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Abstract. In analysis of the probability of tooth loss with
age, the exact time of tooth loss is often unknown, although
it is clear whether a tooth remains or has been lost. That is,
left censoring is inevitable during data sampling. This may
provide a biased estimate if such data are dealt with by the
product-limit method, which is a common method of
survival analysis. To reduce such a bias in estimating the
age-specific probability of tooth loss, we developed a
survival analysis method taking left censoring into
consideration. Four hundred and forty-six panoramic
radiographs obtained in a daily clinical practice were used.
The frequency of tooth loss with age was assumed to follow
the Weibull hazard model, and a likelihood function taking
left censoring into consideration was defined to estimate the
probability of tooth loss. The estimate obtained from our
method was compared with that from the product-limit
method to examine whether the effect of left censoring was
reduced. We found that the probability of tooth loss
estimated by the product-limit method was biased by left-
censored data, and that the bias was reduced when our
method was used. A Monte Carlo simulation study, in
which the true tooth loss time was given, also showed that
our method provided an estimate closer to the true value.
Our method is considered to be more accurate in estimating
the probability of tooth loss, since it reduces the bias caused
by left-censored data.
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Introduction

The probability of tooth loss is one of the indicators used in
estimating the oral health condition of a patient. Dental
disease has been surveyed every six years since 1957 by the
Ministry of Health and Welfare (1988) in our country. In the
1987 report, the life span of each permanent tooth was
estimated by the life-table method (Cutler and Ederer,
1958), which is a non-parametric method of survival
analysis. This method was developed to deal with a large
sample size. However, its major shortcoming is that it is
time-consuming and expensive for reliable samples to be
collected. Another shortcoming is that it is difficult to
investigate the relationships between tooth loss and factors
relating to tooth loss. In survival data analysis, when a
sample size is small, the product-limit method (Kaplan and
Meier, 1958) is often used as an alternative non-parametric
inference method.

In a survival study on the life span of teeth, the basic
observation for each sample is the time between eruption of
the tooth and tooth loss. This is called the waiting time (life
span of the tooth). If tooth loss has not occurred before oral
examination, the observation is called "right-censored". When
tooth loss has occurred before oral examination, and the time
of tooth loss is unknown, the observation is called "left-
censored". Furthermore, an observation is called "failured" if
the exact time of tooth loss is known (Armitage, 1971;
Kalbfleisch and Prentice, 1980; Lee, 1980). In general, data sets
used in survival analysis consist of right-censored cases and
failured cases. In the study of the life span of teeth, it is difficult
to determine the time of tooth loss accurately, and generally
we can obtain information about only whether a tooth is
present at the time of examination. Therefore, such data sets
consist of left-censored as well as right-censored cases. Left
censoring is inevitable in any study on the life span of teeth. If
left-censored data are used in the product-limit method, the
result might be biased. However, there have been no tooth
survival analysis methods which take this into consideration.

Thus, we developed a tooth survival analysis method for
a small sample size, which reduces the bias produced by
left-censored data. We describe here our procedure and its
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Table 1. Patients' age and sex distributions at the time of

radiographic examination

Age
(years)

15-19
20-24
25-29
30-34
35-39
40-44
45-49
50-54
55-59
60-64
65-69
70-74
75-79

Total

No. of Patients (%)
Male Female

33 (18.2)
11 (5.8)
11 (5.8)
18 (9.4)
12(6.3)
23 (12.0)
16 (8.4)
25 (13.1)
13(6.8)
11 (5.8)
8 (4.2)
8 (4.2)
2 (1.0)

191 (100)

31 (12.2)
26 (10.2)
19(7.4)
17(6.7)
23 (9.0)
29 (11.4)
26 (10.2)
21 (8.2)
31 (12.2)
9(3.5)
14(5.5)
5 (2.0)
4 (1.6)

255 (100)

clinical application to estimating the probability of tooth loss
with age. We examined the usefulness of our method by
comparing it with the product-limit method.

Materials and methods

Materials
Between January, 1991, and June, 1994, 9112 patients
received a panoramic radiographic examination for a
consultation and/or treatment of their illness at our
hospital. All radiographs are kept in our hospital, and 500
panoramic radiographs from among them were randomly
selected for this study. However, 34 panoramic radiographs
were excluded because those patients had deciduous
and/or mixed dentition. Twenty panoramic radiographs
were also excluded because they were not suitable for

Table 2. Format of tooth loss data

Left Maxillary

Obs. Age Sex Central Lateral First Second First Second

ia Incisor Incisor Canine Premolar Premolar Molar Molar

1 45 Male ic ob 0 1 0 0 1

2 37 Female 1 0 0 0 0 0 1

3 19 Female 0 0 0 0 0 0 0

446 28 Female 0 0 0 0 1 0 0

ai identification number (sequential).
bo= tooth present at radiographic examination.
cl = tooth not present at radiographic examination.

observing teeth. The remaining 446 radiographs were used
in this study. The patients' age and sex distributions are
shown in Table 1. We examined a panoramic radiograph
from each patient to determine whether a permanent tooth,
except a third molar, was present. The format of tooth loss
data is illustrated in Table 2. In this study, our interest was
in the time of tooth loss, not the duration of existence of a
tooth. The starting point of this study was the birth of the
subject. The end point was the time of tooth loss. Tooth loss
probability was examined for the left maxillary central
incisor, canine, 1st molar, and 2nd molar, although tooth
loss data were taken on 28 permanent teeth.

Statistical analysis designed for estimating tooth loss rate

In this study, panoramic radiographs were used to obtain
data; thus, the exact time of tooth loss was difficult to
determine. Therefore, we assumed that the frequency of
tooth loss with age followed the Weibull hazard (Weibull,
1951; Aitken and Clayton, 1980). The hazard function, h(t),
of tooth loss at the time, or age, t, is given by:

h(t)=-

where D and Y are the unknown Weibull parameters to be
estimated. The distribution function, F(t), is then given by:

F(t 3,Y) = 1 - exp{-(t/Y)Rl

Since every observation should be either left- or right-censored
cases, the likelihood function, L(P, Y), can be expressed as:

L(3,Y) = 11 F(ti 3Y){ill - F(ti ,Y)11b

= I[1 - expt - (ti/Y)MS]8i[exp1 - (ti/Y)A)]11=11

where i is the indicator of ith observation, and 6i is the
indicator such that
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Figure 1. Histograms of sex- and age-specific tooth loss of the central incisor (a), canine (b), 1st molar (c),
and second molar (d).

= 1 if the ith observation is the left-censored case,
10 if the ith observation is the right-censored case.

Unknown Weibull parameters, B and Y, in the likelihood
function were estimated by the maximum likelihood
method (Cohen, 1965). This calculation was performed by
means of a software program written in FORTRAN. We also
used the product-limit method for analyzing our data on the
assumption that the age at tooth loss was identical to the age
at radiographic examination. Results obtained from these
two methods were compared.

Results
Histograms of the tooth-loss rate of the left maxillary central
incisor, canine, 1st molar, and 2nd molar for men and
women at different ages (Fig. 1) showed increased tooth-loss
rates with age. Two curves of the probability of tooth loss
for each tooth, one of which was obtained by our method

and the other by the product-limit method, respectively, are
shown in Fig. 2. The estimated Weibull parameters (E, Y) of
a maxillary central incisor, canine, 1st molar, and 2nd molar
were (1.80, 101.7), (2.87, 105.8), (2.82, 70.5), and (2.84, 73.4),
respectively, in males, and (2.85, 87.6), (1.30, 91.4), (2.80,
70.7), and (2.82, 70.3), respectively, in females. The curves
produced by our method showed that the probabilities of
having lost a left maxillary central incisor, canine, 1st molar,
or 2nd molar by the age of 80 were 48%, 37%, 76%, and 72%,
respectively, in males, and 55%, 49%, 75%, and 75%,
respectively, in females. Molars had the highest probabilities
of being lost at any age. The curve produced by our method
was located under that produced by the product-limit
method until the two crossed between the ages of 60 and 70.

Monte Carlo simulation study
We applied the Monte Carlo simulation method (Morgan,
1984) to determine whether our method reduced the bias
caused by left censoring. The Monte Carlo simulation data
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Figure 2. Tooth-loss rate curves for the central incisor, canine, 1st molar, and 2nd molar [males, (a) through (d); females, (e) through (h)] of
the maxilla obtained by our method ( ) and by the product-limit method ( ).
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Figure 3. Box plots of medians estimated by our method (W) and by the
method (PL) for three series of 500 simulated data sets. The median fo
distribution was 55 years. N denotes sample size.

were obtained as follows: The Weibull distribution with a
median age of 55 years (B = 2.3, Y = 92.5) was assumed to
show the true time of tooth loss. The age when the
probability of tooth loss was 50% was defined as the
median. The age of the patients at radiographic examination
was assumed to be normally distributed, with a mean age of
50 years and a standard deviation of 20 years. These data
were generated from the Weibull and normal random
tables. For every individual, a tooth was judged to exist if
the true age at tooth loss was higher than the patient's age at
the time of radiographic examination, and a tooth was
judged to be lost if the true age at tooth loss was lower than
the patient's age at the time of radiographic examination.
Three series of 500 data sets were made. Each data set
consisted of 50, 100, or 200 simulated data. Illustrated in Fig.
3 are the distributions of the estimated medians obtained
from our method and the product-limit method with three
series of 500 simulated data sets in box plots (Tukey, 1977).

The medians obtained from our method were distributed
around the median of the Weibull distribution, 55 years of
age. The subjects were 54 years of age in a series of 500 data
sets each consisting of 50 simulated data, 55 years of age in a
series of data sets each consisting of 100 simulated data, and
56 years of age in a series of data sets each consisting of 200
simulated data. However, when the product-limit method
was used, medians were distributed around 62 years of age.
The subjects were 62 years of age in a series of 500 data sets
each consisting of 50 simulated data, 61 years of age in a series of
data sets each consisting of 100 simulated data, and 62 years of
age in a series of data sets each consisting of 200 simulated data.
Thus, bias was reduced when our method was used.

Discussion
In tooth survival analysis, it is necessary to know the exact
time of tooth loss for the tooth survival rate to be estimated

-*

*

.**

**

W PL W PL W

correctly. A data set for a survival analysis,
however, is often made up of two types of
censored data. One case is when an incident
occurs before the time of examination, and
the occurrence time is not available (left-
censored data). The other is when an
incident has not yet occurred at the time of
the examination (right-censored data). A
data set used to analyze the probability of
tooth loss consists of both left-censored and
right-censored data. Left-censored data,
however, have not been taken into
consideration in conventional survival
analysis methods, and this may lead to
biased estimates.

PL In this study, we developed a tooth
survival analysis method for estimating the

=200) probability of tooth loss from a small data set
containing left-censored data, and examined

product-limit its clinical usefulness. We also used a Monte
ir the true age Carlo simulation study in comparison with

the product-limit method.
The tooth loss probability curves for each

tooth, obtained with our method and with the
product-limit method, crossed between 60 and 70 years of age.
The curve estimated by the product-limit method was located
below the curve estimated by our method in a younger age
group, and this was reversed in an older age group. Analysis
by the product-limit method disregards the left censoring of
data, and the age at radiographic examination when a tooth
was found to be missing was regarded as the age at tooth loss.
This means that the failure time assessment is too old.
Therefore, the interval between failure times is assessed longer
than the actual time interval in the younger age group, and the
probability of tooth loss in the younger age group is then
estimated to be lower than its actual value. In the older age
group, the interval between failures is assessed for too short a
time, and thus the probability of tooth loss was estimated to be
higher. Such bias was reduced by our method.
A Monte Carlo simulation study showed that the

product-limit method gave biased estimates, and that such a
bias was reduced when our method was used. This indicates
that our method provides more reliable estimates for tooth
survival analysis of data sets including left-censored data.

The frequency of tooth loss with age was assumed to
follow the Weibull hazard in this study. The hazard
function, h(t), at the time, or age, t, is given by:

h(t)= a t-ly13

The parameter a is called the shape parameter of the
Weibull distribution, because it determines the shape of the
survival curve by specifying the change in the hazard as a
function of time. Specifically, if ,B = 1.0, the hazard is
constant; if , > 1.0, the hazard increases in time; and if 1 <
1.0, the hazard decreases with time.

The Weibull model is sufficiently flexible to provide a
generally useful tool for the analysis of sets of waiting time
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of an incident, life span of a machine, or some kinds of
cancer data (Byar, 1982), and it should not be viewed as a
specialized parametric model of limited usefulness. The
hazard of tooth loss is considered to increase monotonically
with age; therefore, it is not inappropriate to apply the
Weibull model to tooth loss data. Our interest was thus
focused on the degree of performance of the Weibull model.
However, no direct method for comparing the actual and
predicted curves is available, since observations contain left-
censored data.
A semi-parametric model, rather than a full-parametric

model, may be more suitable for the analysis of the
frequency of tooth loss with age. As yet, no useful semi-
parametric model is available for analyzing tooth survival
data that include left-censored data. This type of survival
analysis procedure is required.

In this study, the probability of tooth loss was assumed
to correlate with age alone, and single-variate analysis for
age at tooth loss was performed. However, the probability
of tooth loss may also be affected by background factors,
such as sex, and period. Thus, a multivariate analysis
method that takes other factors into consideration should
be designed.
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