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Abstract—A new multihit model of carcinogenesis is developed for use in evaluating age-specific
cancer incidence rates in human populations. The model allows for some heterogeneity in both risk
{perhaps genetic) and pathway (number of hits). Fitting the model yields estimates of (1) levels of
effect of background exposure 10 environmental agents, (2) tumor growth times after initiation of
a malignant cell, and {3) relative sizes of high-risk groups in a human population. Maximum
likelihood procedures are used to fit the model to the polyposis coli data of Veale and the colon
cancer incidence data from the Third National Cancer Survey. Model estimates may be verified
in some cases by review of independent data in the literature and results have both theoretical and
practical implications. Findings are generally consistent with the adenoma-carcinema etiologic
sequence postulated by Hill, Morson and Bussey with one exception. A large proportion of the
population may be al risk of four-hit celon tumors following a non-adenoma etiologic sequence.

1. INTRODUCTION

SEVERAL multihit models of carcinogenesis have been proposed to explain epidemiologic
and laboratory data on cancer incidence [i—11). Such mathematical formulations of tumor
development may be used to study variations in tumor development time, estimate the size
of high risk groups, develop new etiological hypotheses of tumor induction, and assess
strategies for cancer preveniion. We adopt Berenblum’s view [12] that a tumor originates
from a single cell and moves through several stages of change and growth before it becomes
manifest as a clinical malignancy. A heuristic model of this process has been proposed
[13.14]), in which a malignant cell is induced through alteration of cellular DNA by
radiation. chemicals, viruses, or other factors. This process may be retarded by phenomena
such as DNA repair, or accelerated by promoting agents. A single malignant cell replicates
to form a tumeor at a rate dependent on numerous stimulating and inhibiting factors.

Farber [15, 16] suggested that a malignant cell is the result of an evolutionary process
in which a normal cell undergoes several mutation-like events, each followed by selection
as the altered cell reproduces itself. These events were considered rate-limiting steps, which
could be viewed as “hits™ in the multihit model of carcinogenesis, Since either mutation-
like events or actual mutations have the same mathematical implications in the multihit
model, these terms will be used interchangeably.

Previous work in theoretical epidemiotogy has set a precedent for this view. Lilienfeld
and Lilienfeld [17] noted the similarity of a multihit model developed by Burch [18] to the
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Reed-Frost model of epidemics. The conversion of a susceptibie to a case by contact is
analagous to a mutation which converts a normal to a malignant cell.

Multhit models have been fitted to human cancer incidence data from population-based
tumor registries. but the usefulness of such models has been hampered by two major
problems [7]. First, the number of hits required to produce a malignancy seems to vary
for different cancers in the same population and from one population to another for
specific forms of cancer. Second, some cancers, such as the leukemias, do not appear to
fit the model at all. Development of new procedures to account for genetic, environmental.
and other heterogeneity in the population at risk [19], variations in tumor growth patterns,
particularly for slowly growing tumors such as those of the colon and prostate [20, 21].
and the effects of temporal trends in cancer incidence on data from cross-sectional studies
[22] can improve the utility of the multihit model of carcinogenesis.

in this paper a new model is developed that incorporates both {a) parameters necessary
for heterogeneity in a population at risk and (b) variations in tumor growth patterns, The
model is applied to human colon cancer incidence data from the Third National Cancer
Survey [23] and etiologic implications are discussed. Extension of the model to allow for
estimation of temporal trends in cancer incidence is developed in a separate article [22].

2. REVIEW

A review of quaniitative theories of carcinogenesis has been provided by Whitiemore
and Keller [24]. The original ideas essential to recent mathematical models of carcino-
genesis are found in three nearly simultaneous primary sources. A one-hit model dependent
on moneclonal tnmor origins (that is, that a tumor originates in a single cell) was proposed
in 1950 by Iversen and Arley [25]. Fisher and Holloman [26] suggested a model based on
multicellular tumor origins in 1951, And in the same year, Muller [1] became the initial
proponent of the multiple mutation theory of radiation carcinogenesis. the forerunner of
modern multihit models of tumor development.

The one-hit model was exiended 10 a two-hit process {27}, but this approach has not
been successfully applied to human cancer incidence data until recently [28.29]. Data
indicating that most tumors are monoclonal [30] have cast doubt on the multicellular
model introduced by Fisher and Holioman [26]. Nordling [2] examined cancer mortality
statistics from several countries and concluded that a multistage process might explain why
cancer mortality rates in males increased according to the sixth power of age. Stocks [3].
Armitage and Doll [4, 5], and others [7, 8, 28] have extended this work.

3. DEVELOPMENT OF A NEW MODEL

We assume that the process of carcinogenesis has two clearly defined stages. First, there
is a stage of induction of a single malignant cell; this is followed by a stage of tumor growth
or multiplication of that cell in a promoting environment to form a clinically observable
tumor. The concept of Iversen and Arley [25] of cells that require a single hit for indication
of malignancy is extended to the case where cells require multiple hits. A cell is defined
to be malignant when it has received a sufficient number of hits fo become the original
cell of a malignant monoclonal tumor.

3.1 4 mathematical model of the initiation process

The waiting time, r,, until the appearance of a malignant cell (the &£th hit) has a gamma
distribution if the hits are independent, and identically distributed exponential variables
with parameter m, or

gley=m*nk ~Lexpi—nuik — Iy N

Then if MV cells in a tissue are susceptible to alteration. the distribution of the first order

statistic (that is, the time the first cell acquires its &th hit and becomes malignant) is

gl =N — G{fl}}'\l_ 'g(n),
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where G(¢) is the gamma cumulative distribution function. This relationship was first
noted by Armitage er al. [31, 32].

Mayneord and Clarke [33] estimated the number of cells comprising a person of average
size to be 10'*. Small organs such as the thyroid gland have about 2 x 10° cells, while larger
organs such as the lungs or skin have an estimated 5 x 10'® cells. We assume that N is large
enough that g, (1) is approximated well by its limiting distribution as NV approaches infinity.
This limiting distribution can be shown to be a Weibull distribution {34]:

gt ~w(t)=km* e}~ exp{ —(mu ) }. (2)
with cumulative distribution function:
Win)=1—exp|{—(my)).
and hazard function (or incidence rate at time f):
hit) = km* 5=,

Watson [35, 36] has shown that this process may be approximated by the Weibull
distribution under more general conditions. If the probability that any given cell becomes
malignant remains small during the human life span, the hits need not be independent,
the rate-limiting steps may be epigenetic rather than mutational. and hits may occur in
any sequence, or even be reversible by DNA repair or other phenomena.

Considerable evidence supports the notion that carcinogenesis in any tissue or organ
may involve several independent biological mechanisms; each mechanism may require one
or more hits. More specifically, background exposures to environmental agents, or genetic
predisposition to cancer, may move a cell part way through the process for some
mechanisms, but not others. Hence, if & — | hits have been accumulated in one pathway
from background exposures, an added dose increment capable of providing the last hit
may produce a linear increment in risk. while agents that act through other multihit
pathways may produce sublinear responses. Thus heterogeneity (environmental or genetic)
in tumor induction systems may result in linear, quadratic, or higher order polynomial
dose-response curves.

Also, individuals may be disposed to a tumor arising from different numbers of hits with
varying probabilities due to both genetic and environmental factors. For example, multiple
carcinogens may alter the probability of tumor induction through a specified pathway.
Nevertheless, estimation of the distribution of probabilities of induction of one, two, . . .,
or M-hit tumors in an aggregate population will yield some indication of the size of
predisposed subgroups.

3.2. Tumor growth after cellular initiation

Many authors who have fitted the mulitihit model to human cancer incidence data have
assumed that the time from the appearance of a single malignant cell to clinical appearance
of a tumor is a constant [7, 10, 37, 38]. While this assumption may be a reasonable first
approximation, Sutherland and Bailar [20] have shown that it also may lead to erroneous
estimates of the number of hits required to induce a cancer, particularly for slowly growing
tumors.

Suppose that the first malignant cell proceeds to a clinically observable tumor without
regression and that cells independently producing other malignant tumors at a later time
grow at the same rate as the first. Departures from these assumptions occur if (1) regression
or immunologic suppression of an aberrant cell is common or (2) cells independently
rendered malignant proceed to a clinically observable tumor at radically different rates,
i.e. the first malignant cell may produce a clinically observable tumor after the appearance
of a tumor caused by a second, independent malignant cell. Evidence in the literature
suggests that the first situation is rare or not (yet) documented [16, 39, 40, 41, 42] for
human cancers induced by low-level environmental exposure to carcinogens. No evidence
is available on human tumor growth rates prior to clinical diagnosis of malignancies.
Tumor growth rates are highly variable after diagnosis and such variability would effect
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parameters estimated by the model. However, animal data on microscopic colon tumors
indicate that variability during early stages of growth is not great enough to produce many
clinically detectable tumors out of sequence with appearance of the original malignant celis
that form the tumors [43].

There is evidence that many tumors grow exponentially, at least to a first approximation
[43-48]. For the moment suppose that tutnor growth is exponential during the entire tumor
growth pericd. Let i denote the number of doublings in cell number required for a tumor
to grow to detectable size, and D denote time for a tumor (o double in celi number {or,
approximately, size). Then ¢, the duration of tumor growth at the time of detection can
be estimated as

I'G=HD.

We now assume that » and D are independent lognormal random variables; this implies
that tumor growth time up to the point of detection is also lognormal, These assumptions
of lognormality are supported by data on lung tumors described by Charbit ef af. [49).
Geddes [45), Chahinian [47], Meyer [30], Schwartz [51]. and Weiss [52]. Available data
[47, 50-52] suggest that the correlation between the required number of tumor doublings
71 and size at time of clinical detection D is less than 0.3. For present purposes this does
not seem unacceptably out of line with our technical assumptions of independence.

Data on tumor sizes at clinical diagnosis from the Cancer Surveillance, Epidemiology.
and End Results (SEER) Program of the National Cancer Institute [53] alse suppert
lognormality. Figure 1 shows that the lognormal cumulative distribution function provides
a remarkably good fit to the distribution generated by empirical data on 13,540 individual
patients with information on the size of first observed colon tumor. A
Kolmogorov-Smirnov test [54] for goodness of fit. however, indicated a slight (but
statistically significant) deviation in a positive direction from lognormality at small tumor
sizes (see Fig. 1. Excess numbers of small tumors may be attributable to differential tumor
detection caused by screening of asymptomatic patients. The discussion below assumes
lognormality of D as a useful approximation.

3.3, Relaxing the assumption of exponential growth

Some evidence [43, 45, 46, 35) supports the conjecture that tumor growth is not strictly
exponential. However, whenever growth 1s a function of attained tumor size only (and not
time), a change of the time scale can be used to create exponentiality. With this assumption,
actual tumor growth time ¢; from the appearance of a single malignani cell to clinical
observation of a tumor is a constan! percentage of the time z; expected under the
assumption of exponential growth. This constant percentage or proportionality constant
can be patient-specific, tumor-specific, or both, to accomodate heterogeneity.
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In order to allow for non-exponential tumor growth, suppose this percentage is denoted
C, where k is the number of hits required to induce a malignant cell. Then, 5= C, t;. If
t; is lognormally distributed, then so is ;. Thus we obtain the following density function:

L(15)=(J2na 15)  exp{—(n 1 — u'V 20}, 3

where p' = +InC,, u = E(Intg) and ¢> = Var(ln £5).

The convolution of the distribution of time to initiation, equation (2), with the
distribution of tumor growth time, equation (3), yields the distribution, f{r), of the time
to clinical appearance of a k-hit tumor:

f@y=fh+ ) =wltym kL5, C, poa), (4)

where m is the gamma hazard rate of a &-hit tumor.

3.4. Heterogeneity of the population at risk

It is well known that some individuals are genetically predisposed to certain malig-
nancies [56]. Crump [57] has commented on the desirability of a mathematical model which
would allow for a variety of genetically susceptible subgroups in a population. In the
coniext of a hit-theory model, Burch [38] suggested that genctically predisposed subgroups
of a human population may require fewer hits to produce a malignant tumor. Knudson
[59-62] and Ashley [63, 64] have fitted models to cancer incidence data to illustrate the
possible effects of heterogeneity.

Not all heterogeneity in risk is genetic. Concomitant disease (e.g. immunodeficiency) can
cause marked variations in risk. Heterogeneity in exposure, rather than response, may be
extremely important. Here we deal directly with only genetic heterogeneity of a population
but extenstons to other kinds of mixtures should be straightforward.

Genetic heterogeneity is incorporated into the present model by assuming that the
number of hits required to produce a malignant cell varies from individual to individual,
k=1,2,..., M A variety of discrete and continuous distributions have been evaluated
[65] for modeling the probability of induction of a malignant cell after & hits (binomial,
geometric, negative binomial, Poisson, negative hypergeometric, lognormal, gamma,
normal, beta distributions). The use of continuous distributions in this context (indeed,
of any distribution not strictly on the positive integers} has not been closely argued, but
seems to imply that the multihit model is being used solely for its descriptive properties
and not for the interpretive/explanatory properties that led to its original development
(and its name). Lack of flexibility in these unmixed distributions, both continuous and
discrete, often results in a fit of the model to incidence data that is poor compared to the
fit anained by allowing for M discrete subgroups in a population where the sizes of the
M subgroups are considered the proportions of the population at risk of 1, 2, ..., M-hit
tumors.

3.5, Incorporation of heterogeneity in the model

Let p, be the probability that an individual is at risk of imtiation of a malignant cell
after k hits. where k =1, 2,..., M. The distribution of time te clinical appearance of a
tumor can be expressed by compounding the probability distribution function, f(#), of the
time to clinical appearance of a k-hit tumor equation (4} with respect to the probability
of an individual being susceptible to a £-hit tumor. The density ¢(z) can be written,

M
v() =Y fUlhsm, Copo)p;. (3)

k=1
The heterogencous multihit model, equation {5} has 3M + 2 parameters: M, u, o, m and
C,.wherek =1,2,... M, and p,, where k = 1.2,.. ., M — |. The mean and variance of
tumor doubling times and the number of doublings prior to clinical detection may be
estimated from independent data in the literature and used to calculate g and o as noted

previously. We assume that p and ¢ are not dependent on mechanisms of induction.
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4, FITTING THE MODEL TO COLON CANCER DATA

Fitting the model to cancer incidence data requires a thorough understanding of the type
of cancer under study because malignant neoplasms of various tissues have a variety of
risk factors, growth patterns, and high risk groups. It is desirable to have a large number
of cases of a specific cancer from a homogeneous population whose exposure to relevant
etiologic agents is thought to have been constant over many decades. Available data from
a carefully studied high-risk subgroup in the population can be heipful in refining and
validating the model. Because epithelial tumors may have different underlying mechanisms
of origin than other tumors such as leukemias or sarcomas [11] it is desirable to utilize
cancer incidence data coded with sufficient detail to identify epithelial tumors. Analysis can
then be restricted to this tumor type.

Colon cancer incidence data come close to satisfying the above criteria. Data are
available on colon tumor doubling times tn animals and humans. In particular, polyposis
coli, a genetic disease that produces an extremely high risk of colon cancer, has been
carefully studied. Colon cancer occurs with high incidence in western industrialized
countries and during this century in the United States, colon cancer ncidence and
mortality rates have been more stable than rates for most other sites [66]., suggesting that
exposure to etiologic agents has also been rather stable.

In this section, a method for fitting the multihit model of carcinogenesis (equation 3)
to cancer incidence data is illustrated. Parameters for colon tumor growth time are
calculated. The modet is fitted to data on polyposis coli patients, then to cancer incidence
data from the population of Colorado during the period 1969-1971.

4.1. Maximum likelihood fit of incidence data

Cancer incidence data are determined from the number of cases. x;. and numbers of
persons at risk, &, for i =1,2,..., g age groups. Groups may be further subdivided by
sex, race, known exposures, or other tactors. Assuming individuals respond independently
with low individual probabilities. the probability of x cases occurring within the ith age
interval may be regarded as approximately Poisson distributed:

Plx,om)=mpexp(—ny)ixt
The likelihood L that exactly x; cases of cancer occur in g age groups of a population,
i=1.2,....g, with #; persons at risk in the ith age group is:

L= ﬁ Plx m), (6)

Q=
where my;, the expected number of cases in the ith age interval, is closely appreximated
by,

m,=uijl f(1) de,
=1

where A(1) = ()1 — V(1)) and V'(¢) is the cumulative distribution function of ¢{r).
Since v{¢} (see equation 5) is a function of the maximum number of hits allowed in the

model, #m, the model can be fitted sequentially for M = 1.2.. .., ¢. As M is increased the
value of the likelihood function will increase. We find the smallest value of i such that the
difference in the value of the likelihood for M =ivs M =i+rforeachr =1.2,.. .. ¢and

large ¢ is not statistically significant. We then select M = as the appropriate parameter
for the tumor type and population under study.

It should be noted that small sample sizes would result in low values of M being selected
because of low statistical power. The likelihood is the product of g Poisson probabilities
where g is fixed as the number of age groups specified. Small sample sizes within age groups
would cause numbers of cases observed to fluctuate about expected numbers more than
{or large sample sizes. This effect is essentially random, and disappears as the sample size
approaches infinity. In order to minimize this problem, we selected a tumor type for which
large numbers of cases are available for this analysis.
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4.2, Colon tumor development time

Failure to include variable tumor development time in the multihit model has inhibited
its use as an effective tool in the analysis of human cancer incidence data. Colon cancer,
a case in point, is a slowly growing tumor taking many years to develop from a single
initiated cell to a clinically detectable neoplasm. Sutherland and Bailar [20] have shown
that underestimates of colon tumor development time in previous work resulted in an
overestimate of the number of hits required to initiate a malignancy.

Previously, it was shown that tumor growth time may be approximately lognormally
distributed with parameters 4" and ¢ {(equation 3). The parameter 4" is equal to the sum
of three terms,

w=FElnn)+ E(lnDY+1InC,,

The mean size of colon tumors at detection was 4.49 cm in a series of 13,540 measurable
colon tumors in the SEER data [53]. Welin e¢ af. [67] noted that colon tumors approximate
the geometric shape of a cylinder. Using this assumption, the mean tumor size at detection
is approximately 36.4 doublings of a cell 10 ym in diameter. The data of Steel [46] shows
that the average doubling time for 19 human adenocarcinemas of the colon and rectum
is 1.73 years. Then, approximately,

p'=n364+Inl73+InC,,

where €, is a constant to be estimated by fitting the model. Since C, is anticipated to be
on the order of 0.5, the average tumor growth time will be about 30 years. The second
parameter in the lognormal distribution (equation 3} is estimated by the square root of
the sum of the variance of log of the number of doublings required prior to clinical
detection and the variance of the log doubling time.

4.3. Computer procedures

A computer program was developed to estimate the parameters required to fit the
multihit model of carcinogenesis to colon cancer incidence data. Convolutions were
calculated using a numerical analysis procedure developed by the authors [63]. Choice of
interval widths of time in the Weibull and lognormal distributions were found to be critical,
Selection of a very small interval width required excessive use of computer time. Large
interval widths generated errors in evaluation of the convolution. A satisfactory width was
found to be 0.25 years. This required caiculation of 340 values of the Weibull and
lognormal distributions (to cover ages 0-85) prior 1o evaluating the convolution at each
step of the iterative process of maximizing the likelihood.

Parameter estimaies must be greater than zero in most cases to be biologically or
statistically meaningful. Also, inappropniately large valnes of parameter estimates often
caused excessive use of computer time and produced meaningless results. Parameter values
were therefore restricted to meaningful intervals using a logistic transform.

A subroutine which utilized a quasi-Newton method with different approximaticns to
derivatives was used 10 minimize —?2 log likelihood. Confidence intervals were readily
calculated on parameters generated by the model since differences in —2 log likelihood
asymptotically follow the chi-square distribution [68). A FORTRAN listing of the
program is available from the authors.

4.4. Fitting polyposis coli data

A well-known hereditary predisposition to carcinoma of the colon occurs in persons with
polyposis coli. Virtually ail persons with untreated polyposis of the colon get colon cancer
unless they die prematurely. Since polyposis coli patients form a major genetically
predisposed subgroup for the induction of colon cancer and since these individuals
apparently require fewer hits [63] to initiate malignancy. we utilize data on such patients
to develop preliminary estimates for the probability of single-hit tumor induction.

The polyposis coli data of Veale [69] when plotted as incidence curves show a bimodal
pattern that is more pronounced in males than in females (Figs 2 and 3). Reed and Neel



472 JEFFREY V. SUTHERLANI and JowN C. BaiLar 111

100 104 i
5
S ag ;,f, 30 /
5 80 Z 80

5 !
@ 70 w 70
g g
5 &0 £ &0
(=} a
o 50 o jiiv]
9 ag 9 40 /
¢ 30 T30 :
g 20 g 20
or
< 10 - 102
2 o
- ¢ 20 30 40 50 &0 70 A0 = 1 20 30 40 30 60 7O 80
Lge tyr) Age (yr)
FiG. 2. Annual colon cancer incidence in 156 male F1G. 3. Annual colon cancer incidence in 114 female
polyposis coli patients. The muhihit model is fit 1o polyposis coli patients. The multihit model is fit to
the data of Veale |69]. Plus signs are empirical data the daia of Veale [69]. Plus signs are empirical data
and the curve is estimated by the model. and the curve is estimited by the model.

[70] noted the same phenomenon when their cases were combined with the data of Dukes
{71}. Utsunomiya ef al. [72] noticed bimodality in Japaunese data but reported that it was
not statistically significant. Ashley [63] reviewed the data of Veale [69] on colon cancer
occurring in polyposis coli patients in the context of the multihit model of carcinogenesis.
He estimated that persons with polyposis coli require one or two fewer hits than normal
persons for the induction of colon cancer.

The data of Veale [69] (after Ashley [63]) were retabulated into a form suitable for fitting
by the model under discusston (Table 1). The model was fitted for M equal 1o 1. 2, or 3.
Differences in values of the likelihood function indicated that M =2 provided a
significantly better fit than M =1 for males (p < 0.003) but not for females. No significant
improvement in the fit was found for A = 3.

Model parameters for M =2 are tabulated in Table 2. Sex differences in parameter
values generated by the model are not statistically significant. Model results suggest that
one-hit tumors occur with much higher probability and are more slowly growing than
two-hit tumors. However, only about 227 of individual predisposed to polyposis coli are
susceptible to one-hit tumors, whereas 78°;, are susceptible to two-hit tumors. Colon cancer
arises tn 100% of the one-hit group, but only 15%, of the two-hit group. The majority of

TasLe 1. Polvposis o a1 a OF VEALE [6Y]*

Males Females
Midpoinl of
age interval Cases  Pop  Cases  Pop
25 0 L36 i 114
7.5 0 | 56 ] 14
12.5 a |53 1 )
17.5 i 147 1] 106
23 o onr 2 97
275 & 127 3 w4
325 14 09 % 3¢
ars 17 i3 10 Rl
425 & 53 7 37
47.5 14 kL & 26
52.5 6 15 [} I8
575 3 10 i 7
625 2 1 1 3
67.5 ] 4 1) [
725 ¥ 1 | |
715 2 2

*Drata relabulited from Ashley [63]. MNote that (he
population at rish decreases with advancing ape,
due to individuals being treated for polyposis
calv by removing the colon, somelimes belors the
appearance of ooy malignant tumor.
Pop = population al risk.
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TabLE 2. POLYPOSIS COLI DATA ON VEALE {69] MaximMuM
LIKELIHOOD PARAMETER ESTIMATES AND 93% CONFIDENCE
INTERVALS

Parameter Male
o T
| 0.07559 (0.G5289-0.10638)
iy 0.00326 (0.00214-0.00359)
<, {0.52882 (0.43820-0.56997)
C. 0.16318 (0.06285-0.31917)
P 0.21845 (0.19327-0,22652)
Female

M 2

m, 0.05542 {0.03869-0.06562}
s 0.00366 (0.00234-0.00400}
C 0.49793 (0.44347-0.55771)
Gy 0.07248 (0.0000K0)-0.21258)
P 0.22536 (0.19052-0.23564)

*The parameter A is the maximum oumber of hits
allowed in the model. The average probability of a
hit is # and varies for one and two-hit tumers. C;
is the expected proportion of lumor development
fime under the assumption of exponemial growth
and varies for one and two-hit tomors. The param-
eter p 15 Lhe proportion of the population ac risk of
a ong hit tumor. The proportion of the population
at Tisk of a two-hit tumaor is equal to one minws p,.
See equation (5).

observable tumors arise in the one-hit subgroup. Caution must be used in interpreting this
result because the majority of polyposis coli patients are treated by removal of the colon
and are no longer in the population at risk (see discussion in Section 4.6}.

4.5. Fitting colon cancer data

Incidence data for colon cancer have been evaluated by Cook er af. [7] and Ashley [76]
yielding hit parameters on the order of 6.5 for males and 5.5 for females. Ashley [64]
comments extensively on six differences suggested by the data. However, sex differences
are variable and sometimes non-existent in different countries [7]. Genetic or environ-
mental heterogeneity of male and female populations in different parts of the world could
generate such anomalies.

Data from the U.S. Third National Cancer Survey for Colorado are evaluated here [23].
Sarcomas and tumors of unspecified type were removed from the data since sarcomas are
a different biological entity that happens to occur in the same anatomic location. They tend
to appear at earlier ages and to be faster growing than epithelial tumors [11, 77). Table
3 shows numbers of remaining cases occurring in white males and females aged 0-34, and
for single-year age groups from 35-36 to 84-85 years of age and the 1970 census population
data available for each age group. Single-year age groupings were used in order to provide
the maximum likelihood estimation procedure with as much information as possible. Data
for cases over age 85 were not used because census population figures for age groups by
year were available only up to age 85 and incidence data from groupings at older ages may
be unreliable [10, 22].

Model parameters were fitted to the data by maximizing the likelihood function
(equation 6). The probability of a hit in the development of a single-hit tumor was assumed
to be the m, obtained by fitting the model to the polyposis coli data, because most single-hit
tumors appear to arise in polyposis coli patients, The parameters m, &k =2.3.... . M, C,
k=12,....Mand p,. k =1,2,..., M — 1, were estimated from the data. M was fixed
initially at two and increased in subsequent runs until the likelihood function reached an
apparent maximum {evaluated by its showing no subsequent significant increase). A value
of M =4 was found sufficient to describe the data (see Fig. 4 and 5). Concurrently, the
data were fitted by assuming that a proportion of the population was not susceptible but
this model did not maximize the value of the likelihood function and was discarded. A
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TapLe 3. Covor Cancer i CoLokabo, [969-197(*

Whie males White lemales
Midpoint of

ape interval Cases Pup Clases Pup
3 245 4 Sh 3uY 5 574827
s ] 13421 | 13.620
31,5 1 12,560 | 13042
325 ] 12.479 1 12.794
315 1 12220 0 12,505
5 | 12202 4 12.471
335 3 12.242 | 12,275
36,5 I L1.539 ki 1 1.943
3tTs 1 | 1563 0 12313
s i 12154 ki 12,136
39.5 1 12,367 3 L2338
40,5 £} 12,759 3 12,748
41.5 3 12,051 3 12,414
41,5 4 11.996 2 12,587
43,5 ki 11,624 4 12,485
44.5 & 11,955 3 |2.374
455 9 11741 ] 12614
46,5 2 L1442 3 | 2,547
475 5 11775 L] 12,277
48.3 El 12.073 f 12,490
49.5 ! 11320 16 170
0.5 4 11511 11 11667
SE3 ;] 10,914 # 1LO0%
515 4 [LOE +31 {1 10,6008
535 1] Qi 5 1L Ela
545 ¥ YRR & 1EOl6
55.8 1 Y257 16 URTH
56,5 12 K7 B ek
57.5 [} ¥743 7 9439
58,5 17 €580 17 KTT
9.5 1% LN It Rol
60,5 13 8247 16 A0
G5 17 Todo 4 KA
615 L3 ER G ET ®115
(2 12X BRE) a0 EERT
645 18 H3KY 13 477
63.5 L5 SRy I8 T2
B, 5 149 a3y 1% vl
7.5 20 3540 A 6562
685 M 4918 15 6l
64,5 17 74 e 6175
E) 14 45837 20 6334
75 17 4343 24 SRU8
723 12 3876 n 3313
135 22 3865 22 17
4.5 27 i7la M 00|
755 17 3475 el 483
6.5 22 3204 29 461y
77.5 I8 03 4 4420
.5 1% 2544 21 377
79.5 15 23m2 24 inld
30,5 15 2346 35 542
§1.5 I 26 pel 328
LES) If 1629 23 2727
¥3s X 1460 2 2362
nd3 Lt 1333 s B
Total GRE] L0, 193 RS L7055

*Data selected from Thurd Nuuonal Cancer Survey tape supplied by the NCT
Biometry Branch and include white cases with site codes 1530.0- 15009 exvept tor
gight  sarcomas  and  nineteen  tumors  with  unspecibed  Tnsiobogy.
Pop — population ot rsk.

summary of parameter estimates and 95%, confidence intervals on these estimates is
presented for male and female colon tumors in Table 4.

Average tumor development times are estimated from equation (6) to be in the range
21.4-40.3 years for one-, two-. three-, and four-hit tumors with one-hit tumors growing
fastest in both males and females (p < 0.05). The suggestion of fast growing one-hit tumors
may be an ariifact generated by underreporting of single-hit tumors in older polyposis coli
patients or due to a multiplicity effect. The fastest growing tumor may be the first tumor
detected in a polyposis coli patient with multiple tumors. Alternatively. the proportion of
susceptible persons in the population surviving to older ages may be differentially depleted
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FiG. 4. Annual colon cancer incidence based on 639 epithelial tumers occurring in 1,040,193 white
Colorado males ages 0-85 during the Third National Cancer Survey (1969-1971). Plus signs are
empirical data and the curve is estimated by the model.
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Fi6. 5. Annual colon cancer incidence based on 8035 epithelial tumeors occurring in 1,070,554 white
Colorado females ages 0-35 during the Third National Cancer Survey (1969-1971). Plus signs are
empirical data and the curve is estimated by the model.

due to cancer at younger ages, or prophylactic colectomies may artifactually lower
estimates of single-hit tumor incidence rates.

Table 5 displays in summary form the implications of the model concerning proportions
of the population at risk for one-, two, three, and four-hit tumors and the percent of
cancers observed each year that correspond to the various mechanisms of carcinogenesis.
The parameters p;, i=1,..., 3, were used to estimate the size of population subgroups
at risk of one, two, three, and four-hit tumors. Cumulative incidence is the sum of the
age-specific incidence rates for persons aged 0-74 and indicates the probability of disease
in a subgroup over a lifespan. The percent of tumors observed is proportional to the size
of subgroups at risk and the cumulative incidence of colon cancer within subgroups. Less
than 1% of observed tumors arise in patients with polyposis coli. Over 30%, are estimated

to be two-hit tumors arising 1a persons genetically predisposed to isolated polyps, 17.27%;
arise as three-hit tumors, and 51.9% are four-hit tumors,

4.6. Discussion

The polyposis coli data suggest that one-hit tumors occur with higher probability and
grow more slowly in a subgroup of 22% of patients with polyposis coli than two-hit tumors
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TaBLE 4. COLORALD COLON CANUTE INCIDENCE DATA |HLRL

SATHMMAL CARCER SURVEY (1969-T1) MaximMU™M LIKELIHOOD

PARAMETER ESTIMAILS AnD 95%, CUNFIDLNCE INTERY RIS FOR
MLULUIHIT MODEL WITHE HE ) LROGENEITY

Parameter Male
M 3
ny fixed at 0.07559 (see Tahle 2)
" L0046 (00371 -0.00315)
", 000366 (000297 0.00418)
"y (L0068 ] ({0.00653- 0.00707)
[ O.3903240.29755-0,47974)
[ {.56421 (050465 063167
O, 31915 (0433770043033
< 060870 (0.58138-0.61901;
M 0.00006 {0.00002 0.00015)
B 004740 10.03150-0.06479
P 0.28041 (0.02906-0.52498)

Female

M 4 )
” fixed al 0.05542 (see Tahle 2)
"y DLO033 (2.00293-0,0374)
my 0.G0342 (000257000407
ny {00714 (000685000734
[ 0.33920040.23403-0 42582
[ 0307193 (0 451 34-0,55454)
[ 542204043301 -0.T1740)
[ 0.63963 (0.61497-0,66594)
P 000006 (000001 00001 53
P 0.08388 {0.06152-0.10819)
I 0.27459 (0. 10923-0.42935)

*The parameter Af is the maxrmum number of hits allowed
in the model. The average probability of a Wit for un
b-hit wmor s oy O s the expected proportion of
tumor development lime expected under the assumption
of exponential growth. The parameter p, 15 the propor-
tion of the population at risk of a one-, vad-, or three-hit
1emor. The proportion of the population at nsk of a
four-hin tumwor s equal w0 - g o ps- 0 See equation
(5).

occurring tn a subgroup of 78Y%; of polyposis coli patients since m is larger than m., and
C, is larger than C, for both males and females (see Table 2). This is consistent with the
hypothesis of Veale [69], who originally suggested that three allelic genes form the genetic
basis of colon tumor etiology. He postulated a dominant gene “P” linked to the
development of polyposis coli, a recessive gene ~p™ related to the induction of isolated
polyps, and a normal gene *“+"". The Pp genotype results in early onset of polyposis coli.
the P+ genotype produces late onset disease, and the pp genotype results in the
appearance of isolated polyps. The very rare PP genotype was never observed with
certainty and the p+ genotype was considered indistinguishable from the normal + 4
genotype.

Veale's hypothesis may be true for some two-hit tumors, but is unlikely to be true for
others. Fifty-two percent of the polyposis coli patients were selectively removed from the
population at risk by prophylactic colectomy [691. If only low risk patients remained at
risk, the model would tend to select these individuals into a two-hit subgroup with short
tumor growth time. The P+ group postulated by Veale could still be a small percentage
of the 78%; of polyposis coli patients in the two-hit subgroup. In any event, individuals

TaBlr 5 SUMMARY 1aBll IMPLIED BY PARAMETER FilIMATEST

Frequency Curmnulative Percent

. of ngid, () 74) of canvers

Mechanism of SEOOINE i of cancer observed in

Genome CATCITIOEETIEN propulation in penome population
Polyposis + polvp I-hit ~ 10 100} 3
Polyposis + normal 2-hit ~{ Ly il
Polyp + polyp 2-ht .6 9 HLE
Palyp + normal Y-hu e 1.2 b7
Mormal + nommal 4-hil L 16 514

*Male and Female estimates arc avernged
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in the two-hit subgroup of polyposis coli patients produce a negligible number of tumors
in a general population series.

The analysis of the Third National Cancer Survey series is of interest because whether
or not colon cancer can arise de rovo is an area of controversy. Muto er al. [78], after
reviewing the literature and evaluating their own data, stated the following:

(1) Considerable evidence supports the hypothesis that adenomatous polyps and villous
adenomas predispose to colon cancer. It is generally agreed that hyperplastic and juvenile
polyps have nc malignant potential.

(2) Some authorities argue that adencmatous polyps have no malignant potential.
However, all are agreed that villous adenomas predispose to colon cancer [79].

(3) A recent prevailing view is that adenomatous polyps and villous adenomas are
histologic variants of the same neoplastic process.

(4) Definitive evidence is not available to show that all colon cancer arises from
adenomatous polyps and villous adenomas. However, sufficient evidence exists to suggest
that at least half of the colon cancers develop from previously benign adenomatous polyps
and villous adenomas.

The parameter estimates generated by fitting the multihit model to colen cancer
incidence data suggesi that half of the colon cancers develop de novo when viewed in
relation to current theories of the pathogenesis of colon cancer. The rationale for this
interpretation is discussed below. Development of cancer in patients with ulcerative colitis
is not considered here since they appear to account for less than 19 of colon tumor
incidence [B0].

Hill e al. [74] extended the hypothesis of Veale for the pp genotype. They postulated
three environmental agents A, B, and C, which may be viewed as hits in the multihit model.
Then,

pp + A—small adenomas,

pp + A + B—large adenomas,

pp + A + B + C—carcinoma,

and occasionally. pp + A + C—carcinoma,

This hypothesis was supported by pathological and epidemiological data on the devei-
opment of adencmas and carcinomas. Note that the pathway pp+ A + C can result in a
two-hit carcinoma in a person without polyposis coli.

Parameter estimates indicate that the majority of individuals (67.2%, of males, 64.1%, of
femnales) are at risk of four-hit tumors. In addition, the risk of a four hit tumor is estimated
to be higher (p < 0.05) than the risk of a three-hit tumor. If the four-hit tumors were
simply an extension of the three-hit adenoma sequence, the four-hit tumors should be less
probable. Since they are not, this implies that at least one pathway to a four-hit tumor
is independent of the three-hit adenoma sequence tumors.

Morson [82] observed that 10% of colon carcinomas at St Marks Hospital showed
evidence of benign adenomatous or villous tumors in continuity with invasive growth. The
proportion was 50% for early tumors. It was suggesied that growing cancers destroy
previously benign tumors. One of the possible alternative explanations is that over 50%,
of colon cancers follow a four-hit pathway different from the adenoma-carcinoma
sequence. Early cancers might tend to show excess adjacent benign adenomatous or villous
tumor tissue because these cancers would be more likely to be two or three-hit tumors.
This hypothesis could explain the observation of Burkitt [83] that colon cancer exists in
rural communities in developing countries where polyps are virtually unknown. These
colon cancers may be four-hit tumors that do not require environmental exposures
esseniial to development of polyps which are precursors 10 one-, two, or three-hit tumors.
{Of course, it is by no means clear that relevant environmental carcinogens are absent, or
even uncommon in less developed areas.)

Results imply (see Table 5} that the percentage of four-hit tumors is almost the same
as the percentage of observed colon tumors for which Morson er af. cannot document the
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occurrence of the adenoma-carcinoma etiologic sequence. Slightly less than half the tumors
may arise from a polyp sequence. In addition. 6.6% of the population is at risk of
non-polyposis two-hit tumors, a group which probably represents individuals with familial
predisposition to colon cancer. We note that Lynch er al. [84] estimated that 6.58% of
persons in the U.S. have two or more first degree relatives with cancer and are at elevated
risk for colon cancer. This group, although small, is at high risk and produces a substantial
portion of the numbers of tumors observed in the population at large.

4.7, Advantages and disadvantages of the present model

Available data on the epidemiology of adenomatous polyps do not permit comparison
of hit probabilities estimated by the muitihit model with the incidence of polyps in different
countries or in regions of the United States. If such data were available, examination of
parameter estimates generated by fitting the model to cancer incidence data (which are now
available for many regions and countries) and the relation of these estimates to the
incidence of polyps, dietary factors, and lifestyle variations in different population groups
could suggest specific etiologic hypotheses.

Variahility in the genetic heterogencity between male and female populations should be
examined through use of additional colon cancer incidence data available in the United
States and other countries. Evaluation of data from other tumor sites will also be of
interest, particularly if the size of a genetically predisposed subgroup can be estimated
{breast cancer might be a good example).

The decreasing incidence of colon and other cancers in some populations at older ages
in the 19691971 data could indicate that only a subset of the total population is at risk
of developing colon cancer. However, reduced risk. such as of lung cancer, in older cohorts
or underreporting in old age groups [10] could produce the same pattern, making
interpretation difficult. The collection of more complete cancer incidence data, particularly
in older age groups, would help to reduce the number of alternative hypotheses.

In its present form our biological interpretation of the model is strictly valid only for
continuous constant exposure to carcinogens. Devesa and Silverman [66] state that U.S.
colon cancer incidence rates have mcreased from 23.8 per 100,000 in 1947-48 to 29.0 in
1969-71 in white males and decreased from 26.0 to 24.8 per 100,000 in white females during
the same periods. These changes are small and should result in minor variations in
parameter values, Further research in this area is needed. however, particularly if this
model is now to be applied 10 tumor sites where incidence is highly variable over time.
The model is extended to the more complex case of variable exposure in a separate
manuscript [22].

The primary value of this multihit model is its capability of generating parameter
estimates which can be directly related to independent data in the literature. As new data
become available on tumor cell kinetics, the size of tumors at diagnosis, the epidemiology
of polyps and carcinomas, and the effects of various environmental carcinogens, the model
can be refined and updated. Although alternative models may provide an adequate fit to
cancer incidence data, few at present provide parameter estimates that can be empirically
verified.

Acknewledgements—The authors acknowledge the helpful suggestions ol Drs Emmanuel Farber. Alfred G.
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