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Overview: ICLIFETEST Procedure

The ICLIFETEST procedure performs nonparametric survival analysis for interval-censored data. You can
use the ICLIFETEST procedure to compute nonparametric estimates of the survival functions and to examine
the equality of the survival functions through statistical tests.

The ICLIFETEST procedure compares most closely to the LIFETEST procedure. The two procedures share
the same analytic objectives: estimating and summarizing subjects’ survival experiences and comparing them
systematically. The distinction between these procedures lies in the types of data that they are designed to
handle. The ICLIFETEST procedure is intended primarily for handling interval-censored data, whereas the
LIFETEST procedure deals exclusively with right-censored data. You can use the ICLIFETEST procedure to
analyze data that are left-censored, interval-censored, or right-censored. However, if the data to be analyzed
contain only exact or right-censored observations, it is recommended that you use the LIFETEST procedure
because it provides specialized methods for dealing with right-censored data.

Features

The main features of the ICLIFETEST procedure are as follows:

Nonparametric estimation
— uses the efficient EMICM algorithm (Wellner and Zhan 1997) to estimate survival functions by
default

— supports Turnbull’s algorithm (Turnbull 1976) and the iterative convex minorant (ICM) algorithm
(Groeneboom and Wellner 1992)

— computes standard errors of the survival estimates by using a multiple imputation method or a
bootstrap method

— supports several transformation-based confidence intervals
— produces survival plots

Survival comparisons

provides the weighted generalized log-rank test

supports a variety of weight functions for testing early or late differences

supports a stratified test for survival differences within predefined populations

supports a trend test for ordered alternatives

supports multiple-comparison functionalities

The ICLIFETEST procedure uses ODS Graphics to create graphs as part of its output. For general information
about ODS Graphics, see Chapter 21, “Statistical Graphics Using ODS.”
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Getting Started: ICLIFETEST Procedure

This example illustrates the use of the ICLIFETEST procedure to estimate the survival function and test for
equality of survival functions by using interval-censored data from a breast cancer study.

The data consist of observations on 94 subjects from a retrospective study that compares the risks of breast
cosmetic deterioration after tumorectomy (Finkelstein 1986). There are two treatment groups: patients
who receive radiation alone (TRT=RT) and patients who receive radiation plus chemotherapy (TRT=RCT).
Patients are followed up every four to six months, leading to interval-censored observations of deterioration
times. Of the 94 observation times, 38 are right-censored and the remaining 56 are censored into intervals of
nite length.

The following statements create a SAS data set naRiefr the group that receives radiation alone. The
variablelTime provides the last follow-up time at which cosmetic deterioration has not occurred for the
patient, and the variabl@ime provides the last follow-up time immediately after the event. Note that for

the ICLIFETEST procedure to recognize the observations as right-censored, their right bounds must be
represented by missing values in the input data set.

data RT;
input ITime rTime @@;
trt = RT;
datalines;
45 . 25 37 37 .
6 10 46 . 0 5
0 7 26 40 18
46 . 46 . 24
46 . 27 34 36 .
7 16 36 44 5 11
17 . 46 . 19 35
7 14 36 48 17 25
37 44 37 . 24
0 8 40 . 32
4 11 17 25 33 .
15 . 46 . 19 26
11 15 11 18 37
22 . 38 . 34
46 . 512 36
46

The following statements create a SAS data set naR@&H for patients who receive both radiation and
chemotherapy:

data RCT;
input ITime rTime @@;
trt = RCT;
datalines;

8 12 0 5 30 34

0 22 5 8 13 .

24 31 12 20 10 17
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17 27 11 . 8 21
17 23 3340 4 9
24 30 31 . 11 .
16 24 13 39 14 19
13 . 1932 4 8
11 13 34 . 34 .
16 20 13 . 30 36
18 25 16 24 18 24
17 26 35 . 16 60
32 . 15 22 35 39
23 . 1117 21 .
44 48 22 32 11 20
14 17 10 35 48

The following statements combine the data $&tsandRCT into a single data set name&d¢S that is to be
analyzed by the ICLIFETEST procedure:

data BCS;
set RT RCT;
run;

Suppose you want to gain insights into the incidence rate of cosmetic deterioration over time after the two
treatments. From the perspective of survival analysis, the tasks are to estimate the survival probabilities for
the two treatment groups and to test for a systematic difference between the groups.

The following statements invoke the ICLIFETEST procedure to estimate the survival functions for both
treatment groups:

ods graphics on;
proc iclifetest plots=(survival logsurv) data=BCS impute(seed=1234);
strata trt;
time (ITime, rTime);
run;
In the TIME statement, the variables that represent the interval bounda@ites andrTime, are enclosed
in parentheses and separated by a comma. Because the treatment indicator Vatiablepeci ed in
the STRATA statement, PROC ICLIFETEST conducts the analysis separately for each treatment group.
When you specify the keywords SURVIVAL and LOGSURYV in the PLOTS= option, the procedure plots the
estimated survival functions and the negative of the log transformations of the estimates. You can specify
an integer seed for the random number generator that is used in creating imputed data sets for calculating
standard errors of the survival estimates. If the SEED= option is not speci ed, a random seed is obtained
from the computer's clock. For more information about the IMPUTE option, see the section “IMPUTE
<(options) >" on page 4745.

Figure 63.1 displays the nonparametric survival estimates for the radiation group (TRT=RT).
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Figure 63.1 Nonparametric Survival Estimates

Note that because interval censoring is present, the nonparametric estimates of failure probability and survival
probability are computed for a set of nonoverlapping intervals. These estimates are constant within each
interval. For example, consider the time inten&l11e. The estimated failure probability is 0.1684 between

8 and 11. The intervalll; 12« which is not displayed, is an interval for which the survival estimate cannot

be uniquely determined; such intervals are referred to as Turnbull intervals. The failure probability increases

to 0.2391 at 12 and remains constant until 24. The table in Figure 63.1 also contains standard errors for the
estimates. For a plot of the survival probabilities, see Figure 63.4.

Figure 63.2 displays estimated quartiles of the deterioration time and corresponding 95% con dence limits
for the group that receives radiation only.

Figure 63.2 Quartile Estimates

Because the estimated failure distribution is unde ned inside the Turnbull intervals, the quartiles of deterio-
ration time and their con dence intervals are obtained by imputing probabilities within the intervals. This
approach is ad hoc in nature, so the results should be interpreted with caution. For more information, see the
section “Quartile Estimation” on page 4761.
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The ICLIFETEST procedure also produces a summary of the frequencies of various types of censoring
(Figure 63.3).

Figure 63.3 Summary of Various Censoring Types

The categories are exact times, left-censoring, right-censoring, and interval-censoring. The percentage of
each category within a stratum is also calculated.

Figure 63.4 displays the estimated survival functions for the two treatments.

Figure 63.4 Nonparametric Survival Estimates by Treatment

Clearly, the group that receives radiation alone tends to survive longer before experiencing cosmetic deterio-
ration than the group that receives both radiation and chemotherapy. As shown in Figure 63.1, the estimated
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survival probabilities are undetermined within the Turnbull intervals. For ease of visualization, dashed lines
are plotted across the Turnbull intervals for which the estimates are not de ned. You can suppress plotting of
the dashed lines by specifying the NODASH option. For more information about options for customizing

the survival plots, see the section “SURVIVAL < (CL | FAILURE | NODASH | STRATA | TEST)>" on
page 4749.

Figure 63.5 displays log transformations of the survival estimates over time.

Figure 63.5 Negative Log of Nonparametric Survival Estimates

The following statements formally test whether patients in the two treatment groups have the same survival
rate. By default, the generalized log-rank test with constant weights over time is used. For more information
about alternative weight functions, see the section “Generalized Log-Rank Statistic” on page 4763. You
can specify an integer seed for the random number generator that is used in creating imputed data sets for
obtaining standard errors of the survival estimates and for calculating the generalized log-rank test. If the
SEED= option is not speci ed, a random seed is obtained from the computer's clock.

proc iclifetest data=BCS impute(seed=1234);
time (ITime, rTime);
test trt;

run;
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Figure 63.6 displays results of the generalized log-rank test.

Figure 63.6 Generalized Log-Rank Statistics

The chi-square statistic for the generalized log-rank test is 7.3349%-Vhkie of 0.0068 is computed using
the chi-square distribution with one degree of freedom.

Syntax: ICLIFETEST Procedure

The following statements are available in the ICLIFETEST procedure:

PROC ICLIFETEST <options > ;
BY variables ;
FREQ variable ;
STRATA variables ;
TEST variable </options > ;
TIME (variable,variable ) ;

At a minimum, you must provide the PROC and TIME statements, and you must specify the left and right
boundaries of the intervals in the TIME statements. For instance, the following statements compute a
nonparametric estimate of the survival function:

proc iclifetest;
time (Left, Right);
run;

You use the STRATA statement to obtain separate survival estimates for different groups of the input data.
The ICLIFETEST procedure produces an individual survival estimate for each group that is formed by one or
more variables that you specify in the STRATA statement.

You use the TEST statement to test whether the underlying survival functions are the same between the
groups. When you specify both the TEST and STRATA statements, PROC ICLIFETEST produces a strati ed
test in which the comparisons are conditional on the strata. The variables that you specify in the STRATA
statement must be different from the variables that you specify in the TEST statement. Note that this setup is
different from that of the LIFETEST procedure, in which survival comparisons are handled implicitly by the
STRATA statement.

The rest of this section provides detailed syntax information for each statement, beginning with the PROC
ICLIFETEST statement. The remaining statements are covered in alphabetical order.
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PROC ICLIFETEST Statement
PROC ICLIFETEST <options > ;

The PROC ICLIFETEST statement invokes the ICLIFETEST procedure. Table 63.1 summarizes the options
available in the PROC ICLIFETEST statement.

Table 63.1 Options Available in the PROC ICLIFETEST

Statement

Option

Description

Input and Output Data Sets

DATA=
OUTSURV=

Speci es the input SAS data set
Names an output data set to contain survival estimates and con -
dence limits

Nonparametric Estimation

BOOTSTRAP  Requests that the simple bootstrap method be used for computing
standard errors of the survival estimates

IMPUTE Speci es details for multiple imputations used for computing stan-
dard errors and estimating covariance matrix of the generalized
log-rank statistic

ITHISTORY Displays the iteration history of nonparametric estimation

MAXITER= Set the maximum number of iterations allowed for the estimation
method

METHOD= Speci es the method to estimate the survival function

TOLLIKE= Sets the log-likelihood convergence criterion

Con dence Limits for Survival Function

ALPHA= Sets the level for con dence interval estimation

CONFTYPE=  Speci es the transformation applied to the survival function for
computing con dence limits

ODS Graphics

MAXTIME= Speci es the maximum time value for plotting

PLOTS= Speci es plots to display

Control Output

NOPRINT Suppresses the display of printed output

NOSUMMARY Suppresses the display of summary of censored and uncensored
values

SHOWTI Displays the Turnbull intervals

Miscellaneous

ALPHAQT= Sets the level for con dence intervals for survival time quartiles

MISSING Treats missing values as a valid stratum or group for the variables
speci ed in the STRATA and TEST statements

SINGULAR= Sets the tolerance for testing singularity of the covariance matrix of

test statistics
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If no options are speci ed, PROC ICLIFETEST computes and displays a nhonparametric estimate of the
survival function. If ODS Graphics is enabled, a plot of the estimated survival function is also displayed.

You can specify the following options.

ALPHA=
speci es the level forthel100.1 / % con dence intervals for the survival functions. For example,
ALPHA=0.05 requests 95% con dence limits. By default, ALPHA=0.05.

ALPHAQT=
speci es the level forthel100.1 / % con dence intervals for the quartiles of the survival time. For
example, ALPHAQT=0.05 requests a 95% con dence interval. By default, ALPHAQT=0.05.

BOOTSTRAP < (options) >

BOOT < (options) >
performs simple bootstrap sampling and computes bootstrap standard errors of nonparametric survival
estimates. You can specify the following suboptions to control how the bootstrap samples are generated:

NBOOT
speci es the number of bootstrap samples to be generated. The default value is 1,000.

SEED
speci es the seed to generate bootstrap samples. The default seed is selected randomly.

CONFTYPE=ASINSQRT | LINEAR | LOG | LOGLOG
speci es the transformation to be applied$at/ to obtain pointwise con dence intervals for the
survival function in addition to the con dence intervals for the quartiles of the survival times. You can
specify the following keywords:

ASINSQRT speci es the arcsine—square root transformation,
g.x/ D sin 1P
LOGLOG speci es the log—-log transformation,

g.x/ D log. log.x/l

This is also referred to as the log cumulative hazard transformation, because it
applies the log transformation to the cumulative hazard function. Collett (1994)
and Lachin (2000) call it the complementary log-log transformation.

LINEAR speci es the identity transformation,
g.x/ D x

LOG speci es the log transformation,
g.x/ D log.x/

LOGIT speci es the logit transformation,

X
x/ D log ——
gxt 28 7

By default, CONFTYPE=LOGLOG.
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DATA=SAS-data-set
names the SAS data set that PROC ICLIFETEST reads. By default, the most recently created SAS
data set is used.

IMPUTE < (options) >

IM < (options) >
speci es details for multiple imputations. You can specify the following two suboptions to control how
the samples are generated:

NIMSE
speci es the number of imputation samples to be generated for computing standard errors of the
survival estimates. The default value is 1,000.

NIMTEST
speci es the number of imputation samples to be generated for estimating the covariance matrix
of the generalized log-rank statistic. The default value is 1,000.

SEED
speci es the seed to generate imputation data sets. The default seed is selected randomly.

ITHISTORY
prints the iteration history of the nonparametric estimation, including the log likelihood, the probability
estimate that is associated with each Turnbull interval, and whether the EM or ICM method is used for
each iteration.

MAXITER=n

MAXIT=n
speci es the maximum number of iterations for estimating the survival function. The default value
depends on the estimation method as follows:

EMICM method: 200
ICM method: 200
Turnbull method: 500

Note that you specify the method with the METHOD= option.

MAXTIME=value
speci es the maximum value of the time variable that is allowed in plots so that outlying points do not
determine the scale of the time axis of the plots. This option affects only the way in which plots are
displayed and has no effect on any calculations.

METHOD=TURNBULL | ICM | EMICM
speci es the method to be used for computing survival function estimates. You can specify the
following:

TURNBULL

EM
requests that the Turnbull method be used to estimate the survival function.
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EMICM
requests that the EMICM algorithm be used to estimate the survival function.

ICM
requests that the iterative convex minorant algorithm be used to estimate the survival function.

By default, METHOD=EMICM.

MISSING
allows missing values to be a stratum level or a valid group for the variables that are speci ed in the
STRATA and TEST statements.

NOPRINT
suppresses the display of output. This option is useful when only an output data set is needed.
It temporarily disables the Output Delivery System (ODS); for more information about ODS, see
Chapter 20, “Using the Output Delivery System.”

NOSUMMARY
suppresses the summary table of the number of censored and uncensored values.

OUTSURV=SAS-data-set

OUTS=SAS-data-set
creates an output SAS data set to contain the estimates of the survival function and corresponding
con dence limits for all the strata. For more information about the contents of the OUTSURV= data
set, see the section “OUTSURV= Data Set” on page 4769.

PLOTS< (global-plot-options) >=plot-request < (options) >

PLOTS< (global-plot-options) >=(plot-request < (options)> <. .. plot-request < (options) >>)
controls the plots that are produced by using ODS Graphics. When you specify orgiotreguest,
you can omit the parentheses around it. Here are some examples:

plots=none
plots=(survival(cl) logsurv)
plots(only)=hazard

ODS Graphics must be enabled before plots can be requested. For example:

ods graphics on;

proc iclifetest plots=survival;
time (Left,Right);
run;

ods graphics off;
For more information about enabling and disabling ODS Graphics, see the section “Enabling and
Disabling ODS Graphics” on page 607 in Chapter 21, “Statistical Graphics Using ODS.”

If ODS Graphics is enabled but you do not specify the PLOTS= option, then by default PROC
ICLIFETEST produces a plot of the estimated survival functions.

You can specify the followinglobal-plot-option:
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ONLY

speci es that only the speci ed plots in the list be produced; otherwise, the default survival
function plot is also displayed.

You can specify the followinglot-requests and their options:

ALL

produces all appropriate plots. Specifying PLOTS=ALL is equivalent to specifying
PLOTS=(SURVIVAL LOGSURV LOGLOGS HAZARD).

HAZARD < (hazard-options) >

H <hazard-options >
plots the kernel-smoothed hazard functions. You can specify the followénayd-options.

BANDWIDTH=value | numeric-list | RANGE(lower,upper)

BW=
speci es the bandwidth for kernel-smoothed estimation of the hazard function. You can
specify one of the following:

value
sets the bandwidth to the givealue.

numeric-list
selects the bandwidth from the speci admeric-list that minimizes the cross validation
pseudo-likelihood.

RANGE(lower,upper)
selects from the intervaldwer, upper) the bandwidth that minimizes a cross valida-
tion pseudo-likelihood function. PROC ICLIFETEST uses the golden section search
algorithm to nd the minimum. If the interval contains more than one local minimum,
there is no guarantee that the local minimum that the algorithm nds is also the global
minimum.

For more information about the cross validation pseudo-likelihood function, see the
section “Kernel-Smoothed Estimation” on page 4761. By defaBRNDWIDTH=
RANGE(0.1b,0.2%), whereb D gy g;; g, is the left boundary of the rst Turnbull
interval; andg, is the right boundary of the last Turnbull interval if it is nite or the left
boundary of that interval multiplied by.1 otherwise.

SAMPLING=LEAVEONE | RANDOM
speci es how to partition the data set to form cross validation groups. You can specify the
following values:

LEAVEONE
partitions the data set into leave-one-out subsets.

RANDOM
randomly assigns observations to cross validation groups with equal probabilities.

By default, SAMPLING=RANDOM.
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GRIDL=number
speci es the lower grid limit for the kernel-smoothed estimate. The default value is the time
origin.

GRIDU=number
speci es the upper grid limit for the kernel-smoothed estimate. The default value is the
maximum input boundary value.

KERNEL=kernel-option
speci es the kernel to be used. You can specify the following values:

BIWEIGHT
BW

uses the following kerneKgw .x/ D 2.1 x?/?; 1 x 1

EPANECHNIKOV

E

uses the following kerneKe .x/ D 3.1 x?/, 1 x 1
UNIFORM
U

uses the following kerneKy .x/ D 3; 1 x 1
By default, KERNEL=EPANECHNIKOV.

CVFOLD=number

speci es the number of cross validation groups. This option is applicable only when
SAMPLING=RANDOM. The defaulhumber is either 5 or the sample size, whichever
value is less.

CVGRID=number
speci es the number of grid points to use in determining the cross validation pseudo-
likelihood. By default, CVGRID=51.

HGRID=number

speci es the number of grid points for discretizing the smoothed hazard function. By default,
HGRID=101.

LOGLOGS
LLS
plots the log of the negative log of the estimated survival function versus the log of time.

LOGSURV
LS
plots the negative log of the estimated survival function versus time.

NONE
suppresses all plots.
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SURVIVAL < (CL | FAILURE | NODASH | STRATA | TEST) >
S <(CL | FAILURE | STRATA | TEST) >

plots the estimated survival function. You can customize the display by specifying the following
values:

CL
displays pointwise con dence limits for the survival function.

FAILURE
F

changes all the displays for survival function to those for the failure function. For example,
if you specify both the FAILURE and CL options, the plot displays the failure curves in
addition to pointwise con dence limits for the failure function.

NODASH
suppresses the plotting of dashed lines as linear interpolations for the Turnbull intervals.

STRATA=INDIVIDUAL | OVERLAY | PANEL
speci es how to display the survival or failure curves for multiple strata. This option has no
effect if there is only one stratum. You can specify one of the following values:
INDIVIDUAL

UNPACK
requests that a separate plot be displayed for each stratum.

OVERLAY
requests that the survival or failure curves for the strata be overlaid on the same plot.

PANEL

requests that separate plots for the strata be organized into panels of two or four plots,
depending on the number of strata.

By default, STRATA=OVERLAY.

TEST
displays thep-value for aK-sample test that is speci ed in the TEST statement.

SHOWTI
presents the survival estimates in terms of Turnbull intervals.

SINGULAR=value
sets the tolerance for testing the singularity of the covariance matrix of test statistics.

TOLLIKE=value
sets the log-likelihood convergence criterion for the estimation algorithm. The dedtudtdepends

on the estimation method as follows:
EMICM method:10 10
ICM method:10 10
Turnbull method:10 8
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BY Statement

BY variables ;

You can specify a BY statement with PROC ICLIFETEST to obtain separate analyses of observations in
groups that are de ned by the BY variables. When a BY statement appears, the procedure expects the input

data set to be sorted in order of the BY variables. If you specify more than one BY statement, only the last
one speci ed is used.

If your input data set is not sorted in ascending order, use one of the following alternatives:

Sort the data by using the SORT procedure with a similar BY statement.

Specify the NOTSORTED or DESCENDING option in the BY statement for the ICLIFETEST
procedure. The NOTSORTED option does not mean that the data are unsorted but rather that the

data are arranged in groups (according to values of the BY variables) and that these groups are not
necessarily in alphabetical or increasing numeric order.

Create an index on the BY variables by using the DATASETS procedure (in Base SAS software).

For more information about BY-group processing, see the discussi®A$Language Reference: Concepts
For more information about the DATASETS procedure, see the discussionBateeSAS Procedures Guide

FREQ Statement
FREQ variable ;

The FREQ statement names a variable that provides frequencies for each observation in the DATA= data set.

Speci cally, if nis the value of the FREQ variable for a given observation, then that observation is used
times.

The analysis that is produced by using a FREQ statement re ects the expanded number of observations. You
can produce the same analysis (without the FREQ statement) by rst creating a new data set that contains
the expanded number of observations. For example, if the value of the FREQ variable is 5 for the rst
observation, the rst ve observations in the new data set are identical. Each observation in the old data set is
replicatedn; times in the new data set, whetgis the value of the FREQ variable for that observation.

If the value of the FREQ variable is missing or is less than 1, the observation is not used in the analysis. If
the value is not an integer, only the integer portion is used.

STRATA Statement
STRATA variables ;

The STRATA statement identi es the variables that determine the stratum levels. You can specify more than
one variable in the STRATA statement. By default, strata are formed according to the nonmissing values of

these variables. However, missing values are treated as a valid stratum level if you specify the MISSING
option in the PROC ICLIFETEST statement.
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The speci cation of several STRAT#ariables, such as

strata A B C;

is equivalent to thé* B* C syntax of the TABLES statement in the FREQ procedure. The number of stratum
levels usually grows very rapidly along with the number of STRATA variables, so you must be cautious when
specifying the list of STRATA variables.

If you specify the STRATA statement without specifying a TEST statement, the ICLIFETEST procedure
produces an individual survival estimate for each stratum. On the other hand, if you specify both the STRATA
and TEST statements, the ICLIFETEST procedure produces a strati ed test in which the comparisons are
made among the groups that are formed by the levels of the TEST variable within strata. Also, individual
survival estimates are computed for all the groups that are formed by the levels of the TEST variable within a
stratum.

In contrast with the STRATA statement in the LIFETEST procedure, the STRATA statement in PROC
ICLIFETEST does not support the options for specifying various weight functions, strati ed tests, or trend
tests and to make multiple-comparison adjustments for paired differences. Instead, PROC ICLIFETEST
provides these options in the TEST statement.

TEST Statement

TEST variable </options> ;

In the preceding syntaxariable is a variable whose values determine the groups to be tested. The values for
variable can be formatted or unformatted.\Hriable is a character or numeric variable, then the groups are
de ned by the unique values of the TEST variable. You can specify only one variable in the TEST statement.

When you are comparing more than two survival curves, a generalized log-rank test tells you whether
the curves are signi cantly different from each other, but it does not identify which pairs of curves are
different. A multiple-comparison adjustment of the/alues for the paired comparisons retains the same
overall probability of a Type | error as the-sample test. Two types of paired comparisons can be made:
comparisons between all pairs of curves and comparisons between a control curve and all other curves. You
use the DIFF= option to specify the comparison type, and you use the ADJUST= option to select a method of
multiple-comparison adjustments.

Compared with the TEST statement in the LIFETEST procedure, the TEST statement in PROC ICLIFETEST
is designed for comparing survival between prede ned groups. Unlike the LIFETEST procedure, PROC
ICLIFETEST does not support a similar test for detecting association with multiple covariates.

Table 63.2 summarizes thptions available in the TEST statement.

Table 63.2 Options Available in the TEST Statement

Option Description

Homogeneity Tests

NODETAIL Suppresses printing the test statistic and covariance matrix

NOTEST Suppresses all tests

OUTSCORE= Names an output data set to contain the scores derived from the
permutation form of the generalized log-rank test
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Table 63.2 continued

Option Description

TREND Requests a trend test

WEIGHT= Speci es tests that correspond to various weight functions
Multiple Comparisons

ADJUST= Requests a multiple-comparison adjustment

DIFF= Speci es the type of differences to consider

You can specify the followingptions in the TEST statement after a slasi). (

ADJUST=method
speci es the multiple-comparison method to use for adjustingpthialues of the paired tests. For
mathematical details, see the section “Multiple-Comparison Adjustments” on page 4766; also see
Westfall et al. (1999). You can specify the following adjustmesthods:

BONFERRONI

BON
applies the Bonferroni correction to the rgwwalues.

DUNNETT
performs Dunnett's two-tailed comparisons of the control group to all other groups. PROC
ICLIFETEST uses the factor-analytic covariance approximation that is described in Hsu (1992)
and identi es the adjustment in the results as “Dunnett-HADIJUSTDUNNETT is incompat-
ible with DIFF=ALL.

SCHEFFE
performs Scheffé's multiple-comparison adjustment.

SIDAK
applies the Sidék correction to the rgswalues.

SMM

GTE
performs the paired comparisons based on the studentized maximum modulus test.

TUKEY
performs the paired comparisons based on Tukey's studentized range test. PROC ICLIFETEST
uses the approximation that is described in Kramer (1956) and identi es the adjustment as
“Tukey-Kramer” in the results. ADJUST=TUKEY is incompatible with DIFF=CONTROL.

SIMULATE < (simulate-options) >
computes the adjustg@values from the simulated distribution of the maximum or maximum
absolute value of a multivariate normal random vector. The simulation estimaties true
.1/ quantile, where is the value of the ALPHA=simulate-option.

The number of samples for the simulation adjustment is set so that the tail area for the simulated
g is within a certain accuracy radiusof 1 , With an accuracy con dence df00.1 / %. In
equation form,

PrjF.¢ 1 /j /| D 1
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where®is the simulated) andF is the true distribution function of the maximum; for more
information, see Edwards and Berry (1987). By default,;0.005 and = 0.01, so the tail area
of @is within 0.005 of 0.95 with 99% con dence.

You can specify the followingimulate-options:

ACC-=value
speci es the target accuracy radiusof a 100.1 /% con dence interval for the true
probability content of the estimateti / quantile. By default, ACC=0.005.

ALPHA=value
speci es the value for estimatingthel / quantile. The defaultalue is the ALPHA=
value in the PROC ICLIFETEST statement, or 0.05 if that option is not speci ed.

EPS=value
speci es the value foral00.1 /% con dence interval for the true probability content
of the estimatedl / quantile. The defaulalue for the accuracy con dence is 99%,
corresponding to EPS=0.01.

NSAMP=n
speci es the sample size for the simulation. By defanlis set based on the values of the
target accuracy radiusand accuracy con denc&00.1 /% for an interval for the true
probability content of the estimateti / quantile. With the default values for, , and
(0.005, 0.01, and 0.05, respectively), by default NSAMP=12604.

REPORT
speci es that a report of the simulation be displayed, including a listing of the parame-
ters, such as, , and , in addition to an analysis of various methods of estimating or
approximating the quantile.

SEED=number
speci es an integer used to start the pseudorandom number generator for the simulation.
If you do not specify a seed, or if you specify a value less than or equal to 0, the seed is
generated by default from reading the time of day from the computer's clock.

DIFF=ALL | CONTROL<('string' <..., 'string' >) >
speci es which pairs of survival curves to consider for the multiple comparisons. You can specify the
following values:

ALL
requests all paired comparisons.

CONTROL < ('string’ <...'string' >) >
requests comparisons of the control survival curve with all other survival curves. To specify
the control curve, you specify the quoted strings of formatted values that represent the curve in
parentheses. For example, if CELL=LARGE identi es the control group, you specify

DIFF=CONTROL( large )

If more than one variable is used to identify the curves (for example, if CELL=LARGE and
SEX=F represent the control), you specify
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DIFF=CONTROL(large F)

The order of the quoted strings should correspond to the order of the TEST variabletrifigo
is speci ed as the control, the rst group value is used.

By default, DIFF=ALL unless you specify ADJUST= DUNNETT, in which case DIFF=CONTROL.

NODETAIL
suppresses the display of the generalized log-rank statistics and the corresponding covariance matrices.
If you specify the TREND option, the display of the scores for computing the trend test is suppressed.

NOTEST
suppresses the-sample tests, strati ed tests, and trend tests.

OUTSCORE=SAS-data-set

OUTSC=SAS-data-set
creates an output SAS data set to contain subject scores that are derived from a permutation form of
the generalized log-rank statistic. For more information about the contents of the OUTSCORE= data
set, see the section “OUTSCORE= Data Set” on page 4770.

TREND
computes the trend test for the null hypothesis that the survival rates are the same for the groups versus
an ordered alternative. If the TEST variable is numeric, the unformatted values of the variable are used
as the scores; otherwise, the scoreslag& ::: ;in the order of the strata. For more information, see
the section “Trend Tests” on page 4768.

WEIGHT=test-request | (test-request <...test-request>)
requests weights to be applied to the generalized log-rank statistics to perform various tests. For more
information about the various weight functions that the ICLIFETEST procedure supports, see the
section “Generalized Log-Rank Statistic” on page 4763. You can specify the follaegngequests:

FAY speci es the test that uses Fay's weights (Fay 1999).
FINKELSTEIN speci es the test that uses Finkelstein's weights (Finkelstein 1986).

FLEMING(1, 2) speci es the family of tests in Harrington and Fleming (1982), wh&rand
2 are nonnegative numbers. FLEMING( 2) corresponds to the Fleming-
HarringtonG family (Fleming and Harrington 1981) whe?2=0. Alternatively,
you can specify a test in this family as FLEMING(with one argument. When
=0, the test becomes the log-rank test. Whet, the test should be very close
to the Peto-Peto test.

NONE suppresses all comparison tests. Specifying WEIGHT=NONE is equivalent to
specifying NOTEST.

SUN speci es the test that uses Sun's weights (Sun 1996).
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TIME Statement
TIME (variable, variable ) ;

The TIME statement names the variables that represent the interval-censored observations. The variables
should be numeric. For example, the following statement identiefsas the lower bound arilight as the
upper bound of an observed interval:

time (Left, Right);

Observations for whicheft < Right and both values are nonnegative are used. If the valuesfois missing

or 0 and the value foRight is not missing, then the observation is treated as left-censored. Righevalue

is missing and the value faeft is not missing, then the observation is treated as right-censored. Observations
for which both variables are missing are not analyzed.

Details: ICLIFETEST Procedure

Statistical Methods
Nonparametric Estimation of the Survival Function

Suppose the event times for a totalro$ubjects,T1, To, ..., Ty, are independent random variables with
an underlying cumulative distribution functidnt/ . Denote the corresponding survival functionas/.
Interval-censoring occurs when some orfalk cannot be observed directly but are known to be within the
interval.L j; Rje; L; R;.

The observed intervals might or might not overlap. It they do not overlap, then you can usually use
conventional methods for right-censored data, with minor modi cations. On the other hand, if some intervals
overlap, you need special algorithms to compute an unbiased estimate of the underlying survival function.

To characterize the nonparametric estimate of the survival function, Peto (1973) and Turnbull (1976) show
that the estimate can jump only at the right endpoint of a set of nonoverlapping intervals (also known as

that have_ as the left boundary aridas the right boundary. For example, suppose that the data set contains
only three intervals,1; 3+, .2; 4+, and.5; 6. The ordered values afelL/;2.L/;3.R/;4.R/;5.L/;6.R/
Then the Turnbull intervals ar@; 3 and.5; 6e.

For the exact observatidn; D R; D t, Ng (2002) suggests that it be represented by the intdrval; t/
for a positive small value. If R; D t for an observationL j ;R; *(L; < Rj), then the observation is
represented by ; C ;R; /.

up to equivalence classesvhich are complements of the Turnbull intervefist/ is unde ned ift is within
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Yy xo
L. /D P
iD1 jD1

where j is 1ifl; is contained inL j; R;+and O otherwise.

be estimated as

X
Ot/ D Q; t62nylj;j D1;:::;m
kW >t

Estimation Algorithms
Peto (1973) syiggests maximizing this likelihood function by using a Newton-Raphson algorithm subject to
the constraint iij j D 1. This approach has been implemented inH€E macro. Although feasible,

the optimization becomes less stable as the dimensionméreases.

Treating interval-censored data as missing data, Turnbull (1976) derives a self-consistent equation for
estimating the 's:

1 X 1 X P
iD= j. /D> Pl
Nip1 Nipy iDL i |
where j . /is the expected probability that the ev@ihtoccurs withinl; for theith subject, given the

observed data.

The algorithm is an expectation-maximization (EM) algorithm in the sense that it iteratively updaies
j . /. Convergence is declared if, for a chosen numbe0 ,

jD1
where CJJ/ denotes the updated value fgr after thelth iteration.

An alternative criterion is to declare convergence when increments of the likelihood are small:

There is no guarantee that the converged values constitute a maximum likelihood estimate (MLE). Gentleman
and Geyer (1994) introduced the Kuhn-Tucker conditions based on constrained programming as a check of
whether the algorithm converges to a legitimate MLE. These conditions state that a suf cient and necessary
condition for the estimate to be a MLE is that the Lagrange multiplier® n ¢ are nonnegative for all

the j 's that are estimated to be zero, whereis the derivative of the log-likelihood function with respect to

j .

@OgL/ DX1 i
m
@ D1 iDL i ]

CjD
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You can use Turnbull's method by specifying METHOD=TURNBULL in the ICLIFETEST statement. The
Lagrange multipliers are displayed in the “Nonparametric Survival Estimates” table.

Groeneboom and Wellner (1992) propose using the iterative convex minorant (ICM) algorithm to estimate

the underlying survival function as an alternative to Turnbull's method. De nd® F Pj /,j D1;:::;m
as the cumulative probability at the right boundary ofjtheTurnbull interval: ; D Jle k- It follows
that m D 1. Denote ¢ D Oand D . 1;:::; m 1/° You can rewrite the likelihood function as
Yo
L. /D - i1/
iD1jD1

Maximizing the likelihood with respect to the 's is equivalent to maximizing it with respect to the's.
Because thej 's are naturally ordered, the optimization is subject to the following constraint:

CDfxD. 1;:::; m 1/ VO 1 m1 19

Denote the log-likelihood function ds /. Suppose its maximum occurs & Mathematically, it can be
proved thatOequals the maximizer of the following quadratic function:

1
g -xjy;W/ D 5% y/IOW.x yl
wherey D OC W 1r I. Q, r I. / denotes the derivatives &f/ with respect to , andW is a positive
de nite matrix of sizem 1/ .m 1/ (Groeneboom and Wellner 1992).

An iterative algorithm is needed to determif&For thelth iteration, the algorithm updates the quantity

y/ DOV wil0 Yy Oy

where @ Y js the parameter estimate from the previous iteration \8hd® ¥/ D diag.wj;j D

A convenient choice fowW. / is the negative of the second-order derivative of the log-likelihood function
. /:

@
@?

WjDWj./D [. /

Po D .0;0/ and

X X y
Pk D Wi Wiy,
iD1 iD1

Technically, @/ equals the left derivative of the convex minorant, or in other words, the largest convex

pool-adjacent-violators algorithm (Groeneboom and Wellner 1992).
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Occasionally, the ICM step might not increase the likelihood. Jongbloed (1998) suggests conducting a line
search to ensure that positive increments are always achieved. Alternatively, you can switch to the EM step,
exploiting the fact that the EM iteration never decreases the likelihood, and then resume iterations of the
ICM algorithm after the EM step. As with Turnbull's method, convergence can be determined based on the

closeness of two consecutive sets of parameter values or likelihood values. You can use the ICM algorithm
by specifying METHOD=ICM in the PROC ICLIFETEST statement.

As its name suggests, the EMICM algorithm combines the self-consistent EM algorithm and the ICM
algorithm by alternating the two different steps in its iterations. Wellner and Zhan (1997) show that the
converged values of the EMICM algorithm always constitute an MLE if it exists and is unique. The

ICLIFETEST procedure uses the EMICM algorithm as the default.

Variance Estimation of the Survival Estimator

Peto (1973) and Turnbull (1976) suggest estimating the variances of the survival estimates by inverting
the Hessian matrix, which is obtained by twice differentiating the log-likelihood function. This method
can become less stable when the number; &f increase as increases. Simulations have shown that

the con dence limits based on variances estimated with this method tend to have conservative coverage
probabilities that are greater than the nominal level (Goodall, Dunn, and Babiker 2004).

Sun (2001) proposes using two resampling techniques, simple bootstrap and multiple imputation, to estimate
the variance of the survival estimator. The unde ned regions that the Turnbull intervals represent create a
special challenge using the bootstrap method. Because each bootstrap sample could have a different set of
Turnbull intervals, some time points to evaluate the variances based on the original Turnbull intervals might
be located within the intervals in a bootstrap sample, with the result that their survival probabilities become
unknown. A simple ad hoc solution is to shrink the Turnbull interval to its right boundary and modify the
survival estimates into a right continuous function:

X
&t/ D Q
jo >t

Let M denote the number of resampling data setsA.‘“_et: i ;Aﬁ denote thenindependent samples from the

computed from théth resampling data set. Then you can estimate the varian&étbby the sample
variance as

1

X
Gt/ D —— @t/ hte?
M 1kD1

where

IDM

€Dt/
t/ D —kp1=m-t

&N, v

The method of multiple imputations exploits the fact that interval-censored data reduce to right-censored
data when all interval observations of nite length shrink to single points. Suppose that each nite interval
has been converted to one of ghie values it contains. For this right-censored data set, you can estimate the
variance of the survival estimates via the well-known Greenwood formula as

X d
GubD$, t/ —
i.nj d/
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whered; is the number of events at tinpg andn; is the number of subjects at risk just priorgp, and
v .t/ is the Kaplan-Meier estimator of the survival function,

K t/ D d
qj <t nj

dj

Essentially, multiple imputation is used to account for the uncertainty of ranking overlapping intervals. The
kth imputed data set is obtained by substituting every interval-censored observation of nite length with an
exact event time randomly drawn from the conditional survival function:

$htl S.RiC/

4D KL/ KRiCl

t2.Li;Rje

Because$), .t/ only jumps at thep; , this is a discrete function.

Denote the Kaplan-Meier estimate of each imputed data ﬂ,@s.t/ . The variance ot/ is estimated by

0

X d 1 X
Gt/ D .t/ 5 a0 C & 1kD1(1§§M t Syt

g <t n’.n;
where
1 X
kD1
and
o|.0D><1 _ §®p; o Dpje
J iD1 ij1 i @p; 1/ Ppj e
and
xn
njO D dJ0
KDj

Note that the rst term in the formula fof;?.t/ mimics the Greenwood formula but uses expected numbers
of deaths and subjects. The second term is the sample variance of the Kaplan-Meier estimates of imputed
data sets, which accounts for between-imputation contributions.

Pointwise Con dence Limits of the Survival Function

Pointwise con dence limits can be computed for the survival function given the estimated standard errors.
Let be specied by the ALPHA= option. Let -, be the critical value for the standard normal distribution.
Thatis,”. z-,/ D =2, where" isthe cumulative distribution function of the standard normal random
variable.

Constructing the con dence limits for the survival functint/ as®t/  z_, @Dt/ might resultin an
estimate that exceeds the range [0,1] at extreme valuesTdifis problem can be avoided by applying a
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transformation t&.t/ so that the range is unrestricted. In addition, certain transformed con dence intervals
for S.t/ perform better than the usual linear con dence intervals (Borgan and Liestgl 1990). You can use
the CONFTYPE=option to set one of the following transformations: the log-log function (Kalb eisch and
Prentice 1980), the arcsine—square root function (Nair 1984), the logit function (Meeker and Escobar 1998),
the log function, and the linear function.

Let g denote the transformation that is being applied to the survival fun&ith Using the delta method,

you estimate the standard errorgp®t// by
h :

i
t/ DO g2t/ Dg° Ot/ a&Dt/e
whereg' is the rst derivative of the functiory. The 100(1 — )% con dence interval foiS.t/ is given by

n (0]
gl g@®t/ z?go(]@.t/-((ED.t/-

whereg 1 is the inverse function aj. The choices for the transformatigrare as follows:

q_
arcsine—square root transformation: The estimated variancsinof Ot/ is Gt/ D

Fat . o ; i
oL T The 100(1 — )% con dence interval foiS.t/ is given by
q — q —
sin® max 0:;sin 1. St/ z_Ql St/ sin® min E;sin L $ic z_Ql

linear transformation: This is the same as the identity transformation. The 10Q# eon dence
interval forS.t/ is given by
h i h i

St z oD sty Hcz oDy

log transformation: The estimated variancelad. £t/ is G.t/ D %ﬁ;" The 100(1 — )%

con dence interval folS.t/ is given by

Otiexp z al St Dtexp z_Ql

d G).t/’ . The

log-log transformation: The estimated variancdagf. log. $t// is G.t/ D B log. O 2

100(1 — )% con dence interval folS.t/ is given by

h iexp z_al h iexp z_al
St/ 2 st/ D 2
logit transformation: The estimated variancdaf % is
G. D
G.t/ D
S HEL Dt/e2
The 100(1 — )% con dence limits forS.t/ are given by
St/ Dt/

h } S.t/ h }
Ot/c 1 Dt/ exp z_Ql

St/c 1 D exp z Al

N
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Quartile Estimation

The rst quartile (25th percentile) of the survival time is the time beyond which 75% of the subjects in the
population under study are expected to survive. For interval-censored data, it is problematic to de ne point
estimators of the quartiles based on the survival estittebecause of its unde ned regions of Turnbull
intervals. To overcome this problem, you need to impute survival probabilities within the Turnbull intervals.
The previously de ned estimatd$),.t/ achieves this by placing all the estimated probabilities at the right
boundary of the interval. The rst quartile is estimated by

Q25 D minft; j$3,.t; / < 0:75g

If $\.t/ is exactly equal to 0.75 from totj c 1, the rst quartile is taken to b C tj c1/=2. If $.t/ is
greater than 0.75 for all values pfthe rst quartile cannot be estimated and is represented by a missing
value in the printed output.

The general formula for estimating the J0@ercentile point is
gp D minft; j$htj/<1 pg

The second quartile (the median) and the third quartile of survival times correspprddd® andp = 0.75,
respectively.

Brookmeyer and Crowley (1982) constructed the con dence interval for the median survival time based
on the con dence interval for the survival functi@t/. The methodology is generalized to construct the
con dence interval for the 10®percentile based ongitransformed con dence interval f@.t/ (Klein and
Moeschberger 1997). You can use the CONFTYPE= option to specify-tamsformation. Tha00.1 / %

con dence interval for the rst quantile survival time is the set of all pointkat satisfy

9.t/ g1 025 ,
g0 ).t/ ORI vz

whereg®x/ is the rst derivative ofg.x/ andz; - is the100.1 5/ percentile of the standard normal
distribution.
Kernel-Smoothed Estimation

After you obtain the survival estimaf®t/, you can construct a discrete estimator for the cumulative hazard
function. First, you compute the jumps of the discrete function as

where theg; 's have been de ned previously for calculating the Lagrange multiplier statistic.

Essentially, the numerator and denominator estimate the number of failures and the number at risks that are
associated with the Turnbull intervals. Thus these quantities estimate the increments of the cumulative hazard
function over the Turnbull intervals.

The estimator of the cumulative hazard function is

X
Q D Q; teanyl;
kW <t
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Like t/, Q/ is unde ned ift is located within some Turnbull intervd) . To facilitate applying the
kernel-smoothed methods, you need to reformulate the estimator so that it has only point masses. An ad
hoc approach would be to place all the mass for a Turnbull interval at the right boundary. The kernel-based
estimate of the hazard function is computed as

. 1 X t P o
K; b/ D 5 K5 9
jD1

whereK. / is a kernel function antl > 0 is the bandwidth. You can estimate the cumulative hazard function
by integratingQ[; b/ with respect td.

Practically, an upper limitp is usually imposed so that the kernel-smoothed estimate is de ne@t t/.
The ICLIFETEST procedure sets the value depending on whether the right boundary of the last Turnbull
interval is nite or not:tp D py if pm < 1 andtp D 1:2 gy otherwise.

Typical choices of kernel function are as follows:

uniform kernel:

1
KU.x/DE; 1 x 1

Epanechnikov kernel:
3 2
KE.x/DZ.l x/; 1 x 1

biweight kernel:

15
Kew X/ D =—=.1 x3%?% 1 x 1
BW 16

Fort < b, the symmetric kernelk./ are replaced by the corresponding asymmetric kernels of Gasser and
Mdller (1979). Letq D tB The modi ed kernels are as follows:

uniform kernel:

41Cq® 61 o
Ku;q-x/ D 1CqP C.qu/3X’ 1 x ¢

Epanechnikov kernel:

64.2 4qC 6¢g°> 3qg3/ C240.1 q/*°x_
.1C /419 18qC 3g?/ ’

Kg,q.X/ D Kg .x/ 1 x ¢

biweight kernel:

64.8 24qC 48¢° 45¢° C 15¢¢/ C 1120.1 q/3x

1
1Cq/581 168qC 1264 40 C 504 x4

KBW ;q.X/ D KBW X/
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Fortp b t tp,letgD tDb L. The asymmetric kernels for< b are used, with replaced by .

The bandwidth parametércontrols how much “smoothness” you want to have in the kernel-smoothed
estimate. For right-censored data, a commonly accepted method of choosing an optimal bandwidth is to use
the mean integrated square error(MISE) as an objective criteria. This measure becomes dif cult to adapt to
interval-censored data because it no longer has a closed-form mathematical formula.

Pan (2000) proposes usingvafold cross validation likelihood as a criterion for choosing the optimal
bandwidth for the kernel-smoothed estimate of the survival function. The ICLIFETEST procedure implements
this approach for smoothing the hazard function. Computing such a criterion entails a cross validation type

Denote the kernel-smoothed estimate of the leave-one-subset-olt daa"’ asi- Y/ .t1b/. The optimal
bandwidth is de ned as the one that maximizes the cross validation likelihood:

X
bo D argmay L. Y.tib/iDY/
vD1

Comparison of Survival between Groups

If the TEST statement is speci ed, the ICLIFETEST procedure compards tireups formed by the levels
of the TEST variable using a generalized log-rank test.3eet/ be the underlying survival function of the

HoV®:.t/ D S,.t/ D D Sk .t/ forallt
versus

H . Wt least one of th&, .t/'s is different for some
Let Ny denote the number of subjects in grokpand letn denote the total number of subjects D
N;C C Ng).

Generalized Log-Rank Statistic

thekth group. Suppose that a model is speci ed and the survival function fattireibject can be written as
S.tjz/ D S.tjz’ ; |/
where denotes the nuisance parameters.
It follows that the likelihood function is
Yl
LD @&S.Z ; /I SR ; I
iD1
where.L i ; Rj/ denotes the interval observation for flie subject.

Testing whether or not the survival functions are equal acrosk tir@ups is equivalent to testing whether
allthe j's are zero. Itis natural to consider a score test based on the speci ed model (Finkelstein 1986).
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The score statistics for are derived as the rst-order derivatives of the log-likelihood function evaluated at
D 0OandQ

DO; O
where Odenotes the maximum likelihood estimate for thegiven that D O.

Under the null hypothesis thatD 0, all K groups share the same survival funct®r/. It is typical to
leaveS.t/ unspeci ed and obtain a nonparametric maximum likelihood estirfditeusing, for instance,
Turnbull's method. In this case, represents all the parameters to be estimated in order to dete$tine

probabilgty estimate at the right end point of fitle interval byC,). The nonparametric survival estimate is
Dt/ D s @ fort62anyl;.

Under the null hypothesis, Fay (1999) showed that the score statistics can be written in the form of a weighted

log-rank test as
!

X X 0 n% 0
U D Ukj D Vi dkj n—odJ
iD1 iD1 i

where

5 ®pi/ Dp; /Ep; 1/ Dpihe
J Op; I&p; 1/ Dp; /e

andS°t/ denotes the derivative &.t/ with respect to .

d|2 estimates the expected number of events withifor thekth group, and it is computed as

0 X ij(?
g D ZkPp——5

d
iD1 ID1 il (P

dj0 is an estimate for the expected number of events withifor the whole sample, and it is computed as

Similarly, n% estimates tt’,; expected number of subjects at risk before enteriog the kth group, and

can be estimated h}ﬁ D |ij dk?b' nJQ is an estimate of the expected number of subjects at risk before

enteringl; for all the groupsn? D EDln% :

Assuming different survival models gives rise to different weight functigng=ay 1999). For example,
Finkelstein's score test (1986) is derived assuming a proportional hazards model; Fay's test (1996) is based
on a proportional odds model.

The choices of weight function are given in Table 63.3.
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Table 63.3 Weight Functions for Various Tests

Test v

Sun (1996) 1.0

Fay (1999) p; 1/

Finkelstein (1986) o; 1/W@gp; 1/ logDp I

S).pj 1/ Sij/
Harrington-Flemingg,q) @p; 1/PE1 p; 1/%p 0;q 0

Variance Estimation of the Generalized Log-Rank Statistic

Sun (1996) proposed the use of multiple imputation to estimate the variance-covariance matrix of the
generalized log-rank statisti¢. This approach is similar to the multiple imputation method as presented in
“Variance Estimation of the Survival Estimator” on page 4758. Both methods impute right-censored data from
interval-censored data and analyze the imputed data sets by using standard statistical techniques. Huang, Lee,
and Yu (2008) suggested improving the performance of the generalized log-rank test by slightly modifying
the variance calculation.

Brobability estimate for thgh interval as(P, and denote the nonparametric survival estimat&#s D
st @ fort 62anyl; .

In order to generate an imputed data set, you need to randomly generate a survival time for every subject of
the sample. For thigh subject, a random timg is generated randomly based on the following discrete
survival function:

@.qj/ fQRiC/.
DL/ PR C/

where.L i ; Rj* denotes the interval observation for the subject.

T Dpj/D

risk by counting the imputed, 's for groupk. Let djh andnjh denote the corresponding pooled numbers.

You can perform the standard weighted log-rank test for right-censored data on each of the imputed data sets
(Huang, Lee, and Yu 2008). The test statistic is

where
g !
h X _ h h
iD1 ]

Its variance-covariance matrix is estimated by the Greenwood formula as
h h h
vibvi;C CVq,
where

o vZnh.
Vil, D J2“h Jh h wh hyshy 2 nh 1
)tz vine, ny, dj N, dj /.nj / N 1/ * whenly o Ip

nh nlhlj djh.njh djh/.njh/ 2.njh 1/ 1/ whenl; D I
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After analyzing each imputed data set, you can estimate the variance-covariance miathy pboling the
results as

1 X 1 X
wp - vh = @ Ba@ah o
H H 1
hD1 hD1
where
1 X
Op — u"
H
hD1

The overall test statistic is formed 8§V U, whereV s the generalized inverse ®f. Under the null
hypothesis, the statistic has a chi-squared distribution with degrees of freedom equal to thevraBly of
default, the ICLIFETEST procedure perform 1000 imputations. You can change the number of imputations
by the IMPUTE option in the PROC ICLIFETEST statement.

Strati ed Tests
Suppose the generalized log-rank test is to be strati ed ofvthevels that are formed from the variables

U g, be the test statistic for theth stratum and le¥ g, be the corresponding covariance matrix as constructed
in the section “Variance Estimation of the Generalized Log-Rank Statistic” on page 4765. First, sum over the
stratum-speci ¢ estimates as follows:

sD1
Then construct the global test statistic as

u:Sv: u:

Under the null hypothesis, the test statistic has a chi-squared distribution with degrees of freedom equal to
the rank ofV:. The ICLIFETEST procedure performs the strati ed test only when the groups to be compared
are balanced across all the strata.

Multiple-Comparison Adjustments

When you have more than two groups, a generalized log-rank test tells you whether the survival curves are
signi cantly different from each other, but it does not identify which pairs of curves are different. Pairwise
comparisons can be performed based on the generalized log-rank statistic and the corresponding variance-
covariance matrix. However, reporting all pairwise comparisons is problematic because the overall Type |
error rate would be in ated. A multiple-comparison adjustment ofghalues for the paired comparisons

retains the same overall probability of a Type | error askhsample test.

The ICLIFETEST procedure supports two types of paired comparisons: comparisons between all pairs of
curves and comparisons between a control curve and all other curves. You use the DIFF= option to specify the
comparison type, and you use the ADJUST= option to select a method of multiple-comparison adjustments.
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Let 2 denote a chi-square random variable wittlegrees of freedom. Denoteand” as the density
function and the cumulative distribution function of a standard normal distribution, respectiveinHesthe
number of comparisons; that is,

kk_ 1 DIFF D ALL

mD k 1 DIFF D CONTROL

For a two-sided test that compares the survival ofithgroup with that ofth group,1 j = | r,the
test statistic is
Uj U, /?

2
z; D
7w eV o2y

and the rawp-value is

2 2
pDPr. 1>z//
For multiple comparisons of more than two groups (2 ), adjustedp-values are computed as follows:

Bonferroni adjustment:

p D minfL;mPr. £>z7/g
Dunnett-Hsu adjustment: With the rst group de ned as the control, there ard comparisons to be
made. LetC D .cj / bether 1/ r matrix of contrasts that represents the 1 comparisons; that
is,

8

<1 iDZ1:::5r 1) D2;iiir
cg D, 1 jDiC1;iD2;:::5r

" 0 otherwise

Lett . j/andR .rj/ be covariance and correlation matricesOof, respectively; that is,
t D cvCO
and
i D p——
i
The factor-analytic covariance approximation of Hsu (1992) isto ad:::; ; 1 such that
RDDC ©
whereD is a diagonal matrix whosj¢h diagonal element i$ jand D . q;:00 ¢ 1/% The
adjustedp-value is
0D 1 ‘1 _y/'YlA iy C z S LA Iy
1 iD1 1 72 1 2

This value can be obtained in a DATA step as

p D PROBMC."DUNNETT2" ;zj ;55r 1, 15000 ¢l
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Scheffé adjustment:

pDPr. 7 >z%/

Sidak adjustment:

pD1f1 Pn§>zﬁ@“

SMM adjustment:
pD1 @27/ 1

This can also be evaluated in a DATA step as
pD1 PROBMC."MAXMOD" 1 Z)1 noml

Tukey adjustment:
Z, b
pD1 rylEyl Cy 2z [ 1dy
1

This can be evaluated in a DATA step as

p_
pD1 PROBMC."RANGE"; 2z ;:;:r/

Trend Tests

Trend tests for right-censored data (Klein and Moeschberger 1997, Section 7.4) can be extended to interval-
censored data in a straightforward way. Such tests are speci cally designed to detect ordered alternatives
as

H.VB .t/ Sy.t/ Sk .t/;t ; with at least one inequality
or
HoV8 .t/ Sy.t/ Sk ./t ; with at least one inequality
Leta; <as < < ak be a sequence of scores associated wittKtisamples. LetU D .Uq;:::; Uk /

be the generalized log-rank statistic and .Vj; / be the corresponding covariance matrix of $ze K

as constructed in the section “Variance Estimatign of the Genergized fsog-Rank Statistic” on page 4765.
The trend test statistic and its variance are given B, , a Uy and {5, (5, aj Vi , respectively.

Under the null hypothesis that there is no trend, the follovzisgore has, asymptotically, a standard normal

distribution:

The ICLIFETEST procedure provides both one-tail and twogaialues for the test.
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Scores for Permutation Tests
The weighted log-rank statistic can also be expressed as

X

ubD Z G
iD1

whereg; is the score from thigh subject and follows the form

@.Li/ @.Ri/
§Li/ @Ri/

whereSC / denotes the derivative &. / with respect to , which is evaluated at D O.

¢ D

As presented in Table 63.4, Fay (1999) derives the forms of scores for three weight functions. Under the

assumption that censoring is independent of the grouping of subjects, these derived scores can be used by
permutation tests.

Table 63.4 Scores for Different Weight Functions

Test Weight Vi

DL/ ) PRI/R i/
Sun (1996) oL ORI
Fay (1999) OL/CORi/ 1
. . DL /1og®L ;/+ OR;/logdER I+
Finkelstein (1986) oL ORI

You can output scores to a designated SAS data set by specifying the OUTSCORE= option in the TEST
statement.

Missing Values

Observations that have a missing value for both the left boundary and the right boundary are not used in the
analysis. If a STRATA or FREQ variable value is missing, the observation is not used. However, you can treat
missing values as an independent stratum if you specify the MISSING option in the PROC ICLIFETEST
statement. If any variable that you specify in the TEST statement has a missing value, that observation is not
used in the calculation of test statistics unless you specify the MISSING option in the PROC ICLIFETEST
statement.

Output Data Sets
OUTSURV= Data Set

You can specify the OUTSURV= option in the PROC ICLIFETEST statement to create an output data set
that contains the following columns:

any variables that are speci ed using the BY statement
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any variables that are speci ed using the STRATA statement

any variable that is speci ed using the TEST statement

LeftBoundary andRightBoundary, the two boundary variables that represent a Turnbull interval
SurvProb, a variable that contains the survival function estimatéigtttBoundary

FailProb, a variable that contains the failure probability estimateRigtitBoundary

IMStderr, a variable that contains the standard errors that are estimated by using multiple imputations
BTStderr, a variable that contains the bootstrap standard errors

ConfType, a variable that contains the name of the transformation applied to the survival time in the
computation of con dence intervals

LagrangeMult, a variable that contains the Lagrange multiplier statistics for checking the Kuhn-Tucker
conditions

SurvProb_LCL, a variable that contains the lower limits of the pointwise con dence intervals for the
survival function, using imputation standard errors

SurvProb_UCL, a variable that contains the upper limits of the pointwise con dence intervals for the
survival function, using imputation standard errors

SurvProb_LCL_BT, a variable that contains the lower limits of the pointwise con dence intervals for
the survival function, using bootstrap standard errors

SurvProb_UCL_BT, a variable that contains the upper limits of the pointwise con dence intervals for
the survival function, using bootstrap standard errors

OUTSCORE= Data Set
You can specify the OUTSCORE= option in the PROC ICLIFETEST statement to create an output data set

that contains the following columns:
any variables that are speci ed using the BY statement
any variables that are speci ed using the STRATA statement
any variable that is speci ed using the TEST statement
Score, a variable that contains the scores for each subject

ScoreType, a variable that contains the name of the weight function for which the scores are calculated

Displayed Output

If you use the NOPRINT option in the PROC ICLIFETEST statement, the procedure does not display any
output.
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Data and Method Information

The “Data and Method Information” table is displayed each time PROC ICLIFETEST is called. The table
displays the following:

input SAS data set name

input left and right boundaries

FREQ variable name

method used to compute survival estimates

number of observations read

number of observations used

number of bootstrap samples

number of multiple imputation for calculating standard errors of the survival estimates

number of multiple imputation for estimating covariance matrix of the generalized log-rank statistics
(if the TEST statement is speci ed)

seed for multiple imputation

seed for bootstrap (if the BOOTSTRAP option is speci ed in the PROC ICLIFETEST statement)
The ODS name of this table is Datalnfo.

Nonparametric Survival Estimates

The “Nonparametric Survival Estimates” table is displayed by default. The table displays the following:

left boundary of time intervals

right boundary of time intervals

estimate of survival probability

estimate of failure probability

standard error of the survival estimate by the multiple imputation method

bootstrapped standard error of the survival estimate (if the BOOTSTRAP option is speci ed in the
PROC ICLIFETEST statement)

Lagrange multiplier (if METHOD=TURNBULL|EM is speci ed in the PROC ICLIFETEST statement)

The ODS name of this table is ProbabilityEstimates.
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Estimates at Right Boundaries of Turnbull Intervals

The “Estimates at Right Boundaries of Turnbull Intervals” table is displayed when you specify the SHOWTI
option. The table displays the following:

left boundary of Turnbull intervals

right boundary of Turnbull intervals

estimate of survival probability at the right boundary

estimate of failure probability at the right boundary

standard error of the survival estimate by the multiple imputation method

bootstrapped standard error of the survival estimate (if the BOOTSTRAP option is speci ed in the
PROC ICLIFETEST statement)

Lagrange multiplier (if METHOD=TURNBULL is speci ed in the PROC ICLIFETEST statement)
The ODS name of this table is Turnbullintervals.

Iteration History of Probability Estimates Associated with Turnbull Intervals

The “Iteration History of Probability Estimates Associated with Turnbull Intervals” table is displayed when
you specify the ITHISTORY option. The table displays the following:

iteration index
type of updating method (EM or ICM) for the current iteration
nonparametric log likelihood at each iteration

probability estimate that is associated with each Turnbull interval
The ODS name of this table is IterHistory.

Summary of Censored and Uncensored Values

The “Summary of Censored and Uncensored Values” table is displayed by default. The table displays the
following:

STRATA variables, if there are any, and their values

index of strata that are formed by the speci ed STRATA variables
TEST variable, if there is one, and its values

index of groups that are formed by the speci ed TEST variable
frequency of exact observations

frequency of left censorings
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frequency of interval censorings
frequency of right censorings

percentage of each type of censoring within a stratum
The ODS name of this table is CensoredSummary.

Quartile Estimates
The “Quatrtiles Estimates” table is displayed if nonparametric estimation nds an MLE successfully. The
table displays the following:

point estimates of the quartiles of the survival times

lower and upper con dence limits for the quartiles
The ODS name of this table is Quartiles.

Generalized Log-Rank Statistics

The “Rank Statistics” table contains the test statistics of the nonparardesaenple tests. The ODS name
of this table is HomStats.

Covariance Matrix for the Generalized Log-Rank Statistics

The “Covariance Matrix for the Log-Rank Statistics” table is displayed together with the generalized log-rank
statistics. The ODS name of this table is HomCov.

Test of Equality over Group

The “Test of Equality over Group” table is displayed if an unstratikkesample test is performed. The table
contains the chi-square statistics, degrees of freedomp-aatie of the generalized log-rank test. The ODS
name of this table is HomTests.

Strati ed Test of Equality over Group

The “Strati ed Test of Equality over Group” table is displayed if a strati ed test is carried out. The table
contains the chi-square statistics, degrees of freedomp-a&atlies of the strati ed tests. The ODS name of
this table is HomTests2.

Scores for Trend Test

The “Scores for Trend Test” table is displayed if the TREND option is speci ed in the TEST statement.
The table contains the set of scores that are used to construct the trend test. The ODS name of this table is
TrendScores.
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Trend Test

The “Trend Tests” table is displayed if the TREND option is speci ed in the TEST statement. The table
contains the results of the trend test. The ODS name of this table is TrendTest.

Pairwise Group Comparisons

The “Pairwise Group Comparisons” table is displayed if a multiple-comparison adjustment method is
speci ed. The table contains the chi-square statistics and the raw and adjugddaes of the paired
comparisons. The ODS name of this table is SurvDiff.

ODS Table Names

PROC ICLIFETEST assigns a name to each table that it creates. You can use these names to refer to the table
when you use the Output Delivery System (ODS) to select tables and create output data sets. These names are
listed in Table 63.5. For more information about ODS, see Chapter 20, “Using the Output Delivery System.”

Table 63.5 ODS Tables Produced by PROC ICLIFETEST

ODS Table Name Description Statement / Option

CensoredSummary Number of censored and uncenbefault
sored observations

ConvergenceStatus Convergence status Default
Datalnfo Data and methods information Default
HomCov Covariance matrix for the generTEST
alized log-rank statistics
HomStats Generalized log-rank statistics TEST
HomTests Results df-sample tests TEST | TEST / WEIGHT=
IterHistory Iteration history of nonparametricI THISTORY
estimation
ProbabilityEstimates Nonparametric survival estimatesDefault
Quartiles Quartile estimates Default
SurvivalDiff Adjustments for multiple compar-TEST / ADJUST= | TEST /
isons DIFF=
TrendScores Scores for trend test TEST/TREND
TrendTest Trend test results TEST/TREND
Turnbullintervals Turnbull intervals SHOWTI

ODS Graphics

Statistical procedures use ODS Graphics to create graphs as part of their output. ODS Graphics is described
in detail in Chapter 21, “Statistical Graphics Using ODS.”

Before you create graphs, ODS Graphics must be enabled (for example, by specifying the ODS GRAPH-
ICS ON statement). For more information about enabling and disabling ODS Graphics, see the section
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“Enabling and Disabling ODS Graphics” on page 607 in Chapter 21, “Statistical Graphics Using ODS”

The overall appearance of graphs is controlled by ODS styles. Styles and other aspects of using ODS
Graphics are discussed in the section “A Primer on ODS Statistical Graphics” on page 606 in Chapter 21,
“Statistical Graphics Using ODS.”

The survival plot is produced by default; other graphs are produced by specifying the PLOTS= option in the
PROC ICLIFETEST statement. You can refer by name to every graph produced through ODS Graphics. The
names of the graphs that PROC ICLIFETEST generates are listed in Table 63.6, along with the required
keywords for the PLOTS= option.

Table 63.6 Graphs Produced by PROC ICLIFETEST

ODS Graph Name Plot Description PLOTS=0Option

FailurePlot Estimated failure function SURVIVAL(FAILURE)
LogNegLogSurvivalPlot Log of the negative log of the estimated OGLOGS

survival function
NegLogSurvivalPlot Negative log of the estimated survivaLOGSURV

function
BandwidthGrid Cross validation pseudo log likelihood HAZARD (BWmeric-list)
by bandwidth HAZARD(BW=RANGHpwer,upper))
SmoothedHazard Kernel-smoothed hazard estimate HAZARD
SurvivalPlot Estimated survival function Default or SURVIVAL
SurvivalPlot Estimated survival function with point-SURVIVAL(CL)
wise con dence limits
SurvivalPlot Estimated survival function withK- SURVIVAL(TEST)

sample tesp-value

Examples: ICLIFETEST Procedure

The following examples illustrate some of the capabilities of the ICLIFETEST procedure. They are not
intended to represent de nitive analyses of the data sets that are presented here. See the references for
guidance on complete analysis of interval-censored data by appropriate statistical methods.

Example 63.1: Analyzing Data with Observations below a Limit of Detection

Data that have certain values below a limit of detection (LOD) are frequently encountered by toxicologists
and environmental scientists. Such data are usually analyzed by imputing the unobserved values by LOD/2
or LOD/ 2. This type of practice often raises the question of whether the population distributions can
be estimated without bias. Gillespie et al. (2010) propose using a reverse Kaplan-Meier estimator, or
equivalently, Turnbull's method (1976) by treating the unobserved data as left-censored. When the assumption
of independent censoring holds, these estimators can unbiasedly estimate the population distribution functions.
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The following hypothetical data have two values, 3 and 10, that are below the limit of detection:

data temp;
input C1 C2;
datalines;
3
4 4
6 6
8 8
. 10
12 12

The following statements invoke PROC ICLIFETEST to estimate the population distribution function by
using Turnbull's method:

proc iclifetest data=temp method=turnbull plots=survival(failure)
impute(seed=1234);
time (c1,c2);
run;

Specifying the PLOTS=SURVIVAL(FAILURE) option requests a failure probability plot. Results are shown
in Output 63.1.1. Note that because the rst Turnbull intervalis3/, the failure probability function is
unde ned within that interval.
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Output 63.1.1 Failure Probability Plot for Fictitious Nondetection Data

Output 63.1.2 presents the estimated failure probability, with standard errors that are estimated by the method
of multiple imputations.

Output 63.1.2 Cumulative Probability Estimates
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Example 63.2: Controlling the Plotting of Survival Estimates

Recall the breast cancer data in the example in the section “Getting Started: ICLIFETEST Procedure” on
page 4737. The following statements compute complementary log-log transformed pointwise con dence
limits for the two treatment groups and plot them:

proc iclifetest data=BCS plots=survival(cl) impute(seed=1234);
strata trt;
time (ITime, rTime);

run;

The two areas overlap a lot before the 20th month. After that, the radiation-only group tends to have higher
survival rate than the radiation-plus-chemotherapy group. That is, patients who receive only radiation tend to
survive longer to experience cosmetic deterioration than those who receive both treatments.

Output 63.2.1 Nonparametric Survival Estimates for Breast Cancer Data

The dashed lines visually connect the survival estimates across Turnbull intervals for which the estimates are
not de ned. You can choose not to display the dashed lines by specifying the NODASH option as follows:
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proc iclifetest data=BCS plots=survival(cl nodash) impute(seed=1234);
strata trt;
time (ITime, rTime);
run;
In Output 63.2.2, the survival estimates are plotted only for the time intervals for which estimates can be
obtained.

Output 63.2.2 Nonparametric Survival Estimates

If the overlaid plot becomes too busy, then it might be necessary to plot the survival estimates separately.
You can request a paneled display of individual survival estimate by specifying the STRATA=PANEL option
as follows:

proc iclifetest data=BCS plots=survival(cl strata=panel) impute(seed=1234);
strata trt;
time (ITime, rTime);

run;

Now the output survival estimates for different treatments are plotted in different panels, as shown in
Output 63.2.3.
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