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(g-estimation) is to realize that U; is a baseline variable identically distributed across the random-
ized groups. We define U, (i) to equal the right-hand side of (10) for given ). We also define Z ()
to be a test statistic comparing the distnibution of U(y) in the two randomized groups, where we
will use the log-rank test. The point estimate of \, is the value for which Z()=0, and this can
be found by a search over a grid. A 100(1 —«) per cent confidence interval for  is the range of
values for which |Z()| <z)-a/2, Where zi—y2 is the 1 —a/2 percentile of the standard normal
distribution. One atiractive point of this approach is that at the null value, it is non-parametric,
because U;(0)=T;; hence, Z(0) is the usual I'TT log-rank test statistic.
However, if T; is a censored time, then U, () is censored at

c
Di(y) -'-‘-f exp[—S; (1)]dr
0

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 8;(t) 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 |/ #0 and there is non-random non-compliance. Thus, we cannot replace 7
by X; =min(7;, 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;(Y)=Ciexp(—y) if Y >0, according to the direction of treatment effect. For given
¥, let X;(W)=min[C; (), U;(¥)] and A;(Y)=1[Ui () > Ci(f)] to be the new follow-up time
and censoring indicator, respectively. X;(ys) is observable since 7;>C; implies U () > C; ().
Because any function of {U; (). C;) is independent of random treatment assignment R;, we have
(U; (Fg), Ai (Yo)) L Ri, 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 1=2 and 4. From Table IT 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 a-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 gencration
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 pave
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-estimales.
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Table II. Results of simulation studies for AT, ITT, g-estimation, and IS method.

Censoring
Non-compliance (per cent) Bias MSE CI length 95 per cent CP Power 2 Error

0 -0415 0175 0.183 0.0 443  100.0
45 versus 15 per cent 30 =0405 0170 0216 0.0 414  100.0
90 -0.230 0074 0.564 64.0 475 304
0 -0.363 0.134 0.180 0.0 B43 95.0
30 versus 10 per cent 30 -0353 0127 0212 13.7 717 100.0
90 —0.190 0.056 0.559 13.9 578 222

0 —0.305 0.095 0.176 0.0 99.4 5.6
45 versus 15 per cent 30 -0.295 0090 0.209 0.1 97.0 5.8
90 -0.138 0.041 0.567 82.6 1.1 438
0 -0253 0066 0.177 0.0 99.9 43
30 versus 10 per cent 30 -0.243 0.062 0.209 0.4 99.8 6.1
S0 —0.108 0033 0.566 872 784 4.6

0 0.006 0013 0.541 95.1 994 5.6
45 versus 15 per cent 30 0.008 0.018 0.615 94.3 97.0 58
90 0001 0.037 0.854 94.6 709 49
0 0001 0.009 0454 954 99.9 43
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 96.5 783 4.6

g-estimation

0 —0.046 0.005 0.274 95.7 100.0 5.2

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

Intensity 90 0.060 0.061 0959 97.8 743 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 0262 95.2 100.0 4.6

S0 0.053 0.046 0.840 98.0 824 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 ¢ (r=0,...,9), the logistic regression model (4)
was used, in which four time-dependent factors as well as 12 baseline factors shown in Table 1
were included as covariates H; (r). For the four time-dependent factors, the most recent recorded
values were included as covariates H; (1) 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/m?). 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 r=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/mzl 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
Diabeles 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 r=2 1.030 1.014, 1.046
LDL-C (mg/dL) at =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 f=23. 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 TV 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. Analysis
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 percent CI HR 95percent CI HR 95 percent CI HR 95 per cent CI
i_']:I'- ' 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 0.45 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 er al. [9] proposed the use of parametric constraints among the f,(r) such
as fi;(t)=ap+ayt 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,
Pr[S;(t)|H;(t)], for each t 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
covanates (o 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 r
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 ef 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 er 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 visil 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 CL
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=35.7; 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 ITT 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 Nf;C must be subtracted from the WLS estimating function
to obtain a consistent estimator of fiy in (1), where C‘:(UN)(Z,M:E‘Jf{r}}aJ.(Z,tE' E(S;(n)]

H;(1): 0)) and w; =exp(—u)-T; -exp(—p, z.f,-(r)]. We define the ‘estimated’ potential outcome
under no treatment:

A M-l
log Toi =log T; — fiy Z.; Si(r)
e

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

M=1 M=1
El X L) wi-|logTi—pu—fy ¥ Sitt) | | =0 (Al)
=0 =0
Now, the WLS estimating equation that fi, solves under model (3) has unconditional mean

zero if and only if EQ‘_‘:‘;EI f,(:)-w; ogT; —u—p; Zﬁal Lmn=o. Substituting L)=Si(1)—
E[S;(1)|H(1); 0] yields

M=1 . M=1 M=1 =
E( e I.(f)-w,‘[lugﬂ—ﬂ-ﬁr Y SO+h ¥ El&u;lﬁm;:ﬂ]):o (A2)
=0 =0 1=0
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Comparing (Al) with (A2), it follows that f.i, is consistent for f, if for any ¢, f,(:);é{) and
E(CMS L) -wi- TG ELSi(@)|Hi(r); 0)) =0

ACKNOWLEDGEMENTS

MEGA Study is supported by Sankyo Co. Ltd. We also thank reviewers for their comments, which led
to a much improved version of the paper.

This research was supported in part by Grant-in-Aid for Scientific Research (A) No. 16200022. Research
funds for MEGA Study were provided by the Japanese Ministry of Health, Labor and Welfare for the
first 2 years of the study, and thereafter the study was funded by Sankyo Co Ltd, Tokyo.

REFERENCES

. Efron B, Feldman D. Compliance as an explanatory variable in clinical trials (with Discussion). Journal of the

American Staristical Association 1991; 86:9-26.

Sommer A, Zegar SL. On estimating efficacy from clinical trials, Statistics in Medicine 1991; 10:45-52.

Angrist JD, Imbens GW, Rubin DB. Identification of casual effects using instrumental variables. Journal of the

American Statistical Association 1996; 91:444—455.

4. Fisher LD, Dixon DO, Herson J, Frankowski RK, Hearron MS, Pease KE. Intention-to-treat in clinical trials.
Staristical Issues in Drug Research and Development. Marcel Dekker, Inc.: Ncw York, 1990; 331-350.

5. Koch GG, Edwards S. Clinical efficacy trials with categorical data. In Biopharmaceutical Statistics for Drug
Development, Peace K (ed.). Marcel Dekker, Inc.: New York, 1988; 403—45‘?

6. Robins JM. Correcting for non-compliance in randomized trials using structural nested mean models.
Communications in Statistics 1994; 23:2379-2412.

7. Robins JM. Causal inference from complex longitudinal data. In Latent Modelling with Applications to Causality,
Berkane M (ed.). Springer: New York, 1997; 69-117.

8. Robins JM. Correcting for non-compliance in equivalence trials. Statistics in Medicine 1998; 17:269-302.

9. Brumback B, Greenland S, Redman M, Kiviat N, Diehr P. The intensity score approach for adjusting for
confounding. Biomertrics 2003; 5§9:274-285.

10. Robins JM, Tsiatis AA. Correcting for non-compliance in randomized trials using rank preserving structural
failure time models. Communications in Statistics 1991; 20:2609-2631.

11. Robins JM, Blevins D, Ritter G, Wolfsohn M. G-estimation of the effect of prophylaxis therapy for pneumocystis
carinii pneumonia on the survival of AIDS patients. Epidemiology 1992, 3:319-336.

12, Mark SD, Robins JM. A method for the analysis of randomized trials with compliance information: an application
to the Multiple Risk Factor Intervention Trial. Controlled Clinical Trials 1993; 14:79-97.

13. Keiding N, Filiberti M, Esbjerg S, Robins JM, Jacobsen N. The graft versus leukemia effect after bone marrow
transplantation: a case study using structural nested failure time models. Biometrics 1999; 55:23-28.

14. White IR, Babiker AG, Walker S, Darbyshire JH. Randomization-based methods for correcting for treatment
changes: examples from the concorde trial. Statistics in Medicine 1999; 18:2617-2634.

15. Korhonen PA, Laird NM, Palmgren J. Correcting for non-compliance in randomized trials: an application to the
ATBC study. Statistics in Medicine 1999; 18:2879-2987.

16, Heman MA, Cole SR, Margolick J, Cohen M, Robins JM. Structural accelerated failure time models for survival
analysis in studies with ime-varying treatments. Pharmacoepidemiology and Drug Safety 2005; 14:477-491.

17. Management of Elevated Cholesterol in the Primary Prevention Group of Adult Japanese (MEGA) Study Group.
Design and baseline charactenstics of a study of primary prevention of coronary events with pravastatin among
Japanese with mildly elevated cholesterol levels. Circulation Journal 2004; 68{9):860—867.

18. Nakamura H, Arakawa K, ltakura H et al. Primary prevention of cardiovascular discase with pravastatin in Japan
(MEGA Study): a prospective randomised controlled trial. Lancer 2006; 368:1155-1163.

19. Rubin DB. Bayesian inference for causal effects: the role of randomization. Annals of Statistics 1978; 6:34-58,

20. Cox DR, Oakes D. Analysis of Survival Data, Chapman & Hall: London, 1984.

21. Rosenbaum PR, Rubin DM. The central role of the propensity score in observational studies of casual effects.

Biometrika 1983; 70:41-55.

w N

Copyright © 2007 John Wiley & Sons, Lid. Statist, Med. 2008; 27:1718-1733
DOI: 10.1002sim



ADJUSTMENT OF TREATMENT CHANGES BASED ON THE INTENSITY SCORE 1733

. Witteman JC, D'Agostino RB, Stijnen T er al. G-estimation of causal effects: isolated systolic hypertension and
cardiovascular death in the Framingham heart study. American Journal of Epidemiology 1998; 148:390-40].
Robins JM. Marginal structural models versus structural nested models as tools for causal inference.
In Statistical Models in Epidemiology, the Environment, and Clinical Trials, Halloran ME, Berry D (eds). Springer:
New York, 1999; 95-133.

Robins JM, Heman MA, Brumback BA. Marginal structural models and casual inference in epidermiology.
Epidemiology 2000; 11:550-560,
Sato T, Matsuyama Y. Marginal structural models as a tool for standardization. Epidemiology 2003; 14:680-686

. Robins JM. Information recovery and bias adjustment in proportional hazards regression analysis of randomized
trials using surrogate makers. American Statistical Association Proceedings of the Biopharmaceutical Section
1993; 24-33.

Robins IM, Rotnitzky A, Zhao LP. Analysis of semiparametric regression models for repeated outcomes in the
presence of missing data, Journal of the American Statistical Association 1995; 90:106-121.

Robins JM, Finkelstein DH. Correcting for noncompliance and dependent censaring in an AIDS clinical trial
with Inverse Probability of Censoring Weighted (IPCW) log-rank tests. Biometrics 2000; 56:779-788.

Yoshida M, Matsuyama Y, Ohashi Y for the MEGA Study Group. Estimation of treatment effect adjusting for
dependent censoring using the IPCW method: an application to a large primary prevention study for coronary
events (MEGA study). Clinical Trials 2007; 4:318-328

Copyright @ 2007 John Wiley & Sons, Ltd. Starist. Med. 2008; 27:1718-1733
DOT: 10.1002/sim

186



Original Paper

m‘ar IEE S e e S, S S s —— —  _ — — ]|
Discases Cerebrovasc Dis 2008,26:63-70 Recelved: lune 12, 2007
DO 10.1159/000135654 Accepted. January 14, 2008
Published online: May 30, 2008

Antiplatelet Cilostazol Is Beneficial in
Diabetic and/or Hypertensive Ischemic
Stroke Patients

Subgroup Analysis of the Cilostazol Stroke Prevention Study

Yukito Shinohara® Fumio Gotoh® Hideo Tohgi' Shunsaku Hirai®

Akiro Terashi® Yasuo Fukuuchi” Eiichi Otomo® Eiichi Itoh'

Tamotsu Matsuda! Tohru Sawada® Takenori Yamaguchi' Katsuya Nishimaru™
Yasuo Ohashi® for the CSPS group

“Federation of National Personnel Mutual Aid Associations, Tachikawa Hospital, Tachikawa, "Department of
Neurology, School of Medicine, Kelo University, “Nippon Medical School, ?Department of Internal Medicine,
Yokufukal Geriatric Hospital, and “Department of Biostatistics, School of Public Health, University of Tokyo,
Tokyo, 'Department of Neurology, Ilwate Medical University School of Medicine, Morioka, “Department of
Neuralogy, Gunma University School of Medicine, Maebashi, " Ashikaga Red Cross Hospital, Tochigi,
Department of Neurology, National Higashi-Nagoya Hospital, Nagoya, 'Third Department of Internal Medicine,
Kanazawa University School of Medicine, Kanazawa, *Department of Rehabilitation, Aino Hospital, and
'National Cardiovascular Center, Osaka, and ™ Yoshizuka Hayashi Hospital, Fukuoka, Japan

Key Words
Antiplatelet - Diabetes - Hypertension - Lacunar infarction -
Stroke prevention

Abstract

Background and Purpose: Although antiplatelets are
known to be effective for secondary prevention of cerebral
infarction, the number needed to treatis rather large and the
effects in stroke patients with complications such as hyper-
tension or diabetes are inadequately defined. This study was
conducted to examine the effect of such complications on
recurrence of cerebral infarction, and to assess the effect of
cilostazol, an antiplatelet agent, in these high-risk subjects.
Methods: A post hoc subgroup analysis of the already re-
ported Cilostazol Stroke Prevention Study. which was a pla
cebo-controlled double-blind trial, has been carried out to
clarify the influence of various complications on recurrence
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in the placebo group and the effects of cilostazol in 1,095
patients with noncardioembolic ischemic cerebrovascular
disease. Treatment continued for an average of 1.8 + 1.3
years (maximum 4.8 years). Results: The recurrence rate of
the diabetic stroke patients was significantly higher com-
pared with the nondiabetics in the placebo group (9.4 vs
4.7%/year, p = 0.01). Furthermore, our study showed that the
relative risk reduction (RRR] for recurrence of infarction was
41.7% with cilostazol. This treatment provided a significant
benefit in patients with lacunar infarction (RRR 43.4%, p =
0.04), with diabetes (RRR 64.4%, p = 0.008), or with hyperten-
sion (RRR 58.0%, p = 0.003). Conclusions: Diabetic patients
are particularly at risk for recurrence of cerebral infarction.
Cilostazol is useful for the prevention of the recurrence of
vascular events in patients with lacunar infarction, and is
probably effective in high-risk patients with diabetes and/or
hypertension.
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A meta-analysis performed by the Antithrombotic
Trialists’ Collaboration (1] indicated that antiplatelet
agents such as aspirin, ticlopidine, dipyridamole or clop-
idogrel are effective in preventing recurrence of vascular
events in patients with stroke or transient ischemic at-
tack. However, the calculated number needed to treat
(NNT) was 28 lor recurrence of vascular events during
the 29-month observation period and 40 for recurrence
of cerebral infarction over 3 years of observation [1]. This
means that 40 patients have to take these medications for
more than 2 years in order to rescue | patient from recur-
rence of cerebral infarction. Moreover, the effects of an
tiplatelets on subtypes of nonembolic stroke, such as la
cunar infarction, which may have a different pathogen-
esisfromatherothromboticinfarction, remainan enigma,
Numerous adverse reactions have been reported in asso-
ciation with the use of these antiplatelets, and new medi-
cations have been sought that would provide more effec-
tive action with fewer side effects.

The Cilostazol Stroke Prevention Study (CSPS) was a
multicenter double-blind placebo-controlled, random-
ized clinical trial performed between 1992 and 1996 to
study the long-term safety and effectiveness of the anti-
platelet drug cilostazol [2, 3]. Cilostazol prevents platelet
aggregation by increasing cyclic adenosine monophos-
phate (cAMP) levels in platelets via inhibition of cAMP
phosphodiesterase, thus reducing the risk of recurrence
of cerebral infarction [2]. In addition, cilostazol is report-
ed to have biological actions beyond antiplatelet activity,
such as a vasodilatory action [4, 5], a vascular endothe-
lial cell pratection [6] and improvement of lipid metabo-
lism [7]. The use of aspirin for the prevention of recur
rence of cerebral infarction was not approved by the Jap-
anese Ministry of Health, Labour and Welfare at the time
of the CSPS, which covered more than 1,000 CT- or MRI-
proven ischemic stroke patients, so this trial was placebo
controlled, which would no longer be possible for new
studies, for ethical reasons. It was also the first prospec-
tive study classifying patients into subtypes of ischemic
stroke, that is, atherothrombotic infarction, lacunar in-
farction and undetermined type.

Since we thought the CSPS data would be valuable for
evaluating the efficacy of antiplatelet therapy for cerebral
infarction, we reexamined the data and performed a posl
hoc subgroup analysis. The objectives of this report were
to examine the effect of various complications on recur
rence of cerebral infarction in the placebo group, and in
particular, to assess the effect of cilostazol in patients at
high risk.

64 Cerebrovase Dis 2008:26:63-70

Materials and Methods

The results of the general analysis of the CSPS have been re
ported elsewhere [2]. In brief, the study was performed between
1992 and 1996, at 183 institutes throughout Japan, covering 1,095
patients with a prior history of symptomatic cerebral infarction
(transient ischemic attack and cardioembolic infarction were ex-
cluded from this study) that had developed 1-6 months before
randomization. Diagnosis was conlirmed by clinical signs and
symptoms, and CT or MRI in all subjects. All patients provided
written informed consent and were randomized to cilostazol (547
patients) or placebo (548 patients). Cilostazol was administered as
a 100-mg tablet twice daily and placebo tablets were matched for
appearance and administration schedule. Treatment continued
for an average of 1.8 £ 1.3 years (maximum 4.8 years). Out of
1,095 patients, 1,067 were available for the intention-to-treat anal
ysis.

For the efficacy analysis, a per protocol set of 526 patients in
the cilostazol group (396 lacunar infarction, 73 atherothrombaotic
infarction, 57 undetermined type), and 526 patients in the pla-
cebo group (389, 68, and 69 patients, respectively) were available
for subgroup analysis.

The criteria for hypertension were systolic blood pressure
=140 mm Hg and/or diastolic blood pressure =290 mm Hg, or
current treatment with antihypertensives. The diabetes mellitus
group contained subjects who were diagnosed as diabetic by the
investigators, based on standard criteria, or who were already re
ceiving antidiabetics. Hypercholesterolemia was defined as total
serum cholesterol =220 mg/dl (5.67 mmol/l) or current treat-
ment with cholesterol-lowering drugs. Prior ischemic heart dis-
ease was defined in terms of a history of angina pectoris or myo-
cardial infarction.

Statistical results were calculated as follows. Annual recur
rence rate was computed using the person-year method. Relative
risk reduction (RRR) was determined from the incidence calcu-
lated by the person-year method. The standard error and 95%
confidence intervals of these measures were estimated assuming
an exponential distribution for the incidence of cerebral infarc
tion. The log-rank test was used to compare the incidence of ce-
rebral infarction in the two groups. Morcover, the heterogeneity
of effects (RRR) among subgroups was investigated and statisti-
cally analyzed combining the results of the log-rank test for each
subgroup. To investigate the effects of background factor and/or
subgroup on the recurrence of cerebral infarction in the cilo
stazol group, univariate and multivariate analyses were per
formed using the Cox proportional hazards model, and the re
sults were reported as hazard ratios (HRs), In the multivariate
analysis, variables were selected by the backward elimination
method.

Kaplan-Meier estimates were used for the calculation of NNT.
Statistical tests were two-tailed, and a probability level of p<0.05
was considered to indicate statistical significance, except for the
investigation of interactions, where the level of significance was
p<0.20. Statistical analysis was performed using SAS version 8.02
software (SAS Institute Japan, Tokyo).
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Results

Subgroup Analysis of the Placebo Group

The annual recurrence rate of cerebral infarction and
the number of patients available for analysis were deter
mined in subgroups of patients having various complica-
tions in the placebo-treated group, and the results are
shown in figure la. The difference in recurrence between
the diabetes group and the nondiabetes group was statis-
tically significant (9.4 vs. 4.7%/year, p = 0.01) (fig. 1a).

We next evaluated the annual recurrence rate of cere-
bral infarction in subgroups of patients in the placebo-
treated group receiving other drug treatments for various
underlying diseases; these results are shown in figure 1b.
In patients being treated with so-called cerebral enhanc
ers, which were widely used at the time in Japan and act
by improving cerebral blood flow and metabolism, or va
sodilators including ibudilast, ifenprodil tartrate and
nicergoline, which are known to have a mild antiplatelet
effect, the incidence of recurrence was significantly less
than in patients not receiving such treatment (p = 0.04)
(fig. 1b). Administration of statins, ACE inhibitors or Ca
antagonists was also associated with reduced (albeit non-
significant) recurrence rates, although the patients not
receiving these drugs were mostly nonhyperlipidemic
and nonhypertensive. However, diabetic patients who
were receiving antidiabetic drugs showed a higher recur-
rence rate of cerebral infarction than patients not taking
these drugs, who were mostly nondiabetic (fig. 1b).

In figure 2, we show the results of both univariate and
multivariate analyses in the placebo group. The effects of
diabetes (HR 2.05, 95% CI 1.19-3.53) and use of cerebral
enhancers or vasodilators (HR 0.57, 95% CI 0.34-0.96)
were significant in the multivariate analysis. The inci-
dence of events was 9.0%/year in patients with diabetes
but without hypertension, while 9.5%/year in patients
with both diabetes and hypertension, which suggests that
both diabetes and hypertension independently affect in
cidence of events.

Effect of Cilostazol on Subtypes of Ischemic Stroke

As previously reported [2], the CSPS analysis showed
an annual rate of cerebral infarction recurrence of 5.78%
in the placebo group and 3.37% in the cilostazol group
{RRR 41.7%, p = 0.02) (fig. 3a). The calculated NNT was
18.7 over 3 years of observation. Although the heteroge-
neity of effects (RRR) among subtypes of cerebral infarc-
tion did not reach significant difference, subgroup analy-
sis with stratification by subtypes showed a recurrence
rate of 5.25% in the placebo group and 2.97% in the cilo
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Fig. 1. Annual recurrence rate of cerebral infarction in placebo
treated patients with or without risk factors (a) and with or with-
out other drug treatments for various underlying diseases (b).
Bars show percent of patients with recurrence of cerebral infarc
tion, with the number of patients in parentheses.

stazol group for lacunar infarction (RRR 43.4%, p = 0.04)
(fig. 3b). CSPS is the first evidence showing the effect of
antiplatelet agents on lacunar infarction using a prospec-
tive design. The RRR with cilostazol treatment was 39.8%
for atherothrombotic infarction and 44.5% for infarction
of undetermined type.

Effect of Cilostazol on Ischemic Stroke Patients with

Various Risk Factors

A significant difference in the heterogeneity of effects
(RRR) was seen only in subgroups with diabetes and hy
pertension. RRR determined in the cilostazol group
showed statistically significant differences in the sub
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Univariate analysis

Sex M/F (n =526)

Age at onset (n = 526)

Duration of iliness 261 days/<61 days [n=526)

Hypertension +/- (n=525)
Hypercholesterolemia +/- (n = 526)
Diabetes +/- (n = 526)

Ischemic heart disease +/- (n = 526)
Tobacco use at treatment onset +/- (n = 518)

Concomitant use of cerebral enhancers or
vasodilators +/- (n = 524)

Concomitant use of statins +/- (n = 524)

Concomitant use of ACE inhibitors +/= (n = 524)

Concomitant use of Ca antagonists +/- (n = 524)

Multivariate analysis (n=516;

cerebral infarction recurrence, n=57)

Diabetes +/

Hypertension (140/90 mm Hg) +/-

Concomitant use of cerebral enhancers or vasodilators +/-
Concomitant use of ACE inhibitors +/-

Concomitant use of statins +/-

Fig. 2. Factors influencing recurrence of cerebral infarction in placebo-treated patients, showing HR and 95%
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Total (n = 526, m = 526)

Sex M (n =350, m = 342)
Fin=176,m = 184)

<65 (n = 220, m = 226)

265 (n = 306, m = 300)

<61 days (n = 263, m = 269)
261 days (n = 263, m = 256)

Age

Duration of illness

Never smoked + current nonsmoker (n = 342, m = 358)
Smoker (n= 176, m = 163)

Disease type lacunar (n = 389, m = 396)
atherothrombatic (n = 68, m = 73)
mixed (n=61, m = 47)

Diabetes +{n=124, m=143)
—{n =402, m = 383)

Hypertension +(n =276, m = 254)

~(n =249, m = 268)
Hypercholesterolemia + (n = 158, m = 150)

-{n=368, m=376)
Ischemic heart disease + (n =42, m = 41)

= (n =484, m = 485)

Concomitant use of cerebral enhancers or vasodilators
+(n=322,m =318)

-(n=202, m=196)

+(n=124 m=94)

- {n =400, m=420)

+(n=69, m=69)

- {n =455, m = 445)

Concomitant use of
ACE inhibitors

Concomitant use of
statins

41.7 (95% Cl1 9.2-62.5)
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Fig. 4. RRR effects of cilostazol with 95% confidence intervals. The figures in parentheses indicate the number
of patients treated with placebo (n) and the number of patients treated with cilostazol (m). * Heterogeneity of

effects (RRR) among factors: significant

groups of patients with diabetes (64.4%, 95% CI 22.3-
83.7) and hypertension (58.0%, 95% CI 23.8-76.9), as well
as in the subgroup with no findings of ischemic heart
disease (46.2%, 95% CI 13.2-66.7) and in the subjects
without hypercholesterolemia (41.5%, 95% CI 0.6-65.6)
(fig. 4). Therefore, it is concluded that cilostazol is effec-
tive for the prevention of recurrence of cerebral infarc-
tion, particularly in stroke patients with diabetes or hy-
pertension. Cilostazol treatment was nearly always asso-
ciated with positive values for RRR, both in groups of
patients receiving concomitant treatment for various

Cilostazol Benefits High-Risk Stroke
Patients

types of underlying disease and in groups not receiving
such treatment.

As shown in figure 5a, cilostazol administration was
associated with a significant (RRR 64.4%, p = 0.008) re-
duction in cerebral infarction recurrence among diabetic
patients, and indeed the administration of cilostazol re
duced the recurrence rate of ischemic stroke in diabetic
patients to the same level as in nondiabetic subjects.

Cilostazol treatment was also associated with a sig-
nificant reduction in cerebral infarction recurrence in
ischemic stroke patients with hypertension (RRR 58.0%,
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p =0.003) (fig. 5b). In nonhypertensive patients, the RRR
was only 5.2%.

The incidence of bleeding by cilostazol was not sig-
nificantly different from that of placebo.

Discussion

Risk Factors for Recurrence of Cerebral Infarction in

the Placebo Group

When we studied recurrence of cerebral infarction in
the placebo-treated patients stratified according to un
derlying complications, we found a higher incidence of
recurrence for hypertension in comparison with patients
lacking this risk factor, although the difference was not
statistically significant. The lack of significance may be
explained by the fact that antihypertensive treatment it-
selfis effective in reducing the recurrence of stroke [8-10]
(fig. 1b).

On the other hand, cerebral infarction patients with
diabetes in the placebo group were at significantly great-
er risk for recurrence than those without diabetes. Ear-
lier studies have shown that diabetic patients have a two-
to fourfold greater risk of first-ever cerebral infarction
than nondiabetic patients [11-14], and the present report
also demonstrates that diabetes increases the risk of ce-

a8 Cerebrovase Dis 2008:26:63-70

Cilostazol group
W Placebo group
*Heterogeneity of effects (RRR) among factors: not significant

rebral infarction recurrence, which is consistent with
previous results [15-17].

However, findings from the UK Prospective Diabetes
Study showed no reduction in the incidence of cerebral
infarction in patients with type 2 diabetes, even when
drug therapy reduced HbAlc by 0.9% for at least 10 years
[18]. Another study found no association between glucose
control and risk of recurrence of stroke among diabetic
patients with a history of stroke [19]. This suggests that
blood glucose control alone may be insufficient for de
creasing the recurrence of cerebral infarction, which is
consistent with our results (fig. 1b).

Effects of Cilostazol on Lacunar Infarction

The results of this subgroup analysis of the CSPS also
showed that cilostazol significantly decreased the recur-
rence of stroke in patients with lacunar infarction. Al-
though the heterogeneity of effects (RRR) among the
subtypes did not reach significant difference, the RRR for
inhibition of annual recurrence following lacunar infarc-
tion was 43.4% (p = 0.04). CSPS is the first evidence of the
efficacy of antiplatelet drugs in lacunar infarction, whose
findings are consistent with the results from a later re
ported ESPS-2 post hoc analysis [20]. On the other hand,
the effect of cilostazol on atherothrombotic stroke was
not statistically significant because of the small number
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of patients available for analysis in the relevant subgroups,
although the RRR was 39.8%.

Cilostazol acts as an antiplatelet by specially inhibiting
phosphodiesterase 111, blocking cAMP degradation and
raising cCAMP levels within the cytoplasm [2, 21, 22]. In
addition, a vasodilatory action due to vascular relaxation
has been reported [4, 5], as well as a protective effect on
vascular endothelial cells [6], and beneficial effects on
lipid metabolism [7]. Such actions would be expected to
contribute to a decrease in cerebral infarction recurrence
[23-25].

Although the etiology of lacunar infarction is still
poorly understood, it appears to be elicited by thrombus
formation, encouraged by abnormal lipid metabolism
and hypertension-induced damage to endothelial cells.
Also, flow cytometry using anti-CD62P antibodies and
PAC-1 to quantify platelet activation has shown that pa-
tients with lacunar infarction, as well as atherothrom-
botic infarction, had a significantly higher activated
platelet count than age-matched MRI-proven control
subjects [26]. Although cilostazol is positioned as an an-
tiplatelet drug, it has pleiotropic effects, including vaso-
dilating action, vascular endothelial cell protection and
improvement of the lipid pattern, and this may be the
reason for the efficacy of cilostazol in reducing the recur-
rence of lacunar infarction.

Effect of Cilostazol on Diabetic/Hypertensive Stroke

Patients

Aspirin is currently recommended as a grade A treat-
ment in the American Diabetes Association guidelines
for management of diabetes [27]. However, a meta-analy-
sis by the Antithrombotic Trialists' Collaboration [1]
showed no significant inhibition of recurrence of vascu-
lar events as a result of antiplatelet therapy in diabetic
stroke patients. Data on cardiovascular disease in dia-
betic patients have also been reported from a multicenter,
centrally randomized, open-label clinical trial study (the
Primary Prevention Project) [28, 29]. That study assessed
the primary preventative effects of low-dose aspirin in
subjects with no history of cardiovascular disease, but
having at least one risk factor, such as hypertension, dia-
betes, or hyperlipidemia. During the mean follow-up of
3.6 years, aspirin use significantly inhibited cardiovascu
lar events (RRR = 23%). When a subgroup analysis was
performed (diabetic vs. nondiabetic), the incidence of the
primary endpoint in the diabetic group was 3.9% among
patients taking aspirin and 4.3% in the control group,
which was a nonsignificant difference; in the nondiabet-
ic group, aspirin use significantly inhibited cardiovascu-

Cilostazol Benefits High-Risk Stroke
Patients

lar events (RRR = 41%). Tt was concluded that the use of
aspirin did not significantly inhibit cardiovascular events
in diabetic patients, and that mortality from cardiovas-
cular disease actually tended to be higher in the aspirin-
treated group [29]. Moreover, no data were presented on
the prevention of recurrence of stroke in this paper.

Our data showed firstly that the recurrence rate of ce-
rebral infarction was higher in diabetic stroke patients
receiving antidiabetic drugs (fig. 1b). This may be attrib-
utable to the fact that such patients usually have severer
diabetes than nontreated diabetic patients. However, our
study also showed that cilostazol was effective for the sec-
ondary prevention of cerebral infarction in patients with
diabetes (fig. 5a). The reason why a statistically signifi-
cant reduction was found is mainly because the incidence
of recurrence is much higher in diabetic patients and the
administration of cilostazol reduced the recurrence rates
in diabetic patients to as low a level as in nondiabetic pa-
tients (fig. 5a).

Cilostazol administration was also associated with a
significant reduction in cerebral infarction recurrence in
hypertensive patients (fig. 5b). This result also reflects the
higher incidence of recurrence in the high-risk group. Re-
ports indicate that cilostazol has a circulation-improving
action, as well as an antiplatelet action, and this may be
the reason for the lower NNT of cilostazol (18.7 over 3
years, recalculated in the present study from previously
reported data [2]) for recurrence of cerebral infarction,
compared with other antiplatelets.

In summary, our findings indicate that cilostazol can
be expected to be particularly effective in lacunar infarc-
tion and, although this is a post hoc analysis, probably
effective in patients with diabetes or hypertension, who
are at high risk of ischemic stroke recurrence. These find-
ings need to be supported by further research comparing
different antiplatelet regimens.

I Antithrombotic Trialists’ Collaboration:
Collaborative meta-analysis of randomised
trials of antiplatelet therapy for prevention of
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