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Commentary on "Principal Stratification — a
Goal or a Tool?" by Judea Pearl

Peter B. Gilbert, Michael G. Hudgens, and Julian Wolfson

Abstract

This commentary takes up Pearl's welcome challenge to clearly articulate the scientific value
of principal stratification estimands that we and colleagues have investigated, in the area of
randomized placebo-controlled preventive vaccine efficacy trials, especially trials of HIV vaccines.
After briefly arguing that certain principal stratification estimands for studying vaccine effects on
post-infection outcomes are of genuine scientific interest, the bulk of our commentary argues that
the “causal effect predictiveness” (CEP) principal stratification estimand for evaluating immune
biomarkers as surrogate endpoints is not of ultimate scientific interest, because it evaluates
surrogacy restricted to the setting of a particular vaccine efficacy trial, but is nevertheless useful for
guiding the selection of primary immune biomarker endpoints in Phase I/l vaccine trials and for
facilitating assessment of transportability/bridging surrogacy.
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1 Introduction

In agreement with Pearl, we think it is only worth developmegthods for inference
on a “principal stratification” (PS) estimand [of the formexfuation (3) in Pearl’s
article, P(Yy = y|Zx = z,Zy = Z)] if the estimand passes the litmus test question:
“If we knew the value of the estimand, could we do somethingfulswith it to
advance science?” Our initial consideration of PS estimavats motivated by dis-
satisfaction with the status quo non-causal estimands insedr applied areas of
research, stimulating the search for more useful causal&stls; however, we con-
cur with Pearl’s warning that this search should agtiori restrict consideration to
PS estimands. Rather, the scientific question should dneeé¢arch— undertaken
with vigorous debate— that may or may not land on a PS estimdihés vigor-
ous search is of primary importance in science, with sciémtter served by more
articles with extended discussions of estimand choicdyeaekpense of relegating
more technical details to the supplement, and fewer astiglth extended technical
discussions, at the expense of a cursory treatment of eudicizice.

The remainder of this commentary takes up Pearl’s challemgtarify the
role and scientific value of PS estimands that we and collemabave investigated,
in our case in the area of randomized placebo-controllecepitese vaccine efficacy
trials, especially HIV trials, which enroll HIV-negativelunteers and follow them
for occurrence of HIV infection and for post-infection oataes. After briefly de-
scribing a PS estimand for studying vaccine effects on pdsttion outcomes, we
focus on a PS estimand for studying immune biomarkers asgate endpoints. We
suggest that the post-infection PS estimand is of genuieatsic interest (Pearl’s
category 3) whereas the surrogate PS estimand is not ofaitistientific inter-
est (because it evaluates surrogacy restricted to thagettia particular efficacy
trial), but is nevertheless useful for guiding the selectd primary endpoints in
subsequent Phase I/l HIV vaccine trials and for facilitgtassessment of trans-
portability/bridging surrogacy.

2 Evaluating vaccine effects on post-infection outcomes

Our foray into research involving PS estimands addresseddgm parallel to the
“truncation by death” problem classified by Pearl as beingesfuine research in-
terest. In HIV vaccine efficacy trials, HIV infection is a prary endpoint, and is
also intermediate to co-primary or secondary endpointssored after HIV infec-
tion (e.g., HIV viral load). Such post-infection endpoimtie only meaningfully
measured in HIV infected individuals, just as quality otlis only meaningfully

li.e., a quantity of interest to be estimated
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measuredn alive individuals. Unsatisfiedwith the standardhon-causagstimand
thatcompareghe post-infectionoutcomein the infectedvaccinegroupversusthe
infectedplacebogroup(which couldbeparticularlymisleadingoecausea safevac
cinecouldappeato harmfully increaseviral load),our researchusesPSestimands
thatcomparethe meanor the survival probability of the post-infectionoutcomein
thosewhowouldbeinfectedundereithertreatmentassignmente.g.,HudgensHo-
ering,andSelf, 2003; Gilbert, Bosch,andHudgens2003;HudgensandHalloran,
2006; Jemiaiet al., 2007; ShepherdGilbert, and Lumley, 2007; Gilbert and Jin,
2010; ShepherdGilbert, and Dupont,2011), which are equivalentto the trunca
tion by deathPS estimandthat focuseson thosewho would be alive undereither
treatmentassignmen{Robins,1986;Rubin,2000).

The PSestimandsestrictattentionto a subgroupof particularscientificin-
terest,namelythosewith no vaccineeffect on HIV infection. Prime-boostHIV
vaccinege.g.,theregimentestedin Thailand,Rerks-Ngarmnet al., 2009)generate
both antibodyand T cell responsesndthus are hypothesizedo haveeffectson
bothinfectionandpost-infectionoutcomesfocusingon individualswith no causal
vaccineeffectoninfectionallowsisolationof the vaccine’seffecton post-infection
outcomes.Separatinghesetwo effectsis helpful for designingmprovedvaccines
andfor predictingthe public healthimpactof a licensedvaccine. In addition,the
PSestimandhasa simpleinterpretationfrom the perspectiveof the study partici
pant,addressindnis/herquestion:If | am goingto becomeinfectedregardles®f
treatmentassignmentwill the vaccinelower my viral load? We concludethatthe
PSestimandits Pearl’sthird category.

3 Evaluating immune biomarkers as surrogate end-
points

3.1 Introduction

A secondareaof researchs the evaluationof surrogateendpointsj.e., theevalua
tion of how well vaccineeffects(moregenerallytreatmenteffects)on a biomarker
predictvaccineeffectson the true clinical endpointof interest. For our working
example(HIV vaccineefficacytrials), HIV uninfectedsubjectsarerandomizedo
receivevaccineor placebothebiomarkeris anHIV-specificimmuneresponsenea
suredafterthe plannedmmunizationsandthe clinical endpointis HIV infection.
Pearlstateshat a usefulsurrogatemustrobustly predictclinical treatmenteffects
in newsettingsa pointwe agreewith but feel needsmorediscussionPearlseems
to suggesthatit is unimportantto evaluatethe value of a surrogateendpointfor
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the same setting as the efficacy trial, because the only parpba surrogate is
transportability. We agree that ultimately this is indeled only purpose, because
every follow-up study takes place in a new setting even gmafits are made to
make the conditions identical to those in the original stublgvertheless, a few
years ago we proposed that both goals of evaluating “brgigeneral” surrogates
and evaluating “specific” surrogates (restricted to theesagtting) are important
for vaccine development, and suggested meta-analysisltiptawefficacy trials for
the former (e.g., Daniels and Hughes, 1997; Molenberghk,e&2@08) and princi-
pal stratification-based and Prentice criteria-basech{fees 1989) approaches for
the latter (Qin et al., 2007; Gilbert, Qin, and Self, 2009)heTnew transporta-
bility/bridging surrogate approach of Pearl and Bareinb@011) should also be
evaluated for its utility in vaccine development. Below wesdribe how, among
the candidate estimands measuring surrogacy, the PS spserifogate estimand is
particularly useful for guiding vaccine development, esaky for a special class
of efficacy trials (chiefly HIV) that has motivated our work.

3.2 Specific surrogate estimand

By specific surrogate value, we mean the accuracy with whalsal treatment
effects on the biomarket predict causal treatment effects on the clinical endpoint
(measured during a follow-up period after the biomarker éasured) for the same
setting as the efficacy trial. This value may be measured avi#s estimand that
we named the “causal effect predictivenegSEP) surface” (Gilbert and Hudgens,
2008). This estimand conditions on not yet experiencinglinécal endpoint under
either treatment assignment at the fixed tim@ear baseline) that the biomarker is
measured; however, to simplify the discussion we assunmsub|ects qualify for
this group. In this case, fof a binary outcome, th€eEP estimand is defined as

CER(z1,20) = PMo=1Z1=2,20=2) —P\1= 1|21 = 21,Zp = 29)
ENMo—V1|Z1 = 21,20 = 29) 1)

(or some other contrast), wherg (Yy) is the potential biomarker (infection status
afterr) if assigned treatmennx for x= 0 (placebo) and = 1 (vaccine) [Gilbert and
Hudgens (2008), building on Frangakis and Rubin (2002) awitiiann (2006)].
This estimand measures clinical efficacy in subgroups dgfinecertain causal
vaccine effects on the biomarker. We refer to @EP estimand as the “specific
surrogate estimand,” and in Section 3.5 discuss how it carsee in the assessment
of transportability/bridging surrogacy that is ultimatelf interest.
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As for the post-infectionPS estimand our researcHor the CEP estimand
wasinitially motivatedfrom dissatisfactiorwith the standardestimandtradition
ally usedfor evaluatingan“immunecorrelate”of vaccineprotectionwhich simply
measuretheassociatioetweery; andY; usingdatafrom thevaccinegroup,and,
whereastrongassociatiors found,aninferences venturedhatthecorrelateof in-
fectionmaybeusedto reliably predictvaccineefficacy(Qin etal.,2007).However,
asextensivelydiscussedhn the surrogateendpointevaluationiterature,association
betweerz; andY; doesnotimply associatiobetweerZ; — Zp andY; — Yy, andyet,
for our goalof predictingvaccineefficacy,it is thelatterassociatiorthatis truly of
interest.To illustratehowtheformerassociationmay not predictthelatter,suppose
Zo=0,Z1 =U + €1, Yo=U + &y, andYy = U + &1, whereU, £,1, &0, &1 areall
independenvithU ~ N(0,0 =10), g5 ~ N(1,1), &0~ N(0,1), andey; ~ N(1,1).
Thencor(Z1,Y1) = 100/101andyetcor(Z; — Zo, Y1 — Yo) = 0, i.e., Z; is anexce}
lentpredictorof Y1 butZ; — Zg is aworthlesspredictorof thevaccineeffectY; — Yp.
Thevaccineliteraturewasvoid of estimandghatquantify the correlationbetween
treatmenteffectson biomarkerand outcome,andwe proposedhe CEP estimand
for this purpose.EvaluatingCEP(z, ) at differentfixed values(z;, zp) amounts
to a seriesof subgroupanalysesequivalentto the commonsecondarybjectivein
clinical trials to assesfiow the treatmenteffect (e.g.,vaccineefficacy)varieswith
baselinecovariates. Here again, principal stratificationis usefulin defining sub
groupsof particularinterest suchasthosewho do andthosewho do notexperience
a causalaccineeffecton the biomarkerin question.

Paraphrasing questionfrom RossPrentice,“Why not insteadfocus re-
searchondiscoveringactualbaselinecovariateghatpredictvaccineefficacy?"The
first part of the answeris that there often existimmunebiomarkersmeasuredf-
ter the immunizationghat are muchstrongerefficacy predictorsthanany baseline
covariatessimply becausehe post-immunizatiorbiomarkersareselectedo puta
tively measurdhe functionalimmuneresponsehatkills the pathogerof interest
beforeit canestablishinfection(seePlotkin,2010,for areview). But, theobjection
continuesthe PSestimands lessusefulthananactualbaselinecovariatebecause
(Z1,2p) canneverbe measuresgimultaneouslyn the sameindividual. While true
for manyvaccineefficacytrials, thisis falsefor thelargespecialclassof trials that
only enroll subjectswithout previousinfection with the pathogen.For suchtrials,
Zy is knownto be zero/negativdor all subjectspecausehe laboratoryinstrument
usedto measure is designedo detectonly a pathogen-specifitnmuneresponse.
Forthis classthe estimandsimplifiesto

CEP(Z]_) = P(Yo = l|Z]_ = Z]_) — P(Yl = 1|Zl = Zl) = E(Yo —Y1|Zl = Zl). (2)

This simplificationimplies (Z1,Zp) are observedsimultaneouslyfor subjectsas
signedvaccine greatlyaidingidentifiability (addressedriefly in Sectiord). More-
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over, this simplification is appealing for the parsimony tafdying how clinical
efficacy varies with a univariate (or low-dimensioda) biomarker, and was an im-
portant motivator for us to use ti@&E P estimand in our HIV vaccine efficacy trials
research.

In addition, due to the lack of common support of the vaccime placebo
group biomarker distributions, treatment effects are tindd within all subgroups
with observed biomarkeZ = z for z > 0, such that the Prentice (1989) approach
(Chan et al., 2002; Gilbert and Hudgens, 2008) does not afjig utility of the
natural direct/indirect effect approach in this settingliso not clear (see Section
3.6). Therefore, in our motivating application principalasification appears to
yield the only well-defined estimand for assessing sureygalue. In other settings
with Zy variable, the estimand (2) may still be useful, as the atihpredicty; — Yy
from Z; alone regardless afy would be useful for vaccine development (Wolfson
and Gilbert, 2010); generally what is sought is accuratdiptien of Y; — Yg based
on any baseline covariate information (i.e., actual basaibvariates and/ah and
Zo, which are treated as baseline covariates).

3.3 Utility of the specific surrogate estimand for selectinghe
primary biomarker endpoints in follow-up Phase I/ll vac-
cine trials

For a given field of researchers working to develop a vaccganst a certain
pathogen, a handful of pivotal vaccine efficacy trials anedueted over a period of
decades, and the generated data are used to make decistbesramune biomark-
ers to use as primary study endpoints in subsequent Phaseald that evaluate
and compare a number of refined candidate vaccine regimgpgcally no direct
data on clinical efficacy in new settings are available fémiming these decisions,
such that the decisions are traditionally based on the pyiefficacy data together
with the observed associations between the immune biomsagse the clinical
outcome within the efficacy trials (i.eZ; andY;), informally combined with the-
ories/models of mechanisms of protection. In particular,mhany pathogens the
first efficacy trial demonstrates partial vaccine efficacgt tis too low to warrant
licensure, which makes it a top priority to assess immuneetates for guiding the
selection of immune biomarker endpoints in follow-up si&.g., such immune
correlates assessment is now occurring for the first triahtmv low-level efficacy
of an HIV vaccine, Rerks-Ngarm et al., 2009).

As an improvement to the traditional approach that seldotmérkers with
the strongestZ;,Y;) associations, we suggest utilizing tB&P(z) curve to select
biomarkers with the stronge§Z;,Y; — Yo) associations. Biomarkers wi@EP(z;)
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large for somerangeof z; andCEP(z) small for z; equalto or nearzero may
be prioritized as primary endpoints. Given selectionof the bestbiomarker,the
follow-up Phasel/ll trials would rank the vaccineregimensby the proportionof

vaccinerecipientswith immuneresponse; in theestimatedigh-protectiorrange,
forming the basisfor advancingthe mostpromisingvaccineregimento the next
efficacytrial. Becauseccuratgredictionof vaccineefficacyinternalto anefficacy
trial doesnotimply accuratepredictionto a newsettingwheretheclinical outcome
is not measuredit is importantto addressf and how the CEP estimandmay be
usefulfor this purposewe beginthis discussiorin Section3.5.

3.4 Remarkson evaluating bridging surrogates

Basedontheabovediscussiontheoriesof mechanismsf protectionmustbecom
bined with an empirically supportedspecific surrogateto make a bridging pre-
diction, andthe accuracyof the predictiondependson the veracity of the theory.
Building credibletheorieshasoftenbeenmoreachievablen the preventivevaccine
settingthanfor manychronicdiseasesettings becausehe biological pathwaysof
treatmenteffectson Z andY areoftenbetterunderstoodndthesepathwaysanbe
studiedmorereadily in the lab, dueto the specificity of the biomarkerand of the
infectionendpoint.For example commonlytheorieshaveproposedhatfunctional
antibodies(e.g., neutralizing)directedto certainpathogerepitopesare protective
againsinfection,andmanipulationexperimentsreconductede.g.,antibodyinfu-
sionchallengeexperimentsn animalsor humansj}o provideevidencehatthefunc
tionalantibodiesactuallykill thepathogerbeforeit canestablistinfection(Plotkin,
2008). The natureof the bridgeis fundamentato the neededheory. If the only
changefrom the conditionsof the efficacytrial is addinga fourth pathogerstrain
to the existing 3-strainvaccine(e.qg.,for influenza),thenit may be relatively easy
to developa compellingbiologicaltheoryjustifying accuratéridging,whereasf a
newvaccineformulationis testedn a newpopulationagainsiewcirculatingvirus
types,thenthe needediologicaltheorywill be moreelaborateraisingthe barfor
credibility.

Pearland Bareinboim(2011) suggestit is useful to mathematicallyfor-
malize the processby which evaluatinga predictivebiomarkerin an experimen
tal settingis combinedwith theory/assumption® yield accuratebridging,a point
we agreewith. As notedabovevaccinedevelopmenbver the past60 yearshas
proceededy informally combiningthe two elementswhich, while notideal, has
workedreasonablyvell, asjudgedby thefactthattheidentificationandassessment
of efficacy-predictivammunebiomarkershasubiquitouslyplayeda centralrolein
the developmenanddeploymenbf vaccinesmanyof which wereconfirmedover
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the course of decades to confer high levels of vaccine efficamany populations
(Falk and Ball, 2001; Plotkin, 2010). However, the use of am@al mathemati-
cal framework for bridging may have allowed for even greatsscess, and future
research in this area seems merited. Similarly, a formahdsaork is needed for
understanding when tlgE Pestimand provides reliable guidance for bridging. We
sketch a start to this problem in the next section.

3.5 Toward criteria for reliable bridging based on the CEPesti-
mand

Consider a new setting different from that in the efficacgltrivhich may entail
a new vaccine regimen, a new study population, or both. Eosesider the case
of a new vaccine and the same study population. To illustregeoridging prob-
lem (which is realistic for HIV vaccine efficacy trials), qupse the initial efficacy
trial demonstrates partial vaccine efficacy that is prongi$ut too low to warrant
licensure, and also identifies a promising biomarker, \Ell/'EE\P(O) near zero (i.e.,
supporting average causal necessity of a vaccine-induoedine response for pro-
tection, Gilbert and Hudgens, 2008) aﬁ/E\P(zl) increasing monotonically ig;.
These results stimulate research on various refined caedidacines, leading to
the advancement of a promising new vaccine to a follow-ups@Hhhtrial in the
identical population that was studied in the efficacy tridetical inclusion and
exclusion criteria), which shows that the distribution loé immune biomarker is
substantially shifted upwards compared to that for theiptesvaccine. The field
of vaccine researchers hopes that the new vaccine imprbges/erall vaccine ef-
ficacy.

Similar to Peal and Bareinboim (2011), our formulation fealeating bridg-
ing envisages two experiments, the original efficacy trrad ¢he follow-up Phase
Il trial, and considers conditions for transportabilityh& Phase 1l trial random-
izes subjects to the new vaccine or new placeXo=(1" or X = ('), and uses
an identical procedure for measuring the same biomarkeraagsused in the ef-
ficacy trial, yielding information orZ. However, information on the outcome
Y is not collected and therefore interest focuses on pregj @E"" = P(Yy =
1) — P(Yy = 1), i.e., the overall effect ol of the new vaccine. The overall effect
onY of the original vaccine can be expressed&s=P(Yp =1) —-P(Y1 =1) =
JCEP(z1)dF(z) and the overall effect oM of the new vaccine can be expressed
asCE"™" = [CEP™(z)dF'(z1), whereF is the cdf ofZ;, F’ is the cdf ofZy,
andCEP*Yz) = P(Yy = 1|Zy = z3) — P(Yy = 1|Zy = z1). Here for simplicity
we focus on the common special case thatand Zy are constant. The field of
vaccine researchers receives reliable guidance abougfibgiéfficacy ifCE"" can
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beaccuratelypredicted suggesting generakriterionfor Z to bea usefulbridging
surrogate:

[Bridging Surrogate Criterion. ] Z is ausefulbridgingsurrogatef CE"®" canbe
accuratelypredictedbasedon CEP(z;) andF from the efficacytrial andF’ from
thefollow-up trial.

In particular,the field of vaccineresearchertopesfor accuratepredictionin the
following way: if anewvaccines selectedor efficacytestingbasednthecriterion
thatPhasd/Il trials demonstraténcreasesn the percentagef vaccinerecipients
with z; valuesin regionswhereC/E\P(zl) from the previousefficacytrial is high,
then the selectedvaccineis accuratelypredictedto have CE"®W > CE. Thatis,
successfullymodifying thevaccinebasedn thebiomarkerreliably leadsto amore
efficaciousvaccine.

Following GilbertandHudgeng2008),if Z; andZy, havethesamesupport,
thenthe predictionof CE"®" maybebasedn

CEMV— / W(z1)CEP(z)dF (1), @A)

wherey(z1) = CEP*Y(z) /CEP(z;) (with convention0/0 = 1). This equatiorre-
weightstheoriginal CE Pcurveby two factors:therelationshigbetweerCEP'®%(z)
andCEP(z) for eachvalueof z; andthe distributionof Z;, for the new vaccine.
A numericalpredictionis obtainedby substitutingestimatesor CEP(-) andF’(-)
into (3) andby assuminga fully specifiedform for (-); thereforethe prediction
combinesmpiricalevidencewith abridgingassumptionA perfectlyaccuratere-
diction is obtainedif CEP"*(-) = CEP(:), i.e., (-) = 1. If this perfectbridging
assumptiorholds,thenCE"®" canbe accuratelypredictedby

CE™"_ / CEP(z1)dE' (). (4)

Expressior(4) is similarin spirit to the“transportformula” of PearlandBarenboim
[2011,equation5)], exceptin (4) we areintegratingoverprincipalstrataratherthan
observedbiomarkerlevels. In words, the perfectbridging assumptiony(-) = 1
stateghatgivena vaccineinducesanimmuneresponse, the protectiveeffect(on
Y) will bethe sameregardlesof whetherit wasthe new or original vaccinethat
inducedthe immuneresponseand regardlesf any differencesin the placebos
usedin thetwo studies Notethattheperfectbridgingassumptiony(-) = 1 implies
transportabilityof the averagecausalnecessityconditionfrom the efficacytrial to
thenewtrial: CEP(0) = 0 impliesCEP*"(0) = 0.
Onacase-by-caskasisvaccineresearchermustdeliberateahe plausibility
of the perfectbridging equality. Oneway it would fail is if the additionalgroupof
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individuals achieving an immune response in the high-gtaie range with the
new vaccine differs in a critical way from the subgroup theliaved the high-
protection range with the original vaccine in the efficagglfrfor example, the
originally protected subgroup may have all possessed iaair{unmeasured) host
genotype that is absent in the additional group.

If perfect bridging (/(-) = 1) fails, imperfect but useful bridging may still
be achieved, depending on the nature of the departugg -9ffrom unity. Even if
Y(-) does not equal 1, (4) should provide a reasonable estim&E"SF provided
CEP(z1) ~ CEP™Y(z;) for zy wheredF'(z) is large. Whiley(-) is not identifiable
without evaluating the new vaccine in an efficacy trial, assanty analysis may be
conducted where one considers hG& changes with different assumed forms

. . . . . —=hew
for @(-). For example, if the cautious assumption is madeghat=1/2, isCE
still sufficiently large to justify moving forward with a neefficacy trial?

If a second efficacy trial is conducted with the new vaccihenttransporta-
bility is supported by a numerical predicti@/i\EneW [obtained from (4)] near the
estimate ofCE"W obtained in the primary analysis of the new efficacy trial ethi
ignores the biomarker data. Gilbert and Hudgens (2008) thatieeven in the ab-
sence of a second efficacy trial, a partial check of tranapdity (or ‘projective
validity’) can be conducted by cross-validation of datarirthe first efficacy trial.
In particular, individuals in the trial can be partitioneda two subgroups. Then
theCEPcurve can be estimated from subgroup 1 data@Bdan be predicted for
subgroup 2 based on the observed distributiafyoh subgroup 2 and the estimated
CEPcurve from subgroup 1. Transportability across subgrosgsipported if the
predictedCE in subgroup 2 is similar to the estimate®iE in that subgroup which
ignores data oi;.

Next we suppose the follow-up Phase I/ll trial is done withesvrvaccine
in a new population. In this case the bridging criterion diésc above carries
over under a slight modification that accounts for differdistributions of baseline
covariatedV in the two settings. Specifically, tli&E Pestimand now conditions on
W, CEP(z;,w) = P(Yo = 1|23 = 21, W = w) — P(Y1 = 1|Z; = z,W = w), and the
integrations in (3) and (4) are replaced with integrationsrdhe joint distribution
of Z; andW, now requiring common support of this joint distributiorr the old
and new settings. A challenge with the bridging criteriorthat the numerical
predictioncfl-z\ P may be inaccurate if the baseline covariates are inaddguate
informative about disease risk to fully adjust for diffeces in risk between the two
settings. In addition, the bridging criterion relies on atjgallar functional contrast
between the conditional disease risks under the two tredtassignments specified
by theCEP estimand; we have focused on a difference on the additive.sThese
challenges may be especially problematic if the placebomitisease incidence
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differs substantiallybetweenthe two settings.For scenariosvherethe supportof

the biomarkerand/orthe othercovariatedliffers betweerthe old andnewsettings,
additionalresearchs neededto delineateif and how the CEP estimandmay be
usefulfor assessingridging surrogateutility.

3.6 Natural versusprincipal strata direct/indirect effects

Pearlsuggestghat the PSdirect effect (PSDE) estimand(VanderWeele2008) is
inadequatéor measuringnediationof atreatmeneffectandis generallylessinter-
estingscientifically (especiallyfor identifying andexplainingcausalmechanisms)
thanthe naturaldirecteffect(NDE) estimandf RobinsandGreenland1992)and
Pearl(2001). In asensethis commentdoesnot applyto our specificsurrogatees-
timandaswe useit in vaccineefficacytrials—notfor measuringanythingaboutthe
causabiologicalmechanisnof protection butmerelyfor measuringabiomarker’s
predictivenes®f vaccineefficacy. Thereforeon the onehandwe do not view the
PSestimandCEP [given eitherby (1) or (2)] asa competitorwith othercausales-
timandstrying to identify andexplaincausaimechanismst simply hasa different
purposeprediction.

Ontheotherhand,the CEP estimandat Z; = Zg is the PSDE ,which raises
the questionas to whetherthis estimandor the alternativeNDE estimandis of
greatervaluefor the surrogateendpointproblemin vaccineefficacytrials. To ad
dressthis, we first reviewthe definition of the NDE estimandwhich considerghe
potentialclinical endpointyy ; underassignmento both X = x andZ = z, thusre-
quiring that the biomarkerZ is manipulable. By consistencyyz, = Y, i.e., the
potentialoutcomewhenX is setto x andZ is setto Zy is thesameaswhenX is set
to x andZ is not manipulatedandtherefore(naturally)takeson the valueZx. The
averageNDE (Pearl2001,equation6) estimandcanbe definedby

E(Yiz, —Yoz) =EMM1—Yoz,), (5)

i.e., the averageeffect of treatmentwhen settingthe intermediateZ to the value
it would have beenwith treatment(i.e., when X = 1). This estimandis entirely
symmetricsuchthata secondaverageNDE estimands definedas

E(Y1z,—Yo,z,) = E(Y1,2, — Y0), (6)

i.e., theaverageeffect of treatmentwhensettingZ to the valueit would havebeen
without treatment(i.e., when X = 0). Thusin consideringthe NDE estimandfor
thevaccinesetting,oneneedgo conceiveof eitherplaceborecipientshavingtheir
immuneresponsesetto Z;, asin (5), or vaccinerecipientshavingtheir immune
responsesetto Zy, asin (6).
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With that background, we are sympathetic to Pearl’s stat¢rie.it is hard
to accept the PSDE restriction that nature’s pathways shaepend on whether we
have the technology to manipulate one variable or anotbat,bnly for a certain
category of manipulations. In particular, we distinguigtvieen manipulations that
may not be possible now but conceivably can be developedusaenanipulations
that can never conceivably be developed. An example of ttmeefbis a controlled
direct effect estimand (Pearl, 2001) that sets all subjectse fully compliant to
the assigned inoculations; while this manipulation may bachievable in an ef-
ficacy trial, once an excellent vaccine is licensed, manyiddals will receive it,
conceivably even those who would have been non-compliatitarefficacy trial
(Robins and Greenland, 1996). We suggest that for HIV vactials (for which
Zo = 0 for all subjects) both NDE estimands (5) and (6) are examptahe lat-
ter. First, estimand (5) requires that placebo recipieatsanceivably have their
HIV-specific immune responsé set to exceed 0; howevéris measured using an
immunoassay that mixes certain HIV peptides/isolates thi¢hindividual’s blood
sample, and, by the nature of the adaptive immune system,aft\genic expo-
sure (created by HIV vaccination or natural exposure) isothlg thing that could
stimulate a positive HIV-specific response. Similarlyjrasind (6) requires that all
vaccine recipients can be manipulated to have 0, which is also difficult to con-
ceive given the nature of the assay for measudindglany others have suggested
that causal estimands requiring inconceivable manipaniatare of dubious scien-
tific value (e.g., Holland, 1986; Angrist, Imbens, and Ryldif96). VanderWeele
(2008) wrote, “Whether it is reasonable to consider codattual variables of the
form Yy, will depend on whether an intervention on the intermediatéable is con-
ceivable,” and “Principal strata direct and indirect effebave the advantage that
the concepts are defined irrespective of whether an intéoreon the intermediate
variable is conceivable.” Specifically addressing the syaite endpoint problem,
Gallop et al. (2009) and Joffe and Greene (2009) made the paime

However, it is not easy to definitively answer the questiotoashether a
conceivable manipulation exists; a negative answer prediby a feeble imagina-
tion could be reversed by a fertile one. For the vaccine exaanpd NDE estimand
(5), we can imagine manipulations to Zet- 0 in placebo recipients. For instance,
in passive immunization experiments, antibodies or T ¢sdis1 another individual
or stimulated in vitro may be transferred to an unvaccinatedd/idual. However,
such a manipulation poses another difficulty to using the Biinand: the consis-
tency assumption (Cole and Frangakis, 2009) becomes dudioparticular, con-
sistency implies that the outcome for an individual obséreehaveZ; = z; > 0
when vaccinatedX = 1) would be the same as if we sét= z through passive
immunization.
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Thususeof the naturaldirect/indirectapproachmayrequirestrongassump
tionsaboutmanipulationandconsistencya problemnotfacedby the PSestimand.
We concludethereare unsolvedchallengegosedto useof the NDE estimandor
our motivatingclassof efficacytrials with Zy constant.

4 Concluding remarks

Following Pearl,we havelargely ignoredidentifiability in our commentsso asto
focusattentionon the value/interpretabilityof the PSestimandsWhile thisis ap-
propriatebecausean estimandmustbe valuableto makea discussiorof identifi-
ability important,wheremultiple estimandsf similar value are beingcompared,
identifiability is arelevantcriterionfor preferringcertainestimandsif theassump
tionsneededo identify estimandl areweaker/moregealisticthanthoseneededo
identify estimand?2, thenthatis somethingo considerin choosingthe estimando
attemptto makeinferenceabout. Thetwo PSestimandsve haveconsideredrenot
identifiedfrom the observeddataplus standardassumptiongn randomizedrials;
andhence extraidentifiability assumptionandsensitivityanalysisare neededor
inference AugmentedstudydesigngFollmann,2006)canaid suchanalyses.

In conclusionwe havesuggestedhe value of principal stratificationesti-
mandsfor providing insightinto vaccineeffectson post-infectionoutcomesand
for evaluatingspecificsurrogatebiomarkersn vaccineefficacytrials. For the for-
mer settingthe PSestimandielineates scientificallymeaningfulsubgroupwithin
which vaccineeffectsare of interest,while in the latter, the CEP estimandfacil-
itatesdiscoveryand characterizatiorof efficacy-predictivebiomarkers. The CEP
estimandprovidesguidancefor selectingthe immuneresponsesndpointsto use
in follow-up Phasd/Il vaccinetrials beforeadequatelataare availableon bridg-
ing surrogacyandis particularlyappealingn efficacytrials thatenroll participants
naiveto the pathoger(suchthatZy = 0 for all subjects)bothbecausehe estimand
is well-definedwhile alternativeestimandsare not, andidentifiability is achieved
with fewerandweakerassumptionsAt this pointin our surrogateendpointevalu
ationresearcHor vaccinetrials, we concludethatthe CE P estimands superiorfor
selectingmmunebiomarkersasprimaryendpointsn Phasd/ll trials comparedo
traditionally usedestimandsandthat additionalresearchis neededo understand
the utility of theCEP estimandor evaluatingoridgingsurrogates.
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