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Summary

We develop methods for competing risks analysis when individual event times are correlated
within clusters. Clustering arises naturally in clinical genetic studies and other settings. We
develop a nonparametric estimator of cumulative incidence, and obtain robust pointwise standard
errors that account for within-cluster correlation. We modify the two-sample Gray and Pepe—Mori
tests for correlated competing risks data, and propose a simple two-sample test of the difference in
cumulative incidence at a landmark time. In simulation studies, our estimators are asymptotically
unbiased, and the modified test statistics control the type | error. The power of the respective two-
sample tests is differentially sensitive to the degree of correlation; the optimal test depends on the
alternative hypothesis of interest and the within-cluster correlation. For purposes of illustration,
we apply our methods to a family-based prospective cohort study of hereditary breast/ovarian
cancer families. For women with BRCA1 mutations, we estimate the cumulative incidence of
breast cancer in the presence of competing mortality from ovarian cancer, accounting for
significant within-family correlation.
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1. Introduction

In epidemiological cohort studies, individuals may be followed for more than one type of
event. The survival times are subject to competing risks if the occurrence of one event type
prevents other event types from occurring. There are effective methods for analyzing
competing risks data when individuals are independent (Moeschberger and Klein, 1995).
Furthermore, several approaches have been proposed (Lee, Wei, and Amato, 1992; Cai and
Prentice, 1995) that extend the Cox proportional hazards model to correlated survival data.
However, little attention has been given to competing risks analysis when event times from
different individuals are clustered. Such clustering arises naturally in family-based cohort
studies; but clustering may arise due to several other mechanisms. For example, in clinical
genetic studies, unrelated individuals may be subject to a cluster effect if they share the
same deleterious mutation or if several genes lead to the same clinical syndrome.
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This article was motivated by a prospective cohort study of hereditary breast and ovarian
cancer (HBOC) conducted by the National Cancer Institute (Kramer et al., 2005). In this
study, 451 women from 31 families with multiple cases of breast and/or ovarian cancer in
multiple generations were followed for up to 30 years. Entry of a kindred into the cohort was
initiated by a single family member (the proband) in the United States. The proband was
identified by the diagnosis of either breast or ovarian cancer. The proband and all other
cases of breast and/or ovarian cancer that had been diagnosed prior to the time of family's
ascertainment were excluded from our analysis. Subsequently, 23 of these families were
found to carry a deleterious germ-line mutation in the BRCA1 gene. In these families, there
were 98 mutation-positive and 353 mutation-negative women. Competing risks of interest
are breast cancer and death from causes other than breast cancer. In mutation-positive
women, the latter hazard is substantially elevated due to death from ovarian cancer.

A major objective of the present study is to estimate the cumulative incidence of breast
cancer in the BRCA1 mutation-positive women, accounting for competing mortality and the
effects of within-family correlation. We develop novel methods to account for the effects of
clustering on estimators and test statistics, and we investigate the sensitivity of these
estimators and tests to the degree of correlation.

For independent data, nonparametric maximum likelihood estimators of cumulative
incidence based on cause-specific hazard functions have been well described (Prentice et al.,
1978; Gaynor et al., 1993). In this article, we propose a non-parametric estimator of
cumulative incidence that accounts for within-cluster correlation, and we provide a robust
estimator for the pointwise variance.

The two-sample tests for competing risks have also been explored for independent data.
Gray considers a class of K-sample tests for the cumulative incidence based on weighted
averages of subdistribution hazard functions (Gray, 1988). Pepe and Mori develop test
statistics using weighted averages of cumulative incidences (Pepe and Mori, 1993).
Recently, it is shown that the nonparametric estimator of cumulative incidence obtained
from independent data converges weakly to a zero-mean Gaussian process (Lin, 1997).
Spiekerman and Lin (1998) extend this result to estimate the cumulative hazard function
from clustered data. In this report, we combine these approaches to develop tests for
correlated competing risks data. Three tests are proposed for the two-sample problem:
extensions of the widely used Gray and Pepe—Mori tests, and a novel pointwise landmark
test.

The rest of this article is organized as follows. In Section 2, we adopt counting process tools
to derive an estimator of cumulative incidence appropriate for clustered data, and we
develop a robust variance estimator that can be incorporated into the test statistics. In
Section 3, we consider two-sample tests. In Section 4, we present simulation studies. In
Section 5, we apply our methods to the HBOC dataset. In Section 6, we present concluding
remarks.

2. Nonparametric Estimation

For concreteness, we introduce the notation for the two-state problem with events “breast
cancer” and *“death without prior breast cancer.” The notation generalizes to the multistate
problem in an obvious manner. We suppose that there are n clusters involved in the study,

n
with nj individuals in cluster i, and we let '"=Z,.:]ni Note that the cluster size nj may vary
with cluster. We also assume that a finite constant M exists such that max4 <j<p {nj} <M for
every n. Adopting the notation of cause-specific hazards (Prentice et al., 1978), let (Tix, Jik)
be the age at breast cancer diagnosis (Jjx = 1), and age at death without prior breast cancer
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n;

(Jik = 2) for individual k in cluster i, respectively. Fori =1, ..., n, failure times {T, Ju},_,
for individuals in different clusters are assumed to be independent random variables.
However, individuals within the same cluster may have correlated failure times. We further
assume that all failure times Tj, have a common marginal survival function S(t). Let Xjx =
min (Tik, Cix) be the observed event or censoring time, where Cjy is the independent right-
censoring time for Tj; and let Aj, = I (Tjk < Cik) be the right-censoring indicator.
Furthermore, we denote the indicator function for an event type by dikx = Aik X Jik. That is, djk
=jforj=1and 2 if atype j event occurs, O if a censoring event occurs. Therefore, the

random vectors that can be observed are {Xt. 6ix};",, i = 1, ..., n. We assume that the
marginal distribution (X, dik) is the same for all i, k.

Instead of specifying a complete multivariate distribution for the underlying survival data,
we specify the marginal cause-specific hazard function for a type j = 1 and 2 event by

Pr {r < Xu<t+At, 5ik=leik > T}
hj(t)=lim , for j=1and 2,
: At—0 At (1)

and let h(t) = hy(t) + hy(t). In the setting of competing risks, the cumulative incidence of a

type 1 event is given by Fl(t)=f:)S(u)dH1 (u), where H_,-(t)=ﬂ,hj(u) du is the cumulative
hazard function for a type j event, and S(t) is the overall survival function. Adopting the
notation of counting processes (Andersen et al., 1993), for an individual k in cluster i, let

Nip()=1{Xy <t A Cyg,04=1}, and
Nop()=1{Xix. <t A Cig, 64=2},

be a count of the number of observed type j = 1, 2 events through time t, respectively. Let
Nik (£) = Njjk (t) + Nojk (t) be the overall event count, at time t. Let Yjy (t) = I{t < X;«} be the
indicator function that individual k in cluster i is at risk of either a type 1 event or a type 2

n n;
event just prior to time t, and let Y(t):Zi:IZk:l Yi(1) be the total number of individuals at
risk at time t —. The risk process Yik (t) can be modified to allow left truncation or other
general at risk processes. The nonparametric Nelson—Aalen type estimators (Aalen, 1978)

for the cause-specific cumulative hazard functions are ﬁl(t)=ff,dﬁ| (u), and H(r)= [ dH (u),
where

= AN = N ANk (D)
dH](r)_ZZ R and dH(t)_Z;kZ; o

i=1 k=1

Even if event times for individuals within a cluster are correlated, the Nelson—-Aalen
estimators Ay (t) and A (t) still provide consistent estimators of the cumulative hazard
functions Hy (t) and H(t) when the number of clusters m goes to infinity (Spiekerman and
Lin, 1998). Here we use the Nelson—Aalen type estimate for the overall survival function S
(t) = exp{—H (1)} (Nelson, 1972; Aalen, 1978).

The nonparametric estimator of cumulative incidence is obtained by replacing S(t) and Hy(t)
with the corresponding estimators
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Fi()= S wdH (u). @

When failure times are independent, several variance estimators have been proposed for the
cumulative incidence function, and a detailed comparison of these variance estimators was
recently presented (Braun and Yuan, 2006). Here we construct a novel robust variance
estimator for clustered competing risks data. In the Web Appendix, we show that Fy (t) is a

consistent estimator of the cumulative incidence Fy (t), and vm{F, () — F(r)} can be written
as the sum of mean zero random variables

n o n;

Vm(Fy(@0) = Fi@)=)" > Zu(0)+o,(D),

i=1 k=1 3)

using a technique similar to that of Ghosh and Lin (2000). Because Zjy (t) only depends on
the observation of subject k in cluster i, the between-cluster variance estimator of the simple

n n; -
linear statistic Z(t)=zi:] Zk:,Zik(f) is

n

— n — —
wr):nj;{z,-.(z) -Z.(1)) N

2
3

where Z; (t) is obtained by replacing the unknown quantities in equation (A.1) with the

— nj — — 1 n o= A
corresponding estimator, Zi»(’)=z it Zik(0), and l..(t)=~zi:]li-(t). By using results for the
clustered linear statistic (Williams, 2000), we show in the Web Appendix that V (t) is an
unbiased estimator for the variance of the linear statistic Z(t), or equivalently,

Nm{F (1) = Fi(1)}-

3. Two-Sample Tests

When it is of interest to investigate whether the cumulative incidence of the same event type
is equivalent in two groups, say, group 1 and group 0, we have the following null
hypothesis:

Ho:F\"()=F"(t) for all 1>0,

where F‘lg"(t) is the cumulative incidence for cause 1 in group g, for g = 0 and 1. For any
fixed time t, a test for the difference in cumulative incidence at t is given by

0,1(01= | = HF () - F 1)
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where mg is the sample size for group 0, m; is the sample size for group 1, and m = mg + my.
In practice, t can be set to a clinically relevant landmark time. Under the null hypothesis, test
statistic Qy p(t) is asymptotically normally distributed with mean zero and asymptotic
variance that can be consistently estimated by

I

. 1 n; 2
Vip=— % — Z{Zg,l\zl;\(z) —dZ (r)}

i=1 \k= (5)

where g;.=+/my if individual ik belongs to group 1, otherwise, g;= — +/m;and
Z: (t)——Z, V, Li lgiAZA(t) Here individuals from group 0 and group 1 may come from the

same cluster However, when the event times for individuals in groups 0 and 1 are
independent, the variance estimator has the following simple form

VI,M<t)——V‘”<t)+ VO, ©

where V9 (t) can be obtained from equation (4) for individuals in group g = 0 and 1. The
standardized landmark test is Qm(t):éw(t)/ f/m(t).

To test for an overall difference of the cumulative incidence functions, Gray (1988)
considers the difference of the subdistribution hazard function

P~ mimy dF @) dF\(1)
0= —— W (z){ e

where W (t) is a predictable weight function. With simple algebra, the Gray type test statistic

can be rewritten as:
0,= 2 [WdlF" () - FO ).
m

) Wi Y(l)(Z)Y(O)(t)
A common choice for 7 (t) is the log-rank weight function V()= YO () + YO (1)

Alternatively, Pepe and Mori (1993) consider the following test statistic for the overall
difference of the cumulative incidence functions:

PM

0= | 22 [RIF (1) - F )}
m

where the weight function K(t) converges in probability to a certain function K(t). Some
constraints must be imposed on both the weight functions K(t) and K(t) to ensure the
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stability of the test statistics (Pepe and Fleming, 1989). For some positive constants I" and J,

the constraints are [E(Z)[<F{5\5’)(I)}%+6 and g ()< {C®(5))2*° for g = 0 and 1, where C(®)(r)
is the estimator of survival function for the right censoring time in group g. For example,

_ mCOHCO(r)
onecanuse moCO(1)+m; C(y), that satisfies the constraints.

In the Web Appendix, we show that under the null hypothesis, the variances for Qg and
Qpwm can be consistently estimated by

n; 2

> D & [WOdZi(0) = [WOZ -0} and

v =L«
G_ﬂl

)
nj

. 1 . n P P ~
V== X — Zi:l{Zk:,gfka(f)Zik(I)df ~ [WZ * ~()dt} . The null hypothesis is

m n-—1

rejected at significance level a when the standardized Gray test statistic QG=Q;/ \/"7(,« or the

standardized Pepe—Mori test statistic Q,,,=Q,,,/ V,y is greater than ®~1(1 — /2), where
(x) is cumulative distribution function of the standard Gaussian distribution.

4. Simulation Studies

4.1 One-Sample Estimation

For the one-sample estimation problem, we considered total cluster sizes of n = 20 and 40.
Clustered survival data {Xu. 6i};", were generated for n; individuals per cluster, where Pr{n;

=g} =0.1,forq€ {1, 2, ..., 10}. Failure times {Tﬁk}:':] for individuals within the same
cluster shared a multivariate log-normal distribution with parameter (u;, ;) for type j events,
§=1, 2, respectively. The covariance matrix was X1 = ¢l + (1 — ¢)1pjxnjand X, = ol + (1 -
#)Lnjxnj, Where 1pixnj Was a nj x nj matrix with all entries equal to 1 and | was a nj x n;
identity matrix, here we fix ¢ = 0.3. The right-censoring time followed an exponential
distribution with parameter 1c = 0.05. Xj, was the minimum of the two failure times and the
right-censoring time, and i, = 0, 1 or 2, corresponding to right-censored data or to failures
of type 1 and 2, respectively.

To evaluate the impact of within-cluster correlation on estimates of cumulative incidence,
we considered scenarios with varying ¢. We reported the biases b(t) = Fy(t) — F1(t) for the
nonparametric approach (equation 2) at times t corresponding to the 10, 20, 30, 40, 50, 60,

70, 80, 90, and 95 percent quantiles of the normalized subdistribution F7(r)={F(r)/F1(c0)}

(Gaynor et al., 1993), e.g., the time tgg such that F7;(#90)=0.90. For x1 = up = 0.1, the results
based on 10,000 replications for ¢ = 0.0, 0.3, 0.6, and 0.9 (corresponding to independence,
and low, moderate, and strong within-cluster correlations, respectively, among survival
times for type 1 events) are shown in Figure 1. The overall absolute biases are small, less
then 0.02 in all scenarios considered. As the number of clusters increased, the bias
decreased. Indeed, for a study with n = 40 clusters, the absolute biases are all less than 0.01,
even with very heterogeneous clusters.

Figure 2 shows the empirical standard error (ESE), the robust standard error (RSE) that
accounts for correlation of clustered individuals, and the naive standard error (NSE) that
ignores correlation of clustered individuals, under the same parameter configuration as
shown in Figure 1. The ESEs were obtained from 10,000 Monte Carlo replications and are
an accurate approximation of the true standard errors. The RSEs closely track the ESEs at all
time points in each scenario. However, the NSEs tend to underestimate the true standard
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errors, substantially so for times beyond the conditional median. Other hazard curves (e.g.,
data were generated from the Weibull distribution with a shared Gamma random effect
variable) were examined, and all gave broadly similar results in terms of bias and standard
error estimations (data not shown).

4.2 Two-Sample Testing

For the two-sample testing problem, we investigated the type | error rates under the null
hypothesis and the power under alternative hypotheses. Under the null, we considered
cluster size mg = my = 20 and 40, and simulated data using the same settings of the one-
sample study for both group 0 and group 1. The test procedures developed in Section 3 were
applied. The Type | errors are reported in Table 1. In all settings considered, the three test
procedures have Type | errors close to the nominal level of « = 0.05. These data suggest that
the variance estimator for each test statistic is asymptotically consistent for large cluster
size. When within-cluster correlations were ignored and the naive variances were used to
construct the test statistics, similar simulations found that the Type | errors increased to as
large as 0.25, substantially above the nominal level of 0.05.

To study the power of these tests under alternative hypotheses, we considered failure times

with Weibull distributions using hazard functions for event type 1 of h(]g)(z):z;lg/hgr”“g in
groups g = 0 and 1, where vy ~ Gamma(p, ¢ ~1). Again, the hazard rates for type 2 events

were set to a constant function hgg’(t)zo.l in groups g = 0 and 1. Figure 3 shows the powers
of selected scenarios of alternative hypotheses for the landmark test at tgg, the Gray test, and
the Pepe—Mori test for ¢ = 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0. Panel A shows the power to detect
distinct cumulative incidence functions when the baseline hazards for event type 1 are
parallel constant lines. In panels B, C, and D, the two baseline hazards cross, with the
hazards in group 0 being constant and the hazards in group 1 increasing over time at
different rates. The performance of the test statistics depended on the shapes of the hazard
functions and the degree of homogeneity among clusters. Power decreased for all three test
statistics when hazards in different clusters became more heterogeneous, corresponding to a
large random effects variance or small ¢ The Pepe—Mori test dominated when the
cumulative incidence of one group was consistently greater then the other, while the Gray
test tended to have higher power when the cumulative incidence functions had a different
shape (Ghosh and Lin, 2000). Although all three test statistics were sensitive to within-
cluster correlation, the effect of correlation on each test was variable. The landmark test
performance depended on the time that was selected to conduct the test and could be
underpowered in some scenarios, for example, in panel C, when the landmark time of
interest is located at a point where the cumulative incidence curves are similar.

5. Application to HBOC Data

We applied the proposed methods to the HBOC study. Age is the natural time scale.
Prospective follow-up for family members began at the time that the proband was enrolled
(the ascertainment date). For individuals who were less than 20 years old at the time of
enrollment of the family, the starting date was deferred until their 20th birthday. The left-
truncation times for siblings could depend on each other, but this should not affect our
analysis. It is reasonable to assume that the left-truncation times are independent of the event
times (time of breast cancer or death) for any given family, because the follow-up that is
stipulated in the protocol does not depend on the age at diagnosis of breast or ovarian cancer
of the proband, or the number of affected relatives at any point of time. We extended our
methods in Section 2 to accommodate left truncation by modifying the at-risk processes as
Yik (t) = {Ejx < t < Xjk } where Ejy is the left-truncation time. All individuals alive without
developing breast cancer at the study closing date (June 30, 2003) were considered as right
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censored. The censoring times are independent of the event times. Thirty-three individuals
among 98 mutation-positive women, and 5 individuals among 353 mutation-negative
women, developed breast cancer during up to 30 years of follow-up. There were 17 and 14
deaths without prior breast cancer in the BRCA1 mutation-positive and mutation-negative
groups, respectively.

We estimated the cumulative incidence of breast cancer for women in BRCA1 mutation-
positive and mutation-negative women, treating death without breast cancer as a competing
risk and taking within-family correlation into account. The lifetime cumulative incidence of
breast cancer in the non-carriers was 6.4% with 95% confidence interval 0.3-12.5%, which
is similar to that observed in the general population. Both the NSEs and the RSEs were
0.031. We also used a Gamma frailty model (Andersen et al., 1993) to investigate the
within-cluster correlation of failure times. The generalized likelihood ratio tests showed no
evidence of family effects for either breast cancer or death without breast cancer in the 353
BRCA1 mutation-negative women, with variance for the frailty variable modulating time to

breast cancer estimated as Zr‘$=4.1 x 107> (p-value for Ef:o. is 0.999) and the variance for

the frailty variable modulating time to death estimated by 375:0.4 (p-value for afZ_:O is
0.122).

The cumulative incidence of breast cancer by age 80 in the BRCA1 mutation-positive group
was 62.3%, with 95% robust confidence interval 43.8-80.1%. The corresponding RSE was
9.4%, compared with 6.5% for the NSE that ignored within-cluster correlation. The
cumulative incidence of breast cancer in the mutation-positive women and the
corresponding pointwise 95% confidence intervals are shown in Figure 4 using the
nonparametric approach. The Gamma frailty model showed significant within-family

correlation for the breast cancer outcome, with G7=0.60. The generalized likelihood ratio
test of the null hypothesis g,,:5,=0 Yielded a p-value 0.029. However, a family effect was

not present for the mortality event, with 85:1.2 x 107*, and generalized likelihood ratio test
p-value equal to 0.958.

The landmark test statistic for the null hypothesis of no difference between these two groups
at age 80 is Q;m = 0.559 (S.E. 0.100), with standardized value Q| = 5.59, and
corresponding p-value of 2.3 x 1078, The Gray test statistic is Qgt = 14.27 (S.E. 2.74), with
standardized value QgT = 5.21, and p-value of 1.9 x 107. The Pepe—Mori test statistic is
Qpm = 20.04 (S.E. 4.07), with Qpp = 4.92, and p-value 8.7 x 10~/ As expected, each test is
highly significant. Although the standardized test statistics are similar, the landmark test is
readily interpreted as a 56% difference between the cumulative risks at age 80 in carriers
versus noncarriers from the same family.

6. Discussion

The competing risks problem for cluster-correlated failure times is frequently encountered in
clinical genetics studies. The HBOC study described here provides an illustrative example
with familial clustering. It has been pointed out by several investigators (Gaynor et al., 1993;
Pepe and Mori, 1993) that use of the Kaplan—Meier method can be misleading in the
presence of competing risks. Therefore, cumulative incidence estimators may be more
appropriate. The goal of our analysis was to develop general methods to estimate cumulative
incidence accounting for cluster correlation, and to develop appropriate test statistics
comparing cumulative incidence curves in the two-sample setting. Our simulation studies
and example suggest that naive estimators and tests may overestimate precision and suffer
from inflated type | errors. Therefore, our new methods may be broadly applicable and more
appropriate for clinical genetics studies. Our specific finding of a significant family effect
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for breast cancer among BRCA1 mutation-positive women is biologically plausible and
should be followed up in other studies.

The methods developed in this article provide asymptotically consistent point estimates of
the cumulative incidence. Simulation studies show that the finite sample biases of the
cumulative incidence curves appear to be small, and diminish as the sample size increases,
even in settings where individuals within the same cluster are highly correlated with each
other. As individuals from different clusters become homogeneous and within-cluster
correlation disappears, the robust variance estimate still provides a consistent estimate for
the true variance, although it may not be as efficient as the naive variance estimate.

Left truncation can occasionally introduce computational difficulties. If the risk set includes
only a single individual who fails then the Kaplan—Meier curve equals zero beyond that time
even if other individuals enter later. Fortunately, the Nelson—Aalen estimator does not have
computational difficulties in this situation. A second problem is that the risk sets can be very
small, often for early times, and this can result in very large standard errors associated with
estimates of cumulative hazards or cumulative incidence.

For two-sample testing problems, we examined the empirical size of a landmark test, Gray
test, and Pepe—Mori test under the null hypothesis, and we evaluated the empirical power of
these tests under selected alternative hypotheses. All tests controlled the type I error. The
respective powers depended on the extent of within-cluster correlation. The landmark test is
simple to interpret but it may be underpowered if the data are not informative at the
landmark time of interest. Both the Gray and the Pepe—Mori tests can have higher statistical
power over the other; the Gray test is more powerful when the shapes of the two cumulative
incidence curves are different, while the Pepe—Mori test is more powerful when one
cumulative curve is consistently higher than the other curve. Therefore, both can be useful in
practice.

Our methodology can be extended in several settings. In Section 5, we extended it to
accommodate left-truncation by modifying the at-risk processes Yii (). For the general K-
sample problem, one might design a global test by constructing the optimal linear
combination of results from two-sample test statistics. The Gray and Pepe—Mori tests have
been generalized to the setting of recurrent events (Ghosh and Lin, 2000) and multivariate
recurrent events (Chen and Cook, 2004) in the presence of the competing risk of a terminal
event (death). The robust variance estimator for the regression coefficients has been studied
for clustered recurrent events in the settings of semiparametric models (Schaubel, 2005).
However, it remains to extend those nonparametric tests to cluster-correlated recurrent
events.

In conclusion, we develop estimates and tests for cumulative incidence curves when event
times for individuals from the same cluster are correlated. Such an approach is useful when
interest lies in investigating the absolute risks, as we see from the HBOC study. The HBOC
dataset is available through Dr MHG (greenem@mail.nih.gov). The simulation studies and
data analysis for this article were conducted using Matlab (MathWorks, 2006). Programs are
available from BEC (bingshu@chenstat.com) upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Biometrics. Author manuscript; available in PMC 2011 June 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 10

Acknowledgments

This research was supported by the Intramural Research Program of the NIH, National Cancer Institute, Division of
Cancer Epidemiology and Genetics. The authors thank the editors and the reviewer for their helpful comments. The
authors also thank Dr Barry Graubard and Dr Ruth Pfeiffer for their helpful discussions.

References

Aalen O. Nonparametric inference for a family of counting processes. Annals of Statistics. 1978;
6:701-726.
Andersen, PK.; Borgan, O.; Gill, RD.; Keiding, N. Statistical Models Based on Counting Processes.
New York: Springer; 1993.
Braun TM, Yuan Z. Comparing the small sample performance of several variance estimators under
competing risks. Statistics in Medicine. 2006; 26:1170-1180. [PubMed: 16900556]
Cai J, Prentice RL. Estimating equations for hazard ratio parameters based on correlated failure time
data. Biometrika. 1995; 82:151-164.
Chen BE, Cook RJ. Tests for multivariate recurrent events in the presence of a terminal event.
Biostatistics. 2004; 5:129-143. [PubMed: 14744832]
Gaynor J, Feuer EJ, Tan CC, Wu DH, Little CR, Straus DJ, Clarkson BD, Brennan MF. On the use of
cause-specific failure and conditional failure probabilities: Examples from clinical oncology data.
Journal of the American Statistical Association. 1993; 88:409.
Ghosh D, Lin DY. Nonparametric analysis of recurrent events and death. Biometrics. 2000; 56:554—
562. [PubMed: 10877316]
Gray RJ. A class of K-sample tests for comparing the cumulative incidence of a competing risk.
Annals of Statistics. 1988; 16:1141-1154.
Kramer JL, Velazquez 1A, Chen BE, Rosenberg PS, Struewing JP, Greene MH. Prophylactic
oophorectomy reduces breast cancer penetrance during prospective, long-term follow-up of BRCA1
mutation carriers. Journal of Clinical Oncology. 2005; 23:8629-8635. [PubMed: 16314625]
Lee, EW.; Wei, LJ.; Amato, DA. Cox-type regression analysis for large numbers of small groups of
correlated failure time observations. In: Klein, JP.; Goel, PK., editors. Survival Analysis: State of
the Art. Dordrecht: Kluwer Academic; 1992. p. 237-247.

Lin DY. Non-parametric inference for cumulative incidence functions in competing risks studies.
Statistics in Medicine. 1997; 16:901-910. [PubMed: 9160487]

MathWorks. MATLAB: The Language of Technical Computing. Natick, MA: The MathWorks Inc.
(7.0); 2006.

Moeschberger ML, Klein JP. Statistical methods for dependent competing risks. Lifetime Data
Analysis. 1995; 1:195-204. [PubMed: 9385101]

Nelson W. Theory and applications of hazard plotting for censored failure time data. Technometrics.
1972; 14:945-965.

Pepe MS, Fleming TR. Weighted Kaplan-Meier statistics: A class of distance tests for censored
survival data. Biometrics. 1989; 45:497-507. [PubMed: 2765634]

Pepe MS, Mori M. Kaplan-Meier, marginal or conditional probability curves in summarizing
competing risks failure time data? Statistics in Medicine. 1993; 12:737-751. [PubMed: 8516591]

Prentice RL, Kalbfleisch JD, Peterson AV Jr, Flournoy N, Farewell VT, Breslow NE. The analysis of
failure times in the presence of competing risks. Biometrics. 1978; 34:541-554. [PubMed:
373811]

Schaubel DE. Variance estimation for clustered recurrent event data with a small number of clusters.
Statistics in Medicine. 2005; 24:3037-3051. [PubMed: 16149126]

Spiekerman CF, Lin DY. Marginal regression models for multivariate failure time data. Journal of the
American Statistical Association. 1998; 93:1164-1175.

Williams RL. A note on robust variance estimation for cluster-correlated data. Biometrics. 2000;
56:645-646. [PubMed: 10877330]

Biometrics. Author manuscript; available in PMC 2011 June 29.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Chen et al.

Page 11
n=20,$=0 n=20,46=03 n=20,¢=06 n=206=09

0.02 0.02 0.02- 0.02

0.01 0.01 0.01" 0.01
)
@ 0 0 0 0
m

-0.01 -0.01 0.01: -0.01

-0.02 -0.02
0 25 50 75 100

-0.02
25 50 75 100

-0.02
0 25 50 75 100

0 0 25 50 75 100
n=404=0 n=40,4=03 n=40,¢=06 n=40,6=09
0.02 0.02 0.02¢ 0.02
0.01 0.01 0.01: 0.01
wn
3 0 0 0 0
-0.01 -0.01 -0.01+ -0.01
-0.02

-0.02
0 25 50 75 100

0

-0.02
25 50 75 100

-0.02
0 25 50 75 100

Percentiles of the cumulative incidence

Figure 1.

0 25 50 75 100

Biases for the cumulative incidence functions by percentile of the standardized cumulative

incidence function F7(r) when py = 0.1 and pp = 0.1 for different cluster sizes m and
correlation coefficient . Results were based on 10,000 replications.
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ESEs, RSEs, and NSEs by percentile of the standardized cumulative incidence function
F(1). Results were based on 10,000 replications.
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function), the Gray test, and the Pepe—Mori test for value of the frailty parameter ¢. Results

were based on 10,000 replications. The baseline hazard rates are: (A) %

(=0.10 and

K" (=025, (B) K" (1)=0.10 and k" (1)=0.20 x V7, (C) K" (1)=0.10 and 1{”(1)=0.02 x 1, and
(D) A" (1)=0.15 and A" (1)=0.02 x 1.
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Figure 4.
Cumulative incidence of breast cancer in BRCA1 mutation-positive women, and
corresponding pointwise 95% confidence intervals.
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