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SUMMARY. Pre-clinical animal carcinogenicity studies are usually concerned with testing
the statistical significance of a dose-response relationship. When the response consists of a
rare event such as the development of a certain type of tumor, exact statistical methods
are often employed. The exact randomization trend test based on the multivariate hyper-
geometric distribution is less powerful in the presence of treatment-related risks other than
the specified response. Particularly, the loss of power becomes more pronounced when com-
peting risks cause progressively higher mortality rates with increasing dose, which is usual
in practice. An age-adjusted form of the randomization test is proposed to adjust for this
effect. Permutational distribution for Peto’s cause-of-death (COD) test is also explored and
compared to its asymptotic counterpart by simulation. The use of COD information has
been a controversial issue due to the subjectivity in the pathologists’ determinations as well
as economic reasons. The proposed age-adjusted exact test does not require COD, and it
is shown to compare favorably to the COD tests via an extensive Monte Carlo simulation.

Applications of the methods to two real data sets are included.

KEY WORDS: Dose-response; Exact randomization test; Exact Poly-3 test; Permutation;

Peto cause-of-death test; Survival adjustment.



1 Introduction

Toxicology and risk assessment is an essential component of drug development in the bio-
pharmaceutical industry. Often, animal experiments are conducted to evaluate toxic or
carcinogenic risk related to a test compound. In such experiments, animals are randomly
allocated to groups including a zero-dose control and two to three groups receiving various
dose levels of the compound throughout the course of study. For each animal, the age-at-
death and the presence or absence of a particular type of tumor are recorded. All surviving
animals are sacrificed and subjected to necropsy at the end of the study. The objective of
this study is to test for a dose-related trend in tumor incidence rates at study termination
while taking into account the presence of competing risks which are causes of death other
than the tumor of interest.

It frequently occurs in animal bioassays that the number of animals developing the tumor
of interest is small. There has been some evidence in the literature showing that asymptotic
tests may be unreliable in the context of sparse data (Chen and Gaylor, 1986; Ali, 1990). In
such situations, exact methods are usually employed. This paper explores the performance
of an exact randomization trend test procedure (Ciminera, 1985; Ciminera et al., 1987) that
has been routinely used by the drug industry and FDA. The exact size and power for this test
under standard experimental settings are computed and tabulated in this paper. In a Monte
Carlo simulation, we have found that the empirical performance of the exact randomization
trend test is in close agreement with its theoretical size and power if the animals experience
no risks other than the tumor of interest. In the presence of competing risks, however, the
theoretical size and power overestimate the performance of the test. Particularly, the loss
of power becomes larger when the survival patterns due to competing risks differ across

dose groups. The primary purpose of this paper is therefore to introduce an age-adjusted



exact method to reduce biases caused by the competing risks. The proposed test can be
regarded as an exact version of the Poly-3 test (Bailer and Portier, 1988). The development
of this approach was motivated by an analysis of the data from a study of C.I. Acid Red 114
conducted by the NTP (National Toxicology Program, 1991).

The study was conducted by administering desalted, industrial grade C.I. Acid Red 114
in drinking water to groups of female rats for two years. The data set related to the squamous
cell carcinoma in the oral cavity epithelium is displayed in Table 1. The sample sizes are
(50, 35, 65,50) and the corresponding dose levels are (0,150, 300,600) ppm. All remaining
animals were sacrificed during the week of day 729. Exact methods can be applied to test
for a dose-related trend on the tumor response since there were only a few tumor-bearing
animals. The survival patterns appear to be markedly different across the groups. For
instance, only about 50% of the animals in the highest dose group were still alive when the
first death occurred in the control and the lowest dose groups. Figure 1 shows the crude
and survival-adjusted proportions of tumor-bearing animals versus dose. For a given group,
the crude tumor proportion is the rate of tumor cases among all animals in the group. The
survival-adjusted tumor proportion results from a time-at-risk weighting adjustment that will
be discussed in Section 3.2. One can see the difference between the two curves. By applying
the proposed approach to the data, the effect of C.I. Acid Red 114 will be investigated, and
the possible existence of any dose-related trend will be examined.

Some other methods have been proposed in analyzing rodent bioassays with respect to
a specific disease whose information is confounded with information about the effect of all
diseases on mortality. Peto (1974) and Peto et al. (1980) proposed an approach that requires
cause-of-death (COD) information for each animal to be determined by pathologists. This
method assumes that pathologists can determine whether a tumor has affected an animal’s

risk of death and correctly classify each tumor as either incidental or fatal. Peto’s COD



test is a pooled test statistic resulting from performing tests separately for incidental and
fatal tumors. McKnight and Wahrendorf (1992) mentioned in SUMMARY that they relate
Peto’s test to hypotheses about differences in tumor incidence rate. Janssen (1991) derived
exact conditional distributions for various survival tests, including the log-rank test, which
is essentially the fatal part of Peto’s test. Heimann and Neuhaus (1998) introduced the
permutational distribution of the log-rank test statistic for two-group comparisons. In this
paper, an approach similar to the permutational distribution for the log-rank test will be
applied to Peto’s COD test in a general setting of more than two groups.

The use of COD information in analysis of animal bioassays, however, has been contro-
versial because cause-of-death determinations require subjective decisions by pathologists.
Misclassification of COD can produce biases for tests (Lagakos, 1982; Lagakos and Louis,
1988). Archer and Ryan (1989) modified Peto’s test to account for misclassification of COD.
Their test statistic is a function of the misclassification probabilities that may be estimated
in certain situations. Dinse (1988) proposed a semiparametric approach to estimate tumor
incidence rates when COD is not available, as well as a nonparametric procedure for data
with partial information on COD. Malani and Van Ryzin (1988) suggested a nonparamet-
ric method to estimate and test the tumor incidence function. Their maximum likelihood
estimation method, however, can result in a negative estimate of the tumor incidence rate.
This was recognized by Ahn and Kodell (1995), who then introduced a modification for the
maximizing procedure.

Our proposed age-adjusted exact method, intended for use with sparse data, will enhance
the statistical analysis in toxicology and carcinogenesis studies. With its survival adjustment,
the proposed test allows data to be analyzed more accurately by reducing bias in the presence
of potential confounders. Moreover, it can be used in general situations regardless of the

availability of COD information.



2 The Problem

Consider a single-sacrifice carcinogenicity experiment with g groups of animals. Suppose
N animals are initially placed on the experiment, and /NV; animals are assigned randomly
to group i receiving a dose level d; of the test substance (i = 1,2,---,g). The animals
are followed over time for the development of a certain tumor with rare occurrence. Let p;
denote the tumor incidence rate for group 7 at the study termination. Assuming all animals
come from the same population and are born tumor-free on day zero of the experiment, our
objective is to test for a dose-related trend in tumor incidence rates at the terminal sacrifice

time. The tumor data can be summarized as follows:

Dose Level dq do e dg Total
# with tumors T To <. T4 T
# without tumors Ni—z1 Ny—z9 -+ Ng—ux4 N -z
# subjects Ny No ‘.- N, N

Note that the g groups are in order of increasing dose levels 0 = d; < dy < --- < d,.

3 Exact Randomization Trend Test with a Survival

Adjustment

3.1 Exact Randomization Trend Test

The exact randomization trend test, developed by Tukey (Ciminera et al., 1987) and reported
by Ciminera (1985), has been routinely employed by the drug industry and FDA for the
evaluation of animal carcinogenicity data with few tumor-bearing rodents.

Let random variable X; indicate the number of positive responses for group i. Condi-
tional on the row margins X = Y, X; and N = }; N;, under the null hypothesis of no

treatment effect among the g groups (i.e., Hy : py = po = --- = py = py), the distribution
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of (X1,Xs,---,X,) is multivariate hypergeometric. The test is based on the trend score
S =39 ,d;X;. Denote the value of the trend score and its occurrence probability associated

with the observed outcome (1, %, -+, 2,) by s* = 39, d;z; and p* = { ! (Nl)} /(N), re-

T; T

spectively. The exact one-tailed p-value for a positive trend associated with (z1, zo, - -, z,)
is then g (Nz)
P(SZS*|'T7HO): 2%7 (1)
where wals?) m
ww(s*) = {(331,51;2,- . ',339) :0 S €Z; S Nz ,Zl‘i =, and Zdz.@z 2 S*} . (2)
i i

For any given level «, the theoretical size and power for the exact randomization trend test
can be computed conditionally (on z = }°; z;) or unconditionally. Given a and conditional
on z in the observed contingency table, let ¢, (x) be the smallest possible cut-off value such
that P(S > to(z) | z,Hy) < a. The value t,(x), as the conditional critical value of the
score at level «, determines the rejection region for the test. The probability Gy(z) = P(S >
to(z) | z, Hp) is the conditional size of the exact randomization trend test. Similarly, for
specified values of p;’s in the alternative hypothesis H;, the conditional power at a given «

level is

 (V)pEe( = py) i
Bi(z) = P(S > to(z) | z, H)) = =1 \ai)P .

where Q, = {(z1,%2, -+, 24) : 0<z; <N; and X ;z; =z}

Y

The conditional size (power), however, may not be helpful when planning an experiment
since the row margin would not be known. Thus, it is useful to compute the unconditional size
(power) as a weighted average of the conditional sizes (powers) corresponding to each possi-
ble value of the row margin. Define mq(z) = P(3X9_, X; =z | Hp) and mi(z) = P(X)_, X; =
x | Hy) as the probability of observing z under the null and alternative hypotheses, respec-
tively. Note that my(z) = (]ng(l —po)V " and mi () = X, [T, (]::)pf”‘(l —p;)Vi~%. The

unconditional size and power of the exact trend test then can be obtained by calculating the



value of the function 3(j) = SN 7;(z)B;(x) with j = 0 for size and j = 1 for power.

3.2 Proposed Survival Adjustment

Intercurrent mortality refers to all deaths not related to the particular class of tumors which is
the focus of study. The causes of intercurrent mortality are referred to as competing risks. If
the animals experience no competing risks, then the performance of the exact randomization
trend test can be evaluated theoretically. However, the presence of competing risks is usual
and therefore the exact test may not achieve its theoretical size and power. Under such
circumstances, it is essential to identify and adjust for possible differences in intercurrent
mortality among dose groups to eliminate or reduce biases caused by these differences.
Cochran (1954) and Armitage (1955) introduced a well-known test for detecting a linear
trend across dose groups in tumor incidence rates at study termination. This test needs
an assumption that all animals are at equal risk of developing a tumor over the dura-
tion of study. Using the notation introduced earlier, the expected number of animals with
tumors in group 7 is E; = N; /N. Defining D; as z; — E;, the test statistic for possi-
ble monotonic trend with dose is based on T = Y7 , d;D;, and the variance is estimated
by V = {2(N —z)/N(N — 1)} X%, Ni(d; — d)?, where d = 37, N;d;/N. The Cochran-
Armitage (CA) test statistic is Zga = T/V/V, where Zcy is asymptotically distributed as
standard normal under the null hypothesis of equal tumor incidence rates at study termi-
nation among groups. Bailer and Portier (1988) proposed the Poly-3 test, which made an
adjustment of the CA test by using a fractional weighting scheme for animals not at full risk

of tumor development. Define the number at risk for group 7 as the sum of N; weights:

N;
ri = sz’j, (3)
Jj=1



where w;; is the time-at-risk weight for the j*™ animal in group i. The risk weight w;; is
defined as

1 if the animal dies with the tumor

Wij = 3
tii )
(L) otherwise

tmax
where ¢;; is the animal’s death time and tnax is the time to study termination (e.g., terminal
sacrifice time). This weighting gives less weight to a tumor-free animal that dies before the
end of the study. The test statistic for the Poly-3 test is obtained by replacing N; with r;
and N = >, N; with » = >, r; in the computation of D;, E;,V, and Zgx.
We propose a survival adjustment of the exact randomization trend test based on the
weighting scheme of the Poly-3 test. Define [r;] to be the largest integer that does not exceed

i, where r; is expressed in Equation (3). The adjusted exact test results from replacing N;

by [r;] and N by r in Equations (1) and (2).

4 Permutational Distribution for Peto’s COD Test

4.1 Peto’s COD Trend Test

Peto (1974) and Peto et al. (1980) recommend that pathologists separate observed tumors
of interest into two disjoint classes: fatal and incidental. If a tumor is judged to have been
responsible for an animal’s death, then it is classified as fatal; otherwise, it is classified as
incidental. All tumors found in sacrificed animals are classified as incidental. The analysis
using cause-of-death information is performed separately for incidental and fatal tumors.
The time span will be divided into m intervals such that the j* interval is I;= (t;_1,1;],7 =
1,...,m, where t, = 0 and t,, denotes the time of the terminal sacrifice. The time points
are selected differently for the incidental and fatal parts. First, consider only the animals

that died without the tumor or with incidental tumors. Let n;; be the number of these



animals in group % dying during interval I;, and y;; be the number of these animals that
died with incidental tumors. The time span is divided according to the NTP intervals (in
weeks) by Bailer and Portier (1988): 0 — 52, 53 — 78, 79 — 92, 93 — 104, and TS correspond-
ing to animals terminally-sacrificed at 104 weeks. The expected number of tumor-bearing
animals in group ¢ for interval j is E;; = y;K;;, where K;; = n;;/n ;. Thus, the observed
and expected numbers of tumor-bearing animals in group ¢ over the entire experiment are
O; = YL yij and E; = 3770 By, respectively. Define D; = O; — E; = ZT:1(yz'j — E;;) and
Vi = X0 ki K (0r — Kij), where kj =y j(n; —y;)/(n;—1) and &,; is defined as 1 if r =i
and 0 otherwise. Let D, = (Dy,...,D,)" and V, be the g X g matrix with (r,) entry V.

Second, consider the animals with fatal tumors. The method used is similar to that for
the incidental tumors, except that each tumor-death time defines an interval. Let m;; be the
number of animals in group i surviving at the beginning of the j*™ interval, and z;; be the
number of these animals dying from the tumor in that interval. A vector D, of differences
of observed and expected values using the above data is calculated the same way as for
the incidental tumors, except that z;; is used instead of y;;, and m;; is used instead of n;;.
Similarly, the corresponding covariance matrix V', can be computed.

The analysis of data on occult tumors using contexts of observation is based on the vector
D = D, + D, with covariance matrix V = V, + V. Then Zpe, = 1" D/y/(I" V1) can
serve as a trend test, where | = (di,...,d;)". Under the null hypothesis of no treatment

effect among dose groups, Zpe, is asymptotically distributed as standard normal.

4.2 Permutational Distribution

If the number of tumor-bearing animals is large, then the asymptotic version of Peto’s
test is applicable, but exact methods are preferable for sparse data. Permutation tests

consider all possible assignments of animals to dose groups as equally likely, while fixing



the rest of the information obtained in the experiment. Under the null hypothesis of no
treatment effect, this results in an exact conditional distribution of the test statistic when
intercurrent mortality patterns are equal across groups, and it is asymptotically correct when
the mortality patterns are unequal (Fairweather et al., 1998; Heimann and Neuhaus, 1998).

Given a data set, consider all, say M, possible allocations of animals to groups while
keeping the observed data for each animal fixed. Corresponding to these M arrangements,
we may obtain M values of the test statistic. The permutational distribution of the Peto
test statistic results from assigning equal probability to each of these M values. Letting
Zpe, be the observed value, the p-value is the proportion of the M values that are at least

as extreme as 7}, By exhaustive enumeration, the computation for the p-value using

eto*
the permutational distribution for the test is straightforward and efficient if the number of
animals in the study is small. For data involving large numbers of subjects, the p-value

associated with the permutational distribution of the test statistic may be approximated by

sampling from the set of all permutations.

5 Simulations and Results

A Monte Carlo simulation study was conducted to evaluate the following tests: the original
and adjusted exact randomization tests, Peto’s COD test, and the modified Poly-3 test

(Bieler and Williams, 1993) which has been adopted by the NTP.

5.1 Design of Monte Carlo Simulation

A typical bioassay design with four groups of 50 animals each and an experimental duration
of 104 weeks is used in the study. The design is simulated to have a single terminal sacrifice

at the end of the experiment as in the customary long-term rodent bioassay. The dose levels
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used are (0,1,2,4) across groups. For Peto’s COD test, the NTP intervals are used in the
incidental tumor analysis. The intervalization for the fatal tumor analysis is defined by the
time of each death from fatal tumors.

The three independent variables T; (time to tumor onset), 75 (time from tumor onset
until death from the tumor) and T3 (time until death from a competing risk) are used to
model animal tumorigenicity data. These variables are generated from the modified Weibull
distributions used by Portier, Hedges, and Hoel (1986) and others in the literature (Kodell,
Chen, and Moore, 1994; Ahn and Kodell, 1995; Kodell and Ahn, 1997; Chang, Ahn, and
Chen, 2000). The survival function for 77 is

S(t) = exp[~01(t/104)] (4)
with dy equal to 1.5, 3, or 6, and with &; chosen such that the probability of tumor onset
by the end of the study attains the desired rate. Since the study is concerned with rare
events, tumor rates (TR) between 0.01 and 0.15 are used. The survival function for Ty is:
Q(t) = exp[—o(nt + ¥2t™)]. With v, = 1074, v, = 1071¢ and 3 = 7.425531, the value
of ¢ > 1 is chosen such that the competing risks survival rate (CRSR) with respect to all
causes of death except for the tumor of interest at 104 weeks is either 0.5 for all groups or
(0.5,0.4,0.3,0.2) across groups. The control survival rate chosen represents the one recently
observed in the NTP studies for male Fischer 344 rats (Haseman et al., 1998), although it is
somewhat below average for B6C3F1 mice and female rats in the NTP feeding studies. For
simplicity, the survival function for 75 has the same form as Q(¢) with the same values of
v1,72 and 73. Tumor lethality (LETH) is defined as the percentage of observed tumors that
are cause of death. The parameter ¢ is selected to reflect three levels of tumor lethality:
low (5%), intermediate (35%), and high (90%). Note that varying degrees of tumor lethality

can affect the results of Peto’s COD test while it does not influence the performance of the
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Exact, S-Exact, and Poly-3 tests.

For each configuration, 10,000 simulated data sets are generated and tested by various
methods at the nominal significance level @ = 5%. Due to the fact that the results of Exact,
S-Exact, and Poly-3 tests are independent of tumor lethality, 7, was excluded in simulating
data for these tests. For Peto’s test, the permutational distribution described in Section 4.2
is used as well as its asymptotic counterpart. In conducting the exact version of Peto’s test
using the permutational distribution, 5,000 permutation samples are generated from each
data set in estimating the p-value.

Since the COD methods assume that pathologists can determine if a tumor has affected
an animal’s risk of death, such tests should reach their optimum performance when the
COD is assigned accurately. In practice, however, pathologists often claim that accurate
determinations of COD are impossible. Due to this controversy, we include probabilities
for misclassification of COD in the simulation. Let 2% be the probability of misclassifying
an incidental tumor as fatal, and y% be the probability of misclassifying a fatal tumor as
incidental. For LETH = 5% or 35%, the values for (z,y) chosen are (30,10) and (50, 15).
For LETH = 90%, the values for (z,y) are selected to be (10,30) and (15, 50). The reason
for choosing the opposite error rates for highly lethal tumors is that for such tumors more
animals would die from the tumor of interest than from incidental causes. Furthermore, we
include the scenarios of regarding all tumors as fatal and regarding all tumors as incidental

since these are common practices in the NTP.

5.2 Results

If the animals experience no risks other than the tumor of interest, the exact randomization
test (Exact) and the proposed survival-adjusted test (S-Exact) are equivalent, and their size

and power can be computed theoretically. The results of these computations at the 5% level
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under a variety of dose-response situations were verified by simulation of 10,000 repetitions
per configuration. Strong agreement between the theoretical and empirical performance of
the test can be seen in Table 2.

In the presence of competing risks, Table 3 contains results for , = 3 in modeling 75,
while Table 4 displays results for d, = 1.5 and 6 which are meant to investigate the possible
dependency of the proposed exact method on the choice of d5. The results reported are for
models with different CRSR across groups. The results for models with the same CRSR
for all groups are not reported since the effectiveness of the survival adjustment for the
randomization test is more distinguishable in case of different CRSR. Moreover, since Peto’s
test associated with the permutational distribution obtains slightly lower size and power
than its asymptotic version in most cases, we report only the results of the permutational
test for erroneous COD cases. Note that for display purposes, the results for the Exact,
S-Exact and Poly-3 tests are included in Tables 3 and 4, although 75 was not involved in
simulating the data for these tests.

Results in Table 2 indicate that the Exact test controls the probability of a Type I
error under the nominal level in all cases, as expected. Consistent with the nature of exact
methods, the conservatism of this test is expected due to the discrete distribution of the test
statistic. However, the Exact test becomes even more conservative when competing risks
are involved, as shown in Tables 3 and 4. Our proposed S-Exact test shows the advantage
of maintaining reasonable size, and for do = 1.5, the results are favorable to the S-Exact
test as compared to the Poly-3 test. The S-Exact test substantially improves the Exact test
in controlling size, whereas the Poly-3 test results in an inflation of size in most cases. For
0 = 6, S-Exact shows improvement over Exact, but Poly-3 performs slightly better.

Consider the case that cause-of-death information is accurate, that is, the optimum con-

dition for Peto’s test. Although not reported, when the CRSR is the same for all groups,
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in general Peto’s asymptotic test is too liberal in rejecting the null hypothesis. Its exact
version reduces the Type I error rate, but a slight inflation of size still occurs in some cases.
In comparison, the proposed S-Exact test maintains size under the nominal level in all cases.
In terms of power, both the S-Exact and Peto tests perform quite well, as shown in Table 3.
The proposed exact method without the need of COD is comparable to Peto’s test with
accurate COD. From the tables, the impact of the four inaccurate COD scenarios (1,2, F,I)
on Peto’s method is evident. Under scenarios 1 and 2, Peto’s test shows high Type I error
rate for low lethality and low Type I error rate for high lethality for d, = 1.5 or 3, although
it controls size better in case of do = 6. Notice that if all tumors are regarded as fatal
(F), the size of Peto’s test is markedly out of control for low and intermediate lethalities.
Similarly, Peto’s test performs poorly if all tumors are regarded as incidental (I) when in
fact the lethality is high.

For 6, = 3, in addition to the numerical results included in Table 3, the impact of
potential misclassification of COD can be visualized in Figure 2. The curves in the figure
represent the simulated size for the four tests: the unadjusted (E) and adjusted (SE) exact
randomization tests, the permutational (PP) and asymptotic (PA) versions of Peto’s test.
Labeled on the X-axis are accurate COD case (0) and the two inaccurate COD scenarios
(1,2) with increasing error rates as described in Section 5.1. With erroneous COD, Peto’s
test fails to control the size. For tumors of low and intermediate lethality, the Type I error
rate is generally inflated and the bias becomes more pronounced as the tumor rate and COD
error rate increase. In case of high lethality, Peto’s test becomes too conservative and loses
power with increasing COD error probabilities and tumor rates.

Comparing with the COD test, the proposed exact method is invariant with respect to
the degree of tumor lethality, and it outperforms the original randomization test by the

survival adjustment. While not requiring COD to be assigned by pathologists, the proposed
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test shows its advantage and robustness. Due to the nature of exact methods, the S-Exact
test is somewhat conservative as compared to the Poly-3 test. However, the S-Exact test

performs reasonably well while its Type I error rate never exceeds the nominal level.

6 Examples

6.1 C.I. Acid Red 114 Data — COD is unavailable

The proposed exact methods are applied to analyze the C.I. Acid Red 114 data introduced
in Section 1. Note that Peto’s test is not applicable due to the lack of COD information in
the experiment. In the S-Exact test, the adjusted tumor rates are (0,0,7.9,15.4)% across
doses, quite different from the crude rates (0,0, 4.6,4.0)%. As shown in Figure 1, the curve
obtained using the age adjustment shows a clear dose-response trend whereas the one with
the crude tumor rates does not. The proposed exact trend test results in a p-value of 0.009
showing clear evidence of carcinogenic activity of C.I. Acid Red 114, while the original test,

with a p-value of 0.099, fails to detect a significant progressive trend.

6.2 ED( Data — COD is available

The EDy; study, a large experiment intended to investigate the effect of the 2-acetylaminoflu-
orene (2-AAF), was initiated by the National Center for Toxicological Research in 1976
(Littlefield et al., 1980). The study was conducted by feeding 2-AAF to female BALB/C
mice. Consider the 24-month cohort consisting of mice that were designated to be sacrificed
at 24 months. Due to the large number of mice from this cohort and the concern of the
feasibility of exact methods, a data set is obtained by randomly drawing 50 mice from each
of the four groups that were dosed continuously at concentrations of 0, 30, 60, 75 ppm 2-

AAF. The resulting sample can be regarded as a random sample from the target population.
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The associated tumors of interest are hepatocellular adenomas or carcinomas of the liver.

In this experiment, the cause-of-death information was assessed. The counts for these
COD assignments are displayed in Table 5. The NTP intervals described in Section 5.1
are used in the analysis for deaths with incidental tumors. The intervalization for the fatal
component is defined by time of each death from fatal tumors. Utilizing the COD, Peto’s
test gives p-values of 0.032 and 0.033 associated with the permutational and asymptotic dis-
tributions, respectively. The p-value for the permutational test is based on 10,000 randomly
generated permutation samples.

Without the use of COD, the age-adjusted exact randomization test results in a p-value
of 0.037 and suggests rejecting the null hypothesis of equal tumor probabilities at o = 5%,
while the original randomization test fails to reject the null hypothesis (p-value = 0.060). In
agreement with Peto’s COD test, the proposed test detects evidence of effect of 2-AAF on
development of hepatocellular adenomas or carcinomas of the liver whereas the unadjusted

exact randomization test shows no evidence of trend at 5% significance level.

7 Concluding Remarks

A problem for the statistical analysis of tumor incidence rates arises from the presence of
treatment-induced mortality unrelated to the tumor of interest. The exact randomization
trend test that is commonly employed in the event of rare occurrences could be biased since
it focuses on crude lifetime tumor incidence rates and makes no adjustment for differences
in survival experiences across dose groups. The age-adjusted form of the test developed in
this work can result in great improvement for the analysis of sparse data.

Occasionally, cause-of-death information is assigned in animal tumorigenicity experi-

ments. The use of COD, however, has been a major issue because of its subjectivity. Indeed,
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many pathologists are uncomfortable in assigning cause of each death due to the complexity
of isolating specific tumorigenic lesions as the COD. Moreover, they are often reluctant to
strictly classify each tumor as either incidental or fatal. The reliability of COD informa-
tion has been questioned by many researchers in the literature. Hence, one should be alert
and account for the potential misclassification of COD when evaluating tests utilizing COD.
Our results indicate that Peto’s test performs quite well if the COD assignments are accu-
rate. Compared with the optimal performance of Peto’s test, the proposed exact method
demonstrates its merit and robustness by the elimination of the COD requirement.

The Poly-3 test, a currently popular procedure, was included in this work for compar-
isons. Our results demonstrate that this asymptotic test works fairly well under many
circumstances, although its size is inflated for certain cases. The proposed randomization
method performs reasonably well while maintaining test size at the nominal level in all cases.
The proposed procedure, as an exact version of the Poly-3 test, is highly recommended for
use in the event of rare occurrences. The program suitable for data analysis by the proposed

method will be provided on the authors’ website.
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Table 1: Data on the incidence of squamous cell carcinoma in oral cavity epithelium for
female rats in the 2-year drinking water study of C.I. Acid Red 114

Dose

Survival Time (in days)

without tumors at death
(frequency in parentheses)

with tumors at death

Control

150

300

600

431, 505, 524, 533, 547, 562, 587, 589,
641, 663, 683, 711, 715(2), 733(5), 734(31)

411(2), 462, 500, 523, 538, 567, 582, 607,
614, 638(2), 641, 658(2), 662, 663, 665,
677, 708, 715, 726, 733(5), 734(8)

53, 87, 285, 344, 400, 403, 448, 477, 487,
491, 494, 496, 515, 517, 521, 523, 531, 532,
538, 545(2), 554, 567, 579, 581, 582, 587,
588, 592(4), 599, 609, 614, 617, 631, 637,
638, 641(2), 648, 649, 656, 658, 676, 677,
680, 693(2), 694, 709, 715(4), 733(5), 734

186, 229, 258, 276, 339, 344, 349, 351, 355(2),
379, 383, 384(2), 392, 400, 403(2), 411(3),
412, 413(3), 421, 433(3), 454, 456, 458,

473, 475, 477, 486, 488, 501(3), 545, 551(2),
578, 582, 599, 603, 614

454, 530, 575

372, 411

All deaths at day 729 or later were terminal sacrifices
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Table 2: The theoretical and simulated size and power (%) for the unconditional exact ran-
domization test in the absence of competing risks at o = 5% significance level for a four-dose
experiment with 50 animals per group and doses (0,1,2,4).

Tumor rates® Theoretical Simulated®
(.01 .01 .01 .01) 0.78 0.74
(.02 .02 .02 .02) 2.35 2.33
(.03 .03 .03 .03) 3.28 3.29
Size (.04 .04 .04 .04) 3.80 3.80
(.05 .05 .05 .05) 4.15 4.14
(.075 .075 .075 .075) 4.34 4.38
(.10 .10 .10 .10) 4.41 4.40
(.01 .02 .06 .12) 82.45 82.91
(.02 .02 .14 .14) 83.51 83.89
(.01 .03 .14 .12) 77.20 77.51
Power (01 .01 .01 .14) 93.08 92.87
(.01 .12 .10 .14) 56.86 56.79
(.01 .14 .14 .12) 36.05 36.33

@ Probabilities across groups of developing the tumor by study termination (104 weeks)
b Based on 10,000 trials for each configuration
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Table 3: Simulated size and power (%) at o = 5% significance level based on 10,000 trials
for survival-adjusted exact randomization test, Peto’s combined trend test with accurate or
inaccurate COD, in a four-dose experiment with 50 animals per group and doses (0,1,2,4).
The competing risks survival rates are (0.5,0.4,0.3,0.2) across dose groups. oo = 3.0.

Peto’s Combined Trend Test

LETH® Tumor Exact S-Exact Poly-3 Accurate COD  Inaccurate COD?

rates Perm®(Asym¢) 1 2 F I

Size .05 (.01 .01 .01 .01) 0.23 1.29 2.03 6.38 (6.14) 5.27 4.28 2.13 6.28
(.03 .03 .03 .03) 1.81 3.42 4.88 5.06 (5.67 4.59 5.15 6.03 5.17

(5.67)
(.05 .05 .05 .05) 2.01 3.89 5.47 4.25 (4.74)  4.90 5.26 8.12 4.22
(.075 .075 .075 .075) 2.48 4.11 5.18 4.70 (4.98) 5.32 6.46 10.06 4.00
(.10 .10 .10 .10) 210  4.20 4.93 4.11 (4.45) 5.74 6.95 12.26 4.15
.35 (.01 .01 .01 .01) 0.23 1.29 2.03 4.83 (4.69) 3.70 3.22 1.90 5.34
(.03 .03 .03 .03) 1.81 3.42 4.88 447 (5.01) 4.29 4.48 5.31 3.76
(.05 .05 .05 .05) 2.01 3.89 5.47 4.52 (4.97) 4.36 4.74 6.82 3.07
(.075.075 .075 .075) 2.48  4.11 5.18 4.16 (4.51) 4.96 5.56 7.84 2.79
(.10 .10 .10 .10) 210 4.20 4.93 4.19 (4.51) 5.07 5.68 9.67 2.39
90 (.01 .01 .01 .01) 0.23 1.29 2.03 2.33 (2.45) 2.27 2.25 2.09 2.51
(.03 .03 .03 .03) 1.81 3.42 4.88 4.64 (5.05) 3.08 2.53 4.65 2.00
(.05 .05 .05 .05) 2.01 3.89 5.47 4.05 (4.53) 3.19 2.55 4.87 1.41
(.075 .075 .075 .075) 2.48 4.11 5.18 4.19 (4.61) 2.68 2.00 4.80 1.01
(.10 .10 .10 .10) 2.10  4.20 4.93 4.54 (4.95) 3.06 1.90 5.16 0.86
Power .05 (.01 .02 .06 .12) 58.8 68.3 74.29  70.2 (72.0) 69.7 73.7 78.6 69.9
(.02 .02 .14 .14) 59.9 69.6 77.62  69.5 (70.9) 73.7 75.5 83.7 70.1
(.01 .03 .14 .12) 52.2 63.6 72.89 64.2 (65.7) 67.2 70.0 79.6 62.6
(.01 .01 .01 .14) 744  81.2 8498  84.1 (85.5) 83.7 85.2 86.9 84.5
(.01 .12 .10 .14) 314 433 5323  46.0 (47.4) 49.9 54.2 66.8 44.4
.35 (.01 .02 .06 .12) 58.8 68.3 7429 69.8 (71.5) 70.0 71.2 76.0 62.7
(.02 .02 .14 .14) 59.9 69.6 77.62 703 (71.9) 724 742 81.2 61.1
(.01 .03 .14 .12) 52.2 63.6 72.890  62.7 (64.5) 64.9 66.8 75.7 54.8
(.01 .01 .01 .14) 744  81.2 8498 829 (84.6) 83.1 83.5 86.5 80.1
(.01 .12 .10 .14) 314 433 5323 449 (46.4) 474 50.2 60.8 34.5
.90 (.01 .02 .06 .12) 58.8 68.3 7429  69.6 (71.0) 63.5 57.6 70.5 46.4
(.02 .02 .14 .14) 59.9 69.6 77.62 71.1(72.9) 61.8 44.2 724 46.1
(.01 .03 .14 .12) 52.2 63.6 72.890 64.6 (66.6) 54.9 48.6 65.7 33.2
(.01 .01 .01 .14) 744  81.2 8498 84.1(85.2) 80.0 76.7 85.4 70.6
(.01 .12 .10 .14) 314 433 53.23 459 (47.5) 35.9 29.3 48.0 17.2

¢ LETH: proportion of observed tumors that actually result in death. Same probability in all groups

b Perm: results using permutational distribution based on 5,000 permutation samples

¢ Asym: results using asymptotic distribution of the test statistic

4 (2%,y%) = (% of misclassifying incidental tumor as fatal, % misclassifying fatal tumor as incidental)
For LETH = 0.05 or 0.35: (z,y) = (30,10) and (50, 15) for 1 and 2, respectively.
For LETH = 0.90: (z,y) = (10,30) and (15,50) for 1 and 2, respectively.
F: regard all tumors as fatal, I: regard all tumors as incidental
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Table 4: Simulated size (%) at o = 5% significance level based on 10,000 trials for survival-
adjusted exact randomization test, Peto’s combined trend test with accurate or inaccurate
COD, in a four-dose experiment with 50 animals per group and doses (0,1,2,4). The com-
peting risks survival rates are (0.5,0.4,0.3,0.2) across dose groups. 6o = 1.5 or 6.0.

Peto’s Combined Trend Test
5% LETH? Tumor Exact S-Exact Poly-3 Accurate COD  Inaccurate COD*®
rates Perm®(Asym?) 1 2 F I
1.5 .05 (.01 .01 .01 .01) 0.51 1.89 2.83 5.85 (5.66) 4.43 4.21 2.66 6.07
(.03 .03 .03 .03) 2.02 3.72 5.49 5.06 (5.57) 4.95 5.44 7.22 5.00
(.05 .05 .05 .05) 2.72 4.72 6.25 4.90 (5.22 5.47 6.21 9.44 4.13
(.075 .075 .075 .075) 2.73 4.92 6.50 4.67 (5.07 5.50 6.36 11.85 4.08
(.10 .10 .10 .10) 2.58 5.00 6.30 4.62 (4.82 6.41 7.73 14.26 3.88

.35 (.01 .01 .01 .01) 0.51 1.89 2.83 4.15 (4.20 3.52 3.26 2.54 4.35
(.03 .03 .03 .03) 2.02 3.72 5.49 4.30 (4.85 4.49 4.77 5.76 3.07

(.05 .05 .05 .05) 2.712  4.72 6.25 4.72 (5.21 4.04 5.02 7.12 2.48

(.075 .075 .075 .075) 2.73  4.92 6.50 4.43 (4.71 4.85 4.81 7.61 1.96

(.10 .10 .10 .10) 2.58 5.00 6.30 4.30 (4.62 491 521 849 184

(5.57)
(5.22)
(5.07)
(4.82)
(4.20)
(4.85)
(5.21)
(4.71)
(4.62)

90  (.01.01.01.01) 051 1.89  2.83  2.59 (2.85) 2.27 1.90 2.37 1.70
(.03.03.03.03) 202 3.72 549  4.44 (4.81) 2.97 2.63 4.59 1.66
(.05.05.05.05) 272 472 625  4.50 (4.88) 2.97 2.14 4.96 1.17
(.075 .075 .075 .075) 2.73  4.92  6.50  4.44 (4.75) 276 1.91 4.64 0.90
(10.10.10.10) 258 500  6.30  4.98 (5.37) 2.39 1.87 4.84 0.53

60 .05  (01.01.01.01) 017 085 128 6.38(6.08) 506 3.71 1.27 6.62
(5.74)
(4.62)
(4.58)
(4.31)
(5-42)
(5.11)
(4.70)
(4.31)
(4.05)
(2.19)
(3.94)
(4.11)
(4.74)
(4.67)

(.03 .03 .03 .03) 0.94  2.28 3.49 5.39 (5.74 4.80 4.59 4.86 5.17
(.05 .05 .05 .05) 1.83  3.17 4.40 4.12 (4.62 4.31 5.33 6.44 4.77
(.075 .075 .075 .075) 1.33  2.56 3.60 4.18 (4.58 4.40 4.76 8.39 4.27
(.10 .10 .10 .10) 146  2.65 3.43 3.98 (4.31 4.52 591 9.40 3.84

.35 (.01 .01 .01 .01) 0.17  0.85 1.28 5.71 (5.42 4.16 3.43 1.39 6.16
(.03 .03 .03 .03) 0.94  2.28 3.49 4.72 (5.11 4.22 4.15 4.58 4.54

(.05 .05 .05 .05) 1.83 3.17 4.40 4.24 (4.70 4.14 489 6.21 3.95

(.075 .075 .075 .075) 1.33 2.56 3.60 3.93 (4.31 4.39 4.68 7.33 3.54

(.10 .10 .10 .10) 1.46 2.65 3.43 3.74 (4.05 4.33 545 8.58 3.13

.90 (.01 .01 .01 .01) 0.17  0.85 1.28 2.20 (2.19 2.50 2.81 1.30 3.58
(.03 .03 .03 .03) 0.94 2.28 3.49 3.50 (3.94 2.93 2.93 4.07 2.76

(.05 .05 .05 .05) 1.83 3.17 4.40 3.73 (4.11 3.15 2.92 4.58 1.92

(.075 .075 .075 .075) 1.33 2.56 3.60 4.40 (4.74 3.02 2.39 4.95 1.68

(.10 .10 .10 .10) 1.46 2.65 3.43 4.22 (4.67 3.20 2.38 5.17 1.55

@ §9: parameter in Equations (4)

® LETH: proportion of observed tumors that actually result in death. Same probability in all groups

¢ Perm: results using permutational distribution based on 5,000 permutation samples

4 Asym: results using asymptotic distribution of the test statistic

¢ (x%,y%) = (% of misclassifying incidental tumor as fatal, % misclassifying fatal tumor as incidental)
For LETH = 0.05 or 0.35: (z,y) = (30, 10) and (50,15) for 1 and 2, respectively.
For LETH = 0.90: (z,y) = (10, 30) and (15, 50) for 1 and 2, respectively.
F: regard all tumors as fatal, I: regard all tumors as incidental
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Table 5: Tumor counts for EDy; data with cause-of-death information

Tumor Interval Time Dose (ppm)
(indays) 0 30 60 75 Total
1 (0,364 ] 0O 0 0 O 0
Incidental® 2 (364,546] 0 0 0 0 0
3 (546,644] 0 1 0 0 1
4 (644,729) 2 2 0 0 4
Sacb 0 0 3 5 8
1 (0,552] 0 0 1 0 1
2 (552,623] 0 0 O 1 1
Fatal 3 (623,655] 1 0 0 0 1
4 (655,704] 0 0 O 1 1
5 (704,719] 0 0 0 1 1
6 (719,8ac®] 0 0 0 0O 0
Total 3 3 4 8 18

2 NTP intervals with time points 52, 78,92, and 104 weeks are used
b Terminal sacrifice time (all deaths at day 729 or later were terminal sacrifices)
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Figure 1: Crude and survival-adjusted tumor proportions in the C.I. Acid Red 114 data for squa-
mous cell carcinoma in the oral cavity epithelium.

Figure 2: Simulated Size (%) at o = 5% significance level for the exact randomization test (E),
survival-adjusted exact test (SE), Peto’s cause-of-death (COD) test using permutational distribu-
tion (PP) and its asymptotic counterpart (PA) under three COD scenarios: Accurate (0), Inaccu-
rate (1,2). For low and intermediate tumor lethalities (LETH = 5%, 35%), (z,y) = (30,10) and
(50,15) for COD = 1 and 2, respectively, where (z%,y%) = (% of misclassifying incidental tumor
as fatal, % of misclassifying fatal tumor as incidental). For high tumor lethality (LETH = 90%),
(z,y) = (10,30) and (15,50) for COD = 1 and 2, respectively. TR is the probability of developing
the tumor by the end of study (104 weeks) for all groups. d2 = 3 in survival function of 77. The
competing risks survival rates are (0.5,0.4,0.3,0.2) across dose groups.
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