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"If biology is difficult, it is because of the bewildering number and variety of

things one must hold in one's head".

John Maynard Smith (1977).
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VOORWOORD
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voor zijn toezicht op het welzijn van de diecen en de soepelheid, waarmee hij
gerezen problemen wist te ondervangen.

My contact throughout the investigation with dr. P. Donald Forbes of the
Center of Photobiology of the Temple University in Philidelphia has been of
great importance to me. Don, I want to thank you for your personal interest in
my investigation, in spite o£ the fact that reading my equations, especially
those with integral signs, was not your favorite pastime. The experimental data
I was permitted to see and use before publication contributed a great deal to
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for giving us the mice to start off with, and for the opportunity that was
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CHAPTER 1

GBNKRAL INTRODOCTIOH AND SUMMARY

The present study in perspective

The stratospheric ozone layer forms an important atmospheric UV filter which

protects the earth's biosphere against much of the harmful solar UV radiation.

As far as the skin is concerned, the small portion of the harmful solar uv

radiation which reaches the earth's surface is responsible for the commonly

known sunburn reactions like erythema and blistering. Besides these short-term

effects, this harmful solar UV radiation causes long-term effects of which the

formation of certain types of skin cancer in humans as well as in animals

(Urbach, 1969 and Roffo, 1934) and cancer eye in cattle (Anderson, 1970) stand

out as the gravest,

In the early 1970s the studies on UV-carcinogenesis received a new impetus

by the arisen concern about the possibility of a depletion of stratospheric

ozone by anthropogenic causes, such as high altitude supersonic transport. Space

Shuttle operations, nuclear detonations, the use of nitrogen fertilizers and the

release of chlorofluoromethanes (Johnston, 1971, Caldwell and Nachtwey, 1975,

Molina and Rowland, 1974 and NAS, 1975). Especially the problem of the release

of halocarbons has received much attention and is still the subject of

international environmental policy (WAS, 1979). In the last decade a major

scientific effort has been made to assess the effect of halocarbons on the

complex atmospheric physical and chemical processes which maintain the ozone

layer. The estimates of the long-term ozone depletion due to halocarbons have

varied between 5 and 20% (see for instance Decwent and Eggleton, 1981), and new

variations are to be expected with the inclusion of new information on the many

chemical reactions involved (some 125 relevant reactions at least). Despite the

uncertainties in these estimates, the percentages mentioned are reason enough

for serious concern (NAS, 1979; there are, however, those who are more

optimistic, see for example Gribbin, 1979). Such decreases in stratospheric

ozone would considerably enhance the biologically harmful UV radiation reaching

the earth's surface, the effects of which still cannot be fully assessed.

In view of the aforementioned relation between UV radiation and skin cancer,

one would expect an increase of skin cancer as a result of the estimated ozone

depletion. Based on the available epidemiological data this increase of skin

cancer was assessed and found to be very substantial (McDonald, 1971, Van der



Leun and Daniels, 1975 and Green and Mo, 1975). The investigations presented in

this thesis were initiated by the need to improve such assessments. The main

objective of the investigations was to extend the knowledge on experimental

UV-carcinogenesis, and to use the experimental results as guidelines for

developing a dose-response model for UV-carcinogenesis. By applying this model

to human populations one has an alternative method to assess the effect of an

ozone depletion on the occurrence of skin cancer. Results of this model can also

be compared with existing data on the relation between UV radiation and skin

cancer in human populations.

For obvious reasons, the experiments on carcinogenesis have to be carried

out with animals, and the results are, therefore, not directly applicable to

humans. Consequently, human data remain of primary importance, but these data

ace confounded by many uncontrollable and uncertain factors. Combining the data

on humans and animals appears to offer a feasible approach towards developing

model of UV-carcinogenesis applicable to man. In the present study this approach

is based on the hypothesis that the UV-carcinogenic process is basically similar

in mouse and man. Because of the uncertainties in the human data - which caused

us to advance the hypothesis of a mouse-man similarity - it is impossible to

test this hypothesis directly. Nonetheless, by comparing the results of a model

based on a mouse-man similarity with the human data available, one can, to a

certain extent, test the tenability of this hypothesis.

It is conceivable that for other types of cancer a mouse-man similarity can

be tested more directly because good quantitative human data can be obtained. An

example of this has recently been published for carcinogenesis by radiation

emitted by radium incorporated in bone tissue: the dose-response relationship

was found to be similar for mice, dogs and humans (Raabe et al., 1980). For

UV-carcinogenesis, however, no conclusive evidence in this respect is presently

available.

The present study was not solely aimed at developing a dose-response

model. The experiments were analysed further and additional experiments were

carried out in order to gain more insight in the process of UV-carcinogenesis

itself.

An outline of mathematical theories of carcinogenesis

Friedewald and Rous (1944) distinguished two kinds of action an agent could

exert in the production o*.' tumors: initiating and promoting actions. Thereby,

they envisaged a two-stage process of carcinogenesis, which was formulated more

explicitly by Berenblum and Shubik (1947). The latter authors provided



additional and convincing experimental data to substantiate the two-stage

process. In this two-stage concept a tumor is first initiated, and its

development can subsequently be speeded up by promoting action. An agent can

exert both initiating and promoting actions to different degrees. The two-stage

concept is currently widely accepted because it is directly inferable from

experiments which have been repeated with various combinations of "initiators"

and "promotors".

An analysis of the available experimental results led Iversen and Arley

(1950) to advance a mathematical two-stage model. In this model the initiation

of a tumor is considered a random event; the probability of its occurrence being

directly proportional to the effectiveness o£ the carcinogen, its concentration

and the length of time over which the carcinogen is applied. This theory of

initiation is fully analogous to the hit-theory, which had already been

developed to describe other biological processes, such as gene-mutation and

cell-Killing by X-rays or neutrons. After the initiation a tumor grows, which

forms the second stage. The growth time, i.e., the time lapse between initiation

and the tumor reaching a certain size, is assumed to be normally distributed in

the model presented by Iversen and Arley.

Nordling (1953) advocated the hypothesis, formulated earlier by Muller

(1951), that carcinogenesis is a multiple mutation process. A normal cell is

transformed into a malignant cell by a series of irreversible genetic mutations,

and thus a cancer is initiated. Nordling (1955) presented the following point?

in support of this theory: "1) the correlation between mutagens and

carcinogens, 2) the correlation between cell proliferation and cancer incidence,

3) the kind of mathematical relation between cancer frequency and age in man,

and 4) the step-wise increases in malignancy of tumors".

From the statistics on cancer it became prominent that, by and large, the

mortality and the incidence (defined here as the number of newly diagnosed

tumors per unit time per person at risk) were directly proportional to the age

to a certain power: (incidence) oc(age)x, where x could differ from one type of

cancer to another. If one assumes that the carcinogen was applied regularly

throughout life, then according to the multiple mutation theory x+1 equals the

number of mutations required to transform a normal cell into a malignant one.

Following this line of reasoning, Nordling concluded that the cancer mortality

frequency curve in males between the ages of 30 and 80 years implied (if the

time lapse between initiation and death due to cancer is assumed to be short)

that 7 mutations are necessary for the production of the first cancerous cell.

The multiple mutation theory - more generally referred to as multi-event



theory - has received much attention of mathematicians. Usually 2 mutation-like

events we^e postulated in these mathematical models of carcinogenesis, and

factors like the outgrowth of a clone of mutated cells and the possible

elimination of mutated cells were included (Armitage and Doll, 1957, Kendall,

I960, Neyman, 1961, Tucket, 1961 and Waughr 1961). Many of these models reached

a high level of mathematical sophistication, and thus became totally

incomprehensible and useless for experimentalists with limited mathematical

training.

In the experimental as well as in the epidemiological fields of research on

carcinogenesis, multi-event models - having the charm of a clear and simple

interpretation - proved to be very successful in describing incidences of tumors

(Ashley, 1965, 1966 and Doll, 1970). The multi-event theory was extended to

incorporate the effect of the dose of the chronically applied carcinogen; in its

simplest form this can be written as (incidence) « D ¥ , where D stands for the

dosage of the carcinogen per unit time and t for the time over which the

carcinogen was regularly applied (Fisher, 1958 and Emelot and Scherer, 1977).

Here, c can be interpreted as the number of carcinogenic events which are

induced by the carcinogen. Since it is generally found that c ̂ x+1, a possible

difference between x+1 and c can be interpreted as a number of events which are

not related to the carcinogen under consideration; these latter events could

be induced by other factors. Recently, Maskens (1981) has published an

interesting study along these lines. He presented convincing experimental data

to substantiate that carcinogenesis by 1,2-dimethylhydrazine in cat colon is a

two-step process. In this process the second step can occur in absence of the

carcinogen, but the likelihood of its occurrence is increased by the presence of

the carcinogen.

The multiple mutation theory in its original form yielded high numbers of

mutations, like the number of 7 mutations mentioned earlier, and this was found

to be unsatisfactory in that there was no clear experimental evidence for more

than 2 stages (Armitage and Doll, 1957). By including the outgrowth of a clone

of mutated precursor cells, it was shown that the exponent of time, x, was not

necessarily equal to the number of mutations minus 1 (Armitage and Doll, 1957

and Fisher, 1958). Thus, it became apparent that an interpretation of x is no

simple matter. Moreover, Pike (1966) pointed out that if a tumor originates from

a single cell and if a cell rarely produces a tumor, a host of stochastic models

( a multiple mutation model merely being one of them) will yield the relation

(incidence) •* (time)x. Therefore, it must be concluded that much of the success

of multiple mutation or multi-event models in describing tumor incidences may be



ascribed to the rarity of a cell producing a tiunor rather than to the

correctness of the models themselves,

Emelot and Scherer (1977) endorsed the difficulties in interpreting x, but

at the same time they considered c (the exponent of D) to be interoretable as

the number of carcinogen-induced events. In view of the foregoing argumentation

concerning x, the interpretation of c as simply a number of carcinogenic- events

raises questions about the validity of such an interpretation, A fundamental

premise on which this interpretation is based, is that the probability of the

occurrence of a carcinogen-induced event is directly proportional to the dosage

in which the carcinogen is applied. However, one could thin* of a number of

possible physical and chemical processes which could introduce a non-linear

relation between dosage and effect, such as adsorption and enzyme-controlled

processes. Moreover, the arguments that Pike (1966) used for the relation

(incidence) oqtx can also be applied to the relation (incidence) « Dc. Thus, it

can be argued that a host of stochastic models will yield the latter relation,

the multi-event model again merely being one of them. Therefore, interpretations

of x and c in terms of the multi-event theory without further specific proof

must be considered conjectural. If, despite the cc.ijectural nature, one wishes

to theorize using solely the multi-event concept, one should at h ast mention

the uncertainties involved (in contrast to Day and Brown, 1980).

The relation (incidence) « Dctx gives information on the dose-dependency of

the carcinogenic process. By integrating the incidence with respect to t, we

find the expression (cumulative incidence) ocDctx . For brevity, we shall refer

to the cumulative incidence as the yield, i . e . , the total number of tumors per

individual at risk up to the time t . Consider a certain value of the yield and

the time t r at which this value is reached, then the relation between t r and D

can be written as D.t = constant, where p=(x+1)/c and p >̂  1, This type of

dose-time relationship is commonly found throughout the field of research on

carcinogenic processes induced by chronic exposure to a carcinogen (Druckrey,

1967 and Raabe et a l . , 1980). Carcinogenesis by chronic UV exposure appears to

be no exception: Blum (1959) found p=2.

UV-carcinogenesis

Roffo (1934) reported that skin tumors could be induced in rats by sunlight

and the radiation emitted by mercury arcs. By inserting window glass between the

source of radiation and the rats, the induction of tumots was prevented.

This implied that UV radiation of wavelengths shorter than 320 ran, which is

strongly attenuated by window glass, exerted the carcinogenic action. Since



then, little progress has been made in determining the relative carcinogenic

effectiveness of radiation at different wavelengths. Freeman (1975) published

some experimental results which indicate a similarity between the erythemal and

the carcinogenic effectiveness of UV radiation. The information is, however,

insufficient for an accurate determination of the carcinogenic effectiveness of

radiation at different wavelengths, the so-called action spectrum.

The field of experimental UV-carcinogenesis was largely explored by the

pioneering and extensive work of Blum, Grady and Kirby-Smith in 1941-44 (Blum,

1959). From these data Blum developed a model of UV-carcinogenesis which was

compatible with the aforementioned dose-time relationship with p=2. Blum

rejected the two-stage concept and developed an alternative deterministic model

of UV-carcinogenesis (Blum, 1959), This model has never been widely accepted

outside the field of UV-carcinogenesis and was often poorly understood, which is

probably partially due to the at times obscure line of reasoning on which the

model is based. In Blum's model the carcinogenic process starts with the first

UV exposure and is accelerated with each subsequent UV exposure. This model

clearly differs from the aforementioned models of carcinogenesis.

A series of interesting experiments has been performed by Kripke and Fisher

(1976). They showed that after UV irradiation mice become incapable of rejecting

highly antigenic implants of tumors induced in syngeneic mice by UV radiation.

Further experiments led Kripke and Fisher (1978) to the hypothesis that UV

radiation induces a systemic effect of an immunologie nature, which increases an

animal's susceptibility to the de novo formation of tumors by UV radiation. The

existence of such a systemic effect has the important implication that

individuals could become prone to develop tumors.

An important effect of UV radiation on cells and its possible relevance to

UV-carcinogenesis will not be dealt with in this thesis, viz., the UV-inducible

molecular lesions in DNA, such as thymidine-dimers, and the repair of these

lesions. For a review on the subject of the relation between mutagenesis and

carcinogenesis the reader is referred to Trosko and Chang (1978). In relation to

UV-induced DNA-lesions, it should be mentioned here that mammals can differ in

the extent to which these lesions are repaired. Unscheduled DNA synthesis (a

measure of so-called excision-repair) was found to be higher in UV irradiated

fibroblasts from humans than in those from mice (Hart and Setlow, 1974).

Therefore, one could suspect that mice are more prone to develop tumors than

humans due to differences in their ability to repair DNA-lesions.

For more information on the subject of UV-carcinogenesis in general the

reacar is referred to Urbach (1969), Black and Chang (1977), Kripke and Sass



(1978) and Forbes (1981) .

Summary of the following chapters

The animal experiments which had to be carried out in the present

investigation were all long-term experiments. Since it was the intention to

contribute to a better assessment of UV-carcinogenesis in human populations, it

was decided that - in anticipation of the data from our own experiment - a model

for such an assessment should be developed using the experimental results

available in 1977, i.e., at the start of the present study. This initial study

is presented in Chapter 2. Using the model developed, an estimate could be

produced of the effect of an ozone depletion. This estimate can be presented as

follows: if the stratospheric ozone would have been reduced by 1% throughout the

past 100 years, then the incidence of non-melanoma skin cancers in the U.S.A.

would have been 4% higher. This is succinctly phrased as: the amplification

factor equals 4.

In Chapter 3 the results of two animal experiments are presented, which show

that UV radiation is capable of inducing a systemic effect that enhances the de

novo formation of UV induced tumors, as was hypothesized by Kripke and Fisher

(1978) . The occurrence of such an effect in man can be one of the explanations

why a person who has had a UV-induced non-melanoma skin cancer runs an increased

risk of contracting this type of cancer again. This result also emphasizes that

it is not justified to assume that tumors appear fully at random in a

population: some individuals may be or become more susceptible than others.

In Chapter 4 the results of the main experiment are presented. In this

experiment groups of mice were subjected to daily exposure to a certain dose of

UV radiation in order to find the dose-response relationship. The relation

between the daily dose and the duration of the treatment till the appearance of

tumors (for instance, as measured by the yield) was ascertained for tumors of

different sizes. This relation had been measured earlier for tumors of one

particular size over a smaller range of daily UV doses. These older data have

been used by us in Chapter 2. Our experimental data show that the earlier

measurements did not yield sufficient data for a complete description of the

dose-response relationship. From our experiment it appears that the growth of a

tumor is dose-independent, and, therefore, only the initiation of a tumor is

dose-dependent. These findings are at variance with the model of

UV-carcinogenesis presented earlier by Blum (1959), but they agree with current

ideas on carcinogenesis in general.

At the timo we were writing Chapter 2, we did not have the data from Chapter

4 at our disposal. As stated in Chapter 4, the inclusion of a dose-independent



growth of tumors in the model in Chapter 2 (by adding a growth time to the right

hand side of Eg, 10 in Chapter 2) is not likely to have an important effect on

the estimates produced. This inclusion reduces the aforementioned amplification

factor by a fraction which is approximately equal to the ratio of the growth

time of a tumor to the maximal lifespan of man. The effect is, therefore,

negligible if this ratio is considerably smaller than 1, which appears

plausible.

In Chapter 5 an experiment is presented in which it was measured that, if a

mouse is subjected to daily UV exposure, the transmission of the epidermis in

the shortwave UV region decreases continuously. This decrease is due to

hyperplasia of the epidermis, i.e., thickening of the epidermis by an increase

in the number of cells per unit surface area. This effect appears to be strong

enough to have an important bearing on the dose-response relationship for

carcinogenesis by chronic UV irradiation. Since the decrease in transmission is

strongest for high daily doses, this effect can be responsible for the fact

that, in all, more UV energy has to be delivered to a mouse for the induction of

tumors if a high daily UV dose is used than if a low daily UV dose is used.

Calculations of the cumulative radiant dose at a wavelenght of 297 nm received

at the basal level till the induction of an animal's first tumor show that this

cumulative dose hardly depends on the daily UV dose administered. This suggests

that the cumulative UV dose at the basal layer may well be the decisive factor

for UV-carcinogenesis.

In the animal experiments that will be presented in this thesis, the

UV-induced tumors were not exclusively malignant, i.e., not all of them were

cancers, benign and premalignant tumors were also observed. Therefore, in

relation to these experiments we will preferably use the word "UV-tumorigenesis"

instead of "UV-carcinogenesis".

The Chapters 2 through 5 of this thesis are papers, which in part have been

published and in part are in the process of being published in scientific

journals. The chapters are presented more or less in chronological order, and

they can be read separately.

Outlook

An overview of the present experiments shows that the definition of an

action spectrum ( i . e . the effectiveness as a function of the wavelength) for

UV-carcinogenesis is a complicated matter. In Chapter 2 the action spectrum is

defined and used in a conventional way: the radiation delivered to the surface

of the skin is weighted as a function of wavelength according to the action

spectrum in order to assess the carcinogenic UV dose. The empiric dose-response



relationship presented in Chapter 4 is implicitly based on this concept of the

carcinogenic ÜV dose. However, the changes in epidermal transmission in the

course of chronic UV exposure (Chapter 5) are likely to change the spectral

susceptibility of an animal. Thus, the conventional static concept of an action

spectrum for UV-carcinogenesis is to be considered an approximation, and the

dynamic changes in the spectral susceptibility must be mirrored in the

parameters of the empiric dose-response relationship in Chapter 4 (presumably in

the parameter r).

Based on the results presented in Chapter 5, one could think of a

fundamental model of uv-careinogenesis in which the total UV dose received at

the basal layer of the epidermis determines the onset of tumors. Because the

proliferative cells of the epidermis reside in the basal layer, this layer seems

to be a reasonable choice for the level at which the UV radiation induces

tumors. This choice is, however, open to corrections based on new experimental

data. On the basis of present thinking, the action spectrum for mutations in DNA

would appear to be an appropriate weighting-function to assess the carcinogenic

effectiveness of the UV radiation at the basal layer.

It is known that hyperplastic reactions also occur in man after exposure to

UV radiation. More quantitative data on this subject in combination with the

model outlined in the previous paragraph could be the next step towards an

improved assessment of the increase of skin cancer in human populations as a

result of an increased exposure to UV radiation.
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A Dose-response Model for Skin Cancer Induction by
Chronic U.V, Exposure of a Human Population

F. R. DE GRUIJL AND J. C. V A N DER LEUN

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, epidemiologie 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 calculation; 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 et 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:

r
Jo

A(A)S(A,03)dA (1)

where A is the wavelength (in nm), 03 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 atrn), A (A) the
carcinogenic action spectrum (dimensionless) and S(A, O3) the spectrum o!
the annual dose of solar radiation (in J m~2 nm"1 yr"1) as a function of O3.
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, Ao. This means that D (in J m~2 yr"1) is defined as an equivalent
dose at Ao. 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:

where / is the incidence of skin cancers.
One must be careful when using the AF, In principle the AF may well be

dependent on / and O3. This means that it can only be used for limited
changes in O3, given a certain I.

If the AF is considered to be a constant, then one imposes a power law
relation between ƒ and O3, 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 O3 tends to infinity /
becomes 0. In our model we do not impose the power law relation between /
and O3. 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.-inr'»uced skin cancers).

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

AF = AFoAFb (3)
where

(3a)

and
r» AT

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

The influence of the only vaguely known spectral response of the skin is
included in the optical amplification factor AFO; 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, fm, the following dose-dependence was established:

dtl = kx (4)

where d is the total dose per unit time (for example: in mJ cm~2 per day) and
fci 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:

dtp
m=k2 (5)

where p = l>6±01 and k2 is a constant.
Forbes etal. 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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FIG 1. (a) The median development time, fm, vs. the daily dose (Forbes et a/., 1979). (b) The
time which elapses till a tumor yield of 1 is reached, f i, vs. the daily dose (Forbes et ai, 1979).

equation (S). 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, tu is
reached [Fig. l(b)]:

(6)

where q - 1*5 ±0-1 and k3 is a constant.
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Blum's data only dealt with first skin tumors, but the data of Forbes et al,
also include the following skin tumors, This is a valuable addition to the
experimental results, because in the human epidemiologica! 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:

d? = k (7)

where p is a constant (p = 1-8 ± 0-2, averaged from the experimental data), k
is a constant and / 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, £?,, 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:

(8)

Substituting a for t in equation (7) and using equation (8) gives:
p = ki (9)
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where kt = k/Ei, Again each skin cancer site has its own value of fc„
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~(kt/D)Up. (10)

The number of skin cancer sites is proportional to the number of people and
there is a certain distribution of Rvalues, /(Ac,), over the skin cancer sites.

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

In principle the ƒ(&,)-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
/"(fc,)-distribution the "age-independent approximation of ƒ(&,)". In our
approach it is not necessary to explicitly calculate the age-independent
approximation of ƒ(£,).

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 kr

values for which we can write:
f{k)dk = the number of skin cancer sites per person with it, between

the values k and k+dk, where d/c is an infinitesimal interval
of fc,-values.

With a certain annually available dose D the development time of the
cancer is determined by fc, 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:

^ (11)

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

. (12)

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

tioia) = M(a> D0) = pDQap~lf(D0a
p). (13)

Rewriting equation (12) by substituting D = {D/DQ)D0 and using equation
(13) gives:

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)da (15)

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

~= niaV-^^da (16)
in

where N = N(D) = \™ fi(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 /i(a, D) and dfi(a, D)/da we get:

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

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

£ n M i
p h Ba

For practk al reasons we will transform equation (18) in such a way that we
get dn(a)/dfl instead of dn(a, D)/da\ the former is often more accurately
determinable, We do this by partial integration of equation (18) under the
conditions that /i(0, D) = 0 and lim,,-» n(a)fi(a, D) = 0, which yields:

(19)~l If00 t r>\tn(a), 1= ~7T a i i ( a , D ) — z — d a .
pD I Jo da >

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

t 2 0 )

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

where af is the mean age of age group /, Aa, = ai2 - an, where an and ai2 are
the boundary ages of age group i (a,i <a,-2), An, = n(a l2)-n(a,i) and /x, is
the skin cancer incidence in age group i. N and /u, can be obtained from
epidemiological data and An, 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):

yax (22)
where

y = bDc (22a)
and b, c and x are constants.

The value of x they found is somewhat greater for the male sub-
populations (3-7 i 0-5) than for the female subpopulations (3-1 ± 0-5). For c
they found 3-0±06 for the male subpopulations and 2-5±0-6 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
ƒ-»<}).

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, 1953). 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:

™ - ^ - ( x + l) (23)
dD pD

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

b (24)
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
JC, 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?'1 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 f(k)- distribution and assume equation (22) to be valid for ages
greater than the maximum age, we can write (Appendix A):

(25)
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and

log (/1//0) = — log (D1/D0) (26)

where iiis the incidence if D = D,.
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:

c-^i. (27)

Substituting the jc-values of Fears et a/., we get c = 2-6 ±0-4 for the male
subpopulations and c = 2-3 ±0-4 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 (£,) 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 \/p. This means that the biologic amplification
factors based on a dose-time relationship with p — 1 (i.e. based on ihe
reciprocity concept) will be 1-8 times greater than if p = 1-8.

This probably explains why the biologic amplification factors found by
Green, Findley etal. (1976), using the incidence data of a single population
and a dose-time relationship with p = l, 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 d/j.(a, D)/da = 0 and AFb would be equal to l/p, as can best be seen
from equation (18); thus AFb would indeed equal 0-5 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 Ac) to
values, which our theory would have yielded (denoted by AFb). In Table 1
we give the AFb'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

Rundel &
Nachtwey

Beadle

Population

Dallas-
Ft, Worth

Iowa
Minneapolis-St. Paul
San Francisco-Oakland

England-Wales

Ac
6

3-7
4-3
4-2
3-9

(1)
4-0

9

3-4
4-4
4-0
3-5

(2)
5-1

AFb
<J

2-7
3-1
3-0
2-8

(1)
2-9

9

2-5
3-1
2-9
2-6

(2)
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 18 times greater than if p - 18 . 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 ah (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 ± 0-6. This value for the biologic amplification factor is very close to the
value of 2-4 ± 0 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, AFO. 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 uf.ig
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 AFO= 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 autonomie behavior
and experimental information on u.v.-carcinogenesis.

We would like to thank F. L. van Os, for his preliminary work at the start of this
investigation. We thank Dr Donald Forbes for the unpublished experimental results
we were permitted to use. These results form an important basis of our model. We
thank Dr Farrington Daniels, Jr., for his stimulating interest in this investigation. He
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This study was made possible by the support of the "Koningin Wilhelmina Fonds"
(grant number UUKC D. 77-6).
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APPENDIX A

Derivation of the equations (25) and (26)

If we substitute n(a)-ii(a, Do) into equation (22) and combine this with
equation (14) we get:

or

/t(a,£>) = y ( — ) a\ (A2)

Equation (A2) is identical to equation (25), where

(A3)

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

= /n(a,D)n(a)da
Jo

\ix+Ï)/P f00) I
( - ) NW>. (A4)

>0

Rewriting equation (A4) we get:

where h = N(Di)/P and Io = N(D0)/P.
A logarithmic transformation of equation (A5) yields equation (26).

APPENDIX B

The transformation of Ac

Rundel & Nachtwey used the formula:

A is«(/;-/.)wfl

where Ia is the original incidence in age group a, I'a the altered incidence in
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age group a, Wa the number of people in age group a and ƒ =
(D-Do)/Do(=0-05 for Rundel & Nachtwey); / 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 + ƒ) times greater than it actually was, the effective age for
u.v.-carcinogenesis would be

a' = (l-f)a (B2)

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

/« = /«' (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«1). which means that

(B4)

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

I'a = (l +ƒ)/„-. (B5)

If HJaWa -No and TJaIa
iWa=Nr, we can rewrite equation (Bl) for the

theory of Rundel & Nachtwey as:

A''?{wA (B6)

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

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

[ ( f ) c + l]. (B8)
P

Equation (B8) is the formula by which we have transformed the values of Ac.
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CHAPTER 3

SYSTEMIC INFLUENCE OF PRE-IRRADIATION OF A LIMITED SKIM AREA OH

UV-TOMORIGBNESIS*

P.R. de Gruijl and J.C. van der Leun

Abstract

It has been established that chronic UV irradiation of mice produces a

systemic effect. The animals become incapable of rejecting an implanted

UV-induced tumor. A possible consequence of the induction of this systemic

effect could be an enhancement of the de novo formation of tumors by chronic UV

irradiation. We have therefore carried out an investigation tc determine whether

such an effect is demonstrable in an animal model.

Hairless mice (Skh hr 1) were pre-irradiated for a few months with UV

radiation while certain skin areas of the animals were shielded from the

radiation. Subsequently, the initially shielded skin areas were chrinically

exposed to UV radiation» which resulted in the development of tumors in these

skin areas.

It was found that the formation of tumors in the initially shielded

skin areas was enhanced by the pre-irradiation of the other skin areas.

Thus, a systemic effect appeared to have influenced the development of

tumors in the initially shielded skin areas.

Introduction

Experiments performed with syngeneic mice have revealed a systemic effect of

UV radiation. After chronic exposure to UV radiation the mice become incapable

of rejecting highly antigenic implants of OV-induced tumors (Kripke and Fisher,

1976). Further experiments with this animal model led to the conclusion that UV

radiation probably induces so-called T-suppressor cells. These suppressor cells

* to be published in Photochemistry and Photobiology.
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depress the immune response against the antigens of the implanted tumor (Fisher

and Kripke, 1977, 1978). This systemic effect occurs well befcre visible tumors

start to appear.

In view of these observations Kripke and Fisher hypothesized that nascent

tumor cells are immunologically eliminated until the depression of this

immunologie mechanism by T-suppressor cells occurs (Kripke and Fisher, 1978),

The depression of the immune response against tumor cells would thus result in a

higher tumor susceptibility. Furthermore, the occurrence of a tumor would

signify the presence of this systemic effect which increases the tumor

susceptibility.

Solar exposure is an important risk factor for non-melanoma skin cancer in

man (Vitaliano and Urbach, 1980). Epidemiological data on non-melanoma skin

cancers show that a high percentage of the incidence is attributable to multiple

tumors and to second and following tumors on the same individuals (Scotto et

al., 1977). A person who has had a non-melanoma skin cancer appears to tun a

higher risk of contracting a non-melanona skin cancer than a person who has

never had one. Genetically determined susceptibility and the exposure habits of

a person are plausible explanations for the higher risk for a person who has had

a non-melanoma skin cancer. However, the aforementioned experimental results

suggest an additional explanation: it may be that chronic UV exposure can induce

a higher tumor susceptibility in man.

An important theoretical implication of a UV-inducible increase in the tumor

susceptibility is that the onsets of UV-induced primary tumors in one individual

are related. More generally, the onsets of tumors in a group cannot be treated

as independent events; some individuals will be more susceptible than others.

Therefore, a model which is based on the assumption that the onsets of

UV-induced tumors in a population are independent (Rundel and Nachtwey, 1978)

becomes questionable.

We have carried out an investigation to determine whether a UV-inducible

increase in tumor susceptibility is demonstrable in the process o£ tumorigenesis

by chronic UV exposure. This investigation is based on the idea that primary

tumors will develop faster once the higher tumor susceptibility has been

induced. We pre-irradiated certain skin areas of hairless mice while shielding

other skin areas from the radiation. After this pre-irradiation we chronically

irradiated the initially shielded skin areas in order to induce tumors in these

skin areas. An enhancement of UV-tumorigenesis in the initially shielded skin

areas by the pre-irradiation of other skin areas would indicate the existence of

a UV-inducible increase in tumor susceptibility via a systemic route.
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Materials and Methods

Mice

The experiments were performed with albino hairless mice (Skh hr 1), which

entered the experiment between 6 and 8 weeks of age. Both male and female mice

were used.

Maintenance

The mice were kept separately in compartments of cages. One cage could

harbor a dozen mice. The mice had free access to tap water and mouse chow. The

cages were in fixed positions in a room which was illuminated by yellow

fluorescent lamps (Philips, type TL 40 W 16). These lamps did not emit any UV

radiation and were switched on and off automatically (12 hours on, 12 hours

off), The animals were exposed to normal room illumination only when they were

transferred to clean cages (about 15 minutes per week) and were checked for

tumors (between 10 and 60 minutes per week).

UV irradiation

\ The mice were not moved for the UV exposures. Westinghouse PS-40 sunlamps,

which were mounted 28 cm above the cages, were merely turned on and off. The

animals could not shield themselves from dorsal exposure to the UV radiation

4 from the sunlamps. A collimating structure placed between the UV-source and the

tops of the cages ensured a similar exposure configuration for each animal. This

collimating structure consisted of a series of equally spaced black metal

sheets, which were placed perpendicularly to the sunlamps. Only radiation in

approximately straight downward direction passed between these sheets.

In one of the experiments we irradiated the animals ventrally. To this end,

a cage with mice was placed 30 cm above a pair of sunlamps. The radiation from

the sunlamps passed through the grated floor of the cage. To prevent an animal

exposing its back directly to the sunlamps by climbing into the upper grating of

the cage, the upper grating was replaced by a smooth sheet of transparent

lexancarbonate. This was a sufficient measure to prevent the animals from

turning their backs to the sunlamps; alive, they never roll over on their

backs. Thus, the bodies of the animals shielded the dorsal areas from the UV

radiation. To improve the shielding, a collim-: ing structure was placed between

the sunlamps and the floor of the cage. This collimating structure again ensured

a similar exposure configuration for each mouse and it also strongly reduced

possible reflection of UV radiation to the dorsal areas of the mice. The

reflection to the dor sum was measured for various positions of a mouse and was
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found to be less than 1% of the irradiance on the abdomen of a mouse in resting i|

position.

The sunlamps were automatically switched on at noon and off at 1.15 pm.

During the irradiation the animals wece usually at rest. All mice were exposed

to the same daily dose: 190 mJ/cra2 over the full spectral range of the sunlamps,

measured with a thermopile, type E11 of Kipp. For the dorsal exposures this was

measured at the top of the cage and for the ventral exposures at the floor of

the cage (height of a cage: 8.5 cm). The radiant output of a sunlamp was

adjustable by an electronic dim circuit. The output of each sunlamp was checked

every 4 weeks. During initial use the sunlamps showed a rapid decrease in their ;

output. In order to attain greater stability in the radiant output, only

sunlamps with at least 150 burning-hours were used in the experiments.

Experimental design

Two experiments were carried out. The two differed in the way in which

exposure of a part of the animal was achieved. •
\

Experiment A

In this experiment we had three different groups of mice: AI, All and AIII

with 12, 12 and 22 animals, respectively. These three groups of animals were ^

subjected to the same treatment of daily dorsal UV exposure from the 14th week ii

of the experiment. Before the 14th week each group received a different *

treatment.

In relation to this experiment, the total skin area which is visible in a ,

dorsal view of an animal on the left side of the spinal cord behind the front

legs is referred to as the left flank, the right flank is defined similarly. In '

the first 13 weeks the left flanks of the animals in the groups AI and All were

shielded by opaque adhesive tapes ("Leukoplast"). No tapes were used in group

AIII. The tapes were checked regularly and renewed 3 times a week. During the

first 13 weeks the groups AI and AIII were subjected to daily dorsal UV

exposure, and group All was left unexposed. After these 13 weeks small tumors

had appeared on the irradiated unshielded flanks in the groups AI and AIII.

After the first 13 weeks the tapes on the left flanks in the groups AI and

All were removed and not applied again. In order to avoid exposure with residues

of the tapes still present, the UV exposures were skipped for one day.

Thereafter, all groups, including All, were subjected to daily dorsal UV

exposure till the end of the experiment. The experiment had to be stopped in the

25th week because gross tumors developed on the right flanks in group AI and on

the backs of the animals in group AIII.
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Croup AI formed the test group with pre-irradiated tight flanks. The main

question was whether the tumors on the left flanks would appear faster in group

AI than in the control group All, which received the same treatment as group AI

except for the pre-irradiation of the right flanks. A comparison between the

groups All and AIII controlled for effects due to the age of the mice and/or due

to the adhesive tapes.

Although the method of shielding in this experiment was generally succesful,

the accidental loss of an adhesive tape may occasionally have resulted in an

unintended exposure (estimated occurrence rate; 1 time per 10 weeks per animal).

Experiment B

In this experiment we had two groups of mice: BI and BII with 11 an 12

animals, respectively.

In the first 15 weeks of this experiment the mice in group BI were subjected

, to the treatment of daily ventral exposure. During this time BII was left

unexposed. After these 15 weeks - by which time the majority of animals in group

.. BI had developed small tumors on the abdomen - the ventral exposures of group BI

' were discontinued, and both groups were subjected to daily dorsal exposure. For

group BI the experiment was terminated in the 31st week, because gross tumors

developed on the ventral and dorsal surfaces of the animals. For group BII the
v experiment was terminated 7 weeks later.

In this experiment group BI was the test group in which the animals were

pre-irradiated on the abdomen. Subsequently, tutors were induced on the backs of

the mice in both groups, BI and BII, by chronic dorsal exposure. By comparing

the rates at which dorsal tumors developed in the groups BI and BII one could

test for an enhancement of tumorigenesis on the backs of the mice in group BI.

As mentioned in the description of the ventral exposure setup, measures were

taken to optimize the shielding of the dorsum during ventral exposure. The

reflection of UV radiation to the skin areas in which the dorsal tumors would be

induced was minimized.

The animals in both experiments, A and B, were checked weekly for the

appearance of tumors and for the changes in the sizes of tumors.

Definitions and data analysis

The day of first exposure of a certain skin area is defined as t = 0, where

t denotes time. This appearance time of a tumor in this skin area is defined as

(tA + ti_1)/2, where tĵ  is the time of the i-th checkup in which the tumor was

first detected and t^_i is the time of the previous checkup. A first tumor is

defined as the first tumor in a particular skin area - for instance, the left
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Table I ± standard deviation and tj, for sub-1 nun tumors.

}}

I
SIDE AI (n=12)

GROUP

All (n=12) AIII (n=22)

4.14 ± .20

63 days

4.27 ± .21

72 days

4.22 + ,19

68 days

BIGHT 4.24 ± .14

70 days

4.24 + .20

69 days

4.22 ± .19

68 days

Table 2: ln(tm) ± standard deviation and tm for 1 mm tumors, significant
differences:
AI left vs All left (p <.01)
AI left vs AIII left (p <.05)

SIDE AI (n=12)

GROUP

All (n=12) AIII (n=22)

LEFT 4.29 ± .18

73 days

4.51 i .18

91 days

4.43 ± .18

84 days

RIGHT 4.42 ± .17

63 days

4.43 ± .19

84 days

4.40 ± .18

81 days
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flank - of an individual mouse. The tumor yield is defined as the average number

of tumors per survivor, i.e., the total number of tumors in a surviving group

divided by the number of survivors. The criterion for the detection of a tumor

is set by requiring a certain minimum value for the diameter. The following

tumor-detection levels are used: sub-1mm, 1mm and 2mm.

It has been published (Blum, 1959) and confirmed by our own experiments with

Skh hr 1 mice (Chapter 4) that the appearance times of first tumors induced by

chronic OV exposure are lognormally distributed over a group of mice. Therefore,

we calculated ln(ta) from our data; ta being the appearance time of a first

tumor, ln(x) denotes the natural logarithm of x and 7 denotes the arithmetic

mean of X over a group of mice. An appropriate way to evaluate the experiments A

and B is to test whether the corresponding values of ln(ta) differ significantly

for differently treated animals. We did this by using the double-tailed

Student's t-test. Because of the lognormal nature of the distribution of ta we

get ln(tra) = ln(ta), where t^ is the median of ta.

Additional information was gathered bv measuring the tumor yield as a

function of time.

Results

In Tables 1 and 2 we give the logarithms of the median appearance times of

first tumors, ln(tm)f and the corresponding standard deviations for the

different treatments and skin areas in experiment A. In Table 1 the result for

tumors with diameters smaller than 1 mm (hereafter referred to as sub-1 mm

tumors) is presented. In Table 2 the result for tumors of 1 mm in diameter

(analogously referred to as 1 mm tumors) is presented. Median appearance times

of first tumors with larger diameters could not be measured on the left flanks

in group AI. Experiment A had to be discontinued before these larger tumors

developed on all left flanks in group AI.

An indication of a more rapid appearance of sub-1 mm tumors on the left

flank in group AI can be seen in Table 1, but the difference in lntt^) is not

statistically significant. However, for 1 mm tumors on the left flanks in group

AI the ln(tm) (t,,, = 73 days) was significantly smaller than the ln(tm)'s for the

left flanks in the groups All and and AIII (t̂ , = 91 and 84 days, respectively,

with p <.O1 and p <.O5). A difference between the left flanks in group AI and

the left flanks in groups All is also found in the tumor yield as a function of

time (Fig. 1). From this graph we can see that the difference becomes more

distinct with time.

Earlier publications reported an age-dependence of the appearance times of

tumors (Blum et al., 1942 and Forbes et al., 1979). With a difference in age of
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10

80

T IMEl in clays)-

- Fig. 1: Tumor yields vs time for Al left (solid symbols) and All left (open
symbols), squares foe sub-1 mm and larger tumors; triangles for 1
mm and larger tumors; standard errors indicated.

13 weeks for the onset of the exposure in our experiment A, no effect on t was

detectable, as may be seen by comparing "All right" with "AI right" and "AIII

Eight" in the Tables 1 and 2. This justifies disregarding age-differences in

this experiment.

In Tables 1 and 2 a difference in tm is observed between "All left" and

"AIII left". These differences are not statistically significant. Nevertheless,

they could be due to the adhesive tapes, which had been attached to the left

flanks in groups All but not in group AIII.

The results of experiment B parallel those of experiment A. However, the

differences observed in experiment B were more dramatic, in Table 3 the tm's for

the different tumor diameters are given for the dorsal tumors in groups BI and

BII. The differences' (tm's being smaller in group BI) are statistically

significant for every tumor diameter. As in experiment A, the tumor yields for
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Table 3s ln(t,„) ± standard deviation and tj, for docsal skin areas in groups BI
and BII for different tumor diameters?
p is the level of significance.

GROUP

TUMOR

DIAMETER

< 1 mm

1 mm

2 mm

BI (

4.03

56

4,14

63

4.41

82

n=11)

± ,20

days

± 20

days

± .20

days

BII (n=12)

4.32 ± .20

74 days

4.47 ± .13

87 days

4.72 ± .13

112 days

< .01

< .001

< .001

the dor sum in the groups BI and BII show an increasing difference with time

(Fig.2).According to our experiments on chronic UV irradiation (Chapter 4) the

differences between the groups BI and BII in dorsal UV-tumorigenesis resemble

those one would expect if the daily dose for group BI was about 50% higher than

that for group BII.

A noteworthy phenomenon occurred in experiment B before dorsal tumors

started to appear. In the neck areas of the animals in group BI heavy scaling

occured after about 30 days of daily dorsal exposure. In group BII only a slight

irritation was observable then.

The types of tumors observed were all of epidermal origin. In a post-mortem

study the majority of sub-2 mm tumors (67% of 81 tumors) were classified as

actinic keratoses, interpretable as precursor lesions of squamous cell

carcinomas, with increasing diameter more of the tumors were classified as

suspected or definite squamous cell carcinomas. In a tumor population (46 in

number) with diameters over 2 mm, 52% were of this type. Other tumors found

were irritated seborrheic keratoses, papillomas, Bowenoid tumors and kerato-

acanthomas.

Discussion

In both experiments, A and B, we can see decreased appearance times of

tumors in those mice in which other skin areas had previoulsy been exposed

(Table 2 AI left vs All left; Table 3 BI vs BII) . A plausible explanation for
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BO 100

TlMElindays)-

- Fig. 2: Tumor yields vs time for the dorsal skin areas in groups BI (solid
symbols) and BII (open symbols), squares for sub-1mm and larger
tumors, triangles for 2 mm and larger tumors; standard errors
indicated.

this effect is an increase in the tumor susceptibility after UV irradiation, as

described in the introduction.

In both experiments the decrease in tm due to the pre-irradiation was in the

order of 3 weeks for tumors of 1 nun in diameter. On the whole, however, the

effects in experiment B were more dramatic and significant than in experiment

A. Reasons for this difference between experiments A and B certainly include the

smaller standard deviations in the ln(tm)'s of group BII (Table 3) and the

larger skin areas which were used in experiment B. The latter caused the

differences in the tumor yields to become more distinct in experiment B. An
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additional reason could be that in experiment A the difference was partially

masked by a slightly protective effect induced by the adhesive tapes; comparison

of groups All and AIII indicated such an effect, although it was not

statistically significant. It could be speculated that the effect was due to a

tape induced hyperplasia of the epidermis; a hyperplasia would diminish the

penetration of UV radiation to the basal level of the epidermis. In experiment B

we did not attach anything to the skin of the animals, and thus eliminated this

possible artefact.

In both experiments, A and B, there were minor unintended exposures of which

the local tumorigenic effect on a mouse was neglected. In experiment A the

effect of the incidental loss of a tape amounted to an extra dose equivalent to

1 or 2 of the daily exposures at the most. Hence, it does not appear likely that

the incidental losses of tapes had any appreciable tumorigenic effect. In

experiment B there was stray light in the cages during ventral exposures. The

unintended exposure of the dorsum caused by the stray light was measured and was

less than 1% of a full dorsal exposure. For practical reasons it was not

possible to deliver such a dose rate to a control group. The tumor igenic effect

of this level of exposure was also estimated as too weak to have any significant

effect. The latter estimation was based on two considerations: a) from

experience we know that an addition of 1% to the full daily exposure has no

noticeable effect, b) extrapolation from data on chronic exposure, extending

down to 3% of the full dorsal exposure (Chapter 4 ) , shows that for daily dorsal

exposure of less than 1% of the full daily exposure the tm for sub-1 mm tumors

is over 2.6 years, which is considerably longer than the duration of the present

experiment.

Experiment A provided additional information on the effect of partial

irradiation of the back versus total irradiation of the back. As can be seen

from the Tables 1 and 2, by comparing "AI right" with "All right", we could not

detect any difference in t^ whether the left flank was shielded or not. This

leaves open two possibilities: a) there really was no difference, b) the

time-difference was too small to be detected. As tumors have no prior preference

for the left or right flank, the conclusion can be drawn that preventing the

tumorigenic process on one flank did not noticeably affect the appearance time

of a first tumor on the other flank. Rephrasing this, it means that speaking in

terms of time, the first simultaneously developing tumors in an individual mouse

seem to be virtually independent of each other under our experimental

conditions.

On the other hand, our result that pre-irradiation of limited skin areas
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enhances the subsequent tumorigenesis by UV radiation in other skin areas,

implies that in an individual mouse, the tumors which appear appreciably later

than the first tumor are not unrelated to the appearance of the first tumor. The

appearance of a first tumor appears to signify an increase in tumor

susceptibility.

Out experimental results with pre-irradiation of the mice show an

interesting parallel with the experimental results of Roberts and Daynes

(1980). They have similarly pre-irradiated limited skin areas of mice with UV

radiation and found an enhancement of subsequent chemo-tumorigenesis in

non-irradiated skin.

Out observation that tumors appear more readily in certain skin areas after

pre-ittadiation of other skin areas suggest a systemic effect. This may well be

the same systemic effect as found by Kripke and Fisher (1976) in experiments on

transplantation of UV-tumors.

An underlying systemic effect in UV-tumorigenesis, as found in mice, could

be an additional explanation for the high rate of occurrence of sequential

non-melanoma skin cancers in individuals in a human population. There are also

more direct indications for the existence of an immunologie defect in patients

with squamous cell carcinomas (Catalona and Chretien, 1973).
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CHAPTER 4

DOSE-RESPONSE RELATIONSHIP POR 0V - TQMORIGENBSIS IN ALBINO HAIRLESS

MICE*

F.R. de Gru i j l , J .B. van dec Meer and J.C* van der Leun

Abstract

An animal experiment is presented which involved a total of 223 mice. These

mice, excluding 24 which served as controls, were subjected to daily UV

exposure. Six groups were formed, each of which received a different but

constant daily dose of UV radiation; the range of daily doses encompassed a

factor of 33.

The course of tumor development as a function of the daily UV dose can be

accurately represented by certain mathematical relationships. Our data confirm

the finding reported by Blum and associates that a cumulative lognormal

distribution gives a good description of the prevalence of tumor bearing mice

as a function of time for a group under chronic UV exposure. A Weibull

distribution, advocated by other authors, fits our data less well.

A 4-parameter model gives an accurate representation of the typical tumor

appearance time (for instance, the duration of the treatment until 50 percent of

the mice have tumors) as a function of the daily UV dose and of the diameter at

which tumors are detected. In this descriptive model the typical appearance time

is the sum of 2 time intervals: one being dependent and the other independent of

the daily UV dose. The former probably corresponds to an initiation interval and

the latter to a growth interval. In view of the present results the dose-time

relationship presented earlier by Blum is a limiting case of a more general

dose-time relationship.

Introduction

The data available on the dose-response relationship for UV-tumorigenesis

stem mainly from the animal experiments performed by Blum, Grady and Kirby-Smith

in 1941-44 at the National Cancer Institute (Blum, 1959). Recently, Forbes,

* submitted for publication, with exclusion of Appendices C and D
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DavieSr Berger and Utbach (1980) published interesting new data on

UV-tumocigenesia in hairless mice with various spectra of irradiance, which

could be a first step towards an action spectrum for UV-tumorigenesis. The

object of the experiment we present here is to measure the dose-response

relationship for tumorigenesis in albino hairless mice by chronic UV exposure,

and to verify whether the results are compatible with those published earlier. A

limitation of the previous animal experiments is the rather small range over

which the daily UV dose delivered to the animals was varied. Furthermore, the

previous results only provide information on the response for a certain size of

tumors. Our present experiment includes the response for various tumor sizes

over a range of daily doses encompassing a factor of 33.

A further object of our experiment is to infer mathematical relationships

which describe the results obtained, analogously to the empirical model of Blum

(1959). Such an empirical or descriptive model provides insights in the

dose-response relationship and is therefore an important base for a meaningful

definition of an action spectrum. Furthermore, such a model, if applied

generally, offers a possibility to assess the carcinogenic effect on human

populations of an enhancement of solar UV radiation reaching the earth's

surface (De Gruijl and Van der Leun, 1980, Chapter 2).

For the present experiment we chose a strategy with as many separate groups

as possible; each group receiving a different daily dose of UV radiation.

Consequently, the groups were relatively small (22 to 48 mice). This is

acceptable for UV-tumorigenesis in albino hairless mice, because the yield of

tumors is very high; sufficiently high daily doses will cause all animals to

develop tumors. Moreover, we are not primarily interested in the intra-group

response, which depends on individual susceptibility and/or the mechanism of

tumor formation; our study is mainly aimed at the inter-group response, which

represents the dependence of the tumorigenesis on the daily dose.

Materials and Methods

Mice

The experiment was performed with albino hairless mices, Skh hr 1, which entered

the experiment between 6 and 8 weeks of age. Both male and female mice were

used. By comparing appearance times of first tumors (see Definitions and data

analysis) no significant difference could be detected between the responses of

male and female mice.

Maintenance

The animals were kept separately in cages that were subdivided into 12
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compartments, and they had free access to mouse chow and tap water. The cages

were kept in fixed positions in a room which was illuminated by yellow

fluorescent lamps that did not emit any UV radiation (Philips, type TL 40 W16),

These lamps lit the room automatically from 7 am till 7 pm.

Irradiation

Westinghouse FS40 sunlamps (Appendix D), which were mounted 28 cm above the

cages, were automatically switched on at noon and off at 1,15 pm. Thus, the mice

were subjected to daily dorsal exposure to the UV radiation from the sunlamps

from which they could not shield themselves.

A collimating structure placed between the sunlamps and the top of the

cages ensured a similar exposure configuration for each animal (Appendix D), The

irradiance in each cage was adjustable by inserting a perforated metal plate

between the sunlamps and the cage and by electronic dim circuits which

controlled the radiant output of the sunlamps. The latter method was especially

used for fine-adjustments during the experiment. It was measured that neither of

the two adjustments changed the spectral composition of the radiation. By

adjusting the irradiance the daily dose of UV radiation could be varied from

cage to cage.

Dosages

By the courtesy of Dr. P.D. Forbes we had access to unpublished data on an

experiment in which Skh hr 1 mice were exposed to the radiation from

Westinghouse FS40 sunlamps 5 times a week. Using these data we selected a range

of daily doses. The maximum daily dose corresponded to 190 mJ/cm2 over the full

spectral range of the sunlamps, as measured with a thermopile E 11 of Kipp

placed at the top of a cage. In resting position the backs of the animals were

about 5 cm below this level. No acute effects were observable in the animals

exposed to this maximum daily dose, which will be referred to as the daily dose

of 100 %. Six more levels of daily UV exposure were chosen: 50, 25, 12, 6, 3 and

0 %. In the control group - with a daily dose of 0% - the animals were

irradiated by yellow fluorescent lamps, the same as used for the room

illumination.

Time course of the experiment

Because of the limited breeding facility at our disposal the experiment

could not be started with all animals at the same time. The exposure facility

was filled in 3 stages within a period of 6 months. With each stage the new

animals, each time the progeny of the same breeding stock, were mixed and
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entered the experiment in groups of 12, i.e., one cage. The cages were divided

over the different levels of daily exposure. Thus, dose-groups (each exposed to

a certain daily UV dose) were formed, which were composed of subgroups which had

entered the experiment at different times. Judging by the appearance times of

first tumors (see Definitions and data analysis), no significant differences

existed in the responses of the subgroups within any one dose-group. This

implies that the experiment had a good degree of reproducibility.

Animal observation

The dose-groups with high daily doses were checked for tumors once every

week. The dose-groups at lower levels of exposure were checked every 2 or 4

weeks. As soon as a tumor was detected in a subgroup the animals were checked

every week.

The procedure for keeping records of the tumors parallels the procedure used

by Forbes and associates (Forbes, Davies and Urbach, 1976). The tumor locations

on the animals were-, mapped and numbered for each animal separately. With each

checkup the date, exposure time, animal weight, newly appeared tumors and any

changes in tumor color, diameter and height, including disappearance, were

recorded. This information was coded and put on punchcards for computer

processing.

The diameter came out as a very convenient variable to measure the tumor
: development. Usually the base of a tumor was circular and it was sufficient to

measure one diameter. For the few tumors which had no circular base the largest

and smallest diameters were measured and averaged.

Tumors could be detected while their diameters were still less than 1 mm and

not accurately measurable. These tumors will be referred to as sub-1 mm tumors.

If such a small lesion was the first spotted tumor on an animal, the observation

had to be confirmed in the next checkup or else the observation was

disregarded. The reason for this was that a few similar but transient lesions of

an other nature might have introduced an error if they would have been recorded

as first tumors. Cysts were not recorded. The UV-induced tumors were clearly

distinguishable from cysts by tbeir coloration: cysts being yellowish and the

UV-tumors being reddish due to various degrees of vascularization.

Definitions and data analysis

The day of first exposure of a certain subgroup is defined as t=0 for that

particular subgroup, where t denotes time. The appearance time of a tumor in

this subgroup is defined as {ti + ti_1)/2, where tL is the time of the i-th

checkup in which the tumor was first spotted and ti_i is the time of the
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previous checkup. A first tumor is defined as the first tumor of an individual

mouse. The criterion for the detection of tumors is set by requiring a certain

minimum diameter. The following levels of tumor detection are used; sub-1, 1, 2,

3, 4 mm.

The group response is measured by the prevalence of tumor bearing mice and

the tumor yield, both as functions of time. If no animal died, the prevalence

can be regarded as the cumulative distribution function for the appearance times

of first tumors (Appendix A). By using the method of maximum likelihood (Boag,

1949 and Pike, 1966) we have calculated the cumulative distribution functions

from our data (Appendix C). By using this method corrections can be made for

animals which died before contracting a tumor and thus censored the appearance

time of a first tumoi. Prevalences are plotted by the simple method used by

Forbes, Davies, Berger and Urbach (1980), who refer to the prevalence as

cumulative incidence. As we had a high survival rate in our experiment, the

plots of the prevalence agree well with the calculated distribution functions.

If the number of animal deaths without a tumor becomes appreciable, however, say

more than 5%, the plotted points start to deviate from the cumulative

distribution functions, because the plotted prevalence is not corrected for the

occurrence of death without a tumor.

The (tumor) yield is the average number of tumors per survivor, which is

calculated by dividing the total number of tumors in the surviving group by the

number of survivors. In Appendix B we give the method by which we have fitted

cumulative hazard functions to the tumor yields.

Results

The nature of the tumors

The tumorigenic response in the different dose-groups was clearly related to

the daily dose of UV radiation: typical time lapses till the appearances of

tumors of 4 mm in diameter for the 100% and 3% dose-groups were in the order of

5 and 22 months, respectively. All of the surviving animals in each dose-group

bore tumors by the time the experiment was terminated for that particular group;

some animals had to be sacrificed before this time due to the development of

gross tumors.

In the experiment tumors were simply defined as macroscopically observable

protruding skin lesions. Histopathology was, of course, needed to clarify the

nature of these tumors. Because of practical limitations we could only take post

mortem samples of tumors. In Table 1 we present the results of the

histopatholog ical classifications. It turned out that it was hard to
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Table 1: The distributions of the most frequent types of tumors over various
samples. D stands for the daily UV dose and ij) > 2 mm, for example, for
tumors with diameters over 2 mm. SS is the sample size.

Percentage of

Characterization Squamous Cell Bowenoid Actinic Seborrheic Kerato-
of Sample Carcinoma Tumor Keratosis Keratosis Acanthoma

D "

• <
SS =

D =

• >

100%
2 mm

• 7 1

100%

2 mm

SS = 42

D =

• >
s s ••

D =

<j> >

SS =

100%

3 mm

= 68

3%

3 mm

= 47

10 1 76 11

57 2 12 24

73 3 17

71 9 4 11

unambiguously classify the tumors. In order to present the results in a readable

format we had to make some simplifications. Mixed forms of tumors were

catagorized according to the most malignant aspect or else according to the

dominant aspect.

A kerato-acanthoma is a benign tumor which, if observed microscopically,

resembles a squamous cell carcinoma: often the two types of tumors are hard to

distinguish. The occurrence of seborrheic keratosis-like lesions in response to

the UV exposure is somewhat surprising; the vast majority of these tumors showed

the histopathological characteristics of irritated seborrheic keratoses (Lever,

1977). In contrast to normal human histopathology it was often extremely

difficult to distinguish between a Bowenoid tumor and an irritated seborrheic

keratosis: mixed forms of the two were often observed. In Table 1 we can see

that the fraction of squamous cell carcinomas increased with increasing tumor
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diameter, whereas the fraction of actinic keratoses decreased. This is consonant

with the general conception that the actinic keratoses can be regarded as

precursor lesions of squamous cell carcinomas. Surprisingly, the

histopathological results indicate that the irritated seborrheic keratosis-like

lesions, too, can evolve into squamous cell carcinomas through Bowenoid

changes. In parallel to this finding of increasing malignancy with increasing

diameter it was found that polyploid aberrations in the tumor cells became more

frequent with increasing diameter: 7 out of 10 large tumors, mostly with

diameters well over 2 mm, were found to have this aberration, whereas it was

absent in 5 tumors with diameters smaller than 2 mm. This was established by

using the flow cytofluorimetric technique, which was executed for us by Dr.

F.W. Bauer in the Department of Dermatology, University of Nijmegen (for a

description of the technique see Bauer et al., 1980).

Note that the distributions of tumor types in the samples taken from the

100% and 3% dose-groups were reasonably similar for tumors with diameters larger

than 3 mm (Table 1).

Only few tumors occurred in the control group: 2 animals out of 24 developed

1 tumor each. One of these tumors appeared on the back of a male mouse after 68

weeks. It was a small tumor which never grew larger than 1.5 mm in diameter; it

did not regress. This small tumor was classified as a hamartoma. The other tumor

in the control group was a large papilloma on the unexposed abdomen of a male

mouse. This latter tumor first appeared after 75 weeks and was the only tumor in

all of the groups which appeared on the abdomen.

The intra-group response

Because the tumors were not acutely fatal - in the autopsies performed, we

never found a macroscopically observable internal metastasis - and because large

skin areas of the animals were irradiated, the animals developed multiple

primary tumors in the exposed areas. Some of the mice in the higher-dose groups

ended up bearing more than 40 tumors, most of them small.

Blum (1959) found that the prevalence of tumor bearing mice as a function of

time could be represented by a cumulative lognormal distribution. For our data,

too, the lognormal distribution is well suited to describe the prevalence of

tumor bearing mice for all the different levels of tumor detection, i.e., for

the different diameters (Fig. 1).

The tumor yield was not measured by Blum and associates. A log-log plot of

tumor yields versus time is presented in Fig. 2; it shows the initial parts of

these curves, which are linear and approximately parallel for the different

dose-groups. This means that the tumor yield initially increases in proportion
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s.s a.0 6,s

\n(time in days) —•*

- Fig. 1: Prevalence of tumor bearing mice, on a probability scale, vs the
logarithm of time, t, for 6 different dose-groups. The detection
threshold for tumors is set at a minimum diameter of 4 mm. Drawn lines
are maximum likelihood fits of lognormal distributions. Each point
depicts the event of one mouse contracting its first tumor and the
correspondingly altered prevalence. The upward deviation of the
plotted points from the lines at high percentages is due to animal
death. The ratio of the number of animals which contracted a tumor
before dying and the number of initially irradiated animals is, from
left to right: 21/22? 21/24; 20/23? 37/48; 37/46; 21/36.

to t*S where k is a constant which appears to be practically independent of both

the daily dose and the level of tumor detection.

If the onsets of tumors were independent events, one would expect the

prevalence and yield to correspond to the same type of probability density

function, p(t) (see Appendix A). Based on Blum's representation of the

prevalence as a function of time one would expect both of them to be related to

P(t) exp f - (ln(t)-U)2 / 2a2 }
(1)

i.e., the lognormal probability density function, where y = In (tm), t̂, being

the median appearance time of a first tumor and a the standard deviation.

On the other hand, the log-log plots of the tumor yields versus time suggest

another possibility:

exp [ -e (2)
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ln(f//??ein days) —•-

- Fig. 2: The logarithm of the tumor yield vs the logarithm of time, t , for 6
different subgroups, each of which received a different daily dose of
UV radiation. The detection threshold for tumors is set at a minimum
diameter of 4 mm. Druwn lines are X2"fi t s o f Power functions of time,
i . e . , cumulative Weibull hazard functions.

i . e . , the Weibull probability density function, where t-|, w and k are parameters

of this distribution. Equation 2 applies for t ,> w; for t < w, p(t)=0. With

this distribution, t-|+ w is the time the tumor yield is expected to reach a

value of 1 (this can be checked by using the Eqs. A1 and A6 from Appendix A).

According to the tumor yield plots (Fig.2), w=0 is a good approximation,

which we will use unless stated otherwise. This is a very useful approximation

because fitt ing both k an w simultaneously can be very cumbersome (Peto and Lee,

1973) . Usually w is included to incorporate a growth time of a tumor after its

initiation. We shall present f i ts to our data with ŵO later on.

In order to find out whether the lognormal or the Weibull distribution is

the most suited, both were fitted to the prevalences and yields in every

subgroup for different levels of tumor detection. For the prevalence we made

maximum likelihood estimates for the following levels of tumor detection: sub-1.
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Table 2as The parameters \x , i.e., In (tm in days), and a of the lognormal

distribution and their standard errors as derived from the

prevalence. The results are presented for 4 different levels of tumoc

detection, i.e., 4 minimum tumor diameters.

Daily Mimimum Tumor Diameter

Dose (in %) < 1mm 1mm 2mm 4mm

100 V

0

4 .11 +

.17 ±

.04

.03

4 .31

.18

±
±

.04

.03

4 .58

.17

±

±

.04

.03

4 .91

. 1 6

±

±

.04

.03

50 y 4.47 1 .03 4.62 ± .03 4.85 ± .03 S.13 ± .04

a .14 ± .02 .13 ± .02 .17 ± .02 .18 ± .03

25 U 4.86 ± .03 4.96 + .03 5.12 + .04 5.35 ± .04

a .16 ± .02 .16 ± .02 .17 ± .03 .17 ± .03

12 y 5.34 ± .02 5.42 ± .02 5.57 i .02 5.73 i .02

a .12 ± .01 .12 ± .01 .12 ± .01 .15 ± .02

6 vi 5 « 7 7 * -02 5« 8 7 * -02 5.96 ± .02 6.09 ± .02

a .13 ± .01 .12 ± .01 .10 ± .01 .12 ± .01

3 M 6.14 ± .02 6.22 ± .03 6.33 ± .03 6.45 ± .02

a .14 ± .02 .16 ± .02 .15 ± .02 .13 + .02
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Table 2b; The parameters y r i.e.» In (tm in days), and a of the lognormal

distribution and their standard errors as derived from the tumor

yield. The results are presented for 5 different levels of tumor

detection, i.e., 5 minimum tumor diameters.

Daily

Dose (in %) <1mm

Mimimum Tumor Diameter

1mm 2mm 3mm 4mm

100

50

25

\i 4.05 ± .02 4.25 ± .02 4.50 ± .02 4.71 ± .04 4.83 ± .03

a .09 ± .05 .11 ± .02 .11 ± .02 .07 i .02 .18 ± .03

y 4.43 ± .09 4.60 ± .05 4.79 ± .03 4.92 ± .03 5.07 + .03

O .08 ± .01 .08 ± .02 .10 ± .01 .15 ± .02 .18 ± .02

U 4.76 ± .02 4.93 ± .04 5.05 + .03 5.20 1 .05 5.36 ± .02

a .13 ± .02 .19 + .05 .14 + .03 .14 + .03 .13 ± .04

12 y 5.28 ± .02 5.37 ± .02 5.50 ± .02 5.60 ± .02 5.66 ± .02

a .09 ± .01 .10 ± .01 .09 ± .01 .11 ± .01 .12 ± .02

U 5.69 ± .02 5.82 ± .02 5.92 ± .01 5.99 i .01 6.05 ± .02

a .10 ± .01 .08 ± .01 .07 ± .01 .10 ± .01 .11 ± .01

y 6.10 ± .02 6.16 ± .03 6.28 ± .02 6.36 ± .02 6.43 ± .04

a .12 ± .01 .14 + .01 .10 + .01 .13 ± .01 .11 ± .01
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Table 3a: The parameters tj (in days), and k of the Weibull distribution and

their standard errors as derived from the prevalence. The results

are presented for 4 different levels of tumor detection, i.e., 4

minimum tumor diameters.

Daily Mimimum Tumor Diameter

Dose (in %) < 1mm 1mm 2mm 4mm

100 t j 67 ± 3 82 ± 4 107 ± 5 146 ± 5

k 5.4 ± .8 4.4 ± .6 5.2 ± .8 7.2 ± 1.2

50 t t 94 ± 3 110 ± 4 139 ± 6 183 ± 6

k 6.9 ± 1.0 6.1 ± .8 5.3 ± .8 7.4 ± 1.3

25 t , 139 ± 5 154 .+ 6 182 + 7 227 + 7

k 6.0 ± <9 5.9 ± .9 5.6 ± .9 7.0 ± 1.2

12 tj 220 ± 4 240 ± 4 279 i 5 326 1 6

k 9.4 ± 1.3 9.6 ± 1.0 9.1 ± 1.0 8.4 ± 1.2

6 t, 342 ± 7 376+7 410 ± 6 465 + 8

k 7.6 ± .8 8.0 ± .8 10.3 ± 1.1 9.8 ± 1.3

3 t1 495 ± 10 539 ± 13 600 ± 15 659 & 13

k 8.9 ± 1.2 7.4 ± 1.0 7.7 ± 1.2 11.0 ± 2.1
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Table 3b: The parameters ti (in days) , and k of the Weibull distribution and

their standard errors as derived from the tumor yield. The results are

presented for 5 different levels of tumor detection, i.e., 5 minimum

tumor diameters.

Daily Mimimum Tumor Diameter

Dose, (in %) < 1mm 1mm 2mm 3mm 4mm

100 t, 6 0 + 1 73 ± 1 94 +. 2 114 ± 3 133 i 5

k 5.3 ± 3.8 8.1 ± 2.7 5.7 ± 2.3 10.7 ± 6.1 5.0 ± 1.0

50 t , 8 5 + 7 102 + 4 1 2 4 + 3 1 4 4 + 5 171 ± 5

k 15.4 ± 2.6 10.5 +. 3.4 11.0 ± 2.2 6.4 ± 1.2 6.3 ± 1.1

25 t , 122 ± 4 144 ± 6 1 6 3 + 4 192 +8 2 2 5 + 5

k 7.9 ± 1.4 7.6 ± 2.3 8.8 ± 2.6 5.8 ± 1.7 6.2 ± 1.9

12 ti 205 ± 5 224 ± 6 256 ± 7 287 ± 9 301 ± 8

k 10.3 ± 1.4 11.2 ± 1.3 12.2 ± 1.3 10.9 ± 1.1 9.3 ± 1.5

6 tt 307 ± 4 345 ± 5 383 ± 4 417 ± 6 443 ± 6

k 8.8 ± 1.8 10.3 ± 1.2 11.2 ± 2.1 10.1 ± 1.3 8.4 ± 1.5

3 ty 470 ± 8 503 ± 11 556 ± 13 616 ± 37 649 ± 23

k 9.1 ± 1.2 9.8 ± 1.4 10.3 ± 1.3 8.9 ± 1.3 9.9 ± 1.7
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1, 2 and 4 nan diameter. It turns out that the log likelihood values of the

lognormal distribution are generally better than those of the Weibull

distribution: this applies in 39 cases out of 56 (p< . 01 using the sign-test).

The total loglikelihood value of the lognormal distribution is larger than that

of the Weibull distribution by 27. Hence, the lognormal distribution gives a

better representation of the prevalence than the Weibull distribution.

Fits to the tumor yields were made for the same levels of tumor detection as

used for the prevalence with the addition of the diameter of 3 mm. It turns out

that for the tumor yield the lognormal distribution does slightly better than

the Weibull distribution, but not significantly so.

Although the lognormal and the Weibull distributions produce very

satisfactory fits for the separate tumor yields in each subgroup; the sum of the

X2-values (517.82 for the Weibull and 495.13 for the lognormal distribution,

both with 369 degrees of freedom) indicate that neither gives a perfect

representation of the tumor yield. An alternative reason for these rather high

summed X2"valuea could be that the estimated standard errors in the

differential tumor yields (Appendix B) are too small by about 20%.

One would expect similar values of the parameters of p(t) for the

prevalence and the yield if the onsets of tumors in a group of mice can be

regarded as independent events (Appendix A). For the parameters a and k the

values are fairly similar for the prevalence and yield. However, for each

subgroup and level of tumor detection there is a systematic difference between

the prevalence and the yield in the parameters t̂  and t1. The two latter

parameters are systematically smaller for the tumor yield, indicating that there

were differences in suspectibility and/or dosages among the mice in each

subgroup. In the Tables 2 a and b we give the parameters \i and o of the

lognormal distribution for the different dose-groups as derived from the data

on the prevalence and the yield. In the Tables 3 a and b we give the parameters

t-| and k of the Weibull distribution for the same data. These tables clearly

show the aforementioned systematic difference between corresponding t's or tj's

from the prevalence and yield.

The inter-group response

We will now look at the relationship between the daily dose and the

tumorigenic response of a group of mice. First we will concentrate on the

response as measured by the prevalence and represented by the cumulative

lognormal distribution. Blum (1959) found that the standard deviation , a , of

the lognormal distribution of the appearance times of first tumors was

independent of the daily dose? this is confirmed by the present results which
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Fig.3: The median appearance time of f i r s t tumors, tmt vs the daily UV dose,
D, for 4 different detection thresholds for the tumor diameter: sub-1
mm ( A ) , 1 m ( A ) , 2 • ( D ) and 4 mm ( • ) . The drawn curves
depict the x 2 - f i t of Eq.9 with the additional parameter

Table 4: tm , taken from the lognormal distribution of the prevalence (Table
2a) f as a function of the daily dose for different minimum tumor
diameters. A function with 3 parameters, c, D l o o and t r (Eq.5), which

2 2
are given with their standard errors.X =XAlff where df denotes the
degrees of freedom.

Minimum
Tumor
Diameter

D
100

(in %) (in days)

< 1 mm .61 ± .03 38 ± 5 4 ± 7 1 . 4 1 (3)

1 mm .64 ± .03 38 ± 5 19 ± 8 2 .60 (3)

2 mm .63 ± .04 44 ± 7 36 ± 10 1 . 8 8 (3)

4 mm .64 ± .04 44 + 9 75 ± 13 . 6 2 (3)
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encompass a wider dose-range (Table 2a), Moreover, a shows no apparent

correlation with the level of tumor detection. Therefore, we ascertain the

tumorigenic response by looking at the relationship between t,̂  and the daily

dosei as Blum did.

In fig, 3 this relationship is shown for different levels of tumor detection

in a log-log plot. In this graph we see a linear relationship for the smallest

tumors. For larger tumors there is a gradual deviation from a linear

relationship. For low daily doses the curves for the different levels of tumor

detection seem to asymptotically converge toward parallel lines, A possible

explanation for this phenomenon can be found in the assumption that

tumorigenesis is a two-stage process with an initiation and a growth stage. We

tentatively write

where tin is the "initiation interval" and tgr is the "growth interval". Next we

assume that, to a first approximation, tgr - 0 for the smallest tumors. Because

of the linear relationship in Fig. 3 for the smallest tumors we then get

'in»' ' " »

where tj,n(D) denotes tin, in days, as a function of the daily dose D and D l o o is

the daily dose for which tin = 100 days. Combining Eqs. 3 and 4 yields

V D> = 100(422) + V <5>
which is a 3-parameter model to describe tm as a function of D.

In Table 4 we give the values of r, D10o
 and fcgr as E°und from X2-fits

for the different levels of tumor detection. As can be seen in this table the

fits are very satisfactory. Moreover, the values of r for the different

diameters are similar and the values of tgr show a plausible progression with

the diameter; starting with a tgt not significantly different from 0 and

increasing by about 18 days per mm diameter. The parameter D 1 0 0 also shows a

slight progression with the tumor diameter.

In terms of the symbols used here, Blum (1959) found a relationship between

t^ and 0 which is represented by Eg.5 with r = 0.5 and t = 0. In the

discussion we will return to this difference between Blum's dose-time

relationship and the one presented here.

As stated earlier, a simultaneous estimate of k and w is difficult for an
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individual dose-group. However, by assuming a certain relationship between t̂

and D we can overcome this difficulty: such a relationship provides an extra

constraint, which enables one 'co make a simultaneous estimate of k and w for all

dose-groups.

In view of the previous results we could assume that

tt(D) = 100\"^J (6)

and that w is a growth time. We then get

P(t,D)

where P(t,D) is the prevalence of cumulative probability of developing a first

tumor for a certain daily dose D at time t (see Appendix A), and h = r.k. Thus,

the Weibull function for P(t,D) has 4 parameters: k, h, DIQO and w. For each

level of tumor detection we can make a simultaneous maximum likelihood estimate

of these 4 parameters for all dose-groups. We compare this Weibull model with

wjfO to the lognormal model with tm as described in Eq. 5 and a constant a.

Using this lognormal model we can make simultaneous maximum likelihood estimates

of a tt, DIQQ and tgf. The results are presented in Table 5. As we can see

there, the results as expressed by the likelihood values, L, are consistently

better for the model with the lognormal distribution.

Considering the results obtained so far, we could go one step farther and

try to describe the relationship between tm and the level of tumor detection,

i.e., the tumor diameter. As mentioned earlier both tgr and D^nn increase with

increasing diameter, plots of these relationships suggest the following linear

approximations:
fcgr = V (8a)

and D 1 0 0 a D o + 6<t> (8b)

where <t> is the tumor diameter and Ta» DQF 5 are constants.

Combining Eq. 5, 8a and 8b yields a 4-parameter model to describe tm as a

function of D and <j>:
/D0

tm(D,<t)) = 100^ j + Tg<t> (9)

By introducing a 5th parameter $mini i.e., the diameter at which a sub- 1 mm

tumor was detected, we can simultaneously fit curves to all of the points in

Fig. 3. The result is presented in the first column of Table 6 and the actual
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Table 5: The 4-parameter models using the Weibull distribution with w=̂ 0 and the
lognormal distribution with t^ as given in Eq.5. L is the
loglikelihood value (for further explanation see text).

Minimum

Tumor

Diameter

Weibull model with w/o

L ( k, h, w ,

Lognormal model

D100'

<1 mm -952 (7.0, 4,1, 2 , 47) -933 (.14, .62, 37, 6 )

1 mm -985 (5.8, 3.2, 8 , 57) -951 (,14, .64, 37, 20)

2 mm -972 (6,1, 3.2, 17, 78) -943 (.14, .64, 41, 40)

4 mm -855 (6.3, 3.3, 46, 94) -843 (.15, ,66, 42, 79)

Table 6: The typical appearance times tm and t^ as functions of the daily UV
dose and the tumor diameter, according to Eg.7. Standard errors are
given (for further explanation see text) .

Lognormal Weibull

Fitted

Parameters Prevalence Yield Prevalence Yield

.619 ± .010 .610 t .008 .611 ± .010 .619 ± .008

D 0 (in %) 36.9 ± 1.3 34.2 ± 1.2 42.0 ± 1.6 35.4 ± 1.2

6 (in %/mm) 3,6 + .7 4.5 ± .5 3.5 ±' .7 4.4 ± .5

T g (in days/mm) 16.7 ± 1.4 14.0 ± 1.1 18.7 ± 1.4 16.1 ±1.1

<() min (in mm) .24 ± .10 .19 ± .09 .21 + .10 .25 + .08

2
X r 1.47 (19) 1.79 (25) 1.29 (19) 1.18 (25)
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curves resulting from this fit are drawn in Pig. 3. The fit is again very

satisfactory and it yields the estimate of <t>min
 = °«24 * °-1u lm' which is not

an unrealistic value for the diameter of a "minimal perceptable" tumor.

In Table 6 we also give the results of the 5-parameter fit of t̂ D,*))) to the
2

tm's from the tumor yields, as given in Table 2b, The X -value (i.e. the

2
X -value divided by degrees of freedom) for this fit is rather high. This is
mainly due to one outlying point { viz. , tm for D=25% and sub-1 mm detection

level). Rejecting this point does not noticeably affect the estimates of the
2

parameters, but it greatly improves the fit; Y becomes 1.35 with 24 degrees of

freedom. This point appears to have coincidental small estimates of the internal

and external errors in tm (Appendix B). Together with a somewhat deviating value
2

of tfl this could have resulted in high X -value. We are not aware of any

experimental reason for this one point being outlying.

A 5-parameter fit according to Eq. 9 with the additional parameter (j^n was

also made for t<|(D,$)f a Weibull parameter, instead of tm(D, 4>), a lognormal

parameter. The values of tj from the prevalences and yields for the Weibull

distribution with w=0 were used, as given in the Tables 3a and b. The results

for the prevalences as well as the yields ace presented in Table 6. Both of

these fits are very satisfactory.

Discussion

Although different types of squamous cell tumors have been histologically

identified, certain relationships between some of these types exist. In view of

the overall dose-time relationships for various levels of tumor detection, there

are no apparent irregularities which could be attributable to subpopulations of

tumors with different dose-time relationships. Instead, all tumors appear to

have been governed by the same dose-time relationship, which seems to be a clear

indication of a kinship among the observed squamous cell tumors.

The intra-group tumorigenic response for a certain daily dose appears to

have been governed by a stochastic process which can be represented by either a

lognormal or a Weibull distribution. On the whole, the lognormal distribution

gave the best representation of the data; especially of the data on the

prevalence.

The lognormal distribution as we have used it is not the product of an a

priori model; it merely fits the data. From mathematical considerations the

Weibull distribution is often preferred over the lognormal distribution (Peto,

Lee and Paige, 1972). In essence this preference is based on the mere fact that

the current mathematical models of tumorigenesis predict a Weibull

distribution. However, it is generally accepted that ultimately "the
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distribution that fits the data best is best".

Pike (1966) presented good reasons to expect a Weibull or a related

distribution for tumorigenesis under certain conditions: one of those conditions

being that in an experiment like the present one the animals should be nearly

identical in susceptibility and treatment, In the present experiment this

condition was not necessarily fulfilled, It does not follow that we might have

measured an incorrect tumorigenic response. It does, however, mean that the

theory has to be extended in the sense that it can cope with differences in

susceptibility and/or treatment in small groups with high tumor yields.

In connection with the weibull distribution and the theory behind it, it is

interesting to note that one expects the prevalence to be distorted by

differences in susceptibility and/or treatment, but the tumor yield could still

be reptesentable by a cumulative Weibull hazard function. This agrees with our

result that the lognormal distribution is significantly better than the Weibull

distribution in describing the prevalence, but both distributions are about

equally good in describing the tumor yield.

The observed systematic differences between corresponding t̂ 's or t̂ 's for

the prevalence and the yield suggest that the onsets of tumors in a group of

mice were not independent local events (Appendix A). The magnitude of these

systematic time-differences (of typically 5%) is appreciably larger than that

estimated for the possible time-differences (of less than 2%) due to variations

in dosages. Hence, it appears that the systematic time-differences between the

prevalence and yield are mainly attributable to differences in susceptibilities

of the individual mice. Other experiments we have carried out indicate that

dynamic changes in the susceptibility occur in the course of chronic UV

exposure, because of a UV-induced systemic effect (Chapter 3) and probably also

because of the UV-induced hyperplasia (Chapter 5) . The net result for the tumor

susceptibility, as expressed by the appearances of tumors, may well vary from

one animal to the other.

The inter-group response, i.e., the tumorigenic response as a function of

the daily dose, is satisfactorily describable by using a 4-parameter model (Eq.

9) for the typical appearance time of a tumor, measured by tm or t^ This

typical appearance time is tentatively considered to be the sum of an

"initiation" and a "growth" interval. The former is dependent on the daily dose

and the latter is not. Admittedly, this is a rather crude way of arriving at a

dose-response model. If the formation of a tumor really consists of these two

stages, both could be governed by stochastic processes. A more refined and

fundamental model would probably yield slighty different estimates of an
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initiation and a growth interval, or it could even be based on a totally

different set of parameters. An example of such an explicit model has been

presented by Arley and Iversen (1953). Nevertheless, the simplified model

presented here is sufficient to describe the dose-response relationship

accurately and has the advantage of only needing a minimum of parameters.

The "growth interval", tgE, is represented as a linear function of the tumor

diameter. The parameter determining linear growth, Tg, ranges from 14.0 to 18.7

days per mm (Table 6). To check the reality behind the parameter Tg further, the

rough data on tumors which reached diameters of 4 mm were analysed. For samples

of these tumors from the highest and lowest dose-groups (D = 100% and 3%), the

time interval between two successive reports on the diameter of a tumor

was divided by the difference in diameter, yielding a growth time per mm.These

real growth times per mm were averaged. Thus, we found 19.8 ± 2.1 and 26.7 ± 5.3

days per mm for the highest and lowest dose groups, respectively (the figure

preceded by "±" is the standard error). These two values do not differ

significantly, though the daily doses of the respective groups differ by a

factor of 33. Moreover, these two average growth times per mm are in fair

agreement with the values of T presented in Table 6.

It must be stressed that the average growth times per mm and Tg are, of

course, only related to tumors that did grow. If a tumor became permanently

stationary or started to regress, it would have no influence on the estimates of

growth times, fcgE, of larger tumors and thus stopped to have any further

influence on Tg- It should also be mentioned that not every growing tumor showed

a steady linear growth of its diameter: even stationary phases occurred. The

parameter Tg is therefore to be interpreted as an average growth time per mm

diameter for tumors that grow. A comparison between the average of directly

measured growth times per mm diameter and Tg, as presented above, suggests that

our interpretation of Tg is reasonable. Consequently, the interpretations of tgr

as a "growth interval" and tj,n as an "initiation interval" are probably

reasonable, too.

An interesting aspect of the "initiation interval", tin, is that it is

dependent on the tumor diameter: tin being longer for larger diameters. A simple

explanation for this phenomenon is that not all of the small tumors progressed

to larger tumors. In technical terras this means that the initiation rate, a

hazard function, is lowered if a larger diameter for tumor detection is chosen:

as a result one will find that on the average the larger tumors are initiated

somewhat later than the smaller ones.

Blum (1959) argued that the idea of a two-stage process of tumorigenesis was
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not reconcilable with his own experimental data. Instead, he hypothesized that j.f
r

the tumorigenic process started with the first dose and that tumor growth was !

accelerated in proportion to each successive dose. In later papers he modified ;,

this model slightly in the sense that he made it less explicit (Blum, 1969), but >.

in essence the model remained unchanged. The consequence of this conception is [•-

that the growth rate of a tumor should depend on the daily dose. This conflicts -i

with earlier measurements by Blum, which show that the growth rate of tumors of \~

approximately 60 mm3 was dose-independent (Blum, 1944). In our descriptive fi

model the "growth interval", tgr, is dose-independent. Direct measurements of |j,

the growth of tumors up to a diameter of 4 mm confirm this dose-independency. £

Thus, the present and Blum's earlier data are at variance with Blum's hypothesis

of accelerated growth, and a revision of this conception of the development of ».

UV-induced tumors is therefore warranted. [

The argumentation Blum used to invalidate the two-stage process for his

experiments was based on a deterministic line of reasoning which ignored the

stochastic nature of the two-stage models. It can easily be shown that this can

lead to erroneous conclusions, as we will illustrate by the following example.

Consider the UV-tumorigenesis to be a multi-event process in which the growth of

a tumor to a certain diameter is an extra dose-independent event (a slight

alteration of the theory of Fisher, 1958). Under certain conditions (Pike, 1966)

the prevalence-versus-time curves will be cumulative Weibull distribution

functions. If such curves are plotted on a log-time scale, a difference in daily

dose will not change the shape of a curve, but only causes it to shift along the

log-time axis. This phenomenon is the precise reason why Blum (1959) rejected

the two-stage model for his experiments, whereas we see here that these shifts

are well reconcilable with such a model.

This latter model has a direct appeal, but - as pointed out earlier -

differences in susceptibility should be incorporated in order to describe the

deviations from a Weibull distribution and, if possible, dynamic changes in

susceptibility should also be accounted for.

As mentioned earlier Blum (1959) formulated a dose-time relationship with

r = 0.5 and tgr = 0 (Eq. 5). This seems to be at variance with our data, but

this is not necessarily so. Although the daily dose was varied by a factor of 32

in Blum's experiments, the tm only responded to changes in the daily dose over a

range encompassing a factor of 6.3. The tm saturated on a lower limit for high

daily doses, i.e., t̂, did not decrease any further if the daily iose was

increased. Furthermore, only large tumors of a particular size were measured. By

the wisdom of hindsight it can be argued that Blum probably used too narrow a
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dose-range. According to our model tm will saturate at tgr foe high daily

doses. If we would have measured in the vicinity to this saturation level over a

limited dose-range, we would not have tound a generally valid response. For

example, if we solely consider the tm's for 4 nun-tumors over the range D =

100-12% (Fig. 3), we find a similar dose-time relationship as Blum, with r = 0,5

and t_c =0. However, in view of the response for other tumor sizes and the

response at lower daily doses, it must be concluded that this response is only a

limiting case with, consequently, limited validity.

The relationship between tm or t\ and D far sub-1 mm tumors has already been

measured in experiments by Forbes and associates; the daily dose was varied by a

factor of 5.4 and the UV sources were We sting house FS40 sunlamps (Chapter 2).

This dose-time relationship is in excellent agreement with the present results

for sub-1 mm tumors.

The present results show that the dose-time relationship from earlier

experiments are probably limiting cases, and that a more general relationship is

obtained by including a dose-independent tumor growth. Such a dose-time

relationship may be expected to provide a more solid base for extrapolations.

This implies that our model for UV-carcinogenesis in a human population (De

Gruijl and Van der Leun, 1980, Chapter 2) should be extended in the sense that a

dose-independent growth interval should be included. Preliminary calculations,

however, show that the effect of such an extension is negligible if the growth

interval is a small fraction of the maximal lifespan of man. By taking Blum's

dose-time relationship into account (i.e., r=0.5) we have implicitly

incorporated the effect of a growth interval, which reduced the calculated

biologic amplification factors by about 20%. In view of other uncertainties this

reduction is of no major concern. Moreover, it is a correct reduction if for

humans the growth interval is in the order of 20% of the maximal lifespan.

In conclusion we can say that the data presented provide more information on

the dose-time relationship for UV-tumorigenesis than has previously been

available, because measurements for different tumor sizes are included and

because a wide dose-range has been covered. The experimental results can be

adequately represented by the descriptive model presented in this paper.
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APPENDIX K. Prevalence and Tumor Yield as Cumulative Distribution

and Cumulative Hazard Functions:

If p(t) i s the probabi l i ty density function for a mouse to contract a f i r s t

tumor a t the time t , we can write

t
P(t) = ƒ p(x) dx (A1)

0
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where P(t) is the cumulative distribution function for the appearances of first

tumors in a group of mice. If no deaths occur,P(t) equals the expected

prevalence of tumor bearing mice.

Now we make the assumption that the appearance of a tumor is a local effect

which is independent of the induction of other tumors: a tumor may appear at

random anywhere on any animal. For the number of tumors appearing in a group of

N animals over the infinitesimal time interval (t, t+dt) we write

N. h(t) . dt (A2)

where h(t) is the hazard function per animal for the appearance of tumors, By

integrating the expression A2 and dividing it by N we get

t
H(t) - ƒ h(x) dx (A3)

0

H(t) is the cumulative hazard function. If there is no animal death and the

regression of tumocs can be neglected (the latter is a good approximation for

our experiment), then H(t) equals the expected tumor yield. In order to avoid

saturation effects - which will undoubtedly occur because an animal can only

harbor a limited number of tumors - we should limit ourselves to small values of

H(t), generally the upper limit was set at 2, sometimes even less than 2 (see

solid lines in Fig. 2). Under this restriction there was hardly any interference

Of animal death, except for the yields of the larger tumors at low daily doses

(D = 6 and 3%). However, as there was no apparent correlation between the death

of an animal and the number of tumors it bore, animal death appeared to have no

effect on the tumor yield.

Under the assumption that appearances of tumors are independent events, it

follows that

N p(t) dt = N (1-P(t)) h(t)dt (A4)

which means that the number of animals that contract their first tumor in the

infinitesimal time interval (t, t+dt) is equal to the number of unaffected

animals that contract a tumor in this same time interval. Rewriting of Eq. A4

yields

J f ^ (AS)

By integrating Eq. A5 we find the relationship between H(t) and P( t ) :

H(t) = -In U-P(t)) (A6)
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Thus, one expects the prevalence and yield to correspond to the same probability

function and a relationship between the two according to Eq. A6. If this

correspondence does not hold, like in our experiments, one is led to reverse the

argumentation presented here and conclude that tumor inductions are apparently

not local independent events. The most plausible cause is that the animals

cannot be regarded as equal in respect of contracting a tumor, due to

differences in susceptibility and/or treatment,

APPENDIX B. x2~*it8 t o r t h e Tumor Yields:

The tumor yield as a function of time was calculated separately for each

subgroup. If we consider two consecutive tumor yield measurements, it is clear

that the two are not independent: the second is the result of a (slight)

increase in the first. The differences between consecutive tumor yield

measurements can, however, be regarded as independent measurements.

Based on these measured differential tumor yields, we fit the tumor yield by

minimizing . ,

X =2 *t ( Zsy£ - <tvk» / <AyA>

where Ay. = y. ~X , Y. is the measured tumor yield in the i-th checkup,

is the expected value of Ayj and Nj is the number of survivors in the i-th

checkup. In order to arrive at Eq. Bi we assumed that the standard error in the

number of tumors counted was equal to the square root of this number: Poisson

statistics.

For <AyA> we write (Appendix A ) :

) (B2)

where t^ and tj_j are the checkup times between which Ay^ is measured. H(t)

will be determined by a set of parameters, ai>..am (for the lognormal cumulative

hazard function these are the parameters ]i and 0 ) .

From the measured tumor yields estimates of a,... a can be made by

minimizing X 2 * Furthermore, the standard errors in the parameters can be

estimated. Most scientific computer facilities have standard programs or

subroutines for solving problems like these. For detailed information on the

technique the reader is referred to Bevington (1969).

By measuring the tumor yield as defined, one is mainly measuring the

response of those animals that develop the largest number of tumors in a short

time. If there exists a difference in susceptibility between the animals, one is

mainly observing the response of the most susceptible animals. This may

introduce an extra source of error. To estimate the possible variance introduced

by this effect, the variances between corresponding parameters among subgroups
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of one dose-group can be calculated. The value of a certain parameter, say ]i,

for a whole dose-group is calculated as the weighted average of the parameters I

of the subgroups, Uj:

V - (E VL/ se* ) / ( E 1/se2 ) (B3)

where sej is the standard error in Uj. !

To estimate the standard error in y we calculate • ;

a2. * 1/(E 1/se.)2 (B4)

2 EJ »UJ~ U) / 8®J (BS\
3 3 3 \°3J

ana s = -*—"" £
(S-1)E. 1/se*

whece S is the number of subgroups. The values of s± and se are referred to as

internal and external errors, respectively. The largest of the two is the , ;

estimate of the standard error in y (Kohlrausch, 1968). v

In our calculations the small number of subgroups (S» 2 or 3) may have
incidentally caused too small an estimate of se due to the fact that the |ij's

j-

were accidentally very close. However, the values of se and s^ were usually

very close - on the average se was somewhat larger than s^. This means that if

the estimate of se turned out too small, s^ was likely to be a reasonable

estimate of the standard error in |i .

APPENDIX C. Maximum Likelihood Method for Prevalences:

In a group of mice under chronic UV irradiation we can distinguish two main

pathways for an individual mouse: 1) contract a tumor before dying and 2) die

without a tumor. In the latter case the appearance time of a first tumor is '.

censored. We assume that the death of a mouse without a tumor is not dependent

on the tumorigenic process investigated; this assumption is reasonable for our .

experiment because generally even the 4 mm tumors were not lethal. The chance

for a mouse to contract its first tumor at a certain point in time, t^, is

directly proportional to p(tj). The chance for a mouse to die without a tumor at

tj is directly proportional to I-P(tj). Here p(t) and P(t) are defined as in ;

Appendix A. Both p(t) and P(t) are determined by the same set of parameters
a1'"'am (*n case of lognormal distribution for p(t) the parameters are y and

0 )•

For the chance of observing a particular det of events of animals j

contracting a first tumor (category 1, n̂  in number) or dying without one
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(category 2, n2 in number) we can write that i t is directly proportional to;

"l P t V * n
2

( 1 ~ P ( t j ) )

where H^ stands for multiplication in category k with i or j = 1,...nj(.

Expression Cl is the so-called likelihood function. Thus the loglikelihood

function becomes:

a ) » J. In (p(t.)) + Z 2 •*•" d-P(t.)) (C2)
m A i 3

where \ denotes summation in category k with i or j = 1...nk.

Next we can maximize L by optimizing the values of a,.... a,,,, thereby we

maximize the chance of observing this particular set of events. The so-obtained

values of ai...am are the maximum likelihood estimates of the parameters and the

so-obtained value of I. is called the loglikelihood value.

The maximum of I» can be found by solving the equations

•jp a 0 with i = 1,..m (C3)

An estimate of the standard error in aii aelf is given in the equation

se 2. - C.. (C4>

where £j< is the i-th diagonal element of the inverted information matrix, the

information matrix being:

(C5)

A more extensive description of the likelihood method can be found in Mood

et al. (1974).

One can choose a lognormal or a Weibull distribution for p(t) and optimize

the parameters y,a or t,k, respectively. In general, one will have to solve the

Eqs.C3 numerically. For more information the reader is referred to Boag (1949)

for the lognormal distribution and to Pike (1966) and Peto and Lee (1973) for

the Weibull distribution.

If deaths without tumors occur, one needs to calculate P(t), which is an

analytically unsolvable integration in case the lognormal distribution is used.

There are, however, accurate algebraical approximations available (Zelen and

Severo, 1972).

Only if no deaths without tumors occur Eqs.C3 and C4 are analytically

solvable in case of a lognormal distribution and we get
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- Fig. 4: The prevalence of tumor bearing mice, corrected for different
simulated death patterns. The solid curves depict the maximum
likelihood estimates for lognormal distributions under the respective
death patterns imposed, the dashed curves depict the drawn curve in
(a). The experiment started with 46 mice of which the following
number died without a tumor:
in (a) 0, in (b) 8, in (c) 21 and in (d) 33.
Estimated parameters! (a) p= 5.867 ± .018 , a = .119 ± .012 ; (b) y =
5.859 i .016,
(d) U = 5.872
text.

.108 ± .013; (c) u = 5.856 ± .018, a= .102 ± .014;
.026, a = .105 ± .020. For further explanation see

and

In (t.)/n, s a = 2,(In (t.)-y) /n,

a2 /n se,2 a 2 /2n (6)

These are the familiar equations for the mean, standard deviation and standard

errors for sufficiently large samples.

To illustrate the usefulness and the elegance of the maximum likelihood

method we present the sequence of graphs shown in Fig. 4 a, b, c and d. These

graphs are based on a set of data on the prevalence of tumor bearing mice in

which all mice contracted a tumor before dying (the 6%-dose group with the

threshold for tumor-detection set at 1mm diameter). In Fig. 4a the original

data, the percentage of tumor bearing mice as a function of time, are plotted

73



and the drawn curve depicts the maximum likelihood estimate for a lognormal

distribution. In the subsequent graphs the deaths of the animals were

artificially introduced: the animals were selected at random to die fictitiously

according to the death pattern shown in the respective graphs. Thus the

occurrence of animals dying without a tumor was artificially introduced. In

consequence, the plotting of the prevalence, corrected for death, becomes

difficult. Death patterns as simulated here would in practice cause some

experimentalists to terminate the experiment, because they consider the data to

become difficult to interpret or even useless, However, if one uses the maximum

likelihood method, a high death rate poses no real problem, it can be dealt with

in a fairly simple and adequate way. As can be seen in Fig. 4d, the original

prevalence is reconstructed quite well even if only 13 out of 46 mice contracted

a tumor before dying.

APPENDIX D. Particulars of the Exposure Setup:

The Westinghouse FS40 sunlamps we used as the sources for the UV radiation

were fluorescent tubes of 120 cm in length and 3.8 cm in diameter. The spectral

distribution of the radiant output of these lamps is presented in Fig. 5.

The sunlamps were mounted above the cages, and between the cages and these

lamps a collimating structure was mounted as is schematically depicted in Fig.

6. The cages were subdivided into cubicles of 7.6 x 8.5 x 8.5 cm3 in which the

animals were housed separately. The cubicles were positioned along the length of

a sunlamp. The collimating structure consisted of a series of equally spaced

black metal sheets which were placed perpendicularly to the axis of the

sunlamp. The effect of the collimating structure is also depicted in Fig.6: the

Structure only transmitted radiation from the sunlamp within an angle of 24* in

the downward direction. As a result of this, each animal was only irradiated by

a part of the sunlamp, viz. that part visible to the animals through the

collimating structure. The dimensions of the collimating structure were chosen

in such a way that the irradiance at the top of the cages was fairly homogeneous

over the full length of the cages. Furthermore, the exposure configuration for

an animal in a cubicle near the end of a sunlamp was very similar to that for an

animal in a cubicle near the center of a sunlamp.
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Fig. 5: The spectral distribution of the radiant power of a Westinghouse FS40
sunlamp as measured through a monochromator operating at a bandwidth
of 1.2 nm. These relative measurements were callibrated by comparison
with the radiant output of a HPK, 125 Watt of Philips.
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Fig. 6: Schematic representation of the exposure configuration. Distances are
given in cm.
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CHAPTER 5

EFFECT OF CHROMIC OV EXPOSURE OH EPIDERMAL TRANSMISSION IH MICE*

F.R. de Gruijl and J.C. van der Leun

Abstract

In connection with an investigation on UV-tumorigenesis in hairless mice the

question arose in what way the epidermal transmission changes under chronic UV

exposure. At regular time intervals, epidermal sheets of these mice were

optically probed, i.e., the specimen was irradiated perpendicularly to its

surface with a collimated monochromatic beam of 313» 302 or 297 nm and the

transmission was measured in forward direction and a small angle around it. The

optical probe measurement was sensitive to epidermal changes and easy to

perform; it correlated well with thickness and total transmission of the

epidermal sheet.

As a result it was found that over the dose range investigated the logarithm

of the epidermal transmission at 297 nm was a simple linear function of the

daily UV dose and the time of treatment. Calculations, in which this result is

combined with data on UV-tumorigenesis over the same dose range, show that the

change in epidermal transmission is sufficiently large to have an important

bearing on the dose-response relationship for tumorigenesis by chronic UV

exposure.

Introduction

Miescher (1930) experimented with human skin and UV radiation. He found that

erythemal effective radiation was strongly attenuated by the stratum corneum.

After exposure to UV radiation the skin's erythemal sensitivity to UV radiation

decreased. He concluded that this adaption of the skin to UV radiation

("Lichtgewöhnung") could be fully explained by the observed thickening of the

corneum. The corneal thickening was related to the UV-induced hyperplasia of the

epidermis. Thus, one could hypothesize that the UV-induced hyperplasia is

* submitted for publication
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controlled by a biofeedback mechanism to shield off UV radiation from the viable

epidermis or more specifically from the proliferative basal cells.

Kirby-Smith et al. (1942) found that if mice were chronically exposed to UV

radiation, the epidermal transmission in the UV wavelength region decreased

appreciably. This decrease in transmission was also ascribed to hyperplasia. The

data published by Kirby-Smith et al. were insufficient for a quantitative

description of the change in epidermal transmission under chronic UV exposure.

Blum (1959) presented a comprehensive study on UV-carcinogenesis. He stated

that the UV-induced hyperplasia might have an important beating on the formation

of tumors. Apparently, Blum only considered the possibility of a causal relation

between hyperplasia and tumors. Although he referred to the measurements of

Kirby-Smith et al. (1942), he did not deal with the problem of how the

hyperplasia would affect the carcinogenesis by diminishing the penetration of UV

radiation into the deeper layers of the epidermis.

More recently, Gcube et al. (1977) measured epidermal hyperplasia in mice

after treating the animals with 8-methoxypsoralen and longwave UV radiation.

They also measured epidermal hyperplasia after exposing mice to shortwave UV

radiation from Westinghouse FS40 sunlamps 3 times a week for 6 weeks

(unpublished data). Fry (personal communication) emphasized that the hyperplasia

must have an effect on the process of tumorigenesis by chronic UV exposure.

In view of the paper by Kirby-Smith et al. (1942) we, too, came to the

conclusion that hyperplasia is likely to be an important factor in

UV-tumorigenesis. Although a possible causal relation between hyperplasia and

the formation of tumors cannot be ruled out, a protective effect of hyperplasia

by shielding off UV radiation appears to be physically plausible. To a certain

extent this protective effect is experimentally accessible, i.e., epidermal

transmission can be measured. Therefore, we have carried out an experiment in

which epidermal transmissions were measured of mice which were subjected to

chronic UV exposure. By combining the results of this experiment with the

results of an experiment on UV-tumorigenesis, an attempt was made to obtain some

information on the relation between tumor igenesis and the UV dose at the basal

level of the epidermis.

Materials and Methods

Mice

The experiment was performed with albino hairless mice, Skh hr 1, which

entered the experiment between 6 and 8 week of age. Both male and female mice

were used.
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Irradiation

The animals were housed separately in compartments of cages above which

Westinghouse FS40 sunlamps were mounted. The animals could not shield themselves

from the UV radiation emitted by the sunlamps. The irradiance in each cage was

adjustable. Each day the sunlamps were automatically switched on and off.

A group of mice receiving a certain daily dose (i.e., the radiant energy

delivered to a unit surface area per day) will be referred to as a dose-group.

The maximum daily dose of UV radiation corresponded to 190 mJ/cm2, measured over

the full spectral range of the sunlamps with a thermopile El 1 of Kipp placed at

the top of the cages (for the mid-dorsal area of a mouse in resting position

this value is approximately 15% lower). This maximum daily dose will be > iferred

to as the daily dose of 100%; daily doses of 100, 50, 30, 18, 12, 10, 6 and 0%

were used.

Epidermal sheets

After various time intervals animals from a dose group (3 to 6 in number)

were sacrificed. From the mid-dorsal area 2 neighboring skin fields,

approximately 1 cm2 each, were excised. To separate a sheet of intact epidermis

from the excised skin we applied a standard technique: the skin was put in a

solution of sodiumbromide, 2N, at 37°C for 2 hours. After such a treatment the

basal cells of the epidermis lost their adherence to the dermis. Thus, the

epidermis could be readily removed from the dermis.

The pairs of epidermal sheets - 2 sheets per animal - were kept floating on

a physiological salt solution in petri-dishes with the dermal side down. For

storage, they were kept at a temperature of 4°C. The epidermal sheets were

prepared in the morning, so we could work with fresh epidermal sheets in the

afternoon.

Optical probe '

The epidermal sheets were placed on a slider over a window of 5 x 5 mm2.

This slider was inserted between the exit slit of a monochromator (Jarell Ash,

32-415 SP) and a photomultiplier (Hamamatsu, R 212); the entire optical setup is

depicted in Fig. 1. The dermal side of a sheet was directed toward the

photomultiplier. The transmission of a sheet was measured at the wavelengths

297, 302 and 313 nm; the high pressure mercury arc, which was used as the source

of radiation, had spectral lines at these wavelengths.

In this optical setup the photomultiplier did not detect all of the

radiation emerging from an epidermal sheet. Radiation which was scattered by

more than 15° from the original direction of the beam did not impinge on the
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9

10

- Fig. 1: Schematic representation of setup for transmission measurement! 1 high
pressure mercury arc; 2 narrow band pass filter (290-320 nm); 3
entrance slit; 4 monochromator,• 5 exit slit; 6 slider; 7 epidermal
sheet; 8 diffuser (for total transmission); 9 glass filter (for
fluorescence); 10 photomultiplier.

photocathode of the photomultiplier. Therefore» the probe measurements were

heavily sensitive to absorption as well as scattering of radiation, which made

these measurements very sensitive to changes in epidermal thickness. The

measurements were easy to perform, which was a great advantage because a lot of

epidermal sheets had to be measured routinely.

For a badge of epidermal sheets the optical probe measurments were

reproducible up to a week after excision.

Correction for fluorescence

The transmission measurements were corrected for fluorescence of the

epidermis. To this end, a glass filter (number 9 in Fig. 1, transmission: .015

at 297 nm and .20 at 313 nm) was inserted between the epidermal sheet and the

photomultiplier. If no fluorescence occurred, the output signal of the

photomultiplier was thus reduced by a known factor, viz. the transmission of the

glass filter at the wavelength of the radiation from the monochromator. If

fluorescence did occur, then approximately all of the fluoresced radiation at

longer wavelenghts passed through the glass and thus the output signal was

reduced to a lesser extent. A correction for this residual output signal was

made. This correction was small, never greater than 10% of the output signal

without the insertion of the glass filter.

Total transmission

The description of the optical probe made it clear that when using this

technique, we measured the transmission into a limited angle in forward

direction. Although the angular distribution of the transmitted radiation has a
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rtistinct forward peak in case of epidermal sheets (personal communication

W.A.G. Bruls), an appreciable fraction of the emerging radiation remained

undetected. In order to measure the total transmission one has to detect all of

the radiation emerging from an epidermal sheet. This can be done by using an

integrating sphere, which is placed directly behind the epidermal sheet.

Basically, the technique we used is the same, but instead of using an

integrating sphere we used an optical diffuser made of quartz (Macam Photometric

UV Diffuser, cosine corrected). An optical diffuser scatters and transmits the

radiation so that the radiant power transmitted into a certain solid angle is

directly proportional to the flux of radiation impinging on its surface. We used

the optical diffuser as our detection surface and placed the photomultiplier

behind it. The diffuser (number 8 in Fig. 1) was put in close contact with the

dermal side of the epidermal sheet. In this configuration the output signal of

the photomultiplier was directly proportional to the total radiant power

transmitted by the epidermal sheet and impinging on the surface of the

diffuser. After correcting for fluorescence, the ratio of the output signals

with and without the epidermal sheet, in both cases with the diffuser in place,

yielded the total transmission. For routine measurements, the optical probe was

preferred over the total transmission measurements, because the former was more

sensitive to changes in the epidermis and was somewhat easier to perform.

Epidermal thickness

Frozen sections were made, which were cut perpendicularly to the surfaces of

the epidermal sheets. Using these frozen sections, epidermal thickness was

measured in the inter-follicular areas; this was done under phase-contrast

microscopy.

Hair follicles

Although the mice were hairless, they had hair follicles - most of them

degenerated - attached to the epidermis. The inter-follicular areas were fairly

homogeneous in thickness. To a first approximation, the matrix of follicles was

considered to form a grey filter which was superimposed on the epidermal sheet.

The attenuation by this grey filter should at most be equal to the fraction of

the surface area occupied by the follicles, i.e., 1-2%. We neglected this small

attenuation.

Notations and data analysis

Instead of the transmission, T, we will often use the optical density, OD,

defined as OD = -ln(T). Tp and 0Dp denote the transmission and optical density
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as derived from the optical probe measurements, and T and OD denote the

transmission and optical density as derived from the total transmission

measurements. An additional subscript denotes the wavelength in run; for instance

T297 O C Tp,297'

For a badge of epidermal sheets the arithmetic mean of the ODp's at a

certain wavelength was calculated and is denoted by 55p.

Where applicable! linear functions were fitted by the method of least

squares in case of unweighted fits and by the method of minimizing X 2 in case

of weighted fits.

Results

The probe measurements for male and female mice largely overlap. However,

during the experiment it already became clear that the epidermal sheet with the

lowest transmission in a badge of epidermal sheets usually came from a female

mouse (19 out of 24 cases, p<.Q1 according to the sign-test) and the sheet with

the highest transmission usually from a male mouse (also 19 out of 24 cases,

p < ,01) . This indicates that there was a tendency for female mice to have a

somewhat lower epidermal transmission than male mice. The small number of mice

(3-6) in each badge did not allow for separate analyses of male and female

mice. The standard errors would have become too large. Therefore, the data on

the transmission of male and female mice were combined and the differences

between them were neglected.

In Pig. 2 the average optical densities for optical probing, ÖD , at 297,

302 and 313 nm are shown for epidermal sheets (2 per animal) which had been

under daily UV exposure for 6 weeks. The results are presented for daily doses

varying between 100 and 6%. As can be seen from this graph, Öb„ is clearly

j dependent on the daily dose of OV radiation. The ratios of the 0Dp's at the

different wavelengths appear to be fairly constant and can be represented by the

expression:

% , 3 0 2

All of the increases in ÖDp presented in Fig. 2 occurred before the appearance

of tumors. From other experiments we know that only for the daily dose of 100% 6

weeks of treatment was near to the moment of appearance of first tumors, for the

daily dose of 6% that moment was about 30 weeks later.

In order to get some insight in the changes in epidermal transmission with

time, the ÖD at various times after the start of the UV exposures arep,zy /

presented in Fig. 3. The ÖD 297 a s a function of time was measured for daily

doses of 50, 30, 18, 12, 10, 6 and 0%. From Fig. 3 it becomes clear that ÖD
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- Pig, 2: Average optical densities as derived from optical probing ODp» at the
wavelengths 297 ( # ) , 302 ( A ) and 313 run ( • ) after 6 weeks of
treatment as a function of the daily UV dose, D.

can be approximated by simple linear functions of time, t; with t=0 as the day

of first exposure. Moreover, it turns out that the slopes and 0D at t=0

according to these linear fits, are simple linear functions of the daily UV

dose, D. In sum, the SB as a function of t and D can be represented as

°Dp.297(t'D) a 2 D + a 3

where and aj are constants. A simultaneous x2~fifc 0 D

(1)

(t,D) to
Pf

all the OD 's measured for daily doses of 50, 30, 18, 12, 10 and 6% yields:
P/297

a, = (3.9 ± .2).1O"4, a2 = (1.27 ± .14) . 10~2, a3 = 2.27 ± .04, X
Z/df = 1.02 and

d£ = 36, where df denotes the degrees of freedom and the figure following the

"±" sign is the standard error. In Eq.1 t is expressed in days and D in %.

It tur-,3 out that the measurements from the 100%-dose group (2 in number

and not shown in Fig. 2) are not compatible with Eq.1: the measured ÖD 'a
Pr*"'

were too small. Furthermore, Eq.1 implies that OD (0,D) is dependent on D,
Pi297
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- Fig. 3: The average optical density as derived from optical probing at 297
BS

nm,
29_ » as a function of time for the daily doses of 50 ( D ), 30

( • ) , 18 (v)r 12 < • > ' 10 (O)i 6 (•) and 0% «»; one-sided
error-bars are plotted in the direction of the corresponding curve.
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- Fig. 4: Optical density as derived from optical probing at 297 nm, OD ,

versus epidermal thickness, d. '
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- Fig. 5: Optical density as derived from total transmission at 297 nm, 0D„„_ ,
versus density as derived from optical probing at 297 nm, OD, '297
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Fig. 6: The estimated cumulative doses of 297 nm radiation, CD297» a t t n e toP
of the epidermis ( ) and at the dermal-epidermal junction ( )
at the onset of an animal's f irst tumor as a function of the daily UV
dose, D; t^n denotes the median onset time of the f irst tumor (for
further explanation see Appendix A).
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which is physically impossible. Therefore, Eq.1 is considered a good

approximation for 5Q%£D £6% and t £ 7 days.

The optical probe measurements provide mere indications of how the epidermis

changes. In order to get more information Erom an optical probe measurement, we

can relate it to epidermal thickness and to total transmission. In Fig. 4 the

relationship between OD 297 a n d the corresponding epidermal thickness is

depicted. The epidermal sheets used in this plot originated from 3 different

dose-groups. Although one might expect deviations from a simple linear

relationship, the following approximation holds:

ODp,297 = V + °1 l2)

with mi = (6.0 ± , 6 ) , 1 0 ~ 2 , c i = -35 + .31 and d i s the epidermal t h i ckness (in

Jim). The v a l i d i t y of Eq.2 i s a good ind ica t ion t ha t the changes in OD are
P# i" 1

attributable to epidermal thickening.

The relationship between OD and OD , the latter being derived from
Pf*3/ £7/

the total transmission, is presented in Pig. 5. The epidermal sheets used in

this plot stemmed from different dose-groups and were excised at various tiroes.

Again, a linear function gives a very satisfactory description of the

relationship between OD _ . _ and OD
2q7 ; t h e relationship being:

OD297 = m2 ODp,297 " C2 ( 3 )

with m2
 a .58 ± .03, c2 = .15 ± .08.

The Eqs. 2 and 3 enable us to transform an optical probe measurement at 297

ran into estimated epidermal thickness and total transmission at 297 nro. The

latter transformation is especially interesting. By combining Eqs. 1 and 3

estimates can be made of the cumulative dose of 297-run radiation, CD2g7, at the

dermal-epidermal junction of a mouse in the course of chronic UV exposure. If

this is combined with the results of our experiment on UV-tumorigenesis

(Chapter 4) an estimate can be made of the average CD297 at the dermal-epidermal

junction at the onset of a mouse's first tumor (Appendix A ) . The results are

presented in Pig. 6 over the range of daily doses where Eq. 1 is a good

approximation. This graph shows that the CD297 at the dermal-epidermal junction

does not vary by more than a factor of 1.3 for the different daily doseSfWhereas

the CD 2 9 7 at the top of the epidermis varies by a factor of 2.2.

In the unirradiated epidermises there appeared to be a slight increase in

transmission with time, corresponding to a decreasing 55 as depicted in
P » " '

Fig. 3. This is probably an aging effect occurring in the absence of any UV

radiation.
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Discussion

The epidermal transmissions were measured in vitro, which immed; ately raises

the question as to how these measurements compare to the in vivo situation. One

of the most important aspects in relation to this question is the effect of the

separation technique on the epidermal sheets. This technique has the advantage

that a variety of enzyme activities remain histochemically detectable in the

epidermis (see for example Wolff and winkelman, 1967). Despite the exposure to

an unphysiological concentration of sodiumbroroide the epidermal sheets appeared

to be in good condition when examined microscopically after rinsing in a

physiological salt solution. Moreover, it was measured that the surface area of

an epidermal sheet was not noticeably altered after excision and separation from

the dermis. These considerations suggest that the separation technique used is

comparatively non-disturbing and offers a good chance that the in vitro

measurements are representative for the in vivo situation. Proof in this respect

is, however, presently not available.

Every epidermal sheet went through the same treatment for separation from

the dermis. Hence, differences between badges of epidermal sheets must have been

due to the differences in experimental history of the mice. The observed

correspondence between measured epidermal thickness and number of cell layers

in the epidermis shows that the changes in epidermal thickness also occurred in

vivo. But the measurements of the thickness may, to some extent, have been

affected by the sodiumbromide treatment and subsequent freezing. In view of the

clear relationships between the epidermal thickness, the optical probe

measurement at 297 ran and the total transmission at 297 nm, it appears likely

that the changes in epidermal transmission also occurred in vivo.

The good correlation between epidermal thickness and the optical probing at

297 nm indicates that the changes in transmission are due to hyper plas ia.

Therefore, it appears that the UV-induced hyperplasia caused a large reduction

in the dose of shortwave UV radiation at the dermal-epidermal junction.

Calculations show that for daily doses between 50 and 6» the average cumulative

dose of 297-nm radiation at the dermal-epidermal junction at the onset of a

mouse's first tumor hardly changes with the daily UV dose applied (Fig. 6). This

result emphasizes the importance of the hyperplasia and the related epidermal

transmission in the process of tumorigenesis by chronic UV exposure. Moreover,

it indicates that the cumulative UV dose at the dermal-epidermal junction may

well be the quantity decisive for UV-tumorigenesis.

Because the attenuation of radiation by the epidermis increases with

decreasing wavelength in the region around 300 nm, it is conceivable that for
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certain short wavelengths the average cumulative dose at the dermal-epidermal

junction at the onset o£ an animal's first tumor wjll actually decrease with

increasing daily UV dose. In Fig, 6 going from 30% to 50% daily dose, this

effect seems to occur to a slight extent. It should be noted, however, that this

is mainly due to the fact that our estimate of the cumulative dose of 297-nm

radiation at the dermal-epidermal junction is somewhat too small, especially for

the higher daily doses (Appendix A).

In view of the spectral changes with time, caused by epidermal thickening,

an accurate description of the process of UV-tumorigenesis with polychromatic

sources appears to be extremely complicated. And yet, the dose-response

relationship for tumorigenesis by chronic irradiation with polychromatic sources

is relatively simple (Chapter 4 and Blum,1959).

In photobiology the usual method to incorporate spectral differences is by

weighting the radiation at each wavelength according to its effectiveness. The

weighting factor as a function of wavelength is called the action spectrum. For

OV-carcinogenesis the absorption spectrum of DNA and the erythemal action

spectrum have been used as "the" carcinogenic action spectrum (Green and Mo,

1975 and De Gruijl and Van der Leun, 1980, Chapter 2). This action spectrum is a

static concept, i.e., the action spectrum does not change with time or with the

level of UV exposure. In the light of the present results such a static concept

of UV dose is at best a fair approximation. The descriptive models of

UV-tumorigenesis which have been developed so far are all based on a static

concept of the UV dose delivered to the surface of the skin (Blum, 1959 and

Chapter 4). These models provide adequate descriptions of data on tumorigenesis

by chronic UV exposure. Apparently, the dynamic changes in the epidermis,

including the reduction in the effectiveness of the radiation as the epidermis

thickens, are implicitly expressed in the parameters oC such a model. It is

desirable, though, that a more sophisticated model is developed in which the

dynamic spectral changes can explicitly be accounted for.

A simpler solution to the aforementioned problem seems to be, to limit the

experiments to low doses in order to minimize the hyperplasia, and thus

eliminate its effect. There are, however, objections to such a limitation. A

practical objection stems from the fact that low daily doses will cause the

tumors to appear late in the life of the mice. Thus, the lifespan of the animals

set a time limit. The range over which the daily doses can be varied becomes

very limited. In order to compensate for the time limit one would have to use

very large groups of mice. Even then, one is not likely to get rid of the

influence of hyperplasia within practical time limits. Lowering the daily dose
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will only slow down the development of the hyperplasia (Fig, 3). Furthermore, if

one is aiming at using the results for human populations (De Gruijl and Van der

Leun, 1980, Chapter 2) one must bear in mind that hyperplasia by solar UV

radiation does occur in human skin.
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APPENDIX A. C D297 a t t h e D e c m a l Epidermal J u n c t i o n :

There is a l inear relationship between OD. and OD . , Eq.3, and
£j / P,Z?/

55 -n_ as a function of t and D can be described by using the linear
Pr"'

representation of Eq.1. Combining Eqs. 1 and 3 yields
__ ' * '
OD297 (t'D) = a1 D t + a2 D + a3 (A1)

with a, = (2.27 ± .17).10~4, a^ = (.74 ± .09).10~2and a^ =1.17 ± .11.

Next we could assume that Eq.Ai represents the changes in OD297 for an

individual mouse and that the given values of a1, a, and a, are averages.

In the spectrum of the sunlamps we can concentrate on a narrow band around

297 nm. The daily dose in this band delivered to the surface of the mid-dorsal

area of a mouse will be denoted by ^297' D297 *s c o n s t a n t fraction of D. D2g7

will be expressed in % of the maximum D297 (corresponding to D = 100%). For the

cumulative dose of 297-nm radiation at the dermal-epidermal junction in the

mid-dorsal area of a mouse we can write
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nt
CD (t,D) = E D . T 2 9 7 ( t i t D ) (A2)

where t^ i s the i - t h day of exposure, n t i s the t o t a l number of exposure t i l l t

and 5*297 (^i 'D) = e x P ("OD297 (ti»D))« This summation can be rewrit ten as an

integration:

CDj,297 ( t 'D > * I °297 ' T297 <X'D) dX ( A 3 )

in which t and x are considered dimensionless, denoting the number of daily

exposures rather than the time in days. Substituting Eq. A1 (as describing

)) for a mouse) into Eq. A3 and solving the integration yields

297 ' ' 1 ' •
CDj ,297 ( t ' D ) " ~— ' e 3 t p ( " a 2 D " a 3 J * I 1 " e X p (~ a iD tM <A4>

I t should be noted here that in t h i s derivation of CD. we assumed Eq.Ai
3»297

to be valid for t £0. However, aa noted earlier, deviations from Eqs. 1 and Al

are likely to occur for 0 £ t < 7 days. We have neglected this deviation, but it ,;

should be remembered that this somewhat decreases the estimate of CD. _ ,

especially for the higher daily doses. ;

From out experimental results on UV-tumorigenesis we can infer the

dose-dependency of the time lapse till the onset (initiation) of an animal's

first tumor, tin (Chapter 4):

tin - 1 0 0 . (D0/D)r ( A 5 )

where r • .62 and for tiw median tin, DQ = 36.9. By combining Eqs. A4 and A5 by ^

substituting the averages of a , a , a and the median of Do, one can make an :-

estimate of the average CD at the onset of an animal's first tumor as a t
3,297 1,

function of D. The 00297*8 in Fig. 6 are also expressed in % of the maximum D2g7 •

(in effect, 0297/° " 1 w a a substituted into Eq. A4 for the calculation of f
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SAMENVATTING EN SLOTOPMERKINGEN

Het uitgangspunt van het gepresenteerde onderzoek was, dat dier-experimenten

bruikbare informatie kunnen verschaffen over de relatie tussen UV-straling en

huidkanker, en dat deze informatie gebruikt kan worden om een kwantitatief model

voor de dosis-respons-relatie te ontwikkelen. Zoals beschreven is in de algemene

inleiding (Hoofdstuk 1), bestaat er behoefte aan zo'n model, dat toepasbaar is

op humane populaties, om het effekt van een vermindering van het stratoferische

ozon op het vóórkomen van huidkanker te kunnen schatten. Informatie uit

dier-experimenten over dosis-respons-relaties voor carcinogenese,

UV-carcinogenese inbegrepen, waren al geruime tijd voorhanden. De interpretatie

van de dosis-respons-relatie voor UV-carcinogenese, zoals gegeven door Blum in

de vijftiger jaren, wijkt echter af van de gangbare ideeën over carcinogenese in

het algemeen. Om deze interpretatie van Blum te testen en om meer informatie te

verkrijgen over de dosis-respons-relatie voor carcinogenese door chronische

UV-bestraling hebben wij een aantal experimenten met haarloze albino muizen

uitgevoerd. Het onderzoek beperkte zich echter niet tot de

dosis-respons-relatie; ook is getracht door verdere analyse van de gegevens en

door additionele experimenten meer inzicht te krijgen in het UV-carcinogene

proces zelf.

In Hoofdstuk 2 is een dos is-respons-model geformuleerd, dat gebaseerd is op

de dier-experimentele gegevens, zoals die beschikbaar waren in 1977, aan het

begin van dit onderzoek. Door gebruik te maken van dit model kon een schatting

gegeven worden van het effekt van een ozon-vermindering. Deze schatting kan als

volgt worden geformuleerd: als het stratosferische ozon gedurende de afgelopen

100 jaar met 1% verminderd zou zijn geweest, dan zou de incidentie van

huidcarcinomen in de U.S.A. 4% hoger zijn geweest dan thans het geval is . Kort

geformuleerd: de versterkingsfaktor is gelijk aan 4.

In Hoofdstuk 3 zijn de resultaten van twee dier-experimenten gepresenteerd,

die erop wijzen, dat UV-straling in staat is een systemisch effekt te induceren,

dat de ontwikkeling van "de novo" UV-geïnduceerde tumoren bevordert. Zo'n effekt

bij de mens kan één van de verklaringen zijn waarom iemand, die een

UV-geïnduceerde huidcarcinoont heeft gehad, een verhoogd risico loopt om dit type

kanker nog eens te krijgen. Ook benadrukt dit resultaat, dat men niet mag

aannemen, dat tumoren volkomen willekeurig verschijnen in populaties: sommige

| individuen kunnen gevoeliger zijn of worden dan anderen.

'"{ In Hoofdstuk 4 zijn de resultaten gepresenteerd van het hoofd-experiment

waarin de dosis-respons-relatie voor carcinogenese door chronische UV-bestraling
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bepaald weed. In dit experiment werden muizen dagelijks blootgesteld aan een

bepaalde dosis UV-straling. De relat ie tussen de dagelijkse UV-dosis en de duur

van de behandeling tot het verschijnen van tumoren werd bepaald voor tumoren van

verschillende afmetingen. Deze relatie was eerder gemeten voor tumoren van één

bepaalde afmeting over een geringer bereik van de dagelijkse UV-doses. Deze

oudere gegevens zijn door ons gebruikt in Hoofdstuk 2. Onze experimentele

gegevens hebben echter nieuwe inzichten opgeleverd. Uit ons experiment blijkt

namelijk, dat de groei van een tumor dosis-onafhankelijk is en dat daarom alleen

de in i t ia t i e van een tumor dosis-afhankelijk i s . Deze conclusies zijn niet in

overeenstemming met het eerder door Blum geformuleerde model voor

UV-carcinogenese, maar wel met de gangbare ideeën over carcinogenese in het

algemeen.

Bij het schrijven van Hoofdstuk 2 hadden wij nog niet de beschikking over de

gegevens uit Hoofdstuk 4. zoals vermeld is in Hoofdstuk 4, i s het niet

, waarschijnlijk, dat het invoeren van de dosis-onafhankelijke groei van tumoren
in het model in Hoofdstuk 2 (door een groeitijd op te tellen bij het rechter lid

van Vgl.10 in Hoofdstuk 2) een belangrijke invloed heeft op de gemaakte

', schattingen. Het invoeren van een dosis-onafhankelijke tumorgroei vermindert de

hiervoor genoemde versterkingsfactor met een fraktie, die ongeveer gelijk is aan

de verhouding van de groeitijd van een tumor tot de maximale levensduur van de

mens. Deze invloed is dus verwaarloosbaar als deze verhouding belangrijk kleiner

i s dan 1, wat aannemelijk l i j k t ,

; In Hoofdstuk 5 is een experiment gepresenteerd, waarin gemeten werd, dat,

als een muis dagelijks aan UV-straling blootgesteld wordt, de transmissie van de

opperhuid (epidermis) in het kortgolvig UV voortdurend afneemt. Deze afname

wordt veroorzaakt door epidermale hyperplasie (een verdikking van de epidermis

door een toename van het aantal ce l len) . Dit effekt blijkt sterk genoeg om een

belangrijke invloed te hebben op de dosis-respons-relatie voor carcinogenese

door chronische UV-bestraling. Omdat de vermindering in transmissie het sterkst

is bij hoge dagelijkse doses, kan dit effekt verantwoordelijk zijn voor het

f e i t , dat bij een hoge dagelijkse dosis in totaal meer UV-energie aan een muis

moet worden toegediend dan bij een lage dagelijkse dosis om tumoren te

induceren. Berekeningen aan de hand van de experimentele resultaten uit de

Hoofdstukken 4 en 5 tonen aan, dat de totale stralingsdosis aan de basis van de

epidermis bij een golflengte van 297 nm tot da inductie van de eerste tumor

nauwelijks afhangt van de toegediende dagelijkse UV-dosis. Dit suggereert, dat

de cumulatieve UV-dosis aan de basis van de epidermis de bepalende faktor is

voor UV-carcinogenese.
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De bovengenoemde epidermale transmissie-verandering is niet even sterk bij

elke golflengte, wat naar alle waarschijnlijkheid een verandering in de

spectrale gevoeligheid van een muis tot gevolg heeft. Dit bemoeilijkt een

volledige spectrale beschrijving van carcinogenese met een polychromatische

UV-bron, Op grond van de resultaten uit Hoofdstuk 5 zou men een fundamenteel

model voor UV-carcinogenese kunnen formuleren. In dit model is de totale

UV-dosis aan de basis van de epidermis bepalend voor de inductie van tumoren.

Omdat de delende cellen van de epidermis zich in de basale laag bevinden, lijkt

de basale laag vooralsnog een redelijke keuze voor het niveau waarop de

UV-straling aangrijpt. Deze keuze is echter vatbaar voor verbeteringen op grond

van nieuwe experimentele gegevens. Conform de gangbare ideeën over

carcinogenese, lijkt het actie-spectrum voor mutaties in DNA een geschikte

weegfunctie om de tumorigene effektiviteit van de straling in de basale laag te

bepalen.

Het is bekend, dat ook mensen hyperplastische reacties vertonen na

UV-bestralingen. Meer kwantitative gegevens hierover in combinatie met het in de

vorige alinea omschreven model zouden een bijdrage kunnen leveren aan een

verbeterde schatting van de toename van huidkanker in humane populaties als

gevolg van een verhoogde blootstelling aan UV-straling.
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Stellingen behorende bij het proefschrift

" The Dose-Response Relationship for UV-tutnorigenesis "

1. Het door Blum geformuleerde model voor carcinogenese door chronische UV-
bestraling is niet in overeenstemming met zijn eerdere metingen van groei-
snelheden van UV-gelnduceerde tumoren.

HF Blum, Carcinogenesis by Ultraviolet Light, Princeton Univ.
Press, Princeton NJ (1959]

HF Blum, J. Natl. Cancer Inst. 4, 559 [1944]
Hoofdstuk 4 van dit proefschrift

2. Silverstone en Searle concludeerden uit hun epidemiologisch veldonderzoek,
dat het veranderen van baan of woonplaats in het door hen onderzochte kust-
gebied van Queensland niet veol kan bijdragen aan het ondervangen van de
nadelen van een genetische aanleg tot het ontwikkelen van huidcarcinomen.
Deze conclusie heeft geen praktische waarde en geeft aanleiding tot het
misverstand, dat zulke veranderingen geen belangrijke invloed zouden kunnen
hebben op het risico een huidcarcinoom to krijgen.

H Silverstone s JU Searle, Br. J. Cancer 24, 235 [1970]

3. Diffey et al, vonden de volgende relatie tussen de dichtheidsverdeling van
basaliomen en de verdeling van UV-doses over het gelaat: In(dichtheid) =
p in(UV-dosis) + konstante, met p = 1,7 i 0,3. Onder de voorwaarde, dat een
niet UV-bestraald gelaat een uniforme gevoeligheid heeft voor de inductie
van basaliomen door UV-straling, kan p in deze relatie geïnterpreteerd
worden als een biologische versterkingsfactor voor de relatie tussen UV-
straling en basaliomen.

BL Diffey et al., Phys. Ned. Biol. 24, 931 [1979]
Hoofdstak 2 van dit proefschrift

4. In het veld van de dier-experimentele carcinogenese zou men zich moeten con-
formeren aan de epidemiologie voor wat betreft het gebruik van de termen
"prevalence" en "incidence".

5. Voorzover de term "fluence" reeds wordt gebruikt in de fotobiologie, gebeurt
dat doorgaans verkeerd. Bovendien is de term "fluence" voor het bedoelde
stralingskundige begrip om semantische redenen af te keuren.

National Bureau of Standards, Tech. Note 910-1, 58 [1978]
Photochemistry S Photobiology

6. Voor een goede statistische verwerking van de gegevens over Minimale Erytheem
Doses UV-straling is het belangrijk te onderkennen, dat de Minimale Erytheem
Dosis binnen een raciaal-homogene groep niet "normaal" maar "lognormaal"
verdeeld is.

F Ellinger, Strahlentherapie 44, 1 [1932]

PB Rottier, in The Biologie Effects of Ultraviolet Radiation, F
Urbach (ed), p 187, Pergamon Press, Oxford [1969]

7. Op theoretische gronden is het te verwachten, dat het effect van een laser bij
het verwijderen van een "wijnvlek" (naevus flammeus) of een tatoeëring verbe-
tert als het laser-licht aangeboden wordt in pulsen, die korter zijn dan de
thermische relaxatietijd van de doelwitten in de huid: respectievelijk bloed-
vaatjes of pigmentdeposities.



8. Afgaande op de wetenschappelijke literatuur is het onvoldoende bekend onder
welke voorwaarde een correlatiecoëfficiënt zinvol berekend kan worden. [

OG Raabe et al., Science 208, 61 [1980]
NTJ Bailey, Statistical Methods in Biology, Hodder s Stoughton, J

London [1976] \

9. In Tochers modificatie van Fishers toets voor een 2x2-tabel moet een getal i-
getrokken worden uit een lijst "random" getallen tussen 0 en 1 om tot een -:

beslissing te komen over de (on-)houdbaarheid van de nulhypothese. Het in- ji
voeren van dit extra kansproces geeft Tochers modificatie het karakter van •-,
een gokspel.

S Siegel, Non-parametric Statistics for the Behavioral Sciences,
Internat. Student Ed., p 101, McGraw-Hill Kogakusha, I,
Tokyo [1978] \

10.Het gebruik van de hoekfrequentie, w , in de uitdrukking voor de spectrale
stroomruisintensiteit, S , in elektro-akoestisch actieve kristallen, zoals '
gegeven door Zijlstra en Gielen, suggereert ten onrechte dat S gedefirü- ;'
eerd is per eenheid van hoekfrequentie.

RJJ Zijlstra & PA Gielen, Physica 95B, 190 [1978]

11.Bij het berekenen van het gemiddelde van de levensduur van O(l,98MoV) on
de fout daarin beschouwen Ball et al. ten onrechte de fouten in de afzon-
derlijke metingen als onafhankelijk.

GC Ball et al., te verschijnen in Nucl. Pnys.

12.Yockey's berekening van de benodigde tijd voor de spontane vorming van een
bepaald polypeptide is te globaal en te beperkt om aan te tonen, dat geen
van de huidige scenario's voor chemische evolutie houdbaar is.

HP Yockey, J. theor. Biol. 91, 13 [1981]

13.De nog regelmatig herhaalde bewering, dat UVC voor de huid gevaarlijker is
dan UVB, is in strijd met de beschikbare gegevens.

14.Het aan stranden opstellen van UVB-meters, met een eenvoudige toelichting,
zou badgasten de mogelijkheid bieden om op een meer verantwoorde wijze te
zonnebaden.

15.De bewering.dat de neutronenbom een niet destructief en schoon wapen is,
geeft een duidelijk beeld van de morele normen waaruit deze bewering
voortkomt.

Interview met Samuel Cohen, VPRO-TV 2 aug. 1981

Utrecht, 8 februari 1982 F.R. de Gruijl


