Statistical Theory and Related Fields

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tstf20

Taylor & Francis

Taylor & Francis Group

Log-rank and stratified log-rank tests

Ting Ye, Jun Shao & Yanyao Yi

To cite this article: Ting Ye, Jun Shao & Yanyao Yi (2023) Log-rank and stratified log-rank tests,
Statistical Theory and Related Fields, 7:4, 309-317, DOI: 10.1080/24754269.2023.2263720

To link to this article: https://doi.org/10.1080/24754269.2023.2263720

© 2023 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

@ Published online: 13 Dec 2023.

\J
CA/ Submit your article to this journal &

||I| Article views: 221

A
& View related articles &'

oy

(&) View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tstf20


https://www.tandfonline.com/action/journalInformation?journalCode=tstf20
https://www.tandfonline.com/loi/tstf20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/24754269.2023.2263720
https://doi.org/10.1080/24754269.2023.2263720
https://www.tandfonline.com/action/authorSubmission?journalCode=tstf20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tstf20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/24754269.2023.2263720
https://www.tandfonline.com/doi/mlt/10.1080/24754269.2023.2263720
http://crossmark.crossref.org/dialog/?doi=10.1080/24754269.2023.2263720&domain=pdf&date_stamp=13 Dec 2023
http://crossmark.crossref.org/dialog/?doi=10.1080/24754269.2023.2263720&domain=pdf&date_stamp=13 Dec 2023

STATISTICAL THEORY AND RELATED FIELDS .
2023, VOL. 7,NO. 4, 309-317 Taylor & Francis

https:/doi.org/10.1080/24754269.2023.2263720 Taylor &Francis Group

8 OPEN ACCESS W) Check for updates

Log-rank and stratified log-rank tests

Ting Ye?, Jun ShaoP€ and Yanyao Yi¢

aDepartment of Biostatistics, University of Washington, Seattle, WA, USA; ®School of Statistics, East China Normal University, Shanghai,
People’s Republic of China; “Department of Statistics, University of Wisconsin, Madison, WI, USA; 9Global Statistical Sciences, Eli Lilly and
Company, Indianapolis, IN, USA

ABSTRACT ARTICLE HISTORY

In randomized clinical trials with right-censored time-to-event outcomes, the popular log-rank Received 3 February 2023
test without adjusting for baseline covariates is asymptotically valid for treatment effect under Revised 24 June 2023
simple randomization of treatments but is too conservative under covariate-adaptive random- Accepted 20 September 2023
ization. The stratified log-rank test, which adjusts baseline covariates in the test procedure by KEYWORDS
stratification, is asymptotically valid regardless of what treatment randomization is applied. In Baseline covariates;

the literature, however, under simple randomization there is no affirmative conclusion about  covariate-adaptive

whether the stratified log-rank test is asymptotically more powerful than the unstratified log- randomization; null
rank test. In this article we show when the stratified and unstratified log-rank tests aim for the hypothesis of no treatment
same null hypothesis and that, under simple randomization, the stratified log-rank test is asymp- effect; Pitman'’s relative

totically more powerful than the unstratified log-rank test in the region of alternative hypothesis effl'.ﬂ?”cyf? time-to-event;
that is specified by a Cox proportional hazards model. We also provide some discussion about ~ Va/dity of tests
why we do not have an affirmative conclusion in general.

1. Introduction

The log-rank test (Mantel, 1966) and stratified log-rank test (Peto et al., 1976) are the two longstanding and most
popular nonparametric tests for treatment effect in randomized clinical trials with two treatment arms and right-
censored time-to-event outcomes. What motivates the stratified version of log-rank test is that baseline prognostic
factors (covariates), measured prior to treatment assignments and thus not affected by treatments, are adjusted
through stratification for efficiency gain.

Adjusting baseline covariates has been widely advocated to improve efficiency for tests and other analyzes, in the
following two aspects. (i) In the design stage, covariate-adaptive randomization can be used to enforce the balance
of treatment assignments across baseline prognostic factors, which results in more efficient tests (EMA, 2015).
More details about covariate-adaptive randomization are given in Section 2. (ii) In the analysis stage, ‘incorporating
prognostic baseline factors in the primary statistical analysis of clinical trial data can result in a more efficient use
of data to demonstrate and quantify the effects of treatment’ (FDA, 2021), ‘under approximately the same minimal
statistical assumptions that would be needed for unadjusted’ (EMA, 2015; FDA, 2021; ICH E9, 1998).

If the log-rank test is considered as ‘unadjusted test’, then the stratified log-rank test qualifies as an adjusted
test under the same minimal assumption because it is still a nonparametric test without using any model. Tests
using the Cox proportional hazards model as a working model are also qualified (DiRienzo & Lagakos, 2002; Kong
& Slud, 1997; Lin & Wei, 1989), but the resulting tests can be less efficient than the unadjusted log-rank test when
the working model is wrong (Kong & Slud, 1997). In this paper we focus on the stratified and unstratified log-rank
tests.

Although stratified log-rank test uses information from baseline prognostic factors and thus is expected to be
more efficient, an affirmative conclusion about whether it is asymptotically more efficient than the unstratified log-
rank test is not available, under simple randomization in which patients are assigned to treatments completely at
random. Another issue is that the stratified log-rank actually tests a null hypothesis stronger than that of the log-rank
test and, hence, a prerequisite in their comparison is to investigate when the two null hypotheses are the same.

The purpose of this paper is to establish some affirmative conclusions about the stratified and unstratified log-
rank tests, in terms of null hypothesis, asymptotic validity of tests and Pitman’s asymptotic relative efficiency. The
research is important as these two longstanding tests are used a lot in applications without a guidance on which one
should be used.
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Section 2 describes data, design, and log-rank test statistics. Section 3 introduces hypotheses, assumptions and
the concept of validity for log-rank tests. Some theoretical results for stratified and unstratified log-rank tests are
given in Section 4, where we show that, under simple randomization, the stratified log-rank test is asymptoti-
cally more powerful in the region of alternative hypothesis that is specified by a Cox proportional hazards model.
Section 5 contains conclusions and Appendix provides technical proofs.

2. Data, design and test statistics

For a patient from the population under investigation, let T; and C; be the potential life time and right-censoring
time, respectively, under treatment j = 0 or 1, and W be the vector of all baseline covariates and other time-varying
covariates, observed or unobserved. Suppose that a random sample of n patients is obtained from the population
with independent (Tj, Cio, Ti1, Ci1, Wi),i = 1,.. ., n, identically distributed as (T, Co, T1, C1, W). For each patient,
only one of the two treatments is assigned and received.

Let I; be a binary treatment indicator for patient i and 0 < 7 < 1 be the pre-specified treatment assignment
proportion for treatment 1. Consider the design, i.e. the generation of I;’s for n sequentially arrived patients. Sim-
ple randomization assigns patients to treatments completely at random with P(I; = 1) = m for all i, which may
yield treatment proportions that substantially deviate from the target 7 across levels of some baseline prognostic
factors. Because of this, covariate-adaptive randomization using Z, a sub-vector of W containing observed base-
line prognostic factors with finitely many joint levels, is widely applied. When patient i with baseline Z; = z is
arrived, a treatment is assigned using a mechanism dependent on all previously assigned treatments for patients
with Z; = z. For example, the most popular covariate-adaptive randomization scheme, the stratified permuted
block design (Zelen, 1974), randomly assigns sequentially arrived patients with Z; = z in blocks of size B, each
having Brr patients in treatment 1, where B is appropriately chosen so that Brr is an integer and the last block
is allowed to be incomplete. Another popular covariate-adaptive randomization is Pocock-Simon’s minimiza-
tion (Pocock & Simon, 1975; Taves, 1974). Other schemes can be found in two reviews, Schulz and Grimes (2002)
and Shao (2021). To see how popular covariate-adaptive randomization is, it was used in more than 500 clinical
trials between 1989 and 2008 (Taves, 2010) and 237 trials among nearly 300 trials published in two years, 2009
and 2014 (Ciolino et al., 2019). All commonly used covariate-adaptive randomization schemes satisfy the following
mild condition (Antognini & Zagoraiou, 2015).

(Dl) Given {Zl, . ,Zn}, {11, . ,In} and {Tu, C11, T10, C10, Wl, cees Tnl; Cnl: TnO) Cn(), Wn} are COIlditiOIlally
independent; E(I; | Z1,...,Z,) = x foralls; and for everylevel zof Z, n,; /n, — 7 in probabilityasn — oo,
where 7, is the number of patients with Z; = z and n;; is the number of patients with Z; = zand I; = 1.

Most commonly used covariate-adaptive randomization schemes except Pocock-Simon’s minimization also
satisfy the next condition.

(D2) Conditional on Zy,. .., Z,, the vector whose zth component is v/n(n;1/n — 7) with z ranging over all levels
of Z converges in distribution to N (0, 2), where €2 is the diagonal matrix whose zth diagonal entryis v/P(Z =
z)and v < (1 — m) is a known constant depending on the randomization scheme.

Although simple randomization is not counted as covariate-adaptive randomization, it satisfies (D1) and (D2)
withv =7 (1 — 7).

After I; is assigned, the observed outcome from patient i is min(T;, C;) with T; = I;Ti; + (1 — I;)Tjp and C; =
I;iCi + (1 — I})Cjp, together with an indicator of T; < C;.

The log-rank test statistic is

TL == \/Zi\]L/a—\La
~ l T o Y](t)
0, = n;/ {L o }sz(t)

Y ()Y
85:_2/ I(Ytzgi(” dNi (), (1)

where Y(t) = Yo Yit)/n, Yi(t) = LY () + (1 — L) Yio (), Yjj(t) = the indicator of the event min(Tj;, Cjj) > t,
Y1) = Y0 LYi()/n, Yo(t) = Y1 (1 — [)Yi(H)/n, Ni(t) = IiNu (t) + (1 — ;)N (£), Nji(£) is the indicator of
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the event T;; < min(t, C;), and the upper limit 7 in the integral is a point satisfying P(min(Tj;, C;j) > 7) > 0 for
ji=0,1.

The stratified log-rank test statistic is a weighted average of the stratum-specific log-rank test statistics with strata
constructed using Z,

Ter = \/E/USL/ESLn

5 l ! L ?zl(t) :
Usn==> >, / {L 0 }dN,(r),

z iZi=z 0
s =1 [ Ya Yo 4
USL - n ; i;Z'Z_z 0 ?Z(t)z dNI(t)’ (2)

where Yo (t) = Y7 TYi(0) /1, Yoo (6) = Y7, (1 = D Yi(0)/m, and Yo (1) = Yar () + Yo 0).

It is clear that in terms of test statistics, the stratified Tgr, in (2) utilizes Z values whereas the unstratified T,
in (1) is unadjusted. Under covariate-adaptive randomization, T, is not completely unadjusted since it uses Z-
information through assignments I;’s, although it does not adjust for covariate-adaptive randomization in a correct
way. On the other hand, the stratified Tg;, uses Z-information in both design and analysis stages.

We consider stratification with all levels of Z. In applications, it is allowed to use more covariates to form strata.
The conclusions in what follows remain the same. However, it is not a good idea to use fewer levels of Z for
stratification, because it may result in a test that is not asymptotically valid.

3. Null hypothesis, assumption and validity

Throughout, o € (0, 1) denotes a given significancelevel and zy / is the (1 — «/2)th quantile of the standard normal
distribution. When |T1,| > z4/2, the log-rank test rejects the following null hypothesis Hy of no treatment effect,

Hy : M1(t) = Ag(t) forallt, (3)

where A;(t) is the unconditional hazard function of Tj, j = 0, 1. Hp in (3) is a commonly adopted null hypothesis
of no treatment effect unconditional on covariates.

The log-rank test is nonparametric. Its validity requires non-informative censoring (DiRienzo & Lagakos, 2002;
Kong & Slud, 1997), i.e.,

(C) C; is independent of Tj given j.

Under simple randomization, it is well-known (Kalbfleisch & Prentice, 2011) that the log-rank test is asymptot-
ically valid in the sense that

lim P(lTL| > za/z) <a (4)
n—oo

with equality holding for at least one population P under H.

Unlike simple randomization, covariate-adaptive randomization generates a dependent sequence of treatment
assignments, which may render conventional methods developed under simple randomization, such as the log-rank
test, not valid under covariate-adaptive randomization (EMA, 2015; FDA, 2021). It is shown in Ye and Shao (2020)
that, under covariate-adaptive randomization with v in (D2) strictly smaller than 7 (1 — ), the log-rank test is
asymptotically conservative in the sense that,

lim P(|TL| > za/z) <oy <« (5)
n—oo

for all P under H,.
The stratified log-rank T g, in (2) actually tests the null hypothesis

~

Hy : A(t | 2) =Xxo(t | 2) foralltandz, (6)

where Aj(t | z) is the hazard function of Tj conditional on Z = z, j = 0, 1. Note that Hy in (6) holds if and only if
the hazard functions are the same in every stratum z and, thus, is stronger than Hy in (3).

The validity of stratified log-rank test requires the following assumption on censoring:

(CZ) C;jisindependent of T; given jand Z.

Conditions (C) and (CZ) are not comparable, although both are implied by that C; is independent of (T}, Z)
given j, a reasonable condition for non-informative censoring.
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Under simple randomization and covariate-adaptive randomization satisfying (D1) in Section 2, (4) holds with
Ty replaced by T g, and Hy replaced by Hy (Ye & Shao, 2020), provided that all levels of Z are used in stratification.

Since Hy is stronger than H, the stratified and unstratified log-rank tests are not comparable. Thus, a prereq-
uisite for the comparison of efficiency of two log-rank tests is Ho = Hy. Is there a scenario under which Hy = Hy?
Consider the following transformation model assumption.

(TR) There is an increasing function h such that h(P(Ty >t | V)) =60 + h(P(Ty >t | V)) forall (¢#,V) and a
constant 0, where V is a vector of covariates, Z C V C W, and both h and 6 can be unknown.

Assumption (TR) is discussed in Cheng et al. (1995), which includes many commonly used semiparametric
models as special cases, for example, the Cox proportional hazards model (see formula (7) in Section 4). It is a mild
assumption since h is unknown and we only need to know it exists.

The proof of following result is in the Appendix.

Theorem 3.1: Under (TR), Hy in (6) is the same as Hy in (3).

4. Comparison of two log-rank tests

When Hy = Hy, is the stratified log-rank test T g1, more efficient than the unstratified log-rank test T, under simple
randomization when both tests are asymptotic valid? Intuitively this sounds correct since T, does not adjust for
covariates.

Unfortunately, there is no result on this in the literature. In this section we try to fill this gap to some extent
and explain why the two log-rank tests are not comparable in terms of efficiency. This is important because both
stratified and unstratified log-rank tests are used a lot in applications.

To this goal, we first state the following asymptotic result (whose proof is given in Appendix) for the asymptotic
distributions of stratified and unstratified log-rank tests under local alternatives. Define

0= [ 11 = Va0 ANy = Vy(op . = 0.1,

Osj = /0 (1= ()P (a0} AN (1) — Yy(Dpa(D dt)s j= 0,1,

where w(t) = E(I; | Yi(t) = 1), o (t) = E(I; | Yi(t) = 1,Z; = 2), p(t) dt = E{dN;(£)}/E{Yi(®)}, and p.(t) dt =
E{dN;i(t) | Z; = z}/E{Yi(t) | Zi = z}. Also, we use O; to denote Oj; for any i and O to denote O; for any
i and z. Note that, under the null hypothesis Hp, E(O;) =0 for j = 0, 1, and under the null hypothesis Hy,
E(O; | Z=2z)=0forallzandj =0, 1.

Theorem 4.1: (a) Assume (CZ) and (D1). Under the local alternative hypothesis that E(Oj | Z = z) = czjn_l/ 2
with c;j’s not depending on n and that A1(t | z)/Ao(t | 2) is bounded and — 1 for every t and z, Tgy i

N(sr./0s1,, 1), where i denotes convergence in distribution as n — 00, 8sr, = ), P(Z = z){mcy — (1 —
T)C0), USZL~: > PZ= 2){mvarg (On | Z=12)+ (1 —nm)varg (O | Z=2)}, and varg, denotes vari-
ance under Hy.

(b) Assume (C), (D1), and (D2). Under the local alternative hypothesis that E(O,;) = cjn’l/z with ¢;’s not depend-

ing on n and that A1 (t)/Ao(t) is bounded and — 1 for every t, Ty, 4 N(831 /01, 02(v)/0?), where 81, =
mer — (1 — )eg, 0f = mvary, (01) + (1 — 7)vary, (Op), 02(v) = 02 — {7 (1 — ) — v}vary, {Ex,(01|Z) +
En,(00|2)} for v given in (D2), and Ey,, and vary, denote expectation and variance under Hy, respectively.

Because the local alternative hypotheses specified in (a) and (b) of Theorem 4.1 do not follow any model, SéL
and 82 can be arbitrarily very different and, thus, Tg;, and T, may be not comparable in terms of asymptotic
efficiency. In other words, the space of alternative hypothesis is too large to compare efficiency of Ty, and T1,, as
there is no model at all. A semiparametric model on alternative hypothesis narrowing down the space of alternative
hypothesis may result in affirmative results of comparing efficiency. We derive a result under the Cox proportional
hazards model to highlight this.
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Figure 1. Power curves based on n = 500 and 2000 simulations.
Suppose that the true hazard follows a Cox proportional hazards model,
At | V) =rt)exp@+n'V), j=0,1, (7)

whereZ C V.C W, A it | V)is the hazard conditional on covariate V, 8 is an unknown parameter, 1 is an unknown
parameter vector, and A(¢) is an unspecified function. Under model (7), (TR) holds with /(s) = — log(— log(s)) and
Hy=Hp :6=0.

Corollary 4.1: Assume that model (7) holds, C; is independent of (T}, Z) given j, and P(Cy > t | V) = P(Co >
t | V) for all t. Then, under simple randomization, the stratified log-rank test T g1, is always more efficient than the
unstratified log-rank test Ty, in terms of Pitman’s asymptotic relative efficiency.

The proof is given in the Appendix. A key to the proof is that the local alternative hypotheses in (a) and (b) of
Theorem 4.1 can be unified into & = ¢/+/n with the help of model (7).

As both log-rank tests are nonparametric and do not need model (7), what does Corollary 4.1 tell us? It says that,
under simple randomization, the stratified log-rank test T gy, is more efficient in the region of alternative hypothesis
specified by model (7), although we cannot claim that T g1, is more efficient in the entire alternative hypothesis space.

We now turn to covariate-adaptive randomization, under which the unstratified log-rank test T, is not valid but
conservative, as we discussed in Section 3. On the other hand, by Theorem 4.1(a), the stratified log-rank test T g1, is
valid for testing Hy regardless of which covariate-adaptive randomization is applied. Therefore, stratified log-rank
test is a clear winner when covariate-adaptive randomization is applied.

Another way to adjust for covariates used in randomization is the modified (unstratified) log-rank test Try, =
01, T1./01(v) proposed by Ye and Shao (2020), where o1,(v) is a consistent estimator of o7,(v) (see §3.2 of Ye
and Shao 2020). T gy, removes the conservativeness of Ty, and is valid for testing Hy in (3) under covariate-adaptive
randomization.



314 (&) T.YEETAL

Even if model (7) holds, Tgz, and Tgy, are not comparable in terms of asymptotic efficiency. We provide two
simulation examples here to demonstrate that Tg;, is more efficient in one scenario but less efficient in another
scenario, compared with Tgy,. The simulation setting is model (7) with A(t) = 127 !1log2 for all ¢ and n'v=
—1.571 + O.SZ%, where Z; is binary with P(Z; = 1) = 0.5, Z, ~ N(0, 1), and Z; and Z, are independent. Z; and
discretized Z, with 4 equal probability categories are used for stratified permuted block randomization with block
size 4. In scenario 1, censoring is independent of treatment and (Z;, Z,) and distributed as uniform on (10,40). In
scenario 2, censoring is independent of treatment and Z,, but conditioned on Z;, and censoring is distributed as 10
+ the exponential distribution with mean 2Z;. The power curves over 6 with « = 0.05 and n = 500 based on 2000
simulations are given in Figure 1. Note that T g, is more powerful than Tgy, under scenario 1 but less powerful
under scenario 2. Both Tgr, and Tgy, are more powerful than the conservative T, in any case.

The reason why the stratified T g1, and the modified unstratified Ty, are not comparable in asymptotic efficiency
is that the two tests adopt different approaches in utilizing baseline covariates: the former adjusts baseline covariates
by stratification, whereas the latter utilizes baseline covariates by modifying the unstratified T, whose performance
is affected by covariate-adaptive randomization.

5. Conclusion and discussion

(1) Under some semiparametric models for survival time such as the transformation model (TR) described in
Section 3, the null hypotheses of stratified and unstratified log-rank tests are the same.

(2) Under simple randomization of treatment assignments, the stratified log-rank test is asymptotically more effi-
cient than the unstratified log-rank test in terms of Pitman’s relative efficiency in the region of alternative
hypothesis specified by the Cox proportional hazards model given by (7). It is of interest to derive more affir-
mative results using assumptions/models other than the Cox model to narrow down the space of alternative
hypothesis.

(3) Under covariate-adaptive randomization of treatment assignments, the unstratified log-rank test is not asymp-
totically valid but conservative, whereas the stratified log-rank test is asymptotically valid as long as the
covariates used in randomization are all included in stratification. Thus, the stratified log-rank test is a clear
winner. A modified unstratified log-rank test removes conservativeness and is valid, but its relative efficiency
compared with the stratified log-rank test has no definite conclusion, because the two tests apply different
approaches in utilizing covariates.

(4) Because the region specified by the Cox model is quite large and the stratified log-rank test is a clear winner
under covariate-adaptive randomization, we recommend the stratified log-rank test over the unstratified log-
rank test.
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Appendix
Proof of Theorem 3.1

It is clear that Hy in (6) implies Hy in (3). Thus, it suffices to show that, under (TR), 1, (t) = Ao(t) for all t implies A; (¢t | Z) =
Ao(t | Z) for all (¢, Z). Define S;(t | V) = P(Tj = t | V) and Sj(t) = P(T; > ). If 11 (t) = Ao(¢) for all ¢, then So(t) = S; ()
for all £. Condition (TR) implies that

So(t | V) =h"YO +h(Si(t | V) forall(t, V).
Then
S1(t) = So(t) = E{So(t | V)} =E{h7'(0 + h(Si(t | V)))} forallt,
1.e.,
E{n '@ +hSit | V) —Sit | )} =0 forallt.
Since AL (O + h(S1(t | V) = Si(t | V)or<S;(t | V) depending on whether 6 > 0 or < 0,
WY +h(Si(t | V) =Si1(t | V) forall (£, V).

This implies that 6 = 0 and, thus, So(t | V) = Si(¢ | V) for all (¢, V), which together with Z C V imply that So(t | Z) =
S1(t | Z) and hence Ao(t | Z) = 11 (t | Z) forall (¢, Z).

Proof of Theorem 4.1
We prove (a) only, since the proof of (b) is similar. We first show that, under the null hypothesis Hy or alternative hypothesis,

—~ 6,1 — nyb ~
\/E (USL B Z Nnz10z1 — nz0 ZO) i N (O:GSZL) X (A1)

n
z

where n,; = the number of patients with treatment j in stratum z, 8, = E(O; | Z =2),j = 0, 1, and

52, =Y P(Z =2 {nvar(Oz | Z=2)+ (1 —n)var(Oz | Z = 2)}.

Following the argument in the Appendix of Lin and Wei (1989), we obtain that, under either the null or alternative hypothesis,
the left hand side of (A1) is equal to

1
NG D IOz — 02) — (1= I)(Ozio — 6:0)} + 0p(1), (A2)
z iZi=z

where 0, (1) denotes a quantity converging to 0 in probabilityas # — oco. DefineZ = {I1,...,I,}and Z = {Z1, ..., Z,}. Similar
to the proof of Theorem 2 in Ye et al. (2022), the Lindeberg’s Central Limit Theorem justifies that, conditioned on Z and Z, the
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random vector
T
1 1
—= > (O —0), —= Y Y (1= I)(Ozio — Oz0)
Vn z iZi=z Vn z iZi=z

converges in distribution to a 2-dimensional normal distribution with mean 0, conditional on Z and Z. Let M be the quantity
in (A2) excluding o0, (1), which is the sum of two components of the previous random vector. Consequently,

fvarM | 7,2))"V2M | 7,2 % NG, 1).

Under (D1),

var(M | 7, 2) 1 E E var(Oi;1 | 2) + E var(Oizo | 2)
n
z

iZi=zli=1 i:Zi=z,1;=0

1
==Y {1 > varOm | Zi=2+ Y, var(Ow | Zi=2)
h z

i:Zi=zli=1 i:.2i=z,1i=0
1
=~ {navar(Oz | Z=2) + nzvar(Ozo | Z =2)}
z

= Z a2 [@var(ozl | Z=12) + @var(Ozo | Z= Z)]
—~n (n n

z

=Y P(Z=2){nvar(Ox | Z=2)+ (1 —m)var(Ox | Z=2)} + 0p(1)
= Gap, + 0p(1).

Then {var(M | Z, 2)}"1?M 4 N(0, 1) unconditionally. Thus, by Slutsky’s theorem, (A1) holds.
Next, under the local alternative specified in part (a), 52, — o2, and

N (Z nZlGZl_nzoezo) =Y P(Z=2){mca — (1 —m)co} + 0p(1)

. n
= g, + 0p(D).
Hence, by (A1) and Slutsky’s theorem,
=~ d
\/EUSL — N((SSL,O'SZL) .

It remains to show that ESZL — O’SZL = 0,(1), under the specified local alternative. By Lemma 3 of Ye and Shao (2020), within
any stratum z, Y1 (£) Yz0(£)/Y2(£)* = pz(){1 — p12(t)} + 0p(1). By the identity

E{dNi(t)} = mE{Yn (O (D)} dt + (1 — ) E{Yio (Ao (1)} dt

from Kalbfleisch and Prentice (2011) and the form of ESZL, we obtain that, under the specified local alternative,

3= 3% [ el = O EN) + 0y (1)
=y = /0 (O = DY E(Yi (0210} + (1 — 1) E{Yio(Dho(D)] dt + 0p(1)
= ZP(Z = z){nvargO(Ozl | Z=2z)+ (1 — n)vargo(Ozo | Z=2)}+0,(1)

z

O’SZL + 0p(1).

Proof of Corollary 4.1

A direct calculation shows that
T
ol =02 = / Em {Yi(t) exp(n T V) }v(t) dA(t),
0

where aLz and O'SZL are given in Theorem 4.1, A(t) = fot A(s) ds, v(t) = var(I; | Y;(¢t) = 1), and Eg, denotes expectation under
H() :60=0.
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Under the local alternative hypothesis & = c¢//n with a fixed constant ¢ # 0, by Theorem 4.1, T, i) N(c6, /o1, 1), where

_2_ [ , Tl B Y exp(n V)]’
O, = o2 — /O (EHO {Y,(t) exp(2n V,)] - Erm (Vi) V() A(t) dA (1),

and Tor, > N(cOsy /o1, 1), where

E{Y;(t)exp(n' V) | Z
Eg, {Yi(v) | Zi}

T ) 2
O, = 02 — / (EHO {Yi(t) exp(zrﬁv,-)} — Ep, [ J ) WBA) dA(D).
0

Pitman’s asymptotic relative efficiency of T gy, with respect to T, is 02, /62

Applying Jensen’s inequality o {E(M)} < E{¢(M)} with convex function ¢(t;, ;) = tf /tyand M = (Ep,{Yi(t) exp(n V)} |
Zi}, Egy{Yi(t) | ZNT, we obtain that 0;, < .. To reach the conclusion 9§L/6§ > 1, it remains to show that 6;, > 0.

The condition P(C; >t | V) = P(Cy >t | V) for all ¢ implies that v(t) = w (1 — 7) and, hence,

O, =a(l —m) /rEHO {Yi(t) exp(,]TVi)} dA (1)
0

—r(l—m) /T En, {Yi(t) exp(znTVi)} A(t) dA(t)

[Eno{Yi Ty
+r—n )/ Fal Ei)e’;p((g} I 4 anco.
0 1
Thus, it suffices to show
/0 [En {Yiw expt v} = B Vi exp@n TV | A)] dA () = 0. (A3)

Note that
E(Na(0)) = fo E{dN; ()
= / E {Yﬂm exp(6 + nTvi)} dA (D)
0

= / By [exp(—A@ exp(® + 0 VIIP(CL = t | Vexp® +17 Vi) b,
0

where Ey is the expectation with respect to covariate V; and is not depending on 6. Taking the derivative with respect to 6, we
obtain that

% = f By [exp(=A® exp®@ + 1T VOIP(C1 = ¢ | Vi) exp(® + 1" V)
0
— exp{—A(®) exp(® + 1" V)IP(C > t | Vi) exp(20 + ZnTVi)A(t)] dA ().
Then,
JE(Nii (1)}

oo = [ B [expt=a® exp(n VOIPCr = ¢ | Voexp(n™ Vi

— exp{—A() exp(n V)}P(C1 >t | Vi) exp(znTVi)Aa)] dA (1)
- / (B0 [ Y ® expn ™V | = By {Ya 0 exp@n™Voaw || aa,
0

which is the same as the left-hand side of (A3). As E{Nj; ()} is the probability of having an observed failure before time t, it is
a non-decreasing function of 6. This implies that (A3) holds.
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