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SUMMARY

In most survival-sacrifice experiments in animal carcinogenicity studies, the onset of the tumor of interest is
not clinically observable. Due to the complexity of constraints for a biological justification, recently developed
methods for estimating the tumor onset function and tumor-specific survival function employ computer-
intensive numerical solutions. In this paper, closed-form solutions for nonparametric maximum likelihood
estimators are derived under explicit and implicit inequality constraints obtained from the monotonicity of
the survival functions. Our methods do not require cause-of-death information. The proposed methods can
be used to estimate the tumor onset function and the survival function of the tumor of interest. We use the
proposed estimators for the development of our new dose-response trend test. A modification of the Poly-k
test is made by replacing the time-at-risk weight to a function of the tumor onset survival function. The
weighted least square regression method is applied to the estimated survival functions in order to construct
a dose-response trend test. A simulation study is conducted to evaluate the performance of the proposed
test and compare it with existing trend tests. A real example is used to illustrate the methods.

Key Words: Animal carcinogenicity experiments; Competing risks; Dose response; Survival function; Tumor

onset.

1 INTRODUCTION

The main goal of long-term animal carcinogenicity experiments is to test the statistical significance
of a dose-response relationship among treatment groups. When the tumor onset time is observable,
standard lifetable methods can be applied to test the differences in tumor incidence rates [1].
However, it is more complicated when information concerning onset of specific tumors is confounded
with information concerning the effect of the other causes on mortality.

Various methods have been proposed for testing dose-related trend. Since the estimation of
incidence rates for a certain tumor can be affected by competing causes of death, a number of
analyses require cause-of-death (COD) information [2, 3, 4, 5, 6]. However, pathologists often
claim that accurate determinations of the cause of death are impossible, and classification errors
can cause biases [7, 8]. Peto [2] proposed an approach that requires COD information for each
animal to be determined by pathologists. Bailer and Portier [9] proposed the Poly-3 test which

does not require the COD information. The Poly-3 test is derived by making an adjustment to
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the Cochran-Armitage (CA) test [10, 11] by using a fractional weighting scheme for animals not at
full risk of tumor development. Bieler and Williams [12] modified the Poly-3 test by adjusting the
variance of the test statistic.

The Poly-3 test improves the sensitivity of the CA test caused by the presence of treatment-
induced mortality unrelated to the tumor of interest. Performance of the Poly-3 test depends on
how closely it represents the correct specification of the time-at-risk weight in the data. The STP
Peto Analysis Working Group [13, 14, 15] pointed out the limitation of the Poly-k test due to the
lack of reliable knowledge of the appropriate value of k to use, and the limitation of the Peto test
due to the uncertainty in pathologist-assigned COD.

Moon et al. [16] developed a method for estimating k in the Poly-k test by equating the empirical
estimator of the lifetime cumulative tumor rate based on the Poly-k fractional weighting scheme
to a separately estimated lifetime cumulative tumor rate based on the method by Kodell and
Ahn [17]. This is done by developing methods for estimating the tumor onset distribution by
deriving the estimated lifetime cumulative tumor incidence rates. Moon et al. [18] investigated an
empirical distribution of the Poly-3 test statistic using an age-adjusted bootstrap-based method and
compared it with the Poly-3 test statistic referenced to the assumed standard normal distribution.

In this paper, we propose a dose-response trend test based on the time-at-risk weight, but
without using the shape parameter k. A modification of the Poly-k test is made by replacing the
time-at-risk weight to a function of the tumor onset survival function. The proposed method uses
maximum likelihood estimators (MLEs) derived in this study for the tumor onset survival function.
We apply the weighted least square regression method to the estimated survival functions in order
to estimate the time-at-risk weight without assuming a Weibull distribution on tumor onset time.

Due to the complexity of constraints, recently developed methods for estimating the tumor onset
function and tumor-specific survival function employ computer-intensive numerical solutions [19,
20]. Several papers address estimation of the tumor incidence rates or survival functions. Williams
and Portier [21] proposed analytic expressions for nonparametric MLEs of the tumor incidence
rate for designs with one or two interim sacrifices in addition to the terminal sacrifice. Williams
and Portier [22] later imposed a boundary condition for a nonnegative tumor incidence rate for
up to three sacrifices. As mentioned in their paper, the estimator of the tumor incidence rate

in [21] is analytically equivalent to that proposed by Malani and Van Ryzin [23]. Ahn, Moon
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and Kodell [19] developed a different constrained nonparametric maximum likelihood estimation
method for attribution of tumor lethality in the absence of COD information by estimating the
tumor onset function and tumor-specific survival functions.

We develop closed-form solutions for nonparametric MLEs from the multinomial likelihood
function in this paper based on the mixture of fatal and incidental tumors under inequality con-
straints given in [19, 20]. We derive the large-sample variance of the estimated tumor onset survival
function. This analytical method can replace the existing complicated computer-intensive method,
and provide unique global MLEs which may not be guaranteed by a numerical method. These
closed-form solutions are used to modify the Poly-k test to a trend test without using the parame-
ter k. The proposed method estimates the tumor onset function, tumor-specific survival function
and survival function for competing risks for each group. Using these estimators of the survival
functions and the variance estimators, the time-at-risk weight for the proposed does-response trend

test can be obtained.

2 ANALYTICAL SOLUTIONS FOR CONSTRAINED MLEs

For maximum likelihood estimation, we assume a single group of animals in an animal carcino-
genicity experiment. Let 0 =ty < t; < --- < ts be s + 1 appropriately spaced time points, where
ts denotes the terminal sacrifice time. Suppose that Ny animals 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 at the beginning of the experiment.

Let X, Y and Z be nonnegative random variables representing the tumor onset time, death
time from the tumor, and death time from competing risks in animal carcinogenicity studies with
multiple-sacrifices, respectively. We assume that Y is dependent on X such that Y > X. Let Z be
independent to X and Y. Consider three survival functions: S(t) = Pr(X > t), F(t) = Pr(Y > t),
and G(t) = Pr(Z > t). Consider the ith of the Ny independent individuals following (X;,Y;, Z;).
Suppose randomly chosen animals are pre-assigned to be sacrificed and leave the experiment at
some ¢; in a finite set {tyg = 0,---,ts = tmax}. If the ith animal is supposed to be censored at %;,
then we define a random variable C; = t;.

To develop the likelihood contributions, we consider five key events and the number of animals
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for each event. For the jth interval in a given experimental group, let d; denote the number of
animals observed to die from fatal tumors. Let a1; denote the number of animals observed to die
with incidental tumors and b1; the number observed to die without tumors. Let ao; and be; denote
the number of sacrificed animals with and without tumor of interest, respectively.

Assuming that the cause of death is not available, four types of events are observable of which
counts can be expressed as ad; = #{i|t;—1 < min(Y;, Z;) <t; < C;, X; < min(Y;, Z;)} by combining
the first two events, by; = #{ilt;—-1 < Z; < t; < C;,Z; < X;}, agj = #{i|X; < Ci =¢; <
min(Y;, Z;)}, and byj = #{i|C; = t; < X;,C; < Z;}.

The likelihood function can be formulated using the likelihood contributions of Moon et al. [20]

as follows:

Lo [T IGUNEF() — ()™ [S(t) G ()] [G(ti-){F(tj-1) — F(t;)}
j=1

HG(tj-1) = GG HF (t)) — St) N VIS (){G (tj-1) — G(t) 1™

After reparameterization of f; = F(t;)/F(tj-1), g; = G(t;)/G(tj-1), and m; = S(t;)/F(t;), the

log-likelihood function is derived as

S
1= > [sz{log fi +1oggj +log(l — m;)} + boj(log fj + log g; + log ;)
j=1
+Nj(log fj + log g;) + ad;log{1 — f; + (1 — g;) f;(1 — m;)}

+b1{log f; +log(1 — g;) + log; }] + constant,

where N; denotes the number of individuals at ¢;.

For the jth interval, there are three monotonicity conditions on this problem:
0<f;<1,0<g;<landmf; <m 1 <L (1)

Define N} as the number of individuals in the experiment at ¢;—, which is right before censoring

at the end of the jth interval. Then N; = N + agj +boj and Nj_1 = NJ‘-k + ad; + by;. The critical
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points of the log-likelihood function can be obtained by solving the following three equations:

ﬁ _ ad;{g; + (1 —g;)m;} Nj + by _
of; 1—fi{g; + (1 —gj)m;} * fi ’ .

o adifi(1 —m;) N by 3)
dg;  1—fi{gj+Q—gj)m}t g 11—y
ﬁ _ ad;f;(1 — g;) +b1j+b2j _ ey 4)
omj 1= fi{gj + (1 —gj)m;} T 1 —m;
for j =1,---,s. For convenience, set ms11fs+1 = 0. The constrained MLEs are obtained from the

following theorem.

Theorem 2.1 Ifn; € [mj41fj+1,1], fj € [0,1], and g; € [0,1], j =1,...,s, then the MLEs of f;,g;
and ; are obtained as follows.

If byj/(agj + boj) < byj/(adj + bij), then the MLEs are

R byj+by . 2
Ty = maX{Jijif'a"rj—}—lfj—H}

Nj-1—N;
4= oL
J Nj—l
fi=1

If byj/(agj + boj) > by /(adj + b1j), then the MLEs are

J a2j+b2j’ j+1J5+1
b= N;‘ﬁ'j
] ~
N;‘ﬂj-l-blj
n N;+blj

CON; 1 {gi + (1 - gy}

A proof of the above theorem is given in the Appendix.
We now consider the large sample variance estimation of S(t;). We estimate S(t) at ¢ = t;

by products S(t;) = (fimi/mo) - (fj—1mj—1/mj—2)(fjm;j/mj—1) of the fi’s and m;’s. The variance
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estimation of the survival function of X from Greenwood’s formula [24] may be written as

var [S(t)] = %) i%ﬁ\r (ﬁ)+%ﬁfr(ﬁj) 2 cov (f5.7;) |

=1 I j fittj

where var(f;), var(7;) and cov( fj, ;) can be obtained from the observed information matrix. Note
that S (t4), fi and #; are rational functions of observed counts in the above Theorem. It is easy to
see from simple algebra that this variance estimation is equivalent to a binomial variance estimation

if the set of prescribed censoring time points consists of a single time point ¢; and b11 = 0. That is,

e T e [1=h . 1-m ] S {1-Sw)}
var [S(t)] = $2(t) lNofl + (a21+b21)ﬁ1] o .

3 DOSE-RESPONSE TREND TEST

The Cochran-Armitage (CA) trend test [10, 11] can be viewed as a weighted least square regression
across dose groups in which a binomial variance is assumed for the quantal response estimates of
lifetime tumor incidence. Suppose that the ith dose group initially consists of n; animals. Let y;;
be an indicator function of tumor status of the jth animal in the ith group. The test statistic is

given as

_ 2ni(pi —Py)(di — dw)
\/qum-(di — dy)?

Zca

where p; = yi/ni = 3, vij/ni, Py = L wipi/ X wi, dw = Y widi/ Y wi, w; = n;/(pg) and p =
> n;pi/n;. The test assumes that all animals are at equal risk of developing a tumor during the
study under the null hypothesis of equal tumor incidence rate across dose groups. However, some
animals die without tumor of interest and leave the experiment before the study is terminated. It
may be considered as right censoring.

Bailer and Portier [9] introduced a modification to the CA test by accounting for mortality
of animals in adjusting the denominator in the risk set. Through a weighting scheme, the test
modifies the denominator n; of the proportion p; of tumor incidence in each group by allowing
fractional counts for animals not at full risk. The Poly-k test statistic is obtained by replacing n;

with n; = > a;;. Here, a;; = 1 if the jth animal in the ¢th group is at full risk; died with tumor
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or survived to the end of the experiment. A weight o;; = (;; /tmax)¥ is given if the animal died or
was sacrificed without tumor at ¢ = ¢;;.

Later, Bieler and Williams [12] derived a ratio statistic from estimating the variance of p, = v; /n
under Hy with the first order Taylor series approximation which may be written as

ni i i(ri —Ti)?
n)? n—(I+1) "’

varg(p;) = (

where I + 1 is the total number of groups in the experiment including a control group, and r;; =

yij — P'ayj. The modified test statistic is

\/CZai(di — dyy)?

where a; = (n})?/n; and C = [n — (I +1)] 71 X, ;(rij — T:)? so that varo(p}) = C/a;.

In this paper, we propose a dose-response trend test statistic that does not include the shape
parameter k, but use the maximum likelihood solutions for S(¢;). In the estimation of S(t) used for
testing, the control and dose groups are pooled for estimating the parameters, since the estimates
are more stable with the pooled sample. It is common to pool the data in order to obtain a stable
estimation [12]. If the sample sizes are big enough in the control group, we may use this group
alone to estimate the baseline survival function S(¢;). A simple modification to the Poly-k test

may be obtained as follows:

(6)

1= 86m)] /[t Sltma)]
T B ) / 3 (tma)
for an animal which died without tumor at ¢;; € ((tm—1 + tm)/2, (tm + tm+1)/2]. This includes
death by sacrifice. Otherwise, we set o;; = 1. The approach of breaking the time period into these
intervals rather than the intervals defined in Section 2 is used for calculating the above weight rather
than the interval defined in Section 2 in order to better reflect the survival time of an animal. Note
that Equation (6) for the weights was derived by Bailer and Portier [9], but they assumed a Weibull
distribution for time to tumor onset because the estimation of S(¢) was not available. We are now

able to estimate the survival functions at the prescribed sacrifice time using the constrained MLEs
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of the parameters obtained in Section 2. We use the test statistic (5) with the estimated weights

shown in (6).

4 SIMULATION STUDY

A typical bioassay design with four dose groups of 50 animals each and an experimental duration of
two years is used in this study according to standard designs of the National Toxicology Program
(NTP), with interim sacrifice times at 52, 78, 92 weeks, and a terminal sacrifice at 104 weeks [25,
26]. In each group, six animals are randomly selected to be sacrificed at the end of each interval.
All the remaining live animals are sacrificed at the end of the experiment. The dose levels used in
the simulation are 0, 1, 2 and 4. These dose levels are used based on typical carcinogenicity studies.
In real data analysis, actual dose levels are supposed to be used.

Distributions of time to onset and time to death were of the form used by Portier et al. [25]. It
is assumed that three independent random variables T (time to tumor onset), T (time from onset
until death from the tumor), and T3 (time until death from a competing risk) completely determine
the observed outcome for each animal. The survival function of T} for the ith group is modeled as

the one used in [16] such that

i(t) = exp |-50) ()| (7

tmax
where tmax represents the duration of the study or the time for the terminal sacrifice and ¢; is
the dose level for the ¢th group. The value of k is set to be 1.5, 3 or 6 for the Weibull tumor
onset distribution with the shape parameter of 1.5, 3 or 6, respectively. The best performance is
expected from the Poly-k test when the correct k is used for the data with the tumor onset survival
function (7). The value of §(¢;) is chosen such that the probability of tumor onset by the end of the
experiment attains the desired rate. The tumor rates are chosen to be either 0.05, 0.15 or 0.30 for
the control group. The tumor rates are set to be the same across dose groups for size evaluations.
For power comparisons, the tumor rates at the highest dose group by 104 weeks are set to be 5, 3,
and 2 times higher than the background tumor rates of 0.05, 0.15 and 0.30, respectively. The low
and intermediate doses are chosen to be a quarter and a half of the highest dose, respectively. This
simulation design is for frequent tumors. For spontaneous tumors with low rates, exact tests can

be applied [27].
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The survival function for T3 is modeled as Q(t) = exp[—¢(yit + ¥2t73)], where ¢ > 1, and
71,72, and -y3 are nonnegative. The same parameter values as in Moon et al. [16] are used in our
simulation. The competing risks survival rate (CRSR) considered in this simulation is (0.7, 0.6,
0.5, 0.4), (0.5, 0.4, 0.3, 0.2), (0.6, 0.6, 0.6, 0.2) or (0.6, 0.6, 0.6, 0.6) for the control and three dose
groups. These combinations of the CRSR are considered in order to represent most of the actual
animal tumor experiments seen in practice [18].

The survival distribution for tumor-induced mortality, 75, has the same form as the one for
death from competing risks, and the values of i, 9 and y3 remain the same. The parameter ¢
is chosen to reflect various tumor lethality. For each configuration in our simulation study, 10,000
simulated data sets were generated and a nominal significance level of a = 0.05 was used.

Tables 1 and 2 display the probability of a Type I error and power for the configurations
considered in this simulation study. When CRSR is the same across dose groups, the test results
do not appear to be affected by the choice of & because the inter-current mortality patterns are
equal across dose groups as addressed in Moon et al. [18]. Thus we focus on the configurations with
different CRSR across dose groups.

The performance of our method is comparable to that of the Poly-k test with the fixed correct
value of k. Our method outperforms the Poly-k test using a fixed, but incorrect, value of £ in the
sense of controlling the Type I error rate. Although the Poly-3 test yields reasonable size for data
with & = 3, it tends to be anticonservative for data with £ = 1.5 and too conservative for data with
k = 6. Even for data with k = 3, the proposed method gave comparable results to the Poly-3 test
which is suitable for this tumor onset distribution.

For all the configurations considered in these simulations, our method appears to be quite
robust. The Type I error rate obtained from our method ranges from 2.37 to 6.04, while those for
the CA test and the Poly-k tests with fixed & at 1.5, 3, and 6 range within (0.63, 5.90), (1.26, 5.92),
(1.97, 6.51) and (3.89, 10.95), respectively.

For data from the Weibull tumor onset distribution with ¥ = 6 and a tumor rate of 30%, the
widely used Poly-3 test is quite conservative and could result in a significant loss of power (see
Table 2). For data with £ = 1.5 and a tumor rate of 0.05, the Poly-3 test shows more inflated
size compared to our method. The proposed test closely follows the Poly-k test with a true value

of kK = 1.5. The size and power of the proposed method show a substantial improvement over the
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Table 1: Simulated size (%) corresponding to the nominal 5% significance level for the proposed
test, CA test, the Poly-k tests with several fixed k values, and the Poly-k with estimated & [16].
All tests are based on a dose scaling of 0, 1, 2, 4 with 50 animals per group and 10,000 trials for
each configuration; approximate lethality is 35%.

Ktrue CRSR Tumor Rate Poly-k with fixed k Poly-k  Proposed
CA k=15 k=3 k=6 withk test

1.5 (.7.6.5.4) .05 5.38 5.89 6.37 7.34 5.77  6.04 (0.24)
.15 3.86 5.14 6.09 7.82 5.57  5.04 (0.22)

] 3.46 4.83 6.02 8.41 4.88 4.53 (0.21)

(.5.4.3.2) .05 4.91 5.46 6.30 7.69 5.76 5.81 (0.23)

.15 3.34 4.79 6.21 9.03 5.24 4.86 (0.22)

3 3.46 4.88 6.51 10.17 4.39 4.47 (0.21)

(.6 .6 .6.2) .05 4.35  4.98 587 7.34 5.65  5.42 (0.23)

.15 3.06 4.64 6.35  9.30 5.08  4.74 (0.21)

3 2.90 4.82 7.03 10.95 4.25 4.46 (0.21)

(.6 .6 .6 .6) .05 5.76 5.78 5.85 5.84 5.70 5.72 (0.23)

15 504 545 542 517 560  5.45 (0.23)

3 522 538 524 508 470 5.33 (0.22)

3.0 (.7.6.5.4) .05 4.19 4.49 5.02 5.87 5.36 4.99 (0.22)
.15 3.13 4.35 5.02 6.51 5.20 4.58 (0.21)

.3 2.33 3.36 4.33  6.51 4.63  3.73 (0.19)

(.6.4.3.2) .05 422  4.90 569  6.73 5.25  5.69 (0.23)

.15 2.60 4.07 5.15 7.40 4.48 4.79 (0.21)

3 2.11 3.41 4.80 7.75 3.90 4.09 (0.20)

(.6 .6 .6 .2) .05 3.70 4.27 5.06 6.21 4.72 5.00 (0.22)

.15 2.25 3.46 4.66 6.97 4.03 4.13 (0.20)

] 1.54 2.84 4.42 7.53 3.48 3.28 (0.18)

(.6 .6 .6 .6) .05 5.35 5.34 5.44 5.45 5.52 5.43 (0.23)

.15 4.98 5.27 539 543 5.45  5.36 (0.23)

.3 5.42 5.62 559  5.48 493  5.66 (0.23)

6.0 (.7.6.5.4) .05 4.07  4.47 4.85  5.28 484  5.06 (0.22)
15 2.35 320 390 507 411 411 (0.20)

3 1.51 2.21 2.89 4.25 4.02 3.20 (0.18)

(.5.4.3.2) .05 3.30 3.65 4.01 4.73 4.70 4.48 (0.21)

15 1.91 271 324 485 379  3.80 (0.19)

.3 1.05 1.67 2.47  4.05 3.07 293 (0.17)

(.6 .6 .6.2) .05 2.59 3.10 3.54  4.12 3.90 3.88 (0.19)

.15 1.23 1.88 2.64 4.18 3.13 3.17 (0.18)

.3 0.63 1.26 1.97  3.87 273 237 (0.15)

(.6 .6 .6 .6) .05 5.90 5.92 597 591 5.66  5.95 (0.24)

.15 4.72 5.16 5.38 5.46 5.45 5.28 (0.22)

] 4.45 4.83 4.93 4.91 4.97 5.04 (0.22)
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Table 2: Simulated power (%) corresponding to the nominal 5% significance level for the proposed
test, CA test, the Poly-k tests with several fixed k values, and the Poly-k with estimated & [16].
All tests are based on a dose scaling of 0, 1, 2, 4 with 50 animals per group and 10,000 trials for
each configuration; approximate lethality is 35%.

15 85.5 86.6 87.2 874 86.4  87.1
3 7.7 80.5 81.6  82.2 81.2  81.7

0.34
0.39

Ktrue CRSR Tumor Rate Poly-k with fixed k Poly-k  Proposed
CA k=15 k=3 k=6 withk test

1.5 (.7.6.5.4) .05 86.6  89.2 90.2 91.8 88.5  88.8 (0.32)

.15 92.1 93.9 95.0 96.3 93.6  93.6 (0.24)

.3 85.8  90.0 91.8  93.9 89.3  89.0 (0.31)

(5.4.3.2) .05 84.2 87.6 894 917 863 87.4 (0.33)

.15 90.5 93.3 94.9 96.5 91.8 92.7 (0.26)

.3 83.6  88.6 91.1  93.7 86.7  87.4 (0.33)

(.6 .6 .6 .2) .05 82.3  86.7 88.9 914 85.9  86.3 (0.34)

.15 89.7  93.3 94.8  96.7 91.5  92.4 (0.26)

.3 81.2  88.0 91.3 944 86.5  86.4 (0.34)

(.6 .6 .6 .6) .05 88.5  89.1 89.2  89.0 89.1  89.1 (0.31)

.15 94.6 94.9 94.7 94.4 94.4 94.8 (0.22)

3 91.0 915 911 90.0  90.6 91.5 (0.28)

3.0 (.7.6.5.4) .05 78.9 82.9 84.4 86.7 82.6 83.3 (0.37)

15 849 883 904 925  89.1  89.0 (0.31)

.3 73.7  80.8 84.4  88.3 83.1  81.9 (0.39)

(.6.4.3.2) .05 73.9  78.5 80.9  84.7 774 79.8 (0.40)

15 79.8 852 885 923 844  86.2 (0.34)

3 68.3 77.1 82.2 87.6 76.5 78.7 (0.41)

(.6 .6 .6 .2) .05 70.6 76.7 79.9 84.0 76.7 78.6 (0.41)

.15 76.8 83.5 87.6 91.5 83.9 84.7 (0.36)

3 63.0 748 811 87.8 763  76.6 (0.42)

(.6 .6 .6 .6) .05 84.9 85.6 85.8 85.8 85.5 85.6 (0.35)

.15 91.6 92.2 92.3 92.3 91.5 92.2 (0.27)

.3 85.5  87.0 87.3  86.9 86.9 87.3 (0.33)

6.0 (.7.6.5.4) .05 67.6 71.9 73.6  76.8 744 74.6 (0.44)

15 706 764  79.9 839 811  80.3 (0.40)

3 55.2 644 702 776  73.0 715 (0.45)

(.5.4.3.2) .05 57.3 61.7 64.9 70.1 64.6 66.5 (0.47)

15 59.0 66.3 71.3 78.3 71.2 72.9 (0.44)

3 42.8 52.7 60.2 70.9 61.1 62.8 (0.48)

(.6 .6 .6.2) .05 52.2 58.7 62.9 68.3 62.7 64.2 (0.48)

.15 52.2 623 68.9  76.9 69.8  70.5 (0.46)

.3 34.5  47.5 574  69.2 60.4  60.0 (0.49)

(.6 .6 .6 .6) .05 784 794 79.9  80.2 79.8  80.1 (0.40)

(0.34)

(0.39)
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Poly-3 test.

The proposed test has slightly higher power than Poly-1.5 and Poly-3 tests when the actual
value of k is 6. When the actual k is 1.5, 3 or 6, the power of the proposed test is about the same
or slightly lower than the Poly-1.5, Poly-3 and Poly-6 tests. This result shows the same tendency

as the size of the proposed test which shows reasonable control of the Type I error rate.

5 EXAMPLE

In rodents a calorie-restricted diet compared to ad libitum feeding markedly decreases tumor inci-
dence and increases lifespan [28, 29, 30, 31]. Data from the Project on Calorie Restriction (PCR)
conducted at the National Center for Toxicological Research are analyzed to investigate the effects
of calorie restriction on tumorigenicity and longevity in Fischer 344 rats [32]. The data contain
the lifetimes, tumors found, gender and treatment group information such as ad libitum (AL) or
calorie restriction (CR). The study involved up to six scheduled sacrifices. The sacrifice times were
at 368, 555, 754, 919, 1096 and 1292 days. All the animals were sacrificed or died before the
5th interval in the male AL group and before the 6th interval in the female AL group. Thus, we
include the animals in the first four intervals for males and in the first five intervals for females.
The tumor types included in the analysis are as follows: 1) mononuclear cell leukemia (MCL),
2) pituitary adenoma/carcinoma (PIT), 3) islet adenoma/carcinoma (Islet), 4) thyroid c-cell ade-
noma/carcinoma (C-Cell), 5) pheochromocytoma benign/malignant and adrenal mixed malignant
(PHEO), 6) mammary fibroadenoma (FIB, AD), females, 7) skin fibroma (FIBR), females, 8)
interstitial cell adenoma (INTR), males, 9) clitoral gland adenoma/carcinoma (CLIT), females.
Table 3 compares the results from the CA test, the Poly-k test with several fixed k values, the
generalized Poly-k test based on the estimated value of k£ [16] and the proposed test. In general,
the p-values of the proposed test are not always close to those of the generalized Poly-k test. This
is because the proposed test is totally nonparametric, while the Weibull distribution of the tumor
onset is assumed in the Poly-k test. The effect of calorie restriction appears to be significant for
PIT, PHEO, FIB AD, INTR, CLIT and insignificant for C-CELL and FIBR at the significance
level of 0.05 from all the tests considered in this study. For MCL and Islet, the results do not agree

among the different tests considered in this study. The generalized Poly-k test appears to be more
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Table 3: p-values for the CA test, Poly-k test with fixed k, the generalized Poly-k test [16] and the
proposed method.

Poly-k with fixed k Generalized Proposed

Tumor Sex CA k=15 k=3 k=6 Poly-k test
MCL® M 0924 0902 0.812 0.526 0.856 0.681
F 0436 0.401 0.165 0.010 0.220 0.041
PIT? M ~0 ~0 ~0 ~0 ~0 ~0
F ~0 ~( ~0 ~0 ~ 0 ~0
Islet® M 0.141 0.097 0.057 0.017 0.083 0.030
F 0.293 0.227 0.157 0.068 0.222 0.039
C-Cell? M 0337 0.294 0.242 0.156 0.216 0.064
F 0294 0.203 0.114 0.028 0.171 0.120
PHEO*® M 0.050 0.031 0.017 0.005 0.024 0.001
F 0.030 0.015 0.006 0.001 0.016 0.001
FIB AD/ F ~( ~( ~( ~( ~( ~(
FIBRY F 0386 0326 0.255 0.147 0.255 0.222
INTR® M =~0 ~0 ~0 ~0 ~0 ~0
CLIT® F ~0 ~0 ~0 ~0 ~0 ~0
“mononuclear cell leukemia ®pituitary adenoma/carcinoma  Cislet adenoma/carcinoma
dthyroid c-cell adenoma/carcinoma ¢pheochromocytoma benign/malignant and adrenal mixed malignant
fmammary fibroadenoma, females 9gkin fibroma, females hinterstitial cell adenoma, males

iclitoral gland adenoma,/carcinoma, females

conservative than the proposed test.

The MLEs of the parameters and S(t;) are given in Table 4. We chose the MCL and PIT
tumor types for illustration. As discussed in Section 3, the data are pooled across dose groups in
this estimation. The monotonicity constraints given in (1) are enforced in both sexes of the PIT
group. This constraint is essential for the proposed test because the time-at-risk weight defined
in (6) exceeds 1 if the constraint is not enforced. The monotonicity constraint is not violated in
the MCL groups. Note that the estimation was not available at the interval of [1097, 1292] for the

males due to lack of sacrificed animals.

6 DISCUSSION

In this article, we derived explicit solutions for the constrained nonparametric MLEs which do
not require the use of computer-intensive numerical methods used in previous work [19, 20]. A
modification of the Poly-k test is made by replacing the time-at-risk weight to a function of the

tumor onset survival function. The tumor onset survival function can be estimated using the
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Table 4: Constrained maximum likelihood estimates for the PCR data with MCL and PIT tumor

types.

Group  Interval f (se) g (se) 7 (se) S(t ;) (se)
MCL®  0-368  1.000 (0.049) 0.995 ( 0.003) 1.000 (0.196) 1.000 (0.202)
Male  369-555  0.985 (0.008) 0.964 (0.009) 1.000 (0.163) 0.985 (0.165)
556-754  1.000 (0.065) 0.673 (0.048) 0.478 (0.081) 0.471 (0.079)
755-919  0.781 (0.083) 0.516 (0.061) 0.476 (0.088) 0.366 (0.069)
920-1096  1.000 (0.183) 0.188 (0.042) 0.443 (0.070) 0.340 (0.092)
MCL  0-368 _ 1.000 (0.048) 0.991 ( 0.046) 0.995 (0.035) 0.995 (0.059)
Female  369-555  0.995 (0.007) 0.963 (0.009) 1.000 (0.161) 0.995 (0.165)
556-754  0.970 (0.023) 0.806 (0.026) 0.792 (0.075) 0.764 (0.077)
755-019  0.864 (0.064) 0.565 (0.048) 0.583 (0.084) 0.487 (0.069)
920-1096  0.807 (0.128) 0.361 (0.071) 0.583 (0.124) 0.393 (0.088)
1097-1292  1.000 (0.302)  0.286 (0.062) 0.714 (0.088) 0.299 (0.138)
PIT®  0-368 _ 1.000 (0.051) 0.995 (0.004) 0.885 (0.063) 0.885 (0.077)
Male  369-555  0.995 (0.011) 0.960 (0.014) 0.636 (0.100) 0.633 (0.103)
1556-754  0.887 (0.050) 0.773 (0.044) 0.552 (0.085) 0.487 (0.083)
1755-919  1.000 (0.083)  0.425 (0.028) 0.552 (0.031) 0.487 (0.078)
920-1096  1.000 (0.152) 0.197 (0.023) 0.552 (0.039) 0.487 (0.149)
PIT 0-368  1.000 (0.050) 0.990 ( 0.005) 0.963 (0.036) 0.963 (0.060)
Female  369-555  0.998 (0.006) 0.959 (0.011) 0.850 (0.079) 0.848 (0.088)
556-754  1.000 (0.048) 0.782 (0.039) 0.429 (0.066) 0.428 (0.074)
1755-919  0.857 (0.11)  0.574 (0.069) 0.430 (0.085) 0.368 (0.079)
1920-1096  0.602 (0.126) 0.437 (0.079) 0.714 (0.127) 0.368 (0.098)
1097-1292  1.000 (0.264)  0.286 (0.094) 0.714 (0.142) 0.368 (0.154)

a

mononuclear cell leukemia

®pituitary adenoma/carcinoma

1The monotonicity constraints given in (1) are enforced in this interval.
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proposed maximum likelihood estimation method. Since our test uses the estimated tumor onset
survival function to replace the time-at-risk weight, we can avoid a possible misspecification of k
in the Poly-k test.

The proposed estimators are derived using three survival functions for tumor onset time, death
from the tumor, and death from competing risks, while Malani and Van Ryzin [23] or Williams and
Portier [22] use tumor incidence rates and death rates with or without tumors. The unconstrained
MLEs for the tumor onset survival function in our model are the same as those in [22]. It can
be shown that the unconstrained estimate of A, in [22] is equivalent to 1 — (fy,; T /Tm—1) in the
second case of Theorem 2-1. However, the constraints of the f; and the relationship between the
two survival functions F' and S in our model introduce different constrained MLEs. There is no
pattern that the constrained estimates by the proposed method are consistently higher or lower
than the estimates by the other two approaches.

The proposed test is used to analyze the data from the Project on Calorie Restriction. Our
method sometimes gave different test results from the Poly-3 test. This is caused by the difference
between the test using a fixed k and a test using the time-at-risk weight, which does not include
k, based on the proposed MLE of the tumor onset survival function. This makes the proposed test
nonparametric, which does not depend on the assumption on the tumor onset distribution.

Most of the recent long-term animal carcinogenicity studies in survival-sacrifice experiments
have been designed with a single terminal sacrifice, although interim sacrifices are not uncommon
in these types of experiment. In some carcinogenicity studies, it may be useful to sacrifice a few
animals in the course of the study for obtaining more information about the tumor incidence rates
among live animals. If a goal is to estimate the tumor onset rather than tumor death with low
tumor lethality, a study could include interim sacrifices at specified time points to estimate the
tumor incidence rate [33].

Besides the PCR study, some examples of experiments with interim sacrifices include the EDgq
study [16, 34] and the experiment on benzidine dihydrochloride [3, 23, 35]. As seen in Section 2,
interim sacrifices of a few animals are essential for obtaining information on the tumor status among
live animals when tumors cannot be individually classified as incidental or fatal [36]. Extending

the proposed method to the analysis of single terminal sacrifice is deferred to a future study.
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APPENDIX: Proof of the theorem

In order to prove the theorem, we introduce the following Lemma:

Lemma 1

where

Proof of Lemma 1

N N? + by, NZ(N* + by, b (N? + by,
Njﬂ'j—l-blj 1—mj Nj 4 N; 1 Nj1
b1
= m<—L—
7T]_adj-l-blj

N 1 (N?+by

J J J ) *(1 o * . _ N. )
Nj_l S 1 7 ( Nj_l - W]) — N] (1 71']) S ]\/v‘7 + bl] Njflﬂ"]
blj

— 1< —t
J_adj+b1j -
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Proof of Theorem 2.1 First we fix ; € [0,1]. Suppose that g; € [0,1] is also fixed. Solving (2),
the log-likelihood function is maximized when

N]’."—Fblj

fi = filgj,my) = Mileitloa
1 if g; < gj.

)mi} if g; 2 g;

Substituting the above f; = f;(gj,m;) into (3) with applying Lemma 1,

Nim; . b1,
. J
_ N]’f‘ﬂ'j—l—b j lf ﬂ-] Z a,dj—|—b1j
9gj = 9gj (TrJ) - N*
J ifm < _ by
N;-I—adj—kblj J = adj—|—b1j .

Therefore, the maximization can be done with a continuous and piecewise differentiable function

7 i iy > b
Li(ms) = 1i(fi(g5(m5),m5), g5 (m5),m5) = ¢ ad;+b1;

X2) . by
l] lf 7T] S adj+b1j’

where | = 3°7_, 1;(f}, gj,7;) + C. Note that

. bo; b1 b1 + ba;j by; b
min , < < max , .
azj + b2j adj + b1j adj + blj + ag; + b2j az; + bgj adj + blj

From (4) with substitutions, l~(j1) has only one critical point at m; = by;j/(az;j + bo;) which is a
maximum point and l~(j2) has only one critical point at m; = (by; + ba;)/(ad; + bij + azj + bzj) which
is a maximum point. Therefore, if by;/(az; + ba;) > bij/(ad; + by;), then l~j is increasing in 7; on
(0,b95/(a2j + bzj)) and decreasing on (bo;/(azj + b2j),1). If byj/(az; + ba;) < bi;/(adj + bij), then

l; is increasing in m; on (0, (by; + be;)/(ad;j + bij + azj + by;)) and decreasing on ((b1; + ba;)/(ad; +

bij + agj + boj),1). We maximize l~j for m; € [mj11fj41,1], then the result is obtained. 0



