Proceedings 59th 19 World Statistics Congress, 25-30 August 2013, Hong Kong (Session IPS042) p.394

Testing mark-specific vaccine efficacy with missing
marks

Peter B. GLBERT! and Yanging Sn%3
lUniversity of Washington and Fred Hutchinson Cancer ReseGenter,
Seattle, WA, USA
2University of North Carolina at Charlotte, Charlotte, NCSA
3Corresponding author: Yanging Sun, e-mail: yasun@unac.ed

Abstract

This article develops hypothesis testing procedures fosthatified mark-specific pro-
portional hazards model in the presence of missing markg. mbtivating application is
placebo-controlled preventive human immunodeficiencysvifHIV) vaccine efficacy tri-
als, which have objective to test if the mark-specific retatiazard rate (vaccine versus
placebo) is unity for all mark values, and to test whethehérges with the mark (the mark
is the genetic distance of an infecting HIV sequence to an sd§uence represented in-
side the tested vaccine). These tests inform on whetheraitgne affects the rate of HIV
infection for any HIV genotype and whether the vaccine eftiiters by HIV genotype, re-
spectively, and guide vaccine development. One difficulth these assessments is that the
mark may be missing from many HIV infected subjects, predamily due to rapid evolu-
tion of the infecting HIV. The test statistics are constaacbased on a two-stage efficient
estimator which utilizes auxiliary predictors of the miggimarks. The asymptotic proper-
ties of the testing procedures are investigated. In additteeir finite-sample performances
are investigated in simulations, which verify the doulbustness property under missing
at random marks and demonstrate effectiveness of the fivedauxiliaries to recover effi-
ciency. One of the simulations models the recent landmakitr Thailand, which was the
first trial to demonstrate partial efficacy of an HIV vaccirighe new methods are applied
to the real data set.

Keywords: Auxiliary marks, competing risks failure time, geneticalat!V vaccine effi-
cacy trial, augmented inverse probability weighted coritgptase estimator, mark-specific
vaccine efficacy

1 Introduction

The primary objective of a preventive HIV vaccine efficadsltis to assess vaccine efficacy
(V E) to prevent HIV infection, where typically E is defined as one minus the hazard ratio
(vaccine/placebo) of HIV infection diagnosis. Howeveg great genetic variability of HIV
poses a central challenge to developing a highly efficadititffsvaccine. The trial popula-
tion is exposed to many HIV genotypes but the vaccine onlyaiog a few, which represent
particular HIV sequences isolated from infected individuand the vaccine is less likely
to protect against HIVs with greater genetic distance froendequences inside the vaccine
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(Gilbert, Lele, and Vardi, 1999). Moreover, the trial hagealives to assess whether and
how the vaccine impacts the infection rate with any HIV ggptwand whether and how the
vaccine effect varies by HIV genotype; assessment of thisctibe as been named, ‘sieve
analysis’ (Gilbert, Self, and Ashby, 1998). Gilbert, Mcl§e® and Sun (2008), Sun, Gilbert
and McKeague (2009), and Sun and Gilbert (2012) develogs sinalysis methods using
the competing risks failure time framework (Prentice etE.78), with the competing risk
treated not as a discrete categorical variable as usuahthgrras a continuous spectrum of
genotypes. In particular, they attached a continuous ‘maekable to the infecting geno-
type that measures the genetic distance of an infecting ldtisnce to a sequence inside
the vaccine. The goal of the sieve analysis methods is di@huaf mark-specific vaccine
efficacy, defined as one minus the mark-specific hazard raaxine/placebo) of infection.

The Gilbert, McKeague, and Sun (2008) and Sun, Gilbert, anké@dgue (2009) meth-
ods assumed no missing mark data in infected subjects, aftre Sun and Gilbert (2012)
paper allowed missing at random (MAR) missing marks. In {icacthere are missing
marks, for example in the Vax004 trial 32 of 368 infected satg had no HIV sequence
data (Gilbert, McKeague, and Sun, 2008), due to drop-oub @ndbility of the HIV se-
qguencing technology to measure the infecting HIV sequergn and Gilbert (2012) is
the only paper on sieve analysis that accommodates miseiminaous marks. Sun and
Gilbert (2012) restricted attention to estimation methe@uasl this article is a sequel that de-
velops corresponding inferential/hypothesis testinghods based on the augmented IPW
estimator.

2 The stratified mark-specific proportional hazards (PH) mocel

Let 7' be the failure time,V a continuous mark variable with bounded supgortl],
and Z(t) a possibly time-dependeptdimensional covariate. Under the competing risks
model, the mark/ is only defined and observable whé&his observed, whereas ¥ is
right-censored, the mark is undefined and meaningless.cSappat the conditional mark-
specific hazard function at timegiven the covariate histor¥(s), for s < ¢, only depends
on the current valueZ(t). Let A(¢,v|z) be the conditional mark-specific hazard function
at (T,V) = (t,v) given Z(t) = z defined by Sun, Gilbert and McKeague (2009). We
consider the stratified mark-specific proportional haz@rds) model

M (t,v|2(t)) = /\Ok(t,v)exp{ﬁ(v)Tz(t)} , k=1,...,K, (@H)

where) (¢, v|z(t)) is the conditional mark-specific hazard function given ciata z(t) for
an individual in thekth stratum A\ (-, v) is the unspecified baseline hazard function for the
kth stratum,3(v) is the p-dimensional unknown regression coefficient functiorvpind
K is the number of strata. Model (1) allows different basefinections for different strata.
Sun and Gilbert (2012) developed estimation proceduresnimiel (1) that incorporate
auxiliary covariates and/or auxiliary mark variables timibrm about the probability” is
observed and about the distribution16f

Arranging the first component of(¢) to be the treatment (vaccine) group indicator
and letting8; (v) be the corresponding regression coefficient, the covasdate stratum
adjusted mark-specific vaccine efficacy equéls(v) = 1 — exp(fi(v)). The current
article develops parallel hypothesis testing procedwegtess the vaccine efficati(v)
as a function ob. The two objectives are to assess if the vaccine efficacydmxeates from
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0 (i.e., testVE(v) = 0) and to assess if the vaccine efficacy changes with the mark (i
testVE(v) = V E). Gilbert, McKeague, and Sun (2008) provide additionatdssion on
the value of testing these hypotheses.

3 Testing mark-specific vaccine efficacy

3.1 Missing data assumptions

The right-censored mark-specific failure time is represey (X, 0,5V') and Z(-) is the
covariate process, whet® = min(7,C), T is the failure time of interest is the cen-
soring time,J is the indicator of observed failure andthe mark variable. LeR be the
indicator of whether all possible data are observed for gestibR = 1 if either§ = 0

(right-censored) or ih = 1 andV is observed; and? = 0 otherwise. Auxiliary vari-
ablesA may be helpful for predicting missing marks. Since the mank anly be missing
for failures, supplemental information is potentially fudeonly for failures, for predicting
missingness and for informing about the distribution ofsinig marks.

We assume that the censoring tifiés conditionally independent ¢, V') given Z(-)
for an individual in thekth stratum. We also assume the méris MAR (Rubin, 1976); that
is, givend = 1 andW = (T, Z(T), A) of an individual in thekth stratum, the probability
that the markl” is missing depends only on the obseri&d not on the value of/; this
assumption is expressed as

re(W)=P(R=1[6 =1,W) = P(R=1|V,6 = 1,W). )

Let m,(Q) = P(R = 1|Q) whereQ = (5, W). Thenn(Q) = orp(W) + (1 —4). The
MAR assumption (2) also implies th&t is independent oR givenQ:

p(v,W)=P(V <wvld=1,W)=P(V <v|R=1,6 =1,W). (3)

For an observed values of W of an individual in thekth stratum, we writery,(w) =
P(R=1|0 =1,W = w) andpy(v,w) = P(V <wl|d = 1,W = w). The stratum-specific
definitions of i (w) and pi (v, w) leave the options for the models of the probability of
complete-case and mark distribution to be different foiedént strata.

Suppose that is the end of the follow-up period. Lef; be the number of subjects in
the kth stratum; the total sample sizeris= Zle ng. Let{Xpi, Zri(*), Okis Riis Oki Vicis
Agi;i = 1,...,ng} beiid replicates of X, Z(-), 9, R, 6V, A} from thekth stratum. The
observed data are denoted{@yy;;i = 1...,ni, k= 1,..., K}, whereOy; = { Xy, Zri(+),
Ryi, RiiVii, A]ﬂ} for O = 1 andOki = {X]ﬂ, Z]ﬂ(), Ry, = 1} for 0r; = 0. We assume
that{Oy;;i =1...,n,k =1,..., K} are independent for all subjects.

3.2 Hypotheses to test

In the context of the vaccine trial application, lett) = (z1,22 (t))7, wherez; is the
treatment assignment (1=vaccine; O=placebo)-arate other related explanatory variables.
Let B(v) = (B1(v), % (v))T, so thatB (v) is the coefficient for vaccination status and
B2(v) for other covariates. The mark-specific vaccine efficd&y(v) can be expressed as
VE(v) = 1—exp(p1(v)). Sun and Gilbert (2012) developed procedures for estimatin)
in model (1) and for constructing pointwise confidence was for VE(v), for0 < v < 1.
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Here we are interested in testing the following two sets gidtlyeses. Lefa,b] C
(0,1). The first set of hypotheses is

Hlol VE(’U
vS. Hy,: VE(v

or  Hiy, o VE(v) > 0 with strict inequality for some v (monotone alternative).

=0 for v € [a, b]

# 0 for some v (general alternative)

The second set of hypotheses is
(v)
(v)

or  Hyy, o VE(v) decreases as v increases (monotone alternative).

Hsyy : VE(v) does not depend on v € |[a, b]
VE

vs. depends on v (general alternative)

The null hypothesidi;y implies the vaccine affords no protection against any Hiviagze
type. The alternativél,, indicates that the vaccine provides protection for at Isaste of
the HIV genotypes, whiléd,, states that the vaccine provides protection and/or ineckas
risk for some HIV genotypes. The null hypothedis, implies there is no difference in
vaccine protection for different HIV genotypes, measurgdheir distances to an HIV
sequence represented in the vaccine. The ordered alteriiti, states that vaccine effi-
cacy decreases with and the alternativéi,, indicates that the vaccine efficacy changes
with v. Let 8;(v) be the first component ¢f(v). The hypotheseél,, and Hy can be
formulated in terms of; (v).

3.3 Hypothesis testing procedures

The hypothesis testing procedures concerning the HIV wacefficacies are developed
based on the augmented inverse probability weighted (AlB$tiinator developed by Sun
and Gilbert (2012). Le,t?““g(v) be the AIPW estimator of(v) for model (1) of Sun and
Gilbert (2012). The estimator of the cumulative functi®fv) = [ 3(u) du is given
by B®I(v) = [} 3%9(u)du. The covariate-adjusted vaccine efficacii(v) is defined
through the first component ¢f(v). Let By (v) the first component of the cumulative
coefficient functionB(v). The hypotheses tests concernivigi(v) are constructed based
on the first componenB{“? (v) of the AIPW estimato349(v).

Let Wg(v) = n'/2{B"9(v) — B®I(a)} — n'/2{B(v) — B(a)} for v € [a,b]. The
distribution of Wg(v), for v € [a, b], can be approximated by its Gaussian multipliers ver-
sionWg(v), v € [a,b] using the Gaussian multipliers resampling method. g4, (v)
andW7 (v) be the first component 0¥ 5(v) andW; (v), respectively. With the Gaussian

multipliers method, the variancéar{B{"Y(v) — B*9(a)} can be consistently estimated

by Var{B{"I (v) — B™9(a)} = n~'War* (W (v)), whereVar* (W (v)) is the first com-
ponent on the diagonal of the conditional covariaiicg(v) given the observed data.

Testing the null hypothesisH g

Consider the test procegg) (v) = n'/2{B{"(v) — B{"(a)}, v € |a, b] for testing
Hio. ThenQW (v) = Wg, (v)+n'/?{B;(v) — Bi(a)}, v € [a,b]. LetG(v) be the limiting
Gaussian process 0Fp, (v), a < v < b, asn — oco. UnderHyg, Bi(v) — Bi(a) = 0
for v € [a,b]. HenceQW (v)—25G(v), v € [a,b], asn — oo. UnderHyg, the distribution
of QW(v), v € [a,b], can be approximated by the conditional distributionVisf, (v),
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€ [a,b], given the observed data sequence. We propose the folldestgtatistics for
esting Hyy: T ~ i [0 < T = [AQW @)Y dvar (Wi, (v)}, Th =
lnfve[a,b} Q(l ( andTm2 - f Q dVar {WB ( )}

By the continuous mapping theorerﬁ’( )—>5upve[ab |G (v)], TQ& ff{G(v)}2

dVar{G(v)}, T( —>1nfv€[a 5 G(v), andT(1 —>f G(v) dVar{G(v)} underH;o asn —

oo. The test statlstlc?f(l) andT (2) capture general departurég,, while the test statistics
T(l) and T( ) are sensitive to the monotone departufés,. It is easy to derive that all
the test statlstlci( ) Tg) (1) andT( ) are consistent against their respective alternative

al ’ ml

hypotheses. The distributions Zifl T(g , ( ) andT(2) underH;, can be approximated
using the Gaussian multipliers method.

Testing the null hypothesisHq

Let Q@ (v) = (v—a)~'n'2{ B (v) — B (a)}—(b—a) "0 2{B{"I(b) — B{"(a)}.
Then fora < v < b, Q¥ (v) = I'(v,Wp,) + n'/?T'(v, By), whereI'(v, F}) = (v —
a)"H{Fi(v) — Fi(a)} — (b — a)"Y{F1(b) — Fi(a)} is a transformation of the function
Fi(-). We note thatl'(-, B;) = 0 under Hyy andI'(-, B;) # 0 under the alternatives.
This motivates us to consid&®) (v) as the test process for testirﬁggo and the follow-

ing test statistics7'>) = supve[a/b QP (v) \ T2 f {Q® (v)}2 dVar*{Wp, (v)},

T,(nl) = inf ey QP (v )andTm2 = f Q) (v) dVar*{Wp, (v )}, wherea < a’ < b. We
chooses’ > a to avoid zero in the denommator af? (v). In practice, one can choogé
close toa to make use of available data and for the tests to be consisten

Applying the continuous mapping theorem we have undey, T 7 )—>5upve[a/ b

IT(0, @), TS 25 [P 4T (0, Q)2 dVar{G(v)}, T2 -2 inf o T(v, G), and T -2
ff I'(v,G) dVar{G(v)}, asn — oo. The testsT(l) andT(fz) capture general departures

Hs, while the testéT@) and T(2) are sensitive to the monotone departiifg,,. The test

Sta'[IS'[ICST( ) andT( 3 are expected to be negative whAg,, holds. The distributions of

7@ TCEQ), Trfl) andTrfg under Hy, can be approximated using the Gaussian multipliers

al

method.

4 Simulation study and data analysis

Our simulation studies show that all of the tests have satisfy empirical sizes close to
the nominal level 0.05. The powers of the tests increase seithple size and they are not
overly sensitive to the selected bandwidths. The poweltsaofdsts for testingl o increase
as the model moves in the direction representing the inededsparture from the null hy-
pothesisHy. The powers of the tests for testidd, increase as the model moves in the
direction representing the increased departure from théypothesisHs,. Our simulation
studies also show that the tests utilizing the auxiliary kadrave higher power than those
without using the auxiliary marks. The powers are expeateiddrease with the strength
of correlation between the auxiliary marks and the mark tarigst. Finally, our simulation
studies reflects the double robustness property of the AlBtithator. The empirical sizes
are also close to the nominal level 0.05 when one;@iv) ( the conditional probability
of the complete-case indicat®iy;) and g (a|t, v, z) (the conditional density ofl;; given
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(Tki, Zxi, Vi) is mis-specified. When only, (w) is mis-specified and MAR holds, the em-
pirical powers closely track the corresponding powers uederect model specifications.
The empirical powers are lower than those correspondingepowheryy (alt, v, z) is mis-
specified or when both, (w) and gx(alt, v, z) are mis-specified. Additional simulations
are conducted to gain insight about the power availablehiiTihai trial.

The method was applied to the Thai trial. In particular, weeased how the vaccine ef-
ficacy against subtype E HIV infection depends on weightechidiang distance (re-scaled
to values between 0 and 1) between the subtype E vaccing-gezpiences and the infect-
ing subtype E HIV. Our method shows a clear significant evidethat the mark-specific
vaccine efficacy is greater than 0 for some marks and dechimbésthe mark, in the re-
gionv € [0,0.5]. These analyses suggest that the vaccine protected agdifstlosely
matched to the vaccine strain HIVs in the monoclonal angbaehtact sites, but failed to
protect against HIVs with many mismatches in these siteses&lresults may guide fu-
ture vaccine research by suggesting to modify future vaccendidates to include HIV
sequences more closely matched to circulating HIVs in thaagolonal antibody contact
sites.
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