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Abstract: A new statistical testing approach is developed for rodent tumorigenicity assays that
have a single terminal sacrifice or occasionally interim sacrifices but not cause-of-death data. For
experiments that lack cause-of-death data, statistically imputed numbers of fatal tumors and in-
cidental tumors are used to modify Peto’s cause-of-death test which is usually implemented using
pathologist-assigned cause-of-death information. The numbers of fatal tumors are estimated us-
ing a constrained nonparametric maximum likelihood estimation method. A new Newton-based
approach under inequality constraints is proposed for finding the global maximum likelihood esti-
mates. In this study, the proposed method is concentrated on data with a single sacrifice experiment
without implementing further assumptions. The new testing approach may be more reliable than
Peto’s test because of the potential for a misclassification of cause-of-death by pathologists. A
Monte Carlo simulation study for the proposed test is conducted to assess size and power of the
test. Asymptotic normality for the statistic of the proposed test is also investigated. The proposed

testing approach is illustrated using a real data set.

Keywords: bioassay; competing risk; fatal tumor; incidental tumor; sacrifice.

*Corresponding author: hmoon@mail.mdanderson.org



Extension of Peto’s Test 2

1 Introduction

In survival/sacrifice experiments, information concerning onset of specific diseases is confounded
with information concerning the effect of the presence or absence of all diseases on mortality. In
order to avoid biases due to differences in intercurrent mortality, Peto (1974) and Peto et al. (1980)
proposed a method for analyzing tumor data in which tumors are observed in both the fatal and
incidental contexts. Tumors that do not alter an animal’s risk of death and are observed only
as the result of a death from an unrelated cause are classified as incidental, whereas tumors that
affect mortality by either directly causing death or indirectly increasing the risk of death from other
causes are classified as fatal. This segregation allows appropriate numbers at risk to be used in
the calculation of age-adjusted tests for tumorigenic effects of test agents. The analysis of data on
occult tumors using cause of death (COD) is performed separately for nonlethal (incidental) tumors
and lethal (fatal) tumors. This widely used statistical test (Peto et al., 1980) is recommended by
the International Agency for Research on Cancer (IARC).

Many analyses require COD information (Peto, 1974; Kodell and Nelson, 1980; Peto et al., 1980;
Kodell, Shaw and Johnson, 1982; Turnbull and Mitchell, 1984; Kodell and Chen, 1987; Archer and
Ryan, 1989). These methods are popular because they do not require large numbers of animals to
be sacrificed at multiple timepoints to observe the prevalence of occult tumors. These statistical
methods assume that pathologists can determine if a tumor affected an animal’s risk of death. In
practice, however, pathologists often claim that accurate determination of the COD is not feasible,
and classification errors can produce biases (Lagakos, 1982; Racine-Poon and Hoel, 1984; Lagakos
and Louis, 1988).

An analysis of the COD assignment in selected rodent carcinogenicity studies at the National
Center for Toxicological Research (NCTR) indicated that pathologists were inclined to assign a
single lesion as the probable COD for most dead/moribund animals (Kodell et al., 1995). Unfor-
tunately, the analysis could not assess the degree of accuracy of COD assignment in those studies.

Due to the COD controversy, researchers have proposed various alternative statistical tests that
do not rely on COD information. Usually such tests require either interim-sacrifice data (McKnight
and Crowley, 1984; Dewanji and Kalbfleisch, 1986; Malani and Van Ryzin, 1988; Gémez and Van

Ryzin, 1992) or additional assumptions (Bailer and Portier, 1988; Bieler and Williams, 1993).
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Among these, Bailer and Portier (1988) proposed the Poly-3 trend test, which made an adjustment
of the Cochran-Armitage (CA) trend test (Cochran, 1954; Armitage, 1955) for detecting a linear
trend across dose groups in the overall proportions of animals with tumor. Bieler and Williams
(1993) made a further adjustment to the CA test. Currently, most of the animal tumorigenicity
studies are designed with a single terminal sacrifice. Lindsey and Ryan (1994) and Kodell et al.
(1997) proposed statistical methods for analyzing tumor incidence rates based on data with a single
terminal sacrifice. These methods require further assumptions.

Peto’s test requires data with COD assigned by pathologists. However, as mentioned earlier,
COD information is not always available and is subject to error. Thus, our primary goal is to
develop a new method of making Peto’s test available for data without COD information. This
can be done by replacing the COD assigned by pathologists with a statistically imputed COD. The
numbers of fatal and incidental tumors imputed by a modification of the constrained nonparametric
maximum likelihood estimation (NPMLE) method by Ahn et al. (2000) are used in the proposed
test. Instead of using the lethality function introduced in Ahn et al., all possible integer pairs of the
number of fatal and incidental tumors given the number of deaths with tumor from the data are
examined in the maximum likelihood estimation. The value with the largest maximum likelihood
is chosen as the estimated number of fatal tumors. The asymptotic normality of the proposed
test statistic is examined via normal probability plots. We also conduct a comparison of our test
statistic with Peto’s test statistic which is proven to be asymptotically normal.

In this paper, a Newton-based approach with a quadratic convergence rate is proposed to
find the NPMLE. The proposed algorithm is easy to implement and substantially faster than the
Complex Method used in Ahn et al. (see also Moon et al., 1999). Ahn et al. (2000) developed the
estimation methods for multiple-sacrifice data. However, this paper is concentrated on applying the
proposed methods for data with single terminal sacrifice without additional assumptions. The new
testing procedure is implemented in C and Fortran, and programs are available from the authors.

The present paper extends and improves upon the methods in Ahn et al. (2000) by (1) mod-
ifying the likelihood function to find a better estimate of the tumor lethality, and (2) extending
the availability of the method to single terminal sacrifice data as well as multiple sacrifice data.
Furthermore, this paper proposes the following new methods in estimation and testing: (1) A

new Newton-based approach under inequality constraints is used for finding the global constrained
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maximum likelihood estimates. (2) Peto’s test is modified for data lacking COD information.

The proposed procedures are used to test the effect of feeding 2-AAF to female mice from
the EDg; study conducted at the NCTR, using a subset of the data which includes only a single
terminal sacrifice. The main interest in this project is to investigate the dose-related trend of the

liver tumor incidence.

2 Attribution of Tumor Lethality

We modify the Peto test for data without cause-of-death information. Our modified Peto test uses
statistically attributed cause of death rather than the information given by pathologists.

Consider an experiment with g treatment groups, a control and ¢ — 1 dose groups. Suppose
that N; animals in the ¢th group are followed over time for the development of irreversible and
occult tumors. We assume that all animals come from the same population and are born without
tumor on day zero of the experiment. Let 0 = g < t1 < --- < t; be J + 1 appropriately spaced
time points, where ¢; denotes the terminal sacrifice time. Divide the time scale into J intervals
such that the jth interval is given by I; = (t;—1,%;], j = 1,...,J.

The basic terminology and notation of Ahn et al. (2000) are used here with some modification.
Define S(t) as the survival function for the distribution of time to tumor onset, i.e., S(t) = Pr(77 >
t), where Tj is the random variable representing time to onset of the tumor of interest. Define
P(t) as the survival function with respect to death caused by the tumor of interest, i.e., P(t) =
Pr(Tp > t), where Tp represents the overall time to death from the tumor of interest. Define
Q(t) as the survival function with respect to death from competing risks, i.e., Q(t) = Pr(X¢ > t),
where X is the random variable representing time to death from a cause other than the tumor
of interest. Figure 1 illustrates a tumor-death model introduced by Kodell and Nelson (1980). We
assume that probabilities involving T}, Tp and X¢ can only be evaluated at the ends of intervals,
because we have only interval data (interval support). We also assume that 77 and Tp occur before
X¢ in an interval. These assumptions are commonly made in practice (see Malani and Van Ryzin,
1988; Kodell and Ahn, 1997). The contributions to the likelihood function in Ahn et al. are slightly
modified and formulated in terms of S(t), P(t) and Q(¢) as if complete information on COD is

available for the experimental animals.
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To develop the likelihood contributions, we begin by assuming that complete data on cause of
death are available. For a given experimental group, let d; denote the number of animals observed
with fatal tumors in the jth interval. Let a;; denote the number of animals in the jth interval
observed to die with incidental tumors and b;; the number observed without tumors. Let ao; and
by; denote similar quantities for sacrificed animals.

The probability that each of d; animals dies due to the tumor of interest in the jth interval
is Pr[t;_1 <Tp <t;,Xc >Tp| = Pritj_1 <Tp <t;] Pr[X¢c>Tp|tj—1 <Tp <t;]. Given that
tj—1 < Tp < tj, and Tp must occur before X within an interval, X¢c could have also occurred
in the jth interval after Tp. Thus, for X¢ > Tp, all we can be sure of is that X¢ > t;_1, i.e.,
Pr[X¢c >Tp | tj—1 <Tp <t;] = Pr[X¢ > t;_1] = Q(tj—1). Therefore, the likelihood contribution
is given as Q(t;—1){P(t;j—1) — P(t;)}-

Analogously, the probability that each of the a;; animals dies in the jth interval from un-
related causes but has the tumor of interest is Pr[(Tp > X¢,T1 < X¢) and (t;_1 < X¢ < ;)] =
Pritj_1 < X¢ <t;] Pr((Tp > X¢,T1 < X¢) | tj—1 < X¢ < tj]. Now, if 1 and Tp must occur be-
fore X¢ in an interval, then given t;_; < X¢ < t;, for Tp to be greater than X¢, Tp cannot
occur in the jth interval. Thus, we can be sure that Tp > ¢;. However, T; can occur before X¢
in the jth interval and still satisfy 71 < X¢. Hence, Pr[(Tp > X¢,T1 < X¢) | tj—1 < X¢ < tj] =
Pr[Tp > t;,T1 <t;] = P(t;) — S(t;). Therefore, the likelihood contribution is given as {Q(tj—1) —
Q) {P(t;) — S(t))}-

The probability that each of the b;; animals dies without the tumor of interest in the jth interval
is Pr[Th > X¢,tj1 < X¢ <tj] = Prltj_1 < X¢ <t;] Pr[Th > X¢c | tj—1 < X¢ <tj]. If Ty must
occur before X¢ in an interval, then for T} to be greater than X¢ given t;_; < X¢ < t;, Ty cannot
occur in the jth interval. Then T7 > X¢ implies 77 > t;. Thus, Pr[T1 > X¢ | tj—1 < X¢ < tj] =
Pr[Ty > tj] = S(t;). Therefore, the likelihood contribution can be derived as S(t;){Q(t;—1)—Q(%;)}-

For the sacrifice data, the probability that each of the ao; animals sacrificed at ¢; has the tumor
of interest is Pr[T7 < t;, Tp > t;] Pr[X¢c > t;], and Q(¢;){P(t;) — S(t;)} is contributed to the
likelihood function. The probability that each of the by; animals sacrificed does not have the tumor
at t; is Pr[T1 > t;] Pr[X¢ > t;], and S(¢;)Q(t;) is contributed to the likelihood. For experiments
with a single terminal sacrifice, ag; and by; are zero except for the last interval. This formulation

of the likelihood contributions is the same as that in Kodell and Chen (1987).
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Ahn et al. introduced the lethality function A; = Pr(tumor causes death | death with tumor).
From the formula, A\; = 0 as expected for nonlethal tumors since p; = 1. When the tumor is
instantly lethal, A; = 1/(2 — ¢;) is obtained since 7; = 1, and consequently, A; ranges from 0.5 to
1 depending on the competing risks survival rate. Although the estimation method in this paper
does not require );, if formulated in terms of the present likelihood contributions, it gives value 0
for incidental tumors and 1 for fatal tumors.

For fixed d; and ay;, a new likelihood function for an individual dose group in experiments

lacking COD data is given as

Lo T {Q-1)[P(tj—1) — P(t)}4{[Qtj-1) — Q)P (¢;) — S(t;)]}*
x{S(t;)Q(t-1) — Q)Y Q)P (L) — ()]} {8 () Q(t;)}" .

For all j, let m; = S(t;)/P(t;), pj = P(t;)/P(tj—1) and ¢; = Q(t;)/Q(tj—1). Then the survival

functions can be expressed as

J J
Pt;) = [[ v, Qtj) = [[ ax and S(t;) =m;P(t), j=1,...,J. (1)
k=1 k=1
After the reparameterization, the log-likelihood function is, apart from a constant, derived as
j—1
I= Y7 {(Nj1—Nj) > log(pear) + (a1 + bij + az; + bay) log p;
k=1

+ djlog(1 — p;) + (a1 + b1j) log(1 — g;)

+ (a2; + baj)log g; + (b1 + boj) log mj + (a1 + ag;) log(1 — 7;)}, (2)

where N; is the number of live animals at ;.

In this problem, d; and a;; need to be imputed since they are not available due to the lack of
COD information, although d; + a1; can be observed from the data. The imputation procedure is
as follows: All possible integer values of (a1, d;) given d; +a1; = (the number of animals that died
in interval j with the tumor of interest) are considered in the estimation. Function ! is maximized
for each pair of (dj,a1j). Thus, dj 4+ aij; + 1 maximizations are considered. The integer values
of (dj,a1;) with the largest maximum likelihood and the corresponding MLE’s are chosen as the
desired estimates. This approach can be viewed as an EM algorithm by assuming that the number

of deaths with fatal tumor, d;, and the number of deaths with incidental tumor, a1;, are predictable
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from the information on the number of animals dying with tumor, d; + aij. Therefore, (cfj, aij)
should be one of all possible integer pairs of (d;,a1;) given fixed d; + ay;.

Due to the large number of parameters to be estimated for each experimental group, a sufficient
number of animals per group is required. The design used by the NTP currently incorporates 50
animals per group in a standard 2-year study (Bieler and Williams, 1993).

The monotonicity of S(t), P(t) and Q(t), and the condition S(¢t) < P(t) provide the following

inequality conditions:

0<7;<1,0<p;<1,0<¢; <1, and mjp; <mj_y forj=1,...,J. (3)

The MLE’s of 7;, p; and ¢; can be obtained by maximizing (2) subject to (3).

Among all dose groups, define the tumor-death-ratio as the ratio of the number of natural deaths
with tumor and the total number of natural deaths, and the tumor-sacrifice-ratio as the ratio of
the number of animals having the tumor of interest among sacrificed animals and the total number
of sacrificed animals. One way to determine the degree of lethality is comparing tumor-death-ratio
and tumor-sacrifice-ratio. A high tumor-death-ratio compared to the tumor-sacrifice-ratio implies
a highly lethal tumor. A ratio yr = tumor-death-ratio/tumor-sacrifice-ratio is calculated to impose
an upper bound on d; as (d; + a1;) (Y7 /Ymax) for Y7 < Ymax, and d; + a1; otherwise, where ymax
is a given upper bound of yr. In this study, vmax is set to be 2. According to the simulation,
our method estimates d; quite well for data with moderate and high lethality, but d; tends to be
overestimated for low lethal tumors. Therefore, this adjustment reduces the bias of the estimation
for data with low lethal tumors. For highly lethal tumors, the bias is not expected to increase
substantially because «yr is almost always higher than 2. Even if the ratio is less than 2, d; can go
close to aj + d if the ratio is not much lower than 2. An upper bound of 2 improves estimation for
low lethal tumors without damaging accuracy of estimation for data with higher lethality according
to our simulation study. An upper bound of 1 is not enough to reduce the bias since we expect
~yr ~ 1 for incidental tumors.

When the Newton method is used for the current optimization problem, modifications are
necessary to satisfy the bounds on the parameters and the complicated nonlinear constraints. The

Newton-based method given in Ahn et al. (2002) is employed for finding the maximum of a new
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log-likelihood function given in (2) under the constraints of (3). This method is easy to implement
and faster than the direct-search algorithm used in Ahn et al. (2000) by the order of magnitude
1000. A quadratic convergence rate of the Newton Method is possible to obtain with a properly
chosen initial guess which resides in the domain of contraction. The survival functions can be

estimated by substituting the maximum likelihood estimates into (1).

3 Modified Peto’s Test via Attribution of Tumor Lethality

In this section, a modified Peto test for data with unknown COD is proposed. As in the Peto test,
our test assumes no treatment effect among the g groups under the null hypothesis. A dose-related
trend in the tumor incidence rate is tested in the proposed method. By using Jj, aj (j=1,...,J)
obtained in Section 2, Peto’s test can be modified for data lacking COD information. A detailed
description of the Peto test can be found in Peto (1974). See also Ahn and Kodell (1998). In
this study, the NTP (National Toxicology Program) intervals (Bailer and Portier, 1988) are used.
Instead of using a fixed length, the NTP intervals reflect the number of observed animals by reducing
the length of the interval as time goes by. See Section 4.1 for further details on these intervals.

First, consider Table 1 which summarizes tumor prevalence data for interval I;. Let n;; =
G135 + a2 + b1;j + by;; be the number of animals in group ¢ dying during interval I; from causes
unrelated to the presence of the tumor of interest, and y;; = a1;; + a2;; be the number of these
animals in which the tumor was observed in the incidental context, for 4 = 1,...,g. All tumors
found in sacrificed animals are classified as incidental.

The expected number of tumors in the isth group for the jth interval is E;; = vy ;K;;, where
K;j = nij/n . Thus, the observed and expected numbers of tumors in the ith group over the
entire experiment are O; = 7L, y;; and E; = 377, E;j, respectively, for + = 1,...,g. Define
D; = 0O; — E; and V,; as

m m
D; =) (yij — Eij) and Vi =Y #,;Kp;(6ri — Kij),
j=1 j=1
where k; = yj(n; —y;)/(n; —1) and §,; is defined as 1 if r = ¢ and 0 otherwise. Let Dq =
(D1,...,D,)T and V, be the g x g matrix with (r,i) entry V.

Second, consider the animals which have died from a tumor of interest. Table 2 is a contingency
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table which shows tumor mortality data for interval I;. Let m;; = N; ;j_1 be the number of animals
in group ¢ surviving at the beginning of the interval, and z;; = cfij be the number of these animals
dying from the tumor of interest in that interval. A vector Dy that has the differences of observed
and expected values using the data in Table 2 is calculated in the same way as for the incidental
tumors, and the corresponding covariance matrix V4 is computed.

The analysis of data on occult tumors using contexts of observation is based on the vector D =
D, + Dy, with covariance matrix V. = V, 4+ V. Then, a dose-related trend test in the incidence

of tumor of interest among dose groups can be considered by using
Xg=1"D/VITV1, (4)

where | = (61,...,£g)T, and ¢; stands for the dose metric for the ith group. Under the null
hypothesis, Xg is asymptotically distributed as the standard normal.

Kodell, Chen and Moore (1994) mentioned that Peto’s COD test with the conventional way
of intervalization may not control size properly. They showed with 1000 two-group data sets how
Peto’s test could substantially exceed its nominal size in the presence of differential competing
risks. However, when the incidental part of Peto’s test was implemented using the NTP (National

Toxicology Program) intervals (Bailer and Portier, 1988), the test maintained nominal size.

4 Simulation Study

4.1 Design of Monte Carlo Simulation Study

A Monte Carlo simulation study was conducted to evaluate the performance of the proposed testing
procedure. Our modified Peto test is compared with Peto’s COD test, the Poly-3 test (Bieler and
Williams, 1993) and CA test. The Poly-3 test is chosen to be compared with our test because it is
an age-adjusted test for data without COD information. It was recently adopted by the NTP. It is
well-known that an age-adjusted test is preferable, but the CA test, which is not an age-adjusted
test, is included in our simulation study as a baseline.

In the simulation, a bioassay design with four dose groups in which there were 50 animals in each
group was considered. All the remaining live animals were sacrificed at the end of the experiment.

The proposed testing procedure was simulated to have the NTP intervals with time points 52, 78
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and 92 weeks and a terminal sacrifice at 104 weeks for both the incidental and fatal tumors. Peto’s
COD test using intervals defined by each animal’s actual death time for the fatal tumor and the
NTP intervals for the incidental tumor was also simulated to see how the probability of a Type I
error was affected with correct and erroneous COD information.

Misclassification of COD was simulated as the following. Several probabilities of misclassifica-
tion of COD were selected. We assumed z% chance of misclassifying an incidental tumor as fatal,
and y% chance of misclassifying a fatal tumor as incidental. For the intermediate (approximately
35% of the tumors are lethal) and low (approximately 5% of the tumors are lethal) lethal tumors,
the values of the (z, y) pair were chosen to be (30, 10), (50, 15) and (70, 20). For the highly lethal
tumors (approximately 90% of the tumors are lethal), the error rates were chosen to be (10, 30),
(15, 50) and (20, 70). The reason for choosing the opposite error rates for the highly lethal tumors
was due to the fact that there were more animals which were dead from the tumor of interest than
the animals which were dead from incidental causes in the case of highly lethal tumors.

It was assumed that three independent random variables completely determined the observed
outcome for each animal. The random variables were the time to onset of tumor, 77, the time after
onset until death from the tumor, 75, and the time to death from a competing risk, X. Note that
Ty + 15 = Tp, where Tp represents the overall time to death from the tumor of interest. Thus
the tumor of interest was present in an animal at the time of death if 77 < min{X¢, Xs}, where
Xs denotes an animal’s scheduled sacrifice time. An animal died from the tumor of interest if
Tp < min{X¢, Xg}. Otherwise, it died from a competing risk including sacrifice. Distributions of
the random variables were of the form used by Kodell and Ahn (1997).

The distribution of time to onset of tumor, 77, was modeled by the survival function S(t) =
exp[—951(t/104)‘52], where §; > 0, 82 > 0, @ = e > 1, and £ is a dose level. As in the NTP
studies, the value of §, was set to be 1.5, 3 and 6. For size evaluations (i.e., no dose effect), the
probability of tumor onset by 104 weeks was chosen to be 0.05 (rare tumor), 0.15 or 0.3 (common
tumor). For power comparisons, the probability of tumor onset in the highest dose group /x by 104
weeks would be z times that in control (¢ = £j), where z is 5, 3 and 2 for background tumor rates
0.05, 0.15 and 0.3, respectively. The low and intermediate doses were chosen as £y /4 and £ /2,
respectively. The survival rates with low tumor lethality (approximately 5% of observed tumors are

COD), intermediate tumor lethality (approximately 35% of observed tumors are COD), and high
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tumor lethality (approximately 90% of observed tumors are COD) were considered. The competing
risks survival rate (CRSR) of either 0.5 for all the dose groups or 0.5, 0.4, 0.3 and 0.2 for control,
low, intermediate, and high dose groups, respectively, were considered. These rates represent those
recently observed in actual experiments. Historical data show that the survival rates of mice and
rats have been declining.

In the simulation, the size (probability of a Type I error) evaluations were carried out with
respect to a nominal significance level of 5%. Five thousand simulated data sets with Weibull
tumor onset distributions (d2 = 1.5,3 or 6) for the power and the size were generated for each dose
group according to each combination of three tumor onset probabilities at 104 weeks, two sets of
CRSR, and three tumor lethality rates. The power evaluation also used a nominal 5% significance
level for the same configurations used in the size evaluations. Thus, a total of 18 configurations for
size and 18 configurations for power were considered for each model of the tumor onset distribu-
tion. The robustness of the proposed testing procedure was investigated in conjunction with the
misclassification of COD in the Peto test and the performance of the Poly-3 test and the CA test.
The configurations with the same CRSR in all dose groups are not reported because there was not

much difference in size and power among the different tests and the misclassification of COD’s.

4.2 Simulation Results

Tables 3, 4 and 5 show a size and power comparison of the tests for Weibull tumor onset data with
do = 1.5, o = 3.0 and d2 = 6.0, respectively, with a single terminal sacrifice. The 95% confidence
interval for the true size is (4.4%, 5.6%) based on 5000 data sets.

The simulation results in Tables 3-5 show that the proposed testing procedure controlled the
probability of a Type I error (size) quite well in most of the configurations. For low and intermediate
lethal tumors with different CRSR, Peto’s test with erroneous COD showed a substantial increase in
the Type I error rate, especially for common tumors. For highly lethal tumors, Peto’s test with the
erroneous COD showed conservatism and a substantial loss of power. According to these results,
the effect of misclassification of COD assigned by pathologists can be predicted. The new testing
approach might be more reliable than Peto’s test with pathologist-assigned COD information in
terms of controlling size.

Our modified Peto test performed substantially better than the Poly-3 test for the data with
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Weibull tumor onset distribution with power 1.5 in Table 3. The Poly-3 test showed anticonser-
vatism in our simulation in Table 3. The reason was that the actual tumor onset distribution is
Weibull with the power 1.5, but the test statistic is based on Weibull with power 3. For the cases
of high tumor rate, the size of our modified Peto test was conservative for Weibull tumor onset
data with power 3 and 6 for highly lethal tumors (see Tables 4 and 5). For the cases of lower tumor
rate or intermediate lethality in Tables 4 and 5, our test procedure performed well. The Poly-3
trend test controlled the probability of a Type I error quite well for Weibull tumor onset data with
09 = 3. This is an ideal situation for the Poly-3 test. These results confirm the simulation results
by Kodell et al. (1994). Note that size and power of the Poly-3 test and the CA test do not change
as the tumor lethality rate changes. This is because these tests do not depend on tumor lethality
or COD information. The CA test was conservative for different CRSR. This result is due to the
fact that the CA test is not an age-adjusted test. This behavior of the CA test is well known, and
it is a major reason why age-adjusted tests have been developed. The results for the CA test are
reported in this paper as baseline results for the various testing methods.

Overall, the modified Peto test controlled size slightly better than the Poly-3 test for various
degrees of tumor lethality. The modified Peto test maintained desirable power for most of the
configurations. In Table 3, the size of the modified Peto test was outside the 95% confidence
interval in 4 of these 9 cases, whereas the size of the Poly-3 test was outside the 95% confidence
interval in all 9 configurations. The misclassified COD assignment by pathologists might give either
a substantial power loss or substantial anti-conservatism, depending on the lethality of the tumor.
Our simulation study showed that the modified Peto test was robust for single-sacrifice data in
terms of controlling the probability of a Type I error compared to other tests.

McKnight (1985) and Selwyn, Roth and Weeks (1985) commented on the difficulty of controlling
the size when the death distributions are widely different in treatment and control groups. Kodell
et al. (1994) also showed this by a Monte Carlo simulation study. In our simulation study, although
not reported, size for the same CRSR across dose groups was close to the nominal level for all the
configurations regardless of the tests considered, COD error rates of Peto’s test, and tumor onset
distributions. However, the size was more difficult to control if the CRSR was different among the
dose groups. These results confirm the findings of the previous works.

Our modified Peto test is expected to follow an asymptotic normal distribution if there is no bias
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in the attribution of tumor lethality. As seen in our simulation study, our test shows a comparable
performance with the Peto test having a slight COD error. Figure 2 shows normal probability plots
for the Peto test and the modified Peto test. The purpose of studying this figure is twofold. One is
to examine the asymptotic normality of our test through the normal probability plots. The other is
to conduct a side-by-side comparison of our test statistic with the Peto test statistic without COD
error which is proven to be asymptotically normal. Among 27 configurations in the simulation, 24
of them were selected randomly to draw normal probability plots. The asymptotic normality of the
proposed test could be justified in most of the cases for tumor rate 0.15 and above. For cases of
tumor rate 0.05, the normal probability plots were slightly off the straight line at the tails due to
the insufficient number of tumors. Exact statistical methods are commonly used for analysis of data
with such a rare tumor (see Mancuso et al., 2002). Even in these cases, the proposed test appears

to be better than the Peto test which is proven to follow an asymptotic normal distribution.

5 Example: EDj; Data

An experiment was conducted at the National Center for Toxicological Research to study the effect
of feeding 2-acetylaminofluorene (2-AAF) to female BALB/C mice (EDy; study; Littlefield et al.,
1980). Data in Table 6 are from groups of animals that were dosed continuously at concentrations
of 0, 35, 75 or 150 ppm 2-AAF until the terminal sacrifice at 726 days. The tumors of interest were
hepatocellular adenomas or carcinomas of the liver. The animals are from only one room out of
3 rooms that had a single terminal sacrifice at 24 months (room 141), and represent only animals
that were designated to be sacrificed at 24 months. That is, these are 24-month cohorts.

As illustrated in Section 4.1, the NTP intervals (0-52, 52-78, 78-92 and 92-104 weeks) were
used in the proposed testing procedure outlined in Section 3. In Peto’s test, the NTP intervals
were used for the incidental tumor analysis, and the data-determined intervals defined by animal’s
actual death time were used for the fatal tumor analysis. Our modified Peto test was compared
with Peto’s test using the COD assigned by pathologists, the Poly-3 and the CA tests. Table 7
shows the one-sided trend test for all dose groups and pairwise test results for the control and 35
ppm groups. The tumor-death-ratio and the tumor-sacrifice-ratio defined in Section 2 were 9.11%

and 11.98%, respectively. Tt indicates that the tumor is not highly lethal. On the average, the



Extension of Peto’s Test 14

numbers of fatal tumors assigned by pathologists were higher than those imputed by the proposed
method. This supports the argument of Kodell et al. (1995) and Ahn et al. (2000) that pathologists
tend to assign too many tumors as fatal.

All the trend tests showed a highly significant dose-related trend. The results from the proposed
test showed consistency with those from the other tests. The modified Peto test using the imputed
COD and Peto’s test using the COD assigned by pathologists gave the same conclusion. For the
pairwise test, the Z-values were near the border line. Peto’s COD test showed a significant dose
effect, but our modified Peto test, the Poly-3 and the CA tests showed no significant dose effect at
35 ppm with a 5% significance level. This is due to a different COD assignment by pathologists and
by our imputed COD. The proposed testing procedure was successfully conducted by attributing
tumor lethality in the absence of COD information.

Figure 3 compares the time-to-onset survival functions obtained from the NPMLE method
discussed in Section 2 using the NTP intervals. These functions and the number of fatal tumors cij
used in the modified Peto test were obtained from the same maximum likelihood estimators. The
figure also supports the test results because it shows a difference in the curves among the four dose

groups.

6 Discussion

In many animal bioassays for carcinogenicity, COD is not available. Even if COD is available, it is
subject to error, potentially leading to misrepresentative estimates and tests of tumor rates. The
present paper developed procedures for testing dose-related trend in the absence of COD.

Our modified Peto’s test was implemented by attributing tumor lethality when COD is not
available. The proposed testing method gave results close to Peto’s COD test with small COD
assignment error and it controlled size better than the Peto test with substantial COD error. From
the simulation, the proposed test procedure was found to control the probability of a Type I error
reasonably well in conjunction with the attribution of tumor lethality via a constrained Newton-
based NPMLE method for the data with a single sacrifice. According to our study, the Peto test was
highly sensitive to the accuracy of the COD assignment. When the error of the COD assignment

was severe, Peto’s COD test failed to control the probability of a Type I error in the cases of low
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and intermediate lethal tumors, and it experienced a substantial power loss in the case of highly
lethal tumors with different CRSR.

We also compared the proposed test with the Poly-3 test because they are both age-adjusted
trend tests that do not require COD information in the data. The Poly-3 test performed well and
controlled the probability of a Type I error well for tumor onset data from a Weibull distribution
with power 3, which is the ideal case for the test. However, the proposed procedure appeared to
be slightly less model-dependent than the Poly-3 test. The proposed testing method controlled the
probability of a Type I error better than the Poly-3 test for the Weibull tumor onset data with
power 1.5. Asymptotic normality of the proposed test under the null hypothesis was examined by
using the normal probability plots and by a comparison with the Peto test statistic with no COD
which is proven to follow an asymptotic normal distribution.

The proposed testing procedure was applied to EDg; data to find the effect of feeding 2-AAF
to female BALB/C mice, and it showed a highly significant dose-related trend for liver tumors.
The results from Peto’s test and the Poly-3 test were close. These results are seen in Table 7. In a
pairwise test, Peto’s test gave a slightly different result from our modified Peto test and the Poly-3
test.

The new testing procedure enhances the statistical analysis and interpretation of rodent tu-
morigenicity studies. This method may reduce the subjective bias that results from uncertainty
in COD assignment, and could relieve the need for case-by-case assignment of COD or context of
observation by pathologists. Interim sacrifice data as well as COD data add expense to rodent
bioassays, so neither type of information is always available in the standard 2-year rodent study.
The proposed testing method is a suitable statistical procedure for testing in studies that have a

single terminal sacrifice.
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Table 1: Tumor prevalence data for interval I;.

Dose group
1 2 e g Total
#with tumors Y1j Y2; e Ygj Y.j
#without tumors Ny —Y1; N2 — Y25  Ngj—Ygi NG — Y
#deaths from competing causes N1 n2; e Ngj n;

Table 2: Tumor mortality data for interval I;.

Dose group

1 2 e g Total
#fatal tumor deaths in I; Z1j T2j - Tgj z.j
Mij — T1j Mg —Tj -+ Mgj— Ty
#surviving in I; my; ma; e Myg; m.j
Normal Tumor Onset
(T1)
Death from
. Death from
Competing Tu (Tp)
Risk (X¢) mor s

Figure 1: Illustration of illness and death, with possible transitions, in rodent bioassay from Kodell
and Nelson (1980).
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Table 3: Simulated size and power (%) corresponding to nominal 5% significance level for trend
tests applied to single-sacrifice data with a Weibull tumor onset distribution (d = 1.5). All tests
are based on a dose scaling of 0, 1, 2, 4 with 5000 trials for each configuration and on the different
CRSR“.

Peto Peto
Tumor Tumor with with

Onset Lethal. imputed correct Peto with

Prob.® Prob.c  COD COD Wrong COD Poly-3 CA¢
30-10°  50-15 70-20
.05 ~ .05 6.6 4.9 5.5 6.6 7.3 6.9 4.1
Size 15 ~ .05 5.6 4.8 6.2 9.3 10.4 6.7 2.9
.30 ~ .05 5.6 4.6 7.9 124 15.5 6.5 2.0
.05 ~ .05 89.4 87.3 90.0 923 93.5 91.6  83.7
Power .15 ~ .05 95.1 92.6 95.8 97.8  98.5 96.2  89.0
.30 ~ .05 91.6 88.2 94.0 97.3 98.1 929 80.1
.05 ~ .35 5.9 5.4 5.9 6.4 6.4 6.9 4.1
Size 15 ~ .35 4.7 4.8 5.8 6.9 8.1 6.7 2.9
.30 ~ .35 3.9 4.6 6.2 8.6 10.1 6.5 2.0
.05 ~ .35 88.2 86.6 88.3 90.1  90.8 91.6  83.7
Power 15 ~ .35 92.9 92.6 94.6 96.3  96.7 96.2  89.0
.30 ~ .35 86.5 86.6 91.3 94.5  95.6 929  80.1
10-30 15-50 20-70

.05 ~ .90 5.5 4.8 3.0 2.3 1.9 6.9 4.1
Size 15 ~ .90 4.7 5.0 24 1.2 0.8 6.7 2.9
.30 ~ .90 3.6 4.6 2.0 1.0 0.5 6.5 2.0
.05 ~ .90 88.7 88.2 79.9 68.8 61.5 91.6  83.7
Power .15 ~ .90 93.7 93.1 85.4 714 61.0 96.2  89.0
.30 ~ .90 86.4 89.5 76.5 57.0 456 929  80.1

%0.5, 0.4, 0.3, 0.2 for control, low, intermediate and high dose groups, respectively.

®Cumulative tumor onset probability (in control for power) at 104 weeks in absence of competing risks.
“Proportion of observed tumors that actually result in death. Same probability in all dose groups.
4Cochran-Armitage test.

°x — y represents £% misclassified an incidental tumor as fatal, y% misclassified a fatal tumor as incidental.
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Table 4: Simulated size and power (%) corresponding to nominal 5% significance level for trend
tests applied to single-sacrifice data with a Weibull tumor onset distribution (d2 = 3.0). All tests
are based on a dose scaling of 0, 1, 2, 4 with 5000 trials for each configuration and on the different
CRSR“.

Peto Peto
Tumor Tumor with with

Onset Lethal. imputed correct Peto with

Prob.® Prob.c  COD COD Wrong COD Poly-3 CA¢
30-10°  50-15 70-20
.05 ~ .05 5.9 5.2 5.6 6.0 6.6 5.9 3.5
Size 15 ~ .05 4.7 4.2 5.3 7.2 8.1 4.8 2.2
.30 ~ .05 4.5 4.1 6.7 9.7 11.7 4.0 1.1
.05 ~ .05 84.2 82.0 84.3 86.8  88.0 854  75.0
Power .15 ~ .05 90.5 88.9 92.3 949 959 909 793
.30 ~ .05 85.4 83.0 89.8 94.0 95.2 84.4  63.9
.05 ~ .35 5.2 4.8 5.0 5.3 5.5 5.9 3.5
Size 15 ~ .35 3.8 4.3 5.1 5.7 6.4 4.8 2.2
.30 ~ .35 2.6 4.8 5.8 7.6 8.5 4.0 1.1
.05 ~ .35 81.6 82.8 84.4 86.0  86.8 85.4  75.0
Power 15 ~ .35 86.1 89.4 91.3 93.0 93.5 90.9 793
.30 ~ .35 76.4 82.7 86.8 89.9 91.6 84.4  63.9
10-30 15-50 20-70

.05 ~ .90 5.0 4.5 3.3 2.5 1.9 5.9 3.5
Size 15 ~ .90 4.1 4.7 2.9 1.5 1.1 4.8 2.2
.30 ~ .90 2.4 4.8 2.0 0.9 0.6 4.0 1.1
.05 ~ .90 83.2 83.2 75.3 649 584 854  75.0
Power .15 ~ .90 87.3 91.4 82.5 68.8  60.6 90.9 793
.30 ~ .90 73.7 86.7 72.1 53.1 425 84.4  63.9

%0.5, 0.4, 0.3, 0.2 for control, low, intermediate and high dose groups, respectively.

®Cumulative tumor onset probability (in control for power) at 104 weeks in absence of competing risks.
“Proportion of observed tumors that actually result in death. Same probability in all dose groups.
4Cochran-Armitage test.

°x — y represents £% misclassified an incidental tumor as fatal, y% misclassified a fatal tumor as incidental.



Extension of Peto’s Test 22

Table 5: Simulated size and power (%) corresponding to nominal 5% significance level for trend
tests applied to single-sacrifice data with a Weibull tumor onset distribution (d2 = 6.0). All tests
are based on a dose scaling of 0, 1, 2, 4 with 5000 trials for each configuration and on the different
CRSR“.

Peto Peto
Tumor Tumor with with

Onset Lethal. imputed correct Peto with

Prob.® Prob.c  COD COD Wrong COD Poly-3 CA¢
30-10°  50-15 70-20
.05 ~ .05 5.3 5.3 5.2 5.6 5.8 4.7 2.5
Size 15 ~ .05 4.2 4.2 4.9 6.0 6.4 34 1.3
.30 ~ .05 3.5 3.2 4.4 6.3 6.9 2.2 0.6
.05 ~ .05 75.9 75.3 76.8 79.0 804 73.9  60.5
Power .15 ~ .05 82.0 81.6 85.1 879 894 79.0  60.2
.30 ~ .05 74.0 72.0 79.3 84.9 873 66.3  39.2
.05 ~ .35 4.6 4.0 4.2 4.5 4.5 4.7 2.5
Size 15 ~ .35 3.0 4.3 4.7 5.0 5.4 34 1.3
.30 ~ .35 2.1 3.5 4.3 5.0 5.6 2.2 0.6
.05 ~ .35 72.3 73.7 74.7 76.0 76.6 73.9  60.5
Power 15 ~ .35 75.7 82.1 83.7 85.7  86.7 79.0  60.2
.30 ~ .35 63.4 73.1 76.7 80.4  82.1 66.3  39.2
10-30 15-50 20-70

.05 ~ .90 4.6 4.4 3.3 2.6 2.1 4.7 2.5
Size 15 ~ .90 3.3 4.1 2.5 1.5 1.0 34 1.3
.30 ~ .90 1.7 4.7 24 1.1 0.7 2.2 0.6
.05 ~ .90 74.1 76.1 69.3 61.4 57.3 73.9  60.5
Power .15 ~ .90 76.0 86.1 76.8 65.0 57.7 79.0  60.2
.30 ~ .90 55.6 80.1 66.7 496 41.0 66.3  39.2

%0.5, 0.4, 0.3, 0.2 for control, low, intermediate and high dose groups, respectively.

®Cumulative tumor onset probability (in control for power) at 104 weeks in absence of competing risks.
“Proportion of observed tumors that actually result in death. Same probability in all dose groups.
4Cochran-Armitage test.

°x — y represents £% misclassified an incidental tumor as fatal, y% misclassified a fatal tumor as incidental.
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Table 6: Frequency data from EDg; study.

Dose (ppm) j* d% di aij+d; b ay by
0 1 0 O 0 9 0 0
2 0 0 0 15 0 0

3 0 1 1 34 0 0

4 0 1 1 60 7 137

35 1 0 0 1 9 0 0
2 1 3 3 31 0 0

3 0 1 1 55 0 0

4 0 0 1 80 18 192

75 1 0 O 0 10 0 0
2 0 0 1 16 0 0

3 1 2 3 28 0 0

4 1 3 10 41 22 101

150 1 0 0 0 5 0 0
2 0 1 2 14 0 0

3 1 2 6 24 0 0

4 5 7 15 18 16 33

“Time intervals 1-4 represent, respectively, 0-364, 365-546, 547-644, 645-726 days.
*Imputed number of fatal tumors obtained by the proposed Newton-based NPMLE method.
“Number of fatal tumors assigned by pathologists.

Table 7: Test results for proposed modified Peto test with imputed COD, Peto’s test with COD
assigned by pathologists, the Poly-3 trend test and the CA test for the EDy; data given in Table 6.
ATl tests are one-sided.

Proposed Peto Poly-3 CA

Incidental Z value 8.27 8.27
p-value ~0 ~0
Trend test Fatal Z value 4.83 4.50
p-value ~0 ~ 0
Combined Z value 9.34 941 9.40 8.69
p-value R = ~ ~0
Incidental Z value 1.49 1.68
p-value 0.068 0.046
Pairwise test
for control &  Fatal Z value 0.82 0.55
35 ppm group p-value 0.206 0.291
Combined Z value 1.61 1.75 1.58 1.57

p-value 0.054 0.040  0.057 0.058
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Figure 2: Normal probability plots
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EDO1 Study: Single Sacrifice Data
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Figure 3: Time-to-tumor-onset survival functions obtained from the proposed Newton-based

NPMLE estimation method for EDg; data.



