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Abstract
Background:Unsupervised clustering is a method used to identify heterogene-
ity among groups and homogeneity within a group of patients. Without a pre-
specified outcome entry, the resulting model deciphers patterns that may not be
disclosed using traditional methods. This is the first time such clustering anal-
ysis is applied in identifying unique subgroups at high risk for periodontitis in
NationalHealth andNutritionExamination Surveys (NHANES 2009 to 2014 data
sets using >500 variables.
Methods: Questionnaire, examination, and laboratory data (33 tables) for
>1,000 variables were merged from 14,072 respondents who underwent clinical
periodontal examination. Participants with ≥6 teeth and available data for all
selected categories were included (N= 1,222). Data wrangling produced 519 vari-
ables. k-means/modes clustering (k = 2:14) was deployed. The optimal k-value
was determined through the elbowmethod, formula=∑ (xi2) – ((∑ xi)2 /n). The
5-cluster model showing the highest variability (63.08%) was selected. The 2012
Centers for Disease Control and Prevention/American Academy of Periodontol-
ogy (AAP) and 2018 European Federation of Periodontology/AAP periodontitis
case definitions were applied.
Results: Cluster 1 (n = 249) showed the highest prevalence of severe peri-
odontitis (43%); 39% self-reported “fair” general health; 55% had household
income <$35,000/year; and 48% were current smokers. Cluster 2 (n = 154) had
one participant with periodontitis. Cluster 3 (n = 242) represented the greatest
prevalence of moderate periodontitis (53%). In Cluster 4 (n = 35) only one par-
ticipant had no periodontitis. Cluster 5 (n = 542) was the systemically healthiest
with 77% having no/mild periodontitis.
Conclusion: Clustering of NHANES demographic, systemic health, and socioe-
conomic data effectively identifies characteristics that are statistically signifi-
cantly related to periodontitis status and hence detects subpopulations at high
risk for periodontitis without costly clinical examinations.
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1 INTRODUCTION

Chronic periodontitis, a microbe-initiated and host-
mediated inflammatory disease includes periodontal
attachment loss in susceptible individuals.1 The disease is
estimated to affect 42.2% of the dentateUS population aged
30 to 79 years2 with about 75% of seniors affected.3 Severe
periodontitis is the sixth most prevalent chronic disease
in the world4 affecting 11% of adults.2,4 Periodontitis is a
major cause of tooth loss and is linkedwithmultiple health
determinants, such as medical conditions (hypertension,
atherosclerosis, diabetes mellitus (DM), obesity, other
inflammatory diseases), physiological, dental, dietary,
behavioral, socioeconomic, and environmental factors,5–10
some of which are reciprocal.6,11,12 Because periodontitis
can be prevented, treated, or managed, it is imperative
to identify high-risk population groups for prevention,
improved clinical management, and administration of
public health interventions.13,14
Decreasing the proportion of adults with moderate-to-

severe periodontitis remains an objective of Healthy Peo-
ple 2030.15 The National Health and Nutrition Exam-
ination Surveys (NHANES) conducted by the National
Center forOralHealth Statistics (NCHS) ofCenters forDis-
ease Control and Prevention (CDC) collect data for pop-
ulation based-surveillance of health and disease among
nationally representative population samples in theUnited
States. For the first time, the protocols for the three 2-
year cycles 2009 to 2010, 2011 to 2012, and 2013 to 2014
‒ hereafter collectively referred to as “NHANES 2009
to 2014”‒included a full-mouth periodontal examination
(FMPE) at six sites around all non-third molar teeth2 as
well as survey items for self-report of periodontitis. Both
the probing depth (PD) and the distance from the peri-
odontal margin to the cemento-enamel junction (CEJ)
were recorded in millimeters. The resulting data set was
selected for our study becauseNHANESprotocols have not
included clinical assessment of periodontal health since
2014.
Therefore, this publically accessible repository is valu-

able for exploring factors potentially intertwined with
periodontitis. Data mining is applied to extract “useful”
knowledge from large data sets. This process allows
for deciphering meaning through data processing and
analysis.16,17
The objective of this study was to explore the feasibility

of applying data-driven approaches to identify unique sub-
groups with periodontitis by investigating >500 variables
in the NHANES 2009 to 2014 data set related to periodon-
tal clinical parameters and self-reported periodontitis, in
the presence of health-related and socioeconomic factors.
Income, education, age, sex, and poverty have previously
been investigated andwere found to be implicatedwith the

prevalence of periodontitis.30,31 Therefore, it is imperative
to assess periodontitis in that context.
Cluster analysis was used to reveal class similarities,

while maximizing heterogeneity among groups. In health-
care, clustering can help identify participants and groups
most in need of targeted interventions.18,19 This approach
can serve to supplement “clinical judgement” by tak-
ing into perspective several variables commonly collected
for recording in medical charts, but routinely limited to
individual interpretation by the medical provider, which
invariably could result in biased interpretation depend-
ing on provider factors. In contrast, a more automated
and consistent way of handling such data could result in
individualizing risk assessment and subsequent potential
intervention. The “k-means” clustering is a method that
uses vector quantization for grouping elements. It is an
unsupervised algorithm that creates inferences from big
data sets using only input variables without referring to
pre-defined outcomes. The “k-modes” is an extension of
k-means that instead of vectors and distances uses dis-
similarities to cluster (or group) observations. There is no
prior knowledge of the resulting groups; and therefore, k-
means/k-modes enable grouping of observations by peri-
odontitis categories, based on all aforementioned variables
into distinct categories.

2 MATERIALS ANDMETHODS

2.1 Data collection: NHANES

NHANES was conducted in agreement with the Helsinki
Declaration of 1975,20 as most recently revised in 2013.21
NHANES are cross-sectional in design, based on multi-
stage stratification, and clustering of the US civilian, non-
institutionalized population. The CDC’s National Cen-
ter for Health Statistics Ethics Review Board approved
the oral health data collection protocols, and all survey
participants provided written informed consent.22 Mobile
examination centers that contained space for clinical
examinations, sampling of body fluids, blood pressure
measurement, and interviews were used.

2.2 Data extraction, inclusion, and
exclusion criteria

This report follows strengthening the reporting of observa-
tional studies in epidemiology (STROBE) guidelines.23
The data analyzed are publically available, so no

approval from any institutional review board was needed.
Each participant’s barcode corresponded to a

unique “Sequence ID.” Participants eligible for clinical
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F IGURE 1 Study participant selection from the three 2-year National Health and Nutrition Examination Survey cycles 2009 to 2010,
2011 to 2012, and 2013 to 2014 (“NHANES 2009 to 2014”)
Note. DM, diabetes; N/n, number; SQL, structured query language (a programming language)

periodontal examination included those who 1) under-
went medical history screening, 2) were aged 30 to 79
years, 3) had natural teeth, 4) were not in need of prophy-
lactic antibiotics, and 5) provided informed consent for
the oral examination. Examiners were calibrated dental
hygienists (2009 to 2010) or dentists (2011 to 2014). Clinical
measurements were performed as described in Methods
S1A in online Journal of Periodontology (JOP). A total
number of 14,072 IDs were marked as records (2009 to
2014). Thirty-three tables were selected from NHANES
2009 to 2014 l aboratory, questionnaire, and clinical
data related to subjects’ behavior, systemic condition(s),
demographic, socioeconomic statuses, and oral health,
based on previously identified periodontitis risk factors.1,5
Variables pertaining to periodontal health status, cardio-
vascular status, smoking, DM, obesity, arthritis, and habits
were selected. Data on demographic and socioeconomic
status were collected. For systemic conditions, clinical,
self-reported as well as laboratory data were used for a
more comprehensive overall evaluation.
Participants whose data were excluded were those who

had <6 natural teeth (to ensure adequate representation
of dentition), or had data missing in any of the 33 merged
data tables, including periodontal examination data. The
selection process for inclusion in our study is presented in
Figure 1.

2.3 Application of periodontitis case
definitions

Clinical attachment loss (AL) was calculated as the dif-
ference between PD and CEJ. The 2012 CDC/American
Academy of Periodontology (AAP) periodontitis case def-
initions were applied to categorize participants with no,
mild, moderate, or severe periodontitis,24 respectively
(Methods S1B in online JOP). Categorization into the group
with severe periodontitis required ≥2 interproximal sites
with clinical AL ≥6 mm (not on same tooth) and ≥1 inter-
proximal site with PD ≥5 mm.24
Moreover, the European Federation of Periodontology

(EFP)/AAP 2018 periodontitis classifications were applied
to the best of our ability, given the availability of relevant
data.1 The disease stage was assigned to each participant
based on clinical AL at 6 sites/tooth to differentiate Stage I
[1 to 2mm], II [3 to 4mm], and III/IV [≥5mm]; PD in Stage
I [≤4mm], Stage II [≤5mm], and Stage III and IV [≥6mm]).
Participants could not be classified as either Stage III or
Stage IV because the reason behind tooth loss was not
included in theNHANESdata set. No radiographic images,
or information regarding factors pertaining to local peri-
odontitis complexity were available in this data set. Conse-
quently, an attempt to apply the 2018 EFP/AAP case defi-
nitions was made with major limitations, such as staging
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severity being assessed based on only interproximal clini-
cal AL.
For grading, only data on the grade modifiers DM (“gly-

cated hemoglobin A1c” and “DM diagnosis”) and smok-
ing (“daily smokers”) were available. Methods S1B and
Table S1 in online JOP provide a detailed overview ofwhich
data necessary for correct allocation of the EFP/AAP clas-
sification are available.

2.4 Data analysis

The selected data tables were merged for analysis (see
Methods S1A in online JOP). Columns with a majority
of “null”/undefined values were not included in training
the model. Out of >1,000 variables, 519 were included in
the cluster analysis. As mentioned, k-modes, a variation
of k-means, was used for clustering, whereby participants
are grouped into a specified number (k) of clusters.25 Off-
the-shelf R libraries were used for clustering. The elbow
method simulated k-means clustering for values from 2 to
14 (k = 2:14). For each k, a score was computed using the
total within-cluster simple matching distance, namely the
sum of squared estimate of errors (SSE) via the following
formula:

SSE =

𝑛∑

𝑛=1

(
x2
1

)
−
∑𝑛

𝑛=1
(x𝑖)

2
∕𝑛,

where xi is the i’th (sample) value of variable x and n the
number of observations (participants), to interpret how
well different k-values and their corresponding models fit
the data. These results were plotted in an elbow diagram
(see Figure S1 in online JOP). The selected number of clus-
ters (k = 5) yielded a small SSE. SSE tends to decrease
toward 0 as k increases. The value of the sum of squares
error is zero (SSE = 0) when k = number of data points
in the data set where each data point is its own cluster.
The goal was to select a small value of k that still had a
low SSE. The model learns patterns in the data set and
allocates each participant to exactly one cluster. Because
of the high number of variables, visual assessment of het-
erogeneity of clusters in 3 dimensions (x-, y-, z-axes) was a
challenge (see Figure S2 in online JOP). Validation of the
model relied on inter-class variability (63.08%) and post-
scoring analysis. Based on oral variables included in clus-
tering, principal component analysis (PCA)was conducted
to reduce the dimensions, accounting only for the greatest
variance/variability.
The unsupervised method of clustering was exe-

cuted prior to any determination of values,’ thresh-
olds, and application of either periodontal classification.
For included variables (>500) and analysis of clusters’ out-

come, cutoff values used for demographic and socioeco-
nomic factors were those originally used in the NHANES
data set and medical thresholds were defined based on
standard national health values, such as those determined
by the American Diabetes Association for (HbA1c).26
In an attempt to further assess the identified out-

come systemic factors related to periodontal health, mul-
tivariance analysis was conducted using obesity, smok-
ing, and DM as examples. These variables were: 1) body
mass index (BMI), 2) smoking, 3) systolic and diastolic
blood pressure, 4) pre-DM/DM, and 5) elevated cholesterol
levels.
Different forms of bias were mitigated. Confirmation

bias, for example, was dealt with by assigning equal
weights to all variables entered into themodel. Other forms
of bias are discussed later.

2.4.1 Model validity evaluation

To further evaluate the model, we conducted a complete
second execution of clustering, including re-training and
re-scoring. The second run used a subset of the variables:
age, sex, income, and education, as well as smoker/non-
smoker, number of cigarettes smoked daily, and HbA1c
level, along with clinical periodontal data; that is, vari-
ables that are agreed upon in the literature as correlated to
periodontitis. As an outcome, Cluster 1 was distinct from
other clusters, as it had no severe, moderate, or mild peri-
odontitis. However, other clusters from the same perspec-
tive were not clearly distinct (i.e., their inter-cluster val-
ues were high resulting in an overlap between the clusters;
or clusters included a small number of participants). Such
outcomes mean that variables passed to the model are not
sufficient for it to identify unique patterns in all clusters.
This was not a surprise because it is known that unsuper-
vised models require big data, namely more than included
in this second re-run. Accordingly, the first execution was
deemedmore successful because it is more reasonable and
includes all variables.

3 RESULTS

From the initially identified 14,072 participants with peri-
odontal data, a total of 1,222 were included in our analyses
(Fig. 1). All had participated in the 2013 to 2014 cycle.

3.1 Allocation to the five clusters

The 1,222 included participants were allocated by the
model to exactly 1 of 5 clusters, resulting in the following
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cluster sizes: Cluster 1 (n= 249), Cluster 2 (n= 154), Cluster
3 (n = 242), Cluster 4 (n = 35), and Cluster 5 (n = 542).

3.2 Categories of periodontitis in the
five clusters

Themodel resulted in grouping participantswith the great-
est proportion of no periodontitis in Cluster 2, mild peri-
odontitis in Cluster 5, moderate periodontitis in Cluster 3
followed by Cluster 4, and severe periodontitis in Cluster 1
(Table 1). The proportionwith total or any (mild,moderate,
or severe) periodontitis in Cluster1 was 65.0%, namely 6.0%
mild, 16 .1% moderate, and 43% severe periodontitis, leav-
ing about one-third (34.9%) with no periodontitis. The cor-
responding results in Cluster 5 were 78.7% with total peri-
odontitis (55.5% mild, 20.9% moderate, and 2.3% severe),
leaving about one-fifth (21.3%) with no periodontitis. In
reference to all other included variables, Figures 2A and
2B and Figure S3A through S3C in online JOP display the
top influential variables, arranged in order of magnitude
per cluster.

3.3 Demographic and socioeconomic
factors

The non-HispanicWhite race/ethnic group prevailed in all
clusters, followed by non-Hispanic Black group in Clus-
ters 1, 2, and 3. The sex distribution was about even, except
in Cluster 4 in which males constituted >70% (71.42%)
(see Table S2 in online JOP). In Clusters 1 through 4,
>40% reported annual family income of <$35,000 US dol-
lars (USD). Only in Cluster 5, the majority of participants
earned between $35,000USDand $99,999USD. Two-thirds
of Cluster 1 had attained high school or less education
versus half in Cluster 5. The most prevalent age group in
all clusters was 50 to 69 years, most explicitly in Cluster
1 (71.08%), where age 50 to 69 years was the eighth most
influential variable (Fig. 2A).

3.4 Periodontal status, oral health, and
recommendations of care

Cluster 1 followed by Cluster 4 contained the greatest pro-
portions of participants with severe periodontitis; shown
in Table 2. In accordance with EFP/AAP case definitions,
this group also showed the greatest prevalence of Stage
IV periodontitis (52%) (Fig. 3). In Cluster 1, 109 of identi-
fied smokers had periodontitis and were classified within
good, fair, and poor general self-reported general health.
A large subset of the same group (80 participants) had sev-

eral decayed teeth. This group also had the greatest propor-
tion of grade C risk modifiers (17%), based on the number
of cigarettes smoked daily and the HbA1c level. One par-
ticipant in Cluster 2 had periodontitis (45-year-old female,
multiple sites with clinical AL ≥4 mm, anti-hypertensive
medication, and smoked>10 cigarettes a day), and 93%had
Stage I periodontitis.
More than half (53%) of Cluster 3 had moderate peri-

odontitis and 75% responded “Yes” to the question, “Do
you think you might have gum disease?” In Clusters 3 and
4, 98% had some form of periodontitis, that is total peri-
odontitis. Additionally, Cluster 4 had the greatest propor-
tion of Stage III periodontitis (83%) followed by Cluster 3
(58%). Finally, 77% of Cluster 5 had only no or mild peri-
odontitis. Three-quarters (76%) of these subjects had Stage
II periodontitis.
Risk modifiers were included in grading. Participants

were categorized by either DM together with number of
cigarettes or DM exclusively, depending on data availabil-
ity. Only 2.6% of all participants could not be graded by
either factor. Of 985 subjects considered as Grade A, 461
subjects were determined by both modifiers and 524 only
by diabetes variables.
Furthermore, a total of 85% of participants in Cluster 4

were thought to have oral hygiene issues, followed by 65%
in Cluster 3 and 45% in Cluster 1. Interestingly, while>40%
in Clusters 3 and 4 had decayed teeth, 82% in Cluster 5 had
none. Additionally, Cluster 4 contained the greatest pro-
portion (46%) advised to see a dentist either immediately
due to acute injuries or within 2 weeks of examination due
to “chronic pain, gum issues, or for counseling.”
The scatterplot in Figure 4 represents the 5-cluster

model derived by the PCA based on dental and care rec-
ommendation variables. It showshomogeneity andhetero-
geneity among individuals in the same cluster and between
clusters.

3.5 Chronic conditions

DM, coronary heart disease, rheumatoid arthritis (RA),
and hypercholesterolemia were among the most alternat-
ing conditions among clusters.Of all included participants,
13% had DM (HbA1c ≥6.5%). Among those with DM, ele-
vated fasting blood glucose level (>100 mg/dL) was found
in >65% of Clusters 1 and 4. Nearly 1 in 10 (8.6%) of those
suffering from DM had HbA1c levels of >7%, that are
uncontrolled DM. The greatest proportions of them (15%)
were found in Clusters 1 and 4. Moreover, 40% of Cluster
1 had pre-DM defined as HbA1c between 5.7% and 6.4%
(Fig. 2A; Table S3 in online JOP). Interestingly, partici-
pants in Clusters 2 and 3 showed similar proportions of
pre-DM according to HbA1c but not to the 2-hour glucose
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TABLE 1 Proportions of participants within the top influential variables sorted from the highest (green) to the lowest (red) value
(Heatmap) displayed in descending order according to Cluster 1‒National Health and Nutrition Examination Survey (NHANES) 2013 to 2014
(N = 1,222).*

Diabetes related variables Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Do not take insulin 91.2% 94.2% 94.6% 97.1% 100.0%

Fasting blood glucose ≥100 mg/dL 65.5% 54.5% 63.2% 65.7% 49.6%

Answered “No” to DM 57.0% 50.0% 55.8% 60.0% 53.5%

OGTT <140 52.2% 44.8% 52.5% 51.4% 64.9%

Close relatives with DM 43.0% 50.0% 44.2% 40.0% 46.7%

HbA1c - 5.7-6.4% 41.4% 33.8% 37.6% 20.0% 27.7%

HbA1c - ≤ 5.6% 39.4% 50.0% 43.0% 62.8% 64.5%

OGTT >200 mg/dL 32.5% 3.3% 5.4% 2.8% 4.6%

Officially diagnosed with DM 20.9% 20.1% 19.4% 17.1% 10.3%

On diabetic pills 14.1% 14.9% 15.7% 14.3% 8.1%

OGTT - 140-200 mg/dL 11.6% 14.9% 18.6% 20.0% 19.2%

HbA1c - >8% 10.0% 7.1% 5.8% 8.6% 2.6%

HbA1c  - 6.5-7% 4.0% 7.8% 8.2% 2.9% 3.5%

On insulin 8.8% 5.8% 5.4% 2.9% 0.0%

Reported complications (exl. retinopathy) 6.0% 3.9% 2.9% 5.7% 2.0%

HbA1c -7.1-8% 5.2% 1.30% 5.40% 5.70% 1.70%

Demographics Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

High school graduates or less 71.8% 48.7% 53.7% 54.2% 26.6%

Age 50-69 years 71.1% 68.8% 65.3% 48.6% 53.5%

Annual family income $0-$34,999 55.4% 46.8% 45.9% 43.7% 22.9%

Male Sex 52.2% 44.8% 49.6% 71.4% 44.8%

Non-Hispanic white 35.3% 39.0% 34.3% 14.3% 48.0%

Annual income $35,000-$99,999 32.5% 37.1% 39.7% 36.3% 41.7%

Female Sex 27.8% 55.1% 50.4% 28.5% 55.2%

Non-Hispanic Black 27.3% 26.0% 28.1% 14.3% 11.8%

Age 30-49 26.9% 22.7% 28.5% 42.9% 42.1%

Some college degree 20.1% 30.5% 28.9% 34.3% 31.4%

Mexican American 13.6% 12.3% 15.7% 25.7% 11.3%

Other Hispanic 13.6% 8.4% 8.7% 14.3% 9.4%

Other-multiracial 10.2% 14.3% 13.2% 31.4% 19.6%

College or above 8.0% 20.8% 17.4% 11.5% 42.1%

Annual family income ≥$100,000 6.0% 11.6% 11.6% 11.4% 32.8%

Age 70 -79 years 2.0% 4.6% 5.4% 5.7% 4.1%

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

65.0% 0.7% 98.8% 97.1% 78.7%

43.0% 0.7% 24.8% 31.4% 2.3%

34.9% 99.4% 1.2% 2.9% 21.3%

16.1% 0.0% 52.9% 51.4% 20.9%

6.0% 0.0% 21.1% 14.3% 55.5%

(Continues)
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TABLE 1 (Continued)

Oral health and 
e

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Gum disease 62.3% 8.4% 78.5% 40.0% 19.7%

62.3% 65.6% 89.7% 54.3% 98.2%

Decayed teeth 43.8% 20.1% 47.5% 45.7% 16.9%

Oral hygiene - Yes 53.4% 9.0% 64.5% 85.7% 21.4%

Do not floss 49.8% 53.0% 24.8% 57.2% 14.2%

30.1% 7.8% 9.9% 8.6% 0.4%

Flossing -(7days a week) 25.7% 22.1% 46.3% 25.7% 41.3%

Flossing -(1-4 days a week) 24.5% 24.9% 28.9% 17.1% 44.5%

Had treatment for gum disease 22.1% 22.7% 27.3% 22.9% 23.8%

immediate/urgent 21.3% 3.9% 10.3% 45.7% 1.8%

Told to have bone loss 18.8% 16.3% 20.3% 22.9% 9.2%

Habits
1) Smoking Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

At least 100 cigare�es a life 77.7% 55.8% 51.7% 45.7% 24.4%

Smokers at home - none 61.8% 66.8% 65.7% 99.0% 85.4%

48.2% 33.0% 43.4% 31.4% 12.5%

42.1% 58.0% 51.8% 60.0% 82.8%

Smokers at home 38.2% 33.2% 34.3% 1.0% 14.6%

Daily smokers 37.8% 25.3% 23.6% 28.6% 24.4%

7.4% 7.0% 2.8% 5.7% 3.3%

3.6% 2.0% 2.0% 2.9% 1.4%

2) Lifestyle Cluster1 Cluster2 Cluster3 Cluster4 Cluster5

Trying to control weight 63.5% 59.7% 70.2% 62.9% 66.8%

t 61.0% 53.2% 60.7% 60.0% 61.8%

59.8% 54.5% 57.8% 60.0% 66.7%

57.8% 55.2% 64.9% 48.6% 9.8%

3) Other Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Daily marijuana smokers 26.9% 13.0% 22.3% 17.1% 11.6%

Ever used meth/cocaine/heroin 21.3% 18.2% 18.6% 11.4% 11.8%

Answered “No” to meth/cocaine 15.2% 16.2% 4.4% 14.2% 6.5%

HbA1c, glycated hemoglobin; OGTT, 2-hour glucose tolerance test; SPF, socio-position factors.
*The table is arranged in ascending order of Cluster 1 and the total percentages per category add up to a 100%. For instance, the proportion with total periodontitis
in Cluster 1 is 65%, categorized as 43% severe, 16% moderate, 6% mild, and 34.9% no periodontitis (totaling 100% of 65%).

test or fasting blood glucose level (see Table S3 in online
JOP).
Regarding participants’ cardiovascular health status, the

majority in Cluster 1 took anti-hypertensive medications
and >60% had been told they had elevated blood pressure.
Having been told of having coronary heart disease repre-
sented about 10% in all groups and did not play a significant
role in characterizing clusters.
Most participants who had smoked ≥100 cigarettes in

their lifetime were grouped into Cluster 1. “Active smoker”
shown by >10 mg/dL cotinine in urine samples accounted

for >50% in Clusters 1 and 3. Current daily smokers con-
stituted 38% of Cluster 1, the greatest prevalence among all
clusters. The variable “smoked≥100 cigarettes in your life-
time” was largely representing past smokers in Cluster 2,
shown by cotinine levels <1 mg/dL, reflecting the lack of
active and environmental smoke exposure.
More than 80% in Cluster 5 fell within normal

range of laboratory testing for cotinine, and 85% stated
there were no smokers in the household. Low-density
lipoprotein (LDL) levels were highest in Cluster 4. Clus-
ters 1 and 4 featured the greatest proportions of individuals
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F IGURE 2 Top variables describing A) Cluster 1 (unhealthier) and B) Cluster 5 (healthier), variables arranged in descending order of
the greatest/right magnitude/influence to the lowest/left on grouping subjects within Cluster 1 (dark blue) and Cluster 5 (light blue),
respectively. The 2012 CDC/AAP periodontitis case definitions are applied.24 Please note, the corresponding graphs for Clusters 2, 3, and 4 are
displayed in supplementaryFigure S3. DBP, diastolic blood pressure

with elevated (>2.2 mmol/L) triglyceride levels, contribut-
ing to their poorer overall health status. Finally, one-third
of Cluster 1 members had been told they had RA.

3.6 Other health conditions and habits

InCluster 1, 39% assessed their general health as “fair,” 23%
had DM, almost half (48%) had elevated cotinine levels,
and 33% had elevated LDL levels. Clusters 3 and 4 showed
the greatest proportions rating their overall health condi-
tion “fair.” Cluster 5 included the healthiest members with
30% regarding their health “very good” (Fig. 2B, see Table
S3 in online JOP).
Obesity (BMI ≥30 kg/m2) was significant to grouping

participants and obese individuals constituted 35% of all
clusters. Additionally, Cluster 4 had the greatest propor-
tion of overweight people (25≤BMI< 30 kg/m2)withmore
than half (54%) affected. Multivariate analysis showed the

greatest F-values for BMI and cotinine, meaning their val-
ues were highly variable and contributed strongly to the
process of clustering (see Table S4 in online JOP).

4 DISCUSSION

Considering that our five clusters only include data from
1,222 of the participants in the 2013 to 2014 NHANES
cycle, our results regarding the prevalence of periodon-
titis defined by the CDC/AAP classifications,2 obesity,27
and DM are in line with the respective CDC findings.28
Results from glucose tolerance tests and the HbA1c levels
enabled detection of undiagnosed pre-DM as well as DM.
This finding could support advocating for action on iden-
tifying pre-DM and early detection of disease in the den-
tal care setting, especially for people who do not undergo
routine medical health checkup,29,30 but do visit a dental
office.
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F IGURE 2 Continued

Likewise, we confirm previous findings that show an
inverse relationship between prevalence of periodontitis
and socioeconomic status assessed by education attain-
ment and family income.31–34 This is evident in Clus-
ter 1, in which the majority of individuals had family
income >$35,000 USD and high school level of education
versus Cluster 5 where 40% had college education and one-
third had annual family income >$100,000 USD.
We applied the CDC/AAP periodontitis case definitions

because they were designed specifically for population
surveillance.24 When attempting to translate these case
definitions24 to the 2018 EFP/AAP classification,1 moder-
ate and severe periodontitis defined by the former aremost
likely of Stage III or IV. Our data show an overall preva-
lence of severe periodontitis of 15%, most prominent in
Cluster 1 that contains the greatest proportion of smokers.
Since the majority were current smokers, had severe peri-
odontitis, and had HbA1c levels ≥7%, they would poten-
tially exhibit rapid progression and hence be classified as
Grade C.1 Age groups >60 years (n= 329) showed a preva-
lence of 22.4% versus only 0.1% severe periodontitis cases
among 30- to 50-year-olds (n= 410). Previously, adults aged

≥65 years were estimated to have a 7-fold increased risk of
periodontitis compared with younger groups.3,37,38 While
Cluster 4 showed the second largest group of severe peri-
odontitis; it is likely due to oral hygiene issues as reported
by dental examiners.
Despite some overlap in demographic, socioeconomic,

and systemic conditions (e.g., obesity, pre-DM), Cluster 3
showed the greatest proportion with moderate periodonti-
tis, while Cluster 2 had almost nonewith any periodontitis.
This difference is likely due to oral hygiene issues, preva-
lent DM, and current smoking in Cluster 3.

4.1 Strengths

Because this study is the first of its kind, there are no prior
studies to which we can compare our results. Unsuper-
vised learningmodels are increasingly popular in precision
medicine. For example, this approach can help identify
homogeneous groups and result in deciphering stronger
associations between periodontitis and underlying risk
factors.39 We applied k-means clustering as such a model
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F IGURE 3 Distribution by cluster of periodontitis prevalence according to the 2012 CDC/AAP case definitions for no, mild, moderate,
and severe periodontitis24 and Stages I, II, and III/IV according to the 2018 EFP/AAP periodontitis classification.1 DBP, diastolic blood pressure

F IGURE 4 Principal component analysis scatterplot representation of the 5-cluster model based on periodontal health variables. The
2012 CDC/AAP periodontitis case definitions are applied.24 An R library (ggfortify) was used to consume the variables from the R engine and
illustrate the clusters in a colored scheme. For example, the figure shows that Cluster 1 (shaded blue) has the highest distribution among the
components space. Participants in Cluster 2 (green) are those most strongly associated with each other. Clusters 1 and 2 exhibit the furthest
association in periodontal terms (most different). Clusters 2 and 5 (orange) are the periodontally closest (most similar) with >99% having no
periodontitis in Cluster 2 and 77% having no or mild periodontitis in Cluster 5. Clusters 3 and 4 are intermediary to Cluster 1 and 5
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that groups participants into distinct categories based on
periodontal variables with no pre-determined outcomes
assigned. We showed that cluster models indeed can help
identify population groups at high risk for periodontitis
and hope that this common disease thereby can be better
prevented, identified, treated, or managed.
To the best of our knowledge, this is the first compre-

hensive model built via exploring a large, nationally repre-
sentative database with >1,000 original variables to group
periodontally examined participants.
Our comprehensive data set was extracted from the

NHANES data collected on many periodontitis-related
factors that were identified a priori according to their
known influence on pathogenesis and progression of
periodontitis.6 The NHANES 2009 to 2014 data set is the
world’s largest reference to periodontitis prevalence. This
is due to the extensive number of participants aged 30
to 79 years and to the application of the gold standard
periodontal examination with probing at six sites around
all non-third molar teeth for both PD and CEJ, ensuring
that the prevalence of periodontitis can be estimated by
applying various periodontitis case definitions that include
clinical AL and PD, such as mean clinical AL and PD as
well as proportions with PD and clinical AL above vari-
ous thresholds.2 These NHANES 2009 to 2014 data are the
first to includemeasures from full-mouth periodontal clin-
ical examinations, which should greatly improve the valid-
ity and reliability of estimates compared with data from
earlier NHANES partial-mouth periodontal examination
protocols that have underestimated the prevalence of peri-
odontitis by up to 54%.40
Unlike some previous models, dental factors, that is,

caries, oral hygiene, and number of teeth, were included.
The threshold of having a minimum of six natural teeth
was selected to ensure inclusion of representative dentate
participants due to having fewer teethmight indicate hope-
less periodontitis or other severe situations.

4.2 Limitations

The cross-sectional study design ofNHANES encompasses
inherent limitations that prevent any conclusion regard-
ing potential causality due to the simultaneous occur-
rence of the observed information.41 Only the 2013 to 2014
NHANES 2-year cycle was included after merging data
tables. While PD and CEJ were recorded to assess the
periodontal status, there was no assessment of the pres-
ence of dental plaque nor of bleeding on probing, which
potentially could limit the identification of other disease

phenotypes.39 Additionally, application of the EFP/AAP
classification was limited due to availability of relevant
data in the NHANES data set. Importantly, participants
could not be classified distinctly into either Stage III or
Stage IV, so these were merged into one category. Infor-
mation on local complexity factors and radiographs are
missing and thus, preventing accurate staging and grad-
ing. Only clinical AL could be regarded informative per-
taining to severity. The CDC/AAP case definitions24 define
attachment loss of ≥3 mm at ≥2 interproximal sites (not
on the same tooth) as mild periodontitis. In the EFP/AAP
classification, Stage II indicates attachment loss of 3 to
4 mm. Overlap could exist between Stage II (EFP/AAP)
and mild periodontitis (CDC/AAP). Nonetheless, the aim
of using both case definitions was to allow interpretation
of the resulting clusters output in a familiar context in the
field. However, comparing periodontitis prevalence deter-
mined by the two sets of case definitions might not ade-
quately represent the results of clusters at this point. The
use of CDC/AAP case definitions seem more justifiable to
use with NHANES data set as detailed in Supplementary
Methods S1B in online JOP.
Furthermore, data sets from large population studies

will not be complete, as some data inherently will be miss-
ing, due to participants’ ineligibility or refusal to undergo
certain exams, respond to certain questionnaire items, or
due to the inclusion/exclusion of certain measures from
study protocols that are time-sensitive or vary by survey
cycle. Self-reported data were not validated. Notably, while
results from such large population studiesmay apply in the
aggregate to groups, theymaynot be informative at an indi-
vidual level.39

5 CONCLUSIONS

Clustering of NHANES data by integrating systemic
health, demographic, and socioeconomic characteristics
can effectively identify population group characteristics
that are statistically significantly associated to periodonti-
tis. Identification of such clusters can be enhanced by self-
reported periodontitis measures in lieu of the extremely
resource demanding clinical periodontal examination.
Economical, non-intrusive clustering constitutes a low-
cost alternative to identifying population groups at high
risk for periodontitis, who could be targeted for preventive
and therapeutic dental public health intervention.
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