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Table 2
Influence of prognostic factors on overall survival
Prognostic factors Number of patients Influence of prognostic factors
- n=2158 HR ( p-value)* HR (p-value)®
Sex Male (%) 1304 (60.4%) - -
Female (%) 854 (39.6%) 0.896 (p=0.1666) 0.866 (p=0.0713)
Age =49 (%) 376 (17.4%) - -
: 50-59 (%) 637 (31.8%) 1.163 (p=0.1996) 1.241 (p=0.0673)
60-69 (%0) 783 (36.3%) 1.112 {(p=0.3614) 1.176 (p=0.1626)
270 (%) 312 (14.5%) 1.295 (p=0.0615) 1418 {p=0.0117)
Histological depth of =pm (%) 556 (25.8%) - -
tumor invasion ss/al (%) 758 (35.1%)}) 1.763 (p<0.0001) 1.434 (p=0.0037)
=>s/a2 (%) 844 (39.1%) 2.873 (p<0.0001) 2.089 { p<0.0001)
Lymph node metastasis n (-) (%) 1242 (57.6%) - - .
nl (+) (%) 528 (24.5%) 2.159 (p<0.0001) 1.953 {p<0.0001)
2>n2 (+) (%) 338 (18.0%) 3.632 (p<0.0001) 3.171 (p<0.0001)

* Crude hazard ratio and p-value using Cox regression.
® Adjusted hazard ratio by other three factors and p-value using Cox regression.

The results suggested that, as consistent with common knowledge in this field [12,13), histological
depth of tumor invasion and lymph node metastasis had a particularly strong influence on overall
survival.

3. Simulation methods

From the 2158 patients of the hypothetical population, 10,000 data sets of 50, 100, 150 and 200
patients (combining two groups) were repeatedly sampled with replacement to provide a data set for
simulation. The sampling was conducted using the SURVEYSELECT procedure [14]. Allocation into
two treatment groups, active (A) or placebo (P), was conducted repeatedly 10,000 times using three
types of allocation methods: simple randomization, stratified randomization and minimization.

Simple randomization (SR) was conducted using pseudo Bemoulli random numbers. Two types of
stratified randomization were performed: one is stratified randomization with four factors (STR4), sex,
age, histological depth of tumor invasion and lymph node metastasis, and the other stratified
randomization with the later two factors (S§TR2). In both cases, to ensure balance in the number of
patients between groups within strata, the block size was set to four (an example of block AAPP). The
influence of allocation probability and number of allocation factors on performance of minimization was
evaluated, as well as balance in the simultaneous distribution of prognostic factors,

From the 10,000 sets derived for each trial size using the three types of allocation methods, 1000 sets
were used to compare the differences in the number of patients between groups, balance in prognostic
factors between groups and balance in the simultaneous distribution. The absolute value of the difference
of the patient number between groups was the indicator for imbalance, and its 50 and 99 percentiles in
the derived 1000 sets were evaluated, while the p-value of the chi-square test for the contingency table
for each prognostic factor and the groups was calculated, and its 50 and 1 percentiles were used to
compare the degree of balance among the three allocation methods. Interactions between prognostic

182



576 A. Hagino et al. / Controlled Clinical Trials 25 (2004) 572-584

factors often arise in practical situations. Based on the features of allocation methods, stratified
randomization is an allocation method that achieves balance in the simultaneous distribution of multiple
prognostic factors, while minimization is an allocation method that achieves balance in the marginal
distribution of each prognostic factor and does not ensure balance in the simultaneous distribution.
Therefore, it has been suggested that if interactions exist among prognostic factors, stratified
randomization is preferred over minimization [15]. Therefore, the p-value of the chi-square test of the
contingency table formed by simultaneous distribution of multiple prognostic factors and group was
calculated to evaluate balance in the simultaneous distribution. .

Finally, the entire 10,000 sets of simulation data were used to evaluate the performance of statistical
tests. Several statistical tests for actual overall survival time were conducted for evaluating the size of
type I error after allocation, and the proportion achieving the chi-square test statistics greater than 3.841
{upper 5% point of chi-square distribution with df=1) was calculated to determine whether the nominal
significance level (5%) was maintained. The applied tests were the log-rank test, the stratified log-rank
test and the hazard ratio test using Cox regression. To compare the statistical power, based on an
accelerated model in which the survival time increases or decreases due to the effect of treatment, overall
survival is prolonged to 1.6- or 2.0-fold (censored at 5 years if it is longer than 5 years) for patients
allocated to group A. In other words, if a patient died after 2 years from randomization, it was presumed
that the patient died after 3.2 years (2% 1.6=3.2), and if a patient died after 4 years, it was presumed that
the patient was censored at 5 years because it is longer than 5 years (4 x1.6=6.4). In special cases, that is,
exponential and Weibull distributions, the accelerated model is equivalent to the proportional hazard
model, and the hazard ratios are multiplied 1/1.6- or 1/2.0-fold, respectively.

4. Results
4.1. Imbalance in the number of patients between groups

The degree of imbalance in the number of patients between groups was compared among the three
allocation methods. The allocation probability of minimization was changed from 1.00 (deterministic

allocation) to 0.70 by 0.05. Table 3 shows the degree of imbalance in the number of patients between
groups of 50-patient trials based on 1000 simulations.

Table 3
Degree of imbalance in the number of patients between groups of 50-patient trials based on 1000 sinmulations

Sumnmary statistics Absolute value of the difference in the number of patients between two groups

MIN (allocation probability) STR2 STR4 SR
1 0.95 0.90 0.85 0.80 0.75 0.7¢
@9 Percentile 2.0 2.0 2.0 4.0 4.0 4.0 4.0 10.0 16.0 18.0
50 percentile 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 40 4.0
Mean 0.5 0.6 0.7 0.8 0.9 1.0 1.1 29 4.9 5.6

Figures in the table show the summary statistics of the absolute value of the difference of patients between groups for each
allocation method in 1000 simulations (N=50).

MIN: minimization included all four factors; STR2: stratified randomization included two factors; STR4: stratified
randomization included all four factors; SR: simple randomization.
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Using the SR, the 50 percentile was 4 (in actual case A=27 and P=23), and the 99 percentile (in the
worst scenario} was 18 (A=34 and P=16).

The 50 percentile was 2, and the 99 percentile was 10 using the STR2. On the other hand, the 50 and
99 percentiles of STR4 were 4 and 16, respectively. In this case, the number of strata 72 (2x4x3x3)
was relatively large, compared with trial size 50, therefore, a decrease in the number of patients per
stratum resulted in large differences in the number of patients between groups.

Decreasing the allocation probability of minimization provided a slightly worse balance in the number
of patients; however, even with the allocation probability of 0.70, balance still remained good,
contrasting to the STR2, the STR4 and the SR. The difference in the number of patients between groups
using minimization with the allocation probability of 0.70 was 0 (50 percentile) and 4 (99 percentile).

Although similar tendencies were confirmed with trial sizes of 100, 150 and 200 patients, the degree
of imbalance of the SR, the STR2 and the STR4 was improved. The 50 and the 99 percentiles are shown
in Table 4.

4.2. Balance in prognostic factors

Table 5 shows the degree of imbalance in prognostic factors in the case of 50-patient trials based on
1000 simulations.

Using the SR, under the null hypothesis, the p-value is expected to be uniformly distributed between 0
and 1; therefore, results of the simulation showed that the 50 percentile of p-values for all prognostic
factors was around 0.50, and similarly, the 1 percentile of p-values was about 0.01.

It was confirmed that smaller allocation probability in minimization offered greater imbalance in
prognostic factors,

Balance in the allocation factors achieved with the STR2 was similar to that achieved with
minimization at the allocation probability of 0.70; however, balance in nonstratified factors such as sex
and age were comparable with that obtained from the SR. In contrast, the STR4 had nonignorable
imbalance, due to too many strata compared with a given trial size. It is difficult to apply stratified
randomization to achieve good balance in such small-scale trials.

When selecting the allocation probability in minimization, if the 1 percentile of p-value for the
chi-square test requires about 0.50 as a criterion to achieve a strongly acceptable degree of

Table 4
Degree of imbalance in the number of patients between groups of 100- to 200-patient trials based on 1000 simulations

Trial size Absolute value of the difference in the number of patients between two groups

MINQ.7 STR2 STR4 SR

50 Percentile 99 Percentile 50 Percentile 99 Percentile 50 Percentile 99 Percentile 50 Percentile 99 Percentile
100 2 4 2 10 6 20 6 26
150 2 4 2 10 6 23 8 30
200 0 4 2 10 6 24 10 35

Figures in table show 50 and 99 percentiles of the absolute value of the difference of patients between groups for each allocation
method, in 1000 simulations (N=100, 150 and 200, respectively).

MINO.7; minimization included all four factors (allocation probability=0.70); STR2: stratified randomization included two
factors; STR4: stratified randomization included all four factors; SR: simple randomization.
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balance, even in the possible worst case, the allocation probability should be set to 0.95 in 50-
patient trials. '

Similar balance ranking was observed among the allocation methods in trials with 100, 150 and
200 patients; however, the degree of imbalance of the STR2 and the STR4 improved as trial size
increased. Based on the above criterion 1 percentile of p-value is about 0.50, the allocation
probability required for a given trial size would be 0.80 for 100, 0.75 for 150, and 0.70 for 200
patients. If the number of patients increases, it is possible to use a smaller allocation probability to
avoid predictability, while keeping a good balance.

4.3. Balance in simultaneous distribution

The difference of 3x3 simultaneous distribution (histological depth of tumor invasion and lymph
node metastasis) between groups were examined using the p-value of the chi-square test as an indicator,:
and the 50 and the 1 percentiles of p-value were calculated. Table 6 shows the results of 200-patient
trials based on 1000 simulations.

As expected, the STR2 achieved the best comparability in the combination (nine levels) of
histological depth of tumor invasion and lymph node metastasis. Minimization did not provide a
good balance in simultaneous distribution, even when increasing allocation probability or the trial
size.

Table 7 shows a typical pattern in which minimization did not work well; that is, marginal distribution
was comparable between groups. However, nonignorable imbalance was observed in the simultaneous
distribution. On the other hand, stratified randomization guarantees a good balance in the simultaneous
distribution.

Fig. 1 shows the hazard ratios for each level in 2158 patients of the hypothetical population.

Histological depth of tumor invasion correlated with lymph node metastasis, but there was
no strong interaction in the overall survival (Wald test, chi-square=3.086, df=4). If interaction
cannot be ignored, it is important to ensure balance in the simultaneous distribution. To
achieve balance in the simultaneous distribution similar to stratified randomization, minimiza-
tion should be applied by combining these two factors into one allocation factor with nine
levels.

Table 6
Balance in simultancous distribution of 200-patient trials based on 1000 simulations

Simultaneous  p-Value of chi-square test for the contingency table of simultaneous distribution and groups
C oo g
distribution” MmN (aliocation probability) STR2 STR4 SR
1 0.95 0.90 0.85 0.80 0.75 0.70

50 Percentile 0.8882  0.8748 0.8869 0.8909 0.8873  0.8677 0.8642 0.9973  0.8665 0.4741
1 Percentile 0.1497  0.0837 0.1048  0.1192 . 0.1127  0.1123 01072 0.8569 0.2331  0.0081

Figures in table show 50 and 1 percentiles of p-value of chi-square test from 1000 simulation data sets (N=200) for each
allocation method,
MIN: minimization included all four factors; STR2: stratified randomization included two factors; STR4: stratified
randomization included all four factors; SR: simple randomization.

* Combinations (nine levels) of the depth of tumor invasion and the lymph node metastasis,
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Table 7

Balance between groups in the combination of levels of a 200-patient trial

Lymph node metastasis Group A Group P
n (=) nl (+) 2n2 (+)
STR2
Histological depth of  <pm 44 {A: 23, P: 21] 2[A: 1, P 1] 10 [A: 6, P: 4] 29 27
tumor invasion ss/al 34 [A: 17, P: 17] 21 [A: 10, P: 11) 8 [A: 4,P: 4] 31 32
2sfal 45 [A: 22, P: 23] 18 [A: 9, P: 9] 18 {A: 9, P: 9] 40 4]
Group A 61 20 19 100
Group P 62 21 17 100
Min0.70
Histological depth of  <pm 44 [A: 23, P: 21] 2{A:2,P:0] 10 [A: 2, P: 8] 27 29
tumor invasion ss/al 34 fA: 12, P; 22) 21 [A: 13, P: 8] S§[A:7,P: 1] 32 31
=s/a2  45[A: 26, P: 19] 18 [A: 6, P: 12] 18 {A: 8, P 10) 40 41
Group A 61 21 17 99
Group P 62 20 19 101

Figures in table show the example of result of allocation from one of 1000 simulations (MW=200} for each allocation method for
STR2 and MING.7. In brackets is the number of allocated patients in each group.

MINO.7: minimization included all four factors (allocation probability=0.70); STR2: stratified randomization included two
factors.

4.4. Type I error and power

Stratified log-rank test and Cox regression were conducted adjusting for two factors: histological
depth of tumor invasion and lymph node metastasis. Table 8 shows the results of 200-patient trials based
on 10,000 simulations.

When stratified randomization or minimization was used, it was apparent that the result of unadjusted
test for allocation factors (log-rank test) turned out to be conservative. In contrast, analysis with
adjustment for the allocation factors as covariates such as stratified log-rank test and Cox regression,
provided type I error close to the nominal significance level and, as a result, improved the statistical
power. Parallel affinities were noticed with trial sizes of 50, 100 and 150 patients.

8.0
70F +n(-)
6.0 -&-nl{+)

Hazard Ratio

40}
30} ./'/.
20} /
1o}

0.0 L :
<pm ss/al >sfa2

Histological depth of tumor invasion

Fig. 1. Hazard ratio (n (), pm or less as 1) for each level of combination (nine levels) of histological depth of tumor invasion
and lymph node metastasis in 2158 patients. Histological depth of tumor: <pm: m, sm and pm; >s/a2; s/a? and si/ai. Lymph
node metastasis: 2n2 (+): n2 (+), n3 (+), and nd {+).
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Table 8
Type 1 error and power of 200-patient trials based en 10,000 simulations
Active group (xsurvival time) Test Allocation methods
MIN (detaministic) STR2 SR
Log-rank 0.0352 0.0334 0.0505
Hy (x1.0} Stratified log-rank 0.0466 0.0446 0.0504
Cox regression 0.0494 0.0475 0.0548
Log-rank 0.4155 0.4265 6.4302
(x1.6) Stratified log-rank 0.4790 0.4504 04778
H Cox regression 04799 0.4853 0.4812
! Log-rank 0.7793 0.7852 0.7610
(x2.0) Stratified log-rank 0.8215 0.8303 0.8054
Cox regression 0.8220 0.8271 0.8118

The table shows the actual type I error at a nominal significance level 0f 0.05. The table also shows the power (H,) attained with-
the overall survival prolonged for allocated to group A. Both cases in the 10,000 simulations (N=200).

MIN: minimizatien included two factors (allocation probability=1); STR2: stratified randomization included two factors; SR:
simple randomization.

It is evident that these results could be predicted qualitatively based on the feature of the analysis
methods; however, this study confirmed the extent of the difference among allocation methods in a
quantitative manner, based on actual clinical trial data. The simulation also revealed that type I error of
the minimization could be sufficiently maintained both with and without adjustment analysis. This
suggested the statistical validity of minimization.

5. Discussion

We conducted simulations using the actual data from clinical trials of rectal cancer and they provided
the following results:

(1) When four allocation factors exist, stratified randomization does not perform well in small-scale
trials (about 50 patients). However, even in such cases, minimization can achieve sound balance in
the number of patients and in the distribution of prognostic factors between groups. It can be
concluded that the results indicate the usefulness of minimization, which can achieve balance even
in smaller scale trials.

(2) Minimization can ensure comparability between groups even using smaller allocation probability
(instead of deterministic allocation) to prevent predictability by increasing the sample size.

(3) Minimization can ensure balance in the marginal distribution of prognostic factors but does not
ensure balance in the simultaneous distribution. Therefore, minimization can be difficult if
interactions between prognostic factors can be predicted. In such cases, stratified randomization or
minimization in which levels are reclassified based on simultaneous distribution of multiple
prognostic factors should be applied.

(4) Simple unadjusted tests have conservative type I errors when minimization is conducted. On the
other hand, because adjusted tests for allocation factors as covariates can achieve an approximate
nominal significance level, they have the elevated power by up to 5-6%.
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Three main criteria were used to assess performance of each allocation method:

(1) balance in the number of patients between treatment arms,
(2) balance in the distribution of prognostic factors,
(3) performance of statistical tests,

The reason why balance in the number of patients allocated to each treatment arm is desirable in a
randomized trial is that, for a fixed number of patients, statistical power is maximized and the width of
confidence interval is minimized when an equal number of patients is allocated to each arm, although
moderate imbalances produce negligible loss of statistical performance.

As confirmed in our study, if known prognostic factors are balanced in the allocation process by
means of stratification or minimization, it is obvious that these prognostic factors are more evenly
distributed than with simple randomization, especially in small trials. Assuring a balance in the
distribution of prognostic factors provides an unbiased estimation of hazard ratio and the rationale for the
use of simple statistical methods without adjusting for prognostic factors.

When marked imbalances are found, these can be adjusted in the analysis; however, a variety of
possible models are available, according to the difference of mathematical formulation and combination
of prognostic factors. Moreover, the validity of adjusted analysis depends on the correctness of model
assumptions that cannot be confirmed. Therefore, it is much better to balance major prognostic factors at
the design stage and to apply an unadjusted simple statistical method, although, even in the balanced
case, adjusted analysis gives greater power.

In this study, small-scale clinical trials were evaluated. The total number of patients was
between 50 and 200 in the two groups. In actual comparative cancer clinical trials, the trial size is
often larger than these sizes, especially in the adjuvant setting, cancer trial usually imply the
enrollment of many hundreds (and sometimes more than thousand of patients) when endpoint is
survival. However, if the trial size is large enough, simple randomization works sufficiently to
obtain a good balance, and special allocation techniques are not required. And cancer trials
assessing biological treatments potentially associated with dramatic effects on advanced disease or
using the other endpoint, such as event-free survival, QOL and response rate, can require much
fewer patients. In addition, it is usually required to conduct interim analysis in long-term and
large-scale cancer clinical trials. Interim analysis is often conducted at the time when a third or a
half of planned total event is accumulated. Therefore, sample size at the interim analysis is much
smaller than that at the final analysis. Moreover, it is very important that the decision-making
process is based on only minimum information to avoid any possible biases when the results of
interim analysis are leaked. In addition, decision making based on interim analysis must be
conducted in a very limited time frame.

Therefore, it is preferable to achieve strict balance in the number of patients and prognostic
factors between groups at the time of the interim analysis to avoid complex analysis, such as
adjusted analysis. Even in large-scale trials, it is important to ensure balance at the time of
interim analysis. ' .

Although four allocation factors were considered in our study, in some clinical trials, more allocation
factors must be considered. When more allocation factors exist, other investigators have evaluated the
performance of minimization in trial sizes of 1000 patients and prognostic factors involving 12 variables,
and they demonstrated that minimization achieved balance and maintained nominal significance level
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[16]. The study used actual stroke-patient data; however, the sampling method from the population was
different from our study.

The covariate, age, was dealt as a categorical variable afier categorizing into four levels in
minimization of our study. However, age is essentially measured in a continuous way. Extensions of
minimization to balance of the means and standard deviations of continuous prognostic factors between
groups have also been proposed [17,18]. If a prognostic factor is a continuous variable and clinically
appropriate categorization is difficult, the minimization which provides balance of the means and
standard deviations are the method of choice.

Finally, the problem of dynamic allocation, such as minimization, as indicated by CPMP is discussed,
based on our simulation results.

Predictability is one of the most important issues in the conduct of clinical trials. However, even when
using reducing allocation probability, it is possible to achieve good balance between groups in a
moderate-scale trial; therefore, this does not directly obstruct the application of minimization. It is.
indicated that balance in prognostic factors and the number of patients can be achieved in small clinical
trials and that the significance level can be maintained, thus, the clinical and statistical justification of
minimization was demonstrated. Indication by CPMP that “when dynamic allocation is used, the
allocation factors should be considered in the analysis” was confirmed to be appropriate. The results of
the simulation revealed that adjustments for the allocation factors can bring closer to the nominal
significance level, with a pay-off being an improvement in the power by about 5%. Thus, when using
minimization, it is necessary to specify the adjusted method in the statistical analysis plan.

In this investigation, where we used the data from rectal cancer patients in clinical trials of other
fields, there are often multiple prognostic factors that reflect the severity of disease, corresponding to the
histological depth of tumor invasion and lymph node metastasis investigated here, besides basic
demographic variables such as sex and age. In conclusion, this investigation demonstrated that in small-
scale clinical trials where multiple prognostic factors exist, minimization is a useful method to achieve
balance in prognostic factors.
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Cumulalive Mantel-Haenszel
Method (odds ratio)

No. of
Study Year  Pallenls ___ 4 0;.5“ .' Jz . 5 s 0 Patienls >, i 2
Fleicher 1959 2 i : , b
Dewar 1963 2] e : 65
European 1 1969 wr e o Vo 232
Eutopean2 197§ ) —— . 96| ———————— |3~ -228. P « 0.02
Heikinhelmo 1971 426 ' ¢ ——f—t 1,388 —_—1
Kahan 1971 221 : —_— 1.709 —_—
Australian 1 1973 517 N S——r 2,226 —
Franklun 2 1973 206 —— . 2,432 ————— 2= -269, P = 00071
NHLBI SMIT 1974 197 : v 2,539 —_—
Frank 1975 108 . v 2,647 —_—
Valere 1975 91 , ; 2738 —_——
Kiein 1976 23 : : 2.761 ——
UK Collab 1978 595 : f—f— 3358 —_—
Austrian 1377 128 : ———— 4,084 —_—
:uslralian 2 977 230 P 4314 ———  J2e-327 P00l
asigna 977 24 T 4,328 —
N Ger Collab 1977 483 . R 4,821 —_—
Wilchitz 1977 58 — ; L 4,879 ———
Euviopean 3 1979 AU 1 ——t——] 5.194 me——
1SAM 1986 (748 : s £,935 —
GISSH-1 1986 11,712 . .- 10,647 ——
Ofson 1986 52 : 18,659 —
Bacollio 1586 59 T ; 10,758 ——
Schreiber 1986 a4 1 H 18,796 —
Cribier - 1986 44 ; . 18,840 —
Sainsous 1986 98 - A 18,938 —_—
Durand 1387 &4 . - - 19,002 —
Whils 1947 219 p—er—————— . 19,221 ——
Bassand 1987 107 ; ; — 19.328 —_—
Viay 1988 25 : ) g + 19,353 —
Kennedy 1988 268 P e ' 19,721 —
15152 1988 17,187 ! .- ' 26.908 ——
Wisenberg 1980 &6 ’ : : 36.974 - = ~8.16, P<0.061
. L] L] [
Totat 35.974 E E * 1= —?JB. P<0;OO|
Favors Trealment Favors Control Favors Trealment  * Favors Conlrol

1
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