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Biostatistical Issues in the Design and
Analysis of Animal Carcinogenicity
Experiments
by Christopher J. Portier

Two-year animal carcinogenicity experiments are used to evaluate the potential carcinogenicity from exposure to
chemicals. Thechoice ofexposure levels, the allocation ofanimals to doses, the length of exposure, and the choice of in-
terim sacrifice times all affect the power of statistical tests for carcinogenic effects and the variance of interpolated estimates
ofcarcinogenic risk. In this paper, one aspect of this problems is considered: the ability oftumor incidence data to pro-
vide information on carcinogenic mechanism and the optimal choice ofdesign parameters with which to achieve this pur-
pose. The direct application of biochemical data to the estimation of carcinogenic risk is also discussed in detail.

Simple Stage Model
The mechanism by which chemicals induce carcinogenic re-

sponse in test animals canbe an important factor in estimating the
potential carcinogenic risk resulting fromhuman exposure. The
primary method usedby U.S. regulatory agencies has been to esti-
mate cancer risks using data from 2-yearanimal experiments and
conservative models for estimating low-dose risks. However,
there has been increasing pressureon these agencies tousemecha-
nistic models for the estimation ofcarcinogenic risks. Among the
potential models for use, the multistage models ofcancer (1-3)
that include clonal expansion ofcells inthe various stages ofcar-
cinogenesis have receivedthemostattention. Several authors have

suggested the use ofone specific form of this class ofmodels, a

simple two-stage model of carcinogenesis used extensively by
Moolgavkar and co-workers (4,5) and Cohen and co-workers
(6-8). Figure 1 illustrates this model. Basically, normal cells are
transformed (via mutation) into premalignant or initiated cells.
These initiated cells proliferate or die outviaa simple birth-death
process. They can also undergo a second transformation that re-
sults in a malignant cell and may eventually grow into a tumor.
The shape ofthe dose-response curve for carcinogenesis has

a significant impact on low-dose estimates ofcarcinogenic risks.
Models for which the slope ofthe dose-response curve is positive
and finite at dose zero are referred to as "low-dose linear"
models. For these models, small changes ofdose in the low-dose
range would result in proportional increases in the probability of
cancer. Models for which the slope of the dose-response curve

is zero or negative in the low-dose range are referred to as

"nonlinear" models. For these models, a small increase in dose
in the low-dose range will result in almost no change in the risk
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ofcancer. It has been shown that the usual animal carcinogenicity
experiment provides very little information on dose-response
shape and that models that yield widely divergent low-dose risks
will adequately fit most data.

Portier and Edler (9) considered theability oftumor incidence
data to differentiate between various mechanisms ofcarcinogen-
esis within the contextofthe two-stagemodel (Fig. 1). Using sug-
gestions ofothers (10,11 ), they classified carcinogenic effects into
three basic classes depending upon how the dose effect is incor-
porated into the model. "Initiators" are defined as those carcin-
ogens that alter the rate at which cells move from thenormal state
to the initiated state (a, in Fig. 1). "Promoters" arethought to be
chemicals thatactdirectlyonthebirth rateofinitiated cells ((3) by
clonally expanding the numbers ofthese cells. The final mecha-
nistic class used by Portier and Edler was labeled "completer."
These are chemicals that affectthe rateatwhich initiated cells are
transformed into malignant cells, thus completing the carcinogen-
ic process.
These mechanistic labels for carcinogenic action are basically

derived from a type ofcarcinogenesis experiment known as the
initiation-promotion-intiation (IPI) experiment. In these IPI ex-
periments, a single dose ofan initiator is given to the test animals
at the start of the experiment. This is followed by chronic ex-
posure to a promoter and, after some time, the application of
another initiator. The order in which the chemicals are given is

FIGURE 1. A simple two-stage model of carcinogenesis.
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crucial to the rate oftumor formation. That is, ifthe promoter is
given first, followed by the initiator, very few, if any, tumors are
formed. It is thought that the initiator interacts with the DNA of
normal cells causing mutations which somehow predispose these
mutated cells to carcinogenesis. The promoter is thought to in-
crease the clonal growth of only the initiated cell, allowing the
numbers ofthese cells to increase rapidly relative to the normal
cells. Finally, the second initiator (or completer) completes the
carcinogenic process by causing a second mutation in the in-
itiated cell, which results in the formation of tumors.

In an attempt to improve the estimation oflow-dose risks, it has
been proposed that mechanistic models ofcarcinogenesisbeused
in the risk assessment process. The advantage of mechanistic
models of carcinogenesis over more empirical models is that it
is believed that different carcinogenic mechanisms will result in
different dose-response shapes. From the discussion above, if
this is true, then information on the mechanism ofaction ofa car-
cinogenic substance will result in improved low-dose risk
estimates. For example, it is widely held that chemically induced
mutations of the type resulting from initiators and completers are
low-dose linear (10,11). The mechanisms that lead to chemically
induced promotion are thought to be nonlinear. These theories
are highly speculative (12); yet, we can look at the operating
characteristics of applying them to see if further research into
their use is warranted on statistical grounds.

In their analysis, Portier and Edler (9) were able to show that
the usual design of the animal carcinogenesis experiment provid-
ed little information that could be used to differentiate between
linear initiation/completion effects and nonlinear promotion ef-
fects. Their basic approach was as follows. Control rates for the
baseline (untreated) parameters in the two-stage model were
chosen using historical information on a large population ofcon-
trol animals (13). Various levels ofdose effects (low tumor yield
to high tumor yield) were determined for each set ofparameters
for each potential mechanism (initiation, promotion, and com-
pletion). Given one such hypothesized model, they then sim-
ulated the results of an animal carcinogenicity experiment bas-
ed on a particular choice of design parameters. These design
parameters included the standard design (no interim sacrifices,
three dosed groups and a control group, 50 animals per group,
doses in the relative magnitude of 0, 0.25, 0.5 and 1) and eight
other designs that added start/stop dosing and interim sacrifices.
For each simulated data set, parameters for four two-stage
models (the four two-stage models fit to the data included a
model where the effect ofdose was an initiation effect, a model
for which the effect ofdose was a completion effect, a model for
which the effect of dose was a promotion effect, and a global
model which allowed for all three types ofeffects) wvre estimated
based on maximum likelihood estimation. Likelihood ratio
techniques were used to determine how often each of the three
singular-effect models (initiation only, promotion only, and com-
pletion only) described the data as well as the model that allowed
for all three effects. Under this modeling scheme, they were then
able to study the effect ofchanging the design ofthe carcinogen-
esis experiment on the rate of rejection of the various models.
Under the usual design ofanimal carcinogenicity experiments,

it was generally found that all of the models fit the data well,
regardless ofthe underlying model. When data were generated
assuming a linear initiation-only effect, the initiation model and

the completion model provided as good a fit as the global model
in virtually all cases (>99% of the time). All three models were
accepted in 85-95% of the cases studied (depending on the
magnitude of the assumed dose effect). When a linear comple-
tion effect was assumed, similar results were obtained. If the
completion effect was assumed to be a function ofdose squared
(quadratic completion model), approximately 98% ofthe cases
were adequately fit by either a linear initiation model or a
quadratic completion model and 74-93% of the cases studied
were fit by all three models.
For promotion effects, Portier and Edler (13) considered dose

effects on the birth rate of initiated cells that were functions of
dose raised to the first power (linear promoter model) up through
the fourth power (quartic promoter model), resulting in four
basic models. When the assumed model was based upon a linear
promotion effect, all three models (linear initiator, linear com-
pleter, and linear promoter) fit the data in approximately 95% of
the cases studied. As the shape of the dose effect became more
nonlinear, it was possible to reject the linear initiation model and
the linear completion model with greater power. For a quartic
promotion model, the initiation and completion models could be
rejected in 15-50% ofthe cases studied, whereas the promotion
model was accepted in about 95% ofthe cases. Thus, only for a
highly nonlinear promotion effect was there any strong degree
of differentiation between these models when the usual design
of the long-term animal carcinogenicity experiment was used.
Based on these results, Portier and Edler (13) considered

several alternative designs. When the underlying model was bas-
ed on a linear initiation effect, there was a slight improvement in
the probability of rejecting the promotion model; going from 4
to 12% in the usual design to 5 to 26% in the start-stop designs.
The ability to reject the completion model did not change
noticeably when the start-stop designs were used. When the
underlying model was a linear completion model, the results
were similar to the initiation model. For an underlying quadratic
completion model, it was more difficult to reject the promotion
model and easier to reject the initiation model. However, these
differences were small. Finally, for underlying promotion
models, the use of start studies reduced the percentage oftimes
we could reject the initiation model or the completion model
when compared to the usual bioassay design. This is due to the
fact that fewer doses were used (in favor ofequal doses over vary-
ing time spans) and that both magnitude of dose and length of
dosing play an important role in differentiating between in-
itiators/completers and promoters.
The results ofthis research suggest that differentiation between

initiation and completion is best accomplished with start-stop
dosing experiments; that the rejection of a promotion model
when the dose effect in the underlying model is an initiation ef-
fect or a completion effect is improved by using an early
exposure-stop exposure group in the experiment; and that ifthe
underlying model is a nonlinear promotion model, it is better to
use multiple doses than start-stop dosing at similar levels ofex-
posure. Finally, it was found that all the designs were generally
poor for distinguishing mechanism.

Damage-Fixation Multistage Model
After reviewing the results ofthese experiments, it was clear

that tumor incidence data could not be reliably used to determine
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DESIGN OFCARCINOGENICTYSTUDIES

FIGURE 2. A two-stage model of carcinogenesis (damage-fixation multistage
model) that incorporates damage and repair.

how treatment affects mutation rates and birth/death rates in
multistage models of carcinogenesis. One way out of this dilem-
ma is to use other toxicological data such as the size and number
of initiated cells (14). However, current research is focusing on
the use of direct mechanistic information on the carcinogenici-
ty of a compound to estimate the tumor incidence rate and then
to use the tumorigenesis data from the animal carcinogenicity ex-

periment to validate the model. To be able to do this, a slightly
different model of carcinogenesis is needed. It has been noted
that a mutation is itself the result of a process that involves at least
two steps. In the first step, damage must occur. For a mutation
to occur, this damage must then be fixed by replication of the
damaged cell. It is also clear that this damage may not persist
forever but may be repaired via numerous mechanisms in the
cell. Thus, several events are competing or combining to result
in a single mutation. The model presented in Figure 1 does not
explicitly account for this more detailed mutation process.

The model of carcinogenesis illustrated in Figure 2 is also a

two-stage model of carcinogenesis with clonal expansion of all
cell types. This model is referred to (15,16) as the damage-
fixation multistage model (DFM). The model has five cell types:
normal cells, two types of damaged cells and two types of
mutated cells in which the DNA damage has been fixed by cell
replication. For a cell to become malignant, it must pass from the
normal state through each ofthe mutational states. The dynamics
ofthe model can be illustrated as follows. Normal cells are allow-
ed to divide and die or differentiate. Normal cells transform in-
to damaged cells via some type of genetic aberration (e.g., for-
mation of DNA adducts, single-strand breaks, chromosomal
translocation). The genetic aberrations in these damaged cells
are assumed to pertain to a single strand and can be repaired,
returning the cell to its normal state. When cell division occurs
in these unrepaired cells, the DNA damage is fixed in one of the
daughter cells resulting in the creation of a single mutated cell.
The other daughter cell is derived from the strand of DNA
without damage and is thus a normal cell. The process of
damage, repair, birth, and death is repeated in the second stage.
The DFM model allows for the direct inclusion ofbiochemical

data into an analysis ofcarcinogenic mechanism and the estima-
tion of carcinogenic risk. These data include the rate of forma-
tion ofDNA adducts (DNA damage), the rate of DNA repair,
and the rate of cell replication and death. First consider the rate
ofDNA damage. For example, it has been demonstrated that ad-
ministration of 3 nmole of 7,12-dimethylbenz[alanthracene
(DMBA) to Swiss mice results in a binding of 1 nmole ofDMBA
per mole ofDNA-P 24 hr after exposure. If this damage is critical
to the conversion ofnormal cells into first stage cells, then these

data can be incorporated into the model directly by setting R
equal to the rate ofbinding per unit time (being certain to express
this rate in the proper units of rate ofdamage per cell per unit of
time). However, it is more likely that some specific type of
damage is inducing the mutation. In this case, the relative change
in the nonspecific damage as a function ofdose can be used as a
surrogate for the relative change in the specific binding. In the
example above, a dose ofDMBA of 150 nmole resulted in a bin-
ding of 14 nmole ofDMBA per mole of DNA-P 24 hr after ex-
posure (i.e., a 50-fold increase in dose ofDMBA resulted in a
14-fold increase in binding). Thus, even though the specific ad-
duct that induces the mutation is unknown, a 14-fold increase in
the specific adduct which induces the mutation could be assumed
when going from a dose of 3 nmole to 150 nmole ofDMBA.

Estimates of the repair rates for DNA damage can be obtain-
ed in similar ways. The most obvious method is to directly
measure the activity of proteins involved in the DNA repair pro-
cess such as 06-alkylguanine-DNA alkyltransferase. However,
like nonspecific versus specific DNA damage, the specific repair
mechanism is generally unknown, and so the proteins involved
in its repair are also unknown. One way to avoid this would be to
obtain the DNA damage rate from biochemical experiments us-
ing simple compartment models and estimate the repair rate from
data on tumor incidence or data on the size distribution of cells
in each stage. This approach is likely to lead to statistical
dependencies in the estimated parameters and large uncertain-
ty in the estimated tumor damage at several different time points
following exposure. In this case, the differences over time in the
amount of DNA damage should yield an estimate of the repair
rate. This method is preferable to using tumor incidence data or
cell count data because the estimate of the repair rate would come
directly from data on DNA damage and would not be dependent
on the applicability of the model. A third method for estimating
DNA repair would be to see how much of the damage could be
fixed at different times following exposure to the compound. For
example, in the two-stage experimental protocol described
above, waiting varying lengths of times from initiation to the start
of promotion allows for a longer period ofDNA repair and the
level of DNA repair can be estimated.
There are also a variety of ways in which cell replication rates

can be measured in animal tissues. These methods are very direct
in the sense that, in a fixed period of time, they label all cells that
have undergone replication. These techniques can even be used
with other cellular techniques such as staining for enzyme altera-
tion. In this case, it is possible to directly measure the rate of cell
replication in normal cells, in initiated cells (provided a probe ex-
ists for staining the cells or in some other way labeling them), and
in malignant cells. The technology for the direct estimation of
cell death/differentiation rates are currently being developed. As
these become available, they can be direty incorporated into the
DFM model. Until then, information on the size distribution and
number of initiated calls can be used to estimate this parameter.
The approach of estimating these parameters from data other

than tumor incidence data is illustrated in Portier and Kopp-
Schneider (15) and Kopp-Schneider et al. (16).

Discussion
This paper has reviewed some of the problems concerning the

characterization of mechanistic models of carcinogenesis using
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tumorigenesis data. On strictly statistical terms, it was shown that
the usual two-year rodent carcinogenicity experiment does not
provide sufficient information to be able to differentiate between
some basic mechanistic models ofcarcinogenesis. Modification
of the bioassay design to include time-varying doses did not
dramatically improve this problem.
A two-stage model ofcarcinogenesis that allows for the direct

inclusion ofbiochemical data into the estimation ofcarcinogenic
risks was reviewed. This approach has the advantage that the
tumor incidence data from the long-term animal carcinogenesis
experiment and/or the cell-kinetic information on cells in the dif-
ferent stages can be used to validate the model. However, there
are numerous problems with the use of this modeling approach
for risk estimation. It is imperative that an attempt is made to
validate the model predictions using the available toxicological
data (e.g., tumor incidence data from carcinogenicity ex-
periments, papilloma counts from skin painting studies, etc.).
This validation needs to be done with extreme caution because
goodness-of-fit tests that would be used in this context are
generally insensitive to moderate changes in the model
parameters or even slightly different models. Not only are there
statistical problems with this approach, but there are inade-
quacies in the biological description ofDNA damage and repair
in theDFM model. TheDNA ofa cell can be damaged in many
places in many different ways; it may be that cells with multiple
DNA damage are more (or less) susceptible to replication and/or
mutation than are cells with little DNA damage. The model
presented here assumes that DNA damage is either present or
not, thus using only partial information concerning the process.
The rate ofDNA repair in any one cell is likely to be tied to the
amount ofdamage in that one cell, a concept that is not allowed
in the current model formulation. Other issues such as strand-
specific DNA repair, preferential DNA repair, and DNA hot
spots will also limit the usefulness of models of this type. Cell
replication rates must alsobe applied cautiously; ifthe increased
cell replication only pertains to a small fraction ofthe total tissue,
this must be accounted for. Finally, all ofthese rates may change
with age as well as dose, thus the experiments in which these
biochemical parameters are obtained must include several ages
as well as several doses.
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