Annals of Surgery * Volume 245, Number 6, June 2007 Staging of Hepatocellular Carcinoma

TABLE 4. Pathologic Factors of Curative-Hepatectomy-NOMO-Cohort

No. Median Survival - 95% ClI for 5-Year Survival
Variable Patients Time (Year) Median Rate (%) P
No. HCC <0.0001
1 10176 6.05 5.87-6.26 58
2 1968 447 4.16-4.85 46
3 618 3.68 3.124.14 37
4 611 2.75 2.30-3.35 27
Diameter : <0.0001
2 cm 2767 6.87 6.30-7.25 67
2-5cm 7259 5.58 5.22-5.86 54
5-10 cm 2313 3.96 3.62-4.21 43
>10 cm 843 2.77 2.42-3.65 38
Portal invasion - <0.0001
None 11740 591 5.66-6.02 57
3rd branch 886 3.19 2.84-3.59 37
2nd branch 333 1.48 1.10-2.01 30
Ist branch or trunk 298 1.07 0.89-1.41 18
Hepatic venous invasion <0.0001
None 12461 5.67 5.47-5.91 55
Branch of HV 359 2.61 2.19-3.16 35
Trunk of HV or IVC 200 1.31 1.05-1.92 21
Bile duct invasion <0.0001
None 12928 5.61 5.43-5.86 55
Intrahepatic bile duct 200 236 1.64-4.42 38
Extrahepatic bile duct 79 1.57 0.99-2.19 30
Grade of differentiation : <0.0001
Well 3003 6.32 6.01-6.72 62
Moderately 7589 523 5.04-5.55 52
Poorly 1340 3.65 3.08-4.21 43
Undifferentiated 65 2.8 1.41-5.53 37
Background liver . <0.0001
Normal 1243 7.2 6.27+* 63
Hepatitis 4401 6.89 6.32* 62
Cirrhosis 9242 4.82 4,60-5.02 48
Gross classification! <0.0001
Type 1 8753 6.02 5.87-6.26 59
Type 2 2018 4.38 3.84-4.82 46
Type 3 1130 5.04 4.37-5.94 51
Multinodular type 641 3.98 3.55-4.52 42
Massive type of Eggel * 368 2.16 1.56-2.84 28
Diffuse type of Eggel 33 1.41 0.40-2.58 22 _
Hepatic involvement <0.0001
1 segment of Couinaud 6769 6.12 5.98-6.42 60
1 sector 3232 5.04 4,75-5.42 50
2 sectors 2648 4.15 3.90-4.57 46
3 sectors or more 530 2.84 2.39-3.40 32
Fibrous capsule (pathologic) 0.12
None 2531 6.02 5.62-6.33 58
Positive 9513 5.47 5.19-5.79 53
Macroscopic intrahepatic metastasis <0.0001
None 10642 6.02 5.86-6.19 58
Within 1 sector 1574 3.61 3.31-4.07 40
Within 2 sectors 951 322 2.89-3.67 36
3 sectors or more 244 295 2.25-4.02 28

*References 10, 11, and 33.
tType 1, simple nodular type; Type 2, simple nodular type with extranodular growth; Type 3, confluent multinodular type.
ClI indicates confidence interval.
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FIGURE 3. Kaplan-Meier survival analysis (solid (C) §
line) with 95% confidence interval (dotted g
]

line) for patients in the curative-hepatectomy-
NOMO cohort stratified according to the num-
ber of liver nodules (a), the maximum diame-
ter of liver nodules (b), and the location of
portal invasion (c). The number, median sur-
vival time (95% Cl), and S5-year survival rate of
patients are described in Table 4.

hepatitis C antibody was considered to be positive for hepatitis
C serology. A history of alcohol consumption of 86 g of ethanol
per day over a 10-year period was defined as positive.?*

Statistical Analysis

Survival was measured from the time of hepatic resec-
tion, and death was the endpoint. Survival curves were
constructed using the Kaplan-Meier product-limit method
and compared using a log-rank test. Significant prognostic
factors in a univariate analysis were entered into a Cox
proportional hazards model using stepwise selection to iden-
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tify independent predictors of death. Statistical significance
was defined as a P value <0.05. Statistical Analysis System,
version 8 (SAS Institute Inc., Cary, NC) was used for statis-
tical analyses. Based on these survival analyses, the LCSGJ T
classification was developed and the effects of liver cirrhosis
and degree of liver damage as defined by LCSGJ were
evaluated because these variables were components of other
tumor classification scheme, such as CLIP or JIS.

The abilities of the LCSGJ T classification and the
AJCC T classification to accurately predict survival were
verified and compared by the cross-validation method. Patients
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were randomly divided into 2 groups: a training sample and a
validation sample. In the training sample, 2 predictive models
were constructed using the Cox proportional hazards model,
which included either the LCSGIJ T classification or the AJICC T
classification as a covariate. In the validation sample, each
estimated model from the test sample was used to predict the
survival for each patient. The predicted survival curves, plotted
based on each model, were compared with the observed survival
curves in the validation sample plotted by the Kaplan-Meier
method. The predictive accuracies were compared in terms of
the residual, which was the difference between the observed
survival time and the predicted survival time in the validation
sample. An analysis of variance using the Generalized Estimat-
ing Equation method was used to compare the absolute values of
the residuals between the 2 T classifications.?

RESULTS
Of the 14,922 patients who underwent hepatic resection
for HCC, 10,259 were alive and 4663 had died. The direct
cause of death was HCC in 2886 patients, liver failure in 844,

gastrointestinal bleeding in 81, rupture of esophageal varices
in 112, rupture of HCC in 38, operative death in 186, and
other in 516.

The demographic and clinicopathologic characteristics
of the 13,566 patients in the curative-hepatectomy-NOMO
cohort are shown in Tables 3and 4. The survival curves
according to the number of HCCs are shown in Figure 3a.
Single HCC showed the best prognosis, and the survival time
gradually decreased with an increase in the number of HCCs.
The diameter of the largest nodule significantly influenced
survival (Fig. 3b). Patients with HCC =2 cm had a signifi-
cantly longer duration of survival than those with HCC of 2
to 5 cm (P < 0.0001). The survival curves according to the
location of portal invasion- are shown in Figure 3c. The
significant factors identified by a multivariate analysis are
shown in Table 5. Vascular or bile duct invasion (portal vein,
hepatic vein, or bile duct invasion) had the greatest impact on
survival, followed by the presence of liver cirrhosis in the
background liver, diameter of HCC, alpha-fetoprotein, num-
ber of HCCs, degree of liver damage, hepatic involvement,

TABLE 5. Muiltivariate Analysis by Cox Proportional Hazard Model

Variable

Relative Risk

95% Confidence
Interval

Lower Upper P

Vascular or bile duct invasion
Negative
Positive
Liver cirrhosis
Negative
Positive
Diameter
=2 cm
>2 cm
Alpha-fetoprotein
=20 ng/mL
>20 ng/mL
No. nodules
Single
Multiple
Degree of liver damage
A
BorC
Hepatic involvement
=1 segment*
>1 segment*
Differentiation
Well-differentiated HCC
Except for well-differentiated HCC
Gross classification
Simple nodular type
Except for simple nodular type
Esophageal varices
Negative
Positive

1.36

1.26

1.21

1.20

<0.0001

1.29 1.43
<0.0001

1.20 1.32
<0.0001

1.14 1.28
<0.0001

1.15 1.25
<0.0001

1.12 1.23
<0.0001

1.10 1.20
<0.0001

1.09 1.19
<0.0001

1.08 1.20
<0.0001

1.08 1.18
0.0058

1.02

*Segment of Couinaud.
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FIGURE 4. Kaplan-Meier survival analysis (solid line) with 95% confidence interval (dotted line) for patients in the curative-
hepatectomy-NOMO cohort stratified according to vascular or bile duct invasion, and growth pattern (single or multiple). The
number, median survival time (95% Cl), and 5-year survival rate of patients with vascular or bile duct invasion (—) and single,
vascular or bile duct invasion (—) and multiple, vascular or bile duct invasion (+) and single, and vascular or bile duct
invasion (+) and multiple were 8565, 6.41 years (6.08-6.71), 61%; 2461, 4.37 years (4.12-4.61), 45%; 1163, 2.90 years
(2.48-3.23), 38%; and 615, 1.92 years (1.56-2.28), 25% (P < 0.0001) (a). Influence of tumor size in the 4 groups (b, c, d, e).

Tumor size significantly influenced survival in all of the groups.
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grade of differentiation, gross classification, and presence of
esophageal varices.

Development of T Classification

Based on the results of the multivariate analysis, we
stratified patients into 4 groups according to the presence of
vascular or bile duct invasion, and the number of HCCs
(single or multiple). Because these factors had the first and
fifth highest relative risk for death in stepwise Cox propor-
tional model (Table 5), and were used in the previous
LCSGJ-TNM scheme, third edition. The survival curves of
these 4 groups were clearly separate, and the differences in
survival between any 2 of these groups were significant; the
P values of all combinations were less than 0.0001 (Fig. 4a).
The impact of tumor size on survival was analyzed within
each group because it had third highest relative risk for death
in stepwise Cox proportional model, and were used in the
previous LCSGJ-TNM scheme, third edition. In all of the
groups, tumor size significantly affected survival (Fig. 4b—e).
In particular, patients with tumors that were 2 cm or smaller
in diameter had a more favorable prognosis in all of the
groups. The median survival time (95% CI) and the 5-year
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survival rate of patients with HCCs of 2 cm or smaller were as
follows: 7.3 years (6.9-*) and 70% in patients with single tumor
without vascular or bile duct invasion (Fig. 4b), 5.4 years
(4.5-6.0) and 54% in patients with multiple tumors without
vascular or bile duct invasion (Fig. 4c), 5.8 years (4.9-*) and
64% in patients with single tumor with vascular or bile duct
invasion (Fig. 4d), and years (1.9-*) and 52% in patients with
multiple tumors with vascular or bile duct invasion (Fig. 4e).
(*Not calculated because survival curve remains above a sur-
vival rate of 50%.) Patients with tumors 2 cm or smaller in
diameter had a more favorable prognosis regardless of vascular
or bile duct invasion or growth pattern (single or multiple).
Therefore, these criteria [growth pattern (single or multiple),
vascular or bile duct invasion, and size (=2 c¢m or >2 c¢m)] were

~used to determine T classification. Patients who had none of

these 3 factors were assigned to T1, and those with 1, 2, and 3 |
factor(s) were considered T2, T3, and T4. The survival of
patients according to this T classification is shown in Figure Sa.
The median survival time (95% CI) and 5-year survival rate of
patients with T4 HCC in the curative-NOMO-cohort was 1.85
years (1.49-2.33 years) and 24%, which was similar to the
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FIGURE 5. Kaplan-Meier survival analysis (solid
line) with 95% confidence interval (dotted

0.0 T T T
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] line) for patients in the curative-hepatectomy-
8 NOMO cohort stratified according to the T clas-
Year sification (a) and the stage (b) of LCSCJ.
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TABLE 6. T Classification and Stage of LCSCJ

No. Median Survival 95% CI for 5-Year Survival
Variable Patients Time (yr) Median Rate (%) P
T classification Curative- <0.0001
hepatectomy-NOMO-cohort
1 2078 7.25 6.88-* 70
2 6853 5.93 5.75-6.11 58
3 3021 3.79 3.56-4.05 41
4 582 1.85 1.49-2.33 24
Stage: Curative- <0.0001
hepatectomy-cohort
1 2078 7.25 6.88—* 70
11 6853 593 5.75-6.11 58
11 3021 3.79 3.56-4.05 41
IVA 712 1.89 1.57-2.22 25
IVB 76 1.70 1.12-2.42 15

*Not calculated because survival curve remains above a survival rate of 50%.

values in patients with hepatic lymph node metastasis in the
curative-hepatectomy-cohort (any T N1 M0); 1.9 years (1.3-2.5
years) and 32%. This prompted us to combine these patients into
a single group; stage IVA. Patients with extrahepatic metastasis
(any T any N M1) showed a median survival time (95% CI) of
1.7 years (1.1-2.4 years) and a 5-year survival rate of 15%, and
these patients were assigned to stage IVB. Patients with
TINOMO, T2NOMO, and T3NOMO HCC were assigned to stage
I, stage 11, and stage III, respectively (Table 6). The survival
curves are shown in Figure 5b. The distribution of curative-
hepatectomy-NOMO-cohort by LCSGJ-T and AJCC T is shown
in Table 7.

The effects of liver cirrhosis and degree of liver damage
as defined by LCSGJ on patients with T1, T2, T3, and T4
HCC are shown in Figure 6 because these variables are
components of other tumor classification scheme, such as
CLIP or JIS. The presence of liver cirrhosis in the back-
ground liver was a negative prognostic factor in patients with
all of the T-classes of HCC. The degree of liver damage
significantly influenced the prognosis of patients with T1, T2,
or T3 tumor (P < 0.0001), but did not affect the prognosis of
patients with T4 HCC (P = 0.509).

Although patients with T1 or T4 HCC are identical with
regard to the presence of 3 factors [growth pattern (single or
multiple), vascular or bile duct invasion, and size (=2 cm or
>2 cm)], patients with T2 or T3 tumor can be subclassified

TABLE 7. Distribution of Curative-Hepatectomy-NOMO-
Cohort by LCSG) and AJCC-T Classifications

LCSGJ-T

T1 T2 T3 T4 Total %
AICC-T
I 2078 6308 7 0 8457 675
T2 0 sz 2151 195 2888 23.0
3 0 3 799 387 1189 95
Total 2078 6853 3021 582 12,534
% 166 547 241 46
918

into 3 groups according to combinations of these 3 factors.
While no survival difference was observed in patients with
T2 tumor (P = 0.220), among patients with T3 tumor, those
with vascular or bile duct invasion showed a significantly
worse outcome than those without. When patients with T3
HCC were stratified according to negative factors, the num-
ber, median survival time (95% CI), and 5-year survival rate
of those with HCCs of 2 cm or smaller, single HCCs, and
HCCs without vascular or bile duct invasion were 25, *years
(1.9-%), 52%; 1,086, 2.7 years (2.4-3.2), 37%; and 1,917, 4.1
year (3.8-4.5), 42% (P < 0.0001).

Validation of T Classification and Comparison
With AJCC T

A total of 13,566 patients in the curative-hepatec-
tomy-NOMO-cohort were randomly assigned to either a
training sample (n = 6819 patients with 1964 deaths) or a
test sample (n = 6747 patients with 1943 deaths) to
validate its prognostic significance. Table 8 shows the
prediction models constructed by a Cox proportional haz-
ards model in the training sample based on the LCSGJ T
classification and the AJCC T classification. In the training
sample, both of these models had good discriminating
ability. Figure 7 shows the results of the application of
each predictive model to the validation sample. The results
of an analysis of variance using the Generalized Estimat-
ing Equation method for 2 residual sum of squares of each
patient are shown in Table 9. The negative estimate of
LCSGJ) T versus AJCC T (—0.0017) indicated that the
difference between the estimated survival time and actual
survival time with LCSGJ-T was significantly smaller than
that with AJCC T after adjusting for stage (P = 0.0007).

DISCUSSION
LCSGJ published The General Rules for the Clinical
and Pathologic Study of Primary Liver Cancer, 4th edition,
which described the present staging system, in November
2000.'® The previous AJCC/UICC TNM staging system,
introduced in 1988, was derived from the TNM classification
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FIGURE 6. Influence of liver cirrhosis, chronic hepatitis (a, b, ¢, d) and the degree of liver damage (e, f, g, h) in T1, T2, T3,

and T4.

third edition of LCSGJ.?® This system required information
on the growth pattern (single or multiple), size (<2 cm or >2
cm), vascular invasion, and location (unilateral or bilateral) to
determine the stage. It has been suggested that this system
does not stratify patients adequately with respect to progno-
sis, and might be unnecessarily complex.'>?’° Izumi et al

© 2007 Lippincott Williams & Wilkins

modified this system b;/ eliminating the size and location
(unilateral or bilateral).?’ The Izumi-TNM system was devel-
oped based on an analysis of 104 patients who underwent
hepatic resection at a single center. Its prognostic value was
demonstrated in 53 patients who received hepatectomy at an
Italian center.?? Influenced by this system, Vauthey et al'?
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TABLE 8. Predictive Model Based on the T Classification

Parameter Estimate Standard Error P Hazard Ratio 95% CI
LCSGIJ-T
T2 vs.Tl 0.562 0.081 0.001 1.75 1.50-2.06
T3 vs. T1 1.091 0.085 0.001 2.98 2.52-3.52
T4 vs. Tl 1.749 0.112 0.001 5.75 4.62-7.16
AJCC-T
T2 vs. Tl 0.497 0.054 0.001 : 1.64 1.48-1.83
T3 vs. Tl 1.126 0.067 0.001 3.08 2.71-3.51

proposed a scoring system that included size (=5 ¢cm or >5
cm), vascular invasion, and growth pattern (single or multi-
ple): patients with 0, 1, 2, and all 3 of these factors were
assigned to T1, T2, T3, and T4, respectively.®! They applied
this T-stage to 97 patients and demonstrated its ability to
stratify patients. It was also validated in 323 patients who
received curative hepatic resection in Taiwan.>? In 2002,
Vauthey et al developed a simplified staging system based on
a survival analysis of 557 patients who received hepatic
resection at 4 hepatobiliary centers in the United States,
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Overall Survival
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FIGURE 7. Comparison of the predictive survival curves
(solid line) and the observed survival curves (broken line) in
the validation sample. Prediction based on the LCSGJ-T clas-
sification (a), and AJCC T classification (b).
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France, and Japan.'? It was adopted as the AJCC Cancer
Staging Manual, 6th edition, in 2002.'3

The major differences between LCSGJ 4th TNM and
AJCC/UICC 6th TNM are the cutoff value for tumor size and
its application in prognostic classification (Fig. 1). In the
revision from the fifth to sixth edition of the AJCC/UICC
TNM staging, the cutoff value for tumor size in the prognos-
tic classification was shifted from 2 cm to 5 cm, based on the
results of Vauthey et al.'? In their series, tumor size had no
effect on survival in patients with no vascular invasion or
microvascular invasion, and had a significant effect on sur-
vival only in patients with multiple HCCs.'? The lack of a
significant difference may be related to the small sample size.
In the AJCC/UICC staging system, a single tumor without
vascular invasion is assigned to T1, while a tumor with
vascular invasion is assigned to T2 regardless of its size. In
our series, the prognosis of patients with a single tumor
without vascular invasion showed a wide range according to
its size (Fig. 4b): patients with tumors of 2 cm or smaller
showed a 5-year survival rate of 70%, while those with
tumors of 10 cm or larger had a 5-year survival rate of 49%.
The prognosis of patients with vascular invasion is also
greatly influenced by the tumor size (Fig. 4d), and that of
patients with multiple tumors gradually worsened with in-
creasing tumor size in our data (Fig. 4c, e). Patients with
tumors of 2 cm or smaller showed a significantly favorable
prognosis regardless of vascular invasion or growth pattern
(single or multiple) (Fig. 4b—e). Among tumors 2 cm or
smaller, about 22% are early HCCs, which are defined as
tumors that have Glisson’s triad and show hypercellularity
of over 2-fold with minimal cellular or nuclear atypia
(Edmondson’s grade 1).33-3* These tumors showed a re-
markably favorable prognosis: a 5-year survival rate of
93% was reported.>* Ideally, patients with these tumors
should be graded to the earliest stage, but the definition of
these tumors requires a pathologic examination of a re-
sected specimen. To simplify the diagnosis, a single HCC
of 2 cm or smaller without vascular invasion should be
graded as the earliest stage.

In the current study, the presence of liver cirrhosis in
the background liver and the degree of liver damage'%?** were
also independent prognostic factors (P < 0.0001) (Table 5;
Fig. 6). This factor significantly influenced the prognosis in
the T1, T2, and T3 subsets. The influence of liver damage on
survival decreases with T stage, until it is no longer signifi-
cant for patients with T4 HCC (Fig. 6h). This may be a
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TABLE 9. Comparison of Predictive Accuracy of Patient
Survival Between LCSG) and AJCC-T Classifications

Parameter Estimate Standard Error P

AJCC-T 0.0085 0.0004 0.0001
LCSGI-T 0.0068 0.0008 0.0001
Score of T classification 0.0061 0.0003 0.0001
LCSG vs. AJICC -0.0017 0.00049 0.0007

consequence of the fact that tumor factors govern the
prognosis of patients with advanced HCC and liver func-
tion plays an important role in patients with relatively
early HCC. Thus, a scoring system that uniformly assigns
the tumor stage and liver function, for example, the score
proposed by CLIP or JIS, may be limited in its ability to
stratify patients with an advanced score.*3>3¢ Accord-
ingly, a staging system that is composed only of tumor factors
and is additionally subclassified by liver cirrhosis in the
background liver or liver function, like AJCC stage or LCSG
stage, may be simple and suitable for patients who will
undergo curative treatment such as hepatectomy, radiofre-
quency ablation, or liver transplantation.

A weakness of this LCSGJ staging system may be a
result of the assumption of equal weight for growth pattern
(single or multiple), size, and vascular or bile duct invasion.
In our data, vascular or bile duct invasion had the strongest
impact on survival: its relative risk (RR) was 1.36, followed
by liver cirrhosis (RR 1.26), diameter (RR 1.21), alpha-
fetoprotein (RR 1.20), and tumor number (RR 1.18) (Table
5). Therefore, patients with T2 or T3 tumor can be divided

into 3 subgroups according to these factors, and it is logical -

to hypothesize that the subgroup with a more heavily
weighted prognostic factor, ie, vascular or bile duct invasion,
will have a worse prognosis. In our data, no survival differ-
ences were observed among patients with T2 tumor, although
patients with T3 tumor were layered with regard to their
prognosis: those with vascular or bile duct invasion showed a
significantly worse prognosis. Interestingly, patients with T3
tumor accompanied by vascular or bile duct invasion had a
longer survival than those with T4 tumor, and patients with
T3 tumor that was not accompanied by vascular or bile duct
invasion had a worse outcome than those with T2 tumor.
Accordingly, the cohort of T3 tumor should be subdivided
according to the presence of vascular or bile duct invasion.

The preferred treatment of small HCC (hepatic resec-
tion, radiofrequency ablation, or transplantation) has been
controversial for many years.! In the AJCC T classification,
8457 of 12,534 patients (67.5%) were assigned to T1, while
in the LCSGJ T classification 16.6% were assigned to T1
(Table 7). Of the 8457 patients with T1 HCC in the AJCC T
classification, 2078 were classified as T1, 6308 were T2, and
71 were T3 in the LCSGJ T classification. As expected,
patients with T1 tumor in AJCC T classification had a 5-year
survival rate of 61%, which was similar to that of patients
with T2 tumor in the LCSGJ T classification (58%). These
results suggest that the LCSGJ-T classification may make it
possible to classify patients with early-stage HCC more
precisely than with AJCC T. '

© 2007 Lippincont Williams & Wilkins

Both the LCSGJ-stage and the AJCC-stage were devel-
oped based on a survival analysis of patients who underwent
hepatic resection. Thus, these staging systems are appropriate
for patients who will undergo hepatic resection. The applica-
bility of these surgical staging systems to other local therapies
such as transplantation and radiofrequency ablation has been
a matter of dispute. The previous version of the AJCC TNM
classification was shown by Llovet et al to not have prognos-
tic power in patients who were treated by liver transplanta-
tion,?” although Peck-Radosavljevic et al showed that stage
IVA predicted recurrence in these patients.*® The current
AJCC TNM system 6th edition has been shown to be a
significant predictor of tumor recurrence, but not of survival
in liver transplantation.>® Machi et al studied 65 patients with
unresectable HCC who underwent radiofrequency ablation
and showed that TNM stage 6th edition was a significant
predictor of survival.*’ The applicability of LCSG] TNM
stage to liver transplantation or radiofrequency ablation has
not been fully evaluated. Thus, it may be preferable to apply
these surgical staging systems only in patients who will
receive liver resection.

All staging systems represent a compromise between
simplicity and discriminatory ability. Although we tried to
reduce the over-fifting bias by internal cross-validation, a
further independent external validation of the LCSGJ-TNM
stage is needed.
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Background The MEGA study is a randomized controlled trial conducted in
Japan to evaluate the primary preventive effect of pravastatin against coronary heart
disease (CHD), in which 8214 subjects are randomized to diet or diet plus
pravastatin. Pravastatin reduces the incidence of CHD (hazard ratio = 0.67; 95%Cl:
0.49-0.91). In the MECA study, in addition to the usual loss to follow-up cases,
there is another problem of drop-outs due to the refusal of further follow-up at
5 years.

Purpose To estimate the treatment effect adjusting for some types of dependent
censorings observed in the MEGA study and to assess the sensitivity of standard
analysis results for these censoring cases.

Methods The proposed method is a straightforward extension of the inverse
probability of censoring weighted (IPCW) method for settings with more than one
reason for censoring, where the propensities for drop-outs are modeled separately
for each reason. Simulation studies are also conducted to compare the properties
of the IPCW estimate with the standard analysis assuming independent censorings.
Results Simulation studies show that the IPCW estimate can correct for selection
bias due to dependent censoring that can be explained by measured factors,
while the standard analysis is biased. Applying the proposed method to the MEGA
study data, several prognostic factors are associated with the censoring processes,
and after adjusting for these dependent censorings, slightly larger treatment effects
for pravastatin are observed for both CHD (primary endpoint) and stroke
(secondary endpoint) events.

Limitations The method developed is based on the fundamental assumption
of sequentially ignorable censoring.

Conclusions Our proposed method provides a valuable approach for estimating
treatment effect adjusting for several types of dependent censorings. Dependent
censorings observed in the MEGA study did not cause a severe selection bias
attributable to the covariates and the results from the standard analysis were
robust in relation to the censorings. Clinical Trials 2007; 4: 318-328. http://
ctj.sagepub.com
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Introduction

The management of elevated cholesterol in the
primary prevention group of adult Japanese
(MEGA) study is a randomized controlled trial
conducted in Japan to evaluate the primary pre-
ventive effect of a statin against coronary heart
disease (CHD) in daily clinical practice [1].
In this prospective, randomized, open-labeled,
blinded-endpoints (PROBE) design study, men and
postmenopausal women aged 40-70 years with
hypercholesterolemia (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).
The primary endpoint was the first occurrence of
CHD, comprising fatal and nonfatal myocardial
infarction, angina, cardiac and sudden death,
and a coronary revascularization procedure. One
of the secondary endpoints was the first occurrence
of stroke.

Between February 1994 and March 1999, a total
of 15210 persons visiting an outpatient clinic were
registered throughout Japan. Of the 15210 subjects
who met the inclusion criteria regardless of their
TC level 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. Of the randomized subjects, 382 were
excluded; 94 withdrew their consent, 224 had
exclusion criteria violation after randomization,
and 64 had no recorded data after randomization.
The remaining 7832 patients were analyzed (3966
diet group; 3866 pravastatin group). Follow-up was
continued until March 2004. The incidence of
CHD was significantly lower by 33% in the
pravastatin group than in the diet group (hazard
ratio=0.67; 95%ClI: 0.49-0.91; p=0.01) [2].

A common problem encountered in any survival
analysis is censoring data with a possible
non-ignorable response mechanism. The response
mechanism, which is the reason whether or not
a response is obtained, is said to be non-ignorable
if it depends on a subject’s unobserved response [3].
If the censoring times are stochastically indepen-
dent of survival time, the censoring is ignorable
and standard survival analysis methods assuming
independent censoring is valid. For example, an
end-of-study censoring is completely determined
by the enrollment time. If the survival does not
change over time, such censoring time is indepen-
dent of survival time. The assumption of indepen-
dence, however, can never be verified from
observed data and often may not be justified in
practical settings. For example, one would suspect

http://ctj.sagepub.com

that drop-out subjects are different from the
other subjects with respect to many background
characteristics including the histories of prognostic
factors such as lipid values. This type of drop-out
may be dependent on the event of interest.
The Kaplan-Meier estimator or the log-rank test
under the assumption of independence will
be inconsistent in the presence of dependent
censorings [4].

In the MEGA study, although the follow-up
period was initially scheduled for 5 years, based on
the recommendation of the Data and Safety
Monitoring Committee, the study was continued
an additional 5 years to increase the number of
events, and thus, patients who provided written
consent at S years to continue the study were
followed until the end of March 2004 [1,2].
Therefore, in addition to the usual loss to follow-up
cases, there is another problem of drop-outs due to
the refusal of further follow-up at S years. To ensure
that the results in MEGA study are robust in
relation to its censorings, it is important to
assess the sensitivity of standard analysis results
[2] to these possibly dependent drop-out cases.

Recently, Robins and colleagues proposed the
inverse probability of censoring weighted (IPCW)
method for the analysis of data with informative
censoring [5-9]. The underlying idea of the IPCW
method is to base estimation on the observed
responses but weight them to account for the
probability of remaining in the study. The propen-
sities for drop-outs can be estimated as a function of
the observed responses prior to drop-outs, and also
as a function of the covariates and any additional
variables or subject characteristics that are thought
likely to predict drop-outs. The IPCW method can
be used to correct for bias due to dependent
censoring when the dependent censoring can be
explained by measured prognostic factors.

In this article, we extend the IPCW approaches
for time-to-event data [7] to settings with more
than one reason for censoring. To obtain the
probability of remaining in the study, we use
separate models for each drop-out process,
because, in the MEGA study, one type of drop-out
dominates at 5 years, and the other type dominates
otherwise. This modeling strategy is important,
because there is a possibility of important differ-
ences in the effect of various predictors on each
separate type of drop-out, and causal interpretation
of the IPCW estimates depends on the correct
specification of the model for drop-out [7,9]. For
the usual drop-out cases such as loss to follow-up,
the cause-specific hazards of censoring are modeled
by the time-dependent Cox proportional hazards
model, in which the treatment group-specific
baseline hazard and parameters are separately
assumed in the two treatment groups. For the

Clinical Trials 2007; 4: 318-328
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drop-outs due to the refusal of follow-up, the
probability of drop-outs at 5 years is modeled by
the logistic regression model. These two estimated
weights are combined in order to construct
the IPCW Kaplan-Meier estimator and the IPCW
log-rank statistic. The remainder of this article is
divided into five sections: presenting the MEGA
study data; describing the proposed IPCW metho-
dology; presenting the simulation studies to
evaluate the performance of the IPCW estimation
method; presenting the analysis results of the
MEGA study data; and finally, conclusion with
some discussion.

MEGA study

We will briefly describe the MEGA study data. Full
details on the design, conduct, and main clinical
results have been reported [1,2]. Table 1 shows
the baseline characteristics of the analyzed
patients. There was no clinical difference
between the two groups in baseline characteristics.

Women accounted for 68.4% (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% had hypertension and diabetes mellitus
based on physician diagnosis, respectively.

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 was obtained and evaluated
annually. All endpoints were reviewed strictly by
the blinded Endpoint Committee and additional
information obtained from the physician as needed
[1]. 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). Table 2 shows the types and numbers

Table 1 Baseline characteristics of analyzed 7832 patients
Diet group Diet + pravastatin

Characteristics N=3966 group N= 3866
Age (years), mean (SD) 58.4 (7.2) 58.2 (7.3)
Women, No. (%) 2718 (68.5) 2638 (68.2)
BMI (kg/m?), mean (SD) 23.8 3.0)° 23.8 cR))
Current smoker, No. (%) . 572 (14.4) 612 (15.8)
Current drinking, No. (%) 1183 (29.8) 1180 (30.5)
Hypercholesterolemia 621 (15.7) 586 (15.2)

medication history, No. (%)
Hypertension, No. (%) 1664 (42.0) 1613 41.7)
Diabetes, No. (%) 828 (20.9) 804 (20.8)
TC (mg/dL), mean (SD) 242.6 (12.7) 242.6 (12.0)
G (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 (15.7) 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

Table 2 Types and numbers of events

Diet group Diet + pravastatin group
Types of events Number (%) Number (%)
CHD 101 (2.5) 66 1.7)
Loss to follow-up 546 (13.8) 594 (15.4)
Refusal of follow-up by patients 278 (7.0) 270 (7.0)
Refusal of follow-up by institutions 165 (4.2) 162 4.2)
End-of-study censoring 2876 (72.5) 2774 (71.8)
Total 3966 (100) 3866 (100)

Clinical Trials 2007; 4: 318-328
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Figure 1

of events in each treatment group. The events were
divided into five categories: 1. CHD events; 2. loss
to follow-up; 3. refusal of follow-up at S years by
patients; 4. refusal of follow-up at 5 years by
institutions; and 5. no events at the end of study.
The withdrawal of informed consent occurring
except at 5 years was included in the category
of loss to follow-up (283 patients in diet group,
382 patients in pravastatin group). The refusal
of follow-up at 5 years was divided into two
categories, because, when obtaining the consent
to continue the study, each Institutional Review
Board (IRB) firstly made the decision regardless of
the patient’s intention. This institution-specific
drop-out at 5 years was not related to the patient’s
medical histories and was thought to be an end-
of-study censoring. These censorings at the end of
study (refusal of follow-up by institutions and no
events at the end of study) were not considered
dependent censoring, because there was a fixed
known calendar date at which the follow-up ended.
Therefore, the second (Reason 1: loss to follow-up)
and the third (Reason 2: refusal of follow-up by
patients) categories were regarded as dependent
censorings in this study.

Figure 1 shows the Kaplan-Meier curves for the
event of drop-outs, Reasons 1 and 2, respectively.
For Reason 1, more drop-outs were observed in
the pravastatin group. For Reason 2, the times of
drop-outs were distributed around 5 years after the
start of follow-up and there was no distributional
difference between the two treatment groups.
Figure 2 shows the Kaplan-Meier curves for the
CHD events that censored all drop-out cases at
their event times. The incidence of CHD was
significantly lower by 33% in the pravastatin
group than in the diet group (hazard ratio=0.67;
95%Cl: 0.49-0.91; p=0.01) [2].
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Figure 2 Incidence proportion for CHD events under the

assumption of independent censoring

IPCW methods

Notation and assumption of no unmeasured
confounders for censoring

Let T; and C; be the potential failure (occurrence of
CHD events) time and the potential censoring time
for subject i (i=1,...,n), respectively. C; is the
minimum of C; (i=1,2,3), where C; denotes
a censoring time of loss to follow-up (Reason 1),
Ciz denotes a censoring time due to refusal of
follow-up by patients (Reason 2), and Cj; denotes
a censoring time at the end of study. The observable
data are n1i.i.d. copies of X =min(T, C;, C3, C3), type
of event | (j=0, if CHD events are observed),
treatment group indicator variable R (R=1 if diet
plus pravastatin group, and R=0 if diet group), and
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covariate history Vx, where V,={V; 0 <s<t}, and
V; is a vector of possibly time-dependent prognostic
factors for T recorded at time s.

In order to identify the survival time in the
presence of dependent censoring, we assume the
following relation in the censoring process,

AC,-(tIR: Vh TI T> t) = )"Ci(tIRl Vtr T> t)l (1)

where j=1,2 and Acl(tl(-), T>t) is the cause-specific
hazard of censoring at time t given both
X =min(T, C,, C,, C3) exceeds at t and the informa-
tion in (-). This assumption means that, conditional
on the treatment group and on the recorded history
until time ¢, the cause-specific hazard of censoring
C; (j=1,2) at time t does not further depend on
the possibly unobserved CHD event time T. This
fundamental assumption is called ‘no unmeasured
confounders for censoring’ [10] and is equivalent
to a sequential version of Rosenbaum and
Rubin’s strong ignorability assumption [11]. The
assumption specifies that, among subjects with
the same recorded past, the population of subjects
censored due to each specific cause at time ¢ has
the same distribution of the outcome of interest
as that of the population of uncensored subjects
at time t The assumption will be satisfied,
in particular, when the censoring process is
ignorable or missing at random (MAR) in
the terminology of missing data analysis [3].
In practice, we would not expect this assumption
to be precisely true, but given a rich collection
of prognostic factors recorded in V,, it may well
be approximately true.

Estimation of the probability of remaining in the
study (Reason 1)

The IPCW approach is to artificially regard subjects
as dependently censored at the first time a subject
was censored by either loss to follow-up or refusal
of follow-up. To correct for dependent censoring,
we need to estimate the treatment group-
specific hazards of censoring conditional on time-
dependent prognostic factors for CHD [7]. For the
drop-outs due to loss to follow-up (Reason 1), the
time-dependent Cox proportional hazards model
for censoring is used for the right-hand side of
Equation (1),

Ac,(tIR, Vi, T > t) = Aer(t) exp(arVy),  (2)

where the treatment group-specific baseline hazard
Aor () and the treatment group-specific regression
parameters oy are assumed, because both the base-
line hazard and covariate effects may depend on
treatment group. For estimating the hazard of
censoring (2) conditional on covariates, CHD

Clinical Trials 2007; 4: 318-328

events and other censoring types are censored at
their event times.

Under the assumption of no unmeasured
confounders for censoring (1) and the proportional
hazards model for cause-specific hazards of
censoring (2), the conditional probability of
being uncensored due to the Reason 1 for subject
i is provided by the following time-dependent
extension of the Kaplan-Meier estimator,

ka= T] = exp[-iorX)exp@Vix,))]

,Xu<t,on=1, Ry=R;
(3

where ):OR(XH) =0/ Z:;l exp(&RviX,,)yi(Xu)I X
(Ri =R) is the Breslow estimator of the baseline
hazard function for censoring j=1 in treatment
group R, and Y/(t) takes the value of one if subject i
is at risk at time t, and zero otherwise. o,,; takes the
value of one if the subject is censored for Reason 1,
and zero otherwise. For any proposition A, I(A)
equals one if A is true and zero otherwise.

Estimation of the probability of remaining
in the study (Reason 2)

For the drop-outs due to refusal of follow-up by
patients (Reason 2), because the drop-out times are
fixed at 5 years, the probability of drop-outs is
modeled by the following logistic regression model,

logit Pr(D; = 1|R, Vs, Z; = 1) = yor + ¥&Vs, (4)

where D; takes the value of one if subject i refuses
further follow-ups at 5 years, and zero otherwise,
Z; takes the value of one if subject i experiences the
re-informed consent at 5 years, zero otherwise, and
Yor and yg are the treatment group-specific regres-
sion parameters. Under the assumption of no
unmeasured confounders for censoring (1) and
the model (4), the conditional probability of
being uncensored due to Reason 2 for subject i is
estimated by

Kop(5)=1-Pr(D; =1R, Vs, Zi=1). (5)

Estimation of the IPCW survival function

The IPCW estimator is different from the ordinary
estimator by weighting the contribution of a
subject at risk by the inverse of the conditional
probability of having remained uncensored. Using
the above_ estimators of uncensored probability,
K1 (t) and Kj»(5), the contribution of a subject at risk
at time tis weighted by the inverse of an estimate of
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the conditional probability of having remained
uncensored for both reasons until time ¢,

1

= fort<$
Kin(t)
- 1 1
wi(t) = <- )x(. ) fort>5andZ;=1.
Kin (1) Kiz(35)
1

= fort>5andZ;=0
Ki(t)

Here, we assume that the conditional

probabilities are bounded away from zero with
probability 1 for each subject i, that is, Kj(t) > 0.
This assumption will be satisfied unless their
conditional probabilities are structural zero, that
is, Kij(t)=0 for some values of V,. Under this
assumption, the IPCW Kaplan-Meier estimator of
the treatment group-specific survival of not having
CHD events through time t is

. §iWi(X)IRi = R)
Sr(tIR) = 1- 2
Ttk = (,-;1)1,, Y X)W R, =R)}

(6)

where §; is the failure time indicator that takes the
value of one'if the subject failed and zero if the
subject is censored. This IPCW Kaplan-Meier
estimator for CHD events in treatment group R
- differs from the ordinary Kaplan-Meier estimator
in that the contribution of a subject at any time
X; is weighted by the subject-specific weight W;(X;).
In_the IPCW estimator (6), the quantity,
8§iWi(X)DI(R; = R), estimates the number of subjects
in treatment group R who would have been
observed to fail at time X; in the absence of drop-
outs, while the quantity, 3 u_; Yu(X)W.(X)I x
(R, = R), estimates the number of subjects who
would have been alive and at risk at time X; in the
absence of drop-outs. Thus, the ratio estimates
the hazard of CHD event at X; in the absence
of drop-outs; it follows that (6) estimates the
probability Sr{t|R) of surviving without failure
(i.e., of remaining CHD-free) until time t in the
absence of drop-outs. Under assumption (1) and
the correct specification of weights, Robins [S]
proves that under mild regularity conditions, the
IPCW estimator (6) gives a consistent estimator
of our target causal estimand Sr{t|R). Inverse
probability weighted estimators have been pre-
viously considered by Horvitz and Thompson [12]
in the sample survey literature. Satten and Datta
[13] give an elementary discussion of the IPCW
estimators.
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Comparison of the IPCW survival function

We used the Cox proportional hazards model to
compare the IPCW survival distribution between
the two treatment groups. The model is

AT(t|R) = Ao(t) exp(R)

where A{t|R) is the potential hazard of CHD
events at time t in the treatment group R. The
IPCW Cox partial likelihood score U(g) for 8 differs
from the ordinary Cox partial likelihood score in
that the contribution of the subject u at risk at time
X; is weighted by W, (X;), that is,

UB) = y_ siWiX)
i=1

§ IR' _ Tt YuX) WulXi)Ry eXp(BR.)
" Y,,(X,')W,,(X,') exp(ﬂR.,)

u=1

®)

Under the assumption (1) and the correct specifica-
tion of weights, Robins [5] proves that under mild
regularity conditions, the weighted estimating
equations U(B) =0 gives a consistent and asympto-
tically normal estimator of the parameter 8, which
can be interpreted as the treatment effect in the
absence of drop-outs.

The use of individual weights induces within-
subject correlation and we must take this correla-
tion into consideration in the calculation
of variance. In the calculation of a confidence
interval, we used the robust variance estimate [14].
It provides a conservative confidence interval for
the parameter of interest, that is, the 95% Wald
confidence interval calculated as g+ 1.96 x (robust
standard error), which is guaranteed to cover the
true value of g at least 95% of the time in large
samples [14,15].

Simulation studies
Settings of simulations

To evaluate the performance of the IPCW estima-
tion method, we carried out simulation studies
under three conditions: missing completely at
random (MCAR), missing at random (MAR), and
missing not at random (MNAR). We simulated
data from two treatment groups, coded as R=0
(control treatment) or R=1 (test treatment). About
equal sample size of 500 for each group was
randomly generated (total sample size was 1000).
The simulations were based on 1000 replications,
so that the estimated coverage probability of a true
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95% confidence interval would have a simulation
accuracy of ~1.35%. '

For each subject i (i=1,...,1000), a time-
dependent covariate L (t=0,...,4) was generated
via the following mixed effect model,

L;=10-0.10xI(R;=0)xt-1.70
x I(Ri = 1) x t + bp; + byi x t + €ir.

The random effects bg; and by; were generated from
a bivariate normal distribution with means of zero
and their variance of 3.0 and 2.5, respectively, with
the correlation coefficient of 0.8. The random error
&ir was generated from a normal distribution with a
mean of zero and a variance of 0.8. For each subject,
Lj; was supposed to be observed until just before the
observed failure time.

The potential failure time T; was generated
from the following exponential distribution with
hazard A,

S(t) = exp(_)\t)/

where A=exp(ao+a1R,~+a2L,-o), (aq, (12):(—0.5,
0.3), and ap=-6.0 (MCAR and MAR cases),
ag=~5.7 (MNAR case). The drop-outs were
assumed to occur at four time points (t=1,...,4)
and censoring at the end of follow-up (t=35) was
considered independent censoring. For simplicity,
only one type of drop-out was considered,
where the drop-out indicator variable D;; (D=1
if drop-outs, D;;=0 if otherwise) was generated
from the following conditional model,

logit Pr(Djs = 1|Dj¢—1y = 0, Lig-1), £, Ti > 1)

= Bo + Bit + B2Lie—1) + B3 T, 9)
where t=1,...,4, 8,=p3=0 corresponds to MCAR

case (Bo and B; were set to be —2.0 and -0.4,

respectively), B2 #0, B3 =0 corresponds to MAR case
(Bo, b1, and B, were set to be —6.0, —0.4, and 0.4,
respectively), and B3 # 0 corresponds to MNAR case
(Bo, B1, B2, and B3 were set to be —3.5, -0.4, 0.4, and
—0.3, respectively). In the above settings, although
the potential failure time 7; is assumed to be
directly dependent on group and baseline covariate
Lo, because of the high correlation between Ljp and
L, the larger the values of L, the T; is shorter and
the more drop-out cases will be observed. The
percentages of event, drop-outs, and censoring at
the end of follow-up are roughly 10, 20, and 70%
(R=1), 20, 20, and 60% (R=0), respectively. The
observed failure time X; was set to X;=t for drop-
out cases at time t, X;=T; for event cases whose
potential failure time is not exceeding S, and X;=$5
for censoring cases at the end of follow-up whose
potential failure time is >3.
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In each repetition of simulations, the propor-
tional hazards model including a group variable R
as a covariate was fitted to the observed failure time
X; and the estimate of the log(hazard ratio), 6;
(s=1,...,1000), was calculated. The following
three proportional hazards models were fitted.
The first one was the standard analysis
ignoring the time-dependent covariate L;, where
all drop-out cases were assumed to be censored at
their drop-out times (assumption of independent
censoring). The second one was the adjusted
analysis including the time-dependent covariate
L;; as covariates under the assumption of indepen-
dent censoring. The third one was the proposed
IPCW analysis, where the weights were estimated
by fitting the model (9) with g3 =0 to the observed
data.

The result from the analysis for data that had
been observed in the absence of drop-outs was
regarded as a true value of the log(hazard ratio)
in each repetition. The observed failure time that
had been observed in the absence of drop-outs A;
was defined to be A;=T; for event cases whose
potential failure time is not exceeding 5, and A;=S5
for the censoring cases at the end of follow-up
whose potential failure time is >5.

Results of simulations

Simulations were evaluated in terms of the percent
relative bias, mean squared error (MSE), and cover-
age probability of nominal 95% large sample confi-
dence intervals for the estimate of the log(hazard
ratio) for group effect. The percent relative bias was
computed as (1/1000) 3" (6; — 6)/6 x 100, where 6;
is the estimate of 6 (average of true values for
the log(hazard ratio)) from the sth simulated
replication.

Table 3 shows the results. Under the MCAR
setting, both estimates from the standard and the
IPCW analysis were nearly unbiased and their
coverage probabilities were close to the nominal
level of 95%, while the adjusted estimate was
largely biased with anticonservative coverage prob-
ability. Under the MAR setting, as expected based
on the theory, the selection bias due to the time-
dependent covariate L; was adjusted by the IPCW
analysis, while the estimate from the standard
analysis underestimated the treatment effect
because the subjects with larger values of L; and
shorter potential failure time tended to drop out.
MSE from the IPCW analysis was slightly larger
than that of the standard one. Under the MNAR
setting, the IPCW analysis could not adjust the
selection bias due to the violation of the assump-
tion of no unmeasured confounders for censoring,
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Table 3 The results of simulations for the estimate of treatment effect

Estimation method True value Relative bias (%) MSE 95% coverage
MCAR Standard —0.485 0.60 0.023 95.0
Adjusted -44.23 0.072 71.0
IPCW 0.62 0.023 95.1
MAR Standard -0.483 -3.20 0.027 94.2
Adjusted —43.43 0.072 73.2
IPCW -0.57 0.032 94.9
MNAR Standard -0.479 -3.3 0.025 94.6
Adjusted ~29.57 0.045 °~ 84.2
IPCW -2.46 0.026 95.3

MSE: mean squared error

Standard analysis is the proportional hazards model including only a group variable as a covariate
under the assumption of independent censoring. Adjusted analysis is the same model except for

including the time-dependent covariates.

although the bias was slightly smaller than that of
the standard one.

Analysis of MEGA study data
Factors affecting each drop-out

To construct the IPCW estimators, it is necessary to
estimate the subject-specific weight W;(X;) condi-
tional on time-dependent prognostic factors for
failure. We have to choose variables for modeling
the censoring process so as to make assumption (1)
plausible. As causal interpretation of estimates
depends on the correctness of (1), making the
censoring process ignorable is more important
than fitting a parsimonious model. However,
because of the large number of potential prognostic
factors included in V., it may be useful to reduce
these to a relevant subset. In general, for a
time-dependent prognostic factor to cause selection
bias or confounding, it must be a prognostic factor
for both failure and censoring. R

To estimate the subject-specific weight W;(X)),
we used five time-dependent factors as well as
twelve baseline factors shown in Table 1.
Among baseline factors, missing data were observed
in the values of BMI (0.24%), current smoking
(0.18%), and drinking (0.17%). The missing values
of BMI were imputed by the mean value of
23.8 (kg/m?). The later two factors were imputed
by zero (no smoking and no drinking, respectively).
Five time-dependent factors were four lipids
(TC, TG, HDL-C, and LDL-C) and treatment
actually received. For the missing data of lipid
values (21.5%), the regression imputations were
separately conducted, where 12 baseline factors,
allocation group, and the last observed lipid value
were included as covariates in each prediction
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model. For the missing data of treatment
actually received (10.5%), the last observation
carried forward method was used to impute the
missing values.

To estimate the treatment group-specific hazards
of censoring due to Reason 1 and the probability
of drop-outs at S years due to Reason 2, five
combinations of covariates V; were used in both
Models (2) and (4), accounting for the multi-
collinearity of covariates. First one included all
five time-dependent factors and twelve baseline
factors as covariates (Model 1). Second one
excluded all TC wvalues and time-dependent
treatment group from Model 1 (Model 2). Third
one excluded all baseline lipid values from Model
2 (Model 3). Fourth one excluded all TC values,
time-dependent TG, HDL-C, and LDL-C from
Model 1 (Model 4). Last one included only
significant variables in the Model 2 (Model 5).
The values of TG and HDL-C were included into
the above five models by taking their logarithm.
For the five time-dependent factors, the most
recent recorded values were included as covariates
in the prediction model.

Table 4 shows the effect estimates of each
factor associated with two types of censorings.
The results from Model 3 are presented, because
the results from the other models were similar
to those shown in Table 4, except previous non-use
of pravastatin also predicted drop-outs from
the study. For Reason 1, patients who have
hypertension, diabetes mellitus, or hypercholester-
olemia medication history tended to remain
in the study. In the pravastatin group, the higher
the values of TG or LDL-C during the study period,
the more drop-out cases that were observed. For
Reason 2, patients with hypertension or lower
values of TG or HDL-C during the study period
were likely to consent to the further follow-up at
S years.
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Table 4 Factors affecting each drop-out (results from Model 3)
Loss to follow-up (Reason 1) Refusal of follow-up by patients (Reason 2)
Diet Diet + pravastatin Diet Diet + pravastatin
Factors HR 95% C! HR 95% Cli OR 95% ClI OR 95% ClI
Baseline
Age (years) 1.01 0.99,1.02 1.00 0.99, 1.02 0.99 0.97, 1.0 1.00 0.98, 1.02
Women 1.08 0.85,1.37 1.00 0.80, 1.27 0.80 0.55,1.18 1.28 0.86, 1.89
BMI (kg/m?) 1.01 0.98,1.04 098 095 1.01 1.10 0.97, 1.06 0.98 0.94, 1.03
Current smoker 1.13 0.88,1.44 1.21 0.94, 1.54 1.14 0.75,1.72 1.23 0.81, 1.85
Current drinking 1.14 091,145 1.03 0.83, 1.28 0.81 0.55, 1.17 1.17 0.80, 1.70
Medication history 0.84 0.66, 1.08 0.63 0.48, 0.81 0.87 0.58, 1.29 0.70 0.45, 1.08
Hypertension 0.82 0.68, 0.98 0.91 0.77,1.07 0.79 0.60, 1.05 0.76 0.57, 1.1
Diabetes 1.02 0.82,1.25 0.72 - 058,090 0.83 0.60, 1.18 1.01 0.73, 1.42
Time-dependent
TG (mg/dt) 1.1 0.92,1.35 1.08, 1.57 1.56 1.08, 2.25 1.72 1.20, 2.48
HDL-C (mg/dL) 0.82 0.54,1.26 0.74, 1.67 3.14 1.54, 6.41 1.76 0.84, 3.69
LDL-C (mg/dL) 1.00 0.99,1.01 1.01, 1.01 1.00 1.00, 1.01 1.00 1.00, 1.01

HR: hazard ratio; OR; odds ratio; Cl: confidence interval; medication history: hypercholesterolemia medication history
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IPCW incidence proportion for CHD events in each treatment group. In each group, the solid fine is the IPCW estimate

and the dashed one is the standard estimate shown in Figure 2: (a) Diet group; (b) Diet + pravastatin group

Estimation of treatment effect adjusting for
dependent censoring

Figure 3 shows the IPCW Kaplan-Meier curves for
the CHD events in each treatment group. In each
group, the solid line is the IPCW estimate whose
weights were calculated from Model 1, and the
dashed one is the standard estimate shown in
Figure 2. In both treatment groups, the adjusted
curves were almost the same as those obtained
by assuming all drop-out cases as independent
censoring. Table 5 shows the estimates of treatment
effect under several models. Hazard ratios for stroke
event, which was one of the secondary endpoints
in the MEGA study, were also presented. Analysis
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models for stroke were the same as those for CHD
events, and similar results for factors associated
with censorings were observed (not shown) as
shown in Table 4. For both CHD and stroke
events, a slightly larger treatment effect was
observed by the IPCW analysis. The IPCW estimates
did not change under different models for the
estimation of weights.

Discussion

In this article, we developed a method for
the estimation of treatment effect adjusting for

http://ctj.sagepub.com



Adjusting for dependent censoring in the MEGA study

Table 5 Estimates of treatment effect for CHD and stroke

327

CHD Stroke
Method HR 95% ClI p-value HR 95% Cl p-value
Standard 0.67 0.49, 0.91 0.010 0.83 0.57,1.21 0.33
IPCW Model 1 0.65 0.48, 0.89 0.007 0.81 0.56, 1.18 0.27
Model 2 0.66 0.48, 0.90 0.008 0.81 0.56, 1.18 0.28
Mode! 3 0.66 0.49, 0.90 0.009 0.81 0.56, 1.17 0.26
Model 4 0.66 0.49, 0.91 0.009 0.81 0.56, 1.18 0.27
Model 5 0.66 0.48, 0.90 0.008 0.82 0.57,1.19 0.29

HR: hazard ratio; Cl: confidence interval; standard method is the analysis assuming all types of censorings as independent.

dependent censoring using the IPCW approach.
This proposed method is a straightforward exten-
sion of Robins and Finkelstein [7] method for
settings with two or more reasons for censoring.
In real clinical trials, there are several different
types of reasons for censoring and it is likely that
each process has its own reason, that is, the
covariates history through each censoring. Our
proposed approach was a relatively easy method
for accounting for the differences in the reasons for
censoring by estimating the weights separately in
the framework of the IPCW methodology. :

It is important to note that our results are
based on the fundamental assumption (1) that the
cause-specific hazard of censoring can be totally
explained by the treatment group and the
recorded history of the covariates. This assumption
is a non-identifiable assumption and is not testable
from the observed data. There is a possibility of
a residual effect due to unmeasured prognostic
factors for censoring. However, in the MEGA study,
many clinically important prognostic factors were
measured and all of them were used as covariates to
predict the probability of remaining in the study. In
addition to the five prediction models shown in
Table S, the analyses based on other prediction
models, in which time-dependent covariates were
entered in different ways, such as the difference
from the baseline or the absolute past two values,
were conducted, and the IPCW estimates were
shown to be insensitive to the selection of the
prediction models conditional on the measured
covariates. Therefore, a departure from the assump-
tion (1) will be small in our IPCW estimates.

In this article, we regarded both the institution-
specific drop-out at 5 years and the end-of-study
censoring as independent censoring. However,
there may be a possibility of correlation between
such censorings and the prognosis [16]. We also
conducted the IPCW analyses, where all types
of censorings were considered as potentially depen-
" dent ones. In this analysis, censoring due to
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institutional refusal at- 5 years was separately
modeled by the logistic regression model such as
(4), and the end-of-study censoring was modeled
by specifying the cause specific hazard functions,
where the time-dependent Cox proportional
hazards models such as (2) were separately fitted
for each cause of censoring. The IPCW hazard ratios
from Model 3 in combinations of covariates V,
were 0.66 (95% CI: 0.48-0.90) for CHD events and
0.81 (95% CI. 0.56-1.18) for stroke event.
Therefore, our informal assumption that the end-
of study censoring including institutional refusal at
5 years was considered as independent censoring
seemed to be reasonable.

In the analyses of the MEGA study, factors
affecting drop-outs were different for each reason
for censoring as well as for the treatment group.
However, no history of medication for hyperten-
sion, diabetes mellitus, or hypercholesterolemia
was related to both censorings, that is, patients
with a relatively better medical condition tended to
drop out. This suggested that troublesomeness
or weak motivation for participating in the
study might cause the drop-outs, because the
MEGA study was a primary prevention study.
Furthermore, the fact that patients with high
HDL-C or not in the pravastatin group tended to
drop-out may also explain the above possibility for
the censoring process in the MEGA study. This
censoring process was different from that observed
in usual clinical trials where the occurrence of
adverse events or deteriorating health condition are
the primary reasons for study drop-out. On the
other hand, for the time-dependent covariates,
patients with higher values of TG tended to drop
out, suggesting that non-compliance with the
appropriate diet instructions or inadequate diet
control during the study period were related to the
censoring processes.

Compared with the standard analysis, a slightly
larger treatment effect was observed by the
IPCW analysis, but the difference was minimal.
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