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SUMMARY 

In clinical trials, multiple endpoints are usually correlated. However, many commonly 

used multiple testing correction methods proposed to control family-wise type I errors 

disregard the correlation among the endpoints, for example, the Bonferroni correction and 

Holm procedure. Recently, some parametric multiple testing methods have been 

proposed to take into account correlations among endpoints. However, the exact 

correlations among endpoints are usually unknown. If the correlations are misspecified, 

how robust are these parametric multiple testing methods in controlling family-wise type 

I errors? In this paper, simulations are conducted to study the effect of misspecified 

correlations in these parametric multiple testing methods along with an example to 

address this question. 
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1. Introduction 

In a clinical trial with multiple endpoints, multiple tests are performed. Multiple testing 

correction methods are usually used to control the family-wise Type I error rate (FWER). 

When some hypotheses are more important than others, weighted multiple testing 

correction methods are required. However, many weighted methods proposed to control 

the FWER often disregard the correlations among the endpoints. Recently, some 

weighted parametric multiple testing methods have been suggested to take into account 

the correlations among the endpoints, such as Huque and Alosh’s (2008) flexible fixed-

sequence (FFS) testing method and Li and Mehrotra’s (2008) adaptive α allocation 

approach (4A), Xie’s (2012) weighted multiple testing correction (WMTC), Bretz et 

al. ’s (2011) graphical approaches and Millen and Dmitrienko’s (2011) chain procedures. 

The chain procedure gives weights on test statistics, while FFs, 4A and WMTC give 

weights on p-values. Xie (2012) compared FFs, 4A and WMTC and provided guidelines 

to help choosing an appropriate method. All these weighted parametric multiple testing 

methods assume the correlation among endpoints are known or can be correctly 

estimated from the data. However, the exact correlations among endpoints are usually 

unknown. If the correlations are misspecified, the type I error rate can be out of control. 

We usually think the type I error rate will be inflated if the correlations are overestimated 

(Wiens and Dmitrienko, 2010). From our simulations below, we will see this is not true 

for 4A method. When the inflation occurs and how large the inflation can be might 

depend on the method and the magnitude of the misspecification of the correlations 

among the endpoints. So far, from our best knowledge, the exact effect of the 

misspecification of the correlations has not been studied yet. To fill this gap, simulations 
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are conducted in this paper to study the effect of misspecified correlations in these 

weighted parametric multiple testing methods. The graphical approach and chain 

procedures are not included in the comparisons since for the time being the implement of 

graphical approach (gMCP) is based on one-sided test only and the chain procedure gives 

weights on test statistics instead of P-values, which change the interpretation due to a 

nonlinear relationship between P-values and test statistics. The outline of this paper is as 

follows. The reviews of the FFS, 4A and WMTC are presented in Section 2. In Section 3, 

simulations are conducted to estimate the family-wise type I error rate of the three 

methods when the correlations are misspecified. Examples are given in Section 4 to 

illustrate the effect of misspecified correlations in these parametric multiple testing 

methods. Finally, some discussions and concluding remarks are made in Section 5. 

 

2. Reviews of the FFS, 4A and WMTC  

In this section, the simple reviews of the three methods (FFS, 4A and WMTC) for two 

endpoints are given. For details, see (Huque and Alosh, 2008; Li and Mehrotra, 2008; 

Xie, 2012). 

 2.1. The FFS method 

Let T1 and T2 be test statistics for hypothesis )1(

0H and )2(

0H respectively, the FFS 

procedure can be stated as follows:  

i) Test )1(

0H  at the significance level )(1    and reject )1(

0H if 
1;11 CT  , where 

1;1C satisfies 1

)1(

0;11 )|(
1

  HCTP .  

ii) If )1(

0H is rejected, Test )2(

0H  at the significance level  . If )1(

0H is not 

JSM 2013 - Biopharmaceutical Section

1755



rejected, Test )2(

0H  at the significance level 2  and reject )2(

0H if 
2;22 CT  , 

where 
2;2 C satisfies 1

)2(

0

)1(

0;22;11 ),|,(
21

  HHCTCTP .    

2.2. The 4A method 

Let 1p  and 2p  be the p-value for the first endpoint and the second endpoint respectively 

and let   be the correlation between the two endpoints, the 4A method can be stated as 

follows: 

i) Test the null hypothesis for the first endpoint at the level )(1   . 

ii) If 11 p , test the null hypothesis for the second endpoint at the level  2 . 

If 11 p , test the null hypothesis for the second endpoint at the adaptive 

level 
2

112 /,min( pt  ) , where   is the largest constant such that 

1112211 )),,,(,(   pppP  and )1/()( 111  t  if 

,3

1

2

11    otherwise, 2

1

2

111 }/)2(1{  t .  

2.3. The WMTC method 

Let 21, pp  be the observed p-values for null hypotheses )2(

0

)1(

0 , HH  respectively, )0(iw   

be the weight for null hypothesis )(

0

iH , 2,1i  and let iii wpq / , 2,1i . (Note    and 

   are realizations of random variables    and    respectively, 2,1i ). The adjusted p-

value for the null hypothesis )(

0

iH  is 

         )min(_ ij
j

iadj qQPP    

              )(1 ij qQallP   

              )//(1 iijj wpwPallP   
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              )/(1 ijij wwpPallP   

              


















m

j

jjj bXaP
1

1 ,                                                            (1) 

where 2,1, jX j  are standardized multivariate normal with correlation matrix ∑ and    

           )),2/((1

ijij wwpa           ))2/(1(1

ijij wwpb                      (2) 

for the two-sided case. 

If iadjP _ , we will reject the corresponding null hypothesis )(

0

iH . If only one null 

hypotheses has been rejected, we test the other hypothesis at level   and reject the 

hypothesis if its observed p-value  . The package mvtnorm (Genz, Bretz and Hothorn, 

2010) in the R software environment (http://www.r-project.org/) is used to compute of 

the adjusted p-values in (1) and (2). 

 

3. Simulation 

In this section, simulations are conducted to compare the family-wise type I error rate of 

the three parametric multiple testing methods when the correlations are misspecified. 

We considered trials with two endpoints. Each trial has 240 individuals. Each individual 

had probability 0.5 to receive the active treatment and probability 0.5 to receive placebo. 

The endpoints were generated from a bivariate normal distribution with the correlation 

between the two endpoints,   chosen as 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9. 

The treatment effect size (per unit standard deviation) was assumed as 0.0. The weights 

for the two endpoints were (4, 1), which correspond to alpha allocations (0.04, 0.01). The 

observed p-values were calculated using two-sided t-tests for the coefficient of the 

treatment,      in linear regressions. For each correlation given in data generation, the 
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specified correlations, 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 were used in 

multiple testing adjustments. The simulation results are shown in Table 1. From these 

simulations, we can conclude: 1) All the three methods have the simulated family-wise 

type I error rate at 5.0% if the correlation is correctly specified. 2) Both WMTC and FFS 

have inflated family-wise type I error rate if the correlation among the endpoints is 

overspecified and the family-wise type I error rate increases with the magnitude of the 

misspecification of the correlations. Family-wise type I error rate of FFS increases faster 

than that of WMTC. Both WMTC and FFS have deflated family-wise type I error rate if 

the correlation among the endpoints is underspecified and the family-wise type I error 

rate decreases with the magnitude of the misspecification of the correlations. Family-wise 

type I error rate of FFS decreases a little bit faster than that of WMTC. 3) Unlike WMTC 

and FFS, 4A has deflated family-wise type I error rate if the correlation among the 

endpoints is overspecified and the family-wise type I error rate decreases with the 

magnitude of the misspecification of the correlations. 4A has inlated family-wise type I 

error rate if the correlation among the endpoints is underspecified and the family-wise 

type I error rate increases with the magnitude of the misspecification of the correlations. 

4) When the true correlation among the endpoints > 0.5, the effect of the misspecified 

correlation in both WMTC and FFS methods can be large even the magnitude of the 

misspecification of the correlations is 0.1. However, the effect of the misspecified 

correlation in 4A method will not be serious if the magnitude of the misspecification of 

the correlations   0.1. 
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4. Example 

Assume a two group trial with two-sided 05.0 , two endpoints with true correlation 

between them, 7.0 , the observed p-values: 0.11, 0.02 and the corresponding α 

allocations: (0.04, 0.01). 

The FFS method cannot reject any of the two null hypotheses of no treatment difference 

since 0.11>0.04 and 0.02>0.017, based on the significance level provided by Huque and 

Alosh (2008). The 4A method cannot reject any of the two null hypotheses of no 

treatment difference since 0.11>0.04 and 0.02>0.019, based on the significance level 

provided by Li and Mehrotra (2008). The WMTC method cannot reject any of the two 

null hypotheses of no treatment difference either since both “working” adjusted p-values 

(0.121 and 0.089 respectively) >0.05.  

If we over-specify the correlation between the two endpoints, for example, 9.0 , the 

FFS method can reject the second null hypothesis of no treatment difference for the 

second endpoint since 0.02<0.029, based on the significance level provided by Huque 

and Alosh [1]. The 4A method cannot reject any of the two null hypotheses of no 

treatment difference since 0.11>0.04 and 0.02>0.018, based on the significance level 

provided by Li and Mehrotra [2]. The WMTC method cannot reject any of the two null 

hypotheses of no treatment difference either since both “working” adjusted p-values 

(0.112 and 0.082 respectively) >0.05.  

If we under-specify the correlation between the two endpoints, for example, 5.0 , The 

4A method can reject the second null hypothesis of no treatment difference for the 

second endpoint since 0.02<0.032, based on the significance level provided by Li and 

Mehrotra (2008). As expected, the FFS method cannot reject any of the two null 
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hypotheses of no treatment difference since 0.11>0.04 and 0.02>0.013, and the WMTC 

method cannot reject any of the two null hypotheses of no treatment difference either 

since both “working” adjusted p-values (0.128 and 0.094 respectively) >0.05.  

 

5. Concluding remarks and discussions 

A multiple testing method is often thought to be conservative if it ignores the correlation 

among the endpoints (that is, it underestimates the correlation). This is not true for 4A 

method. The FWER in 4A method can be inflated if the correlation is underestimated. 

The 4A method is conservative if the correlation is overestimated. As usual, both WMTC 

and FFS are conservative if the correlation among the endpoints is underestimated and 

the FWER can be inflated if the correlation is overestimated. If the magnitude of the 

misspecification of the correlations is 0.1 or less, the effect of the misspecified 

correlation in 4A method will not be serious, but  it can be serious for WMTC method 

and more serious for FFS method if the true correlation among the endpoints > 0.5.  

Developing a new method, which is more robust than FFS, WMTC and 4A methods and 

is more powerful than nonparametric methods such as the Holm and the alpha-exhaustive 

fallback procedures will be our future research. 
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Table 1. Two endpoints: Simulated family-wise type I error rate (%) based on 1,000,000 

runs for WMTC, FFS and 4A when different correlations are specified in multiple testing 

adjustments. The total sample size is 240.  allocation is (0.04, 0.01) or weight is (4, 1). 

True 

correlations 

 

Methods 

Specified correlations in multiple testing adjustments 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

0.0 WMTC 

FFS 

4A 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

4.9 

5.1 

5.1 

4.8 

5.1 

5.1 

4.7 

5.2 

5.2 

4.6 

5.3 

5.4 

4.5 

5.5 

5.6 

4.4 

5.7 

6.0 

4.4 

6.0 

6.8 

4.4 

0.1 WMTC 

FFS 

4A 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

4.9 

5.0 

5.0 

4.8 

5.1 

5.1 

4.7 

5.2 

5.2 

4.6 

5.3 

5.4 

4.5 

5.5 

5.6 

4.4 

5.7 

6.0 

4.4 

6.0 

6.8 

4.4 

0.2 WMTC 

FFS 

4A 

5.0 

5.0 

5.1 

5.0 

5.0 

5.1 

5.0 

5.0 

5.0 

5.0 

5.0 

4.9 

5.1 

5.1 

4.8 

5.2 

5.2 

4.7 

5.3 

5.4 

4.6 

5.5 

5.6 

4.5 

5.7 

6.0 

4.5 

6.0 

6.7 

4.5 

0.3 WMTC 

FFS 

4A 

4.9 

4.9 

5.2 

4.9 

4.9 

5.1 

5.0 

5.0 

5.1 

5.0 

5.0 

5.0 

5.1 

5.1 

4.9 

5.1 

5.1 

4.8 

5.3 

5.3 

4.6 

5.4 

5.5 

4.6 

5.6 

5.9 

4.5 

5.9 

6.7 

4.5 

0.4 WMTC 

FFS 

4A 

4.9 

4.9 

5.3 

4.9 

4.9 

5.3 

4.9 

4.9 

5.2 

5.0 

4.9 

5.1 

5.0 

5.0 

5.0 

5.1 

5.1 

4.9 

5.2 

5.2 

4.8 

5.4 

5.5 

4.7 

5.6 

5.8 

4.6 

5.8 

6.5 

4.6 

0.5 WMTC 4.8 4.8 4.8 4.9 4.9 5.0 5.1 5.3 5.5 5.7 
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FFS 

4A 

4.8 

5.5 

4.8 

5.4 

4.8 

5.4 

4.9 

5.3 

4.9 

5.1 

5.0 

5.0 

5.1 

4.9 

5.4 

4.8 

5.7 

4.7 

6.4 

4.8 

0.6 WMTC 

FFS 

4A 

4.7 

4.7 

5.6 

4.7 

4.7 

5.6 

4.7 

4.7 

5.5 

4.8 

4.7 

5.4 

4.8 

4.8 

5.3 

4.9 

4.9 

5.1 

5.0 

5.0 

5.0 

5.2 

5.2 

4.9 

5.4 

5.5 

4.8 

5.6 

6.2 

4.8 

0.7 WMTC 

FFS 

4A 

4.6 

4.6 

5.7 

4.6 

4.6 

5.7 

4.6 

4.6 

5.6 

4.6 

4.6 

5.5 

4.7 

4.7 

5.4 

4.8 

4.7 

5.3 

4.9 

4.8 

5.1 

5.0 

5.0 

5.0 

5.2 

5.3 

4.9 

5.5 

5.9 

4.9 

0.8 WMTC 

FFS 

4A 

4.4 

4.4 

5.7 

4.4 

4.4 

5.7 

4.4 

4.4 

5.7 

4.5 

4.4 

5.6 

4.5 

4.5 

5.5 

4.6 

4.5 

5.3 

4.7 

4.6 

5.2 

4.8 

4.8 

5.1 

5.0 

5.0 

5.0 

5.3 

5.6 

5.0 

0.9 WMTC 

FFS 

4A 

4.2 

4.2 

5.5 

4.2 

4.2 

5.5 

4.2 

4.2 

5.5 

4.2 

4.2 

5.4 

4.3 

4.2 

5.4 

4.4 

4.2 

5.3 

4.5 

4.3 

5.2 

4.6 

4.4 

5.1 

4.8 

4.6 

5.0 

5.0 

5.0 

5.0 
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