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ABSTRACT
The study's purposes were to estimate dental
implant survival in a statistically valid manner and
to compare three models for estimating survival. We
estimated survival using three different statistical
models: (1) randomly selecting one implant per
patient; (2) utilizing all implants, assuming
independence among implants from the same
subject; and (3) utilizing all implants, assuming
dependence among implants from the same subject.
The cohort was composed of 660 patients who had
2286 implants placed. Due to the high success rates
of implants, the five-year survival point and
standard error estimates varied little among the three
models. Patients at high risk for implant failure
(smokers) manifested greater variation in the
standard error estimates among the three models,
8.2%, 4.0%, and 5.6%, respectively. To obtain
statistically valid survival confidence intervals when
performing Kaplan-Meier survival analyses, we
recommend adjusting for dependence when there
are multiple observations within the same subject.
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INTRODUCTION
Overall survival is an important measure of dental implant success.

Several methods are used to estimate survival, including four-field table
analysis, descriptive statistics, and hypothesis test such as the t tests or 2

tests (Herrmann et al., 1999). Life-table analyses are used commonly
because they detail cumulative success and provide a prediction of implant
survival at various times after placement, since all implants are included in
each of the survival estimates. The Kaplan-Meier (K-M) Estimator is useful,
since it summarizes the implant survival based on a survival function.

To date, most studies estimating implant survival rates used statistical
methods based on the assumption that the implant observations were
independent of each other (Wheeler, 1996; Buser et al., 1997; Brocard et al.,
2000; Widmark et al., 2001). Some studies reported survival as a binary
outcome (yes or no) (Albrektsson et al., 1986; Jemt et al., 1996; Lazzara et
al., 1996; Rosenquist and Grenthe, 1996; Hising et al., 2001). Reporting
survival as a binary outcome, however, tends to overestimate survival,
because long-term failures are diluted by the early success of recently placed
implants (Eckert and Wollan, 1998). Valid and more advanced statistical
methods permit clinicians to evaluate implant survival better over time
(Eckert and Wollan, 1998).

As a practical clinical and research issue, it is common for patients to
have more than one implant. When a patient has two or more implants
placed, the key assumption of independent observations may be violated.
Mau (1993) and Haas et al. (1996) questioned the assumption of in-
dependence in the analysis of implant studies. To address this issue of
correlated, dependent observations, Haas et al. (1996), Ivanoff et al. (1999),
Lekholm et al. (1999), and Herrmann et al. (1999) recommended randomly
selecting one implant per patient for analysis. Haas et al. (1996) also stated
that since random sampling leads to variable results, the sample procedure
should be repeated 500 times to guarantee representative results. While this
solution works, inefficient estimation occurs, since not all observations are
used at the same time during sampling.

When one is analyzing implant survival rates and the variance of the
K-M Estimator, it is important to understand the possible implications of
violating the assumptions of independence of observations. The first study
purpose was to estimate the one- and five-year survival rates of implants in
a statistically valid manner. This paper will focus on the non-parametric
estimation of the Kaplan-Meier survival curve with the associated standard
errors adjustment to produce statistically valid point and variance estimates
of survival. We believe that this is the first report applying this particular
statistical modeling technique (Ying and Wei, 1994) adjusted for clustered
dental implant observations to produce valid, efficient point and variance
estimates of implant survival. It was not the purpose of this study to
identify risk factors for survival or to adjust survival estimates for various
known risk factors.
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The second study purpose was to compare and contrast
three different statistical models for estimating survival by
modifying the underlying assumptions (independence or
dependence) of implant observations within the same subject.
We hypothesize that for events with high success, i.e., implant
survival (> 90%), changing the assumptions regarding
dependency of events will have a small effect on the point
estimate and variance of survival. For events with lower success
rates, however, changing the assumptions regarding dependency
will have a small effect on the point estimate and a larger effect
on the variance estimates of survival. This paper focuses on the
non-parametric estimation of the Kaplan-Meier survival curve
with the associated standard errors adjustment to produce
statistically valid point and variance estimates of survival.

MATERIALS & METHODS
Methods
To address the main study purpose, we used a retrospective cohort
study design and a cohort composed of patients who had one or
more Bicon® implants placed between May, 1992, and July, 2000,
at the Dentistry Implant Center at Faulkner Hospital (Boston, MA).
All implants in the study were placed according to the previously
described surgical protocol and restored by means of fixed or
removable prostheses (Shepherd, 1996, 1998). The Institutional
Review Board approved this study.

By modifying the assumptions (independence or dependence)
regarding observations within the same subject, we developed
three different statistical models to estimate survival and associated
standard errors and confidence intervals. For the first model
(random model), we randomly selected one implant per patient for
analysis (Haas et al., 1996; Herrmann et al., 1999). For the second
model (independent model), all the implant observations were
used, but we ignored the issue of dependency of implant
observations from the same subject (Greenwood formula Cox and
Oakes, 1984). For these two models, the data analyses were
conducted by means of SAS statistical software (SAS Institute,
Inc., 1999) PROC LIFETEST statements for methods. For the third
model (dependent model), we used all implants and accounted for
the correlation among implant observations from the same subject.
For the dependent model, we used special codes provided by our
co-authors (Tian and Wei) in the S-Plus (1996) statistical
programming environment, as described by theoretical statistical
methodology developed by Ying and Wei (1994). Implant failure
was defined as implant removal (explantation) for any reason
(Dental Implant Clinical Research Group, 1997). Total survival
time for each implant was defined as the time from the actual date
of implantation to the date of implant removal or the date of the
last follow-up visit for patients with surviving implants.

Statistical Issues
The Kaplan-Meier Estimator (Kaplan and Meier, 1958) is used to
describe the survival experience. If the failure time observations
are assumed to be mutually independent, the K-M Estimator is
consistent and asymptotically normal. It is not clear, however, that
these large sample properties for the K-M estimate still hold when
observations are dependent. In dental implant studies, a series of
dependent and possibly censored failure times may be observed.
We suppose that these failure times were generated from the same
distribution function, and inferences about it are our main interest.

If the observed failure times are assumed to be mutually
independent, the K-M Estimator is consistent and asymptotically

normal (see Breslow and Crowley, 1974; Gill, 1980). Furthermore, for
each study time point t, Greenwood's formula (Cox and Oakes, 1984)
provides a valid estimate for the asymptotic variance of the K-M
estimate at time t. For a large sample, inferences about the survival
experience can then be made based on this asymptotic theory. For
estimating implant survival, however, it is not clear that these large
sample properties for the K-M estimate still hold. Multiple implants
placed in a single patient generate observations that may be dependent
on each other, producing multiple correlated outcome events. As such,
a sample composed of patients with multiple implants per patient
violates the assumption of independence of outcomes. Ying and Wei
(1994) reviewed the issue of estimating correlated outcome events
occurring within the same subject. It is important to know if the
resulting K-M estimate is still consistent and asymptotically normal.
Moreover, Greenwood's formula may not be valid in this case, due to
dependency of correlated implant observations within the same patient.

Ying and Wei (1994) have shown mathematically that under
rather weak conditions for the dependence among the observations, the
Kaplan-Meier Estimator is still consistent and asymptotically normal.
In that article, they have derived a valid estimate mathematically for the
limiting variance for the Kaplan-Meier Estimator for the special case in
which highly stratified data are observed [i.e., Ying and Wei
(dependence) adjusted variance in contrast to the Greenwood
(independence) variance]. In our study, the level of stratum is the
patient, and within each stratum is the implant(s).

Statistical Notation
Let T.. be the failure time, where i = 1,2,...,m index (the patients),
and j 1,2,...,K1index (the dental implants within the ith patient).
8ii denotes the censoring indicator. The variance estimation for
survival function by the Ying and Wei (1994) technique is:

m K1 K.1I(T < t)6

Y411Jy(T~~~i=lj-I=ll= n

m K.,7i min(Tij,t)bii 1., [I(T < t)8 .1

II2(Y(T Yn(T-di' =J ,=

m Ki, I(TI. <min(T,t))8i,
i- 11' (1(T y )

where Yn(t) = mIK1J=K I(T..> t)
iil j1l

For regular cases, m = n, Ki 1, each patient has only one
implant, so all observations are mutually independent. The above
variance formula (Ying and Wei, 1994) degenerates to
Greenwood's variance formula

m A(T. < )8. m I T,Min(T.,t))8i,,2
)VYnTi) i/1 (n(Ti t')2

where Y"(t)=n I(T > t)

RESULTS
The study sample was composed of 660 subjects who had 2286
implants placed. The results of the data analyses are summarized
(see Table 1). For the random model, we estimated the survival
based on randomly selecting one implant per patient; thus, the
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