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Abstract

Aim: Tooth-level prognostic systems can be used for treatment planning and risk

assessment. This retrospective longitudinal study aimed to evaluate the prognostic

performance of 10 different tooth-level risk assessment systems in terms of their

ability to predict periodontal-related tooth loss (TLP).

Materials and methods: Data were retrieved retrospectively from patients who

received surgical and non-surgical periodontal treatment. Data on medical history

and smoking status at baseline and the last maintenance visit were collected. Ten

tooth-level prognostic systems were compared using both univariate and multivariate

Cox proportional hazard regression models to analyse the prognostic capability of

each system for predicting TLP risk.

Results: One-hundred and forty-eight patients with 3787 teeth, followed-up for a

mean period of 26.5 ± 7.4 years, were evaluated according to 10 different tooth-

level prognostic systems, making up a total of 37,870 individual measurements. All

compared prognostic systems were able to stratify the risk of TLP at baseline when

different classes of association were compared. After controlling for maintenance,

age, and gender, all systems exhibited excellent predictive capacity for TLP with no

system scoring a Harrell's C-index less than 0.925.

Conclusions: All tooth-level prognostic systems displayed excellent predictive capa-

bility for TLP. Overall, the Miller and McEntire system may have shown the best dis-

crimination and model fit, followed by the Nunn et al. system.
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Clinical Relevance

Scientific rationale for study: The generalizability of tooth-level periodontal prognostic systems

remains to be validated to determine whether tooth-based risk assessment systems assign a

meaningful prognosis predictive of long-term tooth survival. The aim of this study was to exter-

nally validate 10 commonly used tooth-level prognostic systems in terms of their predictive

capacity for risk of periodontal tooth loss (TLP). The secondary aim was to compare the prog-

nostic accuracy of the systems.

Principal findings: All tested tooth-level prognostic systems displayed excellent predictive capa-

bility for TLP. Overall, the Miller and McEntire system showed the best discrimination and
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model fit, followed by the Nunn et al. system. The Faggion et al. prognostic system showed the

greatest inter-class discriminatory capacity when the highest and lowest severity classes were

compared.

Practical implications: All 10 tooth-level prognostic systems displayed excellent predictive capa-

bility for tooth loss due to periodontitis.

1 | INTRODUCTION

“A coin toss would be an easier and more accurate way for the clini-

cian to assign a prognosis under traditional guidelines, if the initial

prognosis is less than good” stated McGuire and Nunn, emphasizing

the low sensitivity of their prognostic model at 5 and 8 years

(McGuire, 1991). Predicting whether periodontally involved teeth can

be retained over the long term is crucial for treatment planning in

periodontitis patients. Accurate risk assessment leads to less invasive

plans, better therapeutic outcomes, and reduced long-term costs (Tan

et al., 2016). In 2008, the American Academy of Periodontology (AAP)

defined risk assessment “as the process by which qualitative or quan-

titative assessments are made of the likelihood for adverse events to

occur as a result of exposure to specified health hazards or by the

absence of beneficial influences” (AAP, 2008).
Broadly speaking, a risk factor is any characteristic, behaviour, or

exposure associated with a particular disease (Schwendicke

et al., 2018), whereas prognosis refers to the likely course and out-

come of a disease with or without treatment, and a prognostic factor

is any characteristic that relates to the likelihood of success or survival

(Beck, 1998; Miller et al., 2014). It is important to note that in peri-

odontal disease, prognostic factors can be systemic risk factors

(e.g., smoking) or local in nature (e.g., furcation involvement) (Kwok &

Caton, 2007). Emerging scientific evidence inspired the development

of various periodontal risk assessment tools to calculate the probabil-

ity of periodontitis progression (Lang & Tonetti, 1996; Lang

et al., 2015) and tooth survival after therapy (Grant et al., 1979;

Becker et al., 1984; McGuire, 1991; Checchi et al., 2002; Fardal

et al., 2004; Faggion et al., 2007; Kwok & Caton, 2007; Avila

et al., 2009; Nunn et al., 2012; Miller et al., 2014). Most of these

assessment tools calculate the risk of tooth loss as either a continuous

or an ordinal (categorical) variable (Schwendicke et al., 2018).

The use of descriptive terms such as good, fair, or questionable can

be perceived subjectively by clinicians due to heterogeneity in how def-

initions are interpreted and applied (Faggion et al., 2007; Kwok &

Caton, 2007; Miller et al., 2014). In addition, numerous risk assessment

tools exist, and there is no single universally accepted set of criteria for

establishing a case-specific periodontal prognosis (Nunn et al., 2012).

Additionally, although many of these models have showed promising

results in the populations they were originally developed in, external

validity of prior findings remains to be tested on a new cohort (Kwok &

Caton, 2007; Schwendicke et al., 2018). Such validation is important

because of the lack of evidence to determine whether tooth-based risk

assessment systems assign a meaningful prognosis capable of accurately

predicting long-term outcomes and tooth survival.

Patient factors (smoking, diabetes) and tooth factors (furcation

involvement, increased probing depth [PD]) can influence prognosis

because they not only impact disease expression and progression but

also interact with each other. Patient-level prognosis is paramount for

delivery of optimum treatment, setting realistic expectations for the

suggested therapy and determination whether subsequent involve-

ment of other health care providers in the treatment plan is required.

However, accurate tooth-level prognosis may better capture the

short-term therapeutic outcomes and reduce the overall costs of

treatment (Lang & Tonetti, 1996; Tan et al., 2016).

Hence, the aim of this study was to externally validate 10 com-

monly used tooth-level prognostic systems in regard to their predic-

tive capacity for the risk of periodontal tooth loss (TLP). The

secondary aim was to compare the prognostic accuracy of the

systems.

2 | METHODOLOGY

This study was conducted in agreement with the Helsinki Declaration

of 1975 (World Medical Association, 1975) as most recently revised

in 2013 (World Medical Association, 2013). The study was approved

by the University of Michigan Medical School Institutional Review

Board (IRBMED) (study identifier: HUM00157260). The TRIPOD

statement was taken as a reference for the choice of methodologies

to be used in this study (Moons et al., 2015).

2.1 | Study population

The present data were retrospectively reviewed from electronic and

physical charts of patients receiving periodontal treatment between

January 1966 and January 2008 at the University of Michigan School

of Dentistry, Ann Arbor, Michigan, USA.

Inclusion criteria were as follows:

• Patients treated for periodontal disease (either surgically or non-

surgically) and maintained for ≥10 years at the University of Michi-

gan School of Dentistry after active therapy.

• Patients receiving at least one visit of supportive periodontal ther-

apy (SPT)/year throughout the entire follow-up period.

• Complete periodontal charts with clinical attachment level (CAL),

bleeding on probing (BOP), and full-mouth radiographic series of

diagnostic-quality radiographs (taken ≤12 months from the base-

line periodontal examination).

1422 SALEH ET AL.



• Complete medical history recorded at baseline examination.

• Patients whose teeth were extracted at the University of Michigan

School of Dentistry.

Exclusion criteria were the following:

• The reason for tooth extraction not described in patient charts.

• Patients treated or maintained in any treatment facility other than

the University of Michigan School of Dentistry.

• Smokers not reporting the number of cigarettes/day or time since

they started smoking.

• Diabetic patients not reporting haemoglobin A1c (HbA1c) and/or

plasma glucose levels at the baseline visits.

• Patients failing SPT for ≥1 year during the studied period.

2.2 | Data collection and patient classification

Physical and digital records of the patients who fitted our preset

inclusion criteria were screened and evaluated by three examiners

(MQ, AR, and MS). All data regarding relevant patient-level charac-

teristics (age, gender, medical history, etc.), as well as frequency of

SPT visits/year, were collected. Tooth-specific data on clinical

parameters, such as PD, CAL, BOP, mobility, furcation involvement,

and keratinized tissue width were collected from patient charts at

T0 (time of active periodontal therapy) and T1 (last SPT visit). PD,

CAL, and BOP were evaluated at six sites per tooth. Radiographic

bone loss was calculated from either periapical or bitewing radio-

graphs (Akesson et al., 1992; Pepelassi et al., 2000). Radiographic

bone loss was measured as the distance from 2 mm below the

cemento-enamel junction to the most apical extension of the defect.

In case of a crown restoration, the most apical aspect of the restor-

ative margin was taken as the coronal reference point for bone loss

measurements. For molar teeth, the root with the most radiographic

bone loss was chosen for analysis. The presence of inter-proximal

restorations or crowns, periapical pathology, endodontic root fill-

ings, endodontic posts, and vertical osseous defects were also col-

lected from the radiographs.

A few prognostic systems incorporated diabetic status using a

binary scale; only one system (Miller et al., 2014) required HbA1c

levels. Patients reporting plasma glucose levels had their results

converted to HbA1c percentage using estimated average glucose

levels (Rohlfing et al., 2002; Rentfro et al., 2009). Cigarette consump-

tion was also required by one study (binary scale) (Miller et al., 2014).

Smoking was self-reported, and no stratification (heavy/light smoking)

was attempted.

2.3 | Teeth allocation according to different
prognosis systems

In total, 10 prognostic systems were included in this study (Grant

et al., 1979; Becker et al., 1984; McGuire, 1991; Checchi et al., 2002;

Fardal et al., 2004; Faggion et al., 2007; Kwok & Caton, 2007; Avila

et al., 2009; Nunn et al., 2012; Miller et al., 2014). Information regard-

ing the parameters involved in each prognostic system is provided in

Table S1. Two authors (MS and HD) independently analysed the allo-

cation of each tooth to a specific class for each prognostic system. In

case of any event of ambiguity, a final decision was made in a joint

session with a third author (HG).

2.4 | Statistical analysis

The following patient- and tooth-level variables were analysed: age,

gender, tooth identifier, position (anterior/posterior), jaw (maxilla/

mandible), time from baseline to the last follow-up, tooth status at

the last follow-up visit (periodontal-related loss, loss for a non-

periodontal cause, present), number of annual maintenance sessions

from baseline to the last follow-up, and tooth-level membership

class for each prognostic system. (Grant et al., 1979; Becker

et al., 1984; McGuire, 1991; Checchi et al., 2002; Fardal et al., 2004;

Faggion et al., 2007; Kwok & Caton, 2007; Avila et al., 2009; Nunn

et al., 2012; Miller et al., 2014).

Survival analyses were performed, after checking for the pres-

ence of proportional hazard assumption (estat phtest in STATA), for

TLP using both univariate and multivariate Cox regression frailty

models that were built for each classifier. In the multivariate model,

the tooth classifier memberships were included with potential con-

founding factors (age, gender, and the number of maintenance ses-

sions underwent by the tooth during the whole follow-up). In order

to analyse the prognostic performance of the different tooth-level

prognostic systems, overall performance (Harrell's C-index and

Royston's D-index) and model fit (Akaike information criterion

[AIC] and Bayesian information criterion [BIC]) were measured for

each Cox regression model (Rahman et al., 2017). In addition, a post

hoc comparison was conducted using the Bonferroni test in order

to evaluate intra-class stratification within the different prognostic

systems. Ratios of restricted mean survival time (RMST) in the uni-

variate analysis were also assessed for comparison with the refer-

ence class.

3 | RESULTS

3.1 | Patient cohort description and demographics

Totally, 148 patients (80 females; 68 males; 3787 teeth) with a mean

age of 46.49 ± 11.53 years were included in the analysis. At baseline,

1886 maxillary and 1901 mandibular teeth were present. Of these,

2073 teeth were located posteriorly (molar and premolar regions) and

1714 were located anteriorly. The average follow-up of teeth included

in the analysis was 297.7 ± 91.3 months (24.7 ± 7.6 years). A total of

425 teeth (11.2%) were lost throughout the follow-up period;

of these, 179 (4.72%) were TLP. Characteristics of the patient sample

are given in Table 1.
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3.2 | Prognostic stratification of the different
prognostic systems

All the models accurately stratified teeth based on the risk of TLP as

shown in Table 2 and Figure 1. Of note, only the Fardal, Faggion,

Nunn, and Miller and McEntire (Fardal et al., 2004; Faggion

et al., 2007; Nunn et al., 2012; Miller et al., 2014) prognostic systems

showed a lack of statistical significance between severity categories.

These findings suggest that grouping multiple classes into a single

class may simplify a model in many cases without strongly affecting

its predictive capacity.

Noteworthy, the Faggion et al. score “7” had a hazard ratio

(HR) = 1587 (95% confidence interval [CI]: 270–9313) in the multi-

level univariate analysis and an HR = 40 (95% CI: 7.38–219) in the

multi-level multivariate analysis (Faggion et al., 2007) (Table 2). It is

important to note that the hazard ratios in Table 2 are reported only

to show the results of the models, and should not be used to draw

conclusion regarding the magnitude of effects since they are charac-

terized by low power (Rulli et al., 2018).

3.3 | Comparison of the prognostic performance of
different systems

Prognostic performance was evaluated by analysing the overall per-

formance and model fit of univariate and multivariate multi-level Cox

regression frailty models (Table 3). A higher Harrell's C-index and

Royston's D-index in conjunction with lower AIC and BIC was indica-

tive of a better prognostic performance.

As shown in Table 3, all prognostic systems had excellent

model performance, with a Harrell's C-index score ranging from

0.925 to 0.949. The Miller and McEntire model seemed to show

the best values for model performance and model fit after both

univariate and multivariate analysis, followed by the Nunn and

Avila models. Multivariate analysis at the tooth level indicated

that the number of SPT visits influenced the survival of periodon-

tally affected teeth, as the multivariate analysis showed better

values for both overall performance and model fit for all prognos-

tic systems (Table 3).

The same prognostic performance analysis was done using overall

tooth loss (OTL) instead of TLP to determine whether OTL could be

used as an alternative measure in similar studies. The results showed

that the prognostic performance of all systems was significantly

impaired when analyses were conducted with OTL instead of TLP in

terms of overall performance and model fit for both univariate and

multivariate multi-level Cox regression frailty models (Table S2).

However, as previously reported, the Miller and McEntire model

(11 classes) showed a lack of statistical significance between different

disease severity classes; for this reason, we tried collapsing the num-

ber of classes in the Miller and McEntire model from 11 to 3 to evalu-

ate the prognostic performance of a simplified version. The simplified

model showed good values for overall prognostic performance

(Table S3). To overcome the contrast between different classes in

each predictor system by comparing HR, an RMST analysis was added

for the comparison with the reference class in the univariate analysis

(Table S4).

4 | DISCUSSION

Although the compared prognostic systems were originally designed

to predict periodontal tooth condition/survival, these systems have

seldom been externally validated in the literature (Steyerberg &

Harrell, 2016). The present study evaluated the accuracy of 10 differ-

ent tooth-level prognostic systems for the prediction of TLP in a sam-

ple of 3787 teeth in 148 periodontitis patients, with a 26.5 ± 7.4-year

followed-up period. Our results showed that all included systems

accurately stratified teeth based on the risk of TLP at baseline when

different classes of association were compared. Moreover, most of

the classes of all prognostic systems showed statistically significant

inter-class differences. That is, in most prognostic systems, the more

severe classes were associated with a higher risk of TLP (Table 2).

When the prognostic performance of all systems was compared, the

Miller and McEntire system (Miller et al., 2014) seemed to show

the best values for model performance and fit after both univariate

and multivariate analysis, followed by the Nunn et al. model (Nunn

et al., 2012).

The Miller & McEntire system was created retrospectively by

learning patterns from the authors' own private practice data. Miller

et al. initially assigned their scores to prognostic factors specific to a

tooth type (molar teeth) to derive a quantitative scoring system (Miller

et al., 2014). The authors constructed a tooth survival model which

showed a 38% increase in the risk of tooth loss with each unit

increase in the Miller and McEntire prognostic index (Miller

et al., 2014). The present study used this system for both molar and

non-molar teeth; the validity of this approach was endorsed through

personal communication with the author himself. The present analysis

externally validated that the Miller and McEntire system may have the

highest predictive capacity, which showed the best values in terms of

model performance and fit after both univariate and multivariate

TABLE 1 Patient characteristics and patient-related parameters
of the included sample

Demographic data and patient-related parameters

N (subjects) 148

N (female) 80

N (male) 68

Age (years) 46.49 ± 11.53

Follow-up (months) 318.7 ± 89.5

Number of teeth at T0 3787

Number of maxillary teeth at T0 1886

Number of mandibular teeth at T0 1901

Number of posterior teeth 2073

Number of anterior teeth 1714
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TABLE 2 Univariate and multivariate risk stratification performed for periodontal-related tooth loss using multi-level Cox regression frailty
models

Multi-level univariate analysis Multi-level multivariate analysis

Variables HR 95% (CI) p-Value HR 95% (CI) p-Value

Fardal et al. (2004) 1 (Ref) Good 1.00 — 1.00 —

2 Uncertain 3.24 (2.02–5.18) .001* 1.35 (0.81–2.24) .249

3 Poor 7.82 (3.85–15.90) .000* 4.07 (1.80–9.19) .000*

4 Hopeless 26.41 (4.62–151.0) .000* 20.05 (3.17–126.9) .000*

Becker et al. (1984) 1 (Ref) Good 1.00 — 1.00 —

2 Questionable 4.90 (3.04–7.89) .001* 3.90 (2.36–6.45) .000*

3 Hopeless 117.46 (29.6–462) .001* 6.62 (2.19–20.1) .001*

Grant et al. (1979) 1 (Ref) Good 1.00 — 1.00 —

2 Fair 1.32 (1.07–1.86) .000* 1.50 (1.12–2.18) .000*

3 Questionable 3.88 (1.46–8.59) .000* 3.65 (1.68–6.42) .000*

4 poor 14.9 (2.66–69.24) .000* 16.1 (4.28–87.4) .000*

Checchi et al. (2002) 1 (Ref) Good 1.00 — 1.00 —

2 Questionable 5.49 (3.54–8.51) .000* 2.77 (1.73–4.43) .000*

3 Hopeless 38.66 (11.2–133.9) .000* 8.16 (2.35–28.4) .001*

Faggion et al. (2007)a 1 (Ref) ≥90% 1.00 — 1.00 —

2 80%–90% 1.84 (0.97–3.50) .061 1.44 (0.72–2.89) .306

3 70%–79% 5.05 (2.15–11.86) .000* 2.69 (1.10–6.56) .029*

4 60%–69% 9.68 (3.84–24.36) .000* 9.16 (3.21–26.17) .000*

5 50%–59% 25.95 (9.94–67.7) .000* 10.9 (3.76–31.85) .000*

6 40%–49% 151.9 (14.3–1608) .000* 23.8 (2.14–265) .010*

7 30%–39% 1587 (270–9313) .000* 40.27 (7.38–219) .000

McGuire (1991) 1 (Ref) Good 1.00 — 1.00 —

2 Fair 2.50 (1.61–3.89) .000 1.58 (0.70–4.28) .069*

3 Poor 5.90 (3.30–10.55) .000* 2.74 (1.42–5.28) .003*

4 Questionable 27.3 (14.4–52.1) .000* 12.1 (5.78–25.5) .000*

5 Hopeless 66.6 (15.3–290) .000* 17.9 (4.2–76.5) .000*

Kwok and Caton (2007) 1 (Ref) Favourable 1.00 — 1.00 —

2 Questionable 3.58 (2.15–5.94) .000* 2.07 (1.20–3.55) .009*

3 Unfavourable 16.59 (9.3–26.7) .000* 8.81 (4.58–16.97) .000*

4 Hopeless 43.86 (10.3–187) .000* 16.6 (4.05–68.5) .000*

Avila et al. (2007) 1 (Ref) Long-term maintenance favourable 1.00 — 1.00 —

2 Proceed with caution 4.85 (3.07–7.67) .000* 2.69 (1.61–4.47) .000*

3 Long-term survival unfavourable 18.4 (8.53–39.7) .000* 8.83 (3.78–20.6) .000*

Nunn et al. (2012) 1 (Ref) Good 1.00 — 1.00 —

2 Fair 2.52 (1.62–3.92) .000* 1.66 (0.99–2.78) .051

3 Poor 6.44 (3.56–11.65) .000* 2.73 (1.41–5.32) .000*

4 Questionable 23.3 (11.8–45.9) .000* 10.7 (4.94–23.1) .000*

5 Hopeless 56.3 (18.3–173) .000* 19.5 (6.1–63.2) .000*

Miller et al. (2014)b 1 (Ref) 98% 1.00 — 1.00 —

2 97% 1.61 (0.50–5.14) .425 0.86 (0.23–3.19) .822

3 96% 3.47 (1.09–11.02) .035* 1.34 (0.36–4.95) .662

4 95% 9.24 (2.97–28.7) .000* 4.35 (1.21–15.6) .024*

5 93% 8.37 (2.56–27.3) .000* 3.19 (0.84–12.2) .088

6 90% 20.3 (6.19–66.5) .000* 8.21 (2.18–3.85) .002*

(Continues)
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analysis. A key feature of the Miller and McEntire prognostic system that

may have contributed to its superior predictive capacity was the high

emphasis placed on systemic factors. The highest score that a tooth could

get based on this systemwas 20 points, and almost half of these (9 points)

were dedicated to systemic factors (age, smoking, and diabetic status)

(Levine & Miller, 2020). As stated before, with the exception of a single

class in the Fardal, Faggion, and Nunn articles (Nunn, 2003; Fardal

et al., 2004; Faggion et al., 2007), and 3/11 classes for the Miller and

McEntire system (Miller et al., 2014), all prognostic systems showed sta-

tistically significant inter-class differences. Since the Miller and McEntire

model involves 11 classes, we also modified the model by condensing the

number of classes from 11 to 3. Interestingly, the abridged model still

showed better overall prognostic performance than the other systems

(except for the original Miller and McEntire system) (Table S2).

Faggion et al. (2007) used diabetes mellitus as one of three main

parameters (in addition to tooth mobility and percentage of remaining

alveolar bone height) to evaluate the risk of TLP. It is worth mention-

ing that this system showed the greatest difference between its low-

est and highest prognostic classes (Table 2). The third included system

that took systemic conditions into consideration was the Kwok and

Caton system (Nguyen et al., 2020). This system proposed four prog-

nostic categories based on the likelihood of controlling contributing

local and systemic factors during treatment. The chief merit of this

system was its ease of use, involving clinical judgement over evalua-

tion of surrogate end points. The present data demonstrated that this

ease of use can act like a double-edged sword. Although identifying

the role of a particular risk factor/indicator is crucial, if the magnitude

of that particular factor is not quantified and is instead left to

TABLE 2 (Continued)

Multi-level univariate analysis Multi-level multivariate analysis

Variables HR 95% (CI) p-Value HR 95% (CI) p-Value

7 86% 43.5 (12.9–147.6) .000* 9.49 (2.34–38.44) .002*

8 81% 68.4 (17.6–266) .000* 11.7 (2.51–207) .000*

9 75% 34.9 (6.6–184.0) .000* 34.2 (6.2–222) .000*

10 67% 110.6 (20.5–598) .000* 37.2 (6.21–222) .000*

11 53% 37.1 (3.53–388) .003* 25.1 (2.1–303) .011*

aThe score denotes a projected 11-year tooth survival rate. The system also has a score of 8 (20%–29%), and 9 (≤20%). The present patient cohort

included no teeth with such disease severity.
bThe score of each class in % denotes the projected 15-year tooth survival rate.

*Statistically significant difference.

F IGURE 1 Survival curves based on the multi-level multivariate Cox regression analysis
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subjective assessment, this may result in inaccurate risk allocation. It

was demonstrated that even for expert clinicians, subjectively gener-

ated risk assessment may result in categorical mis-arrangement com-

pared to relatively more objective risk assessment approaches

(Persson et al., 2003).

McGuire's prognostic system has previously been validated; the

authors found the system classes to be accurate for the good and

hopeless categories, with low predictive accuracy for the poor

and questionable categories (McGuire & Nunn, 1996). Numerous pre-

vious tooth-level prognostic validation studies achieved less than ideal

results (Schwendicke et al., 2018). This can be attributed to three main

reasons regarding the study design. The first is using OTL to validate

prognostic systems that were intended to predict TLP. The key criteria

for TLP (i.e., bone loss severity, residual PD ≥5 mm, smoking, and lack

of compliance) have been found to be inconsistent with risk of OTL

(Chambrone et al., 2010; Helal et al., 2019). OTL was found to include

TLP plus 35%–80% TL from other reasons (i.e., fractures, caries, end-

odontic failure, and strategic extractions) (Al-Shammari et al., 2005;

Chambrone et al., 2010). Ravida et al. (2020) demonstrated in a long-

term retrospective study that patient-level risk assessment was actu-

ally prognostic for TLP but not OTL. Hence, the current study only

included TLP, as indicated in patient charts. Teeth that did not have a

stated reason for tooth extraction were excluded from the analysis.

Indeed, a separate analysis considering OTL done in the present study

showed that the prognostic performance of all systems was signifi-

cantly impaired when OTL was used instead of TLP in the analysis

(Table S3). The second reason was the lack of stringent inclusion

criteria for patient cohorts in addition to using TLO (e.g., including

both gingivitis and periodontitis patients) to validate prognostic sys-

tems tailored specifically for periodontitis patients (Nguyen

et al., 2020). On the contrary, the present investigation included only

treated periodontitis patients of different levels of disease severity.

The third reason is that previous validation studies had put major

emphasis on scrutinizing whether the initial assigned prognosis mat-

ched that of the follow-up (McGuire & Nunn, 1996; Nguyen

et al., 2020). While this may be desirable in the short term, it is irratio-

nal and unexpected in the long term. This is especially true when the

most categorical shifts occur towards a more positive prognosis

(McGuire & Nunn, 1996). Also, longitudinal studies have shown that

successful regenerative therapies can improve the prognosis of hope-

less teeth which would otherwise be extracted (Cortellini et al., 2020).

Our approach was certainly not free from limitations. Indeed, the

decision for tooth extraction (especially due to periodontal reasons)

varies from one clinician to another, depending on their background,

clinical judgement, and, in some instances, patient-related factors.

Additionally, though our sample included 3787 teeth, some of the

classes in particular systems were not at all examined. For example,

the Faggion et al. system also had a score of 8 and 9, and our study

sample did not have any teeth with such disease severity (Faggion

et al., 2007). An additional limitation of this study is the absence of an

a priori calculation of the sample size. This is due to the fact that this

study was not carried out using a prospective cohort of participants;

the available sample size was pre-determined. Inclusion of data over a

long time period could have also led to systematic bias caused by

alternating views on saving a tooth versus implant placement. A

10-year follow-up threshold also may have led to selection bias,

though this study set the limit of ≥10 years of regular SPT as a crite-

rion for inclusion to ensure that an effect from TLP could be demon-

strated, given the very slow pattern of periodontitis progression.

It was presumed that an ideal periodontal prognostic system was

one that had clear stratifications between each category and could accu-

rately predict the outcome of a tooth after short (<5 years) and long

(≥5 years) time periods (Kwok & Caton, 2007). The present study has

followed the involved teeth for a mean of 26.5 years and up to 48 years

TABLE 3 Periodontal-related tooth loss

Multi-level univariate Cox regression frailty models Multi-level multivariate Cox regression frailty models

Prognosis system
Harrell's
C-index

Royston's
D-index

Akaike's
information
criterion

Bayesian
information
criterion

Harrell's
C-index

Royston's
D-index

Akaike's
information
criterion

Bayesian
information
criterion

Fardal et al. (2004) 0.671 1.165 2586 2592 0.925 6.303 1913 1938

Becker et al. (1984) 0.615 1.404 2560 2566 0.927 6.333 1899 1924

Grant et al. (1979) 0.641 1.454 2567 2573 0.928 6.481 1902 1927

Checchi et al. (2002) 0.639 1.486 2504 2510 0.926 6.218 1864 1889

Faggion et al. (2007) 0.613 1.336 2483 2490 0.929 6.526 1844 1869

McGuire (1991) 0.696 1.587 2444 2450 0.931 6.617 1824 1849

Kwok and Caton (2007) 0.696 1.587 2444 2450 0.931 6.617 1824 1849

Avila et al. (2009) 0.640 1.464 2492 2498 0.928 6.353 1848 1873

Nunn et al. (2012) 0.695 1.600 2456 2462 0.932 6.584 1835 1860

Miller et al. (2014) 0.770 1.853 2266 2272 0.949 6.581 1690 1714

Note: Comparison of model risk stratification performance using measurements of model fit (Akaike's information criterion and Bayesian information

criterion); and prognostic discrimination (Harrell's C-index and Royston's D-index). The higher the Harrell's C-index and Royston's D-index and the lower

the AIC and BIC, the better the performance of the prognostic model.
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and found the rate of TLP in this maintained population to be 4.72%.

Though only one system, the Miller and McEntire (Miller et al., 2014), pro-

vided a long-term periodontal prediction of 15 and 30 years based on the

score each tooth gained after being assessed, a better approach would be

signifying short-term TLP as <10 years and long-term TLP as >10 years.

This is especially true with dental implants demonstrating a high success

rate of 97% and 75% over 10 and 20 years (Chappuis et al., 2013). Even-

tually, these systems are meant to be used for providing patients realistic

and evidence-based expectations (AAP, 2008).

The frequency of SPT visits and strong compliance with oral

hygiene recommendations have a significant impact on tooth mortality

from a periodontal perspective (Becker et al., 1984). The present patient

population had different levels of periodontitis severity. Patients were

thus given individualized SPT schedules based on their case-specific dis-

ease severity. Subsequently, patients with mild forms of periodontitis or

with stable periodontal conditions likely attended only one or two times

per year, and others with more advanced forms of disease likely

attended more frequently. As a result, the association between TLP and

the prescribed maintenance protocol could not be investigated for each

prognosis system in the current investigation, as the maintenance pro-

tocol was likely heavily influenced by the perceived prognosis.

5 | CONCLUSION

All tooth-level prognostic systems displayed very good predictive capa-

bility for TLP. Controlling for maintenance demonstrated an increase in

the predictive ability, with no system scoring less than 0.925 accuracy.

Overall, the Miller and McEntire system (Miller et al., 2014) may be con-

sidered to show the best discrimination between classes and model fit,

followed by the Nunn et al. system (Nunn et al., 2012).
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