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Abstract Several statistical methods have been proposed by scientists to describe the time to appearance and growth rate of turmors caused
by environmental agents; particularly evaluation of the hazard of chemical carcinogens and its relation to the cause and resuiting growth
rate of tumors. The discovery of DNA opens the opporlunity for scientists to understand the basic feature of the development of
carcinogenicity. Consequently significant advances in modeling of effects of carcinogenesis have been achieved. The bwo stage models
proposed by Mooigavkar and Knudson {1981) and Moolgavkar and Venzon (1979) have made significant contributions (o cancer modeling
because of their biological praperties. In this paper, by incorporating the two-stage models of Moolgavkar-Venzon-Knudson (MVEK) we
propose a semi-parametric method and study its statistical and biological properties. Using simulations we study effects of carcinogens on
cancer development through seme iniliation-promotion experiments. We also discuss the model for analysis of casc-control studies for

survival/sacrifice experiments.

i, Introduction

Chemicals are considered to be a major eticlogic factor in the
genesis of human tumors. In conlrast o the benign lumor,
maligrant, or cancerous tumaors are classitied as polentinlly fatal.
These tumors can be caused by certain agents call carcinogens.
Included in the list of possible carcinogens are viruses, genetic
factors, life-style, and certain chemicals (Whiltemore and Keller,
1978). The extermination of possible carcinogens from our
climate has become a major societal and governmental aim.
Information on the carcinogenic potential of chemicals bas been
obtained from bioassay studies managed with animal models to
understand the mechanism of carcinogenesis.

Carcinogenesis is a complex process involving {wo slages
{Whittemore and Keller, 1978): transformation and growth.
Transformation is the stages in which a normal cell has the
occurrence of one or more changes or mutations which make it
capable to develop cancer. Whereas growlh is the process of
multiplication by cell division, @ which the transformed cell
produces a colony of descendants called a clone. When the number
of cells in the clone is large enough the clone becomes a detectable
tumor, Tumors are capable of extensive growth. Carcinogenicity
is possibie because the cell division rate of the transtormed cell is
relatively higher than the death of the differentiated cell, This may
result in an increase in the number of susceptible target cells.
Consequently, increasing the probability that one of these target
cells sustains the mutation requires for tumor transformation
{Moolgavkar and Luebeck, 1992). Data from several areas of
research including oncology, towicology, and epidemioclogy
support this multistage nature of carcinogenicity,

Since the 1950's a number of different quantitative theories of
carginogenesis have been proposed. The main objective of these
theorles is to relale the frequency and time of ocourrence of
detectable tumors to the concentration and potency of the
carcinogen (Whittemore and Keller, 1978). A discussion of some
of these theories can be found In Armitage and Doll (1961}, Tn this
paper, by incorporating the two mutation mode of carcinogenesis

proposed by Moolgavkar and Venzon (1979 and Moolgavkar and
Knudson (1981), we propose a semi-parametric model and study
its properiies. Using this model we study the effects of carcinogens
on gancer lumor development through sumulated initiation-
promolion experiments.

in our analysis of both human cpidemiological and experimental
animal data our mathemalical models of interest are the hazard
(mcidence) function and the probability function associated with
tumor development by a given time, 1.
MO - fm e Prgt e Tt AT 2 ) (H
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where T designates the time (o appearance of the first tamor. Let
Pri) designate the probability of a malipnant tumor by time £ Then
P} is related to the hazard function as follows:
P - 1 - expi- j:, “h (9 dsy @

For a more detaiied discussion of mathematical carcinogenesis
models the reader is referred to Whittemore and Keller {(1578).

1.1 Assessment of the Effects of Careinogens on Cancer
Development By A Two-Stage Carcinogenesis Model

The assumptions required for the MYK two-stage model that will
be discussed in this research are as follows. Let X77) represent the
number of normal cells as a homogencous Poisson process with
intensily g, (P70, where g(t) is the first event rate. In a small
tme interval, (ze 49, an miermediale cell divides into two
intermediate cells with probability a,drvofdd; it may die or
differentiatc with probability #,4¢+o(Ay). The probability s
af4i) that more than one event will oceur,

Several statistical methods have been proposed by scientists (o
describe the time 1o appearance and rate of progression of fumoers
caused by environmental agents, In particular, evaluation of the
hazards of chemical carcinogens and their relation to tumor
causation and resulting growth rate. The two-stage model for
carcinogenesis originally proposed by Moolgavkar and Venzon
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(1970, has been recommended as a uselul model in
envirommental risk assessment, {Thorslund <t al, 1987, Portier and
Bailer, 1989}, Moolgavker and Lueheck, 1990}, Besides the
consistency of the model with human epidemiclogical data and
animal experimental data, the model is motivated by and based on
biological facts, (Moolgavkar and Lucbeck, 1920). The objective
of this paper is o develop a semi-parametric model (o assess the
effects of carcinogens on cancer development utihzing the

Moolgavkar, Venzon, and Knudson (MVE) two-stage model of

carcinogenesis.  Some  hypothetical  initiation-promotion
experimments on animals will be developed to test the model.

1.2 Bodel Development

In practical situations in animal carcinogenicity experiments,
animals are exposed to a carcinogen at different dose levels.
Tnitially, any one of the cells in an experimental unit s assumed to
b in 2 normal state, & Then, it may transfer o the tumor state, 7
or to the death slate, 0. The animal may die naturally or by
sacrifice. Aulopsy is performed to determine the presence or
absence of tumors. In the presence of competing risk in
carinogenesis experiments the exact cause of death 1s difficult 1o
determine for animals dving from causes other than sacrifices.
However, in most cases the mors of inmlerest are observed at the
animals death and assumed to contibule o its mortality. A
schematic representation of the mode! is provided 1o the following
diagram:

In & small ime intorval, (1 ¢ 4
transiion hetween the various states are defingd as follows:
(i} The incudence nmc ion Tor natural death withou! tumor for an
snbmal in state & o time interval {1,440 i
affy = lim o Pr [Doefn i+ 40D x4 T (3}
A
{iiy The incidence function for an animal in state & to develop a
tumnor in tme interval (7, 44 15
My - Hm = PrT ey, - A0 200208 (&
amn A
{111) The meidence function for natural death with tumor for an
animal in stale N in time micrval (4, 1 + 460 1s:
B(el) - fim —— PriDe (1o AHD 2 £ T e s (5)
Aol B
The event of death in the interval ([ - 1/) has a probability given
by
PriDe(-LAT24-40-155Hat)
where an antmal  starts without tumor in stale ¥ Progression
follows to either state 22 before tumor development at rate afi), or
io state T with tumor development at rate (1) with subsequent
death ccowrring atrate &(3).
A - H 1 - add]
3

34y = expl- fo I a0 dx {6)

& AD, the incidence functions of

Let the time interval [0 41] be partiioned into & sub-intervals,
covering the tme penod [, = 04, = 1/, where 1, is the starling time
of the experiment. Random variables 7, D and 7 are defined to be
time to tumor development, time 10 natural death and time to
potential sacnfice, respectively. The time to sacrifice 7 1s assumed
to be independent of both £ and 77 Furthermore, the competing
risk is assurned o be independent of the carcinogenesis process.
Let the number of natural cancer-free deaths, natural deaths with
cancer, cancer-iree sacrilices and number of sacrifices with
tumors at dose level Cf=¢) be designated by o), dyfel, Spe) and
Syfe), respectively. P, P Pyoand P, are the associated
probabilities of d,70), dyfc). 5,0¢) and s, rmpx_um The time
o cancerous tumor dev ‘~1opmuu 7, will be assumed to be a
continuous random vanable, while D and 7 are assumed 1o be
discrete random variables. The two-stage model of Moolgavkar-
Yenzon-Knudson {MVK) will be used as the medel for the
random variable T Therefore, the associated ncidence function
A1} assuming piccewise paramelers al time 7 from the ¢ level of

dose 15 given as:
(1) The approximated sofulion for A (1) is given by
it = g [0 explle, - B 0 - s)lds )
£l " -

(i) The exset solution for A 1/ 1s as follows:

AfDy y:fnr 1,8 .X(.s'){ axpj;;" 2e,B0.0m) - (aﬁvﬁjr;s:)}du} ey
(&)
in the case of high probability of tumor development the
approximated hazard function of Equation (7) 15 inadequate
(Moolgavkar ot al, 1988). The use of the exact solution is further
supported by Luebeck (personal communication, January 13,
1993}, Thus, the exact form of the hazard function in Equation (8)
will be used to perform the proposed animal simulation
cxperiments. The parameters of the model are assumed o be
piccewise conslant. The choice of the MVIC model sy an
unconchitional parametric distribution for time o tumor onset and
discrete distribution for mortality results i multistate transition
probabilities. The parumetne modeling for (1) is most commonly
used to measurs risk asseasment and may be more appropriate for
guantitative risk assessment than nonparametric models. The
cumulative disiribution finction f7 8 for time o tumor
development is given by
Fag8y - 1 - expl- ;;; ¥ 3 i) ds] (9

The hazard function for natural death without tumor s given by
P - >
@, = PriD rj,\D 24, T'> g
Thus,
. ; -1 10)
&, (0= 5, [n, S 4, 0] (1)
where, ;
J : : -
- and 4 - O {1-&
QH - 311 (t- Q’k,f) ke ¢ k.»:)
and g, is the probability thal an ammal 15 sacrificed al time £,
The hazard function for naturaljdcam with tumor s given by

£0) = syl 0 1[’1»‘3 (o «‘*k! tM]; ()
wherg J
A,08) - Fugh) - Fr oo ad Zo- T (- 00

mo k

For cur simulated experiments we assume that the number of
normal eells 15 constant and the snimals recelved vanous
sencentrations of dose defined as inftiator and promoter, Within
the framework of the MY maodel, the iniliator is an agent that
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affects mutation rates, while (he promoter is an agent that modifies
the kinetics of cell division, (Moolgavkar et 2, 1983). To
incorporale the effects of iniliators and promoters we introduce the
following paramecterizations. The parameter o, is assumed to be
TG per cell per week, (Moolgavkar and Luebeck, 1990). Thus, we
have the following parameters: &, = 16,00,
Py = € oxp {P;lﬂ {1+ CI}}9 Hop ™ €y €XD {P: In &+ C;)L

;= By = a + Bl + ), where , is an initiator, C,isa
promoter, and in is the natural logarithm.

Now we proceed to derive A4 in an instructive approach
avoiding a complicated integration. Following Singh et a1 {1993)
we can represent the hazard function in equation (&) for the ¢*
dose level and one initial cell at time u as follows:

ALD = 2N {exply (F - £)] - 1
(12}

v, » &)+ (1, + ) explv (i - 1)}
where 1
kP H (0‘2 * E‘k * ch) - 4“:,3 ;32;]
For this model we suppose that animals are exposed to a
carcinopen at constant exposure between ¢, and £, /7, < 1), and
there are no exposure to animals elsewhere. Then we divide the
time interval (0,4 into three time intervals, They arc (2, 4], (1,
), and {t, 5] where 1, = 0 and 1, = £, Now we define the
probabilities P, P, P, and P, associated with death without
cancer, natural death with cancer, sacrifices without cancer and
sacrifices with cancer, respectively, as follows;
{i) The probability of tumor-free natural death without tumers at

2

1
J Py = e Qe A S48 {13)
{i1) The probability of a tumor-free death by sacrifice L
Pym gy 0, S0 A, (14)
(i) The probability of natural death with tumers at lime N
Py OB A, 4, 8,7, 3 (15
(iv) The probability of a death by sacrifice with tumors at i
Py q QL 8,8, 2 ) {16)

13 Case-Control Model for Survival/Sacrifice Experiments

In this section we will consider an experiment with two groups.
One group is treated with a carcinogen and the other group is lef}
unireated. We also assumed that the tumor s irreversible and that
all anirnals are initially free of cancer. The random varisbles 7 LD,
and 7 are defined to be the time to lumor onset or death without
tumor, the time to natural death, and the time to sacrifice,
respectively. Let 7, < .. <4 to be the T distinot observed times of
death In treatment and control groups. Let 4, and o, denole the
numbers of animal naturally dead without tamors and with tumors
in group z at time 4, respectively. Let s;, and s, denote the
numbers of animals sacrificed without tumors and with tumors in
group z at time ¢, respectively. Let 8 and Z72) be lumor and
group indicator variables, respectively, where
J(} = 1 if a tumer has occurred by time ¢

=0 otherwise
Z{y) = 1 if an animal is a member of treated group

= () otherwise
Then the hazard function of tumor or set for group z at time 7 is

and g, -, - By -4

given by

AL = lim
Y

1

fP{Tﬁ{I,:~&f)§Tz:,6(&‘)~1,an},

the hazard function of death among live animals free of tumors in
group z is given by
a( fm M P [Telrts ADT 2 4 8«1, Z 2],
arw 0 At
the hazard function of death [or an animal with tumor in group z
1s given by
B - Dim - PiD et MDD > (80 - L, Z = 2],
ar~n A7
and the hazard of overall death among live animals in group  is
o~ lim T;—T—P{Ds U, ¢ ADID > 14, Z « 3

a0

Since the distribution of 7 can have both discrete and continsous
terms, Kalbfleisch and Frentice (1980) presented the overall
survivor function to time 1 without developing a tumor as:

F (T > % -5« expf- f‘ Afadsy [ (- ay
wherg, ’ Bt
By s P (T« e, 5(T) « 0|7 » £ £« 1)
and 4, is the hazard function for the continuous part. Within the
framework of our proposed model we assumed the MV model
Tor A1) and have no parametric restriction on a7, and 9.1
Following the argument of Portier and Dinse (1987), the
likelihood function is proportional (o the product of the following
terms over all anumals,

The probability of an animal being sacrificed in group = at time £,
and tumor-free is as ollows:
E@ >4, 80)-0Z-0-PI>e)Z-5

and the contribution of this ani{mul to the fikelihood is
SUY AL - )
Sl

where,

S0 = expi- f’ Agsy ds.

The prebability dhat an enimal in group z &5 sacrificed at time ¢, and
has a tumor is as follows:
PD>4Z -5 -PD>1, 85) - 0|2 = )
and its conlribution o the likelthood 1s
i 4

O{-o)-8@)HA (- a)
s ¥ ‘('f-:( ¥

where,
vy = PD=1]D2t, 7.0

The contribution to the fikelihood for an animal in group z and
died naturaily without tumor at iiimc £, 1s defined as follows
] g

o, 5.0} ﬁ a - %)

Similarly, the contribution to the Bkelihood for an animal in group
z and died naturally with lumor al time 7, s given by

&1 -1
0, 0 -0 - w80 TU - o)

Beeause of restrictions on the number of pages we will not further
discuss the case-control mode] for survivalfsacrifice experiments.
The sinutation results for this model will be published somewhere
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1.4 Paramester Estimation

Let &, {8, ;,jc, A.(} nmd S(!} he the maximum bkelihood
estimates of &, (ﬁ) A, } and 5,1, ) respectively. The
functions a; (@,-, Lin ;.c;u ations {1} anu(l 17y, respectively, are
functions of the pfiramntus and the value of d); and dy
Accordingly, the resulting log Hkelihood function under a Markoy
model js a function of the parameiers and the data. The fog
likelihood is given as foflows:

Ec
tog 7 - £ gyl (5, 00} 5y .n{L AZ00, b mmmm
s f}
where », is the tolal pumber of animels for ¢ dose group in iim
study and the constant denoles those lerms which are constant with
respectto &

The Hkelihood equation (17) cannot be solved in closed form.
Thus, a sumerical method is suggesied to find the ma AL
likelihood estimators for the parameters. There are many
numerigal methods avqiiabk 10 estimate & numerically, In this
studv we used the M algorithm discussed by Dempster ¢l al,

{1977 1o estimate the parameters, The name Ed follows from the
fact that cach icration congists of two consecutive sleps:
expectation and maximization. This algorithim is easy 1o program
and provides a simple method of estim ation. The simplicity of the
calewlations provides an inexpensively executed estimation
procedurs in spite of the fact that in general, many ileralions are
reguired.

In the case where an experiment has multiple dosc levels more
notations will be mirodoeed. Let o, k=1, ., &4 designate the
dose level given o an animal dying naturaily from any cause and
at ary bapor state in dose group & Let be the tomi number of
snimals in the beginning of the experiment for the © M doge fovel
Then, for the case where multiple dose levels are usad, the
maximum lkelihood estimate for the model paremeters ollows
from the method of z single dose level.

1.% Simulations

Wow, we diseuss the procedures and resulls of initiation-

promotion simulation experiments. The experiments can be

summarized as follows:

i. Random samples were generated within the : framework of
semi-parametric model,
The amimals were observed until time of death sither by natural
causes or by sacrifice.

. The presence or absence of turmors was determined by an
autopsy following the death or sacrifies of an animal.

4. Yacidence rates somputed by the model under carcinogens

affccting the parameters were compared.

2

Lad

To ilinstrate the effects of carcinogens on cancer development,
simulated animals were subjected to a carcinogen and followed
over time, The tme intervals were divided into three subinlervals.
Namely, subinterval before, subinterval during and subinlerval
afler the exposure. Mote thal the paunmm of the model are
fanctions of the conventralions (¢). The concentralions ol the
imitiator and promoter are chosen as C, = 20, 40, 63, 130 and C
= g, 40, 60, 100, We assumed the liumb(,r of normal cells 5

— TG

constant with an initial value &' = 1G°. The parameter &, 15 known
1o be 10 per cell per week (Maoolgavkar and Luebeck, 1989}, and
the mutation rates take the value g, = g, = 10"

Various experimental situations were considered. in experiment
¥ there is no initiation or promotion effect on any of the
parameters. [nitlation and promotion doses were introduced o
alfect u, and (e, - B8, respectively, in experiment I In
experiment HI the eflects are on g, and (#, - 3,). For expertiment
TV the affects of initiator were 0n g, and g, and the effects of
promoter were on (&, - ;) Promoter offects were applied on
(2, - G, in experiment V. Finally, in experiment VI we
introduced iniliation doses which affected mutation rates u, and g,

1.6 Summary of Simulations

Numierical resulls of initiation-promotion experiments for various
situations are presented in figures 2.9, These survival/sacrifice
pxperimenis were condicted to study the elfects of carcinogens in
a simulated mice experiment. The mice in these experiments were
gposed to a carcinogen from the time of weaning until their death,
A randorm aumber of mmice were saerificed weekly, For each mouse
in these experiments the ume of death, mode of { death [naturally or
by sacrifice) and presence of tumors al the time of death were
given, ach mouse in the experiment was exposed 10 various
conc:;:ntrzmom of the carcinogen as initiator and promoter in the
amount of € = 0, 40, 60, 100 and C, = 0, 40, 64, 100,
n Experiment Hi, where the carcinogen eflects j, and {a, - )
only, the nwuumuz‘.tu were relatively small. The incidence rates
changed stightly with the increase i the amount of the initiator or
the promoters, Within the framework of the model, in this
axperiment there was no effects ap plied 10 gz, the mutation rate of
the nommal cells. And aceordingly, we might have only a small
number of intermediate cells p.mmu,d from normal cells. Inthis
EXpEAmMEn we may eonclude that the absence of initiator eifect on
o2, i slowing the carcinogenicily in mice.

The incidence rates were higher in mice when the carcinogens arc

affecting the mmtation rales g, and g, and cell division rate
{a, - ) a3 in experiment [V or the normal cell mutation rate 4,
and cell division rate (&, - &) as in experiment 1L o these
experiments the incidence hlh,\ increased as we increased the
concentrations of inifiator andfor promater. For both experiments
the effvets on The dosc-response relationships were small when o

= () gndd C, = 40, 60, or 100,

Ciraphical comparisons of the expected mncidence rates for
experiments 11, 11, and 1V are illustrated in graphs A-G. The
graphs show the expected incidence rales for given C, and
different concentrations of ¢, and for given C, and different
concentrations of U, Tn these graphs for any amount of ©, wo
shserve that the incidence rates increase considersbly as the
amount of (), increases. Whereas, the incidence rates do not
change uch when O, has the concenlrations <0, 66, and J00 for
any given dose of C, When Cp = 0 the incidence rates are
minimal. These graphs suggest that the initistor affects the dose-
responsce relationship i it is followed by a considerable dose of
promoter. The initliator may not cause cancer if there is no
promoter affecting the cell net proliferation rale (&, - £,). From



these experiments we may conclude that the most important
factors for carcinogenicity are the mutation rates #, and 2, and
cell division rates.

We observed little effects of the carcinogen on the dose response-
relationship in experiments ¥V and VI Note that in experiment V
the carcinogen introduced was a promoter to affect the kinetics of
cell division (e, - 8,) and introduced in cxperiment V as an
initiator to affect the mutation rates #, and g, of normal and
intermediate cells.

(Figure A)
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