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A dose-response model, based on the results of animal experiments, is 
presented for skin cancer induction in a human population by chronic 
exposure to ultraviolet radiation. The model takes into account a variety of 
exposure habits and susceptibilities of the individuals in the population. 
The required input data for the dose-response relationship are the age 
specific incidences of the population in question. 

Calculations based on this model can be used as a step in the evaluation of 
the effect which a reduction of stratospheric ozone would have on the 
non-melanoma skin cancer incidence. As an example an evaluation for the 
white population of the U.S.A. is presented. The estimate resulting from 
this evaluation agrees fairly well with earlier estimates based on combined 
climatological and epidemiological data. 

1. Introduction 

Already in the late nineteenth century prolonged exposure to sunlight was 
suspected to be an important factor in the etiology of skin cancer. No hard 
evidence was available at first, but animal experiments showed that the Short 
wave ultraviolet (u-v.) radiation in sunlight is carcinogenic. Over the last 
decades a body of experimental, epidemiologic and circumstantial informa- 
tion has grown which constitutes convincing evidence for the importance of 
U.V. radiation in the etiology of skin cancer (Urbach, 1969, 1978 and 
Fears, Scotto & Schneidermann, 1977). 

A field study on the etiological importance of certain suspected factors 
was presented by Silverstone & Searle (1970). From this study the etiologi- 
cal importance of genetic factors was clearly established. After the factor 
“age”, which is an important factor for most cancers, the “sunburn suscep- 
tibility” came out as a very important factor. This implies that one must be 
aware of genetic complications when ascribing differences in skin cancer 
incidences among different populations to differences in U.V. exposure 
only. 
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The types of skin cancer for which a strong correlation with U.V. radiation 
has been shown to exist, are the non-melanoma skin cancers (hereafter 
referred to as skin cancers for short) (Fears et al., 1977). 

The interest in the dose-response relationship for these skin cancers was 
renewed by the concern about a possible reduction of the stratospheric 
ozone. An ozone reduction would result in an increased intensity of the U.V. 
radiation reaching the earth’s surface, and thus one of the probable biologic 
effects would be an increase in the skin cancer incidence in the human 
population. 

The first approach to the problem was made by James E. McDonald 
(1971). He related the latitudinal gradient in the skin cancer incidence in the 
white population of the U.S.A. to the amount of stratospheric ozone 
through which the sunlight is filtered at the different latitudes. 

To express this relationship McDonald defined an amplification factor, 
AF. This amplification factor is the ratio of the fractional increment in the 
skin cancer incidence and the corresponding fractional decrement in the 
amount of ozone. In other words: if the stratospheric ozone is permanently 
reduced by 1%) the number of skin cancer cases per year will ultimately 
increase by AF x 1% . McDonald found: AF = 6. Van der Leun & Daniels 
(1975) updated McDonald’s calculations and found: AF = 2.1. 

The latitudinal data on which these calculations are based are scanty and 
can reasonably well be fitted by more than one mathematical relationship. 

To find a real relationship between the skin cancer incidence and the 
amount of stratospheric ozone one has to exclude other factors than 
stratospheric ozone which may be correlated with the latitude. McDonald 
was aware of most of the relevant factors, like cloudiness, ethnic patterns 
and exposure habits. The way in which he dealt with some of these factors, 
especially ethnic patterns and exposure habits, was of necessity crude. Even 
now it is practically impossible to deal with these factors more subtly if one 
uses McDonald’s approach. 

A somewhat different but essentially the same approach to the problem, 
i.e. correlating latitudinal data, has been made by other authors (Green & 
MO, 1975 and Urbach, Davies & Berger, 1975). They used a two step 
procedure; in the first step they relate the amount of stratospheric ozone to 
the annual u.v.-dose and in the second step they relate the annual u.v.- 
dose to the skin cancer incidence. The annual u.v.-dose in these studies 
usually is an approximated annual erythemal dose. 

The advantage of this approach is that one can explicitly account for dose 
differences which are not related to the amount of stratospheric ozone. No 
attempt was made, however, to account for possible genetic and behavioral 
differences between the various populations. 
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A fundamentally different approach is to evaluate the effect of an ozone 
reduction indirectly by using a dose-response theory to describe the effect of 
an increment in the annual u.v.-dose (Rundel & Nachtwey, 1978). We will 
call this the indirect approach. 

This approach resembles the forementioned “two step approach”. It also 
uses the same two steps. The difference is that the step in which the annual 
u.v.-dose is related to the incidence is not based on latitudinal data but on a 
dose-response model. The advantage of this approach is that one deals with 
one population, and does not have the problem of genetic, environmental 
and behavioral differences at different locations. 

In this paper we will develop such a dose-response model, based on 
animal experiments. Using this model we derive a formula which gives us the 
relationship between a fractional increment in the annual U.V.-dose and the 
corresponding fractional increment in the skin cancer incidence. 

So far, the approaches made in this line consisted of extensive compu- 
tations (Beadle, 1978 and Rundel & Nachtwey, 1978); in the other 
approaches mentioned (Green & MO, 1975 and Urbach e? al., 1975) 
numerical correlations were sought between epidemiological and clima- 
tological data. Both of these methods make it hard to gain insight in how 
changes in certain factors may affect the outcome. In our analytical approach 
the relatively simple mathematical derivations facilitate this aspect of gain- 
ing insight and quantifying the importance of the factors involved. 

In the discussion at the end of this paper we will make an estimation of the 
amplification factor for the white population of the U.S.A. via the indirect 
approach. 

2. Some Conceptions 

Before we go into the development of the dose-response model we will 
first introduce some conceptions. 

For the indirect approach one needs to have spectral information on 
u.v.-carcinogenesis in order to link-up the amount of ozone with the annual 
“carcinogenic u.v.-dose” (this is less relevant in the two step approach, Van 
der Leun & Daniels, 1975). The influence of the amount of ozone on the 
u.v.-irradiance is highly wavelength dependent, the intensity at shorter 
wavelengths being affected more strongly than at longer wavelengths. 

To account for this effect the concept of an annually available effective 
dose for carcinogenesis, D, (in analogy to the erythemal dose) can be used: 

D = Cm A(A)S(A, 03) dh (1) 
Jo 

where A is the wavelength (in nm), O3 the amount of ozone (in atm cm, i.e. 
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the equivalent ozone layer thickness in cm at 20°C and 1 atm), A(A) the 
carcinogenic action spectrum (dimensionless) and S(A, 0,) the spectrum of 
the annual dose of solar radiation (in J m-* nm-’ yr-‘) as a function of 03. 
A(A) weights the radiant energy at each wavelength according to its 
carcinogenic effectiveness. Usually A(A) is chosen to be 1 at a certain 
wavelength, A,,. This means that D (in J m-* yr-‘) is defined as an equivalent 
dose at A,,. In this conception it is assumed that the effective doses of 
different wavelengths can be added up to a total effective dose. 

As mentioned earlier, the action spectrum mostly used for u.v.-carcino- 
genesis is the erythemal action spectrum, which makes D the annually 
available erythemal dose. The correct action spectrum for carcinogenesis in 
human skin, however, is unknown. So far, only estimates of the spectral 
sensitivity have been produced. 

McDonald’s amplification factor can be written as follows: 

(2) 

where I is the incidence of skin cancers. 
One must be careful when using the AF. In principal the AF may well be 

dependent on I and 03. This means that it can only be used for limited 
changes in 03, given a certain I. 

If the AF is considered to be a constant, then one imposes a power law 
relation between I and 03, and one certainly has to be aware of doing so. A 
direct consequence of the power law relation would be that all the skin 
cancers are ozone (i.e. u.v.) related, because if 0, tends to infinity I 
becomes 0. In our model we do not impose the power law relation between I 
and 03. However, we will assume that all the skin cancers are u.v.-induced. 
This is disputable, but the distribution of skin cancers over the body regions 
gives the impression that the great majority is related to sunlight exposure 
(unfortunately it is impossible to select the u-V.-induced skin cancers). 

The indirect as well as the two step approach can concisely be expressed 
by the following equations (Van der Leun & Daniels, 1975): 

where 

and 

AF = AF,, AFb 

AF,= -4 g 
3 

(3) 

(34 

A&=;%. (3b) 
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AF, is called the optical amplification factor; if the amount of ozone 
decreases by 1% the annually available effective dose will increase by 
AF, x 1%. AFb is called the biologic amplification factor; if the annually 
available effective dose increases by 1% the incidence will increase by 
AF, x 1% . AF, and AFb represent the two steps from an ozone decrement to 
a skin cancer increment. 

The influence of the only vaguely known spectral response of the skin is 
included in the optical amplification factor AF,; the biologic amplification 
factor AFb does not explicitly depend on it. 

In this paper we will primarily be concerned with the biologic 
amplification factor, which represents the dose-incidence relationship. 

3. A Transformation of the Experimental Results 

In the 1940s Blum, Grady & Kirby-Smith carried out extensive experi- 
ments on albino Swiss mice (Blum, 1959). In these experiments groups of 
mice were regularly exposed to a certain dose of u.v.-radiation. As a result 
it was found that the prevalence curve of tumor bearing animals as a function 
of time was shaped like an integrated log-normal distribution. The standard 
deviation was constant and for the median development time of the first 
tumor, t,, the following dose-dependence was established: 

dt:= kl (4) 

where d is the total dose per unit time (for example: in mJ cm-’ per day) and 
kI is a constant which depends on the time-interval between successive 
exposures. 

Blum used equation (4) as a basic relationship between dose and 
development time for his model of u.v.-carcinogenesis, based on the idea of 
an accelerated fractional growth of a tumor instead of a constant fractional 
growth as usually is assumed. 

Forbes, Blum & Davies (1979) performed similar experiments on albino 
hairless mice and the results are comparable to those found earlier by Blum. 
From the results of Forbes et al. [Fig. l(a)] a slightly different relationship 
between dose and median development time is found: 

dt: = kz 

where p = 1.6 f 0.1 and k2 is a constant. 

(5) 

Forbes et al. also measured the tumor yield (i.e. the number of tumors in 
the surviving group divided by the number of survivors) as a function of time. 
If one looks at the time which elapses till a certain tumor yield is reached in 
relation to the applied daily dose, then again one finds a relationship like 
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IO 
Daily dose (in mJ cm-‘EEE) 

FIG 1. (a) The median development time, f,,,, vs. the daily dose (Forbes etal., 1979). (b) The 
time which elapses till a tumor yield of 1 is reached, tl, vs. the daily dose (Forbes et al., 1979). 

equation (5). As an example we give here the relationship between the dose 
and the time which elapses till a tumor yield of one tumor per survivor, tl, is 
reached [Fig. 1 (b)]: 

dtf = k3 

where 4 = 1.5 f 0.1 and k3 is a constant. 

(6) 
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Blum’s data only dealt with first skin tumors, but the data of Forbes er al. 
also include the following skin tumors. This is a valuable addition to the 
experimental results, because in the human epidemiological data no dis- 
tinction is made between first and following skin tumors. 

Taking into account all these experimental results, we construct the 
hypothesis that for every skin cancer-not only a first-which is induced by 
chronic u.v.-exposure we can write: 

dtP = k (7) 

where p is a constant (p = 18 f 0.2, averaged from the experimental data), k 
is a constant and t is the development time. This is a deterministic inter- 
pretation of the results which facilitates the description of the response to 
dose changes. 

By making the assumption that the mechanism of u.v.-carcinogenesis is 
basically the same for mice and men, we apply the hypothesis to the problem 
of u.v.-carcinogenesis in men. To use this hypothesis for a human popu- 
lation we otherwise follow the same procedure as Beadle (1978) for his 
numerical approach to the problem: 

(1) We introduce the concept of a skin cancer site as being simply a part of 
the skin of an individual in which a skin cancer can be induced. 

(2) We state a basic dose-time relationship for the development of a skin 
cancer, which in our case is equation (7) (Beadle used a special case of 
equation (7), with p = 1). Every skin cancer site has its own value of k, 
which represents its resistance to cancer induction. 

(3) To make equation (7) operational for a human population we make 
the assumption that we may use the annual effective dose for d and the 
age of an individual at the time he gets his skin cancer for t. 

(4) The problem which needs to be solved next is the fact that different 
cancer sites are exposed to different annual effective doses, even if the 
skin cancer sites are located on the same person. To account for this 
we introduce an exposure factor, Ei, for every skin cancer site 
(exposure factors are also used by other authors, but they all use it as 
being an “overall exposure factor” of a population and never as being 
an exposure factor of an individual cancer site; the exception to this is 
of course Beadle from whom we adopted the idea). If a skin cancer 
appears at the age a we write for the total dose its site has received 
until then: 

da = EiDa. (8) 

Substituting u for t in equation (7) and using equation (8) gives: 

DaP=k, (9) 
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where ki = k/E,. Again each skin cancer site has its own value of k,, 
but all skin cancer sites in a population, living in one location, have the 
same annually available effective dose, D. 

Equation (9) forms the basis of our model for skin cancer induction in a 
human population by chronic u.v.-exposure. 

4. Model for a Human Population 

In a human population we have skin cancer sites each with its own value of 
ki. The age, a, at which the skin cancer will manifest itself at site i may, 
according to equation (9), be written as: 

a = (ki/D)““. (10) 
The number of skin cancer sites is proportional to the number of people and 
there is a certain distribution of ki-values, f(ki), over the skin cancer sites. 

Generally speaking, f(k,), will be a function of the age, because exposure 
habits can change with time. For simplicity, however, we treat f(ki) as being 
age-independent (this simplification is justified if only small changes in D 
are considered and if f(ki) changes gradually with age). 

In principle the f(ki)-distribution can be found for the skin cancer sites 
that manifest themselves during the life-span of man from the age specific 
incidence data [which Beadle (1978) has done]. We could call the so-found 
f(ki)-distribution the “age-independent approximation of f(ki)“. In our 
approach it is not necessary to explicitly calculate the age-independent 
approximation of f(ki). 

5. Dose-dependence of U.V.-induced Skin Cancer Incidence 

In order to derive an expression for the biologic amplification factor we 
will first derive a formula which gives us the dose-dependence of the age 
specific incidence. 

The model states that there is an age-independent distribution of ki- 
values for which we can write: 

flk)dk = the number of skin cancer sites per person with ki between 
the values k and k +dk, where dk is an infinitesima1 interval 
of ki-values. 

With a certain annually available dose D the development time of the 
cancer is determined by ki according to equation (9) or (10). If we pick an 
age a and look at the skin cancers that will develop per person of this age as 
they reach the age a + da, where da is an infinitesimal age-interval, then this 
number equals the number of skin cancer sites per person for which equation 
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(10) is satisfied over the age-interval between a and a + da. This number is 
given by: 

dDaP 
/-da, D)da =f(DaP) . aa da (11) 

where ~((a, D) is the age specific incidence. 
From this it follows that 

/.~(a, D) =pDaP-‘f(DaP). (12) 

In order to gain insight in the dose-dependence of p we will rewrite equation 
(12). To this end we substitute a “reference annually available effective 
dose” Do into equation (12), which gives: 

PO(~) = ~(a, Do) =pDoaP-‘f(DoaP). (13) 

Rewriting equation (12) by substituting D = (D/D,)D, and using equation 
(13) gives: 

(14) 

Now we have come from a dose-time relationship to a dose-dependence 
of the age specific incidence. This enables us to derive a biologic 
amplification factor for the overall incidences of u.v.-induced skin cancers 
in a human population. For the number of newly developed skin cancer 
cases per year in one age-group with ages between a and a +da we can 
write: 

N(a, D) da = ~((a, D)n(a) da (15) 

where n(a) is the age distribution of the population in question. Integrating 
equation (15) with respect to a and differentiating it with respect to D yields: 

n(a) 
a~ (a, D) da 

dD (16) 

where N = N(D) =jF ~(a, D)n(a) da. In words: N is the number of new 
skin cancer cases per year, which is a function of D. 

Differentiating equation (14) with respect to D and rewriting the so- 
obtained equation in terms of ~(a, D) and a@(~, D)/da we get: 

(17) 
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Equation (17) can also be derived directly from equation (12) without 
rewriting ~(a, D) like we have done in equation (14). 

Substitution of equation (17) into equation (16) gives: 

dN 1 -=- 
dD pD (18) 

For practical reasons we will transform equation (18) in such a way that we 
get dn (a j/da instead of ap (a, D)/aa ; the former is often more accurately 
determinable. We do this by partial integration of equation (18) under the 
conditions that ~(0, D) = 0 and lim,,, n (a)p(a, D) = 0, which yields: 

dN -1 -=- 
dD PO 

(19) 

By substituting equation (19) into the definition of the biologic amplification 
factor [i.e. equation 3(b)], using the relation I = N/P (where P = jr n(a) da, 
i.e. P is the total number of people in the population), we find: 

AF,Z!- 

iI 

m  

PN o 
wt(a, D) - 

dn(a) da 

I da . 

We can approximate the integration in equation (20) by a summation over 
finite age groups: 

where ai is the mean age of age group i, Aai = ai2 - ail, where air and ai are 
the boundary ages of age group i (air < ai2), Ani = n (ai2) - n(air) and Fi is 
the skin cancer incidence in age group i. N and ki can be obtained from 
epidemiological data and Ani from population statistics. 

6. A Biologic Amplification Factor Independent of the Age Distribution 

By using some idealized linear age distributions and the incidence data on 
non-melanoma skin cancers from the Third National Cancer Survey (Scotto, 
Kopf & Urbach, 1974 and Rundel& Nachtwey, 1978; the latter paper states 
the results in a more detailed form), it appeared that the age distribution had 
very little influence on the biologic amplification factor (substitution of 
linear age distributions yields very simple expressions for the AFb). 
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These calculations suggest that the biologic amplification factor is rather 
independent of the age distribution of the population. It can be shown why 
this holds fairly generally; the age specific incidences as found in the Third 
National Cancer Survey can reasonably well be approximated by the 
formula (Fears, Scotto & Scheidermann, 1977): 

CL(a)= d (22) 
where 

y=bC’ (224 
and b, c and x are constants. 

The value of x they found is somewhat greater for the male sub- 
populations (3.7 f 0.5) than for the female subpopulations (3-l f 0.5). For c 
they found 3-O* O-6 for the male subpopulations and 2.5 f O-6 for the 
female subpopulations. 

Like with McDonald’s amplification factor one should be careful with an 
equation like (22a), because again one imposes a power law and with 
extrapolation it follows that all skin cancers are u.v.-induced (if D + 0 then 
I+O). 

This kind of age-dependence of the incidence has also been found for 
other types of cancer and forms the basis of some mathematical multi-stage 
models for carcinogenesis (Nordling, 1953, Armitage & Doll, 1954 and 
Fisher, 1958). According to the multi-stage models x and c in the equations 
(22) and (22a) should be integers, but they can be truncated if the dose or 
the number of people exposed changes with time. 

By substituting equation (22) into equation (18) it can be easily derived 
that: 

g=$(x+l) (23) 

and with equation [3(b)] it follows that: 

x+1 
AFb=- 

P . 
This means that if the age specific incidence can be described by a power- 
function [equation (22)], the biologic amplification factor is totally 
independent of the age distribution. 

By using equation (24) we can make an overall estimate of the biologic 
amplification factor for all the non-melanoma skin cancer data of the Third 
National Cancer Survey. To this end we substitute the mean of the values for 
x, x = 3.4, into equation (24). As a result we get: 
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7. Applicability 

To evaluate the effect of an increase in the annual u.v.-dose we could ask 
the question: “What would have been the skin cancer incidence for this 
population at this particular moment if the annually available effective dose 
would have been greater and all the other factors involved (like exposure 
habits) would have been the same ?” This question bears direct relevance to 
a real human population and can be answered by using the approach we have 
put forward. 

An evaluation like this is, strictly speaking, not a prognosis of the increase 
in the future incidence of skin cancer caused by a possible increase in the 
annual u.v.-dose. In order to give a correct prognosis one should have 
information on factors like possible changes in exposure habits and the 
development of the age distribution [if equation (22) does not hold]. Both of 
these are hard to predict, especially changes in the exposure habits which 
may be caused by fashion. Our model at least gives some idea of how these 
factors may influence the prognosis. 

In the presentation of our model we have not mentioned migration. It 
should be realized that, strictly speaking, the model is only applicable if the 
aspect of immigration can be ignored. 

The biologic amplification factor expresses the difference in the skin 
cancer incidence of two identical populations due to a small difference in the 
annually available effective dose. For greater differences the amplification 
factor can only be used to give a first and rough estimate of the difference in 
the skin cancer incidences. 

In order to give a more accurate approximation for a drastic increase in 
the annual u.v.-dose, one could extrapolate the age specific incidence for 
ages greater than the maximum age. Then one can calculate the new age 
specific incidence by using equation (14). This, of course [as Beadle (1978) 
has already pointed out], introduces the uncertainty of the validity of the 
extrapolation. Also one assumes the f(k)-distribution to be age indepen- 
dent, which is a doubtful approximation if the change in the age of 
appearance of the skin cancers becomes too great. In case of a drastic 
decrease in the annual u.v.-dose we do not have the problem of the 
extrapolation, but we still have to make the assumption that the f(k)- 
distribution is age independent. 

It is interesting to mention here that, if we make the assumption of an age 
independent #)-distribution and assume equation (22) to be valid for ages 
greater than the maximum age, we can write (Appendix A): 

k (a, D) = bD(X+‘)‘PaX (25) 
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and 

where 1i is the incidence if D = Di. 
Under the aforementioned assumptions the equations (25) and (26) can 

be used no matter how great the change in the annually available effective 
dose. Notice the resemblance between equation (25) and the equations (22) 
and [22(a)] which Fears et al. (1977) used to describe the age specific 
incidence. By comparing these equations we find: 

x+1 
c=- 

Substituting the x-values of Fears et af., we get c = 2*6*0*4 for the male 
subpopulations and c = 2.3 f O-4 for the female subpopulations. These 
values are very close to the values Fears et al. actually found for c (the 
agreement would be even better if we use p = 1.6). 

8. Discussion 

It may be useful to summarize the fundamental premises here on which 
our model is based in order to appreciate its advantages and its limitations: 

(1) There is a certain class of skin cancers which are induced by chronic 
u.v.-exposure. We take the non-melanoma skin cancers to be iden- 
tical with this class. 

(2) A deterministic dose-time relationship, inferred from animal 
experiments, is also applicable to men. 

(3) The variation in a parameter (ki) of this dose-time relationship is due 
to genetic, environmental and behavioral differences. 

A point which needs to be mentioned is that it is assumed that various skin 
cancer sites receive different fractions of the annually available effective 
dose, and that if the dose is increased by a certain factor, the annual effective 
dose for every skin cancer site is increased by the same factor. 

This is, strictly speaking, a simplification where a reduction in the amount 
of stratospheric ozone is concerned. If the ozone diminishes, the fractional 
increase in the effective intensity depends on the time of day and on the 
season. Therefore, the fractional increase in the effective dose on a person’s 
skin will depend on his exposure habits. 

In spite of this observation, the assumption can be made plausible by 
noticing that most skin cancer candidates must be exposed under optimal 
conditions in order to get their skin cancers. In conclusion we can say that the 
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model allows for a vast variety of exposure habits as long as the effective 
exposures take place at high solar elevation. 

From the formulae for the biologic amplification factor we can directly see 
that it is proportional to l/p. This means that the biologic amplification 
factors based on a dose-time relationship with p = 1 (i.e. based on the 
reciprocity concept) will be 1.8 times greater than if p = 1.8. 

This probably explains why the biologic ampfification factors found by 
Green, Findley et al. (1976), using the incidence data of a single population 
and a dose-time relationship with p = 1, are markedly greater than the 
factors they found by combining the dose and incidence data of several 
populations. 

Van der Leun & Daniels (1975) used a biologic amplification factor of 0.5. 
They derived this value from an intuitive reasoning, which also started with 
the dose-time relationship found by Blum (1959) [equation (4)]; the 
reasoning proceeded on the assumption that the incidence of skin cancer in a 
population would vary inversely proportional to the time required for 
tumors to develop. This latter assumption cannot be generally validated; it 
would only hold in case the incidence would be independent of the age, 
which is not realistic. Expressed in terms of our present equations, we then 
have +(a, D)/aa = 0 and AFb would be equal to l/p, as can best be seen 
from equation (18); thus AFb would indeed equal O-5 if p = 2. 

Rundel & Nachtwey (1978) calculated biologic amplification factors from 
the data of the Third National Cancer Survey. They started out by fitting the 
human data to the relationships found by Blum (1959). Their calculations of 
the biologic amplification factors, however, are based on the concept of 
reciprocity. They did this to get a worst case estimate: strictly speaking it is 
only one out of many possible cases which are worse than if p = 1.8. We have 
chosen to incorporate the experimental results as much as possible, and 
therefore used p = 1.8. 

By using a formula (Appendix B) we can transform the biologic 
amplification factors found by Rundel & Nachtwey (denoted by A,) to 
values, which our theory would have yielded (denoted by AFb). In Table 1 
we give the AF,,‘s calculated in this way from the original AC’s as Rundel & 
Nachtwey found them. 

Beadle (1978) made the same assumption of reciprocity and worked out 
two models to which we shall refer as the simple and the more sophisticated 
model. 

The same argumentation we used in Appendix B for the AC’s found by 
Rundel & Nachtwey applies to the biologic amplification factor which 
Beadle found by using his simple model. In Table 1 (column “Beadle 1”) we 
give the transformed value for Beadle’s simple model. 
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TABLE 1 
Adjusted biologic amplification factors, for further explanation see text 

Authors Population 
A, AK 

d P 6 0 

Rundel & 
Nachtwey 

Beadle 

Dallas- 
Ft. Worth 

Iowa 
Minneapolis-St. Paul 
San Francisco-Oakland 

England-Wales 

3.7 34 2.7 2,5 
4.3 4.4 3.1 3.1 
4.2 4.0 2.9 
3.9 3.5 

;:; 
2.6 

(1) (2) (1) (2) 
4.0 5.1 2.9 2.8 

Beadle’s more sophisticated model, which he worked out numerically, is 
equivalent to our model with p = 1. This means that the biologic 
amplification factor from this model is 1.8 times greater than if p = 1.8. In 
Table 1 (column “Beadle 2”) we also give the transformed value for 
Beadle’s more sophisticated model. 

Notice that the two transformed values for the biologic amplification 
factor from the results of Beadle are very close, like they should be. 

Fears et al. (1977) also studied the data of the Third National Cancer 
Survey and found a dose-incidence relationship which is represented by the 
equations (22) and (22a). If we would make the assumption that all the 
subpopulations studied in the Third National Cancer Survey are identical 
except for sex and annual u.v.-dose, then c in equation (22a) would equal 
the biologic amplification factor. The mean value of c can be considered as 
an overall estimate of the biologic amplification factor and is equal to 
2.8 f 0.6. This value for the biologic amplification factor is very close to the 
value of 2.4 f O-6 we found from the same data. 

To evaluate the effect of a reduction in the amount of stratospheric ozone, 
using the model presented in this paper, we have to know the optical 
amplification factor, AF,. In order to find the optical amplification factor we 
should have detailed spectral information on u.v.-carcinogenesis in human 
skin, which unfortunately we have not. 

Green & MO (1975) have calculated optical amplification factors using 
two different action spectra: the human erythemal action spectrum and the 
absorption spectrum of DNA. They found that the two optical amplification 
factors did not differ much: respectively 1.53 and 1.83. 

If we assume that the action spectrum for u.v.-carcinogenesis in the 
human skin is somewhat like these spectra, we could use AF, = 1.7 as an 
estimate till we have more spectral information. 
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Combining this estimate of the optical amplification factor (1.7) with the 
overall estimate of the biologic amplification factor (2.4) from the data of the 
Third National Cancer Survey, yields a value of about 4 for the estimate of 
McDonald’s amplification factor [equation (3)]. Thus our estimate is that, if 
the amount of stratospheric ozone would have been continuously reduced 
by 1% over the last century, we would have had a 4% higher incidence of 
non-melanoma skin cancers in the U.S.A. (i.e. about 12 000 extra non- 
melanoma skin cancer cases per year). This strongly indicates how sensitive 
the incidence is to changes in the amount of ozone. 

Our estimate does not differ much from the estimates which have been 
made so far, especially if one considers the uncertainties involved. But we 
hope to have made a contribution to a fundamental approach to the 
problem, which includes genetic differences, human autonomic behavior 
and experimental information on u.v.-carcinogenesis. 
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APPENDIX A 

Derivation of the equations (25) and (26) 

If we substitute ~(a) = CL (Q, DO) into equation (22) and combine this with 
equation (14) we get: 

(x-1)/p 

CL (4 Do) (Al) 

or 

Fb,D)=y $ 
( 1 

(x+1)/p 

ax. 

Equation (A2) is identical to equation (25), where 
b = “IDp+wP. 

Combining the equations (15) and (Al) we find: 

p(a, D&(a) da 

D ( 1 
(x+1)/p 

=- 

Do 
N(Do). 

Rewriting equation (A4) we get: 

(A21 

643) 

(A4) 

(A5) 

where I1 = N(Dl)/P and IO = N(Do)/P. 
A logarithmic transformation of equation (A5) yields equation (26). 

APPENDIX B 

The transformation of A, 

Rundel & Nachtwey used the formula: 

where I, is the original incidence in age group a, IA the altered incidence in 
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age group a, W, the number of people in age group a and f = 
(D -DO)/DO( = 0.05 for Rundel & Nachtwey); f is the fractional change in 
the annual u.v.-dose. 

They used the concept of an effective age; if the annual u.v.-dose would 
have been (1 +f) times greater than it actually was, the effective age for 
u.v.-carcinogenesis would be 

a’ = (1 -flu 632) 

where a is the actual age. From this they concluded that 

I:, = Ial (B3) 

which is not in agreement with our equation (14), even if reciprocity holds. 
To adjust their results to our model we will start out by also using the 

concept of the effective age. If this is given by equation (B2), then according 
to our model the annual u.v.-dose must have been changed by a factor of 
(1 +pf) (if pf << l), which means that 

(D - Do)lDo = pf. (B4) 

And, according to equation (14), equation (B3) should be: 

I:,=(l+f)l,J. (W 

If CJa W, = No and Calal W, = N,, we can rewrite equation (B 1) for the 
theory of Rundel & Nachtwey as: 

According to our theory we can rewrite equation (Bl) as: 

AF= 1 
( 
(l+f)Nr --- 

b pf No 
1 
) ’ 

Combining the equations (B6) and (B7) yields: 

AF,=;[(l+f)A,+l]. 

036) 

037) 

Equation (B8) is the formula by which we have transformed the values of A,. 


