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Abstract

Aim—Standard partial-mouth estimators of chronic periodontitis that define an individual’s 

disease status solely in terms of selected sites underestimate prevalence. This study proposes an 

improved prevalence estimator based on randomly sampled sites and evaluates its accuracy in a 

well characterized population cohort.

Methods—Importantly, this method does not require determination of disease status at the 

individual level. Instead, it uses a statistical distributional approach to derive a prevalence formula 

from randomly selected periodontal sites. The approach applies the conditional linear family of 

distributions for correlated binary data (i.e., the presence or absence of disease at sites within a 

mouth) with two simple working assumptions: 1) the probability of having disease is the same 

across all sites; and 2) the correlation of disease status is the same for all pairs of sites within the 

mouth.

Results—Using oral examination data from 6,793 participants in the Arteriolosclerosis Risk in 

Communities study, the new formula yields chronic periodontitis prevalence estimates that are 

much closer than standard partial mouth estimates to full mouth estimates.

Conclusions—Resampling of the cohort shows that the proposed estimators give good precision 

and accuracy for as few as six tooth sites sampled per individual.
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1. Introduction

Epidemiologic investigations of the prevalence and distribution of chronic periodontitis (CP) 

in populations are critical to understand the burden of disease, evaluate its social and 

economic impacts, identify groups at high risk, and develop interventions for its prevention 

and control (Eke et al., 2012). Full-mouth examination is the gold standard for estimating 

CP prevalence. Yet, the full-mouth protocol is time intensive—requiring 25 to 45 minutes 

per person for examination of up to 168 sites (excluding third molars)—costly, and often 

impractical for population research and surveillance. Hence partial-mouth recording 

protocols (PRPs) are sometimes substituted. These commonly use fixed-site selection 

methods (FSSMs) where specific teeth and/or sites are chosen (Alexander, 1970; Mills et al., 

1975; Fleiss et al. 1987). An example is the NHANES-III methodology where an upper 

quadrant and its contralateral lower quadrant are selected and 2 sites examined on every 

tooth (except 3rd molars) on the selected quadrants. Alternatively, Beck et al. (2006) 

proposed random-site selection methods (RSSMs) based on simple random samples of sites. 

Unfortunately, existing estimators based on PRPs severely underestimate disease prevalence 

(Susin et al., 2005; Beck et al., 2006; Tran et al. 2014). Thus, the ability to characterize CP 

is seriously hampered by the burden of full-mouth protocols and the poor performance of 

standard PRPs. Better cost-effective methods are needed to accurately quantify CP in large 

populations and monitor temporal trends in disease prevalence and distribution.

CP surveillance research with PRPs has used a plethora of measurement techniques and case 

definitions with no universally accepted standard definition (Page and Eke, 2007). While 

clinical attachment level (CAL) and probing pocket depth (PD) are widely accepted 

measures of periodontitis activity at individual sites, defining whether an individual has CP 

is more complex (Kingman and Albandar, 2002). The simplest definitions require one or 

more of the 168 sites to meet a specific threshold for PD and/or CAL (Susin et al. 2005; 

Beck et al., 2006). These single-site threshold definitions emerged when PD and CAL 

measurements were first collected in national surveys of dental health (Page and Eke, 2007). 

During the 1980s and 1990s, new definitions requiring specific thresholds of PD and CAL at 

multiple sites were adopted by the National Health and Nutrition Examination Survey 

(NHANES). Recently, more complex case definitions with spatial requirements for affected 

sites have emerged. Specifically, case definitions proposed by the Group C Consensus 

Report of the 5th European Workshop on periodontology (Tonetti et al., 2005) and the 

Centers for Disease Control and Prevention in conjunction with the American Academy for 

Periodontology (CDC/AAP) restrict consideration to interproximal sites (Page and Eke, 

2007; Eke et al., 2010, 2012). The historical inconsistency in defining periodontitis cases has 

contributed to the difficulty in evaluating and comparing the use of varying PRPs, not to 

mention documenting temporal CP trends (Benigeri et al., 2000; Dye and Thornton-Evans, 

2007; Owens et al., 2003).

The most common PRPs are FSSMs, which attempt to select sites that are “representative” 

of the mouth as a whole (Kingman and Albandar, 2002). FSSM protocols usually select at 

least 28 sites (Susin et al. 2005). The representativeness of FSSM samples is often 

ambiguous since a fixed set of sites defined for estimating CP prevalence may systematically 

exclude sites at lesser (or greater) risk of disease. In RSSMs, a set number of sites are 
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selected at random with all sites having an equal likelihood of being chosen (Beck et al., 

2006).

With the emergence of computing technology and direct clinical data entry, RSSMs offer a 

practical alternative (Beck et al., 2006) to FSSMs. In these methods, a pre-specified number 

of sites are randomly drawn from 168 tooth sites (if no missing teeth) by a computer 

algorithm. Such random sampling avoids the pitfalls of dubious “representativeness” that 

characterize FSSMs. Since sites are selected by simple random sampling, measurements of 

PD and CAL are representative on a population basis. RSSMs have not been used in large-

scale epidemiological research studies since examiners must adapt to different selected sites 

for each individual. However, RSSMs are technically feasible and could be an attractive 

option if valid prevalence estimators that require a minimal number of sites are developed.

In PRPs, individuals are classified as having CP if disease is present at a specified minimum 

number of examined sites; certain configurations of sites with disease are sometimes 

required. Thus, the standard prevalence estimator, which is the proportion of persons 

classified as having disease based on the sampled sites, underestimates the true proportion of 

cases since disease status at non-sampled sites is unobserved. Assuming no misclassification 

errors at the site level, PRPs can only lead to false negatives for conditions at the individual 

level such as CP; false positives are not possible. Using the previously discussed single-site 

threshold definition, Beck et al. (2006) found that whole-mouth prevalence was 

underestimated by 5 to 78%, depending on the PRP used and the PD/CAL threshold selected 

as cut point for defining periodontitis. Similar levels of underestimation have been reported 

in numerous populations for a variety of PRPs (Tran et al., 2013). The consistent 

underestimation of CP prevalence prompted a shift to full-mouth exams for the 2009–2010 

NHANES cycle onwards (Eke et al. 2015).

Given the importance of large epidemiological studies to understanding and improving 

dental public health, development of statistical formulae and procedures for accurate 

estimation of the prevalence of dental conditions using PRPs is critically important. This 

article proposes the use of a statistical distributional approach for correlated binary data to 

obtain prevalence estimators that are unbiased in large samples under certain assumptions 

with small or negligible bias in practice. The new CP prevalence estimator is evaluated for 

several RSSMs using full-mouth oral exam data from over six thousand participants in a 

large epidemiological cohort study.

2. Methods

The Dental ARIC population

We evaluated the accuracy of the proposed prevalence estimator for RSSMs through use of 

the Arteriolosclerosis Risk in Communities (ARIC) Study dataset that includes a full-mouth 

examination for 6,793 participants (Beck et al., 2001). ARIC is a predominantly biracial 

community-based prospective cohort study designed to investigate risk factors for the 

development and progression of atherosclerosis and coronary heart disease. Participants 

were sampled from communities in Jackson, Mississippi; Washington County, Maryland; 

Minneapolis, Minnesota; and Forsyth County, North Carolina. At baseline in 1987 to 1989, 
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ARIC enrolled 15,792 participants aged 45 to 64 years. As part of the fourth visit (1996 to 

1998), 6,793 cohort members participated in an ancillary study of oral health, Dental ARIC. 

Of the visit 4 participants, 86.2% completed a screening interview to determine eligibility 

for Dental ARIC. Of those screened, 15% were edentulous and 17% of participants were 

medically ineligible since they would have required prophylactic antibiotics.

As part of Dental ARIC, each participant completed an oral health interview and received a 

full-mouth oral examination. In addition, gingival crevicular fluid, oral plaque and serum 

were collected (Beck, 2001). During the full-mouth oral examination, PD and gingival 

recession were measured on six sites: mesio-buccal (MB), mid-buccal (B), disto-buccal 

(DB), mesio-lingual (ML), lingual (L), and disto-lingual (D) for all teeth present using a 

UNC 15 manual probe (Beck et al., 2006). Measurements of both PD and gingival recession 

were rounded to the next lower whole millimeter; CAL was calculated as the sum of the PD 

and gingival recession. Individual and standard examiners had agreement on CAL 

measurements within 1 mm 83.2% to 90.2% of the time; weighted kappa values ranged from 

0.76 to 0.86 (Beck et al., 2001).

A new procedure for estimating disease prevalence from RSSMs

In this article, a single-site threshold definition is used and defined thus: an individual has 

CP if, based on the full-mouth exam, he or she has at least one site at, or above, a specific 

threshold of either PD or CAL. A full-mouth periodontal exam requires inspection of up to 

168 sites: six sites on each of 28 teeth (third molars excluded) if none are missing. In PRPs, 

the standard prevalence estimator is the proportion of study subjects with PD (or CAL) at, or 

above, the threshold for one or more of the selected sites (Susin et al. 2005; Beck et al. 

2006). In developing a statistical distributional approach to solving the underestimation 

problem of PRPs, the mouth is defined as a cluster and the presence or absence of disease at 

each tooth site as Bernoulli random variables within clusters. A new prevalence formula for 

this clustered data is derived from a “model” based on the multivariate binary distribution in 

the conditional linear family (CLF) (Qaqish, 2003; Preisser and Qaqish, 2014). This model 

has two working assumptions: 1) the probability of disease μ is the same for all sites and 2) 

the within-mouth pairwise correlation of disease ρ is constant for all site pairs. For a 

homogeneous population, prevalence (denoted π) equals the probability that a randomly 

selected individual has CP. Then, under the model, the proposed prevalence estimator (π̂) for 

RSSMs is given as the formula:

with n = 168 and plug-in estimators μ̂ and ρ̂ that are based on the partial-mouth sample 

under a given RSSM protocol. As demonstrated by its derivation given in an online 

supplemental appendix, π̂ estimates the probability of disease at one or more sites in the full 

mouth when all sites are present. Variance estimation for π̂ and confidence interval 

construction for π are discussed in a technical report (Wang and Preisser, 2016).
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While the veracity of the above two assumptions is doubtful, we hypothesized that the 

proposed formula would have small bias due to the representativeness of the sites from 

random samples within mouths. To apply the formula to RSSMs, estimates of μ and ρ from a 

fixed number of m sampled sites (or all sites for individuals with less than m sites) are 

required. As detailed in the online supplement, μ̂ is the proportion of sampled sites across all 

individuals with PD (or CAL) exceeding a given threshold while ρ̂ is the sum of cross-

product Pearson residuals among all observed within-mouth pairs of sampled sites divided 

by the number of within-mouth pairs; ρ̂ is also the generalized estimating equations 

exchangeable correlation method-of-moments estimator (Zeger and Liang, 1986) 

implemented in numerous widely available software packages. A range of PD measurement 

thresholds from 4 to 6 mm and CAL measurement thresholds from 3 to 6 mm are 

considered.

Evaluation of the CLF estimator using the Dental ARIC population

To evaluate the comparative performance of the CLF estimator, RSSMs were simulated by 

taking simple random samples of m sites from the full-mouth exam data for each of 6793 

Dental ARIC participants. Specifically, we drew 1000 replicate samples of 6 and 10 sites, 

and 200 samples of 15, 20, 28, 36 and 42 sites per participant (Figure 1); sites corresponding 

to missing teeth are not sampled In each sample, present sites were selected without 

replacement using a random number generator; all six sites on all teeth except third molars 

were eligible for selection. In cases with fewer than m sites present, all sites were included. 

For all analyses, we defined the number of sites present as the number of sites with non-

missing PD and CAL. For each simulation replicate and RSSM protocol (value of m), the 

standard and CLF prevalence estimates were computed. For the r-th replicate, bias was 

defined as the difference in CP prevalence in the population of Dental ARIC participants 

based on full-mouth examination (πf) and the partial-mouth estimate (π̂
r). For each m, the 

percent relative median bias of the estimators was calculated as 100% times{[πf − 

med(π̂
r)]/πf}, where med(π̂

r) is the median of the 1000 (or 200) partial-mouth prevalence 

estimates. Thus, percent relative median bias summarized the accuracy of CLF and standard 

estimators relative to the full-mouth prevalence. The 2.5th and 97.5th percentiles of the 1000 

(or 200) replicate partial-mouth estimates were also determined, capturing the precision (or 

variation) of the estimators. Finally, the difference between the percent relative median bias 

of the standard and CLF estimators was computed to represent the percentage of Dental 

ARIC participants with CP that would be identified population-wise by the CLF estimator 

but not by the standard estimator. All simulations were performed using SAS version 9.3 

(SAS Institute, Cary, NC).

3. Results

Dental ARIC Study Participants

Demographic characteristics of the 6793 Dental ARIC study participants are reported 

elsewhere (Beck et al., 2006). Briefly, participants were between 52 and 74 years old (mean 

62.4 years; SD. 5.63 years) and slightly more than half were female. The vast majority self-

identified as white, over 85% completed high school, and they were almost evenly divided 

between lifetime nonsmokers and current/former smokers. Excluding third molars, 
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participants had an average of 21.2 teeth. Almost a third of the 168 sites were missing 

(29.9%). The distribution of the number of sites was both highly dispersed and skewed 

(median 142; mean 126; SD. 41.5; Table S1). The proportion of diseased sites varies by site 

type (Figure S1) and the within-mouth correlation varies across site pairs (Figure S2). 

Further descriptive analyses are presented in the supplementary appendix (Table S2).

Both standard and CLF estimators consistently underestimated the “true” full-mouth 

prevalence in the overall Dental ARIC population (Table 1) with CLF always having smaller 

bias (Table 2). While the accuracy of the standard estimator increases with the number of 

sites sampled (m), its underestimation bias is particularly severe for small m.

On the other hand, bias reduces only slightly for the CLF estimator with increasing m so that 

its performance for RSSM with m = 6 is almost as good as its performance for m = 42 sites. 

For both standard and CLF prevalence estimators, percent relative median bias increases 

with higher thresholds for both PD and CAL (Table 2). In all scenarios, the precision of 

prevalence estimates was excellent for both estimators with small differences between the 

2.5th and 97.5th percentiles (<4 percentage points; Tables S3 and S4). For example, among 

1000 replicate partial-mouth samples of m = 6 random sites from the Dental ARIC 

population, approximately 95% of the CLF-RSSM estimates using the criterion of PD4+ 

were between 0.66 and 0.70 (Table S4). Importantly, this range of estimates includes the true 

prevalence π = 0.695 illustrating the accuracy of the CLF-RSSM estimator (Figure S3) in 

contrast to the inaccuracy of the standard estimator whose range as defined by the middle 

95% of replicate estimates never contained π for any periodontal disease threshold (Table 

S3). Finally, the CLF method identified a large percentage of cases that would not be 

identified by the standard method. Specifically, the CLF estimator is able to identify 

anywhere between 1% (CAL 3+ mm definition, 42 sites) and 60% (PD 6+ mm definition, 6 

sites) of CP cases that would be missed by the standard estimator (Table 3).

The superior performance of the CLF estimator compared to the standard estimator is further 

demonstrated with subgroup analyses (Table 4). These additional analyses with sample sizes 

ranging from 1300 (blacks) to 5468 (whites) show that the CLF estimator can either 

underestimate or overestimate prevalence, and its bias is small for all RSSMs including the 

Random 6 method that selects six sites.

4. Discussion

A new method for estimating CP prevalence based on PRPs substantially outperformed the 

standard approach in a study simulating RSSMs from the full-mouth periodontal 

examination protocol in more than six thousand participants in an epidemiological cohort. 

Our study extends the results of an earlier re-sampling study of CP in the Dental ARIC 

participants (Beck et al. 2006) in which the standard estimator of prevalence was less likely 

to underestimate prevalence for most RSSMs than FSSMs. To our knowledge, the proposed 

CLF formula is the first statistical distributional approach for prevalence estimation for PRPs 

that presents an alternative to the standard estimator that relies on determining disease status 

for each individual. With standard estimators for PRPs, substantial underestimation of 

prevalence has been a longstanding problem; the results using the standard estimator for 
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RSSMs presented here are very similar to those in Table 4 of Beck et al. (2006). This 

systematic underestimation of prevalence using the standard estimator with two different 

PRPs prompted the NHANES return to the full-mouth examination protocol in 2009. Use of 

the proposed CLF prevalence estimator for RSSMs with only six randomly sampled sites, 

and future development of similar estimators, may enable a return to more cost-effective 

PRPs. Importantly, it will also make feasible repeat examinations in cohorts to estimate 

incident disease and its risk factors.

Although the CLF estimator performs substantially better than the standard prevalence 

estimator, it had relative bias up to 23% when few sites are sampled and disease is severe 

(CAL 6+, Random 6; Table 2). The bias may be due in part to varying disease rates across 

sites in the Dental ARIC cohort (Figure S1). The CLF estimator is an asymptotically 

unbiased estimator of the true prevalence when the working model assumptions of constant 

μ and ρ are true. Indeed, in this case, the absolute relative bias of the CLF estimator was less 

than 2% in simulation studies that generated partial-mouth samples of size m = 4, 6 and 10 

for 500, 1000 and 2000 individuals, respectively (Wang and Preisser, 2016). However, the 

CLF estimator underestimated the true prevalence by about 10% when the within-mouth 

binary variates were generated under a model specifying unequal site-level probabilities of 

disease and a “dental” three-parameter correlation structure. Future research will examine 

alternative CLF estimators for scenarios involving varying disease rates across sites, 

alternative within-mouth correlation structures, and unequal cluster sizes due to missing 

teeth.

The lack of a consensus on what constitutes a CP case in an individual has complicated 

efforts to estimate disease prevalence. The proposed approach introduces a different 

challenge since, for each case definition of periodontitis, a new prevalence formula must be 

derived based on an assumed statistical distribution for correlated binary data. This article 

defined a case based on an individual having one or more sites in the full mouth with PD or 

CAL exceeding a specified threshold. Generating similar prevalence formulae for case 

definitions where multiple sites (e.g., two or more) must exceed a specific threshold is 

possible. The development of prevalence estimators based on the statistical distributional 

approach for more complex disease case definitions would be considerably more challenging 

and possibly prohibitive for definitions with spatial requirements for the affected sites.

This research has significant cost and feasibility implications for the design of future large 

epidemiological studies that have the estimation of disease prevalence or incidence as a 

primary aim. As Beck et al. (2006) noted, RSSMs have not been widely used in clinical 

studies and there may be resistance by clinical examiners to their use. Considering the 

technical capacity to sort and record the disease status for the selected sites, and that the 

CLF estimator produced estimates with little bias based on samples of only six sites, our 

research invites a re-examination of RSSMs as a viable alternative to full-mouth exams for 

large scale epidemiological research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Relevance

Scientific rationale for study

Due to the prohibitive exam time and monetary costs of full-mouth examinations in large 

epidemiological studies of chronic periodontitis, partial-mouth sampling protocols are an 

attractive alternative. Yet standard partial-mouth estimators that define an individual’s 

disease status solely in terms of selected sites underestimate disease prevalence.

Principal findings

A new simple-to-use formula for estimating chronic periodontitis prevalence substantially 

reduces estimation bias in partial-recording protocols.

Practical implications

Our results show that partial-mouth sampling with as few as six randomly selected sites 

per individual could be effectively used in surveillance studies of chronic periodontitis.
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Figure 1. 
Steps in the evaluation by simulation of the CLF prevalence estimator. In the formula in the 

third box, Π, and the expression that follows it, represents a product over (n−1) terms 

indexed by j=2,…,n; for n=168 tooth sites, the first of these terms where j=2 is 1 − (1 − ρ̂)μ̂ 

and the last term where j=168 is 1 − (1 − ρ̂)μ̂/(1 + 166ρ̂).
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