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ABSTRACT

The development of skin tumors (mainly squamous cell carcinomas)
in hairless Skh-HRl mice after discontinuation of a course of daily UV
irradiations (wavelengths, 280-370 nm) is compared to that when the
daily irradiations are continued. Under conditions of continued daily
exposures 50% of 22 animals contracted tumors with diameters of at
least 4 mm in 135 days. With exposures stopped after 35 or 19 days (2
groups with 24 and 23 mice) this time interval increased to 280 and 645
days, respectively; the rate at which multiple tumors developed on the
mice was correspondingly lower. A mathematical model, derived from a
larger experiment (223 mice) with different levels of chronic UV expo
sure, successfully predicts the tumor development after discontinuation
of UV exposure. This model is similar to those used in risk assessments
for skin cancers in human populations, e.g., in relation to stratospheric
ozone depletion, sunbeds, etc. The model separates UV-driven processes
from purely time-dependent processes. These stochastic processes, de
scribed by Weibull statistics, form stages in the tumorigenesis. This
interpretation of the data indicates that a late, UV-independent stage
occurs between the smallest observable tumors and larger ones with
diameters of over 4 mm. This could be a simple growth stage, but
histopathology suggests that it may also entail a transition from actinic
keratosis to squamous cell carcinoma.

INTRODUCTION

The induction of skin cancer by UV radiation is an important
public health concern. EpidemiolÃ³gica! data form the basis of
risk assessments (1-3), but these data have severe restrictions.
It is, for example, impossible to determine from epidemiolÃ³gica!
data which part of the solar spectrum causes skin cancer. One
needs a priori knowledge to interpret the data in terms of
exposure to UV radiation. This knowledge is most directly
derived from animal experiments: e.g., Roffo (4) and Blum's
group (5), who established that wavelengths below 315 nm (so-
called UVB) are the most effective in sunlight. Recently, more
detailed spectral data on UV tumorigenesis have become avail
able (6, 7).

The combination of epidemiolÃ³gica! and experimental data
has proved to be useful in risk assessments for a depletion of
stratospheric ozone (2, 8-10). These assessments mainly dealt
with stationary situations with various levels of annual UV
exposure. How changes in annual UV load during a man's life

affect his ultimate risk has been a matter of conjecture. Based
on so-called multihit, multistage, or multievent theories, one
can factorize the risk into a purely dose-related component and
a purely time-related component (11-13). Risk assessments
along these lines have been applied to situations with changes
in annual UV loads during a lifetime (14, 15). The experiment
presented in this paper provides information on the tenability
of such risk assessments.
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The present experiment was designed to investigate how
discontinuation of a course of daily exposures would affect the
ultimate tumor formation in comparison to the situation with
continued exposures. A larger experiment on tumorigenesis by
chronic daily exposure (16) served as a frame of reference from
which model predictions could be made for the present experi
ment.

MATERIALS AND METHODS

Mice. Albino hairless mice, Skh-HRl (not athymic), entered the
experiment at 6-8 weeks of age; both males and females were used.
The animals came from a random-bred colony in our animal laboratory;
the breeding stock originated from the Skin and Cancer Hospital in
Philadelphia, PA. These animals do not spontaneously develop squa
mous cell carcinomas of the skin; an animal may occasionally get a
papilloma late in life (16).

Maintenance. The animals were housed separately in cages that were
subdivided into 12 compartments. The mice had free access to mouse
chow and tap water.

Irradiation. The dorsal surfaces of the mice were irradiated daily with
Westinghouse FS40 T12 sunIamps (wavelengths in the UV between
280 and 370 nm with a maximum output around 310 nm) that were
mounted above the cages. These lamps were switched on automatically
from 12 noon to 1:15 p.m.; the irradiance was adjustable. The daily
surface exposure applied to the top of the cages was 1.9 kJ/m2 (meas

ured with a Kipp El l thermopile). At the dorsal level of the animals
(inside the cage) the exposure was reduced by about 20%.

The room was illuminated from 7:00 a.m. to 7:00 p.m. by yellow
fluorescent lamps (Philips, TL40W16), which emitted no UV radiation.

The Experiment. In 2 groups, of 23 and 24 mice, the daily irradiations
were stopped after 19 and 35 days, respectively. In one group of 22
mice the irradiations were continued. This latter group was also the
group exposed to the highest daily dose in the larger experiment on
chronic UV exposure (13,16) referred to in "Introduction." The present

experiment ran in parallel with this larger experiment.
Mice with a large total tumor mass (0.5 to 1 cm3) and/or with ill

health were sacrificed. A group was taken out of the experiment when
about 30% of the mice were lost, or when all of the surviving mice had
contracted tumors with diameters of over 4 mm.

Animal Observation. Initially, the animals under chronic, daily ex
posure were checked for tumors weekly. The animals in which irradia
tions were discontinued after 35 days were checked every 2 weeks until
a first tumor was spotted. Then this group was also checked every week,
and the group in which irradiations were stopped after day 19 was
checked every 4 weeks. After spotting a first tumor in the latter group,
it was checked every 2 weeks.

Tumors less than 1 mm in diameter could be spotted by a trained
observer. If it was the first tumor on an animal, the observation needed
to be confirmed in the next checkup or else the observation was
disregarded. This was done to reduce the error that a small transient
lesion could introduce in recording the number of tumor-bearing ani
mals.

For more details on the experimental setup the reader is referred to
our earlier publications (13, 16).

Definitions and Data Analysis. The tumor development in a group in
the course of time is measured in two ways: (a) prevalence, i.e., the
percentage of tumor-bearing mice, and (b) the yield, i.e., the average
number of tumors per survivor.
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TUMOR FORMATION AFTER DISCONTINUED UV IRRADIATION

Table l Overviewfor the three different regimens of daily exposure: initial number of mice, the time of termination (t-end), the number of survivors, the number of
survivors with tumors >4 mm in diameter, and the number of mice that died with and without such tumors before t-end

Exposure time
(days)19

35
C'No.

of miceat23

2422/-end

(days)600

324
190No.

of survivors16

1717Survived

with6

II
17tumors

> 4mmDied

with2

5
4Died

without5

21

' C, continued daily exposures.

Table 2 Percentages of tumors from 2 different exposure regimens: tumors of at
least 3 mm in diameter, n is sample size

ExposureSquamous

cell carcinoma
Actinic ketatosis
Kerato acanthoma
Seborrheic keralosis
Bowenoid tumor
Inverted follicular keratosisChronic(n

=68)73

174

3435

days
(n =24)8344

4
4

Prevalences are graphically presented by using an actuarial method,
the so-called Kaplan-Meier plot (17). With this method one calculates
the chance of tumor-free survival. One minus this chance produces the
prevalence as the chance of having contracted a tumor if deaths would
not have occurred. Thus, the prevalences are corrected for possible
interference of deaths.

The prevalence data, or rather the times to first occurrences of tumors
on individual mice, were fitted with Weibull distributions according to
the maximum likelihood method (18); this method also corrects for
censoring of tumor occurrences on animals that die before contracting
tumors.

RESULTS

The irradiations were stopped before the expected first ap
pearances of tumors under conditions of continued daily expo
sures. Nevertheless, tumors did appear, but the earlier the UV
irradiations were stopped the longer it took for tumors to
develop. An overview of experimental durations, survival, num
bers of mice with tumors larger than 4 mm in diameter, and
the numbers dying without such tumors before termination of
the experiment is presented in Table 1.

The tumors in the different groups were macroscopically
similar. On day 190 all tumors with diameters of at least 3 mm
were taken postmortem from 12 mice with continued daily
exposures, and on day 324 the same was done with 12 mice
with 35 days of exposure. The histopathological results are
presented in Table 2. There are no significant differences be
tween the two groups: the majority of tumors are classified as
squamous cell carcinomas.

If the prevalence, P, is described by a Weibull distribution we
get

P(t) = 1 - exp[-//(0]

H(t) = (f/f,)'

(1A)

(IB)

where t is time, H is the cumulative hazard function, t\ is the
time at which 63% prevalence is reached [i.e., H(t) â€”1], and p
is the power of time in the cumulative hazard function.

In Fig. 1 the prevalences of tumors of different sizes (<1, 1,
and 4 mm in diameter) are presented for the 3 different exposure
regimens. The fitted Weibull curves clearly show, especially for
the smaller tumors, that the prevalences with continued daily
exposures rise more steeply with time than those with discon-

prevalence
10-

0.5-

f

10 100 1000
time in days

Fig. 1. Prevalences versus time for the three exposure regimens: A, continued
daily exposures; â€¢,discontinuation of exposures after 35 days; O, discontinuation
after 19 days. A. for <l-mm tumors, B, for 1-mm tumors, and C. for 4-mm
tumors.

tinued daily exposures. Interestingly, the steepnesses of the
curves for a certain tumor size are about the same in the two
groups in which the exposures were discontinued. Such a sim
ilarity in steepnesses is also observed among chronically ex
posed groups, each with a different daily dose (13, 16).

In Table 3 the values off, are presented for 4 different tumor
sizes for the discontinued and continued daily exposures to 1.9
kJ/m2. For comparison, the results of continued daily exposure
to 0.06 kJ/m2 (13) are added at the bottom of Table 3. Looking
at comparable t\ values of a certain tumor size, 600 days for 2-
mm tumors, we see that the time differences with tÂ¡values of
other tumor sizes are larger with discontinued exposures. As
we have pointed out earlier (16), these time intervals cannot
simply be related to growth times of individual tumors: the
large variation in growth speed, stationariness, or even regres
sion of tumors necessitate a more careful interpretation. In
order to quantify the regression of tumors we can look at the
yield of tumors in two different ways: (a) as the actual number
of tumors at that point in time, i.e., the yield with regression,
or (Â¿>)as the number of tumors ever detected, i.e., yield without
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TUMOR FORMATION AFTER DISCONTINUED UV IRRADIATION

regression. The difference between the two is a measure of
regression. In Fig. 2 these yields are depicted for<l-mm tumors
for the discontinued and continued daily irradiations. For the
chronically irradiated group the difference is less than 5% (curve
of yield without regression is not drawn), but for the discontin
ued irradiations we see an increasing difference of 30% for 35
days and 50% for 19 days of exposure. For larger tumors these
differences become less: for tumors of at least 2-mm in diameter
we find differences of 10 and 20%, respectively.

If the mice within a group can be considered identical in
sensitivity and UV treatment, then one expects the yield of
tumors to equal the cumulative hazard function, H(t) in Equa
tion 1A (13); in analogy to the reliability theory (see formula
6.4.3 in Ref. 19). To see whether the observed yields do indeed
correspond with observed prevalences, we have transformed the
yields into "expected prevalences" by substituting the yield for

H(t) in Equation 1A. The curves in Fig. 3 give the outcome for
the yields of <l-mm tumors, i.e., the yields with regression.
The points depict the actual prevalences. The plot shows a fair
agreement between observed yields and prevalences.

The steepness of a prevalence curve is given by the Weibull
parameter p (Equation IB). In Table 4 the steepnesses for
different tumor sizes and the different exposure regimens are
given. At the bottom of this table we include the average
steepnesses from the aforementioned experiment on chronic
UV exposure with 6 groups with different daily doses (13).
There we found substantial variations, but no significant trend,

Table 3 The Weibull parameter t, (lime to 63% prevalence) for various regimens
of daily exposure, and 4 different thresholds of tumor detection

1.00- prevalence

Daily dose
(kJ/m2)1.90

1.90
1.90
0.06*Exposure

time
(days)C"

35
19
Ci,

in days for tumordiameter<1

mm67

106
4124951

mm82

165
495
5392

mm107

225
607
6004

mm146

306
695
659

Â°C, continued daily exposure.
6 See Ref. 13.

yield

20.0-

10.0-

0.2-

0.1-

200 500
time in days

Fig. 2. The yields of <l-mm tumors with and without regression for the three
exposure regimens: A, yield with regression under continued daily exposures; â€¢,
same type of yield with discontinuation of exposures after 35 days; A, discontin
uation after 19 days; O, yield without regression with exposures stopped after 35
days; O, exposures stopped after 19 days.

050-

10 100 1000
time in days

Fig. 3. The <l-mm tumor prevalences derived from the yields ( ) and the
corresponding, measured prevalences: A, continued daily exposures; O, discontin
uation of exposures after 35 days; O, discontinuation after 19 days.

Table 4 The Weibull parameter p, the steepness of the prevalence curre, (SE in
parentheses) for different exposure regimens, and 4 different thresholds for tumor

detection

Tumor diameter

19days"35
days"

Chronic"
Average chronicb<1

mm2.6

(0.5)
2.4 (0.4)
5.4 (0.8)
7.4 (0.6)1

mm2.9

(0.6)
3.2 (0.5)
4.4 (0.6)
6.9 (0.8)2

mm3.2

(0.8)
4.2 (0.7)
5.2 (0.8)
7.2(1.0)4

mm4.0(1.2)

5.0(1.1)
7.2(1.2)
8.5 (0.7)

" Present experiment.
* Values of p are averages of 6 groups with different daily doses (13).

in the steepnesses, e.g., p ranged from 5.4 to 9.4 with an average
of 7.4 for <l-mm tumors. In accordance with this, we find that
all the estimated errors in p are rather large, 10 to 20%.

We will now try to tie in the values of p after discontinued
daily exposures with those for continued daily exposures. In
the process, we will make predictions for the tÂ¡values after
discontinuation of the daily exposures. In "Discussion" we will

go into to the underlying interpretation of the model we are
using.

From our experiments on chronic daily exposure we found
that t\ is inversely proportional to Dr, where D stands for the
daily dose, and r = 0.62 (16). This type of relationship holds
best for small tumors. For large tumors (say for diameters of 2
mm and larger) this simple relationship breaks down with
increasing daily dose and decreasing induction time. Using the
simple relationship we can substitute D~' for t, in Equation IB,

and we get

= c(D'ty

(t/t0Y

(2A)

(2B)

where c is a proportionality constant, TD = t D = total dose,
pi = rp = 4.6,pi = p(\ -r) = 2.8, and TD0 and f0 are mutually
dependent constants, e.g., 80 kJ/m2 and 100 days, respectively.

The given values of the constants are applicable to the <l-mm
tumors. Now we have separated H(t) in a purely UV-dependent
factor (TD/TD0) and a purely time-dependent factor (r/f0).

The reciprocal relationship between /, and Df translates di
rectly into a similar relationship between t, and the total dose:
TD1* t, = a constant. The straight line in Fig. 4 depicts this

relationship. For larger tumors we need to correct for tumor
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TUMOR FORMATION AFTER DISCONTINUED UV IRRADIATION

1000â€”ti in days

500-

200-

100-

50-

50 100
TD (in kJ/m?)

200

Fig. 4. The predicted f,, i.e., time when 63% prevalence is reached, as a function
of the total UV dose, TD: the straight line for < 1-mm tumors and the curved line
for 4-mm tumors; corresponding measured r, values, A for the <l-mm tumors,
â€¢for the 4-mm tumors, for the present experiment. Bars, SE.

growth and the fact that not all of the smaller tumors progress
to larger tumors. The first correction is given by a time delay
of 19 days/mm diameter, and the second by an increase in TD0
of 6.7 kJ/nr/mm diameter (13, 16). This latter correction
lowers the yield of tumors to the portion that progresses to the
tumor diameter under consideration. Thus we can calculate an
expected relationship between TD and t\ for 4-mm tumors: the
curved line in Fig. 4 [note that TD for continued daily exposures
is corrected for the growth delay, tg, i.e., TD â€”D (i, â€”/â€ž)].The

plotted points in Fig. 4 are the results of the present experiment,
and they appear to agree with the expected relationships (for
the discontinued exposures we find for the <1, 1-, 2-, and 4-
mm tumors x2 of 7.90, 1.53, 2.69, and 0.65, respectively, each
with 2 degrees of freedom; only the x2 for <l-mm tumors is

somewhat large).
At the point in time where the daily irradiations are discon

tinued, TD in Equation 2B becomes constant. Hence H(t) starts
to rise with t to the power p2 = 2.8, instead of rising with / to
the power of p= 7.4(=pl + p2), as in Equation IB for continued
daily irradiations. This expected value of 2.8 is consistent with
the actually observed values of 2.4 and 2.7 (Table 4) that we
find for the prevalences with discontinued exposures. Similarly,
one expects to find p2 = 2.6 for 1-mm tumors after discontin
uation of exposures (pi = r p - 0.62 x 6.9 = 4.3, hence p2 =
6.9 â€”4.3 = 2.6), which is also reasonably consistent with the

actually observed values of 3.2 and 2.9 (Table 4).
Instead of taking r = 0.62 for all levels of chronic exposure

and tumor sizes, as previously derived (16), one can derive
separate r values for each tumor size over the range of daily
exposures where log(fi) is linearly related to log(D); the regres
sion coefficient being â€”r.The range of daily exposures below

and including 0.48 kJ/nr appears to provide such a dose range,
where values of tÂ¡for 4-mm tumors are larger than 200 days.
Table 5 gives these values of r, and the adjusted average values
of p. Now r ranges from 0.6 to 0.5, going from <1- to 4-mm
tumors. Based on these results one can recalculate expected
values of pi and p2 for all tumor sizes according to Equation
2, without further corrections for tumor growth. The values of
pi appear to be surprisingly consistent for the different tumor
sizes. The expected values of p2 agree well with the averages
found after discontinuation of the daily irradiations. Thus, if

Table 5 Values of r and average p (see Equation 1) with tumor detection
threshold set at 4 different tumor diameters over the range of chronic daily

exposures below and including 0.48 mj/m2
For the continued daily exposure/)! = rp, p2 = p â€”pi, and 7"Â£>0(inkJ/m2) is

calculated for f0 = 100 days; see Equation 2B. The values of p2 and TD0 for
discontinued daily exposure are averages of the 2 groups.

DailyexposureTumor

diameter
(mm)<11

2
4f0.60

0.60
0.57
0.51ContinuedP

P\Pi8.0

4.8 3.2
7.7 4.6 3.1
8.2 4.6 3.6
9.1 4.6 4.5TD084

96
138238Discon

tinuedpi

nV2.6

81
3.1993.7

131
4.5 213

Â°Calculated as TD (r,/100)""".

we limit the analysis to long enough tumor latency periods, we
find that the simple Equation 2B is reasonably accurate for all
tumor sizes. However, we find that the goodness of the fit of t\
versus TD is less than with a correction for growth delay, but
not significantly so (for the discontinued exposures we now find
for the <1-, 1-, 2-, and 4-mm tumors x2 of 10.4, 1.41, 3.19, and

5.96, respectively, each with 2 degrees of freedom).

DISCUSSION

Discontinuation of daily irradiations does not prevent the
appearance of tumors, but with earlier termination of exposures
we see longer periods of time before tumors start to appear.
Moreover, the rate at which tumors subsequently appear is
correspondingly lower. As with lowering the daily dose under
conditions of chronic exposure (16), the prevalence curves
appear to shift parallel along the log-time axis toward longer
times as the irradiation period is shortened.

The steepness of a prevalence curve is represented by the
Weibull parameter p, i.e., the power of time (Equation 1). In
multihit theories this value of p is interpreted as the number of
events leading up to the ultimate tumor formation (12, 14). It
has been pointed out that this is too simple an interpretation
of p (13, 18, 20). Here, we will loosely interpret/Â»as a parameter
that is proportional to the number of rate-limiting processes or
stages in tumor formation: each process or stage terminates in
a stochastic "event." For example, such an event could be the

exogenous or endogenous activation of an oncogene, preceded
or not preceded by a clonal expansion of cells. Or the event
could simply be the clonal expansion of a transformed cell to a
certain macroscopic tumor volume without prior removal of
the cell(s) by skin turnover or other active processes, such as
immune reactions (21, 22).

Mathematically speaking, the eventual Weibull distribution
of tumor occurrences may be produced by the convolution of
two or more sequential Weibull processes; the sum of their
values of p yields the ultimately measured value of p. Each of
these Weibull processes may represent the occurrence of a rare
event in a multitude of cells ( 13, 18, 23). The number of foci in
which these processes, or stages, are completed is proportional
to the cumulative hazard function, H in Equation 1. H actually
gives the expected number of tumors per individual at risk, i.e.,
the expected tumor yield.

Under continued daily exposures the value of p for the
smallest observable tumors equals about 7.4, and this value
drops to an average of 2.6 when irradiations are stopped before
tumors occur. A simple and straightforward interpretation of
these results is that 2.6 (p2) is the contribution to p of purely
time-dependent processes, whereas 7.4 â€”2.6 = 4.8 is that (pi)
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of the purely UV-driven processes (see Equation 2B). Thus, the
overall tumorigenesis is divided into two main Weibull proc
esses: one UV dependent and the other purely time dependent.

The type of dose-time relationship (tt oc D~r) we found for

small tumors (<2 mm) emerging under chronic UV exposure,
is generally found in experiments with chronic exposure to
carcinogenic agents (r depends on the carcinogen). This was
first established in experiments with dietary admixtures (24)
and with UV radiation (5) performed in the early 1940s, and
later on it was also found for ionizing radiation from radium
in bone tissue (25). For our animal model it leads to a dose-
time factorized tumor hazard for chronic UV exposure (Equa
tion 2), which yields a correct prediction of the tumor devel
opment after discontinuation of daily irradiations.

For larger tumors, e.g. with diameters of over 2 mm, we need
to correct for tumor growth and the fact that not all of the
small tumors progress to larger tumor sizes. The mathematical
description we have developed earlier (13, 16) to correct for
these effects in mice under continued daily irradiations appears
to hold for discontinued irradiations, too: see Fig. 4.

Alternatively, we can ignore these corrections for the larger
tumors, and limit the analysis to appearance times which are
sufficiently long. Thus, the fraction of time taken up by clonal
expansions of tumor or precursor cells is presumably rendered
sufficiently small for the appearance times to be dominated by
stochastic processes that are better described by Weibull prob
abilities. In this case the simple Equation 2B, with a different
value of p2 for each tumor size, offers a good approximate
description. The value of pi for the UV-driven processes is very
consistent for the 4 different tumor sizes we measured (Table
5).

The observed increase in p2 with tumor diameter could be
caused by an additional stage in tumor development. It could
simply be ascribed to a delay time due to the growth of tumors,
but it might also indicate that there is an additional, stochastic,
UV-independent event involved going from <1- to 4-mm tu
mors. The event could be the eventual progression to malig
nancy of individual cells in benign tumors. This would be in
accordance with our previous finding that the vast majority of
tumors with diameters smaller than 2 mm are classified as
actinic kÃ©ratoseswithout any indication of malignancy (16),
whereas most of the tumors with diameters of over 3 mm are
classified as squamous cell carcinomas (Table 2). It is also in
line with the present observation that with increasing diameter
fewer UV-induced tumors are seen to regress.

Experiments on discontinuation of daily or weekly UV ex
posure have also been carried out by Blum's group (5). They

induced sarcomas and carcinomas (in a ratio of about 3:1) on
the ears of albino Swiss mice, and reported the results of
sizeable tumors (60-mm3; if hemispherical, about 6 mm in

diameter). The exposures were discontinued after relatively long
periods of time, 95 and 74 days, delaying the tÂ¡from approxi
mately 180 days for chronic irradiation to 210 and 400 days,
respectively. The prevalence curves show a gradual decrease in
steepness with shorter exposure periods, falling to about 0.4 of
the steepness with chronic irradiation. If the growth of these
tumors is similar to that of the tumors in our animal model,
this would imply that these investigators stopped irradiating
when a high percentage (probably well over 50%) of the animals
had already developed tumors with diameters of over of 1 mm.
This would indicate that UV irradiation still has a measurable
effect on the rate of occurrence of large tumors when smaller
ones are already present; most likely by further increasing the

pool of UV-transformed, precursor cells. Alternatively, further
UV irradiation could produce more suppression of the immune
reaction against the antigenic UV tumors (21, 22, 26, 27), thus
allowing more tumors to progress, and/or to progress faster.

In conclusion, we found a consistent mathematical descrip
tion of tumorigenesis by UV radiation, valid for continued (13)
as well as discontinued daily exposures. Interpretation of this
description leads to a model in which the effects of UV radiation
and time are separable. In the tumor hazard (Equation 2B) this
is expressed by two separate factors, one dose dependent and
one time dependent. This is a well known description of carci-
nogenesis in general (12, 13), and it is also applicable to human
data on skin carcinomas ( 1). The dose-time relationship inferred
from these human data is similar to that found in experiments
on chronic exposure of mice; this similarity can be used to
ascertain the increased skin cancer risk in a stationary situation
with depleted stratospheric ozone (9). The dose-time factorized
description has also been extended to assess the effect of a
temporary change in annual UV loads of humans (14, 15). The
present experimental results on a nonstationary exposure regi
men (i.e., discontinuation of daily irradiations) are in line with
such an extension.
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