
WLW: A SAS Macro for Combining Evidence on Multiple Events

Suppose that we are interested in K types of events, such as improvement by one category,
“clinical improvement” (i.e., improvement by two categories or hospital discharge), improve-
ment by three categories, deterioration by one category, deterioration by two categories,
critical illness, and death. For k = 1, . . . , K, let Tk denote the time from randomization to
the kth type of event, and Xk and Zk be the corresponding treatment indicator and prog-
nostic factors (e.g., baseline severity rating, age), respectively. We relate Tk to Xk and Zk
through proportional hazards models, such that the hazard function of Tk takes the form

λk(t|Xk, Zk) = λk0(t)e
βkXk+γ

T
k Zk (k = 1, . . . , K),

where λk0(·) is an arbitrary baseline hazard function, βk is the log hazard ratio for treatment
vs control, and γk is the set of log hazard ratios for the prognostic factors. We code Xk

in such a way that a positive value of βk means that treatment is beneficial. Thus, Xk

is coded as 1 for treatment and 0 for control if the kth event pertains to improvement of
clinical status (e.g, recovery, clinical improvement), and Xk is coded as 0 for treatment
and 1 for placebo if the kth event pertains to deterioration of clinical status (e.g., critical
illness, death). Using the method of Wei, Lin and Weissfeld (1989) (WLW), we obtain the

estimates (β̂1, . . . , β̂K), together with their (estimated) covariance matrix Ψ̂. This is available
in SAS; see the section on “Marginal Cox Models for Multiple Events Data” in the PHREG
documentation. The coding of the treatment indicators may differ from the example in the
PHREG documentation, depending on what kinds of events we are combining.

To test the null hypothesis that β1 = β2 = . . . = βK = 0, we consider the test statistic

T =

∑K
k=1wkβ̂k(∑K

k=1

∑K
l=1wkwlψ̂kl

)1/2 ,
where ψ̂kl is the (k, l)th element of Ψ̂. This test statistic is asymptotically standard normal
under the null hypothesis.

WLW proposed the following weighting scheme: (w1, . . . , wK)T = (eTΨ̂−1e)−1Ψ̂−1e,
where e = (1, . . . , 1)T. This choice of weights minimizes the variance of the linear combina-

tion of β̂1, . . . , β̂K . The AVERAGE option in SAS PHREG computes the optimal weights
and performs a one degree of freedom test. This joint test will be more powerful than the
separate test of the treatment effect on each type of event if β1, . . . , βK are similar.

It is more intuitive to combine the p-values or the Z-scores. If we set wk = 1/ψ̂
1/2
kk , then

K∑
k=1

wkβ̂k =
K∑
k=1

β̂k/ψ̂
1/2
kk ,

which is the sum of the Z-scores. We can calculate the corresponding test statistic T by
using the SAS PRREG output for β̂1, . . . , β̂K and Ψ̂.

We have written a SAS macro to implement the above two versions of the WLW method,
to be referred to as “Optimal weights” and “Combined Z-scores”, respectively. We generate
the test statistics and p-values for testing the null hypothesis that β1 = β2 = . . . = βK = 0.
We also output the log hazard ratio estimates and the standard error estimates.
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Synopsis

This macro is defined with the name “WLW”:

%macro WLW(Data = , ID = , Enum = , Time = , Status = , Treatment = , Covariates
= %str(NONE), Test = %str(one.sided));

......

%mend WLW;

Options

Data Name of the input data file.

ID Name of the identification variable such that all observations from a subject have the
same ID.

Enum Name of the variable to index the event type (e.g., Enum=1 for event 1, Enum=2
for event 2). This variable can be numeric or character.

Time Name of the variable to represent the observation time (event time or censoring time).

Status Name of the variable to indicate whether the observation time is the event time or
the censoring time, with the value that indicates censoring enclosed in parentheses.
This is the same as the MODEL statement in SAS PHREG, where Status=1 is the
default for censoring, with no parentheses needed. If status=0 indicates censoring,
then Status=status(0) should be used.

Treatment Name of the treatment indicator. This variable should be coded in such a way
that a positive value of log hazard ratio means that treatment is beneficial.

Covariates Names of baseline prognostic factors. Leave this argument blank if there are
no prognostic factors. Must be space delimited if there is more than one factor (e.g.,
Covariates=Var1 Var2 Var3). Prognostic factors must be numeric.

Test This option must be “one.sided” (default) or “two.sided”, corresponding to the one-
sided and two-sided tests, respectively.

Example

The file “simdata” shown below is a simulated data set with 500 subjects and 4 types of
events. The variable “treatment” is coded as 1 for treatment and 0 for control. There are 7
categories of severity rating, and the baseline severity rating, denoted by “basecat”, can be
3, 4, or 5. The four events are:

• Event 1: clinical improvement (i.e., decline of severity by two categories or reaching
Category 2);

• Event 2: improvement of clinical status by one category;
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• Event 3: clinical recovery (i.e., reaching Category 2);

• Event 4: death (i.e., reaching Category 7).

The variable “timek” is the observation time for the kth event, which is either censored
(statusk=0) or observed (statusk=1), for k = 1, 2, 3, 4.

A dataset named “simdata”

Suppose that we wish to combine the evidence of treatment effects on events 1 and 2 (i.e.,
clinical improvement and improvement by one category) and also wish to combine the evi-
dence of treatment effects on events 3 and 4 (i.e., clinical recovery and death). We convert
“simdata” into two separate files named “example1” and “example2”, which can be passed
to the SAS macro WLW. The file “example1” contains the data on events 1 and 2, and the
file “example2” contains the data on events 3 and 4. In both files, we create two dummy
variables named “basecat4” and “basecat5” for baseline Categories 4 and 5, respectively,
with Category 3 as the reference. For events 1, 2, and 3, “treatment” is coded as 1 for
treatment and 0 for control. For event 4, “treatment” is coded as 0 for treatment and 1 for
control. We use “event” to denote the event type and “time” and “status” to denote the
observation time and the censoring status (0 for censoring), respectively. A snapshot of the
two files is provided below.
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Input files “example1” (left) and “example2” (right)

We run the following SAS statement to combine the evidence of treatment effects on
events 1 and 2:

%WLW(Data=example1, ID=id, Enum=event, Time=time, Status=status(0),

Treatment=treatment, Covariates=basecat4 basecat5, Test=one.sided);

The output is given below. In the first table, “treatment1”, “basecat41”, and “basecat51”
pertain to event 1, and “treatment2”, “basecat42”, and “basecat52” pertain to event 2. The
optimal weights are shown in the second table. The test statistics and p-values for the two
versions of the WLW method are presented in the third table. Both versions of the WLW
method provide stronger evidence about the treatment benefit than the separate analysis on
event 1 or 2.
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Output for example1

Likewise, we run the following SAS statement to combine the evidence of treatment
effects on events 3 and 4:

%WLW(Data=example2, ID=id, Enum=event, Time=time, Status=status(0),

Treatment=treatment, Covariates=basecat4 basecat5, Test=one.sided);

The output is given below. In the first table, “treatment3”, “basecat43”, and “basecat53”
pertain to event 3, and “treatment4”, “basecat44”, and “basecat54” pertain to event 4. Both
versions of the WLW method provide stronger evidence about the treatment benefit than
the separate analysis on event 3 or 4.

Output for example2
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