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In general, selection bias is a function of both the
magnitude of censoring rate and how different the
censored subjects are from uncensored ones in
terms of prognosis. In the MEGA study, although
the censoring proportions due to patient refusal of
follow-up (Reason 2) were relatively small and there
were no differences between treatment groups,
those due to loss to follow-up (Reason 1) were
relatively large and the differences were observed
between treatment groups (Figure 1(a)). In the
latter category of censoring, about haif of the
reasons for loss to follow-up were the withdrawal
of informed consent (51.8% in diet group, 64.3%
in pravastatin group). As shown in Table 4 and
discussed previously, the censoring process
observed in the MEGA study seemed to be unre-
lated to the occurrences of outcomes of interest.
Therefore, the lack of effect of weighting in our data
could be due to the fact that the weights are not
highly related to the probabilities of disease out-
come and thus would not have an appreciable
effect in altering the point estimates. This
result indicates that drop-outs observed in the
MEGA study did not cause a severe selection bias
attributable to the measured covariates and the
standard analysis results [2] were robust for the
drop-outs.

However, as shown in the results of the simula-
tions, the estimate from the standard analysis is
biased under the MAR setting where the drop-out
process is dependent on the covariate histories.
In many clinical trials, because we cannot safely say
that the dependent censorings have not occurred, it
is important to conduct the analysis accounting for
the dependent censorings as well as the standard
one and to compare their results. When their
results differ remarkably, the reasons for drop-outs
were examined in detail and the effects on the final
conclusion in the clinical trial concerned should be
discussed.
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Estimation of treatment effect adjusting for treatment changes
using the intensity score method: Application to a large primary
prevention study for coronary events (MEGA study)
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SUMMARY

The MEGA study was a prospective, randomized, open-labeled, blinded-endpoints study conducted in
Japan to evaluate the primary preventive effect of pravastatin against coronary heart disease (CHD),
in which 8214 subjects were randomized to diet or diet plus pravastatin. The intention-to-treat (ITT)
analysis showed that pravastatin reduced the incidence of CHD (hazard ratio=0.67; 95 per cent confidence
interval (CI): 0.49-0.91) and of stroke events, which was the secondary endpoint in the MEGA study
(hazard ratio=0.83; 95 per cent CI: 0.57-1.21). Owing to considerable treatment changes, it is also of
interest to estimate the causal effect of treatment that would have been observed had all patients complied
with the treatment to which they were assigned. In this paper, we present an intensity score method
developed for clinical trials with time-to-event outcomes that correct for treatment changes during follow-
up. The proposed method can be easily extended to the estimation of time-dependent treatment effects,
where the technique of g-estimation has been difficult to apply in practice. We compared the performances
of the proposed method with other methods (as-treated, ITT, and g-estimation analysis) through simulation
studies, which showed that the intensity score estimator was unbiased and more efficient. Applying the
proposed method to the MEGA study data, several prognostic factors were associated with the process of
treatment changes, and after adjusting for these treatment changes, larger treatment effects for pravastatin
were observed for both CHD and stroke events. The proposed method provides a valuable and flexible
approach for estimating treatment effect adjusting for non-random non-compliance. Copyright © 2007
John Wiley & Sons, Ltd.
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1. INTRODUCTION

In a typical clinical trial, patients are randomized to one of the treatment groups and each patient
is expected to receive that treatment throughout the follow-up to assess the effect of the treatment
on some outcome. However, most clinical trials are not ideal; hence, patients often fail to adhere to
their assigned treatment and switch to another trial treatment. Such non-compliance with assigned
treatment is a common feature of clinical trials. Recently there has been much interest in methods
for analyzing randomized clinical trials of treatments to which the subject are not compliant {1-3].

One approach for analyzing data for non-compliance is the as-treated (AT) analysis, which
compares outcomes based on the treatment that patients actually received. When non-compliance
is completely at random, that is, independent of both (observed and unobserved) baseline and time-
dependent factors, the AT analysis can give a valid test for the null hypothesis of no treatment effect
and can also give an unbiased estimate of treatment effect. In most clinical trials, however, patients
who comply with their assigned treatment are not comparable with those who do not with respect
to some important prognostic factors. In this case, both the decision to comply and the outcome
may well depend on underlying possibly unmeasured health status. Thus, when non-compliance
is non-random, the AT analysis will not be valid even under the null hypothesis because of the
comparison of selected groups {3, 4].

The more commonly used analytic approach is an intention-to-treat (ITT) analysis, which
compares outcomes based on the treatment groups randomized by design regardless of whether
the patients complied with their assigned treatment. Because the comparability of the treat-
ment groups is guaranteed by randomization, the null hypothesis of no treatment effect for
all patients (sharp causal null hypothesis) is preserved in the ITT analysis. That is, successful
randomization insures that the ITT comparison provides a valid test for the sharp causal null
hypothesis of no treatment effect even in the presence of non-random non-compliance. Moreover,
p-values have a randomization interpretation when design-based (randomization-based) analyses
are used [5]). Furthermore, the ITT estimate would correspond to the overall treatment effect that
would be realized if the treatment were actually adopted and practiced in the community, provided
the rate of non-compliance and the factors influencing non-compliance that are observed in the
trial are identical to those that would occur in the community. A point against the ITT analysis
is that the ITT parameter does not measure the true biological effect of treatment, but rather a
mixture of the effect on the compliers with the absence of effect on the non-compliers, because
the ITT estimate is the average effect of treatment assignment. Hence, the ITT analysis gives esti-
mates that are biased toward the null when treatment crossover is present, and the ITT measure of
treatment effect will diminish as non-compliance increases. Moreover, the rate of non-compliance
in the community, once the treatment is adopted, may not be the same as the rate in the original
clinical trial.

Therefore, in the analysis of non-compliance data, it is important to estimate the causal effect
of treatment, that is, the effect that would be realized if all patients complied with the treatment to
which they were assigned. Robins [6~8) has proposed a structural nested mean model (SNMM) to
estimate such causal effect in the presence of non-random non-compliance. Under the assumption
that non-compliance at each time is at random, given the observed histories that influence a patient’s
decision to comply, that is, the assumption of no unmeasured confounders, the causal parameter
in a SNMM can be estimated by the technique of g-estimation.

Recently, Brumback et al. [9] proposed the intensity score approach for the analysis of time-
varying treatments in the presence of time-dependent confounding. They provided conditions
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under which the intensity score approach consistently estimates a treatment effect in a SNMM.
The intensity score is cumulative differences over time between treatment actually received and
treatment predicted by prior observed medical history. The SNMM treatment effect can be obtained
by regressing outcomes on the intensity score. Thus, the intensity score approach can provide an
easy implementation of g-estimation for the analysis of non-random non-compliance. Since the
intensity score approach was originally proposed for continuous outcomes, we extend its use to
time-to-event outcomes with censoring. This extension is useful, because censoring due to end
of scheduled follow-up requires special care when using g-estimation based on the structural
accelerated failure time (SAFT) model [10~16], while the intensity score approach can treat
the censoring within the framework of standard regression models. Furthermore, the intensity
score approach has the advantage of providing estimates of parameters in a SNMM that allows
the treatment effects to vary across time, while it has been difficult to apply such a model in
practice using the technique of g-estimation [9].

This article is organized as follows. In Section 2, we describe the motivating study from a large
randomized primary prevention study for coronary events, the Management of Elevated Cholesterol
in the Primary Prevention Group of Adult Japanese (MEGA) study [17,18]. In Section 3, we
develop the intensity score approach for event times. In Section 4, simulation studies are conducted
to compare the performances of the proposed intensity score method with those of the AT, ITT,
and g-estimation (semi-parametric randomization-based) analysis [10, 12]. Section 5 presents the
analysis results of the MEGA study data. Finally, Section 6 provides some discussions.

2. THE MEGA STUDY

We will briefly describe the motivating study and the data (MEGA study). Full details on the design,
conduct, and main clinical results have been reported [17, 18]. The MEGA study is a randomized
controlled trial conducted in Japan to evaluate the primary preventive effect of a statin against coro-
nary heart disease (CHD) in daily clinical practice. In this prospective, randomized, open-labeled,
blinded-endpoints design study, men and postmenopausal women aged 40-70 years with hyperc-
holesterolemia (total cholesterol (TC) level: 220-270 (mg/dL)) and no history of CHD or stroke
were randomized to diet (diet group) or diet plus pravastatin 10-20mg daily (pravastatin group).

Between February 1994 and March 1999, a total of 15210 persons visiting outpatient clinics
were registered throughout Japan. Of the 15 210 subjects who met the inclusion criteria regardless
of their TC levels and who provided signed informed consent, 8214 who met the TC criterion
were randomized to either diet or diet plus pravastatin treatment using the permuted block method
with stratification according to gender, age, and medical institution. After the exclusion of 382
patients (94 withdrew consent, 224 exclusion criteria violation, and 64 no recorded data after
randomization), the remaining 7832 patients were analyzed (3966 diet group; 3866 pravastatin
group).

Table I shows the baseline characteristics of the analyzed patients. There was no clinical differ-
ence between the two groups in baseline characteristics. Women accounted for 68.4 per cent (5356
patients) of the study population. Mean body mass index (BMI) was 23.8 (kg/m?). Mean TC,
low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C)
levels were 242.6, 156.6, and 57.5 (mg/dL), respectively. Median triglyceride (TG) level was 127.5
(mg/dL). Of the study patients, 41.8 and 20.8 per cent had hypertension and diabetes mellitus
based on physician diagnosis, respectively.

Copyright © 2007 John Wiley & Sons, Ltd. . Statist. Med. (2007)
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Table 1. Baseline characteristics of analyzed 7832 patients.

Diet group Diet+ pravastatin group
Characteristics (N =3966) (N =3866)
Age (years), mean (SD) 58.4 1.2) 58.2 (1.3)
Women, no. (per cent) 2718 (68.5) 2638 (68.2)
BMI (kg/mz), mean (SD) 23.8 (3.0) 23.8 3.1)
Current smoker, no. (per cent) 572 (14.4) 612 (15.8)
Current drinking, no. (per cent) 1183 (29.8) 1180 (30.5)
Hypercholesterolemia medication history, no. (per cent) 621 (15.7) 586 (15.2)
Hypertension, no. (per cent) 1664 (42.0) 1613 1.7
Diabetes, no. (per cent) 828 (20.9) 804 (20.8)
TC (mg/dL), mean (SD) 242.6 (12.1) 242.6 (12.0)
TG (mg/dL), median (inter-quartile range) 127.5 (95.0-179.0) 1274 (95.7-176.5)
HDL-C (mg/dL), mean (SD) 57.5 (15.1) 57.5 (14.8)
LDL-C (mg/dL), mean (SD) 156.5 (17.3) 156.7 (17.6)

SD, standard deviation; BMI, body mass index; TC, total cholesterol; TG, triglyceride; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.

After randomization, patients were followed at months 1, 3, and 6 and thereafter every 6 months.
At each visit, data on treatment compliance, use of concomitant drugs, onset of events, occurrence
of adverse events, and laboratory tests including serum lipids were collected by the investigators.
Additionally, an ECG (electrocardiogram) was obtained and evaluated annually. The follow-up
period was initially scheduled for 5 years; however, on the basis of the recommendation of the Data
and Safety Monitoring Committee, the study was continued for an additional 5 years to increase
the number of events, and thus, patients who provided written consent at 5 years to continue the
study were followed until the end of March 2004 [17, 18].

The primary endpoint was the first occurrence of CHD, comprised of fatal and non-fatal myocar-
dial infarction, angina, cardiac and sudden death, and a coronary revascularization procedure. One
of the secondary endpoints was the first occurrence of stroke events. All endpoints were reviewed
strictly by the blinded Endpoint Committee and additional information obtained from the physician
as needed [17]. A total of 7832 patients were followed by 2658 physicians in 1320 hospitals.
The follow-up period was 41195 person-years (mean follow-up period 5.3 years). CHD events
occurred in 101 of 3966 patients in the diet group (2.55 per cent) and 66 of 3866 patients in
the pravastatin group (1.71 per cent). Figure 1 shows the Kaplan-Meier curves for CHD events.
The ITT analysis indicated that the incidence of CHD was significantly lower by 33 per cent in
the pravastatin group than in the diet group (The ITT hazard ratio=0.67; 95 per cent confidence
interval (CI): 0.49-0.91; p=0.01 for the log-rank test) [18].

However, many patients changed to the other trial treatment frequently during the study period
(treatment crossover). This was because the protocol in the MEGA study ‘stated that patients in
the diet group could be switched to pravastatin treatment when a reduction of TC level was not
observed, while patients in the pravastatin group could discontinue pravastatin treatment when
the reduction of TC level was observed. The treatment decisions for changing the treatment or
increasing the dose of paravastatin were determined by each treating physician. Patients who
changed to another trial treatment even once in the first 5 years were 19.9 per cent (n=790) in
the diet group and 53.4 per cent (n =2064) in the pravastatin group. These numbers for the whole

Copyright © 2007 John Wiley & Sons, Ltd. Statist. Med. (2007)
DOI: 10.1002/sim



ADJUSTMENT OF TREATMENT CHANGES BASED ON THE INTENSITY SCORE

3
— Diet
- = Diet + pravastatin
3
c
.2 2
2 2
2
g eemee |
[+] ’—'
(3] -
[ —"
5} par’
Q o=
2 7 -
el Hazard ratio = 0.67 (0.49-0.91)
ool P=0.010
0 . .
0 2 4 6
Year

Figure 1. Incidence proportion for CHD events.

10 years were 21.3 per cent (n=844) and 63.1 per cent (n=2441), respectively. The effect of
patients from one treatment to the other is to make the treatment profiles of the two randomized
groups more similar than they otherwise would have been, and therefore to move the ITT hazard
ratio toward the null.

3. INTENSITY SCORE METHOD

3.1. The multiplicative structural nested mean model

We consider a randomized clinical trial in which two groups (test and control treatment) are
compared with respect to time-to-event outcomes and each patient { (i=1,..., N) receives one
of the treatments at the start of each time t (=0, ..., M —1; time zero is the randomization time
and the start of the first treatment). However, some patients fail to comply with their assigned
treatment and cross over to the other treatment at each time ¢.

Suppose we have repeated measures on treatment S;(z) (S;(z)=1 if test treatment,
Si (£)=0 if control treatment) and covariates L;(t) at time ¢. Let H;(t) be the observed history
of treatment and the covariates prior to treatment at time ¢, ie. H;(t)=(L;(0), $;(0),...,
Li(t—1),S8;¢—=1),L;(®)), with H;(0)=(L;(0)). Let T}(E,- (1), 0) denote the potential event times
in response to the hypothetical treatments (S;(0), ..., S;{®), S;(¢+1)=0, ..., S;(M —1)=0). That
is, T;(S; (£),0) represents the event time we would have observed if, possibly contrary to fact,
the patient had his/her actual treatment history up to time ¢ but was then switched to control
treatment at time f+41 and remained at that treatment until the event occurred. Our notation
for the potential outcomes implicitly assumes Rubin’s stable unit treatment value assumption,
which implies that potential outcomes of patient i do not depend on the treatment received by
any other patient [19]. We will also assume that the potential outcomes satisfy the consistency
assumption [7] that serves to link the potential outcomes with the observed outcomes T;. This

assumption states that T; = T;(S;(2),0) for all + when actually S;(¢t+1)=--=85;M-1)=0
occurred.
Copyright © 2007 John Wiley & Sons, Ltd. Statist. Med. (2007)

DOI: 10.1002/sim



Y. TANAKA, Y. MATSUYAMA AND Y. OHASHI

We introduce a simple multiplicative SNMM [6-8]
log E[T;(Si(1), 0)| Hi (1), Si ()] —log E[Ti (Si (t — 1), 0)| H; (8), Si (1)) = o Si (1) 1)

where f, is the constant (across t) incremental causal effect of a final treatment S; (1) at time
t on the potential outcome T;(S;(z—1),0) following a patient’s actual treatment through times
0....,t—1 and control treatment after t — 1. Under this constant treatment effect model (1), By
multiplied by M (number of visit time) can be interpreted as the average causal treatment effect
that would be realized if all patients had continued to comply with the treatment to which they
were assigned. Robins [6-8] proposed the estimation method of f, the so-called, g-estimation
method, under the assumption of sequential conditional independence for any t and k with k<t —1

T; (Si (k), 0)1]S: (1) | H; (1) )

which states that, when k<t—1, treatment S;(¢) is independent of the potential outcomes
T: (S; (k), 0), given the observed history up to time z, H;(t). In practice, we would not expect this
assumption to be precisely true, but given a rich collection of prognostic factors that influence
a patient’s decision to comply at time ¢ recorded in H;(t), it may well be approximately true.
Robins [6—8] has referred to (2) as the assumption of no unmeasured confounders.

3.2. Estimation of By via the intensity score method

Brumback et al. [9] proved that the SNMM treatment effect, that is, g-estimator of Bo, can be
obtained by the intensity score method, in which outcomes are regressed on the cumulative intensity
score. We utilize their results and consider the accelerated failure time (AFT) model to obtain the
consistent estimator of f, in the multiplicative SNMM (1). Here, we assume that the observed
event time T; is subject to independent random censoring such as an end-of-study censoring, where
T; for censored subjects is either the time until dropout or the time until end of study.

We assume the following exponential regression model (log-linear model) for 7; [20]:

M=1

logTy=pu+f; T i)+ 3)

1=

where u is the intercept parameter, I, (1) =S;(t) — E[S; (t)| H; ()] is the intensity score at time ¢, and
¢; follows the extreme value distribution. For binary treatment S;(z), the time-dependent intensity
score I;(t) measures departures of actual treatment from the propensity score Pr[S;(¢)|H;(1)] of
Rosenbaum and Rubin [21]. Since the propensity score is usually unknown, it must be estimated
from the data. If we assume a parametric model for Pr[S; (¢)| H; ()] such as

logitPrS; (1) =1|H;(t)]= 6TH; (1) 4

then the intensity score at time ¢ can be estimated by I:-(r):S; (O —=E[S; ()| H; (2); @], where 6 is
the maximum likelihood estimator of 8 under model (4). Here we assume that the intensity score
at time ¢ is not equal to zero with probability 1 for each patient, that is, I; (t) #0 for any ¢. This
assumption will be satisfied unless there is a covariate level H;(t) such that all patients with that
level of the covariate are certain to receive the treatment.

The estimate for §; in model (3) can be obtained via the ordinary-weighted least-squares (WLS)
method. However, the cumulative intensity score is generally uncorrelated with the cumulative
propensity score, although E[J; (1) E(S;(t)|H;(2))] =0 for any ¢. Therefore, as Brumback et al. [9]

Copyright © 2007 John Wiley & Sons, Ltd. Statist. Med. (2007)
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have pointed out in the case of linear model, to obtain a consistent estimator of By via
the WLS method for model (3), the correction term Nf;C must be subtracted from the
WLS estimating function, where C=(1/N)(XM5' ht)wi(CMo' E(Si ()| Hi(1);8)) and
w; =exp(—p) - T; -exp(—f; Zi,—(t)). The corrected estimating function for model (3) is

N “ - -
Uy, ﬁ,)EZ(—d,- L@+ Li(t)expllogti—u—f; > L) —-NB;C=0 )

where d; is the event indicator that takes the value of one if the subject failed and zero if the
subject is censored. In Appendix A, we show the proof that the correction term must be subtracted
from the WLS estimating function to obtain a consistent estimator.

Our estimating function has the form Z,N Ui (y) =0, where y=(u, f;, 8) represents the intercept,
coefficient of the intensity score, and parameter used to model the propensity score. To correct for
having the estimated 6, the asymptotic variance of § was obtained by using a sandwich estimator,
which was computed as

[E@U; /o1~ LEU;UNE@U; /oy TN

where the estimated expectations were computed using the empirical distribution of the sample.

3.3. Time-dependent treatment effects

An extension of the multiplicative SNMM (1) is to allow the treatment effects to vary across time,
log E[T; (S:(2), 0)| H; (1), Si (D1 —1og E[T; (S; (t — 1), 0) | H; (1), Si (D] = Bo (1) S (1) (6)

where f,(?) is the causal parameter at each time z. Since fy(z) is the incremental causal effect of
a final treatment S;(¢) at time ¢, the cumulative effect Z;mo Bo(k) is the average causal treatment
effect that would be realized if all patients had continued to comply with the treatment to which they
were assigned until time ¢. Assuming the consistency assumption and the sequential conditional
independence (2), the time-dependent causal parameters in model (6) are consistently estimated
by fitting the following model [9]

M=1 .
logT; =p+ 2% B +e (7N
1=

-

where the correction term Zi[fi(t)-w,-- ,Aial (B E(S; (1)1 Hi(2); 9)}] must be subtracted from
the WLS estimating function for model (7).

4. SIMULATION STUDY

4.1. Simulation design

To evaluate the performance of the AT, ITT, g-estimation (see Section 4.2) and intensity score
methods, we carried out simulation studies under non-random non-compliance. We simulated data
from two treatment groups, coded as R=0 (control treatment) or R=1 (test treatment). About
equal sample size of 1000 for each group was randomly generated (total sample size was 2000).

Copyright © 2007 John Wiley & Sons, Ltd. Statist. Med. (2007)
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The simulations were based on 1000 replications so that the estimated coverage probability of a
true 95 per cent CI would have a simulation accuracy of approximately 1.35 per cent.

For each subject i (i=1,...,2000), a baseline covariate L; was generated from the normal
distribution with mean of 2 and variance of 1. The potential baseline failure time U; was generated
from the following exponential model:

Ui=erxp(Oto+0£1L,') (6]

where Uy was an exponential random number with mean of 1 and (o, a1) =(3.2, —0.5) so that
the larger the value of L;, the shorter the baseline failure time U;. We evaluated the treatment
actually received S;(¢) at three time points =0, 2, and 4, where all subjects were assumed to
take the assigned treatment at ¢t =0 (S;(0) = R;) and the treatment crossover occurred at =2 and
4 according to the following model:

logit Pr[S; (1)]=yp+ 7y Li +7,5: (1 —2) )]

where (y,7,)=(1.2,4.5) so that patients with poor prognosis and taking the test treatment at
previous time point tended to receive the test treatment. The non-compliance rate was adjusted by
the value of the intercept parameter y,, where two settings were considered: 45 per cent (R=0)
versus 15 per cent (R=1) and 30 per cent (R=0) versus 10 per cent (R=1). In this non-
compliance rate, the subject was considered as a non-complier when the subject received another
treatment even once during the study period.

The observed failure time T; was calculated from the SAFT model

Ui= f ' expl—yoSi (D1dt (10)
0

where V) is the causal treatment effect, which was set to 5 =0.5. The observed failure time T;
was censored at the fixed censoring time C, where C =35, 70, and oo, so that the overall censoring
proportion was nearly 90, 30, and O per cent, respectively.

Simulations were evaluated in terms of the bias, mean-squared error (MSE), mean length of
the 95 per cent CI (length), 95 per cent coverage probability (CP), power for rejecting the null
hypothesis, and a-error.

4.2. g-estimation (semi-parametric randomization-based analysis)

A semi-parametric randomization-based approach to estimate the causal effect has been developed
by Robins and coworkers [10, 12]. For time-to-event outcomes, their approach is based on the
causal AFT model (10), which relates a patient’s observed event time T; to the potential baseline
event time U;, that would have been observed if no treatment had been given, and the treatment
actually received S;(¢) via a causal parameter (. Note that if S;(¢) = 0, then equation (10) gives
T; =U; as expected, while if S; () = 1, (10) gives T; = U; exp(yq). Therefore, equation (10) implies
that for continuous treatment the potential event time U; is prolonged by the factor exp(y/g).
A positive value of Y, represents a beneficial treatment effect.

To estimate the causal parameter ¥/, they choose to avoid all assumptions about both observed
and unobserved factors that influence an individual’s decision to comply such as (2), while
comparing outcomes based only on the treatment groups randomized by design, that is, their
analyses are randomization-based analysis. The key to understanding their estimation method

Copyright © 2007 John Wiley & Sons, Ltd. Statist. Med. (2007)
DOI: 10.1002/sim



ADJUSTMENT OF TREATMENT CHANGES BASED ON THE INTENSITY SCORE

(g-estimation) is to realize that U; is a baseline variable identically distributed across the random-
ized groups. We define U; () to equal the right-hand side of (10) for given y. We also define Z W)
to be a test statistic comparing the distribution of U () in the two randomized groups, where we
will use the log-rank test. The point estimate of y is the value for which Z({) =0, and this can
be found by a search over a grid. A 100(1 —a) per cent confidence interval for Y is the range of
values for which |Z ()| < z1—a/2, Where z1_q/2 is the 1—a/2 percentile of the standard normal
distribution. One attractive point of this approach is that at the null value, it is non-parametric,
because U;(0)=T;; hence, Z(0) is the usual ITT log-rank test statistic.
However, if T; is a censored time, then U; () is censored at

G
D;(¥) =/(; exp[—ySi(#)]dt

where C; is defined as the time between subject i’s randomization and the fixed end of the follow-
up date. Although C; is known for uncensored as well as censored subjects, D; (¥) is a function
of S;(¢) and may depend on the underlying prognosis. Therefore, even when censoring on the
T-scale is non-informative, that is, an administrative censoring, censoring on the U-scale is likely
to be informative, if ¥ 70 and there is non-random non-compliance. Thus, we cannot replace T;
by X; =min(T;, C;) to calculate the pseudo-treatment-free event time.

To avoid this problem, Robins and Tsiatis [10] defined a new censoring time C;()=C; if
¥<0 and C; () =C;exp(—y) if Y > 0, according to the direction of treatment effect. For given
¥, let X;(Y)=min[C; (), U;(Y)] and A;(Y)=1{U;({)> C;(§)] to be the new follow-up time
and censoring indicator, respectively. X; () is observable since 7;>C; implies U; W) > Ci(y).
Because any function of {U;(y), C;} is independent of random treatment assignment R;, we have
{U: (Wo). Ai W)L IRi, where the symbol | [ means independent.

4.3. Results of simulations

Table II shows the results. The constant treatment effect model (3) with M =3 was applied in the
intensity score analysis, where a logistic regression model (9) was used for the estimation of the
propensity score at ¢ =2 and 4. From Table II we see that both the AT and ITT estimates were
largely biased toward the null in all situations (true value of treatment effect=0.5). The biases
increased as the difference of non-compliance proportion between groups increased and as the
censoring proportion decreased. The o-errors for the ITT estimate were close to the nominal level
of 5 per cent, reflecting that the ITT approach provides a valid test for the null hypothesis of no
treatment effect even in the presence of non-random non-compliance.

As expected, the g-estimates performed well in all situations, because the data generation
process was based on the SAFT model (10). Note that the powers for the ITT and g-estimate
were about the same, reflecting that even though the g-estimation approach uses non-compliance
information it does not increase the power against the null hypothesis when compared with the ITT
approach. ,

The intensity score estimates were nearly unbiased and their coverage probabilities were
close to the nominal level of 95 per cent in all situations. The a-errors were controlled
under the correctly specified parametric model (9). The intensity score estimates gave
smaller MSE and narrower confidence intervals than those of the g-estimates, except in the
censoring proportion=90 per cent. The powers were slightly increased compared with the
g-estimates.
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Table II. Results of simulation studies for AT, ITT, g-estimation, and IS method.

Censoring

Method Non-compliance (per cent) Bias MSE ClI length 95 per cent CP Power o Error
0 —-0.415 0.175 0.183 0.0 443 100.0

45 versus 15 per cent 30 —-0.405 0.170 0.216 0.0 41.4 100.0

AT 90 —0.230 0.074 0.564 64.0 475 304
0 —0.363 0.134 0.180 0.0 843 95.0

30 versus 10 per cent 30 -0.353 0.127 0.212 13.7 77.7 100.0

90 —0.190 0.056 0.559 73.7 57.8 222

0 —0.305 0.095 0.176 0.0 99.4 5.6

45 versus 15 per cent 30 —0.295 0.090 0.209 0.1 97.0 58

ITT 90 ~0.138 0.041 0.567 82.6 71.1 48
0 —0.253 0.066 0.177 0.0 99.9 43

30 versus 10 per cent 30 —0.243 0.062 0.209 04 99.8 6.1

90 —0.108 0.033 0.566 87.2 78.4 4.6

0 - 0.006 0013 0.541 95.1 99.4 5.6

45 versus 15 per cent 30 0.008 0.018 0.615 943 97.0 5.8

g-estimation 90 0.001 0.037 0.854 94.6 70.9 4.9
0 0.001 0.009 0.454 95.4 99.9 4.3

30 versus 10 per cent 30 0.003 0.015 0.509 97.0 100.0 6.1

90 —0.001 0.032 0.825 96.5 78.3 4.6

0 —0.046 0.005 0.274 95.7 100.0 52

45 versus 15 per cent 30 -0.019 0.005 0.287 94.5 100.0 4.6

Intensity S0 0.060 0.061 0.959 97.8 74.3 4.7
score 0 —0.045 0.004 0.257 95.2 100.0 4.5
30 versus 10 per cent 30 —0.018 0.005 0.262 95.2 100.0 4.6

90 0.053 0.046 0.840 98.0 82.4 4.7

AT, as-treated; MSE, mean-squared error; CI, confidence interval; CP, coverage probability.

5. ANALYSIS OF MEGA STUDY DATA

In the analysis of the MEGA study data, we divided the follow-up period into 10 time intervals
with equal space (1 year). Patients were classified as a non-complier in a time interval if he/she
switched to the other trial treatment at least once during the interval.

- 5.1. Estimation of the propensity score

To estimate the propensity score at each time ¢t (t=0,...,9), the logistic regression model (4)
was used, in which four time-dependent factors as well as 12 baseline factors shown in Table I
were included as covariates H; (¢). For the four time-dependent factors, the most recent recorded
values were included as covariates H;(t) in model (4). All TC values were excluded accounting
for the multicollinearity of covariates. Among baseline factors, missing data were observed in the
values of BMI (0.24 per cent), current smoking (0.18 per cent), and drinking (0.17 per cent). The
missing values of BMI were imputed by the mean value of 23.8 (kg/mz). The latter two factors
were imputed by zero (no smoking and no drinking, respectively). Four time-dependent factors
were three lipids (TG, HDL-C, and LDL-C) and treatment actually received before time ¢. For the
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Table III. Predictors of receiving the pravastatin treatment at ¢ =3.

Predictors Odds ratio 95 per cent CI
Baseline covariates

Assigned treatment 4.645 : 3.536,6.102
Age (years) 1.008 0.991,1.026
‘Women 0916 0.663,1.264
BMI (kg/m?2) 1.008 0.968, 1.050
Current smoker 1.262 0.884,1.800
Current drinking 0.932 0.684,1.271
Medication history 1.484 1.086,2.029
Hypertension 1.169 0.915,1.493
Diabetes 1.247 0.938,1.658
TG (mg/dL) 1.001 0.998,1.003
HDL-C (mg/dL) 0.992 0.974,1.010
LDL-C (mg/dL) 1.013 1.003,1.023
Time-dependent covariates

TG (mg/dL) at =2 1.003 1.001, 1.005
HDL-C (mg/dL) at t=2 1.030 1.014,1.046
LDL-C (mg/dL) at t=2 1.010 1.001,1.015
Treatment received at =2 240.2 179.2,321.7

CI, confidence interval; medication history: hypercholesterolemia medication history.

missing data of lipid values (21.5 per cent), the regression imputations were separately conducted,
where 11 baseline factors, allocation group, and the last observed lipid value were included as
covariates in each prediction model.

Table III shows the odds ratio of each factor associated with receiving the pravastatin treat-
ment at time t=3. The results for other time points (not shown) were essentially similar to
those shown in Table III. For the baseline covariates, patients who were assigned to the pravas-
tatin group and have hypercholesterolemia medication history tended to receive the pravastatin
treatment. As expected, the previous use of pravastatin also predicted the use of pravastatin
subsequently.

5.2. Estimation of treatment effect adjusting for treatment changes

Table IV shows the estimates of treatment effect by several methods. Hazard ratios for stroke event,
which was one of the secondary endpoints in the MEGA study, were also presented. Anafysis
"models for stroke were the same as those for CHD events, and similar results for factors associated
with receiving the pravastatin treatment were observed (not shown) as shown in Table III. For
both CHD and stroke events, two analyses were conducted, where each endpoint was evaluated at
5 or 10 years, respectively. Two intensity score estimates were obtained: one (intensity score 1)
was the constant treatment effect by applying model (3) and the other (intensity score 2) was the
cumulative treatment effect by applying model (7).

Both the intensity score and g-estimation methods gave the larger treatment effects for pravastatin
than the ITT ones for all endpoints. The adjustment effects were larger in the stroke events. The
statistically significant effect in the stroke event at 10 years was observed by the intensity score 1
(hazard ratio=0.51; 95 per cent CI: 0.28-0.95). The results from intensity score 2, in particular
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Table IV. Estimates of treatment effect for CHD and stroke events.

CHD Stroke
5 years 10 years 5 years 10 years
Method HR 95 per cent CI HR 95 per cent CI HR 95 per cent CI HR 95 per cent CI
ITT 0.70 0.50,0.97 0.67 0.49,0.91 0.65 0.43,0.97 0.83 0.57,1.21

Intensity score 1 0.68 0.44,1.05 0.59 0.36,0.99 0.44 0.25.0.79 0.51 0.28,0.95
Intensity score 2 0.68 0.46,1.02 0.66 0.27,1.60 0.53 0.31,0.90 045 0.17,1.21
g-estimation 0.65 0.30,0.91 0.64 0.39,0.83 0.54 0.26,0.87 0.63 0.33,1.26

HR, hazard ratio; CI, confidence interval; intensity score 1, constant treatment effect from model (3); intensity
score 2, cumulative treatment effect from model (7); g-estimation, semi-parametric randomization-based analysis
using model (10).

at 10 years, gave the wider confidence intervals than those from intensity score 1, which probably
reflects the sparse data problems in estimating f;(¢). The confidence intervals for the g-estimates
contained the null value of 1 whenever the ITT result was not significant.

6. DISCUSSION

In this paper, we developed the intensity score approach for time-to-event outcomes with censoring
. to estimate the causal treatment effect in the presence of non-random non-compliance. The proposed
approach has three major advantages over the g-estimation based on the SAFT model (10). The
first advantage is that an artificial recensoring scheme (Section 4.2) is necessary requirement for
the g-estimation to account for administrative censoring correctly, while the proposed approach
can treat the censoring uniquely within the framework of standard regression models. The rationale
for recensoring in the g-estimation is that if the potential baseline failure time U; is independent
of treatment assignment, the same should be true for any function of U; and C; since C; is a
baseline covariate. Therefore, there are several choices for an observable random variable that is
a function of {U;, C;} as a basis for inference [13, 16, 22].

The second major advantage of the proposed approaches is that they can be easily extended to the
estimation of time-dependent treatment effects such as (6), where the technique of g-estimation has
been difficult to apply in practice to the multi-parameter model. Although the constant treatment
effect model (1) is very simple, model (6) is more robust to the estimation of dynamic sequential
treatments conditional on past medical history. This robustness property of model (6) will be
compromised with the sacrifice of the precision as shown in Table IV. To avoid the sparse-data
problems, Brumback et al. [9] proposed the use of parametric constraints among the §,;(f) such
as fi; (1) =ap+ait depending on context.

The third advantage is its ease of application, that is, the g-estimate can be obtained in three
steps: we compute propensity scores, derive intensity scores, and fit an ordinary regression model
for any outcome variable, although the correction term must be subtracted from the estimating
function to obtain the consistent estimator.

Nevertheless, the g-estimation has a number of advantages over the proposed approach. First
one is that it is a semi-parametric randomization-based approach, that is, it preserves the validity
of tests of the null hypothesis regardless of what determinants of outcome have influenced a
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patient’s decision to comply. Furthermore, the g-estimation provides estimated effects that are of
the same sign as the ITT effect and that are only statistically significant if the ITT analysis is
statistically significant. In relation to this point, a major drawback of the intensity score approach
is that one must be able to specify a correct model for the conditional probability of treatment,
PrS; (t)|H; (1)], for each r up to the end of follow-up, although the increase of power will be
anticipated. Unfortunately, the assumption of no unmeasured confounders (2) is a non-identifiable
assumption and is not testable from the observed data. Furthermore, even when assumption (2) is
approximately true, we require strong modeling assumptions, since there are many covariates in
H; (). It is unlikely that these modeling assumptions would be precisely correct. In the MEGA
study, many clinically important prognostic factors were measured and all of them were used as
covariates to estimate the propensity score at each time. In addition to the prediction model shown
in Table III, the analyses based on other prediction models, such as a parsimonious model using
a variable selection procedure or full models in which time-dependent covariates, were entered as
the difference from the baseline or the absolute past two values, and the intensity score estimates
were shown to be insensitive to the selection of the prediction models conditional on the measured
covariates.

Another advantage of the g-estimation over the intensity score approach is that one can use the
SAFT model (10) to estimate the effect of a treatment on outcome in studies, where at each time ¢
there is a covariate level such that all patients with that level of the covariate are certain to receive
the identical treatment. For example, this circumstance implies that the intensity score approach
should not be used for the analysis of non-compliance data, in which treatment switching was
observed in only one group, because the intensity score at each time will be zero for patients in the
complete compliance group. Robins [23] and Robins et al. [24] discussed a similar problem, that
is, structural zero, for the adjustment of time-dependent confounding and showed that the IPTW
(inverse probability of treatment weighted) estimators, which are based on the propensity score,
are biased for the data with structural zero.

As Brumback et al. [9] have discussed, the intensity score approach resembles the IPTW
estimation method based on the marginal structural model (MSM). Although the MSM is useful
for estimating the causal effect of the pre-specified treatment regime such as always treat or treat
on alternate month' [23, 24], it is much less useful for modeling the interaction of treatment with
a time-dependent covariate and for estimating the effect of a dynamic treatment plan in which the
treatment on a visit depends on a subject’s evolving covariate history. It is important to recognize
that actual medical treatment regimes including non-compliance data are usually dynamic, and
the SNMM is more suitable for parametrizing such dynamic effects. Another difference between the
SNMM and the MSM is that the latter makes fewer assumptions than the former by not requiring
treatment effects to be constant across strata of covariate history, because the IPTW estimators can
be interpreted as standardized parameters [24,25]. Thus, in theory, the IPTW estimator is more
robust than the intensity score one.

In the analyses of the MEGA study data, we observed the larger adjustment effects in the stroke
events in spite of the fact that factors associated with non-compliance were nearly the same for
CHD and stoke events in each group. The explanatory analyses among the non-compliant cases
were conducted to investigate the relation between the non-compliance rate (/year) of each case
and the occurrence of each event. These analyses showed that, in the diet group, the effect of
non-compliance rate on the non-occurrence of stroke events (odds ratio=144; 95 per cent CI:
1.3—00; 5 stroke events among 865 non-compliant cases) was larger than that of CHD events (odds
ratio=14.5; 95 per cent CI: 1.7-150; 19 CHD events among 844 non-compliant cases), while,
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in the pravastatin group, the effect of non-compliance rate on the occurrence of stroke events
(odds ratio=5.7; 95 per cent CI: 1.2-26; 16 stroke events among 2440 non-compliant cases) was
also larger than that of CHD events (odds ratio=1.3; 95 per cent CI: 0.3-5.3; 20 CHD events
among 2441 non-compliant cases). These facts may explain the larger discrepancy between the
ITT estimate and the causal one observed in stroke events.

In the MEGA study, like any other clinical trial, dropout of patients during the study period
was observed. In addition to the usual loss to follow-up cases, there was another problem of
dropouts due to the refusal of further follow-up at 5 years {17, 18]. In this paper, we considered
all these dropout cases as non-informative censoring cases. Because observed dropout proportions
were not different among treatment groups (loss to follow-up: 546/3966=0.14 in diet group and
594/3866=0.15 in pravastatin group; refusal of follow-up by patients: 278/3966=0.07 in diet
group and 270/3866=0.07 in pravastatin group), the effect of these dropouts on the comparison
of treatment group may seem to be small. However, these non-administrative censorings may
be informative and hence a source of selection bias. To adjust for selection bias due to non-
administrative censoring, the IPCW (inverse probability censoring weighted) method has been
proposed [26-28]. The underlying idea of the IPCW method is to base estimation on the observed
outcomes but weight them to account for the probability of being uncensored. We analyzed
the MEGA study data using the IPCW method which can adjust for some types of dependent
censorings, and confirmed that there were no large differences between the TTT estimates and the
IPCW ones for both CHD and stroke events [29]. Our intensity score method can also incorporate
the IPCW method, and this will be a future work.

APPENDIX A

We show that the correction term N §;C must be subtracted from the WLS estimating function
to obtain a consistent estimator of fj in (1), where C=(1/N)(Z,Ai6' f;(t))wi(zthial E(S; (0|
H;(); é)) and w; =exp(—p)-T;-exp(—f; Zii(t)). We define the ‘estimated’ potential outcome
under no treatment:

) M—1
log To; =logT; — By > Si(1)
1=0

Under model (1) and assumption (2), the estimatéd potential outcome is mean independent of future
treatment given past history, which implies that E[/; (t) - w; - (log To; — ©)]=0, t< M — 1. Therefore,

M-1 M—1 .
E ( v li(r)-w,-.[logr,--y—ﬁo ) s,-m]):o (A1)
t=0

t=0

Now, the WLS estimating equation that Z? ; solves under model (3) has unconditional mean
zero if and only if E(Y125" £ (1) wi - llog Ty — pu— By Tp25" 1:())) =0. Substituting 1; (1) = i (1) -
ELS; (1) H; (¢); 6] yields

M-l M-I M-I n
E(Z i) wi-|logTi—pu—pB; 3 Si@)+B; 2 E[Si(0)|Hi(1); 6] =0 (A2)
1=0 1=0 1=0
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Comparing (Al) with (A2), it follows that B ; is consistent for By if for any ¢, fi(t)¢0 and
E(CMS Lwy-wi- X055 ELSi (0| Hi(0); 6D =0.
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In medical studies, there is interest in inferring the marginal distribution of a survival time subject to
competing visks. The Kyushu Lipid Intervention Study (KLIS) was a clinical study for
hypercholesterolemia, where pravastatin treatment was compared with conventional treatment. The
primary endpoint was time to events of coronary heart diseasev( CHD). In this study, however, some
subjects died from causes other than CHD or were censored due to loss to follow-up. Because the
treatments were targeted to reduce CHD events, the investigators were interested in the effect of the
treatment on CHD events in the absence of causes of death or events other than CHD. In this paper,
we present a method for estimating treatment group-specific marginal survival curves of time-to-event
data in the presence of dependent competing visks. The proposed method is a straightforward
extension of the Inverse Probability of Censoring Weighted (IPCW) method to settings with more
than one reason for censoring. The results of our analysis showed that the IPCW marginal incidence
for CHD was almost the same as the lower bound for which subjects with competing events were
assumed to be censored at the end of all follow-up. This result provided reassurance that the results in
KLIS were robust to competing risks. Copyright © 2007 John Wiley & Sons, Ltd.

Keywords: survival analysis; Kaplan-Meier estimator; Cox proportional hazards model; inverse
weighting methods; cause of failure; competing risks

1. INTRODUCTION

*Correspondence to: Yutaka Matsuyama, Department of A common problem encountered in medical
Biostatistics, School of Health Sciences and Nursing, University o . - .
of Tokyo 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. studies is competmg risks, v\{hxch are‘events that
*E-mail: matuyama@epistat.m.u-tokyo.acjp . remove a subject from being at risk for the

Copyright © 2007 John Wiley & Sons, Ltd.



Y. Matsuyama and T. Yamaguchi

outcome under investigation. The competing event
may be the withdrawal of the subject from the
study (for whatever reason), death from some
cause other than the one of interest, or any
eventuality that precludes the main event of
interest from occurring. The Kyushu Lipid Inter-
vention Study (KLIS) [1, 2], which is described in
detail in Section 2, was a clinical study for
hypercholesterolemia, where treatment with pra-
vastatin (an HMG-CoA reductase inhibitor) was
compared with conventional treatment in Japanese
men aged 45-74 years. The primary endpoint was
time to events of coronary heart disease (CHD). In
this study, some subjects died from causes other
than CHD such as cerebral infarction or cancer,
and some subjects were lost to follow-up. Because
the treatments were targeted to reduce CHD
events, the investigators were not interested in
the effect that treatment may have on competing
events; rather, they were mainly interested in the
effect of treatment on CHD events in the absence
of causes of death or events other than CHD. This
classical competing risks problem requires infer-
ence of the marginal distribution of time to CHD
events [3, 4].

For the classical competing risks problems,
Tsiatis [5] showed that the marginal survival
function is not identifiable from observable data
without additional assumptions. Independence of
the latent failure times is one common assumption
that would resolve the problem of identifiability
and permit estimation of the marginal survival
function using the product-limit estimator of
Kaplan and Meier [6]. The assumption of indepen-
dence, however, can never be verified from ob-
served data and often may not be justified in
practical settings. For example, in the KLIS data,
one would expect that the subjects who have had a
cerebral infarction would have a higher probability
of CHD events due to the similarities of prognostic
factors between the two events [7]. This kind of
competing risk is obviously dependent on the event
of interest. The Kaplan-Meier estimator under the
assumption of independence will be inconsistent in
the presence of dependent competing risks.

To address the issue of nonidentifiability,
Peterson [8] provided upper and lower bounds on
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the marginal survival time as a function of the
observed data. Peterson upper and lower bounds
correspond to the extreme scenarios where cen-
sored subjects are assumed to never experience the
event of interest or to experience the event
immediately after censoring, respectively. In deal-
ing with dependent competing risks, several
authors have proposed bounds for the marginal
survival function which are much tighter than
those of Peterson [9-11]. These approaches impose
certain dependency structures on the latent failure
times which do not restrict the observed data, but
allow for the identification of the marginal survival
function under the knowledge of assumed depen-
dency structures.

Recently, Robins and colleagues proposed the
Inverse Probability of Censoring Weighted
(IPCW) method for the analysis of data with
informative censoring [12-15]. The IPCW estima-
tor is a weighted version of the Kaplan—Meier and
Cox partial likelihood estimators, in which weights
are proportional to the inverse of the conditional
probability of surviving uncensored [12, 14]. The
IPCW method can be used to correct for bias due
to dependent censoring when the dependent
censoring can be explained by measured prognos-
tic factors.

In this paper, we extend the IPCW approaches
[14] to settings with more than one reason for
censoring. In order to construct the IPCW marginal
survival estimator, the cause-specific hazards of
censoring are modeled by the proportional hazards
model, in which the treatment group-specific base-
line hazard and parameters are assumed for each
reason of censoring. The next section describes the
motivating study, the KLIS data. In Section 3, we
introduce notation and describe the IPCW methods
under competing risks. In Section 4, we apply the
proposed methods to the KLIS data. In Section 5,
we conclude with a discussion.

2. KLIS DATA

We briefly describe the motivating study and the
data (KLIS). Full details on the design, conduct,

Copyright © 2007 John Wiley & Sons, Ltd.
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Table I. Types and numbers of events in the KLIS data.

Estimation of marginal survival time

Pravastatin treatment

Conventional treatment

Types of events Number (%) Number (%)
CHD 65 29 48 29
No events at the end of follow-up 2033 91.6 1479 90.5
Loss to follow-up 53 24 44 2.7
Death due to causes other than CHD 68 3.1 63 39
Total 2219 100 1634 100

and main clinical results have been reported
previously [1,2]. A total of 5640 male patients
aged 45-74 years with a serum total cholesterol
level of >220mg/dl (5.69 mmol/l) in the pretest
period were recruited by 902 physicians in Kyushu
District from May 1990 to September 1993.
Excluded from enrollment were those who with-
drew their informed consent voluntarily; those
who did not contact with study physicians
thereafter; those with a history of myocardial
infarction, coronary bypass surgery, coronary
angioplasty, cerebral hemorrhage, or cerebral
infarction; those with a high-density lipoprotein
(HDL) cholesterol level of >80 mg/dl; and those
who had other specified life-limiting conditions
such as renal failure or liver disease. The study
subjects consisted of 3853 male patients.

Each study physician was instructed to allocate
patients to either pravastatin treatment or con-
ventional treatment randomly as specified in a
sealed envelope, but some participating physicians
did not necessarily follow the instruction of
random assignment [1]. Therefore, the KLIS was
essentially an observational study. In the protocol,
pravastatin was prescribed at a dosage of 10-20
mg per day, which was an officially approved dose
in Japan, and the conventional treatment included
dietary and/or exercise therapy and medication
with hypolipidemic drugs other than probucol,
bezafibrate, and statins.

The primary endpoint was CHD events com-
prised of fatal and nonfatal myocardial infarction,
coronary artery surgery, coronary angioplasty,
cardiac death, and sudden and unexpected death.
The endpoint and adverse effects committee

regularly reviewed all possible cases of any event
on the basis of the abstracts of medical records
reported by the study physicians, laboratory data,
and, if available, serial electrocardiograms. An
underlying cause of death was classified and coded
in accordance with the 9th revision of the ICD
(International Classification Disease), based on a
death certificate and/or a report abstract of the
medical record. Follow-ups were continued until
the end of 1997. From January to May 1998, an
endpoint survey was carried out to make a full
ascertainment of CHD events, other events such as
cerebral infarction, and deaths from all causes
until the end of 1997. Each study physician
reconfirmed the summary information regarding
outcome data, which was prepared by the study
office based on the returned follow-up report
forms. Study physicians made direct contact with
patients who had ceased to visit the physicians by
telephone and mail. Table I shows the types and
numbers of events in each treatment group. The
events were divided into four categories: CHD
events; no events at the end of follow-up; loss to
follow-up; and death due to causes other than
CHD events, such as cerebral infarction, cancer, or
suicide. The last two categories were regarded as
competing events. The proportions of patients
with competing events in the conventional treat-
ment group were slightly larger than those in the
pravastatin treatment group.

Figure 1 shows the Peterson bounds for the
marginal incidence proportion of CHD events in
each treatment group. Peterson [8] originally
provided one extreme scenario as ‘never experience
the event of interest’, that is, the unobserved event
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