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Estimation of the average causal effect among
subgroups defined by post-treatment variables

Yutaka Matsuyama® and Satoshi Morita®

Background In clinical trials, when comparing treatments in a subgroup of
patients defined by an event that occurred after randomization is required, the
standard estimator that adjusts for the post-treatment variable does not have a
causal interpretation.

Purpose To address this problem, we formulate clinically relevant causal estimands
using the principal stratification framework developed by Frangakis and Rubin [3],
and propose a new estimation method for the principal causal effect.

Methods We consider the comparison of the duration of response among patients
who responded to chemotherapy in a cancer clinical trial. Our goal is to estimate
the local average treatment effect, that is, the treatment difference among patients
who would have responded to either treatment. In order to identify this estimand,
we make the assumption that the value of the counterfactual indicator of response
is independent of both the actual response status and the outcome variable of inter-
est conditional on the covariates. The proposed estimator is a weighted average of
the standard estimators for responders where weights are the probability that the
response would have occurred had the patient received the other treatment,
Results The proposed method is applied to data from a randomized phase lli
clinical trial in patients with advanced non-small-cell lung cancer. The average
difference for the duration of response among responders estimated by the pro-
posed method and the standard one was 16.1 (days) and 9.5 (days), respectively.
We also evaluate the performance of the proposed method through simulation
studies, which showed that the proposed estimator was unbiased, while the
standard one was largely biased.

Conclusions We have developed an estimation method for the local average
treatment effect. For any type of outcome variables, our estimator can be easily
constructed and can be interpreted as the treatment effect among patients who
would have had the event in either treatment group. Clinical Trials 2006; 3: 1-9.
www.SCTjournal.com

Introduction

In clinical trials, it is conceptually difficult to make
a treatment comparison in a subgroup of patients
defined by an event that occurred after randomiza-
tion. For example, in cancer clinical trials, one
would like to compare the duration of response
among patients who responded to chemotherapy.

One scientific question behind such analyses is that
responses to different treatment regimens will have
different response durations, so responders are the
primary group of interest. However, such compari-
son is problematic if the treatment has any effect
on response, because the subgroup of responders
under the standard treatment and the subgroup of
responders under the new treatment are not the
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same group of patients. This problem is known to
epidemiologists as post-treatment selection bias
[1,2], which implies that a comparison of the dura-
tion of response among responding subgroups does
not have a causal interpretation.

Recently, Frangakis and Rubin [3] have proposed
a principal stratification framework with respect
to post-treatment variables. The principal stratifica-
tion approach is a cross-classification of patients
defined by the joint potential values of the post-
treatment variable under each of the treatments
that are being compared. As with the example
of the chemotherapy responder described above,
patients can be classified into four potential sub-
groups:

1) those who would respond under either treat-
ment assignment, the true responders;

2) those who would not respond under the stan-
dard but would respond under the new treat-
ment, the new treatment only responders;

3) those who would respond under the standard
but would not respond under the new treat-
ment, the standard treatment only responders;

4) those who would not respond under either
treatment assignment, the non-responders.

The principal causal effect is defined as a com-
parison of potential outcomes of primary interest
within a principal stratum. In a comparison of the
duration of response among responders, the treat-
ment difference among patients who would have
had a response in either treatment assignment, that
is, true responders, is a matter of concern, because
the potential values for the duration of response
under two treatments are defined only for this
subgroup. The key property of the principal stratifi-
cation is that it is based on the stratification by the
baseline potential characteristics of each patient
and is not affected by treatment. Rubin [4,5] has
called this causal parameter the survivor average
causal effect in the context of censored quality-of-
life (QOL) data due to death.

In this article, we propose an estimation method
for the average causal effect among subgroups
defined by a post-treatment variable, the responder
average causal effect (RACE). It is important to note
that we cannot directly observe the principal
stratum to which a patient belongs because the indi-
cator of whether a patient would have responded to
the other treatment is a counterfactual variable.
Therefore, our approach to this problem is to
attempt to predict the probability of a response in
each treatment group as a function of covariates and
estimate the treatment difference among patients
who would have responded to either treatment.

A closely related estimation method for the
principal causal effect has been proposed by Gilbert
etal. [6]. Zhang and Rubin [7] have considered the
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problem of truncation by death in randomized
experiments and derived large sample bounds for
the principal causal effect, with or without various
identification assumptions. Our approach differs
from their approaches in incorporating information
from variables related to the post-treatment vari-
able (response) and outcome (duration of response).
Furthermore, our approach does not require the
assumption which rules out the existence of
patients who would respond under control treat-
ment but would not respond under new treatment.
This assumption, which is similar to the monoto-
nicity assumption [8], may be reasonable in a
placebo controlled study, but is not reasonable in
an active controlled study.

Estimation of the average causal effect
among responders

The definition of principal causal effects

Consider a randomized clinical trial for cancer
treatments with two drug treatment conditions - a
standard treatment and a new treatment, and two
outcomes: an indicator of response to the drug
and the duration of response. We assume that the
prerandomization or time-dependent covariates
are available. We also assume that there is full
compliance and no unintended missing data. The
objective is to draw inferences about the effect of
treatment on the duration of response. Some
patients, however, will not respond to the treat-
ment, with the result that the duration of response
is not defined.

We define the potential outcomes of the study
patients. Let Z be the vector of treatment assign-
ments for the N randomized patients, with ith
element Z; (Z, = 1 for a new treatment; Z; = 0 for a
standard treatment). Let R(Z) be the N-vector with
ith element R,(Z), which is the indicator of whether
the ith patient would respond given Z. For patients
with R,(Z) = 1, let Y,(Z) be the duration of response
given Z. In order to limit the possible potential
outcomes for each patient, we adopt Rubin’s [9]
stable unit treatment value assumption (SUTVA)
throughout. It states that R(Z) = R(Z') whenever
Z;=2{, and Y{(Z) =Y (Z') whenever Z;=Z/ and
R(Z) = R{(Z;)) = 1. SUTVA implies that potential
outcomes for each patient i are unrelated to the
assignment Z(j # i) of other patients, and allows
R(Z) and Y,-(é) to be written as Ri(Z;) and Y,(Z),
respectively. Therefore, under SUTVA, each patient
has two potential outcomes for response (Ri(1),
R;(0)), and at most two potential outcomes for dura-
tion of response (Y1), Y,(0)). For each patient, only
one of R(1) or R,(0) is observed. Note that Y,(1){Y,(0)]
is defined only if R; (1) = 1 {R,(0) = 1}. We will also
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assume the consistency assumption that, for every
individual i, if the actual value of Z; turns out to be
z;, then the value that R (or Y) would take on if Z,
were z; is equal to the actual value of R (or Y). This
assumption relates the observed outcome to the
potential outcomes.

The definition of the average causal effect of
treatment on the response is straightforward:
E[R/(1) — R/(0)], that is, the difference between the
average of the response had all patients taken
the new treatment and the average of the response
had all patients taken the standard treatment
[9-11]. This unobservable quantity can be
obtained from the observable parameter by
ER|Z; = 1) — E(R|Z; = 0), when the random assign-
ment of treatments is carried out correctly.

Drawing causal inferences about the effect of the
treatment on Y is more problematic. A standard
method adjusts for the post-treatment variable (R)
using the difference between the distributions
E(Y|Z,=1, R;=1) and E(Y}Z;=0, R;=1). This
comparison, however, is not a causal parameter,
because the two subgroups, Z;=1, R;=1 and
Z;=0, R;=1, will not be comparable unless the
event of response is random [1}. To overcome this
problem, Frangakis and Rubin [3] have proposed
the principal causal effect that is defined as a com-
parison of potential outcomes under standard
versus new treatment within a principal stratum:

EY,(D-Y(0}| R(1) = R(0)=1] 1

As was suggested in Rubin [4,5], the most mean-
ingful inferences about the causal effects on Y can
be drawn only for this subgroup, because both Y (1)
and Y;(0) are defined only for this subgroup. This
population level causal parameter is the effect of
the treatment on the duration of response (Y) for a
common set of patients, that is, patients who would
respond under both treatments. Therefore, this
parameter does not suffer from the complications
of the standard post-treatment-adjusted one.

Potential values R;(1) and R,(0) were also used by
Robins and Greenland |2], but, like Rosenbaum [1],
they did not use those values to define causal effects
adjusted for the post-treatment variable. Instead,
they used a framework where both the treatment
and the post-treatment variable are controllable,
and defined counterfactual values of outcomes Y
that would have been observed under assignment
to treatment Z and if the post-treatment variable
somehow were simultaneously forced to attain a
value. In such an approach, the duration of
response is “missing” among patients who have not
responded, and causal estimands can be defined by
comparing the distribution between the random-
ized groups. This framework is not compatible with
the studies we consider, which do not directly
control the post-treatment variable. Specifically, the

www.SCTjournal.com

Estimation of the responder average causal effect 3

duration of response among patients who have not
responded to chemotherapy is not really missing
data, which would imply a hidden value, but is
nonexistent and is simply undefined.

Proposed estimation method

The primary estimand of interest is the difference in
outcome Y in the group of patients that would have
responded under both treatments, defined by
Equation (1). This local average treatment effect can
be written as follows:

_ E{Y;,()- YO R, (O)R (1)}
E[R(O)R,(1)]

The quantity R{(O)R,(1) in both the numerator and
denominator of Equation (2) takes the value of one
for any patient who would have responded under
both treatments and takes the value of zero for all
other patients. It is not possible to estimate
Equation (2) without introducing assumptions,
because the joint distributions involved in the
numerator and denominator of Equation (2) are
not observable. For example, when the treatment
has no effects on response, that is, R,(z) = R(1 - z),
we can estimate Equation (2) from the observed
data as

@)

2 YO T ¥ (0R(0)
>R 2 (0

where j indexes over patients assigned to group
z=1 and k indexes over patients assigned to
group z=0. However, if the treatment has any
effect on response, the estimator Equation (3) from
the observed responders will in general be a biased
estimate of the causal parameter owing to the post-
treatment selection bias.

In order to identify Equation (2), we make the fol-
lowing assumption about the potential outcomes:

&)

Pr[R(1-2)=1|R(2),Y(2), X,) = Pr[R(1-2)=1| X,] (4)

where X, represents the prerandomization or time-
dependent covariates. This assumption means that
the probability that the response would have been
observed had the patient received the other treat-
ment can be explained only by measured covariates
X;. Let w(z) = E[Ri(2)|X]] be the expected value of
R,(z) conditional on X, for z = 0,1. Then, under the
assumption of Equation (4), we have

EY,(2)R(2)R,(1-2)| X;]
= E[Y,(2)R(2)| X;JEIR,(1- 2)| X;]
= E[Y,(2)R(2)| X;Iw;(1-2)
= ElY,(2)R(2w,(1-2)| X;] -

Clinical Trials 2006; 3: 1-9
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From this equation, conditional on X; and with a
consistent estimator wy(z) of w(z) for z=0,1, an
estimator of Equation (2) is given by

YL ORAW0) Y Y (0)R (04, (1)

o= : - - 5
FETY ROWO IAOLAN ©)

where j indexes over patients assigned togroupz =1
and k indexes over patients assigned to group z = 0.

Although the probabilities of response under the
other treatment are unknown, we can predict them
from the data in each treatment group. Therefore,
our proposed estimation procedure for Equation (2)
consists of the following three steps:

1) Modelling: A model such as logistic regression is
used to predict the probability of response in
each treatment group as a function of covariates.
Prediction: Using the estimates of the regression
parameters in the other treatment group esti-
mated in step (1), the probability that the
response would have occurred had the patient
received the other treatment is predicted in each
patient.

Weighting: The usual analysis comparing the
duration of response between treatment groups
(ie, estimation of the difference in means) is
conducted among the observed responders using
the individual-specific weight, which is the
estimated probability in step (2).

2

~—

3

~—"

We provide an alternative explanation of the
above step (3). We assume the following causal
model for the potential outcomes on principal
stratum of the true responders:

ElY,(2)|R1)=R(0)=1] = B, (6

where B, (z = 0,1) is the mean duration of response
in each treatment group. We contrast the causal
model (6) with the following association model for
the observed responders:

ElY| R =1,Z]) = B(1-Z)+BiZ; @)

Assuming no other bias such as measurement
error, we can unbiasedly estimate the associational
parameter B’ = (B¢, B7) by fitting Equation (7) to
the observed data. If there is no post-treatment
selection bias, the parameters of models (6) and (7)
are equal. As a consequence, associational estimate
of B’ is also an unbiased estimate of the causal
parameter B = (Bo, By). If the treatment has any
effect on response, then B # g’ and unweighted
estimate of B’ is a biased estimate of the causal
parameter @ owing to the post-treatment selection
bias. However, even when event of response is not
random, if the assumption (4) is true, one can
obtain unbiased estimate of the causal parameter
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B of model (6) by fitting the association model (7)
using individual-specific weights Pr(R,(1 - Z)=
11X,). Again, in practice, individual-specific weight
is unknown and one must estimate it from the data
by specifying a model.

The use of estimated weights induces within-
individual correlation, which invalidates the
model-based standard error estimates outputted by
many standard statistical packages. Two methods
are used to construct the confidence intervals for
the weighted estimator. The first is based on a
robust variance estimate [12,13]. The robust vari-
ance estimator provides conservative confidence
intervals for the parameter of interest 6, that is, the
050 Wald confidence intervals calculated as
6+ 1.96 X (robust standard error) is guaranteed to
cover the true value @ at least 95% of the time in
large samples {14,15]. The robust intervals are
conservative because they do not account for the
fact that the weights are estimated, and estimating
the weights shrinks the variance of our weighted
estimator. The second method is based on robust
variance that accounts for the variability of the
weights (see Appendix). The observation that a
weighted estimator that uses the estimated weights
has smaller variance than one that uses the true
weights has been discussed by Robins et al. [16] and
a series of papers by Rubin and Thomas [1 7-19].

Simulation studies

To evaluate the performance of the proposed esti-
mation method, we carried out simulation studies.
We simulated data from two treatment groups,
coded as z = O (standard treatment) or z =1 (new
treatment). The simulations were based on 1000
replications, so that the estimated coverage proba-
bility of a true 95% confidence interval would have
a simulation accuracy of approximately 1.35%. For
each subject i, a potential outcome variable under
the assigned group z, Y/(z), was generated via the
linear model, Yy(z|x; &) = By, + X + &, where (Bg,
Bo,1) = (50,60). A covariate X, was generated from a
normal distribution with a mean of 10 and a stan-
dard deviation of 20. The random error ¢ was
generated from a normal distribution with a mean
of zero and a standard deviation of 5. For each
subject i, a potential outcome variable under the
other treatment, Y, (1 — z), was also generated from
the above model.

For each subject i, a potential response indicator
R;(0) under the standard treatment was generated
via the logistic regression model

Pr(R,(0)=1|x)= explag o + @ %;) o

1+explagg + o)
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In model (8), «; =1log(1.07), so that 10-fold
increases in X; produces two-fold increases in the
odds of response. ag = —0.08, —0.69, ~1.28, ~1.93
and —2.70, so that the probability of response
under the standard treatment was nearly 60%, 50%,
40%, 30% and 20%, respectively. For the potential
response under the new treatment, the following
logistic regression model was assumed

Pr(R;(1)=1] x;, y,(0)7;(0))
explag; +aX; + a,¥;(0)r(0))

©)

" T+ explag, +a,% +a,y,(0);(0))

ap; = 1.35, 0.58, —0.08, —0.69 and —1.28, so that
the probability of response under the new treat-
ment was nearly 80%, 70%, 60%, 50% and 40%
when a, =0, respectively. In model (9), two
situations were considered: a, = O (situation A),
corresponding to the assumption (4), and o, # 0
(situation B), corresponding to a departure from the
assumption (4). The selection bias parameter a, can
be interpreted as the conditional log-odds ratio for
response under the new treatment between subjects
who differ by 1 in y;(0)r;(0). In situation B, a, = 0.1,
which implies that, after conditioning on a
covariate X;, a 10-fold increase in the duration of
response under the standard treatment produces an
exp(l) = 2.72 times increased odds of response
under the new treatment. We are interested in the
situation «, > 0, because among subjects with the
same covariate X, those with longer duration of
response might be more likely to respond under the
other treatment than those with shorter duration of
response.

An equal sample size of 100 for each group was
randomly generated (total sample size was 200). In
situation A, we compared the results from the stan-
dard method whose analysis model is given in
Equation (7) with those from the proposed method
in which weights were estimated by the logistic
regression model that included X; as a covariate. In
situation B, only the proposed method was applied.

Estimation of the responder average causal effect 5

For both situations, the result from the subjects
who had a response under both treatments, that is,
a true responder stratum, was regarded as a true
value in each replication. Therefore, the average
true treatment effect for duration of response was
10(=By,; ~ Bo,o = 60 ~ 50).

Table 1 shows the results for the case of o, = 0 in
model (9). Each row of Table 1 reports the Monte
Carlo mean bias, mean squared error (MSE), and
coverage probability of the nominal 95% large
sample confidence intervals, for the estimate of dif-
ference in Y; according to the combinations of the
response rate in each group. Examining rows 1-5 of
Table 1, one can see that under the assumption (4)
the proposed estimator is nearly unbiased, while
the standard one is largely biased. For both
methods, MSE is increasing with the decrease of the
numbers of responders. The coverage probabilities
for the proposed estimator based on the robust vari-
ance, which accounts for the variability of the
weights, are close to the nominal level of 95%. One
can also see that ignoring the fact that the weights
are estimated leads to conservative coverage proba-
bility in all situations. Under-coverage rate in row 5
is due to small sample sizes of responders. The bias
of the standard estimator is also reflected in the
smaller coverage probabilities. Examining rows 6-7
of Table 1, we observe that both methods give unbi-
ased estimators, as expected, when the response
rates are equal between the treatment groups.

Table 2 shows the results for the case of «; = 0.1
in model (9). Examining rows 6-7 of Table 2, we
observe that, even in situation B, the proposed
estimator is unbiased when the response rates are
equal between the treatment groups. The coverage
probabilities based on the robust variance, which
accounts for the variability of the weights, are close
to the nominal level of 95%. However, examining
rows 1-5 of Table 2, one can see that the proposed
estimator is slightly biased when the assumption (4)
is not satisfied. The small degree of bias was due to
the fact that, in the above simulation, the weight

Table 1 Simulation results (Ignorable missingness)
Response rate Proposed method Standard method

No New Standard Bias MSE 95% coverage? 95% coverage® Bias MSE 95% coverage
1 80% 60% 0.01 11.87 94.5% 96.2% —4.01 29.88 87.6%

2 70% 50% 0.03 14.74 95.6% 96.8% ~4.21 36.15 83.8%

3 60% 40% —0.05 18.50 95.8% 96.7% —-4,35 41.43 82.9%

4 50% 30% -0.12 29.35 95.3% 95.5% —4.97 61.10 81.0%

5 40% 20% —-0.01 52.92 92.6% 93.4% -5.57 94.55 81.0%

6 60% 60% —-0.06 13.90 95.3% 96.8% 0.0 16.17 97.1%

7 40% 40% -0.15 25.63 95.2% 96.7% -0.18 31.54 96.4%

2Robust 95% confidence intervals, which account for variability of weights.
bRobust 95% confidence intervals, which do not account for variability of weights.
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Table 2 Simulation results (Non-ignorable missingness)

Response rate

Proposed method

No o5 New Standard Bias MSE 95% coverage® 95% coverage®
1 80% 60% 0.35 12.45 98.3% 98.9%
2 70% 50% 0.84 16.32 97.6% 98.2%
3 60% 40% 1.02 20.25 98.2% 98.6%
4 0.1 50% 30% 1.36 32.68 96.5% 97.2%
5 40% 20% 0.98 42.36 94.8% 95.6%
6 60% 60% 0.05 15.41 97.1% 97.6%
7 40% 40% -0.07 23.51 97.8% 98.2%
aRobust 95% confidence intervals, which account for variability of weights.
bRobust 95% confidence intervals, which do not account for variability of weights.
prediction model was misspecified in only standard 1.07
treatment group. The bias of our estimator will, in
general, be larger as the weight prediction model is
mis-specified in both groups. To reduce this bias of
our estimator, it is important to collect covariates Response Non-response
which satisfy the assumption (4), and to include 08 (n=38) (n=82)
these covariates as explanatory variables in the Response Non-response o
weight prediction model. = _

= =55 @=7) B E

. 206 | g

Application to advanced non-small-cell =
lung cancer trial data o

o
Our illustrative application is a randomized phase E 041
111 clinical trial of advanced non-small-cell Lung = ’
cancer (NSCLC) Full details on the design, conduct, wl
and the main clinical results have been reported [20].
A total of 398 patients with previously untreated
NSCLC were randomized to receive Cisplatin + 0.2
Irinotecan (CPT-P), Cisplatin + Vindesine (VDS-P),
or Irinotecan alone in order to compare the survival
rate. Here we used the first two treatment groups to
compare the duration of response among respon- 0 T ——
ders. The response rate was 43.7% (55/126) for
patients in the CPT-P group and 31.7% (38/120) for CPT-P group VDS-P group
those in the VDS-P group. The difference in  pgure 1 Distribution of weights (the probability of

response rates was 12.0% with the 95% confidence
interval (—0.03%, 24.0%).

We used a logistic regression model to predict the
probability of response in each treatment group.
Sex, age, stage and performarice status were used as
the covariates. Figure 1 shows the distribution of
estimates of weight in each group, which is the
probability of response that would have occurred
had the patient received the other treatment.

Table 3 shows the average duration of response
among responders estimated by the proposed
method and the standard one. The average differ-
ence for the duration of response estimated by the
standard method was 9.5 (days), which would be
biased because of the difference in response rates

Clinical Trials 2006; 3: 1-9

response that would have occurred had the patient received
the other treatment) according to the response status in each
treatment group. Each box shows the location of the mean
(®), median (middle horizontal bar), and quartiles (border
horizontal bars). Vertical lines extend to the most extreme
observations which are no more than 1.5 X IQR (interquar-
title range) beyond the quartiles. Observations beyond the
vertical lines are plotted individually (O)

between the treatment groups. The estimated differ-
ence by the proposed method was 16.1 (days) with
the robust 95% confidence interval (-14.6,46.7).
The narrower intervals were obtained by accounting
for the variability of the weights.

www.SCTjournal.com
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Table 3 Estimated average duration of response (days) among responders in NSCLC data

Proposed method

Standard method

Group Mean Difference 95% Cl? 95% CIP Mean Difference 95% ClI
CPT-P 89.7 86.6

16.1 —14.6, 46.7 —-15.9, 48.0 9.5 —20.7, 39.7
VDS-P 73.6 77.1

2Robust 95% confidence intervals for the difference, which account for variability of weights.
PRobust 95% confidence intervals for the difference, which do not account for variability of weights.

Our proposed approach can also estimate the size
of the four potential subgroups (true responders,
CPT-P only responders, VDS-P only responders and
non-responders). For example, the number of true
responders can be estimated by summing the esti-
mates of weight among responders which is shown
in Figure 1. The number of CPT-P only responders
can be estimated by summing both the estimates of
(1—weight) among responders in the CPT-P group
and the estimates of weight among non-responders
in the VDS-P group. Table 4 shows these results.
In the NSCLC data, 13.5% of the patients were
true responders, while 38.3% of the patients were
non-responders who would not respond under
either treatment assignment. For the CPT-P only
responders, who comprised 29.7% of the population,
there is a distribution of Y (duration of response) in
the CPT-P assignment group. The average duration
of response in the CPT-P group for patients who
would not respond under the VDS-P treatment,
ElY||Z,=1,R; = 1, R(0) = 0], was estimated by
weighted analysis in which weights are the proba-
bility that the response would not have occurred
had the patient received the VDS-P treatment. This
resulted in a point estimate of 85.1 (days) with
the 95% confidence interval (69.0,101.3). Similarly,
the estimated average duration of response in the
VDS-P group for patients who would not respond to
the CPT-P treatment, E[Y}|Z,=0,R; =1, R(1) = (],
was 79.5 (days) with the 95% confidence interval
(53.8,105.3).

Table 4 Estimated size of the four potential subgroups in
NSCLC data

VDS-P
Response  Non-response  Total
Response 33.2 731
106.3
(13.5%)  (29.7%)
CPT-P
Non-response 45.4 94.3
139.7
(18.5%)  (38.3%)
78.6 167.4 246

www.SCTjournal.com

Discussion

Within the framework of Frangakis and Rubin [3],
this paper develops methods for causal inference in
the always-responded principal stratum, that is,
we have proposed an estimation method for the
“local” average treatment effect, which is the
average effect of treatment among responders.
Alternatively, causal inference could be made using
a missing data framework that assumes all random-
ized subjects will respond, and thus will have the
duration of response. In such an approach, the
duration of response is treated as missing in
patients who have not responded, and causal esti-
mands can be defined based on the contrasts of the
duration of response distributions for the standard
and new treatment groups. The goal of assessing
such estimands is to compare outcome distribution
between the randomized groups had all patients
responded during the study. Robins et al. [21] devel-
oped an IPCW (inverse probability of censoring
weighted) method that could be used for causal
inference of this estimand, which is the “global”
average treatment effect in the entire study popula-
tion. The drawback of such missing data approach
for the present application is that the causal
estimand may not be relevant or interpretable,
because it is unrealistic to suppose that all patients
would respond. Frangakis and Rubin [3] criticize use
of such a causal estimand because it uses nonexist-
ent “a priori” counterfactuals. However, there are
similarities between our estimation method for
outcomes in a principal stratum and the IPCW
method. The underlying idea for both methods is to
base estimation on the observed outcomes but
weight them by some quantities for predicting
each target population. The IPCW weight is the
inverse of the probability of remaining in the study
under the MAR (missing at random) assumption.
While, under the ignorability assumption (4), our
approach weights the contribution of the observed
responders by their probability of response under
the other treatment.

The proposed method can be used in a variety of
applications where the comparison of treatments
adjusted for post-treatment variables are required.

Clinical Trials 2006; 3: 1-9
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As analysed in this paper, the comparison of
outcomes among patients who responded to treat-
ment is one example. Gilbert et al. [6] considered a
randomized study to evaluate the efficacy of a
preventive HIV vaccine among infected subjects.
They used a similar framework of potential out-
comes to formulate the causal estimands, which
were defined in terms of the distributions of poten-
tial viral loads given assignment to receive vaccine
or placebo for subjects in the always-infected
principal stratum. Another example is the analysis
of QOL data with censoring due to death [4,5,7].
Standard approaches for missing data attempt to
estimate the treatment effect that would have been
observed if (contrary to fact) all patients had
continued to be observed until the end of the study
[21], which is the global average treatment effect.
This analysis will be reasonable if the post-
treatment variable is controllable. However, QOL
data for censored cases due to death is “missing”
because a null value exists [3]. Therefore, it is
reasonable to think that estimation of the causal
effects of treatment on QOL is restricted by the life of
patients, which can be affected by the treatment and
is a post-treatment variable.

Our estimation method is simple in that it
requires only the prediction of the probability of
the event in each treatment as a function of covari-
ates. For any type of outcome variables, the proposed
weighted estimator can be easily constructed
among patients for whom the event has occurred
and can be interpreted as the treatment effect
among patients who would have had the event
in either treatment group. This weighted analysis
can be easily fitted in many standard statistical
packages. However, the correctness of the causal
inferences from our weighted analysis depends
on the key assumption (4) that the value of the
counterfactual indicator of response is independent
of both the actual response status and the outcome
variable of interest conditional on the covariates.
This residual independence between the outcome
variables and the counterfactual response is a
non-identifiable assumption and is not testable
from the observed data. If the covariates which
satisfy the conditional independence assumption
(4) are available and these covariates are entered as
explanatory variables in the weight prediction
model, the selection bias due to these unmeasured
individual characteristics, that is, the departures
from assumption (4), will be small. For example,
when the time-dependent covariates or another
outcome such as side effects are recorded and are
related to response in addition to the baseline
covariates, all these factors should be included in
the weight prediction model. Therefore, for this
issue, it is important to collect data on a sufficient
number of covariates for the outcome variables to

Clinical Trials 2006; 3: 1-9

ensure that the assumption of no unmeasured
covariates will be at least approximately true. In our
NSCLC data, sex, age, stage and performance
status, which were most clinically important
factors for tumour response, were used as the
covariates to predict the probability of response in
each group. The subject matter experts agreed that
these covariates used in the analysis could be
presumed to be most predictive of tumor response
and response duration under either treatment
group. Therefore, the assumption (4) seems to be
reasonable in our example. Otherwise, it will be
necessary to extend the proposed method to
investigate the sensitivity of our inferences to
the fundamental assumption of no unmeasured
covariates [22]. Alternative approach to sensitivity
analysis as means for summarizing uncertainty
due to unmeasured factors is to compute bounds
for the causal effect [7,23]. Zhang and Rubin [7]
have derived such bounds for the principal
causal effects (Equation 2), although the bounds
are often so wide as to be useless for making
decisions.
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Appendix

The causal parameter 8 = (8,, B,) of model (6) can
be obtained from the solution to the following
weighted estimating equations among responders
U(B, &) = 3d(Z; Bywi(&-)1Y; ~ 8(Z; P = SU(B,
&) =0, where g(Z;P)= Byl - Z) + prZ, d(Z;
B) = ag(Z; BY/aB, and &= (&, @;) are the maximum
likelihood estimators of «, in each treatment group
under the prediction model for Pr(R;= 1X; a,)
= w(X;; o). Typically, w(-) would be chosen to be a
logistic function. Under the assumption (4) and
the true model for w(X; o), there exists a unique
solution B, and U(Byyes @) and (B — Byye) are asymp-
totically normal with a mean of zero and respec-
tive asymptotic variances C and (I")C (I'"1)T that
can be consistently estimated by ¢ and
(I‘ 1)C(F DT, where F = aU(B, a)/apT, C=A—BOBT,
A=3U(B, &U,B, &T, B = aU(B, )/3aT, and Q) is the
estimate of ) based on the observed information
from the likelihood for the prediction model
w(X; a,). The above variance estimator for 8 can be
expressed as gl“ HAC-HTA-HBOBT(E-1)T The first
term (I~DHA@-HT is the usual robust (sandwich)
variance estimate without accounting for the vari-
ability of weights, thus, the estimator B that uses the
estimated weights is at least as efficient as the one
based on the usual robust variance estimate.

Clinical Trials 2006; 3: 1-9
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Abstract

Objective: The aim of this study was to evaluate the effi-
cacy and toxicity of S-1 in patients with metastatic pan-
creatic cancer. Methods: Patients were required to have
a histological diagnosis of pancreatic adenocarcinoma
with measurable metastatic lesions, and no prior chemo-
therapy. S-1 was administered orally at 40 mg/m? twice
daily for 28 days with a rest period of 14 days as one
course. Administration was repeated until the appear-
ance of disease progression or unacceptable toxicity. A
pharmacokinetic study was done on day 1in the initial 8
patients. Results: Nineteen patients were entered into
this study. Four patients (21.1%) achieved a partial re-
sponse with a 95% confidence interval of 6.1-45.6%. No
change was noted in 10 patients (52.6%), and progres-
sive disease in 5 patients (26.3%). The median survival
time was 5.6 months with a one-year survival rate of
15.8%. The major adverse events were gastrointestinal
toxicities such as nausea and anorexia, though most of
them were tolerable and reversible. There were no large
differences in the pharmacokinetic parameters of S-1in

patients with pancreatic cancer and those in patients
with other cancers. Conclusion: S-1 is active and tolerat-
ed in patients with metastatic pancreatic cancer, which
will be confirmed in the following large-scale phase Il
study.

Copyright © 2005 S. Karger AG, Basel

Introduction

Pancreatic cancer is among the most lethal of all solid
tumors. More than 80% of patients have unresectable dis-
ease at diagnosis, and even if resection is performed, the
recurrence rate is extremely high. Consequently, only
< 5% of all patients with pancreatic cancer survive 5 years
after diagnosis [1]. Although pancreatic cancer has been
considered as a chemotherapy-resistant tumor, recent
studiés have demonstrated that gemcitabine is an effec-
tive tool for the palliation of symptoms and prolonging
survival in patients with advanced pancreatic cancer.
However, single-agent gemcitabine has provided limited
benefit, with objective response rates of less than 15% and
a median survival of less than 6 months [2—-8]. Therefore,
to improve the prognosis of patients with pancreatic can-
cer, there is a clear need to identify a new effective chemo-
therapeutic regimen.
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S-1is an oral anticancer drug, which consists of tegafur
(FT) as a prodrug of 5-fluorouracil (5-FU), 5-chloro-2,4-
dihydroxypyridine (CDHP) and potassium oxonate (Oxo)
[9]. The drug has been developed to improve the tumor-
selective toxicity of 5-FU by two biochemical modulators,
CDHP and Oxo. CDHP is a competitive inhibitor of
dihydropyrimidine dehydrogenase involved in the degra-
dation of 5-FU, and maintains efficacious 5-FU concen-
trations in plasma and tumor tissues [ 10]. Oxo, a competi-
tive inhibitor of orotate phosphoribosyltransferase, inhib-
its phosphorylation of 5-FU in the gastrointestinal tract,
and reduces the serious gastrointestinal toxicity associat-
ed with 5-FU [11]. S-1 has already demonstrated a potent
antitumor effect in clinical studies on various solid tu-
mors [12-18]. The response rates in the late phase 11 stud-
ies for advanced colorectal cancer, non-small cell lung
cancer, and head and neck cancer were 35, 22, and 29%,
respectively [12-14]. In particular, an excellent antitumor
effect was demonstrated in the two late phase II studies
for advanced gastric cancer, which resulted in response
rates of 49 and 44%, respectively [15, 16]. In these late
phase Il studies, S-1 was administered at a dose of 80 mg/
m?/day for 28 consecutive days followed by a rest period
of 14 days, based on the experience of the early phase 11
studies [17, 18]. The major adverse events recognized in
these studies were myelosuppression and gastrointestinal
toxicities, though most of them were tolerable and revers-
ible. According to these findings, the commercial avail-
ability of S-1 for the treatment of patients with gastric
cancer, colorectal cancer and head and neck cancer has
been approved in Japan.

As for pancreatic cancer, although the preclinical anti-
tumor efficacy of S-1 on human pancreatic cancer xeno-
grafts implanted into nude rats has been reported [19], its
clinical activity against pancreatic cancer has not been
evaluated. As it is available in an oral form, S-1 has a
potential advantage as far as the convenience of the
patients is concerned, especially in terms of quality of life.
This is very important in pancreatic cancer patients,
because the remaining life span of these patients is gener-
ally short. Thus, we conducted an early phase II study to
evaluate the antitumor effect and safety of S-1 in patients
with metastatic pancreatic cancer.

Patients and Methods

Study Patients

All patients were required to show histologically proven pancreat-
ic adenocarcinoma with measurable metastatic lesions. Additional
criteria included the following: no history of prior antitumor treat-
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ment except pancreatic resection; 20-74 years of age; Karnofsky per-
formance status of 80-100 points; estimated life expectancy =2
months; adequate marrow function (white blood cell count 4,000-
12,000/mm?, platelet count =100,000/mm? hemoglobin level
= 10.0 g/dl), adequate renal function (normal serum creatinine lev-
el), adequate liver function (total bilirubin level < 3 times upper nor-
mal limit, transaminases levels <2.5 times upper normal limit), and
written informed consent from the patients. Patients were excluded
if there was a history of drug hypersensitivity, serious complications,
symptoms attributable to brain metastasis, active secondary cancer,
active infection, marked pleural or peritoneal effusion, and watery
diarrhea. Pregnant or lactating women were also excluded. The study
was performed in accordance with the Declaration of Helsinki,
approved by the institutional review board at the National Cancer
Center Hospital, and conducted in accordance with the Good Clini-
cal Practice guidelines in Japan.

Treatment Schedule

S-1 was administered orally at 40 mg/m? twice daily after break-
fast and dinner. Three initial doses were established according to
the body surface area (BSA) as follows: BSA <1.25 m?, 80 mg/day;
1.25m?2 = BSA <1.50 m2, 100 mg/day; and 1.50 m? =< BSA,
120 mg/day. S-1 was administered at the respective dose for 28 days,
followed by a 14-day rest period. This schedule was repeated every 6
weeks until the occurrence of disease progression, unacceptable toxi-
cities, or the patient’s refusal to continue. If grade 3 or higher hema-
tological toxicity or grade 2 or higher nonhematological toxicity was
observed, the temporary interruption of S-1 and/or the dose reduc-
tion by 20 mg/day was allowed (minimum dose, 80 mg/day). Unless
adverse events appeared, to enhance the pharmacological effect, the
rest period was shortened to 7 days or the dose was gradually escal-
ated in the next course (maximum dose, 150 mg/day), or both were
permitted according to the judgment of individual physicians. If a
rest period of more than 28 days was required, the patient was with-
drawn from the study. During the treatment, patients maintained a
daily journal to record their S-1 intake and any adverse events experi-
enced. S-1 was provided by Taiho Pharmaceutical Co. Ltd. (Tokyo,
Japan).

Evaluation of Response and Safety .

The response was assessed using computed tomography scan or
magnetic resonance imaging in each course according to the Japan
Society for Cancer Therapy Criteria [20], which is basically similar to
the World Health Organization Criteria. Briefly, complete response
was defined as the complete disappearance of all measurable and
assessable lesions for at least 4 weeks. Partial response was defined as
a = 50% reduction in the sum of the products of the greatest perpen-
dicular diameters of all measurable lesions for at least 4 weeks. No
change was defined as a <50% reduction or a <25% increase in the
products of the greatest perpendicular diameters of all lesions for at
least 4 weeks. Progressive disease (PD) was defined as a =25%
increase or the appearance of new lesions. Primary pancreatic lesions
were considered to be assessable but not measurable lesions, because
it is difficult to measure the size of primary pancreatic lesions accu-
rately [21].

Physical examination, complete blood cell counts, biochemistry
tests, and urinalysis were assessed weekly during the treatment.
Adverse events were evaluated according to the National Cancer
Institute Common Toxicity Criteria version 2.0. An external review
committee confirmed the objective responses and adverse events.
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Table 1. Patient characteristics (n = 19)

Characteristics Patients %
Gender
Male 13 68
Female 6 32
Median age, years {range) 61 (45-73)
Karnofsky performance status
100 points 2 11
90 points 16 84
80 points 1 5
Median first dose, mg/m? (range) 36.7 (33.7-39.9)
History of pancreatectomy 1 5
Sites of metastasis
Liver 15 79
Distant lymph node 3 16
Lung 3 16
Peritoneum 1 5

Median CEA, ng/ml (range)
Median CA 19-9, U/ml (range)

8.6 (0.4-121)
4,033 (1-155,400)

Pharmacokinetics

A pharmacokinetic study was performed in the first 8 patients
enrolled in the study. Blood (5 ml) was collected with a heparinized
syringe on day 1 of the first course before and 1,2, 4, 6,8,10,and 12 h
after the administration of S-1. Plasma was separated by centrifuga-
tion, and stored at —20 ° C until analysis. Plasma concentrations of FT,
5-FU, CDHP, and Oxo were quantified as reported previously [22).FT
was quantified by high-performance liquid chromatography with UV
detection, and 5-FU, CDHP, and Oxo were quantified by gas chroma-
tography-negative ion chemical ionization mass spectrometry.

Pharmacokinetic parameters, maximum plasma concentration
(Cmax, ng/ml), time 10 reach Cpay (Tmax, ), area under the concentra-
tion versus time curve zero to infinity (AUCp_ce, ng-h/ml), and elimi-
nation half-life (T}, h) were calculated by a noncompartment model
in Win-Nonlin Version 3.1 (Pharsight, Apex, NC, USA).

Statistical Analysis

The response duration was calculated from the day of the first
demonstration of response until PD; time to progression was calcu-
lated from the date of study entry until documented PD; overall sur-
vival time was calculated from the date of study entry to the date of
death or the date of the last follow-up. Median probability of survival
and the median time to progression were estimated by the Kaplan-
Meier method. Compliance was calculated for all the courses using
the ratio of the tota] dose actually administered to the scheduled
dose. Analysis was planned to be carried out when 19 patients were
enrolled. In this study, the threshold rate was defined as 5% and the
expected rate was set as 15%. If the lower limit of the 90% confidence
interval exceeded the 5% threshold (objective response in 4 or more
of the 19 patients), S-1 was judged to be effective and we would pro-
ceed to the next large-scale study. If the upper limit of the 90% confi-
dence interval did not exceed the expected rate of 15% (no objective
response in the 19 patients), S-1 was judged to be ineffective and the
study was to be ended. If response was confirmed in 1-3 of the 19
patients, whether to proceed to the next study or not was judged
based on the safety and survival data from the present study.

Phase II Study of S-1 in Pancreatic Cancer

Results

Patients

Nineteen consecutive patients with metastatic pan-
creatic cancer were enrolled in this study between June
2000 and January 2001 at the National Cancer Center
Hospital. All patients were eligible and assessable for
responses and adverse events. The patient characteristics
are shown in table 1. The Karnofsky performance status
was 80-100 points in all patients, and 18 of the 19 showed
a Karnofsky performance status of =90. Before chemo-
therapy, morphine was prescribed for 7 patients due to
abdominal and/or back pain.

Treatments

A total of 56 courses were administered to the 19
patients with a median of 2 courses per patient (range,
1-12). The initial administered dose of S-1 was 100 mg/
day in 8 patients and 120 mg/day in 11 patients. Dose
reduction was required in one patient because of grade 3
nausea, vomiting, and anorexia. The compliance rate of
the patients taking S-1 during all the courses was as good
as 90%.

Response and Survival

Out of the total of 19 evaluable patients, although no
complete response was seen, partial response was ob-
tained in 4 patients, resulting in an overall response rate
of 21.1% (95% ClI, 6.1-45.6%). No change was noted in
10 patients (52.6%), and PD in 5 patients (26.3%).
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Table 2. Characteristics of responding patients (n = 4)

Patient Gender Age KPS History of  Sites of Symptomatic ~ Response Survival
No. pancrea- metastasis benefits duration time
tectomy days days
7 Female 65 90 No Liver Not assessable 78 463+
17 Female 61 90 No Liver No change 205 253
18 Female 68 90 No Lung No change 418 452+
19 Male 63 90 Yes Abdominal lymph node Improved? 213 448+
4 Morphine consumption was decreased to = 50% from baseline for 27 weeks without any deterioration of the KPS.
100
L]
g
S LT I R P G O S
[
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0
18

Fig. 1. Time to progression (a), and overall
survival time (b).

Responses for each of the target sites were 20.0% (3/15) in
liver, 33.3% (1/3) in the distant lymph nodes, and 33.3%
(1/3) in lung metastases, respectively. The median time
from the date of study entry to the day of the first demon-
stration of response was 34.5 days (range, 31-35 days)
and the median response duration was 7.0 months (range,
2.6-13.9 months). The characteristics of all responders
are shown in table 2. The median time to progression was
2.6 months, and the overall median survival was 5.6
months with a one-year survival rate of 15.8% (fig. 1). The
serum CA 19-9 level was reduced to less than half in 7
(43.8%) of 16 patients who had a pretreatment level of
100 U/ml or greater.

Safety

S-1 was tolerated in this study. Treatment-related ad-
verse events are listed in table 3. The most common
adverse events were nausea (grade =1, 68.4%) and an-
orexia (grade =1, 57.9%), though most of them were tol-

174 Oncology 2005;68:171-178

erable and reversible. Vomiting, stomatitis, diarrhea, and
skin rash were generally mild and less frequent, and no
serious hepatic or renal toxicities were observed. As to
hematological toxicities, grade = 3 neutropenia was noted
in only one patient (5.3%), and no grade =3 thrombocy-
topenia was observed. Although most patients could be
treated as an outpatient without severe adverse events, 3
patients required hospitalization due to grade 3 ileus.
Ileus occurred in the first course of treatment in 2
patients, and the remaining one had this event in the sixth
course of treatment. However, all of them recovered from
ileus after interruption of the S-1 with appropriate treat-
ment. No other severe or unexpected adverse events were
noted. Although 2 patients died within 2 months due to
rapid disease progression, no treatment-related deaths
were observed.

Ueno/Okusaka/lkeda/Takezako/Morizane
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Table 3. Treatment-related adverse events

Grade 1-4 Grade 3-4

(n = 19): worst grade reported during Toxicity Grade
treatment period i 2 3 4 % %
Hematological
Leukopenia 1 1 0 0 10.5 0
Neutropenia 1 1 1 0 15.8 5.3
Hemoglobin 1 5 1 0 36.8 5.3
Thrombocytopenia 6 0 0 0 31.6 0
Nonhematological

Nausea 10 0 3 0 68.4 15.8
Vomiting 4 1 1 0 31.6 5.3
Anorexia 6 2 2 1 57.9 15.8
Stomatitis 5 0 0 0 26.3 0
Diarrhea 2 1 1 0 21.1 5.3
Abdominal distension 3 0 2 0 26.3 10.5
Ileus 0 0 3 0 15.8 15.8
Colitis 0 0 2 0 10.5 10.5
Fatigue 3 i 1 0 26.3 5.3
Skin rash 2 1 0 0 15.8 0
Pigmentation 2 2 0 0 21.1 0
Aspartate aminotransferase 3 0 0 0 15.8 0
Alanine aminotransferase 1 2 0 0 15.8 0
Creatinine 0 0 0 0 0 0

Table 4. Pharmacokinetic parameters of FT, 5-FU, CDHP, and Oxo
after administration of S-1 (n = 8)

Cmax Tmax AUCO—oo TI/Z
ng/ml h ng-h/ml h
FT 1,705+ 383 29+1.2 23,846+9,848 89124
5-FU 125.7+46.8 4.0%1.1 680.5+252.1 1.9+0.3
CDHP 217.3+100.6 3.0+1.1 1,139.3%3357 2904
Oxo 48.7£51.1  24+£1.1 253.3£277.6 2.4%0.8

Parameters are represented as mean = SD.

Fig. 2. Plasma concentration-time profiles of FT (®), 5-FU (O),
CDHP (@), and Oxo (O) after administration of S-1 (n = 8). The val-
ues are expressed as the mean = SD.

Pharmacokinetics

The pharmacokinetic parameters (Cmax, Tmax, AUC_co,
and T;p) for FT, 5-FU, CDHP, and Oxo are listed in
table 4. Plasma concentrations of all compounds peaked
between 2 and 4 h after administration. The plasma con-

Phase 11 Study of §-1 in Pancreatic Cancer

2,000
1,000 | VI——_x\I\'I\I_\_‘
E |
o
£
= 100
8 ]
® 7
- o
=
(3] —t
(5]
«
c i
[&]
10 o
2 T ] T T T 1
0 2 4 8 8 10 12

Time (h)

centration of FT reached a plateau after Cpay, Which was
maintained for 12 h, while 5-FU, CDHP, and Oxo were
more rapidly eliminated from the systemic circulation
(fig. 2).
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Discussion

5-FU, first synthesized 40 years ago, is still one of the
most widely used agents for digestive system cancers
including pancreatic cancer. Since 5-FU shows a short
half-life and a time-dependent effect, its continuous infu-
sion is known to result in a better antitumor effect than
bolus injection [23]. A meta-analysis of six randomized
trials has demonstrated that the continuous infusion 5-
FU is superior to bolus 5-FU with respect to tumor
response and survival in metastatic colorectal cancer [24].
As for pancreatic cancer, a recent study by Maisey et al.
[25] has reported that the continuous infusion of 5-FU for
the treatment of advanced pancreatic cancer results in a
response rate of 8.4% and a median survival time of 5.1
months. However, continuous infusion of 5-FU requires a
catheter, and is associated with complications, such as
infections, and a reduced quality of life. Moreover, pa-
tients receiving continuous infusion of 5-FU show distur-
bance of their circadian rhythms and intraindividual vari-
ations in plasma 5-FU levels caused by dihydropyrimid-
ine dehydrogenase, which contribute to limiting the effect
of 5-FU. In addition, continuous infusion of 5-FU may
cause severe gastrointestinal toxicities such as diarrhea
and stomatitis. To overcome these problems, an oral
fluoropyrimidine derivative, S-1, was developed on the
basis of the biochemical modulation by CDHP, a dihy-
dropyrimidine dehydrogenase inhibitor, and Oxo, a pro-
tector against 5-FU-induced gastrointestinal toxicity.
Since the antitumor effects of S-1 on various solid cancers
have been reported [12—18], we considered that the effica-
cy of S-1 on pancreatic cancer should also be investi-
gated.

S-1 showed a good objective response rate of 21.1%
with a good tumor growth control rate (objective re-
sponses plus no change) of 73.7% for metastatic pancreat-
ic cancer patients. In the reported phase II and 111 studies
for pancreatic cancer, single-agent gemcitabine showed
response rates ranging from 5.4 to 16.0%, mostly below
15%, and tumor growth control rates ranging from 25.1-
72.0%, mostly below 50% [2-8]. Our study also demon-
strated a median survival time of 5.6 months with a one-
year survival rate of 15.8%, which was comparable to the
results of the gemcitabine studies. S-1 was easily adminis-
tered, and most patients could be treated as outpatients.
These results suggest that S-1 has an antitumor effect on
metastatic pancreatic cancer.

A pharmacokinetic study of S-1 has already been con-
ducted by Hirata et al {26]. They administered S-1 twice
daily at a dose of 80 mg/m?/day in 12 patients with gas-
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tric, colorectal, and breast cancer, and reported that Chnax,
Tiax, AUCq_14, and Ty, of 5-FU after a single administra-
tion of S-1 were 128.5 £ 41.5ng/ml, 3.5 = 1.7h, 723.9 +
272.7 ng-h/ml, and 1.9 = 0.4 h, respectively. The phar-
macokinetic parameters of 5-FU observed in our study
(Crmax, 125.7 £ 46.8 ng/ml; Trpax, 4.0 £ 1.1 h; AUC)_ oo,
680.5 £ 252.1 ng-h/ml; Ty, 1.9 + 0.3 h) were similar to
those in Hirata’s study. The pharmacokinetic parameters
of other compounds, FT, CDHP, and Oxo, also did not
show a large difference between the two studies. There-
fore, our data suggest that there were no large differences
between the pharmacokinetic parameters of S-1 in pa-
tients with pancreatic cancer and those in patients with
other cancers.

Toxicity of S-1 was acceptable in our study. Hemato-
logical toxicities were mild, similar to the results of clini-
cal studies of S-1 for other cancers. However, gastrointes-
tinal toxicities such as anorexia and vomiting tended to
occur more frequently in our study. Grade =3 anorexia
and vomiting were observed in 4.8 and 1.6% of colorectal
cancer patients [12], while grade = 3 anorexia and vomit-
ing were seen in 15.8 and 5.3% of pancreatic cancer
patients. Since the pharmacokinetic parameters of S-1 did
not differ between subjects with pancreatic cancer and
those with other cancers, we speculate that anorexia and
vomiting were observed more frequently partly because
many patients with pancreatic cancer had disease-related
symptoms such as anorexia before treatment. Although
phase [ studies for S-1 from the Netherlands and the
United States described diarrhea as a dose-limiting factor
[27, 28], diarrhea was mild and low in incidence in this
study, similar to the results of other cancer studies con-
ducted in Japan. However, 3 patients in the current study
required hospitalization because of ileus, an observation
different from the past Japanese reports. In the United
States, an 80-year-old female with gallbladder cancer was
reported as developing grade 4 ileus with grade 3 diarrhea
after administration of S-1 [28]. In the current study, 1 of
the 3 patients had concomitant colitis, while the remain-
ing 2 had no colitis. Although the causes of the ileus were
unknown, S-1 may have been the underlying cause, be-
cause all patients recovered from ileus after cessation of
S-1 with appropriate treatment. Two of the 3 patients had
been put on morphine, and showed a tendency towards
constipation before the onset, suggesting that the adminis-
tration of S-1 requires attention to bowel movements.

In this study, since no serious adverse events occurred
except the above-described ileus, most patients could be
treated as outpatients. The compliance rate of the patients
receiving S-1 was as good as 90%. S-1 is an oral anticancer
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drug, and has the advantage of being able to treat patients
while maintaining their quality of life. Since the prognosis
of patients with advanced pancreatic cancer is generally
poor, the demonstration in this study of the effectiveness
and safety of S-1 (which allows treatment on an outpatient
basis) for pancreatic cancer is highly significant. As the
toxicity of S-1 is relatively mild, S-1 can be used in combi-
nation with other anticancer drugs. Combination therapy
with S-1 and cisplatin has already been conducted for gas-
tric cancer, and an excellent response rate of 76% was
reported in a phase II study [29], which encourages the
expectation of a future combination therapy with S-1 and
other anticancer drugs including gemcitabine for ad-
vanced pancreatic cancer as well.

In conclusion, although this study had a small patient
population, S-1 showed a promising antitumor activity
with tolerable toxicity in metastatic pancreatic cancer

patients. As an oral medication, S-1 offers a potential
advantage as far as patient convenience is concerned,
especially in terms of the patients’ quality of life. We are
currently conducting a multi-institutional late phase II
study of S-1 for metastatic pancreatic cancer to confirm
the results in this study.
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Abstract

Objective: The aim of this study was to determine the
maximum-tolerated dose and dose-limiting toxicity
(DLT) of combination therapy with gemcitabine and S-1

in patients with advanced pancreatic cancer. Methods:

Chemotherapy-naive patients with histologically or cy-
tologically proven unresectable or metastatic pancreatic
cancer were enrolled. The patients received gemcitabine
intravenously over 30 min on days 1 and 8 and S-1 oral-
ly twice daily from days 1 to 14. Cycles were repeated
every 21 days until disease progression. Patients were
scheduled to receive gemcitabine (mg/m?/week) and S-1
{mg/m?/day) at four dose levels: 800/60 {level 1), 1,000/60

(level 2), 1,000/70 {level 3) and 1,000/80 (level 4). Results:

Eighteen patients were enrolled in this study. The maxi-
mum-tolerated dose was not reached even at the highest
dose level (level 4) because only 2 of the 6 patients at this
level experienced DLT. The DLTs were neutropenia and
rash. Six (33%) of the 18 patients achieved a partial re-
sponse and median overall survival time was 7.6 months,
Conclusions: Combination chemotherapy with gem-
citabine and S-1 was well tolerated and showed good
antitumor activity in the treatment of pancreatic cancer.

We recommend a gemcitabine dose of 1,000 mg/m?/
week and an S-1 dose of 80 mg/m?/day in further studies
with this schedule.

Copyright ® 2005 S. Karger AG, Basel

Introduction

Pancreatic cancer is a fatal disease, with a 5-year sur-
vival rate of less than 5% [1]. Surgery remains the only
curative option for patients with this disease, but the vast
majority of patients unfortunately present with advanced,
unresectable tumors. Effective non-surgical treatment is
therefore needed to improve the outcome in patients with
pancreatic cancer.

A randomized controlled study demonstrated that
gemcitabine, a nucleoside analogue, is effective in palliat-
ing symptoms and prolonging survival in patients with
advanced pancreatic cancer: gemcitabine showed a sta-
tistically significant advantage both in clinical benefit re-
sponse (23.8 vs. 4.8%, p = 0.0022) and in median sur-
vival (5.65 vs. 4.41 months, p = 0.0025) compared with
weekly bolus 5-fluorouracil (5-FU) [2]. Single-agent gem-
citabine is currently accepted worldwide as first-line ther-
apy for advanced pancreatic cancer. Nevertheless, there
is substantial room for improvement in chemotherapy for
pancreatic cancer, because single-agent gemcitabine pro-
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vides only limited benefit, with objective response rates
of less than 15% and a median survival of less than 6
months [2-5].

S-1 is an oral fluoropyrimidine derivative that com-
bines tegafur with two modulators of 5-FU metabolism,
5-chloro-2,4-dihydroxypyridine and potassium oxonate
[6]. 5-Chloro-2,4-dihydroxypyridine is a competitive in-
hibitor of dihydropyrimidine dehydrogenase, which is in-
volved in the degradation of 5-FFU, and acts to maintain
efficacious concentrations of 5-FU in plasma and tumor
tissues [7]. Potassium oxonate, a competitive inhibitor of
orotate phosphoribosyltransferase, inhibits the phos-
phorylation of 5-FU in the gastrointestinal tract, reducing
the serious gastrointestinal toxicity associated with 5-FU
[8]. The efficacy of S-1 has already been demonstrated in
a variety of solid tumors: the response rates for advanced
gastric cancer, colorectal cancer and non-small cell lung
cancer in the phase II studies conducted in Japan were
49, 35 and 22%, respectively [9-11]. Recently, the clini-
cal efficacy of S-1 against pancreatic cancer has also been
investigated. We conducted an early phase II study of
S-1 for metastatic pancreatic cancer and reported that 4
(21.1%) of 19 patients achieved a partial response, with
mild toxicity [12]. Hayashi et al. [13] performed a pilot
study of single-agent S-1 or S-1 plus cisplatin combination
therapy in patients with advanced pancreatic cancer and
reported that 3 (20.0%) of the 15 patients or 8 (57.1%) of
the 14 patients showed a partial response.

Since S-1 shows a favorable toxicity profile and activ-
ity in various solid tumors, including pancreatic cancer,
we decided to investigate whether combination therapy
with gemcitabine and S-1 is an effective chemotherapeu-
tic regimen for pancreatic cancer. Although many clinical
studies of gemcitabine in combination with fluoropyrim-
idines such as 5-FU, uracil/tegafur and capecitabine have
been reported [14-22], little information is available on
the combination of gemcitabine and S-1. Thus, we con-
ducted a phase I study to determine the maximum-toler-
ated dose (MTD) and dose-limiting toxicity (DLT) of
gemcitabine and S-1 combination therapy in patients
with unresectable or metastatic pancreatic cancer.

Patients and Methods

Patient Selection

Patients were considered eligible if they met the following cri-
teria: histologically or cytologically proven pancreatic adenocarci-
noma, unresectable locally advanced or metastatic disease, naive
to chemotherapy, Eastern Cooperative Oncology Group perfor-
mance status of 0-2, age between 20 and 74 years, life expectancy
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of = 8 weeks, and adequate organ function defined as white blood
cell count =4,000/mm?, neutrophil count =2,000/mm?, platelet
count =100,000/mm?, hemoglobin =9.0 g/dl, serum creatinine
=the upper limit of normal, serum albumin = 3.0 g/d, total bili-
rubin =2.0 mg/dl, and aspartate aminotansferase and alanine ami-
notransferase levels <2.5 times the upper limit of normal or <5
times the upper limit of normal if liver metastases or biliary drain-
age were present. The exclusion criteria were severe complications,
such as infection, heart disease and renal disease (in this study we
did not define in detail the exclusion criteria in relation to severe
complications), metastasis to the central nervous system, marked
pleural effusion or ascites, and watery diarrhea. Pregnant or lactat-
ing women were also excluded. Written informed consent was ob-
tained from all patients. This study was approved by the institu-
tional review board at the National Cancer Center and conducted
in accordance with the Declaration of Helsinki.

Treatment Plan

This was an open-label, two-center, single-arm phase I study.
Gemcitabine (Eli Lilly Japan K K., Kobe, Japan) was administered
as a 30-min intravenous infusion weekly for 2 weeks followed by a
I-week rest. S-1 (Tatho Pharmaceutical Co., Ltd., Tokyo, Japan)
was administered orally twice daily from day 1 to day 14 followed
by a 1-week rest. The treatment cycles were repeated every 3 weeks
until disease progression or unacceptable toxicity occurred. If pa-
tients experienced leucopenia <2,000/mm?, neutropenia <1,000/
mm?, thrombocytopenia <70,000/mm?, total bilirubin >2.0 mg/di
or aspartate aminotansferase and alanine aminotransferase levels
>5 times the upper limit of normal, both gemcitabine and S-1 were
withheld until recovery. If patients experienced DLT, the dose of
gemcitabine was reduced by 200 mg/m?/week and the dose of S-1
was reduced by 10 mg/m?/day in the subsequent cycle. If a rest pe-
riod of more than 3 weeks was required because of toxicity, the
patient was withdrawn from the study.

Patients were scheduled to receive gemcitabine and S-1 at four
dose levels (table 1). At the first dose level (level 1), gemcitabine
was administered at a dose of 800 mg/m?/week and S-1 was admin-
istered at 60 mg/m?/day. At the next dose level (level 2), gemcitabi-
ne was increased to 1,000 mg/m?/week with S-1 kept at the same
dose. At each of dose levels 3 and 4, S-1 was increased by 10 mg/
m?/day with gemcitabine kept at 1,000 mg/m?%/week. At least 3 pa-
tients were enrolled at each dose level. If DLT was observed in the
initial 3 patients, a maximum of 3 additional patients was entered
into the same dose level. The MTD was defined as the highest dose
level that did not cause DLT in 3 of the 3 or =3 of the 6 patients
treated at that level during the first two cycles of treatment. DLT
was defined as grade 4 leucopenia or neutropenia, febrile neutro-
penia, grade 4 thrombocytopenia, grade 3 thrombocytopenia re-
quiring transfusion, =grade 3 non-hematological toxicity exclud-
ing nausea, vomiting, anorexia and fatigue, or any toxicity that
necessitated a treatment delay of more than 3 weeks. Toxicity was
graded according to the National Cancer Institute Common Toxic-
ity Criteria version 2.0.

Patient Evaluation

Physical examinations, complete blood cell counts, biochemis-
try tests and urinalyses were performed at least once weekly. Tumor
assessment with computed tomographic scan or magnetic reso-
nance imaging and measuring of tumor marker CA 19-9 was per-
formed every two cycles, and tumor response was evaluated by the
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Table 1. Dose escalation scheme and DLT

Dose Gemcitabine  S-1 Patients DLT DLT

level mg/m¥week  mg/m%/day events

1 800 60 3 0

2 1,000 60 3 0

3 1,000 70 6 1 grade 4 neutropenia
4 1,000 80 6 2 grade 4 neutropenia

grade 3 rash and grade 4
neutropenia

criteria of the Japan Society for Cancer Therapy {23], which are
similar to those of the World Health Organization. Briefly, a com-
plete response was defined as the disappearance of all clinical evi-
dence of the tumor for a2 minimum of 4 weeks. A partial response
was defined as a 50% or greater reduction in the sum of the prod-
ucts of two perpendicular diameters of all measurable lesions for 4
weeks or longer without any evidence of new lesions. No change
was defined as a reduction of less than 50% or a less than 25% in-
crease in the sum of the products of two perpendicular diameters
of all lesions for a minimum of 4 weeks. Progressive disease was
defined as an increase of 25% or more in the sum of the products
of two perpendicular diameters of all lesions, the appearance of any
new lesion, or deterioration in clinical status that was consistent
with disease progression. The response duration was calculated
from the day of the first sign of a response until disease progression;
progression-free survival was calculated from the date of the initia-
tion of treatment until documented disease progression or death
due to any cause (whichever occurred first); overall survival time
was calculated from the date of treatment initiation to the date of
death or the last follow-up. The median probabilities of the progres-
sion-free or overall survival periods were estimated by the Kaplan-
Meier method.

Results

Patient Characteristics

Between September 2003 and July 2004, 18 patients
were enrolled in this study. All of them received at least
two cycles of chemotherapy and were evaluable for toxic-
ity and response. Patient characteristics are listed in table
2. All patients had good performance status (0 and .
Two patients had locally advanced unresectable disease
and the remaining 16 had metastatic disease. Before the
start of the study, | patient had received surgical resec-
tion and 3 had undergone biliary drainage for obstructive
jaundice. Twelve patients had abdominal and/or back
pain at study entry. A total of 125 cycles of chemotherapy
was administered, with a median of 6 treatment cycles
per patient (range 2-22). It was possible to treat all pa-
tients as outpatients after one or two cycles of observation
in hospital.

Phase I Study of Gemcitabine and S-1 for
Pancreatic Cancer

Table 2. Patient characteristics

Characteristics Patients

Patients enrolled 18
Sex

Male 13

Female 5
Age, years

Median 61

Range 43-72
ECOG performance status

0 10

1 8
Body surface area, m?

Median 1.58

Range 1.46-1.97
Disease stage

Locally advanced 2

Metastatic 16
Sites of metastatic disease

Liver 13

Lung 2

Distant lymph nodes 5

Pleura 1

ECOG = Eastern Cooperative Oncology
Group.

DLT and Recommended Dose

No DLT was observed at dose levels 1 or 2 (table 1).
At dose level 3, 1 patient developed grade 4 neutropenia,
which was considered DLT, but the remaining 5 did not
develop DLT. At dose level 4, the highest dose level, 2 of
the 6 patients exhibited DLTs: 1 had grade 4 neutropenia
and the other had grade 3 rash concomitant with grade 4
neutropenia. All DLTs occurred in the first cycle of treat-
ment. The MTD was not reached because only 2 of the 6
patients experienced DLT at dose level 4. Therefore, dose
level 4 (gemcitabine dose of 1,000 mg/m%/week and S-1
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