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Abstract

One of the paradigms for surrogate marker evaluation in clinical trials is based on employing
data from several clinical trials: the meta-analytic approach. Originally developed for continuous
outcomes by means of the linear mixed model, also other situations are of interest. One such situation
is when both outcomes are binary. While joint models have been proposed for this setting, they are
cumbersome in the sense of computationally complex and of producing validation measures that are,
unlike in the Gaussian case, not of an R2 type (Burzykowski, Molenberghs, and Buyse 2005). A way
to put these problems to rest is by employing information theory, already applied in the continuous
case (Alonso and Molenberghs 2007). In this paper, the information-theoretic approach is applied
to the case of binary surrogate and true endpoints. Its use is illustrated using a case study in acute
migraine and its performance, relative to existing methods, assessed by means of a simulation study.
Since the usefulness of a method critically depends, among others, on the availability of software, a
SAS implementation accompanies the methodological work.

Some Key Words: Hierarchical model; Meta-analysis; Pseudo-likelihood; Random-effects model;
Surrogate endpoint

1 Introduction

The use of surrogate endpoints in clinical trials is increasing, necessitating the development of sound

statistical methods for use in the evaluation process. While initially done in the context of a single

trial (Prentice 1989, Freedman, Graubard, and Schatzkin 1992, Buyse and Molenberghs 1998), the

meta-analytic framework is now a well accepted one. It allows to cast the evaluation in terms of

two important concepts and ultimately quantities: trial-level and individual-level surrogacy. Several

authors have contributed to its development; a synthesis is provided in Burzykowski, Molenberghs,

and Buyse (2005). Several issues still surround the framework. First, while reasonably feasible for

continuous, normally distributed endpoints, thanks to the availability of the linear mixed model (Verbeke
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and Molenberghs 2000), the non-Gaussian case is less straightforward, be it for surrogate and true

outcomes from the same type or of a different nature. And then even the Gaussian case already

needed special attention (Tibaldi et al 2003). The main issue is that joint models for the outcomes are

needed, preferably allowing for the hierarchy induced by disposing of many trials. Second, and related

the previous comment, is that different models produce different validation quantities. While for the

Gaussian case one is led to R2 type measures, for other settings such measures as odds ratios and

Kendall’s τ crop up, with the situation getting more complex for longitudinally measured endpoints.

Alonso and Molenberghs (2007), in an effort to alleviate the reported issues, adopted an information

theory approach (ITA) to propose an evaluation method that is simple in both use and interpretation

of the resulting measures. They applied their ideas to longitudinally measured, continuous endpoints.

In this paper, we will adapt the framework to the situation where both outcomes are binary. The

methodology will be introduced in Sections 3 as far as general concepts are concerned and in Section 4

specifically for ITA, and then put to the test in a simulation study (Section 5) and exemplified by means

of a case study in acute migraine, introduced in Section 2 and analyzed in Section 6. The work reported

here is supplemented with a generic implementation as a SAS macro, available to the interested reader

from the authors,

2 A Meta-analysis of Ten Clinical Trials in Acute Migraine

Consider a meta-analysis of 10 early phase trials assessing the efficacy of several therapies for the

treatment of acute migraine crises. Each trial was placebo-controlled and aimed at evaluating one of

three experimental treatments. Two trials also included an active control arm. Overall, 801 patients

were available, recruited over 38 different centers, with between 1 and 86 patients enrolled per center.

Severity of headache and migraine-related symptoms were measured prior to and at several occasions

after the dose administration. Severity was rated on a four-grade intensity scale (0 =no, 1 =mild,

2 =moderate, 3 =severe). Clinically relevant endpoints for efficacy included pain-free (pain score=0)

and pain relief (pain score<= 1) two hours post-dose. The main goal is to identify what symptoms

typically associate with migraine episodes, such as, fore example, nausea, vomiting, increased sensitivity

to light, i.e., photophobia, as well as to sound, i.e., phonophobia.
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3 Validation Methods

We review the meta-analytic approach for two binary variables. In line with Renard et al (2002), it is

assumed the binary variables result from dichotomized normally distributed ones, thence concepts of the

continuous meta-analytic framework (Buyse et al (2000) can be employed. Extensions of the framework

to other settings are brought together in Burzykowski, Molenberghs, and Buyse (2005). Motivated by

the computational complexity of this framework, we will first discuss a number of simplifying strategies

(Tibaldi et al 2003) and then move on to the information-theoretic approach of Alonso and Molenberghs

(2007).

3.1 The Meta-Analytic Approach for Binary Endpoints

To extend the methodology used for continuous endpoints to the case of binary endpoints , Renard et al

(2002) adopted a latent variable approach, resting on the assumption that the observed binary variables

result from dichotomizing an unobserved continuous variable based on the threshold chosen. Assume a

pair of latent variables (S̃ij, T̃ij), normally distributed with mean (µS, µT ) and covariance matrix

Σ =

(
1 ρST

ρST 1

)
.

Next, consider a random-effects model at the latent scale:

S̃ij = µS + mSi + αZij + aiZij + εSij , (1)

T̃ij = µT + mT i + βZij + biZij + εT ij. (2)

The resulting model for the observed binary outcomes is

Φ−1[P (Sij = 1|mSi,mT i, ai, bi)] = µS + mSi + αZij + aiZij , (3)

Φ−1[P (Tij = 1|mSi,mT i, ai, bi)] = µT + mT i + βZij + biZij , (4)

where Φ denotes the standard normal cumulative distribution function. Formulation (1)–(3) allows the

use of the coefficient of determination

R2
trial = R2

bi|mSi,ai
=

(
dSb

dab

)T (
dSS dSa

dSa daa

)−1 (
dSb

dab

)

dbb
(5)
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as the trial-level R2, whereas the individual-level R2
indiv is equal to the square of ρST . These quantities

are unitless and, at the condition that the corresponding variance-covariance matrix is positive definite,

belong to the unit interval. A surrogate could thus be adopted when R2
trial is sufficiently large. Arguably,

rather than using a fixed cutoff above which a surrogate would be adopted, there always will be clinical

and biopharmaceutical judgment involved in the decision process. Note that, here, trial is considered as

experimental unit which can be replaced by center, investigator or any other suitable experimental unit,

depending on the nature of the study conducted. The issue of the unit of analysis has been thoroughly

studied by Cortiñas et al (2004) and Tilahun et al (2007).

3.2 Parameter Estimation

Model (1)–(3) belongs to the class of so-called generalized linear mixed models (Molenberghs and Ver-

beke 2005), even though the logit link is more generally used for binary outcomes. Molenberghs and Ver-

beke (2005) discuss a variety of commonly used estimation methods, including maximum likelihood with

numerical integration over the random effects, penalized quasi-likelihood, marginal pseudo-likelihood,

and Laplace approximation. These methods suffer to various extents from computational complexity

and severe bias (Rodŕıguez and Goldman 1995, Molenberghs and Molenberghs 2005). For the specific

case of the probit link, as in (3)–(4), Renard et al (2002) have suggested the use of so-called maxi-

mum pairwise likelihood (MPL), a form of pseudo-likelihood (Molenberghs and Verbeke 2005). Let us

describe this method.

Assembling all parameters into the vector Θ , the contribution of the ith trial (i = 1, . . . , N) to the

likelihood, conditional on bi = (mSi,mT i, ai, bi)T , is

Li(Θ|bi) =
ni∏

j=1

P (Sij, Tij |bi). (6)

Maximum likelihood estimation follows from integrating (6) over bi, summing over all subjects, taking

the logarithm, and maximizing

`(Θ) =
N∑

i=1

ln
∫

Li(Θ|bi)φ(bi;D)dbi (7)

over Θ. Here, φ(bi;D) denotes the mean-zero multivariate normal density with covariance matrix D.

The intractable nature of (7) dictates the use of one or other form of approximation, as mentioned
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earlier. Renard et al (2002) suggested the use of maximum pairwise likelihood (MPL), a pseudo-

likelihood approach based on replacing the likelihood by a product of conditional and/or marginal

densities. In our particular case, the proper likelihood contribution of trial i is replaced by all possible

pairwise margins. Detailed overviews of the methodology can be found in Molenberghs and Verbeke

(2005) and Burzykowski, Molenberghs, and Buyse (2005).

3.3 Drawbacks and Simplified Modeling Strategies

While it is technically possible to fit the bivariate probit model, the use of which necessitated by the

pairwise likelihood approach, there still are a number of drawbacks associated with the approach outlined.

First, the resulting surrogate marker evaluation measures apply to the postulated latent variables rather

than to the observed binary variables. Second, the computational burden still is considerable. Third,

the approach might result in an ill-conditioned variance-covariance matrix, thence calling the reliability

of the association measures derived into question. Some of these problems occur in the continuous

case as well, for a discussion of which we refer to Tilahun et al (2007). To address the problem of

computational burden, Tibaldi et al (2003) suggested several simplifications for the case of continuous

true and surrogate endpoints. They have organized their simplifications along three so-called dimensions.

Let us outline these in turn and then examine their usefulness for the binary case.

The trial dimension is concerned with whether the random effects are considered fixed or random. If the

trial-specific effects are chosen to be fixed, a two-stage approach is effectively adopted. The first-stage

model will take the form

gS[P (Sij = 1)] = µSi + αiZij + εSij, (8)

gT [P (Tij = 1)] = µT i + βiZij + εT ij , (9)

where gS and gT are appropriate link functions. At the second stage, the estimated treatment effect on

the true endpoint is regressed on the treatment effect and intercept from the surrogate endpoint model:

β̂i = λ̂0 + λ̂1µ̂Si + λ̂2α̂i + εi. (10)

The trial-level R2
trial(f) then is the coefficient of determination obtained by regressing β̂i on µ̂Si and α̂i,

whereas R2
trial(r) is obtained from the coefficient of determination resulting from regressing β̂i on α̂i only.
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The subscripts (f) and (r) refer to ‘full’ and ‘reduced’, respectively. The individual-level measure of

surrogacy is then calculated using ITA, to be outlined in Section 4.

The second option is to consider the trial-specific effects as random. How one then proceeds is related to

the so-called endpoint dimension. Indeed, though natural to assume the two endpoints correlated, this

choice does increase computational complexity. The desirability to accommodate the bivariate nature

of the outcome is associated with interest in R2
indiv, which is in some cases of secondary importance. At

the same time, there is also a possibility to estimate it by making use of ITA.

If in the trial dimension, the trial-specific effects are considered fixed, then models (8)–(9) are fitted

separately. Similarly, if the trial-specific effects are considered random, then the corresponding models

gS [P (Sij = 1)] = µS + mSi + αZij + aiZij ,

gT [P (Tij = 1)] = µT + mT i + βZij + biZij

are fitted separately, i.e., the corresponding error terms in the two models are assumed to be independent.

Otherwise, the outcomes are considered correlated and a full mixed-modeling approach is followed.

Except when a bivariate mixed-modeling approach is followed, there is a need to adjust for the het-

erogeneity in the amount of information contributed by the various trials. This is the subject of the

measurement error dimension. One can either ignore this phenomenon of weight the trial-specific con-

tributions according to trial size. This then turns (10) into a weighted regression. Tibaldi et al (2003)

also proposed another measure than just trial size as candidate weights, but we will leave these out of

consideration.

4 The Information Theory Approach

As mentioned in the previous section, the main rationale for explicitly accommodating for the two

endpoints’ correlation is to allow for individual-level surrogacy estimation, at the price of increased

computation complexity. It is therefore advantageous to switch towards ITA, which is elegant and

computationally simple (Alonso and Molenberghs 2007). Let us describe the method for the case of

generalized linear models, obviously containing bivariate outcomes as a particular instance. Consider
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the following generalized linear models:

gT [E(Tij)] = µT i + βZij , (11)

gT [E(Tij |Sij)] = θ0i + θ1iZij + θ2iSij. (12)

Model (11) relates the expected value of the true endpoint to the treatment only while (12) relates it

to surrogate endpoint as well. Upon fitting (11)–(12), the individual-level association can be measured

by:

R2
h = 1 −

1
N

N∑

i=1

exp


 −G2

i

ni


 , (13)

where G2
i denotes the likelihood ratio statistics to compare (11) and (12) within trial i, the size of which

is ni. One issue arising is that, for discrete random variables R2
h has an upper bound smaller than one,

as shown by Alonso and Molenberghs (2007), who therefore suggested the use of an adjusted version:

R2
adj =

R2
h

1 − exp[−2H(Y )]
, (14)

where H(y) is the log-likelihood of the true endpoint divided by the total number of subjects. To

augment R2
adj with a measure for uncertainty, Alonso and Molenberghs (2007) suggested asymptotic as

well as bootstrap-based confidence intervals.

ITA ideas can be applied to compute the trial-level R2
trial too, using the fully hierarchical model for

continuous outcomes (Buyse et al 2000). The resulting R2
h,indiv

will take the same form as (13), with

now G2
i the likelihood ratio statistics for comparing models relating treatment effect to the true endpoint,

with and without adjusting for the surrogate endpoint. Since this second-stage model is for continuous

endpoints, the issue of an upper bound smaller than one does not crop up.

5 Simulation Study

We will now assess the performance of the proposed approach, first laying out the design of our simulation

study and then summarizing the results.
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5.1 Design of Simulation Study

The data were generated based on model (3)–(4). The parameters were set equal to µS = 0.5,

µT = 0.45, α = 0.05, and β = 0.03. Values assumed for the covariance matrices are:

Σ =

(
3 2.4

3

)
, D =




3 2.4 0 0
3 0 0

3 2.84605
3




.

After generating continuous outcomes based on the above models, the corresponding binary variables are

obtained by dichotomizing the resulting continuous outcomes using the fixed intercepts as cut-off points,

setting values exceeding the intercept to 1 and 0 otherwise. These model choices imply R2
trial=0.09 and

R2
indiv = 0.64, at the continuous scale.

5.2 Simulation Results

The number of trials was fixed to either 5, 10, 20, or 30. There were 2 sets of trial sizes used, the first set

consisting of 10, 20, 40 or 60, which we term small trial size. The second set consists of 100, 150, 200

or 300, termed large trial size. A full combination of the number of trials and trial sizes was obtained.

In each case, 100 runs were performed. We further distinguish between the bivariate and univariate

models on the one hand, and mixed- versus fixed-effects models on the other hand. The mixed models

take the form of the probit model in the bivariate situation and the GLMM in the univariate case. The

simulation results are displayed in Tables 1–16.

Let us first consider association at the trial level. The simulation reveal that the full bivariate random

effects model and its univariate counterpart are consistent in that both models produce surrogacy

measures approaching the true values with the number of trials and the number of subjects increasing.

However, the corresponding fixed-effects models lead to underestimation, even for larger sample sizes.

Even though the full bivariate model leads to measures at the latent scale, since it measures the

association between the treatment effects on the two endpoints, we expect it to be preserved at the

explicit scale. This claim is corroborated by the results from the univariate mixed model, which operates

at the observed binary scale. It is also noteworthy that there is not much difference between the ITA

and the conventional approach of regressing the treatment effect on the true endpoint on the treatment
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effect on the surrogate endpoint.

Turning to the individual-level association, the full bivariate random-effects and bivariate fixed-effect

models result in individual-level measures close to the true value, i.e., the theoretical value at the latent

scale. However, they are hard to translate from the latent scale to the explicit one. ITA is a convenient

way out of this problem. An important observation is that the values reported with ITA are substantially

smaller than their latent counterparts, in line with expectation: switching from the latent scale to

the explicitly observed scale reduces association. This is a manifestation of the fact that important

information is lost when switching from a continuous to a binary scale. Of course, in a real study,

the binary variables are the only ones observed and it is therefore fair to assert that the ITA is a fair

representation of reality, whereas the other methods are overly optimistic.

6 Analysis of Acute Migraine Data

Let us analyze the data described in Section 2, using the methods introduced in Sections 3 and 4.

Results for both the trial- and individual-level surrogacy are presented in Table 17. Observe that the

univariate and bivariate fixed-effects models result in smaller R2
trial than the random-effects counterpart.

However, the latter is unreliable since based on an ill-conditioned covariance matrix, in the sense of a

grossly inflated leading eigenvalue. Basing our conclusions on the univariate mixed effect model, in the

simulations found to work well, it is fair to assert that, at the trial level, the presence of photophobia is

a good surrogate for migraine severity.

The R2
indiv for the bivariate fixed and mixed models are higher than their univariate counterparts. This

expected for the same reason as explained in Section 5, i.e., one is at the latent scale, whereas the ITA

works at the interpretationally more relevant explicitly observed scale.

7 Discussion

In this paper, we reviewed the meta-analytic strategy by Buyse et al (2000), its extension to binary

endpoints, and the information theoretic approach for validating surrogate endpoints. The application

of the latter framework with binary data is novel. The meta-analytic approach and its extension are

mathematically appealing, but encounter practical and/or computational issues. The information theo-
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retic approach involves substantial mathematics yet it is more practically feasible than the meta-analytic

approach as it depends on simple univariate models. In addition, the initial meta-analytic framework,

where individual-level surrogacy is expressed at the latent probit level, leads to overestimation of the

said quantity. Since the ITA operates at the explicitly observed scale, it provides a fairer and more useful

quantity.

Additionally, the computational complexity of the full random-effects meta-analytic framework has led

to the use of simplifying frameworks, trading the random effects for fixed effects on the one hand and/or

bivariate, joint modeling of both endpoints by two univariate, separate models. These simplifications

work well when the number of trials and the number of subjects per trials is large, indicating one should

in practice carefully consider the unit of analysis. Of course, the choice of unit has also implications in

terms of substantive interpretation, as elucidated in Cortiñas et al (2004).

Applying the proposed methodology to acute migraine trial data has shown that photophobia is a

reasonably good surrogate at the trial level, whereas it surrogacy at the individual level may be called

into question. This finding is of interest and may spark of further investigation from a clinical and

biopharmaceutical perspective.

Absence of standard software has been one of the limiting factors hampering the use of the meta-analytic

approach. The authors have developed a SAS macro for the calculations laid out in the paper, and

details are to be found in the Appendix.
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A Implementations

Let us briefly outline the use of the SAS macro SURBINBIN that can be used to perform the analyses

described in this paper. The macro is invoked in the following fashion:

%surbinbin(response=,endpoint=,trial=,subject=,data=,trt=,adj=,

initfix=,initd=,initcorr=,red=,type=,dmat=,outf=

,plot=,drive=,file=,solutionf=)

where

response: Name of the response variable.

endpoint: Name of the endpoint indicator (−1 =surrogate endpoint, 1 =true endpoint).

trial: Name of the unit of analysis (center, trial,. . . ).

subject: Name of the variable indicating the unique subject identification number.

data: Name of the input dataset. See the macro description on data formatting and layout for further

detail.

trt: Name of the treatment indicator variable.

adj: A choice for using weighted (adj= 1)or unweighted(adj= 0) regression at the second stage, i.e.,

the choice made along the measurement error dimension.

red: A choice for using reduced (red= 1) or full (red= 0) model, i.e., whether or not the random

intercept is taken into account when calculating R2
trial.

initd: If type is set to 4, this string is used to enter initial values for the covariance matrix D of random

effects. The elements of the lower-triangular part are to be listed by row.

initfix: If type is set to 4, this string is used to enter initial values for the fixed-effects parameters

(muS , betaS , muT , and betaT ).
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crit: If type is set to 4, this string is used to enter the absolute parameter convergence criterion. The

default value is 0.0001.

initcorr: If type is set to 4, this string is used to enter initial values for ρ, i.e., the residual correlation

parameter.

type: A choice for using the different modeling approaches (1–4):

1. univariate fixed effects;

2. bivariate fixed effects;

3. univariate random effects;

4. bivariate random effects.

dmat: A choice for printing the matrix of the random terms to the output file (1 =yes, 0 =no).

solutionf: A choice for printing the solution for fixed effect to the output file (1 =yes, 0 =no).

outf: A choice for printing the trial specific random effects, for type= 3, or fixed effects, for type= 1

or 2, to the output file (1 =yes, 0 =no).

plot: A choice for printing the plot of the raw outcomes, residuals and treatment effects of the main

endpoint against those of the surrogate endpoint (plot= 1).

drive: The drive on the computer where the user wants to save the output file (e.g., A, C, or D).

file: The name of the output file containing the macro results.

rescale: The option to control the size of the bubble plots when the treatment effects on the true

endpoint are plotted against those of the surrogate endpoints. It can take integer values or

fractions depending on the size of the plots. It is important that the endpoint indicator be coded

as −1/ + 1, with 1 indicating the true endpoint.
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Table 1: Simulation study. Univariate mixed-effects model for large trial sizes, individual-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
indiv percentile asymptotic

1 5 100 0.2358 (0.1392;0.3489) (0.1687;0.3104)

2 5 150 0.2255 (0.1152;0.3402) (0.1710;0.2852)

3 5 200 0.2252 (0.1250;0.3378) (0.1776;0.2767)

4 5 300 0.2211 (0.1354;0.3102) (0.1822;0.2627)

5 10 100 0.2256 (0.1523;0.3158) (0.1782;0.2769)

6 10 150 0.2215 (0.1536;0.3100) (0.1827;0.2629)

7 10 200 0.2190 (0.1613;0.3068) (0.1854;0.2547)

8 10 300 0.2172 (0.1634;0.2821) (0.1896;0.2461)

9 20 100 0.2298 (0.1866;0.2778) (0.1955;0.2661)

10 20 150 0.2274 (0.1751;0.2853) (0.1994;0.2568)

11 20 200 0.2249 (0.1878;0.2635) (0.1947;0.3089)

12 20 300 0.2213 (0.1854;0.2748) (0.1936;0.2856)

13 30 100 0.2340 (0.1971;0.2816) (0.2006;0.2502)

14 30 150 0.2289 (0.1891;0.2723) (0.2058;0.2528)

15 30 200 0.2287 (0.1824;0.2603) (0.2086;0.2493)

16 30 300 0.2220 (0.1839;0.2561) (0.2054;0.2225)

ABEL TO DO

• For Table 17 it would be nice to also have confidence intervals - could you produce these? Then

send them to me and I will integrate them in the table.

• It would be nice to have an example of a bubble plot, since the macro produces them. Please

prepare for the case of the acute migraine data.
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Table 2: Simulation study. Univariate mixed-effects model for large trial sizes, trial-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
trial percentile asymptotic

1 5 100 0.9014 (0.5550;0.9959) (0.5719;0.9901)

2 5 150 0.9028 (0.5693;0.9985) (0.5803;0.9903)

3 5 200 0.8995 (0.5416;0.9978) (0.5704;0.9998)

4 5 300 0.9092 (0.5418;0.9993) (0.6014;0.9907)

5 10 100 0.8716 (0.3962;0.9683) (0.6005;0.9729)

6 10 150 0.8870 (0.4939;0.9718) (0.6283;0.9781)

7 10 200 0.8878 (0.4767;0.9760) (0.6312;0.9780)

8 10 300 0.8864 (0.5575;0.9753) (0.6322;0.9770)

9 20 100 0.8686 (0.7271;0.9432) (0.6809;0.9583)

10 20 150 0.8722 (0.7406;0.9442) (0.6869;0.9597)

11 20 200 0.8762 (0.7222;0.9493) (0.6942;0.9612)

12 20 300 0.8834 (0.7574;0.9548) (0.7079;0.9640

13 30 100 0.8596 (0.7548;0.9397) (0.7066;0.9436)

14 30 150 0.8631 (0.7659;0.9428) (0.7119;0.9454)

15 30 200 0.8713 (0.7761;0.9441) (0.7259;0.9493)

16 30 300 0.8767 (0.7977;0.9415) (0.7344;0.9520)
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Table 3: Simulation study. Univariate fixed-effects model for large trial sizes, individual-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
indiv percentile asymptotic

1 5 100 0.2232 (0.1135;0.3360) (0.1577;0.2966)

2 5 150 0.2194 (0.1297;0.3354) (0.1654;0.2787)

3 5 200 0.2183 (0.1082;0.3345) (0.1714;0.2692)

4 5 300 0.2183 (0.1185;0.3070) (0.1796;0.2597)

5 10 100 0.2134 (0.1388;0.2955) (0.1671;0.2638)

6 10 150 0.2161 (0.1367;0.3109) (0.1777;0.2572)

7 10 200 0.2132 (0.1557;0.3042) (0.1798;0.2485)

8 10 300 0.2142 (0.1509;0.2963) (0.1867;0.2429)

9 20 100 0.2149 (0.1693;0.2627) (0.1814;0.2504)

10 20 150 0.2161 (0.1609;0.2699) (0.1885;0.2449)

11 20 200 0.2152 (0.1818;0.2578) (0.1913;0.2401)

12 20 300 0.2134 (0.1781;0.2692) (0.1939;0.2337)

13 30 100 0.2172 (0.1830;0.2635) (0.1897;0.2461)

14 30 150 0.2158 (0.1736;0.2603) (0.1933;0.2393)

15 30 200 0.2174 (0.1769;0.2491) (0.1978;0.2378)

16 30 300 0.2148 (0.1768;0.2524) (0.1962;0.2200)
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Table 4: Simulation study. Univariate fixed-effects model for large trial sizes, trial-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
trial percentile asymptotic

1 5 100 0.8462 (0.3826;0.9966) (0.4770;0.9799)

2 5 150 0.8575 (0.3961;0.9987) (0.5016;0.9809)

3 5 200 0.8520 (0.3065;0.9981) (0.5089;0.9756)

4 5 300 0.8864 (0.5697;0.9986) (0.5570;0.9873)

5 10 100 0.7514 (0.3991;0.9823) (0.4084;0.9347)

6 10 150 0.7791 (0.3896;0.9818) (0.4570;0.9436)

7 10 200 0.8057 (0.4401;0.9729) (0.4911;0.9531)

8 10 300 0.8199 (0.3564;0.9853) (0.5174;0.9567)

9 20 100 0.7049 (0.2900;0.9236) (0.4464;0.8761)

10 20 150 0.7123 (0.3697;0.9361) (0.4554;0.8809)

11 20 200 0.7321 (0.4283;0.9588) (0.4793;0.8924)

12 20 300 0.7503 (0.4652;0.9316) (0.5058;0.9007

13 30 100 0.6780 (0.4351;0.8713) (0.4528;0.8403)

14 30 150 0.6997 (0.5016;0.8793) (0.4795;0.8541)

15 30 200 0.7304 (0.4631;0.9175) (0.5211;0.8719)

16 30 300 0.7639 (0.5283;0.9317) (0.5673;0.8913)
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Table 5: Simulation study. Bivariate fixed-effects model for large trial sizes, trial-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
trial percentile asymptotic

1 5 100 0.8500 (0.3796;0.9965) (0.4828;0.9802)

2 5 150 0.8609 (0.4050;0.9988) (0.5049;0.9817)

3 5 200 0.8592 (0.3285;0.9974) (0.5140;0.9778)

4 5 300 0.8893 (0.5515;0.9996) (0.5633;0.9877)

5 10 100 0.7735 (0.4328;0.9823) (0.4385;0.9428)

6 10 150 0.7930 (0.3886;0.9867) (0.4724;0.9491)

7 10 200 0.7930 (0.4443;0.9809) (0.5177;0.9594)

8 10 300 0.8240 (0.4396;0.9805) (0.5413;0.9632)

9 20 100 0.8375 (0.3261;0.9158) (0.4829;0.8934)

10 20 150 0.7352 (0.4798;0.9307) (0.5082;0.9043)

11 20 200 0.7545 (0.4747;0.9579) (0.5348;0.9149)

12 20 300 0.7746 (0.5489;0.9360) (0.5669;0.9244)

13 30 100 0.7126 (0.4928;0.8711) (0.4948;0.8624)

14 30 150 0.7444 (0.5919;0.8856) (0.5363;0.8815)

15 30 200 0.7764 (0.5390;0.9184) (0.5819;0.8992)

16 30 300 0.8059 (0.6373;0.9204) (0.6244;0.9155)
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Table 6: Simulation study. Bivariate fixed-effects model for large trial sizes, individual-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
indiv percentile

1 5 100 0.6843 (0.5058;0.8273)

2 5 150 0.6685 (0.5275;0.8218)

3 5 200 0.6642 (0.5141;0.7981)

4 5 300 0.6976 (0.5570;0.7440)

5 10 100 0.6521 (0.5497;0.7631)

6 10 150 0.6636 (0.5576;0.7748)

7 10 200 0.6527 (0.5872;0.7118)

8 10 300 0.6474 (0.5326;0.8485)

9 20 100 0.6640 (0.6009;0.7280)

10 20 150 0.6574 (0.5893;0.7339)

11 20 200 0.6517 (0.6041;0.7013)

12 20 300 0.6449 (0.6129;0.6910)

13 30 100 0.6682 (0.6066;0.7222)

14 30 150 0.6562 (0.6046;0.7109)

15 30 200 0.6495 (0.6136;0.7002)

16 30 300 0.6481 (0.6163;0.6845)

20



Table 7: Simulation study. Bivariate mixed-effects model for large trial sizes, trial-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
indiv percentile

1 5 100 0.9433 (0.5005;1.0000)

2 5 150 0.9431 (0.4636;1.0000)

3 5 200 0.9477 (0.4611;1.0000)

4 5 300 0.9325 (0.5021;1.0000)

5 10 100 0.9291 (0.5706;0.9989)

6 10 150 0.9337 (0.6616;0.9996)

7 10 200 0.9306 (0.5499;0.9999)

8 10 300 0.9243 (0.4903;0.9998)

9 20 100 0.9236 (0.7458;0.9997)

10 20 150 0.9230 (0.7820;0.9996)

11 20 200 0.9196 (0.7602;0.9948)

12 20 300 0.9235 (0.7940;0.9977)

13 30 100 0.9152 (0.7932;0.9947)

14 30 150 0.9064 (0.7610;0.9963)

15 30 200 0.9079 (0.7914;0.9896)

16 30 300 0.9082 (0.7729;0.9984)
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Table 8: Simulation study. Bivariate mixed-effects model for large trial sizes, individual-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
indiv percentile

1 5 100 0.6863 (0.4814;0.9044)

2 5 150 0.6763 (0.5007;0.8370)

3 5 200 0.6681 (0.5305;0.7944)

4 5 300 0.6650 (0.5204;0.7967)

5 10 100 0.6379 (0.4949;0.7852)

6 10 150 0.6468 (0.5146;0.7929)

7 10 200 0.6359 (0.5409;0.7331)

8 10 300 0.6390 (0.5274;0.7345)

9 20 100 0.6376 (0.5555;0.7510)

10 20 150 0.6397 (0.5607;0.7421)

11 20 200 0.6398 (0.5692;0.7119)

12 20 300 0.6338 (0.5723;0.6929)

13 30 100 0.6392 (0.5695;0.7095)

14 30 150 0.6367 (0.5725;0.7006)

15 30 200 0.6398 (0.5779;0.7043)

16 30 300 0.6339 (0.5833;0.6804)
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Table 9: Simulation study. Univariate mixed-effects model for small trial sizes, individual-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
indiv percentile asymptotic

1 5 10 0.2661 (0.0108;0.6816) (0.0917;0.5070)

2 5 20 0.2709 (0.0642;0.5322) (0.1312;0.4442)

3 5 40 0.2407 (0.0998;0.3983) (0.1390;0.3608)

4 5 60 0.2365 (0.1292;0.3504) (0.1516;0.3340)

5 10 10 0.2990 (0.0902;0.4920) (0.1503;0.4765)

6 10 20 0.2574 (0.1373;0.4244) (0.1525;0.3793)

7 10 40 0.2448 (0.1434;0.3589) (0.1696;0.3289)

8 10 60 0.2398 (0.1515;0.6434) (0.1779;0.3078)

9 20 10 0.3090 (0.1824;0.4241) (0.1955;0.4360)

10 20 20 0.2853 (0.1456;0.4078) (0.2054;0.3727)

11 20 40 0.2497 (0.1764;0.3313) (0.1947;0.3089)

12 20 60 0.2381 (0.1783;0.3023) (0.1936;0.2856)

13 30 10 0.3362 (0.1964;0.4583) (0.2394;0.4406)

14 30 20 0.2753 (0.1839;0.3524) (0.2100;0.3456)

15 30 40 0.2513 (0.1985;0.3174) (0.2059;0.2995)

16 30 60 0.2388 (0.1823;0.2788) (0.2022;0.2775)
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Table 10: Simulation study. Univariate mixed-effects model for small trial sizes, trial-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
trial percentile asymptotic

1 5 10 0.7037 (0.0332;0.9949) (0.3199;0.9293)

2 5 20 0.8350 (0.2446;0.9944) (0.4456;0.9758)

3 5 40 0.8625 (0.2305;0.9951) (0.5228;0.9744)

4 5 60 0.8880 (0.5288;0.9978) (0.5531;0.9849)

5 10 10 0.7450 (0.3825;0.9375) (0.3836;0.9347)

6 10 20 0.7981 (0.4189;0.9637) (0.4691;0.9517)

7 10 40 0.8464 (0.4927;0.9605) (0.5462;0.9675)

8 10 60 0.8545 (0.4582;0.9704) (0.5751;0.9674)

9 20 10 0.7130 (0.4327;0.8718) (0.4455;0.8845)

10 20 20 0.7895 (0.5521;0.9110) (0.5502;0.9237)

11 20 40 0.8234 (0.5882;0.9447) (0.6067;0.9383)

12 20 60 0.8427 (0.6495;0.9501) (0.6374;0.9470)

13 30 10 0.7225 (0.4826;0.8965) (0.5098;0.8674)

14 30 20 0.7803 (0.5781;0.9044) (0.5862;0.9018)

15 30 40 0.8228 (0.6908;0.9179) (0.6482;0.9250)

16 30 60 0.8414 (0.7109;0.9188) (0.6761;0.9348)
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Table 11: Simulation study. Univariate fixed-effects model for small trial sizes, individual-level surro-
gacy.

strategy confidence intervals

sim. # # trials # subjects R2
indiv percentile asymptotic

1 5 10 0.2274 (0.0036;0.5809) (0.0684;0.4663)

2 5 20 0.2376 (0.0489;0.4606) (0.1072;0.4059)

3 5 40 0.2206 (0.0893;0.3844) (0.1229;0.3382)

4 5 60 0.2203 (0.1263;0.3297) (0.1379;0.3160)

5 10 10 0.2330 (0.0555;0.3973) (0.1027;0.4009)

6 10 20 0.2092 (0.1091;0.3693) (0.1144;0.3244)

7 10 40 0.2166 (0.1143;0.3334) (0.1454;0.2978)

8 10 60 0.2213 (0.1388;0.3281) (0.1614;0.2877)

9 20 10 0.2015 (0.0696;0.3304) (0.1081;0.3157)

10 20 20 0.2236 (0.1084;0.3348) (0.1513;0.3055)

11 20 40 0.2163 (0.1458;0.3014) (0.1647;0.2731)

12 20 60 0.2142 (0.1569;0.2859) (0.1755;0.2602

13 30 10 0.2231 (0.0886;0.3534) (0.1413;0.3177)

14 30 20 0.2147 (0.1305;0.2945) (0.1557;0.2804)

15 30 40 0.2174 (0.1668;0.2843) (0.1746;0.2636)

16 30 60 0.2149 (0.1662;0.2593) (0.1797;0.2523)
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Table 12: Simulation study. Univariate fixed-effects model for small trial sizes, trial-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
trial percentile asymptotic

1 5 10 0.74967 (0.2237;0.9994) (0.3429;0.9572)

2 5 20 0.78668 (0.1593;0.9970) (0.4210;0.9585)

3 5 40 0.81303 (0.1523;0.9995) (0.4644;0.9675)

4 5 60 0.83546 (0.3234;0.9980) (0.4714;0.9779)

5 10 10 0.67267 (0.2214;0.9198) (0.3019;0.9035)

6 10 20 0.66771 (0.1851;0.9623) (0.3120;0.8984)

7 10 40 0.71278 (0.1988;0.9589) (0.3563;0.9190)

8 10 60 0.73415 (0.2825;0.9809) (0.3988;0.9237)

9 20 10 0.63657 (0.2892;0.8413) (0.3533;0.8409)

10 20 20 0.64009 (0.3417;0.8394) (0.3567;0.8434)

11 20 40 0.66795 (0.3826;0.8884) (0.3944;0.8579)

12 20 60 0.66832 (0.3344;0.9317) (0.3996;0.8560)

13 30 10 0.63242 (0.3971;0.8232) (0.3980;0.8109)

14 30 20 0.62815 (0.3844;0.8106) (0.3913;0.8089)

15 30 40 0.64394 (0.4076;0.8313) (0.4129;0.8179)

16 30 60 0.66659 (0.4111;0.8379) (0.4408;0.8323)
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Table 13: Simulation study. Bivariate fixed-effects model for small trial sizes, trial-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
trial percentile asymptotic

1 5 10 0.7975 (0.2130;0.9995) (0.3842;0.9699)

2 5 20 0.8059 (0.1797;0.9975) (0.4409;0.9635)

3 5 40 0.8148 (0.2834;0.9997) (0.4572;0.9699)

4 5 60 0.8427 (0.3645;0.9988) (0.4844;0.9795)

5 10 10 0.6749 (0.1515;0.9104) (0.3131;0.9013)

6 10 20 0.6512 (0.2183;0.9637) (0.2993;0.8905)

7 10 40 0.7099 (0.2898;0.9607) (0.3543;0.9172)

8 10 60 0.7392 (0.2288;0.9773) (0.3999;0.9268)

9 20 10 0.5941 (0.1759;0.8188) (0.3082;0.8139)

10 20 20 0.6197 (0.2706;0.8273) (0.3348;0.8307)

11 20 40 0.6709 (0.3847;0.8803) (0.3967;0.8601)

12 20 60 0.6833 (0.3681;0.9425) (0.4170;0.8646)

13 30 10 0.5675 (0.3313;0.7811) (0.3280;0.7654)

14 30 20 0.6147 (0.4083;0.8148) (0.3750;0.8004)

15 30 40 0.6505 (0.4540;0.8338) (0.4199;0.8226)

16 30 60 0.6834 (0.4700;0.8532) (0.4602;0.8435)
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Table 14: Simulation study. Bivariate fixed-effects model for small trial sizes, individual-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
indiv percentile

1 5 10 0.8298 (0.0492;0.9999)

2 5 20 0.7763 (0.2469;0.9999)

3 5 40 0.7099 (0.4134;0.9999)

4 5 60 0.6976 (0.4737;0.9999)

5 10 10 0.8461 (0.4281;0.9999)

6 10 20 0.7459 (0.4346;0.9999)

7 10 40 0.7110 (0.4852;0.9181)

8 10 60 0.6970 (0.5326;0.8485)

9 20 10 0.8179 (0.4765;0.9999)

10 20 20 0.7662 (0.4927;0.9187)

11 20 40 0.6967 (0.5409;0.8161)

12 20 60 0.6729 (0.5835;0.7787)

13 30 10 0.8487 (0.5242;0.9999)

14 30 20 0.7529 (0.4083;0.8148)

15 30 40 0.6995 (0.6036;0.8002)

16 30 60 0.6755 (0.5984;0.7589)
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Table 15: Simulation study. Bivariate mixed-effects model for small trial sizes, trial-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
trial percentile

1 5 10 0.9749 (0.6438;1.0000)

2 5 20 0.9556 (0.4628;1.0000)

3 5 40 0.9477 (0.5341;1.0000)

4 5 60 0.9349 (0.5049;1.0000)

5 10 10 0.9114 (0.5373;1.0000)

6 10 20 0.9252 (0.5364;1.0000)

7 10 40 0.9345 (0.6964;0.9999)

8 10 60 0.9263 (0.4939;0.9999)

9 20 10 0.9078 (0.5867;0.9999)

10 20 20 0.9321 (0.7076;0.9996)

11 20 40 0.9209 (0.6956;0.9998)

12 20 60 0.9240 (0.7508;0.9997)

13 30 10 0.9231 (0.6530;0.9999)

14 30 20 0.9189 (0.7196;0.9993)

15 30 40 0.9125 (0.7512;0.9937)

16 30 60 0.9142 (0.7970;0.9996)
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Table 16: Simulation study. Bivariate mixed-effects model for small trial sizes, individual-level surrogacy.

strategy confidence intervals

sim. # # trials # subjects R2
indiv percentile

1 5 10 0.8088 (0.1167;1.0000)

2 5 20 0.7758 (0.2494;1.0000)

3 5 40 0.7033 (0.4431;0.9936)

4 5 60 0.6993 (0.4511;0.9491)

5 10 10 0.7632 (0.2686;1.0000)

6 10 20 0.6562 (0.3415;0.9044)

7 10 40 0.6611 (0.4329;0.8421)

8 10 60 0.9243 (0.4708;0.8369)

9 20 10 0.6605 (0.3033;0.9413)

10 20 20 0.6567 (0.4167;0.8494)

11 20 40 0.6608 (0.4904;0.8182

12 20 60 0.6430 (0.5176;0.7935)

13 30 10 0.6340 (0.3267;0.8577)

14 30 20 0.6536 (0.4611;0.8232)

15 30 40 0.6366 (0.5332;0.7540)

16 30 60 0.6349 (0.5445;0.7378)
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Table 17: Acute Migraine Study. Estimates for trial-level and individual-level surrogacy.

Trial-level surrogacy

Fixed effects Random effects

Unweighted Weighted Unweighted Weighted

Univariate approach

0.7579 0.7579 0.8112 0.8886

Bivariate approach

0.7336 0.7336 0.9587∗

Individual-level surrogacy

Fixed effects Random effects

Univariate approach (ITA based)

0.4350 0.4763

Bivariate approach (probit, latent scale)

0.8959 0.8664

∗: This value is unreliable due to ill-conditioning of the variance-covariance matrix
from which it was calculated.
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