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I . DISSIPATION OF PHYSICAL ENERGY 
(Space and time factors) 

Iniroduction-Direct atrd indirect effects 

1 . The effect of radiation is induced by the processes 
pf absorption. when the energy of radiation is dissipated 
In the irradiated matter . Apart from excitation. the ioni- 
zation of molecules is believed to be largely responsible 
for the initiation of primary chemical reactions . There 
are at present two major theories of the mechanism of 
a d o n  of radiations on living organisms : the theories of 
direct and indirect action . The first one claims that 
effective ionizations take place in key cellular structure 
or in their immediate vicinity: the probability that their 
a!teration causes cellular damage is dependent on thelr 
pological specificity . This has often been called the 
target theory". and. since Dessauer . Crowther. Hol~veck 

and Lacassagne . Timofeeff-Ressovsky and Lea. the con- 
cept has had the support of many physicists ; it is being 
constantly revised to take into account many new funda- 
mental  acquisition^?^^^^*^^^*^*^ 

2 . The "theory of indirect action. " on the contrary. 
claims that the biologically specific cellular structures are 
altered as a result of their chemical reaction with free 
radicals formed in irradiated water or other molecdes 
not belonging to these s tru~tures.~ As with most con- 
flicting theories which have had ardent supporters O? . 
both sides (another good e -mple  is the corpuscular and . ; . ' 
electromagnetic theories of light). it is very .probab@. l .. 
that the two are complementary . Indeed. it IS almost&': 
certain that the same cellular component can beaffec&d_.*' ; 

in a way which is liable to produce identical b!pL%?$ *@$ 
effects by both  mechanism^.^*^^." >lethods have been . F) 
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developed in recent years which enable the existence of 
unpaired electrons resulting from the ionization process 
to be demonstrated not only in crystalline amino acids 
and other small molecules, but also in proteins, plant 
embryos and other kinds of cells. 

3. An attempt will be made to draw a brief picture of 
some fundamental aspects of the problem. 

Linear energy trarrsfer (LET) and relative biological 
effectiveness (RBE) of different kinds of radiation 

4. The efficiency of radiation per ionizatiort to induce 
a particular effect is often found to vary for different 
types of radiation. Let us at first consider an event which 
is caused by one ionization such as  the inactivation of an 
enzyme or virus : in the case of small structures in vitro, 
the radiation producing a low ion density will be more 
effective than that giving a high ion density, because 
some of the ionizations of the latter will be wasted. 
On the contrary, a radiation with a ligh density of 
ionization will be more effective when several ionizations 
are simultaneously or in a relatively short time needed 
in the sensitive structure. Thus, the relative biological 
efectiveness (RBE) of radiations varies with their 
littear energy transfer (LET).  This term describes the 
spatial distribution of the transfer of physical energy 
in matter-and accounts for the loss of energy of the 
radiation, not only through ionizing processes, but also 
through other processes such as dissipation of heat or 
excitation of atoms. I t  is a theoretical implication of 
these facts that some of the primary effects of radiations 
take place within a shorter time than that needed for 
the processes initiated by ionization or excitation to lose 
their initial spatial distribution (perhaps as short as 1 
millionth of a second) ; and also that the primary bio- 
logical receptors of radiation are not themselves homoge- 
neously distributed throughout the cell.'? 

5. In mice, the relative biological efficiency (RBB) 
increases greatly with ion density, for killing with low 
intensity radiation, for shortening of the life-span, for 
inhibition of tumour growth, and for cataract induction : 
the increase, however. is smaller when one considers 
effects on the gonads (sterilization), on the skin 
(epilation), on the blood white-cell count, or on the 
induction of many chromosome abnormalities in 
Dro~ophila.'~*l'*~~ Some chromosome abnormalities in 
Tradescantia have a very high incidence with high 
density irradiation.'$ Mutations in micro-organisms and 
some in Drosophila are only slightly influenced by the 
LET.12 

6. Reviews on the subject by Lea1 and Zirkle12 have 
shown that much could theoretically be achieved by com- 
paring the effects of ion density. Lea had attempted to 
use the data available to him at the time, on the decrease 
in incidence of chromosome breakage with decreasing 
ion density, as an argument for the target theory. 
However. it appears from Zirkle's paper that changes 
in RBE-for  comparable effects are often very difficult 
to include in a general theory, because in many instances 
the direction of change in RBE is not the same for 
similar effects in different materials and the RBE may 
be strongly dependent on conditions of irradiation such 
as the oxygen tension. It  is at present very difficult to 
make definite generalizations. 

7. The mode of dissipation of radiation energy inside 
living cells is not yet understood, although our know- 
ledge of the physical aspects of energy loss is adequate 

and hypotheses on the distribution of free radicals along 
the radiation tracks have been suggested. However? it is 
not clearly understood how this physical energy becomes 
apparent in chemical changes sudl as ionization and 
excitation. I t  might be of interest to use inert structural 
models or do such experiments as comparing the L E T  
for a virus inside and outside the host cells to get a better 
picture of the sequence of events. When completely 
understood, the use of radiations of different L E T  may 
lead to precise estimates concerning the size of the 
biological structures affected. 

Dose-effect relations 1 
8. When a homogeneous substrate is irradiated, the 

energy is distributed in an unpredictable way and the 
probability of a molecule being hit depends on its con- 
centration and on its volume. The concentration of the 
intact substrate decreases as radiolysis proceeds, and 
it can be predicted on theoretical grounds for low density 
radiations that, if one ionization suffices to cause the 
effect, the expression relating the remaining intact 
structures ("survivors") to dosage will be exponential. 
When a relatively small number of ionizing events is 
needed, the number of responses observed will, however, 
be approximately proportional to the dosage.16-17*18 This 
sort of effect has no threshold-which means that any 
dosage, however small, is effective in producing some 
alteration. 

9. On the contrary, i f  several ionizing events or "hits" 
are needed, the response only becomes manifest after a 
certain dosage has been accumulated in the sensitive 
structure: the dose effect curve is then 
In this case there is a threshold which, however, may 
only be statistical, as when two identical cellular s-uc- i tures need to be irreversibly altered for the effect to 
become manifest, which is so for recessive lethal muta- I 
tions in yeasts.1° Other threshold effects appear when 
recovery of the altered structure or replacement of killed 
cells takes place, as is often the case in multicellular 
organisms where many interferences may take place 
between the primary physical event and its biological 
expression. 

10. The meaning of the dose-effect relationship is 
often difficult to understand because the curve may 
change quite dramatically when the conditions of irra- 
diation are altered (aerobic or anaerobic irradiation; 
change of culture medium) : this difficulty is most likely 
to occur when one studies a complex phenomenon like 
cell death, whose cause may be multiple and not identical 
in different ~ i rc tmstances .~~ 

11. However, several radiobiological processes are 
known to give exponential dose-effect curves under 
specific environmental conditions, as in the case of many 
lethal effects on viruses and on micr~-organisms.'l*~ 
Diploid yeast or mammalian cells2' in tissue 
culture have a sigmoid dose-effect curve when s-irra- 
diated. In the case of diploid cells, the sigmoid type of 
curve is consistent with a 2 hit process, the exponential 
response being explained on the assumption of a single 
hit. One of the best present arguments ior the "target" 
concept comes from the fact that in the case of small 
viruses the "target" size can be estimated with a good 
approximation21 and that survival curves of protected 
bacteriophage are very similar in vitro and during the 
yery first minutes of infection.?' These results can be 



explained on the basis that the primary ionization takes 
place inside the sensitive structure. In the case of a 
mutation this is the gene. It  is, however, difficult to 
accept the concept without modification at the present 
time, on account of the possible contribution of dif- 
fusable radicals from water or other molecules in the 
immediate vicinity of the target. However, it is believed 
that radicals only diffuse for distances of about 30X. 
As most effects have not been fully expressed when the 
radiation has ceased to be delivered, there is a time 
interval during which restoratiori may occur, and 
whether this takes place or not may alter the dose- 
response curve. Very little is known about what happens 
during this time: the chain of events may be relatively 
"simple" in the expression of a point mutation in micro- 
organisms or perhaps even in a mammalian germinal 
cell, but it is certainly very complex when the induction 
of malignant growths is considered. The number of 
mutations in bacteria,21 D r ~ s o p h i i a . ~ ~  and perhaps mouse 
populations." incremes linearly with radiation up to 
moderate dosages, as do certain of the chromosome 
aberrations2' and perhaps the induction of leukemia.zs~29 
However. the determinations do not extend as low as the 
background radiation, and much uncertainty remains at 
these low levels, although it is highly probable that the 
background radiation causes some of the mutations 
which occur naturally, thus contributing to some extent 
to the evolution of living organisms and to their load of 
mutational hazards. This nreanr that as far m w e  know 
at present, biological effects will follow irradiation, how- 
ever small its amount. It  has thus become very important 
to establish with great accuracy the shape of the dose- 
effect curve in the lower dose range. in order to estimate 

given dose is f ra~t iona ted .~~ A change of intensity by a 
factor of one million does not alter the number of phage 
induced in E. C O ~ ~ . K , , . ~ ' * ~ ~  In contrast, the number of 
certain chromosome aberrations in Tradescantla micro- 
spores or Vicia seeds34136 - like chromosome exchanges, 
which require the simultaneous occurrence of two breaks 
-are often highly dependent on the time taken to deliver 
the dosage: more exchanges are obtained for higher 
intensities. When the duration of irradiation is in- 
creased, one reaches a time for.wFch the effectiveness 
does not decrease any more; thls hme is related to the 
lapse during which the breaks remain open. Hot~ever, 
this picture is complicated by the fact that the rate of 
rejoining depends on respiratory activit~.~' The killing 
of complex organisms like mammals, being the result of 
extremely complex cellular damage, 1s very efficient for 
high intensities but much less so for low ~ n e s . ' " * ~ ~ ~ * ~  

14. The time during which radiation is delivered be- 
comes very important ~f the system being studied under- 
goes some change during this time: the radiosensitivity 
of many cellular processes varies during the mitotic 
cycle and one can expect a greater radiation effect if the 
intensity is high during the most sensitive period of this 
cycle. Secondary biological reactions may interfere with 
the expression of damage and, if recovery or selection 
occur, one can expect a greater effect if the intensity is 
high for the same given dosage. For  these reasons, 
it does not appear justijid.de, unless the ftcndantentd 
pathways of radiafion damage are known, to consider 
tltat an effect observed after high interzsity irradiation 
will necessarily follow the applicatiotl of the same dosage 
at low intensity. 

the contribution of the natural Fahiation for di-fferent 
effects. The number of experimental animals needed to Inactivation by transntutatiotr of radioactive elemeltts 
obtain a good accuracy increases enormously as the dose 15. Certain radioactive substances taken up by the 
decreases and the response b ~ ~ m e s  smaller or less organisms in specific structures may affect them not only 
frequent. For  human populations, as each individual is b!? the radiation they but also by the fact that the 
important, the only reasonable "experimental sample", mission of these is often accompanied by 
when small doses are concerned, is the total population recoil effects or transmutation into an atom having new 
of living human beings. In this case, the only ~ o u n d  chemical properties. Thus P-32 can be incorporated into 
procedure is to get a better understanding of the funda- important biological structures like viruses or chomo- 
mental processes which are occurring. Thk may actually somes, and in the first case it has been shown that the 
be the only w a y  of anstverirrg some of the basic problems inactivation due to transmutation of P-32 into S-32 is 
underlying low dosage irradiation. more efficient than the one due to the /3 particles being 

i e~ni t ted .~~- '~  It is conceivable that strontium could re- - Time intensity factor place calcium or magnesium, which are probably struc- 
12. The time taken to deliver a given dosage of radia- tural constituents of chromosomes.4B I t  has been claimed 

tion can be varied in order to give very high or verq. lowv that a low calcium environment increases the number of 
intelzsities per unit time. A &ange in intensity will not spontaneous and induced chromosome breaks in Trades- 
affect the end result when separate ionizing events con- ~ a q t i a . " ~ * ~ ~  I f  these facts were of general application, 
tribute i&ependelttly to the observed effect ; this should the disintegration of strontium-90 or strontium-89 might 
hold true for some of the exponentially responding affect cells not o d y  by emitting P radiation. but also by 
events although it is not true for all. On the contrary, transmuting to yttrium, which has new chemical proper- 
in the case of events responding by sigmoid curves, sev- ties. Such possibilities will have to be discussed, and 
era1 ionizations may be needed almost sinncltaneouly the role of trace amounts of metals and o f  &dine 
(this is the case when recovery processes exist) ; here, e a r t h  ift intp~rtatt t  celllklar structltres shoftld be kflown 
a given dose becomes less effective if delivered in a before one dismisses its possible intportance biologicd 
long interval of time.31n3z.39 However, this is not dx~ays effects of radionuclides which, apart from emittill9 l a d -  
the case, and for inactivation of both homologous chro- atio?t, !rave a specigc fzbncti0~. 
mosome regions of a diploid cell. it is known that pro- 16. ~ l t h ~ ~ ~ h  Cads has not been found by ?d i e  traction of irradiation does not alter the effect. aulography in the bone marrow cells of rats ~revlously I 

13- The physiological conditions of DrosopItila sperm injected with 200 pc,40 nuclear aberrations have been 
, - are very constant for a considerable length of time, and observed in allium which had been grown in the presence 
!.a 

, X' lt has been found that the induction of mutation by of S1--90,~' and further work on the subject. should be 
- irradiating the males does not vary with the intens~ty done to settle this problem. which is of greatm?ortance 

of irradiation.30 The same is true for the induction of in understanding the possible cellular damage. Induced 

most malformations in the mouse embryo. Howvever, in by radionuclides. Their specific radioactivity lnslde cellu- 
. Some cases the severity of malformations is greater i f  a lar structures as well as their rate of turnover and their 
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chemical function may be important in inducing cellular 
damage. 

11. RADIATION CHEMISTRY 

17. It  is only by understanding the mechanisms of 
action of radiations on the different cellular constituents 
that one can hope to understand what is happening in 
irradiated cells and also to use these basic findings in the 
search for protecting agents. Much useful information 
on the chemical effects of radiation has been gathered by 
submitting various chemicals to irradiation in vitro 
(radiation chemistry) ; however, on account of our very 
incomplete knowledge of cellular structure and chem- 
istry: biological constituents should be studied after 
irradiation of the living organisms (radiation biochem- 
istry) if one is looking for full understanding of radio- 
biological processes. Furthermore, as will be pointed 
out, specific constituents and not bullc chemical proper- 
ties should be studied whenever-pcssible. Molecules may 
be altered by indirect and direct effects of radiation. 

Indirect effects 

18. I t  is known that the most abundant of all biolog- 
ical constituents is water: it constitutes 70 per cent of 
most living cells except for certain plant seeds and may 
sometimes constitute more +an 95 per cent, but an un- 
known proportion of it is bound water ahd constitutes 
part of the cellular structures. This has prompted much 
research into the radiochemistry of water. 

Effects of radiation on water and substrates in aqueous 
~ 0 1 u t i o n ~ ~ ~ ~ ~  

19. I t  is usually accepted, although-by no means 
demonstrated. that water when chemically pure under- 
goes ionization and, as a result of this-and of secondary 
reactions, the sequence of which is hypothetical-splits 
into OH0 (hydroxyl radicals) and H0 (hydrogen 
atoms), which recombine: in the absence of any im- 
purity, nothing apparently will have happened because 
the radicals cannot enter any other reaction. Traces of 
H2 and H,O, are thought to be formed during this 
process. The formation of radicals takes place in the 
short time ~f 10-l1 -lo-'? s e ~ . ~ ~  

20. The existince of OH0 radicals has been demon- 
strated: certain radiation reactions leading to the poly- 
merization of acrylonitrile can best be explained on the 
basis of an OH0 radical mechanism, as also the oxidation 
of benzene to p h e n ~ l . ~ l * ~ ~  

21. On the other hand, the existence of free H atoms 
is still questioned on account of the high osidizing power 
of radiation on substrates in aqueous solutions ; several 
mechanisms of radiolysis have been suggested, which 
do not make necessary the postulation of the existence 
of HG atorns.jl It  may be easier to interpret many bio- 
chemical reactions of radiation when a better under- 
standing of the radiolysis of water has been achieved. 
This should certainly be of great importance for the 
logical approach to protection mechanisms. Although 
the existence of a free hydrogen atom is doubted by 
some, many authors have assumed that it does exist, 
and much present thinking is based on this assumption. 
I t  will make the discussion easier if we tentatively adopt 
this ~ { e ~ v ,  whenever a mechanism involving this radica! 
is suggested. If oxygen is present as it is when a solu- 
tion is in equilibrium in air, O,HO (perhydrosy radical) 
and H202 (hydrogen peroside) are also formed In addi- 
tion to H0 and OH0.51 

22. When the water contains various solutes, these 
are the site of chemical reactions due to HG, OH0 and 
O,HO radicals formed in the solution through the radio- 
lysis of water. These radicals have reducing or oxi- 
dizing properties and can react with the substrate, 
oxidizing or reducing it or transforming it in turn to 
a new free radical. Thus, i f  many solutes are present, 
they may be altered by radicals coming either from 
water or from the other solutes: this last mechanisnl 
although not too well studied could very well be of some 
importance in very complex systems. When macromole- 
cules are irradiated, the yield of altered molecules per 
ion is usually smaller than expected from what happens 
to smaller molecules of similar chemical properties : this 
is thought to be due to the fact that bonds, broken in 
these structures, are not able to come apart (they are 
held together by the other intact bonds in the structure 
or cannot come apart by normal diffusion processes) and 
the radicals formed presumably recombine. Such a "cage 
effect" would be chiefly expected in concentrated solution 
and in complex cellular ~tructures.~' There are probably 
also some biologically inert chemical groups whose 
alteration ~vould not impair the biological activity of 
some n~acrom~lecules .~~ 

23. Although some reduction reactions occur when 
substrates are irradiated. most reactions appear to be 
o ~ i d a t i v e . ~ ~ * ~ "  From experilnental data it is apparent 
that a substance is reduced only when it possesses a very 
high normal redox potential (greater than 0.9 - 1.0 for 
effects of X-rays in the absence of ~xygen) .~ '  

Nature of the chenrical efects 

24. Ionizing radiations may alter inorganic as well 
as organic substrates. The following reactions can be 
taken as examples 

Oxidiziftg reactions may be effected by OH0 radicals 
(a)  By simply removing an electron from an ion 

Fez' + Fe3+-a reaction used for chemical do- 
simetry ; 

(b)  By removing an H atom, leaving a radical which 
can combine with another ones1 
2CH3 COOH + 2C0H2 COOH + COOH-CHZ 
-CH, -COOH ; 

(c)  By substitution of a hydrogen by an OH0 as in 
the oxidation of benzene to phen01 .~*~~~  

25. In a similar manner, small organic molecules like 
alcohols, aldehydes or acids undergo oxidation, and the 
last-named compounds are often d e c a r b o ~ y l a t e d . ~ ~ ~ ~ ~ ~  
They are also sometimes capable of undergoing polymer- 
ization by the formation of a chemical bond possibly 
between two radicals as in the second reaction above: 
acetic acid is capable of giving succinic and even still 
more complex organic acids. Amino-2cids may be osi- 
datively deaminatedIs1 and if they have sulfhydq-l groups 
these are oxidized to disulfur (S-S)=' and sometimes to 
sulioside, as in the case of cy~teine.~O*~~ 

26. Rcdztckg reaciions may be obtained as folloi~~s : 

(a) OH0 radicals may act on strongly osidizing 
agents (this is the case for iodate and ceric 
salts) .51 

(b) I n  certain cases. organic redox indicztors have 
been reversibly bleached in the absence of osy- 
gen.62 The mechanisms are at present difficult to 
understand on account of the questionable exis- 
tence of the free H atom. 



( c )  Coenzyme I (Diphosphopyridine nucleotide) 
can be reduced by radiation to an abnormal 
derivative (probably a dimer of the natural mo- 
lecule) but only in the presence of a hydrogen 
donor like ethanol,a3 

27. C o ~ > ~ p l e - ~  nnrolecrrles, such as enzymes and other 
proteins,05 nucleic acids, lipids and polysacharides, are 
also altered in aitro as a result of the action of ionizing 
radiations; enzjmes and desoxyribonucleic acid (in the 
case of the transforming principle of bacteria) may lose 
their biological pr~pert ies .O~*~~ In  most cases the nature 
of the reaction has not been analyzed and cannot be 
until we know more about the structure of these macro- 
molecules. 

( a )  One of the most sensitive cl~emical groups of 
proteins is the sulfhydryl group (-SH) : two 
adjacent groups are oxidized by OH0 to -S-S 
resulting in the loss of biological activity when, 
as in some enzymes, this activity is associated 
with the reduced form. S-S bridges also cause 
cross-linking reactions between two adjacent 
 molecule^.^^^^^ 

( b )  Other specific osidation reactions of some macro- 
molecules have been found, including the deamin- 
ation or decarbosylation of proteins,B0 and the 
osidation of structures containing double bonds: 
as in the case of unsaturated fatty acids;66 but 
large dosages have usitally been necessary in 
order to make measurements possible. 

( c )  Cross linking may occur through the formation 
of a carbon to carbon linkage as the result of the 
combination of two macromolecular free radicals, 
possibly formed by direct or indirect action."-i' 
This process has, however, mostly been studied in 
artificial high polymers like polyvinylalcohol, but 
it is also very likely to take place in cells where the 
local concentration or the orientation of macro- 
molecules relative to each other may be advan- 
tageous for such a process, as in chromosomes or 
during the formation of other oriented cellular 
structures. There is in fact good evidence for its 
occurrence in protein73 and in DNA.14 

( d )  Some effects of ionizing radiations on complex 
molecules of biological interest have been defi- 
nitely shown to be due to OH0 radicals: this is 
so for the inactivation of ribonuclease, carboxy- 
peptidase or the S H  enzymes. These effects can 
be duplicated by chemically produced OH0.76 In  
the case of bacteriophage SIsi6 or catala~e, '~ 
however, it has been suggested that they become 
inactivated as a result of a reducing mechanism 
but, on account of the ~roblematic existence of 
independent H atoms 6 usual conditions of ir- 
radiation, one can probably not be certain of the 
=act mechanism, since new experiments7' may- 
yet lead to other interpretations. In many cases 
the mechanism of inactivation has not been 
worked out. 

( e )  The physical chemical properties of these mole- 
cules may be altered: the asymmetry of nucleic 

of fibrous proteinss0 or of hyaluronic 
acidT9 may be decreased, possibly but not neces- 
sarily as a result of a depolymerization ; the ab- 
sorption spectrum of these various compounds 
IS often altered. indicating a chemical alteration 
of the chromophore group ; 'We stability of pro- 
teins and nucleic acids towards heat or other 
denaturing agent is usually decreased.1° 

25. In the case of a direct e f i ec t , ' ~~~  the ionization 
caused by the radiation concerns t5e molectile or struc- 
ture under study. It  is probable that the energy released 
in one part of such a nlolecule ti-ill be transferred over 
h\e whole structure and ionizaticn or excitation phe- 
nomena will not necessarily occur ai the point of first 
interaction. If the molecule beco~nes ionized, reactive 
free radicals may be formed and the existeilce of un- 
paired electrons has been proved in experiments using 
paramagnetic resonance; in the absence of water, these 
radicals are found to exist for periods as long as \\-eelis 
or months."*s4 In the case of water solutions, the life 
of the radicals is much shorter (a  few minutes). Such 
stctdies have also been made in irradiated cells, indicat i~l~ 
the existence of free r a d i ~ a l s . ~ * * ~ ~  

29. Cross-linlcing between macromolecules may occur, 
as in polyethylene, probably by the reaction of an ionized 
molecule on a normal one.sa The absence of an electron 
from a chemical bond may make this bond unstable 
and cause it to be hydrolyzed or broken, and some ions 
may also react with normal molecules causing them to 
cross link, as in some synthetic  polymer^.'^ The absorp- 
tion of energy from the ionizing radiation does not al- 
ways result in the esptllsion of an electron: when ion- 
ization does not occur, the group of atoms may become 
excited for a period perhaps as short as sec. thus 
being rendered 1110re reactive with other molecules and 
susceptible to chemical a l t e r a t i ~ n . ~ ~  Escitation is the 
only process responsible for the alteration of substances 
by ultraviolet or visible radiations, and the use of these 
types of radiations is thus extremely useful in this 
respect. 

30. Tlze pltysical state of a proteiir rtwleclrle can be 
made to vary, and it has been shown that when an 
originally globular protein like pepsin is unfolded at an 
air-water interface and is irradiated as a inonomolecular 
layer it is much more sensitive than when the "stretched" 
molecules have been compressed into fibresss 

Distinctioir between direct and indirect e fec ts  
Dilution effect 

31. It is possible to distinguish between direct and 
indirect effects in a simple system by increasing the con- 
centration of the molecules under study. In the case of 
indirect efi'ects, the yield of altered solute molecules 
decreases with increasing concentration of the s o l ~ t e . ~ ~ ~ ~ ~  
I t  has thus been calculated that in a 1 per cent solution 
of thP enzyme carboxypeptidase, more than 90 per cent 
of the inactivation is indirect; in a 20 per cent solution, 
only 60 per cent of the effect is indirect.OO 

Desiccation aizd protection 
32. One can also obtain information on the relative 

importance of direct and indirect mechanisms by com- 
paring the yield of a radiation reaction on the same 
substrate after desiccation, in a completely protected 
solution and in the absence of any protector. although 
it is probable that one will not be able to secure absolute 
protection against indirect  effect^.^' 

Tenlperature c o e h i e n t s  
33. One can expect, if diffusible free radicals p1ay.a 

part in the indirect effect. that the contribubon of tbls 
type of effect could be reduced considerably by freezing 
the solution.92 This has been experimentally proved. 
However, irradiation of dry substances at different 



temperatures shows that the direct effect of ionizing 
radiation also varies with the temperature, which makes 
the use of temperature coefficients more hazardous, but 
nevertheless useful.82 

Oxygen effect 
34. The existence of an oxygen effect (paragraph 

38) was considered until recently as a criterion for p- 
direct effects; however, as the radiosensitivity of dr~ed 
proteins and polymers varies with oxygen t e n s i ~ n , ~ ~ J "  
this is no longer a good test until more is known about 
the mechanism of oxygen effects. 

35. A major problem in radiobiology is to determine 
the relative contribution of direct and indirect effects3 
and its solution will also be of great help in developing 
methods of chemical protection. A first attempt has been 
made with yeasts; it can be shown that when they are 
irradiated in the dry and hydrated state the order of 
magnitude of both types of effects is very similar.9s 
However, the molecular organization of most structures 
(chromosomes, cytoplasmic particles, nucleoli, cell mem- 
brane) is hardly understood, nor is the contribution to 
these structures of free or bound water and the possi- 
bility of diffusion of the free radicals formed during 
irradiation into or around them. A better understanding 
of all these fundamental problems would undoubtedly 
be of great value. 

Efec t  of LET 
36. According to the type of radiation used, yields per 

ion pair fornled may vary as a result of different LET. 
I t  has been calculatted for water solutions that radiation 
giving high specific ionizations (a particles, slow neu- 
trons. soft electrons) produce high concentrations of H0 
and OH0 radicals along the ionization track;96 their 
efficiency per ion pair in water solution will thus be 
smaller, \\*hen they are compared to y or x-rays or high 
energy electrons. In the first case, the radicals, being 
more densely distributed in space, will have a higher 
probability of recombining or neutralizing each other, 
and this explains the lower yield of reactions such as 
the oxidation of tyrosine, the inactivation of the enzyme 
carboxypeptidase or of several viruses when the high 
specific ionizations are used.'" 

37. These densely ionizing particles form Hz, O,, 
H20, and presumably HOq as a result of the radiolysis 
of H 2 0 2  in water. evert in the absence of oxygeri and there 
are instances where H 2 0 2  has been shown to be respon- 
sible for part at least, of the effect of these particles; it 
has been estimated that local concentration of H,O, 
may reach molarity along the track of a particles.96 

Oxygen effect 
38. In aerated water solutions, irradiated with X or :/ 

rays, H,O, is fornled, and it is thought that the radical 
O,HO (perhydrosyl) is also produced as a result of the 
reduction of molecular oxygen by an H0 atom :51J'7*"00 

in these, the radio-oxidation yield of many substrates is 
strikingly increased, sometimes by a factor of 5 to 6. In 
the case of the more densely ionizing particles, as these 
radicals are formed even in the absence of oxygen, one 
finds hardly any oxygen e f f e ~ t . ~ ~ ~ ~ ~ ~ "  In some instances, 
new osidation products appear, as when irradiated ala- 
nine becomes oxidized to pyruvic acidlo' (the latter 
also occurs as a natural oxidation product of alanine 
through the action of aninoacid osidase) .51 In some de- 
gradation reactions of polymetacrylate, oxygen is nec- 
essary;s7*102 organic hydroperoxides or peracids also 

arise by the oxidizing action of O,HO on organic 
a ~ i d s . " , l ~ ~ ~ ~ ~ '  The rate of inactivation of certain non-SH 
enzymes does not appear to depend on the presence of 
oxygen, but S H  enzymes are far more radiosensitive 
when oxygen is present.lo5 Other biolc~gical materials 
such as the desoxyribonucleic acid0"68*10z or  bacterio- 
phageT6 (a  desoxyribonucleoprotein) appear to be inac- 
tivated by ionizing radiations, by mechanisms chiefly 
independent of the presence of oxygen. This is also true 
for the induction of bacteriophage in E. Coli K12?7J06 
But it has been shown that DNA irradiated in the pres- 
ence of oxygen is capable of forming hydroperoxides 
which arise almost certainly from the indirect effect of 
the perhydroxyl radicals on pyrimidine bases.lo7 How- 
ever, the excited DNA molecule itself can form similar 
compounds by reacting with molecular oxygen and this 
will result in the direct formation of hydroper~xides.'~' 
It  has recently been shown that dehydrated proteins 
(trypsin) also show an oxygen efect  when irradiated 
with sparsely ionizing radiation (X or y rays) ; this 
may be due to 0,- ions.03 

39. I t  has often been observed that the molecules 
under study continue to undergo alteration after the 
exposure to irradiation has ceased. This is the case for 
the oxidation of tyrosine,loD or for the inactivation of 
some proteins,l1° nucleic acids.67 bacteriophage,lll other 
nuc l e~pro t e in s~~~  hyaluronic acid.I9 Pneumococcal DNA 
when tested for transforming activity does not appear 
to show any after-effect after irradiation in 1 per cent 
yeast extract.6s 

40. The after-effect seems to be the result of a pri- 
* mary process taking place chiefly in the presence of dis- 

solved oxygen but it may not be sufficient injtself to 
inactivate the molecule. It could be due to the H,Ollll 
or to the organic hydroperoxidesi12 formed in the solu- 
tion, but other hypotheses have been presented. 

41. The case of desoxyribonucleic acid has been the 
most studied: many mechanisms-such as the oxidative 
formation of labile phosphate l i d s  with the sugar rings 
of the macromolecular chain or the slow unwinding of 
the double helical structure of desoxyribonucleic acid- 
have been po~tulated.~~'~"~J'O Although H,O, formed 
in the solution does not appear to be necessary in the 
case of desosyribonucleic acid,ll"t may have a very 
pronounced effect on bacteriophag? S,, which becomes 
more sensitive to this agent after irradiations; S,, also 
becomes more sensitive to some reducing agent like 
ascorbic acid.i6 As the after-effect does not appear to 
occur after irradiation in the dry state (in the case of 
DNA)S5 it does appear to be the consequence of an 
indirect effect of irradiation. One will not be able to 
estimate its contribution in irradiated organisms until 
one knows more about direct and indirect action irz v iz~o.  

I?r water so1l.t' I ton 
42. In  a radiation-induced reaction taking place in 

water, the fact that the major part of the effect is of 
indirect origin has iundarnental as well as important 
practical consequences. 

43. Any other solute, reactlng with the free radicals 
fornled at the expense of the water molecules. will 
render them less available to the substance under study 
and protect it possibly by a competitive r n e ~ h a n i s r n . ~ ~ ~ ~ '  
Many organic or inorganic compounds are efficient in 



vitro, amongst these thiourea, aniline, phenol, cysteamine 
and its osydation derivative cysta~nine,~~ and S-2-Amino- 
ethylisothiuroniumO BrOHBr ( S T )  .lls 

44. Substances capable of reacting with essential 
groups of enzymes may, when present during irradia- 
tion, protect the group ; removal of the agent after irradi- 
ation uncovers an unaltered group and this has been 
shown to be the mechanism in the case of SH enzymes 
protected in vitro by some SH r e a g e n t ~ . ~ ~ * ' l ~  Many 
enzymes are also protected by their substrate,'" their 
coenzvme or by competitive i n h i b i t ~ r s , ~ ~ l ~ l ~ ~ * l ~ ~  prob- 

which is not the natural one and which cannot be restored 
to an active biological compound by natural processes.63 
Coenzyme I is reduced by X or irradiation to an un- 
natural rroduct only in the presence of alcohol which is 
osidised to acetaldehyde : the reaction cannot be reversed 
by enzymatic osidation. The great majority of radio- 
chemical reactions are apparently irreversible ilr vitro. 
If a radiation reaction similar to the last one described 
were to take place itt slivo, natural enzymatic processes 
could restore the srcbstrate to its natural state, and the 
acetaldehyde formed could be reduced again to ethanol. 

ably &so becaise thh biologically active sites 01 the Present staftis of the "target" tlzeory 
enzyme molecules are maslied by the protector. I t  has 
been suggested, furthermore, that the S H  group of 51. According to its original meaning given by Crow- 
cystearnine can protect S H  groups of enzymes by be- ther in 1924, a "target" in radiobiology is a sensitive cell- 
coming linked to them reversibly through s - S  bridges. ular Structure whose inactivation by One Or several ioni- 
Similar dissociable complexes can be postulated in  other zations (hits) would result in the observed biological 
 instance^.^^^*^'^ eEects. 131 When ionization takes place exclusively in the 

sensitive structure (direct effects) the dosage to effect 
'j- I f  organic originating from irradiated relationship has enabled one to calculate a target volume. 

molecules are prevented to diffuse from one another, one 1, the case of dry or highly protected small viruses which 
favours their rejoining. This is also a possible mech- are inactivated by a single efficient ionization, it has been 
anism of radioprotection and it can probably be achieved possible on this basis to their volume and mol- 
by freezing at low t e i t ~ j e r a t t w e . ~ ~ ~  ecular weight and obtain values in agreement with those 

46. Reducing the oxygen tension will inhibit those obtained by other methods. As water is a major cell con- 
effects of radiation which are known to be increased in stituent, it can be expected that part of the biological ef- 
osygen. There are many ways of producing anoxic con- fect of radiations is of an indirect nature: this raises 
ditions, including the use of chemicals, such as hydro- new problems as to the applicability of the target hypo- 
sulfite, cysteine or ~ys t eamine , l "~*~~~  and of more usual thesis to living cells. If all indirect effects could be sup- 
respiratory inhibitors. I n  vivo, many reducing organic pressed, as it is thought they are in dried seeds, there 
substrates which consume the cellular oxygen by way of would be no problem. At  present there is no certain way 
the normal respiratory processes probably also produce of doing this : loading the organism with chemical pro- 
anoxic c ~ n d i t i o n s . ~ ~ ~ ' ~ ~  I t  is difficult at present to know tectors, freezing the cells or reducing the oxygen tension 
the exact contribution of these mechanisms in the case of may not do it efficiently because it cannot be foreseen to 
certain protecting agents like cysteine or cysteamine ; it what extent a chemical protector will reach the cellular 
is probable that it varies according to the type of sub- structure under consideration. and because free radicals 
strate. the presence of other solutes and the concentra- may remain frozen at or near their site of origin until 
tion of the different substances. the cells are thawed for biological assay. Therefore, 

more kno~vledge is needed about the relative importance 

In the dry  state of indirect effects and about the distances over which 
free radicals may diffuse before being neutralized or  

47. However, it is possible to protect molecules in the before reaching the cellular targets. In  order to have a 
dry state. I t  has been shown that the four first substances clear-cut criterion which can be observed, the biochemical 
listed above, (paragraph 43) when inco~ora ted  into a or biological reactions controlled by the targets should be 
synthetic polymetacrylate, protect it during irradiation well defined. Probably, when these conditions are satis- 
even when in the dry state.5s In  the solid state. no water fied, it be possible to use the target concept as a use- 
radicals being present, the protective action is probably ful analytical tool. JVorIi in this direction is in progress. 
due to a transfer of energy through the polymer mole- 
cules to the radioprotector. This would be the mechanism 111. BIOCHEMICAL EFFECTS 
of protection in the case of a direct action of radiation 52. ~h~ seq,4ence of cjze,,zical evellts from the moment 
on the molecule. The ribonucleic acid of tobacco mosaic when the cell constituents are subjected to radiation up 
virus also appears to be protected against direct to the time the biological effects become apparent can 
by cysteine.lsO conceivably be discovered with biochemical techniques. 

The search for an immediate or initial biochemical event 
Restoration will thus be the first step in this attempt. Two approaches 

48. Redoration is a process starting in the irradiated have been used s N d ~ i n g  the effects On 'On- 

material, by which the original product can be obtained stituents and on biochemical mechanisms. 
with its normal characteristics. Cellular constituents 

49. Reducing agents when added after irradiation 53. ~h~ for damage to important 
have been to be capable of restoring the full en- cellular constituents can be done by assaying, as Soon as 
zymatic activity of a number of S H  enzymes. The res- possible after irradiation, the biological or the physico- 
toration is complete only at very low dosages : as dosage chemical of various cell componenb of m h d  

4 1s increased, reversibiity is less and less complete, wh~ch the integrity appears to be important for the econo.my ?£ 
: shows that different sites of one molecular species are the cell. E~~~~~~ or nucleic acids can be mamined tn thls 

altered with different efficiencie~.~~ way, but although high doses have been used no definite 
50- Although some compounds are normally oxidized clues have so far been reached. despite the very great 

of reduced during normal cellular processes, the radio- number of observations. The general conclusion seeems to 
. biological oxidations or reductions may lead to a product point to the apparent radioresistance of the ma~Orlty of 
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cellular proteins ; and even sulfhydryl groups, which are 
very radiosensitive in dilute solution. 13"134 do not appear 
to be considerably dainaged itr vivo.12G*133 Similarly, es- 
sential coeazymes and vitamins do not seem significantly 
altered immediately after irradiation.lta This is due to 
the fact that only a very small percentage of the con- 
stituents are affected unless very high dosages are 
applied.126 

54. I t  must be realized that in such attempts to identi- 
f y  radiosensitive molecular species by looking for the 
oxidation of SH groups or changes in molecular asym- 
metry these molecules are usually considered in bulk, and 
even when specific analysis is undertaken, it is often 
found, as is the case of coenzyme A, that no alteration 
can be detected.l3"hese negative findings do not ex- 
clude the possibility that a small number of molecules of a 
type controlling key mechanisms (cell division for es- 
ample) or having a particular location may still be altered 
-but at present, general knowledge about the existence 
of such specific molecules is lacking. 

55. In the case of genetic constituents (desoxyribonu- 
cleoproteins), which presumably constitute a class of 
relatively few molecules each having a very high degree 
of biological specifiaty. the alteration of a single unit 
would result in some cellular damage which would be- 
come expressed at the end of the chain of reactions it 
initiated. 

56. The question of the radiosensitivity of nudeic 
acids in G o  seems still to be controversial, although 
evidence indicates that nucleoprotein complexes are 
probably dissociated in many tissues as a result of moder- 
ate i r r a d i a t i ~ n . ~ ~ ~ ~ ~ ~  I t  has been calculated, on the basis of 
in vitro measurements, that a dosage of 100 r could 
damage 100 to 200 molecules of DNA in a mammalian 
cell.137 and this figure does not disagree with the data 
indicating the stability of p~leumococcus DNA when 
irradiated in v i v ~ l ~ ~ ,  the dosages used in these experi- 
ments not being sufficient to cause any significant inac- 
t i v a t i ~ n . ~ ~  Thus, a very much lower dosage than 1 r 
would be theoretically sficient to alter permanently 
some genetic constituent in a single cell. In this case, 
not all cells would have one of their DNA molecules 
affected. However, nothing is known on the possible 
interactions that intact cells could have on the affected 
ones, either by influencing their recovery processes or 
by competing effectively with them (selection). Know- 
ledge on the behaviour of an affected cell in a normal 
population nrould be of great interest to understand low 
dosage effects. 

57. There is no reason to believe that ribonucleopro- 
teins are not as radiosensitive as the desoxyribonuclea- 
proteins, but very littie is known about the number of 
units of each type which a cell is likely to possess and 
even less of the specific reactions they control. Chromo- 
somal ribonucleoproteins could very well be concerned 
with the duplication of genetic material in dividing cells, 
as suggested by recent work on bacteriophage syn- 
theSiS.138,139,140 

58. Still less information is available concerning the 
possibility of other cellular constituents playing key 
roles; many remain to be discovered and further funda- 
mental research is required. 

glycolysis and respiratioa. when studied at various times 
after irradiation. These systems result in the building up 
of compounds rich in chemical energy which can be used 
for biosynthetic reactions and cellular work. In  radiosen- 
sitive organs like bone marrow, spleen and thymus, such 
reactions as aerobic phosphoqlations seem already to 
be impaired thirty minutes after irradiation by 50 r (ef- 
fects on mitochondria), but it cannot yet be stated 
whether these radiobiological processes are the cause or 
the result of other biochemical damag'e."1J42 

Syntlzetic nteclzorrisnzs 

60. In dividing tissues, the most constant finding is 
an inhibition of the synthesis of desoxyribonucleic 
acid. 131*1431"13145 In micro-organisms like yeasts, the 
homogenity of the population makes experiments more 
easily interpretable: and it has been found that this in- 
hibition is only temporary and that synthesis resumes 
after various lengths of time.144 In other instances, there 
may be a short time-lag before this inhibition occurs. 
However, the mechanism of DNA synthesis, although 
beginning to be experimentally approached, is not under- 
stood. As has already been pointed out, it may be depen- 
dent even in normal cells on protein or ribonucleic acid 
metabolism; and in bacteriophage it is probably de- 
pendent on such metabolism by the host cell. The nature 
of the initial step of radiation damage remains to be 
determined. On the basis of bacteriophage inactivation, 
it has been suggested that the DNA model, or template. 
on which the new molecules are thought to be formed, 
has been altered in such a way as to make its reduplica- 
tion impossible. The temporary inhibition of DNA syn- 
thesis may lead to abnormal DN.4 formation and this is 
perhaps related to the killing of cells and to mutation, 
but in what exact manner is not known. 

61. So far, the syntheses of ribonucleic acid and pro- 
teins and lipids in bulk do not appear to be consistently 
impaired by radiation and may even be enhanced, but 
these compounds are very complex and their study in 
bulk form, the manner in which it has mostly been car- 
ried out so far, cannot be regarded as adequate. Pro- 
teins and RNA, bound to the chromosomes and other 
nuclear and cytoplasmic structures. are probably very 
complex and each fraction should be studied indepen- 
dently.14' This will only become possible, however, when 
more is known about the chemical composition of cellular 
structures and when refined analytical procedures are 
available. 

62. The inhibition of ittdzcced proteitt syrztltesis in mi- 
cro-organisms has usually been found to be resistant to 
radiations, except in the case of hydrogenlyase in E. 
C01i.l~~ In mammals, a few cases of induced synthesis of 
enzymes are known : the tryptophane peroxidase zctivity 
of rat liver can be increased i f  the animal is injected 
with large amounts of tryptophane. This process is in- 
hibited by radiations, but this inhibition only becomes 
apparent after two or three days.lS0 However, if trypto- 
phane is not given to the animal, an i~zcreased activity of 
the peroxidase during the first few hours after irradia- 
tion can be observed, but this increase does not occur in 
adrenalectomised rats and is therefore due to a secondary 
adrenal s t i m u l a t i ~ n . ~ ~ ~ . ' ~ ~  There are therefore two con- 
flictincr mechanisms which have O D D O S ~ ~  effects. I t  has 

Bioclre~rrual nrec1io.nistn.r furthgrmore been shou~n that the oiiurrence of infection 
in irradiated mammals can be related to an impaired sJn-  

Energy-fornzing syste~ns thesis of a,?ttibodies if irradiation takes place before the 
59. More information is available from the study of injection of the antigen :'iG*"'9"R."B this is not neces- 

integrated biochemical reaction chains. like those of sarily due to the depletion of antibody-forming cells, but 
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might be related to the inhibition of the induced sy~rthesis 
of a specific protein, a complex process generally con- 
sidered to be related to the metabolism of ribonucleic 
acid, but which is not understood. The con~plete process 
o i  immunological response (the sequence of events be- 
tween the invasion of the organism by an antigen and the 
synthesis of a new specified antibody) is also not prop- 
erly understood and the cells rvhich are concerned are 
just beginning to be identified. The process of induced 
synthesis is believed to be related to ribonucleic acid 
metabolism, and in micro-organisms it is quite sensitive 

I to U.V. light absorbed by their constituents which affects 
the synthesis not only of the new proteins but also of 
ribonucleic acid.lS3 

E f e c t s  012 traltsport mechaninns in the cell njel~tbrane 
63. Enzymatic systems at the surface of the cell mem- 

brane take a prominent part in the active transport of 
metabolites through the cell membrane,'54 but, although 
cell pernleability has often been said to be affected after 
irradiati0n,'~"'~9ew critical cxperiments have been per- 
formed. I t  has been shown, for instance, that lethal ir- 
radiations and still higher dosages have often led to a 
leak of potassium ions into the medium ; this has been 
proved in erythrocytes, in muscle but not in liver.15i Sim- 
ilar phenomena. if existing in nerve cells, could be a basis 
for esplaining some of the nervous symptoms of irradi- 
ation. Surface mechanisms can be affected in yeasts by 
U.V. light 365 mp. without apparently producing other 
effects than delaying mitosis ; these surface lesions cause 
considerable loss in potassium.15s 

64. The loss of small organic molecules like adenosine 
triphosphate has been shown to occur from irradiated 
micro-organisn~s,'~~ and techniques of tissue culture will 
make it possible to establish whether such behaviour 
applies also to mammalian cells. In  mammals, it is known 
that amino acids and other small molecules (taurine for 
instance) are released in the blood stream and ~ r i n e , ' ~ ~ * ' ~ '  
and this might be the result of impaired permeability. 

65. The exact significance of these various biochem- 
ical effects is difficult to discuss because our present 
knowledge of the sequence of biochemical mechanisms 
taking place in a normal cell and their interrelationship 
is still very fragmentary. 

IV. CYTOLOGICAL EFFECTS 

66. In  order to explain the biological effects of radia- 
tion, cytologists have tried for the last half century to 
identify abnormal cell structures. 

I 

Nucleus 
67. I n  tlze cell nucleus. the most conspicuous damage 

is in the chrotnosomes, which are very sensitive and fre- 
quently grossly altered ; irradiation as low as 25 r or even 

j. less is svfficient to induce chromosome aberrations in 
f .  embryonic nerve cellsi6? or in many plant t i s ~ u e s . ~ ~ ~ ~ ~ ~ ~  

68. Irradiation causes the breakage of chromosomes, 
which probably occurs during exposure; this is followed ill( by normal or abnormal recombination of the broken 

2 ends; but these may remain separate. As not only the i. 2 molecular integrity but also the order of the genes on 
the chromoson~es is important, this damage may lead to 
genetical effects simulating mutations. Point mutatlons 
are molecular alterations of genes usually not accom- 
panied by visible aberrations, and they may perhaps 
concern only a very few sub-units (nucleotides) of 
genetical material :1s5+36 however, a point mutation could 
occur at the point of breakage and reunion of the 
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chromosonle and in this case the damage would be visible. 
Two types of mechanisms ior chromosoiiles breakage 
appear to be possible;35 the first would be the result of 
the breaking of weak ionic bonds, the second the rupture 
oi  stronger covalent bonds. In  the first case; restitution 
is possible in the absence of external energy sources ; in 
the second, energy of respiratory origin is necessary. 
This interpretation is by no way deiinitlve: it is the one 
which best fits the present esperimental data, but its 
simplicity is obviously a reflection o i  our ignorance of 
the over-all n~olecular structure of chrolllosornes and o i  
the dynamic mechanisms of chromosollie function. I t  is 
presumed that ionization must take place in the gene 
~tself or in its immediate vicinity to cause a muration. 

69. Less defined damage, making the chromosomes 
stick to each other, is also observed; the result of this 
stickiness is, as is often also the case for well-defined 
abberations, an uneven distribution of chromosomes be- 
hveen the daughter cells, which affects the process of 
mitosis or the survival of the cells.162*1Bi Staining ab- 
normalities of the nucleus have frequently been ob- 
seTVed."A168 

70. New techniques have only recently been developed 
for mammals, making possible in them the identification 
of all the chromosomes in a sufficient number of cells 
€or the quantitative study of aberrations, which would 
lead to the establishment of dose effect relationships in 
men. Observations of this kind will be extremely labor- 
ious and one cannot expect much information beiore 
many competent observers have been trained. 

71. The n~orphology as well as the number of riiccleoli 
(small nuclear spherules characterized by their high 
content of ribonucleic acid) may be altered in mamma- 
lian cells.lsO The total cellular volume may increase as 
a result of irradiation, as the volume of the nucleus often 
does; the nucleoli may become swollen, fragmented or 
~ a c u o l a t e d . ~ ~ ~ ~ ' ~ ~  The precise function of the nucleoli 
in normal cells is far from completely known, but it 
may be related to such diverse processes as cell diSer- 
entiation, protein synthesis and coenzyme synthesis, and 
their obvious relationship with the chromosomes in many 
instances make these organelles of prominent interest 
for the proper functioning of the cell.lil 

72. Nuclear swelling is often accompanied by cyto- 
plasmic welling, and giant cells are often observed after 
irradiation of micro-organisms as well as of mammalian 
cells.17' The fact that the dry weight or total nitrogen 
ilcreases at the same time indicates that many synthetic 
reactions have not been interrupted. Swelling of cells 
(or elongation of bacteria) appears to be the result of 
an impaired cytoplasmic deavage.':3~"'*lT5*1i8*17This 
cellular swelling has often been the basis o i  a misinter- 
pretation : many references to the stinaulatiort of growth 
of irradiated organisms can be cited. Actually, as in the 
case of seedlings, this is merely the result of the elonga- 
tion of non-dividing cells :1i6*xi*lT8 the inhibition of one 
process (cell division) may result in the increase of 
available energy or building blocks for other reactions,. . 
thus merely shifting one steady state to a n p t h e ~  The 
energy of radiation and its random distribubon 1s such 
that the chances of obtaining deleterious reactions appear. 
greater than those for specifically removing inhibitory 
processes. another logical mechanism by ybch s~lnula-  
tion could be explained. Effects of radiation should al-. 
ways be thoroughly analysed before they can be as:umed, 
to be useful to the irradiated subject. 



73. The cell cytoplasm is known to contain a variety 
of particular structures, the exact identity of which has 
not yet thoroughly been worked out.lS0 

74. Mitochondria are the largest of cellular particles ; 
they contain most of the enzymes and coenzymes respon- 
sible for cellular respiration which release the major 
part of energy used in biochemical reactions ; they also 
have important functions in lipid metaboli~m?~' They 
have been observed to swell or show abnormal staining 
in irradiated spleen ceUs,lsl~lsz~l83 a finding which has 
been supported by biochemical evidence (inhibition of 
oxidative phosp1~orylation),18~~1S5 If,  after irradiation, 
the behaviour of the ~a r ious  biochemical functions 
which are attributed to mitochondria were compared, 
it should be possible to draw a consistent picture of their 
alterati~ns;~~%nfortunately the experiments have sel- 
dom been carried out in comparable conditions. 

75. The following have been described : 
( a )  An inhibition of respiration and phosphorylations 

chiefly in thymus and spleen ; the phosphorylation 
processes appear to be more sensitive than res- 
piration.lS4'186.1S7 

( b )  L4n increase of spleen adenosine-triphosphatase 
which seems to be independent, at least initially, 
of the inhibition of phosphorylation.ls6 

(c) -An altered lipid metabolism characterized chiefiy 
by an increased synthesis of the phospholipids of 
the liver;188 however in spleen and thymus it is 
slightly lower or remains normal. It  must be 
emphasized, however, that lipid synthesis may 
not necessarily be linked to mitochondrial integ- 
rity, as suggested by a number of experiments. 
189.190,191 

76. Thus, the different reactions to radiation of three 
different mitochondria1 functions do not appear to re- 
spond identically. This raises the problem of the iden- 
tity of the mitochondria performing all these three 
functions. Much better controlled worlc, where several 
properties of the same particles are investigated in 
identical conditions, could help to solve this important 
problem, and radiations could perhaps in this instance 
be useful as an analytical tool: the site of lipid metabo- 
lism could be a radioresistant type of mitochondrion. 

77. It must finally be kept in mind that respiratory 
processes appear, as in yeast, to be controlled by nuclear 
or  cytoplasmic factors ;lg3 the latter may or may not be 
identical with the cytoplasmic particles carrying the  
respiratory enzymes themselves. An alteration o i  these 
controlling mechanisms could very well be the origin oi 
late radiation effects on these functions. 

78. Microsomes form another class of smaller, cyto- 
plasmic structures organized in a reticulum. as seen by 
the electron m i c r o s c ~ p e . ~ ~ ' ~ ~ ~ ~  They have a strong affinity 
for basic dyes. a condition which is strikingly augmented 
in tissues undergoing differentiation and actively syn- 
thesizing protein; in the course of these processes, 
ribonucleic acid, chemically related to the desoxyribo- 
nucleic acids constituting the nuclear genes, undoubtedly 
plays an important part. There does appear to be a func- 
tional relationship between microsomes and nucleoli, 
but its nature is not understood. These particles are at 
present considered to be the major site of protein 
~ynthesis.1'~ 

79. Surprisingly, electron microscopy has not been 
much used for the study of the structure of the irradiated 
cytoplasmic reticulum and the scanty observations so far 

i performed in the thyroid and in the testes have not re- , 
vealed any damage to this reticulum.196 

1 

80. If the microsomes are considered irom a dynamic ! 

point of view and the cellular functions to which they 
are related are studied, several conclusions can be 
tentatively reached. 

81. In general, protein sy~thesis does not appear to 
be impaired immediately after irradiation,lgS and it is, 
on the contrary, often enhanced : however, this increased 
activity is often followed by a depression, as in the case 
of the synthesis of the protein moiety o i  hemo- 
globin.1Di~1s9 This bimodal response to radiation, often 
found for protein synthesis, makes it difficult to inter- 
pret the variations of the serum proteins200 in irradiated 
animals where a very complex picture is often obtained 
and when the many results available are difficult to 
compare on account of different methods and timing of 
the experiments. 

82. The inhibition of the induced synthesis of trypto- 
phane oxidase and antibodies are perhaps also related to 
microsome activity.150 

83. Cholesterol synthesis is also related to the integ- 
rity of mic r~somes~~ '  and is often enhanced after irra- 
diation: when it is inhibited as in spleen, this only 
becomes apparent after twenty-four hours.97 

84. In most cases, the effects of radiation on micro- 
some function probably do not become expressed imme- 
diately after irradiation. It  will not be possible to under- 
stand these late effects until the fundamental facts about 
protein synthesis and their relation to nuclear activity 
are known. Experiments on enucleated unicellular or- 
ganisms have shown that the nucleus has a definite but 
remote control over the cytoplasmic ribonucleopro- 
teins :Ii1 the irradiation of non-nucleated cytoplasm in 
the amoeba has shown that at least ultra-violet light 
affects cytoplasmic ribonucleoproteins quite rapidly.'OZ 

85. Lysosomes form a type of cellular particle chiefly 
studied in liver; they are intermediate in size between 
microsomes and mitochondria ;Is0 they are characterized 
by a high content of iron and by their association with 
several enzymes like desoxyribonuclease 11, ribonu- 
clease, cathespin, glucuronidase, and acid phosphatase. 
As the activity of the first three of these enzymes has 
been found to increase in tissue homogenates or  in the 
blood stream after irradiation,203*2M~z05~206~~0i it could be 
suggested that this is a result of damage to the lysosomes ; 
critical experiments in which enzymes are assayed simul- 
taneously in an irradiated animal might prove this hy- 
pothesis. In the case of cathepsin, the increased activity 
can be related to the disappearance after irradiation of an 

"01208 enzyme inhibitor normally present in the blood.- 

86. C h l o r ~ p l a s t s , ~ ~ ~ ~ ~ ~ ~  the chlorophyl-containing cyto- 
plasmic particles of plant cells, and ki~retoson~es,"~ the 
particles related to flagella in protozoa, are both endowed 
with genetic continuity: this gives to these structures 
great theoretical importance. If the speed of multiplica- 
tlon of these structures can be reduced to a greater extent 
than that of cell division, one can expect to find that some 
of the daughter cells have completely lost them. The re- 
verse could also be true, and recent work on  moderate!^ 
irradiated grasshopper testeslg6 has shown in the electron 
microscope the appearance of supernumerary tail fila- 
ments and centrosomes, probably related to the kineto- 
somes of protozoa. These obsenlations have led their 
authors to an interesting theory of radiation damage 
based on the synergistic action of non-specific molecular 
displacements leading to the formation of abnormal 



s t r u c t ~ r e s . ' ~ ~  Extensive work on irradiated plant cells 
has led to the demonstration that the activity of several 
enzymes bound to the chloroplasts were altered.?ll 

V. BIOLOGICAL EFFECTS 

87. The effects on homogeneous populations of cells 
will be considered first, and then those on complex 
organisms. 

Ho~nogeneous cell popt~lations 
88. Cell populations such as micro-organisms, pro- 

tozoa, unicellular algae, cultures and surviving suspen- 
sions of cells from multicellular organisms like fibro- 
blasts, bone marrow cells, gametes and certain cancerous 
cells have been extensively studied.1*213*214*'15*217*218 
Recent techniques make possible the culture in liquid 
media of almost any type of mammalian cell :1771178 these 
cells are capable, in vitro, of forming organized struc- 
tures recalling the original tissue they come from,216 
which should be of great value in studying problems of 
cellular organizations and in understandig multicellular 
organisms. These cell populations have been irradiated 
in rather comparable conditions, and they have been 
shown to react in very similar ways. 

89. When fundavtental Properties of the cells such as 
survival, cell multiplication or mitosis, increase in dry  
weight, differentiation of non-mature cell types, cell 
movements, or permeability of the cell membranes are 
studied, one can usually describe a comnton pattern of 
reaction to radiation. 

90. O n  the other hand, cells performing specialized 
functions may react to radiation in a specific manner 
related to this function. In multicellular organisms, im- 
portant i?zteractions between the different tisslies have 
also to be considered. 

Mitosis (i.e., cell division) 
91. Cells are rarely killed immediately, but usually die 

after having attempted division or after having under- 
gone one or several divisions. Mitosis itself is interfered 
with and is usually delayed, if irradiation happens early 
enough in the mitotic cycle. This has been examined most 
elegantly by direct observation on hanging drop prepa- 
rations of neuroblasts from grasshopper embryos.167 
These experiments have shown the existence of a very 
critical stage of cell division during the period when the 
chromosomes condense as visible threads and when both 
the nuclear membrane and nucleolus disappear. Irradia- 
tion before this critical stage usually makes the whole 
process stop for a duration depending on dosage; after 
it has passed this stage, the mitotic events do not appear 
to be interfered with if dosages are small. It  is remark- 
able that, if applied at the right moment before the crit- 
ical period, dosages as small as 8 or 16 rad will delay the 
progression of mitosis in this type of cell. These observa- 
tions are essentially similar to the previous analyses on 
fibroblast c ~ l t u r e s ; ~ ~ ~ * ~ = ~  they also fit rather well with 
the experiments on irradiated gametes of the sea- 
urchins, where cleavage of the fertilized embryos ob- 
tained by the conjugation of irradiated gametes (either 
pr both of which have been irradiated) is also delayed, 
lf irradiation occurs before early prophase in this case.222 
If irradiation occurs aftenvards, it is the subsequent 
cleavage which is slowed down. This general picture of 
mitotic delay may be subject to some alteration when 
different types of cells are considered; less direct 
methods of observation may have led to a different tim- 

1 

ing of the critical period in other  cell^.?^^*?^^ Also, in each 
cell type. although the general course of nitosis is quite 
similar, the duration of each phase and sometimes the 
exact denomination of the stage considered may vary 
to a considerable extent, which makes exact comparisons 
very difficult. 

92. The exact cause of the inhibition of mitotic divi- 
sion is not known. It  has been suggested that it is related 
to the inhibition of DNA ~ y n t h e s i s * ~ ~ ~ ? ' ~  which occurs 
frequently- but some instances where cell division is 
inihibited with apparently normal DNA metabolism will 
force us to reconsider this  vie^."^ DNA synthesis, as 
stated previously, is a complex process; it is perhaps 
associated with chromosomal protein'2s or RNA syn- 
thesis,138 of which next to nothing is known. I t  has been 
suggested on the other hand that an interference of radi- 
ation with the oxido-reduction of sulfhydryl compounds 
known to occur during cell  division^*^^*'^^"^^ might also 
be one cause of its inhibition ; inhibition of mechanisms 
of cytoplasmic cleavagezz6 or of spindle formationzi 
are other plausible hypotheses. 

Mufatiom 

93. I t  has been stated earlier that cells which do not 
die after several divisions are said. to recover. This 
statement is very imprecise, because all that is known is 
that these cells look as if they had recovered. However. 
in certain instances although they continue to have a 
quite normal appearance, they have undergone wttttation. 
These changes have been observed most clearly in 
bacteria, moulds, and other unicellular autotrophic or 
heterotrophic organisms ; and very recently, the studies 
of cultures of isolated mammalian cells have suggested 
that such mutant forms also =ist amongst the sur- 
v i v o r ~ . ~ ~ ~  These mutations are characterized by the fact 
that the surviving cell as well as most of its descendants 
have been affected in a way which makes them permnu- 
tiently incapable of performing some biochemical re- 
action. If this biochemical reaction (for instance, the 
formation of an essential building block) is necessary 
for the cell to grow and multiply, the mutation will lead 
to the arrest of growth and multiplication, and finally the 
cells will die, if this essential building block is not pro- 
vided in the culture medium. It is believed that there i s  a 
period of time following irradiation dtiring which the 
process of mrrtation is not fully e~tablished.'~?~~~~.~~~"~~ 
What takes place during this time is not known-but it is 
possible, at least in the case of ultra-violet irradiation of 
micro-organisms, that the expression of damage depends 
on the synthesis of some protein. Although this tirne- 
lag gives the possibility of interfering with muta- 
genes i~?~ '*~~~-a  subject which will be discussed more 
thoroughly in another section-it is generally accepted 
that this damage once fzrlly established cannot be rever~ed  
by non-genetical processes. In  addition to induced mu- 
tants there are always a certain number of spontaneoru 
ones, which arise in the absence of any added external 
agents. 

94. Back nzlitation (reverse mutation), the apparent 
reversal of the previous mutation and the evolution from 
dependency to independence of some specific metabohte? 
may occur spontaneously or by irradiation of the mu- 
tant; apparently there is what could be called a true 
recovery of the cell o r  at least of that part of the 
which had first been altered.g37 However, the sponta- 
neous phenomenon has a small probability of occurring 
and the process of back mutation, zcnless it could be dz- 
rected, is not a ~ractical recovery process. . ----.- 



95. Other mutagenic agents (lower ener radiation 
like ultra-violet light,z3Smany toxic compoun P s and chem- 
ical analogues to normal building b l o ~ k s ) ~ ~ ~ ~ ~ ' ~  are d 
useful in helping to clarify the mechanism of mutations. 
Chemical analogues, for instance. compete with normal 
building blocks and may often replace them in important 
macromolecules like nucleic acids. sometimes preventing 
their reduplication or their normal functioning. Com- 
parison of ultra-violet lights of different wavelengths will 
indicate which of them is most effective and enables the 
nature of the chemical groups absorbing the energy to 
be determined. The use of these agents is of very great 
importance in elucidating the mechanism, not only of 
mutation, but also of chromosome breakage and of mi- 
tosis, which they are capable of d i~ turb ing . '~~  

96. Genes presumably control the biochemical mecha- 
nisms (many of which are located in the cytoplasm) 
responsible for producing enzymes or other specific 
cellular  constituent^.'^' It  is possible to ima~line that, as a 
result of irradiation, the block in the reaction chain 
between gene and enzyme-forming system could occur 
in some intermediate cytoplarrrtic structure. Ii this struc- 
ture is one which, like the chromosomes and the genes 
they carry, has to reproduce itself at each mitosis in 
order that each daughter cell be identical to its parents, 
and if damage has rendered the reduplication of the 
original structure impossible, one will obtain a cyto- 
plaslnic ntutation. Nothing much is knoivn about these, 
but the induction in yeasts of respiratory deficient strains 
by poisons or radiation and the demonstration that this 
deficiency is not necessarily of nuclear origin, indicates 
the existence of heritable cytoplasmic c l ~ a r a c t e r s . ' ~ ~ * ~ ~ ~  

97. CrlH $nobility can be stopped by irradiation, but 
usually very high dosages are needed for such an effect. 
Irradiation of spermatozoa2" may result in the loss of 
motion, probably as a consequence of the inhibition of 
phosphorylation ;='= this causes them to become infertile. 
but the dosages are much larger than the ones required 
to delay cleavage of the fertilized egg. Nothing specific 
is known of the effects of radiation on the cellular 
migrations IT-hich occur in the developing embryo. 
On the other hand, radiation is Icnown to inhibit phago- 
cytosis in mammalian polymorphonuclear white blood 

but phagocytosis is a complex phenomenon and 
this effect is not necessarily due to the inhibition of 
movements. Alterations of cytoplasmic or nuclear move- 
ments inside living cells might also give useful indica- 
tions. but so far their quantitative measurement is 
difficult. 

Aleltrbra~rc pheflotrte~ia ajzd io)tic equilibria 

9s. The statement frequently made that radiation 
alters the cell permeability needs to be specified. The 
evchange of inorganic or organic molecules and ions 
between cells and their natural environment is a very 
complex process, because many substances have to be 
concentrated inside the cell aga~nst a concentration gra- 
dient, a process which requires energy.15' and inhibition 
of permeability could result from the inhibition of 
energy-forming systems. This is the case for K+ or 
carbohydrates: in the case of the latter, c o n ~ ~ l e s  enzv- 

99. I t  has bcen shown in many cases that potas- 
sium leaks out of many irradiated cells like erythro- 
c y t e ~ , ~ ~ ~ * ~ ~ ~ * ~ ~ ~  and cardiac but not out of liver 
or kidney,2s1 or striated muscle.240 

100. The entry of glucose or amino acids into cells is 
also dependent on surface enzymes, and it should be 
clarified whether an inhibition of these systems might 
affect secondarily synthetic or energy-forming mecha- 
nisms. In micro-organisms (E.Coli, yeasts), it is known 
that the induced synthesis of many enzymes is not in- 
hibited by X-rayszs2 for doses which conlpletely arrest 
cell multiplication. which indicates that the inductor sub- 
strates are still capable of penetrating into the cells. 
However, quantitative studies have not been performed. 
On the other hand, it has been proved that in similar 
organisms (E.Col i )  irradiation leads to the diffusion of 
many n~cleot ides '~~ into the outside medium, as well as 
of potassium, which has already bcen discussed (para- 
graph 63). 

101. In mammals, it has been found that when glucose 
is injected under the skin immediately after irradiation, 
its entrance into the blood stream is slowed d o ~ n . ~ ~ ~  
The passage of metabolites from the hypodermal region 
into the blood capillaries could be a more complex phe- 
nomenon, because it involves the passing of the molecule 
through an organized tissue. The same applies to the 
inhibition of the intestinal absorption of glucose, which 
is diminished three to six days after total body irradia- 
tion in rats. However, in this case the inhibition is ac- 
companied by important cytological The case 
of the barrier separating the eye from the blood stream"55 
as well as many otherslJ6 have also been studied with 
similar results. 

Cell deatlz 

102. Irradiated cells die either immediately (i.e., dur- 
ing irradiation) or after a certain delay: in the former 
case, much higher dosages are needed, and death can be 
attributed to a general denaturation of cellular consti- 
tuents. Many conflicting results on cell death have ap- 
peared in the literature : this can be accounted for by the 
difficulty in defining cell death: in micro-organisms, for 
instance, death has been defined as the inability to form 
visible colonies on agar plates. Furthermore, the primary 
cause of cellular death may differ from one system to 
another, and it is not necessarily unique; any of the 
cytochemical. biochemical, physiological or  genetical 
effects of radiation so far discussed could each take part 
in killing the cell. A mutation in a micro-organism lead- 
ing to the inability to form an essential building block 
will be "lethal" otzly in the case where the culture medium 
does not contain this substance. 

103. Delayed death of dividing cells occurs after one 
or several cellular divisions have taken place,220~'56~z57 
and it may often be linked to chromosome damage.2ss 
but it could also be due to nutritional or other deficien- 
cies, such as occur in a non-dividing population. Delayed 
death is caused by much more specific damage than im- 
mediate death, and its study is thus of far greater in- 
terest. The doses required for obtaining delayed death 
may be different not only for cells of different species.l 
but also for closely related cells such as different strains 
of the same bacterial species.25g 

matic systems. located on the cellular membiane, ha;e 10-4. Recent experiments on cultures originating from 
been described, and it would furthermore not be surpris- different single mammalian cells have shon-n a very simi- 
ing that this organized structure be upset by radiation lar sensitivity ;231 this probably results from the fact that 
as are other patterns of cellular organization. in these abnormal conditions cells undergo relatively 



rapid division, whereas in the whole organism this 
process may be estremcly sloiv and may differ from one 
tissue to another. When penetrating radiations are used, 
it can be assumed that each cell of an irradiated popula- 
tion receives the same amount ot' radiation. In  an aver- 
age-sized mammalian cell, submitted to an irradiation of 
1 r, severd hundreds of ionizations occur. and the proba- 
biiity of a structure being damaged will depend on sev- 
eral factors, including its size and the radiosensitivity of 
its constituent molecules in vivo. I t  has been calculated 
that 100 r to a mammalian cell nucleus produce 100-200 
hits into the DNA: 1.000 r to a bacterium will pro- 
duce of the order of 5 to 20 direct hits in the DNA alone. 
and every radical which might reach the DNA could 
damage another molecule.6g Alterations of DNA could 
be one cause of late cell~dar death, but other cellular 
constituents are also damaged. It  can be shown that 
some cells die while others recover and apparently behave 
again like normal ones. This probably results from dif- 
ferences in the distribution of the energy to "critical" 
and to less "critical" molecules and it has to be remem- 
bered that it is the remaining physiological activity of 
each cell constituent which will determine the final bio- 
lo~+A effect. " 

Effects olt virtues and I< particles in Para~zecia 

105. Radiation effects on such specialized biological 
systems may at first appear to be out of place in a gen- 
eral survey as this one, aiming at understanding radia- 
tion hazards to man. However. these systems are very 
closely related to chromosomes (and presumably the 
genes they carry) and to many cytoplasmic particles; 
they consist of nucleoprotein, and the mechanism by 
which viruses reproduce autocatalytically offers the best 
model at present available for the study of the redupli- 
cation of cellular nucleoproteins. Viruses are very im- 
portant in radiobiology, because they can be studied both 
as chemical entities i r z  vitro and they can be irradiated 
independently of the cells they multiply in. Bacterial 
viruses (bacteriophage) ,2601261 some of the animal vi- 
ruses and the cytoplasmic K particle of Paran~ecica"~ 
are desoxyribonucleoprotcins. like the bullc of the chro- 
mosomes: plant viruses and some animal viruses are 
ribonucleoproteins, others are desoxyribonucleoproteins. 

106. Bacterial viruses are the ones most attention has 
been paid to, and the following fundamental facts have 
been discovered and have in some cases been confirmed 
using other viruses. 

107. Ionizing or ultraviolet radiation applied in vivo 
or in vitro inactivates them, i.e. interferes with the 
possibility of their being self-dztplicafed inside the 
Cel~.?60,263.?62 

108. Fo r  certain strains, non-irradiated bacterio- 
phages are capable of growing in bacteria heavily irra- 
diated by X-rays or ultraviolet radiation, indicating very 
clearly that the self-duplicating strzlctzrre itself has to be 
affected and that the bacteria remain capable of support- 
ing phage m~~l t ip l ica t ion ."~*~ 

109. If the conditions of infection are such that there 
are several ultraviolet inactivated bacteriophage per cell. 
for certain strains of bacteriophage. the intact parts of 
each virus can recombine into a complete new unit, 
which is again capable of duplication (this is called 
nttfdtiplicity r e a ~ t i v a t i o n ) . ~ ~ ~  This is a crude and prob- 
ably quite inaccurate way of explaining a compIex 
mechanism of which little is known. This type of reac- 
tlvation has also been described for X-rays.'66 

139 

110. Esperiments like these may have very general 
implications for the understanding of damage and of 
recovery processes talcing place in cells of more complex 
organisms and therefore should be vigorously en- 
couraged. 

Eflects ool~ lysogexic cells 
111. Certain types of bacteriophages invade their host 

but do not multiply in the usual way; on the contrary. 
they appear to become integrated into the bacterial 
desosyribonucleoprotein and thus reduplicate cim~~lta-  
neously with the bacterial nuclear material without caus- 
ing any apparent trouble to the cell. However, estrenlely 
low dosages of irradiation as well as a variety of other 
agents induce the transformation of this "prophage" to 
a virulent bacteriophage, which will multiply and h d l y  
lyse the infected In  certain strains of lysogenic 
bacteria, a dosage of 0.1 r may give a measurable induc- 
tion, and the linearity of the dose-response curve for this 
"genetic" effect has been demonstrated down to such 
low d o s a g e ~ . ~ ~ J ~  What characterizes induction is that it 
takes place in almost 100 per cent of lysogenic cells. 
whereas mutation only talces place in a small number. 

112. Experiments on infected micro-organisms have 
also shown that a virus is capable of becoming integrated 
into the genetic material of the host and of transducing 
some genetic characters from one genetic type of host 
to a n ~ t h e r . l ~ ~ * ~ ~ ~  I t  is not unlikely that processes similar 
to bacterial transformation by DNA or to transduction 
involving the transfer of genetic material from one type 
of cell to another, also exist in mammals. If such phe- 
nomena were discovered, directed reversed nztctations 
might become possible iiz ~narnnzals. 

Differetitiating cell populations 

Embryonic developntent 
113. Gametes arise from the differentiation of stem 

cells, the oogonia or spermatogonia, which takes place 
in the gonads. This differentiation (oogenesis or sperma- 
togenesis) is a process during which the double genetic 
equipment (diploid) existing in the stem cells as well as 
in the somatic cells is halved evenly through the complex 
process of meiosis to give daughter cells, which will 
produce gametes containing only one gene of each kind 
(haploid). Fertilization will result in the fusion of the 
parent nuclei, and the usual diploid number of the 
somatic cells is thus obtained. 

Irradiation of galiretes 
114. W e  have seen that when either of the gametes is 

irradiated, the first cleavage of the fertilized egg is 
delayed: if the embryo is then left to develop. the 
cleavage divisions usually proceed apparently quite 
normally up to the blastula stage. However, embryonic 
development usually comes to a permanent stop before 
the completion of blastulation or during early gastrula- 
tion: this is one of the numerous examples of delayed 
death.269 The fundamental biological situatioll is t!lat 
gastrulation is the first stage of development dun% 
which cellular differe~ttiatio~r occurs : this process is pre- 
ceded by a striking increase in the metabolism of rib?- 
nucleic acid (both in the cytoplasm and n u c l ~ ~ l u s ) .  1s 
the case in most biological processes where Intense pro- 
tein synthesis and differentiation is taking 
Furthermore, during gastrulation important cellular 
movements lead to the formation of three dieerent c d u -  
lar layers which ultimately become organized in tissues 



and organs. Some of the cells in certain layers are capa- 
ble of inducing specific differentiation processes in 
others. There is not just a change in the "geographical" 
relationship of the cells as a result of these movements, 
but their apparent uniformity- up to the stage of the 
blastula is lost: this is demonstrated by the fact that the 
nuclei lose the general potentialities they had until 
then.z71 

11 5. The cause of the death of embryos obtained from 
oocytes fertilized with irradiated sperm appears certainly 
to be related to nuclear daniage: the sperm cell contains 
only very little cytoplasm, and the damage can remain 
hldden, as it may do in mutations, over many cellular 
generations. Cell divisions appear to be blocked as a 
result of incomplete fusion of the maternal chromosomes 
with the abnormal ones of male origin, a situation lead- 
ing eventually to abnormality and uneven distribution 
of chromosomes between daughter cells.2681z'2.27ss2741275 

of the embryo is the following : irradiation of the mother 
after fertilization but during the pre-implantation period 
leads to a high incidence of prenatal death : however, the 
survivors have very few major abnornlalities : this means 
that only the slightly affected embryos survive. I n  con- 
trast. i f  irradiation occurs after the embryo is implanted 
in utero, during the period of organogenesis, death 
usually occurs onlv after birth--but it is much less fre- 
quent: on the othe; hand, there is a very marked increase 
of malformations of the embryo. During early embryonic 
development (if irradiation takes place during the 
formatioil of the neural folds), malformations may oc- 
cur in the eyes, brain and medulla but also in the kidney 
and liver. Irradiation at a slightly later stage of organo- 
genesis gives rise chiefly to abnormalities of the skeleton 
of various types. There appear to be short critical periods 
of development during which certain types of abnor- 
malities arise with very great frequency.278 

It  is important to notice that thve process of cell division 118. The -act mechanism of these which 
becomes inhibited at a stage of development where the are all possible in humans, is far from being well under- 
genetic material is presumed to initiate differentiation. stood on account of our ignorance of many- important 
I f ,  however, the fusion of the abnormal paternal chromo- facts concerning embryonic development, such as the 
somes with the normal maternal ones is conl~le te l~  Pre- nature of i,ductiow (interaction bet~jreen neighbouring 
vented (which can be done by using higher dosages of tissues), the cause of morphogerletic movetnents or the 
radiation), a situation arises where the abnormal nucleus nature of gertetic expres&on, that is, the mechanism by 
is eliminated, and in this case an apparerttly nor?tzd which one single cell is capable of becoming differenti- 
embryo will develop i f  the species studied are capable of ated into a multitude of daughter cells performing a 
parthenogenetic d e v e l ~ p m e n t . ~ ~ ~ ~ " ~ ~ ~ ~ ~  This is one exam- variety of functions. 
ple, amongst others, where dosage-effect relationships 
appear to be non-linear and even paradoxical : higher Dosage-efect relatiorlrlzips 
dosage producing less lhal damage than lower Ones. 119. These have been studied in certain cases, and for 
The =planation is mechanisms most bone abnornlalities they have been found to be of 
ment, secondary to the initial damage to the chromatin the sigmid fype.~eo the case of the decreased weight 
are observed : this damage, however, is probably related of the foetus at birth, the dosage relationship is lillear,~sO 
in a simple way to the amount of irradiation received. ,d litter size appears to fall ofi logarithmically 
A similar paradoxical situation may be found in the dosage to he gametes.z8~ A constant finding is that a 
experimental inductions in the embryo of certain abnor- higher dose not only increases he incidence but also the 
malities such as mic r~ph tha lmia~~~  and this can be log- degree of malformation and the lengh of the sensitive 
ically explained by the existence of some competition period during which a specific response can be in- 
with other lesions at higher dosage. d~ced.'~O It has been shown that a dose as small as 25 r 

116. In the wasp H a b r o b r a c o ~ ~ ~ ~ ~  and in silk wormzT7 to the mouse embryo has led to the induction of minor 
the reverse situation is possible, and the fusion of a but nevertheless well defined abnormalities. It is difficult 
normal sperm cell with a highly irradiated egg cell may at present to know how such small doses could affect 
lead to an androgenic embryo (containing only its human embryos, but it can be expected that very minute 
father's chromatin). Experiments such as this point malformations of the brain, which could perhaps not be 
again to the very important role of radiation damage to detected in experimental animals, will result in some 
the cell nucleus. Nuclear damage (genetic) is probably kind of psychological disorders. Responses to lower 
also responsible for the various forms of abortion or of dosages still could probably be detected if a greater 
malformations of offspring born of parents, one or both number of animals and more refined tests were used. 
of which have been irradiated. In this case, the develop- The case of leukemia, also believed to be inducible by 
ment of the embryo ceases at some stage of organoge- irradiation of the human embry0,2~' is discussed in detail 
nesis, sometimes even after birth. However, as different in chapter V and annex G. 
stages of gavtztogenesis have different radiosensitivities, 
one espects to have a different probability of abnormal Adult orgattis~rrs 
offspring when mating occurs at different times after Difierelltiot.H irradiati~n.?'~ The longer the time lapse before concep- 
tion. the smaller the probability of abnormal develop- 120. Some undifferentiated cells are carried on into 
ment, because it has been found that the earlier stages the adult organisms and these stem cells go on differen- 
are the least sensitive ones, at least in m i ~ e . ~ ~ ~ ~ ' ~  With tiating throughout life: the white blood cells are formed 
slight irradiation, development may in many cases pro- in the bone marrow and in the lymphatic tissues (lymph 
ceed and this will result in more or less dramatic ex- nodes and spleen and other organs). Thc lymphatic 
pressions of genetic damage visible in the offspring. tissues are considered to be of major importance in anti- 

body formation. The red blood cells originate from bone 
Irradiatioi~ after f ertilizatiorl marrow and during embryonic life from spleen and 

117. If irradiation is given at different stages of em- liver. In rodents, myelopoesis and erythropoiesis con- 
brvonic developjnertt, the inhibition of cell division and tinue in spleen during adult life, but not in man. This is 
differentiation and cell death may cause the develop- one of many physiological differences it is essentid not 
ment to be either completely or partially stopped. In the to overlook when one transposes the results from esperi- 
mouse, the pattern of response to irradiation (200 r )  mental animals to man. 
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121. Adult organisms contain other tissues coirtku- 
oztsly regz;rerating from stem cells, such as epithelia 
(skin, gut, etc.) or bone: finally there are tissues in 
which fez, cell dkisions take place (liver, kidneys, pan- 
creas, brain, or conjunctive tissue). 

122. -4s in the case of isolated cells. esperimental evi- 
dence points to the particz~lar radiosensitivity not o~rly of 
rapidly dividing cells, but also of the e~tlbryonic or stew 
cells whirl1 are still due to wtdergo cellrclar diferen- 
tiatio~r.'~ This can be shown when one observes the sur- 
vival or the cytological alterations of these cells. The 
mature lymphocyte, however, which does not belong to 
either of these classes is an exception to this rule; its 
great sensitivity to  radiation^'^^^*^^ is not well under- 
stood but may be related in some way to the fact that the 
nucleus is surrounded by unusually little cytoplasm 
which may diminish spontaneous recovery mechanisms 
or to the fact that it is a cell with a very short life- 
expectancy. It is also sensitive to many other stimuli. 
The situation is diiTerent from that in the spermatozoon, 
whose haploid nudeus plays an important role both in 
cell division and in differentiation processes which do 
not occur in the case of the lymphocyte, whose diploid 
nudeus may be more resistant than the sperm nucleus. 

Mutations in nrulticellular orga~cisnts 

123. Genetic mutations are found when gametes or 
the cells they originate from have survived irradiation 
and undergo fe r t i l i za t i~n . '~~J~ 

123. Many mutations are not lethal, and genetic ab- 
normality of one of the gametes is believed to be the 
cause of many forms of congenital malformations: in 
this case. embryonic development is only very locally 
inhibited, and this leads to abnormalities such as hare- 
lip, cleft palate, spina bifida or the many deficiencies of 
the nervous system like congenital blindness, deafness or 
mental deficiencies. Hereditary diseases due to well de- 
fined biochemical deficiencies are also known to occur in 

mutations or in chromosome damage of non-germinal 
cells either as a result of death or loss o i  specific cell 
functions. 

Carciizoge)tesis and other sotnatic efects  

127. These effects. as well as their possible genetic 
origin, are discussed iil chapter V and in annex G. 

VI. VAFSABLES IX UDIATION EFFECTS 

Physiological conditiofts 

128. Physiological conditions may vary in many ways 
and this can iduence radiation responses.'l 

129. During cell division (nlitosis and wzeiosis) there 
are different phases of radiosensitivity which one has 
attempted, not too successfully so far, to link to the 
different phases of new chromosome formation and 
nucleic acid synthesis which occur during these events. 
The survival of cells, the incidence of mutation and the 
alterations of chromosomes all undergo striking changes 
in radiation response, depending on the stage of the 
division cycle during which the organisms are irradiated, 
but it is difficult to generalize as to which is the critical 
stage since it can vary from one effect, or from one 
organism, to a n ~ t h e r . " ~ * ~ ~ ~ * ~ ~ *  

130. The induction of abnormalities or the lethal 
effect in developing embryos after irradiation of imma- 
ture gametes of either sex, is strongly dependent on the 
stage of gametogenesis during which irradiation takes 
place. The first meiotic division is the period when it is 
possible to induce the greatest number of dominant 
lethals in the mouse o o ~ y t e . = ~ ~  In the case of the male, 
spermatogonia are the most sensitive and it seems that 
the degeneration occurs during the interphase or the 
first prophase following irradiation. The period of great- 
est sensitivity for various effects induced during em- 
bryonic development need not be identical. 

and in a few instances they have been quite 131. TIle age of  cells and orgallhnrs may affect their 
thoroughly anal~sed: in man the missing enzyme has radiosensitivity: in an aged bacterial szcspettsion, when 
sometimes been identified, as in galactosen~ia?~~ and in the cells have reached their stationary phase, they be- 
phenylpyruvic 01igo~hreniaz87, a form of mental defi- come less sensitive to radiation;m5 but what is usually 
ciency related to abnormal phenylalanine metabolism. called an old culture is simply an "undernourished" one 

Mutations in sontatit cells which has ceased to divide because the stationary phase 
only begins when some nutrient begins to be deficient; 

125. Mutations in somatic cells will affect the lineage modem continuous cultures in media constantly re- 
o i  these cells but will not be carried to the offspring. newed. By means of the chemostat might help to demon- 
These mutations have been shown to talte place at a strate whether aging occurs in micro-organisms or cellu- 
frequency oi  the same order as that found in the germ lar suspensions of dividing cells of more complex 
cells before meiosis (gonia)2JJ8Wg0.20' and they have organisms. The possibility of aging would exist if the 
been found to occur in irradiated tissue culture; such daughter cells were not identical; and such a condition 
mutations might play an important part in the determi- would arise if cytoplasmic material endon-ed with genetic 
nation of malignant growths. continuity were not distributed evenly between daughter 

cells. I t  is probable that in aged cultures the radio- 
126. I t  is very probable that the mechanism of m t a -  resistance is greater because the bacteria have stopped 

tion in higher organisms is very similar to that in micro- dividing. 
organisms; and the importance of fundamental studies 
in bacteriophage. microbial or fruit-fly genetics is that 132. In the case of higher orgafristtts, there is u s u d l ~  
they enable us to get answers much more rapidly and in a great sensitivity during foetal life and the LDso is less 
much better defined environmental conditions than can than half that of the adult, and. as has been already 
be hoped for in the case of the higher animals. Tissue shown. the type of lesion depends on the time -- 
culture, which is complex in the case of these organisms, bryonic development during which the radiation Is de- 
may become of primary importance for the study of livered. In certain strains of mice. 200 r on the ninth 
genetical mechanisms in mammalian cells, since such day of gestation is 100 per cent lethal: on the tenth 
studies have become possible by culturing isolated mam- twice this dosage is required and after bi!* greater 
malian cells in the same way as micro-organisms : muta- dosages still are needed. The sensitivl9' conti?ues to de- - 
tlons have been induced in such cultured cells.29z*231 crease until adult life is reached: the LDso Is at 
Many somatic effects may have their origin in such forty days and reaches 670 r at 140 for CAFz 

141 



mice.'96~29i~2g8 The sensitivity then remains very constant 
up to the last months of life-~vhen it again increases 
sharply. A similar pattern of response exists in rats ;'" 
DrosophilaSoO and birds,301 on the other hand, have a 
much more constant radiosensitivity throughout their 
adult life. 

133. These variations of resistance with age may be 
due to changes in mitotic rate (there are no divisions ?f 
somatic cells in Drosophila) or to changes in metabol~c 
activity of different tissues, or to the fact that foetal 
tissues are undergoing active differentiation, or because 
the recovery processes of the aged cells have become 
inefficient. 

134. Nutritional a,ld other pltysiological conditiotls. 
Starvation of micro-organisms may render them more 
resistant, as seen in paragraph 131, but in other m- 
stances, or in reference to other types of effects, they 
can become more sensitive: fermentation by yeasts cul- 
tivated in a medium poor in ammonium salts is inhibited 
by doses which do not affect the same process when these 
nutrients are normal.302 

135. There are felt? data on the effects of nutritional 
conditions on the radiosensitivity of the mammal, 
although a certain number of radiation effects concern- 
ing adrenal metabolism (weight, ascorbic acid, choles- 
terol) have the same sensitivity after one or seven days 
fasting.303 

136. Other conditions: Anaemia apparently renders 
mice more sensitive to radiation, as is shown by the lower 
LD,, of certain anaemic strains. Exercise, on the other 
hand. does not seem to have much effect in mice.304 
It  is possible, however, that in human populations, un- 
dernourishment and strain may affect the recovery 
processes. 

137. Oxygen iensioa. The irradiation of water soh- 
tions in the presence of oxygen results in the formation 
of D,HO radicals, in addition to H0 and OH0. This 
radical could also be formed in vivo. This would explain 
that when the oxygerz tension is diniinished, a lower 
response to irradiation occurs ;305 this is true for the 
survival of and of birds,308 for certain 
m ~ t a t i o n s ~ ~ ~ ~ ~ l l  but not all,s1o for chromosome damage,s1' 
for various effects on embryonic d e ~ e l o p m e n t ? ~ ~ * ~ ~ ~  and 
for certain biochemical reactions dependent on oxygen. 
Chemical metabolites or poisons whose presence in tissues 
reduces the oxygen tension may have similar effect. 
Lowering the oxygen tension may reduce the response 
to irradiation by a factor of 3 to 5 in the case of high 
energy radiation ha&g a low ionizing density (X and 
y rays. fast neutrons); when the oxygen tension is 
increased, these effects are not enhanced, which indicates 
that in air the osygen tension is sufficient for the m ~ x i -  
mum effect. In the case of the densely ionizing a particles 
or s l o ~ t ~  neutrons, there is no oxygen effect.305 

Co~r~parative radioserisitivity of living orgatlisitls 

organisms cannot be compared on exactly the same basis, 
but it often takes as much as 100,000 r or sometimes 
much more to prevent 50 per cent of the organisms of 
many species from developing colonies. and certain pro- 
tozoa may need more than 300,000 r to kill them. 

139. Various factors may explain these difierences. 
In  cold blooded animals, either low nletabolic rates or 
low cell division rates imply that radiation damage will 
take longer to develop; but this will not hold true for 
micro-organisms, which divide much faster than mam- 
malian cells and resist much higher doses. 

140. There may also be varying oxygerr tensions in 
different organisnls which could account for different 
radiosensi tivities. 

141. In the same species, organisms of different 
genetic strains may vary in radiosensitivity to lethal 
effects. This has frequently been observed in micro- 
organisms but it holds true also for mammals, where dif- 
ferent strains of mice have different LD,0/,0.318~319 I t  has 
also been shown that similar genes in different species 
of Drosophila may mutate at rates which can diEer by 
a factor as high as 2.236*Q5*316 I t  has furthermore been 
shown that the f requenq of production of developmental 
abnormalities may depend very much on the genetic 
strain: in Ea1b.C mice. certain malformations of the 
spine occur in 100 per cent of animals irradiated with 
200 r during the 8th y day of gestation, whereas in the 
hybrid (C57XNB) F, no such malformations occur.31i 
For practical purposes, tl& ftteans that obsewations ob- 
tained frotn one h~mrara ~opztlation do not necessarily 
apply to a genetically di8ereizt population. 

142. In  some organisms such as adult insects where 
no cell divisions take place. one expects, and finds, a 
higher radioresistance ; but in this case the gonads, where 
cell divisions do take place, appear also to be rather 
radioresistant; on the other hand, we have seen that 
embryonic cells may be very sensitive,320 as in grass- 
hoppers. 

143. The presence of natural radioprotectors may be 
yet another factor: some organisms like insects are 
known to lave a higher concentration of aminoacids 
(which are fair radioprotectors) in their body fluids. 
The degree of oxygenation of the tissues should also be 
taken into c o n s i d e r a t i ~ n . ~ ~ ~  

144. Finally, the number of sets of genes (ploidy)  
has certainly something to do with radiosensitivity, as 
has been demonstrated for yeast and certain other micro- 
organisms, in which diploid strains (containing bvo sets 
of genes) are more resistant than haploid ones (contain- 
ing only one set).32av3?1 Not only the number of sets of 
genes, but the number of chromosomes and their length 
appear to be important ; the greater their number or the 
shorter their length, the more resistant the organisms 
seem to be. This holds true at least in the case of the 
plants which have been studied in this respect.g2' 

145. Many of these suggestions are mere working 138. When the survival rates after irradiation of dif- hypotheses and nothing systematic hx ever been done to 
ferent types of organisms are the sen- find out about these different factors. Work in this direc- sitivities are found to vary very widely.314 hfanm-mls tion may lead to the of bener ,vays of pro- appear to be the most sensitive of all classes of organisms tection. and doses able to kill 50 Der cent of animals in thirtv 
days (LD,,/,,) range f;om about 200 rad for thi  
guinea pig to 900 rad for the rat. the best estimate for Adaptation to radiotiof8 

man being 400 f 100 rad. Cold blooded animals have 146. Little is known about the possibilities of organ- 
an LD,J,, which can rise to 3,000 r for the triton and isms becoming adapted to radiation: the follo~ving sug- 
perhaps 20,000 r for the snail. Bacteria and other micro- gestions may ho~vever be made. 



117. Increase in catalase (an enzyme destroying hy- 
drogen peroside and possibly neutralizing other per- 
oxides) in algae from the Bikini area has led to the 
hypothesis that this might be the result o i  some adaptive 
enzymatic processes induced by the unusual amount of 
peroside detectable in the sea 

1%. Selcctio~t might be expected to lead, in certain 
populations of mised species, to the predominance of the 
most resistant strain. Furthermore, it is quite conceiv- 
&le that irradiation itself induces a mutation which in- 
creases or decreases the radiosensitivity of an originally 
homogeneous population of cells. However, work done 
on Dro~oph i l a?~~  and yeasts324 does not indicate that 
breeding in a high radiation background leads to the 
appearance of more resistvlt genes. The U\' irradiation 
of E Coli B, on the other hand, has selected a small 
number of radioresistant mutants (B/r)2z9 occurring in 
normal cultures as a result of spontaneous mutations with 
the rate of about 1 X mutations per bacterium per 
generation ; one would expect that under chronic irradia- 
tion one could select this strain to some extent. 

149. Tumours have oiten been claimed to become 
radioresistant when treated with X-rays; it is however 
difficult at present to give any sound explanation for 
such a behaviour ; adaptation of the cells has been given 
as one reason3?5,=6,=,a~ but it is d i c u l t  to dismiss the 
fact that the oxygen tension may decrease as a result of 
pathologic changes in the blood vessels and that the poly- 
ploidy of the tumour cells may enhance their radio- 
resistance. 

150. Another possible interpretation is that tumour 
cells may become incapable of further cell division itt 
vivo, although when cultured they can resume division. 
Recent experiments tend to indicate that small dosages 
of X-rays (25 r )  to embryonic mice makes them some- 
what more resistant to exposure to X-rays during their 
adult life; this is however true only for females, the 
males appearing on the contrary to be adversely af- 
i e ~ t e d . ~ ' ~  This apparent beneficial effect of low doses 
of X-rays on females is compensated by the fact that 
the nunlber of litters they were able to bear fell from 5 
for the control to 0.5 for the SO r group; furthermore 
the number of young per litter was also greatly reduced 
-it may therefore be the fact of not bearing offspring 
which is responsible for the increase in life-espec- 
t an~y .~~O 

151. The study of the biology of species living in 
regions of high natural radioactivity may lead to some 
information concerning this problem. However, such 
worlc, although it may lead cluite rapidly to definite ideas 
conccming tGe beha6our of short lived organisms or to 
the identification of pathological symptoms in man, will 
need to be carried on over many years or decades for the 
reactions of humans to such conditions to be understood. 
The mechanism of possible changes in these populations 
will need to be worked out in the laboratory where 
genetic strains as well as experimental conditions can be 
accurately controlled. 

152. In certain experiments, the conclusion has been 
drawn of the favourable effect of small doses of radiation 
("biopositive influence", "stimulating effect") both 
from =ternal and internal s o ~ r ~ e s . ~ ~ ~ * ~ ~ ~ ~ ~ ~  However, 
further analysis usually explains this as a consequence 
of pathologically shifted functional equilibrium, where 
one biological function, taken in isolation, may appear 
to be stimulated. Also, the possibility of stimulating the 
initial stages of plant development and growth, followed 

by higher crop yield, is reported with various contra- 
dictory results.33A,""633" 

Secondary efects 

153. One important problem is to know whether ir- 
radiation applied to one site oi  a cell or organism can 
induce an efFect in another part. 

154. Such secondary effects can be espected on ac- 
count of the close physiological relationship behveen the 
different cellular organelles. It  is known that i i  the nor- 
mal isolated nucleus of an amoeba is put into the irradi- 
ated cytoplasn~ of another amoeba that had previously 
been enucleated, mitosis is inhibited in the reconstituted 
amoeba at cytoplasmic dosages only three times those 
producing the same effect in a normal 0rganism.~~7 I t  
has also been shown that unspecific chromosome darnage 
can be induced in an intact frog oocyte nucleus intro- 
duced in the irradiated cytoplasm of another o ~ c y t e ~ ~ ~  
and ultra violet irradiation of the cytoplasm of the giant 
unicellular Acetabtilaria klediterranea induces very 
rapidly some cytochemical alterations in the nucleolus 
which had been shielded during irradiation (this last 
effect is hardly apparent in the case of HOW- 
ever, nuclear damage to Acetabularia is also demon- 
strated if only the nucleus is irradiated. In the course of 
experiment on eggs of Drosophila, the much greater 
sensitivity of the nucleus when directly irradiated is 
evident: it takes much more energy to kill the offspring 
by irradiating the cytoplasn~ of &e egg alone than by 
irradiating the nucleus :340 the same holds true for at- 
tempts to induce chro~nosome damage by micro-irradiat- 
ing other parts of the cell.3" Primary nuclear damage 
appears to play a prominent role in processes where 
nuclear activity is important as in cell division, mutations 
or inany lethal effects. However, this does not mean that 
the cytoplasm does not participate in radiation damage. 
In some cells where no division occurs, cytoplasmic 
processes may become efficiently inhibited: this is the 
case of non-nucleated cytoplasnls of Anroeba and Ace- 
tabularia which survive for shorter periods than if they 

a nucleus :20',34%343 In this case, the role of the 
nucleus could be associated with some repair processes 
wl~icl~ cannot take place as efficiently in its absence, per- 
haps on account of the fact that the synthesis of cyto- 
plasmic ribonucleic acid becomes seriously impaired in 
cytoplasm which has been deprived of its nucleus for 
some time?" 

Peroxide fortnatiorz in irradiated cells 

155. One of the possible agents for these secondary 
effects could be organic or other peroxides arising during 
irradiation. It  has been found that. bone marrow cells 
incubated irt vitro produce peroxides when the cells 
originate from an irradiated rabbit."' The si,gnificance 
of this finding is difficult to understand on account of the 
fact that many tissues (although not bone marrow) ffom 
non-irradiated rabbits also produce peroxides ha v~fro. 
Not much is known of the effects these ~eros ides  rnlght 
have on other cellular populations. It has, however, been 
demonstrated that many lysogenic bactena -show a 
diminished response when put in the presence ?I ~ t a l a s e  
(catalase reactivation after U.V. and X i r r a d ~ a ~ o n ) . ~ ' ~  
Another argument for the formation of peroxides in 
irradiated organisms is that even with small dosages 
(17,000 r )  to yeasts grown in anaerobiosis. these organ- 
isms synthesize catalase or ~erosidase when kept in 



anaerobiosis, a condition during which they normally 
only have traces of the enzymes.340 The synthesis of new 
enzymes is believed to be induced by peroxides formed 
during irradiation. 

156. Radiation is also capable of inducing the forma- 
tion of peroxides outside the cells, and irradiation by 
X or  U.V. rays of organic culture media is mutagenic 
for  the bacteria which are cultured aftenvards; the 
effect can be prevented by catala~e.~ '~ 

157. I t  has been found repeatedly that the rtucleic acid 
nzetabolisna of a carcinoma is temporarily decreased as 
a result of irradiation of the animal bearing it, although 
it had been completely shielded during the irradiation. 

It  has also been demonstrated that tumours origi- 
nating from non-irradiated thymus cells can develop i f  
these cells are grafted on a totally irradiated host whose 
thymus had previously been removed;350 damage (by 
radiation or other means) or removal of the thyroid 
may lead to pituitary cancer.351 No h a 1  explanation 
of effects of this type can be given ; the first mentioned 
could be due to diffusible organic peroxides produced 
during irradiation and very small quantities of peroxides 
have been found in irradiated mice.352 

158. On the other hand, normal regulatory processes 
located in the irradiated part of the animal can certainly 
be affected: hormonal effects, which are dealt with in 
chapter V, must be considered.3G3 Stimulation of the 
pituitary as a result of thyroid disfunction is probably 
the cause of the pituitary tumour mentioned above (para- 
graph 157). Tlze exact relationships between lzorntones 
and biochemical processes in norinal organisms should 
be known to understand many effects of radiation in the 
mammal. 

VII. ALTERATIONS OF RADIATION EFFECTS BY FOREIGN 
AGENTS 

Protection 

159. Protecting agetrts are those whose presence drrr- 
ing irradiatiorr decreases the response of an organism 
to radiation. Man experiments reported earlier (para- 
graphs 38,42 to 4 5 ) constitute a basis for finding chem- 
icals capable of protecting living organisms against 
radiations. However, our ideas on the mechanisms of 
protection in vivo are often conflicting, for the simple 
reason that the fundamental processes of radiobiology 
are not understood. 

160. The idea of protecting organisms against radia- 
tions arose about a decade ago, as a result of the dis- 
covery of the indirect nature of radiation effects on 
dilute solutions. However, as stated earlier, it is very 
much doubted at present whether effects of radiation on 
organisms necessarily occur through indirect mechan- 
isms, I t  can furthermore be expected that the relative 
contribution of direct and indirect mechanisms will vary 
for  different biological effects and in each case the pos- 
sibility of protection may thus be different.3s5~S58~S58 

161. There are many possible ways by which radia- 
tion damage might be diminished: ( a )  loading the organ- 
ism with chemicals capable of reacting with HO, OH0, 
and O,HO radicals may divert these from reacting with 
important cellular constituents; (b)  protecting agents 
could also act by covering the sensitive site of cell con- 
stituents, and this type of mechanism could be operative 
both for direct and indirect effects (ch) all agents 

capable of decreasing the intracellular oxygen tension 
can be expected to afford protection against direct or  in- 
direct effects which are oxygen dependent ;35i (d )  finally, 
a protector might conceivably give more chemical stabil- 
ity to a macromolecule and favour the rejoining of broken 
bonds or divert energy from it. I t  is, however, at present 
very difficult to choose between any of these possibilities. 

162. Very many experiments have been performed, 
very many chemicals have been tested and many effects 
have been found susceptible of a certain amount o i  
protection. 

163. The sunn'val of unicellular and multicellular 
organisms have been quite considerably increased by the 
use of various agents. SH and allrirro reagents (cysteine, 
cystearnine or cystamine, glutathione) or the methyl 
derivative, methionine, as well as thiourea have been 
used successfully on micro-organisms a l d  mammals. 
35513s6*358 Very similar possibilities have been found with 
S-2-aminoethylisothiuronium . Br . HBr (AET)U8 
which is less toxic and may thus be used in many mam- 
mals, including monkeys and dogs.359 AS far as is known, 
there have been no attempts to use this compound in 
man. Further analysis has shown that at neutral p H  a 
rearrangement of the AET to guanidine form occurred, 
so that the effective compound was 2-mercaptoethyl- 
guanidine hydrobromide (MEG) .360 

164. These protecting agents appear to have greater 
efficiency in promoting recovery processes rather than 
in preventing the initial damage observed: this is most 
striking in the case of the white blood cells and of the 
metabolism of spleen nucleic acid which seem to follow 
a similar pattern of response.s01 

165. The nutnber of chrornosonre abe r r a t i o t13~~~~~~*  
367*3a8.3e9 and in some instances the number of ~nuta- 
tiortsn8 have also been reduced when similar protective 
agents were used during irradiation. Successful experi- 
ments on plant cells have been reported. but cysteine does 
not reduce chromoson~e aberrations in mouse 
although nucleic acid integrity does appear to be pro- 
tected by thiourea or cysteamineSBG in the same organ. 
In  Drosopitila, however, and in micro-organisms, muta- 
tions have not so far responded to the protective action 
of cysteine or ~ y s t e a m i n e . ~ ~ ~  In micro-organisms a pro- 
tective action probably exists, but it is often difficult to 
interpret the experiments because increased survival as 
a result of protection could lead to an enhanced oppor- 
tunity for a mutation to become e~pressed."~ 

166. These agents have in common the properties o i  
having an amino-group and a sulfur atom (which often 
is in the form of a sulfhydryl group) and both these are 
believed to be important.370 However, they can act inde- 
pendently because many amines are also found to be 
satisfactory protectors in the absence of a sulfhydryl, 
and a sulfhydryl group alone may be efficient in some 
inStanceS.370~371.~~ I t  has often been suggested that the 
sulfhydryl group decreases the intra-cellular oxygen 
tension and this has been found to be the case in few 
living systems protected with cysteine or cy~tearnine.~'~ 

167. Many other agents have been used with a varying 
degree of success and the mechanism of action of some 
of these does seem to be dependent on the decrease of 
cellular oxygen, as in the case of the protection of micro- 
organisms with hydros~l f i te .~~ h certain number o i  
natural metabolites (succinate, glucose, alcohol) have 
protecting properties in a few instances, probably by 
consuming the cellular oxygen in the course of their 



normal enzymatic ~xidation.~'%oxia can arso be OD- 

tained with a certain number of drugs like morphine 
which depress the respiratory centres : in that case a 
protecting effect is also found.3i3 Cyanide, a strong in- 
hibitor of respiratory enzymes, has been found to be an 
efficient protector of mice, although it would tend to 
increase the intr2cellular tension of oxygen.374 On the 
other hand, seeds irradiated in its presence show a 
greater mutation rate when it is used in low concentra- 
tions, but a smaller one when the concentration is in- 
creased.3T5 However, in these conditions an increased 
number of chromosome breakages is observed.376 

165. I t  is not clear at present to what extent the pro- 
tection is complete, because although damage is not lethal 
it may well be present and only become apparent at a 
later stage. It  has been shown that rats, protected during 
irradiation, develop a large number of tumours ;3"J78* 
3is~sB0 these might have developed in the non-protected 
animals had they lived, as in the case of mutations in 
micro-organisms; and it is difficult to know if the pri- 
mary events of induction of cancer have or have not been 
diminished. Nothing much is known on the protection 
against other late damage or against the early aging of 
irradiated organisms. 

169. Protecting agents are much less efficient in the 
case of alpha rays or n e ~ t r o n s . ~ ~ ~ * ~ ~ " s  was seen (para- 
graph 37) in these cases reduction of the oxygen tension 
is not expected to have any effect. 

170. Radiosensitizing agents have been used in cancer 
therapy, but the fundamental aspects of sensitization 
are certainly much less known than in those in the case 
of protection. There are a few instances of enhanced 
reactions to irradiation in the course of in vitro experi- 
m e n t ~ , ~ ~ ~  but these are not at present susceptible to appli- 
cation ifa vivo. It  has, for instance, been shown that the 
oxidation of ferrous sulfate by X-rays is enhanced in 
the presence of various alcohols or of benzene. 

171. As a result of the systematic study of many 
chemicals, it has been found that s y n k a ~ i t , ~ ~ '  a deriva- 
tive of vitamin K, increases the radiation induced mitotic 
inhibition in chick fibroblasts cultured in vitro; this efEect 
was carried on in the absence of synkavit for several 
generations; and if rats are treated with the compound 
before irradiation their mortality is increased. Synkavit 
is also capable of increasing the permanent regression 
after irradiation of experimental tumours in the rat or 
of cancer in man. All that is known about the mechanism 
of action of this agent is that it becomes concentrated in 
the tumour as compared to the other tissues and that in 
tissue cultures its eEect can be abolished by guanosine; 
this may indicate some interference with nucleic acid 
metabolism. If one increases the oxygen tension of tu- 
mours where it is usually low, one increases their radio- 
sensitivity, a finding which has proved to be useful in 
cancer therapy.38s 

172. I t  is not known to what extent natural radio- 
sensitizers might accumulate during certain steps of 
normal metabolic processes and thus alter the radio- 
sensitivity. 

173. When organisms are irradiated, many processes, 
inhibited at first, recover. The synthesis of desoxyribo- 
nucleic acid is often decreased immediately after irradi- 
ation, but only temporarily ; other biochemical effects 

which appear later are also temporaT and dispIav -p- 3 par- 
ent recovery. In irradiated mammalj. bone mar;o\~ and 
gonads can recover at the expense of the sun.iving cells 
which multiply and repopulate these but perman- 
ent damage, leading for instr?nce to iore rapid aging, 
to an increased radiosensitivity or to the development 
of cancer, may have been established, 

171. The lapse of time existing befiveen irradiation 
and the biological expression of the primaT damage: 
gives an opportunity of preventing the developmat or 
the lesion or of enhancing the spontaneous 
processes. 

175. Recovery agents are those which are efiective 
when given after irradiation. Various methods for pro- 
moting the recovery of irradiated organisms have been 
described and can roughly be classified into two groups : 

176. (a) Those whose object i s  to destroy some i)tter- 
mediate co~~zpol~rzd before the damage is definitively 
established : as in the phtorestoration of a great number 
of effects of ultra-violet light,388*388 the cafa/ae restora- 

of lysogenic bacteria treated with ultra-vi~let light3" 
or, in one instance, the effects of X-rays.387 The first of 
these processes, in the case of ultra-violet irradiated bat- 
teriophage is only possible if illumination takes place In 

the presence of extracts of normal bacteria; the second 
appears to lead to the destruction of 
formed during irradiation. 

177. Restoration achieved in some instances by cooling 
or heating the irradiated cellssm may inhibit the esPres- 
sion of injury before it is definitively established but 
none of these mechanisms is properly 

178. ( b )  Those whose object is to re@ce a da*rpged 
compound or cell. The provision of to m?cro- 
organisms which have lost the capacity of syntheslzIng 
them could be considered as one possible mechanism 
recovery; recovery is however only apparent, because 
the fundamental damage has not been 

179. True recovery would depend on the p ~ ~ s i b i l i t ~  
of replacing the damaged molecules or cells by "On- 

ifradiated ones. Experiments on bacterial transforma- 
tlons or on genetic recombinations in micro-organisms 
have shown that it is possible to control some alteration 
of them genetic characters. The mechanisms of the 
greater radioresistance of diploid with haploid 
cells may well have their origin in closely related me&- 
anisms. On these grounds, the use of intact des05~ribO- 
nucleic acid to replace the irradiated compound insldethe 
chrpmosome becomes a possibility. One successful -- 
periment of saving ultra-violet irradiated salmonella 
with intact DNA has been reported.389 

180. It  is possible to replace whole cell populations 
o f  irradiated animals and thus promote their survival ; 
this can be done by injecting intact bone rnzrro\v 
a non-irradiated donor into the circulation of a lethally 
irradiated one. This type of experiment was .at first 

performed as a consequence of the demonstration 
the death incidence of mice firas considerably decreased 
when hematopoietic organs (like bone marro\v the 

hind limb, spleen or liver) are shielded during irradia- 
tion. Bone marrow injections have since to be 

successful in dogs, hamsters, ~ n o n k e ~ s . 3 ~ ~  Only ti'Sues 
containing cells capable of forming gran.locfles 
polymorphonuclear white blood cells), red blood 
or platelets are capable of this activity. These cellular 

suspensions are effective in preventing acute death 
X or y rays but apparently death caused by neutrons 
is much more difficult to 



1S1. As a result of injected bone marrow, the blood 
cells and platelets tend to reach normal values again! the 
weight of the body, of the thymus and spleen increases 
2nd immunological defence which had disappeared also 
becomes functional again. However, many of the lesions 
caused by radiation are not diminished after bone mar- 
row injection: the greying of hair is not influenced and 
the fertility of gametes is not restored,SoS tumours de- 
velop with greater frequency in protected or parabiotic 
animalSJ9G,S07,3D8 and the normal life-expectancy of the 
animal remains decreased.394 All these facts seem to 
demonstrate that only acute death has been prevented 
by the graft. 

182. Important immunological problems are brought 
up by such experiments as they were in the case of the 
first blood transfusions: it is well known that mammals 
are only able to accept definitively grafts from subjects 
belonging to the same genetic strains (iso!ogous grafts). 
For instance, one has known for a long tlme that grafts 
from one human being to another (homologous grafts) 
are usually eliminated rather rapidly. as in the case of 
skin grafts ; this is also the case when grafts are made 
between different species of animals like rats and mice 
(heterologous grafts). This incompatibility originates 
from the fact that mammals possess imlnunological 
defence mechanisms which make them synthesize new 
antibodies to any foreign protein entering their blood 
circulation. However, it has been found that the immuno- 
logical response of mammals is strongly inhibited in the 
days following total body irradiation, and in these cir- 
cumstances both homologous grafts (from other strains 
of mice) and heterologous grafts (from rats) of bone 
marrow are capable of saving lethally irradiated mice. 
Cells of the donor animal have been characterized in the 
receptor animal by specific genetical or imnrnunological 
identification ;3s0J99 and the repopulation of the myeloid 
and of the lymphoid tissue has been demonstrated. In 
the case of heterologous grafting of thymus tissue from 
rats into irradiated mice, the cells appear at first to be 
exclusively of rat origin but the later appearance of an 
agglutination reaction with specific mouse antisera in- 
dicates that thymus cells of mouse origin may be re- 
covering."00 

153. The survival of the animals injected with bone 
marrow becomes, however, dangerously compromised 
after a certain time, because, whether homologous or 
heterologous grafts are used, the incompatibility between 
these and the 'cells from the receptor animals reappears. 
The discussion has arisen as to whether the recovered 
cells from the irradiated organisms are again able to 
synthesize antibodies against the injected cells or 
whether these are making antibodies against the cells of 
the irradiated 

184. There have been recent attempts to stimulate 
bone marrow regeneration. It has been showll that al- 
kosyglycerols obtained from bone marrow, as well as 
some of their derivates, stimulate the white blood cells 
counts of patients irradiated for therapeutic purposes: 
this increase seems to concern the neutrophil polynor- 
phonuclears and has also a beneficial effect on the platelet 
count.'03 I t  has also been found that the bactericidal 
properties of the blood serum mere diminished in irradi- 
ated rats ; this could be due to 2 loss of properdin, pre- 
sumably a natural non-specific antibody. Treatment of 
these animals with a fraction from serum rich in 
properdin appears to increase the s u r \ ; i ~ a l . ~ ~ ' ~ ~ ~ ~  

185. Experiments on cell transfer have been made 
in attempts to replace leukemic cells, which can be 
destroyed by high dosages of irradiation, by normal 
marrow tissue with the hope of preventing further de- 
velopment of leukemia Experiments performed on mice 
have shown that such a treatment is capable of increasing 
considerably the survival time of experimental leukemic 
mice.406 One such attempt is now being made in a case 
of human leukemia. 

186. The multiplication of donor cells in the irradiated 
host has unquestionably been established; however, this 
does not necessarily exclude a possible effect o i  sub- 
cellular fractions. The idea of the possible recovery 
capaaty of bone marrow or spleen nucleoproteins was 
put fonvard a few years ago but was later abandoned on 
the ground that a small number of intact cells were pres- 
ent in the fractions injected407 I t  is, however, not pos- 
sible at present to exclude the possibility that sub-cellular 
fractions do play a role in these recovery phenomena 
and, on account of the tremendous importance of proving 
or disproving this hypothesis, both for fundamental and 
applied purposes, worlc on the biological activity of 
nucleoproteins in normal or irradiated mammals is of 
great interest and should certainly be very actively 
pursued. 

187. It  will probably become possible to enhance 
similar recovery processes in human beings, but this zuill 
certainly require a much better understanding of im- 
munological processes and of interactions between cellu- 
lar populations before it becomes a reality. 

VIII. Coxc~ t . s~oxs  

188. Radiobiology has certainly made great headway 
within the last fifteen years. It  has had, like cancer 
research, strong governmental support in many countries, 
and both these aspects of medicine have the common 
feature that litany cellular mechanisn~s appear to be 
simultaneously concerned. This is why effects of radia- 
tion are as diverse as are cellular functions. The visible 
damage will probably depend on which particular mech- 
anism is most sensitive at the time of irradiation. on its 
relative importance to the over-all economy of the cell 
and on the possible interference of other less damaged 
processes. Mutations, carcinogenesis, and the inhibition 
of mitotic activities, of cellular differentiation and of 
immunological processes. to name but a few examples 
of radiation damage, affect extremely complex cellular 
mechanisms, which, despite the efforts of many able 
scientists, remain one of the most provocative challenges. 
I t  thus becomes vital, if effects of radiation are to be 
understood and possibly prevented. that the functio~~ing 
of normal cells and the organization of cellular popula- 
tions be knotvn. Radiobioloe-v is not a science in itself; 
it is but an applied scienceu;nd it rests entirely on our 
knowledge of the great principles of biology which 
cannot be studied independently of one another. The 
understanding of some aspects may at times progress 
more rapidly than that of others, but in the long run all 
these have to be integrated iilto one harmonious picture. 
The problein is not merely to push forward the study 
of genetics or of carcinogenesis, because it is obvious 
that these problems are dependent on most othcr aspects 
of cell physiology. Our ignorance of fundamental biology 
(taken in its widest possible sense) is undoubtedly the 
major factor limiting our understanding o i  radiation 
effects on man. 
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I. SHORTENING OF TIIE LIFE-SPAN IN 
EXPERIYEXTAL ANIXALS 

The experintental effect of single doses 
on sltort-term szwvivol 

1. The short and long-term effects of whole-body ex- 
posure to a single dose of radiation have been studied 
in a variety o i  mammals. JVhen "survival time" (dura- 
tion of life after exposure) is studied as a function of 
radiation dose, the rcsults with all species have shown 
fundamental similarities that may be illustrated here 
with the data of a hypothetical experiment. 

2. The plan and results of the hypothetical experiment 
are shown in table I and figure 1. The animals were 
young adult males, 100 days old on irradiation. They 
were of a species with a relatively short life span of 
2% years. Slightly different results would be obtained 
with females. Greater effects per unit of radiation dose 
would be obtained with immature animals or with sick 
animals. 

3. The mortality-time curve (figure 1) illustrates 
three major periods : 

( a )  The acute period lasting about one month, for 
which the LD,, is 600 rein ; 

( b )  The intermediate period whose duration of 1.5-2 
years depends on the radiation dose, and during which 
practically no deaths occur; 

(c)  The terminal period during which the population 
dies out rapidly. 

4. Long-term somatic effects develop during the inter- 
mediate period and some of them become "limiting 
factors" for survival in the terminal period. The com- 
plete quietude of the intermediate period indicated in 
figure 1 is therefore misleading-the intermediate period 
is, in fact, a period of increasing morbidity. The rate of 
increase may be slow or fast, depending on the radiation 
dose and also on various biological factors, many of 
which are predetermined genetically. 

5. The long-term decrease in life-span, illustrated in 
figure 1: is dealt with quantitatively in the sixth column 
("Days") of table I. The decrease is not proportional to 
the acute mortality (column 4). The decrease can also 
be expressed as a percentage of the normal life span 
(column 7) ,  which in the present experiment was 900 
days. It  is useful to express life-shortening in per cent 
of normal life span for purposes of comparing results 
of experiments involving species that differ in life-span. 

The animals (males, 100 days old) received a single whole-body exposure on =periment- 
day 0. The table records the doses given to the various groups, and the resulting changes in 
their median life-spans. 

Num+r of Long-term decrease in 
lire anrmals Median s u w i d  life-span 

Group h d i a t i o n  lime of animals 
dare dior on day 30 Per unl of 
?em DOY 0 Day 30 dars D a w  &aP 

- ~ 

1 ......... 0 100 100 800 - A 

2 ......... 300 100 100 710 90 10 
3 ......... 500 100 82 650 150 17 
4 ......... 600 100 50 600 200 21 
5 ......... 700 100 11 530 270 30 
6 800 100 0 - ......... - A 

The ditTerence between the datum for group 1 (800 days) and the data for other groups 
in column 5 (median survival time). 

The l i e  span of the controls (group 1) was 900 days 

6. The dependence of biological effect on radiation table 11. Values for immature and senescent aniplals 
dose is illustrated in figure 2. In the case of acute mortal- would be lower than those tabulated. It has been pointed 
ity (deaths within thirty days of exposure calculated 
from table I, co~umn 4), the dose-effect curve shows a TABLE 11. ACUTE X- GMIbf-4-R4Y LDso 
threshold-the first deaths occur somewhere between OF MATURE MAMMALS' 300 and 500 rem. In the case of the long-term decrease 
in life-span (per cent of normal life-span) the course NU=.& pf 
of the curve as drawn does not show a threshold and SPCCUS z ~ r  (rods) dcrmnrnclrons 

indicates that even at the smallest radiation doses there swine..  . . . . . . . . + a . e . . . . . . . . . .  1w310 4 
is some decrease in life-span (see paragraph 11). ......................... Goat 210 1 

7. Biological effects not only depend on radiation dose Dog- ......................... 240-320 6 
but also on dose rate. In  the hypothetical experiment, the Alan. ........................ 300 (?) 0 
animals received a single dose at 50 rem/min. The same Guinea pig. .  .................. 380490 3 
results would have been obtained with dose rates of 5 Monkey.. .................... 520 1 
or 500 rem/min. Below 5 rem/min., however, the effect &louse.. ...................... 520470 7 
per unit dose diminishes. In the case of acute mortality. Hamster.. .................... 590-800 3 
it does so relatively rapidly. It may do so quite differ- ~ ~ b b i t . .  680-750 3 ..................... 
ently in the case of the various lcinds of late injuries, ....................... 790-S20 2 
including those shortening the life-span. 

The original reports are listed in reference 1. All doses are 
Tlre acute LD,, estimates for the middle-longitudinal 2xis of &e animal under 

conditions of approximately homogeneous soft tissue d o e  dis- 
tribution. The dose rates ranged from 5-60 rads/min. The LD6o 8. Recent determinations of the acute LDSO (sing!e, is that d o e  killing half the animals within 30 days of exposure. whole-body for mature mammals are given In Almost all of the deaths occur within three week.  
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out1 that the values fall into two groups. Those for the 
'.largerJ' mammals are in the range 200-300 rern ; those 
for  the "smaller" mammals are in the range 400-800 rem. 
The only monkey listed (M. mulatta) falls into the 
"small" animal class. The estimate for man is close to the 
determinations for the guinea pig and dog, suggesting 
that studies with these species may be of speaal impor- 
tance. I t  is to be noted, however, that the figure for man 
is speculative. 

Acute effects in single orgalis 

9. A very great number of somatic effects have been 
described that occur within hours, days, or several weeks 
of irradiation. Doses as low as 5 rem, for example, have 
a measurable although brief effect on the mitotic index 
of the skin of mice.2 In the range from approximately 
25 to 200 rern, simple qzcantitative relations between 
somatic effect and radiation dose have been demonstrated 
in such organs as the lymph node, spleen, thymus, testis, 
and inte~tine,~ using both microscopic and gross methods . 
of examination (e.g., weighing). In these examples, res- 
titution occurs relatively quickly, during the course of 
some days or weeks, and often seems complete. 

Recovery from whole-body exposure 
10. When two or more exposures instead of one are 

employed, some restitution occurs during the interval(s) 
between them. One method to study the rate of restitu- 
tion is to give a non-lethal dose on day 0 and to determine 
the LD,, on various days thereafter. Suppose that the 
LD,, of unirradiated animals is 600 rem. Furthermore, 
suppose that after 300 rern on day 0 the LD,, is : 

(a) 300 rern on day 1 : 
( b )  450 rern on day 2 ;  
(c)  600 rern on day 8 : 
(d) 600 rern on day 20. 

I t  may be concluded therefore that acute recovery from 
300 rem was complete by day 8, since by then the LD,, 
had returned to "normal", and half-complete by day 2. 
Experiments of this type (table 111) have shown that the 
rate of recovery depends on genetic factors, and there- 
fore varies with the strain and species of animal.' The 
rate also depends dn the magnitude of the dose-large 
doses may. so to speak, inhibit the recovery process 
per se. 

TABLE 111. T n r ~  FOR 50 PER CENT RECOVERY 
FROM A SINGLE THOLE-BODY EXPOSURE TO X-RAYS' 

50 gn unt 
Nu& of X-ray dose re- lime 

Animal sbainr (~nn) (days) 

M m c  
Young ................ 1 2 60 7.4 
Adult ................. 6 200-400 1.6-3.0 
Adult. .  ............... 1 600 12.0 

Rat ..................... 2 310 4.9 and 8.5 

Munkcy (M. mulotla). .... 1 260 4.8 

Recovery measured undcr the particular conditions described 
in paragnph 10. The original reports are listed in reference 4. 

The experimental eflect of single doses 
on long-term sr~rvival 

11. Data on life-shortening in mice and rats after a 
single whole-body exposure to X- or gamma-rays at the 

time of puberty or young adulthood are summarized in 
figure 3.5 The radiation dose is expressed as a percentage 
of the acute LD,,, e.g., a dose of 300 rem is called 50 
per cent if the acute LD,, is 600 rem. In the various 
experiments, the LD,, (in r )  varied from 500 to 800 r. 
The curve fitted to the points in figure 3 is on the as- 
sumption that life-shortening is directly proportional 
to dose. For mice and rats it appears that life is shortened 
by about 10 per cent following a "25 per cent dose". 
The curve drawn through the points in figure 3 runs 
straight to the origin, indicating that radiation decreases 
the life-span no matter how small the dose may be. I t  is 
to be noted that the figure only suggests this conclusion, 
but does not prove it. 

12. The data in figure 3 are based on exposure in 
youth or early adulthood. Comparable data for exposure 
during middle age or old age are not available. 

13. I t  is Anown from clinical as well as laboratory 
evidence that partial-body exposure decreases the life- 
span much less than whole-body exposure (when the 
effects of roughly similar doses in rads are compared). 
There is a paucity of information, however, concerning 
the quantitative dependence of the life-span on (a) the 
region or organ irradiated and (b) the absorbed dose. 
The data from an experiment of this type are given in 
table 1V.O hllore information of this kind is needed. 

TABLE IV. DECREASE LIFE-SPA-K- 
PARTIAL Ahm WHOLE-BODY X-RAY EXPOSURE 

COMPARED IN THE U O U S E ~  

Jfcdiar Sins canfly 
sumidt inu d i g a d  

Dose after czporure from Mlbd 
Region cxjmscd (?em) (dous) (P 6 .05) 

................. Control.. 0 676 - 
........... Entire animal.. 530 582 Yes 

............. Entire chest.. 720 646 N o  
One-half chest. ............ 570 654 NO 
and caudal. ............... 1140 591 Yes 

............. 2cm. of trunk 1700 525 Yes 
- 

Female mice, 170 days old when irradiated. With the doses 
employed there m-ere no acute deaths. Data from reference 6. 

The experiw~e+ital efect of chronic exposure 
on long-tertn sun~i-~al  

14. The experimental literature on the shortening of 
life by chronic exposure to radiation, and its bearing on 
the ma-ximum permissible dose for man, are discussed 
in the article by R. H. Mole,7 presented in its entirety 
following paragraph 15. Among other details, the report 
considers whether a threshold dose c~ i s t s  below which 
the life-span is unaffected. The report finds the evidence 
equivocal. A significant conclusion might be established 
for animals if very great numbers of them were used in 
such experiments. The report points out, however, that 
even if such a conclusion \\-ere established, its applica- 
tion to the human case requ3e a theoretical basis 
to justify such an extrapolation. Such justification is 
lacking at present. 

15. Of the experimental groups referred to in para- 
graph 14, two (mouse. guinea pig) that received less than 
1 rern per week lived a greater total number of days than 
their respective controls. In a more recent experiment8 
with Sprague-Da\vley male rats exposed throughout 
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Figure 3. Life shortening (percentage) in mice and rats after a single, whole-body exposure 
to X- or gamma-rays. The dose is expressed as a percentage of the acute LDm The figure is 
taken from reference 5 where the original reports are listed. 

I adult life to 0.8 r/day of CoeO gamma-rays, the median 
survival times were as follows : 

I Srtrpkal time (days) 
Tmpcrature of 

ennironmnu C W d  Inadiakd 
I 5O C.. .................. 240 305 

2S°C .................... 460 600 

Although there were only twenty-two animals per group, 
the differences between the irradiated and control groups 
were consistent throughout the course of the experiment. 

Medical Researclt Coutrcil Radiobiological Research Unit 
Afonric Energy Research Establishment 

Hanuell, Berks., England 
I t  is probably true to say that more is known of the I biological effects of radiation than of any other environ- 

mental hazard except bacteria. Certainly the chronic 
toxicity of no chemical substance has been investigated 1 as thoroughly as the chronic toxicity of whole-body ir- 
radiation by penetrating gamma-rays or fast neutrons. 
The incentive has been obvious : the very large industrial 
hazard during the mar-time development of the atom 
bomb, and afterwards the increasingly widespread risk 
associated with the remarkable development of atomic 
energy as a source of industrial power and of a unique 
series of military weapons. Chronic toxicity =periments 
in the strict sense must cover the whole life-span of the 

* UN document A/AC.82/G/R.l15: also published in Nature 
180,456-460, 1957. For table 1 ,  figures 1 and 2, and bibliography 

I referred to in this article, see immediately following the arncle. 

experimental animal and thus take years to carry out, 
even with the relatively short-lived laboratory mouse. 
The results of war-time work in the United States have 
become generally accessible in the past few and 
work carried out in this laboratory is just beginning to 
be p~blished.~ A brief survey of the experimental results 
relating to shortening of the life-span may provide a few 
facts in a field of current general interest and perhaps 
raise the academic question of how the results of chronic 
toxicity experiments, as such, may be generalized-a 
question which needs an answer before they may be 
used to help solve the practical problem of setting safe 
limits to the environmental exposure of man to ir- 
radiation. 

Daily irradiation has been given to animals in a variety 
of ways. for details of which the original reports should 
be consulted.'-' The more important experimental fea- 
tures are summarized in table I. There are two important 
differences between the experimental arrangements of 
Henshaw et aL3 and Evansz on one hand, and those of 
Lorenz et aL4 and of this laboratory on the other. In  the 
first two sets of experiments, the animals had to be 
transferred individually each day from their living cages 
to the irradiation boxes and back again. and each daily 
dose of radiation was given in a few minutes. In the 
second two sets of cxpenments, the animals mere irradi- 
ated in their living cages, undisturbed by additional 
handling with its accompanying traumatic effects, and 
the daily dose of radiation was spread over 8-24 hours. 
In general, the experimental animals were examined 



daily and the time of death noted. Post-mortem examina- 
tions to determine tumour incidence and the cause of 
death were usually made, but the =perimental reports 
cliff er very greatly in the detail with which these findings 
are given. For this reason, and since shortening of life- 
span is often considered the most sensitive experimental 
index of the toxicity of chronic irradiation, survival-time 
is the only experimental end-point considered here. 

Reszclts ar~d their ittferfiretaiiotz 
By chronic irradiation is meant daily irradiation five, 

six or seven days a week at dose-levels which allow sur- 
vival for at least six months. All the experiments on 
chronic irradiation for the duration of life which have 
ever been carried out, so far as is known, are referred to 
in table I and, where possible, shown in figure 1. The du- 
ration of life of an irradiated group of animals has been 
expressed as a proportion of its corresponding control 
and plotted against the weekly dose of radiation on a 
logarithmic scale. The results from this laboratory are 
shoum in black symbols. They provide the first dirkt  
experimental comparison between gamma-rays and fast 
neutrons for chronic irradiation, where the dose of fast 
neutrons was measured in terms of energy absorbed in 
tissue. The relative biological efficiency factor for the 
fast neutrons used as compared with cobalt gamma-rays 
was 13. 

This factor has been applied to the other two fast- 
neutron experiments, where the fast-neutron dose was 
measured in arbitrary units and where a somewhat un- 
certain conversion factor (table I) has to be used for 
estimating the tissue dose. In this way the results of al l  
the experiments with fast neutrons as well as those with 
gamma-rays from other laboratories have been plotted, 
using open symbols, together with our own results in 
figure 1. The agreement, when mice were used as experi- 
mental animals, is remarkable, and suggests, in spite 
of the various uncertainties in the comparisons, that 
chronic irradiation shortens the life of mice in a repro- 
ducible manner. 

I t  should be noted that there are eight experimental 
points at weekly doses of less than 10 r. or its equivalent 
in neutrons, and that the duration of life in none of 
these experimental groups was significantly different 
( P  2 0.05) from its control. 

The experimental results have bee11 put down as they 
were obtained. hfore sophisticated analyses of some of 
these results have been made e l s e ~ ~ r h e r e . ' ~ ~ * ~ * ~ ~ ' ~  The pur- 
pose of such analyses has usually been to find some regu- 
larity in the results which would all~ur extrapolatioils to 
daily doses smaller than, and to species other than, those 
used experimentally. 

Three curves have been fitted to the mouse data and 
are shown in figure 1. 

( 1) The straight line which provided the relative bio- 
logical emciency factor of 13 from our second experi- 
ment (Xearq. ei d., 11, table I )  is clearly a good fit to its 
results, and is.also reasonably close to the only experi- 
mental group in our first experiment with a markedly 
decreased sun-ival-time. The simplest interpretation of 
such a linear relation is that there is a threshold of be- 
tween 1 m d  2 r. daily below which no shortening of a 
mouse's life will be produced by daily irradiation. This 
may be considered confirmed by the repeated experimen- 
tal failure to find a demonstrable shortening at n~eeltly 
doses of less than 10 r. (see above). Considering the na- 

ture of the data, it would be difficult to have a clearer ex- 
perimental demonstration of the existence of a threshold. 

(2) The biologist, almost as a reflex, attempts to fit 
a Gaussian cunre to quantitative data. Such a curve is 
shown as a dashed line in figure 1, and clearly fits all the 
experimental data very well. The meaning of the fit at  
weekly doses of less than 10 r., where none of the points 
differs significantly from the base line, is less clear. 

( 3 )  Boche (1946, 1954)' suggested that shortening 
of life-span was proportional to the total accumulated 
dose, 

t - to = kdt 
where t and t, were the mean life-spans of irradiated and 
control animals, d was the daily dose of radiation and 
k was a constant. This curve (k = -0.04 for gamma- 
rays) is shown in figure 1 as a dotted line, which also 
fits all the experimental points very well. 

Curves 1 and 2 are empirical : curve 3 has some claim 
to a theoretical basis. the idea that the bigger the total 
dose of radiation the bigger the effect, that is, the shorter 
the mean life-span. For daily exposures which kill in 
less than six months, however. the converse is found to 
be tr~e.'~~*l' This is not as paradoxical as it may seem, 
once the importance of recovery processes is appreci- 
ated; but it makes data on the effects of high daily doses 
(on shortening of life by much more than 50 per cent) 

, of little value in helping to decide which is the best of 
several curves, each purporting to describe the effects 
of low daily doses. 

Curves 2 and 3 are clearly so dose together that over 
the experimentally determined range they cannot be dis- 
tinguished. (The possibility that this algebraic similarity 
has a much wider biological significance is being investi- 
gated.) Each curve appears to fit all the points better 
than the straight line of curve 1, but this may be a spuri- 
ous consequence of experimental uncertainties. In two 
experiments the exact conversion factor from arbitrary 
units of fast neutrons to rads is unkown (see above) 
and factors numerically different from those used (table 
I) but just as plausible (see literature) would make the 
fit look less good. There seems to be no intrinsic reason 
why different mouse strains should behave identically, 
and the curvilinear arrangement of the experimental 
points may merely reflect differences of strain and 
of dose. 

Each of the second two formulations indicates that 
there is no absolute threshold for shortening of life by 
chronic irradiation. The apparent threshold suggested 
by curve 1 may be thought of either as an absolute or  as 
an effective threshold, depending on whether shortening 
of life is considered in proportional or absolute terms. 
If time is necessary for the effects of daily irradiation 
to show themselves. and i f  this time is longer the lower 
the daily dose, then an effective threshold ntwt be 
reached at a dose-level which takes longer than the life- 
span to produce its effect. If so, each species would be 
expected to have its own threshold. and the longer the 
natural life-span the lower this would be. The only rele- 
vant esperimental data are those of Lorenz ef al.' on 
chronic irradiation of guinea pigs and these are included 
in figure 1. The effect of 1.1 r dzily was possibly greater 
than in mice (though still not significantly different from 
its control) and the apparent threshold possibly a little 
less. The difference in life-span between mice and guinea 
pigs is probably not large enough to decide the point, 
and in an event there are no confirmatory data for guinea 
pigs as there are for mice. i 



The data for guinea pigs do show that species differ- 
ences occur. Bochel suggested on. admittedly tenuous 
evidence, that the constant k (curve 3)  is a t ,  where a is 
the same for all mammals. If this were true, the mouse 
data should not agree so well, since to for the different 
mouse strains differed. If the mean mouse t, is 600 days, 
a = 7 s le5 (rather different from Boche's own esti- 
mate)! and this has been used to construct the theoretical 
curve for guinea pigs (at, = -0.09 curve 3, figure 1)  ; 
the fit to the experimental points is poor. 

In any event, too much should not be read into the 
results because of the nature of the experimental ma- 
terial. First, the results have all been espressed in terms 
of mean survival-times. This is really a rather unsatis- 
factory parameter to use, as may be seen from figure 2, 
which illustrates the shape of the mortality curve of 
normal control female CBA mice. The shape of the 
human mortality curve in the more materially advanced 
human civilizations is similar. but that of mice with a 
high spontaneous incidence of leukemia may be very 
different.'3l2 The mean survival-time and its statistics 
are markedly affected by the occasional early deaths and 
no great precision in mean survival-time can be expected. 
A small decrease in mean survival-time could occur 
either because of a small increase in the frequency of 
earlier deaths or because of a small reduction in life-span 
of the upper two quartiles. In fact, an analysis of cause 
of death in relation to duration of life is imperative in 
order to see whether irradiation decreases life-span by 
increasing the frequency of particular causes of death 
which kill earlier than the average, or merely by making 
all causes of death kill at an earlier age.0 

Second, the nature of a chronic toxicity experiment 
usually, if not invariably, makes it impossible to ran- 
domize treatments and to ensure that the only difference 
between experimental groups is the treatment being in- 
vestigated. For  example, if animals are arranged at dif- 
ferent distances from a source of radiation, the animals 
will occupy different parts of a room for their whole 
lives and it will be impossible to be sure that environ- 
mental temperature, humidity, degree of air movement 
and other relevant factors possibly not even thought of 
are exactly the same for each different dose-group. Thus 
the differences in, say, mean survival-time between dif- 
ferent groups, mill be due to the differences in radiation- 
level plus any other relevant environmental differences. 
This is not just a theoretical point. Differences of the 
order of 5 per cent in the mean survival-time of female 
CBA mice have been found during the past few years 
not only between different "lots" of controls but also 
between two sets of randomly chosen controls kept, so 
far  as could be, in the same environment but some 20 
feet away from each 0ther.O The apparent increase in 
survival-time at the lowest daily dose used by Lorenz 
et al.' (figure 1) may well be due to the fact that the 
animals at this dose-level were kept without air condi- 
tioning in a different room from all the other groups, 
including the controls. Such variability is to be expected 
by the biologist, but it should also enjoy caution in extra- 
polation of the results of analysis of intrinsically in- 
=act data. 

Replication on a sufficiently large scale, though often 
completely impractical, could overcome this particular 
difficulty. I n  fact, however, replication is almost com- 
pletely lacking from the =periments listed in table I. 
The logic of experimentation is that experiments are 

repeated and give the same result. Yet with the esception 
of a still unfinished  investigation,^^ no one concerned 
with duration-of-life irradiation experiments has ever 
repeated his esperiment even once--for whi& there are 
perhaps understandable reasons. The nearest to ppeti- 
tion so far has been the two =periments carried out in 
this labora t~ry ,~* '~  where although the same mouse strain 
was used the radiation doses were different. From this 
point of view the value of figure 1 is to demonstrate that 
an esperiment has been done, that is, that the same result 
has been obtained several times over. 

Lastly, it should be pointed out that in all the experi- 
ments considered here irradiation has been for the durn- 
tion of life. This may not be the most appropriate experi- 
ment to carry out. R e ~ e n t , ~ * ~ + ' ~  as well as olderq4.16 
evidence has shown that, in some circumstances at least, 
not all radiation is of equal value, the first of a series of 
daily doses having proportionately greater effects in 
shortening life and inducing leulcemia than the later 
daily doses. This is presumably one aspect of the time 
factor: time is needed for  the effects of irradiation to 
develop to the point where biological damage can be 
d e t e c t e ~ l . ~ ~ ~ ' + - ~ ~  and/or the reactivity of the biological 
object may change with age." But if the phenomenon is 
true of weekly doses of less than 50 r., which has not yet 
been demonstrated, formulae which give equal weight to 
each of a series of doses as Boche's, cannot be properly 
estrapolated. Further, if at relatively high daily doses 
much of the radiation is wasted, so far as producing an 
effect is concerned,ll then an observed linearity of re- 
sponse against total dose (curve 3, figure 1) may imply 
a decreasing ability of radiation to harm as the daily 
dose decreased. 

There has also been very little work yet on the problem 
of whether the effect of chronic irradiation is altered 
by changing the distribution in time of, say, a constant 
weekly dose. The data of table I and figure 1 suggest that 
it matters little whether a daily dose is given in a few 
minutes or spread out over many hours; but other as 
yet uncompleted obse~-va t ions~~*~~  suggest that the de- 
layed effects of irradiation may depend as much on the 
way the irradiation is given as on the total dose. In  
these experiments there was no wasted radiation: on 
the contrary, as much time as possible wvas allowed for 
the full development of any damage that radiation may 
have caused. Such experiments may give a relation be- 
tween shortening of life and dose of radiation very 
different from those shown in figure 1, and indeed this 
might well be anticipated by anyone aware of the normal 
complexity of biological phenomena. Dose-response 
curves should not be extrapolated without fully realizing 
the nature of the =perimental material on which they 
are founded. 

Possibilities of extrapolation 

It  should first be emphasized how unusual it is to pay 
any attention to the ends of a biological dose-response 
curve. Normally, the aim of the biologist is to work In 
the middle ranges and, if irregularities appear at the 
ends, this is regarded as just to be expected, not neces- 
sarily deserving investigation. 

The current maximum permissible level of radiation 
for occupational exposure of man, 0.3 r. weekly (Recom- 
mendations of the Intenlational Commission on Radio- 
logical Protection), is indicated in figure 1. Extrapola- 
tion suggests that this dose-level would shorten the liyes 
of mice by nil, 0.02 or 0.2 per cent, depending on whlch 
of the three curves described earlier is taken to be 



correct. As already shown, the experimental data on 
chronic irradiation at low doses are not sufficiently exact 
to distinguish between the curves, and the adequacy of 
fit at high levels of irradiation seems quite irrelevant. 
Thus the value of any attempt at extrapolation must 
depend on whether there is some theoretical reason for 
preferring one mathematical form to another. When this 
question is settled, there is the additional problem of 
extrapolating from one species to another. 

One principle of selection often used nowadays in 
general discussion on radiation as it affects mankind, and 
at first sight self-evidently sound, is to take the most 
pessimistic assumption suggested by experiment or 
theory for the relation between dose and effect. Lorenzs 
used a very similar criterion when discussing the effects 
of daily irradiation on the difficult tissues and organs of 
different species. He concluded that man should be con- 
sidered to be as sensitive as that species of animal found 
experimentally to be the most sensitive. Clearly this is 
no absolute criterion; as the range of species examined 
is widened, the apparent sensitivity of man must de- 
crease. A consistent use of this criterion would involve 
denying the possibility of chemotherapy, or of selective 
killing by pesticides. I t  does not seem realistic to maxim- 
ize pessimism as a means of choosing the best dosc- 
response curve. 

The most plausible reason for thinking that species 
differences among mammals in their reactiolls to irradi- 
ation are likely to be smaller than in their reactions to 
chemical agents is that the penetration of radiation into 
cells is not affected by the series of permeability barriers 
which every chemical agent has to pass before reaching 
the site of its acti~n.'~ The uniformity of the acutely 
killing dose for all mammals gives supporting evidence. 
However. the chronic toxicity of radiation would be ex- 
pected to depend on a balance between the continuing 
damage produced by the radiation and the ability of the 
irradiated animal to keep pace with the damage by repair. 
The ability to repair and its rate must depend on many 
of the structural and metabolic features which distinguish 
strains and species, and, for this reason, strain and 
species differences in the dose-response cunres for 
chronic irradiation might be expected. Some of the ex- 

perimental facts can best be understood in this way.6 

An alternative view is to assume that the chronic tox- 
icity of radiation is due to processes where repair of 
damage does not occur, like genetic mutation. It may 
then be plausibly argued that the genetic material of all 
mammals is very similar, both physically and chemically, 
and that therefore dose-response curves mill in general 
be the same for all species. Such a view would suggest 
that damage should be proportional to total dose, as in 
Boche's formula (curve 3, figure 1). and u-ould be 
consistent with the somatic mutation theory of carcino- 
genesis and the iact of carcinogenesis by ionizing radia- 
tion. But there are difficulties in the way of equating 
damage and total dose, as already suggested, and really 
very little evidence in support of the mutation theory of 
carcinogenesis, The theory is an easy one to accept: but 
even with the most recent advances in technique its 
testing seems almost impossible to envisage. However, 
in the experimental animal there is no simple relation 
between carcinogenesis and dose of radiation, and for 
mouse leukemia there is good evidence of the great im- 
portance of an indirect mechanism.lg Rforeover, the 
experimental evidence suggests that radiation shortens 
life apart from inducing cancer, and this is not easy to 
understand in terms of mutation. 

If the results of animal experiments are to be carried 
over to man, there must either be very good evidence 
that all mammals behave alike, or sufficient human evi- 
dence of similarity with experimental animals to inspire 
confidence in the process of filling the human gaps from 
animal experience. I t  will at least be generally agreed 
that experimental dose-response relations which cannot 
satisfactorily account for all experimental results are 
scarcely worth applying to the human case. In  the ab- 
sence of a satisfactory theory, it seems pointless to 
expend the enormous experimental efiort required to 
define the relation between daily dose and life-span for 
mean survival-times of 95 per cent and more of the 
control: it is only in this region that extrapolation to 
man is of any particular interest. 

I urould l i e  to thank my colleagues for allo\ving me 
to make use of unpublished material. 



TABLE I. 
Of preceditrg paper by R.  H .  Mole 

Smrrcr and Unit of irradiation cxbos~trc t%:nn:.d .,..,.A> .* ". 
Rrfncncr LYPf of dose - Symbol acr38oo  0, 

lif~-s9cn 5-0. of r e p l i n g  
inadratwn (conansion Dwofion used ia  Jicusc Shf0f fiom onimals s u n i d -  

G-Gamma rays fubr to Days/ of daily Fie. 1 sbai?: irradiation sfor; of timc 
N=fast nc:rfro,rs rods) wcrk dose (dous) irradiario~r 

- - .  
G r. 6 minutes ? 

Henshaw rt al (ref. 3). . . . ./z$hite N r. (2.0) 6 minutes On {c$males only) 
4% 820 h led in-  

( reactor 

Evans (ref. 2). . . . . . . . . . . Cyclotron N K (2.5) 5 minutes • {ziss 28-42 420 475 500 hIediallb 

Lorenz et d. (ref. 4). . . . . . Radium G r. 7 8 hr. 0 L A P -  2 . - . 52-85 703 240 &rean 
Neary et al. I (ref. 6). . . . . . Graphite N rad 6-7 1 6 2 4  hr. CBA 75-95 780 500 Meado 

reactor 
Graphite N rad 7 1 6 2 4  hr. A 

Neary ct al. I1 (ref. 13) . . . reactor 
[Wo G r. 7 24 hr. 0 CBd 

Thompson d d. (ref. 16). . 6JCo G r. 7 21 hr. + Rats (Sprague- 90-120 585 42+ Mean 
Dawlcy, fe- 
males only) 

Guinea pigs 137-196 1,372 112 Mean Lorenz el a1 (ref. 4). . . . . . . Radium G r. hr. { (hybrrd) 

blean survival times calculated from data provided by Hol- 
laender and Stapleton (1948, personal communication) have been 
used in fig. 1. 

b Mean survival-time of the two strains combined were also 
reported and have been used in fig. 1 because standard errors 
were also given. However, irradiation stopped when 8-30 per cent 
of an experimental group nxs still alive, so that the mean survival 
times include variable proportions of radiation-free time. 

There were real st. differences in control life-span and pm 
sibly also in the effects of irradiation. The data have been pooled 
to make thcm comparable with those of the other authors. 

The data of Henshaw (ref. 7) have not been included because 
the mean life-span of his controls %as less than a year. The data 
of Boche (ref. 1) have not been included for a variety of reasons: 

his monkeys had tuberculosis, his mice salmonellosis; the dogs 
and rabbits were irradiated in small numbers and irradiation 
stopped after two years, long before the end of the natural life- 
span; irradiation of the rats also ceased after two years when 
16-36 per cent of the lower level and control groups were still 
alive and were filled, which prevents estimation of mean survival- 
times. 

Evans's X-ray data (ref. 2) have not been included because 
mean survival-times were not given. The control life-span was 
not given by H a p  and Simmons (ref. 5). In each of Sacher's 
(ref. 5) and bfole s (ref. 1 I )  experiments with daily X-irradiation 
of mice, one experimental group survived about seven months; 
they are omitted because no groups surviving longer are avail- 
able and because the relative brological efficiency for X- to  
gamma-rays for chronic irradiation is not known. 
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11. LIFE SHORTENING EFFECTS IN MAX 

16. Data were examined relating to the mortality of 
medical specialists in order to learn if those exposed to 
X-rays had a shortened life-span. In one extensive 
analysi~,~ utilizing the mortality data for specialists 35- 
74 years of age who died during 1938-1942, the nrortalify 
ratio was calculated for each specialty. The mortality 
ratio is the ratio of the number of deaths observed to the 
number that specialty would =perience if subject to the 
specific death rate calculated for all physicians. These 
mortality ratios are given in parentheses in the last col- 
uinn of table V. I t  is seen, first. that specialists havq a 
lower mortality than physicians in general ; the specialist 
mortality ratio is only 0.78. Secondly, the various spe- 
cialties appear to have different mortality ratios, from 
0.99 to 0.62. 

13. Neary, G. J., Munson, R. J., Hulse, E. V., and Mole, 17. The mortality ratios of the various specialties 
R. H. (unpublished observations). were reca l~ula ted .~~ using the death rate for all special- 
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ists instead of all physicians (table V). The ranking of 
the mortality ratios by this method agreed with that of 
paragraph 16. Eight specialties had mortality ratios 
greater than unity, but in no case was the difference 
statistically significant. 

18. The extent to which repeated small exposures to 
X-rays shorten the life of man is a matter of specula- 
tion. In the past, radiologists were so exposed, but from 
the mortality statistics it cannot be demonstrated that 
the life-span of this group of mcdical specialists has been 
shortened relative to that of other medical specialists1' 
although this has been suggested.*? I t  is known, however, 
that the incidence of leukemia is increased in these men. 

111. CANCER IN MAN 

19. It is generally agreed that the incidence of can- 
cer* in man can be increased by exposure to ionizing 
radiation Quantitative data will be considered relating 

*Cancer is a generic term and, as used here, includes leu- 
kemia and all forms of so-called neoplastic o r  malignant disease. 

the incidence rate of cancer to radiation dose and to time 
after exposure. For introduction, the method of calcu- 
lating the incidence rate and the influence of certain 
variables on it will be discussed briefly. 

20. The prevalence of cancer may be defined as the 
number of cases per unit of population at a specified 
time, e.g. 15 cases per 10,000 on January 15. 

21. The cancer incidence rate R may be defined as 
the number of new cases per unit of time and population 
occurring during a specified interval of time, e.g., 5 per 
10,000 per annum. Alternatively, it may be said that an 
estimate of the probability that an individual in the 
population will acquire a cancer equals 5/10,000 or 5 x 
lo-' per annum. R is an important statistic in the calcu- 
lations to be made below. 

22. The total effect of exposing a population to radia- 
tion is estimated in terms of the total number of cases, 
-',, induced per unit of population. If the rate after 
exposure is constant at R, and if prior to exposure it 
was constantly R,, then (R-R,,) is the number of extra 

FAST NEUTRONS rads / week 
Figrrre I (of preceding paper by R H. Mole). Mean survival-time (per cent of control) and 

weekly dose o i  radiation (logarithmic scale). 
The symbols are given in table 1. The curves are numbered 2s in the test, where they are 

discussed. The gamma and neutron scales are in the ratio 13 :1 (see test ) .  



AGE 
Figure 2 (of preceding paper by R H. Mole). Cumulative mortality of female CBA mice 

(four different control groups 1951-54). All times plotted from same starting age of 70 days. 

Rank Specially Obseror4 &allrr Expected & a l h  Moriality rafi* 

1. Tuberculosis.. .............................................. 43 34.2 1.26 (0.99) 

................................................ 2. Dermatology 60 (58)b 47.8 1.25 (0.98) 

3. Roentgenology and radiology. ................................ 96 (91)b 82.4 1.16 (0.90) 

............................................ 4. Anesthesiology.. 17 - - (0.88) 

5. Orthopedic surgery, proctology, urology and-idustrial surgery.. .. 199 179.1 1.11 (0.86) 

.................................. 6. Neurology and psychiatry.. 142 133.0 1.07 (0.83) 

7. Public health.. ............................................. 99 94.3 1 .OS (0.83) 
8. Su wry .................................................... 360 346.7 1.04 (0.81) 

.................................. 9. Obstetric3 and gynecology.. 112 11 6.3 0.96 (0.75) 
.................................... 10. Eye, ear, nose and throat 502 523.4 0.96 (0.75) 

11. Internal medicine and pediatrics.. ............................. 378 423.6 0.89 (0.69) 
................................. 12. Pathology and bacteriology.. 38 48.1 0.79 (0.62)" 

Au 2.046 1 .oO (0.78) 

The ratio of (observed deaths in  a specialty at ages 25 to 74 age specific death rates for all ph sicians (instead of all specialists) 
years) to  (expected W h s  a the basis of age spccifi deollt rates ja at  ag-et 35 to 74 (2,046 deathsf Note that the ranking of the 
all specialists, 1938-1942). The ratios a-ere calculated from data mortality ratios is the same for both methods of calculation. 
made available by Dr. &I. Spiegelman. The figurs in parentheses b Omitting deaths from leukemia. 
are the published9 mortzlity ratios for specialists based on the Pathology only. 



cases per unit of population per annum. In a period of 
T years, 

Nx = (R - R+)T (1) 
Although simple in principle, the use of equation ( 1) is 
somewhat difficult in practice. First, R is not a constant, 
but varies with times. In general, exposure is followed 
by an initial period during \~+ich few if any radiation- 
induced cases occur. The duration of the initial period 
may be shorter after large doses than after smaller ones. 
Thereafter, depending on the particular cancer studied 
and the nature of the population, there will be a second 
period during which the vast majority of radiation- 
induced cases occur. This period might last for five years 
or for twenty-five. We are now only in the process of 
Icamin what the duration of such periods may be. 
Second f y, precise values of R, may not be available. In 
the case of some kinds of cancer there is some evidence 
that R. is changing relatively rapidly (e.g. leukemia). 
Fo r  these, it would be necessary to estimate the changes 
in R, as a function of time independently of the changes 
in R. Thirdly, the numbers of radiation-induced cases 
actually dealt with are very small, as will be seen below. 

3. Having obtained a method for estimating N,, it 
becomes feasible to investigate how N, depends on the 
dose of radiation, D. Is N,, for example, a simple linear 
function of D, is it a non-linear function or is there a 
threshold dose below which radiation is without effect? 
Before a t t a c h g  such a problem, it is important to note 
that the same dose may result from a single exposure, 
multiple exposures, or a long period of continuous ex- 
posure. Such differences in dosage may lead to major 
differences in the end results and therefore must be 
esplicitly dealt with when making comparisons or 
ex-trapolations. 

24. It  is worth special note that the factor of time has 
entered the problem in more than one way. In  equation 
(1) paragraph 22, there is the term T, often referred to 
as  period at risk. In paragraph 23, the role of time in 
dosage is considered ; this may be referred to as period 
rclder exposure. The period under exposure may last 
for only a minute and thus be an insignificant fraction 
of the years at risk. On the other hand, in the case of 
long-lived isotopes, for example, the period under ex- 
posure may be a matter of many years and thus partially 
or even completely overlap the period at risk. 

25. Constitutional factors are laown to influence the 
production of cancer in man. These include race, age, 
sex, nutrition and other environmental and genetic in- 
fluences. All of these factors have to be taken into 
account in discussing the production of cancer in man 
through exposure to ionizing radiation, especially when 
comparing the effects in one group with those in another. 

26. The tot21 of all human data that can be used for 
the quantitative analysis of cancer-induction by radia- 
tion is meagre. For esample. only sixty-eight cases of 
leukemia are involved in the Hiroshima data of table 
VII. It  is im~ortant that full use be made of such 

wise expressed? Should the integral absorbed dose be 
considered ? 

(b)  Tettrporal factors. 'Mihat allowance, if any, 
should be made for multiple or continuous exposure? 
Is each successive year at risk of equal significance? 

(c)  Co,tstitutional factors. What is the nature of the 
irradiated population with respect to age, general health, 
genetic constitution, etc. ? 

(d)  Dose-effect curve. I s  there a threshold? I s  the 
effect a linear or some other function of dose? Can a 
factor be determined that will relate hTx to D ? 

Leukemia in vron 
27. Demographic data relating the incidence of leu- 

kemia to radiation exposure come from four population 
groups whose exposures were either a hazard of war or 
profession, or were incurred during diagnostic and 
therapeutic medical procedures. 

Atont borttb survizvors itr Hiroshima 
28. The most recent information on the incidence of 

leulcemia in the Japanese survivors of the 1945 atomic 
bomb is given in a report which is reproduced in para- 
graph 33 below. From the condensed summary in table 
VI of the Hiroshima data, it is seen that the incidence 
of leukemia in the population exposed at 0-1,499 metres 
from the hypocentre has been twenty times greater than 
in the population exposed a t  1500 metres and beyond. 
Thus a t  the end of 1957, N (0-1,499 m.) = 5570; 
N (> 1,499 m.) = 280. N is the total number of cases 
per million persons present at the time of the explosion. 
Taking the cases at 1.500 metres and beyond as a crude 
estimate of the natural incidence of leukemia, the nurn- 
ber of cases N,  due to radiation may be estimated as 
5,570 - 280 = 5,290, or in round numbers 5,300 per 
million. 

TABLE VI. LEUKEIIIA IN SIJRITVORS AT HIROSHIMA, 
1948-1957' 

1.500 and 
Period of oascl Tofol &1,399 beyond 

R (average of cases per year per 106). . 84 557 28 

Data from reference 13. The full report from which these 
and the data of table VII were taken is sven below. 

b 10,051 persons were esposed at 0-1,499 metres; 85,768 were 
esposed at 1.500 metres and beyond. 

data while at the same time recognizing and giving due 
weight to their limitations. In the, case of the calcula- 29. The data in table VI indicate that t l e  biennial rate 

of leukemia in the heavily esposed population reached tions. extrapolations and applications that follow, the its ma.imum in 19j0-1951 and has been declinillg siilce reader is urged to note the simplifying assumptions that then. If this tendency continues. practically all cases of may have entered into the analyses, especially in regard radiation-induced leukemia ha\.e occurred to the follo\vmg items : bv 1960, within fifteen years of exposure, so that at 
(a) Absorbed dose. In what organ is the absorbed 1Gase ~ 0 ' ~ e r  cent of them may be said to have occurred 

dose to be determined? If the dose is not uniform already, within ten years of exposure. In these circurn- 
throughout the organ, ho\v shall it be averaged or other- stances. the annual rate of leukemia taken by itself is not 



TABLE VII.  LEUKEVL~ INCIDENCE FOR 1950-5; AFTER E-XPOSURE AT HIROSHIJLL~ 

S. 
Duiance from L Nb (Radiation- 

zonc %? Dose Persons (Cores of (tofal rases ind-d casts 
ez$osed 2cuRc11:su) s / t  per I@)  PL 

( r e d  * I @ )  -vJrcm (-\-Jl@/ytar/,tm) 

A under 1,000 1,300 1,241 15 3.9 12,087 f 3,143 11,814 9.1 1.14 x 104 
B 1,000-1,699 500 8,810 33 5.7 3,746 =t 647 3,473 6.9 0.86 X 104 
C 1,500-1,999 500 20,113 8 2.8 398 f 139 125 2.5 0.31 X 104 

D 2,000-2,999 2 32,692 3 1.7 92 f 52 -181 -90 -11 X 104 
E over 3,000 0 32,963 9 3.0 273 f 91 Control - - 

Based on data in reference 13. Prior to 1950 the number of It has been noted ' 5 .  l6 that almost all cases of leubmia in 
cases may be understated rather seriously. this zone occurred in patients who had severe radiation corn- 

b The standard error is taken as N (V La). plaints, indicating thar their doses were greater than 50 rem. 

a good index o i  the total radiation efiect ; it is the total VII). Contrary to previous findings, the present findings 
number of case N,  that should be employed as such a indicate that PL decreases marltedly as the dose falls, 
measure. that therefore leukemia incidence is not a linear func- 

tion of dose, and that a threshold for leukemia inductioi 30. the -pased population the might occur. In fact, according to bble VII a dore of segment that the hypocentre has had the 2 rem is associated a decreased leukemia rate. I t  is greater incidence of leukemia. However, the quantitative to be emphasized again, however, that the estimates of relation between leuketrtia hcidence i?z Hirosliima and dose employed in the present and previous analyses are radiatiotr dose is not yet known. Before such a relation 
can be formulated it will be necessary to have better much too uncertain to permit drawing conclusions rela- 

estimates of the absorbed dose in rev& than have been tive to the vital points in question. The calculations are 
made only to illustrate how variable the results may be available hitherto. The estimates must be made both for lvhen inadequate data are utilized. the various dose zones in which the ~ 0 ~ u l a t i o n  was dis- 

tributed, and, also, for every individ&dAcase of leukemia, 
taking into account both its position within the zone and LEUKEXIA IN HIROSHIJIA CITY AMXIC BOMB 

the shielding immediately around it. Such work is under SURVIVORS* by 
way. NIEL ~ V A L D ~  

31. None the less, using such data as were available, Atotraic Bomb Casualty Co~tt~tiissiotl 
estimates have been made of the ~otencv  of this bomb Hiroshima, Japan 
radiation in causing leukemia.li ~ g e  exp&ed populations It has become generally that an increased of Hiroshima and Nagasaki were considered to have been incidence of leukemia follows the acute or chronic a- =posed in a 'lumber '' 'Ones for of which a mean posure of various experimental animals and of man to 
dose was The extra probabilify of leukemia ionizing radiation.l Recently an a n a p t  has been made occurring in an =posed Person Per rem and Per Year to establish a between the proba- after exposure was then for the popu- bility of radiation-induced leukemia and the unit-dose of lation of each zone : radiation received. on the basis of data from studies of 

average estra number of new cases per year 
(1948-1955) 

- 

number of persons exposed X dose (rem) 

In  zones A (1,300 rern), B (500 rem), and C (50 rem), 
the values of PL were calculated to be 0.9,0.7, and 0.7 X 
l W ,  respectively. This finding was taken to support the 
suggestion that the extra leukemia incidence is directly 
proportional to radiation dose, and conversely, to argue 
against the existence of a threshold for leukemia 
induction. 

32. PL might be used in estimating N,, the total num- 
ber of extra cases of leukemia that follow a dose of 
radiation. The average value of P, in paragraph 31 is 
0.8 X 10-8 based on statistics for the years in which the 
leukemia rate is considered to be maximal. Taking 15 
years to be the entire period of leukemia production 
(period at risk), the total number of cases (per indi- 
vidual exposed per rem) = 15 X 0.8 X lo4 = 12 X 
lVa,  On this basis if each of a million persons receives 
1 rem, a total of 12 extra cases of leukemia will eventu- 
ally develop. 

33. I t  is of interest to apply the above method to the 
latest data on leukemia incidence in Hiroshima, using 
the same zoning system and estimates of dose (table 

various groups of'radiation-exposed human beings.? 

The survivors of the atomic bombings in Hiroshima 
and Napsaki, Japan, comprise two such groups. Reports 
concerning the occurrence of leukemia in these popula- 
tions over a period through June 1956 have been pub- 
lished at intervals by various staff members3 of the 
Atomic Bomb  casual^ Commi~sion.~ In  addition. an 
unpublished compilation of certain specific detailed in- 
formation requested by the British Medical Research 
Council was prepared in September 1955.J An analysis 
of these data appeared in a publication of the Medical 
Research Council6 and a portion was also published in a 
report of the National Research Council.' 

Since that time a review has been made of all the 
leukemia cases known to the Atomic Bomb Casualty 
Commission, and a master list has been compiled. Some 
of the cases on the September 1955 listing have been 
dropped for various reasons, and many cases have been 
added. No detailed official report has been published 
recently in the hope that more adequate dosimetry data 
might become available. This wish is nearing fulfilment 
because of the joint initiation of a large programme of - -  ~ 

*Science In, 699-700, 19% for table 1 and bibliography re- 
ferred to in this article, see immediately following the article. 

t. Present address : University of Pittsburgh, Graduate School 
o i  Publ~c Health. Pittsburgh, Pa. 



dosimetry studies in 1955 by the Atomic Bomb Casualty 
Commission and a group of interested organizations 
including the Atomic Energy Commission's Division of 
Biology and Medicine, the National Academy of 
Sciences - h'ational Research Council, the U.S. Air 
Force School of Aviation Medicine, Los Alamos Scien- 
tific Laboratory, and Oak Ridge National Laboratory. 
The programme is designed to make possible the assign- 
ment of a specific neutron or gamma ray dose or both 
in rads to the record of each survivor in the Atomic 
Bomb Casualty Commission's files for whom sufficient 
pertinent information is available. 

A detailed interim report on leukemia in the Hiro- 
shima atomic bomb survivors is presently being pre- 
pared by various staff members of the Atomic Bomb 
Casualty Commission and the National Research 
Council. I t  will include the best currently available dosi- 
metry information resulting from the &fore-mentioned 
collaborative effort, However, because of the present 
interest in data pertinent to radiation leukemogenesis and 
the desirability of making available current irlformation 
obtained by the Atomic Bomb Casualty Commission, 
table I,  summarizing results of the leukemia survey in 
Hiroshima as of December 1957, is presented at this 
time. 

Certain limitations of these data should be pointed 
out. The programme was initiated in 1917 but the pres- 
ent level of intensity of effort was not achieved until 
about 1950. Therefore, while it may be assumed that 
the numbers of cases shown for the years 1950 through 
1956 are fairly accurate, the numbers that arose in the 
preceding years may be understated rather seriously. 
With respect to 1957, it is probable that additional cases 
remain to be discovered with onset in that year. 

The denominators of the incidence rates are estimates, 
subject to errors of presently unknown magnitude. The 

3 June 1953 Residential Census of Hiroshima was con- 
ducted by the Hiroshima Census Bureau and was pre- 
sumably of a reasonable degree of accuracy. The cate- 
gorizatton by distance from the hypocentre was made 
on the - basis of Atomic Bomb Casualty Commission 
investigations of 50.8 per cent of the males and 44.6 
per cent of the females who reported themselves exposed 
to the bomb. However, it was found that 3.1 per cent of 
those reportedly exposed were in fact not in the city at 
the exact time of the bombing. 

Apart from the uncertainties regarding the population 
on 3 June 1953, it may be incorrect to assume that 
migration in and out of the city during the period from 
1950 to the present was the same for persons exposed 
in different distance categories. However, despite the 
current lack of pertinent information, the simple expe- 
dient of multiplying the June 1953 population values by 
eight to obtain estimates of person-years at risk has been 
adopted since the census date is roughly near the mid- 
point of the interval under study. This procedure seems 
reasonable at present, although the magnitude of any 
resultant error is hard to estimate. 

In addition to the above-mentioned points, which hare 
to do with the intrinsic accuracy of the data presented, 
a further caution should be strongly emphasized. The 
uncertainties involved in inferring radiation dose from 
distance alone are too large to support conclusions 
beyond the previously reported qualitative one that those 
survivors who received large doses of radiation-that is, 
who were within 1,500 metres of the hypocentre, had a 
significantly higher incidence of leukemia than those 
beyond that distance, who recei\-ed relatively little or 
none.s The relationship of incidence to distance as pre- 
sented in table I cannot be given a more quantitative 
interpretation because there are too many variables, as 
yet unresolved, which cannot be ignored. 

TABLE I. 
Of preceding paper by Niel Weld 

LEUKE~IIA LV HIROSHIMA ATOMIC BOMB SURVIVORS ~ ' H O  WERE 
RESIDENTS OF HIROSHIBIA CITY AT THE TIME OF DIAGNOSIS 

(DIAGYOSES VERIFIED BY THE ATOMIC BOMB CASUALTY CO~IIIISSION) 

Year of On+& Total Under 1.000- 1.5W 2.000- O m  
1.000 1.499 1999 2999 31UX) 

1945 ....................... 
1946 . . . . . . . . . a + . . . . . . . . . . . .  

1947. ...................... 3 1 2 
19 48 ....................... 7 2 4 1 
1949. ...................... 5 1 1 1 1 1 
1950 ....................... 9 3 5 1 
1951 ....................... 11 3 7 1 
1952. . .  .................... 11 3 5 1 2 
1953. ...................... 12 2 6 2 1 1 
1954 ....................... 6 2 2 1 1 
1955 ....................... 8 1 4 2 1 
1956 ....................... 6 1 1 1 3 
1957 ....................... 5 1 3 1 

TOTAL 83 18 39 9 7 10 

....... Estimated 95,819 1,241 8,810 20,113 32,632 32,963 

Number of cases uith onset in 
1950-1957 ................ 68 15 33 8 3 9 

Estimated person-years at risk. 766,552 9,928 70,480 160,904 261,536 263,i04 

Annual incidence of leukemia 
per100,OOO ............... 8.9 151.1 46.8 5.0 1.1 3.4 

Based on Hiroshima Census Bureau's Daytime Population Census of Hiroshima City, 
S ,  June 1953. 
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For example, the presently available estimates of the 
air dose in Hiroshima have a large uncertainty, the 
magnitude of which is itself not yet definite. Also, ex- 
perimental dosimetry studies at Oak Ridge National 
Laboratory emphasize the need for detailed informa- 
tion, such as is being collected by the Atomic Bomb 
Casualty Commission, concerning the shielding situation 
of any particular survivor at any distance. I t  is con- 
ceivable that the radiation received within a light frame 
house (the most common shielding situation) may vary 
from an amount almost equalling the outside air dose to 
one equal to the outside air dose attenuated by perhaps 
a factor of 'nvo, depending on the position of the person 
in the house. 

I n  determining the relationship of radiation exposure 
to the incidence of leukemia, such detailed data must be 
examined not only for each leukemic survivor, but also 
for enough of the population at risk to permit calcula- 
tion of statistically significant incidence rates. Until this 
information becomes available from the dosimetry pro- 
gramme, it is premature to attempt precise quantitatio? 
of dose-effect relationships in radiation leuliemogenesls 
on the basis of the Hiroshima and Nagasaki radiation- 
pop~lations.~ 
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L e t ~ k e ~ t z i a  itr radiologists 

is based on the data of 1938-1952. inclusive.14 During 
this period there were 17 deaths, corresponding to an 
average annual rate of 610 per million. The rate observed 
in the population at large (corrected for age distribu- 
tion) was 121 per million. 

3 j. Two reports have associated leukemia in children 
with previous X-ray exposure during infancy or the 
prenatal period. I n  the first,'' a study was made of 1,700 
United States children treated during infancy for a con- 
dition known as enlargement of the thymus gland. The 
untreated siblings of the irradiated children served as 
controls. There were 17 cases of cancer, including 7 of 
leukemia in the irradiated group; there were 5 cases of 
cancer, but none of leukemia in the control group 
(tables VIII  and IX). 

TABLE VIII. EYPECTED m OBSERVED 
U T E S  FOR CA-YCER8 

All cancers.. ........... 2.6 17 (119) 2.7 5 

Leukemia. ............. .6 7 (? 8) .6 0 

Thyroid cancer. ........ .08 6. .08 0 

a Data from reference 17. 

TABLE IX. DISTRIBUTION OF NEOPWSL~ 
ACCORDING TO m O U N T  OF R ~ D I A T I O N ~  

34. The most recent estimate of the leukemia death 
rate for United States radiologists (ages 35 to 74 years) 

- -- 

Number treated. ............ 604 801 313 

Cases of leukemia.. .......... 2 5 (?I) 

Other cancers. ............... 0 4 0 

Carcinoma of thyroid. ........ 0 6 0 

Adenoma of thyroid.. ........ 0 6 3 

Data from reference 17. 

36. In a British studyls of the history of 547 mothers 
whose children had died before the age of ten from 
leukemia and other cancers, it was found that 85 of the 
mothers (15.5 per cent) reported that they had had 
diagnostic abdominal radiography involving the foetus 
during the relevant pregnancy. In a comparison series of 
547 mothers with healthy and living children only 45 
(8.3 per cent) reported radiologic exposure during the 
relevant pregnancy (table X) . 

TABLE X. LEuKEJ~L~ Ah3 CANCER INCIDENCE 
OFFSPRING RELATED TO X-RAY EX-4lffNATIONS IN  

THEIR MOTHERS DUREYG THE RELEVANT PREGN-ZNCP~ 

hrzmbn of molhcrs and 
foetuses cx&+osrd lo 

Number Abdominal Examinolion o f  
Tybe of c a w  in child of cases c ~ m i n a i w n  other Bar& of body 

.......... 1. Leukemia.. 269 42 25 
Controls (living). ... 269 24 23 

2. Other cancers.. ....... 278 43 33 
... Controls (living). 278 21 32 

........ 3. Total cancer.. 547 85 58 
Total control. ........ 547 45 55 

a Data from reference 18. 

37. The suggestion has been made that a proportion 
of the leulcemias and cancers in the first group, namely 



7.2 per cent, may have been caused by the exposure 
during intrauterine life of the patients in question. 
However, radiological examination of other parts of the 
body was not correlated with increased cancer incidence. 

38. The data indicate a correlation between leukemia 
and other cancers in childhood and irradiation of the 
foetus, although alternative possibilities cannot be ex- 
cluded. It  is possible that some mothers who give birth 
to leukemic children might be in greater need for diag- 
nostic X-ray sen6ce during pregnancy and that in the 
present cases leukemia or cancer may have resulted inde- 
pendently of exposure sustained during intrauterine life. 

39. In any event, the clinical indications for the X-ray 
-aminations of the mothers of these particular children 
are not known, nor is information available on the types 
of examinations performed and on the actual doses of 
X-ray received by the mothers and the foetuses. Addi- 
tional data and final evaluations of their significance are 
known to be in course of publication (British Medical 
Journal). 

Leukemia after X-ray therapy f or anky1osi)tg spoidylitis 

40. A dependence of the incidence of leukemia on 
radiation exposure has been demonstrated in a study of 
13,352 cases of ankylosing spondylitis treated during 
1935-1954 at 82 radiotherapy centres in Great Britain.l0 
I n  this series. 28 patients were certified to have died of 
leukemia and 12 of aplastic anemia, as of 31 December 
1955. The numbers of expected deaths were 2.9 for 
leukemia and 0 3 for aplastic anemia. (The over-all 
death rate per million persons for leukemia in England 
and Wales has been as follows: 21 in 1935, 34 in 1945, 
49 in 1954). A thorough study of the series led to the 
fo l lo~~~ ing  tabulat~on of cases with blood disease : 

Group ,Woks F c d s  
Leukemia (A). ...................... 35 1 
Probable leukemia (B). ............... 5 0 
Aplastic anemia.. .................... 4 0 
Undecided .......................... 2 2 

41. To  study the distribution of cytological types, all 
available cases of leukemia in patients with ankylosing 
spondylitis, both treated and untreated were tabulated : 

ment, but some ( 1,119) received as many as four courses 
over a period of years. Preparatory to examining the 
relation between leukemia incidence and radiation dose 
elaborate studies were made so that for each course of 
treatment in each case there could be determined : 

(a) T h e  spinal dose: the mean dose to the spinal mar- 
row, based on the average of 3 points (upper sacral, mid- 
dorsal, mid-cervical). 

(b) T h e  integral dose: the integral dose to the whole 
body. 
The distribution of doses in the entire population of 
11,287 men mas estimated from the doses of a ran- 
domly drawn sample of 1,878 men. The dose of each 
leukemia case was determined individually. For  multiple 
courses of treatment due allowance was made for the 
years at risk a t  each dose level. Dose-classes were then 
established (e.g., 2 5 M 9 9  rem, 500-749 rem), and 
the crude incidence of leukemia determined in each class. 
In addition, the standardized incidence of leukemia was 
determined, i.e., the incidence standardized for age. 

44. In  studying the dose-effect relationship, the fol- 
lowing assumptions were made : 

(a) The significant parameter of dose is the mean 
dose to the spinal marrow. (The spinal marrow was 
always irradiated : the amount of irradiated extra-spinal 
marrow was variable.) 

(b) There is an absolute waiting period of one year 
after exposure during which no cases occur. Thereafter, 
each year at risk has equal weight. (The authors con- 
sidered this to be an over-simplification, but used it as a 
practical method of dealing with the many cases that had 
received multiple courses of treatment). 

(c)  Fractionation of dose did not diminish its 
effectiveness. 

(d) The probability of inducing leukemia is directly 
proportional to the number of man-years at risk. The 
number of man-years at risk equals the product of 
(number of individuals given a particular dose) X 
(mean years since exposure-1 ) . 
' (e)  constitutional- factors . may predetermine a 

greater radiosensitivity in this population, but no allow- 
ance can be made for it. 

X-ray hcokd series Untreakd wriw 45. Results from these studies are summarized in 
prr 9- 

Lymphatic leukem'ia.. 3 (8) 3 (38) table XI and figure 4. I t  is clear that the incidence of ... 
M yeloid leukemia. ...... 31 (78) .i (50) 
Monocytic leukemia.. ... 6 (15) 1 (13) 80- 

Type unspecified.. ...... 9 0 
C 

There is a relative deficiency of the lymphatic type of 
leukemia among the X-ray treated cases, and the differ- 1 a- ence between the two series was found to be just signi- = 
ficant (P = 0.05). .1 a 

5 42. Only male cases of leukemia and "probable leu- 
kemia" (groups A and B) were available in adequate % a- 
numbers for further statistical analysis. After a single % 
course of treatment, the evidence of 10 cases indicated 
that leukemia occurred within 5 years. When all cases Q 
were cons-idered, i.e. those receiving multiple courses I: 20- 

over a period of years as well as those receiving a single z 
course in a mo~?thpr so, it was noted that leukemia was 
diagnosed wlth~n 3 years of the last treatment in 35 of 
37 cases. OF 

a 

I 

500 . KlOO 
1 

IS00 2Ka 2500 
43. The radiological treatment of ankylosing spon- n u n  d- co.suinat marrow (r.) 

dylitis usually consisted of irradiating the spine and the Figlire 4. The incidence of leukemia, standardized ior  age, in 
region of the joints. cases other re- relation to the mean dose of radiation to the spinal marrow : all 

male patients in the study series and 'A' and 'B' cases of leu- gions were also treated. Most (7,215) of the ~zt ients  kemia, =duding co-existent cases. (Figure 4 is Figure 1 in the 
in the present series received only one course or' treat- original reference 19.) 
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leukemia increases with radiation dose and that the rela- 
tion between them is not linear. The curve through the 
points in figure 4 is drawn to reach the control rate at 
zero dose without indicating a threshold for the induc- 
tion of leukemia. I t  should be noted. however, that only 
one case of leukemia received a dose of less than 400 
rern and that this case had lymphatic leukemia and had 
had large doses oi extra-spinal irradiation. Therefore 
the course of the curve between this dose and zero must 
be regarded as practically undetermined. The slope of 
the curve between 750 and 1.250 rern appears to be rela- 
tively constant and is equal to about 0.6 new cases per 
year per 106 men per rern to spinal marrow. 

46. The data for the limited group of patients that 
received irradiation to the spinal axis only are given in 
table XII. In this group, 1s patients developed leukemia. 
-4nalysis of these dataz0 suggested a threshold of 51 rern 
by one method and of 130 rern by another. These esti- 
mates, however, are subject to great uncertainty owing 
to the small number of cases in the series and the lack of 
data for the range in question. Statistical analysis indi- 
cated that the threshold might lie anywhere between 
0 and 460 rem. The slope of the dose-effect curve was 
about the same as that given in paragraph 45. 

TIteoretical consideratiotls fur estiinatiotz of radiatioia 
hazards 
47. The quantitative statement of a radiation hazard 

involves the precise relation between the total number 
of radiation-induced cases N, and the radiation dose D, 
throughout an extended range of dosage. At present, 
such a statement cannot be satisfactorily made for any 
kind of human cancer. For certain purposes, however? 
a very crude estimate may be better thm none at all and 
hvo methods have been proposed with this end in mind. 

48. The first method assumes (1) that all cancer is 
caused by ionizing radiation and (2) that the annual 
cancer rate is directly proportional to the annual radia- 
tion dose. The total cancer incidence rate R in the United 
States, for instance, is now about 2,800 cases per annum 
per million population. The annual background radiation 
dose rate is about 0.1 rem, and the dose rate from other 
sources is perhaps another 0.1 rern. The average annual 
dose rate per individual is thus about 0.2 rem. The 
potency factor k is, therefore, 

i.e., 1 rern will produce a total of 14.000 new cancer cases 
when a population of one million has been exposed. 
Such a figure appears to be absurdly large. It  has been 
suggested that such a calculation applies only to certain 
kinds of cancer but not to others. There appears to be 
no scientific basis for such a selection, however. 

TABLE XI.' THE NU?rIBERS OF PATIENTS WHO DEVELOPED LEUI(EMI.4, AND T H E  CRUDE -4YD STAhmARDIZED 
INCIDENCE R4TES: AFTER DIFFERENT MEAN DOSES OF THEIWPEUTIC RADIATION TO THE SPINAL hLZRROW: 

hLXE 'Af Ah?) 'B' CASES, EICLUDIKG CO-EXISTENT CASES 

Atcan dose to spinal marrow (r.) 

- 

?io. of men dmebping leukemia 
'A' cases. - ....................... 1 2 6 3 7 2 3 1 2 3 1 1 3 2  
'A' and 'B' cases.. - ............... 1 3 6 4 8 3 3 1 2 4 1 1 3 7  

Crride incidence per 10,000 men per year 
'A' and 'B' uses .  ................ 0 4 9  2 - 16 4 -59 6.99 12.18 63 -65 5.98 

Standardized incidence per 10,000 nren 
per year 
'A' and 'B' cases. ................ 0 -49 1 -98 4 -66 7.21 14-44 72.16 5 -98 

a This table was table 19 in the original reference.19 the same period, calculated from the mortality from leukemia 
b The rate given for 'zero' therapeutic dose is the corresponding experienced by the whole male population of Britain. 

rate among men of the same age-distribution and observed over 

TABLE XII.' THE INCIDENCE OF LEURE&fIA AFTER DIFFERENT bfEXN DOSES O F  THER4PEUTIC RADIATION TO T H E  
SPLUAL >lr\mOTF: b L a E  'A) -4ND 'B' CASES GIVEN ONLY SPINAL IRR.IDIATION, EXCLUDING CO-EXISTENT CASES 

Mean dose lo spinal t n o n m  (r.) 

Less 2.000 
than 250- 5 W  750- 1.000- 1.250- 1,500- 1.750- or AIL 

0 250 499 749 999 1.249 1.499 1.749 1.999 dosrc 

No. of man-years a t  risk following exposure to  dose - 5,404 7,673 6,553 8,262 7,111 2,782 897 566 679 40,247 

No. of men developing k~tkonia 
'A' cases. - 0 2 ................................ 4 3 4 0 2 1 1 17 
'A' and 'B' cases. ......................... - 0 2 4 3 5 0 2 1 1 18 

Crude incidence per 10,000 men per year 
'A'and'B'cases .......................... 0.49 1 -53 4.72 6-75' 8.12d 4 -47 

Standardized incidence per 10,000 nren per year 
'A'and'B'cases .......................... 0.49 1 - 4 4  1-83 6-82.: 8-70d 4 -47 

a This table was table 20 in the original reference.19 is 6.31: standardized incidence 6.82. 
b Average dose, 2,290 r. d For the group receiving 1,500 r. or more the crude incidence 

For the group receiving 1,000-1,499 r. the crude incidence is 18-68; standardized incidence 19.86. 
is74 - 91 ; standardized incidence 5 -06. For the group receiving 1,750 r. or more the-crude incidence 

For the group"receiving 1,000-1,749 r. the crude incidence is 16-07; standardized incidence 16.82. 



49. The second nlethod uses the results of the British was a curvilinear function of dose. not a linear one. 
study of leukemia incidence in a radiation-treated popu- A curve providing a good fit to these data is obtained 
lation, discussed above. (The data for Hiroshima have when leukemia incidence is considered to be propor- 
riot been used owing to the uncertain dosimetry.) To tional to the square of the radiation dose. In general, 
compensate for the paucity of data, a number of assump- curves of this type predict a finite incidence of leukemia 
tions are made in the following analysis : at small doses. However, this incidence may be very 

( a )  The significant parameter of dose is the mean much lower than that predicted by a linear function 
dose to the entire red marrow. In  uniform whole-body based on all of the same data. 
expowre, the doses to the entire red marrow and the 33. The methods used above to estimate the risk of 
spinal marrow are the same. When only the spinal mar- leukemia after radiation exposure are of general use. 
row is irradiated, the mean dose to the entire red marrow They may be applied both to other cancers and also to 
is probably about 40 per cent of the spinal dose. non-cancerous lesions such as occur in the eye (cata- 

( b )  The total number of years at risk is 15, and each ract). the skin and in the bones. Their use is contingent 
year has equal weight. This assumption was arrived at upon the availability of adequate statistical estimates of 
from the following considerations. The mean period of the incidence of the disease in question related to the 
observation in the British study was 5 years ; this would radiation doses received by the population at risk. I t  may 
set a lower limit for all types of cases. Those 10 cases of be noted that such methods do not depend on detailed 
leukemia that received only one course of treatment all knowledge of how tile radiation induces the lesion within 
occurred within 5 years of that treatment. For the popu- the cell, e.g. by somatic mutation or some other alleged 
lation exposed at Hiroshima the cancer rate began falling or hypothetical mechanism. At present, adequate statis- 
after 8 years. and a complete period at risk of 15 years tical data are not available for bone tumours or for 
has been suggested. The maximum duration of the tumours of other organs to make such estimates of risk. 
period at risk cannot be greater than the duration of life However, it is known that pertinent studies are under 
after exposure. In the case of a population of children, way for bone tumours in man that are caused by radio- 
this could be 65 years, in the case of the usual mixed active substances. 
population, the average would be about 35 years. 

(c) Fractionation or protraction of dose does not di- REFERENCES 
rninish its effectiveness. 1. Bond, V., and J. S. Robertson, Annual Review of 

(d) Constitutional factors may be neglected. Nuclear Science 7,135-162,1957. 
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I. MUTATION recognizable for the organism as serious somatic effects. 
ranging from death or incapacity of cells fulfiling vital 
specialized functions to unrestricted proliferation. 

1. THE MECHANICS O F  MUTATION 

The gene Chrottzosome breaks 

4. It  remains a major question to what extent chromo- 
1. The conventional concept of the gene has been that somal or other genetic effects may be responsible for  

of a functional hereditary unit. In  recent years this con- cell death or damage in somatic or germinal tissues of 
cept has required a more precise definition. since sensi- man.11 Visible chron~osomal alterations resulting from 
tive tests of allelism have indicated that a single fmc-  irradiation have been studied in cytoIogically favourable 
tional gene may be separable into component dements by material, principally of plants and of insects. They com- 
recombination and so shown to be capable of many monly arise through one or more chromosome breaks in 
pseudoallelic differences?*= Single mutational events the cell rejoining in some new configuration. A frequent 
which modify or prevent the action of the functional result is dominant lethality through loss of substantial 
unit may affect different large or small parts of this chromosome parts or interference with cell division. 
unit.s During the same period, it is notable that features In spite of the difficulties of objective numerical scoring 
of the genetics of natural populations have indicated the of cytological phenomena, many quantitative investiga- 
extent to which individual functional genes can be in- tions have been made upon them :I2 it has been shown 
valved in larger complexes and lack complete that the more densely ionizing radiations are relatively 
Possibly the most striking manifestation of this is at more effective in produang them12*13 and that the num- 
present in Salmonella typhimurium, in which it appears bers obsenred or recovered can be considerably affected 
possible that there are integrated linear sequences of ad- by various post-irradiation treatments if these are ap- 
jacent gene-structures responsible for whole sequences plied sufficiently early.12p14 In this way, recent work has 
of biochemical operations, assembly-line fashion.' suggested that there are some breaks at ionic bindings, 

which reheal very rapidly, and others at co-valent bonds, 
which heal more slowly,14 as well as two separate effects Gefte mutations of radiation, one in causing the breaks and the other in 
affecting the rejoining mechanism.14 The effects of oxy- 2. Take in its widest sense, mutation means any gen, both at the time of irradiation and during the sub- 

change of the genetical constitution not due to recombi- sequent rejoining process, have played an important and 
nation, ranging from whole genomes to alleles. Often controversial part in this lt would be of mutation is used in a more restricted sense, viz. as change interest to learn to what extent inx-estigation of post- 
of the action of some specific gene. This is commonly irradiation modifiers of the rejoining process I referred to as p& mutation, which, however, may be a biochemid to those observed \+-ith 
misleading term, as it is known, especially from the work modifiers of fie cell lethality induced by irradiation. 
on Drosophilo by Dubinin and  other^,^^^ that a change of 
the position of a gene may change its habit of action. 5. Many investigations have connected ploidy with 
Moreover, the idea of a point mutation, as distinct from radiation resistance in unicellular organisms, 
a deletion or rearrangement, was formerly based upon the extensive work of Mortimer and his colleagues on 
the smallest unit of structure microscopically risible. yeast;16 and this, together with the increased RBE of 
Because recent structural analysis of the gene has se.med the more densely ionizing radiations, has led to the idea 
to penetrate almost as far as the much Smaller ultimate fiat much radiation-induced cell lethality has its 
units of its ph~sico-chemical structure, believed to be in dominant genetic changes. Certain cases are. however, 
the single nucleotides, it has already been suggested that lcnown in this is not true; instead, lethality results 
the term "point mutation" be resenred for mutational from an imbalance or block in metabolism (as in very 
events invol~ing only one such unit.8 Such ideas do not heavily irradiated Habrobacon eggs,17) or a generalized 
by themselves affect the distinction between intragenic failure of the mitotic process hardly to be to 
and intergenic mutationsg and may, indeed, dar$ these ; individual processes of the break-rejoin type. On the 
for  example, it remains possible that further investiga- basis of a turo-hit killing curve for mammalian tissue 
tions of genes and chrom~somes'~ will lead to a distinc- culture of various ploidies, Puck has recently ar- 
tion between a structural backbone and separate attached gued that radiation-induced death in these is ,-hromo- 
genes. There is no doubt that advances in this field will somal in origin ;lS,lg4 cytological evidence will perhaps 
eventually add greatly to the refinement of current ideas be required before such a conclusion can be considered 
concerning all aspects of mutation. as finally established. However, the reduction in growth 

rate observed by Puck et al. in colonies derived from 
3. In  man, the primary genetic concern is with all diploid mammalian tissue culture cells which had sur- 

transmissible hereditary changes which simulate the vived X-irradiation already provides printa fmie e+ 
change to a new allele. These are perhaps best grouped dence that even at doses of the order of 100 r, most 
together under the term "apparent gene mutations", surviving cells have suffered dominant deleterious 
whatever their structural nature. However, other forms changes.lBJs bIoreover, Bender has recently demon- 
of genetic damage require consideration in connexion strated a rather high sensitivity of tissue culture cells 
both with SOmatlc effects and with the requirement that derived from human kidney to chromatid breaks induced 
mutations must sunrive transmission through the germ by X-raJrs.19 
cells if they are to be observed. These latter forms in- 
dude  both gene mutations and chromosome structural The hereditary tlurterial changes in somatlc.ceU.s, which may well have a sensi- 
tivity to the radiation-induced process quite similar to 6. Recent years have remarkably advanced the know- 
that of germ line cells?c4 hlutations and chromosome ledge of genetic material and of the role played in it by 
changes in these cells could bring about consequences, desoxyribonucleic acid (DNA). Indirect evidence from 
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difierent sources has long led cellular physiologists to come to have a very real physical basis, and the t\vo kinds 
believe that DNA, in close association with protein, of mutation could differ in mechanisms. 
forms part of genes and chromosomes ; this has included 
the relative DNA content of haploid and diploid cells of Linearity of dose-rjurtation ctrwe various tissues of an ~rganisrn,~" cytochemical evidence, 
including the of the presence 10. The esperimental justification for speaking of 
of DNA to the cell the association of DNA radiation-induced mutation rates at low doses rests upon 
syntllesis with cell More recently, a very Drosophila data, in which the linearity oi  fie dose- 
close association between the as- mutation cunre, when it is investigated under suficielltly 
similation of radioactive .racers incorporated in DNA, rigorous conditions, has been confirmed down to 
and chromosome division.''' In addition, other evidence doses of 25 rad for irradiation of spermatozoa by tile 
has inclined many geneticists to believe that DNA may painstaking work of Stem and his ~ ~ l l a b o ~ ~ t ~ ~ ~ , J l - ~ "  
be the actual material whose configuration constitutes following earlier  experimenter^.^'-^^ Mulle?' has re- 
genetic information ; this evidence includes : cently argued cogently that there is no point in pressirlg 

the test of linearity below 5 rad, and has indicated that ( a )  The transformation of hereditary characters of this limit could be reached in Drorophilo by techniques cells of Pnens~ococcus~~  and Haevrophilus" bacteria by at present available. Many geneticists ,%,auld agree application of solutions of pure DNA. the implication of the cited passage, that linearity can 
( b )  The role played by DNA in the growth and already be safely accepted, without the enormous iabo~lr 

heredity of the coliphages of the T s e r i e ~ . ~ ~ * ? ~  involved in its extension to still lower doses-at least in 
the absence of a definite proposed basis for expecting a 

( c )  Indications from current work that increased non-linearity. However, it must be borne in mind that 
mutation in microbial systems occurs under conditions linearity has not been tested in this range of doses for 
of deficiency for an essential constituent of DNA such spermatogonia~ irradiation. the case of irradiation of 

a constituent, such as bromo~racil.~' 

I 
as thymine, or in Presence of a competitive analogue of these cells it is still difficult to conceive a priori of a non- 

linearity at low dose, followed by a linear portion of the 
~ 1 1  such phenomena carry the promise of ne,v lines of curve at medium or high exposures.'However. OakbergS8 
investigation of the mechanisms of gene mutation. has shown that some classes of spermatogonial cells of 

the mouse are very sensitive to the lethal effects of low 
7. Concurrent investigations have remarkably ad- doses (5 rad - 100 rad) of gamma-radiation. If these 

vanced of the chemistry and structure of same classes were to turn out also to be unusually sensi- 
DNA, the X-ray diffraction studies of tive to the induction of mutations by radiation, the curve 
Wikins et d.?s and the complementary biochemical rela- of recovered mutations as a function of dose might turn 
tionships uncovered by Bargaff and 0the~s.29 leading to out to be linear in the range of moderate doses. but to 
the remarkable double helical structure proposed by have considerably higher slope in the very low dose 
Crick and Watson,so so suggestive of the exact replica- range where an appreciable proportion of the cells sur- 
tive process required for the transmission of hereditary viving irradiation belonged to the sensitive group. 
characters, and already so productive of fresh ideas con- ll. The Committee has been of current cerning the mechanics of mutation. periments upon mice which will enable the linearity of 
8. while none of these arguments is alone conclusive, the dose-mutation curve for irradiation of spermato- 

and it is recognized that the gelletic material of gonia, oogonia and oocytes to be checked down to 37.5 
of higher ol.ganisms is organized into very substan- Attention must, however, again be drawn to the 

tial stainable structures. which must be more compl- dependence of the whole quantitative assessment of 
physically and than the fine DNA fibrils genetic effects of low doses upon an assumed linearity 
visible only under the electron micro~cope .~~ nonetheless and irradiation a particular type cell in a dose- 
very many geneticists believe that the ultimate carrier of ra"ge inyestigated. 
genetic information is likely to be the arrangement of 
nucleotides in DNA. Mechojrism of nzzctation 

9. In  that event, total radiation-induced mutation 12. Many attempts have been made to affect the 
rates, in the widest sense of change of the hereditary in- process of induced mutation after its initiation by ex- 
formation. might be expected to be quantitatively corre- posure to ionizing radiation. Some of these have been 
lated with the DNA content of the cells of the germ successful to a greater or lesser degree,4- and this fact 
plasm together with the biochemical operations which is of cardinal importance as demonstrating at least the 
construct and maintain DNA. It at least seems reason- possibility of interference between the irradiation and its 
able that when comparisons of mutation rates between principal genetic consequence. Unfortunately, in many 
different species or physiological conditions are made, of these cases the precise genetic nature of the mutational 
parallel DNA comparisons should be kept in mind. The event is not known ; association with chromosome break- 
DNA contents of some relevant types of cell are listed age or rejoining may therefore be suspected. Moreover, 
in table VII. hlost kinds of cell nuclei contain enough many of the esperiments refer to microbial material. In 
D N A  to form a structural molecule of great length which which it is possible that the gene structures are far  more 
could only be packed inside the nucleus by much folding. esposed and more easily able to be reached and affected 
This has given rise to the recent suggestion, now appear- by external agents than are the mammalian chromo- 
ing on purely structural grounds, that the chromosome somes. Nevertheless, it is a hopeful sign that recent ex- 
may consist of a multi-stranded structure.''' I f  the struc- periments reported to the Committee have extended the 
ture turned out to be, say. a proteinaceous backbone with demonstration of post-irradiation interference to a well- 
attached DNA molecules as side arms forming the genes known class of apparent gene mutations, the sex-linked 
(a possibility which is not excluded). the distinction recessive lethals of Dr~sophiZa.'~ These experiments 
between inter- and intragenic mutations could eventually seem to show that a finite interval of at least some tens 

175 



of rnhutes exists in Drosophila before .'fixation" of 
radiation-induced mutations. 

13. In comesion with any possibility of ultimate 
practical use of chemical or other modifiers of induced 
mutations, it is well to remember that, in many popula- 
tions. the largest man-made exposures of the gonads 
occur through comparatively large doses delivered rela- 
tively infrequently in the course of medical work at 
controlled times. The possibilities of modifying the mu- 
tational effects of radiation should be considered in the 
light of the more general discussion of modifiers of 
radiation effects in chapter IV and annex F of this 
report. 

Other jossibiliiies of interference betweejz irradiation 
altd its efects at the celltrlar level 

14. Interference with and control of genetic conse- 
quences of irradiation does not end with the completion 
of the mutational process. However, to look further 
requires that the completed mutations be detectable. The 
number of conditions in which carriers of unexpressed 
deleterious genes can be detected has recently increased 
greatly ;46147 this trend is closely associated with advances 
in general biochemical and immunological genetics, and 
it is to be hoped that Governments will foster and en- 
courage its progress. -4 second field closely related to this 
and other aspects of the present subject is that of human 
chromosomal cj-tology. We are indeed a long way re- 
moved from the beautiful situation which prevails in 
Diptera where giant salivary gland chromosomes can 
be studied in minute detail : nevertheless recent technical 
advances in the field have been c o n ~ i d e r a b l e ~ ~ ~ ~ ~  and can 
give US great hopes of progress. Such advances may bring 
about radical changes in human genetics and especially 
human radiation genetics. 

15. Other radical possibilities for dealing with radia- 
tion-induced mutation, besides the cumbersome and 
often painful process of selection, beyond question exist. 
An example which must be considered, in the light of 
teclmological advance, is that of the natural or controlled 
transfer of genetic characters. This phenomenon is well- 
established in microbial materials," although usually but 
not always with very low frequency,51 and as an eventual 
aid in the elimination of harmful genes or their conse- 
quences it cannot be'entirely dis~llissed as speculation. 

Conzparison between xatural 
ana? radiation-kdziced  nuta at ions 

16. There has been a widespread belief among genet- 
icists, based largely upon the classical work of Stadler 
in corn" that radiation produces in general a different 
type of mutant allele from those which occur naturally- 
more &reme, less likely to be reversible, more fre- 
quently a loss of function. However, Stadler's work may 
not be entirely typical even of plant material.ls8 Muller 
has recently reviewed the evidence against existence of 
such a distin~tion.~ Certainly, both the mechanism of 
production and the distribution among loci of radiation- 
induced and natural mutations differ:53 there is also 
some indication of small differences in the proportions 
of mutation to the different alleles at a single 
Minute one-hit deletions do occur under the action of 
radiation." and some radiation-induced point mutations 
b Drosophilc may be associated with breaks or structural 
changes near them.56 3loreover, evidence in Drosoplzila 
is against any appreciable correlation between natural 
mutation rate and radlatlon-induced mutability where 

either individual genes,$' strains.jS or physiological con- 
d i t i o n ~ ~ ~  result in altered natural rates. Very little corre- 
lation is also found between radiation-induced mutability 
and the natural rate in the sample of thirty biochemical 
back-mutations examined by Glover.53 However, the 
wide variations in the ratio of radiation-induced to nat- 
ural mutability found both in the work of Glover on 
bacteria and in extensive work on plantss0 do not seem 
to be correlated with the type or severity of the forward 
or back-mutation involved, and it is generally accepted 
that the ratio of visibles to lethals is much the same for 
natural and radiation-induced mutations in Drosophila, 
although no explicit study of this point has. been made. 
Atoreover, a very detailed investigation by Giles" of 
purple-adenine and other mutants in Neurospora has 
shown no evidence for a qualitative or quantitative differ- 
ence between radiation-induced and spontaneous muta- 
tions at the same locus. The evidence of Stadler primarily 
relates to the compound A locus ; consequently, a possible 
esplanation is that A has a very low sensitivity to radia- 
tion-induced point mutation. I t  is therefore reasonable 
to accept as a tentative assumption that spontaneous and 
radiation-induced mutations are qualitatively similar : 
wide differences in the two mutation processes exist but 
are functions of individual loci, and are not appreciably 
correlated with the type or severity of effect exerted by 
the mutant allele. 

17. In connection with this problem, attention may be 
drawn to certain organisms such as Aspergill~ts,~? bac- 
teria,"= and c ~ l i p h a g e , ~ ~ ~ ~  in which very sensitive tests 
of allelism are possible : tests which may be calculated51 
in some cases to be adequate for resolution of recombina- 
tion distances corresponding to one nucleotide pair if 
genes are primarily constituted of DNA. Such investiga- 
tions might eventually shed much light on the real mag- 
nitude of the structures disturbed by various types of 
mutational event of different origin, and indirectly on 
the "quality" of mutations caused by different agents. 
Unfortunately, all the above organisms are microbial and 
not necessarily representative of the larger chromosomes 
of higher organisms. 

18. In man, little information yet exists concerning 
the relative sensitivities of genes to specific mutagens. 
However, a notable beginning has been made upon the 
problem by P e n r o ~ e , ~ ' * l ~ ~  who has analysed the mean 
parental age at birth of propositi showing various con- 
ditions. and correlated these shifts with hypotheses as 
to the principal kinetically different classes of mutagens, 
such as natural radiation (expected to raise both mean 
paternal and maternal ages by an equal small increment). 
copy-error (expected to raise mean paternal age some- 
what), or chemical mutagens (which might under some 
circumstances raise the mean maternal age in such a way 
that incidence increased more than linearily with age). 
Thus the prospect already exists of the analysis of 
human genes in ternls of sensitivities to different kinds 
of mutagen. 

19. An apparent gene mutation can be detected if it 
results in a new allele ~-h ich  differs so much in its action 
from the original one that it can be scored by appropriate 
methods. There exist different alleles (isoalleles) whose 
phenotypic effects cannot at present be distinguished but 
which may differ in other respects as. for esample. muta- 
bility.OS Studies of natural and induced mutations are 
restricted to those which can be distinguished pheno- 



typically, and measurements oi  their frequency will con- 
sequently be minimum figures for the total mutation 
rates of the genes concerned. 

20. I n  Drosoplzila as well as in mice the rate of visible 
mutations at specific loci has been studied after matings 
of the stock to be tested with animals of the opposite sex 
containing the marker genes whose mutation frequency 
is to be examined. By this method the visibles scored 
include both those which are recessive lethals in homo- 
zygous condition and those which are homozygous viable, 
provided only that they are visible and viable as hetero- 
zygotes with the allele in the marker As reported 
by R u s ~ e 1 1 . ~ ~  six out of twenty-one tested mutants in- 
duced in spermatogonia of mice were lethal, seven were 
semi-lethals and eight were viable. The corresponding 
data from Alesander'sio test of mutations in sperma- 
togonia in Drosophila yielded three lethals, one semi- 
lethal and four viable. Excluding rare heterozygotes 
combining a recessive viable visible with a recessive 
lethal visible, what could be scored in any corresponding 
study in man might be only those recessive visibles not 
rendered unscorable by their association with recessive 
lethals. Supposing the same relationship behveen viable 
and lethal visibles as in mice, one might easily underesti- 
mate the total mutation rates of genes in man by a factor 
of two or three. 

21. I n  estimating mutation rates it must also be borne 
in mind that the same phenotypic effect need not mean a 
genetically identical condition. In man, as in many other 
organisms, several different genotype? may exist which 
give rise to indistinguishable phenotypic expressions. In  
the case of man one must think of classes of genes each 
causing a similar effect, rather than of specific single 
genes. The number of genes in each such class may vary 
considerably, causing a strong variation between the 
observed rates of natural mutations in the various classes. 
Thus in man? because test breeding cannot be used to 
pin down an alteration to a specific locus, a mutation rate 
is always in fact measured for the whole class of genes 
giving rise to one altered condition, recognizable trait, 
or clinical entity. 

22. In  recent years many important studies of the 
mutational process have been made in unicellular or- 
ganisms. There are, however, several major problems in 
the measurement of gene mutation rates in single cell 
material, including a lag between application of radiation 
or other mutagenic agent and the observable expression 
of mutations which enables them to be counted : this lag 
can be due to various factors, segregational or physio- 
10gical.~' Furthermore, there is always a possible effect 
of non-mutant cells upon the survival of mutants during 
tests.72 A different problem, peculiar to back-mutations, 
is the difficulty of distinguishing apparent back-mutation 
at the same locus from suppressor or modifier effect. 
For  this problem, which is related rather closely to the 
important question of the reversibility or otherwise of 
radiation-induced as compared to spontaneous muta- 
tions, there are great advantages to microbial material 
in which both kinds of forward and reverse mutations 
have been and are being explored. Both radiation- 
induced and spontaneous mutation rates have been 
measured with relatively high precision in unicellular 
organisms, especially bacteria, under a variety of con- 
ditions ;73374 it is to be hoped that the techniques and 
methods developed ~vill yield equally valuable results 
when applied to the clones of mammalian tissue-culture 
cells now available. 

Natural i;tlctatio~t rates 

23. The basic difficulty in any quantitative  stud,^ of 
natural mutation rates is to obtain large enough numbers, 
for these rates are low (tables I, 11) and cannot of 
course, be raised artificially for purposes of study. 
Consequently, investigation has been confined to organ- 
isms which can be handled or are present in rather large 
numbers, such as bacteria, Drosopltila, and humans. The 
limit to the information on natural mutation rates which 
can be derived from the very extensive and careful con- 
trol observations in mice, in the work both of Carter, 
Lyon and Philips'' and of illustrates the dif- 
ficulty. Because chromosome structural changes occur 
naturally at much lower frequencies even than apparent 
gene r n u t a t i ~ n s ~ ' ~ ~ ~ ~ ~ ~ "  and the study of rates has been 
confined almost entirely to the latter events, only these 
will be considered here. In man, individual cases, once 
found, can be followed up with relative ease even in 
large populations, because the family and individual are 
indentifiable by name, etc. As a result, it is possible that 
more information about natural mutation rates for single 
phenotypic entities exists for man than for any other 
organism. I n  man, however, as in other organisms, the 
basic ~roblem of small numbers governs consideration 
of thekeld. 

The rate and variation of natlcral mutatiom in 
experimental organisnzs 

23. In other organisms than man, it has been possible 
by experiment and test breeding to examine more closely 
the variations in natural mutation rates as well as the 
absolute magnitudes. The general ranges of the latter do 
not vary very widely (table 11). 

Physiological variation.s 

25. As noted above in another contest, physiological 
variables affecting natural mutation rates of individual 
loci have been examined in bacteria by Novick and 
Szilardia who concludcd that the number of mutations 
increased as a function of chronological time rather than 
cell division. This may, however, not be generally true:79 
moreover, the genetic material of bacteria may not be 
entirely representative of that of higher organisms. 
Moreover, the general lack of systematic variation of 
doubling dose among species of widely different genera- 
tion times, militates against any assumed dependence of 
number of natural mutations upon chronological time. 

26. Work on physiological variables in DrosopIzila 
has been carried out in relation to mutation at classes of 
loci, such as the recessive lethals, rather than at single 
loci. Differences behveen natural strainslT4 and between 
sesesaO and dependence upon ageB0 have been established 
for a number of organisms. These variations in natural 
mutability are not known to be correlated with variations 
in the radiation-induced rates. 

*Strictly, the term mutation rate refers to the rate of occur- 
rence of mutational events and not to the irequency of mutant 
gametes among tested gametes, although it is also commonl~ 
used to refer to this latter measure. The distinction must, 
however, be borne in mind in certain situations: for e??mple. 
if it is desired to compare true natural mutation rates esbmated 
for free living unicellular forms of life 11-ith the frequencies of 
appearance o l  mutant gametes in higher organisms, slnce the 
latter do not directly reflect the rates of occurrence of muta- 
tional events in the germ line cells (see table 11). 



Va.riatiots between loci 

27. The difficulty, even in Dt.osophila, of obtaining 
enough data to document significant variations in natural 
mutation rates between loci other than esceptional un- 
stable genes further underlines the basic problem of 
numbers in the investigation of natural mutation rates. 
Variation between loci, and in certain cases between 
i s d e l e s  at the same locus is, however, well-known in 
this organism.6s I t  has been far more extensively docu- 
mented in the bacteria, at least for back-mutations; the 
rates of these vary from 10-6 to the lower limit of detec- 
tion near lVlO: they are correlated with mutability by 
radiation to only a very small extent.53 

2s. In extreme cases variations between loci may 
originate in genes which are themselves unstable or con- 
fer instability upon others. \ f ie re  mutator genes affect 
all or a large part of the genome, they may in addition 
be partially responsible for variations in spontaneous 
mutability between strains. Again, such genetic modifi- 
cations of spontaneous mutation rates is not known to be 
correlated with change in radiation-induced rates. 

Natural 9nutatio~c rates ifa nzalz 

29. Penrose, Nee1 and others have tabulated a number 
of calculated rates for single clinical entities in man (see 
table I ) .  In examining these values, it is necessary to 
bear in mind the limitations of the data and of the 
methods of calculation by which they are obtained. 

Direct methods: autosonzd donzinattts a~zd  
sex-litzked recessives (table I )  

30. In the case of clear-cut autosomal dominant vis- 
ible entities, the mutation rate is in principle directly 
estimated by observation of propositi whose parents and 
other close relatives are normal. The various technical 
difficulties such as failures of ascertainment and occur- 
rence of phenocopies. degree of penetrance, and the pro- 
portion of cases not due directly to fresh mutation have 
been discussed in the l i t e r a t ~ r e . ~ ~ ~ ~ ~  The experimentally 
ideal dominant visible combining full penetrance, com- 
plete ascertainability and responsibility for total sterility 
would be o i  reduced value, since it could not be proved 
directly to be genetic in origin. Moreover, in practice 
studies are commonly made upon the natural mutation 
rates in those populations where they are known to be 
highest, simply in order to obtain enough documented 
cases to make the results statistically significant. It  is 
therefore questionable whether the observed rates are 
representative. They cluster around 10-Qer gamete in 
a distribution which is rather skew. If a population of 
10' is surveyed during five years for an ideal condition, 
observable during thirty years, it already constitutes a 
considerable labour, and yet significant results are un- 
likely to be obtained unless the mutation rate exceeds 
lo6. In practice, no such ideal conditions exist. I t  is very 
probable that some of the well-documented human mu- 
tationss3 have much lower frequencies. Perhaps the pos- 
sibility should be faced that the sample of spontaneous 
mutation rates which have been measured in man is not 
representative, and that the true centre of gravity of the 
rates for this group of entities lies at or below lo4 rather 
thvl near lo-' per gamete. This encourages the suspicion 
thzt among the autosomal recessive visibles for which 
rates have been calculated indirectly, more than hitherto 
suspected might show heterozygous advantage. There is 
need for Governments to foster extension of the scope of 
existing methods, especially to conditions which are rare 
or of weak or irregular expression. 

Indirect ~twilzods: autosonz.al recessives (fable I )  

31. The mutation rate for autosomal visible recessives 
is calculated indirectly, by a process originally due to 
Haldane.s4 The observed number of propositi, together 
with an estimated selective disadvantage in the homozy- 
gote, is used to calculate the rate of disappearance of the 
mutant alleles concerned from the population, and a 
balancing rate of fonvard mutation is inferred from an 
assumption of genetic equilibrium. The uncertainties 
concerning possible existence of small selective effects 
in the heterozygote and of large departures from equilib- 
rium render extremely uncertain the values obtained in 
this way: indeed, perhaps the most notable use of such 
figures has been to deduce a prior; expectation of heter- 
OSIS from a few "unreasonably high" calculated mutation 
rates, although most of them lie in the same order of 
magnitude as those for dominant entities (see table I) .  

Lower limit to detectiort of recessives 

32. An autosonla1 recessive with a selective disadvan- 
tage of only 1 per cent in the heterozygote, in a popula- 
tion whose coefficient of inbreeding was 0.01 per cent, 
would, if its mutation rate were lo4, show up pheno- 
typically in no more than about l in lo6 of the popula- 
tion. Even if the condition were fully penetrant, a muta- 
tion rate would be very difficult to estimate. Such genes, 
if their natural mutation frequencies were in the range 
of lo-?, could hardly be observed at all. There is there- 
fore reason to believe that the best documented sample of 
recessives for which indirect estimates of mutation rate 
are available may be unrepresentative. If this is because 
they show very slight heterozygous advantage, the muta- 
tion rates calculated for them are also too high ; but then 
there is a fallacy in the converse argument, that because 
many of these turn out upon investigation to be heterotic, 
most human mutant alleles are so. 

33. The study of consanguineous marriages does not 
lead to estimates of natural mutation rates but to esti- 
mates of the numbers of recessive alleles present in 
populations. In principle, these marriages constitute a 
test-breeding for the presence of recessive alleles through 
the associated degree of homozygosity ($$s for first 
cousins) which they bring about. It  may, however, be 
questioned whether a truly comparable control group can 
ever be obtained, although internal controls by compari- 
son of different degrees of consanguinity are usually 
available. The limited number of studies made -h OW as  
yet no very consistent picture. Of them, those by Sutter 
and Tabah6"= and by S c h ~ l l ~ ~ O  are the most extensive. 
and that by Books7 the most intensive. Morton, Crow 
and M ~ l l e r . ~ ~  by an ingenious argument, have shown 
how to present the over-all reduction in viability, which 
is observed in three of the surveys, in the form of an 
equivalent number of alleles n-hich ~vould be lethal if 
homozygous, or lethal equivalents, carried per head of 
population. From the surveys analysed by them they 
conclude that 3-5 lethal equivalents acting before ma- 
turity were present per individual in the population, a 
figure with which the survey reported by Schull is in 
satisfactory agreement. Unfortunately, the intensive 
examination carried out by Book shom-s an entirely dif- 
ferent picture of viability, although in a very small 
sample: the total deaths. includiig prenatal and up to 
age 30, in Book's sample, were zlnlost identical in the 
cousin marriages and the controls. 



31. The content of deleterious recessive genes of a 
population: whether expressed in lethal equivalents or 
otherwise, is an important parameter indicative of its 
genetic state. I t  is also a valuable standard of comparison 
for  actual or postulated mutation rates. There is, how- 
ever, another possible use for it. Comparison can be 
made of the total recessives in lethal equivalents, derived 
from vital statistics only, with intensive investigation 
of all the known recessive lethals present, such as that 
undertaken by Book. (Ideally, the total reduction in via- 
bility and fertility up to the second generation beyond 
the cousin marriages should be employed, (see para- 
graph 113 below) and the intensive examination should 
cover all known recessive conditions.) I n  this way it 
might be possible to obtain some idea of what proportion 
of recessive damage is covered by the lcnown effects, 
and what proportion remains unltnown : a factor of great 
importance to our confidence in any estimates or predic- 
tions, based as they must be upon current limited know- 
ledge. This possibility is discussed in more detail in 
paragraph 113. 

35. It  is clear that improved recording of such con- 
sanguineous marriages, in maternity hospitals or centres 
of vital statistics, would be of great value and should be 
encouraged by Governments if they wish to be aware of 
the general state of genetic well-being of their peoples. 

36. The Committee has been informed of large-scale 
current or pIanned surveys of consanguineous marriages 
both in Japan, where the frequency of these is high, and, 
as regards vital statistics, in Canada.s"go 

37. I t  has. unfortunately, not been possible so far to 
establish total natural mutation rates in man for very 
large classes of genes, such as that formed by the sex- 
linked recessive lethals of Drosophila. Such large classes, 
if they could be investigated upon a firm genetic basis. 
might more easily provide adequate numbers for reliable 
statistical analysis than can be obtained from the labori- 
ous search for specific rare conditions. In  this connexion, 
it is of interest that Lejeune and Turpins' have recently 
attempted to interpret the decrease of sex-ratio at birth 
with age of either parent in terms of a mutational 
hypothesis. There is, however, no certainty that the sec- 
ondary sex-ratio does decrease with the age of the 
mother,'86 and the combined data upon irradiated and 
aged fathers appears at present to involve contradictions. 
Since there does appear to be a decrease in sex-ratio with 
age of the father,la6Js7 it seems a reasonable possibility 
that mutations to sex-limited detrimental autosomal 
dominants are concerned and that they are due to nat- 
ural irradiation or other non-cumulative, time-inde- 
pendent causative agents (Penrose's Class I,=' see para- 
graph 18 above). I t  would evidently be of great value 
if clear-cut interpretations could be established in some 
other mammal, such as the mouse, since secondary sex- 
ratio data are widely recorded in large populations, 
although not always in a form suitable for genetical 
analysis, and they are relatively free from the ambigui- 
ties of fine diagnostic distinctions. The possible inter- 
pretation of sex-ratio data is further discussed in para- 
graph 64 below. 

Mutator afzd unstable genes 

38. In  any consideration of variations in spontaneous 
mutation rates, the evidence of mutator genes and un- 
stable genes, well-established in corn, in Drosophila and 
in bacteriaag? must be borne in mind. together with the 
fact that these commonly do not affect the rate of induc- 

tion of mutations by irradiation. Minor efiects of this 
kind might be more common than are supposed and 
could perhaps give rise to some variations in natural 
mutation rates between human populations. If that were 
so, these in turn could be expected not to give rise to any 
corresponding variation in radiation-induced rates. 
Although variations in frequencies of appearance of 
mutant phenotypes between difierent human populations 
are well !mown to occursg3 they have been inadequately 
documented, especially for dominant conditions. I n  the 
case of recessives they are usually attributed to past 
selective differences, although it is conceivable that 
genetic drift also plays a part.g' 

Rads'atio?t-induced inutation rates 

39. Radiation-induced gene mutations have not yet 
been observed with certainty in man, and so no quan- 
titative dose-mutation relation exists for the genes re- 
sponsible for any specific clinical entity. In consequence, 
quantitative assessments of the mutational affects of the 
irradiation of human populations must rely at present 
upon tenuous arguments and upon extrapolations which 
are often of uncertain validity. In  any event they depend 
upon the well-established results of the investigation of 
radiation-induced mutation in other organisms. 

Mag~iitrrde and variatio~t of radiatiolt-induced ?~tutatio?t 
rates in orgaglisnrs other than matt 

40. Since the field of mutational radiation genetics 
was opened by 1\Iuller in 1927,95 it has been established 
in all the many organisms tested that ionizing radiations 
can induce apparent gene mutations: hence the same is 
believed true of man. X-ray induced mutation rates have 
been measured for a large number of single loci, espe- 
cially in Drosophila. Both the range and average of such 
rates are lcnown for a wide variety of individual visible 
markers through measurements made under very care- 
fully controlled conditions, and so also is the total rate 
for certain large classes of markers such as the sex- 
linked recessives of Drosophila. A number of rates 
observed in experimental species are listed in tables 111, 
I V  and V. 

41. In  mammals, the most extensive investigation of 
the X-ray induction of mutations at single loci so far 
carried out is that for mice,",75~i6*96 in which the rates at 
seven autosomal recessive visible loci have been in\-esti- 
gated in spermatogonia; the average of these rates is 
found to be about fifteen times the average for a com- 
parable group of loci in D r o s ~ p h i l a . ~ ~  

42. Extensive research has been conducted upon the 
variation in sensitivity to radiation-induced mutation 
with physiological condition. In the male it has now been 
established that the mutability is low in spermatogonia, 
rises to a pcak during the time of formation of sperma- 
tids, falls to a second minimum in immature sperma- 
tozoa, and then rises up to the time of ejaculation, both 
in Dros0plzila~7~~~ and the mouse.B9 In the female 
Drosophila, the oogonia show a mutability similar to that 
of spermatogonia while late iiocytes are very mu- 
table.37J00 The subject has recently been reviewed by 
Glass.lo0 Drosopltila is also the only organism for which 
extensive determinations exist of the relative ratqs of 
mutations in different selective and other classes, either 
at single loci or summed over large parts of the 

43. & I ~ l l e r ~ ~ ~  has pointed out that evidence in Droso- 
phila indicates that mcltation rates in somatic and gonial 



cells are about equal. Estensioll of fllis principle to other dition greatly restricts the value of the results ~ublished 
speciesl~4 and eventually to man might malie possible so far. 
very i n f o r l ~ a t i ~ e  conclusions from investigations On (6)  All the results obtained are subject to an inevi- 
somatic mutation rates in vivo in man. table sampling error which necessitates the collection of 

Calculations have been 11lade by Haldanelos and a v e v  large amount data- 

others the practicability of observing not A number of quantitative characters. such as birth- 
single locus rates but total rates over a large part of the weight, size and various anthropometric measurements, 
genome in a mammal such as the mouse. Such an ex- as well as statistical data, such as neo-natal mortaliq-. 
periment upon the very large scale necessary might be have been suggested and examined. Unfortunately, the 
of considerable value at this juncture in the process of precise genetic component in these variables is not 
extrapolation to man ; it would, however, involve the known ; on the contrary, they are known to be dependent 
expenditure of a great many scarce mouse-geneticist- upon factors which are economic (standard of living). 
years. The Committee has been informed of the exist- demographic (age of parents. order of birth, etc.) and 
ence of a pilot experiment on these lines.lO" sociological (medical care). 

45. l-he collcept of genes as finite structures of dif- 49. The characters that can be utilized may be grouped 
ferent sizes which carry hereditary information largely in ~ I V O  categories, according to whether they are con- 
i n  he form of different arrangements of nucleotides in nected with dominant (or sex-linked) visible mutations 
DNA has recently made possible one particularly inter- or with dominant (or sex-linked) lethal mutations. The 
esting interspecies comparison concerning induced mu- detection of ~ is ib le  dominants is carried out in practice 
t a t i o n s . l ~ ~ l ~ ~  There is evidence that in mice the total rate by the observation of maiformations at birth. I t  is in fact 
of induction of recessive lethal mutations in sperm is reasonable to assume that an increase in the frequency 
higher ball the corresponding rate in Drosop]%ila by a of dominant mutations associated with visible effects 
factor of about 20.157 The same is true for the rate of would manifest itself to some unknown =tent as an 
mutation per locus ayeraged over several different loci, increase in frequency of malformations. The same would 
and in addition there is a similar difierellce of about be true of visible sex-linked recessives in boys born to 
ti\-enty-fold in the same direction in the DNA content irradiated women. Lethal mutations may be revealed in 
per nucleus. This suggests that perhaps mouse genes are four ways : 
not more numerous but are larger than Drosophila genes ( a )  Increase in frequency of miscarriages (\-irtually 
-that the extra DNA has gone into building genes that impossible to determine with certainty) ; 
are bigger and more complex rather than more numerous. (b)  Increase in frequency of still-births (much more 
The possible application of such an idea to man, an feasible but subject to the demographic considerations 
organism in which mutational events cannot in general mentioned in connesion with neo-natal : 
even be assigned to definite loci by test crosses, but which (c)Reduction in fertilit)., or eren steriliq (\4rtually has a DXA content per nucleus similar to that in the inlpossible to measure in man) ; mouse, might lead one to expect rather high mutation 
rates, both spontaneous and induced, when measured Disturbance in the of the seses at birth 
atper clinical entityt', as well as all the complesities and (deviation in the sex-ratio, an easily obsen-able cri- 
peculiarities of large multiple allelic series. of which a terion). 
notable example has been uncovered by Dunn in the jo. The various studies \vhi& ma,, be taken into ac- 
t-alleles of the mouse.10s Penrosess has already drawn count at the present time are listed, together with perti- 
attention to the possibili~ of some unusually complex nent results, in table VI. Given the very uneven quality 
genes in the X chromosome of man, in connexion with of the data presented by the various authors, and the 
very high observed natural mutation rates. particular way in which they were arranged by each of 

them, it is impossible to add together the figures from 
Radiation-induced r.trutatio~z rates in v~arr the separate surveys. In general. none of the investiga- 

tions makes a definitive demonstration of a genetic phe- 
Surveys  o f  radiatioiz-iprduced gelle atutations in man nomenon. Only the decrease in the sex-ratio. which is 

46. Whatever approach is adopted to the problem of found in the three studies of irradiated mothers. seems 
radiation-induced mutation rates, the gonad doses re- to be acceptably established as a reality. Although no .. 
ceived both by control and by experimental groups one of these studies concerning sex-ratio yields sta- 
have to be known. tistically significant results by itself, the fact that all 

three deviate in the same direction gives some confidence . 
47. In  principle, the simplest method to obtain a qua,]- conce,~ng the realit,. of the A~~~~~~~ of titatix: relation between dose and radiation-induced gene the studies to date rdse the possibility of an increase in mutaoons in man is '0 ma'' a ~ o m ~ a r a t i v e  Survey of co,snital malformations among the offsprillg of irra- 

the Progeny of an irradiated ("experimental") and a diated persons, the findings in this regard are much less 
com~arableu?-irradiated ("control") population. Those consistent than those concerning the sex-ratio. In this 
surveys published so far  are concerned only with the comesion, it must constantly be in mind first generation born of irradiated parents. Hoivever. ,vhere many comparisons are being behveen M70 it is to Show that. as human matings cannot be con- groups, on the basis of alone oIle in twenty of 

aami?ati?n of the first generation provides these comparisons will differences the 
more information m itself than examination of subse- j per cent leXrel of significance+ observations quent generations. regarding the possibility of an increase in congenital 

48. I n  the last analysis, all the obsened quantities defect or early death are highly desirable. 
come do~vn to variations in frequency, and therefore: 51. In summary, it seems possible, although only with 

(a) All studies must be accompanied by the esamina- great difficulty, to distinguish a detrimental effect of 
tion of a control san~ple presumably issued from genetic irradiation on the first generation issuing from irra- 
stock identical to that of the irradiated sample. This con- diated parents. The possibility of firm demonstration and 

180 - 



measurement of this phenomenon suggest that all these 
studies be extended on the largest scale possible, wher- 
ever practicable surveys can be made with a reasonable 
probability of yielding positive significant results in a 
comparison with adequate controls. 

52. In  view of this possibility of future surveys of the 
progeny of irradiated persons, it seems worthwhile to 
indicate the criteria which determine the value or "resolv- 
ing po\ver" of any such study. In brief, five points must 
be considered : 

( a )  The dose to the parents of the individuals under 
study ; 

(b)  The number of individuals whose parents have 
been so esposed : 

( c )  The number of characteristics of genetic signifi- 
cance to be recorded ; 

(d) The manner in which information on these char- 
acteristics is collected; 

(e)  The availability of a suitable control group. 

53. To illustrate the manner in which ( a )  and (b) 
may be taken into consideration, a particularly simple 
hypoethetical case has been selected, that of the detec- 
tion of an ideal autoson~al dominant visible allele causing 
complete sterility : 

Suppose the gene concerned to mutate at a rate m 
per gamete in the control population and at an in- 
creased rate fm per gamete in the irradiated popu- 
lation. If the doubling dose for the mutational step 
concerned is D2 rad and the mean genetically signifi- 
cant exposure per parent of the irradiated group is 
D rad, then 

calculated R values for the various exposure classes, 
which add up to 2.3 X 1V2 on the assumption that the 
representative doubling dose is 30 rad. With respect 
to the possibility of significant findings based on mu- 
tation at alry otle locus, then this study (and any other 
study to date) is far  below the level of significance. 

54. Where multiple traits are involved in the inquiry, 
the power of the study is a function of the precise num- 
ber of traits under consider?tion. For example, if one 
were to make the over-simphfied assumption that muta- 
tion at any one of 100 loci resulted in completely pene- 
trant, dominant mutations responsible for congenital 
defect, assuming independence In the ~xpression of mu- 
tation at these loci, the calculated resolving power of the 
previously mentioned study becomes 2:3,.and the failure 
to observe a significant effect of radiation on the fre- 
quency of congenital malformations in the aforemen- 
tioned study might indicate that the assumed doubling 
dose was too low. 

55. The sex-ratio is one of the more conveniently 
studied indicators of possible genetic damage. Informa- 
tion on this point is relatively easy to collect and has a 
high degree of objectivity. The calculations correspond- 
ing to those of paragraph 53 are relatively simple and 
proceed as follows : 

Suppose a group of mothers receive gonad doses 
averaging Dm prior to conception of children, and sup- 
pose the irradiation causes a shift in the secondary 
sex-ratio s which is linear with the dose 

Suppose Pm progeny of these mothers are esam- 
ined. the variance in the determination of the sex- 

f - 1 = D/Dz ratio of the progeny of the group, due to limited sam- 
ple size, will be 

If P progeny of the irradiated group and Q of the 
unirradiated are examined with complete ascertain- $ = s(1 - s) 
ment for the visible allele. the numbers ex~ected to be P, - 
observed are respective$ 2mfP and 2m&. The ob- Since s is always approsimately 5, this may be served difference in rate between the two groups is 
A = 2m( f - 1 ) and has an allproximate variance due - 
to the limited s&nple size of 

i:->--- 
1 

= - 
uA2 = 2m(f/P + I/Q) I 4Pm 

If  such a group is compared with Q, progeny of a 
In cOnsequencel even if other of control group the variance of the observed difference 

are considered, is 

If we require that x" 4 for a significant increase of 
mutation rate in the irradiated group to  be estab- 
lished, and denote x2/4 by R, then for a significant 
increase in mutation rate a t  a single locus, 

In terms of D and D? 

For esample, in the study of Nee1 and Schull,lll 
the progency of irradiated parents numbered 3.3 X lo4 
and the progency of control parents. 3.2 X lo4. while 
the average excess radiation exposure to the combined 
parents of the former group is about 17 rad. Because 
of the known heterogeneity of Lxposures. R for any 
single locus must be computed by adding together the 

and the significance of the observations is determined 
by 

If we require ~2 3 4 before the shift can be consid- 
ered significant, then 

Similar formulae can be derived for comparison of the 
progeny oi irradiated fathers with controls. where 



A number of completed surveys, irrespective of the 
significance of their results, all show decreases in s 
when the mother is irradiated from which values of 
k of the order of - 1 X 10-*/rad can be derived. If this 
figure is adopted for purposes of calculation, then 

On the basis of the present limited information, values 
of Rf have been calculated using a similar numerical 
value of k but of opposite sign 

Clearly, if kf and km do in fact differ in sign, then 
significant results may occasionally be obtained by the 
comparison of progeny of irradiated mothers with 
those of irradiated fathers, even where neither group 
differs significantly from the controls. On the basis 
of the numerical values adopted here, the same condi- 
tion upon significance would then become 

where Pf is the number of progeny of irradiated 
fathers examined and Pa is the number of progeny 
of irradiated mothers examined. The resolving power 
of comparisons with controls of progeny both of 
whose parents have been exposed will, under these cir- 
cumstances, involve Df - Dm and be relatively poor 
if the doses to the hvo parents are quite similar. If kf 
and kcm were to have the same sign, the situation would 
be reversed. By way of a numerical example, the data 
of Turpin and Lejeune117~11s~105 may be considered. 
I n  this study, Pa is 136 and Q, is 236. For the pur- 
poses of this calculation, Dm and Df will both be set at 
450 rads. Then R, may be calculated to be 0.175. The 
calculated Rf for the same data is 0.52. In passing, 
it might be noted that because of the many somatic 
factors thought to influence sex-ratiot one would as a 
matter of principle have more confidence in the genetic 
origi? of a sex-ratio change among the offspmg of 
lrrad~ated fathers than among oiispring of irradiated 
mothers. 

56. That comparisons of the progeny of irradiated 
and non-irradiated groups must be carried out on rather 
a large scale, if there is to be any prospect that they will 
yield significant positive results, is emphasized by the 
high proportion of non-significant results obtained in the 
completed surveys of table VI. Moreover, they may 
require rigorous and complex analyses of controls,111 
and therefore involve considerable effort of a very spe- 
cialized kind. While negative results on a sufficient scale 
can be of great value in excluding the most alarming 
possibilities,''' onIy positive ones will suffice for a quan- 
htative relation between dose and mutation frequency. 
In  this connesion, a survey of the high radiation area of 
Kerala113*lg5 appears to have a potentially somewhat 
greater resolving power than any previously made, if an 
equally intensive investigation over a ten-year period is 
assumed. 

57. -kt its first session, this Committee requested ad- 
vice from the World Health Organization about the pos- 
sibility of setting up a standard of recognition for one 

or more clearly recognizable medical conditions thought 
to be largely or solely genetic in origin. I n  their discus- 
sions of this, the geneticists of the study group t ~ h i c h  
framed the reply of W-HO made clear that they strongly 
questioned the feasibility of using a single condition as 
an indicator of the mutation level in large p0pu1ations.l~~ 
Their feeling appeared to be based in part on the manifold 
uncertainties which exist concerning almost every single 
likely indicator condition,l1° and in part upon the belief 
that reliability of results in this field depends upon inten- 
sive study of every case. The study group recommended 
that simultaneous investigations always be carried out on 
several conditions.l13 Indeed, the sense of the document 
cited is such as to cast some doubt upon the practica- 
bility of such surveys, in view of the associated difKcul- 
ties of obtaining sufficiently large numbers. I t  does not, 
however, rule out large-scale survey plans ii the urgency 
of the situation warrants them. Moreover, if the objec- 
tive were to survey one population serially in time so as 
to be able only to establish limits of possible relative 
increases in the mutation rate, tvithout any interpretation 
as to cause, some of the difficulties might diminish.'1° 
One such difficulty seem to lie in combining the intensive 
examination of cases. which is the classical a ~ ~ r o a c h  of 
human genetics, with' the extensive survey ofL;ery large 
populations which is required if adequate numbers are 
to be obtained for studies of mutation rates at or near 
the spontaneous rate in man. This dficulty is empha- 
sized by the sharp limit of about 3 x lo6 set in discussion 
upon the size of human population which can be covered 
by an institute conducting epidemiological surveys of the 
classical type (see also ref. 11). 

58. The difficulties of comparative surveys of high 
resolving power have led Penroseg3 to propose a modified 
approach, by which a given class of mutant propositi 
would first be collected from a large population hetero- 
geneous in radiation exposure as well as in other re- 
spects. and only then would personal histories, including 
radiation histories of the parents, be compiled for the 
propositi and a comparable control group. The method 
is a powerful one for the wider field of general human 
genetics. since it can serve as a basis for quantitative 
investigations of other mutagens than radiation. As ap- 
plied to the radiation problem, this same possibility of 
alternative and perhaps unknown causes complicates the 
choice of a legitimate control group. Moreover, the bur- 
den of work is in part thrown into a sphere where rather 
considerable difficulty also prevails : the quantitative 
compilation of individual histories of irradiation.ll' 
In order to obtain a quantitative dose-efiect relation 
from a survey of this type, it is necessary to know not 
only the incidence of the condition under investigation 
in the general population, but also the general incidence 
in that population of individuals having similar radiation 
exposures to those of various classes of propositi. Many 
features of the approach are exemplified by the recent 
work of Steward et al.l15 on a somatic radiation problem. 

Possible aids ill extrapolatwn of radiatiolt-ir~dztced 
17zzttation rates fronz otlzer species to Inan 

59. In  view of the difficulties of a formal human ra- 
diation genetics. it is necessary to consider possible ways 
in which radiation-induced mutation rates can be meas- 
ured in systems closer to the in vivo germ cells of man. 
In this connesion a new field of work has been opened 
by the ability of Puck and his collabor~tors to grow 
colonies of tissue-culture cells, the majority of which 
are viable and able singly to give rise to fresh colo- 



n i e s ~ x , ~ ? ?  The well-developed methods of microbial 
genetics can in principle now be applied to such cultures 
both for natural and radiation-induced mutations, al- 
though certain features are believed by many workers 
still to limit the applicability of the material to this 
problem : 

(a) Tissue-culture cells usually need a more complex 
medium than the whole organism from which they 
originate. 

( b )  Well-established l i e s  tend to be poly- or aneu- 
ploid. They resemble both each other and the malignant 
HeLa strain, with which Puck first developed his tech- 
niques. I n  certain types of radiation experiment, this 
difficulty may be circumvented, as in the work of 
Bender,lg who used tissue-culture cells very recently de- 
rived from human kidney (within four transfers) in a 
cytological study of induced chromosome breaks. But 
the repeated propagation of lines of stable diploids from 
single cells appears to be a prerequisite for systematic 
studies of gene mutation in human tissue-culture. 

( c )  Some workers in the field doubt whether any line 
of normal (i.e. non-malignant) cells has really been suc- 
cessfully propagated as such (but see Puck) .18*121*"211B4 

( d )  It is not yet known what is the exact relevance of 
studies on the mutational behaviour of somatic cells 
in vitro to that of mammalian germ c d s  in vivo. 

Points ( b )  and (c) can perhaps be circumvented in 
part by applying the technique to cultures derived as 
freshly as possible from normal tissues. However, a 
difficulty of principle remains : the tissue-culture cell is a 
free living organism, whereas the ancestral tissue cell is 
part of an organism so that its growth. division and dif- 
ferentiation are subject to the developmental controls of 
that organism. In view of the close connexion of all, and 
especially the genetic, effects of radiation upon the cell 
with the process of cell division, some initial caution in 
interpretation is undoubtedly required. Nevertheless, the 
future role to be played by the tissue-culture methods in 
the making of comparisons between species so as to 
provide a basis for extrapolating from the known in vivo 
mutation rates or rates of occurrence of gross structural 
changes, does not seem open to doubt. 

60. There is some ev iden~e '~~J~ '  that the frequencies 
of radiation-induced mutations in somatic cells is similar 
to that in gonial cells. If this correlation could be ex- 
tended to the variation between species, attempts to 
measure induced and/or natural mutation rates in human 
somatic cells in vivo might provide information of great 
value as a guide in estimating mutation rates in human 
genes. 

Continired need of research in fulldarnental genetics 
61. It cannot be too strongly emphasized that there is 

little basis either for planning or for interpreting ad hoc 
radiation genetic surveys in man, or for making calcu- 
lations concerning radiation-genetic effects in man, ex- 
cept the great volume of fundamental research upon 
other organisms which has been carried out for its in- 
trinsic interest alone, and directed wholly as a contribu- 
tion to human understanding. This foundation must be 
extended and strengthened, and must not be weakened 
in the interests of the applied superstructure. 

62. Provided that the dose-mutation rate relation has 
a linear form 

rn = m, + kD 

the relative increase of mutation rate per unit dose is 
readily expressed by the ratio k/m,. Another con- 
venient parameter to  use js the reciprocal of this ratio, 
mo/k, which is the radiation dose required to  produce 
a number of mutations equal to those occurring natu- 
rally, or the "doubling dose" (Dz). For a whole series 
of mutations r n ~  whose effects sum up or are collec- 
tively observed Z ml = 2 mol + D z ~ ,  

1 1 1 

v 
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and one can define a mean D as = fS ,. 
7 k,  

This procedure can be used to estimate a D, for as 
representative a group of human genes as possible. I t  
is not necessary to know how many genes are involved 
or of what kinds, provided that they can reasonably be 
assumed to be a representative sample a?d provided 
that there is assumed to be no correlatlo? between 
Dz,, k l  or mot  and thedegree or kind of manifestation. 
The representative D2 should then express the dose- 
effect relation for any  set of radiation-induced muta- 
tional events in so far as this itself depends upon a 
sufficiently representative sample of human genes: 
usually the sets will be of a kind in which the muta- 
tions at a very large number of loci a r e  summed, both 
in calculating and in making use of Dt. 

Estinzutes of the representative doubling dose 
for lrurlran genes 

Gerreral levels in other species 

63. I t  has been pointed out1isJ50 that a number of 
doubling doses calculated for different species cluster 
around the range 3040 rad (table VIII).  However, the 
significance of this fact for present purposes is limited 
by several considerations : 

(1) The majority of the experimental radiation ex- 
posures concerned were of gametic cells. Where irradia- 
tion of gonial cells is concerned, it is true that the best 
estimate that can at present be made for a group of 
genes in the mouse (the only mammal so far investi- 
gated) is of the order of 30 rad, but this must be com- 
pared, for instance, with values for Drosophila ranging 
up to 400 rad (see table VIII). 

(2) No satisfactory interpretation of the observed 
concurrence or range of values exists, and consequently 
any empirical extrapolation to man would have to rest 
upon an unsure basis. 

(3)  The lack of correlation of observed doubling 
doses with life-span can be interpreted as an indication 
that mutation at a constant rate in chronological time is 
not the dominant factor in determining the natural rates 
in the ~xperimental species. But man is so much longer- 
lived than the experimental organisms that in his case 
an appreciable fraction of natural mutations is already 
quite likely to result from time-independent causes such 
as irradiation from natural sources. (See Penro~el '~  for  
a preliminary investigation of this point). 

Sex ratio 

64. Observations have been made of a shift of the sex- 
ratio in the progeny of irradiated mothers (see para- 
graphs 50, 55). In a first attempt to make use of the 
available data, Lejeune and TurpinlZo have proposed a 
comparison between the effect of irradiation and the 



effect of aging. These authors have calculated a signifi- 
cant decrease of the sex-ratio with the aging of the 
mother alone, the partial regression coefficient being 
-3.36 X 1 P  for an aging of five years. Taking a value 
of -6 X for one rad as an estimate of the decrease 
of the sex-ratio following irradiation of the mother 
(table VI),  and assuming that both decreases are re- 
lated to the same -tent to newly arising sex-limited 
detrimental mutations, they have proposed a doubling 
dose of 

-3.36 X 10-4 X 6 + 30 rad / From age 0 
-6  X 10-5 to age 30 years. 

Unfortunately, as these authors themselves recognize, 
such a calculation cannot be considered as legitimate 
before many problems have been solved. The needs 
include : 

(1) A good estimate of the gonad dose effectively re- 
ceived by the mothers ; 

(2) A better estimate of the decrease of the sex-ratio 
with irradiation, including a test of linearity of the rela- 
tionship between these quantities, which is implicit in all 
current calculations concerning sex-ratio ; 

(3)  An explanation of the apparent contrast between 
the sex-ratio's decrease with the father's aging1"JS7 and 
the possible increase observed after acute irradiation of 
the father's gonads ;111-124 

(4) The study of other variates such as birth rankle% 
which might interact with the real effect of the aging of 
the mother. 

65. Only some preliminary data relevant to the prob- 
lem of irradiation of the father are available, but these 
indicate that a sex-ratio decrease after chronic irradia- 
tion may perhaps have occurred in manlZ6 and in the 
mouse.lZ5 The latter body of data, although not signifi- 
cant at the 5 per cent level, yields at face value a 
representative doubling dose in satisfactory agreement 
with other data for this speaes. 

66. In summary, while the possibility esists in prin- 
ciple of deriving a representative doubling dose by com- 
paring the changes in secondary ses-ratio when parents 
either age or are irradiated, the relevant phenomena are, 
at present, not sufficiently well established either quanti- 
tatively or qualitatively for this procedure to be reliable. 
Yet relevant surveys of the secondary sex-ratio are more 
readily and widely carried out in human populations than 
are others which must depend upon finer diagnostic 
distinctions. Consequently, more extensive quantitative 
data concerning comparable irradiated and non-irradi- 
ated human populations should continue to be sought. 
I n  particular, it may be worth attempting to search for a 
decrease of sex-ratio among the progeny of not too 
h e a d y  !rradiated human males ; the conclusion of such 
a test might go far to determine the utility of the para- 
meter in considerations relevant to the human genetic 
radiation hazard. 

67. I t  is not at present certain, even in Drosophila, 
whether the postulated genetic causes of shifts in the 
sex-ratio play .the. quantitative roles expected of them ; 
and data of thls kind are needed. It  is also possible that 
further investigations upon experimental animals, espe- 
cially vnong the progeny of male mice irradiated at low 
doses, together with slmllar observations upon irradiated 
female mice, may show that in both cases a doubling dose 
can be derived from sex-ratio shifts which is of the same 

magnitude as that calculated from purely mutational 
experiment. Establishment of such facts would greatly 
strengthen interpretation of corresponding observations 
upon man. 

68. Although today it is not possible to assign any 
definite confidence to the use of the sex-ratio as an indi- 
cation of mutation rates, it must be borne in mind that 
the parameter, even if not totally satisfactory, is the only 
one easily surveyed in entire populations, and that it 
represents the "cheapest" genetic trend available to re- 
search workers in terms of technical effort expended in 
surveys. 

69. A reasonable probability now exists that, in an 
intermediate dose range, the radiation-induced incidence 
of leukemia is a linear function of the Exposure of the 
bone marrow, whatever the manner of delivery of the 
dose. Upon this hypothesis, it has been calculated that 
30-50 rad mean exposure of the red marrow might 
suffice to double the natural incidence of leukemia 
among an adult group??' 

70. Leukemia certainly involves a transmissible her- 
editary change in the tissue cells concerned. a "mutation" 
in the widest sense of the word. Whether the process 
of its induction in somatic cells corresponds qualitatively 
or quantitatively in any way to the process of apparent 
gene mutation as it is normally thought of in g e m  cells 
is extremely doubtful. Nevertheless, it is not entirely 
excluded from providing an indication of the relative 
sensitivity of human cells to natural and radiation- 
induced genetic changes. The indication must, however. 
be regarded with great reserve : even if the most helpful 
possibility eventually proved true, and leukemogenesis 
were primarily a process of somatic gene mutation, a 
single very atypical gene in a somatic cell might be 
responsible, and might be entirely unrepresentative of 
transmissible germ-line mutations. 

Survey of Japatiese cities 
71. Although the results were negative, the extensive 

observations of Neel and Schulllll in Nagasaki and 
Hiroshima provide some evidence of a lower limit for 
the representative doubling dose for human genes. at 
least for the dominant mutations which would have 
been observed by these authors. A difficulty of the type 
of sunrey conducted by Neel and Schull must be men- 
tioned here: in order to obtain significant data, it is 
necessary to continue collection of it for some con- 
siderable time. Among a population who have been 
subjected to heterogeneous, hea\y esposure, there may 
perhaps be some infertility of a progressive kind se- 
lectively induced among the most heady exposed groups. 
In that event, incipient positive results may be masked 
by later data collected in the attempt to make the obser- 
vations more significant. I t  is possible that the si@- 
cance of the observations made in this kind of survey, 
because of its scale, complexity and uniqueness, can 
only be evaluated adequately by the authors. I t  thcre- 
fore seems reasonable to accept the opinion of Neel and 
Schull that their negative results make it improbable 
that the representative doubling dose for human genes 
irradiated in gonial cells lies below 10 rad. 

The trafztral exposlire 
72. The representative doubling dose for human genes 

undergoing chronic irradiation cannot be less than the 



genetically significant exposure of natural origin. In 
most areas this is about 3 rad per generation. In  excep- 
tional areas, the natural radiation may contribute so 
heavily to the natural mutation rate that the observed 
representative doubling dose would be increased.* 

Clcrrent best estimates 

73. Iiot one of the arguments in paragraphs 63-71 
gives a reliable estimate of the representative doubling 
dose, yet each depends upon a different, independent 
set of unproven ideas. This Committee recognizes a 
need, in our existing state of knowledge. to make use of 
every available source of information, however tenuous. 
I t  considers that the separate arguments and repeated 
independent observations of small changes, in spite of 
the statistical limitations upon their significance. provide 
a reasonable indication \\-hen taken together; the repre- 
sentative doubling dose for human genes irradiated in 
pregametic cells is likely to lie between 10 and 100 rad. 
There is supplementary evidence that it cannot be less 
than 3 rad. The Committee notes that the value 30 rad is 
compatible with the whole of the probable range cited, 
within a factor oi  about 3 :  it therefore has a certain 
degree of utility for purposes of calculation wherever 
a "most probable" value of the representative doubling 
dose is required. 

XfUTATIOKS IK THE G E S O J I E  O F  .\IAN 

74. Because radiation-induced mutation has not yet 
been observed with certainty in man. it is not possible 
to give a satisfactory estimate of total induced mutation 
rate: indeed, this is hard enough even in Drosophila.lo8 
Nevertheless, it could be hoped that the total rate might 
bear some relation to total genetic material : such a hope 
has recently been supported by the only available com- 
parison, that between calculated total induced recessive 
lethal rates asd DNA contents in the mouse107 and 
Drosophi1a.i The DNA content of human cells is about 
6/5 that of mouse cells, according to V e n d ~ e l y . ~ ~  Hence. 
upon the stated hypothesis, it might be expected that 
roughly one recessive lethal per 250 rad would be in- 
duced in human sperm by irradiation. Again by analogy 
with both the mouse and Drosophila, which behave 
alike, it might be expected that in spermatogonia only 
about one quarter as many gene mutations would occur. 
However, in Drosopl~ila it has been estimated that the 
total rate of mutation to appreciably deleterious alleles 
is about four times the recessive lethal rate.'Os In the 
assunlptions made so far, it has been possible to rely 
upon common quantitative behaviour of two diverse 
species. But the induced mutation rates for single loci 
of mice, as well as the total recessive lethal rate, are 
greater than those of Drosoplzila by a factor of 20, 

*The  parameter of biological interest is, of course, the ratio 
of the spontaneous mutation rate to the induced mutation rate 
per unit dose. In man the spontaneous and induced components 
of the natural rate cannot be separated, and it is convenient to 
define the representative doubling dose in terms of the total 
natural rate. However, in situations such as that described here, 
the distinction bet~\.een the spontaneous and natural rate 
becomes of importance and must be maintained. 
ti\ figure for tht total rate of induced recessive lethals ha: 

also been given for yeast by the careful work of Bfagni."Vt 
appears at first sight to disagree with the hypothesis put forward 
here, because of the exceptionally low DNA content of the 
yeast cell (table VII). However, yeast is known to possess 3. 
relatively extensive non-chromosomal genetic apparatus."' It 
has therefore not been used here for comparison. 

corresponding approximately to the ratio of DYA con- 
tents per cell. This has suggested that perhaps the in- 
dividual genes of the mouse are not more numerous 
but are larger and more comples than those of Droso- 
pltila. In turn, the ratio of total to recessive lethal mu- 
tations might be very greatly affected. That this is 
perhaps not SO is suggested by comparison of the 
induced mutations at sets of v~sible recessive loci in 
the two organisms. In both cases, some hvo-thirds of 
the experimentally induced mutations have been found 
upon investigation to be lethal. The similarity could be 
a property peculiar to visible loci : but it at least suggests 
that the ratio of total to recessive lethal mutation rates 
may be the same for these tsvo and possibly other species. 
I f  the Drosophila ratio is applied to man on these tenu- 
ous grounds, a total induced rate of appreciably deleteri- 
ous mutations of about one for every 250 rad applied 
to the gonial cells is suggested. It will be clear to the 
reader that based as it is upon so many tenuous hypoth- 
eses, this figure. must be regarded with the very greatest 
reserve. In particular, it applies only to the sum of 
oligogenes with individually detectable effects m d  
neglects the polygenes involved in quantitative inherit- 
ance, an especially serious omission for organisms 
which may have considerably larger and more complex 
genes than Drosopltilu, and may therefore be relatively 
much more liable to small changes giving rise to many 
isoalleles even at known loci. 

11. T H E  GENETIC CONSEQUENCES 
OF IRPL4DIATIOX 

75. The fate of a mutant allele newly introduced into 
a population is determined by selection. Hence the con- 
nexion between mutation and the genetic damage due 
to it depends primarily upon the selective properties of 
the mutant alleles concerned and, in particular. upon 
the degree of dominance or recessivity of these. Our 
ignorance of the relevant facts in man is very complete 
and urgently requires rectification. 

76. I t  is useful to precede inquiry into the action of 
the selective process upon mutant alleles by an inquiry 
as to the origin of genetic variation in natural popula- 
tions and its connexion with fitness. The question is an 
old one. especially in connexion with plant material, 
where the great extent of natural genetic variation was 
early observed, and where breeding experimexits early 
gave rise to the controversial notion of "hybrid vigour". 
I-Io~vever, much of the agronomic literature is primarily 
concerned with the rxxternally applied criterion of "yield" 
rather than with fitness. hloreover. natural populations 
of plants differ decisively from those of animals in the 
aspects of genetic structure which are of immediate 
concern here. 

77. What may be called the classical view of the 
adaptive norm of a natural population supposes the 
optimal allele to be homozygous at most loci: this situ- 
ation of mzximum fitness is disturbed by mutation. 
continually restored by selection : rarely, due to chance, 
to change in external conditions in time or space, or  to 
change in other parts of the genotype, a mutant allele 
will prove itself advantageous, displace the fornler pre- 
dominant allele at the same locus, and become the new 
wild-type allele (see review in ref. 130). In  recent 
years this view has been increasingly strongly challenged 



by some,'30 especially in conncxion with the accumu- 
lation of extensive evidence concerning the prevalence 
and the superiority in many respects of structural heter- 
ozygotes in natural populatio~ls of D ~ o s o p l z i l a , ~ ~ ~ ~ ~ ~ ~  a 
finding which is itself, however, compatible with the 
classical ~ i e w  of genic homozygosity as the adaptive 
norm. I t  has also been argued on more general grounds1ss 
that heterozygosity is the adaptive nonn at most loci and 
that heterozygotes are in fact intrinsically better able to 
adapt themselves and maintain their own stability in the 
face of changing environmental conditions. A recent 
experiment by seems to indicate that even 
random unselected radiation-induced heterozygosity in 
general confers an advantage, at least upon individuals 
otherwise homozygous for certain pairs of arbitrarily 
chosen chromosomes in laboratory populations of 
Drosophila. 

78. These two views lead to different general expec- 
tations concerning the consequences of mutation. On 
the first, most mutants alleles will contribute to the 
limited degree of heterozygosity, will be harmful, and 
will require to be eliminated, diminishing the fitness of 
the population. On the second, mutational events, al- 
though the majority of them will still be harmful and 
will require to be eliminated, will scarcely affect the 
great degree of heterozygosity already existing, and will 
diminish the existing reproductive fitness to only a cor- 
respondingly small extent. However, this is a conse- 
quence of the fact that since the mating of diploid 
heterozygotes produces some homozygotes, on the 
second hypothesis the population must pay for its built-in 
adaptability and plasticity by a permanently reduced 
fitness due to these. 

79. Unfortunately, while evidence now exists for the 
second view of natural populations of Drosophila, this 
particular organism has certain features (principally 
chromosomal inversions) which bestow upon it a special 
capacity for carrying structural heterozygotes, together 
with all the consequences which may flow from this 
capacity; these features include the absence of crossing- 
over in the coupled with a mechanism for 
eliminating undesirable products of cross-over between 
structurally different chromosomes from the egg in the 
female.ls8 There is no reason to suppose man to possess 
either this particular structural mechanism or an optimal 
degree of genetic heterozygosity, although the possibility 
is not excluded that equivalent mechanisms may be 
found. Hence the Committee is compelled to assume that 
the general genetic structure of human populations cor- 
responds more closely to the classical model in so far 
as this relates to known genes having individually de- 
tectable effects. There is, however, no basis in our 
present limited state of knowledge for  deciding whether 
the genes responsible for quantitative inheritance do 
or  do not maintain themselves by overdominance in so 
far  as they affect the over-all fitness. I t  must be em- 
phasized that upon all the hypotheses discussed here, the 
great majorlty of radiation-induced mutations will be to 
alleles which are UI the first instance harmful and un- 
likely to be retained in the popuhtion. 

2. APPROACHES TO QUAXTITATIVE ASSESSMENT 
O F  THE GENETIC COSSEQUEXCES O F  IRRADIATION 

O F  H E M A N  P O P U L ~ T I O ~ S  

80. On the classical basis, the irradiation of human 
populations is espected to result i11 mutations to alleles 
whose expressions are harmful and lead to their elimina- 

tion: the expressions o i  these alleles also contribute to 
the genetic component of human ills. 

81. As yet, nothing is known of the rate of induction 
by radiation of the mutations responsible for any specific 
condition in man. In  consequence, the discussion which 
follows will be restricted to broad categories of effects. 
Only by such a grouping together of the consequences 
of mutation at a large group of loci can a representative 
rate of induction of mutations per gene, or a representa- 
tive doubling dose, be applied: these are the only two 
parameters expressing a dose-effect relation so far 
available. 

82. I t  is natural, in applying the results of an ex- 
perimental science, to try to  use a synthetic approach, 
assessing an effect from the accumulated knou-ledge 
of various causes. In the present instance, this means 
attempting to  assess the magnitude of the social con- 
sequences of increased mutation by using mutation 
frequencies per rad a t  particular loci to  build up a 
combined estimate from the effects of induced muta- 
tion a t  all loci. T o  use this method, let the total 
mutation rate to the set of alleles responsible for any  
specific condition denoted by i be k,D, where D is the 
genetically significant dose of radiation to the popula- 
tion. By a theorem originally due to Haldane8.i there 
must on the average be klD subsequent eliminations 
of the mutant alleles through differential failure of 
reproduction. These are often referred to a s  genetic 
deaths, although they may take place through phe- 
nomena such as  very early'abortions, which are of no 
social significance, as well as through more or less 
severe disabilities or even premature death. Suppose a 
fraction p l  are eliminated by socially serious expres- 
sions and think of p, as  including some weighting factor 
whereby such qualitatively diverse end-results a s  
death, physical disability, mental deficiency, etc. may 
somehow be quantitatively compared. Then the con- 
tribution to  the social burden is kIp,D and the whole 
contribution of the dose D to  the future social burden 
is HklptD over all such specific conditions. The above 
argument continues to hold whether the mutation in- 
volved is to an allele which from the selective point of 
view is conditionally or unconditionally deleterious, 
although if the mutant allele is only conditionally 
deleterious then (a) it cannot be eliminated in those 
situations in which it is selectively favourable, and 
( b )  the total elimination rate a t  any one time may 
greatly exceed the mutation rate, because the increased 
fertility of carriers under the selectively favourable 
conditions increases the gene frequency. If the natural 
mutation rate m,  is known, then k t  can be re-expressed 
in terms of the doubling dose D2, by jCIDzl = mi  and 
for all mutations or a large class of them a mean 
d s b l i n g  dose I 3 2  can be defined by the equation 
kDz = m where k = Tk, m = fml.  I t  is unfortunate 
that in man we do not know any individual kl or D?,.  
Still more unfortunately, the fractions eliminated by 
socially serious expressions, pl,  are unknown and may 
depend upon rather small positive or negative fertility 
differentials in those ~ v h o  carry the mutant allele with- 
out expressing it, if they greatly out-number those in 
whom i t  is expressed. Nor can a mean p, be estimated 
for mutant human alleles. As a result, the synthetic 
approach leads to  an estimate in such terms tha t  i t  
cannot as yet be satisfactorily related to the social 
consequences. 

83. There is an alternative formulation of the problem 
by an analytic approach. based upon analysis of the 



present social burden in terms of naturally occurring 
hereditary defects. In this, it is asked, ( a )  what is the 
social burden bl due to a given condition denoted by i, 
whose occurrence is related to the presence of adverse 
genes? ( b )  Of the genetic burden bi, what fraction f 
is due to recurrent mutation? (c )  By what fraction gi 
will this be increased immediately or in the future by a 
given fractional change c, in the natural mutation rate 
mi  Z If the change ci is caused by a genetically significant 
dose D to the population. 

For all conditions or a large class of them the total 
genetic burden may be written b = f bl, that  due to 
recurrent mutation fb = T flbl and that  due to a given 
dose D asfglflbI.  If it is assumed that  g l  = cl ,  this 
may be written as  - .  

It may be assumed that bi and f t  are independent of 
D,,. Then the increased burden may be written 

D/a2 $fib, which may be written (D/Dz) f b 

where f = %fibl / ?bl 

That  is, the genetic burden due to a given dose 
equals 

given dose ( p e  of genetic burden 
X ma~ntained by recurrent 

doubling dose mutation) 

The relation behveen induced mutation rate and ex- 
posure enters here only through the representative doub- 
ling dose. In the present state of knowledge, the analytic 
approach is more certain than the synthetic approach, 
because the relation between induced mutation rate and 
exposure enters only through the representative doub- 
ling dose. 

84. Even supposing the necessary quantitative rela- 
tions between mutation rate and dose or radiation ex- 
posure to be known. calculation of the social conse- 
quences still requires knowledge of one of the sets oi 
parameters, pi or f dependent upon selective behaviour 
of the mutant alIeles. The hvo approaches are compared 
from this point of view in table IX. I t  will be seen that, 
under conditions in which mutation contributes a large 
part of the social burden, f l  is relatively well known 
but pi is not. Moreover, there is some reason to believe 
that most heterozygous carriers of individually detec- 
table, socially deleterious recessive alleles are slightly 
less fertile than a ~ e r a g e . ~ ~ J ~ ~ * ' ~ ~  If this is true, most f i  
are kno~cn but most p1 are not. It  is concluded that, for 
most purposes, the analytic approach starting from the 
current social consequences of unfavourable alleles is to 
be preferred to the alternative method at the present 
stage of knowledge. 

85. Certain assumptions are implicit but not stated in 
the analytic approach to the problem adopted here : 

First. it has been assumed that the genetic component 
of the social burden is directly related to the expressed 
effects of unfavourable alleles. However, the actual 
social burden realized in a population will be modified 
by environmental factors such as the cutent of care 
devoted to those affected. For this reason, the actual 

social burden resulting from a given genetic situation 
may be heaviest in those countries having the best med- 
ical care of the afflicted. 

Second, the genetic component of today's social bur- 
den has been assumed to be related to the present nat- 
ural rate of occurrence of mutations and to present 
selective conditions. Certainly this assumption is not true 
-the number and distribution of recessive alleles is 
determined by a long history of past mutation rates and 
past conditions of selection-yet with our present limited 
knowledge of the distant past and future no alternative 
assumption seems to present a possible basis of calcu- 
lation. A number of considerations indicate that the 
errors involved may not be too serious : 

(a )  Because of recent improvements in medical care 
the present genetic burden may be below equilibrium 
with today's rates of elimination of undesirable alleles, 
so that the effects of a given increase in mutation rates 
are underestimated. On the other hand, further improve- 
ments in medical care are likely in the future to reduce 
the socially serious effects of mutations. This process 
cannot by itself affect the influence of mutation upon 
the Darwinian fitness of the population, but may affect 
the future social burden due to present mutations if it 
occurs without a corresponding effect upon the rates of 
elimination of the socially deleterious alleles. If this 
elimination takes place largely through rather trivial 
effects in heterozygous or other carriers of unexpressed 
alleles, alleviation of the expressions in grossly affected 
individuals might be accomplished with little influence 
upon the process of elimination. We would then have 
overestimated the future social burden from present 
mutations. Thus the two sources of error due to improv- 
ing medical care act in opposite senses. 

( b )  In  spite of changes in diet and living conditions 
of all kinds, there is no reason to suppose that natural 
mutation rates have changed very greatly; for example, 
chondrodystrophy, which, in man, is largely a dominant 
disease, has been prevalent at a low frequency since 
ancient times.139 Selection has, by contrast. certainly 
undergone great changes. This fact is relevant to the 
recommendation, contained in the report of a WHO 
study group submitted to this Committee.ll that research 
be initiated upon selection in primitive communities 
while the opportunity to do this still exists." But many 
of the specific detectable conditions with which we s h l l  
be concerned here either arise from dominant alleles, 
and hence do not in general persist for so many genera- 
tions as recessives, or else they confer a reduction in 
selective fitness which has not yet been greatly modified 
by advances in medical practice. The working assump- 
tion may therefore be not too greatly in error for the - 
broad categories of effects to be considered. In  point o i  
fact, the effect of improved living conditions and im- 
proved medical care is far from obvious. Penrosel'O has 
pointed out that, besides preserving less fit individuals, 
this change may in recent years have removed the selec- 
tive advantage of alleles which confer a degree of pro- 
tection against an infectious disease in the heterozygote 
while being grossly deleterious in the homozygote: the 
classical example is siclcle cell anaemia.141 HOW many 
such situations exist is debatable. However, the conse- 
quences of improved medical care could be called eugemc 
rather than dysgenic in such cases. It  must also be borne 
in mind that the total potential intensiq of selection in 
populations has, at least in recent years, not been e a n g -  
ing anything like as rapidly as the qualitative.basls of 
it.142,143 I t  may be observed here that the possible dys- 



genic effect of future improvements in social and medical 
care is limited by the fact that no more deleterious 
mutant alleles can be saved for later generations than 
arise by mutation; moreover, a subsequent withdrawal 
of improved medical care by some social catastrophe will 
not cause more losses than would have occurred anyway 
had it never been present. Only the distribution in time 
will be altered. Thus, in a constant population, the dys- 
genic efiect of a changing selection does not increase 
the total number of seriously affected individuals but 
by contrast, the dysgenic effect of increased mutation 
does increase the total number of seriously affected indi- 
viduals. Finally, it has been assumed that radiation- 
induced mutations and spontaneous mutations are quali- 
tatively similar: that there is no correlation between D,! 
and the degree or kind of manifestation ( f i ,  bi. pi) of a 
given mutation. This assumption has been discussed in 
another section and is acceptable to the Committee. 

86. On the basis of the above arguments, the Com- 
mittee considers : 

(a) That the most satisfactory assessment of the 
genetic consequences of irradiation of human popula- 
tions which can be attempted at the present time must be 
based on the present social burden due to hereditary 
conditions. Because it must employ the representative 
doubling dose, it must be restricted to rather broad 
categories of effects ; 

(b)  That the sources of error in an assessment of this 
kind may not be too serious ; 

(c)  That two principal sources of error are related to 
the extent to which selection changes in the transition 
from a technologically primitive to a technologically ad- 
vanced environment and to the extent to which alleles 
responsible for socially serious conditions may confer 
small favourable differentials of fertility in the hetero- 
zygous, impenetrant or other "carrier" states. Both re- 
quire to be investigated. 

3. THE CURREKT SOCIAL BURDEN O F  GENETIC ORIGIN I N  
HUNAN POPULATIONS, ITS CONNEXION WITH &IUTATION 

AND RADIATION EXPOSURE 

87. In  order to make use of the representative 
doubling dose discussed earlier, there will be considered 
here only broad categories of damage, each of which 
may be caused by mutation at any one of many loci. 
such as the sums of specific clinical conditions or traits 
within various genetic categories, or biometrical char- 
acters such as intelligence, life-span or birthweight, each 
likely to be dependent upon many genes, or fertility. 

Specific traits 

88. For the present purpose, the available information 
concerning the incidence in man of specific diseases or 
disabilities of genetic origin is severely limited. Only 
very few sizeable populations have been surveyed, not- 
ably in den marl^,'^^ Michigan, U.S.A. and Northern 
Ireland.14* hIoreol-er. good quantitative data are only 
available for clear-cut traits or disorders. and, even here, 
the genetic interpretation of the facts is almost never 
straightfon~ard.l10 In the past, various estilnates have 
been made of the frequencies of such specific traits, but 
the basis of the estimates has not aln .a y-  s been clear. 
Sometimes it has been uncertain n-hether the trait ire- 
quencies referred to were those at birth or in the whole 
population. The latter estimate would aln-ays be expected 
to be lower, particularly if the trait \\-as severe in its 

effects. Independent over-all estimates, both in the litera- 
ture and in reports to this Committee, seem to be in 
reasonable superficial agreement with each other and are 
summarized in table X ;  each of these implies consid- 
eration of one or another category out of a total of some 
500 dear-cut disorders or traits.133 However, it has sel- 
dom been specified which traits are included and which 
excluded in them. 

S9. In  order to formulate, upon a precise basis, over- 
all estimates to which a representative doubling dose can 
reasonably be applied, the Committee has made use in the 
present report of a single, definite list of traits and their 
estimated frequencies of appearance in a single popula- 
tion, namely that compiled by Stevenson""or the popu- 
lation of Northern Ireland. In  so doing, it is recognized 
that the frequencies of specific traits will be different in 
other populations, so that some listed here may not occur 
at all, and others not in the present list will be prevalent. 
Nevertheless, such comparisons as can be made of the 
population frequencies of traits in different parts of 
Europe, North America and Japan suggest that, while 
the contributions of individual traits to the total may 
differ considerably in different populations, the totals, 
and their division into principal categories, will not vary 
appreciably so long as present methods of detection are 
employed. 

90. The list of traits compiled by Stevenson has been 
broken down into separate categories in the following 
manner, which differs somewhat from that used in the 
original compilation.lM 

Category I (table XI (a)-(b)): Category I includes 
traits detern~ined by single, harmful mutant alleles. The 
majority of these are dominant with a ligh degree of 
penetrance, but some are autosomal recessive and a few 
are sex-linked. Most are not recognizable in the affected 
person at birth. I t  seems reasonable to assume that in 
respect of these traits there is no significant selective 
pressure in either direction against apparently unaffected 
carriers of the mutant alleles, although this cannot be 
proved in our present state of knowledge. I t  would 
therefore be expected that the ultimate consequence of 
an increase in mutation rate at each or all of these loci 
would be a direct effect upon trait frequency. About 110 
different mutations are required to explain these traits. 
No doubt some similar, but separately identifiable, traits 
are determined by alternative alleles. Of these mutant 
alleles about 72 are dominant, 30 autosomal recessive 
and 8 sex-linked recessive. The estimated total of live- 
born affected is 1.1 per cent. 

Category 11 (table XII )  : Category I1 includes a con- 
siderable number of traits mostly detectable at birth. 
A proportion of them sometimes determines intra- 
uterine death, but this fraction of these conditions is 
ignored in the present contest. Maternal health and 
intra-uterine environment appear to play a considerable 
part in determining whether and to vhat degree they are 
expressed. Their familial patterns in a community sel- 
dom satisfy the criteria of a single mutant expression. 
In all there is a familial concentration of cases greater 
than would occur by chance. In sorne, the family pattern 
approaches some of the criteria of those included in 
category I, and it will be clear to the reader that arbi- 
trary decisions have had to be made. The estimated toral 
of 1i1-e born affected is 1.0 per cent. 

Category 111 (table XII I  (a) - ( b )  ) : Category 111 
comprises t~vo  unequal classes of traits. The first and 
smaller proportion (categoq- 111 (a) : table XI11 ( a )  ) 
consists of traits which appear to follow closely the es-  



pected family patterns of a single recessive mutant genes, ( 2 )  The present estimates refer to those born alive. 
but show a frequency too high to be explained on a basis In addition, approximately another % to 5 per cent 
of mutation pressure alone, unless it is assumed that foetuses alive after the twenty-eighth week of pregnancy 
mutation occurs many times more frequently at the rele- are born dead mainly by reason of detectable develop- 
vant loci thvl at those loci giving rise to dominant muta- mental defects which may be of genetic origin. 
tions in man or than in the general range of all types of 
mutation in experimental animals. In  the data for (3)  In about half of the affected liveborn, the defect 

Northern and elsewhere in the United ~ i ~ ~ -  will be detectable at or soon after birth, but in the other 

dom, only fibrocystic disease of the pancreas and deaf half the expression of the genotype will only be apparent 

mutism clearly fall into this category, although other in later childhood or in adult life. 
conditions well-known elsewhere such as sickle cell 92. l-he division of the 4 per cent live-births 
anaemia and thalassemia also belong to it. I t  is possible, into categories as outlined above may be summarized as 
although neither provable or disprovable at present, that follows : 
the gene frequencies in these conditions are maintained 
mainly by relative selective advantage in the hetero- Category I: About 1 per cent of defects due to single 
zygous carriers. In deaf mutism several independent mutants of classical type (majority not recognizable at 
mutants contribute to the trait frequency. The two con- birth) ; 
ditions together determine about 37 per cent of the total 
frequency of recessive traits at birth in the population Category 11: About 1 per cent showing no consistent 
studied by Stevenson (lot. Cif.) have a combined familial pattern compatible with a simple genetic hypoth- 
frequency of 0.09 per cent of all live births. The second e ~ i ~  and often having an environmental component in 
and larger proportion (category I11 (b)  ; table XI11 their aetiolog~ (majority recognizable at bidh) ; 

( b ,  ) 'I1 is define and limit. Category 111 : About 1.6 per cent either ( a )  show trait 
examples of serious, "constitutional," diseases are listed frequencies too high to be maintained by mutation pres- 
in the table, but it is difficult to know where to draw the sure, ( b )  determine constitutional illnesses whose 
line thereafter. In  different communities the frequencies frequency is also unexpectedly high in relation to their 
will vary considerably. I t  is impossible to estimate fre- severity. 
quencies without malting some arbitrary decisions as to 
what will be included: as an example, admission to hos- This division into categories is of great importance for 
pita1 might be made a criterion. Furthermore, the fre- predicting the results of increased exposures of popu- 
quencies depend on the ages to which people live in popu- lations to ionizing radiations. The supply of recog- 
lations, as in the cases oi  diabetes and the primary pre- nizably disadvantageous mutant alleles in a popula- 
senile psychoses. Finally, there are environmental factors tion may be maintained either by recurrent mutations 
of importance which vary in different populations. In  balanced by selection or by selective advantage among 
sum, at least 1.5 per cent of those liveborn will suffer individuals in whom the disadvantage is not expressed; 
from one or another of this group of disorders. that is, by a balance between opposing selective forces. 

A reasonably small increase in mutation rate cannot 
91. I t  must be emphasized that the list of traits, trait be expected to affect greatly the pattern of gene elimi- 

frequencies and categories outlined above and in tables nation and so should cause at equilibrium an equal 
XI-XI11 : fractional increase in the genetic damage due to  alleles 

( a )  Represents only tangible or detectable genetic maintained in the first manner (corresponding to  traits 
damage, which in principle, although in practice with in category I above, together with an unknown fraction 
great difficulty only, can be assessed by "counting of those in categories I1 and 111), but  a much smaller 
heads" ; increase in the genetic damage due to alleles mentioned 

( b )  Includes only defects of such severity as to be at in the second n ~ a m ~ e r  (corresponding to  an unknown 
least very inconvenient to their possessors ; fraction of the traits in categories I1 and I11 above). 

I t  follows that  permanent exposure of a population to  ('1 Is an list, even of such 'On- an extra genetically significant dose D per generation ditions ; may be expected eventually to give rise t o  an increase 
( d )  Ignores matemal/foetal incompatibility and in the incidence of live-births who are or xi11 be 

mongolism ; in the latter the genetical component appears affected of between D/D2 per cent and 4D/D2 per 
to be weak, and in the former the relative frequency of cent where D 2  is the representative dose. If the in- 
the alleles, which is the most important factor in deter- creased irradiation were to occur in only one genera- 
mining proportions of affected infants, would probably tion to a population of fixed breeding size P, it follows, 
not be affected appreciably by increased mutation rates; by a principle of detailed balancing, that  the cal- 

( e )  Exdudes a group of individually rare or mild culated total number of affected live births is expected 
traits which mostly appear to be determined by simple, to lie between 
irregular, dominant genes and are listed in table XIV. D P D 4P 
Nevertheless, the list gives rise to the expectation that -X-and-X-  
some 4 per cent of the liveborn suffer or will suffer from I 3 2  100 Dz 100 

defects predominantly of genetic origin. Certain com- 93. must be borne in mind that the mutant alleles 
ments are pertinent to this estimate : concerned in the above estimates range all the way frpm 

(1) Any present over-all estimate of total genetic severe dominant to true recessive, and the time durlng 
damage must of necessity be minimal. However, even which the genetic damage either climbs to equilibrium or 
though more sophisticated methods of detection can be completes its expression after exposure of a single gen- 
expected to increase the present estimates, it is unlikely eration varies in turn from one or two to many tens of 
that in the near future more than a very small number generations. Thus, in the case of irradiation of the 
of new specific traits will be discovered, relative to the present population, the damage may well become ex- 

I 
total so far known. (See also paragraph 104 below.) pressed under social and technological conditions which 
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cannot even be imagined today, and which map grossly and confers greatest uncertainty. Mather's calculation is 
affect the relation between gene elimination and its social a useful guide to the upper limit of the social burden 
consequences. Some geneticists therefore question the expected to be conferred by radiation-induced genetic 
utility of assessment of a hazard so far  in the future.lc6 changes in the variance of intelligence (but see footnote 

to paragraph 102 below). 
94. In  conclusion, it must be emphasized that even for 

this most tangible kind of genetic damage, far more 
work is ~leeded on family studies, on sib-correlations, Relatiotrship of gettetu cotnponertt of 
incidence in consanguineous marriages, twin studies etc., variartce to ?nutation 
so as to establish more accurately the genetic nature of 97. The relationships of selection, genetic variability 
the traits listed here and other conditions. I f  Govern- and mutation in a character of relatively low selective 
ments wish to h o w  the genetic health of their peoples it importance (bristle number) have been smdied by 
\%'ill be necesrxy for them to Support the necessa~lvork. erd authors in ~ ~ ~ ~ ~ p h ; l ~ .  partidar, Clayton 
~t has been argued that, at present, ~ o ~ u l a t ~ o ~ ~  under Robefison1SJ halle been able to show that the review by single institutes of human genetics cannot con- additive genetic variance in an outbred pop*tion, from veniently exceed 3 X 10°.ll However, the problems re- which their flies were originally dramrn, 
lated to both the scale and scope of such work involve the spontaneous increase in genetic variance 
questions of general medical education and co-opeation per generation by a factor of l,m, and observat~ons by as well as legal and administrative aspects which merit (quoted by Mather ls i , l~6~ suppan this conclu- 
the attention both of Gove131menfs and public health ,ion. By irradiated and unirra&ated popula- authorities. For example, a number of human geneticists tions, Clayton and Robertson further showed that some feel that the present Manrial of the Itttertlational Stafis- would have been needed to produce an increment 
tied Clmsifiation of Diseases, Injuries and Causes o j  equal to the natural variance. wi th  selective neutrality Death is inadequate in its present scope and form for such a genetic variance in the natural population is per- 
scientific purposes in the classification of congenital fectly compatible m esrablished equilibrium be- 
conditions. tween mutation and a degree of inbreeding due to lim- 

ited effective population size. For a character of greater 
Bio?netrical clzaracters selective importance the genetic variance displayed by 

the population would exceed the increment per genera- 
95. Many important characteristics of man, among tion by a correspondingly smaller factor. Haldanel" has 

which specific mention must be made of intelligence, life- pointed out that, in the cited case of birthweight, selec- 
span and birthweight, vary continuously in natural p o p -  tion removes 10 per cent of the obsen~able variation per 
lations about some mean which is often close to a selec- generation. If this selection makes no distinction between 
tively optimal value. Where this is true, selection may variation or' genetic and of environmental origin, it poses 
act on the phenotype quite largely by reducing the the question: HOW is the genetic component of variance 
variance, rather than by shifting the mean; to that maintained? 
extent, it is normalizing or stabilizing ~e1ection.l~~ Such 
quantitative variation is often influenced by many genes 98. R o b e r t s ~ n ~ ~ % a s  recently discussed the theoretical 
in whose separate effects cannot be distin- for optimal central phenotype. 
guished, in contrast to those exhibiting specific qualita- I t  appears that this process cannot of itself maintain 
tive effects and discussed above. T~~~~ genes can only be genetic variability, even though heterozygotes have inter- 
studied statistically, principally through that part of the mediate values of the character (see Fisherls0). The 
variance of the character for which they are responsible, genetic variation must therefore be maintained either by 
 hi^ variance may be of considerable importance as a the selective advantage, in some circumstances, of the 
social burden or loss of population fitness. Discussion heteroz~gotes as such (i.e., the majority of the genes are 
of the consequences of possible shifts in the mean of individually heterotic) or by mutation. Lerner13' has ar- 
such characters will be deferred t~ paragraph 99 below. gued for expecting heterosis among genes of this kind, 

his argument being based partly upon an anticipation of 
96. The genetic component of the variance has been improved buffering or canalization in the developmental 

tentatively estimated in the case of birthweight by processes of heterozygotes and partlyupon experimental 
Penrose and by Robson as some 40 per ~ e n t , ~ ~ ~ . ' ~ " h a  evidence (of which, however, a considerable fraction is 
of .it associated with maternal genotype, and in the case drawn from Drosophila) and general experience of in- 
of intelligence as s, or perhaps as high as %.lS0 In each breeding. Paxman1Si.1B6 has, on the other hand, failed to 
of these cases, the more extreme phenotypes of the dis- find evidence of such heterosis, despite a search for it. 
tribution are observed to be associated with a loss in Thus evidence of the necessary heterosis is by no means 
viability or reproductive fitness and with social burden. conclusive and further data are much needed. At  the 
Thus on the basis of P e n r o ~ e ' s l ~ ~  and Karn and Pen- same time, the high rate of selective elimination does 
rose's1'' work it can be estimated (see appendix) that not seem compatible with replacement by mutation at 
the genetic component of this variance was associated the low rates observed in experiment. This difficulty may 
with the occurrence of some 1.6 per cent of stillbirths ivell, however, be less than it seems, because where many 
and neo-natal deaths among males. MatherlS2 has calcu- genes of similar effect contribute to the variation of a 
lated that on an intelligence quotient scale normalized character, only a portion of the total genetic variability 
to mean 100 and standard deviation 15, 2.3 per cent of present in the population is manifest as variation actually 
children will fall below intelligence quotient 70. and a observable by difference among the phenotypes of the 
doubling of the heritable component of variance, assum- individuals. In a polygenic system, alleles at different loci 
ing no shift in the mqan, would increase this number by can =ert their actions in opposite directions and thus 
a factor which may Ile between 2.2 and 2.9 ; this calcu- balance out one another's effects, so that some of the 
lation depends upon the assumption of a Gaussian dis- variation lies hidden as balanced differences within the 
tribution of the measured variable at the tails of the genotypes of the individuals.19i The proportion of the 
distribution, where the assumption is itself least sure total variability so hidden increases directly with the 
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number of genes in the system, and it may go up even 
higher if the genes are linked. The hidden variability is 
released by recombination of the genes which balance one 
another, to become exposed as phenotypic differences, 
and this rather than mutation is the immediate source of 
replenishment of the observable variation eliminated by 
natural selection. Ultimately replenishment must depend 
on mutation : but, by virtue of the reservoir of hidden 
variability, the accunlulation of new variation from mu- 
tation need balance loss through selection only in the 
long term. Thus the rate of selective elimination observed 
at any given time need not provide a reliable indication 
of the rate at which new variation is arising by mutation. 
Furthermore, the selective elimination of any fraction 
of the observable variation represents the loss of a much 
smaller fraction of the total genetic variability. Thus with 
birthweight. 10 per cent of the observable variation is 
eliminated in each generation, but this loss could repre- 
sent as low a fraction as 1 per cent of the total genetic 
variability for this character in the population if it 
depended on the simultaneous action of no more than 
10 polygenes. Mutational increments quite low in relation 
to the total variability might thus suffice to maintain the 
plygenic variation of a character against the erosion of 
selection. This is a matter on which more data are 
needed ; but pending their appearance it would seem con- 
servative to suppose that xo of the genetic variability 
of most quantitative characters is the greatest fraction 
which it is necessary to envisage as replenished by muta- 
tion in each generation, and the fraction may indeed gen- 
erally be very much smaller than this. The Committee 
emphasizes, however, that there is at present no satis- 
factory experimental basis for determining whether this 
fraction is large or small even in experimental species, 
much less in man. Clearly, further data are much needed 
in this whole area. 

Shifts ilr mean vaktes of metrical characters 
99. Besides contributing to the variance of a metrical 

character, genetic factors may impose a social burden by 
affecting the position of its mean. Three quantities must 
be considered : the population mean, the selective opti- 
mum and the social optimum. The three may all differ, 
as is illustrated in table XV for the characters mentioned 
in paragraph 95. 

100. The great majority of well-studied single-locus 
mutants in experimental organisms are hypomor- 
phic ;15e*160 that is, they appear to lead to a reduction in 
the function or character most immediately affected. 
There is good a priovi reason to expect this, as random 
interference with a complex machine will more often be 
destructive than constructive. In consequence it might be 
expected that most mutations and mutant alleles would 
act so as to diminish the population mean relative to the 
selective optimum. However, it must be questioned 
whether there are sufficient grounds for extrapolating 
this view to polygenes affecting quantitative characters. 
Provided that the changes are not so large that they 
excessively disrupt the organism's general control of the 
developmental channels concerned, is it not just as rea- 
sonable to suppose that a particular organ of social 
import-for example, the brain-may in fact benefit 
from hypomorphic changes in most other organs, due to a 
compensating diversion of resources, so that many such 
changes would be hypermorphic for it ? Among the char- 
acters of table XV, it is of interest that the facts concern- 
ing birthweight151 fit the classical expectation, but that 
those concerning intelligencelsl possibly do not. 

101. I n  the case of birthweight, it can be calculated 

(see appendix) that the di&erence by which Karn and 
Penrose observed the selective optimum to cxceed the 
population mean in males is associated with 0.4 times as 
many deaths at or near birth as the total variance and 
about 0.7 times as many as the estimated genetic com- 
ponent of variance. What proportion of this deviation is 
genetic in origin is not known, but it is clear from the 
arguments outlined above that recurrent mutation could 
easily be the principal cause ; if so, co~ltinued application 
of a doubling dose to every generation might eventually 
bring about an increased incidence of some 1.2 per cent 
in the deaths at or near birth. This selection acts so as to 
diminish the difference between the mean and the selec- 
tive optimum by about 7 per cent per generation.15' I f  it 
does not distinguish between genetic and environmental 
components of the difference, the genetic effects of an 
altered mutation rate upon the mean must be expected to 
be spread over some ten generations, and any shift to a 
new equilibrium value will take a comparable period of 
time. 

102. The case of intelligence is somewhat different. 
Here the social optimum lies far away from the selective 
optimum, and it is not simple even to decide what must 
be computed to assess the social implications of a given 
change. Moreover, the genetic picture is complicated by 
a high degree of phenotypic assortative mating.lS8 For 
the purposes of this report Mather's calculations152 based 
on United Kingdom figures have been available. Mather 
based his calculations concerning the effect of increased 
variance upon an unchanged mean but he also con- 
sidered a situation in which increased mutation was 
associated also with a falling mean. such that the effects 
mediated through mean and variance were roughly com- 
parable in magnitude. However. there is no indication in 
the figures at present available for the United Kingdom 
that the ~ o ~ u l a t i o n  mean lies below the selective o ~ t i -  
mum; thtlsLgives rise to a presumption that increased 
mutation might not depress the mean appreciably. I t  
seems important to try to find out if this situation is true 
and, if so, whether it is peculiar to the somewhat special 
demographic situation in the United Kingdom or is more 
general, since it raises a question as to how such a posi- 
tion might arise and be maintained.15s In  the meantime, 
it seems premature to attempt here any assessment of the 
expected effects of increased mutation rate upon mean . 
intelligence. The social consequence of hereditary shifts 
in intelligence probably occur mainly as a result of shift 
in the numbers at the extremes of the I.Q. distribution 
(of which only changes at the lower end are numerically 
cited in para. 96 above) ;* a change in variance will in any 
event affect these more markedly than an equal change 
in the mean. Part of the difficulty in discussing shifts of 
the mean intelligence as measured by intelligence quo- 
tient may lie in the need to consider small intelligence 
quotient differences; it is possible that present tests of 
intelligence are not sufficiently well-developed and free 
from bias associated with other variables to serve as 
suitable material for close quantitative analysis. The 
problem of further progress in this field may thus de- 
pend upon developments in pure human biology. I n  any 

*An increase in variance without change in mean also causes 
an increase in the classes of highest I.Q. upon which it has been 
claimed that much of human progress depends. Any judgement 
concerning the relative value of this increase is a social one; 
it has therefore not been computed here and np attempt has 
been made in this report to offset its value a w n s t  the soclal 
burden represented by a calculated increase in the numbers of 
individuals with I.Q. <70. It must be borne in mlnd e a t  there 
is some reason to believe that the distribution of variance due 
to new mutations would not be symmetrical, and that most of 
the increase would be in the direction of lowered ~ntelllgence. 



over-all discussion of intelligence, it is necessary to bear generations, then exposure of one generation to 10 or 
in mind that it is affected not only as a biometrical char- 100 times the doubling dose would impose the equivalent 
acter by many genes with small interacting effects, but of the same load for a period of 10 or 100 generations. 
by known specific loci, radiation-induced mutations at Such doses are of magnitude 300-3000 rad, and in a 
which will almost always cause serious harm to any indi- range which is such as to render further considerations 
vidual in whom the mutant alleles are expressed. of genetic problems redundant. It  therefore seems prob- 

103. In the case of the life-span, the d a b  of Russell'" able that the human race has ample breeding capacity to 
on the progeny of male mice irradiated by fast neutrons the genetic consequences of any foreseeable 
suggest the existence of the kind of effect which would 
be expected from classical hypomorphic mutations ; that 
is, the occurrence of radiation-induced mutations to a Pool of recessive nrlitants 
series of weakly dominant alleles which collectively 106. Examination of the offspring of consanguineous 
cause a shortening of the life span. However, the magni- tnarriages can give information concerning the total of 
tude of any corresponding effect which might be ex- deleterious rcccssive mutant alleles in a population, and 
pected in man is entirely unknown. I t  might seem at first Morton, Crow and &IulleIgB have recently sholvn how the 
sight as if increased variance in life span I \ ~ o u I ~  confer results of statistical suneys of this kind can be expressed 
little or no increased social burden, but be selectively in the form of a number of lethal equivalents per m a -  
neutral as long as it affected only groups be~olld the age ber of the population. In the absence of a figure opera- 
of child-bearing. However, if themechanism of shorten- tionally equilralent to the total number of genes per 
ing were related to an effective contraction of time-span individual, this information does not relate directly to 
of the physiological processes, the reproductive period the social burden upon the population nor, lTithout as- 
might be adversely affected. and the selective o~timutn suming an average dominance, can it be related to the 
for life-span might then be very long. It is essential that natural mutation sate. The number of lethal equivalents 
the work of Russell be confirmed and extended in order per head is, however, in its own right, a most important 
to have an adequate experimental basis in other organ- parameter describing the genetic state of a population, 
,isms for consideration of the possible implications for derivable from a purely demographic type of informa- 
man. Russell's experiments are in line with effects ob- tion. Governlllents would do well to investigate it in 
served in irradiated mammalian tissue culture cells and their populations. 
other organisms, among which the survivors frequently 
carq7 slightly deleterious dominant alleles,ls"84 as well as 107. I t  is also possible in principle to compare the 
with observed correlations between the life-spans of number of lethal equivalents, derived from vital statis- 
related individuals suggestive of genetic iIlfluenCes.l~s tical information, with the number of recessive delete- 

rious genes found in the direct intensive surveys of 
Fertility smaller numbers of consanguineous marriages. IdealIy, 

101. The most direct expression of the effect of un- such studies should cover the whole period during which 
desirable mutations is tllrough the net reproduction per identical alleles are together and so liable to give rise to 
generation or fertility differentials. Penroseo3 has sug- an effect through homozygositl'; thus not only the num- 
gested that, in man, some 50 per cent of  the zygotes of ber and viability but also the fertility of the Progeny of 
each generation fail to contribute to the next one by consanguineous marriages should be i~~vestigated : a pre- 
reproduction, and has suggested, by analogy with other liminary study of this kind has been initiated by 
metrical characters, that some half of this might be of Fraser-lg3 Such a comparison could be of great im- 
genetic origin. Penrose also points out that, on the same portance as indicatingurhat fraction of the total recessive 
analogy, much of the infertility might be due to the deleterious pool we know about, through recognizable 
presence of conditionally deleterious alleles 1%-hich are specific effects. At the present time the evidence of both 
not primarily maintained by mutation and are essentially kinds is very scanty. By direct examination of a north 

by changes in mutation rate. However, one Swedish population, Book has estimated that about three 
may compare such a rate of elimination with an estimate recessive deleterious genes are carried per individual-s7 
of the total rate of mutation to unconditionally deleteri- However, using the criteria of Stevenson, this figure 
ous alleles such as was derived in paragraph 74 above. would be only 0.8-1.7.'" Stevenson, himself, in a some- 

what smaller sample, has found 0.5-0.9.1U I t  is not pos- 
105. Applying a representative doubling dose of 30 sible t~ accurately >:hat is the reproductive rad the estimate of paragraph T4! the rate fitness of the afflicted individuals, relative to the general 

mutation would amount to % population, but it is reasonable to suppose that the aver- 
(i.e.? a ~ ~ r o x i m a t e l ~  30/2j0) Per haploid gamete or % age would lie between 20 per cent and 80 per cent. 
per diploid zygote. At equilibrium, these C O L I ~ ~  be elimi- Probably, therefore, the best direct intensive investiga- 
nated by % of zygotes failing to reproduce. These esti- tions today sholv up about 0.2-0.8 p ~ s t - ~ ~ t a l  lethal mates of mutation are therefore consistent with that of quivalents per individual in the general population. 
Penrose concerning fertility, and with the assumption of Following I\Jorton. Crow and Mullerls analysis of the genetic equilibrium, which suggests the possibility that at work of Sulter and Tabah,ss,ss but excluding stillbirths 
present of d l  rygotes fail to contribute to the ncxt gen- and nm-,-natal deaths, it is likely that a total of some eration because of the presence of deleterious alleles 2-2.8 post-nabl lethal equivalents per individual are pres- 
maintained by recurrent mutation. Taking this to be an ent in their population. This suggests that present rec- 
upper of a doubling dose ognition encolnpasses sonle\vhere behreen j per cent and 
to each generation mlgllt eventually extend the fraction 40 per cent of the total deleterious damage 
of non-contributlng zygotes f ram 5 to % and require a which arises. These numerical figures reflect the strict- of average size for a previously con- ness of the particular criterion employed by Stevenjon 
stant population to maintain itself. This appears to be in his use of the term arecessire.y. well within human capacity. If it be further supposed 
that thc mixture of donllnants and recessives concerned 108. The specific genetic conditions whose incidence 
has an average persistence in the population of 10-100 is reported by Stevenson are divided into dominant and 
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recessive conditions ; a most striking feature of the data 
is that the total inadence of rare dominant conditions 
exceeds that of recessives by a factor of 10. If a cor- 
rection is applied for those recessive conditions not at 
present recognized, using the figures derived in the pre- 
ceding paragraph, the ratio of total incidence of reces- 
sive conditions to total incidence of dominant conditions 
shifts from 0.1 to between 0.25 and 1.3 and the total 
incidence is increased by a factor of between 1.2 and 2.3. 
The calculation is now relatively insensitive to the exact 
criterion of recessivity employed, provided that it is the - - -  - 

same throughout. It perhaps serves to give some idea of 
the limits of confidence which can be placed upon cur- 
rent estimates of the genetic social burden due to specific 
recognizable conditions. 

109. I t  is of some interest to compare the ratio of the 
observed rates of elimination of deleterious recessive and 
dominant alleles, corrected as in the previous paragraph, 
with that to be expected from equilibrium with fonvard 
mutations. In mice, the ratio of recessive to dominant 
lethals occurring naturally appears to be about 2.5 :1 or 
3 :1.10iJ6" It is very different for Drosophila, perhaps as 
low as 0.1 :I, but if Drosophila has much less complex 
genes t4an mouse or man, it may be a poor guide.) 
I f  the ratio of natural rates is similar in man and mouse, 
the corrected ratio of elimination rates, between 0.j :I 
and 2.8 :1, is in reasonable agreement with it, but sug- 
gests that the recessive alleles might, if anything, tend 
to be on the average slightly deleterious rather than 
advantageous in the heterozygous state. 



Trait studkd 

Autosomal dominants (direct observation) 
................................ Epiloia 

~ c h o n d r o ~ l a - '  +la ........................... 
Aniridia.. ............................... 
Retinoblastoma .......................... 
Partial albinism with deafness.. ............ 
Microphthalmos .......................... 
Neurofibromatosis ........................ 
Average of T loci. ........................ 

Rare domirant 
Porcupine. .............................. <10-9~ 

Sex-linked recessives (direct) 
Hemophilia. ............................. 3 x 10-5 
Duchenne's type muscular dystrophy.. ...... 4-10 s 10-5 

Autosomal recessives (indirect) 
Albinism. ............................... 2.8 x 10-5 

.................... Ichthyosis congenita.. 1.1 x 10-5 
................... T o t d  colour blindness.. 2.8 x 10-6 

Infaotle amaurotic idiocy.. ............... 1.1 x 10-5 
.................... -4myotonia congenita. 2.0 s 10-5 

...................... True microcephaly.. 4.9 x 10-5 
Phenyketonuria.. ........................ 2.5 s 10-5 

. Average of 7 loci.. ....................... 2.4 x 10-5 

a Very rough estimate: see ref. 83, 

TABLE 11. ~~IEASURED OR CALCULSTED VALUES OF 
NATURAL MUTATION RATES AT SINGLE LOCI 

O F  ORG-4NISMS OTHER THAN h U N  

Mtrfanls per 
Mufonts strcdicd &sled somete 

-~ - 

D. melanogaster 
Average for 9 ses- 

linked recessive 
visibles in XXY 
female. ........ 3 x 10-58 Iluller, Valencia and 

Average for 4 auto- 
somal recessive 
visibles in Ore- 
gon-R females. . 

Average lor 4 auto- 
somal recessive 
visibles in Ore- 

.. gon-R males.. 

Average for about 
12 sex-linked re- 
cessive visibles 
in Oregon-R fe- 
males. ......... 

White eye.. ...... 
8 ses-linked reces- 

sive visibles in 
mutable Florida 
stock. ......... 

~Ufce 
-4verage of 7 auto- 

somal recessive 
visibles in male 

Bacleria 
Average of about 

30 biochemical 

TABLE 111. MEASURED OR C~~LCULATED V ~ U E S  OF 
TOT-4L N-4TURAL 31UT-4TION RATES FOR CLASSES 

OF LOCI I N  ORGANISMS OTHER THkV &L4N 

Mutants pn 
C h s s  of nrufanfs studied leslrd game& 

D. inelunogaster 

Sex-linked recessive lethals: 

Spencer and Stern32 young sperm.. ...... 1.0 x 10-3 { Uphoff and Stern31 

aged sperm.. ........ 2.0 x 10-3 { Caspari and Sterns$ 
Uphoff and Stern81 

range for various wild 
....... type stocks. 0.7-1 1 s 10-3 Demerecli4 

mutable Florida stock 1.1 x 10-3 Demerecl74 

XXY females. ....... 7.0 x 10-3 Muller et al.171 
1.8 x 10-3 Mullerlos 

TABLE IV. GTES OF UDIATION-I~DUCED MUTATIONS 
AT SINGLE LOCI I N  ORGANISMS OTHER THAX NAN 

Average of 9 recessive 
visible autosomals 
in oocytes, oogonia 1.4 x 10-8 Muller, Valencia and 

Valencial" 

Average 01.9 recessive 
visible autosomals: 

spermatogonia . . 1.5 x 10-6 Alesander70 
mature sperm.. . 6 x 10-8 .4lesanderiO 
mature sperm.. . 4.4 x 104 Pattersonl7j 
mature sperm.. . 5.2 x 10-8 Demerecli6 

ValencialTl White eye mature 
sperm.. ......... .0.&1.2 s 10-7 Bonnier and L ~ n g l 7 3  

D. cirilis 

2.5 x 10-6 Glass and Ritterhofl7" A v e r a g e  of 7 sex-  
l inked recessive 
visibles: 

mature spern~ ... 7.6 s 10-8 Gin611177 

4.5 x 10-5 Glass and Ritterhof172 E. 
Average of about 30 

biochemical back- 
mutations. ....... 2.7 s 10-10 Glover in Demerecet al.3 

Mice 
2.4 s 10-6 Glass and RitterhoPT? Average of 7 recessive 

risible autosomals: 
0.1-3.7 s 10-5 Bonnier and Lihingl" spermatogonia . . 2.5 x 10-7 Russel176 

TABLE V. TOTAL RATES OF RADIATIOS-INDUCED 

ca. 7 x 10-6 Russe1176, Carter et a1?5 BIUTATIOKS IX CLASSES OF LOCI IX 
ORGANISlIS OTHER THAN 3L4N 

back-mutations. 4.5 s 10-9 Glover in Demerecet ~ 1 . 5 ~  D, nzelanogaster 

Range of abo1-e. .. lo-" to 4 s 10-8 Glover in Demerecetal.53 Sex-linked recessive lethals 

a But approximately 5 x lo4 if allo\r.ance is made for the fact in 
......... that the Kte of sex-linked recessive lethals was abnormallv hieh aged snerm.. 2.3 s 1 0 - U n h o f f  and Stern31 

in this experiment. Droso@hila rates vary very widely wit& staie 
of life, cell-development, etc. 

---.. .,--..... . . . . . . . . . .  -.. .... - r  ~ - - -  -- ~- - 

. . . ..... young sperm. 2.8 s 10-5 Uphoff and Sterns1 



-- 

Survey of p r c ~ ~ ~ a n c i c s  
i l l  I l i rosl~i~n;~ ;111d 
Nagasaki 

Survey of olTspring 
of Fre~ich piltic~lts 

Follow-up 011 progeny 
of women trc;ltcd for 
sterility 

Surveys of 
childre~l of 
Anicrican 
ri~tliolo~ists 

Ab~~rl ior~s  Slill-bb-llts innlf~ttrnlions" S.x-ralio 
Na~rrber of irrntlinlad Dose rnnga (livc bir1h.r) (live births) 

Rcjero~~cr pnrcnls i ~ r r s d s  Irrad. Control Irrnd. Co~~lro l  Irrud. Co~rlrol Irrud. Colrtrol 

Necl and Sch~~ll'l ' approx. 27,000 O 8-200 546 408 300 294 rc.yrcssio~l lines Obscrvatio~ls incl~~tle scx-ratio, frc- - ---- t~;~scd L I ~ O I I  scv- qucncy of stillbirths and 11co11atnl 
apl)l'ox. 14,000 8 8-200 33,181 31,559 33,527 31,904 cr.11 doses: for dc;ttl~s, birtIiwc.i):l~t, o c c u ~ r c ~ ~ r c  of 

r a w  d a t n Y C C  c o n ~ c ~ ~ i t a l  rnalfor~~~ations, all(\, for 
I .  1 I C a p  a r.~~~tlom 30% sanlple reexn~nincd 
ter V11. a t  age 9 ~ n o ~ ~ t l l s ,  certain bodily 

mcast~rcn~cnts and the occurrence 
of adclitional n~allormatio~~s not 
apparent at  birth. 

Non-sig~~ifiwnt dccrcase i l l  sex-ratio 
k = -5.5 X IO*/md for irra- 
diated mothers: arriong earlier 
births12' lc wiis -8 x 10-6 ant1 
significant. 

Sligllt IIOII-significn~lt ic~crcase for ir- 
radiatctl fathers in earlier birtlls12S. 

l'urpin, L e j e ~ r ~ ~ c  47 46 8 7 9 8 225 358 Din~in~~tion of sex-ratio for irradiated 
and 289 d 4-450'' - - - - - - -- mothcra sig-ni6ca~~t conlpa~ecl L o  

Rethorell7. 1~05 452 742 405 696 405 696 405 696 irrr~tliated fathers ( x 2  = J.2), not --------- significant con~pnrcd to controls. 
26 18 7 5 5 1 63 130 k I~ twcen  6 X 10*/rntl and 

97 O 40-450" - - - - - - - 12 X I0 -5/r:1d. 
I62 254 13G 236 136 236 1.16 236 N o ; ~ c c o ~ ~ ~ ~ ( . ~ a l c c ~ ~ o f i ~ ~ c n n d p ~ ~ r i l y .  

Inquiry by qucstionr~aire. 

I<aplan119 311 O ca. 60 91 2 3 191 No control as yet. Very low ses-rntic* 
- - - - sig~lificantly dilTcrcnt fro111 0.51 5, 
513 513 513 409 IC - -8 X lO-'/riltl. 

Aborlions nrrtl Slill-births 
Irrad. Coirlrol No data on malformations or scx- 

Crow1@ 654 d 274 215 ratio. Inquiry by questionc~airc. 
Unknowrl - - 
accuniula- 1,653 1,348 
lion of 
many s~uall 766 548 328 216 2,090 1,766 Non-significant incrcase i~dstill-births 

RIacht and 5,461 d doses - - - - -  a ~ ~ t l  abortions. 
L a w r e n c e ~ ~  5,461 :4,484 5,461 4,484 4,127 3,390 Significnnt increase in n~alformalio~ls 

( x 2  c. 6.7) incl~~tlcs many very slight 
tnalforl~~ations or other discnses, 
I)t~t r c n ~ a i ~ ~ s  sig~iilicant if restricted 
to cardiac ~nalfor~nations only. In- 
q~liry by question~~~~ire. 

7 7 
a Enrlicr literalure surveys by M a ~ ~ r e r ' a  and t ~ y  Murpl~y ant1 Golcls tei~~l~ respectivcly rcvcalerl!'- and - malforrnotions anrollg r~~oi l~ers  who llad rcccivcd heavy doses, bul 

without co~ltrols. 229 417 

b Taking the gonad dose to be 1 /3 the skin dose. 



TABLE VII. CONTENT OF DNA I N  V-4RIOUS TYPES OF C E L L S ~ ~ ~  

gm DNA-phosphorus gm DNA 
Organism and cell !j9pcs per u l l  per cell 

Bacteria.. ...... B. h t .  aerog. 2 x 10-15 
E. coli 2.3 x 10-15 

(compare T2 bacteriophage 3 x 10-16 per particle) 
...... Microbes. Penicilliun~ I .5 x 10-13 per spore 

Aspergillus 1.9 x 10-12 per spore 
Yeast 6.2 x 10-15 

Drosoplrila.. ... Salivary glands d 2.6 r 10-11 
0 2.8 x 10-u 

Diploid cells (limb) 1.7 x 10-13 
Rat.. ......... .Diploid cells 0.6-1.0 x 10-12 
Mouse. ........ Submaxillary glands (diploid) 0.7-1.4 x 10-12 
hlan. .......... B.M. 8.7 s 10-19 

Leukocytes 8.6 x 10-19 
RBC 7.0 x 10-13 
Liver 1.0 x 10-13 
Kidney 8.7 x 10-15 

For a further extensive table, see ref. 21. 

TABLE VIII. CALCUJ-~TED DOUBLING DOSES I N  ORGAhTSYS 
OTHER THAN l f ~ ~ ~ ~ ~  

Organism Loci 

......... Zea-mays. .4 recessive visibles 
. Oenolhera, Prusus.. .Self-incompatibility 

Drosophila ......... .Sex-linked lethals 

........... Mouse.. . 7  recessive autosomal 
visibles 

Dominant lethals 

Cadi l ions  of 
+radiated cell 

Pollen 
Pollen 
spermatozoa 
aged spermatozoa 
o6cytes and o6gonia 

spermatogonia 
through spermio- 
genesis except time 
of peak sensitivity 
spermatogonia 

Doubling 
dose ( r 4  Rcf. 

28 179 
60 180,181 
50 31-33 

140 31-33 
390 171 

Approximate calculation for natural rate corresponding to age of mice used in 76,69, 75. 

TABLE IX. CONPARISON OF APPROACHES TO QUANTITATIVE ASSESSXENT 
OF hIUTATIONAL DAMAGE 

RrZatirc effcci o f  
m l r l o t i ~ n ~ p ~ n  

KnwsIcdgc frequency of 
o f f  i condifion 

Higher than average. . . . . .  pi = 1 Small but unknown Small 
Lower than average.. . . . .  .Small but unknown f : = l  Large 

TABLE X. SOME OVER-ALL ESTIBL4TES O F  SOCLiL BURDEN 

Author Class of trails In  populalioa 

................. Rare heterozygotes.. 1.36 X 10-2 
................... Rare homozygotes. 1.0 X 10-3 

Shensonlt4 Rare sex-linked. ..................... 1.6 X 10-4 
. Common traits of hard interpretation.. 1.0 X 10-2 

U.S.A. Panel16 Tangible defects of genetic origin (1/2 
total) ............................. 

Kernpls. 191 Physical malformations and defects.. ... 
.......... Severe hereditary afflictions.. 



TABLE XI . LIST OF SPECIFIC TRAITS. n?m ESTIM-ATED INCIDENCES: CATEGORY I 
(A) ALTOSOM.~. DOJIINAST TRAITS 

Phenotype 
Ircc:unfY 

pcr million 

Trait Remarks 

Achondroplasia ............................. Chondrodystrophy 'Foetalis' 
Arachnodactyly ............................. RrIarian's syndrome 
Brachydactyly (major) ...................... Hands and feet affected-mean stature reduced 
Ectrodactyly ............................... Including all types of 'split hand' 
hlultiple exostoses .......................... Only a minority are troublesome 
Osteitis deformans .......................... 
Osteogenesis imperfects.. .................... Fragilitas ossium . Several types. all irregular dominant- 

genetical relationship not known 
Cranio-facial. cranio.cleidal. mandibulo-facial 

dysostoses ................................ A series of separate disorders individually uncommon 
.............................. Hypertelori sm 

Ataxia ..................................... Dominant hereditary ataxia-a group of which Friedrich's 
is the best defined 

Epiloia .................................... Tuberose sclerosis (9 living sporadic cases in N.I.) 
Huntingdon's chorea ........................ (Three families in N . Ireland known) 
Hydrocephaly internal obstructive ............ Includes stenosis of and forking of aqueduct of Sylvius- 

probably each due to irregular dominant gene 
Peroneal muscular atrophy ................... Charcot-Maric-Tooth discase 

............................. Spastic diplegia 
Dystrophia myotonica ....................... 
hluxular  dystrophy, limb girdle .............. Faces affected 

.......................... Myositis ossificans 
Deaf mutism (Deafness total hereditary) ....... Estimated 3 per cent of all hereditary deaf mutism due to 

dominant genes 
Deafness perception ......................... Early onset dominant type 
Deafness and cataract ....................... Severe early onset deafness and cataract 
Deafness ................................... Absence of or atresia of external auditory meatus 
Neurofibromatosis ........................... Von Redclinghausen's disease 

.................. Polyposis of colon, multiple 
Alopecia areata ............................. 
Anhidrotic syndrome ....................... Anhidrotic "ectodermal" Dysplasia 
Cephalo-facial haemangiomatosis .............. Naevoid Amentia 
Epidermolysis bullosa ....................... 

....................... Pityriasis rubra pilaris 
................. Telangiectasis haemorrhagica 
.................. Tylosis palmaris et plantaris 

...................... Urticaria pigmentosum 
.............. Xanthoma tuberosum multiplex Cutaneous xanthomatosis and essential hypercholesteraemia 

......................... Willebrand's disease I-Iaemophilia-like syndrome 
......................... Polycythaemia vera 

Spherocytosis ............................... Acholuric jaundice 
.......... Thrombocytopenia chronic recurrent 

.................................. Porphyria Dominant type genotype detectable but seldom causes illness 

Diabetes (insipidus) ......................... 40 
Cystic disease of lungs ....................... (Included here "congenital" bronchieaasis) 500 
hlegacolon ................................. Hirschsprung's disease 100 

.................................... Aniridia Dominant very irregular degree of manifcstatio~and~prob- 
ably several dominant mutants can cause 60 

...................... Cataracts "congenital" Types detected at birth or early-probably several different 
types 160 

Cataracts. senile and pre-senile ............... 2. 000 
.......................... Choroidal sclerosis Several types varying in severity and depending largely on 

location for disability caused 500 
................................ Colobornata Common-vary from slight iris defect to  big defects OGAS 

choroid and retina involving macula 250 
Corneal dystrophies ......................... Several types of very variable severity 140 
Fundal dystrophies .......................... 150 
Glaucomas. infantile and juvenile ............. 100 

............................. Hypermetropia Can only be arbitrarily accepted as a segregating trait a t  
about 10 100 

Keratoconus ................................ 20 
Macular dystrophies ......................... At least two dominant types occur 100 
Nystagrnus ................................. Familial idiopathic non-albinotic usually lateral 700 
Retinitis pigmentosa ........................ Relatively mild regular dominant type 150 
Retinoblastoma ............................. 58 
Subluxation of the lens ...................... Primary and not part of Marfan's syndrome 6 
Optic atrophy .............................. 7 - 

TOTAL 9. 555 



TABLE XI . LIST OF SPECIFIC TRAITS. WITH ESTIMATED INCIDEKCES: CATEGORY I (continued) 
(B) AUTOSOM. 4 ~ .  RECESSIVE TRAITS 

Ph=** 
ficoufnfy 
pn mason 

Trait &marks Birihr L i.. ?'ng 

Albinism ................................... Usual type with ocular signs . More than one mutant 
(?allele). can cause 130 130 

............................... Alkaptonuria 5 3 
Methaemoglobinaemia ....................... 5 5 
Phenylpyruvic acid amentia .................. Phenylketonuria 100 30 
Porphyria congenital ........................ Recessive light :ensitive type 50 5 

............................... Galactosuria 50 2 
................................. Gargoylism 20 4 

Amaurotic idiocy ........................... Warran-Tay-Sachs disease . Various types with difierent ages 
of onset . Different loci mutants? Alleles? 50 5 

Hepato-lenticular degeneration ............... Wilson's disease 10 3 
.............. Lawrence-hloon-Biedl syndrome 40 6 

Microcephal y. true .......................... Microcephalic imbecility 40 21 
Ataxia ..................................... 40 20 

............................ Choreo.athetosis 70 15 .......................... M yodonic epilepsy 50 6 
Spastic diplegia ............................. Spastic diplegia familial often with oligophrenia 50 18 

.......... Muscular dystrophy limb girdle type Face not affected 30 16 
Poikiloderrnia .............................. 10 3 

............. Epidermolysis bullosa dystrophica 20 6 
Ichthyosis congenita ......................... May be more than one type 10 - 
Anophthalmos .............................. 100 50 

......................... Corneal dystrophies Severe recessive type 5 5 
Glaucomas ................................. More than one recessive type with buphthalmos 15 15 

......................... Macular dystrophies Juvenile and adult types 10 10 
Miaophthalmos ............................ Pure type as distinct from those associated u-ithrother eye 

defects . Mental deficiency often associated . 100 100 
Myopia. high ............................... Segregating traits overlapping with ordinary refraction v w i -  

ations 3-6 types with other associated defects induded 
here. e.g. with microphakia and spherophakia 150 150 

Optic atrophy .............................. Very early onset type 50 50 
Retinitis pigmentosa ........................ Probably several independent mutants contribute 60 60 - - 

TOTAL 1. 260 738 

(C) SEX-LI~XED RECESSIVE TR~ITS 

Phcnolypr 
f r rpuf=f~ 
pn m d w a  

Trait Rcnzarks Births Lioinr 

Diabetes insipidus ........................... 50 5 . . Haemoph~l~a ............................... 100 66 
Christmas disease ........................... 10 4 
Iclithyosis vulgaris .......................... 6 6 
Muscular dystrophy ......................... Duchenne's type 176 24 
Megalocornea .............................. ? Only sex limited 20 20 
Optic atrophy .............................. Leber's type- really sex linked 15 10 
Retinitis pigmentosa ........................ 20 20 

- - 
TOTAL 397 155 

(D) S U ~ ~ A W R Y  OF TRAITS OF CATEGORY I 

Frcgucncj* grr miliion 

-%utosomal dominant ....................................... 9. 555 i. 100 
........................................ .A utosomal recessive 1. 260 738 

Ses-linked recessive ........................................ 397 155 



TABLE XII. LIST OF SPECIFIC TRAITS, WITH ESTIMATED INCIDENCES: CATEGORY 11 

Pknorypc 
frepurncy 

per  nill lion 
T r ~ i !  Remarks Bir!h  LLiling 

-4bsence of limbs or pans of limbs.. ........... .Congenital endogenous amputations 200 80 
Cleft palate and hare lip, together or separately. .Not including these anomalies occurring as parts of syndromes or 

associated with other gross defects 
Congenital dislocation of hip.. .Mostly limited in effects to females 

9iO 700 ............... 900 900 
Osreonecrosis. ............................... Includes osteochondritis di-cans and local, e.g. dk-si~f,Kien- 

bock, Kohler, Perthe and Schlatter 200 200 
Radio-ulnar defects. ......................... .Varying degrees ol absence and deformity, radius usually:primary 

and determining also hand defects 205 205 
Talipes-equino-vans, ........................ .Excluding, where recognized, those with neurological determining 

causes and when part of severe syndromes e.g. anencephalus 800 700 
Vertebrae, defects and fusions. ............... .A large group including I<lippel-Fiel syndrome, Sprengel's anomaly 

etc. 400 200 
Psoriasis. .................................. .Not known if all of one ori-gin-varying age of onset, duration of 

attacks and severity 3,000 3,000 
.......................... Ichthyosis vulgaris. 1,100 1,100 

....................... Deafness, otosclerotic.. 200 200 
Anencephalus. ............................... i.e. The live born with these defects usuallyl 360 - 

..................... Occipital meningocoele.. dying shortly after birth, with and with- 
............... 

80 - 
Hydrocephalus (Arnold-Chiari). spina bifida or rachischisis 300 - 

................... Lumbo-sacral spina bihda.. 800 100 
... Other central nervous system malformations.. 320 - 

...................... Cardiac malformations. 1,200 400 
................ Digestive tract malformations. 630 100 
............... Urogenital tract malformations. 200 40 - -  

T O T . ~  TUIT FREQUESCY 9,825 8,725 

TABLE XIII. (A) LIST OF SPECIFIC TFbiITS, WITH ESTIMATED INCIDENCES: CATEGORY 111 

Remarks Births Linn g 

Deafness total from birth. ................... .97 per cent of all genetic deafness a t  birth. A number of independent 
mutants involved. Relative fertility of homozygote about 1/3 264 264 

Fibrocystic disease of pancreas.. .............. .A generalized disorder of external secretory glands. For practical 
purposes, relative fertility of homozygote is zero 600 15 - - 

TOTAL TRAIT FREQUESCY 864 279 

TABLE XIII. (B) LIST OF SPECLFIC TRAITS, WITH ESTDIATED INCIDENCES: CATEGORY 111 (continued) 

Phcnarypc 
f i c q ~ f " ~  
per mrllron 

Trai: M a r k s  Births Li?ing 

Anaemia, pernicious.. ....................... .Addison's anaemia 1,300 1,000 
Diabetes mellitus.. .......................... 4,000 3,000 
Exophthalmic goitre.. ....................... .Graves's or Basedow's disease 1,700 1,500 
Manic depressive reactions. .................. .Based on severity requiring hospital admissions 4,000 2,500 
Schiiophrenia.. ............................. .Based on severity requiring hospital admissions 1,300 1,100 
Epilepsy. .................................. .Secondary to disease or injury 2,500 1,200 - - 

T ~ A L  PHENOTYPE F~EQUENCF 14,800 10,300 



TABLE XIV. DOMINANT CO-WITIONS IDENTIFIED IN THE NORTHERN I R E L ~ D  POPULATION BUT XOT IKCLUDED 
IN CATEGORIES 1 AND I1 FOR THE REASONS STATED 

A BECAUSE THELR EFFECTS ARE SLIGHT (most are common) 

Hand dejects: Brachydactyly thumbs, brachydactyly 1st finger, brachydactyly ls t ,  3rd, and 4th hgers: mmptodactyly; clino- 
dactyly; polydactyly (not part of syndrome) of radial side and of ulnar side (more common) of hands; syndactyly and symphalangim 
mostly 3rd and 4th finger (hundreds of cases of the above types are known but have not been sought out for special investigation); 
Dupuytren's contraccure familial. 

Foot defects: Garber's toe deformity; hallw valgus (familial cases may be associated with metatarsal anomalies); hammer toes 
(many are familial); syndactyly and symphalangism. 

0 t h  skelhl: Diaphyseal achalasia, epiphysitis punctata. 

Teeth anomalies (Other than parts of syndromes): Defective or absent enamel (various types) ; opalescent dentine; additional teeth 
(many types); absence of permanent incisors and pre-molars; some such anomalies are present in about 1.3 per cent of the population. 

Skin and kuir anomalies: Adenoma, cystic multiple benign; cysts, epidermoid; dermatomyomat multiple; anonychia and hypo- 
plasia of nails; leukonychia totalis; pachyonychia congenita; hair, white patches; hair kinky; hair woolly; hydroa aedvale; porokeratosis 

Eye anomalies: Eyelids-spasm, absence of tarsal plates, uncomplicated ptosis; absence fstula of lacrymal ducts; retina, opaque 
fibres; strabismus convergent and divergent (primary). 

Miscellaneous: Pelger's anomaly, elliptocytosis. 

Ear anomalies: Cat's ears, microtia; pre-helicine pits; lobule pits: accessory auricles. 

B. BECAUSE EVEN IF THE EFFECTS ARE SEVERE, THE ASOU.4LIES ARE PROBABLY PRESENT LT LESS T E 4 N  FIVE PERSONS PER ?dUL.IOK 

Skektul: Osteo-petrosis (Albers-Schbnberg) ; phocomelia; ankylosing spondylosis; polyostotic fibrous dysplasia (Albright's disease) ; 
multiple enchondroma; fibula absence or defect; oxycephaly; acrocephaly; syndactyly. 

Skin: Ichthyosiform congenital erythrodermia; keracosis follicularis spinulosa( Darier's disease) ;monilethriu; urticaria pigmentosa; 
tylosis palmaris et plantaris; pili torti; ma1 de hleleda; lipodystrophy progressiva without gargoylism. 

Miscellaneons: Milroy's disease: periodic paralysis; dominant microcytic anaemia; Waardenberg's syndrome: anotia. 

TABLE XV. CLASSES OF BIOIIETRICAL CHARACTER 
- 

Prrtumed posiliol: of Position of Position of 
Charackr social optimum s c k d i x  o$!itnum gopulation mean 

Birrhweight ................................. At selective optimum Intermediate finite value Below selective optimumljl 
Intelligence (measured as intelligence quotient) . . 4- Intermediate finite value Near and possibly even above 

present selective optimum:* 
far below social optimum 

Life-span ................................... + = Unknown: perhaps+ cca Below social optimum: probably 
below selective optimum 

" "+ -" implies positive and indefinitely large, always greater than the population mean. 
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Calculations concernirtg survival at or near birth and the 
distribution of birth-weights 

110. Both Karn and Penrose151 and Fraccaro18' have 
found in samples of several thousand births that the dis- 
tributions both of survivors S and non-survivors N 
through birth and the subsequent 30 days are Gaussian. 
Under these conditions the influence of the mean and 
variance of the over-all birth-weight distribution upon 
survival at or near birth can, at least approximately, be 
treated algebraically. Suppose birth-weight w to be meas- 
ured from the birth-weight at which S is maximal. 

Let S = So exp - w2/2u92 

N = N. exp - 1/2(-)l 
q* 

Then the curve determining survival is 
S 
- =  
N 

s o  1 - exp - - 
2u,2 

exp 1 ( 
No 2 ~ 4 2  - '732 

1 1  1 
where - = - - - 

0 ~ 2  u32 ud2 
and the over-all survival is 1 - Ewhere 
- 174 No 
k = 

a 3 0  f u4NO 
-m'Ug2 

Moreover, optimal survival is a t  o,,, = 
uca - 432 

and at this point 

Then the survival a t  w = a,,, is 1 - kml, 

N./s, exp - 1/2 ( "" 1 
'74" -2 

where k,l, = 

I + NJS. exp - 1/2 ( 
u,2 - .a2 



I t  is desirable to express the relation between k,,, and - 
k in terms of (1) the variance 422 of the over-all dis- 
tribution of birth-weights 

T(W) = S(W) + N (W) 

(2) the difference m between the mean of the over-all 
distribution of birth-weights and the birth-weight for 
optimal survival, and 

(3) the variance u12 which determines the shape of the 
birth-weight-survival relation. 

In terms of the parameters describing S(W) and 
N(W) 

If it is assumed that is small by comparison with 
unity, i t  is possible to write 

-. 

k 0 4  m'2 
r = - = -  exp 112 ( 

kml, at 442 - 43 
) + o m  

and so since a 2  = a52 + o(E) and a42 can be eliminated 
in terms of a12 and ~ 7 3 ~  

Comparison of ' as observed by Karn and Penrose 
with values calculated from the above formula and 
the parameters of their experiments gives 

To& 'C& 

Males 2.07 2.23 
Females 2.21 2.36 

111. On the basis of equ. (1) it is possible to estimate 
the consequences of small shifts in the mean or vari- 
ance of the distribution of birth-weights, assuming 
that the survival curve (k,,,, ul) remains constant, by 
the relations 

and 
. - 

Calculated numerical changes in r and in for 1 per 
cent changes in variance and in departure of mean 
from optimal birth-weight are given in table XVI 
calculated from the data of Kam and Penrose and 
Fraccaro. 

112. I t  has been estimated by Robsonla and by 
Penrose'4Q that some 40 per cent of the variance of 
birth-weight in a United Kingdom sample was due 
to genetic factors, either of the mother or of the foetus. 
Possibly only a small fraction of this is maintained by 
recurrent mutation. The other extreme possibility is 
that recurrent mutation maintains the \\?hole of the 
genetic component of the variance 412. In that event 
a 10 per cent change in mutation rate might lead to 
a 4 per cent change in 422 and so to changes in survival 
a t  and near birth amounting to 0.2-0.7 per cent. If the 
representative doubling dose for the polygenes con- 
cerned were to be 30 rad, this would then correspond 
approximately to the genetical influence of natural 
sources of irradiation upon survival a t  or near birth. 

113. The part played by genetic factors in maintain- 
ing the difference between the mean birth-weight and 
that for optimal survival is not known, but the most 
extreme possibility is again that recurrent mutation 
may be responsible for the whole of m. In that event 
a similar change in mutation rate might lead to 
changes in survival a t  or near birth amounting to 
0.2-0.8 per cent. These calculated upper limits apply 
to regions in which the total loss of infants a t  or near 
birth is in the range 4-7 per cent. They are illustrative 
of the need to resolve the underlying and more funda- 
mental problem of the part played by mutation in 
maintaining the current distribution of birth-\$-eights 
against the pressure of selection acting through this 
phenotype. 

T-ABLE XVI. CALCULATED CONSEQUENCES OF CHAKGES IN THE PARAMETERS 
GOVERNING BIRTH-WEIGIIT DISTRIBUTION 

Chnngcs due fo 1 pn cear chongc in a12 Changes due lo I pcr cetrl chczgc in m 
Swrcy Sampk 

Fractional change A b ~ l u f t  chongc F r a c f i d  chaalc Aberrlc change 
in r (pa rcnr) in fr  (pcr cent) in r (p, cent) in k Cpcr ccnl) 

IGrn and Penroseljl.. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  hlales 1.5 0.072 0.50 0.024 
Females 1.3 0.053 0.84 0.034 

Males 1.6 0.11 ........... 
Females 2.9 0.18 



Annex I 
L I S T  O F  R E P O R T S  

S U B M I T T E D  T O  T H E  C O b I M I T T E E  

1. This annex lists reports received by the Committee from Governments, specialized agencies, the International 
Commission on Radiological Protection and the International Commission on Radiological Units and Measurements. 
Abstracts have been inserted where appropriate. 

2. All those reports are included of which a sufficient number of copies for distribution in the A/AC.82/G/R. 
document series were received before 1 March 1958. 

3. The list also includes reports received after 1 &larch 1958, preliminary copies of which were submitted to the 
Committee prior to that date. 

Document 
hrumbn Coulitry and Ti& 

A pfrorimate 
No. of pages  

A/AC.82/G/R. 

1. USITED STATES OF AMERICA. The biological efezts of atomic radiation 
Summarizes general survey in which committees of experts covered the following 

subjects: genetics; pathology; meteorology; oceanography and fisheries; agriculture 
and food supplies; disposal and disposers of radioactive wastes. 

2. UETTED KINGDOM OF GREAT BRITAIX AND NORTHERN -~REL.~NI). T h  hau~lds  to man 
of nuclear and allied radiations 
General report covers both somatic and genetic hazards associated with radiation, 

present and foreseeable levels of exposure, and an assessment of the hazards in terms 
of associated actual and permissible levels. 

3. BELGIUM. Prelinzinary report on modern methods fur the evaluution of the biological e m t s  
of small doses of external radiution or absorbed radioactive materials 
Concludes that the most hopeful measurements are those of: 
1. DNases and cathepsins in plasma and urine. 
2. DNA synthesis in vitro by bone marrow or biopsy specimens. 
3. Platelet counts. 
4. Antibody synthesis. 

and that the Committee should re-emphasize the need of appropriate fundamental 
research in radiobiology. 

4. JAPAN. (Report consisting of eight parts, as follows:) 
(Part 1.) Researches on tlze efects of the H-bomb explosion at Bikini Atoll 1954 on 

animal ind~istry and sericzrllure in Japan 
Gives negative results of analysis by absorption method of radioactivity in milk, 

eggs and agricultural products following the Bikini explosions of hlay 1954. Related 
experimental feedings of animals with radioactive ashes were analysed chemically. 

(Part 2.) The radioactive contamination of agricultural crops in Japan 
Gives results of soil and crop analyses for total radioactivity before and after May 

1954 Bikini explosions, after subtraction of K'0 content, and with some radiochemical 
analysis. Radioactivity after the explosion was detected in soil, crops and other vege- 
tation which are distributed all over Japan. The possible route of contamination is 
discussed. 

(Part 3.) A preliminary report of reconzmendations on the modern methods 4 estimating 
the biological activity of small radiation dose 

Several current hematological findings in Japan are summarized and discussed. 
(Part 4.) The airborne radioactivity i n  Japan 
Analyses of airborne radioactivity by filter and by electrical precipitator are described 

and compared. Results of analyses 1954-1956 show poor correlation between peaks of 
contamination and trajectories of high-level air masses. 

(Part 5.) Report on the systemtic observations of the atmospheric radioactivity i n  Japan 
Describes methods of collection and analysis of fall-out in dust, rain and snow, and 

of airborne radioactivity, as used in a wide survey a t  meteorological stations. Results 
from April 1954-March 1956 are summarized and discussed and the cumulative de- 
positions of Sr9O is calculated. 

(Part 6.) On the distribirtion of natrtraliy radioactive ttuclicdes in Japanese islands 
Surveys of the distribution of naturally radioactive nuclides in Japanese waters and 

minerals are reviewed and summarized. 
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Document A fifiroximate 
-umber Country and Titk No. of pages  

A/AC.82/G/R. 
JAPAN (coratinzled) 

(Part 7.) RadiocIrentual analysis of radioactive fall-out observed i n  Japan 21 
Present methods and results of radiochemical analyses of ash from the fishing boat 

No. 5 fukuryu Maru and of rainwater and soil samples in Japan. 
(Part 8.) Fission prodwts i n  water we5 and q u a t u  organisms 24 
Describes fall-out distribution and uptake generally, with special reference to water 

and aquatic organisms and to the problem of Sr90. 
5. ~ ~ E S I C O .  First report on the studies of radwactke fall-out 15 

Gives full description and comparisons of sticky paper and pot methods, preliminary 
results May-July 1956 for total beta activity and intended expansion of programme. 

6. UNION OF SOUTH AFRICA. Preliminary report on radioactive f&out 2 
The preliminary result of the measurement of total beta activity of fall-out by 

porcelain dish method is described and results are given for January-June 1956. Sr90 
deposition was estimated by chemical analysis. 

7. UNITED STATES. Radioactive fall-out througlz September 1955 13 
Summarizes analysis of daily samples obtained up to end of September 1955 from 

twenty-six stations in United States and sisty-two elsewhere by gummed film method 
calibrated against collection in high walled pots (see document A/AC.82/INF.l). 
Cumulative deposition of mixed fission products, integral gamma doses and Sr90 de- 
posits are calculated and compared with other findings, including Sr90 content of soils 
and milk. 

8. CHINA. Reports by the d t o m u  Energy Council of the Executive Yuan  of the Republic 
of China 8 
Briefly notes the radium content of certain Chinese and other waters and the occur- 

rence of radioactive sailfish and dolphin in seas off Taiwan, June 1954. 
9. CANADA. Report on waste disposal system ai the Chalk River P h n t  of Atomic Energy of 

Canada Limited 15 
Describes procedures and results of ground dispersal of radioactive wastes from a 

natural uranium heavy water-moderated reactor. 
10. The Canadian progranzme for the investigation of the genetic effects of ionizing radiation 15 

Describes a proposal to modify the sy,fem of recording of the national vital statistics 
so as to render useful for genetic analysls the information contained in certificates of 
births, marriages and deaths (see also document -4/AC.82/G/R. 58/Add. 1, annex 12). 

11. UXITED STATES. Pathologic effects of atomic radiation 100 
Present knowledge of the pathological (non-hereditary) effects of radiation is sur- 

veyed extensively by a committee. Includes separate sections by sub-committees or 
individual members on: acute and long-term hematologcal effects: toxicity of internal 7 
emitters; acute and chronic effects of radioactive particles on the respiratory tract; 
delayed effects of ionizing radiations from external sources; effects of radiation on the 
embryo and foetus; radiation in a disturbed environment; effects of irradiation of the 
nervous system: radiation effects on endocrine organs. 

12. CANADA. Levels of strontitrm-90 i n  Canada 7 
Gives figures for Sr90 and S@ in milk powder a t  seven stations, November 1955- 

May 1956. The Sr90 level averages 4.8 ctpc/grn Ca. Cumulative total beta activity and 
calculated SrOO content of fall-out analysed by United States AEC from gummed 
papers, are summarized annually for 1953 to 1955. Independent Canadian measure- 
ments by methods which are not described differ from these by factors 2-5. 

13. NEW ZEALAND. -Wok by New Z m h d  12 
Gives brief notes in reply to the questions contained in individual paragraphs of 

annexes to letter PO 131/224 of 9 April 1956 (annexes derived from A/AC.82/R.10). 
Other sections describe: measurements of radioactivity (only radon found) collected 
from air a t  Wellington by filter and by electrostatic precipitator February 1953-May 
1956, also by an impactor method in 1953 and in rainwater on certain dates November 
1955-AIay 1956; results of measurements of total beta activities of fall-out by sticky 
paper method May- July 1956. 

14. NORW-4~. Report of three parts 9 
Suggests taurine biochemistry and lens opacities as biological indicators for low 

doses. Gives notes on disposal of small amounts of radioactive wastes. Describes and 
gives results of analyses by pot method in 1956 of total beta activity due to fall-out 
on ground. in air, in drinking water and accumulated in snow falls. Includes some 
analyses for Sr90. 

14/Add.l Addetzdum to Part I 7 



Document Approximate 
~Vztmber Country and Title ,Yo. of pages 

SWEDEN. Report of fifteen parts 
The fifteen sections cover: consumption of the doses to the gonads of the population 

from various sources; thorough survey of natural radioactivity including estimates of 
u-eeldy dose-rates; measurements of gamma radiation from the human body; measure- 
ments of fall-out (1953-1956) including total beta activity, gamma ray spectrum and 
migration of SrgO into soils, plants and grazing animals, content of certain isotopes as 
well as research upon certain related physical quantities; considerations of occupa- 
tional (medical) exposures. Methods used are extensively described throughout. 

Corrigendzcm to parts 1 and 9 
Corrigendum to part 9 

FRA~-CE. Report of three parts 
The report includes three main parts: 
1. hlethods of measuring: the radioactivity produced by  nuclear explosions and 

nuclear industry; natural or artificial radioactivity in living beings; the atmospheric 
radon. 

2. Reports on measurements relative to: natural radioactivity of rocks: radio- 
activity of soil and water; natural and artificial radioactivity of air, water and soil; 
occupational radiation exposure. 

3. Studies on genetic effects of radiations and on the descendants of patients 
treated with pelvic radiotherapy. 

Addendum to above report 
Czacaos~ov.-isu. Nalural radioacti-jily of water, air and soil in the Czechoslmak Republic 

Briefly draws attention to deviations from reciprocity and to the partiaI reversibility 
of many radiation induced phenomena, to the possible use of organisms in a state of 
abiosis as integral dose-indicators. to certain specially radiosensitive organisms and 
responses, and to questions of threshold. An extensive survey reviews many studies 
of natural radioactivity. 
KOREA, REPUBLIC OF. Report concerning the request for information on natzrral radiation 

background 
Describes counters used for monitoring radiation background and gives results (cpm) 

from January 1955 to June 1956. 
AUSTRIA. Information prepared by the Austrian Government relating to the effects of 

atomic radiation 
Describes radioactive warm springs a t  Bad Gastein, giving activity levels in water 

and air. Outlines wide scope of biological and instrumental research a t  Gastein Institute. 
UNITED KENGDOM. Th8 radiological dose to persons in the United Kingdom due to debris 

fronz nuclear test explosions prior to Jantrary 1956 
Summarizes measurements of total beta activity and Sr" content of fall-out a t  

ground stations, in rainwater and in the air over the United Kingdom during 1952- 
1955. Includes calculations of time-integrated gamma ray doses. 

Corrigendum to above report 
UNITED STATES. Project Sunshine Bulletin No. 12 

Presents and discusses results of SrQO analyses since 1 December 1955. Includes Srw 
concentration in human and animal bones, animal products, vegetation, soil, precipita- 
tion, other water, and air. 

Siunzmary of analytical results from the Has1 Strontium Progranz to June 1956 
Summarizes the data of research on Sr9O conducted by Has1 since 1951. Includes the 

Srgo content in fall-out, soil, vegetation, human and animal bones, human urine, milk, 
cheese, clrinking water, and fish. Fall-out measurements and samples cover not only 
United States of America but also several other countries. 
ARGENTINA. Preliminary report on possible methods of estimating tlte biological effects of 

small doses of radiation 
Among biological effects of small doses of radiation, emphasizes especially: measure- 

ment of DNA synthesis using P32 and Cld radio-autography, histochemical and 
electron microscopic examination of changes in lymphocytes and other components of 
peripheral blood. 
UNITED STATES. The effect of exposz~re to the atontu bombs on pregnancy termination in 

Hiroshima and Nagasaki 
Gives full account of survey of pregnancies in Nagasalu and Hiroshima from 1948 

to 1954: sex ratio, congenital malformations, still births, birthweights. neo-natal deaths, 
certain anthropometric measurements a;t nine months, and autopsies were compared 
~ i t h  parental irradiation histories. No significant correlations were found. 
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D o c u d  Q Approximak 
Number Country and Tille No. of pages 

A/AC.82/G/R. 
25. HUNGARY. Unztsual radioactivity observed i n  tire atmospheric precipitation in Debrecen 

(Hungary) between 22 April-31 December 1952 13 
Describes methods and discusses results of measurements of total beta activity of 

fall-out at  Debrecen, April-December 1952. 
26. BELGIWI. Report consisting of five parts 50 

1. Gives results of clinical observations of patients treated with X-rays, Ra or 1181 
and of persons occupation?lly exposed. 

2. Gives results of studles relating to: the medical and physical control of persons 
occupationally exposed: the absorbing materials; and the radioactive contamination 
of the atmosphere. 

3. Considers preventive or curative methods of syndromes of acute irradiation. 
States results of doses received by the occupationally exposed personnel of the Institut 
du cancer of Louvain, Belgium, and of hematological examinations of them. 

4. Describes methods for measuring the radioactivity in rain and surface waters. 
Gives results of measurements of radioactivity in rainwaters. 

5. Describes method for measuring the radioactivity of atmospheric dust by con- 
tinuous filtering of air. 

27. SWITZERLXSD. Letler from the "Service fakral de l ' l tygid?~ publique", Bern 6 
Gives brief description of studies on atomic radiations conducted in Switzerland. 

28. ARGENTINA. Information summary on the preliminary work carried out in Argentina 
for the measztremettt and study of radioaciive fall-out 2 

Gives summary description of methods tried in Argentina for measurement of total 
fall-out radioactivity and airborne radioactivity. 

29. AUSTRALL~. (Report consisting of six parts, as follows:) 17 
(Part I.) Human  genetics 
Report gives recommendation as to the kind of human mutations which could be 

scored: several dominant autosomal genes should be investigated (gives list of such 
genetical abnormalities). 

(Part II.) PIant genetics 
Gives plan of research to be organized. 
(Part I I I . )  Radio-biological unit in the University of Adelaide 
To be established. 
(Part IV.) Natural radiation background and environmental contamination 
Describes future organization of investigations on natural radiation background and 

contamination; radioactivity of food will be determined. 
(Part 17.) Occupational exposure i n  Australia 
Describes monitoring system in application since 1940 and summarizes observations 

done by the use of film badges (gives statement of per cent of personnel having received 
a specified per cent of the permissible dosage). 

(Part VI.) Health and safety precazttio9ts i n  uratti2rnz mining and milling i n  Aztstralia 
Describes health and safety precautions in uranium mining and milling. 

30. UNITED KIXGDO>I. Radio-strontium fall-out i n  biological materials i n  Britain 46 
Describes methods for determination of Sr90 in soils and material of the biological 

cycle: gives results of measurement effected in England up to spring 1956. 
31. FEDERAL REPUBLIC OF GERMANY. Replies to the questions put by the United Nations 

Scienti$c Conzvzittee 072 the Effecls of Atomic Radiation 6 
1. Levels of natural radiation background. 
3. Summarizes long-term research in biology and medicine under the direction of 

Langendorf (genetic effects, restorations, physicochernical effects); Rajrdski (effects 
of natural radioactivity, accumulation of nuclides in tissues); Alarquardt (research on 
natural mutation rates and their modification by irradiations): Other institutes 
(pathological and physicochemical effect). No details given-refers to scientific 
publications. 

32. I N D I A .  Procedure used i n  India for collection of fall-out samples and some data on fall-out 
recorded i n  1956 12 
Describes methods for measurements of airborne actix-ity by filtration, and of de- 

posited fall-out with daily and monthly collection. The information includes tables 
p i n g  results. 

33. External radintio7t dose received by the inlzabitants of nzonozite areas of Travancore- 
Cochin , Izzdia 9 

Contains results of a survey to measure the radiation level of the Indian State of 
Travancore. The radiation level due to gamma-rays a t  about three feet above the 
ground level ranges from 6,000 to 100 mrad/year, approximately. The main con- 
tributors are thorium and its decay products. 
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Document 1 A fifloximate 
Number Counlry and Title No. of pages 

A/AC.82/G/R. 

t34 and Add.1 $BRUIL. On tlze intensity levels of natural radioactivity in certai?? selected areas of Brazil 46 
States that Brazil has areas of intensive natural background where thorium sands 

are present. Gives description of a survey on four sample areas which were selected 
with regard to: 

(a )  The geological structure and genesis of their active deposits; 
(b) The extension, configuration and intensity of their radiometric levels: 
(c)  The extent and variety of possible biological observations and experiments. 

34/Corr. 1 Corrigendum to above report. 6 
35. WORLD ~~'IETEOROLOGICAL ORGANIZATION. Summary of comments of W h f O  on pro- 

cedures for collection and analysis of atmospheric radioactivity data 5 
Comments on meaurements of fall-out and airborne activity: stresses the importance 

of co-operation between meteorologists in selecting sites wherefrom to obtain samples. 
36. BUZIL. ~lfeasurements of long-range fall-out in Rio de Janeiro 13 

Gives information on measurements of airborne activity done in Rio de Janeiro, 
including tables showing decay curves of activity of samples and concentration of 
fission products in air during the period May-July 1956. 

37. UNION OF SOVIET S O C L ~ I S T  REPUBLICS. On the methods of indicating the changes pro- 
duced i n  the organism by small doses of ionizing radiation 13 
Gives an enumeration of many methods which might be used as tests for small 

dosages: but these are based on certain symptoms which have not yet been worked 
out to give a quantitative response, i.e. vegetative-visceral symptoms, nervous symp- 
toms (like the increase in threshold of gustatory and olfactory sensitivity, etc.), skin 
vascular reactions, electroencephalogram. 

Blood symptoms are also described (alterations of thrombocytes and lack of a 
leucocptosis response to  the injection of Vit. B-12). 

Certain "immunological" symptoms are quoted, like the bactericidal properties of 
saliva and of skin. 

38. BRAZIL. Absorptio?~ czrve of fall-out prodrlcts 5 
Is connected with document A/AC.82/G/R.36; gives absorption curve for fission 

product of an airborne activity sample obtained by filtration. 
39. USSR. Content of natural radioactive substances in the atnzospkere and in water in the 

territory of the Union of Soviet Socialist Republus 23 
Studies content of natural radioactive substances in the atmosphere and in waters; 

geochemical considerations on mechanism of contamination of waters and description 
of radio-hydrogeological methods. Gives methods of measurement of airborne activity 
and results, and includes tables giving content of natural radioactive products in air 
and waters. 

40. Study of the atmospheric content of strontium-90 and other long-lked fissions prodiccts 8 
Gives measurements of airborne fission products (Sr90, CslE, Ce'44 and Ru106): 

methods for collection of samples and their radiochemical analysis; results and 
comments. 

41. On the behaviour of radioactive fission prodzlcts i n  soils, their absorption by plants and 
their accumulation in crops 176 
Report of two parts: 
Part I.-Experiments of absorpuon and desorption by soil of fission products and 

especially of isotopes such as Sr9O + Yw, Cs137, Zr95 + Nb9j and Ru106 + Rh 106 are 
described. Theoretical analysis is also described. 

I t  was observed that Sr90 + Y90 is absorbed through ion exchange reaction, and is 
completely or almost completely displaced from the absorbed state under the action of 
a neutral salt such as CaCl?. Radioactive equilibrium between SrgO and Y9O is de- 
stroyed during the interaction with soil. 

Displacement of absorbed radiocesium is greatly affected by the potassium ions, but 
not highly affected by NaN03  or CaCl2 compared with SrgO + Y90. Zirconium and 
ruthenium absorbed by soil exhibit a much lower susceptibility to desorption into 
neutral salt solution, though their absorption is less complete. The disturbance of the 
equilibrium occurs also by absorption or desorption. 

Part II.-The results of experiments on uptake of fission products by several agri- 
cultural plants are described. In water culture, the bulk of radioactive isotopes of 
cesium and strontium is held in the above-ground organ of plant, while Zr, Rh and 
Ce are mainly retained in the root system. Sr and Cs are likely to accumulate in 
reproductive organs of plants in larger quantities than Zr, Ru  and Ce. The plant up- 
take is affected by the concentration of hydrogen ions in the solution. Plants' uptake 
of fission products from soils is considerably smaller than from aqueous solution, and 
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cesium was found to be less absorbable from soil, compared with other isotopes, while 
cesium is among the fission products most strongly absorbed by plants in water 
culture. These facts can be explained by the absorptive and desorptive capacity of the 
isotopes of the soil. The properties of soil as well as the application of lime, potassium 
or mineral fertilizers greatly affect the plant uptake. When a soluuon of fission 
products was applied to leaves of a plant, radio-isotopes were observed to pass to 
other organs. Radiocesium was the most transmovable among the isotopes tested. 
MEXICO. First studies oft radioactive fall-out 

Revised form of UN document A/AC.82/G/R.5. 
JAPAN. The effect of momentary X-ray exposure in a s d  dose upon the peri$heral 

blood picture 
Decrease in lymphocyte number after single 60 mr exposure in humans. Decrease 

in lymphocyte count varies from 10 to 50 per cent-the maximum drop occurs thirty 
minutes after irradiation, and may be followed by an increase in lymphocyte count. 

Hematological e J ~ t s  of single exposure to small doses of X-ray 
Hematological effects during routine chest examinations. Dosages up to 3r. Most 

constantly observed are: increase in neutral red bodies and Demel's granules in 
lymphocytes and late decrease in mitochondria1 index of lymphocytes during the 
four-hour period following the irradiation. The cytochemical identification of these 
various granules and their biological si_gnificance should be established unequivocally. 

Morphological changes of platelets in chronic radiation injuries 
Platelet morphology in chronic irradiation injury in rabbits (chronic 0.115 r/day or 

0.231r/day), X-ray workers (dosage not evaluated) and persons exposed to atomic 
bomb within 4 km from epicentre (nine years after the exposure). 

Even if platelet count is normal, area index (proportional to average area) is in- 
creased markedly, and may remain so nine years after irradiation and is not neces- 
sarily related to low platelet count. Other morphological changes are also shown. 

This observation should be repeated by other groups. 
EG~TT. Preliminary report on environnrental iodine-131 measurement in sheep and 

catlle thyroids in Cairo, Egypt 
Contains measurement of radioactivity of 1131 deposited in thyroids of sheep and 

cattle which were brought from all over Egypt, Sudan and north coast of Libya. 
Sampling was made during the period from hlay to October 1956. 
USSR. Preliminary data on the effects of atomic bomb explosions on the concentration of 

artiJicia1 radioactivity i n  the lower levels of fhe atmosphere and i n  the soil 
Contains description of methods of measurement of radioactive products in the air 

a t  ground level and high altitude and gives results of observations. 
Also contains the following conclusions: 

(1) The existing technique for detecting the presence of artificial radioactivity in 
the lower atmosphere and the technique for determining the integral activity of 
aerosols deposited on the earth's surface makes it possible to estimate the level of 
contamination of the soil by radiostrontium (strontium-90). 

(2) The accumulation of radiostrontium in the soil in various areas of USSR ter- 
ritory is attributable partly to the explosion of atomic bombs in USA and partly to 
explosions set off in USSR. The lower limit of activity of the strontium-90 which has 
accumulated in the past two years (19541955) is as high as about 30 millicuries per 
km2 in certain towns (cf., for example, Adler). 

(3) Since radiostrontium is readily caught up in the biological cycle, suitable projects 
must be put in hand to determine the permissible levels of contamination of the soil 
with radiostrontium (strontium-90) and other biologically dangerous isotopes. 

Programme of scientific research on the e f a t s  of ionizing radiutions on the health of 
present and futzrre generations 

Describes a programme of research intending to study the effects of radiation a t  
dosages 1 or 2 orders of magnitude above background intensity, of contamination of 
the air and soil and life in areas of high natural radioactivity. 

Summaries of papers presented at the Conjerence on tlze remote consequences of injuries 
caused by the action of ionizi?zg radiatiolt 

34ostly concerned with effects of various radionuclides and external radiation on 
different mammalian populations (Hematology, carcinogenesis, f~rtility mostly 
studied). Twenty-two papers are summarized. 

Contribzrtions to the s t l~dy  of the metabolism of caesiunt, stro?ztit~m and a mixtztre of 
beta-emitters  it^ cows 
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The metabolism of Csl37, S14989.90 and a number of mixed beta-emitters has been 
studied in cows (milk, urine, faeces, tissues). 

Str07ztil~m: about 10 per cent given is absorbed in intestine and 1.45 per cent is 
retained in bones, and twenty times less in the soft tissues. The rest is excreted by 
milk or urine. 

Caesizrm: about 25 per cent given is absorbed in intest ineone fifth of this is re- 
tained in muscle and less than one tenth of this amount in other organs or skeleton; 
the rest is eliminated in the milk or urine. 

51. UNITED IGNGDO~I. The  genetically signi$cant radiation dose from the diagnosis use of 
X-rays in England and Wales-A prelinzinary sztrvey 11 
Contains an analysis of number of X-ray diagnostic examinations performed per 

annum in England and \Vales, and a subdivision obtained from five selected hospitals 
into types of esaminations. and into age and ses of the patients examined. In addition, 
an assessment is made of the minimum dose received by the gonads in each type of 
examination, and the probability of reproduction as a function of age. The results show 
that it is unlikely that the genetically significant radiation dose received by the popula- 
tion of England and Wales from X-ray diagnosis amounts to less than 22 per cent of 
that received from natural sources and it may well be several times greater than this 
figure. Most of this radiation is received in a few types of esaminations, undergone by 
relatively few patients, and by foetal gonads in examinations during pregnancy. 

52. RoM~NI.~. Organization and results in radiobiological research work in the .Romanian 
People's Republic 5 
Describes the following: 
(1) and (2) Protective effects of narcosis during irradiation only. 
(3) After 325 r, up to eleven days narcosis increases biological effects (does not state 

what criteria of biological effect). 
(4) Hibernation (25' C) protects. Hibernation between 18'-25' C enhances effect. 

Does not state if this is during or after irradiation. 
(5) Hematological tests after 350 r. 
(6 )  Caffeine or aktedron during irradiation enhance effect; caffeine or alitedron 

after irradiation diminish effect. 
Suggests roentgenotherapy under conditions of protection (narcosis). Gives pro- 

gramme for radiobiology research in 1956-1957. 

53. USSR. Report consisting of two articles: 10 
Part 1. The effects of ionizing radiations on the electrical activity of the brain 
(a )  Grigorev's research work states: gamma-rays depress electrical action of human 

brain. Does not confirm Eldrid-Trowbridge, who do not find effect on monkey. 
(b) Describes effects of beta-rays of P32 (0.05 mc/kg up to 1 mc/kg) on electro- 

encephalogram of dogs. This was followed by radiation sickness (if dose > 0.5 mc/kg) 
and by hematological effects. A special implantation method of the electrodes is used. 
Injection of 0.09 mc/kg gives change in amplitude five minutes after the injection 
(reduction in amplitude). After 0.5 mc/kg lowering of electrical activity lasts for 
several days. For dosages above 0.1 mc, part of the repression of brain activity is 
probably a result of the radiation sickness induced by such high dosages. 

Part 9. On the beta-radiation mtirn'ty of human blood 
Report on radioactivity of human blood: 100 cc of normal blood have a radio- 

activity of 1.7 to 3.64.10-10 curies (due to K"). Permits the determination of K 
content of whole blood. Same values are found in different pathological conditions. 
No data on people working with radioactive material. 

54. UNITED STATES. Some efects of ionizing radiation on human beings 106 
A report on the Marshallese and Americans accidentally exposed to radiation from 

fall-out and a discussion of radiation injury in the human being. Gives general and 
clinical symptomatology in relation to the estimated dosage and to internally de- 
posited radionuclides. 

55. Background radiation-A literature search 43 
The results of literature search about background radiations dosage to human beings 

are described and classified into three categories: 
(1) Cosmic radiation; (2) terrestrial radiation sources: and (3) radiation from internal 

emitter. The cosmic radiation is important for the evaluation of natural background, 
since i t  is estimated very roughly to contribute about a quarter of total backgroufld 
dosage to the human population a t  sea level and high latitude. However, its intensity 
varies with various factors, such as altitude, geomagnetic latitude, barometric pressure, 
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temperature etc. Facts directly related to biological effects of cosmic rays are also 
reviewed. 

Radiations from naturally-occurring radioactive isotopes form another important 
part of the natural background. The contribution which comes from land is mainly 
due to IC40, Razz6, ThB2 and Urn and the decay products of the last three nuclides. 
The radium concentrations in surface water and public water supplies in various 
districts are tabulated. The atmospheric concentration of Rn and Tn is greatly de- 
pendent on the locality, atmospheric condition and degree of ventilation, if indoor. 

The population dose due to the natural background radiation is difficult to evaluate 
in general, because of the statistical nature and varying conditions involved in nations. 

Operation Troll 37 
Operation Troll was conducted to survey the radioactivity in sea water and marine 

life in the Pacific area during the period from February to hlay 1955. The general 
conclusions obtained are as follows: 

1. Sea water and planlcton samples show the existence of widespread low-level 
activity in the Pacific Ocean. Water activity ranged from 0-570 d/min/litre and 
plankton from 3-140 d/min/g wet weight. 

2. There is some concentration of the activity in the main current streams, such as 
the North Equatorial Current. The highest activity was off the coast of Luzon, averag- 
ing 190 d/min/litre down to 600 m (1 -April 1955). 

3. Analyses of fish indicate no activity approaching the maximum permissible level 
for foods. The highest activity in tuna fish was 3.5 d/min/g ash, less than 1 per cent of 
the permissible level. 

4. JIeasurements of plankton activity offer a sensitive indication of activity in the 
ocean. 

5. Similar operations would be valuable in assessing the activity from future tests 
and in gathering valuable data for oceanographic studies. 

Go7zadal dose in  roentgen examinations-A literature search 6 
Contains results of literature research which show the estimated contribution of 

gonadal dose by standard medical roentgenographic procedures. Contribution to the 
gonadal dose of certain examinations, such as examinations of teeth, skull, chest and 
extremities, is relatively insignificant, when compared to the case of pelvic and ab- 
dominal examinations. I t  should be noticed that the dose to the foetal gonad is 
important genetically. 
WORLD HEALTFI ORGANIZATION. Ex't of radiafiotl on human I t e r e d i t p  

Report of a Study Group (Copenhagen, 1-11 August 1956). 148 
1. Document A: Reply to a question raised by the United Nations Scientific Com- 

mittee on the Effects of Atomic Radiation. 
2. Report of the study group concerning general questions and recommendations 

for future progress and research. 
3. Annexes 2-9 and 11-12 of the above report, being papers presented by various 

members of the group. 
These annexes were: 
Types of mutation a t  known gene loci and possibility of hitherto unrecognized 

mutations being induced. Irradiation of animal populations: results and work needed- 
T. C. Carter. 

Some of the problems accompanying an increase of mutation rates in Mendelian 
populations-Bruce Wallace. 

Exposure of man to ionizing radiations, with special reference to possible genetic 
hazards-R. M. Sievert. 

Detection of induced mutations in offspring of irradiated parents-J. Lejeune. 
Gonad doses from diagnostic and therapeutic radiology-W. hI. Court Brown. 
lllutation in man-L. S. Penrose. 
Possible areas with sufficiently different background-radiation levels to permit de- 

tection of differences in mutation rates of "marker" genes-A. R. Gopal-Ayengar. 
Comparisons of mutation rates a t  single loci in man-A. C. Stevenson. 
Effect of inbreeding levels of populations on incidence of hereditary traits due to 

induced recessive mutations-N. Freire-Maia. 
Detection of genetic trends in public health-Harold B. Newcornbe. 
Annexes 1 and 10 of the above report of the WHO Study Group on the effect of 

radiation on human heredity. 47 
These annexes were: 
Damage from point mutations in relation to radiation dose and biological conditions 

-H. J. hquller. 
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Some problems in the estimation of spontaneous mutation rates in animals and 
man-James V. Neel. 

NETHERLANDS. Radioactive fall-out nzeasurenrents in the Netherlands 
Describes methods used for collecting samples of airborne r ad ioac t iv i~  and of 

deposited fall-out, and methods of measurement. 
Includes tables of results for 1955 and 1956; calculation of gamma doses and 

quantity of strontium-90 computed from total activity. 

UNITED KINGDOM. Genetic research i n  the United Kingdom 
Relevant programmes of genetic research in the United Kingdom and their in- 

vestigators concerned are listed under the headings: 
(i) Fundamental research upon mechanisms; 

(ii) Population structure; 
(iii) Quantitative data on human mutation. 

60/Add. 1 Suggestions for research in radiation genetics 
General considerations are reviewed and a list of suegested programmes of research 

in the fields (i) to (iii) is appended. 

61. JAPAN. Current and proposed progranznzes of research and investigation related to radia- 
tion genetics i n  Japan 
A brief survey of current and planned research in Japan relevant to radiation 

genetics, covering both human surveys and experimental work. 
61/Add. 1 Table 1 (2) to abwe report: 

Experimental data with beta radiation 
62. Radiochenzual analysis of Sr90 and Csl37 

Discusses methods of radiochemical analysis of Sr90 and Csls, including separation 
of strontium by precipitation and by ion exchange. Experiments for determining the 
best conditions for ion exchange separations are reported. 

63. Review of the recent researches on the biological effects of ionizing radiation in Japan 
Contains brief abstracts of fifty-five papers from the Japanese literature dealing 

with (1) research on biological indicators of the effects of ionizing radiation in small 
and large doses, and (2) research on counter measures to  alleviate radiation injury. 
Classical and more modern morphological, histochemical and biochemical methods 
of observation were used for the assessment of radiation damage. Most studies were 
performed on mammals. It  is emphasized that it is very difficult to  obtain reliable 
biological indicators of damage by small doses and that haematological methods are 
still the most suitable in man. 

64. UXITED STATES. Shortening of life i n  the ofspring of nmle mice mposed to neutron 
radiation from a n  atomic bomb 
Length of life in the offspring of male mice exposed to  moderate doses of acute 

neutron radiation from a nuclear detonation is shortened by 0.61 days for each rep 
received by the father over the dose range tested. This figure excludes death before 
weaning age. The 95 per cent confidence limits are 0.14 and 1.07 days per rep. p t r a -  
polating to  a proportional shortening of life in man gives twenty days per rep received 
by the father as the point estimate and five and thirty-five days as the 95 per cent 
confidence limits. The offspring were obtained from matings made from nineteen to 
twenty-three days after irradiation and, therefore, represent the effect of irradiation 
on germ cells in a post-spermatogonial and sensitive stage of gametogenesis. It  is pro- 
bable that irradiation of spermatogonia (the stage that is important from the point of 
view of human hazards) would give a somewhat smaller effect. However, since the 
present data show an effect on the offspring which is as large as  the shortening of life 
in the exposed individuals themselves, it seems likely that,  even when allowance is 
made for the conditions of human radiation exposure, shortening of life in the im- 
mediate descendants will turn out to be of a magnitude that will warrant serious 
consideration as  a genetic hazard in man. 

65. Gamma-ray sensitivity of spermatogonia of the mouse 
Relates the depletion of spermatogenic cells to  killing of spermatogonia, the re- 

population being related to  the maturation of surviving cells. 
66. Some delayed efects of low doses of ionizing radiations in small laboratory animals 

A quantitative study of the life span, the incidence of leukemia, tumours (lung, liver, 
overy), and lens opacities as  a response to low dosages (less than 100 rads). 

67. Eflects of low-level radiation (1 to 3 r )  on mitotic rate of grasshopper neurobhts  
A study of the inhibitions of mitotic rate and of its possible relationship with the 

alteration of chromosome structure. 

213 
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68. Effects of low doses of X-rays on enzbryofzic development i n  the mouse 6 
Effects of 25 r applied during different stages of embryonic development on skeletal 

malformations appearing in the young. 
69. S ~ D E N .  Does there exist mutational adaptation to chronic irradiation? 7 

,h account of an experiment in which a population of Drosophila heavily irradiated 
for many generations was compared with a control unirradiated population in respect 
of radiation-induced mutability. NO significant differences were found. 

70. JAPAN. Radiological data i n  Japan 5 8 
The report is a compilation of data on radiation exposures in Japan. Data are ar- 

ranged as suggested by  the Scientific Committee a t  its October 1956 meeting. 
70ICorr. 1 Corrigendz~?n to above docu?nent 5 

71. UXITED STATES. Occupatio~zal radiation exposures i n  Atontic Energy projects 9 
A series of five tables concerning yearly exposures from 1947 to 1955 from external 

and internal radiation sources. 
72. Worldwide effects of atomic weapons 96 

(A comprehensive preliminary report on the Sr90 problem up to 1953). 
-4 preliminary report discussing the various aspects of long-range contamination 

due to the detonation of large numbers of nuclear devices. An improved methodology 
for assessing the human hazard is developed, and an extensive experimental pro- 
gramme is proposed. 

73.  maximum pervzissible radiation exposures to man 6 
A preliminary statement of the U.S. National Committee on Radiation Protection 

and Measurement. The recommendations given by the Committee in National Bureau 
of Standards Handbook 59 have been revised and the maximum permissible dose- 
levels have been lowered. The concept of "accumulated" dose for occupational con- 
ditions differs from the ICRP recommendations of 1956. For the whole population an 
annual additional exposure of 2.5 times the exposure from natural radiation sources 
is allowed. 

74. Gonadal dose produced by the medical m e  of X-rays 105 
A survey of diagnostic X-ray exposure with an attempt to estimate the genetically 

significant dose in the United States. The estimate has been made under the assump- 
tion that patients undergoing X-ray examinations have a normal child expectancy. The 
authors have assumed that the genetically significant dose can then be evaluated as 
approximately equal to the average gonad dose for patients below the age of 30. 
Using exposure data which are considered fairly representative of American practice 
they arrive a t  130-140 mrem/year and 50 mrem/year as being the most probable 
and the minimum figure respectively. 

75. Summary of current and proposed programmes of researclz i n  the U.S.A. related to 
radiation genetics 10 

A survey by investigator and title of current and proposed programmes of research 
in the United States related to radiation genetics. 

76. FOOD AND AGRICULTURE ORGAATZATION OF THE UNITED NATIONS. Principal calcium 
contributors in national diets in relation to effects of atomic radiationfrom Sr90 4 
Gives a general idea of foods contributing to the calcium uptake of human beings in 

various parts of the world in relation to the different food habits of these people. Data 
still quite preliminary. 

76/Rev.l FAO. Principal calcium conlributors i n  national diets in relation to effects of atomic 
radiation from strontium-90 8 
This paper replaces the preliminary note circulated as U N  document A/AC.82/- 

G/R.76. 
77. NORWAY AND SWEDEN. Radioactive fall-out over the Scandinavian peninsula between 

July  and December 1956 6 
In this report, fall-out and rain precipitation figures over the Scandinavian penin- 

sula are discussed. Accumulated monthly fall-out is reported for the period July- 
December 1956. 

78. BELGIUJL. Information in eight parts on 1l.unzan getzetics submitted by Belgium 
Contains the Belgian memorandum on human genetics prepared for the Geneva 

meeting in April 1957 and a preliminary report on radioactive regions of Katanga 
(Belgian Congo). Besides this several reprints of Belgian contributions to radiobiology 
are presented. The topics included are: 

(1) Steroid metabolism in irradiated rat. 
(2) Endocrine response of irradiated animals studied by intraocular grafting. 
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(3 )  Doses and hazards due to medical radiology. 
(4) hfetabolism and toxicity of cystamine in the rat. 
Part 1. Current uncertainties in the field of human genetics. 
Part 2. A preliminary survey of vegetation and its radioactive content in the 

Katanga area. I 
Part 3. Influence of irradiation on the blood level of 17-hydrov-corticosteroids 

during the 24 hours following irradiation. 5 
Part 4. Skin and depth doses during diagnostic X-ray procedures. 14 
Part 5. General discussion of the need for methods of effective dose reduction in 

diagnostic X-ray procedures. 11 
Part 6. Chemical protection ( a )  metabolism of cystamine 
Part 7. (b) the effectiveness and toxicity of cystamine. 11 
Part 8. Experiments on the ascorbic acid and cholestrol content of the supra- 

renals of the rat following irradiation of normal and hypophy~ectomi~4 
animals. 11 

79. SWEDEN. A suggested procedure for the collection of radioactive fall-out 19 
Proposes new method for evaluation of the external thirty-year dose due to the 

deposition of gamma-emitting isotopes, based upon a single beta measurement for 
each sample and one caesium ratio chemical determination in a pooled sample. 

A second part of the report describes a collecting procedure using ion exchange resins. 

80. ARGENTINA. A geological, radiotnetric a d  botanic survey of the region "Los Clut+iores" 
in the province of Mendom of Argentine Republic 4 
Radiometric data on the above-mentioned region are shown on the attachment to 

the document. 
81. Measurements of the cosmic ray intensity in three latitudes of Argentine Republic 5 

Data on the intensity of the cosmic rays in three points of observation a t  different 
latitudes in Argentina. 

81/Corr.l Corrigendum to above report 2 
82. On the absorption of the nucleonic cotnponent of the cosmic radiation at -15' geo- 

magnetic latitude 1 
83. Mt~tations i n  barley seeds induced by acute treatments by gamnza rays of cobalt-60 2 

A report of experiments on the induction of mutations a t  a number of loci in barley 
by irradiation of seeds with gamma-rays of Cow a t  10 r/min. 

83/Add.l Addendum to above report 1 
84. Mutations i n  barley induced by formaldehyde 1 

A report of experiments on the induction of mutations a t  a number of loci in barley 
by formaldehyde. 

85. Spontaneous mutations in barley 2 
A report of experiments on spontaneous mutations a t  a number of loci in barley. 

86. A study of radioactive fall-out i n  Argentine Republic 5 
Describes the methods used in Argentina for fall-out collection and measurement. 

Value for strontium-90 and total beta activity are given for the first two months 
of 1957. 

87. A research programme i n  Argentina on the genetic influence in the plants of the ionizing 
and ultra-&let radiatwt~ 2 

A brief summary of projected research in Argentina on the genetic effects of ionizing 
and ultra-violet irradiations of plants, comprising both surveys of areas of high 
natural background and a broad range of laboratory experiments. 

88. Programme of physical oceanography for the International GeophysiGal Year 33 
89. Information on the general programme to be developed i n  Argentina on items of interest 

to the Scientific Committee on the Efects of Atomic Radiation 2 
A brief general survey of Argentina research activities related to the effects and 

levels of ionizing radiations. 

90. NETHERLLP.~~. Che?nual steps involved i r z  the production of mz~tations and chromosome 
aberration by X-radiation and certain chemicals in Drosophila 6 
A survey of comparative studies of X-ray and chemical mutagenesis in Drosophila, 

made in an attempt to throw light on possible intermediate chemical steps in the in- 
duction of chromosome breaks or mutations by ionizing radiation. 

91. UNITED STATES. Strontiz~m-90 in man 7 
Radiochemical analyses of strontium-90 in human bone have been reported. The 
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values are in accord with the predicted levels based on fall-out measurements and 
fractionation through the food-chains. 
NORWAY. Radioactive faldout irt Norway 

Contains information on methods and results of measurements of fall-out in Nonvay. 
Summary of analytical results from the H A S L  Stro?ttiz~m Program July  through 

December 1956 
Summarizes data on samples collected by the U.S.A. fall-out network since Sep- 

tember 1955 up to September 1956. In addition, i t  summarizes the data of the samples 
collected for the strontium programme during the period July-December 1956. 

Environmental radon cotzcentratwns-An interim report 
Preliminary data showing ambient concentrations of radon in the metropolitan New 

York area are presented. An attempt has been made to define the variability of 
concentration of radon in the general atmosphere with location, time, and weather 
conditions. Samples have been analysed from the outdoor air, inside of buildings, and 
above and below the surface of the ground. Comparisons with the data obtained by 
other investigators are also shown. 

The radium content of soil, water, food cnd humans-Reported odues 
hlari?te biology-EJects of radiution-A selected bibliography 
Twenty-four references concerning investigation on the distribution and metabolism 

of fission products in marine organisms. 
Sea disposal operatwtt 
Some atomic energy activities in the United States have been disposing of radio- 

active wastes a t  selected ocean disposal sites since as early as 1946. It is the purpose 
of this report to describe the extent of these disposal operations including a summary 
of types of packaging used and of places where the wastes are dumped. The status of 
related oceanographic research (1956) is briefly touched upon. 

97/Corr.l Corrigendum to the abme report 
98. C-&-~U)A. Radiochemical procedures for stroniiunz and yttrium 

A detailed ion exchange ~rocedure is given for the determination of radiostrontium 
in different samples. Methods are described for the treatment of various organic 
materials. 

99. Lmels of strontiz~m-90 i n  Canada u p  to December 1956 
Reports the results of radiochemical analysis for strontium-90 activity in milk 

and milk products and human bone. Natural strontium content determinations in milk 
and bone are also reported. 

100. USITED KINGDOM. The determination of long-lived fall-out in rainwater 
Describes radiochemical procedures for the determination of S 9 ,  Sr90, Cs137 and Cel4J 

activities in the rainwater. 
101. DENMARK. kfeasurenzent of activity of airborne dttst. Measurements of fall-out deposited 

on the ground 
Results of daily measured radioactivity in air (electrostatic filter method) and in 

precipitations (collection of rainwater) in Copenhagen for rhe period 1956. 
102. AUSTRIA. Radiologicd data. Demographic data. 

Contains data on RBE dose rate in the gonad due to both natural and artificial 
sources. Demographic data on the whole population and of special groups are given. 

103. UNITED KINGDOM. Modifiation of imnzunological pheno7ttena and pathogenic action of 
infectious agents after irradiation of the host 
Evidence is given that whole body irradiation before the repeated injection of antigen 

both diminishes the peak-concentration of antibody and delays in time the appear- 
ance of the peak. The lowest efficient dose was 25r. The tolerance of heterogenous skin 
,prafts or bone marrow cells has been also shown after irradiation; the duration of 
~nhbltion of immune response is proportional to dose received. 

101. Some data, esti~nates and rejkctions on colzgetzital awd hereditary anomalies i n  the 
fioPu.ktion of Northern Ireland 

Presents an extremely detailed and thorough medico-genetic survey of the popula- 
tion of Northern Ireland using data accumulated over a number of years, together 
with very pertinent analyses of the data, the problem of genetic disability and its re- 
lation to radiation effects. 

105. Leukemia and aplastic anaemia in patients irradiated for ankylosing spondylitis 
The incidence of leukemia and of aplastic anaemia was investigated in patients 



Country and Title 
A moximate  
No. of pages 

treated in Britain for ankylosing spondylitis by means of ionizing radiations during the 
years 1935-1954. 

Relationship behveen radiation dose and incidence of leukemia was evaluated. The 
answers suggest the adoption of working hypothesis that for low doses the incidence 
of leukemia bears a simple proportional relationship to the dose of radiation, and that 
there is no threshold dose for the induction of the disease. The dose to the whole bone 
marrow which would have doubled the,expected incidence of leukemia may lie within 
30 to 50 r for irradiation with X-rays. 

NORWAY. Information on radiological data 
Summary tables on radiological data in Nonvay with an extensive set of data on 

X-ray and natural radiation exposures. 
Addendum to above report 

NEW ZE-UND. New Zealand report to U.N. Scientifi Comnzittee on Atomu Radiation: 
E m t s  of atomic radiation measured in  New Zealand to 31 July 1957 
A set of notes on the current status of various programmes in New Zealand 1vi:hin 

the field of interest on the Scientific Committee on the Effects of Atomic Radiation, 
including preliminary measurement of radioactive fall-out, C" airborne activjty, 
natural and artificial radioactivity, and occupational gonad exposures. 

USITED STATES. Current research findings on radioactive fall-ozct 
General survey of the fall-out problem, especially Srw distribution and uptake in 

the human body. 
Dosages from natural radioactivity and cosmic rays 

NETI-IERLANDS. Four reports on quantitative determination of radioactivity 
A group of tables containing figures for the radiation doses from natural and man- 

made sources in the Netherlands. 

NORWAY. 0 1 1  the deposition of nuclear bomb debris in relation to air concentration 
Studies the relation between the deposition of fall-out and the airborne activity. 

I t  appears that in 1956-1957 the fall-out in the Oslo area was roughly proportional to 
the product of precipitation and airborne activity a t  ground level. 

Radioactive fall-out in Norway u p  to August 1957 
Gives the results of measurement of fall-out materials in air. precipitation, water 

and other samples. Measurement of airborne activity a t  high altitudes are included. 
Srw values are computed from total beta activity, a small number of samples havlng 
been checked by chemical analysis. Samples of water, milk and urine have been 
analysed for iodine-131. 

Radiochemical analysis of f&out in Norway 
Describes the methods used in Nonvay for determination of Srw, Csln and and 

contains data of Srw and Csln activities in water and milk and of 1'31 in milk, in the 
period February- June 1957. 

UNITED KIXGDOM. The relative hazards of Srw and Ra* 
Methods for calculations of the doses received by soft tissue cavities in bone 

containing Srw and Ram are presented. Non-uniformity factors are given for the dose 
from Sr90. Calculation of the maximum permissible body burden for radium on the 
basis of a given maximum permissible dose-rate to bone gives a wide range of values, 
depending on the assumptions made. In the case of radio-strontium, the range of pos- 
sible values is less. I t  is suggested that radium be no longer taken as the basis for the 
calculation of maximum permissible body burden of Srw. 

Sltortening of life by clzronic irradiation: the experimental facts 
A survey of all published experimental results relating to shortening of life-span of 

mice due to chronic irradiation. 
The comparison of effects between gamma-rays of cobalt-60 and fast neutrons is 

made; the R.B.E. factor used for fast neutrons was 13. 
A good agreement of experimental results has been found indicating that chronic 

irradiation both with gamma-rays and neutrons shortens the life of mice in a repro- 
duc~ble manner. No statistically significant data were found below the weekly dose 
of lor. 

The possibility of extrapolation and the possible dose-effect relationship is discussed. 

BELGIUM. Report on health protection i n  uranium mining operations i n  Katanga 
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INTERKATIONAL COX~IISSION ON RADIOLOGICAL PROTECTION A ~ D  INTERNATIOKAL 
Coual1sslo~ ON RADIOLOGICAL UNITS AND ~,IEASURE~IENTS. & P o s u ~ ~  of man to 
ionizing radiation arising from medical procedures 
Gives a survey of the present exposure of the gonads due to X-ray diagnostic pro- 

cedures. Some 85 per cent of the diagnostic dose arises from six to seven types of 
examinations, which are discussed separately. Estimates of the genetically significant 
dose are given for some countries. I t  is recommended that the basic studies be ex- 
tended and that more detailed analysis be obtained through sampling procedures 
rather than through the systematic recording of the radiation received by every 
member of the population. Methods for dose reduction are discussed. 

 POL^^. Report on meusurements of fall-out i n  Poland 
Continuous measurements of global beta activity of fall-out are reported for four 

stations in Poland. 
BELGIUM. Effect of a lethal dose of radiation on the antor~nt of reducing steroids in the 

blood of the rat 
Indicates that lethal irradiation shows, in the blood, an increase of reducing steroids. 

This reaction presents a maximum which is not necessarily linked to the variations of 
the ascorbic acid and of the cholesterol in the suprarenals. 

Action of hydrogen peroxide on the growth of young barley plants 
The growth of coleoptiles of young barley plants treated with hydrogen peroxide 

is affected in the same way as when the plants are irradiated n-ith X-rays. 
Action of cystantine and glutathwne on X-ray irradiated barley seed 
The cystamine and glutathione diminish the effects of X-rays on barley grains; 

mitosis are still possible after doses which would inhibit them in the absence of these 
agents. 

Action of X-rays on the growth of internodal cells of tlte alga Chara Vulgaris L. 
Irradiation of internodal cells of alga CIzara Vulgaris L. increases the elongation of 

these cells for doses up to 150 kr; above this dosage elongation is inhibited (c.f. docu- 
ment A/AC.82/G/R.156). 

UNITED STATES. Radioactivity of People and foods 
Potassium and caesium activities measured with whole body counters are reported. 

The amount of caesium-137 now present in the population of the United States shows 
no marked dependence on geographical location. 

Atmospheric radioactivity along the 80th meridian, 1956 
Radioactivity levels a t  the various sites during 1956 are reported for three different 

collecting systems: air filters, cloth screens and gummed films. Estremely wide varia- 
tions in the gross radioactivity of fission products in the air have been noted, n-ith 
the highest levels occurring in the Northern hemisphere. Preliminary results of radio- 
chemical analyses of a few filter collections are included. 

Radioactive co?ztamination of certain areas in the Pacific Ocean from nuclear tests 
Contains a summary of the data on contamination levels in some areas of the 

Pacific Ocean and results from medical sun7eys of Marshall Islands inhabitants. 
Data on gross beta activity, individual isotope contamination and external gamma- 

exposure are included. 

UNITED KINGDOM. Radwstrontium in soil. grass, milk and bone in the United Kingdom: 
1956 results 
Results of strontium-90 analysis of soil, grass and animal bone for twelve stations 

in the United Kingdom are given. Human bone specimens obtained in 1956 have also 
been measured. 

- ~ G E N T ~ T A .  Calcium and potassium content of foodstuffs in the Argentine Republic 
Describes the methods and results of I< and Ca analysis of food in Argentina. 
I t  shows that 80 per cent of the dietary Ca is provided by milk. 

UNITED KIXGDOM. Ionizing radiation and the socially handicapped 
Collects available data and calculations concerning the numbers in various classes 

of handicapped individuals in the United Kingdom and the relationships of these 
numbers to genetic factors, mutation rates and radiation levels. 
C-4~-=A. Dose from unsealed radio-nuclides 

Calculations based upon information on shipments of radioisotopes show that the 
gonad dose to age 30 from unsealed radio-nuclides during 1956 in Canada is about 
0.5 per cent of the dose from the natural radiation sources. The main dose arises from 
iodine-131. 
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130. USITED STATES. Tlae nature of radioactive fall-out and i ts  eflects on man 2,000 
An extremely diverse and extensive collection of infomation and expert opinion 

given as public testimony before a governmental committee, and presented without 
further evaluation. 

13O/Add.l Index to above report. 5 1 
131. Radioactive strontium fall-out 26 

General survey of the fall-out problem, especially strontium-90 distribution and 
uptake in the human body. 

132. UNITED KINGDOM. Tlte determination of long-lived fall-out i n  rainufater 2 1 
A method is described for the determination of long-lived isotopes in samples of 

rain water. Some attention is paid to the development of the method, including details 
of the checks to ensure radiochemical purity of the final sources used for counhng. 

133. WORLD METEOROLOGICAL ORGANIZATION. ExcerPt from a letter dated 6 November 1957 
received from the Secrehry-General of the WMO-Interinz international reference 
precipitation gauge 7 
Brief report of the discussion held by the Executive Committee Panel on Atomic 

Energy and by the Commission for Instruments and Methods of Observations of the 
WMO on subjects related to the effects of atomic radiation. 

134. ITALY. Report on genetics 1950-57-A brief report on the research work done i n  the jield 
of genetics i n  Italy 47 
Extensive notes reporting relevant research work in the field of genetics carried out 

in Italy during the period 1950-1957. 

135. JAPAN.  Analysis of Sr90, Csln and Pu239 i n  fall-out and contaminated materials 7 
The report gives radiochemical procedures for Sr'Jo, Csln and Pu239 from air filter ash. 

The counting equipment is described briefly. 
136. Primary estimate of tlre dose given to tlze lungs by the airborne radioactivity originated 

by the nz~clear bomb tests 7 
The report gives method and results of measurement of airborne radioactivity for 

Tokyo from 1955 to 1957. Values are obtained for gross alpha and beta activity and 
radiochemically determined concentradons of strontium-90 and plutonium-239. A 
method for computation of the dose to the lungs is described. The mean dose during 
1955-1957 was of the order of magnitude of 10-2 rem/year. 

136/Corr.l Corrigendum to above report 1 
137. A measure of future strontium-90 level from earth surface to human bone 14 

Calculation of the future strontium-90 level is made on the basis of present data on 
cumulative ground deposit and food contamination. 

The cumulative ground deposit (mc/km2) is calculated assuming that: 
1. The total amount of fission products from future tests is known. 
2. 20 per cent of airborne strontium-90 falls to the earth's surface every year. 
3. The distribution of fall-out is homogeneous. 
The metabolism of strontium-90 through the food channel and food habit factor 

related to calcium and strontium source are taken into consideration. 
The future human skeletonal dose and maximum permissible level of ground deposit 

are then calculated. 
138. Sufiplemental review of tlte recent researches on tke allwiatio?~ of radiation luzards 3 

This is an addition to  G/R 63 and gives abstracts of new developments of radio- 
biology in Japan. Work on protection by amino acids, cysteamine and some new 
derivatives of this last compound is reported. Work on the therapeutic effect of a 
protein diet and of adrenochrome preparation is also reported. 

138/Corr. 1 Corrigendum to above report 1 
139. Experimental studies on the development of leukemia i n  mice with frequent administra- 

tions of small doses of some radioactive isotopes (P2,  S F ,  Gel") 9 
The development of leulcemia is described in three strains of mice in which the 

disease has not been observed under control conditions. Nine cases of leukemia have 
been observed among forty-six animals surviving tn-enty-one weeks and longer 
following the first of repeated administrations of P32 a t  three dose levels (0.1, 0.3, and 
0.5 pc/gm). Latent periods varied with total dose administered. Larger doses were 
more effective than small doses. The leukemia was primarily of the myeloid type. 

Radiostrontium (Sr90) and radio-cerium (Cd") were much less and practically 
ineffective in producing this disease in these animals. Sarcoma of bone was found 
strontium-treated animals. I t  is concluded that leukemia is the result of severe damage 
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JAPAN (continued) 

to the haematopoietic tissues in the bone marrow and lymph nodes. There are many 
tables and figures, including results of radiochemical analyses of various bones a t  
various intervals following injection. 

Corrigendum to above report 
Experinzental studies on radiation i~ t jury  by colloidal radioisotope-liver injury by 

colloidal radioactive chromic phosphate CrP:2O4 
Describes morphological observations on the liver of rats which mere injected intra- 

venously with various concentrations of colloidal suspensions (particle size 0.1-1.0 
micron) of radioactive chromium phosphate (CrPS204). Even wirh high doses (5.5 
pc/gm) liver injury did not become manifest until twenty days after injection and 
correspondingly later with lower doses. Changes in the liver are described but not 
illustrated. They are greater in the liver than in other organs containing reticulo- 
endothelial cells. The lesions are said to resemble those of virus hepatitis. Large doses 
of chromium phosphate also produce lesions in the bone marrow with concomitant 
changes in the peripheral blood. 

Corrigendum to above report 
Radiological data i n  Japan II-Concentrations of Sr90, Csm,  PuB9 and others i n  various 

nzaterials on earth's surface 
Contains data on concentration of Sr90 in rainwater, soil, foodstuffs and human bone 

in Japan obtained by radiochemical analysis in some cases and by computation from 
the total beta activity in other cases. Besides Sr90, data on Csl37, Pu239, Zns, Fe55 and 
Cdlu are also included. 

Corrigendum to above report 
Addendunt to above report 

U ~ T E D  STATES. Radioactive fall-out 
General survey of the fall-out problem, especially Sr90 distribution and uptake in 

the human body. 

UNITED KINGDOAI. The world-wide deposition of long-lived fission prodztcts from nuclear 
test explosions 
A network of six stations in the United Kingdom and thirteen in other parts of the 

world has been set up for rainwater co!lection. Samples are analysed for S F ,  Srw, 
Celn and Cel44, This report contains an account of the results obtained so far, and 
some discussion of the present and future levels of SrQ0 in United Kingdom soil. 

NORWAY. Radioactive fall-out u p  to November 1957 
A review is given of the monitoring in Norway of airborne activity and fall-out of 

radipactive dust; also radioactive contamination in drinking water is reported. 

SI~-EDEN. Uptake of strontium and taesiunz by plants grm'tt in soils of diflerent texture 
and different calcium and potassiunt coliteltt 
The radioactiue fall-out i n  Sweden u p  to 1.7.1957 
Additional data to the report G/R.l5 for the period up to June 1957 are given. The 

total beta activity, accumulated Srw and Csln amount and Srw content in soil are 
measured. 

Gamma radialion from some Siiedish foodstufls 
Significant increase of gamma radiation from milk, beef, cattle-bone and vegetables 

was found during the period 1952-1956. No increase of gamma radiation from children 
in the corresponding period could be observed. 

Progress report on the metabolism of jission products i n  ruminants 
The excretion of radioactive fission products (Srw and 113') in milk after per oral 

administration is measured. 
A method for monthly collection of radioactive fall-out 
Describes a collecting procedure using anion and cation exchange resins. 
The computatio~z of infinite plane 30-year doses front radioactive fall-out 
Proposes new method for evaluation of the esternal 30-year dose due to the de- 

position of gamma emitting isotopes, based upon a single beta measurement for each 
sample and one CslS' ratio chemical determination in a pooled sample. 

The control of irradiation of populations from natural and a r t i r n l  sources 
Describes an automatic system for continuous indication and recording of very low 

radiation level. Suggests the use of such instrument for public control purposes. 
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152. UXITED KINGDO~I. Tlte analysis of low level gamma-ray activity by scintillatio?~ 
speclrometry 
The application of gamma-ray spectrometry enables measurement of the gamma- 

activity of 10-11 curies or less. 

153. USITED STATES. The Chicago Sunshine method: Absolute assay of strontiztm-90 i n  
biological materials, soils, waters and air filters 
Contains a survey of Chicago sunshine research programme on the distribution of 

strontium-90 in the biosphere. Methods of sample treatment, counting and evaluation 
of data are reported. Detailed description of analytical chemical procedures is added. 

154. ARGENTIXA. Normal calcium content of Sun Juan wines 

155. BELGIUM. Recent research on the chemical protectors and particularly on cysteamine- 
cystamine. (Document in English) 
Discusses the possible mechanisms of action of chemical radioprotectors particularly 

of those above-mentioned. 
156. Effect of X-rays on the growth of internodal cells of the alga Chara vulgaris L 

A complicated doseeffect relationship is shown when non-dividing internodal cells 
are irradiated and their growth tested (cf. document A/AC.82/G/R.122). 

157. ARGENTINA. Radioactive fall-out from the atmosphere in the Argentine Republic during 
1957 
Includes tables of results for first three-quarters of 1957. Total activity and stron- 

tium-90 content is measured. 

158. BELGIUM. Tlte action of various drugs on the suprarenal response of the rat to total body 
X-irradiation. (Document i n  English) 
Describes strict difference in action of radioprotectors (cysteamine) or narcotic 

drugs (morphine and barbiturate) in preventing adrenal changes of irradiated animals. 
159. Nervous co?ttro2 of the reaction of anterior lzypophysis to X-irradiation as studied i n  

grafted and newborn rats. (Document i n  English.) 
Indicates that the changes of suprarenals after irradiation are consequence of a 

neuro-humoral chain reaction. The reaction of adrenals seems to have negligible im- 
portance in the pathogenesis of radiation disease. 

160. USSR. Draft of Chapter F prepared by tlre delegation of the U S S R  to the Scientific Com- 
mittee on the Effects of Atomic Radiation 

161. JAPAN. A sensitive method for detecting the effect of radiation upon the human body 
Discovers a new extremely sensitive biological indicator of the effect of ionizing 

radiation. The acute dose of 50 mr and even less results in significant changes of the 
phosphene threshold of the eye. Approximately linear relationship between the effect 
and the logarithm of the dose from 1 mr to 50 mr is derived. Summation of the effect 
of repeated exposure is found. 

162. UNESCO/FAO/WHO. UNESCO/FAO/WHO report on sea and ocean disposal of 
radioactive wastes, including appendices A ,  B and C 
Summarizes contributions made by different authorities. 
Appendix A :  R. Revelle and &I. B. Schaefer. General considerations concerning the 

ocean as a receptacle for artificially radioactive materials. 
Contains general account of the processes in the oceans and indicates the necessity 

of research on certain basic problems which would enable the prediction of the con- 
sequences of the disposal of large quantity of radioactive material to the sea. 

Recommends measures of an international character in order to assure safe liquida- 
tion of atomic wastes. 

Appendix B: Report prepared by FA0 and WHO. Discusscs the following questions: 
1. The geochemical cycle of various elements between the water and the sediments. 
2. The affinities of the various species of organisms in the oceans for different 

elements which have radioactive isotopes. 
3. The possible rate and distance of vertical and horizontal transport of radioactive 

isotopes by marine organisms. 
4. The distribution, abundance and rate of growth of the populations in the oceans. 
Appendix C: Abstracts of eight other contributions to the report on sea and ocean 

disposal of radioactive wastes. 
163. USSR. Data on the radioutive strontium fall-out on the territory of the U S S R  as to the 

end of 1955 
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164. MEXICO. Third report on the studies on radioactive fall-out 

Presents fall-out data for thirteen stations in Mexico covering the period from 
March to October 1957. 

Computes approximate figures for infinite gamma dose and Sr90 precipitation. 
Gives preliminary results of Sr90 and Csl37 content in milk. 

165. FAO. General considerations regarding calcium availability i n  the broad soil groups of 
the world in relation to the uptake of radiostrontit~m 
Classiiies soil groups with low calcium level. Recommends the investigations of the 

factors influencing Srw uptake by plants growing on such soils. 

166. IS~IA. ,Weasurements on the radiation fields in the Monazite areas of Kerala in India 
Presents results of measurements in the monazite area with high thorium content. 

. As this area is one of the most densely populated areas in the world, the study of the 
relation between high level radiation background and eventual biological effect would 
be of great value. 

The average dose is 1500 mrad per year, exceeding three times the maximum per- 
missible dose recommended by NCRP (USA). 

167. UXITED KINGDOM. Measureme?ats of Csl37 in human beings i n  the United Kingdom 
1956/1957 
~ e s k i b e s  the method of determining the Csln content in the human body using 

gamma-ray spectrometry. 
The average present value is 34.0 f 7 . 6 ~ ~ ~  per g potassium. 

JAPAN. An enumeration of future Sr90 concentration in foods and bone 
Gives amendments and corrections to the report A/,'iC.82/G/R.137 based upon 

new available data. 

BRUIL. On the nature of long-range fall-out. (Document in English.) 
Describes one surprisingly high value of daily collected fall-out activity due to a 

single big and highly active particle. 
Corrigendum to above report 

UXITED KINGDOM. The disposal of radioactive waste lo the sea during 1956 by the United 
Kingdom Atomic Energy Authority 
Summarizes the discharges of liquid radioactive wastes to the coastal sea from 

Windscale Works during 1956. 
The results of monitoring indicate that the average activity of the samples remains 

well below the permissible level. 
A summary of the biologital inoestigaiions of the discharges of aqueous radioactioe 

waste to the sea from Windscale W m k s ,  Sellafield, Cztmberland 
Summarizes the results of preliminary hydrographic and biological studies and of 

regular monitoring of the marine environment in the period 1952-1956. About 2,500 
curies of radioactive wastes monthly has been discharged during this period. Due to 
the favourable local conditions, the upper limit for safe liquidation is determined to 
be more than 45,000 curies per month. 

JAPAN. The estimation of the amount of Sr" deposition and fhe external infinite gamma 
dose in Japan due to man-made radioactivity 

SWEDEN. Transfer of strontizrm-90 from nzother to foetus at various stages of gestation 
in mice 
Shows that no significant fixation of SrQo by the foetus can be detected before the 

fifteenth day of gestation. The increase of radioactivity corresponds to the intensity 
of ossification processes. 

The recovery phenomenon after irradiation i n  Drosopltila melanogaster 
I .  Recovery or diferential sensitirdy to X-rays 

Experimental results-lon-er rate of chromosome aberrations induced by X-ray jf 
irradiated in anoxia in comparison with irradiation in air-support the hypothes~s 
of recovery. 

The recovery phenomenon after irradiation i n  Drosopkila melanogaster 
Indicates that both the spontaneous recovery and the differential sensitivity in 

spermatogenesis in Drosophila are responsible for the changes in the rate of chromo- 
some breaks under different corlditions of irradiation. 

The recovery phenomenon after irradiation in Drosophila melanogaster 
Chromosomes breakage per se or their rejoining by recovery seems to have no 

genetic consequences. 



Documeni 
Number Country and Tille 

SWEDEN (continued) 

Reports on scientiJic observatio7zs and experiments relevant to the effects of ionizing 
radiation zbpon ma?z and his environment already under way in Sweden 

Report on experiments on the in3uence of selection pressure on irradiated populations 
of Drosophila melanogaster 

Attempts to determine the influence of high selection pressure in a population on 
the spread of radiation-induced genetic changes. No results are as yet available. 

Studies on the mutagenic efect of X-rays 
Summarizes the results of the work on.radiation-induced chromosome breakage 

under various conditions (I<. G. Liining). 
Does there exist mzctational adaptation to chronic irradiation? 
The results do not confirm the assumption that under the increased radiation- 

background mutational adaptation occurs due to incorporation in the population of 
mutational isoalleles with lower mutability. 

Some results and previews of research in. Sweden relevant to human radiation genetus 
Summarizes the present state of knowledge and recommends: 
1. Large-scale international investigation of genetic consequences in females who 

have been controlled by means of X-rays due to congenital dislocation of the hlp. 
2. The study of genetic effects of radiation on human cell cultures. 
Summary of papers of Lars Ehrenberg and co-workers with regards to the questions 

of the U.N. Radiation Committee 
Summary of papers of L. Ehrenberg and co-workers on genetic effects of radiation. 
Studies on the eflects of irradiation on plant material carried out during recent years 

at the Institute for Physiologic Botany of Uppsala University 
Swedish mutation research i n  plants 
Dr. Gunnar Ostergren and co-workers 
Study on experimentally induced chromosome fragmentation (G. Ostergren). 
Investigations carried out by Dr. C. A .  Larson (human genetics) 
Some notes on skin doses and bone marrow doses in mass miniature radiograplzy 
Investigations into the health and blood picture of Swedish women living i n  lzouses 

representing different levels of ionizing radiation 
No difference was found either in general health-state or in blood picture among 

thevarious groups of individuals (over 2,000 women) living in different types of dwelling. 
Other haemopoetic functions: Read-off metlwds i n  radio-huematological control 
Proposes a statistical method of evaluating total white-cells count as a control 

test of radiation damage; 

FR~NCE. Atomic Energy Commission. Centre of Nzbclear Studies at Saclay, Gf-sur-  
Yvette (Seine et Oise), France. Ilfeasurenzent of environ?nental activity: Methods and 
resirlts 
Gives results of measurements of both natural and artificial radioactivity in the 

environment. 
Corrigendum to above report 
Biologual methods available for use in the quantitative detection of ionizing radiatwns 
Surveys and evaluates the biological methods usable for the quantitative estimation 

of absorbed dose. 

SWEDEN. Bone and radiostrontium 
The local radiation dose to the bone tissue and to the bone marrow after adrninistra- 

tion of bone-seeking isotopes is discussed. The figures are compared with the maximum 
permissible body burden. 

Radiation doses to the gonads of fitients in Swedish roentgen diagnostics. Summery 
of studies on magnitude and variation o; the gonad doses together with dose reduczng 
measures. 

THE NETHERLANDS. Report of the Committee of tlze Royal Netherlands Academy of 
Sciences concerning the dangers which ntay arise jroln the dissemination of radioactive 
products through nuclear test explosions 
Report on the amount of radioactivity, its world-wide spreading and its biological 

risk as a consequence of test explosions. 
Radioactive fall-out measurements i n  the Netherlands until December 31, 1957 
Corrigendum to above report 

223 
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185. NEW ZEALAND. Report on some aspects of radiation protection work in New Zealand 
Contains : 
1. Description of radiation protection measures in New Zealand. 
2. Results of routine monitoring of radiation workers. 
3. Preliminary results of statistical study on genetically significant gonad dose 

from X-ray diagnosis. 

186. FRANCE. Doses received by the genital organs of children during X-ray examinations 
Suggests the improvement of the radiological techniques and certain protective 

measures for decreasing the gonad dose from radiography. 

187. ~IESICO. Summary of radioactive fall-out data recorded i n  i k k o  

188. BRAZIL. Su~?zntarptro?1tiunz-90 analysis i n  dry milk and h u ~ n a n  urine 

189. On the cotnposition of long-range fall-out particles 
A single fall-out particle of large dimensions and relatively high activity was found 

by daily monitoring of fall-out. A detailed investigation of the nature and activity of 
this particle is presented. 

190. On the uptake of M s T h I  in naturally contaminated areas 
Gives preliminary results of an investigation on the uptake of natural radioisotopes 

by plants and animals in thorium-bearing area. 

191. UNITED A R ~ R  REPUBLIC. Radioactive fall-out i n  Egypt: December 1956-February 1957 
192. Radioactive fall-out i n  Egypt: ~Varch-December 1957 
193. Sonze somatic changes obsmed in Culex ,%tolestus Forskal 1775 

Shows differences in the uptake of P32 in dependence upon the development stage 
and sex. The explanation of sex-difference is discussed. 

194. FRANCE. Gofzad doses i n  radiodiagnosis 
Summarizes the systematic study on the gonad dose due to diagnostic examination 

by means of X-rays. 

195. ITALY.  Data orr radioactive fall-out collected i n  Italy (1956, 1957, 1958) 

196. USSR. Draft chapter on "Genetic Effects of Radiation" for the report to be transmitted by 
the Scienti f i  Committee on the Effecis of Atomic Radiation to the General Assembly 
i n  1958 

197. Draft chapter on "Conclusions and Recommendations" for the report to be transmitted 
by the Scientific Committee on the Effects of Atomic Radiation lo the General Assembly 
i n  1958 

198. Contanzination of the biosphere i n  the vicinity of Leningrad by the products of nuclear 
exp'losions 

Contains the description of methods used for monitoring the fall-out deposition. 
Results for the period 1953-1957 are given. Data on specific activity of water from 
the river Neva, the sea and the water supply system are also included. Accumulated 
radioactivity on the ground and external dose from radioactive deposit are then 
computed. Special attention is given to the contamination of the biosphere by SrgO. 
Data are based on Hunter and Ballou's calculation. 

199. Study of the strontium-90 content of the atmosphere, soil, foodslufis and hunzan bones 
i n  the U S S R  

The strontium-90 content of the air, soil, milk and cereals in various districts of the 
USSR was determined by radiochemical analysis. Preliminary results on the Srw 
content in bones from children in the hiloscow district give the average value of 2.3 
S.U. in the second half of 1957. A few data on Cs137 concentration in the air are attached. 

200. Uptake of radioactive strontium by plants and its accumulation i n  various agricultural 
crops 

Detailed analysis of SrgO uptake by plants in relation to their biological charac- 
teristic (plant species, vegetative period) and the properties of the soil. 

Both factors can influence to a large extent the incorporation of Sr90 during the 
biological cycle. 

201. Some results of a study of the bone system after injury by radioactive strontium 
Revi$n.s the experimental results obtained in the studies on the effect of bone-seek- 

ing radloisotopes. The progressive pathological changes leading to the development 
of bone tumours are described. The disturbances in the osteogenetic processes during 
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the initial stages after contamination are marked pretumorous changes; their histo- 
logical characteristic and their pathogenetic significance are discussed. 

Blasto?nogenic efecfs of strontiz~m-90 
Summarizes and evaluates the results so far published on the cancerogenic effect of 

strontium-90 in bone. In particular, the minimum and optimum tumour-producing 
doses, the latent period and the distribution of strontium-90 are discussed. The 
connexion between the blastomogenic effect and the development of leukemia is 
briefly mentioned. 

The radiation hazards of explosions of pure hydrogen and ordinary atomic bombs 
Compares the hazards of the long-lived radioactive substances dispersed throughout 

the world after the explosion of a fission and a pure fusion bomb. Radiation doses to 
the gonads and bones are calculated and the number of persons affected (hereditary 
diseases and leukemia) then computed. The conclusion is drawn that a pure fusion 
bomb cannot be regarded as less dangerous to mankind than a fission bomb. 

Towards an assessntent of the hazard from radwactit~e fall-out 
An attempt to assess the various forms of hazard involved in the contamination of 

the earth's surface with long-lived radioactive fission products. The particular im- 
portance of strontium-90 is stressed. Effects of small doses of radiation and the 
concept of maximum permissible dose are discussed. 

Nature of the initial e f a t  of radiation on the hereditary structz~res 
A survey of the present knowledge of the nature of the primary mechanisms through 

which ionizing radiation damages the hereditary structures. 

Radiation and human heredity 
Emphasizes the importance of the basic scientific principles of radiation genetics 

for the assessment of radiation-induced changes in human heredity. The natural 
mutation rate for various hereditary abnormalities is compared with the observations 
so far available on irradiated human population. The comparison of natural and in- 
duced mutagenesis both in experimental organisms and in men is the basis on which 
the doubling dose for man was estimated as approximately 10 r. The lack of exact 
knowledge and the urgent need for i t  is stressed. 

The effect of radialion on the histological structure of monkey testes 
Presents the results of histological analysis of monkey testes two years after cx- 

posure to a dose of 150-450r. While the recovery process proceeds rapidly and is ap- 
parently complete in animals irradiated after the attainment of sexual maturity, 
harmful disturbances have been found in young animals even avo years after exposure. 

The cytogenetu efects of radiation exposure on spernultogenesis i n  monkeys 
Presents the results of cytological analysis of monkey testes two years after ex- 

posure to a dose of 150-450r. Ex~ensive damage to the spermatogenesis was found. 
The frequency of chromosome re-arrangements in mammals considerably exceeds 
that in Drosophila after exposure to the same dose, being 65 per cent and 1.6 per cent 
after 500 r respectively. 

B E L G I ~ ~ .  Radioactive fall-out measured at the C E N  during 1955-1956 and 1957 
Describes methods and results of fall-out measurements in the period 1955-1957. 

Average dose received by the personnel of CEN, dfOL, front 1954 to 1957 
Summ,arizes the results of monitoring the professiorlal exposure in nuclear energy 

education centre in Belgium. Film strip enables the differentiation of the proportion 
of the exposure between beta, gamma and neutron radiation. Only average doses of 
the personnel are given. 

FUNCE. Study of the gonad dose during systematic X-ray  exantinations (Preliminary 
note dealing only with the irradiation of male gonads) 
Measurement of the gonad dose resulting in males from systematic standardized 

X-ray examination of the chest indicate that the exposure is very low. An average of 
9 mrem for a period of 30 years is computed. The dose to the lungs is discussed with 
relation to the increase in frequency of lung cancer. 

Determination of the absorbed dose/exposz~re dose ratio i n  bone and niziscle by the 
equivalent-gases ,method. Principle of the metltod and preliminary results 

Describes the method for determination of the dose absorbed in various tissues 
using ionization chambers filled with gas mixtures of equivalent density. 
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213.  Recovery folZuwing the uctwn of ionizing radiation 26 
The authors first discuss the problem of recovery which they consider hypothetically. 

They attempt to show that  it is a phenomenon which, although appearing very 
complex a t  first glance, can be simplified by relating the recovery to a definite effect. 

They contribute a series of experiments showing that  recovery is a very general 
phenomenon, common to  all living things, and related to  the metabolic activity of 
living matter. 

They report a new method of experimental analysis which greatly facilitates 
interpretation of the results. They believe that  the study of recovery should be de- 
veloped on a much larger scale. 
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