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ABSTRACT

In a cancer prevention trial, an outcome such asaraseverity cannot be evaluated in individual® wh
not develop cancer. In such a situation, the ppacstratification approach has been applied. Unilisr
approach, the Principal Strata Effect (PSE) has loeasidered, which is defined as the effect aittrent
on the outcome among the subpopulation in whiclviddals would have developed cancer under either
treatment arm. However, in this study, the auttaesdnot apply this approach to the situation. btbtéhe
author discusses the mediation analysis approacihich Natural Direct and Indirect Effects (NDEdan
NIE) are considered. This approach has an adva@isgeconsiders two possible mechanisms of tresitme
control of cancer severity: The first is that theatment may prevent an individual from getting agan
which could be regarded as control of cancer sgyethie second is that even if the treatment da®s n
prevent an individual from getting cancer, it mayl gmpair the cancer severity. The former meclsami
corresponds to the NIE and the latter correspamdset NDE, although the PSE can consider onlydtier
mechanism. Methodologies proposed in the contextotine trials are applied to data from a randeurhiz
prostate cancer prevention trial.

Keywords: Natural Direct Effect, Natural Indirect Effect,iReipal Strata Effect, Sensitivity Analysis

1. INTRODUCTION early closure of the study, 15,990 of the 18,882ema
were assessable for the endpoint.

A multi-center, double-blind, randomized prostate Of the 15,990 males, the cancer status of the
cancer prevention trial studied the effects of 10,182 males was identified by biopsy. The cancer
finasteride on the prevalence of prostate cancer instatus and severity for 5,808 (15,990-10,182) males
healthy males screened over a period of 7 yearswas unknown due to missing data. These missing data
(Thompsonet al., 2003). In total, 18,882 males aged would be non-random and thus the results that would
55 years or older with no history or indicators of be obtained if their cancer status and severity had
prostate cancer were randomized to receive either S%een observed were estimated (Redreaal., 2008)
mg of finasteride per day or placebo. At each ahnua by applying the inverse probability of censoring
follow-up examination, participants with a prostate weighted method (Robinet al., 1992). The observed
specific antigen level exceeding a threshold of3m.™ and estimated results are summarized Tiable 1
or with an abnormal digital rectal examination were (Redmanet al., 2008). In this study, we use the
referred for a prostate biopsy. Additionally, all estimated result in the following analyses without
participants who had not been diagnosed with ptesta taking error by estimation into account, because we
cancer during the trial underwent an end-of-study cannot access the raw data and therefore cannot use
prostate biopsy at their seventh and final visitieDlo the information.
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Table 1. Observed and estimated numbers of prostate cdeterted on biopsy (Redmeinal., 2008).

Finasteride arm

7,966

Placebo arm
8,024

Prostate cancer

Estimate of overall prevalence
Observed

High-grade cancer

Estimate of overall prevalence
Observed

1,171 (14.7%)
823 (16.6%)

382 (4.8%)
288 (5.8%)

1,693 (21.1%)
1,194 (22.9%)

337 (4.2%)
252 (4.8%)

The estimated result showed that prostate cancer
was detected in 1,171 (14.7%) of the 7,966 males in

the finasteride arm and in 1,693 (21.1%) of the28,0
males in
finasteride lowered the risk for prostate cancdrere
the risk difference was -6.4% (95% confidence
interval [CI]: -7.6%, -5.2%; p<0.001). However, msl
with high-grade prostate cancer, which was defiagc
Gleason score (Gleason, 1966), were 382 (4.8%) in
the finasteride arm and 337 (4.2%) in the placetm. a
The risk difference was 0.6% (95% CI: -0.0%, 1.39%;
0.069), suggesting that the risk was slightly highehe
finasteride arm than in the placebo arm, but fierdde
might not control cancer severity.

The analysis can involve dividing the above total
effect of finasteride on cancer severity into two

the placebo arm. This suggests that

2. MATERIALSAND METHODS

2.1. Notation and Definition

Throughout this study, we use the following
notation for the observed variable8. denotes the
assigned treatment, whefe= 1 if a participant was in
the finasteride arm an8l = O if in the placebo arniM
denotes whether the biopsy detected prostate cancer
M = 1 if a participant developed prostate cancernd
= 0 if no cancer was detected. denotes cancer
severity;Y = 1 if high-grade cancer (the Gleason score
>7) andY = 0 if not high-grade cancer (the Gleason
score<6). Because a participant could not have high-
grade cancer severity when he did not develop the
cancer, the value of cannot be 1 wheM = 0; i.e.,

mechanisms; one is that finasteride may prevent arf'(Y=1A=a M=0)=0.

individual from developing cancer and thereby cointr
his cancer severity even if cancer develops anather
is that even if finasteride does not prevent arnviddal

For each participant, it is also possible to comsttie
potential outcomes (Rubin, 1974, 1978, 1990), which
correspond to the outcomes of the participant had h

from developing cancer, it may still affect cancer P€en in the other arm of the tridli(a) denotes the
severity. In the context of the mediation analggiproach ~ cancer status for each participant under a. Likewise,
(Pearl, 2001; Robins, 2003; van der Laan and Rsters Y(a) denotes the cancer severity for each participader
2008; Shpitser and VanderWeele, 2011), the formerA = a Due to randomization of treatment, the potential
mechanism corresponds to the Natural Indirect Effec outcomesy(a) andM(a) are independent of the treatment
(NIE) and the latter to the Natural Direct Effe{E). A. This independency implies Rt@) =) = Pr(v(a) = y|A

In prevention trials such as this trial, the prpati  =a) and Pri/(a) =m) = Pr(M(a) = mjA =a).
stratification approach (Frangakis and Rubin, 2002; We assume that(a) andM(a) for an individual do
Rubin, 2004; Shephere al., 2008; Chiba, 2012) has not depend on the treatment status of other indal&
been discussed. However, this approach has thdhis assumption is sometimes referred to as the no-
disadvantage that it does not consider the formerinterference assumption (Cole and Henan, 2008). We
mechanism that finasteride may prevent an individua further  require  the  consistency  assumption
from developing cancer, which could be regarded as(VanderWeele, 2009) tha{A) =Y andM(A) = M for all

control of cancer severity. In this study, we apfiig

individuals, so the respective values Y9fand M that

mediation analysis approach to the prostate cancewould have been observedAfhad been set to what in

prevention trial, using methodologies proposedha t

fact they were are equal to the valuesychnd M that

context of vaccine trials (VanderWeele and Tchetgenwere observed. This assumption implies thatv@)(=

Tchetgen, 2011; VanderWeeadeal., 2012; Chiba 2013;
Chiba and Taguri, 2013) that allow this mechanism t
be considered.
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1A =a) = Pr(y = 1A = a), that Prii(a) = 1A = a) =
Pr(M = 1A =a) and that PX(a) = 1A=a, M =m) =
Pry=1A=a M =m).

AJBS



Yasutaka Chiba / American Journal of Biostatisti¢@)445-51, 2014

2.2. Natural Direct and Indirect Effects
Suppose that, in addition to potentially intervento

assign the treatment randomly, we could, at leastassumptions

hypothetically, intervene to develop or not develop
cancer. Theny(a,m) would denote cancer severity if we
set the treatment ta and the cancer status ma This
potential outcome is used to define the NDE and.NIE
The NDE is defined as follows:

NDE:=Pr{Y(1M (3)= 3 —Pfv( v ()= ) (1)

2.3. Senditivity Analysis
The NDE and NIE can be estimated with identifying

(Langeet al., 2012; Valeri and
VanderWeele, 2013), if all covariates between cance
status and severity are observed. However,

unfortunately, we do not have the information for
covariates. Therefore, we implement a sensitivity
analysis under the following assumption:

Assumption 1

M(1) < M(0) for all individuals.
This assumption is sometimes referred to as the

This compares the potential cancer severity if the monotonicity assumption (Manski, 1997) and implies

participant had received finasteride versus placafbd
he had the cancer status as if he had receivestédirde.
If Equation 1 is non-zero, this will be becauserewden

that PrM(1) = 1, M(0) = 0) = O; i.e., there is no
individual that he would develop cancer if he reegl
finasteride but would not develop if he received

the participant received finasteride and developedplacebo. Thus, Assumption 1 assumes that fnasteride

cancer, finasteride itself affects cancer severity.
The NIE is defined as follows:

SR CER:

The term Y(0O,M(1)) considers what the potential
cancer severity is if the participant receives glax; but
we set his cancer status to the status that it dvbave
been if he received finasteride. Equation 2 conmgpéris
potential outcome tor(0,M(0)), which is the potential
cancer severity if the participant receives placahd we
set the cancer status to the status that it woane been
if the participant received the placebo. For Equrat to
be non-zero,M(1) and M(0) have to differ; i.e.,
finasteride would have to affect the cancer stahgthat
change in cancer status would have to change theeca
severity, even if the participant had received giac
Essentially, Equation 2 is non-zero if the finaister
prevents an individual from cancer and that in turn
controls cancer severity.

The termY(a,M(a)) is equal toY(a) and thus we can
decompose the total effect P§() = 1) -Pr{/(0) = 1) into
the NDE and NIE as follows:

NIE:=Pr(Y(OM (3 )

Pr(v(9)= ]) PY( 9=}

=Pr(Y(1M(3) =1 -Pfv( am( P= )

=Pr(Y(1M (D)= 3 -PfY( M ()= (3)
+Pr(Y(oM(D)=3 —PfY( av( P=h

= NDE + NIE
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prevents developing prostate cancer and it would be
reasonable in this trial.

When Pry = 1A =a, M = 0) = 0, under Assumption
1, Pr(v(a,M(1)) = 1) can be expressed as follows:

Pr(Y(aM(D)=1

(4)
=pPr(Y(a)=1]A=1M = } P(M = 1p= )i

The derivation is found elsewhere (Chiba, 2013;
Chiba and Taguri, 2013). Using Equation 4, Equatfion
can be expressed as:

NDE ={Pr(Y (1) =1|A=1M =}
-Pr(Y(0=1A=1M = }}
xPr(M =1]A= )

®)

Using Equation 3, the NIE is given by subtracting
Equation 5 from the total effect F{() = 1) -Pr{r(0) =
1). Note that

Pr(Y(D=1JA= 1M = } —PfY( P= 14
=Pr(Y()=1M(3=M(9=}
-Pr(Y(9=1M(}=M(9=}

Which holds under Assumption 1, is the Principal
Strata Effect (PSE) that is a causal effect for the
population in which participant would develop cance
regardless of the assigned treatment.

Here, we set the sensitivity parameter as:
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a= Pr(y(o) =1|A= 1M = ;L Initially, we present the bounds only under Assuompt
(6) 1, which is sometimes referred to as the large Eamp
~Pr(Y(Q= 1A= om = } bounds (Zhang and Rubin, 2003; Chiba, 2012). Irafoj

6, because PY(0)=1[A=0,M=1)=Prf=1A=0,M =

Which is proposed for a sensitivity analysis of the 1) can be identified, we need to derive the bouiods
PSE (Chiba, 2010; Chiba and VanderWeele, 2011). ThePr(Y(0) = 1A = 1,M = 1) = Pr{f(0) = 1M(1) = M(0) = 1),
sensitivity parameter is the difference between thewhich holds under Assumption 1. BecauseMift] = 1,
cancer severity that would have been observeddf th M(0) = 1) = Pri4 = 1A = 1) under Assumption 1, of
participant received placebo when comparing the twoparticipants withi1(1), M(0)) = (1,1), the number of those
different populations: The first is that in whichet ~ Who were assigned to the placebo arm is expecteet to
participant received finasteridé& & 1) and the second )
is that in which participant received placeb®d % 0), N":=NPr(A=0) P(M = 1]A= } 9)
where the cancer status is equal in these two
populations 1 = 1). The interpretation o is then where,N is the total number of participants aNer(A
simply the difference of the expected cancer seweri = 0) is the number of participants who were assigne
under placebo for these two populations. to the placebo arm. Using this expected number, the

Using Equation 6, Equation 5 can be expressed as: lower bound of PX(0) = 1A = 1,M = 1) = Pr{(0) =
1M(1) = M(0) = 1) is:

NDE
=Pr(Y=1|A=1) N*>:O N € Ny,
_{Pr(Y:1|A: oM = ;l+a'} PEM = 1A= ) @ mem(u*_Nm)xl o (10)
={Pr(Y=1]A=IM =} -PfY= 1A= M= )} NE if N"> Ny,

xPr(M =1|A=]) o P(M = 1A= )L _
where,Namy = NPr(A =a, M =m, Y =) is the number

And the NIE can be expressed as: of participants with A, M, Y) = (a, m, y) and the upper

bound is:
NIE N X1
={Pr(Y=1]A= OM = }+a} P(M = 1p= )1 N if N < Noyy "
—Pr(Y=1]A= @ (8) (N' =Ny ) X0+ Ny X1 . (11)
: if N' 2 N,
={Pr(M =1]A=3) -P(M = 1p= }} N
xPr(Y=1|A= OM = }+a P{M = 1A= ] Equation 6 and 9-11 yield the following bounds dor

after some algebra:

where, Pr{ = 1A =a, M = 0) = 0 was applied.

Using Equations 7 and 8, a sensitivity analysislman -Q 1-Q
conducted as follows. The sensitivity parametéas set max 1 <a<mi 1 (12)
by the researcher according to what is considered _(1_Q)(E_1J Q(E_lj
plausible. The parameter can be varied over a rahge
plausible values to examine how conclusions varywhere,Q = Pr(f = 1A= 0,M = 1) andR = Pr(M = 1A =
according to differences in parameter values. Hselts 1)/PrM = 1A = 0).
of the sensitivity analysis can be displayed greaily, Next, we present bounds farunder Assumption 1
where the horizontal axis represents the valuehef t plus the following assumption, which is sometimes
sensitivity parameter and the vertical axis repieséhe referred to as the assumption of ranked averagee sco

values of the NDE and NIE. (Zhang and Rubin, 2003):
2.4. Boundsfor the Sensitivity Parameter Assumption 2

In some situations, it may be troublesome for Pr(Y(0)=1A=1,M=1)>Pr(¥(0)=1A=0,M=1).
researchers to determine a range oofto examine. ~ The first population in which the participant res
Therefore, we here introduce the boundsufor finasteride and developed cancérX 1, M = 1) would
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be less healthy than the second population in wthieh
participant received placebo and developed canker (

Before the implementation, we determined the bounds
for o to determine the range to be examined. Equation 12

0, M = 1), because the first population is composed ofyielded the bounds fax of -0.19%<0.087. By adding

participants who had high-grade cancer in spitekihg
the treatment while some of participants in theosdc
population might not have high-grade cancer if thay
taken the treatment. Thus, under the scenario iichwh
the participant receives placebo, the grade of erais
likely to be higher in the first than in the second
population and then Assumption 2 would be reas@nabl

It is obvious thate>0 under Assumption 2 from
Equation 6.

3.RESULTS

In this study, we implemented the sensitivity asaly
for the NDE and NIE as presented in the sectiorvabo

25

Natural direct effect (%)

0 001 0.02 003 0.04

Assumption 2, the bounds were narrowed <a<®.087.
For this range ofa, we implemented the sensitivity
analysis using Equation 7 and 8. The results avevstin

Fig. 1 for the NDE andrig. 2 for the NIE, where the
variances of product terms in Equation 7 and 8 were
calculated using the delta method; &) =
var(s)var(f )+svar(f )+t?var(3). The respective lower
and upper limits of the NDE were 0.56% (95% CI: -
0.02%, 1.14%) and 1.83% (95% ClI: 1.27%, 2.40%) and
those of the NIE were -1.27% (95% CI: -1.82%, -06§3
and 0.00% (95% CI: -0.57%, 0.57%). Note that theeio
limit of the NDE is equal to the total effect artht the
upper limit of the NIE is O from Equation 3.

0.05 006 0.07 0.08 0.09

Alpha

Fig. 1. Sensitivity analysis of the natural direct effethe solid line indicates the natural direct effeastd broken lines

indicate 95% confidence interval

1.0

0.5

Natural indirect effect (%)

0 0.01

0.02 0.03 0.04

0.05 0.06 007 0.08 0.09

Alpha

Fig. 2. Sensitivity analysis of the natural indirect effete solid line indicates the natural indiredieet and broken lines indicate

95% confidence interval
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