cancer for the period
1950-1970, these deaths constitute only 27 per cent
of the deaths to be eventuaily expected in the absence
of radiation.

9. Jablon and Belsky (71) and Jablon et al. (75)
have reported that the children who were exposed at
ages less than 10 years show now, many years later,
an unusually high risk of developing cancer at various
sites. Children exposed to irradiation at, for example,
5 years of age and then followed for 20 years, will
only be 25 years old at the termin~tion of the foll?w-l!P
period.. At that age the natural nsk of cancer IS still
extremely low. Therefore, a long. follow-up is par
ticularly advisable, although practically difficult, for

. (~) In !etrospective, ,or. case-history, studies, quan
titative estimates of radIatIon dose received are often
very difficult to obtain, especially when radiation ex
posure has occurred repeatedly. The fact that a number
of ye~1IS ~re. required ~or the development of cancer
after madlatlOn makes It particularly difficult to deter
mine radiation exposure that has occurred years
earlier;

(c) The long latent period for cancer induction is
also a drawback in prospective or cohort studies unless
at the initiation of the study, an exposed population 0;
a cohort can be selected on the basis of exposure in
the distant past;

(d) When there is a low natural incidence of cancer
of a specific type, a large population must be followed
in order to obtain an adequate number of cancer
cases;

(e) In ,most studies ca,ncer frequencies are measured,
for prachcal reasons, III terms of mortality. This
practice requires great caution, since mortality statistics
can be an unreliable measure of incidence, as when
cancer of a specific site has unreliable death notifica
tion or shows a low fatality;

(0 1~he ~at~ on patients who were exposed to
medlcallrradiatlOn also must be evaluated with caution
since the effects of irradiation may well be confounded
both with the effects of the primary disease that
prompted the therapeutic irradiation, and with the
effects of other treatments given to the patients. In
addition, such data are biased in most instances toward
sl?ecific sex andlor specific age group, thus making it
dIfficult to apply the results to the general population;

(g) The relative susceptibility of different organs
and tissues is of great interest, and this can best be
ascertained if different tissues and organs receive the
same amount of radiation. Uniform whole-body irradia
tion, however, has practically never occurred except
for fretus exposure;

(h) Comparison of the results of different investiga
tions are made difficult by the fact that the doses
received were often from radiations of differing qualities
delivered at differing rates.

4. In the present annex, the risk of cancer induc
tion by radiation will be expressed as absolute and/or
relative risk. The absolute risk of a certain type of
cancer at a stated dose of radiation of a certain quality
is the excess incidence due to that dose of radiation.
In practice this is estimated from the difference between
the incidence rates of the exposed and the non-exposed
population. The absolute risk may for instance be
expressed as the excess number of cases per million
per year for a given dose. The relative risk for a given
dose is the ratio between the incidence rates in a
population exposed to that dose and that in a non
exposed population which, ideally, should be com
parable to the exposed population with respect to all

. factors affecting the incidence of the effect studied,
except radiation.

5. Relative risks are preferred to absolute risks
in epidemiologic studies in assessing whether there
exists a causal, rather than a mere fortuitous, associa
tion between exposure and the disease (93). Once the
association is accepted l:J.S being casual, absolute risk
is a better index of the impact that a successful pre,.
ventive programme might have. Therefore, the absolute· , '
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people who are irradiated at young ages. A follow-up
of half a century or so may be needed to measure the
whole risk of cancer.

10. The above consideration may not necessarily
apply to all forms of cancer. If the. risk of .cat,lcer
induction is assumed to follow a ummodal dIstnbu
tion, follow-up is necessary only until the risk, having
passed its peak, approaches the level of natural
occurrence. At present, leuk:emia is the only type of
malignancy belonging to ~his catego~y. T?e. excess of
other types of malignancIes due to IrradIatIOn of the
cohorts that are currently being followed up may still
be increasing with time after exposure and it is entirely
unknown whether the excess risk reaches a peak with
time. Nor is it known what the magnitude of the peak,
or the modal induction period, etc., are.

11. Since the 1964 report, a substantial amount of
new information on radiation carcinogenesis in man
has emerged. This will be reviewed here by type of
malignancy. The over-all incidence of malign~ncie~,
including those about which statistical informatIOn IS
still too limited to warrant separate discussion, will
then be reviewed.

12. The physical radiation quantities that are .signi
ficant in radiation epidemiology have been vanously
defined and named. In this annex the recommendations
of the International Commission on Radiation Units
and Measurements (68) are followed. The quantity
employed to specify the radiation field at any posi
tion in free air is the tissue kerma in free air (K).
This quantity has been variously termed "T65D dose",
"air doseH

, "first collision dose" or simply "dose:'. T~e
quantity employed to specify energy absorptIOn ill
irradiated tissues is the absorbed dose (D). This quan
tity has been variously termed "tissue dose", "radia
tion dose" or "dose". Both kenna and absorbed dose
are measured in rads.

I. Leukremia
A. A-BOMB SURVIVORS (ABCC-JNIH STUDY)

1. Material and methods

13. The cohort of A-bomb survivors and their
controls in Hiroshima and Nagasaki (Japan) that was
selected by the ABCC for the Life Span Study Sample
consists of the residents of both cities who had stated
in the 1950 National Census that they were in Hiro
shima or Nagasaki at the time of the respective
A-bomb explosion (12). All those who were within
2,500 metres of the hypocentre at the time of the
bombing (ATB) were included in the sample. A com
parison group, consisting of those located between
2,500 and 10,000 metres from the hypocentre, was
matched by age, sex, and city to the survivors within
2,000 (not 2,500) metres. A second comparison
group similarly matched to the survivors within 2,000
metre~, consisted of persons either not in the cities
(NIC) or who were more than 10,000 metres from
the hypocentre ATB. As a whole, this cohort amounts
to about 100,000 individuals, categorized in table 1
by sex, city, and exposure. Infonnation on nearly
100 per cent of the mortality experience of this cohort
was obtained from the Japanese family registration
system.

14. An attempt was made to procure autopsies on
all deaths in the sample of 100,000 being traced for
mortality occurring after 1961; the autopsy rate was
about 40 per cent (70).

15. From the Life Span Study Sample of 100,000,
a sub-sample of 20,000-the Adult Health StUdy
Sample-was drawn to obtain information about can.
ditions that do not lead to death or tl1at do so only
after many years. Biennial physical examinations were
made on this sub-sample of 20,000. The sa~ple
consists of the following four groups: all survIVors
between 0-1 999 metresATB with acute symptoms due
to irradiatio~, those between 0-1,999 metres without
such symptoms those between 3,000-3,499 metres, and
those beyond '10 000 metres or not in the city. To
the first group, that small number of survivors who
were closest to the hypocentre and had acute symptoms,
equal numbers of individuals were sampled from each
of the other three groups and matched by sex, age and
city.

16 The risk of cancer induction was formerly
relat~d to distance from the hypocentre. While precise
estimates of the absorbed doses received by the sur·
vivors are not yet available, not only have estimates of
the tissue kerma in free air as a function of distance
been published for both cities (5, 54), l;mt estimates
of the kerma to which the individual surVIvors belong
ing to the major ABCC samples w~re exposed .are
now available (l01). These latter estimates take IDto
account the attenuation due to shielding by the struc·
tures surrounding each survivor.

17. The previous kerma estimates (123) which
were used by the Committee in its 1964 report have,
been more accurately re-estimated by Auxier et al.
(5) with good agreement with the new and inde
pendent estimates of Hashizume et al. (54). Table 2
compares the kerma-distance curves from the old
(T57D) and new (T65D) estimates. At Hiroshima,
the new (T65D) kerma estimates 1.0 kilometre from
the hypocentre are half the old estimate (T57D), and
they are less than a third at 1.5 kilometres. For Naga
saki the kerma estimates are essentially unchanged.
The' probable error of the new kerma values is
estimated to be about ± 30 per cent in Hiroshima and
± 10 per cent in Nagasaki (5). In Nagasaki, about
90 per cent of the kerma is due to gamma radiation;
in Hiroshima, gamma rays and neutrons each account
for about half of the total kerma.

18. An exhaustive search for the location and
shielding histories of each survivor of the ABCC
cohort was made. On the basis of this information,
and by utilizing kerma-distance curves and the appr~:

priate shielding attenuation factors, Milton and Shoho]I
(101) were able to estimate the kerma to which the
majority of the survivors had been exposed. For about
3,800 survivors estimates could not be made, usually
because the survivor was at a distance where the kerma
was high but the shielding configuration made it
impossible to estimate the attenuation (71).

19. The reliability of kerma estimates for the sur
vivors appears uncertain. As possible sources of error,
a number of factors affecting kerma-distance cur~es,

shielding histories, methods of estimating attenuatlOn
due to shielding, etc., must be considered. It must
also be clearly borne in mind that absorbed doses,
particularly to deep tissues, are difficult to obtain
from the kerma estimates available, and the fact that
a substantial neutron contribution was received by
the survivors at Hiroshima introduces additional com
plications owing to the higher biological effectiveness
of neutrons relative to gamma rays.
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Figure I. Annual incidence rate of leukremia (all forms) per
100,000 A-bomb survivors in ABee master sample as a func

tion of exposure at Hiroshima, Oct. 1950-Sept. 1966 (67)
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respect to the induction of leukremia by selecting that
value which, applied to the neutron contribution to
the kerma, would bring the incidence curves in the
two cities to coincide. The closest fit was obtained
with an RBE value of five. It has been pointed out
(122), however, that the RBE is unlikely to be the
same at all doses (see also annex G of this report).
Poston et aZ. in fact showed that the data from Hiro
shima and Nagasaki on leukremia induction are consist
ent with RBE values that vary from four below 100 rads
to one at about 400 rads. The implications of assum·
ing that the RBE varies with dose have been men
tioned in paragraph 6 and will be further discussed
later in this annex.

27. It is worth noting that the data of Ishimaru
et aZ. show a significant excess of leukremia in the group
exposed to a kerma as low as 20-49 rads at Hiroshima.
However, no leukremia case is observed at Nagasaki
among the survivors exposed to less than 100 rads.
The reason for the discrepancy may be due to chance
fluctuations resulting from the smaller size of the
Nagasaki sample or from differences in the quality of
the radiation received in the two cities.

28. Table 3 shows the leukremia incidence by spe
cific type, kerma, and city. While the excess incidence
of leukremia is primarily seen among survivors having
received a kerma of 100 rads or more, no excess is
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26. The differences between the incidences in the
two cities for equal kermas have been used by Ishi
maru et aZ. (67) to estimate the RBE of neutrons with

20. Regarding the material and methodology of
the ABCC study, the following conclusions may be
drawn:

I

\ (a) The study cohort of ABCC is generally Ull-
\ biased with respect to sex, age and pre-existing disease,

an advantage compared to other irradiated populations,
such as medically treated groups;

(b) The mortality study of ABCC is greatly
strengthened by the autopsy programme, a very rare
feature of studies on radiation carcinogenesis;

(c) The morbidity study of ABCC gives valuable
information about cancers with long survival times;

(d) The survivors were exposed to short-term
(instantaneous), whole-body irradiation. The dosimetry
shows uncertainties as discussed.

2. Leukcemia morbidity

21. In the 1964 report, the review of leukremo
genesis in A-bomb survivors was largely based on the
report of Brill et aZ. (18) and showed that little doubt
existed about the leukremogenic effect of A-bomb
irradiation. However, numerous problems (e.g., the
precise nature of the dose-effect relationship, the
relationship of radiation effects to sex, age, time, etc.)
remained unsolved.

22. Since the publication of Brill et aZ., the results
of several studies have been published by the ABCC
(16, 45, 62, 66, 67). The reports of Ishimaru et aZ.
(66, 67) in particular have extensively covered various
aspects of leukremogenesis according to the new kerma
estimates (T65D) for each survivor, and have thus
provided significant new information about the rela
tion between A-bomb irradiation and leukremia in
duction.

23. In the Master Sample of 113,169 survivors
(the Life Span Study Sample plus two additional small
samples) , 117 new cases of leukremia were found
during the 16-year period, 1950-1966. These were
primarily detected through the leukremia registries in
Hiroshima and Nagasaki and were confirmed by at
least two hrematologists of the ABCC.

24. The annual incidences based on 88 cases of
leukremia at Hiroshima and 29 at Nagasaki are shown
in figures I and II. It is worth noting that the data
show a significant excess of leukremia in the group
exposed to kermas ranging from 20 to 49 rads (median
30 rads) at Hiroshima but not at Nagasaki. Regression
analysis indicates that between median kermas of zero
and 400 rads the rise of the incidence is not incon
sistent with a linear kerma-effect relationship, the
regression coefficients being 3 and 1.6 cases per million
~er year per rad at Hiroshima and Nagasaki, respec
tively.

25. The risk of leukremia induction for a given
kerma is therefore greater at Hiroshima than at Naga
saki. The difference between the two cities is most
likely explained by (a) uncertainty in the air-dose

I curve, especially for Hiroshima since the Hiroshima-

\
type of A-bomb was neither produced nor tested again

J after the Hiroshima explosion and (b) differences in
)1 the quality of the mixed radiation received in the two

cities.
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Figure III. Relative risk of leukremia of A-bomb survivors by
kerma, sex and city, 1950-1966 (66)

Figure IV. Relative risk of leukremia of A-bomb surviVors at
Hiroshima, by kerma and age at exposure (66)

Japan, in sharp contrast to England and Wales and
the United States (37)-these three countries being
those that have provided the major sources of informa
tion regarding radiation leukremogenesis in man. 'Thus,
the high sensitivity in the younger age groups as
observed on the basis of relative risks, must als~ be
true in terms of absolute risks.
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Figure II. Annual incidence rate of leukremia (all forms) per
100,000 A-bomb survivors in ABCC master sample as a func

tion of exposure at Nagasaki, Oct. 1950-Sept. 1966 (67)

observed, even at 100 rads or more, for chronic lym
phocytic leukremia. In Hiroshima, high risks are noted
for acute granulocytic, acute lymphocytic, other acute
types, and for chronic granulocytic leukremia. Although
the number of cases is small, the excess in Nagasaki is
primarily confined to acute granulocytic and acute
lymphocytic leukremias. This difference in the distribu
tion of excess leukremias between the two cities may
be noteworthy in considering the possible difference
between the effects of gamma rays and neutrons.
Among younger persons (less than 15 years of age
ATB), the risk of acute lymphocytic leukremia is
especially increased.

29. Males seem to be more susceptible to leukremia
induction than females in terms of both relative and
absolute risks. Figure III shows a higher relative risk
among males than among females in the 5-99 and
100+ rad groups in each of the two cities. Since the
natural occurrence of leukremia (133) is higher in
males than in females, the absolute risk must also be
greater in males than in females (the male to female
ratio is 1.3 for Japan).

. 30. When the relative risk of leukremia is examined
by age at exposure, both the 0-14-year and the 15
39-year age groups have clearly higher relative risks than
the 40+ year age group, as shown in figure IV (only
Hiroshima data are presented since the Nagasaki data
do not distinguish the 15-39-year and 40+. year age
groups). As seen in figures V' and VI, lel.!kremia in
cidencerates are similar :for 'different age gtoup·s in

o
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Figure V. Annual incidence rate of leukremia per 100,000
males in Japan (Miyagi), the United States (Connecticut) and

England and Wales in 1959-1960 or 1960-1962 (37)

7060'50

U.S,A. {CONNECTICUT)

X

", \
I I

I \
, I

I ,

/ ...... ,' \ ,/"
/ ~ \

\ / " .. ;.I'
\, JAPAN IMIYAGII \ ,/

It

40

r
I
I
I,
I,
I
I,

I,
I

1\ } :

/ \ " \ I

J \ " \ /I \ I \ I
I \ I \ I

" \J.' \ !, '., JAPAN \ I

~,x IMIYAGI) \ /~

"y/ ~'

AGE

AGE

302010

50

20

30

'0

60

50

30

~o

20

i:J 6

~
c 5

~
oJ ~

g
zz
.. 3

Figure VI. Annual incidence rate of leukremia per 100,000
females in Japan (Miyagi), the United States (Connecticut)

and England and Wales in 1959-1960 err 1960-1962 (37)

period, 116 deaths from leukremia were observed, which
comprised 4.8 per cent of the total malignant deaths of
that period. Of the 116 leukremia deaths, 64, or 55
per cent, may be ascribed to radiation.

33. A more recent mortality study made by Jablon
and Kato (73, 74) in the ABCC cohort (modified
Life Span Study Sample) has added the new mortality
information obtained from 1967 to 1970. Among the
five major types of malignancies selected by the authors
for analysis-leukremia, lung, breast, gastro-intestinal
tract, and cervix and uterus-the first three show signi
ficant excess, and only these three types of cancers
are presented in detail in table 5. In this study, the
expected numbers were computed from the Japanese
national rates by applying to different dose groups the
rates specific for age, sex and calendar year. The
national mortality rates may be different from those
of the unexposed Hiroshima and Nagasaki populations
because of geographical differences and because the
survivors belong to an essentially urban population. In
fact, the ABCC cohort showed a mortality from all
causes lower by 8 per cent than the national average.
Therefore, two other types of expected numbers of
deaths were also estimated, based on the mortality
experience of the practically non-exposed populations
within the cohort: the 0-9-rad group, and 0-9-rad and
NIC groups combined. In the absence of detailed in
formation, these expectations could not be adjusted
for sex, age,or calendar year. However, as seen in
table 5, the three expected values are in fact very
close in all dos~ groups and for all causes of death.

I

34. For leukremia, the Hiroshima survivors sho,?, a
higher risk than, those of Nagasaki, which, as mentioned
earlier, may be explained by the .different quality of
radiation in the two cities. In Hiroshima, the increase
of risk is significant even in the 10-49 rad group, but,
in Nagasaki, only in the groups receiving .IDore than
100 rads. The excess number of; leukremia deaths in
the exposed population (all survivors except the 0-9
rad group) may be estimated as 56.6 at Hiroshima and
18.5 at Nagasaki, when compared to national rates,
or 51.8 at Hiroshima and 14.4 at Nagasaki when com
pared to the 0-9 rad group in the period ftom 1950-
1970. '

35. At Hiroshima, the leukremia mortality rate rose
with kerma by about two cases per million, per year
per rad between 0 and about 450 rads or·' by, about
40 cases per million per rad over 20 years. This is
very close to the corresponding figure of 48 cases
per million per rad over 16 years of observation that
can be obtained from the morbidity study.

36. Because the radiation received at Hiroshima
consisted of both gamma rl;lYs and neutrons, it would
be useful to know the RBEs of neutrons with respect
to the induction of leukremia. Unfortunately, these
RBE values are not yet known. Since, however, the
neutron contribution to kerma at Hiroshima varied
with distance, it must follow that any value (fixed
or varying with dose) of the RBE different from one,
when applied to the neutron contribution to the dose,
must result in a departure of the dose-effect relation-

vivors in the ABCC cohort (modified Life Span Study ship from linearity. For instance, assuming arbitrarily
Sample) in relation to selected types of cancer for an RBE decreasing from 10 at 5 rads of neutrons to
the period 1950-1966. In this tabulation, data from 1 at 100 rads implies that the risk from low-LET
Hiroshima and Nagasaki are pooled together. radiation varies between 2 cases per million per year

32. As seen in table 4, leukremia mortality clearly per rad at 400 rads to 0.7 case at.60 rads.. This could
increases with increasing dose. For the 1950-1966 explain why no excess of leukrelllia cases 1S observed

407

-



tion and the mortality rate from leukremia of all Japan.
The survivors exposed within 2,000 metres were chosen
for comparison since radiation dose beyond 2,000
metres was negligible according to the kerma-distance
curves.

39. The incidence of leukremia reached a peak in
1951, six years after exposure, and decreased gradually
thereafter with considerable chance fluctuations, par
ticularly in recent years, when the number of cases
became small. The observed time trend essentially
agrees with that observed among ankylosing spondylitis
patients treated by x-irradiation (26), except that the
latter showed a more rapid decrease in incidence after
a peak was reached 4-5 years foHowing the exposure.
The A-bomb survivors had a clear excess risk of
leukremia for even as long as 20 years after exposure.

40. Tomonaga et al. (156) analysed the distribu
tion of cell-specific types of leukremia cases occurring
among the A-bomb survivors throughout the country.
During the period 1946-1965, 241 cases were found
among the survivors exposed within 2,000 metres
from the hypocentre. Among these leukremia cases,
the ratio of acute to chronic granulocytic leukremia
was 1.5 in Hiroshima and 2.6 in Nagasaki (the
authors did not further classify acute leukremias into
cell-specific type). Among individuals exposed at or
beyond 2,000 metres, .the corresponding ratios. were
substantially highet, i.e., 4.9 in Hiroshima· and 8.2 in
Nagasaki. In the general population of Japan, this ratio
was found to be 5.8 in 3,545 leukremia cases recorded
in a nation-wide survey (166).

41. The decrease in the ratio of acute to chronic
granulocytic leukremia among A-bomb survivors, par
ticularly at Hiroshima, was interpreted by Tomonaga
et al. (156) as a possible specific effect of A-bomb
irradiation (neutron irradiation in particular) on the
induction of chronic granulocytic leukremia. A similar
decreased ratio was also noted in studies on occupa
tionally exposed populations (103, 165).

42. Consistent with the fact that radiation rarely,
if ever, causes chronic lymphocytic leukremia, no cases
of that form of leukremia were observed among the
survivors who were within 2,000 metres of the hypo
centre in either city (156).

C. ANKYLOSING SPONDYLITIS PATIENTS TREATED WITH
X-IRRADIATION

1. Material and methods

43. Court Brown and Doll investigated the mor
tality experience of ankylosing spondylitis patients in
the British Isles treated by therapeutic x-irradiation.
Their 1957 report (26) on leukremia induction was
discussed in both the 1962 and the 1964 reports of
the Committee. Their studies have since been extended,
examining not only leukremia but also other selected
causes of death, including cancer of various sites (28).

44. The 14,554 patients with ankylosing spondy
litis treated by x-irradiation in any of the 87 co-operat
ing radio-therapy centres in the United Kingdom
during the period 1935-1954 were followed until the
end of 1959. The follow-up period was 5-25 years
with an average of 10-11 years. The authors also
showed the results of an extended but incomplete
follow-up to the end of 1962. The duration of the
extended foHow-up period was 8-28 years, or 13 years
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Figure VII. Leuka:mia incidence rate in A-bomb survivors in
Hiroshima, 1947-1970. In italics, number of cases within 2,000

metres (110, 111)

Ookita's report shows the trend among the Hiroshima
survivors in the 1947-1970 period. It is clear from
the figure that the Hiroshima survivors within 2,000
metres of the hypocentre ATB had an increase in the
rate of leukremia incidence compared to both the
incidence rate in the non-exposed Hiroshima popula-

1 As of 1950, the number of survivors who had been within
2,000 metres of the hypocentre ATB amounted to about 29,000
at Hiroshima and to 8,000 at Nagasaki (62a).

30
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at Nagasaki in the groups exposed to less than 100
rads which received virtually no neutron contribution.

B. A-BOMB SURVIVORS (OTHER STUDIES)

37. In contrast to the ABCC-JNIH study in which
investigation was confined to a sample population from
the A-bomb survivors, other studies have investigated
radiation effects in the unsampled, "open" population
of aH the survivors living in Hiroshima and Nagasaki.
Leukremia cases among survivors in these cities were
ascertained through the leukremia registry and the size
of their parent population living in Hiroshima and
Nagasaki was estimated on the basis of periodic census
surveys.l These studies then have the advantage that
radiation effects can be evaluated on all survivors rather

.than on a sample only. However, a serious disadvantage
is that the number of survivors in these cities has
become increasingly difficult to estimate accurately with
the passage of time.

38. Since the 1964 report of the Committee, several
investigators have studied the time trend of leukremia
occurrence (60, 65, 111, 156). Figure VII from



on the average. The study population included only
adults, predominantly males (84 per cent). The patients
were successfully followed by the end of 1959 with
a follow-up rate of 98 per cent.

45. The causes of practically all deaths during the
follow-up period were obtained, and the deaths were
classified according to the 1957 International Classifica
tion of Diseases (ICD). The number of deaths thus
recorded was compared with the expected number of
deaths derived by applying the national mortality rates
specific for age, sex, and calendar year to the person
year experience of the study population.

46. The radiation doses received by the patients
were carefully estimated on the basis of the informa
tion on radiation exposure available in the medical
records of a stratified sample of approximately one
of every six patients. The x-ray treatments were from
one course of fractionated exposures over a period of
about a month to eight courses for periods of up to
eight years. Both spinal bone-marrow exposures (roent
gens) and whole-body integral exposures (megagramme
roentgens) were estimated. The spinal exposures were
estimated both as mean exposures to the marroW
throughout the entire length of the spine, and as
maximum exposures at a point in the spinal marrow.

47. The x-ray treatment of ankylosing spondylitis
involved substantial direct irradiation of many organs
and tissues in addition to bone and bone marroW.
However, precise estimates of the radiation doses
received by tissues other than the bone marrow have
not yet been obtained.

48. The material and methodology of the ankylos
ing spondylitis study may be summarized as follows:

(a) Among studies of irradiated populations, the
ankylosing spondylitis study has the second largest man
year experience next to that of the ABCC study;

(b) The results of the ankylosing spondylitis study
are applicable only to adult, largely male, populations;
the study gives no information on the risk of cancer
induction among those exposed to radiation at ages
under 15;

(c) In evaluating the excess risk of cance~ in ~he
ankylosing spondylitis series, it must be borne m mmd
that certain factors other than radiation (e.g., anky
losing spondylitis itself ?r other treatments of t~e
disease) should be consIdered before the excess IS

simply attributed to the x-ray therapy;

(d) Since the ankylosing spondylitis study depends
on mortality statistics, the results of the study do n?t
provide information on less-fatal cancers (e.g., thyrOId
cancer) and cancers known to be unreliable on death
notificatie-n (e.g., pancreas cancer).

2. Leuktemia

49. The major findings of the 1957 re~ort of
Court Brown and Doll (26) can be summanzed as
follows:

(a) The leukremia incidence rises from 50 cases
per million per year in the control P?pulation to
7,200 cases per million per year followmg a mean
dose to the spinal marrow in excess of 2,250 rads
(assuming one roentgen to correspond to about one
rad);

(b) In the dose range between approximately 300
and 1,500 rads, the relationship between mean ex
posure to the spinal marrow and leukremia incidence
se~~s to be linear with a slope of about 0.5 case per
million per year per rad;

(c) A significant excess of deaths occurs with all
types. of leukremia, except ~hronic lymphocytic leu
kretma (only one case of this type of leukremia was
observed) ;

(d) The leukremia incidence rate increases with
age from 1,100 per million for treatment at ages
14-24 to 5,600 per million at ages 55 and above.
This age distribution (which is adjusted for the number
of treatment courses) is consistent with the age distribu
tion of the spontaneous leukremia mortality of England
and Wales (34).

50. Court Brown and Doll (28) briefly covered
the further leukremia-mortality experience of the anky
losing spondylitics in their 1965 report. In table 6,
observed and expected numbers of deaths are presented
for every three-year period after the be,ginning of the
observation. Relative risks, the ratio of observed to
expected deaths, reach a peak 3-5 years after the
first observation and decline thereafter. At observa
tion periods of 12 years and more, the relative risk
is erratic because of large chance fluctuations. The
extended (although incomplete) follow-up series pro
bably gives more reliable relative risk figures by nearly
doubling the man-years experience. At 12-14 years
the relative risk is 9,2 (7 observed versus 0.76 ex
pected) and at 15-27 years the relative risk is 1.9
(l observed versus 0.54 expected). Because the
observed numbers are so small, the above values of
relative risk may not be very reliable. But they roughly
indicate that the leukremia risk, after a peak 3-5 years
after irradiation, decreases with the passage of time,
remaining still higher than that of the non-irradiated
population at least up to 15 years after exposure.

51. The excess mortality of leukremia from irradia
tion is about 50-55 cases per 15,000 patients (includ
ing some probable aleukremic leukremia cases mistaken
as aplastic anremia), or 3,000-4,000 cases per million
exposed, over a follow-up period averaging 10-11
years from the date of the first observation. The excesS
mortality may naturally increase with extension o~ !he
follow-up period. However, because of the declInmg
trend of the excess, and the already low yearly values,
its over-all magnitude is not likely to be much higher
than that already observed.

52. In the Committee's 1964 report, a possibility
of error in evaluating the leukremia risk by i~adiation
of the ankylosing spondylitis patients was p01Ut~d out,
namely, a possible association between leukrem~a and
ankylosing spondylitis itself (~09), and leuk~~11la and
other therapeutic agents to WhICh the spondylItlcs must
have been exposed (8, 167). Th~ 1.964 repo~t therefore
stressed the necessity of dete~mng the .r~sk of .leu
kremia induction in ankylosmg spondylItIs patIents
without x-ray therapy.

53. In fact the number of an~los~g. spo?dylitis
patients who were not treated by. rrr~dIation IS yery
limited. However, Doll (35) h~s 1Ddlcate~ that m a
series of nearly 1 000 patients With ankylosmg spondy
litis who were ne~er treated by radio-therapy, only one
case of leukremia had thus far occt;rred. :rhe .case was
one of chronic lymphatic leukret;tua., .WhiCh .18 •known
to be rarely, if ever, induced by lODlzmg radIation.
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54. In view of (a) the clear dose-effect relation
ship; (b) the characteristic time trend; and (£') the
specificity of leukremia type, and also in view of the
fact that leukremia is known to be caused by ionizing
radiation in a variety of populations, there can be
no doubt today that the excess risk of leukremia induc
tion among the ankylosing spondylitis patients was
largely caused by the x-ray treatment. Assuming that
the irradiation involved, on the average, 30-50 per cent
of the bone marrow, the slope of the dose-effect curve
given in paragraph 49 would correspond to a risk
estimate of 1-2 cases per million per year per rad
between 300 and 1,500 rads.

D. RADIOLOGIST WITH OCCUPATIONAL EXPOSURE

55. The results (40, 59, 94, 95, 114, 132, 160,
167, 170) of a number of studies on American radio
logists, together with a study on British radiologists,
were discussed in the 1962 and again in the 1964 report
of the Committee. In addition, the study of Lewis (81)
on American radiologists published in 1963 was re
viewed in the 1964 report. According to this study, the
average annual mortality from leukremia among radi
ologists during the 14-year period 1948-1961 was 253
per million per year compared with an expected mor
tality (based on mortality rates in the United States
general population) of 85 per million per year, so that
the excess was 168 per million per year.

56. Seltser and Sartwell (134, 135) also studied
the mortality experience of American radiologists.
Their earlier paper gave the results of a pilot study
that examined the practicability of assessing the effects
of radiation on American radiologists. The subsequent
study published in 1965 included 3,697 male members
of the Radiological Society of North America who
had entered the Society during the years 1915 through
1954.

57. Compared to the general population, tllis group
of radiologists was certainly selected with regard to
education, socio-economic status, etc., and may thus
have had a different mortality experience. Therefore,
comparison groups were chosen from among the
various medical specialties rather than from the general
population. The subjects of the comparison groups
were: 7,052 male members of the American College
of Physicians (ACP) and 6,059 male members of the
American Academy of Ophthalmology and Otolaryn
gology (AAOO). The members of the AAOO were
considered the group least exposed to irradiation, and
were thus regarded as the group with the lowest risk.
The members of the ACP were considered to have
received exposures between those of the radiologists
and those of the AAOO population. The study and
comparison populations were traced successfully to
the end of 1958, and the cause of death was secured
for 99.3 per cent of those deceased. The number of
deaths among the radiologists reached 944 for the
years 1935-1958.

58. The mortality of the radiologists was examined
in the fOur disease categories: cardiovascular-renal
diseases, leukremia, all other cancers, and all other
causes. In considering all causes of deaths, radiologists
in the age 'range 35-79 showed an excess of 228 deaths
by comparison with members of the AAOO. Of this
excess, 103.4 (nearly one half) were due to cardio
vascular-renal diseases, 11.3 to leukremia, 48.2 to "all
cancers except leukremia", and 65.3 to "all other
causes". The relative risk of death in these age groups
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(the ratio of the observed number of deaths to the
expected number) was the highest for leukremia (2.5);
the next highest were those for all cancers except
leukrenlia (1.6) and for all other causes (1.6); the
lowest that for cardiovascular-renal disease (1. 2).

59. Thus, the excess risk of leukremia among the
radiologists compared to the AAOO members was of
the order of 200 cases per million per year; this is in
accordance with the results of Lewis (81) who com
pared the mortality of radiologists with that in the
general population. Since the radiation dose received
by the radiologists over their entire occupational life
could not be estimated, it was not possible to derive
the risk of leukremia induction per unit dose. The
radiation exposure was obviously heavier in the earlier
part of the radiologists' careers as a result of insuf
ficient protection. No cell-specific analysis of leukremia
was reported.

E. PATIENTS EXPOSED TO THERAPEUTIC IRRADIATION
IN PELVIC REGION

60. Three major cohort studies on patients exposed
to therapeutic irradiation in the pelvic region have
been reported since the 1964 report, and a summary
of them is presented in table 7.

61. Doll and Smith (38) studied the mortality experi
ence of patients with metropathia hre1l10rrhagica treated
by x-irradiation. The irradiation was confined to the
pelvic reglon and the doses employed, though consider
ably lower than those used in the treatment of uterine
cancer, were sufficient to induce an artificial meno
pause. Most patients (97.2 per cent) were treated
only once by short-term irradiation. The patients
-2,068 women-were selected from three radio
therapy centres in the United Kingdom (Aberdeen,
Dundee and Edinburgh) in the period 1940-1960 and
were followed through 1963. The follow-up period
ranged from 3 to 24 years, 13.6 years on average.
The follow-up rate was as high as 99 per cent, and
the cause of death was ascertained in each case. The
observed number of deaths by cause was compared
with the expected number computed by applying sex
age-period-specific rates for Scotland to the person
year experience of the study group. An agreement
between the observed and expected number of deaths
was found for the group of all causes of death (245
observed to 234.56 expected), as well as for several.
selected subcategories of causes.

62. For leukremia, although the numbers were small,
a significant excess of deaths was noted-6 observed
to 1.31 expected (P<O.Ol)-yielding a relative risk
qf 4.6. The excess was found to occur in the period
of five or more years after exposure, the largest excess
showing in the 5-9-year range, with a slow decrease
thereafter.

63. Among the 2,068 women stUdied, an excess of
4.69 cases of leukremia was observed. Ninety-eight per
cent of these women were estimated to have received
mean doses of between 75 and 174 rads (average
136 rad) to the whole bone marrow. In this range,
the risk of leukremia induction per unit dose may be
given as 1.2 cases per million per year per rad.

64. In 1960, Simon et ai. (140) reported that the
risk of leukremia in a group of about 72,000 patients
treated with radiation for carcinoma of the cervix
was not increased in comparison with the British or
American female popUlation. However, because of
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certain problems relating to the methodolgy of this
study which were discussed in the 1964 report, Hut
chison (63, 64) re-investigated the risk of leukremia
induction in another group of cervix cancer patients
who had also received radiation therapy.

65. With the co-operation of 29 radio-therapy
centres in nine countries, approximately 28,000 patients
were followed by annual or semi-annual physical
examinations, which included peripheral blood examina
tions. Hutchison's 1968 report (63) showed pre
liminary results of two to five years of observation
subsequent to the inclusion of the patients in the
study; 49 per cent of the patients were included within
one year after radio-therapy, 26 per cent within 1-5
years, and the remaining 25 per cent more than five
years after radio-therapy.

66. In 14 per cent of the patients, radio-therapy
involved only intracavitary radium, in 8 per cent, only
external radio-therapy, and in 69 per cent, external
radio-therapy was combined with intracavitary radium.
The remaining 9 per cent received no radio-therapy
and served as a control group. In three fourths of the
patients receiving external radio-therapy, the mean
dose to the whole bone marrow was estimated to range
from 300-1,500 rads. As with metropathia hremorrha
gica patients, the irradiation was restricted to the bone
marrow in the pelvic region which constitutes one
third of the total active (red) bone marrow. Therefore
the mean dose to the pelvic bone marrow may be
estimated to have been 900-4,500 rads. The course
of radiation treatment usually ranged from four to
eight weeks.

67. The person-year experience of the group of
irradiated patients reached about 60,000 at the end
of 1965, as against approximately 6,000 person-years
in the non-irradiated group. Four leukremia cases were
identified in the irradiated group, with no significant
deviation from the expected number of 5.1, computed
by applying age-specific incidence rates of leukremia
in the general population to the person-year experience
of the patients. The risk of leukremia was also examined
for three different time intervals after exposure (0-3,
4-8 and 9 or more years after exposure), but again
no significant excess was observed in any of the three
time periods. In the non-irradiated group, one leukremia
case was detected.

68. The continuation of this study (64) showed
that, as of 1970, both the number of leukremia cases
and the person-year experience had approximately
doubled, so that the incidence remained unchanged.
The comparison of the observed number of deaths
from leukremia with the expected number, classified
by type of treatment or time interval since irradiation,
showed no significant difference. For the entire observa
tion period, there were 10 observed deaths versus
10.6 expect.ed in the irradiated group. In the non
irradiated group there were two observed to 0.6 ex
pected deaths. An explanation of the failure to detect
any excess risk of leukremia was sought by the author
in the apparent nature of the irradiation. In contrast
to both the A-bomb survivors and the ankylosing
spondylitis patients, the patients with cervix cancer
received a very large dose in a relatively small volume
of tissue. The author postulated that this heavy dose
might have been more destructive to pelvic bone marrow
than stimulative of leukremogenesis.

69. Wagoner (164) investigated the effects of radia
tion on patients with benign and malignant gynreco-
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logical disorders. A first cohort taken from Connecticut
(U.S..A.), ~omprised 1,893 patients with benign gynre
colog~cal dIsorders-hyperplasia of the endometrium,
fibroSIS, etc.-who.had been treated by either x rays
(~93 cas~s) or radtum (900 cases) and 7,835 patients
WIth utenne cancer treated by radio-therapy. A second
cohort, ta~en fro~ ~assachusetts (U.S.A.) J comprised
1,8~3 pa~lents slmllar1¥ treated by radio-therapy for
the~r bemgn gynrecologlCal disorders, The observation
penod ranged from 2 to 32 years and the numbers
of observed and expected deaths were compared. The
exp~ct.ed llumb.er of deaths was computed on the basis
of mCldence (m C;onnecticut) or mortality (in Mas
sachusetts) rates m the general population, specific
for age, sex and calendar year.

~O. It is evi~ent from ~able 7 that heavily-exposed
patIents had no mcreased nsk of leukremia. Among the
patients who had uterine cancer and who were treated
by radio-therapy (estimated mean pelvic-marrow dose
of 900-4,500 rad) there was no increase of leukremia
oc~urren~e--:9 obse:ved cases versus 8.6 expected.
ThIS findmg Is essentIally the same as Hutchison's. The
patients with benign gynrecological disorders who re
ceived relatively heavy radiation dose (300-900 rad)
also showed no significant excess of leukremia occur
rence-3 observed cases versus 2.4 expected, In con
trast to the patients who received a heavy dose of radia
tion, the lightly-irradiated patients did show an in
creased risk of developing leukremia. In the patients
with benign gynrecological disorders who received radia
tion doses of 159-503 rads (the Connecticut group) and
159-318 rads (the Massachusetts group), the relative
risk was 3.2 in the former (9 observed to 2.8 expected),
and 2,8 in the latter (10 observed to 3.5 expected).

71. Thus, the studies by Simon et ai, Hutchison and
Wagoner all demonstrate that patients with uterine
malignancies who have received heavy doses from
x-ray and/or radium therapy show no increased risk
of developing leukremia, In addition, the study on
patients with benign gynrecological disorders treated by
heavy irradiation also showed no increased risk of
leukremia induction.

72. As noted previously, this obvious absence of
leukremogenic effects of heavy irradiation can best be
explained by the nature of the exposure. There were
reasons to question the methodology of the study of
Simon et al" but the more carefully-conducted studies
of Hutchison and Wagoner have yielded the same
finding regarding leukremia induction. While tlle evi
dence provided by Hutchison's earlier study could
have been considered as inconclusive because of the
short follow-up period, his newer data (in which the
person-year experience had doubled) and the study
of Wagoner with its long observation period (2-32
years) show that there is no excess risk of leukremia.
The fact that the irradiation area (that of the
pelvic region only) was limited is not likely to
account for the absence of effect since Doll's study of
metropathia hremorrhagica and Wagoner's study of
patients with benign gynrecolo~c~l dis~rders showed an
evidently high rate of leukrernta mductlon although the
patients had radio-therapy in the p~lvic region o~ly.
It looks more likely that the cell-ktllmg effect of hIgh
radiation doses far outweighs their leukremogenic effect.

F. PATIENTS TREATED WITH 1811 OR 82p

73, Pochin (119) investigated the long-term effects
of 1811 therapy in a group of 215 patients with in-
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operable thyroid carcinoma. The patients had been
treated during the period 1949-1967, and, through
periodic health examinations at intervals of approxi
mately six months or less, the vast majority (96 per
cent) were followed up to 1 January 1968.

74. The incidence and mortality from malignant
neoplasms found to have occurred in this group of
patients were recorded and compared with the expected
incidence and mortality computed according to sex
and age-group specific rates for the general population.
For leukremia, mortality equalled incidence: 4 observed
deaths to 0.08 expected, showing a significant excess
(P<0.005). Excluding leukremia from the list of
malignancies, the excess of the observed mortality
over that expected vanishes. Based on incidence, how
ever, a possible excess risk was noted for cancer of
the breast: 4 cases observed to 0.94 expected.

75. To assess the risk of leukremia, the radiation
doses received by blood from circulating radio
iodide and organic radio-iodine and from iodine con~
centrated in tissues were estimated for each patient.
On the assumption that the bone marrow received
the same dose as blood, the excess risk of leukremia
was estimated as 14 cases per million per year per
rad (total experience 2.7 105 man-year-rad). If the
bone marrow received 80 per cent (51) or 44 per cent
(80) of the blood dose, the estimated risk would need
to be increased accordingly.

76. As indicated by the author, caution should be
exercised in interpreting the results owing to uncer
tainties regarding the accuracy of the bone-marrow
dose estimate, the comparability of the patient group
with the general population and the fact that the series
had been selected for study specifically because of an
increased incidence of leukremia.

77. In its 1964 report, the Committee presented the
results of two studies which investigated the risk of
leukremia in patients with thyrotoxicosis exposed
to low-dose irradiation from radio-iodine. The
study by Pochin (118) showed an observed incidence
of 18 cases as opposed to an expected incidence of
21 in an estimated 59,000 patients with thyrotoxicosis
treated by 1311. In Werner's study (171), 10 cases of
leukremia were observed as opposed to 13.8 expected
among the 32,000 patients with the same disease and
receiving the same treatment. In both studies the general
population served as the comparison group and as the
basis for computing the expected figures.

78. Saenger et al. (128) have investigated the in
cidence of leukremia in 36,000 patients with hyper
thyroidism treated in 26 medical centres by low doses
of 1811 from 1946 to 1964. The majority (96-97 per
cent) of the patients were followed to mid-1967. In
this study the risk of leukremia in patients treated with
radio-iodine was evaluated by comparison with those

.. treated surgically.

79. The person-year experience of the 1311 group
and the surgery group was similar-119,000 and
114,000, respectively; almost identical numbers of
leukremiacases were observed, 17 in the 1131 group

. and 16 in the surgery group. Each of these groups

. was further subcategorized by sex, type of leukremia,
and differing time intervals following treatment, in an
effort to detect an increase in incidence relating with
any of these factors. However, no such relationship was
discernible among the subcategories.

SO. Besides, the leukremia cases found in this study
were compared to the non-Ieukremia patients on the
basis of administered dosage of radio-active iodine;
they were found not to have received radio-iodine I

in amounts greater than the non-Ieukremia patients, i.e.
8.9 millicuries and 10.6 millicuries, respectively. Th~
average bone-marrow dose was believed to have been
in the range of 7-13 rads in the leukremia patients and
of 8-15 rads in the non-leukremia patients.

81. The absence of excess risk of leukremia in this
study might well have been expected in view of the low
dose of 1311 administered. In fact the rate of 0.7-2,0
per million per year per rad suggested by the studies
of Japanese A-bomb survivors for low-LET radiation
when applied to approximately 1.2 106 patient-year~
rads in the group treated with 1811, leads to an
expectation of at most three induced cases of leukremia,
This small excess lies within the range of chance I

variability, so that even if leukremia induction had .
resu~te~ from the exposure of these patients to 1811, I
no slgmficant excess would have been observed.

82. It is of interest to note that both the 1811 group
and the surgery group had a higher rate of leukremia
mortality than the general population. This observation
might indicate that hyperthyroidism itself may be
associated with higher rates of leukremia. In a group
of :pat~ents treated with both radio-iodine and surgery,
a slgmficant excess of leukremia cases (P<0.05) as
compared to the groups treated with either radio-iodine
or surgery alone was noted. No clear explanation of
this finding was presented.

83. In its 1964 report the Committee also discussed
th~ excess risk of developing leukremia among patients
WIth polycythremia vera treated with 32p and pointed
out that polycythremia vera itself might predispose to,
or .be closely associated with, leukremia making it
deslI~ble to compare the risk of leukremia in polycy
thremlcs treated by 82p with that in similar patients
treated otherwise.

84. Since that report, Modan and Lilienfeld (104)
have studied the risk of leukremia in such patients
and shown that it is much higher in 82P-treated
patients than in patients not treated by radiation. The
authors selected from seven co-operating hospitals in
the United States 1,222 patients treated between 1937
and 1955 who met certain diagnostic and demographic
criteria. Of these patients, 228 were polycythremia
vera cases treated with B2p only and 133 were cases
with the same condition but with no radio-therapy.
The majority (98.4 per cent) of the 1,222 caseS
were followed to 31 December 1961. The frequency
of occurrence of acute leukremia was found to be as
high as 25 cases (11 per cent) in the 228 B2P-treated
group, in sharp contrast to only one case (0.8 per
cent) in the 133 non-radiation-treated group. (Chronic
leuk!Cmia was not included because of possible diag-

. nostlc uncertainties.) Between zero and 30 millicuries l

!he incide~ce of acute leukremia rose approximately
m proportion to the dose of B2p at the rate of about
1 per cent per millicurie of 82p injected, with a mean
follow-up time of about eight years. Using a conversion
factor 9f. 30 rads to the bone marrow per millicurie
of 82P. lll]ected (see annex B) this would correspond
to a nsk of about 40 cases per million per year per
rad.

85. In addition to the B2p treatment, several other
factors were analysed by the authors in an effort to
account for the observed difference in the incidence
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of· acute leukremia occurring in the groups, but no
.plausible factors were identified. Although in this
study the control group was adequately chosen from
polycythremia vera patients not treated by radiation,
the very high risk of acute leukremia after 32p may,
as the authors themselves pointed out, be the result
of an unusually high sensitivity to radiation of the
polycythremic bone marrow.

86. Tubiana et al. (159) showed, in a series of
296 patients, that the amount of 82p administered to
polycythremics was larger in those with high initial
white counts and enlarged spleens, suggesting that the
increased rate of leukremia may at least in part be
due to the biological factors that determine the
treatment.

n. Thyroid neoplasms

A. A-BOMB SURVIVORS

87. In the Committee's 1964 report, it was stated
that the two ABCC studies that had been published
at that time (141, 176) suggested that the incidence
of thyroid cancer among A-bomb survivors was in
versely related to the distance from the hypocentre
at the time of the bombing (ATB).

88. The recent report of Wood et al. (173) con
firms the earlier findings. It now seems certain that
thyroid cancer has increased among those A-bomb
survivors who were proximally located to the hypo
centre ATB.

89. Thyroid carcinoma is commonly a non-fatal
disease. An intensive survey in one country found
that the relative five-year survival rate2 of thyroid
cancer in females-thyroid cancer is predominantly a
female disease-is 80 per cent for all ages combined
and 96 per cent for those under 45 years of age
(32). Because of the low fatality rate of thyroid cancer,
it is appropriate for the Committee's purpose to
measure the risk of the disease in terms of morbidity
rather than of mortality.

90. Wood et al. (173) based their findings on the
Adult Health Study Sample (morbidity sample) of
about 20,000 subjects who had routine biennial health
examinations from 1 December 1963 to 31 December
1965. In 1964-1965, the examination rate among all
living subjects of the Adult Health Study Sample was
about 80 per cent for those over 40 years of age
and somewhat lower for those under 40 years. The
authors believed that examination rates did not differ
substantially with exposure status.

91. Among the more than 13,000 persons examined
in 1964-1965, 39 thyroid cancer cases were found
and histologically confirmed. In addition, 386 in
dividuals showed other thyroid abnormalities, a majority
of which (298) were non-toxic goitres. Although the
report is not very clear, some of the 39 cancer cases
were presumably diagnosed and treated sometime
before the 1964-1965 examination. The distribution
of these cases in relation to sex, age, and distance
from the hypocentre is presented in table 8. Since little
difference is noted between Hiroshima and Nagasaki,
the data for both cities are combined.

92. From table 8, the following observations may
be made:

2 The survival rates presented are the adjusted rates which
the patients would have experienced had deaths been only from
thyroid cancer.

(a) The proximally exposed subjects show much
higher rates than those distally exposed. Among females,
the difference between the rates in the different ex-
posure categories is statistically significant (P<0.01).
The number of male cases was too small for statistical
tests to be performed. For females of all ages com
bined, the group exposed within 1,400 metres has a
2.5 times higher rate than the 1,400-1,999-metre
group and a 3.9 times higher rate than the 3,000+
metre group. The corresponding figures for males are
even higher than for females, i.e., 4.0 and 9.0,
respectively;

(b) There are indications that thyroid cancer occurs
among the survivors more frequently in females than
in males. The sex ratio of females to males is 2.2
for the proximally exposed group (within 1,400 m
group). However, this does not necessarily mean that
females are relatively more sensitive to thyroid cancer
induction than males, since the natural occurrence of
the disease is known to be much higher in females
than in males (37,78,102);

(c) The age variation in susceptibility to the induc
tion of thyroid cancer by A-bomb irradiation is unclear.
Among maks within 1,400 metres, aU thyroid cancer
victims were less than 40 years of age at the time of
examination. However, the number of cases is too
small (only 5) to conclude that younger men are more
susceptible than older men. For females, the cases of
thyroid cancer do not cluster in younger subjects: for
those within 1,400 metres, the rates are 10.7 for those
<40 years of age, 4.4 for those 40-59 years, and
8.5 for those 60 and above.

93. Beside expressing the relation of thyroid cancer
risk of induction by irradiation in terms of distance
from the hypocentre as shown in table 8, Wood et al.
also expressed this relation in terms of the new kerma
estimates for survivors within 2,000 metres of the
hypocentre. As the actual number of cases is not
recorded, only the rates per 1,000 examined are shown
in table 9. As seen in the table, the risk of thyroid
cancer clearly· increases with increasing kerma for
both sexes. The rates of the 200+ rad group are 9.1
per thousand for females and 4.1 per thousand for
males. The figure of 9.1 for females is 3.3 times that
of the 0-49 rad group and 1.3 times that of the 50-199
rad group. The corresponding ratios for males are
3.7 and 1.6, respectively.

94. For the purpose of radiation protection, even
a rough estimate of the risk of thyroid cancer induction
per rad among the A-bomb survivors would be of
value. However, because of the inclusion of cases which
were detected at an undetermined time prior to the
1964-1965 examination and because of the long dura
tion of thyroid cancer, the period of time during which
the observed cases of thyroid cancer developed has
been difficult to ascertain. Considering the time interval
between exposure to radiation (1945) and examination
(1964-1965), that period of time should be less than
about 20 years; and because of the long duration of
the disease, the time period is likely to be more than
10 years. If the time period ranges from 10 to 20
years and if the difference in the average dose is
100 rads between the 0-49 and the 50-199 rad groups
and 200 rads between the 0-49 and 200+ rad
groups, then the risk of induction of thyroid cancer
in the range 25-200 rads is 1-2 cases per million per
year per rad for males and 2-4 cases for females.
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B. RESIDENTS OF THE MARSHALL ISLANDS EXPOSED
TO RADIO-ACTIVE FALL-OUT IN 1954

98. After the Committee's 1964 report, a substantial
body of evidence has accumulated regarding increased
risks of the induction of thyroid tumours among
residents of the Marshall Islands accidentally exposed
to radio-active fall-out in 1954 (23, 24). A com
prehensive monograph of Conard et ai. in 1970 (25)
gave detailed information about thyroid-tumour induc
tion in the residents exposed to fall-out.

37). Thus, in view of the unclear role of occult thyroid
carcinoma in the development of clinically manifest
thyroid carcinoma, the study of Sampson et ai. is only
suggestive of radiation-induced thyroid cancer among
the A-bomb survivors.

(t
99. The accidental exposure of these islanders stl

occurred in March 1954 during hydrogen-bomb testing ce
at Bikini Island. The inhabitants of the island of ' of
Rongelap were the most exposed, having received an gr
estimated whole-body dose of 175 rads of gamma radia- hI
tion and a dose contribution from the internal deposi- m
tion of radio-nuclides such as sllSr and 1311. The (~

presence of a burden of radio-nuclides was detected th
by radio-chemical analyses of urine samples and was M
thought to have probably been brought about mostly at
by eating and drinking contaminated food and water
and to a lesser extent by inhalation. The body levels
of the radio-nuclides fell off rapidly, so that six months
later radio-activity in the urine was barely detectable.
Besides the Rongelap residents, the people of the islands
of Ailingnae and Utirik were exposed to substantial
internal and external doses.

100. Extensive medical examinations were per
formed on the exposed population immediately after
the exposure, and annual health examinations have
been carried out since. The relatives of the exposed
individuals of Rongelap island who were away from
the island at the time of the accident and who returned
thereafter served as an adequate control population in
evaluating the late effects of radio-active fall-out.

101. Only thyroid tumours are reported to have
been induced in the exposed population. This is
probably due to the fact that the thyroid gland was
exposed to high doses of radiation from radio-iodine.
No cases of leukremia have been detected.

102. Table 10 shows the frequency of benign and
malignant thyroid tumours in the IS-year period 1954
1969, together with estimated external gamma-ray
doses and doses from internal deposits of radio-iodine
in the thyroid gland. The estimate of the internal
deposits was made on the basis of radio-chemical
analysis of urine obtained several weeks after the
exposure. In addition to 1311, the isotopes 1331, 1351,
and to a lesser extent 1321 contributed significantly to
the thyroid dose. The main source of iodine ingestion
was considered to be water, and since the water was
being rationed at the time of the fall-out, it was
assumed that the same amounts of iodine isotopes
were absorbed by each person irrespective of sex and
age. As shown in the table, the total estimated thyroid
dose from the various iodine isotopes for the Rongelap
people was 160 rads for adults and from 500 to 1,400
rads for children, taking into account the smaller size
of the children's thyroid glands.
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Figure VIII. Prevalence of thyroid carcinoma among autopsied
cases of A-bomb survivors as a function of kerma (129)
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indicate that the prevalence rate was significantly higher
among those exposed to 50 rads or more compared to
those exposed to less than 50 rads. The 50+ rad group
had a 41 per cent excess, and the 1-49 rad group a
5 per cent excess over the non-exposed group.

97. In spite of the observed dose-effect relation,
the meaning of this study is difficult to assess. The
relation between clinically apparent thyroid carcinoma
arid occult thyroid carcinoma has not been clearly
established. For occult carcinoma, ratios of males to
females are 1.2 in this study and 1.0 in another similar
study in Japan (155), whereas for clinically manifest
thyroid carcinoma the sex ratios vary from 2 to 3
(36, 78, 102). The observed prevalence rates in this
study-15.7 per cent for males and 19.4 per cent for
females-are unusually high compared to the rates of
clinically apparent thyroid carcinoma-0.8 per cent
for males and 1.8 per cent for females (78). For
occult thyroid carcinoma the observed rates of 10-20
per cent in the Japanese population in Japan (129,
155) and among Japanese descendants in Hawaii
(U.S.A.) (49) are much higher than those reported
(56, 105) in the American series (1-3 per cent),
although the rates of clinically manifest thyroid car
cinoma in Japan and the United States are similar (36,
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These figures, of course, should be taken as highly
tentative, particularly because· of wide uncertainties
about doses (no allowance having been made for the
REE of the neutron contribution) and about the dura
tion of the observation period. More accurate estimates
can only derive from further and more detailed data.

95. Sampson et ai. (129) have reported on the
.prevalence of occult thyroid carcinoma in the autopsy
series of the Life Span Study Sample. Under the ABCC
autopsy programme, 3,067 autopsies were performed
during 1957-1968 in Hiroshima and 1951-1967 in
Nagasaki. The majority (89 per cent) of the autopsies
were performed during 1961-1967, when the autopsy
rate was 39 per cent with little bias relating to radia
tion exposure. Among the 3,067 subjects, 536 cases
of thyroid carcinoma were found after histological
examination of serial sections of thyroid glands. Almost
all of the identified cases were clinically occult (97 per
cent). Histologically, 98 per cent were papillary adeno
carcinomas.

96. The prevalence of thyroid carcinoma in the
autopsy series is shown in figure VIII. The authors
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103. The first case with a thyroid lesion was detected
in 1963. This case was found nine years after exposure,
in the course of an annual health examination which
disclosed an asymptomatic thyroid nodule that was
later proved by histological examination to be a benign
adenoma. Since then, increasing numbers of thyroid
abnormalities have been detected in the exposed
populations, particularly at Rongelap. As shown in
table 10, the number of clinically apparent thyroid
lesions reached 21 cases (19 cases of nodular gland
and 2 cases of atrophic gland) in the Rongelap popula
tion in the IS-year period 1954-1969. Surgical explora
tion was carried out in 18 of the 19 nodular thyroid
glands, and revealed malignant lesions in three of
them and benign adenomatous lesions in the remainder.

104. The group of Rongelap children of ages <10
(the group exposed to the highest dose) showed a
strikingly high frequency of tllyroid lesions (89.5 per
cent), in contrast to the absence of lesions in people
of the same age in the less exposed and unexposed
groups. It was clear that the more exposed group
had a higher incidence of thyroid lesions. Three
malignant lesions among the 53 Rongelap residents
(5.7 per cent) were noted; the expected number on
the basis of incidence statistics among the 17,000
Marshallese was 0.056, showing a significant difference
at P<O.Ol.

105. Although it is probably impossible to make an
accurate dose estimate, the risk of thyroid nodularity
in the exposed Marshallese was estimated by the
authors to be about 50 cases per million persons per
year per rad in a dose range from 500 to 1,400 rads.
Based on the one in six proportion of malignant cases
revealed by surgical exploration, the risk of nodularity
would correspond to a risk of carcinoma close to
10 cases per million per year per rad. This estimate
is, of course, subject to the inaccuracy of numerous
factors that affect the dose estimates, and therefore
may be regarded as a tentative rough index of thyroid
cancer induction by irradiation in the exposed Mar
shanese.

III. Breast cancer

A. A-BOMB SURVIVORS

106. Wanebo et al. (168) have investigated the
risk of breast cancer among A-bomb survivors in
Hiroshima and Nagasaki according to the new (T65D)
kerma estimates. Because of the low early fatality of
breast cancer (32) the authors assessed the risk in
the morbidity sample (Adult Health Study Sample), on
which biennial health examinations are performed.
The study population comprised 10,357 women in
1958. Of these, approximately 98 per cent had been
examined at least once by 1966. No remarkable dif
ference was noted in the proportion of those examined
in the different dose groups.

107. Beside the clinical data obtained at the biennial
health examinations, the following sources gave addi
tional information: autopsy diagnosis, surgical pathology
diagnosis, death certificates, and local tumour registries.
From these sources 25 cases of breast cancer were
found among the women of the morbidity sample from
1958-1966. Of the 25 cases, 22 were confirmed by
tiss~e examination, and the remaining three cases were
deSIgnated as possible cases.

108. The distribution of the 22 cases in l"elation
to kerma is shown in table 11. As noted, there is a
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clear increasing trend in the relative risk of breast
cancer with increasing dose. Those who had received
200 rads or more have about twice the risk of those
exposed to 40-89 rads and six times the risk of those
exposed to 0-9 rads. This increase is statistically
significant (P<0.01 between the groups of survivors
over and under 90 rads). It is noteworthy that even
low-dose groups (10-39 and 40-89 tad) show higher
risks than tIle non-exposed population.

109. The excess number of breast cancer cases
in the female A-bomb survivors exposed to 10 or more
rads may be estimated as 11.5, or approximately 400
cases per million exposed per year. If the mean dose
of these survivors is in the range from 100 to 200 rads,
the excess risk would be of the order of 2-4 cases per
million per year per rad.

110. The mean induction period for definite cases
is 15.4 years and the mean age at onset of the disease
is about 10 years less at high doses (50+ rad) than at
low doses «50 rad). No clear relation between dose
and histologic type of breast cancer was observed.
The majority of cases, 78 per cent, were infiltrating
duct carcinomas.

111. Breast cancer is known to be associated with
such factors as socio-economic status, lactation period,
parity, and marital status. The recent international
study of MacMahon et al. (92)-a case control study
covering over 17,000 cases and controls in different
countries-indicates that non-parous women have a
higher risk relative to parous women. Among the
Japanese the relative risk is 1.56.

112. Wanebo et al. (168) found that (although
statistically non-significant) breast-cancer patients
among A-bomb survivors did tend to be unmarried,
less parous, and to have lactated for shorter periods.
They did not record how such factors related to
different exposure categories. Therefore, it is impossible
to estimate to what extent the observed dose-effect
relationship may be explained by t1J.e aforementioned
factors. However, it is also obvious that the observed
relationship could not be entirely explained by the
confounding of extraneous variables. For example, even
if all of the women in the 200+ rad group were
non-parous and all non-exposed subjects were parous,
!he relative risk would then still be only 1.56 accord
mg to the data of MacMahon et ai. (92) l whereas the
observed relative risk is about 6.0.

113. The uncertainty of the study of Wanebo et al.
may lie in the fact that the observed number of cases
is very small (only 9 cases in the 90+ rad group).
This small number is likely to have been affected by
large chance fluctuations and by the aforementioned
variables, or even by the fact that the ascertainment
rate of cancer may have been higher in the heavily
exposed group if the subjects had appeared more
frequently at medical examinations than had those in
the less exposed group.

114. It may be concluded that the study of Wanebo
et al. strongly suggests that the survivors heavily
exposed to irradiation are at increased risk of breast
cancer, but a definite conclusion will be obtained only
after more data have accumulated.

115. In their mortality reports for 1950-1966, Beebe
et al. (10, 11) dealt with the risk of breast cancer
in the Life Span Study Sample. Sixty-seven deaths
were ascribed to the disease. No statistically significant



of breast cancer patients with a previous history of
pulmonary tuberculosis. Of these, 40 were found to
have had artificial pneumothorax therapy accompanied
by fluoroscopic examination. In many cases, fluoro
scopic examinations had been repeated quite frequently
with consequent substantial radiation exposure of the
patient: 16 patients had 100-200 fluoroscopies and
9 had more than 200.

120. An accurate estimate of the radiation dose
received by the patients could not be made because
of the inherent difficulties of dosimetry for fluoroscopic
examinations. It is quite likely, however, that in many
cases the doses to breast tissue were very high because
of features related to the methods of the fluoroscopic
examinations. These included orientation of the patients
so that the x-ray beam entered anteriorly, the use of
x-ray beams with low inherent filtration and little or
no added filtration, and high screening currents to
compensate for inadequate dark adaptation.

121. The patients tended to have cancer involve-
ment in the breast on the same side as the treated lung.
Among 24 cases having unilateral pneumothorax treat
ment, ipsilateral breast cancer was observed in 15 cases.
The location of the tumour in these patients tended to
occur in the central or inner half of the chest (72.8
per cent), the area most likely to have been included
in the fluoroscopic field. This finding is in marked
contrast to the usual distribution of malignant tumours
within the breast, where the outer half is predominantly
involved (53).

122. The age of onset of breast cancer was com
pared in two groups of patients classified on the basis
of whether they had multiple fluoroscopic examinations
or not. The exposed group showed a much younger
age distribution than the non-exposed group, and
the difference was statistically highly significant. How
ever, this finding is difficult to interpret, since the
pneumothorax treatment was introduced only after
about 1920 and the number of individuals so treated
must have been very limited among those that were
at least 60 years old at the time of the report, in 1965.

123. The author also presented the results of a
follow-up study comparing the occurrence of breast
cancer between two groups of female tuberculosis
patients in a sanatorium. Thirteen breast cancer cases
were discovered in the pneumothorax-treated group of
271 cases, and only one case in the other group
(without pneumothorax treatment) of 510. Although
the difference between the occurrence rates of breast
cancer in the two groups was impressive, this report
lacked information about the extent to which the
follow-up was complete, which is undoubtedly essential
for the evaluation of the results. Therefore, in this
report, even the relative rates of occurrence of breast
cancer between the two groups was uncertain, and
much more so for the absolute rates of breast cancer
occurrence.

124. Myrden and Hiltz (107) studied tuberculosis
patients traced up to 1966 who had been treated at
the Nova Scotia Sanatorium-presumably the same
sanatorium as that used as a source by Mackenzie
during the years 1940 to 1949 inclusive. The period
of observation ranged for individual patients from 15
to 25 years after treatment. Among 867 female patients
eligible for admission to the study, 783 were traced,
with a follow-up rate of 90 per cent. Of those 783
patients, 300 received pneumothorax treatment accom"
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dose-effect relation was observed for the whole 1950
1966 period, and none for any of the four-year periods
betwen 1950 and 1966, except for the last one. In the
1962-1966 period, a statistically significant relation
between breast-cancer mortality and dose was observed
(P,....,.05). The authors concluded from the mortality
data that the evidence regarding radiation effects on
female breast cancer was merely suggestive.

116. The less clear evidence of radiation effects
observed in this mortality study as compared to
Wanebo's may be more apparent than real. Mortality
data are expected to lag behind morbidity data because
of the low fatality of the disease; the :five-year survival
rate of breast cancer is reported (32) to be 50 per
cent, and only one third of the breast cancer cases
in Wanebo's study was identified through death noti
fication. Besides, radiation effects on breast cancer seem
to have become apparent in recent years.,.--the effects
were only seen ill me 1962-1966 penod in the stUdy of
Beebe et al. Therefore, Wanebo's study covering more
recent years (1958-1966) should show a stronger
dose-effect relationship.

117. The mortality study of Jablon and Kato (73,
74) has added new mortality data for the period from
1967-1970. In table 5, the number of deaths from
breast cancer in 1950-1970 amounted to 104, of which
80 were recorded in Hiroshima and 24 in Nagasaki.
Compared to the expected deaths based on national
rates, only the 100-1~9 rad group of Hiroshima, among
the various individual dose groups, showed a significant
excess (P<0.05). However, when all the survivors,
except the virtually non-exposed belonging to the 0-9
rad group, are put together, both Hiroshima and Naga
saki show significant (P<O.05) excesses-29 versus
13.6 in Hiroshima and 12 versus 4.6 in Nagasaki.
Assuming that the neutron RBE varies from 10 to 1
as in the case of leukremia (see paragraph 36), the
Hiroshima results· would suggest tentative risk estimates
for exposure to low-LET radiation of 0.3 and 1 case
per million per year per rad at 60 and 400 rads,
respectively. The lower risk for breast cancer obtained
in this mortality study in comparison with Wanebo's
morbidity study may be explained at least in part by
the relatively low fatality of the disease.

B. TUBERCULOSIS PATIENTS EXPOSED TO REPEATED
FLUOROSCOPIC EXAMINATIONS

118. Mackenzie (87) reported in 1965 that tuber
culosis patients exposed to repeated fluoroscopic
examinattons for pneumothorax treatment were at
increased risk of developing breast cancer. This pos
sibility was first suggested by the findings of an apparent
radiation dermatitis of the skin over the right chest
wall, breast and sternal region in a female patient in
whom cancer of the breast had been diagnosed. Her
past history revealed that, for the treatment of pneu
mothorax, she had undergone at least 200 fluoroscopies
over a 46-month period some 14-15 years previously.
Her radiation reaction was suggestive of an accumulated
exposure of over 4,000 roentgens. The artificial pneu
mothorax was a world~wide common practice for the
treatment of lung tuberculosis before the introduction
of chemotherapy; in North America, this therapy was
common from the 1920s to about 1950. Fluoroscopic
examination was made each time (usually before and
after) the pleural cavity was refilled with air.

119. The author then searched the Tumour Clinic
files of Nova Scotia (Canada), which revealed 50 cases



IV. Lung cancer

A. A-BOMB SURVIVORS

Ihe folJow-~p peri?d in most cases was from 1Q to
5 yea;s. Elghty-mne per cent of all patients were

trabced III a first survey in 1962 and 85 per cent in a
su sequent survey in 1967.

13~. The radiation treatments were mainly carried
out with x rays. generated in the 175-250 kVp range.
~1.ihe 606 patients, 183 received bilateral treatment.
3501 e the mean exposure to one breast field was about

roentgens, most of the exposures were in the
100-499-roentgen range but up to about 1 000 roent
gens were given i~ some cases. The average exposure
to all the breast tIssue (expressing for all patients the
mean of the exposures to both breasts even when the
contralateral breast was not irradiated) was 211
roentgens.

133. Thirteen confirmed cases of breast cancer
were observed in contrast to the expected number of
c~ses, 5.86, the computation being based on the in
c.ldence of breast cancer in the female general popula
tion of comparable age. For cancer of all sites this
group of patients showed an excess of 6.35 'cases
(28 observed versus 21.65 expected) but the ex.cess
could be entirely accounted for by the' excess of breast
cancer.

, 134..Although the patient group apparently had a
higher nsk ~f developing. breast cancer, its causation
should not sImply be attnbuted to tbe previous x-ray
treatment. In thiS study the dose-effect relationship
between radiation dose and the risk of breast cancer
was ~?t yery de.ar. It is possible that acute post-partum
mastitis Itself might have been responsible for the high
risk of developin:g ~reast cancer rather than the previous
e~l?osure to radiatIOn. Some. of the benign breast con
ditions are suspected of havrng had a positive associa
tion .~th breas~ cancer (83) and acute post-partum
mastitis also might be so associated. This possibility
could best have been evaluated had a comparison group
been chosen.~om among the patients with acute post
partum mastitIs treated by other than x-ray irradiation.
However, the number of patients so treated is limited
and such a study has not been reported thus far.

135. The association of lung cancer with radiation
exposure in the A-bomb survivors Was first suspected
by Beebe et ai, (9) who observed in the 1961-1965
autopsy material of the Life Span Study Sample a
significant excess of deaths from cancer of the lung
(16 observed versus 9.8 expected, P,...,0.05) among
the survivors located at less than 1,400 metres from
the hypocentre ATB, whereas such an excess could not
be found in the less exposed groups at 1,400-1,999
metres and at 2,000+ metres.

136, Wanebo et ai. (169) investigated the relation
of lung cancer to irradiation by utilizing all available
sources at the ABCC in both the Life Span Study
Sample and the Adult Health Study Sample through
1966. The authors included among their sources the
mortality and autopsy data of the Life Span Study
Sample, the clinical data of the Adult Health Study
Sample, the tumour registries of Hiroshima and Naga
saki, and surgical specimens sent to the ABCC by
private practitioners.

137. During 1950-1966, 188 deaths occurring in
the Life Span Study Sample (mortality sample) were
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panied by repeated fluoroscopies, while the remaining
483 were not so treated. Twenty-two cases of cancer
of the breast were observed in the former (7,3 per
cent) and only four in the latter (0.8 per cent). The
annual incidence in the pneumothorax &roup was, on
average, 0.36 per cent for the entire follow-up
period-a strikingly higher rate compared to that of
the general female population, which in Nova Scotia
was 0.055 per cent in 1965.

125. The average time from the beginning of pneu
mothorax treatment to the development of breast
cancer ranged from 8 to 24 years, or 17 years on the
average.

126. There was a clear agreement between the side
of the chest exposed to the fluoroscopies and that of
cancer involvement of the breasts. In the 22 cases of
breast cancer occurring in the treated group, pneumo
thorax treatment was restricted to one side in 17 of
the patients; 14 of these patients were later found to
have developed their breast cancer on the side of
treatment.

127. When the 22 breast cancer cases with pneu
mothorax treatment were classified according to tbe
number of fluoroscopies received, tbe majority of them
(19 cases) were found to have undergone more than
75 examinations and, among these, 13 had had over
175 examinations.

128. The estimation of the doses received by these
patients is difficult but Mackenzie (87) reported dose
rates to the skin of the breast when the patient was
facing the x-ray tube. The most probable conditions
resulted in exposure rates of 22 roentgens per minute if
a one-millimetre aluminum filter was used or 55 roent
gens per minute without a filter, and assuming that
a five milliampere screening current was used. A 10
second exposure was recommended to the physicians,
but Mackenzie infers that higher currents and larger
exposures were not uncommon. Assuming that the
actual exposures were equivalent to a 10-20 second
exposure, the total skin dose to the breasts of a patient
examined for an average of 160 examinations would
have been in the range 600-3,000 rads depending on
the irradiation time and whether a filter was used or
not (actual doses to some individuals may have been
even up to 10-15,000 rad), The excess of 20 cases
of breast cancer in 300 patients followed for an
average period of 20 years reported by Myrden and
Hiltz P.07) would therefore correspond to 1-6 cases
p~r ml1hon per rad per year in the dose range just
discussed.

129. With regard to risk of cancer induction other
than to the breasts, no information was given in the
repor~s .of either Mackenzie or Myrden and Hiltz, so
th,at It IS not clear whether the tuberculosis patients
with repeated fluoroscopies had an excess risk of
developing other cancers such as lung cancer, nor
whether this possibility had been examined.

130. There have been several case reports (84, 96,
112) of ~ancer of the breast occurring in patients who
had prevIOusly undergone radiation therapy. One such
case was that of a male who developed breast cancer
35 years after radiation therapy for gynecomastia
(84). However, these case reports of one or two patients
are only suggestive of breast-cancer induction by
irradiation.

131. J>1ettler et ai, (100) followed up 606 women
treated with x rays for acute post-partum mastitis.
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attributed to lung cancer, most of which (154) occurred
in the latter half of the observation period. The risk
of death from lung cancer appeared to increase with
increasing kerma (T65D) and, when all the subjects
were classified into either the 90+ rad or <90 rad
group, the difference between the two groups was
statistically significant (P,....,O.OOl).

138. In the Adult Health Study Sample (morbidity
sample), 66 cases of lung cancer were confirmed by
pathologic examinations or thought to be probable
cases on the basis of radiological and clinical findings.
The distribution of the 66 cases, as with the mortality
sample, showed the risk for lung cancer to be increasing
with kerma. However, the difference between the 90+
rad and the <90 rad groups was barely significant
(P,...,0.05). Information regarding the distribution of
lung cancer by histologic type is available for only
52 cases of which 40 per cent were classified as adeno
carcinoma, 37 per cent as squamous carcinoma and
20 per cent as undifferentiated carcinoma. No relation
ship between radiation exposure and histologic type
was observed in this small series of subjects.

139. Since smoking is known to be causative of
lung cancer, an attempt was made to establish whether
smoking was a confounding variable by determining its
relationship to radiation dose and lung cancer in the
adult health sample. The number of cases was too
small to obtain conclusive results, but. there was no
evidence that the difference between exposure groups
was due to different smoking habits in the two groups.

140. In their mortality analyses of various causes of
death, Beebeet al. (10, 11) reviewed the deaths from
lung cancer recorded in the Life Span Study Sample
for 1950-1966. Except for minor differences, their
results were essentially the same as those of the mor
tality part of the study of Wanebo et ai., because both
studies covered the same study period and the same
sample.

141. More recently, Jablon and Kato (73,74) have
reviewed the 1950-1970 mortality data from the Life
Span Study Sample. The sample now includes 246
cases of lung cancer in Hiroshima and 71 in Nagasaki
(table 5). When the deaths occurring in the practically
non-exposed population (the NIC and the 0-9 rad
groups) are excluded, the number of lung cancer
deaths in the exposed survivors are reduced to 79 in
Hiroshima and 22 in Nagasaki.

142. As stated earlier, the expected numbers of
deaths calculated by three different methods give, in
general, similar values for all causes. For lung cancers,
however, the expected deaths based on the NIC or
0-9 rad groups are substantially and consistently higher
than those, age- and sex-adjusted, based on national
rates. The former may be preferred to the latter in
comparing with the observed numbers, since the ABCC
cohort belongs to an urban population, and the preva
lence of lung cancer in urban areas is known to be
higher than the country-wide average for Japan (13 7) .

143. In the survivors exposed to more than 10 rads,
a significant excess of deaths (observed minus expected)
was noted for Hiroshima (P,....,O.Q1), 79 observed
against an expectation of 47.8 (0-9 rad) or 39.5
(national rates). The risk of lung-cancer death in
Hiroshima clearly increases with kerma, the observed/
expected ratios being 1.81 (10-49 rad), 1.97 (50-99
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rad), 2.30 (100-199 rad), and 2.68 (200+ rad).
The rate of increase of lung-cancer deaths with kerma,
however, appears to decrease in higher exposure cate
gories. Thus, in terms of kermn, the risk per million
per year per rad varies according to exposure category
as follows: 3.23, 1.5, 1.1 and .3.

144. Kerma is not the quantity in terms of which
the risk of cancer of deep tissues, including lung,
should be expressed, particularly if the risks need to
be normalized to those of low-LET radiation, since
the radiation incurred at Hiroshima had a substantial
neutron component. Although the RBE for lung cancer
induction and the depth of the tissue at risk are
unknown, it is of some interest to indicate the relation~

ship between effects and the doses that can be obtained
on the basis of information on the attenuation of
neutrons and gamma rays by body tissues (121).

145. The figures in table 12 give, for each kerma
range (K), the mean total kenna (if;.) and its neutron
and gamma contributions (Kn and Ku). From these
are derived doses (Dn and Do) at depth of appro
ximately four centimetres in tissue. Neutron doses are
multiplied by the arbitrary RBE values used earlier
and added to the gamma doses to obtain the total dose
(DT ) at a depth of four centimetres. The excess in
cidence (E) compared to the 0-9-rad group at Hiro
shima is then combined with the dose to obtain risk
estimates (R) in each exposure group. The same
trend that was observed when excess incidences were
related to kerma (paragraph 143) is observed here,
although the actual risk estimates are somewhat dif
ferent.

146. In contrast to Hiroshima, no significant excess
of deaths is noted for Nagasaki, 22 observed in the
exposed survivors as against 22.8 (0-9 rad) or 14.5
(national rates) expected. The reason for this dis
crepancy is unknown, although it may at least in part
be accounted for by differences in radiation quality.

147. It now seems reasonable to assume that the
A-bomb survivors at Hiroshima are at increased risk
of dying from cancer of the lung. The risk estimates
obtained at Hiroshima (2.3 and 0.6 cases per million
per year per rad at 30 and 260 rad respectively),
must of course be taken with the greatest caution,
both because of the assumptions on which they are
based (particularly about REE values) and because
of the negative evidence provided by the Nagasaki
survivors. Taken at face value, they would indicate
that at low doses (of the order of 30 rads) of low
LET radiation the risk of induction of lung cancer
may be three times· as high as the risk of leukremia
induction, whereas the opposite may be true at higher
doses.

148. It must be noted, however, that, while we have
reason to believe that the risk of occurrence of further
cases of leukremia among the survivors is now tapering
off, we do not know whether new cases of radiation
induced lung cancer may not yet continue to be
recorded and for how long, nor are we sure that
estimates derived from the Hiroshima data would
apply to a completely non-smoking population.

3 Computed by dividing the excess deaths of observed over
expec~ed (based on the 0-9-rad group) by person-year-rad
expenence.
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B. ANKYLOSING SPONDYLITIS PATIENTS TREATED
BY X-IRRADIATION

149. In the study on ankylosing spondylitis patients
treated by X-irradiation, Court Brown and Doll (28)
observed a substantial excess of mortality from lung
cancer over that expected in the general population in
the United Kingdom. Relative risks and excess mor
talities are presented in table 13 for each site of
cancer within the x-ray beam. Among these 12 sites,
the greatest excess was for lung cancer. The correspond
ing risk, in absolute terms, amounted to 252.4 cases
per million per year and accounted for nearly half of
the excess risk of a1112 cancers combined.

150.. ~o estimat~s of the lung doses received by the
spondyhtlcs are aVailable. However, Dolphin and Mar
ley (39), on the basis of the average spinal-marrow
dose being 880 rads, have estimated the average
bronchial dose to be about 80 rads, which would
correspond to a risk of some three cases per million
per year per rad, if the excess incidence was all
ascribable to irradiation, an estimate not too different
from those that could be derived from the Hiroshima
data at similar doses.

151. The data do not make it possible to ascertain
the role of such factors as smoking habits, the disease
itself that had required radio-therapy or the other
forms of medication that the patients may have
received.

C. TUBERCULOSIS PATIENTS

152. Steinitz (148) has reported that tuberculosis
patients in Israel were at increased risk of developing
lung cancer compared to the general population. This
finding was interpreted by some as evidence that
diagnostic x-irradiation given to tuberculosis patients
was causative of lung cancer.

153. In Israel, a cancer registry as well as a tubercu
losis registry is maintained on a nation-wide basis,
On the basis of tuberculosis registry, the author
estimated the frequency (prevalence) of tuberculosis
patients in the country specific for sex and age. The
lung cancer cases newly reported to the cancer registry
were searched to determine whether they had also been
filed in the tuberculosis registry. Incidence rates of
cancer of the lung were then estimated among the
tuberculosis patients, and showed that the patients were
at a 5-10 times greater risk of developing lung cancer
than the general population.

154. The author also analysed the risk of lung
cancer induction among tuberculosis patients on the
basis of mortality records. The number of deaths that
occurred in the registered tuberculosis patients were
compared with those in the general population for
"all causes", "all malign ant neoplasms", and "lung
cancer". It was noted that the tuberculosis patients
had a much higher risk of dying from lung cancer
than the general population.

155. Although little doubt remains that the tuber
culosis patients in Israel were at increased risk of
lung cancer induction, the extent to which irradiation
is responsible for that increase is unclear. Information
on the irradiation experience of the patients, essential
with regard to radiation carcinogenesis, was lacking
in the report, so that radiation effects could not be
ascertained. The possibility that some people may be
especially susceptible to lung diseases-that is, suscept-
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ible to both lung tuberculosis and lung cancer--cannot
!Je ruled out. In addition, tuberculosis itself, rather than
ItS treatment, may have facilitated the induction of
lung canc~r, e.g" scars of healed lesions of tuberculosis
may predispose to cancer induction. It may be relevant
to no~e that sO.n;te other respiratory conditions (e.g.,
chromc bronchltls) are also suspected of having a
c,ausal association with lung cancer (14). Furthermore
s1D?e the clinical differentiation between lung tubercu~
10SIS and !ung ca!1cer is not always clear, some lung
cancer. patIents mIght have been initially misdiagnosed
a,s havmg had lung tuberculosis. Thus, further investiga
tIons. are n~ed~d t? ~sses~ the possible causative role
of dIagnostIC 1l'1'adIatIon In lung cancer induction in
tuberculosis patients.

D. WORKERS EXPOSED TO HIGH RADON LEVELS

. 156. Wor~ers in. certain underground mines, par
tIcularly uranlU-:n mlDes, .are exposed to high levels of
radon prese~t m t?e mme's atmosphere. 222Rn is a
gaseous radIo-nuclIde that decays into radio-active
daughters. These attach. to aerosol particles present in
the ~tmosphere. 'Yhen mhaled, they can remain trap
ped. l~ the bronchla~ tree wh~re they deliver high-LET
radIatIon to the respIratory epIthelium.

157, Physiological and dosimetric details are con
sidered in annex A of the present report. Here it will
only be mentioned that the dosimetry of this situation
presents considerable difficulties that have not all been
solved. When known, the exposure of uranium miners
is. m~asured in "~orking levels", defined as any com
bmatlOn of short-lIved radon-daughter products in one
litre of air that will result in the ultimate emission of
1.3 105 MeV of potential alpha energy. Depending
on the assumptions made on the cells at risk and the
physiological and anatomical parameters involved, one
working-level-month (WLM: exposure to one working
level during 170 hours) corresponds to an alpha dose
to the bronchial epithelium of 1-2 rads.

158. Unusually high mortality due to so-called
Bergsucht among underground miners in the Krusne
Hory (Erzgebirge), in what are now Czechoslovakia
on the southern side and the German Democratic
Republic on the northern (Saxon) side, had been
known for centuries, but it was not until 1876 on the
Saxon side and 1926 on the Czechoslovak side that
the disease was identified as lung cancer.

159. In 1933, lung cancer in miners was recognized
as an occupational disease in Czechoslovakia. As a
result, a bigh rate of autopsies was performed on
miners and it became possible to obtain accurate
mortality figures. Over a follow-up period of five years
there were 53 deaths, 19 of which were due to lung
carcinoma, among some 400 miners at risk, or a
mortality rate of about 1 per cent per year. Of the
28 carcinomas in that series combined with an earlier
one from the same population, 16 were oat-celled
and 12 epidermoid (138). In a series of 55 lung-cancer
cases in Czech miners collected after the second world
war the proportion of oat-cell carcinomas was 70 per
cent (61).

160. Increased lung-cancer mortality has also been
reported among fluorspar miners in Canada (33), iron
are miners in Britain (17, 41), tungsten, fluorspar
and lithium miners in Czechoslovakia (113a) and,
lastly, among underground workers ~n two Swed.ish
mines (6). In all these reports the millers populatlOn



had been occupationally exposed to high levels of
radon. By contrast, no increased mortality was detected
in a sample of South African gold and uranium miners
exposed to apparently much lower levels of radon (7).

161. In none of the instances mentioned above in
which increased lung cancer mortality had been re
ported is it possible to study how the excess mortality
is related to the exposure. This, however, can be done
on a further group of underground miners, those
working in the uranium-ore mines of the Colorado
Plateau in the United States. This population had been
considered by the Committee in its 1964 report but
the data then available were inadequate to permit a
full analysis. Much information has now been published
on a group of 3,366 white and 780 non-white miners
and has been reviewed in a detailed monograph (86).

162. Basically, the study attempted to establish
accurately the exposure of the miners in WLM and
to follow-up the subjects from the date of first examina
tion to the cut-off date for mortality analysis. The
numbers of deaths expected in the various exposure
categories were obtained by applying to the groups
at risk the rates, specific for age, race, calendar year
and cause of death, derived from the vital statistics of
the four states in which miners were examined, and
were compared with the observed numbers.

163. The major uncertainty affecting the conclusions
of this study lies in the assessment of the exposures.
This for the most part is due to the fact that large
numbers of very small mines had been operating at
anyone time. Thus, there were 450 mines employing
an average of two underground workers in 1950, 850
with three workers in 1957, and 533 in 1966 with
an average of five workers (43). In all, the study
utilized 43,000 measurements made in 2,500 mines
over 27 years. However, while the quality of the
measurements was considered to be good, their fre
quency tended to be very unevenly distributed. Thus,
in only five mines were more than five radon-daughter
measurements made in 1950 as against 177 in 1962
and 110 in 1968. In many mines only one or two
measurements were ever taken, and, the results of
early (prior to 1950) measurements not being avail
able for any mine, they had to be inferred from cir
cumstantial evidence collected later and sometimes
elsewhere. Likewise, where, as in most mines, unin
terrupted series of measurements had not been made,
the gaps were made up on the basis of the earlier
and later measurements available. Since the amount
of radon daughters in air depends on many variables,
including ventilation, meteorological conditions and
quality of the are extracted, it is not possible to
evaluate the errors that may have been involved in
assessing the exposure nor determine whether they
gave rise to a systematic bias.

164. The mortality experience of the white under
ground miners from 1950 to 1968 compared with that
expected in the population of the four states shows
an excess number of deaths (60 per cent above ex
pectation) essentially due to larger than expected
numbers of violent causes (by 145 per cent) and of
lung cancers (by almost 500 per cent). The mortality
experience of the much smaller group of non-white
miners over the same period is insufficient (72 deaths in
all) to be informative.

165. The distribution of observed lung cancer
deaths among white underground miners according to
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d h d· l' ::t"3tes i ..exposure an t e correspon mg morta it)'. ur ......
excess of those expected on the basis of the to b~s~ate
mortality experience (uncorrected for smokiIlg ti bits)
are given in table 14. Taking the exposure t;:s d!?ates
at face value, a simple regression analysiS 1 n ~cates
that a straight line adequately fits the data. go e~er.
while the data suggest that the risk (exceSS rum er
of cases per WLM) does not vary significant Y over
the range of exposures explored, it does oot see~
appropriate, in view of the uncertainties discussed IU
paragraph 163 to place much reliance on tbe ;xact
shape of the curve or on the actual risk ~Mate
(about two cases per million per year per )
that can be derived from it.

166. An additional difficulty in interpreting. the
results arises from the fact that most of tb e mmers
included in the study were cigarette smokers (85),
The difficulty can to some extent be circunlvent~ by
comparing the mortality in the miners with tbat.m the
population of the four states adjusted accordmg to
smoking habits as well as according to the. factors
mentioned previously. While the excess morta~1ty over
the expected mortality adjusted for smokIng was
somewhat reduced compared to that given in table. 14,
the relation of the excess to the exposure remullled
basically unchanged.

167. The distribution of lung cancer by histologic
type was studied by Saccomano et ai. (127) among
uranium miners (121 cases) and controls (138 cases)
matched according to age and smoking habits. The
relative frequency of small-cell and undifferentiated
carcinomas rose from 35.7 per cent in the group ex
posed to 40-200 WLM (21.4 per cent in l'l.1.atched
controls) to 76.7 per cent in the 2,501-9.700 WLM
group (10.0 per cent in controls) with little or no
increase at all in epidermoid or other types of tumours.

168. It is worth noting that the observations made
on the uranium miners are difficult to reconcile with
the results of the ABCC study discussed in paragraphs
135 to 148. According to the latter, the excess risk of
lung cancer may be decreasing beyond doses around
100 rads, namely, at doses far lower than the cumula
tive doses likely to have been received by the miners.
Likewise, the distribution of histological types of can
cer observed among the survivors also differed from
that observed among the miners. The conditions of
irradiation, however, were quite different in the two
groups: (a) the exposure of the Hiroshima and Naga
saki survivors was single at high dose rate Whereas it
was fractionated, protracted over years andal low
dose rate in the miners; (b) the survivors \vere ex
posed to mixtures of gamma rays and neutrons while
the miners were exposed predominantly to alpha parti
cles. Not only is the quality of the radiations involved
different, but the range of the alpha particles is so
much shorter than that of neutrons and ganllna rays
that different cells might be at risk in either casco (c)
miners are exposed to high levels of dusts and fumes'
(d) the smoking habits of the two populations can~
not be compared and are likely to be quite different.

V. Bone tumours

A. EXTERNAL IRRADIATION

169. Information on the induction of bone sar
comas (osteo-, chondro-, and fibro-sarcomas) b e:C
ternal radiation is scanty. It consists of clinicalYcase

r~po

gIVe]
the:
of a

l'
nurn
115,
attri
histc
pros
duct
the
wen

l'
tion
is t1
eeivi
1,00
tholl
tori~

thaI!
ever
to tl
poss
velo

~
ther,

l'
intel
sare
4m
yea!
11
mig:

1
so f
of t
to l
aut(
not
1,41
1,4(
cast
reet
the
por
frOI

J
ene
graJ
by
ha'\i
yea
Tec'
sarl

1

cas
It !

the
of

l krel

de~
~

eXT
del
sor
be
cas

1



bone su
as) by e:l
Unical case

.,

tality rales oj
f the Iour-s~
making fJabI:s.l:
:lsure estim2;;!
alysis indka~;j.
:lata. Howewr,
excess nurnoo.'
:nifican!.Iv cr..e::
laes noi' Sti':l,
~s discussed fu'

on tbe eJ.act:
risk est[lll~;e'

.r per '\L~t),

terprelWk! ttl'
of the minen.
makers (85)..
'.cumvenled hj
Ith thal in we .

accordinl! t~

o the lactor;
mortalitv OWl
smoking Wal

n in table H :
iUre remain~j .

by hist{\loi~ f'
(127) 3mC!n~
; (138 cas,es) i

: habits. The :
idifierentiated
he group ex·
: in matched
·9,700 \\1.M

liWe or no
s of 1umClur,.

vations Dude I
~concile \\ith ;
n paragraph;
:xcess risk of
loses aruund
the cumuIa- <

r the miner,. I
ypes of em·
lifiered from
onditions of
in the two

a and 1'[a£3'
e where;\; it
and at Illw r
rs were ex- "
lltrons while ,
alpha parti-
ms involved
:tides is ~)

~amma ra;'~ :,
~r case; (c) i
and fume;;

lations can- .
te different.

I
1

I

reports of sarcomas observed after high local doses
given for therapeutic purposes and of the results of
the surveys of Hiroshima and Nagasaki survivors, and
of ankylosing spondylitis patients.

170. Reports of clinical cases are scattered in a
number of publications (4, 19, 22, 31, 48, 55, 106,
115, 126, 136, 142, 147). Most of the cases were
attributed to radiation merely because the personal
histories. of the patients sl}-owed heavy exposures. No
prospectlve or retrospective survey has been con
ducted that would give firm indications on the size of
the exposed population in which the individual cases
were observed.

171. Two important, if crude, pieces of informa
tion can, however, be derived from those cases. One
is . the order. of magnitude of the local exposures re
ceIVed. In virtually all cases these were higher than
1,000 roentgens and frequently amounted to several
thousand roentgens. Although it is possible that his
tories of high exposure were recorded more reliably
than ~istories of low exposure, or that low exposures,
even If recorded, were not related by the investigators
to the observed sarcomas, it is difficult to exclude the
possibility that radiation-induced osteosarcomas de
velop only after very high exposures of external
therapeutic radiation.

172. The other point to be noted is that the time
interval between irradiation and diagnosis of osteo
sarcoma is highly variable, with reported extremes
4 and 42 years, but that 73 per cent are less than 15
years and the average (based on 137 cases) is about
11 years. Here, again, a bias cannot be excluded that
might weigh the data in favour of shorter time intervals.

173. The Hiroshima and Nagasaki survivors have
so far provided negative evidence. In the fixed sample
of the Life Span Study, one case of osteosarcoma came
to autopsy and four were diagnosed but not seen at
autopsy by 1965 (175). Of these five cases, two were
not in the city at the time of bombing, two were within
1,400 metres from the hypocentre and one between
1,400 and 2,000 metres. The distribution of these
cases by distance was reported to be random. More
recently, the total number of bone cancer deaths in
the Life Span Study from 1950 to 1970 has been re
ported (73,74) as 23, or about the number expected
from the Jap anese vital statistics.

174. One may assume on the basis of the experi
ence provided by the case reports discussed in para
graphs 169-172 that sarcomas that had been induced
by radiation from the 1945 nuclear explosions would
have developed clinically during the subsequent 25
years, unless the latency Was much longer at the doses
received by the survivors. The survival time of bone
sarcomas-a few years-is short enough for most
cases to have been recorded in the mortality study.
It seems therefore clear that, at the doses received by
the A-bomb survivors, the risk of induction is orders
of magnitude lower than the risk of induction of leu
bemia.

175. Among the ankylosing spondylitics (28) 5
deaths from bone tumour were reported, against 1.1
expected, a significant excess. Because local doses
delivered in the course of the x-ray treatment were in
some cases of the order of thousands of rads, it would
be useful to know the dose category to which the
cases of bone tumour belonged.

B. INTERNAL IRRADIATION

176. Carriers of radium burdens are among the
groups of people exposed to radiation that have been
most intensively ~tudied for periods of several years.
Of .the three major surveys of radium-contaminated
sUbJec~s, two concern carriers of long-lived 22GRa
(halE-life 1,622 years), sometimes mixed with 228Ra
(~alf-~f~ 6..7 years), and One involves subjects treated
Wlth IDJections of short-lived 22iRa (half-life 3.64
days) .

1.77. Carr~ers of 22£lRa consist of dial painters,
radlU~. chemIsts and patients that absorbed radium
cont~nlDg drugs orally or intravenously for thera
peutic purposes. The two major groups are known as
the MIT group (42) and the ANL-ACRH group
(46) and conSist of some 500 and 300 subjects re
~pectively. Until recently these two groups were ;tud
led separately by different investigators but the two
surveys. ~ave now been merged, and only the results
of the JOint survey (125) will be discussed here.

1.7~. Mean cUlJ.?-ulative doses to bone due to alpha
radiatiOn were estimated for all subjects included in
the surveys. However, it must be underlined that the
estimates, based on residual body burdens (themselves
not always accurately known) were determined some
times decades after the initial uptake of radium and
are uncertain both because they involve assumptions
on the metabolism of radium in bone and because
226Ra and 228Ra being alpha emitters-their dosimetry
is very sensitive to the microscopic distribution of the
nuclides in bone, which in tum depends on the amount
of remodelling that has taken place.

179. Two types of tumour occur with increased
frequency among radium carriers-bone sarcomas and
antral carcinomas. The latter develop in paranasal
sinuses and mastoidal cells. Table 15 and figure IX
give the distribution of tumours in the joint survey
according to cumulative bone dose averaged over the
whole skeleton. It must be pointed out that, the cumu
lative dose being delivered at a diminishing rate over
a period of several years, there is no way to determine
which fraction of it is sarcomogenic and which is
wasted. On the other hand, the effectiveness per rad
might be higher for alpha particles than for x: or
gamma rays.

180. The most noticeable feature of the data is
the apparent discontinuity in the incidence of both
types of tumour at around 700 rads. Here also, the
data suggest that no tumours are induced until such a
dose has been delivered. However, the number of
sarcomas expected among those exposed to less than
700 rads (4.6 104 man-rads altogether), based on 51
cases observed in about 1.3 103 man-rads, would be
1.8 if proportionality between dose and incidence
applied, against none observed. Similarly, 0.7 carci
nomas would be expected in the group exposed to less
than 700 rads. Much larger samples in the low-dose
range would be necessary to make the negative results
in these dose groups differ significantly from predic
tions based on proportionality between dose and
incidence.

181. Another important observation is that the
frequency of sarcomas and carcinomas does not,
above mean doses of 1,000 rads and within a twenty
fold range of doses, increase monotonicaIly with dose.
As indicated in figure IX, the observed incidences
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Figure IX. Incidence of bone sarcomas in carriers of 226Ra burdens and in 224Ra-treated
patients against average skeLetal dose (125, 144)

have a maximum near 12,000 rads and then fall to
the same level that is observed near 1,000 rads.

182. Patients treated with 224Ra constitute the
third major source of information on the e~ects of
radium exposure (143, 144). The treatment 1Ovolved
intravenous injections of "Peteostho!", a 224Ra-co?-
taining preparation that had a penodof vo~ue 10

Germany between 1944 and 1951, mostly 10 the
treatment of bone tuberculosis and ankylosing spon
dylitis. Of the approximately 2,000 patients so treated,
802 were investigated and followed up for about 20
years.

183. The observed incidence of bone sarcomas is
shown separately for juveniles and adu.1ts i~ table 16
and has been plotted in figure IX for Juvemles alone.
The main difference between people treated with 224Ra
and those with 226Ra burdens lies in the appearance of
bone sarcomas at doses about 10 times lower in the
former than in the latter. It is as if 221Ra was more
effective than 220Ra in inducing the tumours at low
doses. At mean bone doses above 1,000 rads the rate
appears to be the same in both groups, although it
must be recalled that the 226Ra carriers had been, on
average, followed up for several more decades than
the 224Ra patients.

184. The higher effectiveness of 224~a at lo.w doses
has been attributed to the fact that, ow1Og to Its short
half-life, 224Ra decays before being inc~rporated into
the bone matrix and therefore deltvers to the
cells (believed to be those at risk) that line
bone surfaces a much higher dose than the same
activity of 226Ra, most of which finds its way into
deeper bone layers. This explanation, if borne o"!t by
the results of continued follow-up of these subjects,
would make the results of the study of "Peteosthor"
treated patients particularly valuable, since it would
provide information of indirect relevance to the prob
lem of plutonium contamination in man. This is be
cause plutonium, a long-lived alpha emitter, owing to
its chemical characteristics, tends to be fixed on bone
surfaces and thus to irradiate bone in a manner similar
to 224Ra.

VI. Other cancers

A. A-BOMB SURVIVORS

1. Mortality studies
185. Table 4 from the study of Beebe et aT. (11)

in the Life Span Study Sample from 1950-1966 shows
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that, if all malignant neoplasms, except leukremia, are
put together, this combined group has a significant in
crease of mortality with increasing dose (P,...,O.05).
Among the variety of types of cancers included in
this group, lung cancer and breast cancer have been
discussed already. None of the remaining cancers se
lected by the authors for tabulation showed a statistic
ally significant dose-effect relationship, although some
increased risk in high-dose groups may be noted for
stomach cancer, uterus cancer, and the group of other
cancers (leD No. 190-199).

186. The increased mortality from all malignant
neoplasms (except Ieukremia) with dose has been con
firmed by the more recent study of Jablon and Kato
(73, 74) which covers the 20-year period 1950-1970
(table 5). In the survivors of the Life Span Study
Sample exposed to 10 or more rads, the observed
deaths from malignant neoplasms other than leukremia
exceed the expected (national rates) by 144 in Hiro
shima and 27 in Nagasaki and exceed the expected
deaths from the 0-9 rad group by 113 in Hiroshima
and 14 in Nagasaki. At Hiroshima, roughly half of
the excess may be accounted for by that of lung and
breast cancer.

187. At Hiroshima, the residual group (other can
cers in table 5) shows an over-all, highly significant,
excess of between 70 and 90 cases, depending on the
expectation used. Within the individual exposure
groups, the excess is significant only at the highest ex
posure but the rising trend of the mortality rates with
Kerma is highly significant. This trend is not ascribable
to any specific site. No significant excess is detectable
and no clear-cut trend can be identified at Nagasaki.

188. As with lung cancer, risk estimates are diffi
cult to obtain because the relevant doses are unknown.
One may, however, proceed as in the case of lung
cancer and use the same notional dose estimates and
the same RBE values that were obtained in paragraph
145, for the purpose of showing the possible conse
quences of crude dosimetric assumptions. The r~s~lt

ing risk estimates then vary from 2 cases per mIllion
per year per rad at 30 rads of low-LET radiation to
2.5 cases per year per rad at about 260 rads. How
ever only the estimate for the group exposed to the
high~st dose is based on a statistically significant ex
cess number of cases.

1
1
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2. Autopsy studies

189. Se.ve~·al ?utops~ stud!es have investigated the
role of radiatiOn m the mductIon of cancer of different
sites. Since the autopsy rate has been high (about 40
per cent in rec.ent. years in t~e Life SP.an Study Sample)
and the matenal IS not partIcularly bIased in respect to
radiation exposure, the autopsy data may be more
reliable than the mort~lity .data for those types of
cancer that cannot be IdentIfied with sufficient accu
racy from death certificates.

190. Schreiber et al. (130) have. studied primary
liver cancer in 2,437 autopsy cases performed from
1961 to 1967. Thirty-four cases were found, but there
was no clear relationship between radiation and the
disease. In the same autopsy material, Robertson et al.
(124) found 110 detectable dose-effect relationship
in 31 gall-bladder carcinomas, 14 bile-duct carcinomas
and 3 ampullary carcinomas.

191. Yamamoto et al. (174) have reported 326
cases of gastric cancer in 2,908 autopsies performed
from 1961 to 1968. Again, no clear relationship was
observed between the rate of gastric cancer and radia
tion dose.

192. Nishiyama et al. (108) have investigated the
relationship between radiation and both malignant
lymphoma and multiple myeloma on the basis of a
variety of ABCC records including autopsy, death
certificate, leukremia registry, etc. In the extended Life
Sp~n Study Sample, 45 cases (37 malignant lymphomas
and 8 multiple myelomas) were identified from 1945
to 1965. For multiple myeloma, the number of cases
was too small to warrant a study of their relation with
kerma. For malignant lymphoma, 26 cases were ob
served in Hiroshima and 11 cases in Nagasaki. These
cases were divided into three broad categories accord
ing to exposure and the risks of malignant lymphoma
in the high-exposure categories were compared with
the risk in the essentially non-exposed category «1
rad). The relative risks were 0.7 in the 1-99 rad cate
gory and 8,0 in the over-100 rad category in Hiro
shima: in Nagasaki, the respective figures were 0.7 and
0.6. Thus, only the over-100-rad category in Hiro
shima showed an increased risk of malignant lymphoma,
and more data appear to be needed to conclude that
A-bomb survivors are at an increased risk of develop
ing malignant lymphoma.

B. CANCER MORTALITY AMONG ANKYLOSING SPONDY
LITIS PATIENTS TREATED WITH X-IRRADIATION

193. In their 1965 report (28), Court Brown and
Doll showed that ankylosing spondylitis patients treated
by radio-therapy are at an increased risk of develop
ing a variety of malignancies. Based on the standard
course of radio-therapy to the whole spine and to the
sacro-iliac joints; all cancers (except leukremia) were
divided into two classes: those occurring inside the
beam of radiation (heavily irradiated sites) and those
occurring outside the beam (lightly irradiated sites).
The lightly irradiated sites included brain and central
nervous system, utems, prostate, testes, kidneys and
urinary bladder. All other sites except the colon were
classified as heavily irradiated sites. (the colon 'Yas
excluded because of the possible relation of ankylosmg
spondylitis to ulcerative colitis and, consequently, to
colon cancer).

194. As shown in table 17,. cancers of heavily
irradiated sites, when compared with the numbers ex-
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pected on the basis of the national mortality rates
show ~n observed/expected ratio of 1.6 anel an exces~
mortalIty of 512.9 per million per year during the
observation .period. (5-~5 ye~rs after the treatment).
Cancers of lIghtly IrradIated SItes show a slight excess
which is not statistically significant. '

195. Table 6 shows the occurrence time of the two
cat~gories of cancer in the complete follow-up of the
patIents to the end of 1960. The results of the incom
plete follow-up to the end of 1963 are given in table
18. The excess number of observed deaths from both
categories of cancer in the first three years after the
first observation is likely to have been due to the inclu
si.on of a small num~er of cance.r. patients mistakenly
dIagnos~d as ankylosmg spondylihcsbecause of can
cerous mvolvement of the spine.

196. While the leukremia mortality decreased to
nea.rly t~e natural rates af.ter the peak in the 3-5-year
p~nod s~nce first observatIOn, cancers of heavily irra
dIated SItes have shown no declining trend with the
passage of time. In fact the observed/expected ratios
Increased constantly from 1.1 for the 3-5-year period
to 2.3 for the 12-14-year period. For the 15"24-year
period the ratio was 1.6 according to the complete
follow-up, whereas the. incomplete follow-up yields a
ratio of 2.2 for the 15-27-year interval since first ob
servation. In contrast to the. time trend of cancers of
heavily irradiated sites, no mortality increase with time
is apparent either for canceJs of lightly irradiated sites,
or for all causes of death.

197. Among the 200 deaths from cancers of heav
ily irradiated sites that took place during the 6-27-year
observation period, the excess over expectation is
significant (P>0.025, one-tailed) for a variety of can
cer sites: pharynx,. stomach, pancreas, bronchi, bones,
other lymphatic and hremopoietic tissues, and others
(table 13). The observed/expected ratios in the group
as a whole during the 6-27-year observation period is
1.9 while the excess mortality is 561.2 cases per mil
lion per year for all cancers of heavily irradiated sites
and nearly half of this e.xcess is due to lung cancer.

198. The interpretation of the observed excess of
cancers of heavily irradiated sites must be made with
caution. As seen in table 17, causes of death (e.g.,
cerebrovascular disease) with no obvious relation to
ankylosing spondylitis or irradiation show a signifi
cant excess which was discllssed by the authors as
follows:

(a) The broad disease groups may contain a small
proportion of rare conditions which are, in fact, di
rectly related to ankylosing spondylitis;

(b) The presence of certain complications may in
crease the risk of death from other, unrelated, causes;
,(c) Some deaths related to ankylosing spondylitis

are erroneously attributed on death certificates to other
causes of death;

(d) Ionizing radiation may have non-specific dele
terious effects;

(e) 'Other treatment may be harmful; and
(f) The computation of the expected number .of

deaths may be in errOr because of, for example, a. dIf
ference of socio-economic class between the patIents
sample and the general population.

. 199. Whatever the true reasons, it is conceivable
that the excess cancer deaths in these patients might
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also be due to reasons other than radio-therapy. The
only way to exclude such an explanation would be to
determine whether the risk of cancer is higher among
spondylitics treated with radio-therapy than among
those treated otherwise. However, adequate control
groups have yet to be studied. It would be much easier
to interpret the excess risk of cancer if dose-effect
relationships could be demonstrated as with leukremia,
but no dosimetry for tissues other than bone marrow
is currently available. However, the fact that a signifi
cant excess of cancers is obs~rved only in heavily
irradiated sites and that only for cancers of heavily
irradiated sites does the risk increase with time makes
it beyond reasonable question that the excess cancer
mortality among x-rayed spondylitics is largely due
to the radiation treatment.

C. AMERICAN RADIOLOGISTS

200. Seltser and Sartwell (135) have reported an
increased risk of cancer among about 3,700 male
American radiologists. During the period 1935-1958,
11.3 excess deaths from leukremia and 48.2 excess
deaths from all other cancers occurred among the
radiologists in comparison with the group of ophthal
mologists and otolaryngologists (this group was re
garded as a virtually non-exposed population). In
this study, only combined deaths from cancers of all
types (except leukremia) were presented, so that no
analysis of cancer incidence at individual sites can be
made.

201. All cancers other than leukremia showed a
relative risk of 1.6 and an excess mortality of about
1,000 per million per year (50 cases in 50,000 person
years). Because the radiation doses received by the
radiologists are unknown, the risk per unit dose can
not be derived.

202. Although an apparent excess was noted for
aU cancers (except leukremia) in the radiologists, it is
not very clear whether the excess was caused by irra
diation only. In this study, all deaths were classified
into four groups: leukremia, all other cancers, cardio
vascular-renal diseases, and all other causes. Each of
the four groups showed an apparent excess when com
pared to the ophthalmologists and otolaryngologists;
e.g., excess deaths were 103.4 in cardiovascular-renal
disease, 65.3 in the group of all other causes. If radia
tion alone were responsible for the observed excess,
then it must be assumed that the radiation had dele
terious biological effects of a non-specific sort on the
American radiologists. Such non-disease-specific ef
fects of radiation, however, have not been observed
in a study on British radiologists (27). In addition,
Beebe et aT. (11) could find no such non-specific
effects in Japanese A-bomb survivors.

203. A question may be raised as to the appropri
ateness of the comparison group used in the study of
Seltser and Sartwell. In their study, the medical spe
cialists chosen for comparison are obviously more
closely related to radiologists than is the general popu
lation with respect to such factors as education or
socio-economic status; but still the choice of radiology
from among the various medical specialties is certainly
not random, so that radiologists may indeed have a
different mortality experience from the other medical
specialists, regardless of their irradiation exposure.

204. Thus, the. excess mortality from cancers other
than leukremia among the American radiologists ob-
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served by Seltser and Sartwell may not be totally as
cribed to their occupational exposure, and definite
conclusions should be made only after further data
have been accumulated.

D. PATIENTS EXPOSED TO THERAPEUTIC IRRADIATION
IN THE PELVIC REGION

205. Wagoner (164) studied cancer morbidity in
1,893 patients with benign gynrecological disorders
treated by either radium (900 cases) or x-irradiation
(993 cases) during the period 1935-1966. Among the
various cancers examined, leukremia showed a signifi
cant increase and has been discussed in section I of
this annex. The remaining individual cancers were:
cancers of stomach, small intestine, large intestine,
rectum, biliary passage and liver, pancreas, lung,
breast, female genital organs, urinary organs, and
lymphatic tissue.

206. Since the radium or x-ray therapy was limited
to the pelvic region, most of the selected sites of can
cer were outside the main irradiated area. Therefore,
as expected, no significant deviation of observed num
bers of cases from expected numbers was noted for
the majority of cancer sites. The observed numbers
were in excess only for cancers of the female genital or
gans-109 observed cases versus 54.87 expected
(P<O.Ol)-and cancers of the urinary organs-I? ob
served cases versus 8.50 expected (P<0.05). In abso
lute terms, the excess mortality amounted to 1,532
cases per million per year for cancers of the female
genital organs and to 241 cases per million per year
for cancers of the urinary tract. The risk cannot be
expressed per unit dose of radiation since no estimates
of radiation dose received by the organs at risk were
made, and it cannot be excluded that the benign
gynrecological disorders that had prompted the radio
therapy are associated with an increased risk of cancer
of the genital or urinary organs.

207. A study of patients with metropathia hremor
rhagica, was made by Doll and Smith (38) who ex
amined the relationship between the x-ray therapy
given to these patients and the ensuing excess mortality
from malignancies. Observed and expected deaths
(computed from the age-sex-period-specific mortality
rates of the general population) in the six disease
categories selected for analysis are compared in table
19. The deaths were divided into those that occurred
within five years of the radiation treatment and those
that occurred later. The former group was regarded
as less reliable on the ground that the initial examina
tion (at the time of diagnosis of metropathia hremor
rhagica) was likely to have revealed malignancies that
would otherwise have been detected later.

208. As seen in table 19, no significant difference
between observed and expected deaths was noted for
coronary disease and for the group of other causes.
The risk of leukremia showed a large excess, but this
is discussed in section I of this annex. There was a
significant deficit in the observed deaths from breast
cancer as compared to the expected numbers;
this deficit could be explained by the available evi
dence (44) that artificial menopause tends to reduce
the risk of breast cancer. Cancers outside the radia
tion beam (presented in the table as "other cancers")
showed no significant increase of the observed/ex
pected ratios. .



that, to obtain definite conclusions, this group of
survivors must be followed for many more years to
come.

VII. Malignancies in children

B. CHILDREN IRRADIATED FOR THE TREATMENT OF
Tinea capitis

d' 215. Tinea capitis is one of the commonest fungal
Iseases of the scalp in children. For approximately

half a century befor~ 1960 epilation by x-irradiation
was commonly practIsed as an effective treatment to
free t~e scalp of fungal contamination. The number
of patIents so treated throughout the world was esti
m~ted (20) to have been 200000 in the 50 years
pnor to 1960. '

216. Albert et aT. (1-3) and Schultz and Albert
(13~) .made a follow-up study of Tinea capitis patients
consIstIng ~f a study group treated by x-ray epilation
(2,043 pat~ents) and a control, non-irradiated, group
(1,413 p~tIents) who visited the New York Univer
SIty Hospl~al during the years 1940 to 1959. The x-ray
th~rapy gIven to the patients was according to .the
~Ien~ock-~damson procedure in which the scalp is
madlated III :five different fields with7S-100-keV
x rays at exposures of 300 to 400 roentgens for each
field. ~fter the irradiation, complete epilation fol
lowed In two to three weeks and lasted one to two
months; On the bas!s of phantom experiments and
th~oretlcal computations, the radiation doses were
estimated to have been 70-175 rads to the brain, 450
850 rads to the scalp, and 300-460 rads to the cranial

A. A-BOMB SURVIVORS bone marrow.

211. As already discussed in section I the relative 217. In the patients, males were predominant (86.1
risk of leukremia among the survivors expdsed to radia~ per ~ent .in the irradiated and 78.5 per cent in the
tion at ages 0-14 years ATB is known (66 67) to be nOn-Ifradlated groups) and the vast majority were
higher than that of the older group (ag~s 40 and white (about 75 per cent for each of the two groups).
over ATB) . For both groups, the average age at the time of the

treatment was seven years.
212. The risk of cancer also seems to increase

among the survivors exposed to radiation at young 218. An attempt was made to trace the patients by
ages, particularly at ages 0-9 ATB (71, 75). Table a variety of faDow-up methods in order to evaluate
20 shows observed and expected deaths attributed to p~ssibl~ !ate efIe~ts, including cancer induction, by
cancer (except leukremia) for 1955-1966 among sur- x-madmtlOn. Durmg the average follow-up period of
vivors aged 0-9 at the time of exposure. In the group 15 years, 85 per cent of the irradiated and 79 per cent
of 20,415 subjects consisting of the survivors aged of the non~irradiated patients were traced. The pa-
0-9 ATB and their matched controls 22 deaths were tients thus traced were requested to answer a health
attributed to cancer during the pe~iod 1955-1969. questionnaire. In the case of tumours, diagnostic con-
Before 1955, only one death was reported. firmation was secured from the treating hospitals or

physicians.
213. In the non-exposed group (not-in-city or<10 rad), the observed number of deaths virtually 219. In the non-irradiated group of about 1,400

equalled the expected number. Expected deaths were patients, only one case of malignancy (Hodgkin's dis-
computed from the 1962 national rates. Eight deaths ease) was noted during the average observation penod
were observed in contrast to 0.98 expected among of 15 years. In contrast to this low occurrence, a much
those who received more than 100 rads (T65D) or an larger frequency of malignancies (14 cases) was ob,.
u.nknown kerma (undoubtedly high but undetermined served in the irradiated population of about 2,000
~Illce t~e heavy shielding configuration made dosimetry patients, i.e., four leukremias (two acute lymphocytic,
ImpossIble) . Although the numbers are small, the one acute myeloblastic, and one chronic myelogenous),
difference is statistically significant. No deaths were one fibrosarcoma of the mandible, two basal-cell
observed in the 10-99 rad group, while 3.26 were carcinomas of the scalp, one submandibular lympho-
expected. sarcoma, one Hodgkin's disease, one adenosarcoma

214. No specific clustering as to site of origm' of of the rectum, one acinous-cell carcinoma of the paro-

h
tid gland, and three brain tumours. Of these 14 cases,

t ese cancers was observed: two stomach cancers, four died of leukremia and one of brain tumour.
two osteogenic sarcomas, one pancreas cancer, one
lymphosarcoma, one prostate sarcoma one metastatic 220. In view of the far higher occurrence of
cancer of the liver. It may be concluded that because cancer in the irradiated group in comparison with the
of the small number of observed deaths (8 in the ex- non-irradiated, and the fact that all but one of the 14
posed group), the evidence relating to increased risk malignancies occurred in the tissue within the x-ray
of cancer in this group is still only suggestive and beam, the majority, if not all, of the observed cancers
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. 210. As in the case of ankylosing spondylitis pa
tt~nts (28) and of patients with benign gynrecological
dIsorders ~ 164~ the expected numbers of deaths were
computed 10 thIS study from the mortality rates of the
general population. It cannot be excluded that the
excess, or part of the excess, observed in the group of
cancers of heavi~y irrad~ated sites in this study might
have been assocIated WIth metropathia hremorrhagica
rather than with radio-therapy.

. 209. On the other hand, cancers within the radia
tion beam (ovaries, large and small intestines rectum
u.te~s, other pelvic organs and bladder) showed a
SIgnificant excess. In. the observation period of five or
more y~ars aft.er radto-therapy, 31 deaths occurred in
comp~nson wIth 18.40 expected (P<O.002) corre
spondmg to an excess mortality of about 700 per mil
hon pe~ ye.ar. ~he excess risk in the group of cancers
of heavIly Irradiated sites was attributable to a variety
of cancers (e.g., excess deaths were 5.16 for intestines
2.66 for rectum, 1.54 for uterus etc.) but the exces~
cannot be expressed per unit dose of radiation for any
of the types of cancer because estimates of the doses
to the relevant tissues are not available. The observed!
expected ratios .were 1.6 in the 5-9-year period after
treatment, 1.6 In the 1~-14-year period, and 2.1 in
~he. 15-year-or-more penod. This time trend seems to
mdlCate a tendency of the risk to increase after
exposure.

]
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to therapeutic x-irradiation for. thymic enlargeil1ent
(117, 157, 158). This study was updated (57, 58)
to include the continuation of the follow-up of the
same group of individuals. The study group consisted
of 2,876 persons exposed to x-ray treatment for thyxnic
enlargement and of their 5,006 non-irradiated siblings
used as controls. The vast majority (90 per cent)
was irradiated at less than six months of age. While
more males (58 per cent) than females (42 per cent)
were treated, the male-to-female ratio was approxi
mately 1: 1 in the controls.

228. The follow-up of the individuals was made
by mail survey (the third survey), which traced 84 per
cent of them. If tumours were recorded on the returned
questionnaire, the diagnosis was confirmed by obtain
ing medical information from appropriate hospitals
or physicians. The exposed subjects received x-ray
therapy from 1926 to 1957 and, therefore, the observa
tion period until 1963 ranged for individuals frOITl 6
to 37 years.

229. Table 21 indicates the number of observed
and expected cases of various malignancies in the
treated and the control groups during the observation
period. In the non-irradiated control group, the observed
numbers were in good agreement with the expected
numbers, computed from the incidence rates in the
general population. In sharp contrast to the control
group, the treated population showed a clear excess of
observed malignancies as compared to expected. The
most remarkable was the excess of thyroid carcinOIna,
19 observed against 0.14 expected. A significant excess
was also noted for leukremia (6 observed to 2.02
expected), salivary gland tumour (4 versus 0.08), and
all malignancies combined (33 versus 8.10). It is of
interest to note that no breast cancer developed in
spite of the fact that the breasts must have received
substantial radiation doses. None of the 19 cases of
thyroid carcinoma died from the disease.

230. The authors estimated that the risk of thyroid
cancer induction was of the order of 2.5 cases per
million per year per rad (50-600 rad); the estimate
given in the 1964 report (1.0 10-6 y-l rad-1 ) was
increased to reflect newly estimated tissue doses to the
thyroid gland and the occurrence of further cases.
The earlier value was computed according to exposures;
as estimates of tissue dose were not available, it was
then tentatively assumed that the thyroid glands were
within the main beam. When doses to the thyroid
glands were eventually estimated, it appeared that in
many individuals the thyroid glands were outside the
main beam and were exposed only to scattered x rays
and so had received only a fraction of the exposure.
It was not easy to decide retrospectively whether the
thyroid glands were in. the main beam since this
depended on various factors such as port size, port
placement, lead shielding, etc. It must be remembered,
therefore, that considerable uncertainties exist in the
estimated tissue dose of the thyroid glands and, con
sequently, in the risk estimate.

231. Previously, types of treatment-AP (anterior
and posterior) versus A (anterior) irradiations-were
suspected to have influenced the risk of thyroid car
cinoma, but the latest analysis indicates that this
difference could be accounted for simply by the dif
ference of radiation dose accompanying A and AP
treatments, without requiring consideration of the pos
sible· tumourigenic role of the exposed pituitary gland
in the case of AP·treatment.

C. CHILDREN IRRADIATED IN THE THYMIC AREA

can be attributed to the x-ray therapy. Although the
number of cases is very limited, it may be of interest
to speculate upon the risk of cancer induction per unit
dose. For leukremia, considering the average dose to
the whole bone marrow to be of the order of 50 rads,
the risk is of the order of three cases per million
per year per rad. It is of the order of one case per
million per year per rad for brain tumour. The
meaningfulness of these estimates is. limited by the
smallness of the sample on which they are obtained
and the fact that data at one dose level only can
be used.

221. In the past, thymus enlargement was thought
to be a serious medical condition, and after the turn
of the century, many children were subjected to
x-irradiation for a supposedly enlarged thymus. This
practice became less common with the passage of time
as medical knowledge increased regarding the hazards
of radiation and the non-harmful nature of thymus
enlargement.

222. Since the Committee's 1964 report, two
cohort studies have been updated (58, 116). The
cohort study of Latourette et al. (79), already discussed
in the 1964 report, was extended by Pifer et ai. (116).
The study population consisted of 958 individuals (59
per cent males and 41 per cent females) who received
x-ray therapy for thymic enlargement at the University
of Michigan (U.S.A.) mostly in the 1930s. The
tp.ajority of patients (90 per cent) were treated during
the first year of life. After the initial survey in 1958,
late effects of x-irradiation were reinvestigated by a
mail survey made on 786 persons whose follow-up
data were available at the University in 1964-1965.
When malignant conditions were encountered, the
diagnoses were confirmed from the treating hospitals
or physicians.

223. X-ray treatment was given to the anterior chest
alone in virtually all subjects, with exposures of 100
199 roentgens in the majority (557) of cases. Thyroid
glands were considered outside the main beam and
received on the average a tissue dose of approximately
20 rads.

224. During the observation period of nearly 30
years, 9 malignant neoplasms were observed against
5.8 expected, a statistically non-significant excess
(P>0.05). These nine malignancies were: one thyroid
carcinoma, one leukremia, one lymphosarcoma, two
brain tumours, and four others. None of the observed
cancers occurred in the tissue within the radiation
beam. It may be of interest to note that no cancers
of the breast were observed although the breast
definitely had been irradiated.

225. In conclusion, the results of this study may
be explained as providing no evidence of the induction
·of malignancies in children at the doses received (20
rad to the thyroid).

226. The authors found 7 cases of benign thyroid
neoplasms. in contrast to the expected number, 0.13
1.3; however, as the authors recognized, the validity
of the expected number was dubious since no reliable
data regarding the incidence rates of benign thyroid
neoplasms in the general pop~lation were obtainable.

227. The Committee's. 1964 report cited. a follow
up study on children in upstate New York exposed
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to the abdomen alone, the proportions of mothers so
irradiated in case and control groups were 29-30 per
cent and 22-23 per cent, respectively. The relative
risks ranged from 1.40 to 1.59 depending on the selec
tion of adjusted risk factors such as year of birth, age
of mother, birth order, and pregnancy order. These
values of relative risks were close to the maximum
likelihood estimate given by MacMahon and Hut~
chison (91).

236. As discussed in the 1964 report, Stewart (149)
a~d Stewart et al. (153, 154) had reported that a
hIgher proportion of mothers of children dying from
leukremia and other malignancies gave history of
x-irradiation during pregnancy than did mothers of
control children. Stewart and Kneale (152) confirmed
this on the basis of a much larger sample of cases
and controls and, in addition, asserted that a clear
linear dose-effect relationship was observed between
radiation dose and cancer induction.

237. The cases were 7,649 children born between
1943 and 1965 in England and Wales who had died
from malignant diseases before 1°years of age. Of
these, approximately one half had died of leukremia.
Equal number of controls, 7,649, were selected from
live children on the basis of the local birth registers,
and were matched with cases according to sex, date of
birth, and region.

238. While 1,141 mothers (14.9 per cent) in the
case group were found to have had abdominal x-ray
examination during pregnancy, the corresponding num
ber in the control group was only 774 (10.1 per cent),
and this difference was statistically significant. The vast
majority of them had x-ray examination in their third
trimester of pregnancy. The x-rayed mothers were
further classified according to number of films taken.
Comparing the number of such classified mothers
between cases and controls, the excess risk of cancer
induction Was estimated by film-number category. The
excess risk appeared to increase linearly with the num
ber of films taken, ranging from about 20 per cent
for one film exposure to over 100 per cent for five
or more film exposures.

239. The mean freta! dose per single film exposure
was estimated by Stewart and Kneale (152) as varying
from 0.46 rad in 1943-1949 to 0.2 rad in 1960-1965.
Utilizing these estimates the risk of cancer induction
in children under the age of 10 was shown to be in
the range 30-80 deaths per million children per year
per rad with a mean of 57 deaths and a standard
error of 13. Subsequently Stewart and Kneale (I52a)
showed that if values of 0.72 or 0.89 rad (as derived
from the national radiation dose survey carried out in
1960 in the United Kingdom) were used, the estimates
would be reduced to 36 or 29 deaths per million
children per year per rad, respectively. There is
obviously some uncertainty in the values of radiation
dose to be used in such retrospective studies, A study
of the British literature in the years concerned showed
that estimates of fretal doses were made by a number of
authors (13, 21, 98, 99, 113, 145, 146) between 1946
and 1957. From their reports the following average
values of feetal dose per film were derived: 1.8 rads
in 1943-1949, 1.0 rad from 1950 to 1954,0,5 rad from
1955 to 1959, and 0.2 rad from 1960 to 1965. Using
these values of dos.e in conjunction with the incidences
reported by ..stewart and Kneale, an .estimate of 23
deaths per million chndren per year per rad (in a
J:ange 0.2-20 .rad) oyer. a ,10-year period ,can .be

'VXlI. l\-Ialignancies in pre.natally exposed children

~~2_ In the Committee's 1964 report, a number of
st

S
tl0 l.es (29, 47, 76, 77, 82, 88, 89, 90, 91, 120, 149,

)- > .1 S 3, 154) relating to the risk of cancer induction
~ chl.ldren exposed to radiation in utero were discussed.
.Ly.,.ost of these studies were of a "retrospective", or
££case-control", type in which a study group of cancer
cases Was matched by sex and age' with a control
grauP of healthy children. In the two groups, the
prOportions of mothers exposed to diagnostic or
tbe~apeutic x-irradiation were compared and, on this
ba~11s> the risk of cancer induction in the irradiated
cb1• dren as compared with those non-irradiated was
e;>dtlID.ated. The estimated relative risks varied con
st erably, ranging from over 1.7 to almost 0.4.
MacMahon and Hutchison (91) noted, however, that
thebstUdies reporting relative risks less than 1.0 tended
to e based on small samples and to show large chance
fl?<=:tuations, and that the confidence limits of the in
d1Vl~ual estimates overlapped considerably. The joint
tna:X:ll:num likelihood estimate of the relative risk derived
frOID. the 10 major studies was 1.40 (1.21, 1.68 as
95 per cent confidence limits) and was within the
95 per cent confidence limits of each of the individual
estimates of relative risks.

233. Since the 1964 report, the results of several
further studies have been published (50, 52, 72,
151, 1. 52). Graham et al. (50) in the United States
D:l.ade a case-control study investigating 319 leukremia
cases and 884 controls. An attempt was made to select
all. leukremia cases at ages less than 15 years, based
prImarily on tumour registry records in upstate New
y or~ and the metropolitan and rural areas around
Baltnnore and Minneapolis-St. Paul. A control group
of children in the same age range was also chosen by
a stratified selection of households from the same geo
graphical areas. The vast majority of the leuklemia
cases and of the controls were interviewed to ascertain
a nUtnber of demographic and medical risk factors,
and the medical information thus obtained was carefully
verified against the medical records of relevant hospitals
and physicians.

234. The case group included more mothers who
had experienced miscarriages or stillbirths prior to the
birth of the subjects, the relative risk being 1.4-1.6.
Th e radiation histories of the children before and after
birth and of their parents (i.e., of preconception
exposure of mothers and fathers) were recorded.
Diagnostic radiation experience for mothers prior to
conception differed significantly between the case and
con.trol groups. The case group included a higher pro
portion of mothers exposed to radiation (any site of
the body) and the adjusted relative risks varied from
1 ~5 5 to. 1.73 depending on which of the factors such
as year of birth, age of mother, birth order, pregnancy
order, miscarriage or still-births, were adjusted. From
the report it is not clear how many mothers received
irradiation to their reproductive organs. Neither dose
effect relationship nor the variation of risk with time
ihterval before conception were well investigated
because of small numbers and large chance fluctuations;

. 235. As to in utero exposure, it was found that the
mothers of 27 out of ,319 cases (8.6 per cent) and
those of 54 out of 884 controls (6,3 per cent) had re
ceived only abdominal x-irradiation during pregnancy.'
The rel.ativeriskwas 1.40 but was not statistically sig
~j.ficant. Considering radiation to aU sites, 'rather, than
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ditions that could be responsible for both an increased
risk of cancer and prenatal irradiation. Conclusive
evidence may come from studies in clinics where pelvi
metry has been a routine procedure. The results of
such a study were published by Oriem et ai. (52) but
the number 0,008) of mothers who had undergone
routine pelvimetry was too small to warrant a reliable
conclusion.

244. It is well known that precise risk estimates
must preferably be derived from cohort studies rather
than from case-control studies. However, cancer risk
in children of ages less than 10 is extremely rare
(e.g., 10-4 or so in the United States), so that it is
difficult to carry out a cohort study of sufficient size.
Most of the studies of in utero exposure thus far
reported are case-control studies.

245. Thus, although children born from mothers
x-rayed while pregnant seem to have an increased risk
of cancer after birth, a possibility still remains that
the association, or at least part of it, is caused by
factors other than radiation and further studies are
needed to clarify this point.

deduced, to which leukremias on the one hand and
other malignancies on the other contribute in about
equal proportions.

240. The results of a study by Jablon and Kato
(72) of children whose mothers were pregnant at
the time of the A-bomb explosions is difficult to
reconcile with the estimates of risk per unit dose
given by Stewart and Kneale, even if the revised risk
estimate given at the end of the previous paragraph
is accepted. Jablon and Kato attempted to interview
the mothers of all the children whose births were
recorded in Hiroshima and Nagasaki within approxi
mately 10 months after the bombings. Ninety-seven
per cent of the 7,720 eligible mothers were interviewed
regarding exposure status to irradiation. A sample of
1,292 children was then selected including all 325
children whose mothers were within 1,500 metres of the
hypocentres, and randomly sampled comparison groups
in the location of 1,500-1,999 metres, 2,000-2,999
metres, and 3,000-3,999 metres from the hypocentres.
The comparison groups were matched to the group
within 1,500 metres by sex of child, month of birth,
and city.

241. The selected children were followed success- IX. Summary and conclusions
fully (more than 99 per cent) regarding their survival
status and the cause of death was ascertained for those 246. The information on radiation carcinogenesis
that died during the first 10 years of life. In the in man that has become available since the last report
irradiated group of children (1,292), only one death of the Committee and that has been reviewed in the
from any form of cancer was observed. The case was foregoing pages modifies substantially some of the
a cancer of the liver in the group within 1,500 metres. conclusions reached earlier by the Committee. Data
The comparable number of deaths that may have currently available make it possible to single out
been 'expected by applying Japanese national rates additional tissues and organs, beside the thyroid and
was 0.75. Thus, no material difference between observed the bone marrow, that appear to be particularly at risk
and expected deaths was recorded. and for which tentative risk estimates can now be

242. The radiation dose received by the children given. These new additions include lung tissues and
while in utero was estimated assuming that the dose the female breast.
to the fcetus was not less than one half of the maternal 247. The advances are mostly due to additional
dose. By taking 50 per cent as a conservative value, observations made on the two major samples of
the authors estimated that this group of children irradiated people, namely, those of the survivors of
comprised about 17,500 person-rads in 10 years of the atomic bombings and of ankylosing spondylitis pa-
life which would have yielded 5.2-13.9 extra cancer tients treated by x-irradiation. At both Hiroshima and
deaths if the risk estimate of Stewart and Kneale had Nagasaki, mortality records in the Life Span Study
applied, or 3.9 on the basis of the revised estimate Sample have been collected up to the end of 1970,
at the end of paragraph 239. The authors stated that 25 years after the bombings, and the British spondy-
their findings were inconsistent with the model of litics have been followed up fully for 10-11 years on
Stewart and Kneale, and estimated the upper limit of average and, in part only, for an average of J3 years.
excess risk of leukremia death consistent with their The results of the Life Span Study Sample apply to
negative findings to be less than 20 cases per million the general population (approximately 40 per cent
per year per rad. The discrepancy might be even males; 20 per cent less than 10 years old at the time
greater if it were possible to make allowance for the of bombing), those of the spondylitics to a largely
RBE of neutrons received by fretuses at Hiroshima. (84 per cent) male, adult population of patients

243. While the reason for the discrepancy between affected by a specific disease. The conditions of irradia-
the two sets of data is still unknown it must be borne tion were different in the two groups. A pulse of mixed
:in mind that the excess risk of cancer in children radiation in the case of the survivors, with a much
from mothers x-rayed during pregnancy may not be larger neutron component at Hiroshima, and fraction-
entirely due to x-irradiation. The major form of x-ray ated x-irradiation over long periods of time in the case
examination during pregnancy is pelvimetry, which in of the spondylitic patients.
most clinics is performed on about 5-10 per cent of 248. Revised estimates of the kermas (see para-
pregnant women for such medical indications as poor graphs 16-19) received by the survivors and of their
obstetric history (e.g., prolonged or difficult labour), gamma and neutron components are now available
previous cresarean section, pelvic abnormalities, freto- both for Hiroshima and for Nagasaki. However, accu-
pelvic disproportion, etc. The possibility cannot be rate dose estimates have not yet been made and the
excluded that these conditions, rather than radiation Committee had to base its assessment of dose-effect
exposure, may be associated with the increased risk relationships on a number of assumptions. These are
of developing leukremia or other malignancies in particularly critical with respect to the RBB values to
children born of irradiated mothers. This possibility has be applied to the neutron component of the doses.
been examined with some care by both Stewart and Since the appropriate values are unknown, the Com-
MacMahon who were unable to identify medical con- mittee was forced to choose arbitrary ones and decided
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to use values varying from 10 at low doses to 1 at
high doses. The Committee's analyses, however, show
that, while the introduction of any RBE value affects
the form of the dose-effect relationship, the risk
estimates obtained within the dose range that can be
explored do not vary by more than a factor of three.

249, While it is hoped that work now in progress
on the dosimetry of the survivors may in the future
yield more reliable estimates of the doses received, it
will not overcome the basic uncertainties concerning
the relative effectiveness of neutron and gamma rays.
Because the radiations received at Hiroshima and Naga
saki were of different qualities, continued and pro
longed observations of the survivors in the two cities
may eventually provide realistic indications of the actual
RBE values to be used. At present, numerical values
as are given in this annex must be taken for what they
are, crude estimates that no amount of statistical or
mathematical sophistication will protect from the basic
uncertainties of the data from which they stem and
the simplifying assumption used in deriving them.

A. LEUKJEMIA

250, Among the survivors of Hiroshima and Naga
saki incidences rise with kerma in each city at the
sam~ rate, whether they are based on mortality or
on morbidity data. The rise is steeper at Hiroshima,
presumably because of the larger neutron contributi?n.
Assuming RBE values varying from 1 to 10 at high
and low doses respectively, risk estimates of 0.7 (at
60 rads) and '2 cases (at 400 rads) per million per
year per rad of low-LET radiation can be obtained
(sec paragraph 36). The estimates derived from the
ankylosing spondylitis patients with bo~e.mar~ow par
tially exposed to 300-1,500 rads fall wlthm thiS range.
Since both studies indicate that the risk after 20 years
is close to that in the non-irradiated population, the
estimates correspond to an over-all risk of between
14 and 40 cases per million per rad.

251. A significant excess of leukremias is seen at
Hiroshima after a mean kerma as low as 22 rads of
mixed radiation, corresponding to perhaps 50 rads
of low-LET radiation. No excess is seen at comparable
doses in Nagasaki, possibly because the sample. size in
that city is about three times smaller, m~kmg the
expectations liable to wider chance fluctuabons, but
more probably because of the lower neutron ~ontribu
tion and therefore the much lower doses receIVed.

252. Other studies reviewed in this annex confir~
Marinelli's (97) observation that the risk of leukrerrua
remains within the limits given above, regardless. of
distribution of dose in space and time over a Wide
range of doses. At d~ses of ~he. or~er of 1,000 rads,
however, there is eVidence llldicatmg that the le~

kremogenic effect of radiation. is overshado~ed by Its
call-killing effect, so that the yield of leukremla per rad
decreases.

B. THYROID CANCER

253. Because of its long times of survival, thy:r,!id
cancer must preferably be studied through morbidity
surveys. One such su~ey has been ca~ied out ~mong
the atomic bomb survIvors of both CItIes and, III the
20-200 rad range, suggests estimates of bet~een one
and two cases per million per year per rad m males
and twice as many in females (see paragraph 94),
values rather higher than those suggested by the Com-
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mittee in its earlier report from information derived
at higher doses. These provisional estimates would
correspond to 20-40 and 40-80 cases per million per
rad in males and females, respectively, over a period
of 20 years. As for all malignancies other than leu
remia, it is not known when the number of induced
cases will start to decline.

C. BREAST CANCER

254. Breast cancer also has relatively long survival
times. It is therefore best studied by means of mor
bidity surveys. The results of such an investigation
among the survivors of the atomic bombing show a
significant excess among the irradiated but the numbers
are too small to obtain meaningful risk estimates. The
mortality study (1950-1970) recorded significant ex
cesses in both cities.

255. At Hiroshima, assuming a varying RBE as
for leukremia, the excess mortality of breast cancer
among women is about 0.3 case per million per year
per rad at 60 rads of low-LET radiation and about 1
case per million per year per rad at 400 rads (see
paragraph 117). Because they are based on mortality
statistics, these values are probably underestimates of
the risk of induction. A survey based on morbidity re
ports on patients receiving high breast doses of x rays
in the course of pneumothorax therapy, suggests that at
average doses in the range of 600-3,000 rads the risk
may be 1-6 cases per million per year per rad for
about 20 years (paragraph 128),

256. While the rates from which the risks have
been calculated have not been adjusted for factors
such as parity and lactation history that app.ear to
playa role in the occurrence of breast cancer, it does
not seem likely that the risk estimat~s have been
significantly distorted ~s a !esult, .It IS, not known
whether the increased nsk Will contmue m the future
or will soon taper off. Based on 20 y~ars of observa
tion at Hiroshima, the excess mortality per rad for
the first 25 years after exposure appears to be from
6 to 20 cases per million per rad, depending on the
dose. The morbidity survey of women treat~d by
pneumothorax therapy would su,ggest a rate of lUduc
tion up to five times higher. SInce no breast cancer
appears to be induced in males the figures s~ou1d he
halved to apply them to the general populatIOn.

D. CANCER OF THE RESPIRATORY TRACT

257. Significantly increased lung cancer mortality
has been reported from Hiroshim~ (although not from
Nagasaki) in the 1950-1970 penod at a total mean
kenna of 22 rads. Because of the diffe~entia1
absorption of neutrons and gammas. by body tIssues,
this may be fairly close to the tlssue dose, even
allowing for a neutron efficiency in inducing lung cancer
10 times higher than for gamma rays. The d~se-ef!'ect
curve for the induction of lung cancers at Hiroshima
appears to rise with kerma and reach a plateau som~
where between 150 and 450 rads. If crude aUowall;ce 18
made for depth distribution of the doses and the higher
efficiency of neutrons, the resulting risk estimates. v~ry
from about 2 cases at 30 rads of low-LET radlatlOn
to 0.6 case per million per year per rad at 260 rads
(see paragraph 147). .

258. No doseMeffect relationship for .lung cancer. ?I
obtainable from the surveys ~f ankylos~ng spondyhtis
patients in which lung cancer IS the mahgnancy whose



radiation and the possibility that this might be so must
be left open until the observations in the spondylitics
are borne out by similar ones among the survivors.
A case in point is that of gastric cancer which does not
seem to increase among the atom bomb survivors and
may have done so among the spondylitics as a direct
result of the medication that these patients must have
received in large amounts for long periods of time,
or of a synergistic effect between radiation and
medication.

262. Comparison of the complete with the incom
plete follow-up of the spondylitics suggests that the
excess risk of tumours of heavily irradiated sites may
have increased during the additional observation period.
Therefore the estimates that can currently be derived
from the survivors and from the spondylitics will have
to be periodically reviewed. Since it is not possible
now to indicate which trends in over-all incidence are
to be expected or which specific tumours are likely to
contribute to future increases and to what extent, it is
imperative that the long-term investigations that have
been carried out so far be pursued for several more
decades and their results published in detail at suitable
intervals, and that no efforts be spared to obtain
adequate estimate of tissue doses.

F. EFFECTS OF AGE AT IRRADIATION

263. The surveys of the atomic bomb survivors
indicate that subjects irradiated before 40 years of
age have a higher relative risk of leukremia than those
irradiated later in life. The survivors that were
irradiated in childhood (before 10 years of age)
have recently (since 1960) shown a sudden increase
in tumour incidence. There did not seem to be any
specific pattern in the distribution of the types of
tumours observed, although it might be of significance
that only one pulmonary carcinoma was reported.

264. The observation of this sudden increase in the
incidence of malignancies among subjects irradiated in
their childhood is not unexpected. Development of
malignancies with long latencies have been and are
still. being observed in a number of surveys of patients
havmg received head or neck irradiation in their
c~il~hood. The continued follow-up of the survivors
:"lthm the ABCC samples, however, is likely to provide
m the long run information on the variation of risk
with age that would be difficult to obtain reliably by
other means, except if the differences were extreme.

G. TISSUE IRRADIATION BY ALPHA PARTICLES

265. Because of their very short range, alpha par
ticles emitted by nuclides deposited in body tissues
give rise to highly inhomogeneous distributions of dose.
This, coupled with the particles' high LET and their
low rate of emission makes the few cases of alpha
irradiation particularly difficult to investigate since their
interpretation is seldom assisted by knowledge of the
effects of spatially more uniform, short-term irradia
ti~n. The major groups of alpha-irradiated p~ople are
mmers whose lungs are exposed to high levels of radon
and its daugh.ters, and subjects carrying substantial
burdens of ~adlUm (226Ra, 228Ra) acquired for medical
or occupatlOnal reasons or treated by injections of
224Ra-containing drugs. ,

266. Underground uranium miners provide the larg
est' and best studied group of peopleexpClsed to high
radon levels~ The inhaled radon decays while inthere's-
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E. MORTALITY FROM OTHER MALIGNANCIES

incidence contributes the largest part of the excess of
malignancies of heavily irradiated sites over the in
cidence of tumours of the same sites in the general
population. If, however, following Dolphin and Marley
(39), the dose received on average by the bronchi of
the patients is assumed to be some 80 rads, the risk
of lung cancer is around three cases per million per
year per rad (see paragraph 150), not very different
from the estimate for low-LET radiation given above.
Considering the uncertainties of the data, however, the
agreement could well be fortuitous.

259. There is no way to determine for how long
the recent rise in the annual incidence of lung cancers
among the Hiroshima survivors and the spondylitics
will last. The over-all risk (as based on observations
from 5 to 25 years after exposure) can only be stated
for the first 25-year period after the exposure as being
about 40 cases per million per rad (at 30 rad of low
LET radiation) and possibly 12 cases per million per
rad (at 260 rad). The estimates, however, are based
on very crude assumptions, particularly concerning
RBE. Neither among the survivors nor among the
spondylitis patients are the data adequate to exclude
the possibility that at least part of the radiation risk
might be due to confounding of dose with smoking
habits or to a synergistic effect of radiation and
smoking.

260. Increases in the mortality from malignancies
other than leukremia, lung cancer and breast cancer
have been observed among both the survivors and
the spondylitics. At present, only in the survivors can
one attempt to study this excess residual mortality
according to dose. The over-all excess is not significant
at Nagasaki, presumably as a result of the sample being
smaller and the average tissue doses (largely from gam
ma rays) lower than at Hiroshima where the neutron
component was substantial. At Hiroshima only
at the highest doses (260 rad) is a significant excess
of these malignancies to be observed, corresponding
to a risk of about 2.5 cases per million per year per
rad of low-LET radiation (see paragraph 188).

261. The types of cancer that contribute signifi
cantly to this excess cannot yet be identified in the
results obtained with the survivors, nor can it be
ascertained whether the excess is to be expected in the
future and for how long but some clue is provided
by the surveys of the spondylitis patients which indicate
that pharynx, pancreas, stomach, bone and lymphatic
and hremapoietic tissues might be particularly at risk.
Inferences from the observations made in the spon
dylitics must, however, be made with caution. On the
one hand, without knowledge of the tissue doses
involved it is extremely difficult to ascertain the extent
to which the observed excess mortality are the result
of high doses rather than of high tissue sensitivity.
Thus, on present information, it is likely that no excess
of bone sarcomas will be seen in the survivors since
few induced ones are likely to occur 25 years after
exposure, whereas the slight excess of bone tumours
observed among the spondylitics may have been due
to the very high doses received by the spine during
treatment, much higher than the highest doses received
by the survivors. On the other hand, increases .in
qancet 'frequencieS at certain sites that are 'seen in the
spondylitics may reflect the' effect of factors' other than



431

TABLE 1. ABCC-JNIH LIFE SPAN STUDY SAMPLB BY SEX, EXPOSURE CATEGORY, AND CITY (12)

Exposllre category (distance from A·bomb hypocentre)

0-1,999 2,000-2,499 2,500·9,999 10,000+ metres or
metres 1Iot-i,,·city

Total metres metres

Female Male Female Male Female Male Female
Male Female Male

Hiroshima 30,691 43,665 8,828 12,501 4,775 6,749 8,798 12,477 8,290 11,938......
3,024 3,718 2,869 3,481

Nagasaki 11,005 14,032 3,059 3,742 2,053 3,091.......
16,195 11,159 15,419

Both cities 41,696 57,697 11,887 16,243 6,828 9,840 11,822......

I. CONCLUSIONS

271. This annex bas reviewed in detail tbe evidence
available on the induction of malignancies by ionizing
radiation in man, and derived risk estimates for a few
of them. These are summarized in table 22. The Com
mittee wishes to re-emphasize that all the estimates
aPply to short-term exposures at high dose rates and,
as discussed in annex G, are likely to be over-estimates
of the risks per unit dose that may result from pro
tracted irradiation at low dose rates of low-LET radia
tion. The estimates given in this annex are all subject
to revision, both because the total risk of any malig
nancy can only be assessed by observing a cohort of
irradiated people until extinction, and in no case has
there been an opportunity for such prolonged observa
tion yet, but also because of the basic uncertainties of
the data.

272. These reflect a still inadequate knowledge
of the tissue doses received by all groups of irradiated
people but even more our ignorance of the RBB
values'tbat must be applied in obtaining risk estimates
from these groups that were exposed to mixed neutron
and gamma radiation and that have so far provided
the largest amount of information on the induction of
malignancies in man.

greater chance than non-irradiated children to die of
a malignancy within 10 years of birth. More informa
tion has now accumulated which is consistent with
the earlier res~lts. Esti~ates of the doses rec~ived by
the fretus dunng pelVImetry and other radlOlogical
procedures suggest that the risk of malignancies (50
per ~e~t of them leukremias) induced by pre-natal
madlatlOn may be of about 20 cases per million per
year per rad over a la-year period (in the range of
0.2-20 rads).

270. This estimate is not borne out by a survey of
survivors of in utero irradiation at Hiroshima and
Nagasaki which did not show the increased cancer
mortality to be expected on the basis of the estimate.
It is conceivable that at least part of the increased
risk seen among children irradiated in utero for medical
reasons may be associated with the reasons that had
prompted the exposure. It may also be that, owing to
inaccurate dosimetry, the risk mentioned above is an
over-estimate. It is important that further studies be
undertaken aimed at securing reliable dosimetric in
formation on a sufficiently large number of children,
and at separating unequivocably the several contribu
tions of the various factors that may affect the risk
estimates.

H. EFFECTS OF PRE-NATAL IRRADIATION

269. The 1964 report of the Committee reviewed
the results of a number of surveys of malignancies
in children irradiated pre-natally for medical reasons
which indicated that these children stand a 40 per cent

piratory tract and its radio-active daughters trapped on
the bronchial epithelium, irradiate it and the tissue lay
ers immediately underneath. Lung cancer has been
known for a long time to occur with high frequency
among these workers and is considered an occupational
disease. The incidence appears to rise linearly with
cumulative exposure but so many uncertainties attach
to the estimates of the exposure that little reliance
can be placed on the shape of the curve, except in so
far as it fails to bear out the decrease in risk of lung
cancer at high doses that the survey of Hiroshima
survivors suggests. Because of differences in quality
and in time and space distribution of the radiation,
and because of the intervention of extraneous factors
such as protracted inhalation of fumes and dusts by
the miners and of possible differences in smoking
habits between the two populations, close agreement
between the observations would have been surprising.

267. People with substantial body burdens of long
lived radium (mostly 226Ra) are few but have been
followed for long periods of time (40 years on average)
and have received on average much higher cumulative
mean bone doses (in rads) than the people included
in any of the surveys mentioned before. Only a fraction
of the cumulative dose received must have been
effective in inducing tumours, but its size cannot be
ascertained. At cumulative doses above 1,000 rads
they show a much higher incidence of bone sarcomas
than the general population and a less pronounced
excess of antral carcinomas. The incidence of bone
sarcomas appears to reach a peak at around 14,000
rads. The size of the sample is too small to exclude
that doses lower than 1,000 rads may in fact give rise
to bone tumours of the type reported at higher doses.

268. A larger sample of people treated with short
lived 224Ra, but followed up for shorter periods of
time, have also shOWn increased incidence of bone
sarcomas. Sarcomas are seen in groups exposed to
significantly lower cumulative mean skeletal doses
(about 300 rad) than from 220Ra. The apparent higher
sensitivity to radiation from 224Ra may be due to the
fact that this nuclide decays before it is embedded in
the bone matrix so that substantially higher doses of
radiation are delivered to the cells at risk.



TABLE 2. COMPAR.ISON OF T57D AND T65D KBRMA ESTIMATES AT 500-METRE INTERVALS FROM A-BOMB HYPOCENTRE (l01)

Gam",a ray! (rod) Nelltron! (rod) Total (rod)'

Gramld T57D T65D T65D T57D T65D T65D T57D T65D T65D
dista.nce --- ---
("latra) T57D T57D T57D

Hiroshima

0 .... ~ .... 12,000 10,300 0.86 18,000 14,200 0.79 30,000 24,500 0.82
500 ......... 4,030 2,790 0.69 4,390 3,160 0.72 8,420 5,950 0.71

1,000 , ........ 572 256 0.45 321 192 0.60 893 448 0.50

1,500 ......... 80.0 21.6 0.27 20.9 10.1 0.48 100 31.7 0.32
2,000 ••• I ••••• 12.1 1.9 0.16 1.4 0.5 0.36 13.5 2.4 0.18

Nagasaki

0 ......... 27,000 25,100 0.93 5,500 3,910 0.71 32,500 29,000 0.89
500 ... , ..... 7,230 7,090 0.98 1,030 703 0.68 8,260 7,790 0.94

1,000 ., ....... 865 889 1.03 61.0 35.9 0.59 926 925 1.00
1,500 ......... 113 119 1.05 3.6 1.7 0.47 117 121 1.03
2,000 ., ....... 16.5 17.8 1.08 0.2 0.1 0.50 16.7 17.9 1.07

II Gamma and neutron components added without weighting.

TABLE 3. INCIDENCB OF LEUK.£MIA AMONG A-BOMB SURVIVORS IN THE MASTER SAMPLE, BY
SPECIFIC TYPE OF LEUK.£MIA, TOTAL KERMA, AND CITY, OCTOBER 1950-SEPT. 1966 (67)

T65D total ker",r> (rod)

Type

Total

Casas Rate'

100+

Cases Rate'

5-99

Cates Rate'

Un dar 5

Case! Ra~e'

Hiroshima

Acute granulocytic ...... 25 2.0 11 24.3 3 1.1 11 1.2
Acute lymphocytic ...... 13 1.1 5 11.1 4 1.5 4 0.44
Acute (other types) ..... 20 1.6 6 13.3 6 2.3 8 0.87
Chronic granulocytic .... 29 2.4 10 22.1 15 5.7 4 0.44
Chronic lymphocytic .... 0 0 0 0 0 0 0 0
Chronic (other types) ... 1 0.08 0 0 1 0.38 0 0

TOTAL 88 7.2 32 70.8 29 11.1 27 3.0

Person·years at risk 1,221.7 45.2 261.4 915.1
(thollsands)

Nagasaki

Acute granulocytic 13 3.0 6 16.4 1 0.96 6 2.0
Acute lymphocytic 7 1.6 6 16.4 0 0 1 0.34
Acute (other types) ..... 4 0.91 1 2.7 0 0 3 1.0
Chronic granulocytic .... 4 0.91 2 5.5 1 0.96 1 0.34
Chronic lymphocytic .... 1 0.23 0 0 0 0 1 0.34
Chronic (other types) ... 0 0 0 0 0 0 0 0

TOTAL 29 6.6 15 41.1 2 1.9 12 4.0

Person·years at risk 437.6 36.5 103.9 297.2
(thousands)

II Cases 10-5 y-1.

432



TABLE 4. OBSERVED AND EXPECTED MORTALllY AMONG A-BOMB SURVIVORS OF ABCC LIFE SPAN STUDY SAMPLE (1950·1966),
SEXES AND ClTreS COMBINED (10)

Total T65D kerma (rad)

Cause of doatll Total 0-9 10·39 40·179 180+ U"k"t>WII

Leukremian ..•..•.•.•••.••••••• Observed
R.R.b
Excess numbere
M.R.d

116

63.9
95.6

35
1.00

43.1

13
1.62
5.0

68.9

24
4.98

19.2
214.3

35
17,49

33.0
764.3

9
3.85
6.7

164.0

All malignant neoplasms except leu-
kremian .....•...•.•.•..•••••

Cancer of stomach .

Cancer of large bowel , .

Cancer of liver and biliary tract ..

Cancer of pancreas .

Observed
R.R.
Excess number

M.R.

Observed
R.R.
M.R.

Observed
R.R.
M.R.

Observed

R.R.
M.R.

Observed
R.R.
M.R.

2,276

72.2
1,875.0

959

790.0

129

106.3

249

205.1

61

50.3

1,489

1.00

1,832.8

628
1.00

773.0

89
1.00

109.6

176
1.00

216.6

47
1.00

57.9

365
1.03

10.6
1,993,4

153
1.05

810.5

22
1.05

116.5

30
0.70

158.9

8
0.74

42,4

233
1.13

26.8
2,080,4

99
1.17

883.9

11
0.92

98.2

25
0,98

223.2

3
0.46

26.8

88
1.27

18.7
1,921.7

32
1.11

698.8

2
0.54

43.7

13
1.35

283.9

2
0.89

43.7

101
1.19

16.1
1,840,4

47
1.31

856.4

5
1.08

91,1

S
0.41

91,1

1
0.36

18.2

433

"Significant (P <0.05) linear increase of excess number of
cases with dose.

b RR: Sex and age-adjusted risk relative to that of 0-9-rad
dose category. In the O-g-rad group median dose is zero.

c Observed X (R.R. - l)/RR

d M.R.: Average annual mortality rate (crude rate) per
million.

• Other cancers, ICD No. 190-199: 191 skin, 193 brain and
nervous system, 194 thyroid, 195 bone; 199 others and un-

specified, etc.

7
1,40

127.6

9
2.05

164.0

4
2.07

72.9

12
2.27

218.7

8
1.98

174.7

5
1.44

109.2

2
1.07

43.7

5
.98

109.2

22
1.89

196.4

13
1.23

116.1

9
1.54

80.4

19
1.14

169.6

25
1.28

132,4

19
1.01

100.6

11
1.05

58.3

39
1.29

206.6

83
1.00

102.2

80
1.00

98.5

41
1.00

50.5

119
1.00

146.5159.8

55.2

194

103.8

67

145

119.5

126

Observed

R.R.
M.R.

Observed
R.R.
M.R.

Observed
R.R.
M.R.

Observed
R.R.
M.R.

Cancer of uterus .

Cancer of female breast .. , .

Other cancers· (ICD 190-199) ....

Cancer of bronchus, trachea, and
lung ,.
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on J.ll'In.
TABLE 6. NUMBERS OF DEATHS OBSERVED AND EXPBCTED AMONG ANKYLOSING SPONDYLmS PATIENTS, BY CAUSE AND PnV

FIRST OBSERVATIONIl (28) -
~

Years after first observation
.II // J> c,,'od~

Caltse of de<>th
No. of

12-14 15-24death$ 0-2 3-5 6·8 9-11
~

.............{ 14 5
52

Observed 7 19 6 1 5.48
Leukremia Expected 1.10 1.49 1.32 0.86 0.45 0.27 9.5

Obs./Exp. 6.4 12.8 10.6 7.0 11.1 3.7

Can,,, ?' h"vily i=di-{ Observed 33 36 46 46 27 12
:zOO
:127.27

ated slteS ., .......... Expected 22.48 33.25 31.32 21.16 11.54 7.52 1.6
Obs./Exp. 1.5 1.1 1.5 2.2 2.3 1.6

Ca~~:sr ~f. ~i~~~~. i.r~~~a.t~~{
Observed 13 15 13 12 2 5

60
52.42

Expected 10.27 14.09 12.64 8.27 4.28 2.88 1.1
Obs./Exp. 1.3 1.1 1.0 1.5 0.5 1.7

All other causes ........ {
Observed 234 336 290 191 113 66 1~230

Expected 139.07 178.56 155.45 102.30 54.22 35.93 665.56

Obs./Exp. 1.7 1.9 1.9 1.9 2.1 1.8 1.8

Person-years at risk 35.5 40.7 31.9 19.2 9.6 4.9 141.8... , .... , ............
(thousands) -

Ii Followed to 1 January 1960.

TABLE 7. RISK OF LEUK£MIA IN PATIENTS EXPOSED TO TIffiRAPEUTIC IRRADIATION IN THE PELVIC
REGION

Number Fpllaw,"p Dose" LellkCEmia
D;sease treated l.n years Treatmml (rod) Observed Expecled R.R.b

Metropathia
hremorrhagica (33) 2,068 3-24 X rays 222-522 6 1.3 4.6

Benign
gyniEcological
disorders (164)

A. Connecticut 900 2-32 Radium 159-503 9 2.8 3.2

B. Massachusetts 1,803 2-32 Radium 159-318 10 3.5 2.8

C. Connecticut .. 993 2-32 X rays 300-900 3 2.4 1.3

{Radium}Uterine cancer (164) . 7,835 2-32 X rays 900-4,500 9 8.6 1.1

Cervix cancer (64) .,. 2-5 { Radiumc }28,171 X rays 900-4,500 4 5.1 0.8

11 Mean pelvic marrow dose.
b Relative risk: observed cases!expected cases.
c 14 per cent treated by radium only, receiving 150-450 rads.

TABLE 8. NUMBER OF CASES OF THYROID CARCINOMA AND 'RATE PER 1,000 EXAMINED BY AGE AT EXAMINATION, SEX, AND bT5rANCB
IN METRES FROM HYPOCENTRE (173) -Male Female

All dista"" A~~ttJ"c,-<1,400 1,400·1,999 3,000+" grouPs <1,400 1,400-1,999 3,000+"
Age ~(y,ar) No. Rate No. Rate No. Rale No. Role No. Rate No. Rate No. Rate Ne. Rat'--<40 .......... 5 9.7 0 0 1 1.1 6 3.3 10 10.7 2 3.1 1 0.7 13 4.3

40-59 ...... , .. 0 0 0 0 0 0 0 0 4 4.4 3 3.7 6 3.7 13 3.9
60+ •••••• 4 ••• 0 0 1 3.3 0 0 1 0.7 4 8.5 1 2.2 1 1.1 6 3.2
All ages ....... 5 3.6 1 0.9 1 0.4 7 1.4 18 7.8 6 3.1 8 2.0 32 3.9---...

a Includes not-in-city at the time of bombing.
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TABLE 9. FREQUENcY OF THYROID CARCINOMA PER 1,000 SURVIVORS EXAMINED BY AGE AT
EXAMINATION, SEX, AND KERMA (173)

Male Female
Age 0-49 50-199 200+ Total 0-49 50-199 200+ Total(year) (rad) (rad)

<40 0 6.8 9.8 5.3 5.5 4.0 12.8 7.5
40-59 0 0 0 0 2.5 3.8 7.7 4.1
60+ ...... 3.5 0 0 1.4 0 16.4 0 5.3
Total "" . 1.1 2.5 4.1 2.4 2.8 6.8 9.1 5.7
Examined 928 789 740 2,457 1,806 1,332 1,100 4,238

TABLE 10. THYROID NODULES (PLUS HYPOTHYROIDISM) AND MALIGNANCms FROM 1954 TO 1969
IN RESIDENTS OF MARSHALL ISLANDS EXPOSED TO FALL-OUT (25)

Age at Estimated

lsla"d
e%po~1f..rl! thyroid dose8. Pe1'centage of
(year) (rad) thyroid lesiollSb

Rongelap

......{ < 10 500·1,400 89.5 (17/19)
(175 rad)c > 10 160d &.8 (3/34)

all 39.6 (21/53)

Ailingnae
.......{ < 10 275-550 0.0 (0/6)

(69 rad) > 10 55 12_5 (1/8)
all 7.1 (1114)

Utirik
........{ < 10 55-110 0.0 (0/40)

(14 rad) >10 14 5.1 (3/59)
all 3.0 (3/99)

Rongelap
.......{ <10 0.0 (0/61)

unexposed > 10 2.3 (31133)
all 1.5 (3/194)

Percentaoe 0t
maliona1~cies

5.3 (1119)
5.9 (2/34)
5.7 (3/53)

1.7 (1/59)
1.0 (1/99)

n Dose from 1111, 132, 133, 1351.

b Based all present population.
c Dose from gamma radiation.
d Children 10 to 20 years of age at exposure received up to aboutSOO rads.

TABLE 11. OBSERVED AND EXPECTED BREAST CANCER IN WOMEN EXAMINED IN THE ABCC-JNIH
ADULT HEALTH STUDY 195&-1966 BY ESTIMATED TOTAL KERMA (168)

a Based on rate in NIC and 0-9-rad groups combined.
b Risk relative to that of NIC and 0-9-rad dose category.
c (Observed-expected) / examined.

2.3
1.4
4.1
5.0
1.5

E.zcess rate
per 1,000 0

3.5
2.6
5.6
6.6
2.6

Relative
risk b

1.14
0.77
0.72
0.76
0.76

E~'pected'

2
3
4
2
4
5
2

Obstrved

2,458
3,082
1,262

857
802
841
840

Number
examined

Total kermlJ
(rad)

NIC .
0-9 .

10-39 .
40-89 .
90-199 .
200+ .
Unknown .
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TABLE 12. RISK ESTIMATES OF LUNG CANCER INDUCTION BASED ON THE HmOSIDMA DATA

Kerma range (rad)

10-49 50-99 100-199 200+

KT .. . .. . ..... . ..... ....... .. 22 70 139 462

Ko .. . .. ...................... 18 57 109 332

K" ... . . ........... . ........... . 4 13 30 130

Dg ... .. . . ................. ... 10 35 64 195

D.. .. . ..... .................. . 2 7 15 65

RBB . . ........ . ............. 10 5 2.5

D,.o. .. .. •••••••••••••••• 0 ••••••• 30 70 102 260

Eb .. .. ..................... . 70 104 152 154

Ro .. .. . ...... . ........ " .... 2.3 1.5 1.5 0.6

o.D T = D u +RBE X DfI"
b Excess number of cases per million per year by comparison with 0-9-rad group.

o Absolute risk: R = E1D-r'

TABLE 13. NUMBERS OF DEATHS OBSERVED AND EXPECTED FROM CANCER OF HEAVILY IRRADIATED
SITES SIX OR MORE YEARS AFTER FIRST OBSERVATIONo. AMONG ANKYLOSING SPONDYLITIS
PATIENTS (28)

TABLE 14. LUNG CANCER MORTALIlY AMONG URANIUM MINERS (86)

0. Followed to 1 January 1963.
b Statistically significant: P < 0.025 on a one-tailed test.

B.'rccss
Primary site Deaths mortality

(death
Observed Expected Difference Relative risk

per million
certification) per year

Pharynx ................ 5 1.05 3.95 4.8b 23.8
(Esophagus ........ , ..... 3 3.37 -0.37 0.9 -2.2
Stomach .... , ........... 38 23.62 14.38 1.6b 86.8
Pancreas ..... , .......... 12 5.71 6.29 2.l b 38.0
Larynx ................. 2 1.81 0.19 1.1 1.2
Bronchi ................. 96 54.20 41.80 1.8b 252.4
Ovaries ................. 4 2.16 1.84 1.9 11.1
Skin ................... 0 1.37 -1.37 0.0 -8.3
Bones .................. 5 1.11 3.89 4.5b 23.5
Hodgkin's disease ........ 1 2.47 -1.47 0.4 -8.9
Other lymphatic and hremo- .

poietic tissues .......... 10 3.39 6.61 2.9b 39.9
Others ................. 24 6.78 17.22 3.5b 104.0
All heavily irradiated sites .. 200 107.04 92.96 1.9b 561.2

9.8

10

0.42
9.58

978

>3,720

21

5.7

1.43
19.57

3,455

1,800·3,719

1.7

12

840·1,799

2.52
11.48

6,607

360·839

1.2

14

2.95
11.05

9,045

Estimated c«l/lll/ative W LM

12

1.0

120-359

2.57
9.43

9,365

WLM <120

Observed number of
deaths .

Expected number of
deathsll 1.81

Excess .
Man-years at risk 8,516
Excess mortality rate X

103 ....•.......••

0. Based on mortality in the population of the four states in which miners were examined.
Not adjusted for smoking habits.
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TABLE 15. BONE SARCOMAS AND ANTRUM CARCINOMAS IN CARRIERS OF .220RA (125)

Medi.n dose
(rad)

23,300 .

12,600 .

6,590 .

2,980 .

1,280 .

756

284

139

65 .

31 ..

15 .

5.2 .

0,45 .

TOTAL

Sa~ple Bone Antrum. Totalsure sarcon1rJ.r carci1tomas tumours

18 3 4 7
23 12 1 13
39 15 4 19
72 14 7 21
42 6 4 10
44 1 0 1
80 0 0 0
83 0 0 0
88 0 0 0

139 0 0 0
73 0 0 0
73 0 0 0
6 0 0 0

780 51 20 71
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TABLE 16. BONE SARCOMA IN PATIENTS EXPOSED TO 224RA (144)

TABLE 17. OBSERVED AND EXPECfED NUMBER OF DEATHS BY CAUSEa AMONG ANKYLOSING
SPONDYLITIS PATIENTS (28)

328.1

53.5

512.9

1,386.4

E...ceu
mortali,ty

per million
per year

9.5

1.6

1.1

1.4

Obs./E,..p.

7.58

46.52

72.73

196.59

5,48

Deaths

52.42

127.27

EXPected Excess

555.41

Observed

Juveniles «20 y) Adults

Moon Sa'!'ple Bone Mean Sample Bone
dose sUle sarcomas dose siz/! sarcomas

47 ........... 5 0 53 210 0
146 ........... 7 0 139 229 3
363 ........... 35 2 306 214 4

727 ........... 76 4 650 55 3
1,345 ........... 72 19

3,329 ........... 22 8

C.use of death

Leukremia 52

Cancer of heavily irra-
diated sitesb . . • • • . . • • • 200

Cancer of lightly irra-
diated sitesc ........• 60

n Followed to 1 January 1960.
b Cancer of pharynx. resophagus, stomach, pancreas, larynx, bronchi. ovaries, skin,

bones, Hodgkin's disease, and cancer of other lymphatic and hremopoietic tissues except
leukremia.

C Cancer of brain and central nervous system,' mouth, . liver and gaIl bladder, rectum,
breast, uterus, prostate, testes, kidneys, and urinary bladder.

d Such as peptic ulcer, cerebro-vascular disease, bronchitis, violence, etc.

Causes with no obvious
relation to ankylosing
spondylitisd 752
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TABLE 18. NUMBERS OF DEATHS OBSERVED AND EXPECTED BY CAUSE AND PERIOD AFTER FIRST
OBSERVATIONa AMONG ANKYLOSING SPONDYLITIS PATIENTS (28)

Caltse of N1<1llbor of
Yeo,s afte, fi,st obsoruation

All
deatll doat"s 0·2 3-5 6·8 9-11 12-14 15·24 pe,ioa.

...................{Observed 7 19 16 10 7 1 60
Leukremiab Expected 1.10 1.49 1.59 1.27 0.76 0.54 6.75

Obs.lExp. 6.4 12.8 10.1 7.9 9.2 1.9 8.9

.............{Observed 3 7 5 1 0 a 16
Aplastic anremiab Expected 0.11 0.14 0.14 0.11 0.06 0.05 0.61

Obs.lExp. 27.3 500 35.7 9.1 0.0 0.0 26.2

irradiated sites{
Observed 33 36 52 67 46 35 269

Cancer of heavily Expected 22.48 33.25 38.55 32.52 20.29 15.67 162.76
Obs.lExp. 1.5 1.1 1.3 2.1 2.3 2.2 1.7

Person-years at risk (thousands) ............. 35.5 40.7 37.4 27.1 15.2 9.8 165.6

0. Incomplete follow-up to 1 January 1963.
b Although all patients were not followed individually until 1 January 1%3, the total number of deaths is probably known, as

the names of the untraced patients had been checked against a nominal roll of persons dying of these conditions.

TABLE 19. NUMBERS OF DEATHS BY CAUSES AND TIME SINCE FIRST TREATMENT IN PATIENTS TREATED BY X-IRRADIATION FOR
METROPATHIA HiBMORRHAGICA (38)

Within 5 ;years of first treatment 5 ;years 0' more afler

Observea Observed

CallSS of death Observed E..:pected E..:pected Observed E..:pected E.~pected pa

leukremia ........ , .............. 0 0.36 0 6 0.95 6.32 < 0.0005
Cancer of heavily irradiated sites 2 6.99 0.29 31 18.40 1.68 <0.002
Cancer of breast ................. 4 4.42 0.90 5 10.54 0.47 <0.05
Other cancers .......... , ........ 7 6.66 1.05 25 21.65 1.15
Coronary disease ................ 1 3.92 0.26 27 28.22 0.96
Other causes ............. , ...... 48 33.56 1.49 87 98.77 0.88
All causes .................. 64 55.94 1.14 181 178.62 1.01

a One-tailed test.

TABLE 20. OBSERVED AND EXPECTED DEATHS ATTRIBUTED TO CANCER EXCEPT LEUL£MIA,
1955-1969, AGES 0-9 YEARS AT EXPOSURE (71)

TABLE 21. OBSERVED AND EXPECTED MALIGNANCIES IN INDIVIDUALS TREATED BY X-IRRADIATION
FOR THYMIC ENLARGEMENT AND THEIR SIBLING CONTROLS (58)

SlIruivors, E.timated Death.
Januar;y pe1"so1f~years Observed

Dou 1960 1955-1969 Oburued EZ'pected< E..:pected p

Not-in-city or < 10 rad 15,667 235,005 14 13.98 1.00
10-99 rad ........... 3,650 54,750 0 3.26 0.0
100+ ......... , .... 799 11,985 6 0.713 8.40 -0.0001
Unknown .... , ...... 299 4,485 2 0.267 7.48 - 0.03

TOTAL 20,415 306,225 22 18.22

n Computed with Japanese national rates of 1962.

All malignancies .
Thyroid carcinoma .
Leukremia .
Hodgkin's disease .
Salivary gland tumour .
Breast carcinoma .
Brain tumour .
Others .

EZ'poltd subjecls Sibling cord,oIs

Observed E.~pecled ObServed Especled

33 8.10 14 14.56
19 0.14 0 0.31
6 2.02 2 3.21
0 0.47 1 0.80
4 0.08 1 0.15
0 0.11 0 0.46
1 1.23 2 2.48
3 8
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TABLE 22. SUMMARY OP RISK ESTIMATIlS

Risk per
105 y radtTypeo!

datad
ObseroatiOfl

period·

Mean dose
or dose

range (rad)

~...------------------------------------------
:!'1'rGd'.ted R"diatl'on

l't1pulalion' Qllalil:vb--
GN
ON
o
X
X
ONI:

60
400

10·400
300-1,500

0.2-20
25

5-25
5-25
5-21

(5.5)
0-10
0-10

LeuklZmia

Mt
Mt
Mb
Mt
Mt
Mt

MF
MF
MF
M
MF
MF

AC
AC
AC
A
F
F

0.7
2.0
1.6
1.2

10
NE

36
36
24
54

239
241

EN
EN
I

ONI:
GN
X

25-200
25-200
50-600

5·20
5-20
(16)

Thyroid cancer

Mb
Mb
Mb

M
F
MF

AC
AC
C

1-2
2-4
2.5

94
94

230

Breast Callcer

EN
H
H
N
T

ONg
ON
ON
o
X

150
60

400
20·400

600-3,000

13-21
5-25
5-25
5-25

( 17.5)

Mb
Mt
Mt
Mt
Mb

F
F
F
F
F

AC
AC
AC
AC
AC

2-4
0.3
1.0
O.7h

1-6

109
117
117
117
128

d Mt = mortlllity; Mb = morbidity.

e A = adults; C = children; F = fcetuses.

t NE = no exwss or no statistically significant excess.

g No neutron RBE applied to calculate dose.

11 Based on the over-all excess among those exposed to
known doses> 10 rad (average 113 rad).

• H = Hiroshima survivors; N = Nagasaki survivors;
S = ankylosing spondylitis patients; PI = children irradiated
pre-natally for medical reasons; P2 = children exposed while
in utero to A-bomb radiation; I = infants irradiated in the
cervical region; T = tuberculosis patients.
. b G = gamma rays; N = neutrons; X = x rays; GN =
mixed radiation.

e Years elapsed between exposure and beginning and end of
follow-up period or, in brackets, average dUJration (years) of
follow-up.

147
147
146
150

188
188
187
239
241

2.3
0.6

NE
3

NE
2.5

NE
10
NE

AC
AC
AC
A

Ac
AC
AC
F
F

MF
MF
MF
M

MF
MF
MF
MF
MF

Lung cancer

Mt
Mt
Mt
Mt

Other types of cancer

Mt
Mt
Mt
Mt
Mt

5-25
5-25
5-25
0-10
0-10

5-25
5-25
5-25

(10.5)

30
260

20-400
80

30
260

20-400
0.2-20
25

ON
ON
o
X

ON
ON
o
X
ONI:

H
H
N
S
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