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ABSTRACT

Analysis of carcinogenicity data generally invol-
ves a trend test across all dose groups and a
pairwise comparison of the high dose group with
the control. The most commonly used test for a
positive trend is the Cochran-Armitage test. This
test is asymptotically normal. For the pairwise
comparison of the high dose group with the con-
trol group, we propose two modifications: the
first modification is to apply the test on the data
from high dose and control groups after drop-
ping the data from the low and the medium dose
groups; the second modification is to adjust the
test conditional on data from all dose groups.
We compare the power performance of these two
modifications for the pairwise comparisons.

Keywords: Carcinogenicity Study; Trend Test;
Pairwise Test; Exact Test

1. INTRODUCTION

The standard design for a long term carcinogenicity study
of a new drug development in clinical research includes
three treatment groups of increasing doses of the study
drug (low, medium, and high) and one untreated control.
The group sizes are about 50 animals per group. The sta-
tistical analyses include a trend test for positive dose res-
ponse relationship in tumor incidence rates across all dose
groups and pairwise comparisons of treated groups with
the control group by organ/tumor combination.

The most common test for positive trend is the Coch-
ran-Armitage [CA] test, see e.g. Cochran [1] and Armit-
age [2]. There are several extensions of the CA test see
e.g. Tarone [3,4], Hoel and Yanagawa [5], and Tamura
and Young [6] among others. Since difference in mortali-
ties among treatment groups is a concern, there are vari-
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ous mortality adjusted tests suggested by different authors
see e.g. Peto et al. [7], Bailer and Portier [8]. Both of these
mortality adjusted tests can be approached from CA test.
The CA test is asymptotically normal. An exact test was
proposed by Mehta et al. [9]. For the pairwise compari-
son of a treated group e.g. high dose group with the con-
trol group, both the asymptotic CA test and the exact test
can be modified in two different ways. The first way is to
drop the data from the low and medium dose groups and
apply the trend tests to the remaining data from the high
dose group and the control group. The second way is to
modify the tests for pairwise comparison of the high dose
group and the control group conditional on the data from
all dose groups. We shall refer to these tests as uncondi-
tional pairwise test and conditional pairwise tests, respec-
tively. The purpose of this work is to compare the power
performance of these two modifications of pairwise tests.

It may be noted that a significant trend test may not
necessarily indicate one of the pairwise tests to be statis-
tically significant (see Table 1) and also a non-signifi-
cant trend test may not necessarily indicate no pairwise
test to be significant (see Table 2).

These tables show that it is important to check the pair-
wise tests after significant or non-significant trend test.

The rest of the paper is organized as follows. In Sec-
tion 2, we review the CA and exact trend tests and pre-
sent the modifications for the pairwise comparisons. In

Table 1. Asymptotic and exact p-values showing significant
Trend with non-significant pairwise comparisons at o = 0.05.

Group size 50 50 50 50 p-value
Dose o 1 2 3 Trend Pair HC
0.029 (Asymp) 0.078 (Asymp)
#TBA 00 0 2 0.062 (Exact) 0.248 (Exact)
Group size 50 50 50 50 p-value
Dose o 1 2 3 Trend Pair HC
0.010 (Asymp) 0.040 (Asymp)

#TBA 0 0 0 3

0.015 (Exact) 0.121 (Exact)
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Table 2. Asymptotic and exact p-values showing non-signifi-
cant trend with significant pairwise comparison at a = 0.05.

Group size 50 50 50 50

Dose o 1 2 3 Trend
0.366 (Asymp)

p-Value

Pair LC
0.038 (Asymp)

#TBA 0 3 2 1

0.440 (Exact) 0.117 (Exact)
Group size 50 50 50 50 p-Value
Dose o 1 2 3 Trend Pair HC
0.326 (Asymp) 0.011 (Asymp)
#TBA 05 2 ] 0.3846 (Exact) 0.028 (Exact)

Section 3, we illustrate the application of the two modi-
fied pairwise tests on a dataset, and carry out a simula-
tion study in Section 4 to evaluate their power perform-
ances. In Section 5, we make some concluding remarks.

2. THEORETICAL DEVELOPMENT

Consider a carcinogenicity study with » + 1 dose groups
consisting of one control and r treated groups. Let n; be
the number of animals assigned to the ith treatment
group, x; be the number of tumor bearing animals ob-
served in the ith treatment group, and d; be the dose level
for the ith treatment group, with dy = 0 for control group.
Assume that x; has a Binomial distribution as
X, ~ Bin(n,.,pl.) , where p; is the probability of develop-
ing tumor by an animal in the ith dose group. The value
of p; is generally modeled as p, = H(a+bdl.) with
H(x)=exp(x)/}il+exp(x)), the logistic distribution.
The value p, =H (a) with d; = 0 corresponds to the
control group. Here, a is a nuisance parameter and b is
the parameter of interest.

2.1. Test for Positive Trend

The positive trend is tested by the hypothesis H,:b=0
versus the alternative hypothesis H,:b >0, or equiva-
lently by testing H,:p,=p, =-=p, =p ,vs. H:p; <
pi+1 for all i with strict inequality for at least one i. The
value of p” is the overall probability of developing tumor
by an animal or overall proportion of tumor bearing ani-
mals in the population under null hypothesis. It can be
easily shown that the pair (n,,»  x.d,| isjointly suf-

ficient, where n, =) n, is the total Tumber of sub-
jects on test in (r+1) groups. The CA test is based on
the sufficient statistic.

The CA test for testing the null hypothesis that there is
no trend, H;:b=0, versus the alternative hypothesis,

H,:b>0, isgivenby

Zr:xi(di —67)
trend = 1:10
r —\2
=15t

i=0
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— 1 r r
N (0, 1), where d =—> nd, and n, =) n, .
n, i=o i=0
. . * I~ X
In applications, we replacep by p =—F/,
N
with x, =>"" x . The CA test is an asymptotically
normal.

The exact test, as derived by Mehta ef al., is as follows:
Let ', = {xN x.=(xg,5x, ), 0 % =x, be the sa-
mple space which is the collection of all permutations of
(xp,+-x,) such that »'" x =x, , the observed total
number of tumor bearing animals. Define the critical re-
gion for trend test:

Cx+ (ttrcnd) = {x~ € rx+ : deO + xldl +oet xrdr 2 Z‘obs,trcnd} H
where 1, na = Xody ++++x,d, is the realization of the
statistic 7, X.d, , based on the observed data

”
trend — =0 i

(xp,+++,x, ). Using the hyper geometric distribution, the

probability of each realization of
r n
X :(xo,---,xr) el is——2.

~ X,
n
+

(x‘* ]

This probability is also known as the table probability,
signifying the probability of each table in the all possible
permutation of the observed number of tumor bearing
animals. The exact p-value for testing H, (right hand tail)

is then
P(r,
r [ni J
1_‘[i:0
Yy ——
XECX+( (rend) n+
x+

trend >1
2.2. Pairwise Comparisons

x+,H0)

obs,trend |

= P(CX+ (ttrcnd) | x+,H0) -

Since the highest dose for a regulatory carcinogenicity
study is selected mostly based on the maximum tolerated
dose (MTD) criterion, the pairwise comparisons between
the high dose group with the control group has special
regulatory interest. In this paper we present some results
related to pairwise comparisons of high dose group with
the control group. The results, however, can be used for
the pairwise comparison of any treatment group with con-
trol. If we were interested in testing simultaneous multi-
ple contrasts, such as Williams type contrast, the approach
described in Hothorn et al. [10] can be used. These
methods are based on the quantiles of multivariate normal
distribution taking care of the correlation into account as
the package MVTNORM.

For pairwise comparison of the highest dose Group r
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with control with the null hypothesis H, : p, —p, =0,
and the alternative hypothesis H, : p, — p, >0, we de-
scribe the following two approaches. First note that
P, =Dy :b(dr _do) » and

V(l;r_ﬁo)
=7 (b)(d, -, )
_Hy p*(l—p*)
r n.(d,.—g)z

i

(d,~d,).

i=0
In our first approach, we delete the data from all dose

groups except data from dose groups 0 and r, estimate
overall proportion of tumor bearing animals as

2

K i=0,r

Py, = W

i=0,r

and define the test statistic as

pairwisel m
P — Dy 1)
Do, (1 ~ Do, )2 (d, _67)2

Z”i(di_‘?)

i=0,r

As mentioned, in the derivation of the above test, the
variance of p, — p, is estimated based on the data from
Group 7 and control only. We will refer to this test as the

B Vang <Tpairwise1) M (do —j)z +n (aV1 _d)z Fetn, (d

unconditional test. However, under the null hypothesis of
no dose effect, a better estimate of variance of p, — p,
can be obtained from the complete data i.e.

__r(=r)
gni(di—g)z

2%
where now p’ is estimated as  py, =2
2
i=0
from all dose groups. Using this estimate in the denomi-

nator, our second approach is to define the test statistic as

VHO (ﬁr_ﬁo) (dr_d,;)zn

based on data

ﬁr _lao
2
ﬁ:u(l_f’:u)

I —\2
;ni(di—d)

We will refer to this test as the conditional test.

It should be noted that under the linearity assumption
of p; with d; (the denominator of) the above test is same
as the Cochran-Armitage trend test.

pairwise2

(d -d,)

2.3. Asymptotic Relative Efficiency of the
Conditional and the Unconditional
Pairwise Tests

airwise2

The asymptotic relative efficiency (ARE) of T,
and T is

pairwisel

r-1

ARE (TpairwiseZ >~ pairwisel ) - Var . (T
Hy

pairwise2 )

nl(dl—J)2+---+nr_l(dr_1—c7)

n, (do —(,7)2 +nr<d,, —3)2

>1

n, (do —67)2 +n, (d3 —67)2

showing that Tpaiwwise2 1S asymptotically more efficient
than Tpairwisel-

Hothorn and Bretz [11] proposed (asymptotic) tests for
positive trend based on single and multiple contrasts un-
der the assumption of equally spaced dose-levels. For sin-
gle contrast, test is defined as

,where » ¢, =0.

i=0
poli-p X"

i=0 1

Ty =

For pairwise comparison of Group r and control (» = 0)
with ¢y =—1 and ¢, = 1, this test statistic is

Copyright © 2012 SciRes.

P~ Dy (3)

];)airwiscHB = I "
\/P;,r (1 ~ Do, )[n + n]
- Mo

The p,, is estimated by f);r , as defined earlier. If
the group sizes are equal (i.e. if ng = n; = ny = n3) then it
can be shown that the statistics Tpairwiset aNd Tpairwiscrzz are
identical.

2.4. Exact Pairwise Test

We now consider the derivation of the exact pairwise
tests. Following Mehta et al., the exact p-value for un-
conditional exact test Texacipairwiser Dased on the data
from the Group r and Control, for testing H, , is cal-
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culated as

*
p(Texact,pairwisel > tobs,pairwisel | xr + xO’HO)
(nr J (no J
'xr xO
¥€Co;x; Upairwisel) (nr + nOJ
X, + Xo

The exact test for pur second approach is as fgllows.
As before, let T, = {Jg Tx =X, X)), DX, = xj}
define the critical region i=0

C Y (tcxact,pairwiSCZ) = {x~ € rx+ : deO + xrdr 21

X.

obs,pairwisc;Z} >

where 1, s = Xodo +x,d, is the realization of

T ivaer Pairiser = Xodo +x,d, based on the observed data
Xy, X, ) The exact p- Value for testing H, is calculated
as

*
p (Texact,pairwiseZ 2 tobs,pairwisez | x+’H0 )

Hr (n[j
1=0
X
xeCy, (f |rw1s52) n,
x+

We will refer to this test as the conditional exact pair-
wise test.

Proceeding along the lines of Mehta et al., the power
of pairwise test is calculated as follows. Let 7, (x,) be
such that P( et airvise2 >t,(x, )] x, H;)Sa. Then the
power of the pairwise test conditional on x; is

ﬂ(er) = p(nxact,pairwiseZ > Z‘obs,pairwaseZ | x+’H1*)
N F
xely, e ) Z I, o(y,)pz (1-p)""

leo( )pz (l_pz)"[ﬂ”
p(x)

2

o)
= p( X+t X, =x [ H)),

where p(x,)= D H;’:O(,Zﬁ)l?le (1-

xeTy,

) )”1 - )

The above power can be evaluated for exact test using
the hyper geometric distribution and appropriate critical
regions under conditional and unconditional situations.

We compare the relative power of three asymptotic
pairwise tests, as well as that of the two exact tests Tgyye,
pairwisel ANd TExact, pairwise2. FOr evaluation of their power
functions, we performed simulations and calculated the
percentage of times the null hypothesis was rejected
when the alternative hypothesis was true. The SAS proc
Stratify and SAS proc Multtest [12] are very convenient
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for the calculation of these exact probabilities.

3. EXAMPLE

Consider a carcinogenicity study with four treatment
groups namely, control, low, medium, and high dose groups
each with 50 animals, and dose scores 0, 1, 2, and 3, re-
spectively. Suppose we observe a total of 10 animals de-
veloped a certain tumor type with 0, 2, 3 and 5 tumor
bearing animals in control, low, medium, and high dose
groups, respectively. We would like to perform a pair-
wise comparison of the high dose group with the control.
The null hypothesis H, : p, — p, =0 against alternative
H, : p, — p, > 0. The results using the normal approxima-
tion test are Tpirwisel = 2.294, Thairwisez = 2.418, and Ty
wiserp = 2.294 with corresponding p-values as 0.0109,
0.0078, and 0.0109, respectively.

For exact test we have Zobs,pairwisel = tobs,pairwiseZ = X()do +
x3d; = 15. Table 3, given below, shows all possible val-
ues of 7),;ise1 along with their table probabilities and the
right tail probabilities for pairwise comparison of high
dose with control calculated from data after dropping low
and medium dose groups using SAS proc Stratify.

Table 4 given below shows all possible values of
Thairwise2 along with their table probabilities and the right
tail probabilities for pairwise comparison of high dose
with control calculated from all data using the scores 0, 0,
0 and 3 in SAS proc Multtest.

The results from Tables 3 and 4 show that both the ta-
ble- and right-tail probabilities for the two pairwise exact

Table 3. Pair comparison of control with high dose group after
deleting the low and medium dose groups.

Table Rt. Hand
Tairwisel Probability Tail
0 0.02814 1.00000
3 0.15295 0.97186
6 0.31891 0.81891
9 0.31891 0.50000
12 0.15295 0.18109
15 0.02814 0.02814 (observed p < 0.05)

Table 4. Pairwise comparison of high dose with control using
all data.

Table Rt. Hand
Thairwise2 Probability Tail

0 0.05209 1.00000
3 0.18473 0.94791
6 0.28685 0.76318
9 0.25676 0.47633
12 0.14666 0.21957
15 0.05583 0.07291 (observed p > 0.05)
18 0.01434 0.01708
21 0.00245 0.00274
24 0.00027 0.00028
27 0.00002 0.00002
30 0.00000 0.00000
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tests may go in either direction. For example for the ob-
served number of 0, 2, 3 and 5 tumor bearing animals, we
have tobs,pairwisel = Ztobs,palirwiseZ = deO + X3d3 = 157 and the
p-value after deleting the low and medium dose groups is
Ppairwisel = 0.0281, and that using data from all dose groups
1S Ppairwisez = 0.0729 i.e. the p-value after deleting the low
and medium dose groups is smaller than the p-value us-
ing data from all dose groups. On the other hand if the
observes number of tumor bearing animals were 2, 2, 3,
and 3: then Z‘obs,palirwisel = tobs,pairwiseZ = deO + X3d3 =9. The
p-value after deleting the low and medium dose groups
would be ppairwiser = 0.5, and that using data from all dose
groups would be ppirwise2 = 0.4763. In this case the p-value
for pairwise exact test after deleting the low and medium
dose groups would be larger than the p-value for the pair-
wise exact test using the data from all dose groups.

4. SIMULATION STUDY OF POWER
CALCULATION

Consider a carcinogenicity study with four treatment
groups namely, control, low, medium, and high dose groups
each with 50 animals, and dose scores 0, 1, 2, and 3, re-
spectively. The power was calculated for different choices
background incidence rate in the control group (po). The
incidence rate for the high dose group (p;) was then cho-
sen by a certain increment (d) over py. The incidence rate
for the low dose group (p;) and that for medium dose
group (p,) were calculated using a logistic model as fol-
lows:

If a=log(p,/(1-p,))

and
b 10g<p3/(1—p3))—log(po/(l—po)) ’
d;
then
olebeh) olathd2)
Py =L ) and p, ST

with d;=iand i =0, 1, 2, and 3. The values of the power
were calculated by finding the percentages of times the
null hypothesis was rejected when the alternative was
true in a simulation with 1000 loops. Table 5 shows the
calculated power using the asymptotic normal approxima-
tion and Figure 1 gives the graphical representation of
the results.

Table 6 shows the calculated power using the exact
test and Figure 2 gives the graphical representation of the
results.

The simulation results show that asymptotic normal test
Thairwise2 18 always a more powerful compared to Tpairwisel
or Thairwiseris- The two tests Tpairwiser aNd Thairwiseriz have
similar power (as sample sizes are taken to be same). The
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pairwise exact test using data from all dose groups has
more power compared to test based on data deleting the
two middle dose groups for small values of p, and ¢.

Table 5. Power calculated using the normal approximation for
unconditional, conditional, and Hothorn Bretz tests.

Tumor rates in ~ Delta Power of Power of  Power of
control group =p;—p, unconditional test conditional test HB test

0 0.0010 0.0220 0.0010

0.01 0.0310 0.1110 0.0310

0.025 0.1640 0.2820 0.1640

0.05 0.4710 0.5790 0.4710

0.005 0.1 0.8070 0.8370 0.8070
0.15 0.9630 0.9640 0.9630

0.2 0.9950 0.9960 0.9950

0.25 1.0000 0.9990 1.0000

0.3 1.0000 1.0000 1.0000

0 0.0110 0.0440 0.0110

0.01 0.0560 0.1310 0.0560

0.025 0.1790 0.2580 0.1790

0.05 0.4070 0.4440 0.4070

0.01 0.1 0.7740 0.7820 0.7740
0.15 0.9340 0.9420 0.9340

0.2 0.9840 0.9860 0.9840

0.25 0.9990 1.0000 0.9990

0.3 1.0000 1.0000 1.0000

0 0.0260 0.0520 0.0260

0.01 0.0620 0.0930 0.0620

0.025 0.2050 0.2350 0.2050

0.05 0.3460 0.3560 0.3460

0.02 0.1 0.7000 0.7000 0.7000
0.15 0.8850 0.8960 0.8850

0.2 0.9650 0.9720 0.9650

0.25 0.9900 0.9920 0.9900

0.3 1.0000 1.0000 1.0000

0 0.0580 0.0580 0.0580

0.01 0.0790 0.0740 0.0790

0.025 0.1580 0.1630 0.1580

0.05 0.2710 0.2800 0.2710

0.05 0.1 0.5330 0.5560 0.5330
0.15 0.7710 0.8050 0.7710

0.2 0.8940 0.9120 0.8940

0.25 0.9710 0.9810 0.9710

0.3 0.9890 0.9910 0.9890

0 0.0370 0.0530 0.0370

0.01 0.0830 0.0990 0.0830

0.025 0.1080 0.1270 0.1080

0.05 0.1690 0.2020 0.1690

0.1 0.1 0.3870 0.4410 0.3870
0.15 0.6300 0.6700 0.6300

0.2 0.8370 0.8570 0.8370

0.25 0.9110 0.9250 0.9110

0.3 0.9820 0.9870 0.9820

0 0.0600 0.0690 0.0600

0.01 0.0670 0.0770 0.0670

0.025 0.0890 0.1010 0.0890

0.05 0.1530 0.1720 0.1530

0.2 0.1 0.3120 0.3390 0.3120
0.15 0.4990 0.5340 0.4990

0.2 0.7380 0.7570 0.7380

0.25 0.8440 0.8530 0.8440

0.3 0.9420 0.9470 0.9420
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p, =0.005 p,=0.01

Power Power

0.3

test pairwisel pairwise2 ---T pairwiseHB test Tpanwiscl """" pairwise2 - T;JuirwiyeIIB
p,=0.02 p,=0.05

Power Power

test T Lmiser T pairwise2 T pairwiseHB test —— Tpanwiscl pairwise2 = T;JuirwiyeIIB
p,=0.01 p,= 0.02

Power Power
] 1.0
0.9
0.81
0.71
0.61
0.5
0.4
0.31
0.21
0.14
0.0

T L — T T T T T T T T T T T T T T T T T B B e e e LA B m e S e LA B s s e S e e

0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
Delta Delta

test Ylmirwlscl mrrnen b h il Tpnirwi.\'ellB test pairwisel pairwise? T;Juirwiyel]lf

Where --------- : power of unconditional test and .........: power of conditional test.

Figure 1. Graphical representation of power vs. delta for given p, using normal approximation for pairwise comparison of control
and high dose group.
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p, = 0.005 p,=0.01

Power Power

test T;Juinwsel """" Tpmmmez test —— T;mirwrscl """" T;mirwlseZ
Dy = 0.02 Dy = 0.05

Power Power

test Tpuim-ixe | Tp(lilwi.s e2 test T;fuuw'.\'e 1

p,=0.10 p,=0.20

pairwise2

Power

001"

0.0 0.1 0.2 0.3

test —— Tp(lim'ixel """" Tp(lilwi.wZ test T;Juim'lscl T;Juim'lch

where --------- : Power of unconditional test and .............: Power of conditional test.

Figure 2. Graphical representation of power vs. delta for given p, using exact test for pairwise comparison of control and high dose
group.
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Table 6. Power calculated using the exact test for unconditional
and conditional tests.

Tumor rates in Delta Power of Power of

control group  =p;—po unconditional test conditional test

0 0.0000 0.0013

0.01 0.0007 0.0300

0.025 0.0158 0.1292

0.05 0.1249 0.3387

0.005 0.1 0.5075 0.6573

0.15 0.8482 0.8871

0.2 0.9610 0.9570

0.25 0.9920 0.9910

0.3 0.9997 0.9989

0 0.0000 0.0000

0.01 0.0025 0.0383

0.025 0.0185 0.1148

0.05 0.1239 0.2627

0.01 0.1 0.5165 0.5944

0.15 0.8212 0.8332

0.2 0.9610 0.9530

0.25 0.9910 0.9750

0.3 0.9988 0.9957

0 0.0020 0.0214

0.01 0.0073 0.0467

0.025 0.0294 0.0959

0.05 0.1179 0.1978

0.02 0.1 0.4446 0.4795

0.15 0.7592 0.7363

0.2 0.9292 0.8944

0.25 0.9860 0.9580

0.3 0.9972 0.9859

0 0.0221 0.0291

0.01 0.0308 0.0487

0.025 0.0519 0.0789

0.05 0.1199 0.1439

0.05 0.1 0.3746 0.3556

0.15 0.6414 0.5614

0.2 0.8511 0.7572

0.25 0.9600 0.8901

0.3 0.9859 0.9518

0 0.0473 0.0308

0.01 0.0542 0.0457

0.025 0.0679 0.0629

0.05 0.1209 0.1169

0.1 0.1 0.3050 0.2683

0.15 0.5315 0.4426

0.2 0.7622 0.6633

0.25 0.8791 0.7812

0.3 0.9628 0.8985

0 0.0584 0.0349

0.01 0.0590 0.0443

0.025 0.0809 0.0749

0.05 0.1039 0.0929

0.2 0.1 0.2068 0.1898

0.15 0.3896 0.3397

0.2 0.6803 0.5475

0.25 0.8132 0.6573

0.3 0.9170 0.8063

When p, and/or d become (s) large the pairwise exact test
that deletes the data from two middle dose groups showed
better power.
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5. CONCLUSIONS

In this paper, we discussed the topic of pairwise com-
parison of the high dose group with control in a typical
carcinogenicity study. We proposed two tests procedure,
one based on data only from the two dose groups to be
compared and one based on data from all dose groups.
We elaborated both exact and normal approximation ver-
sion of our proposed tests.

Through a simulation, we compared the power perform-
ances of these tests. For the comparison of high dose group
with control group in a typical four dose group carcino-
genicity study, the simulation results showed that the power
of the asymptotic normal test using data from all dose
groups is asymptotically more efficient and hence is al-
ways more powerful than that of the test using data from
high and control groups only. For exact test, neither of
the two tests showed uniformly better power than the other.
The pairwise exact test using data from all dose groups
showed more power than that of the test based on data
deleting the two middle dose groups for tumor types with
low background rate and/or drug with small carcinogenic
effect, while the pairwise exact test using data from all
dose groups showed less power than that of the test based
on data deleting the two middle dose groups for tumor
types with high background rate and/or drug with large
carcinogenic effect. However, since a test that drops part
of the data is asymptotically less efficient, we recommend
that for the pairwise comparison one uses tests that use
the data from all dose groups.
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