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Abstract
 The Kaplan-Meier estimator is commonly used to analyze time-to-event data, but it may over estimate
the survival function when censored events occur. Several methods have been developed to adjust the
traditional Kaplan-Meier estimator. Most of these adjusted methods are based on their assumptions for
survival time of censored events. We here propose a novel estimator of survival without assumption of
censored survival time, and it gives sensible estimates of survival probabilities in various censoring
conditions.  

Introduction
  Survival analyses are common statistical methods in medical and clinical researches. The Kaplan-Meier
(KM) estimator is a popular method to analyze time-to-event data1. However, in the traditional Kaplan-
Meier method, censored subjects are considered to survive to the time on the next death so that it may
over estimate the survival function. It is affected by censoring and would not be reliable in the case of
heavy censoring. Several other methods have been designed to adjust the traditional Kaplan-Meier
estimate2-4. Previous studies have compared these adjustment methods and reported that Weighted
Kaplan-Meier (WKM) and Modi�ed Weighted Kaplan-Meier (MWKM) estimators give better estimates in
the case of heavy censoring5,6. WKM and MWKM estimators are almost the same estimates except for
the estimate of last censored event. We propose a novel estimator of survival without assumption of
censored survival time and compare it with the KM and WKM estimates.

Results
Principle of the estimator

The principle of our estimator is just to exclude censored subjects from dataset when

they have been censored. The estimator takes the information before subjects were

censored, but abandons any information after subjects were censored. In fact, we do not

get any true information from subjects after they were censored. Our proposed estimator

does not make any assumption of censored survival time because we have excluded them

when they are censored.

Estimator of survival function
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Comparison

  Our proposed estimator and KM estimator will estimate the same survival function when

there is no any censored subject in the dataset. We compare our proposed estimator and

describe advantages of our proposed estimator at various censored conditions. The

following examples used for comparisons are simple and basic censored conditions, and

true survival data would be the permutations and combinations of these basic censored

conditions.

Censored and death events at different time

  When censored events and death events do not occur at the same time, the KM estimate

treats censored events as survival to the time on next death, but WKM estimate treats

censored events as death at censored time. Our proposed estimator treats censored events

neither as survival nor death, but excludes censored subjects from dataset at their censored

time. We compare the three estimates of the data listed in Table 1 and illustrate the survival

curves as in Supplementary Fig. 1. In the example of Table 1, the first event at time 1 is
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censored event. At time 1, both KM method and our proposed estimator give 100% survival

probabilities, but WKM method estimate gives an 80% survival probability. At time 2, KM

and our proposed estimator give 75% survival probabilities, but WKM methods give a 60%

survival probability. However, KM estimator treats the censored subject as be excluded at

time 2 but our proposed estimator treats the censored subject as be excluded at time 1.

 

We compare the three estimates on another data listed in Table 2 and illustrate the

survival curves as in Supplementary Fig. 2. In the example of Table 2, the first event is

death event, and the three estimates produce the same survival probabilities at time 1. At

time 2 and time 3, the three estimates give three different survival probabilities. In the

condition, the survival probability estimated by our proposed estimator is between that are

estimated by KM and WKM methods.
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Censored and death events at the same time

  When censored events and death events occur at the same time, the KM estimate treats

censored events as survival at that time point while the WKM method down-regulates the

survival probability given by the traditional KM estimate. We compare the three estimates

on the data listed in Table 3 and illustrate the survival curves as in Supplementary Fig. 3.
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  In some extreme cases, our proposed estimator gives minimal survival probability among

the three methods. We compare the three estimates on the dataset listed in Table 4.

 

In the example of Table 4, no survival is observed at time 1. Let us consider that if the 400

censored events are random among the total 1000 subjects, then the survival probability of

the censored subjects should be the same with survival probability of observed subjects. In

the example, there is no survival in the 600 observed subjects and survival probability of the

600 observed subjects is zero, so the survival probability of the 400 censored subjects

should be also zero. Our proposed estimator gives zero survival probability of the total
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1000 subjects at time 1. For the 40% survival probability estimated by KM method, it means

that the 400 censored are all alive at time 1. It is almost impossible if the 400 censored

events are random among the total 1000 subjects. For the 24% survival probability

estimated by WKM method, we hypothesize that there is a true 24% survival probability of

the 1000 subjects at time 1 and the 400 censored events are random among the total 1000

subjects. Then, the most possible obtainable data should be that listed in Supplementary

Table 1 and Table 5. The data listed in Table 5 is obviously different from Table 4, and only

our proposed estimator gives exactly the true 24% survival probability of the 1000 subjects

at time 1.

Censored and death events occur almost simultaneously

If the time interval of observation and record is short enough in the study, censored

events and death events would not occur at the exact same time point. To examine if the

estimates of the three methods are affected by the time bias of observations or records, we

consider an example that there are three subjects at the start, and one death event and one

censored event occur at approximate the same time point. We compare the three different

records of the example as listed in Table 6 and illustrate the survival curves as in

Supplementary Fig. 4. Among the three methods, only our proposed method estimates

similar survival curves of the three datasets with a bit of time bias on observations or

records.



Page 8/9

Discussion
  In this study, we propose a novel estimator of survival without assumption of censored survival time. We
think the censored subjects in survival analyses do not contribute anymore information after they are
censored. Our proposed estimator excludes them from the estimates of survival probability at their
censored time points, and it is not necessary to make any assumption of censored survival time. It is easy
to understand that the amounts of censored subjects are subtracted from numerator and denominator of
the estimate formula in our proposed estimator. The survival probabilities estimated by our proposed
estimator are sensible no matter the censored events and death events occur at the same time or at
different time. Further, the survival curves estimated by our proposed estimator would not be disturbed by
time bias of observation or record (Table 6 and Supplementary Fig. 4.).

  Our proposed estimator and WKM method have a same feature that zero survival probabilities are
estimated when the last events are all censored events. Sha�q et al. have presented a modi�ed WKM
method to resolve the feature for WKM method4. However, we do not think this is a defect of our
proposed estimator. When the last events are all censored events in a dataset, it could be regarded as the
end of observation or study. It is not necessary to estimate the survival function at and after that time
point. We have noted that our proposed estimator only estimates survival function from the start to the
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time just before the end of observation. The end of survival curve estimated by our proposed estimator
will be illustrated as that estimated by traditional KM method.
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