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

Introduction—Direct and indirect effects

1. The effect of radiation is induced by the processes
of 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
action 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
alteration causes cellular damage is dependent on their
biological specificity. This has often been called the

target theory”, and, since Dessauer, Crowther, Holweck

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 acquisitions, %84 567

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 molecules
not belonging to these structures.® As with most conz -
flicting theories which have had ardent supporters;o_g e
bath sides (another good example is the corpusculaxt; ;ﬁ .
electromagnetic theories of light), it 1s ve.ry.pro 0. §‘§' ,¢
that the two are complementary. Indeed, it 1S MQSP,#_G{A
cerfain that the same cellular component can beaﬁecﬁqﬁwJ '
in a way which is liable to produce identical biglogical 3
effects by both mechanisms.®*%* Methods have:b.e,e“. =3
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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 transfer (LET) and relative biological
effectiveness (RBE) of different kinds of radiation

4. The efficiency of radiation per ionization 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 high 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
effectiveness (RBE) of radiations varies with their
linear 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. It 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 (RBE)
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
Drosophila.**%*% Some chromosome abnormalities in
Tradescantia have a very high incidence with high
density irradiation.!® Mutations in micro-organisms and
i?gxe in Drosophila are only slightly influenced by the

T.12

6. Reviews on the subject by Lea® and Zirkle*? 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, 1t 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 such as ionization and
excitation. It might be of interest to use inert structural
models or do such experiments as comparing the LET
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 LET may
lead to precise estimates concerning the size of the
biological structures affected.

Dose-effect relations

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.®*":?® This
sort of effect has no threshold—which means that any
dosage, however small, is effective in producing some
alteration.

9. On the contrary, if several ionizing events or “hits”
are needed, the response only becomes manifest after a

‘certain dosage has been accumulated in the sensitive
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structure: the dose effect curve is then sigmoid 2®37:318:1°
In this case there is a threshold which, however, may
only be statistical, as when two identical cellular struc-
tures need to be irreversibly altered for the effect to
become manifest, which is so for recessive lethal muta-
tions in yeasts.!® 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 circumstances.*

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 micro-organisms,*
Diploid yeast cells!®?® or mammalian cells®* in tissue
culture have a sigmoid dose-effect curve when x-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 for the “target”
concept comes from the fact that in the case of small
viruses the “‘target” size can be estimated with a good
approximation® and that survival curves of protected
bacteriophage are very similar in vitro and during the
very 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 30A.
As most effects have not been fully expressed when the
radiation has ceased to be delivered, there is a time
interval during which restoration 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,®® Drosophila,*® and perhaps mouse
populations,®® increases linearly with radiation up to
moderate dosages, as do certain of the chromosome
aberrations®’ and perhaps the induction of leukemia.?8:2°
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 means that as far as we 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
the contribution of the natural radiation for different
effects. The number of experimental animals needed to
obtain a good accuracy increases enormously as the dose
decreases and the response becomes smaller or less
frequent. For human populations, as each individual is
important, the only reasonable “experimental sample”,
when small doses are concerned, is the total population
of living human beings. In this case, the only sound
procedure is to get a better understanding of the funda-
mental processes which are occurring. This may actually
be the only way of answering some of the basic problems
underlying low dosage irradiation.

¢ Time intensity factor

12. The time taken to deliver a given dosage of radia-
tion can be varied in order to give very high or very low
intensities per unit time. A change in intensity will not
affect the end result when separate ionizing events con-
tribute independently to the observed effect; this should
hold true for some of the exponentially responding
events although it is not true for all. On the contrary,
in the case of events responding by sigmoid curves, sev-
eral ionizations may be needed almost simultaneously
(this is the case when recovery processes exist) ; here,
a given dose becomes less effective if delivered in a
long interval of time.33%3° However, this is not always
the case, and for inactivation of both homologous chro-
mosome regions of a diploid cell, it is known that pro-

. traction of irradiation does not alter the effect.

13. The physiological conditions of Drosophila sperm
are very constant for a considerable length of time, and
1t has been found that the induction of mutation by
Irradiating the males does not vary with the intensity
of irradiation.*® The same is true for the induction of
most malformations in the mouse embryo. However, in

. -Some cases the severity of malformations is greater if a
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given dose is fractionated.*® A change of intensity by 5
factor of one million does not alter the number of phage
induced in E. Coli.K,..*"*® In contrast, the number of
certain chromosome aberrations in Tradescantia micrq-
spores or Vicia seeds**** — 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 which the effectiveness
does not decrease any more; this time is related to the
lapse during which the breaks remain open. However
this picture is complicated by the fact that the rate of
rejoining depends on respiratory activity.® The killing
of complex organisms like mammals, being the result of
extremely complex cellular damage, is very efficient for
high intensities but much less so for low ones.*#:4

14. The time during which radiation is delivered be-
comes very important 1f 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 justifiable, unless the fundamental
pathways of radiation damage are known, to consider
that an effect observed after high intensity irradiation
will necessarily follow the application of the same dosage
ai low intensity.

Inactivation by transmutation of radioactive elements

15. Certain radioactive substances taken up by the
organisms in specific structures may affect them not only
by the radiation they emit, but also by the fact that the
emission of these radiations is often accompanied by
recoil effects or transmutation into an atom having new
chemical properties. Thus P-32 can be incorporated into
important biological structures like viruses or chomo-
somes, and in the first case it has been shown that the
inactivation due to transmutation of P-32 into S-32 is
more efficient than the one due to the 8 particles being
emitted.*#5 It is conceivable that strontium could re-
place calcium or magnesium, which are probably struc-
tural constituents of chromosomes.*® It has been claimed
that a low calcium environment increases the number of
spontaneous and induced chromosome breaks in Trades-
cantia.*™*s If these facts were of general application,
the disintegration of strontium-90 or strontium-89 might
affect cells not only by emitting B radiation, but also by
transmuting to yttrium, which has new chemical proper-
ties. Such possibilities will have to be discussed, and
the role of trace amounts of metals and of alkaline
earths in important cellular structures should be known
before one dismisses its possible importance in biological
effects of radionuclides which, apart from emitting radi-
ation, have a specific function.

16. Although Ca-45 has not been found by radio-
autography in the bone marrow cells of rats previously
injected with 200 pc,*® nuclear aberrations have been
observed in allium which had been grown 111 the presence
of Sr-90,% and further work on the subject should be
done to settle this problem, which is of great importance
in understanding the possible cellular damage, induced
by radionuclides. Their specific radioactivity inside cellu-
lar structures as well as their rate of turnover and their




chemical function may be important in inducing cellular
damage.

II. RADIATION CHEMISTRY

17. 1t 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 wvitro
(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 bulk chemical proper-
ties should be studied whenever-pcssible. Molecules may
be altered by indirect and direct effects of radiation.

Indirect effects

18. It 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 than 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
solution®'»%*

19. It 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 OH® (hydroxyl radicals) and H°® (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
H, and H,O, are thought to be formed during this
process. The formation of radicals takes place in the
short time of 10-** -10-* sec.®®

20. The existence of OH® radicals has been demon-
strated : certain radiation reactions leading to the poly-
merization of acrylonitrile can best be explained on the
basis of an OH® radical mechanism, as also the oxidation
of benzene to phenol.51**

21. On the other hand, the existence of free H atomns
is still questioned on account of the high oxidizing 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 H° atoms.®! 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.
It will make the discussion easier if we tentatively adopt
this view, whenever a mechanism involving this radical
is suggested, If oxygen is present as it is when a solu-
tion is in equilibrium in atr, O,H® (perhydroxy radical)
and H,O, (hydrogen peroxide) are also formed in addi-
tion to H® and OH®.»
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22. When the water contains various solutes, these
are the site of chemical reactions due to H®, OH® and
O,H?" 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, if many solutes are present,
they may be altered by radicals coming either from
water or from the other solutes; this last mechanism
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 struciures, 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 structures.* There are probably
also some biologically inert chemical groups whose
alteration would not impair the biological activity of
some macromolecules.>

23, Although some reduction reactions occur when
substrates are irradiated, most reactions appear to be
oxidative,’** From experimental 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 oxygen).**

Nature of the chemical effects

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

Oxidizing reactions may be effected by OH® radicals

(a) By simply removing an electron from an ion
Fe** — Fe®—a reaction used for chemical do-
simetry ;

By removing an H atom, leaving a radical which
can combine with another one®

2CH, COOH - 2C°H, COOH — COOH-CH,
-CH, -COOH;

By substitution of a hydrogen by an OH® as in
the oxidation of benzene to phenol.5*8

(%)

(¢)

25. In a similar manner, small organic molecules like
alcohols, aldehydes or acids undergo oxidation, and the
last-named compounds are often decarboxylated, %%
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-acids may be oxi-
datively deaminated,®* and if they have sulfhydryl groups
these are oxidized to disulfur (S-5)% and sometimes to
sulfoxide, as in the case of cysteine 5%

26. Reducing reactions may be obtained as follows:

(a) OH® radicals may act on strongly oxidizing
agents (this is the case for iodate and ceric
salts).*?

In certain cases. organic redox indicators have
been reversibly bleached in the absence of oxy-
gen.®? The mechanisms are at present difficult to
understand on account of the questionable exis-
tence of the free H atom. .

()




(¢) 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,®

27. Complex molecules, such as enzymes and other
proteins,® nucleic acids, lipids and polysacharides, are
also altered in vitro as a result of the action of ionizing
radiations ; enzymes and desoxyribonucleic acid (in the
case of the transforming principle of bacteria) may lose
their biological properties.®®® 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 chemical groups of
proteins is the sulfhydryl group (-SH): two
adjacent groups are oxidized by OH° 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
molecules. %81

Other specific oxidation reactions of some macro-
molecules have been found, including the deamin-
ation or decarboxylation of proteins,® and the
oxidation of structures containing double bonds,
as in the case of unsaturated fatty acids;®® but
large dosages have usually been necessary in
order to make measurements possible.

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.™ 2
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 protein® and in DNA.™

(d) Some effects of ionizing radiations on complex
molecules of biological interest have been defi-
nitely shown to be due to OH° radicals: this is
so for the inactivation of ribonuclease, carboxy-
peptidase or the SH enzymes. These effects can
be duplicated by chemically produced OH"® In
the case of bacteriophage S,;*® or catalase,™®
however, it has been suggested that they become
inactivated as a result of a reducing mechanism
but, on account of the problematic existence of
independent H atoms in usual conditions of ir-
radiation, one can probably not be certain of the
exact mechanism, since new experiments’” may
yet lead to other interpretations. In many cases
the mechanism of inactivation has not been
worked out.

The physical chemical properties of these mole-
cules may be altered: the asymmetry of nucleic
acids.*®87 of fibrous proteins®® or of hyaluronic
acid’™ 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 ;* the stability of pro-
teins and nucleic acids towards heat or other
denaturing agent is usually decreased.™

()

(¢)
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Direct effects

28, In the case of a direct effect,»5* the ionization
caused by the radiation concerns the molecule or struc-
ture under study. It is probable that the energy released
in one part of such a molecule will be transferred over
the whole structure and ionization or excitation phe-
nomena will not necessarily occur at the point of first
interaction. If the molecule becomes ionized, reactive
free radicals may be formed and the existence 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 weeks
or months. 38 In the case of water solutions, the life
of the radicals is much shorter (a few minutes). Such
studies have also been made in irradiated cells, indicating
the existence of free radicals.*%°

29. Cross-linking between macromolecules may occur,
as in polyethylene, probably by the reaction of an ionized
molecule on a normal one.®® 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 polymers.”™ The absorp-
tion of energy from the ionizing radiation does not al-
ways result in the expulsion of an electron: when ion-
ization does not occur, the group of atoms may become
excited for a period perhaps as short as 10 sec. thus
being rendered more reactive with other molecules and
susceptible to chemical alteration.’” Excitation 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. The physical state of a protein molecule 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 monomolecular
layer it is much more sensitive than when the “stretched”
molecules have been compressed into fibres.®®

Distinction between direct and indirect effects
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 effects, the yield of altered solute molecules
decreases with increasing concentration of the solute.®»*
It has thus been calculated that in a 1 per cent solution
of the 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.”

Desiccation and 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 effects.®

Temperature coefficients

33. One can expect, if diffusible free radicals play a 18
part in the indirect effect, that the .contnbutxon of }C‘hls
type of effect could be reduced considerably by freezing &
the solution.®? This has been experimentally

However, irradiation of dry substances at different

proved. 13




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.3?

Oxygen effect

34. The existence of an oxygen effect (paragraph
38) was considered until recently as a criterion for in-
direct effects; however, as the radiosensitivity of dried
proteins and polymers varies with oxygen tension,®®*
this is no longer a good test until more 1s known about
the mechanism of oxygen effects.

35. A major problem in radiobiology is to determine
the relative contribution of direct and indirect effects®
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.®®
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.

Effect of LET

36. According to the type of radiation used, yields per
ion pair formed may vary as a result of different LET.
It has been calculatted for water solutions that radiation
giving high specific ionizations (a particles, slow neu-
trons, soft electrons) produce high concentrations of H®
and OH® radicals along the ionization track:®® their
efficiency per ion pair in water solution will thus be
smaller, when 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 H,, O,,
H,0, and presumably HO{ as a result of the radiolysis
of H,0, in water, even in the absence of oxygen and there
are instances where H,O, 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 « particles.®

Oxygen effect

38. In aerated water solutions, irradiated with X or »
rays, H,O, is formed, and it is thought that the radical
O.H? (perhydroxyl) is also produced as a result of the
reduction of molecular oxygen by an H° atom ;510720
in these, the radio-oxidation yield of many substrates is
strikingly increased, sometimes by a factor of 3 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 effect.’*?%:#® In some instances,
new oxidation products appear, as when irradiated ala-
nine becomes oxidized to pyruvic acid!®® (the latter
also occurs as a natural oxidation product of alanine
through the action of aminoacid oxidase).’* In some de-
gradation reactions of polymetacrylate, oxygen is nec-
essary ;"% organic hydroperoxides or peracids also
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arise by the oxidizing action of O,H° on organic
acids.?»1932%¢ The rate of inactivation of certain non-SH
enzymes does not appear to depend on the presence of
oxygen, but SH enzymes are far more radiosensitive
when oxygen is present.l*® Other biological materials
such as the desoxyribonucleic acid®"%1°2 or bacterio-
phage’ (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 K12.37:208
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.?®” 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 hydroperoxides.®s
It has recently been shown that dehydrated proieins
(trypsin) also show an oxygen effect when irradiated
with sparsely ionizing radiation (X or y rays); this
may be due to O, ions.®

After-effects

39. It 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®® or for the inactivation of
some proteins,**® nucleic acids,® bacteriophage,’** other
nucleoproteins®*® hyaluronic acid.” Pneumococcal DNA
when tested for transforming activity does not appear
to show any after-effect after irradiation in 1 per cent
yeast extract.5®

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 in itself to
inactivate the molecule, It could be due to the H,O,*
or to the organic hydroperoxides®*? 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 links with the sugar rings
of the macromolecular chain or the slow unwinding of
the double helical structure of desoxyribonucleic acid—
have been postulated 1118116 Although H,O, formed
in the solution does not appear to be necessary in the
case of desoxyribonucleic acid,*'® it may have a very
pronounced effect on bacteriophage S,; which becomes
more sensitive to this agent after irradiations; S,; also
becomes more sensitive to some reducing agent like
ascorbic acid.’® As the after-effect does not appear to
occur after irradiation in the dry state (in the case of
DNA)®® 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 in vizo.

Radioprotection

In water solution

42, In a radiation-induced reaction taking place in
water, the fact that the major part of the effect is of
indirect origin has fundamental as well as important
practical consequences.

43. Any oiher solute, reacting with the free radicals
formed at the expense of the water molecules. will
render them less available to the substance under study
and protect it possibly by a competitive mechanism.®**
Many organic or inorganic compounds are efficient in




vitro, amongst these thiourea, aniline, phenol, cysteamine
and its oxydation derivative cystamine,®” and S-2-Amino-
ethylisothiuronium® Br*HBr (AET) 28

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 witro by some SH reagents.®>!'* Many
enzymes are also protected by their substrate,’*® their
coenzyme or by competitive inhibitors,??13212% prob-
ably also because the biologically active sites of the
enzyme molecules are masked by the protector. It has
been suggested, furthermore, that the SH group of
cysteamine can protect SH groups of enzymes by be-
coming linked to them reversibly through S-S bridges.
Similar dissociable complexes can be postulated in other
instances.!#42%5

45. If organic radicals originating from irradiated
molecules are prevented to diffuse from one another, one
favours their rejoining. This is also a possible mech-
anism of radioprotection and it can probably be achieved
by freezing at low temperature.’*s

46. Reducing the oxygen tension will inhibit those
effects of radiation which are known to be increased in
oxygen. There are many ways of producing anoxic con-
ditions, including the use of chemicals, such as hydro-
sulfite, cysteine or cysteamine,**"'?® and of more usual
respiratory inhibitors. /n vivo, many reducing organic
substrates which consume the cellular oxygen by way of
the normal respiratory processes probably also produce
anoxic conditions.?*2?® It is difficult at present to know
the exact contribution of these mechanisms in the case of
certain protecting agents like cysteine or cysteamine; it
is probable that it varies according to the type of sub-
strate, the presence of other solutes and the concentra-
tion of the different substances.

In the dry state

47. However, it is possible to protect molecules in the
dry state. It has been shown that the four first substances
listed above, (paragraph 43) when incorporated into a
synthetic polymetacrylate, protect it during irradiation
even when in the dry state.’® In the solid state, no water
radicals being present, the protective action is probably
due to a transfer of energy through the polymer mole-
cules to the radioprotector. This would be the mechanism
of protection in the case of a direct action of radiation
on the molecule. The ribonucleic acid of tobacco mosaic
virus also appears to be protected against direct effects
by cysteine.1%°

Restoration

48. Restoration is a process starting in the irradiated
material, by which the original product can be obtained
with its normal characteristics.

49. Reducing agents when added after irradiation
have been shown to be capable of restoring the full en-
zymatic activity of a number of SH enzymes. The res-
toration is complete only at very low dosages: as dosage
18 increased, reversibility is less and less complete, which
shows that different sites of one molecular species are
altered with different efficiencies.ss

50. Although some compounds are normally oxidized
- Or reduced during normal cellular processes, the radio-
. biological oxidations or reductions may lead to a product

which is not the natural one and which cannot be restored
to an active biological compound by natural processes.t
Coenzyme I is reduced by X or y irradiation to an un-
natural nroduct only in the presence of alcohol which is
oxidised to acetaldehyde : the reaction cannot be reversed
by enzymatic oxidation. The great majority of radio-
chemical reactions are apparently irreversible in witro.
If a radiation reaction similar to the last one described
were to take place in vivo, natural enzymatic processes
could restore the substrate to its natural state, and the
acetaldehyde formed could be reduced again to ethanal.

Present status of the “target” theory

51. According to its original meaning given by Crow-
ther in 1924, a “‘target” in radiobiology is a sensitive cell-
ular structure whose inactivation by one or several ioni-
zations (hits) would result in the observed biological
effects. 13 When ionization takes place exclusively in the
sensitive structure (direct effects) the dosage to effect
relationship has enabled one to calculate a target volume,
Inthe case of dry or highly protected small viruses which
are inactivated by a single efficient ionization, it has been
possible on this basis to measure their volume and mol-
ecular weight and obtain values in agreement with those
obtained by other methods. As water is a major cell con-
stituent, it can be expected that part of the biological ef-
fect of radiations is of an indirect nature: this raises
new problems as to the applicability of the target hypo-
thesis to living cells. If all indirect effects could be sup-
pressed, as it is thought they are in dried seeds, there
would be no problem. At present there is no certain way
of doing this: loading the organism with chemical pro-
tectors, freezing the cells or reducing the oxygen tension
may not do it efficiently because it cannot be foreseen to
what extent a chemical protector will reach the cellular
structure under consideration, and because free radicals
may remain frozen at or near their site of origin until
the cells are thawed for biological assay. Therefore,
more knowledge is needed about the relative importance
of indirect effects and about the distances over which
free radicals may diffuse before being neutralized or
before reaching the cellular targets. In order to have a
clear-cut criterion which can be observed, the biochemical
or biological reactions controlled by the targets should be
well defined. Probably, when these conditions are satis-
fied, it will be possible to use the target concept as a use-
ful analytical tool. Work in this direction is in progress.

ITI. BiocHEAMICAL EFFECTS

52. The sequence of chemical events from the moment
when the cell constituents are subjected to radiation up
to the time the biological effects become apparent can
conceivably be discovered with biochemical techniques.
The search for an immediate or initial biochemical event
will thus be the first step in this attempt. Two approaches
have been used by studying the effects on cellular con-
stituents and on biochemical mechanisms.

Cellular constituents

53. The search for structural damage to important
cellular constituents can be done by assaying, as soon as
possible after irradiation, the biological or the physico-
chemical properties of various cell components of which
the integrity appears to be important for the economy of
the cell. Enzymes or nucleic acids can be examined in this
way, but although high doses have been used no definite
clues have so far been reached, despite the very great
number of observations. The general conclusion seems to
point to the apparent radioresistance of the majority of
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cellular proteins ; and even sulfhydryl groups, which are
very radiosensitive in dilute solution, %3 do not appear
to be considerably damaged in vivo.22%1%% Similarly, es-
sential coenzymes and vitamins do not seem significantly
altered immediately after irradiation.?® This is due to
the fact that only a very small percentage of the con-
stituents are affected unless very high dosages are
applied.’?¢

54. It must be realized that in such attempts to identi-
fy 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.’®® These negative findings do not ex-
clude the possibility that a small number of molecules of a
type controlling key mechanisms (cell division for ex-
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 specificity, 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 nucleic
acids in vivo seems still to be controversial, although
evidence indicates that nucleoprotein complexes are
probably dissociated in many tissues as a result of moder-
ate irradiation.®™¢ It 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 2 mammalian
cell,*s” and this figure does not disagree with the data
indicating the stability of pneumococcus DNA when
irradiated in vivo', the dosages used in these experi-
ments not being sufficient to cause any significant inac-
tivation.®® Thus, a very much lower dosage than 1 r
would be theoretically sufficient 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 would be of great interest to understand low
dosage effects.

57. There is no reason to believe that ribonucleopre-
teins are not as radiosensitive as the desoxyribonuclec-
proteins, but very little 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.l38,’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.

Biochemical mechanisms

Energy-forming systems

59. More information is available from the study of
integrated biochemical reaction chains, like those of
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glycolysis and respiration, 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 phosphorylations 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 damage 141142

Synthetic mechanisms

60. In dividing tissues, the most constant finding is
an inhibition of the synthesis of desoxyribonucleic
acid, 13143244345 Tn mjcro-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.'* 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 DNA 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.’** 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 induced protein synthesis in mi-
cro-organisms has usually been found to be resistant to
radiations, except in the case of hydrogenlyase in E.
Coli.**® In mammals, a few cases of induced synthesis of
enzymes are known: the tryptophane peroxidase activity
of rat liver can be increased if 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.* However, if trypto-
phane is not given to the animal, an increased 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 stimulation.?®*?5? There are therefore two con-
flicting mechanisms which have opposed effects. It has
furthermore been shown that the occurrence of infection
in irradiated mammals can be related to an impaired syn-
thesis of antibodies if irradiation takes place before the
injection of the antigen :#%34714%14% thig is not neces-
sarily due to the depletion of antibody-forming cells, but




might be related to the inhibition of the induced synthesis
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 complete process
of 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 which 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
to U.V. light absorbed by their constituents which affects
the synthesis not only of the new proteins but also of
ribonucleic acid.*s?

Effects on transport mechanisms in the cell membrane

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,*s* but, although
cell permeability has often been said to be affected after
irradiation,'®®!%¢ few critical experiments have been per-
formed. It 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.*s” Sim-
ilar phenomena, if existing in nerve cells, could be a basis
for explaining some of the nervous symptoms of irradi-
ation. Surface mechanisms can be affected in yeasts by
U.V. light 365 mu. without apparently producing other
effects than delaying mitosis ; these surface lesions cause
considerable loss in potassium.?ss

64. The loss of small organic molecules like adenosine
triphosphate has been shown to occcur from irradiated
micro-organisms,**® 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 urine, 48!
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 biclogical effects of radia-
tion, cytologists have tried for the last half century to
identify abnormal cell structures.

Nucleus

. 67. In the cell nucleus, the most conspicuous damage
1s in the chromosomes, which are very sensitive and fre-
quently grossly altered ; irradiation as low as 25 r or even
less is sufficient to induce chromosome aberrations in
embryonic nerve cells!®? or in many plant tissues,®*84

68. Irradiation causes the breakage of chromosomes,
which probably occurs during exposure ; this is followed
by normal or abnormal recombination of the broken
ends: but these may remain separate. As not only the
molecular integrity but also the order of the genes on
the chromosomes is important, this damage may lead to
genetical effects simulating mutations. Point mutations
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 ;%1% however, a point mutation could

% occur at the point of breakage and reunion of the
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chromosome and in this case the damage would be visible.
Two types of mechanisms for chromosomes breakage
appear to be possible ;*° the first would be the result of
the breaking of weak ionic bonds, the second the rupture
of 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 definitive : it is the one
which best fits the present experimental data, but its
simplicity is obviously a reflection of our ignorance of
the over-all molecular structure of chromosomes and of
the dynamic mechanisms of chromosome function. It is
presumed that ionization must take place in the gene
itself or in its immediate vicinity to cause a mutation.

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-
tween the daughter cells, which affects the process of
mitosis or the survival of the cells.?¢2%7 Staining ab-
normalities of the nucleus have frequently been ob-
served.?0.168

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
for 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 morphology as well as the number of nucleoli
(small muclear spherules characterized by their high
content of ribonucleic acid) may be altered in mamma-
lian cells.’®® The total cellular volume may increase as
a result of irradiation, as the volume of the nucleus often
does; the nucleoli may become sweollen, fragmented or
vacuolated.’®”?"® 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 differ-
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.}?

Cytoplasm

72. Nuclear swelling is often accompanied by cyto-
plasmic swelling, and giant cells are often observed after
irradiation of micro-organisms as well as of mammalian
cells.’” The fact that the dry weight or total nitrogen
increases 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 cleavage.}?31##17%176.17% This
cellular swelling has often been the basis of a misinter-
pretation : many references to the stimulation 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 :}*837717 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 another. The
energy of radiation and its random distribution 1S such
that the chances of obtaining deleterious reactions appear.
greater than those for specifically removing inhibitory
processes, another logical mechanism by which stimula-
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.18¢

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 metabolism.»** They
have been observed to swell or show abnormal staining
in irradiated spleen cells,’s*16%1%% a finding which has
been supported by biochemical evidence (inhibitioq of
oxidative phosphorylation).:®+:8% If, after irradiat_lon,
the behaviour of the various biochemical functions
which are attributed to mitochondria were compared,
it should be possible to draw a consistent picture of their
alterations ;** unfortunately the experiments have sel-
dom been carried out in comparable conditions.

75. The following have been described:

(8) Aninhibition of respiration and phosphorylations
chiefly in thymus and spleen ; the phosphorylation
processes appear to be more sensitive than res-
piration.lsl,ISG,ls'l

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

(¢) An altered lipid metabolism characterized chiefiy
by an increased synthesis of the phospholipids of
the liver ;*®® 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.
188,190,191

76. Thus, the different reactions to radiation of three
different mitochondrial 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 work, 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 ;*** the latter may or may not be
identical with the cytoplasmic particles carrying the
respiratory enzymes themselves. An alteration of these
controlling mechanisms could very well be the origin of
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 microscope.?®*** 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
synthesis.}??

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
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performed in the thyroid and in the testes have not re-
vealed any damage to this reticulum.!®®

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 synthesis does not appear to
be impaired immediately after irradiation,'®*® 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 of hemo-
globin.?*"1%® This bimodal response to radiation, often
found for protein synthesis, makes it difficult to inter-
pret the variations of the serumn proteins®® 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.}®

83. Cholesterol synthesis is also related to the integ-
rity of microsomes®® and is often enhanced after irra-
diation; when it is inhibited as in spleen, this only
becomes apparent after twenty-four hours.®

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 ;*"! the irradiation of non-nucleated cytoplasm in
the amoeba has shown that at least ultra-violet light
affects cytoplasmic ribonucleoproteins quite rapidly.*°*

85. Lysosomes form a type of cellular particle chiefly
studied in liver; they are intermediate in size between
microsomes and mitochondria ;**° they are characterized
by a high content of iron and by their association with
several enzymes like desoxyribonuclease II, 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,?0%:204,205,206,207 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
enzyme inhibitor normally present in the blood.?°72%8

86. Chloroplasts,***** the chlorophyl-containing cyto-
plasmic particles of plant cells, and kinetosomes,**° 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 muitiplica-
tion 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 moderately
irradiated grasshopper testes!®® has shown in the electron
microscope the appearance of supernumerary tail fila-
ments and centrosomes, probably related to the kineto-
somes of protozoa. These observations 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



structures.’®® Extensive work on irradiated plant cells
has led to the demonstration that the activity of several
enzymes bound to the chloroplasts were altered.?**

V. BIOLOGICAL EFFECTS

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

Homogeneous cell populations

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.’213:234,215,217,218
Recent techniques make possible the culture in liquid
media of almost any type of mammalian cell ;*"*"® these
cells are capable, in vitro, of forming organized struc-
tures recalling the original tissue they come from,*¢
which should be of great value in studying problems of
cellular organizations and in understanding 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 fundemental properties of the cells such as
survival, cell multiplication or mitosis, increase in dry
weight, differentistion of non-mature cell types, cell
movements, or permeability of the cell membranes are
studied, one can usually describe a common pattern of
reaction to radiation.

90. On the other hand, cells performing specialized
functions may react to radiation in a specific manner
related to this function. In multicellular organisms, im-
portant interactions between the different tissues 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 delsyed, 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.¢7
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 cultures ;220222 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
or both of which have been irradiated) is also delayed,
if irradiation occurs before early prophase in this case.??
If irradiation occurs afterwards, 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-
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ing of the critical period in other cells.?***** Also, in each
cell type, although the general course of mitosis 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 synthesis?%223 which occurs
frequently — but some instances where cell division is
inihibited with apparently normal DN A metabolism will
force us to reconsider this view.?** DNA synthesis, as
stated previously, is a complex process; it is perhaps
associated with chromosomal protein®*® or RNA syn-
thesis,’3® of which next to nothing is known. It 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 divisions??®229:23° might also
be one cause of its inhibition ; inhibition of mechanisms
of cytoplasmic cleavage®*® or of spindle formation2??
are other plausible hypotheses.

Mutations

93. It 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 mutation.
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 exist amongst the sur-
vivors.?s? 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 perma-
nently 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 is a
period of time following irradiation during which the
process of mutation is not fully established.?3%33%:234233
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 time-
lag gives the possibility of interfering with muta-
genesis*®*2%—a subject which will be discussed more
thoroughly in another section—it is generally accepted
that this damage once fully established cannot be reversed
by non-genetical processes. In addition to induced mu-
tants there are always a certain number of spontaneous
ones, which arise in the absence of any added external
agents.

94, Back mutation (reverse mutation), the apparent
reversal of the previous mutation and the evolution from
dependency to independence of some specific metabolite,
may occur spontaneously or by irradiation of the mu-
tant; apparently there is what could be called a trglti:
recovery of the cell or at least of that part of the ¢
which had first been altered.*s” However, the sponta-
neous phenomenon has a small probability of O,CCUI'U;_S
and the process of back mutation, unless 3¢ could be di-
rected, is not a practical recovery process. .




95. Other mutagenic agents (lower energy radiation
like ultra-violet light,?** many toxic compounds and chem-
ical analogues to normal building blocks)?3%24¢ are all
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 cffective 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 disturbing.?s®

96. Genes presumably control the biochemical mecha-
nisms (many of which are located in the cytoplasm)
responsible for producing enzymes or other specific
cellular constituents.?# It is possible to imagine that, asa
result of irradiation, the block in the reaction chain
between gene and enzyme-forming system could occur
in some intermediate cyfoplasmic structure. If 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-
plasmic mutation. Nothing much is known 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 characters,10%:242

Movement

97. Cell mobility can be stopped by irradiation, but
usually very high dosages are needed for such an effect.
Irradiation of spermatozoa®* 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 which occur in the developing embryo.
On the other hand, radiation is known to inhibit phago-
cytosis in mammalian polymorphonuclear white blood
cells,?** 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
diffrcult,

Membrane phenomena and ionic equilibria

98. The statement frequently made that radiation
alters the cell permeability needs to be specified. The
exchange 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 against a concentration gra-
dient, a process which requires energy,’** 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, complex enzy-
matic systems, located on the cellular membrane, have
been described, and it would furthermore not be surpris-
ing that this organized structure be upset by radiation
as are other patterns of cellular organization.
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99. It has been shown in many cases that potas-
sium leaks out of many irradiated cells like erythro-
cytes,®#6:247:248 and cardiac muscle,?s but not out of liver
or kidney,**! or striated muscle.?+®

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-rays?s? for doses which completely 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.Coli) irradiation leads to the diffusion of
many nucleotides?*® into the outside medium, as well as
of potassium, which has already been 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 down.?%®
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 damage.?** The case
of the barrier separating the eye from the blood stream?>*
as well as many others'*® have also been studied with
similar results,

Cell death

102. Irradiated cells die either inmediately (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 genecral 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” only 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,**®:236:257
and it may often be linked to chromosome damage.*s®
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,’
but also for closely related cells such as different strains
of the same bacterial species.?*?

104. Recent experiments on cultures originating from
different single mammalian cells have shown a very simi-
lar sensitivity ;*** this probably results from the fact that
in these abnormal conditions cells undergo relatively




rapid division, whereas in the whole organism this
process may be extremely slow 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 of radiation. In an aver-
age-sized mammalian cell, submitted to an irradiation of
1 r, several hundreds of ionizations occur. and the proba-
bility oi a structure being damaged will depend on sev-
eral factors, including its size and the radiosensitivity of
its constituent molecules i vivo. It 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.®® Alterations of DNA could
be one cause of late cellular 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-
logical effect.

Effects on viruses and K particles in Paramecia

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 vitro and they can be irradiated
independently of the cells they multiply in. Bacterial
viruses (bacteriophage),®*®* some of the animal vi-
ruses and the cytoplasmic K particle of Paramecia®?
are desoxyribonucleoproteins, like the bulk 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 wivo
or in vitro inactivates them, i.e. interferes with the
possibility of their being self-duplicated inside the

Cell.280’261'262

108. For 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 structure itself has to be
affected and that the bacteria remain capable of support-
ing phage multiplication.?%26¢

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
multiplicity reactivation).?® This is a crude and prob-
ably quite inaccurate way of explaining a complex
mechanism of which little is known. This type of reac-
tivation has also been described for X-rays.268

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

Effects on lysogenic 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
desoxyribonucleoprotein and thus reduplicate simulta-
neously with the bacterial nuclear material without caus-
ing any apparent trouble to the cell. However, extremely
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 finally
lyse the infected cell.”*” 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 dosages.’”*%¢ What characterizes induction is that it
takes place in almost 100 per cent of lysogenic cells,
whereas mutation only takes 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 #ransducing
some genetic characters from one genetic type of host
to another.*$%%8 Tt 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 mutations
might become possible in mammals.

Differentiating cell populations

Embryonic development

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 metosis 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 gametes

114. We 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 Qelayed
death.”®® The fundamental biological situation is that
gastrulation is the first stage of development during
which cellular differentiation occurs: this process is pre-
ceded by a striking increase in the metabolism of ribo-
nucleic acid (both 1n the cytoplasm and nucleolus). as is
the case in most biclogical processes where intense pro-
tein synthesis and differentiation is taking place.
Furthermore, during gastrulation important cellular
movements lead to the formation of three Silffe{ent_cczllu-
lar layers which ultimately become organized in tissues
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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.?™

115. The cause of the death of embryos obtained from
oocytes fertilized with irradiated sperm appears certainly
to be related to nuclear damage: the sperm cell contains
only very little cytoplasm, and the damage can remain
hidden, 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 cells269:272.:373,274,275
It is important to notice that the process of cell division
becomes inhibited at a stage of development where the
genetic material is presumed to initiate differentiation.
If, however, the fusion of the abnormal paternal chromo-
somes with the normal maternal ones is completely pre-
vented (which can be done by using higher dosages of
radiation), a situation arises where the abnormal nucleus
is eliminated, and in this case an apparently normal
embryo will develop if the species studied are capable of
parthenogenetic development, 26272275 Thys is one exam-
ple, amongst others, where dosage-effect relationships
appear to be non-linear and even paradoxical; higher
dosage producing less final damage than lower ones.
The explanation is that complex mechanisms of develop-
ment, secondary to the initial damage to the chromatin
are observed: this damage, however, is probably related
in a simple way to the amount of irradiation received.
A similar paradoxical situation may be found in the
experimental inductions in the embryo of certain abnor-
malities such as microphthalmia®’® and this can be log-
ically explained by the existence of some competition
with other lesions at higher dosage.

116, In the wasp Habrobracon®™ and in silk worm?®’”
the reverse situation is possible, and the fusion of a
normal sperm cell with a highly irradiated egg cell may
lead to an androgenic embryo (containing only its
father's chromatin). Experiments such as this point
again to the very important role of radiation damage to
the cell nucleus. Nuclear damage (genetic) is probably
also responsible for the various forms of abortion or of
malformations of offspring born of parents, one or both
of which have been irradiated. In this case, the develop-
ment of the embryo ceases at some stage of organoge-
nesis, sometimes even after birth, However, as different
stages of gametogenesis have different radiosensitivities,
one expects to have a different probability of abnormal
offspring when mating occurs at different times after
irradiation.?*® The longer the time lapse before concep-
tion, the smaller the probability of abnormal develop-
ment, because it has been found that the earlier stages
are the least sensitive ones, at least in mice.?®*"® With
slight irradiation, development may in many cases pro-
ceed and this will result in more or less dramatic ex-
pressions of genetic damage visible in the offspring.

Irvradiation after fertilization

117. If irradiation is given at different stages of em-
bryvonic development, the inhibition of cell division and
differentiation and cell death may cause the develop-
ment to be either completely or partially stopped. In the
mouse, the pattern of response to irradiation (200 r)
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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 abnormalities ; this means
that only the slightly affected embryos survive. In con-
trast, if irradiation occurs after the embryo is implanted
in utero, during the period of organogenesis, death
usually occurs only after birth—but it is much less fre-
quent ; on the other hand, there is a very marked increase
of malformations of the embryo. During early embryonic
development (if irradiation takes place during the
formation 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.?™

118. The exact mechanism of all these effects, which
are all possible in humans, is far from being well under-
stood on account of our ignorance of many important
facts concerning embryonic development, such as the
nature of induction (interaction between neighbouring
tissues), the cause of morphogenetic movements or the
nature of gesnetic expression, that is, the mechanism by
which one single cell is capable of becoming differenti-
ated into a multitude of daughter cells performing a
variety of functions.

Dosage-effect relationships

119. These have been studied in certain cases, and for
most bone abnormalities they have been found to be of
the sigmoid type.2® In the case of the decreased weight
of the foetus at birth, the dosage relationship is linear,*°
and litter size appears to fall off logarithmically with
dosage to the gametes.?®* A constant finding is that a
higher dose not only increases the incidence but also the
degree of malformation and the length of the sensitive
period during which a specific response can be in-
duced.?® It has been shown that a dose as small as 25 r
to the mouse embryo has led to the induction of minor
but nevertheless well defined abnormalities. It is difficult
at present to know how such small doses could affect
human embryos, but it can be expected that very minute
malformations of the brain, which could perhaps not be
detected in experimental animals, will result in some
kind of psychological disorders. Responses to lower
dosages still could probably be detected if a greater
number of animals and more refined tests were used.
The case of leukemia, also believed to be inducible by
irradiation of the human embryo,?? is discussed in detail
in chapter V and annex G.

Adult organisms
Differentiation

120. Some undifferentiated cells are carried on into
the adult organisms and these stem cells go on differen-
tiating throughout life: the white blood cells are formed
in the bone marrow and in the lymphatic tissues (lymph
nodes and spleen and other organs). The lymphatic
tissues are considered to be of major importance in anti-
body formation. The red blood cells originate from bone
marrow and during embryonic life from spleen and
liver. In rodents, myelopoesis and erythropoiesis con-
tinue in spleen during adult life, but not in man. This is
one of many physiological differences it is essential not
to overlook when one transposes the results from experi-
mental animals to man.
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121. Adult organisms contain other tissues continu-
ously regenerating from stem cells, such as epithelia
(skin, gut, etc.) or bone: finally there are tissues in
which few cell divisions take place (liver, kidneys, pan-
creas, brain, or conjunctive tissue).

122. As in the case of isolated cells, experimental evi-
dence points to the particular radiosensitivity not only of
rapidly dividing cells, but also of the embryonic or stem
cells which are still due to wundergo cellular differen-
tigtion.** 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 ot these classes is an exception to this rule; its
great sensitivity to radiations®%2%¢ 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 different from that in the spermatozoon,
whose haploid nucleus plays an important role both in
cell division and in differentiation processes which do
not occur in the case of the lymphocyte, whose diploid
nucleus may be more resistant than the sperm nucleus.

Mutations in multicellular organisms

123. Genetic mutations are found when gametes or
the cells they originate from have survived irradiation
and undergo fertilization 85286

124. 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
mammals, and in a few instances they have been quite
thoroughly analysed: in man the missing enzyme has
sometimes been identified, as in galactosemia®®® and in
phenylpyruvic oligophrenia®’, a form of mental defi-
ciency related to abnormal phenylalanine metabolism.

Mutations in somatic cells

125. Mutations in somatic cells will affect the lineage
of these cells but will not be carried to the offspring.
These mutations have been shown to take place at a
frequency of the same order as that found in the germ
cells before meiosis (gonia)?%2#%:290:2%1 apnd they have
been found to occur in irradiated tissue culture; such
mutations might play an important part in the determi-
nation of malignant growths.

126. 1t is very probable that the mechanism of muta-
tion in higher organisms is very similar to that in micro-
organisms; and the importance of fundamental studies
in bacteriophage, microbial or fruit-fly genetics is that
they enable us to get answers much more rapidly and in
much better defined environmental conditions than can
be hoped for in the case of the higher animals. Tissue
culture, which is complex in the case of these organisms,
may become of primary importance for the study of
genetical mechanisms in mammalian cells, since such
studies have become possible by culturing isolated mam-
malian cells in the same way as micro-organisms : muta-
tions have been induced in such cultured cells.29%23
Many somatic effects may have their origin in such
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mutations or in chromosome damage of non-germinal
cells either as a result of death or loss of specific cell
functions.

Carcinogenesis and other somatic effects

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

VI. VARIABLES IN RADIATION EFFECTS
Physiological conditions

128. Physiological conditions may vary in many ways
and this can influence radiation responses.s:

129. During cell division (wmitosis and meiosis) 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 another.??%:293,294

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 oocyte.>”® 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.

131. The age of cells and organisms may affect their
radiosensitivity: in an aged bacterial suspension, when
the cells have reached their stationary phase, they be-
come less sensitive to radiation;®® but what is usually
called an old culture is simply an “undernourished” one
which has ceased to divide because the stationary phase
only begins when some nutrient begins to be deficient;
modern continuous cultures in media constantly re-
newed. By means of the chemostat might help to demon-
strate whether aging occurs in micro-organisms or cellu-
lar suspensions of dividing cells of more complex
organisms. The possibility of aging would exist if the
daughter cells were not identical; and such a condition
would arise if cytoplasmic material endowed with genetic
continuity were not distributed evenly between daughter
cells. It is probable that in aged cultures the radio-
resistance is greater because the bacteria have stopped
dividing.

132. In the case of higher organisms, there is usually
a great sensitivity during foetal life and the LDso is less
than half that of the adult, and, as has been already
shown, the type of lesion depends on the time Of eén-
bryonic development during which the radiation 1s de-
livered. In certain strains of mice, 200 r on theth ninth
day of gestation is 100 per cent lethal: on theghm day,
twice this dosage is required and after bir Sg!t‘ea(l;er
dosages still are needed. The sensitivity continues to de-
crease until adult life is reached: the LDs, ‘; C:‘; at
forty days and reaches 670 r at 140 days for CAF,




mice,?®%297,2%8 The sensitivity then remains very constant
up to the last months of life—when it again increases
sharply. A similar pattern of response exists in rats;**®
Drosophila®®® and birds,*? 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 of
somatic cells in Drosophila) or to changes in metabolic
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 and other physiological conditions.
Starvation of micro-organisms may render them more
resistant, as seen in paragraph 131, but in other in-
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.?%

135. There are few 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.3?

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. 3
It is possible, however, that in human populations, un-
dernourishment and strain may affect the recovery
processes,

137. Oxygen tension. The irradiation of water solu-
tions in the presence of oxygen results in the formation
of D,H° radicals, in addition to H® and OH°. This
radical could also be formed in vivo. This would explain
that when the oxygen tension is diminished, a lower
response to irradiation occurs;®® this is true for the
survival of mammals,3%63% and of birds,3%® for certain
mutations?°®31 but not all,**° for chromosome damage,®*?
for various effects on embryonic development®*?%¢ 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 having a low lonizing density (X and
y rays, fast neutrons); when the oxygen tension is
increased, these effects are not enhanced, which indicates
that in air the oxygen tension is sufficient for the maxi-
mum effect. In the case of the densely ionizing « particles
or slow neutrons, there is no oxygen effect.**

Comparative radiosensitivity of living organisms

138. When the survival rates after irradiation of dif-
ferent types of living organisms are compared. the sen-
sitivities are found to vary very widely.’* Mammals
appear to be the most sensitive of all classes of organisms
and doses able to kill 50 per cent of animals in thirty
days (LD,,/s,) range from about 200 rad for the
guinea pig to 900 rad for the rat, the best estimate for
man being 400 = 100 rad. Cold blooded animals have
an LD,,/,, which can rise to 3,000 r for the triton and
perhaps 20,000 r for the snail. Bacteria and other micro-
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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 differences.
In cold blooded animals, either low metabolic 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 oxygen tensions in
different organisms which could account for different
radiosensitivities,

141, In the same species, organisms of different
genetic sirains 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,,/g,.52%%¢ It has
also been shown that similar genes in different species
of Drosophila may mutate at rates which can differ by
a factor as high as 2.2%%:®5318 Jt hag furthermore been
shown that the frequency of production of developmental
abnormalities may depend very much on the genetic
strain: in Balb.C mice, certain malformations of the
spine occur in 100 per cent of animals irradiated with
200 r during the 8th ¥ day of gestation, whereas in the
hybrid (C57XNB) F, no such malformations occur.®*
For practical purposes, this means that observations ob-
tained from one human population do not necessarily
apply to a genetically different 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,®?® as in grass-
hoppers.

143. The presence of natural radioprotectors may be
yet another factor: some organisms like insects are
known to have a higher concentration of aminoacids
(which are fair radioprotectors) in their body fuids.
The degree of oxygenation of the tissues should also be
taken into consideration.32°

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 two sets
of genes) are more resistant than haploid ones (contain-
ing only one set).3?**** 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.3?

145. Many of these suggestions are mere working
hypotheses and nothing systematic has ever been done to
find out about these different factors. Work in this direc-
tion may lead to the discovery of better ways of pro-
tection.

Adaptation to radiation

146. Little is known about the possibilities of organ-
isms becoming adapted to radiation; the following sug-
gestions may however be made,




147. Increase in catalase (an enzyme destroying hy-
drogen peroxide and possibly neutralizing other per-
oxides) in algae from the Bikini area has led to the
hypothesis that this might be the result of some adaptive
enzymatic processes induced by the unusual amount of
peroxide detectable in the sea water.3?3

148. Selection might be expected to lead, in certain
populations of mixed species, to the predominance of the
most resistant strain. Furthermore, it is quite conceiv-
able that irradiation itself induces a mutation which in-
creases or decreases the radiosensitivity of an originally
homogeneous population of cells. However, work done
on Drosophila®*® and yeasts®** does not indicate that
breeding in a high radiation background leads to the
appearance of more resistant genes, The UV irradiation
of E Coli B, on the other hand, has selected a small
number of radioresistant mutants (B/r)*% oceurring in
normal cultures as a result of spontaneous mutations with
the rate of about 1 X 10~ mutations per bacterium per
generation ; one would expect that under chronic irradia-
tion one could select this strain to some extent.

149. Tumours have often 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 reason**%26:327,:329 hyt it is difficult 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
celis may become incapable of further cell division in
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-
fected.?*® This apparent beneficial effect of low doses
of X-rays on females is compensated by the fact that
the number of litters they were able to bear fell from 5
for the control to 0.5 for the 80 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-expec-
tancy.3?°

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
work, although it may lead quite rapidly to definite ideas
concerning the behaviour 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 external and internal sources.®31:33%:33% 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
nitial stages of plant development and growth, followed
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by higher crop yield, is reported with various contra-
dictory results, 334,335,336

Secondary effects

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

Nuclear cytoplasmic relationships at the cellular level

154. Such secondary effects can be expected on ac-
count of the close physiological relationship between the
different cellular organelles. It is known that if the nor-
mal isolated nucleus of an amoeba is put into the irradi-
ated cytoplasm 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 organism,7 It
has also been shown that unspecific chromosome damage
can be induced in an intact frog oocyte nucleus intro-
duced in the irradiated cytoplasm of another oocyte3:s
and ultra violet irradiation of the cytoplasm of the giant
unicellular Acetabularia Mediterranea 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 X-rays).**®* How-
ever, nuclear damage to Aceisbularia 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 cytoplasm of the egg alone than by
irradiating the nucleus;** the same holds true for at-
tempts to induce chromosome damage by micro-irradiat-
ing other parts of the cell.**! Primary nuclear damage
appears to play a prominent role in processes where
nuclear activity is important as in cell division, mutations
or many 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 cytoplasms of Amoeba and Ace-
tabularia which survive for shorter periods than if they
contain a nucleus :202:3¢%:343 In this case, the role of the
nucleus could be associated with some repair processes
which 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 formation 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 in vitro produce peroxides when the cells
originate from an irradiated rabbit.* The significance
of this finding is difficult to understand on account of the
fact that many tissues (although not bone marrow) from
non-irradiated rabbits also produce peroxides in i#70.
Not much is known of the effects these peroxides might
have on other cellular populations. It has, however, been
demonstrated that many lysogenic bacteria show a
diminished response when put in the presence 01 ?atalasies
(catalase reactivation after U.V. and X xrradlan.on)._
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 peroxidase when kept in



anaerobiosis, a condition during which they normally
only have traces of the enzymes.?¢ 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 afterwards; the
effect can be prevented by catalase.?*?

Multicellular organisins

157. It has been found repeatedly that the nucleic acid
metabolism 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.
348,349 Tt has also been demonstrated that tumours origi-
nating from non-irradiated thymus cells can develop if
these cells are grafted on a totally irradiated host whose
thymus had previously been removed;**° damage (by
radiation or other means) or removal of the thyroid
may lead to pituitary cancer.®®® No final 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.?**

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.?®® Stimulation of the
pituitary as a result of thyroid disfunction is probably
the cause of the pituitary tumour mentioned above (para-
graph 157). The exact relationships between hormones
and biochemical processes in normal organisms should
be known to understand many effects of radiation in the
mammal.

VII. ALTERATIONS OF RADIATION EFFECTS BY FOREIGN
AGENTS

Protection

159. Protecting agents are those whose presence dur-
ing irradiation decreases the response of an organism
to radiation. Many experiments reported earlier (para-
graphs 38, 42 to 4?) constitute a basis for finding chem-
icals capable of protecting living organisms against
radiations. However, our ideas on the mechanisms of
protection in wive 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. It 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,?%:356.38

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 H®, OH?°,
and O,H?" 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
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capable of decreasing the intracellular oxygen tension
can be expected to afford protection against direct or in-
direct effects which are oxygen dependent ;*** (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. It 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 of
protection.

163. The survival of unicellular and multicellular
organisms have been quite considerably increased by the
use of various agents. SH and amino reagents (cysteine,
cysteamine or cystamine, glutathione) or the methyl
derivative, methionine, as well as thiourea have been
used successfully on micro-organisms and mammals.
355,336,338 Very similar possibilities have been found with
S-2-aminoethylisothiuronium . Br . HBr (AET)®
which is less toxic and may thus be used in many mam-
mals, including monkeys and dogs.**® As far as is known,
there have been no attempts to use this compound in
man. Further analysis has shown that at neutral pH a
rearrangement of the AET to guanidine form occurred,
so that the effective compound was 2-mercaptoethyl-
guanidine hydrobromide (MEG).3%°

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,3%!

165. The number of chromosome aberrations*s+36%
36736836 and in some instances the number of muta-
tions™® 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 chromosome aberrations in mouse thymus,33
although nucleic acid integrity does appear to be pro-
tected by thiourea or cysteamine®®® in the same organ.
In Drosophila, however, and in micro-organisms, muta-
tions have not so far responded to the protective action
of cysteine or cysteamine.®® In micro-organisms a pro-
tective action probably exists, but it is often difficult to
mterpret the experiments because increased survival as
a result of protection could lead to an enhanced oppor-
tunity for a mutation to become expressed.!8

166. These agents have in common the properties of
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.3™ 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.*"»371372 Tt 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 cysteamine.?®

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 hydrosulfite® A certain number of
natural metabolites (succinate, glucose, alcohol) have
protecting properties in a few Instances, probably by
consuming the cellular oxygen in the course of their

. - i



normal enzymatic oxidation.’'® Anoxia can also be ob-
tained with a certain number of drugs like morphine
which depress the respiratory centres: in that case a
protecting effect is also found.?"® Cyanide, 2 strong in-
hibitor of respiratory enzymes, has been found to be an
efficient protector of mice, although it would tend to
increase the intracellular tension of oxygen.*™ 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.?” However, in these conditions an increased
number of chromosome breakages is observed.?™®

168. It 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 ;3773
379,380 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 neutrons.®%3% As was seen (para-
graph 37) in these cases reduction of the oxygen tension
1s not expected to have any effect.

Sensitization

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-
ments,® but these are not at present susceptible to appli-
cation in 7ivo. 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 synkaewit,®* a deriva-
tive of vitamin K, increases the radiation induced mitotic
inhibition in chick fibroblasts cultured in vitro; this effect
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 effect 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.®®*

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

Recovery

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
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which appear later are also temporary and display 2ppar:
ent recovery. In irradiated mammals pone marrow an
gonads can recover at the expense of the surviving cells
which multiply and repopulate these greans, but perman-
ent damage, leading for instance to more rapid aging
to an increased radiosensitivity or tq the development
of cancer, may have been established.

174, The lapse of time existing between irradiation
and the biological expression of the primary damage
gives an opportunity of preventing the development Of
the lesion or of enhancing the spontaneous recovery
processes.

175. Recovery agents are those which are effective
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 is to destroy some.i{zter-
mediate compound before the damage is definitively
established: as in the photorestoration of a great number
of effects of ultra-violet light,386338 the catalase rqstora;
tion of lysogenic bacteria treated with ultra-violet light™
or, in one instance, the effects of X-rays.**” The first of
these processes, in the case of ultra-violet irradiated bac-
teriophage is only possible if illumination takes place 1n
the presence of extracts of normal bacteria; the secon
appears to lead to the destruction of organic peroxides
formed during irradiation.

177. Restoration achieved in some instances by cooling
or heating the irradiated cells**® may inhibit the eXPTCSE
sion of injury before it is definitively established bu

none of these mechanisms is properly understood.

178. (b) Those whose object is to replace a damggé’d
compound or cell. The provision of nutrients to micro-
organisms which have lost the capacity of synthesizing
them could be considered as one possible mechamsm 9
recovery; recovery is however only apparent, because
the fundamental damage has not been removed.

179. True recovery would depend on the possibility
of replacing the damaged molecules or cells by non-
irradiated ones. Experiments on bacterial transforma-
tions or on genetic recombinations in micro-organisms
have shown that it is possible to control some altefat‘t‘}’]“
of their genetic characters. The mechanisms O ) .g
greater radioresistance of diploid compared with haplo/®
cells may well have their origin in closely related m'b i
anisms. On these grounds, the use of intact desoxXyT! }(1)
nucleic acid to replace the irradiated compound inside t i€
chromosome becomes a possibility, One successful el’*
periment of saving ultra-violet irradiated Salmone
with intact DNA has been reported.s¢®

180. It is possible to replace whole cell po
of irradiated animals and thus promote their
this can be done by injecting intact bone marro
a non-irradiated donor into the circulation of 2 first
irradiated one. This type of experiment was 2t that
performed as a consequence of the demonstration se
the death incidence of mice was considerably decr€? e
when hematopoietic organs (like bone marrow, ©
hind limb, spleen or liver) are shielded durt
tion. Bone marrow injections have since pProve©. - .g
successful in dogs, hamsters, monkeys.*?* Only tbo stly
containing cells capable of forming granulocyt€S (g‘ cells
polymorphonuclear white blood cells), red bloo <llular
or platelets are capable of this activity. These ; ¢rom
suspensions are effective in preventing acute deat utrons
X or y rays but apparently death caused by n€
is much more difficult to prevent,3%0:392,392,393

pulations
survival;
w from

lethally




181. 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
and 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,**® tumours de-
velop with greater frequency in protected or parabiotic
animals®®%37:3%8 and the normal life-expectancy of the
animal remains decreased.’® 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 (isologous grafts).
For instance, one has known for a long time 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 immunological
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 immunological
identification ;*%°:%%® 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.*®

183. 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 host.4°%:4¢

184. There have been recent attempts to stimulate
bone marrow regeneration. It has been shown that al-
koxyglycerols 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 polymor-
phonuclears and has also a beneficial effect on the platelet
count.**® It has also been found that the bactericidal
properties of the blood serum were diminished in irradi-
ated rats; this could be due to a 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 survival. #0403

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.**® 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 of sub-
cellular fractions. The idea of the possible recovery
capacity of bone marrow or spleen nucleoproteins was
put forward a few years ago but was later abandoned on
the ground that a small number of intact cells were pres-
ent in the fractions injected.**” It 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, work on the biological activity of
nucleoproteins in normal or irradiated mammals i1s of
great interest and should certainly be very actively
pursued.

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

VIII. CoxcLusioNs

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 many cellular mechanisms 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.
It thus becomes vital, if effects of radiation are to be
understood and possibly prevented, that the functioning
of normal cells and the organization of cellular popula-
tions be known. Radiobiology is not a science in itself ;
it is but an applied science and 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 into one harmonious picture.
The problem is not merely to push forward the study
of genetics or of carcinogenesis, because it is obvious
that these problems are dependent on most other aspects
of cell physiology. Our ignorance of fundamental biology
(taken in its widest possible sense) is undoubtedly the
major factor limiting our understanding of radiation
effects on man.
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1. SHORTENING OF THE LIFE-SPAN IN
EXPERIMENTAL ANIMALS

The experimental effect of single doses
on short-term survival

1. The short and long-term effects of whole-body ex-
posure to a single dose of radiation have been studied
in a variety of mammals. When “survival time” (dura-
tion of life after exposure) is studied as a function of
radiation dose, the results 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
24 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 rem;

TABLE I.

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

(¢) 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.

HYPOTHETICAL EXPERIMENT

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

their median life-spans.

Number of Long-term decrease in
Iive animals Medicn survival life-spon
Group Rad: time imals
dose alive on day 30 Per cent of
rem Day 0 Day 30 days Days» control®
) S 0 100 100 800 —_ —
2 i 300 100 100 710 90 10
K 500 160 82 650 150 17
4. i 600 100 50 600 200 21
- A 700 100 11 530 270 30
6......... 800 100 0 — — —

» The difference between the datum for group 1 (800 days) and the data for other groups

in column 5 (median survival time).

b The life span of the controls (group 1) was 900 days.

6. The dependence of biological effect on radiation
dose is illustrated in figure 2. In the case of acute mortal-
ity (deaths within thirty days of exposure calculated
from table T, column 4), the dose-effect curve shows a
threshold—the first deaths occur somewhere between
300 and 500 rem. In the case of the long-term decrease
in life-span (per cent of normal life-span) the course
of the curve as drawn does not show a threshold and
indicates that even at the smallest radiation doses there
is some decrease in life-span (see paragraph 11).

7. Biological effects not only depend on radiation dose
“but also on dose rate. In the hypothetical experiment, the
animals received a single dose at 50 rem/min. The same
results would have been obtained with dose rates of S
or 300 rem/min. Below 5 rem/min., however, the effect
per unit dose diminishes. In the case of acute mortality,
it does so relatively rapidly. It may do so quite differ-
ently in the case of the various kinds of late injuries,
including those shortening the life-span.

The acute LDy,

8. Recent determinations of the acute LD,, (single,
whole-body exposure) for mature mammals are given in
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table 1I. Values for immature and senescent animals
would be lower than those tabulated. It has been pointed

ACUTE X- AND GAMMA-RAY LDjsp
OF MATURE MAMMALS®

TABLE II.

Number of
Species LDse {rads) determinclions
SWIne. . ..iiii ittt 190-310 4
[0 X 240 1
Dog. i 240-320 6
Man. ...t 300 (?) 0
Guinea pig.....coovvecenanannn 380490 3
Monkey....oovviviiennnenennn 520 1
Mouse..... ..o, 520-670 7
Hamster...................... 590-800 3
Rabbit..........coovvieiinnn. 680-750 3
Rat. .. ..o 790-820 2

* The original reports are listed in reference 1. All doses are
estimates for the middle-longitudinal axis of the animal under
conditions of approximately homogeneous soft tissue dose dis-
tribution. The dose rates ranged from 5-60 rads/min. The LDso
is that dose killing half the animals within 30 days of exposure.
Almost all of the deaths occur within three weeks.
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out! that the values fall into two groups. Those for the
“larger” mammals are in the range 200-300 rem; 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 special impor-
tance. It is to be noted, however, that the figure for man
is speculative.

Acute effects in single organs

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.? In the range from approximately
25 to 200 rem, simple gquantitative relations between
somatic effect and radiation dose have been demonstrated
in such organs as the lymph node, spleen, thymus, testis,
and intestine,® 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 rem on day O the LD, is:

(6) 300 rem on day 1;
(b) 450 rem on day 2;
(¢) 600 rem on day 8;
(d) 600 rem on day 20.

It 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 III) 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 on the magnitude of the dose—large
doses may, so to speak, inhibit the recovery process
per se.

TaBLE III. TIME FOR 50 PER CENT RECOVERY
FROM A SINGLE WHOLE-BODY EXPOSURE TO X-RAYS®
50 per cent
R Number of X-ray dose recovery lime
Animal strains (rem) (days)
Mouse
Young................ 1 260 7.4
Adult.. ... ...l 6 200-400 1.6-3.0
Adult................. 1 600 12.0
Rate...ooveeuiuninnn. .., 2 310 4.9 and 8.5
Hamster................. 1 320 6.1
Monkey (M. mulatta). . ... 1 260 4.8

. * Recovery measured under the particular conditions described
in paragraph 10. The original reports are listed in reference 4.

The experimental effect of single doses
on long-term survival

_11. Data on life-shortening in mice and rats after a
single whole-body exposure to X- or gamma-rays at the
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time of puberty or young adulthood are summarized in
figure 3.° 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 hife 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. It 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. It is known 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 IV.® More information of this kind is needed.

TABLE IV. DECREASE IN LIFE-SPAN—
PARTIAL AND WHOLE-BODY X-RAY EXPOSURE
COMPARED IN THE MOUSE®

Medicr Significanily
survival time different
Dose after exposure from control
Region exposed (rem) {days) (P g 05
Control......ovevviieanns 0 676 —
Entire animal............. 530 582 Yes
Entire chest............... 720 646 No
One-half chest............. 570 654 No
andcaudal................ 1140 591 Yes
2cm. of trunk ............. 1700 525 Yes

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

The experimental effect of chronic exposure
on long-term survival

14. The experimental literature on the shortening of
life by chronic exposure to radiation, and its bearing on
the maximum permissible dose for man, are discussed
in the article by R. H. Mole,” presented in its entirety
following paragraph 15. Among other details, the report
considers whether a threshold dose exists 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 were established, its applica-
tion to the human case would require 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 rem per week lived a greater total number of days than
their respective controls. In a more recent experiment®
with Sprague-Dawley 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 LDs. The figure is

taken from reference 5 where the original reports are listed.

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

Survival time (days)

Temperature of

environmens Control Irradiated
P 240 305
25° Gt e 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.

SHORTENING OF LIFE BY CHRONIC IRRADIATION :
THE EXPERIMENTAL FACTS* BY R. H. MoLE

Medical Research Council Radiobiological Research Unit
Atomic Energy Research Establishment
Harwell, Berks., England

It is probably true to say that more is known of the
biological effects of radiation than of any other environ-
mental hazard except bacteria. Certainly the chronic
toxicity of no chemical substance has been investigated
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 war-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 experiments
in the strict sense must cover the whole life-span of the

* UN document A/AC.82/G/R.113; also published in Nature
180, 456-460, 1957. For table 1, figures 1 and 2, and bibliography
referred to in this article, see immediately following the article.

157

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 years’-® and
work carried out in this laboratory is just beginning to
be published.® 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.

Experimental methods

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 al.® and Evans® on one hand, and those of
Lorenz et al.* 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 experiments, the animals were 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 experimental reports
differ 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.

Results and their interpretation

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
shown in black symbols. They provide the first direct
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 rllgutrons 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 all
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.

It 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 > 0.05) from its control.

The experimental results have been put down as they
were obtained. More sophisticated analyses of some of
these results have been made elsewhere.!:3:%91° The pur-
pose of such analyses has usually been to find some regu-
larity in the results which would allow extrapolations to
daily doses smaller than, and to species other than, those
used experimentally.

Curve fitting

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 eficiency factor of 13 from our second experi-
ment (Neary ez al,, I, 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 survival-time. The simplest interpretation of
such a linear relation is that there is a threshold of be-
tween 1 2nd 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 weekly
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 curve 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-t, = 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 true.**** 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
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several curves, each purporting to describe the effects
of low daily doses.

Curves 2 and 3 are clearly so close 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
T) 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 if this time is longer the lower
the daily dose, then an effective threshold must 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 experimental data are those of Lorenz et al.® on
chronic irradiation of guinea pigs and these are included
in figure 1. The effect of 1.1 r daily 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.




The data for guinea pigs do show that species differ-
ences occur. Boche! suggested on, admittedly tenuous
evidence, that the constant k (curve 3) is at,, where a is
the same for all mammals. If this were true, the mouse
data should not agree so well, since t, for the different
mouse strains differed. If the mean mouse t, is 600 days,
@ = 7 x 10-° (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.

Nature of the experimental material

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 expressed 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.*!* 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.®

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, will 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 other.® 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-
exact data.

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

repeated and give the same result. Yet with the exception
of a still unfinished investigation,’® no one concerned
with duration-of-life irradiation experiments has ever
repeated his experiment even once—ifor which there are
perhaps understandable reasons. The nearest to repeti-
tion so far has been the two experiments carried out in
this laboratory,%** 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 experiment 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 dura-
tion of life. This may not be the most appropriate experi-
ment to carry out, Recent,®%1% as well as older 6
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 leukemia 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
detected,’>'*?" 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
extrapolated. Further, if at relatively high daily doses
much of the radiation is wasted, so far as producing an
effect is concerned,’* 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 observations'*'? 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 was 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 experimental 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 International Commission on Radio-
logical Protection), is indicated in figure 1. Extrapola-
tion suggests that this dose-level would shorten the lives
of mice by nil, 0.02 or 0.2 per cent, depending on which
of the three curves described earlier is taken to be
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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 1s 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. Lorenz®
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. It does not seem realistic to maxim-
ize pessimism as a means of choosing the best dose-
resporse curve.

The most plausible reason for thinking that species
differences among mammals in their reactions 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 action.® 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 curves for
chronic irradiation might be expected. Some of the ex-
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perimental facts can best be understood in this vs‘ray.G

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 will 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 would be
consistent with the somatic mutation theory of carcino-
genesis and the fact 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.** Moreover, 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. It will at least be generally agreed
that experimental dose-response rélations 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 effort 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 would like to thank my colleagues for allowing me
to make use of unpublished material.
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» Mean 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 was still alive, so that the mean survival
times include variable proportions of radiation-free time.

< There were real sex differences in control life-span and pos-
sibly also in the effects of irradiation. The data have been pooled
to make them 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 was less than a year. The data
of Boche (ref. 1) have not been included for a variety of reasons:
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II. LIFE SHORTENING EFFECTS IN MAN

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
analysis? utilizing the mortality data for specialists 35-
74 years of age who died during 1938-1942, the mortality
ratio was calculated for each specialty. The mortality
ratio is the ratio of the number of deaths observed to the
number that specialty would experience if subject to the
specific death rate calculated for all physicians. These
mortality ratios are given in parentheses in the last col-
umn of table V. It is seen, first, that specialists have 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.

17. The mortality ratios of the various specialties
were recalculated ?® using the death rate for all special-



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 medical specialists has been
shortened relative to that of other medical specialists™*
although this has been suggested.’? It is known, however,
that the incidence of leukemia is increased in these men.

ITI. CANCER IN MAN

19. Tt 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 or 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 13,

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
10~ 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,
N,, 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
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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.
TABLE V. MORTALITY RATIO (ALL CAUSES OF DEATH) FOR MEDICAL SPECIALISTS
Rank Specialty Observed deaths Expected deaths Mortality ratios
1. Tuberculosis. ...t i i i i i it c e, 43 34.2 1.26 (0.99)
2, Dermatology. oot iiiiiiiiii it ettt e e e 60 (58)® 47.8 1.25 (0.98)
3. Roentgenology andradiology..........ccoviviiiiiiinnininenn. 96 (91)» 82.4 1.16 (0.90)
4. Anesthesiology. ......ioiiiiiiiinii ittt i 17 - - (0.88)
5. Orthopedic surgery, proctology, urology and industrial surgery. ... 199 179.1 1.11 (0.86)
6. Neurologyand psychiatry. . ......coiiininiii it 142 133.0 1.07 (0.83)
7. Publichealth. . ... ... ittt ittt 99 94.3 1.05 (0.83)
LR e 360 346.7 1.04 (0.81)
9. Obstetrics and gynecology....covveriiniiiiiiiieieineeannn 112 116.3 0.96 (0.75)
10. Eye,ear,noseandthroat ...........cooiieiiiiiiiiinnnennnnnn. 502 523.4 0.96 (0.75)
11. Internal medicine and pediatrics..........ooviiiiriiiinnnnn.. 378 423.6 0.89 (0.69)
12. Pathology and bacteriology............covviriiiiiiiiinan, 38 48.1 0.79 (0.62)°
ALL 2,046 1.00 (0.78)

s The ratio of (observed deaths in a specialty at ages 25 to 74
years) to (expected deaths on the basis of age specific death rates for
all specialists, 1938-1942). The ratios were calculated from data
made available by Dr. M. Spiegelman. The figures in parentheses
are the published® mortality ratios for specialists based on the
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age specific death rates for all physicians (instead of all s_pecialists)
at ages 35 to 74 (2,046 deaths). Note that the ranking of the
mortality ratios is the same for both methods of calculation.
b Omitting deaths from leukemia.
¢ Pathology only.



cases per unit of population per annum. In a period of

T years,
N:= (R—Ry)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 which 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
lcarning what the duration of such periods may be.
Secondly, 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).
For 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.

23. Having obtained a method for estimating N,, it
becomes feasible to investigate how N, depends on the
dose of radiation, D. Is Ny, 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 attacking 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
explicitly dealt with when making comparisons or
extrapolations.

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
under 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 known 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 total of all human data that can be used for
the quantitative analysis of cancer-induction by radia-
tion is meagre. For example, only sixty-eight cases of
leukemia are involved in the Hiroshima data of table
VII. It is important that full use be made of such
data while at the same time recognizing and giving due
weight to their limitations. In the case of the calcula-
tions, extrapolations and applications that follow, the
reader is urged to note the simplifying assumptions that
may have entered into the analyses, especially in regard
to the following items:

(a) Absorbed dose. In what organ is the absorbed
dose to be determined? If the dose is not uniform
throughout the organ, how shall it be averaged or other-
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wise expressed? Should the integral absorbed dose be
considered ?

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

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

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

Leukemia in man

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.

Atom bomb survivors in Hiroshima

28. The most recent information on the incidence of
leukemia 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 at 1,500 metres and beyond.
Thus at the end of 1957, N (0-1499 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 num-
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. LEUKEMIA IN SURVIVORS AT HIROSHIMA,
1948-1957*
Number of casesb

Period of onset Total 0-1,499 I'bicoyen‘xlgd
194849 .o iiiiiii 12 8 4
1950-51. .. e 20 18 2
1952-53. 23 16 7
1984-55. .o i e 14 5
1956-57 . e i 11 5 6
ToraL: 1948-57 80 56 24
N (casesper 108)..........ccovuens 835 5,570 280
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 ziven below.

510,051 persons were exposed at 0-1,499 metres; 83,768 were
exposed at 1,500 metres and beyond.

29. The data in table VT indicate that the biennial rate
of leukemia in the heavily exposed population reached
its maximum in 1950-1951 and has been declining since
then. If this tendency continues, practically all cases of
radiation-induced leukemia probably will have occurred
by 1960, within fifteen years of exposure, so that at
lease 80 per cent of them may be said to have occurred
already, within ten years of exposure. In these circum-
stances, the annual rate of leukemia taken by itself is not



TaBLE VII.

LEUREAMIA INCIDENCE FOR 1950-37 AFTER EXPOSURE AT HIROSHIAMA®

Distance from L Nb (Ra&\x:;lion-
hypocentire Dose Persons (Cases of _ (total cases induced cases PL
Zone (metres) {rem) exposed lesskemia) Vi per 108) per 10%) Nfrem (No/10% year/rem)

A under 1,000 1,300 1,241 15 3.9 12,087 & 3,143 11,814 9.1 1.14 X 10
B 1,000-1,499 500 8,810 33 5.7 3,746 = 647 3,473 6.9 0.86 X 10-¢
C 1,500-1,999 50¢ 20,113 8 2.8 398 &= 139 125 2.5 0.31 X 10-¢
D 2,000-2,999 2 32,692 3 1.7 92 & 52 —181 —90 —11 X106
E over 3,000 0 32,963 9 3.0 273+ 91 Control —_ _

» Based on data in reference 13. Prior to 1950 the number of
cases may be understated rather seriously.

b The standard error is taken as N (W.-/L).

a good index of the total radiation effect; it is the total
number of case N, that should be employed as such a
rmeasure.

30. Considering the exposed population by itself, the
segment that was closer to the hypocentre has had the
greater incidence of leukemia. However, the quantitative
relation between leukemia incidence in Hiroshima and
radiation dose is not yet known. Before such a relation
can be formulated it will be necessary to have better
estimates of the absorbed dose in rem than have been
available hitherto, The estimates must be made both for
the various dose zones in which the population was dis-
tributed, and, also, for every individual case of leukemia,
taking into account both its position within the zone and
the shielding immediately around it. Such work is under
way.

31. None the less, using such data as were available,
estimates have been made of the potency of this bomb
radiation in causing leukemia.’* The exposed populations
of Hiroshima and Nagasaki were considered to have been
exposed in a number of zones for each of which a mean
dose was assumed. The extra probability of leukemia
occurring in an exposed person per rem and per year
elapsed after exposure was then calculated for the popu-
lation of each zone:

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

Py

number of persons exposed X dose (rem)

In zones A (1,300 rem), B (500 rem), and C (50 rem),
the values of P, were calculated to be 0.9, 0.7, and 0.7 X
10-¢, 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. P, 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 Py, in paragraph 31 is
0.8 X 10 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 10® = 12 X
10-¢. 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. It 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
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< It has been noted !% 16 that almost all cases of leukemia in
this zone ogcurred in patients who had severe radiation com-
plaints, indicating that their doses were greater than 30 rem.

VII). Contrary to previous findings, the present findings
indicate that P; decreases markedly as the dose falls,
that therefore leukemia incidence is not a linear func-
tion of dose, and that a threshold for leukemia induction
might occur. In fact, according to table VII a dose of
2 rem is associated with a decreased leukemia rate. It is
to be emphasized again, however, that the estimates of
dose employed in the present and previous analyses are
much too uncertain to permit drawing conclusions rela-
tive to the vital points in question. The calculations are
made only to illustrate how variable the results may be
when inadequate data are utilized.

Leukearia 1IN HirosuiyA CITY ATOMIC BOMB
SURVIVORS* by
NIeL WaLpf

Atomic Bomb Casualty Commission
Hiroshima, Japan

It has become generally accepted that an increased
incidence of leukemia follows the acute or chronic ex-
posure of various experimental animals and of man to
ionizing radiation.’ Recently an attempt has been made
to establish a quantitative relation between the proba-
bility of radiation-induced leukemia and the unit-dose of
radiation received, on the basis of data from studies of
various groups of radiation-exposed human beings.?

The survivors of the atomic bombings in Hiroshima
and Nagasaki, 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 members® of the
Atomic Bomb Casualty Commission.* In addition, an
unpublished compilation of certain specific detailed in-
formation requested by the British Medical Research
Council was prepared in September 1955.> An analysis
of these data appeared in a publication of the Medical
Research Council® 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 127, 699-700, 1938, for table 1 and bibliography re-
ferred to in this article, see immediately following the article.

+ Present address : University of Pittsburgh, Graduate School
of Public 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 — National 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. It will include the best currently available dosi-
metry information resulting from the afore-mentioned
collaborative effort. However, because of the present
interest in data pertinent to radiation leukemogenesis and
the desirability of making available current information
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 1947 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-
gorization 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 have
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 received relatively little or
none.® 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 L
Of preceding paper by Niel Wald
LEUKEMIA IN HIROSHIMA ATOMIC BOMB SURVIVORS WHO WERE
RESIDENTS OF HIROSHIMA CITY AT THE TIME OF DIAGNOSIS
(DIAGNOSES VERIFIED BY THE AToMIC BoMB CasuALTY COMMISSION)

Distance from hypocentre (metres)

Year of Onset Total Under 1,000- 1,500— 2,000~ Oser
1,000 1,499 1.999 2,999 3,000
1945, ittt
1946, . oeiieiiivevneeennnns
L 3 1 2
1948, o i iiiiie e 7 2 4 1
1049, ..ttt 5 1 1 1 1 1
1050, o i e veriie e iae i en 9 3 5 1
1958 . o ittt 11 3 7 1
1932, it i 11 3 5 1 2
1053 . v 12 2 6 2 1 1
1054 . .o e i iiii e 6 2 2 1 1
1055 ittt 8 1 4 2 1
1056, vt iieee e 6 1 1 1 3
1957 . it 5 1 3 1
TotaL 83 18 39 9 7 10

Estimated population*........ 95,819 1,241 8810 20,113 32,692 32,963
Number of cases with onset in

1950-1957 . .o eieinnvenn. 68 15 33 8 3 9
Estimated person-years at risk. 766,552 9,928 70,480 160,904 261,536 263,704
Annual incidence of leukemia

per 100,000, .............. 89 1511 46.8 5.0 1.1 3.4

* Based on Hiroshima Census Bureau's Daytime Population Census of Hiroshima City,

3, 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. It 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 ouiside air dose attenuated by perhaps
a factor of two, depending on the position of the person
in the house.

In 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 quantitation
of dose-effect relationships in radiation leukemogenesis
on the basis of the Hiroshima and Nagasaki radiation-
populations.®
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Leukemia in radiologists

34. The most recent estimate of the leukemia death
rate for United States radiologists (ages 35 to 74 years)
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is based on the data of 1938-1952, inclusive.* During
this period there were 17 deaths, corresponding to a;
average annual rate of 610 per million, The rate observed

in the population at large (corrected for age distribu-
tion) was 121 per million.

Leukemia in children

35. Two reports have associated leukemia in children
with previous X-ray exposure during infancy or the
prenatal period. In 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. EXPECTED AND OBSERVED
RATES FOR CANCER®

Treated children Untreated siblings

Ezpected Observed  Expected Qbserved
All cancers............. 2.6 17 (?19) 2.7 5
Leukemia.............. 6 7 8) .6 0
Thyroid cancer......... .08 6 .08 0

* Data from reference 17.

TaBLE IX., DISTRIBUTION OF NEOPLASIA
ACCORDING TO AMOUNT OF RADIATION?®

Under 200r. Over 200, Unknown
Number treated............. 604 804 313
Cases of leukemia............ 2 5 (?1)
Other cancers.........coevus. 0 4 0
Carcinoma of thyroid......... 0 6 0
Adenoma of thyroid.......... 0 6 3

* Data from reference 17.

36. In a British study*® 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. LEUKEMIA AND CANCER INCIDENCE
IN OFFSPRING RELATED TO X-RAY EXAMINATIONS IN
THEIR MOTHERS DURING THE RELEVANT PREGNANCY®

Number of mothers and

Sfoetuses exposed to
Number  Abdominal  Ezamination of

Type of cancer in child of cases exominalion other parts 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 83 58
Total control......... 547 45 55

» Data from reference 18.

37. The suggestion has been made that a proportion
of the leukemias 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 service 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
examinations 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 for ankylosing spondylitis

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,?®
In this series, 28 patients were certified to have died of
leukemia and 1.} of aplastic anemia, as of 31 December
1955. The numbers of expected deaths were 2.9 for
leukemia and 03 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 1934). A thorough study of the series led to the
following tabulation of cases with blood disease:

Group Males Females
Leukemia (A)........c.oovivviiin... 35 1
Probable leukemia (B)........ e 5 0
Aplasticanemia...................... 4 0
Undecided...............coievennnn. 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:

X-ray trealed series  Unireated series
. per cent per cent
Lymphatic leukemia..... 3 (8 3 (38)
Mpyeloid leukemia....... 31 (78) 4 (50)
Monocytic leukemia..... 6 (15) 1 (13)
Type unspecified........ 9 0

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

42. Only male cases of leukemia and “probable leu-
kemia” (groups A and B) were available in adequate
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
were considered, i.e. those receiving multiple courses
over a period of years as well as those receiving a single
course in a month or so, it was noted that leukemia was
diagnosed within 5 years of the last treatment in 35 of
37 cases,

43, The radiological treatment of ankylosing spon-
dylitis usually consisted of irradiating the spine and the
region of the sacroiliac joints. In some cases other re-
gions were also treated. Most (7215) of the patients
in the present series received only one course of treat-
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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) The spinal dose: the mean dose to the spinal mar-
row, based on the average of 3 points (upper sacral, mid-
dorsal, mid-cervical).

Sb) The integral dose: the integral dose to the whole

body.
The distribution of doses in the entire population of
11,287 men was 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 at each dose level. Dose-classes were then
established (e.g., 250—499 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:

(8) 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).

(¢) 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.

45. Results from these studies are summarized in
table XI and figure 4. It is clear that the incidence of
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Figure 4. The incidence of leukemia, standardized for age, in
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-
kemia, excluding co-existent cases. (Figure 4 is Figure 1 in the
original reference 19.)




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. It should be noted, however, that only
one case of leukemia received a dose of less than 400
rem and that this case had lymphatic leukemia and had
had large doses of 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 rem appears to be rela-
tively constant and is equal to about 0.6 new cases per
year per 10° men per rem to spinal marrow.

46. The data for the limited group of patients that
received irradiation to the spinal axis only are given in
table XTI. In this group, 18 patients developed leukemia.
Analysis of these data® suggested a threshold of 54 rem
by one method and of 130 rem 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.

Theoretical considerations for estimation of radiation
hazards

47. The quantitative statement of a radiation hazard

TaBLE XI.®

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 than none at all and
two 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 rem. The average annual
dose rate per individual is thus about 0.2 rem. The
potency factor % is, therefore,

2800
k = —— = 14 X 103, 2)
0.2

i.e., 1 rem 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.

THE NUMBERS OF PATIENTS WHO DEVELOPED LEUKEMIA, AND THE CRUDE AND STANDARDIZED

INCIDENCE RATES: AFTER DIFFERENT MEAN DOSES OF THERAPEUTIC RADIATION TO THE SPINAL MARROW:
MALE ‘A’ AND ‘B’ CASES, EXCLUDING CO-EXISTENT CASES

Mean dose to spinal marrow (r.)

Le. N
thas;: 250- 500- 750~ 1,000- 1,250~ 1500~ 1,750- 2,000- 2250- 2,500~ 2071'50 Al
ov 250 499 739 999 1,249 1,499 1,749 1,999 2249 2,499 2,749 more  doses
No. of men developing leukemia
AT CRSES. e — 1 2 6 3 7 2 3 1 2 3 1 1 32
‘A'and ‘B'cases................. — 1 3 6 4 8 3 3 1 2 4 1 1 37
Crude incidence per 10,000 men per year
‘A'and ‘B’ cases................. 0.49 2-16 4-59 6-99 1218 63-65 3-98
Standardized incidence per 10,000 men
per year
‘A’and ‘B'cases................. 049 1.98 466 7.21 14.44 72-16 5.98

» This table was table 19 in the original reference.? .
b The rate given for ‘zero’ therapeutic dose is the corresponding
rate among men of the same age-distribution and observed over

TanpLE XII.®

the same period, calculated from the mortality from leukemia
experienced by the whole male population of Britain.

THE INCIDENCE OF LEUKEMIA AFTER DIFFERENT MEAN DOSES OF THERAPEUTIC RADIATION TO THE

SPINAL MARROW: MALE ‘A’ AND ‘B’ CASES GIVEN ONLY SPINAL IRRADIATION, EXCLUDING CO-EXISTENT CASES

Mean dose o spinal marrow (r.)

Less 2,000
than 250- 500~ 750~ 1,000~ 1250~ 1,500- I1,750- or All
0 250 749 999 1,249 1,499 1,749 1,099  mored  doses
No. of man-years at risk following exposure todose — 5,404 7,673 6,573 8,262 7411 2,782 897 366 679 40,247
No. of men developing leukemia
‘A'cases..e...ovnnnn. e — 0 4 3 4 0 2 1 1 17
‘Aand ‘B’ cases......covieieiiiiniiiian., — 0 4 3 5 0 2 1 1 18
Crude incidence per 10,000 men per year
‘A’and B’ CaSeS. it 0-49 1-53 4.72 6-75¢ g.12¢ 4-47
Stendardized incidence per 10,000 men per year
‘A’ and ‘B’ CASeS. . uiiiiieaaeaaiaiee s 049 1-44 4-83 6-82 8-70¢ 4-47

* This table was table 20 in the original reference.!?
b Average dose, 2,290 r.
© For the group receiving 1,000-1,499 r. the crude incidence
is74 -91; standardized incidence 5-06.
For the groupreceiving 1,000-1,749 r. the crude incidence
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is 6-31; standardized incidence 6-82. ..
4 For the group receiving 1,500 r. or more the crude incidence
is 18-68; standardized incidence 19-86. . L.
For the group receiving 1,750 r. or more the crude incidence
is 16-07; standardized incidence 16-82.



49. The second method uses the results of the British
study of leukemia incidence in a radiation-treated popu-
lation, discussed above. (The data for Hiroshima have
not been used owing to the uncertain dosimetry.) To
compensate for the paucity of data, a number of assump-
tions are made in the following analysis:

(a) The significant parameter of dose is the mean
dose to the entire red marrow. In uniform whole-body
exposure, the doses to the entire red marrow and the
spinal marrow are the same. When only the spinal mar-
row 1s irradiated, the mean dose to the entire red marrow
is probably about 40 per cent of the spinal dose.

(b) The total number of years at risk is 15, and each
year has equal weight. This assumption was arrived at
from the following considerations. The mean period of
observation in the British study was 5 years; this would
set a lower limit for all types of cases. Those 10 cases of
leukemia that received only one course of treatment all
occurred within 5 years of that treatment. For the popu-
lation exposed at Hiroshima the cancer rate began falling
after 8 years, and a complete period at risk of 15 years
has been suggested. The maximum duration of the
period at risk cannot be greater than the duration of life
after exposure. In the case of a population of children,
this could be 65 years, in the case of the usual mixed
population, the average would be about 35 years.

(¢) Fractionation or protraction of dose does not di-
minish its effectiveness.

(d) Constitutional factors may be neglected.

(e) Cancer production is a linear function of radia-
tion dose. Linearity has been assumed primarily for pur-
poses of simplicity. In the case of the British data for
-doses below 1,300 rem, a linear relation provides a fairly
accurate fit.

(f) There may or may not be a threshold dose. The
two possibilities of threshold and no-threshold have been
retained because of the very great differences they en-
gender.

50. The potency factor k, equal to N,/D, can now be
calculated. For a single exposure of the entire red mar-
row to 1 rem, the average annual leukemia rate is esti-
mated to be 1.5 cases per million persons exposed. If the
total number of years at risk is assumed to be 15, k is
equal to 1.5 X 15’,, or approximately 20 cases per million
exposed per rem. These calculations are based on ob-
servations following single large exposures. However,
under conditions of prolonged exposure at lower dose
rates, the period of risk may be longer. In the calcula-
tions of chapters V and VII where a maximum estimate
is wanted, the period at risk is assumed to equal the
average remaining life-time of the exposed population
(35 years). The value of % has therefore been taken as
52 cases ger million per rem in the calculations in para-
graph 128 of annex D and in paragraph 61 of chapter V
of this report.

51. The use of % to predict the number of cases of
leukemia depends on the magnitude of the threshold.
1f there is no threshold, N, is equal to the product of &,
D, and the number of persons exposed. If a threshold
is assumed, there will be no cases in persons who have
received less than that dose.

52. Besides the alternative possibilities of a linear re-
lation with or without a threshold, it is possible that a
non-linear relationship may exist, as has been found,
for example, in the case of many chromosome abnor-
malities.? As noted in paragraph 45 and illustrated in
figure 4, the incidence of leikemia in the British study
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was a curvilinear function of dose. not a linear one.
A curve providing a good fit to these data is obtained
when leukemia incidence is considered to be propor-
tional to the square of the radiation dose. In general,
curves of this type predict a finite incidence of leukemia
at small doses. However, this incidence may be very
much lower than that predicted by a linear function
based on all of the same data,

53. The methods used above to estimate the risk of
leukemia after radiation exposure are of general use.
They may be applied both to other cancers and also to
non-cancerous lesions such as occur in the eye (cata-
ract), the skin and in the bones. Their use is contingent
upon the availability of adequate statistical estimates of
the incidence of the disease in question related to the
radiation doses received by the population at risk. It may
be noted that such methods do not depend on detailed
knowledge of how the radiation induces the lesion within
the cell, e.g. by somatic mutation or some other alleged
or hypothetical mechanism. At present, adequate statis-
tical data are not available for bone tumours or for
tumours of other organs to make such estimates of risk.
However, it is known that pertinent studies are under
way for bone tumours in man that are caused by radio-
active substances.
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