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1. 

ABSTRACT 
An assumption central to most estimations of the carcinogenic potential 
of low levels of ionising radiation is that the risk always increases in 
direct proportion to the dose received. This assumption (the linear hypo- f 
thesis) lias been both strongly defended and attacked on several counts. 
It appears unlikely that conclusive, direct evidence on the validity of 
the hypothesis will be forthcoming. Ife review the major indirect arguments 
used in the debate. All of them are subject to objections that can 
seriously weaken their case. In the present situation, retention of the 
linear hypothesis as the basis of extrapolations from high to low doses 
would appear sensible. However, extrapolation to extremely low dose levels 
can lead to excessive fears, over-regulation and unnecessarily expensive 
protection measures. To offset these possibilities, support is given to 
suggestions urging a cut-off dose, probably some fraction of natural 
background, below which risks can be deemed acceptable. 
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Doses of radiation which are insufficient to be an immediate threat to 
life have two major consequences on human health. One is an increased 
risk of future genetically-linked diseases. The other is the subject of 
this paper - an increased risk of cancer in those irradiated. 

There has been one central assumption associated with most recent publi
cations concerned with radiation risks and protection. This is that the 
risk of genetic defects or cancer increases in direct proportion to the 
dose received, at all dose levels (i.e., with no threshold). The assump
tion is commonly termed the Linear Hypothesis. An NAS-NRC publication 
(BEIR I) was a landmark, strongly urging the adoption of the linear 
hypothesis for policy decisions. Its lead was subsequently followed by 
policy makers particularly in the USA. The ICRP also uses the hypothesis 
as a guideline when recommending dose limits for workers and the general 

2 public. An implication of the hypothesis is that any dose, however 
small, carries a finite risk. This is at the heart of the ALARA (as low 
as reasonably achievable) protection philosophy. 

However, it was always admitted that the linear hypothesis was favoured 
as an easily used model that was unlikely to under-estimate risk. Its 
validity was not, and possibly never could be, proved. A concept so 
central to risk estimation has naturally been the subject of intense 
debate. Several physical and biological phenomena must influence the 
validity of the linearity principle. Each has been forcefully 
argued to present a case for or agaijtst linearity. Resolving the issue 
has proved a formidable problem which caused the potentially trend-setting 3 BEIR III report to be delayed two years \4rile the use of the 
linear hypothesis for cancer risks due to low LET radiation was debated. 
(For high LET radiation,linearity is accepted as valid. " However, most 
environmental exposures are to low LET radiations.) Finally, a compromise 
report plus dissenting statements by committee members appeared which 
seems to satisfy few people. The section on carcinogenesis used for its 
main.estimates a so-called linear-quadratic model which emerged 
victorious largely by virtue of giving estimates between those of the 
linear assumption and its main rivals (Figure la-d). 

file:///4rile
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It therefore appears timely to review the arguments for and against the 
linear hypothesis as applied to cancer induction by low LET radiation. 
In most of this article the arguments against linearity are taken to be 
arguments in support of a dose-effect curve that is 
curvilinear upward (Figure lc,d). The latter indicates that the risk/rad 
is less at low doses than at high doses. The possibility that the 
risk/rad is greater at lower doses (Figure le) is discussed at the end. 

4 

Extent of the problem 
Several groups have been exposed to brief, high total doses, usually in 
excess of 25 rad. Disagreements about the degree of risk involved are 
relatively minor. However, at doses approaching natural background levels 
(0.1 rad.yr" ) or average occupational exposures (0.5 rad.yr" ) data are almost 
nil. Therefore, problems are encountered because it is necessary to 
extrapolate from high to low doses. This must involve assumptions about 
the shape of the curve relating dose and cancer incidence. The linear 
hypothesis is one possible assumption. 

To illustrate the problems let us contrast the consequences of the linear 
2 hypothesis (Effect a D) with a dose-squared assumption (Effect a D ) . A 

high dose of 100 rads is known to induce cancers at a rate of roughly 
10,000 fatalities per 10 people irradiated. This is a risk/rad of 
100/10 . Under the linear hypothesis a dose of 1 rad (this is also 
equivalent to doubling background for 10 years) will have the same 
risk/rad and cause 100 extra fatalities/10 . However, if a dose-squared 
response is assumed, 1 rad would lead to only one extra death/10 exposed. 
To be detected, the number of extra deaths must exceed twice the standard 
deviation of the expected number of natural cancer deaths. If P » popu
lation in millions, R = dose, f = excess risk/10 /rad, i » natural 
incidence oi* cancer deaths/10 /yr, and y • years during which the excess 
cancers occur, then we write that detection of the extra cases requires 

4.i.y P.R.f > 2/P7IT7, or P > jJZpr 

Taking i » 1500 deaths/10 /yr and y - 30 years, we find 
2xl0 5 
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We then find the minimum exposed population with matching controls for 
detection is about 1000 for 100 rad exposures. However, this increases 
to an impractical 10 at 1 rad if the linear hypothesis is assumed, and an 
impossible 10 at 1 rad if a dose-squared relationship is obeyed. 

The above considerations illustrate two points. First, the assumptions 
used in extrapolation have a considerable bearing on the estimates of harm 
at low doses. In the examples the difference is 100-fold. Choosing the 
wrong assumption can lead to serious policy errors. Under-estimation of 
the risks can lead to avoidable cancers in large numbers. Over-estimation 
could result in the unnecessary abandonment of radiation industries, with 
loss of their benefits, and to the spending of large sums of money on un
warranted protection measures. Second, the impossibility of obtaining 
statistically adequate data makes it unlikely that conclusive, direct 
evidence will ever be obtained for the total risk of very low, environ
mental doses. It might, however, prove possible to detect a few excess 
radiation-induced cancers in special situations. For example, rare cancers 
in age groups with a very low natural incidence might be studied. 

General 
It is not my purpose to review the direct human evidence for the shape of 
the dose-response curve. This is because the data are insufficient to 3 distinguish between several reasonable models. Certainly some data support 
a non-linear view, particularly leukaemia mortality in the Nagasaki A-bonfc 
survivors. Other data, notably for breast cancer, indicate a linear 7 response. On balance, the animal tumour data favour a non-linear 

4 8 response, ' but numerous arguments concerning the inapplicability of such 
9 data to human tumours have been advanced. At present, more indirect 

arguments must be used to assess the validity or non-validity of the linear 
hypothesis. These will now be discussed, and are placed in categories in 
the table. 

TABLE. Concepts used in the linearity controversy 
For linearity Against linearity 
Biophysical Biophysical 
Single cell origin of cancer Repair capacity of cells 
Somatic mutation theories Practical threshold 
Migh-spontaneous incidence Intuitive 
Intuitive 
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For the linear hypothesis 
Biophysical 

A general equation that is believed ' to fit radiation-induced 
carcinogenesis, is 

I R = (aD + bD 2) exp (-cd) - BD 2) (1) 

I R is the number of radiation-induced cancers for a dose D and a, b, a and 
B are constants. The term aD > bD represents the probability that trans
formation to a potential cancer cell will occur, while the exponential 
term indicates that the radiation may also kill the cell before it can initiate 
a cancer. it is important to realise that equation 1 stems mainly 
from radiobiological theory and experiments on cell killing and chromosome 
aberrations. Data for human cancer induction are inadequate to be a 
rigorous test of the equation, and cannot be used to derive values for 

3 the constants.' Animal data can be said to agree in principle with 
equation 1. 

Carcinogenesis can usually be divided into an initiation stage and a pro
motional stage. This and the long latent period found for most solid 
tumours make it likely that overall carcinogenesis is a multi-event 
process. Implicit in equation 1, however, is the notion that the initial 
cell transformation and cell killing by radiation are themselves multi-
event processes. Each requires the interaction of more than one event or 
sub-lesions. The probability that a single radiation track can cause both 
the required sub-lesions can be identified with the terms aD or aD, while 
the terms in\ 
sub-lesions. 

2 the terms involving D denote the probability that two tracks produce the 

The Linear Energy Transfer (LET) of a particular radiation is a rough 
guide to the distribution of energy deposition events within a track. 
Higher LET radiation is characterised by more closely-spaced energy deposi
tion events. Thus the higher the LET, the greater is the probability that 
a single track can cause both sub-lesions (Figure 2). Experimental 
observations are in agreement with this since dose-response curves are 
more frequently linear for high LET than for low LET radiations. For low 

2 LET radiation the probability of requiring two tracks and, hence, of a D 
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dependence, is much higher. However, even for low LET the linear term 
must eventually predominate as the dose decreases unless the linear co
efficients a or a are zero. These coefficients are not likely to be 
zero because a small fraction of the energy of low LET radiation is 
deposited with a closely-spaced distribution. This small, high LET-like t 
component occurs mainly at the end of the tracks as the particles or 
photons move more slowly. It ensures that the probability of a one track 
effect is not zero. 

At very low doses most cells will not encounter a radiation track. Those 
that do will only be traversed by one track. Under these conditions, a 
small increase in the dose (i.e., in the number of tracks) will produce a 
proportional increase in the number of effects, provided a single cell can 
give rise to an effect. 

For these reasons, we must expect linear terms to dominate the radiation 
response at. very low doses. If cell killing is assumed negligible, 
equation 1 becomes I R = aD. However, a sound reason for linearity at 
extremely low doses does not mean that linearity is appro
priate for the extrapolation problem. What matters is whether linearity 
extends from the extremely low doses to at least the lowest dose range for 
which experimental or epidemiological evidence is available (50-100 rads). 

If we first assume that cell killing can be neglected below 100 rads, then 
the validity of the linear hypothesis depends on the ratio a/b. The 2 value of the ratio gives the.dose at which the terms aD and bD make an 
equal contribution to the effect. Estimates of a/b are not possible for 
carcinogenesis, but have been made for effects such as i n v i t r o trans
formation, cell mutation and chromosome aberrations. The data indicate 
that one and two track processes become of equal importance at roughly 
100 rad. If so, the epidemiological data on which risk estimates are 
based probably have a IT component. The linear assumption would then 
over-estimate the risk, but for a/b - 100 rads the extent of over-

Q 
estimation may not be large. Any over-estimation would be decreased if some cell killing were to take place at 100 rads. This is because cell 2 killing would cause an opposing effect as the bD term started to increase 
the incidence. The net effect might well approach linearity. 
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Estimates of coefficients akin to a and b are also possible using micro-
dosimetric techniques, such as developed in the Theory of Dual Radiation 

12 Action. To fit experimental data, large sites of diameter about 1 pm 
within which interactions between sub-lesions can occur are required by the 
theory. Doubt has been cast upon the probability that such large sites 
are in fact involved and, thus, on the nricrodosimetric theory itself. 
If an interaction within sites of 1 pm diameter is allowed, a/b can be 

3 12 shown to be about 20 rads for low LET radiation, * indicating a sub-
2 stantial bD component in most epidemiological data.However, a/b is 

2 inversely proportional to d , where d = the site diameter. When smaller 
diameters are assumed, a/b increases and at diameters below a still 
reasonable 0.2 pm, the value of a/b indicates that the linear term 

12 13 dominates the response for up to several hundred rads. * 

Single cell origin 

Energy deposition in cells from radiation is a purely random event. Unlike 
chemicalsffor radiation the initial events are unaffected by membrane 
barriers or metabolism. If cancer originates with a change in a single 
cell, then the argument that any dose, however small, would have a finite 
chance of initiating cancer would gain strong support. 

At present, the majority view is that cancer is of single cell origin, but 
the direct evidence is not great. Evidence includes cancer in women whose 
normal tissues contain a mixture of two types of cells. Each type has one of 
two possible variants of the enzyme glucose-6-phosphate dehydrogenase. However, 
tumours in these women have only one variant, implying that they arise from a 

14 single cell. Evidence of a more controversial type comes from transplan- • 
tation of single-cell suspensions of transformed cells into animals. 

Somatic mutation theory 

When tumour cells can be observed in vitro, they are frequently found to have 
major rearrangements in the chromosomes. The abnormal Philadelphia chromosome is 
found in most chronic myelocytic leukaemia patients. Thus, large mutational 
changes can be associated with, but not necessarily a cause of, tumour production. 
However, one theory of cancer induction involves smaller gene mutations in 
somatic cells as at least one of the steps in the mechanism of carcinogenesis. 
Evidence for this comes from the finding that 80% of carcinogens tested 
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17 were also mutagens. Several diseases (e.g., xeroderma pigmentosum (XP), 
and ataxia telangiectasia (AT)) are linked to a deficiency in some aspects 

18 of their DMA repair mechanisms. AT and XP patients are also far more 
susceptible to UY (XP) or ionising (AT) radiation and have a far higher 
malignancy rate than normal. Direct evidence for a particular UNA 
mutation - pyrimidine dimers produced by UV light - causing cancer came 

19 from a study with fish clones. Fish cells were irradiated in vitro and 
then transplanted back into recipient fish either with or without exposure 
to a pyrimidine dimer repair system. Unrepaired cells produced tumours, 
repaired cells did not. This evidence for a contribution to carcinogenesis 

20 from small mutations should be regarded as suggestive, but not conclusive. 

Hereditary imitations in mouse germ cells produced by radiation have been well studied. 
Experimental evidence and theory strongly favours a linear response for 

21 the majority of the small mutational changes produced in DNA. This view 3 
was confirmed in BEIR III. Thus, if a small mutation in somatic cell UNA 
is the major effect brought about by radiation, a linear response may be 
appropriate for cancer induction. 

High spontaneous incidence 

About one person in five will have a cancer during their lifetime. 
Clearly we must be surrounded by sufficient carcinogenic agents other than 
man-made radiation to provide constant exposure to all the events required 
for carcinogenesis. Thus a small dose of radiation can be regarded as 
just a small addition to our high background "dose" of spontaneous events. 
The radiation provides a small increase in the rate at which one or more 
necessary stages occurs. This leads to the idea of linearity for low doses. 

Let 1(D) be the cancer incidence due to a total "dose" D of all the 
individual potential carcinogenic events. 

Let d , d be the "dose" of naturally occurring events and of extra radia
tion dose respectively, such that D » d + < 
and ignoring second and higher order terms, 
tion dose respectively, such that D * d + d . We find that for d_ » d„ 

r '' n r n r 

1(D) - I(dn + d r) 

* U«y • r(dn).dr 
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I * (d ) denotes the first derivative of I with respect to D evaluated at d . 
The extra incidence due to d is 

r 

41 = 1(11) - I(dn) 

" I'W„)-dr 
Thus, provided l'(d) is positive and d » d , the radiation related 
incidence M is proportional to the small extra dose d . Natural radiation 
has been estimated to cause 7>% of all cancer deaths, while epidemiological 
data suggests that 80-901 of cancers are related to environmental and life-22 style factors. 

Intuitive 

Arguments in favour of using the linear hypothesis are often put forward 
which do not claim that the response need, in reality, be linear. The 

2 reasoning is usually that even if the basic response involves D terms 
there are factors which will raise the risk in the low dose region above 

2 that calculated on the basis of a D extrapolation. Two possible factors 
are the existence of small sensitive sub-populations, and an interaction 
with other agents. 

Susceptible sub-groups would have the effect of creating a long 'tail' in 
the low dose portion of the curve (Figure 3). There is evidence for tiny 
sub-groups with very high sensitivity. This involves the AT and XP 
patients who manifest their recessive disease because they have both 

18 copies of the relevant gene in the aberrant form. It has been suggested 
that people who carry only one defective gene, and so do not have the 
disease, will also be more sensitive than normal, though not as sensitive 
as the AT/XP patients. Estimates of the numbers that might be carriers 
of genes which give above average sensitivity have been put as high as 

18 101. Obviously the extent to which any non-linear extrapolation model 
is in error will depend on the size and degree of sensitivity of this sub-
population. Sensitive sub-groups are not an argument for a finite risk 
at the very lowest doses. For this to be so would imply that some people 
must be completely susceptible (i.e., have no resistance or repair 
capacity). It does not seem likely that such uniquely sensitive groups 
would survive the natural environment. 
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The interaction between radiation and other agents must also be considered. 
Two agents can combine to produce more tumours than would be predicted on 

23 the basis of their individual results. Examples are asbestos and 
smoking , or two chemicals, one of which is an initiator and the other 
a promotor. For radiation it is stated that uranium miners in the U.S. 

25 have a very high lung cancer risk only if they also smoked. Evidence 
from Czechoslovakian miners does not bear out this contention however/ 

There is a possible conceptual difficulty in the proposed interactions. 
When linearity is found or presumed at low doses of the individual agents, 
the implication is that the risks associated with small increments in tlie 
dose of each can be simply summed. For example, two small doses of 
radiation must act completely independently. They are expected to add but not 
interact. If independent action is the rule for each agent, what is the 
basis for expecting an interaction between low doses of two different 
agents? 

Against the linear hypothesis 

Biophysical 

Relative Biological Effectiveness (RBE) is the ratio of the doses of two 
different radiations which produce equivalent effects. If EL and D are 
the doses of neutrons and low LET y-rays which give equivalent effects, 
then the neutron RBE = D /D w. A general observation is that neutron RBE 

' 27 
tends to increase as the neutron dose decreases. Figure 4 illustrates 
why this is so for cell killing. The shoulder region of the survival 
curve at low doses, in which cells remain relatively insensitive to killing, 
is wider for y-rays than for neutrons. Therefore, at higher surviving 
fractions (i.e., lower doses), the extra y-ray dose required to give 
equivalent effects is particularly great, and RBE = D'/EL increases. 

If RBE varies with dose, the two radiations compared can not have the same 
shape for their dose-response curves. If neutrons are taken to have a 
linear dose-response curve, and RBE increases at low doses, then the y-ray, 

2 low LET curve cannot be simply linear and must have a D component. 
Qualitatively, however, the RBE variation could also be explained by a 
linear y-ray curve and a neutron curve with a dose exponent < 1. In this 
situation the linear hypothesis would under-estimate neutron risk. 
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Unfortunately, arguments concerning the RBE-dose relationship have been 
12 clouded by their use to support the Theory of Dual Radiation Action. 

The theory is one of several that interprets radiation effect in terms of an 
interaction between two sub-lesions. Microdosimetric methods and analysis 
of the energy deposition in tiny volumes are used to develop an equation 

2 of the form Effect = aD + bD . The theory also predicts the relationship 
RBE a D , which is a reasonable fit for data from a variety of sources. 
However, the basic assumptions of the theory are still being debated in 
spite of the familiar form of its general dose-response function and the 
agreement of its RBE-dose relation with experimental data. In particular, 
the distance over which sub-lesions can interact (about 1 um according to 

13 the original theory) has been objected to. 

Nevertheless, the qualitative argument remains valid. If neutron dose-
effect curves are linear, a decreasing RBE at lower doses indicates a 
quadratic coirponcnt to the low 1£T curves. The real problem with the RBE 
approach concerns the biological effects for which adequate data for 
analysis are available (see ref. 27). These include cell killing, chromo
some abnormalities, somatic plant mutations and lens opacification in 
mice, effects that may not be adequate models of carcinogenesis. Animal 
tumour data are from mouse lung tumours over a restricted dose range and 
from mammary carcinomas in the Sprague-Dawley rat. The latter occur with 
a very high spontaneous probability, and liave dose- effect curves that 
appear linear for low LET radiation and seem to Have a dose exponent <1 for 
neutrons (i.e., linearity under-estimates the neutron risk). Human data 
is restricted to an analysis of total leukaemia incidence at Hiroshima 
and Nagasaki. The relevance of leukaemia to solid tumours can be 
questioned, and the analysis, which depended upon separation of the y and 
neutron components of dose in the two cities, should be re-assessed in the 
light of recent findings suggesting that lower neutron and higher gamma 

28 doses were received than previously thought, particularly at Hiroshima. 

Repair 

In the complex carcinogenic process the initial interaction of radiation 
with the cell cannot be viewed in isolation. The overall response is 
influenced by extra-cellular agents and by host-dependent factors of which 
intra-cellular repair is clearly important. Repair is usually put forward 
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as a reason for non-linearity. It is reasoned that at high doses and dose 
rates repair is incomplete or its capacity swamped. Low doses would 
therefore constitute a lower risk/rad than estimated from high dose data. 

29 Mole pointed out the low frequency with which leukaemia was induced in 
people whose bone marrow was irradiated in the A-bomb attacks. The fre
quency was orders of magnitude lower than the frequency with which cell 
killing or mutation can be induced experimentally. Background radiation 

14 causes some 10 ionizations in the DNA of somatic cells before age 30. 
Yet only one cancer is likely to arise from all causes, and in only 20% of 
the population. This must indicate that most ionisation events do not 
trigger an inevitable, irreversible process. Either other very rare events 
are required or the initiating events can be eliminated or repaired. 

Repair of the sub-lesions involved in cell killing has been studied for 
many years in split dose and low dose rate experiments. Similar experiments 
have recently shown that repair of the damage leading to in vitro trans-

30 formation can occur. Evidence for a common mechanism for the two repair 
processes is inconclusive. However, the processes must be linked in the 
sense tliat carcinogenesis requires that an irradiated cell must both 
transform and survive. The relationship between survival and transfor
mation may explain findings which indicate that the number of transformed 
colonies per surviving cell apparently increases when total doses under 

30 about 150 rad are split, but decreases when higher total doses art split. 
Interpretation of these experiments may be complicated if transfor>iied 
cells are more easily killed than non-transformed cells. 

An interesting development for the future will be to assess the importance 
in mammalian cells of the various repair processes discovered in bacteria 

31 (Figure 5). For example, bacteria can remove UNA damage by an excision 
repair process and by a post-replication repair process. Excision repair 
removes damaged segments of the DNA, synthesises a fresh sequence using 
the opposite strand as template and then seals the new sequence into the 
DNA chain. Post-replication repair copes with the gaps left in the DNA 
opposite any lesions which block DNA synthesis and which have not been 
repaired before the DNA is required to replicate. Repair occurs via a 
recombination between segments of the old and new chains in the repli-
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cated DNA. Part of the new strand which includes the gap exchanges with 
a segment of the old strand of like 'polarity'. The consequent gap in the 
old strand is then filled using the complete new strand opposite as a 
template. These repair processes constitute some of the primary defences 
which have evolved to ensure the survival of the cell. They search out 
naturally occurring errors in the DNA and are essentially accurate or 
error-free. However, in addition to these constitutive repair processes, 
there is strong evidence for one or more minor repair pathways that are 

"51 inaccurate or error-prone.* The errors in the ENA that result from their 
activity are a major cause of induced mutation in bacteria. The error-
prone repair is apparently induced by radiation or chemically-induced 
damage on the DNA. Cell survival is ensured, but at the expense of 
increased mutability, by what has been termed an emergency or 'SOS' 

32 repair function. 

Obviously we can no longer think of repair as a simple concept. It can 
be associated with increased survival and decreased transformation fre
quency. It can be constitutive and error-free or inducible and error-
prone. The latter can be a direct cause of cell mutation. A plausible 
hypothesis for mutagenic carcinogens is that, as a consequence of lesions 
on the DNA, a repair function is induced with a high probability that an 

•$3 error leading to a mutation will be made." 

If mammalian cells prove to have both error-free and error-prone repair 
pathways, what are the consequences for the linear hypothesis? In parti
cular, how are their relative activities affected by different dose levels? 
At natural background levels repair may be almost entirely error-free. As 
the dose is increased above background the error-prone, mutational 
pathway is called upon to an increasing extent. Therefore risks estimated 
at high doses may over-estimate the risks at low doses where the repair 
processes are accurate and non-mutagenic. This suggestion provokes 
questions as to the nature of those mutations that arise at natural back
ground levels. It assumes that they do not share a common mechanism with 
mutations produced at high dose levels. Possible candidates for the 
mutations leading to spontaneous cancer would be errors occuring during 
normal DNA replication. 
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Further work will be needed to understand the relationship between various 
types of repair and between mutation and survival. It should also be 
remembered that if mutational damage is to lead to an eventual tumour, 
then at some stage the damage must be fixed into a heritable form that can 

33 be passed on to daughter cells. Little suggests that fixation occurs 
after one or possibly two cell divisions. A hypothesis for radiation 
carcinogenesis is as follows (Figure 6). Radiation places damage on the 
DMA. This is then acted upon by a series of repair processes which attempt 
to ensure the suivival of the cell. Any UNA damage remaining when cell 
division occurs is then fixed and passed on to successive cells which 
ultimately go on to uncontrolled proliferation. The damage remaining at 
the first division can be a result of incomplete, error-free repair or of 
error-prone, mutagenic repair which is not subsequently corrected. To 
relate overall repair processes to the shape of the dose-effect curve seems 
an ambitious project at present. 

Practical _tlireshold 

An important stage in the growth history of a tumour is the latent period. 
This can be a period of many years between the initial transformation of 
a cell and the eventual growth of a tumour to a detectable size. Evidence 
from several animal tumours and a few human tumours suggest that as 
radiation (or chemical) exposure increases, the latent period decreases. 
An associated hypothesis that appears attractive, at least for animal 
tumours with high spontaneous incidences, is that radiation can act as a 
tumour promotor, accelerating the time at which tumours appear. 

A practical threshold suggests that at very low doses the latent period 
for radiation-induced cancers will be so long that it will exceed the 
remaining lifespan. The idea is supported mainly by data from rapidly 
growing tumours in short-lived animals. Evidence for a practical threshold 
in solid human tumours comes mainly from osteo-sarcomas in workers exposed 
to protracted internal dose from Ra. In this type of exposure an 
unknown fraction of the dose is delivered after trans format ion and/or 
promotion is complete. It is wasted dose. 

A problem to be resolved for the acceptance of a practical threshold is how 
radiation interacts with other promoting agents. The high spontaneous 
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cancer incidence implies that we must be exposed to many such promotors. 
Sup̂ x>se a low radiation dose initiated a cell transformation. The latent 
period exacted from the radiation dose alone might be very long. 
However, other, naturally occurring promotors could ensure that the cancer 
was expressed. 

Intuitive 

Biological responses within populations are usually inhomogeneous. A 
range of susceptibility to radiation is, therefore, plausible and would be 
expected to result in a dose-effect curve that approximates a quadratic 

35 response. A linear component to the curve at very low doses would 
appear unlikely. Lack of a threshold would imply that some members of 
the population would be completely susceptible - or have no tolerance -
towards radiation. The survival of such people even in the absence of 
extra radiation seems intuitively unlikely. 

The possibility that linearity under-estimates risk 

Direct evidence is insufficient to decide if a linear extrapolation does 
or does not over-estimate the risks at low doses. It is equally in
sufficient to rule out the possibility that the risk at low doses is 
greater than estimated using a linear assumption. However, some scientists 
have been led to this latter conclusion. They believe the dose response 
curve is curvilinear downwards (Figure le). Their evidence has been 
deemed insufficient to persuade bodies responsible for considering radia-
tion risks that the more generally held, opposite view is incorrect. 
Some of that evidence is reported below for completeness. It also adds a 
further dimension to the difficulties regarding the validity of the linear 
hypothesis. 

A study of all cancers by site of occurrence in Hanford radiation workers 
by Mancuso, Stewart and Kneale '• has been much discussed. For a few 
cancers, it claims to show far higheT risks at doses around a few rads 
than would be expected from conventional extrapolations from high doses. 
Subsequent evaluations of this study have indicated that there may be an 
excess of cancers of the pancreas and multiple myeloma at Hanford, but 
raise doubts about the generalised claim that doubling doses for all male 

38 39 and several specific cancers are far lower than normally suggested." ' 
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Other claims for high risks at occupational levels of exposure have come 
40 from leukaemia studies in those exposed to diagnostic X-rays, and a 

41 study of cancer in nuclear shipping workers. Criticism of all these 
studies has been widely published (for example, ref. 3). 

An obvious possibility for an under-estimate of radiation risks at low 
doses is for cell killing to be extensive at high doses. In a few studies 4 dose protraction has led to increased tumour incidence. Less cell killing 
is a possible explanation. In vitvo, total doses up to about 150 rads lead 
to more cell transformations per surviving cell when given as a split dose 

30 than when given as a single exposure (see earlier section). Usually, 
however, a decreased tumour incidence in animals is found after lowering 
the dose rate or splitting the total doses into a series of doses over a 
protracted period. ' 

Finally, it has also been proposed that susceptible sub-groups in the 
population, by causing a steep rise in the initial part of the dose-
response curve, could ensure a dose-response curve that was curvilinear 
downwards. 

Conclusions 

Direct evidence concerning the true shape of the dose-response curve for 
human carcinogenesis at low doses is scanty and incapable of distinguishing 
between several possibilities. Several practical problems make it unlikely 
that the situation will change in the foreseeable future. Animal tumours 
offer some limited help, but are not perfect models for human tumours. 

Using several lines of indirect or theoretical reasoning, a plausible 
case can be made for the adoption of any of the most 
favoured shapes for the dose response curve (i.e., linear, dose squared 
or linear-quadratic). All the individual arguments have been strongly 
supported. However, none lack objections which could invalidate or 
seriously weaken their case. Even if one of the arguments discussed above 
could be shown to be dominant foT a particular tumour and/or exposure, 
there is no guarantee that it would prove a general solution. 
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In the present situation retention of the linear hypothesis as the basis 
of extrapolation would appear the wisest course. This would lead to over-
estimation of the risks at low doses if there is really a dose-squared 
comjxment to the dose-response curve. However, the excessive fears and 
over-regulation associated with the rigorous use of the linear hypothesis 
could be minimised fairly simply. Exposures to doses below some cut-off 
dose could be deemed of no practical hazard. In essence, this procedure 
assumes that a dose can be agreed upon at which the level of risk is so 
tiny that the number of effects would fall well within natural variations 
and need huge populations for detection. It is quite clear from other 
spheres of human activity that there arc very low frequency risks that 
individuals disregard in the organisation of their life, resources and 
priorities. 

The obvious basis for the cut-off dose would be some fraction of natural 
background. Natural background is known to be, at most, a minor contri
butor to ill health. A cut-off dose of, say, /10 or /100 of natural 

43 background might be agreed upon. Adler has suggested the standard 
deviation of natural background would be an appropriate cut-off dose. The 
linear hypothesis would then be used to check the assumed risk at the 
cut-off for a particular situation (type of exposure, expected tumours, 
age and sex of those exposed and other relevant concerns such as possible 
exposure to other man-made carcinogens). If the calculated risk is indeed 

ft 7 

tiny, say, an individual risk of 10" - 10" per year, then exposures 
below the cut-off would not be subject to regulation or consideration in 
policy making. However, if the risk was calculated to be far higher than 
usual, then further measures could be instituted to deal with the parti
cular circumstances. 
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Figure legends 

Figure 1 : Five possible dose-effect curves frequently cited in the 
l i terature. 

Figure 2 : An illustration of the different distribution of sub-lesions 
produced by high and low LET radiation tracks. 

Figure 3 : The dose-response for a mixed population of different suscep
t i b i l i t i e s . 105 of the population are far more susceptible 
than the remainder. The net response curve is closer to 
the linear assumption than the response for the 90S of the 
population that is not very susceptible. 

Figure 4 : Typical survival curves for neutrons and photons shaving the 
greater in i t ia l shoulder with photons and the increase in RBR 
at low neutron doses. 

Figure 5 : Two mechanisms for error-free repair of DNA damage. 

Figure 6 : A schematic diagram outlining possible features of the 
carcinogenic process from the time; of irradiation to the 
appearance of a tumour. 
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Figure 6. Schematic for radiation carcinogenesis. 


