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ABSTRACT
Aim: To investigate the effect of different definitions of periodontitis, using partial-mouth
measurements instead of full-mouth ones, and unmeasured confounders on periodontitis’

associations with diabetes and cardiovascular disease (CVD).

Methods: Adults 30-79 years with >1 or >2 teeth in the 2009-2014 National Health and
Nutrition Examination Survey for study 1 or 2, respectively. For study 1: periodontitis was
defined using different thresholds while for study 2: it was defined using the CDC/AAP 2007
categorical definition and continuous measures were estimated using mean clinical attachment
loss (CAL), Estimates of periodontitis were derived based on the full-mouth protocol and three
partial-mouth protocols (PMPs), including the Ramfjord teeth, the Community Periodontal Index
for Treatment Needs teeth, and the random half-mouth. Effects of exposure and outcome
misclassification of periodontitis were evaluated in relation to diabetes. Diabetes and CVD were
ascertained using self-report. Percent relative bias (%RB) was calculated by comparing the odds

ratios/beta estimates obtained from the full-mouth and PMPs. Study 3 used the dental

v



longitudinal study to look at the effects of simulated unmeasured confounders on survival

analysis in the periodontitis-diabetes/CVD and diabetes-periodontitis associations.

Results: For study 1: the effects of clinical severity on the odds ratios were association
dependent. Clinical measures and extent did not depend on the association. For study 2: percent
relative bias was generally less than 10% for the severe categories while it tended to exceed 10%
for moderate categories. Mean clinical attachment loss resulted in minimal bias. For study 3:
presence of one source of unmeasured confounding (one confounder) showed that the diabetes-

periodontitis association was robust to it unlike the periodontitis-diabetes/CVD associations.

Conclusion: These sources played a role in the periodontitis-diabetes, periodontitis-CVD, and
diabetes-periodontitis associations. The associations were affected differently by each source.

Some of these sources of systematic errors may change the conclusions of the associations.
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Chapter 1: Introduction
Periodontitis etiology and associations with diabetes and cardiovascular disease

The American Academy of Periodontology (AAP) defines periodontitis as an
“Inflammation of the periodontal tissues resulting in clinical attachment loss, alveolar bone loss,
and periodontal pocketing” (1). One of the outcomes of periodontitis is tooth loss (2). The
prevalence of periodontitis in the US population among those who were 30 years old or older
according to the National Health and Nutrition Examination Survey was 46% in 2009-2012 and
42% in 2009-2014 (3, 4).

One of the risk factors associated with periodontitis is diabetes (5-7). Diabetics have three
times the risk of developing periodontitis diagnosis compared to non-diabetics (8). Periodontitis
is common among diabetics (9, 10). The causal mechanisms of both diseases are similar in that
both are affected by inflammatory mediators or markers (11). These mediators include
interleukins (IL-1p, IL-6), prostaglandin E2, Tumor necrosis factor-o (TNF-a), receptor activator
of nuclear factor KB ligand (RANKL), matrix metalloproteinases (MMP-8, MMP-9, MMP-13),
T cell regulatory cytokines (IL-12, IL-18), chemokines, and the inflammation marker C-reactive
protein (12-17). Inflammatory markers such as C-reactive protein would lead to insulin
resistance (18, 19). Both diseases start a cascade of inflammatory mediators mentioned above
and in turn, affect each other (11). Decreased polymorphonuclear leucocyte (neutrophil) activity
in both diseases takes place, leading to further inflammation and destruction (20-23). Periodontal
treatment has been shown to reduce inflammatory markers among diabetics and non-diabetics
(17, 24-27). This, in turn, may improve metabolic control of diabetics (11).

Another potential systemic disease that periodontitis is associated with is cardiovascular

disease. According to CDC, cardiovascular diseases are a variety of conditions that affect the



heart including: coronary heart disease, heart attack (myocardial infarction), angina, aortic
aneurysm and dissection, arrhythmias, atherosclerosis, atrial fibrillation, cardiomyopathy,
congenital heart defects, heart failure, peripheral artery disease, and rheumatic heart disease (28).
The association between periodontitis and CVD was explored in the literature and was
inconsistent (29-34). Possible causal mechanisms could be that chronic periodontitis leads to
systemic inflammation through inflammatory mediators, which raises markers of inflammation
and in turn, stimulate vascular thrombosis (35-37). Another proposed causal pathway for the
periodontitis-CVD association is through periodontal pathogens (P. gingivallis, B. forsythus, P.
intermedia, and A. actinomycetemcomitans) which could induce thrombosis through activation
of platelets (38-45). Another suggested causal pathway for periodontal pathogens may be
through aiding the formation of coronary atherosclerotic plaques (46, 47). A recent meta-analysis
showed that periodontal therapy had little or insufficient evidence of preventing CVD (48).
Several sources of errors may be present in the observed periodontitis- systemic disease
associations. First, the case definition of periodontitis can also result in misclassification and
change the strength of associations between periodontitis and diabetes and cardiovascular
disease. Second, when using partial-mouth measurements instead of full-mouth measurement,
misclassification bias may result. Third, unmeasured and/or uncontrolled confounding can
partially or totally explain away the associations between periodontitis and diabetes and
cardiovascular disease. The aim of this dissertation was to evaluate the three potential sources for
the periodontitis’ association with diabetes and cardiovascular disease. Study 1 looked into the
role of misclassification of periodontitis as a result of case definitions on associations with
diabetes and cardiovascular disease. Study 2 looked into the role of misclassification as a result

of partial-mouth measurements of periodontitis on associations with diabetes and cardiovascular



disease. Study 3 looked into the role of unmeasured common causes (confounders) on
associations with diabetes and cardiovascular disease. Studies 1 & 2 looked into a systematic
error called misclassification bias while study 3 looked into another type of systematic error

called confounding.

Overview of disease classification as a source of misclassification bias
Explanation of misclassification bias

Measurement bias (also known as information bias or misclassification bias). Given that
diagnosis is a continuous phenomenon, misclassification can occur when measures of diagnosis
are categorical. Such a categorization is applied to diseases or conditions of interest. For
categorization to happen, a certain threshold value or cut-off-point is used to establish whether a
person is diseased/non-diseased or exposed/non-exposed.

Sensitivity is defined as the percentage of people that are classified as diseased among
those who are in truth diseases. Specificity is defined as the percentage of people that are
classified as not diseased among those who in truth do not have it (49). The sensitivity and
specificity of a test used to classify a population will differ according to the characteristics of that
population (50).

Measures such as sensitivity and specificity are used to assess misclassification.
Misclassification of a variable (e.g., smoking) arises when a person who smokes is incorrectly
classified as not a smoker or vice versa. The impact of misclassification depends on what type of
variable it occurs in (exposure, outcome, or covariate) (49, 50). The next paragraphs explain the

concepts and mechanisms of misclassification of exposure or outcome.



Exposure misclassification

Exposure misclassification happens whenever people with a certain exposure (e.g.,
diabetes) are classified as non-diabetic (i.e., imperfect sensitivity) or non-diabetics are classified
as diabetics (i.e., imperfect specificity). Non-differential exposure misclassification bias occurs
when sensitivity or specificity is less than 100%, and the probability of misclassification is the
same for all categories of a disease of interest (e.g., periodontitis) (left side of figure 1, at the end
of this chapter) (49, 50). To clarify this, suppose a researcher again is interested in studying the
association between diabetes as a binary exposure (yes/no) and periodontitis as a binary outcome
(yes/no). Non-differential misclassification bias of the exposure (diabetes) means that sensitivity
and specificity of diabetes are the same for periodontitis groups (with and without periodontitis).
Framed in another way, the extent to which diabetics are classified as non-diabetic and vice versa
is the same for people with and without periodontitis.

Differential exposure misclassification bias occurs when sensitivity or specificity is less
than 100%, and the probability of misclassification is not the same for all categories of disease
(diabetes in this case) (49, 50). This translates to sensitivity and specificity of diabetes not being
the same for people with and without periodontitis (i.e., the extent to which people with diabetes
are classified as not having it and vice versa is not the same for periodontitis groups). It is likely
to happen once exposure (diabetes) is ascertained after data on the disease (periodontitis) are
collected as the case in interviews where people with periodontitis may remember their diabetes
status differently compared to ones without periodontitis (recall bias) or when interviewers are
not blinded to the periodontitis status of the subjects and probe subjects with and without

periodontitis differently to know their exposure (diabetes) (51, 52).



Exposure misclassification can affect the measure of association depending on whether it
is non-differential or differential (49, 50). Non-differential exposure misclassification can be
expected to result in a bias towards the null effect on average with deviations from the
expectation that may exist (49, 50, 53-60). A polytomous exposure (has more than two
categories), can bias the results away from or towards the null (50, 61-63). Differential exposure
misclassification can produce bias in either direction (49, 50, 64).

Outcome misclassification

Misclassification of an outcome takes place whenever people with a certain disease (e.g.,
periodontitis) are classified as not having periodontitis (i.e., imperfect sensitivity) or people
without periodontitis are classified as having periodontitis (i.e., imperfect specificity). The bias
resulting from outcome misclassification can be either non-differential or differential. Non-
differential outcome misclassification bias occurs when sensitivity or specificity is less than
100%, and the probability of misclassification is the same for all categories of exposure of
interest (e.g., diabetes) (right side of figure 1, at the end of this chapter) (49, 50). To elaborate
on this, suppose a researcher is interested in studying the association between diabetes as a
binary exposure (yes/no) and periodontitis as a binary outcome (yes/no). If there is non-
differential misclassification bias of the outcome (periodontitis), it means that sensitivity and
specificity of periodontitis are the same for diabetics and non-diabetics. To put it in other words,
the extent to which people with periodontitis are classified as not having periodontitis and vice
versa is the same for both groups of diabetes (diabetics, non-diabetics).

Differential outcome misclassification bias is when sensitivity or specificity is less than
100%, and the probability of misclassification is not the same for all categories of exposure

(diabetes) (49, 50). To keep up with the above example, there would be differential outcome



misclassification bias of periodontitis when sensitivity and specificity of periodontitis are not the
same for diabetics and non-diabetics. Differential misclassification is likely to occur when
periodontitis is detected more among diabetics because health care providers are more likely to
screen their mouths compared to non-diabetics (medical surveillance or detection bias) or when
diabetics are more likely to report or answer correctly when asked about their periodontitis status
than non-diabetics or vice versa (respondent bias) (52).

Like exposure misclassification, outcome misclassification can affect the validity of the
measure of association. The magnitude and direction of this change depend on whether the
outcome misclassification is non-differential or differential (49, 50). Non-differential outcome
misclassification can be expected to result in a bias towards the null effect on average with
deviations from the expectation that may occur (49, 50, 53-60). An exception to non-differential
outcome misclassification biasing results towards the null is if the outcome has imperfect
sensitivity (<100%) and perfect specificity (100%). In this case, the risk ratio would not be
affected while the risk difference, odds ratio, and rate ratio will be biased towards the null.
However, this comes with a cost of decreased precision for the risk ratio (50, 65). If the risk of a
disease is low (<10%), then the odds and rate ratios will be biased to a lesser extent (49).
Differential outcome misclassification on the other hand, is unpredictable (that is it can bias the
measure towards the null or away from it) (49, 50, 64).

Periodontitis classification

Classification of the periodontal condition in terms of disease state has long been a
debated issue. However, to address the lack of an accepted case definition, and primarily for
surveillance efforts, case definitions were developed recently, with growing acceptance by the

scientific community. These definitions are often tooth-based, incorporating the number of teeth



with varying severity of Clinical Attachment Loss (CAL) and Probing Pocket Depth (PD), to
diagnose periodontitis and categorize it according to severity and extent (66). The most
commonly used tooth-based definitions include: 1) the definitions originally proposed in 2007 by
the Centers for Disease Control and Prevention (CDC) in collaboration with American Academy
of Periodontology (CDC/AAP) and updated in 2012, and 2) those proposed in 1999 by the
International Workshop on Classification of Periodontal Diseases, and updated in the 2017
World Workshop on the Classification of Periodontal and Peri-Implant Diseases and Conditions
(67-69). The CDC/AAP definition was originally developed for surveillance purposes and may
lack relevance to biologic or clinical research (68). This definition uses both probing pocket
depth (PD) and clinical attachment loss (CAL) to categorize periodontitis. The recent
classifications and definitions proposed by the 2017 World Workshop aim to distinguish between
different forms, or phenotypes, of the periodontal condition and thus include classifications for
disease severity, complexity, and extent, as well as “grade” to indicate progression. The aim of
this classification system was to provide a system of case definitions that could be applied across
multiple domains, including surveillance, clinical practice, and research. In this system,
classifications focus primarily on CAL to determine severity, but also incorporate alveolar bone
loss and tooth loss. Whereas, probing depth is applied to determine complexity.

Regardless of initial intention, both approaches to disease classification are currently used
to estimate both exposure effects of periodontitis on the risk of systemic conditions, as well as to
measure periodontitis etiologies, with the CDC/AAP definition rapidly gaining wide appeal for
use in the epidemiologic study of periodontitis. For simplicity as a means of identifying
mechanisms of bias in the estimation of periodontitis disease associations, this dissertation

project applies only the 2007 CDC/AAP definition. Specifically, the measured association



between periodontitis and diabetes and cardiovascular disease could be affected by
misclassification bias as a result of classification based on the number of teeth and severity
thresholds of clinical measures that do not adequately capture the disease state of relevance in
the association under study. The CDC/AAP definition uses a single cut-off point of CAL, PD, or
both and a single cut-off point of the number of teeth with a certain level of CAL, PD, or both to
ascertain periodontitis. These cut-off points were not informed by risk thresholds for specific
associations and therefore may reflect misclassification. Different thresholds or cut-off points to
define periodontitis may affect the strength of association between periodontitis as an exposure
and diabetes and cardiovascular disease. When periodontitis is an outcome, as in systemic
disease associations with periodontitis, the mechanism of misclassification of periodontitis as a
result of different case definitions is different than when periodontitis is exposure and so is the
effect on the strength of association. In this case, the cut-off points should not be informed by
risk thresholds for associations with systemic disease. Study 1/Chapter 2 presents a study aimed
at determining the presence of risk thresholds of diabetes and cardiovascular disease for
periodontitis via different classifications of periodontitis as well as how these classifications
affect diabetes association with periodontitis.

Full-mouth measurements of probing pocket depth (PD) and clinical attachment loss
(CAL) are the gold standard for ascertaining periodontitis (i.e., measuring all six sites of all 28
teeth, excluding third molars) (70-73). However, full-mouth measurements are time-consuming
and costly (70). Another source of misclassification is introduced through the use of partial-
mouth protocols, which compounds the misclassification introduced through disease
classification. The impact of using partial-mouth measurements on estimates of periodontitis’

prevalence and severity has previously been assessed (70-73). Partial-mouth measurement will



consistently underestimate the prevalence of periodontitis (73). Under tooth-based-categorical-
definitions, partial-mouth measurement cannot detect periodontitis if it was not detected in full-
mouth measurement; That is, partial-mouth techniques cannot have false positive results and
therefore, have a specificity of 100% (73). However, if mean CAL (a continuous measure) alone
is used to diagnose periodontitis instead of tooth-based-categorical-definitions, it is possible for a
partial-mouth protocol to have a higher mean CAL than that obtained from full-mouth
measurement.

The mechanism of periodontitis misclassification depends on whether it is ascertained as
an exposure or an outcome (49). Therefore, the potential for bias due to partial-mouth
measurement may differ based on whether periodontitis is exposure or an outcome. Study
2/Chapter 3 presents a study aimed at investigating the impact of periodontitis misclassification
resulting from use of several partial mouth protocols on its association as an exposure with
diabetes and cardiovascular disease and as an outcome with diabetes in relation to full-mouth
measurements.

Overview of confounding as a source of bias

Confounding is the presence of a variable (confounder) that is a common cause of both
an exposure and an outcome and not in the causal pathway from the exposure to the outcome
(i.e., not an intermediate) that causes mixing of effects with the exposure on the outcome (i.e.,
explains the association between the exposure and the outcome) (64).

Causal diagrams or directed acyclic graphs (DAGS) is a method proposed by Judea
Pearl to select the confounders and appropriately control for confounding in an association (74).

Figures 2 and 3 (at the end of this chapter) depict the hypothesized causal associations between



periodontitis and diabetes and cardiovascular disease, respectively with their confounders from
the literature using DAGitty (75) and modified by Inkscape (76).

In figure 2, the arrow from stress to smoking means that stress cause smoking (i.e.,
knowing the stress status of participants, determines the smoking status on average). If two
variables are not connected by an arrow, then they are independent. The pathway diabetes —
periodontitis is the causal pathway of interest. There are other non-causal pathways connecting
diabetes and periodontitis such as diabetes < age — periodontitis (i.e., diabetes and
periodontitis will be expected to be associated because they have a common cause, age). The
pathway diabetes <« age — periodontitis is called an open back-door pathway because
information can be traced from periodontitis back to diabetes. On the other hand, the non-causal
pathway diabetes « stress — hypertension < age — periodontitis is called a closed
back-door pathway because it is blocked at hypertension (notice the arrows coming into
hypertension from both sides). If age is controlled, then the non-causal pathway diabetes «
age — periodontitis will be blocked.

The goal of causal diagrams is to select the sets of variables that eliminate confounding
through a process known as back-door path analysis (i.e., control all variables that close all back-
door paths from periodontitis to diabetes so that only the causal pathway diabetes —
periodontitis is left open). DAGitty can detect the sets of variables (known as minimally
sufficient sets) that fulfill closing all back-door paths between diabetes and periodontitis to
control for confounding. More can be known about DAGs here (74, 77, 78). The minimally
sufficient set of variables to control for in the periodontitis-diabetes/diabetes-periodontitis

association based on the causal diagram below were age, gender, smoking, obesity, and
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race/ethnicity. For the periodontitis-CVD association, the minimally sufficient set of variables
were age, gender, smoking, obesity, race/ethnicity, and diabetes.

If there was a variable in the literature that is not yet known to be a common cause of
both periodontitis and systemic disease and not in the causal pathway, it could affect cause
remaining (residual) confounding even after appropriately adjusting for all selected confounders.
Thus the presence of an unknown confounder can still explain away the associations between
periodontitis and diabetes and cardiovascular disease. Study 3/Chapter 4 present a study that
aimed to investigate the effect of an unknown unmeasured confounder on the association
between periodontitis and diabetes and cardiovascular disease.

Common data sources used to explore sources of bias

The National Health and Nutrition Examination Survey [NHANES] is a national
surveillance program designed to monitor the health and nutrition status of children and adults
living in the United States. Initially implemented in 1971, this program administers a survey and
conducts examinations and provides a nationally representative sample of the US non-
institutionalized civilian population. The NHANES began including self-report items for dental
health in 1971 and implemented partial-mouth detailed periodontal exams in 1999 for purposes
of estimating the prevalence of periodontitis. More recently, detailed full-mouth periodontal
exams were implemented in 2009 to validate these prior estimates. During the cycles in which
full-mouth clinical exams were conducted, adults aged 30 years and above went through a safety
exclusion guestionnaire at home interviews and also prior to examination. Those who had a heart
transplant, artificial valve, heart disease at birth (not including mitral valve prolapse), bacterial

endocarditis, had been told by their doctors they had (rheumatic fever, hemophilia, kidney
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disease, requiring renal dialysis, a pacemaker or automatic defibrillator, or a hip bone/joint
replacement) were excluded from periodontal examination

Studies 1 and 2 utilize data from the NHANES 2009-2014 study to explore
misclassification of periodontitis by case definitions and partial-mouth measurements,
respectively, on periodontitis association with diabetes and cardiovascular disease. Adults aged
30 to 79 years, who had at least one permanent tooth present during oral examination (study 1) /
two permanent teeth (study 2), and had complete periodontal examination were eligible.
Periodontitis ascertainment

In NHANES 2009-2014, trained and calibrated dental hygienists (2009-2010) and
dentists (2011-2014) carried out full-mouth periodontal examinations of the participants with six
sites (mesio-buccal, mid-buccal, disto-buccal, mesio-lingual, mid-lingual, and disto-lingual) per
tooth measured for PD and gingival recession. PD was defined as the distance between free
gingival margin to the base of the sulcus. Gingival recession was defined as the distance between
the free gingival margin and the cemento-enamel junction. Both PD and gingival recession were
measured in mm with a periodontal probe. CAL was calculated as PD minus the gingival
recession.

Only permanent teeth and permanent root fragments that had a CEJ and part of the
clinical crown were measured for PD and CAL. If the natural tooth was missing, had orthodontic
banding, was splinted, was hemisected which interfered with probing, had heavy calculus that
interfered with probing, did not have a clear cemento-enamel junction, or had no visible clinical
crown, PD and CAL were scored as could not be assessed (79).

Numbers of teeth present were calculated from permanent teeth and any permanent

root fragments. Periodontitis was defined using different cut-off points of the number of teeth,
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the severity of CAL, and PD using measurement on four interproximal sites per tooth (mesio-
buccal, mesio-lingual, disto-buccal, and disto-lingual) for all 28 teeth (third molar excluded
because there were no periodontal measurements for them in NHANES). Interproximal sites ,
because they reduce how gingival recession affects the accuracy of PD (i.e., exclude attachment
loss related to reasons other than inflammation) (80, 81).
Ascertainment of systemic conditions of interest — diabetes and cardiovascular disease

Participants in NHANES were asked during home interviews whether they have ever
been told by their health professionals that they had diabetes (yes, no, or borderline) and
coronary heart disease, angina, heart attack, or stroke (yes, no). In this study, we dichotomized
self-reports of ever being diagnosed with diabetes (yes / no or borderline) and cardiovascular
disease status (yes / no). Those who refused or did not know the answer had their diabetic status
set to missing. Those who refused or did not know the answer, or did not answer yes to any of
the conditions and had at least one condition missing had their cardiovascular disease status set
to missing.
Ascertainment of Demographics and behaviors

Age at doorstep screening for NHANES was asked in all cycles (2009-2014). However,
ages above 80 years old were not documented and instead categorized as > 80. Therefore, in
these studies, age at screening was used and analyzed as a continuous variable. Race/ethnicity
was categorized as Mexican American, other Hispanic, Non-Hispanic White, Non-Hispanic
Black, and other race including multi-racial. In this study, Mexican American and other Hispanic
were combined in one category.

Data included if participants smoked at least 100 cigarettes in their lifetime, age when

they started smoking regularly, whether they still smoked at the time of the home interviews, age
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when they last smoked cigarettes regularly, number of usual cigarettes smoked in a day at the
time they quit, number of days smoked with past 30 days of the home interview and average
cigarettes per day during past 30 days (82).

In these studies, subjects who never smoked 100 cigarettes in their lifetime or never
regularly smoked were considered as never smokers. Participants who smoked at least 100
cigarettes in their lifetime, ever smoked regularly, and were not smoking at the time of the home
interview were considered as past smokers. Subjects who were still smoking at the time of the
interview were considered current smokers.

Duration of smoking in years was calculated as the difference between the age when
subjects last smoked cigarettes regularly and age when they first started smoking regularly for
past smokers. For current smokers, it was the difference between their age at the time of
interview and their age when they first started smoking regularly. The smoking intensity was
calculated as the average number of cigarettes smoked in a day at the time past smokers quit
smoking. For current smokers, smoking intensity was calculated as the average number of
cigarettes smoked in a day for the past 30 days of the interview. Pack-years of cigarettes was
calculated as (average number of cigarettes smoked in a day multiplied by the number of years
smoking) divided by 20. Pack-years of cigarettes was used to control for smoking. If one of the
above smoking questions had a missing value, then pack-years was set to missing.

Obesity was calculated from standing height and waist circumference, which were
measured in cm (83). We converted these measurements to meters and computed waist to height

ratio as a proxy for obesity and was analyzed as a continuous variable.
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Figures
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Figure 1. Explanation of non-differential misclassification bias.

E: exposure, D: disease.

Left side: exposed people are not completely classified correctly due to imperfect sensitivity and
thus some would be misclassified as having no exposure when in fact they had the exposure. On
the other hand, non-exposed are not completely classified correctly and thus some would be
misclassified as having the exposure when in fact they did not. This misclassification is the same
for the diseased and non-diseased evidenced by the same width of arrows.

Right side: diseased people are not completely classified correctly due to imperfect sensitivity
and thus some would be misclassified as having no disease when in fact they had the disease. On
the other hand, non-diseased are not completely classified correctly and thus some would be
misclassified as having the disease when in fact they did not. This misclassification is the same
for the exposed and non-exposed evidenced by the same width of arrows.

15



> Smoking

Hypertension

Race/ethnicity

Obesity . RV
Diet Diabetess — > Periodontitis
A
I Gender | /
Low HDL

Stress

Physical inactivity

Figure 2. Directed acyclic graph of the periodontitis-diabetes/diabetes-periodontitis
associations.
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Figure 3. Directed acyclic graph of the periodontitis-CVD association.
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Chapter 2: Study 1
The Impact of Tooth-based Clinical Thresholds of Periodontitis Classification in
Associations with Diabetes and Cardiovascular Disease
Introduction

The measured association between periodontitis and diabetes and cardiovascular disease
could be affected by misclassification bias as a result of classification based on the number of
teeth and severity thresholds of clinical measures that do not adequately capture the disease state
of relevance in the association under study. For example, the decision to treat hypertension may
be based on cardiovascular and coronary heart diseases estimation (84). The CDC/AAP
definition uses a single cut-off point of CAL, PD, or both and a single cut-off point of the
number of teeth with a certain level of CAL, PD, or both to ascertain periodontitis. These cut-off
points were not informed by risk thresholds for specific associations and therefore may reflect
misclassification. Different thresholds or cut-off points to define periodontitis may affect the
strength of association between periodontitis as an exposure and diabetes and cardiovascular
disease. However, the effect on the association when periodontitis is an outcome may result in
underestimation of the effect, if the misclassification is non-differential, i.e., not based on the
exposure status.

The aim of this paper was to study the impact of using different cut-off points for the
required number of teeth with a certain level of CAL or PD, as well as the cut-off points for
clinical severity on periodontitis associations with diabetes and cardiovascular disease.
Specifically, investigate the presence of risk thresholds of diabetes and cardiovascular disease for

periodontitis via different classifications of periodontitis as well as how these classifications
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affect diabetes association with periodontitis. To accomplish these aims, we used data from the
National Health and Nutrition Examination Survey (NHANES) 2009-2014.
Methods

We used data from NHANES 2009-2014. The 2009-2014 cycles were the only cycles
with full-mouth measurements of CAL and PD on all six sites of each tooth. Thus, it allowed
defining periodontitis in multiple ways. Numbers of teeth present were calculated from
permanent teeth and any permanent root fragments. Periodontitis was defined using different cut-
off points of number of teeth, severity of CAL, and PD using measurement on four interproximal
sites per tooth (mesio-buccal, mesio-lingual, disto-buccal, and disto-lingual) for all 28 teeth
(third molar excluded because there were no periodontal measurements for them in NHANES)
(80, 81). Table 1 shows the definitions that were used for periodontitis in this analysis.
Periodontitis was analyzed as a binary (yes/no) variable according to the different definitions.
Statistical analysis

Multiple independent analyses were run to evaluate the role of periodontitis classification
in periodontitis disease associations when periodontitis was the exposure of interest, i.e.
exposure misclassification, and when periodontitis was the outcome of interest, i.e. outcome
misclassification. In all cases, misclassification was assumed to be non-differential. All statistical
analysis was carried out using SAS 9.4. Complete case analysis was conducted.

To evaluate exposure misclassification, multivariable binary logistic regression models
were separately constructed for each outcome, i.e. diabetes and cardiovascular disease. The
periodontitis exposure was evaluated as a binary variable, classified according to each definition

of periodontitis (see Table 1). Similarly, evaluations of outcome misclassification were
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conducted by constructing multivariable binary logistic regression models where the effects of
diabetes as a categorical variable were estimated for each binary periodontitis outcome.

For all models, odds ratios and 95% CI were reported. The regression models were
conducted using proc survey options in SAS, taking into account the complex design of
NHANES and exam weight. All models were adjusted for potential confounders. Figures 1 and 2
show the hypothesized causal diagrams of the periodontitis-diabetes and periodontitis-CVD
associations, respectively. The minimally sufficient set of variables to control for in the
periodontitis-diabetes/diabetes-periodontitis association based on the causal diagram below was
age, gender, smoking, obesity, and race/ethnicity. For the periodontitis-CVD association, the
minimally sufficient set of variables was age, gender, smoking, obesity, race/ethnicity, and
diabetes. No model selection procedures were conducted.

Stratified analysis

To assess the potential impact of varying numbers of teeth across participants, we
estimated associations among those with less than or equal to 15 and among those with more
than 15 teeth. This stratified analysis attempts to identify the potential impact of prevalent cohort
bias, a special form of left truncation or selection bias, in which subjects who already had
periodontitis and lost their teeth due to periodontitis may either not make it into the analytic
cohort, or may be misclassified as a non-case of periodontitis (85).

Results

The sample eligible for this analysis was 10,147. Table 2 shows the distribution of the

potential confounders, diabetes, cardiovascular disease, and the number of teeth of the overall

sample. Almost half of the sample were males and the majority were non-Hispanic whites. The

20



mean number of teeth present during examination and the mean number of teeth that were
actually measured for both CAL and PD were not that different (24 vs. 23, respectively).

With complete case analysis for the periodontitis-diabetes/diabetes-periodontitis
associations, the sample was 9,593 while it was 9,563 for the periodontitis-cardiovascular
disease. Joint distributions were evaluated and determined that sufficient sample size was
available, and all regression models converged.

Periodontitis as an exposure

Table 3 shows the different associations of periodontitis with diabetes when the
periodontitis exposure was defined using different cut-off points or thresholds in adjusted
multivariable logistic regressions. The odds ratio of having diabetes for participants with
periodontitis compared to those without periodontitis, at all thresholds, were in the positive side
(i.e., > 1) on average. The definitions of periodontitis resulted in widths of the 95% intervals
(i.e., defined as the upper bound divided by the lower bound for an odds ratio measure) ranging
from (1.4 — 3.0). Most of the 95% confidence interval were compatible with lower a bound
around 0.8 or 0.9 and were compatible with more positive values (i.e., > 1) than negative (i.e., <
1).

When severity (i.e., cut-off point in mm) and extent (i.e., number of teeth) were held
fixed, using CAL only resulted in higher odds of diabetes than when using PD only. When either
CAL or PD were used to define periodontitis, the odds ratios were similar to the odds ratio when
periodontitis was defined using CAL only, suggesting that CAL is what drove the measure of
association rather than PD. When both CAL and PD were used to define periodontitis, the odds

ratios were generally closer to the estimates when PD only than when CAL only was used. This
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suggests that PD is what drove the measure of association when both CAL and PD were
required.

When the severity was fixed and CAL was only used, there was a decrease in the odds
ratio as the definition became more stringent in terms of the number of teeth. When the extent
was fixed and CAL was only used, there was a decrease in the odds ratio as the definition
became more stringent in terms of clinical severity in mm. The results applied to when PD was
only used too.

When results were stratified by the number of teeth present (Table 4), the odds ratios
tended to be on the positive side (i.e., harmful) in both strata. Participants who had 1-15 teeth
had a range of odds ratio (0.67 — 3.61) while those with > 15 teeth had a narrower range of odds
ratios (0.74 — 1.36). The difference in odds ratio between using CAL only and PD only was even
more accentuated among participants with 1-15 teeth while the differences were minimized
among those with >15 teeth. The patterns based on severity and extent were even stronger among
those with 1-15 teeth.

Table 5 shows the different associations of periodontitis as an exposure with
cardiovascular disease as an outcome when periodontitis was defined using different cut-off
points or thresholds in adjusted multivariable logistic regressions. The odds ratio of having
cardiovascular disease for participants with periodontitis, at all thresholds, compared to those
without periodontitis majorly resulted in odds ratio higher than 1.10. The definitions of
periodontitis resulted in widths of the 95% intervals ranging from (1.5 — 7.3). Most of the 95%
confidence interval were compatible with lower a bound around 0.8-1.0 and were compatible

with more positive values (i.e., > 1) than negative (i.e., < 1).
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The periodontitis-CVD association had similar patterns to the periodontitis-diabetes
association in terms of changing clinical parameters and the number of teeth, but there was no
pattern when severity was changed. Stratified analysis (Table 6) showed the same results as in
the periodontitis-diabetes association but the difference was that participants with 1-15 teeth had
odds ratios (0.24 — 1.38) that were mostly protective while those with > 15 teeth had a narrower
range (0.99 — 2.00) that was mostly harmful.

Periodontitis as an outcome

Table 7 shows the different associations of diabetes with the periodontitis outcome when
periodontitis was defined using different cut-off points or thresholds in adjusted multivariable
logistic regressions. The odds ratio of having periodontitis for diabetics compared to non-
diabetics were equally distributed on either side of the null. The definitions of periodontitis
resulted in widths of the 95% intervals ranging from (1.4 — 2.9). Most of the 95% confidence
interval were compatible with lower a bound around 0.6-0.8 and were compatible with positive
values (i.e., > 1) and negative values (i.e., < 1) alike.

Results were similar to the periodontitis-diabetes association in terms of changing the
clinical parameters, extent, and severity. Stratified analysis (Table 8) showed the same results of
the periodontitis-diabetes stratified analysis except that participants with 1-15 teeth had a range
(0.63 — 3.45) that were mostly positive while those with > 15 teeth had a narrower range (0.69 —
1.29) that were mostly negative.

Discussion

In periodontitis as an exposure, results showed that the effect of clinical severity was

association dependent, but clinical parameters (measures) and extent did not did depend on the

association. The direction of the odds ratio in stratified analysis among those with 1-15 teeth also
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depended on the association. In periodontitis as an outcome, it mostly exhibited similar patterns
except for the direction of estimates among those with 1-15 teeth (protective vs. harmful).

The choice of measurement affects the measure of association between periodontitis as
an exposure and systemic disease. Defining periodontitis by either clinical attachment loss or
probing pocket depth increases the sensitivity of the definition and decreases its specificity while
requiring both has the opposite effect. The choice of measurement of periodontitis as an
exposure is likely to result in non-differential misclassification that would bias the estimates
towards the null on average. Since the estimates from using either CAL or PD were similar to
when using CAL only, this may suggest that using CAL only may result in similar sensitivity
and specificity to when using either CAL or PD. Also, using PD only may have close sensitivity
and specificity to when using both CAL and PD because they resulted in similar estimates.

The range of odds ratio was wider for the periodontitis-cardiovascular disease association
compared to periodontitis-diabetes suggesting that the impact of misclassification of
periodontitis as an exposure due to case definitions was more extreme in the cardiovascular
disease association. This also suggests that the influence of CAL on the odds ratio of
periodontitis as an exposure when using either CAL or PD to define periodontitis may depend on
the nature of the relationship with the outcome under study.

The misclassification of periodontitis as an exposure that resulted from increasing the
cut-off point was likely to be non-differential. Presence of trend with severity depended on the
outcome. A possible explanation for this could be that the sensitivity and specificity of the
definition based on severity interact with the choice of measurement differently in different

outcomes.
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Presence of a trend with extent did not depend on the association. A possible explanation
for why the estimates tended to be the closest to the null as the severity or extent became most
stringent was that more true cases of periodontitis could be misclassified as non-cases and thus
would bias the estimates towards the null.

Stratified analysis showed that the estimates were wider in range among participants who
had 1 — 15 teeth compared to those with > 15. A possible explanation for the periodontitis
definitions to affect individuals with 1- 15 teeth more, was due to that stratum having a larger
difference of misclassification by diabetes/CVD groups compared to the >15 teeth strata
(assuming periodontitis causes diabetes/CVD). This is a special form of selection bias called
prevalent cohort bias.

This analysis assumed that all definitions of periodontitis had the same model. However,
some definitions of periodontitis may have had different functional forms with systemic disease
(i.e., assumptions of additivity/no interaction). Using the same dataset for the different
definitions of periodontitis did not make each periodontitis definition-systemic disease
association independent and thus cannot be interpreted as evidence of dose-response (86).

In the periodontitis-CVD association, the direction of the association between
periodontitis and diabetes was diabetes — periodontitis (i.e., diabetes caused periodontitis
and so according to figure 1, diabetes was a confounder and was included in the model for the
periodontitis-CVD association). However, the direction of the periodontitis and diabetes
association could be the other way around periodontitis — diabetes (i.e., diabetes would be
on the causal pathway from periodontitis to cardiovascular disease). In other words, since

diabetes would be a mediator, including it in the model would bias the estimates of periodontitis
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towards the null (underestimation). Therefore, this may have affected the estimates of the
different definitions of periodontitis on cardiovascular diseases.

There was a chance that the causal diagrams were wrong about the data generating
process of the periodontitis-systemic disease association. This may change the measures of
association of different definitions of periodontitis.

The limitations of this study that could affect the results of the misclassification of
periodontitis on the associations include the lack of temporality ascertainment of the exposure-
outcome associations due to the cross-sectional nature. Furthermore, the misclassification of
diabetes and cardiovascular disease due to self-report or misclassification of confounders could
change the results of the study. In addition, the selection bias that could result from complete
case analysis may have changed the percent relative bias. Moreover, the number of teeth required
to be eligible for this study was at least 1 permanent tooth. However, having 1-6 teeth may not
make a person at risk for some of the definitions used in this study and so to fairly compare
between the definitions, at least 6 teeth should have been the minimum requirement to be
eligible.

Perhaps taking a closer look into other definitions of periodontitis such as the
international classification workshop definition. It could be that classification of periodontitis
may be association dependent and that search a for universal definition may not be well thought
out.

Conclusion
The effects of clinical severity on the odds ratios were association dependent. Clinical

measures and extent did not depend on the association. The direction of the odds ratios among 1-
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15 depended on the association. Interpretation of these results was limited by the lack of a gold

standard (with respect to the type of bias).
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Figures and Tables

Number of CAL in mm PD in mm CALorPD CAL and

Definition
teeth only only in mm PD in mm

A 1 3 3 3 3
B 1 4 4 4 4
C 1 5) 5 5 5
D 1 6 6 6 6
E 2 3 3 3 3
F 2 4 4 4 4
G 2 5 5 5 5
H 2 6 6 6 6
| 3 3 3 3 3
J 3 4 4 4 4
K 3 5) 5 5 5
L 3 6 6 6 6
M 4 3 3 3 3
N 4 4 4 4 4
@) 4 5 5 5 5
P 4 6 6 6 6
Q 5 3 3 3 3
5 4 4 4 4

S 5 5 5 5 5
T 5 6 6 6 6
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Y, 6 4 4 4 4
W 6 5 5 5 5
X 6 6 6 6 6

Table 1. Different definitions of periodontitis based on the number of teeth meeting
millimeters of clinical attachment loss, probing pocket depth, clinical attachment loss or
probing pocket depth, and both clinical attachment loss and probing pocket depth.
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Variable Frequency (weighted %o)

Mean age (SE) 49.71 (0.22)
Missing 0 (0%)

Gender

Male 5,001 (49.23%)
Missing 0 (0%)

Race/ethnicity

Non-Hispanic White 4,161 (67.62%)
Non-Hispanic Black 2,161 (10.88%)
Mexican American and other Hispanic 2,547 (13.91%)
Other race and multiracial 1,278 (7.58%)
Missing 0 (0%)

Mean pack-years (SE) 7.42 (0.31)
Missing 242 (2.23%)
Mean waist/height ratio (SE) 0.59 (0.002)
Missing 315 (2.65%)
Mean number of teeth or root fragments (SE) 24.52 (0.10)

Mean number of teeth or root fragments measured (SE) 22.98 (0.12)

Diabetes
Yes 1,239 (9.38%)
Missing 6 (0.03%)

Cardiovascular disease
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Yes 656 (5.57%)
Missing 32 (0.18%)

Total 10,147 (100%)

SE: Standard error.

Table 2. Characteristics of participants in NHANES cycles 2009-2014 aged 30-79 years,
who had at least 1 permanent tooth during examination, and had complete periodontal
examination (N=10,147).
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CAL only PD only CAL or PD CAL and PD*

Cut-off point Number of teeth

OR 95% ClI OR 95% ClI OR 95% ClI OR 95% ClI
3 mm 1 1.28 0.86-1.92 1.28 0.99-1.64 1.26  0.78-2.05 1.30 1.05-1.61
4 mm 1 1.08 0.89-1.31 1.05 0.85-1.30 1.10 0.91-1.33 1.04 0.83-1.32
5 mm 1 1.22 1.03-1.45 1.06 0.84-1.34 1.22 1.03-1.44 1.07 0.83-1.38
6 mm 1 1.08 0.87-1.36 0.99 0.74-1.33 1.09 0.88-1.36 097 0.71-1.32
3 mm 2 1.16 0.82-1.64 1.11  0.88-1.40 1.18  0.81-1.72 1.11  0.89-1.39
4 mm 2 1.24 1.02-1.50 1.08 0.87-1.33 1.24 1.04-1.49 1.07 0.85-1.36
5 mm 2 1.19 0.96-1.48 097 0.72-1.30 122 0.99-149 092 0.66-1.28
6 mm 2 1.08 0.84-1.40 0.93 0.62-1.39 1.04 0.82-1.33 101 0.67-1.54
3 mm 3 1.22 0.89-1.65 1.10 0.86-1.41 1.19 0.88-1.62 1.13  0.89-1.45
4 mm 3 1.12 0.92-1.36 1.00 0.79-1.26 1.14 0.94-1.38 097 0.75-1.27
5 mm 3 1.06 0.85-1.33 1.02  0.72-1.45 1.06  0.86-1.32 1.02 0.70-1.50
6 mm 3 0.97 0.77-1.23 0.87 0.57-1.33 093 0.74-1.17 098 0.62-1.53
3 mm 4 1.16 0.90-1.50 1.08 0.88-1.34 111  0.88-141 1.13  0.90-1.42
4 mm 4 1.14 0.93-1.41 0.97 0.75-1.25 116 0.94-141 094 0.71-1.26
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0.83-1.36

0.92-1.43

0.96-1.47

0.80-1.43

0.75-1.28

0.91-1.43

0.92-1.44

0.72-1.41

0.65-1.24

1.17

1.05

1.09

0.97

1.24

0.87

1.06

1.10

1.28

0.99

0.78-1.73

0.67-1.62

0.90-1.31

0.72-1.31

0.77-2.01

0.59-1.29

0.87-1.31

0.82-1.49

0.80-2.05

0.65-1.52

1.05

1.01

1.14

1.20

1.07

0.94

1.09

1.20

0.99

0.90

0.83-1.34

0.79-1.28

0.93-1.40

0.97-1.49

0.81-141

0.73-1.21

0.90-1.33

0.95-1.51

0.72-1.36

0.66-1.22

1.15

1.26

1.10

0.94

1.29

1.02

1.12

1.03

1.40

1.03

0.73-1.80

0.79-2.00

0.90-1.35

0.68-1.30

0.74-2.23

0.68-1.54

0.89-1.41

0.74-1.43

0.82-2.38

0.71-1.50

* Can be on the same tooth.

OR: odds ratio, Cl: Confidence interval.

Table 3. Odds ratios of different thresholds of periodontitis in multivariable binary logistic regression with diabetes as an

outcome and controlled for age, waist to height ratio, and pack-years in complete case analysis (N=9.593).
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CAL only PD only CAL or PD CAL and PD*

Cut-off point Number of teeth
1-15 >15 1-15 >15 1-15 >15 1-15 >15
3 mm 1 2.06 1.21 1.12 1.32 2.02 1.18 1.16 1.32
4 mm 1 2.52 0.97 1.08 1.05 2.72 0.99 1.08 1.03
5 mm 1 1.48 1.16 0.86 1.09 1.47 1.16 0.86 1.10
6 mm 1 1.07 1.05 0.69 1.04 1.05 1.07 0.72 1.01
3 mm 2 1.44 1.11 1.31 1.08 1.29 1.15 1.39 1.07
4 mm 2 1.76 1.15 1.01 1.08 1.79 1.16 1.01 1.08
5 mm 2 1.01 1.19 0.75 1.00 0.99 1.23 0.77 0.94
6 mm 2 1.17 1.02 0.81 0.94 1.16 0.98 0.84 1.03
3 mm 3 1.66 1.14 1.24 1.08 1.45 1.14 1.37 1.10
4 mm 3 1.14 1.09 0.97 1.00 1.14 1.12 0.97 0.97
5 mm 3 0.99 1.05 0.74 1.07 0.98 1.05 0.77 1.07
6 mm 3 0.98 0.93 1.06 0.82 0.98 0.89 1.08 0.93
3 mm 4 1.76 1.08 1.60 1.03 1.83 1.02 1.57 1.08
4 mm 4 1.06 1.13 0.72 1.01 1.01 1.16 0.77 0.97
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5 mm 4
6 mm 4
3 mm 5
4 mm S
5mm 5
6 mm 5
3 mm 6
4 mm 6
5 mm 6
6 mm 6

* Can be on the same tooth.

0.91

1.14

1.65

1.19

0.95

1.14

1.28

1.10

0.94

1.00

1.04

1.00

1.07

1.16

1.07

0.90

1.12

1.13

1.00

0.83

0.81

1.33

1.41

0.70

0.93

2.33

1.35

0.71

1.78

341

1.22

0.98

1.06

1.01

1.28

0.74

1.04

1.17

1.24

0.78

0.91

1.11

1.78

1.20

0.94

1.11

1.31

1.11

0.94

1.07

1.06

0.93

1.05

1.18

1.07

0.86

1.06

1.19

0.98

0.81

0.82

1.48

1.32

0.67

0.94

3.11

1.34

0.68

1.81

3.61

1.20

1.19

1.08

0.98

1.34

0.85

1.10

1.08

1.36

0.86

Table 4. Odds ratios of different thresholds of periodontitis in multivariable binary logistic regression with diabetes as an
outcome and controlled for age, waist to height ratio, and pack-years in complete case analysis stratified by the number of

teeth 1-15 (N=967) vs.> 15 (N=8,626).

35



Cut-off Number CAL only PD only CAL or PD CAL and PD*

point of teeth OR 95% ClI OR 95% ClI OR 95% ClI OR 95% CI
3 mm 1 1.27 0.87-1.85 1.03 0.80-1.32 1.16 0.77-1.74 1.10 0.86-1.39
4 mm 1 1.15 0.95-1.40 1.13 0.91-1.42 1.12 0.92-1.36 1.17 0.93-1.47
5 mm 1 1.15 0.91-1.45 1.08 0.80-1.46 1.12 0.89-1.40 1.13 0.83-1.53
6 mm 1 1.28 0.99-1.64 1.03 0.72-1.47 1.28 1.00-1.64 1.02 0.70-1.47
3 mm 2 1.12 0.86-1.46 1.03 0.78-1.34 0.91 0.67-1.24 1.16 0.91-1.48
4 mm 2 1.36 1.10-1.70 1.13 0.87-1.47 1.33 1.07-1.66 1.18 0.89-1.56
5 mm 2 1.36 1.06-1.74 1.27 0.89-1.82 1.28 1.00-1.64 1.42 1.00-2.04
6 mm 2 1.21 0.89-1.64 1.27 0.84-1.91 1.25 0.94-1.68 1.16 0.73-1.82
3 mm 3 1.20 0.96-1.50 1.08 0.85-1.37 1.09 0.83-1.43 1.16 0.93-1.44
4 mm 3 1.31 1.04-1.64 1.17 0.87-1.57 1.28 1.02-1.60 1.22 0.90-1.64
5 mm 3 1.40 1.04-1.88 1.51 0.97-2.34 1.34 0.99-1.81 1.67 1.09-2.57
6 mm 3 1.24 0.87-1.78 1.08 0.70-1.68 1.32 0.94-1.85 0.85 0.45-1.63
3 mm 4 1.24 0.98-1.56 1.07 0.84-1.35 1.16 0.92-1.46 1.14 0.90-1.44
4 mm 4 1.36 1.08-1.71 1.28 0.96-1.70 1.33 1.06-1.67 1.33 0.98-1.83
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5 mm

6 mm

3 mm

4 mm

5 mm

6 mm

3 mm

4 mm

5 mm

6 mm

6

1.36

1.19

1.22

1.48

1.25

1.18

1.36

1.50

1.34

1.62

0.98-1.88

0.83-1.69

1.00-1.50

1.14-1.91

0.85-1.84

0.82-1.70

1.08-1.70

1.14-1.97

0.87-2.05

1.12-2.33

1.66

1.15

1.22

1.45

1.62

1.52

1.20

1.34

1.63

1.45

1.07-2.57

0.68-1.94

0.96-1.55

1.06-2.00

1.04-2.52

0.76-3.04

0.94-1.53

0.92-1.94

1.00-2.65

0.60-3.53

1.37

1.25

1.16

1.45

1.32

1.27

1.26

1.43

1.46

1.59

0.99-1.89

0.89-1.76

0.93-1.44

1.14-1.85

0.92-1.90

0.90-1.79

0.99-1.60

1.09-1.87

0.98-2.18

1.11-2.28

1.68

0.94

1.30

1.52

1.49

1.14

1.31

1.47

1.32

1.59

1.05-2.71

0.46-1.90

1.01-1.67

1.07-2.16

0.89-2.51

0.42-3.07

1.03-1.67

1.00-2.18

0.73-2.41

0.60-4.16

* Can be on the same tooth.

OR: odds ratio, Cl: Confidence interval.

Table 5. Odds ratios of different thresholds of periodontitis in multivariable binary logistic regression with cardiovascular
disease as an outcome and controlled for age, waist to height ratio, and pack-years in complete case analysis (N=9.563).
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Cut-off Number CAL only PD only CAL or PD CAL and PD*

point of teeth 1-15 >15 1-15 >15 1-15 >15 1-15 >15
3 mm 1 1.29 1.19 0.92 1.07 1.29 1.08 0.93 1.13
4 mm 1 0.78 1.12 0.69 1.23 0.71 1.10 0.72 1.26
5 mm 1 0.46 1.25 0.68 1.14 0.46 1.21 0.68 1.20
6 mm 1 0.69 1.35 0.92 1.03 0.68 1.36 0.94 1.00
3 mm 2 0.59 1.20 0.83 1.10 0.50 0.99 0.89 1.24
4 mm 2 0.62 1.45 0.54 1.27 0.58 1.43 0.57 131
5 mm 2 0.51 1.55 0.78 1.37 0.50 1.44 0.78 1.57
6 mm 2 0.68 1.27 0.79 1.38 0.67 1.35 0.83 1.23
3 mm 3 0.61 1.34 0.65 1.24 0.58 1.25 0.67 1.32
4 mm 3 0.58 1.45 0.62 1.31 0.54 1.44 0.70 1.35
5 mm 3 0.64 1.56 1.00 1.61 0.63 1.48 1.01 181
6 mm 3 0.74 1.30 0.27 1.35 0.73 141 0.28 1.06
3 mm 4 0.67 1.40 0.84 1.16 0.68 1.32 0.82 1.24
4 mm 4 0.66 1.50 0.84 1.36 0.66 1.47 0.85 1.43
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5mm 4 0.76 1.45 0.74 1.88 0.76 1.47 0.75 1.93

6 mm 4 0.81 1.16 0.32 1.42 0.80 1.26 0.33 1.15
3mm 5 0.79 1.33 1.17 1.28 0.78 1.28 1.18 1.35
4 mm 5 0.71 1.64 0.89 1.59 0.69 1.63 0.94 1.65
5mm 5 0.83 1.27 0.26 2.00 0.83 1.37 0.26 1.87
6 mm 5 0.92 1.08 0.38 1.88 0.91 1.21 0.40 1.41
3mm 6 1.02 1.46 0.77 1.36 0.98 1.37 0.80 1.48
4 mm 6 0.74 1.67 0.87 1.44 0.74 1.58 0.87 1.60
5mm 6 1.04 1.29 0.42 1.95 1.04 1.47 0.43 1.58
6 mm 6 1.38 1.42 0.24 1.89 1.29 1.45 0.50 1.87

* Can be on the same tooth.

Table 6. Odds ratios of different thresholds of periodontitis in multivariable binary logistic regression with cardiovascular
disease as an outcome and controlled for age, waist to height ratio, and pack-years in complete case analysis stratified by the
number of teeth 1-15 (N=957) vs.> 15 (N=8,606).
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Cut-off Number CAL only PD only CAL or PD CAL and PD*

point of teeth OR 95% ClI OR 95% ClI OR 95% ClI OR 95% ClI
3 mm 1 1.24 0.83-1.86 1.12 0.87-1.43 1.17 0.72-1.92 1.17 0.94-1.46
4 mm 1 1.02 0.83-1.25 0.97 0.78-1.20 1.04 0.85-1.26 0.96 0.75-1.21
5 mm 1 1.17 0.97-1.40 0.95 0.75-1.20 1.16 0.97-1.38 0.96 0.74-1.25
6 mm 1 1.02 0.82-1.28 0.92 0.68-1.23 1.03 0.83-1.29 0.89 0.65-1.22
3 mm 2 1.08 0.76-1.54 0.98 0.78-1.22 1.08 0.74-1.57 1.00 0.81-1.24
4 mm 2 1.18 0.96-1.45 0.97 0.78-1.20 1.18 0.97-1.43 0.97 0.76-1.23
5 mm 2 1.12 0.90-1.40 0.88 0.64-1.20 1.14 0.92-1.42 0.84 0.60-1.18
6 mm 2 0.99 0.76-1.29 0.87 0.58-1.31 0.95 0.74-1.22 0.95 0.62-1.45
3 mm 3 1.12 0.82-1.52 0.97 0.76-1.23 1.09 0.80-1.48 1.00 0.79-1.27
4 mm 3 1.05 0.86-1.28 0.89 0.70-1.15 1.06 0.87-1.29 0.87 0.66-1.16
5 mm 3 0.96 0.76-1.22 0.95 0.66-1.35 0.96 0.76-1.22 0.94 0.64-1.39
6 mm 3 0.90 0.71-1.14 0.80 0.52-1.23 0.86 0.68-1.08 0.90 0.58-1.39
3 mm 4 1.05 0.82-1.37 0.96 0.78-1.19 1.00 0.78-1.27 1.01 0.81-1.27
4 mm 4 1.07 0.86-1.32 0.87 0.66-1.14 1.07 0.87-1.32 0.85 0.62-1.16
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5 mm

6 mm

3 mm

4 mm

5 mm

6 mm

3 mm

4 mm

5 mm

6 mm

6

0.93

0.98

1.04

1.10

0.98

0.91

1.03

1.06

0.93

0.83

0.71-1.22

0.76-1.26

0.83-1.30

0.88-1.36

0.73-1.32

0.69-1.20

0.82-1.31

0.84-1.33

0.66-1.30

0.59-1.15

1.09

0.95

0.97

0.88

1.14

0.81

0.95

1.01

1.17

0.93

0.73-1.62

0.61-1.48

0.80-1.16

0.64-1.19

0.71-1.83

0.55-1.20

0.78-1.17

0.74-1.37

0.73-1.87

0.60-1.45

0.95

0.92

1.02

1.10

0.97

0.87

0.98

1.10

0.90

0.83

0.73-1.23

0.72-1.18

0.83-1.25

0.88-1.37

0.73-1.29

0.67-1.14

0.80-1.20

0.87-1.39

0.65-1.25

0.60-1.14

1.07

1.15

0.98

0.85

1.21

0.95

1.01

0.94

1.30

0.94

0.69-1.68

0.72-1.82

0.81-1.20

0.61-1.21

0.71-2.05

0.63-1.44

0.80-1.26

0.67-1.32

0.78-2.17

0.65-1.35

* Can be on the same tooth.

OR: odds ratio, Cl: Confidence interval.

Table 7. Odds ratios of diabetes in multivariable binary logistic regression with periodontitis as an outcome defined using

different criteria and controlled for age, waist to height ratio, and pack-years in complete case analysis (N=9.593).
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Cut-off Number CAL only PD only CAL or PD CAL and PD*

point of teeth 1-15 >15 1-15 >15 1-15 >15 1-15 >15
3 mm 1 2.28 1.20 1.14 1.19 2.20 1.13 1.19 1.24
4 mm 1 2.74 0.91 1.08 0.97 2.99 0.93 1.07 0.96
5 mm 1 1.56 1.10 0.78 0.99 1.55 1.09 0.79 1.01
6 mm 1 1.11 0.98 0.65 0.97 1.09 1.00 0.67 0.94
3 mm 2 1.50 1.06 1.31 0.98 1.33 1.08 1.40 0.98
4 mm 2 1.90 1.09 0.98 0.99 1.94 1.09 0.97 0.99
5 mm 2 1.04 1.11 0.72 0.91 1.02 1.15 0.75 0.86
6 mm 2 1.17 0.93 0.74 0.88 1.15 0.89 0.76 0.97
3 mm 3 1.64 1.08 1.21 0.98 1.43 1.07 1.34 1.00
4 mm 3 1.14 1.02 0.91 0.91 1.13 1.04 0.92 0.88
5 mm 3 1.02 0.94 0.71 1.00 1.00 0.94 0.74 0.99
6 mm 3 1.02 0.87 0.95 0.77 1.01 0.82 0.96 0.87
3 mm 4 1.72 1.00 1.54 0.94 1.80 0.94 1.51 0.99
4 mm 4 1.09 1.06 0.67 0.92 1.03 1.08 0.73 0.88
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5mm 4 0.92 0.92 0.76 1.15 0.92 0.94 0.76 1.13

6 mm 4 1.19 0.92 1.18 0.91 1.16 0.86 1.32 1.11
3mm 5 1.63 0.98 1.34 0.96 1.77 0.96 1.26 0.98
4 mm 5 1.26 1.07 0.66 0.93 1.26 1.08 0.63 0.90
5mm 5 0.99 0.98 0.85 1.21 0.99 0.97 0.85 1.29
6 mm 5 1.18 0.86 2.26 0.69 1.15 0.82 3.04 0.80
3mm 6 1.31 1.03 1.31 0.95 1.33 0.98 1.29 1.00
4 mm 6 1.15 1.04 0.67 1.08 1.15 1.10 0.64 1.00
5mm 6 0.97 0.92 1.69 1.16 0.96 0.90 1.70 1.28
6 mm 6 1.00 0.79 3.45 0.74 1.07 0.78 3.40 0.81

* Can be on the same tooth.

Table 8. Odds ratios of different thresholds of periodontitis in multivariable binary logistic regression with periodontitis as an
outcome and controlled for age, waist to height ratio, and pack-years in complete case analysis stratified by the number of
teeth 1-15 (N=967) vs.> 15 (N=8,626).

43



Chapter 3: Study 2
The Impact of Periodontitis Misclassification as an Exposure and as an Outcome from
Partial-Mouth Measurements on its Association with Diabetes and Cardiovascular Disease
Using NHANES
Introduction

The potential for bias due to partial-mouth measurement when assessing the effects of
periodontitis’ risk factors was recently evaluated empirically and in a simulation study (87, 88).
The empirical study concluded that partial-mouth measurements may result in bias of the
measure of association, and the magnitude and direction depend on the clinical severity used to
define periodontitis. The authors of that study assessed the effects of periodontitis outcome
misclassification resulting from different partial-mouth measurements using the CDC/AAP case
definitions of periodontitis only. Thus, the effect of using different case definitions alone (i.e.,
other than CDC/AAP) with only full-mouth measurements on the associations between smoking,
diabetes, alcohol, or obesity and (periodontitis) were not done (87). The simulation study only
assessed one partial-mouth protocol (the random half-mouth). Effect of misclassification of
partial-mouth measurements has not been widely assessed.

The mechanism of periodontitis misclassification depends on whether it is ascertained as
an exposure or an outcome (49). Therefore, the potential for bias due to partial-mouth
measurement may differ based on whether periodontitis is exposure or an outcome. The impact
of potential bias resulting from partial-mouth with periodontitis as the exposure was not
evaluated.

The aim of this paper was to study the impact of periodontitis misclassification resulting

from use of several partial mouth protocols (PMPs) on its association as an exposure with
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diabetes and cardiovascular disease and as an outcome with diabetes in relation to full-mouth
measurements using the National Health and Nutrition Examination Survey (NHANES) 2009-
2014.

Methods

We used data from NHANES 2009-2014. The 2009-2014 cycles were the only cycles
with full-mouth measurements of CAL and PD on all six sites of each tooth. Thus, it allowed
comparisons of several partial-mouth measurements to full-mouth measurement. Numbers of
teeth present were calculated from permanent teeth and any permanent root fragments.
Periodontitis was defined as a categorical variable according to the CDC/AAP case definition
(67). Because of the low frequency of mild periodontitis, it was combined with the no
periodontitis category Page and Eke 2007 periodontitis definition (67) using measurement on
four interproximal sites per tooth (mesio-buccal, mesio-lingual, disto-buccal, and disto-lingual)
for all 28 teeth (third molar excluded because there were no periodontal measurements for them
in NHANES) (80, 81). A second definition, the mean clinical attachment loss, was based on the
continuous CAL measurements on up to four interproximal sites per tooth.

Measurements of CAL and PD at four interproximal sites per tooth were used for the
analysis periodontitis with full-mouth and each partial-mouth protocol. Fixed and random
selection partial-mouth protocols are described below:

Fixed selection

In each of the following fixed selection protocols, teeth were selected one time. The
protocols were the Community Periodontal Index of Treatment Needs (CPITN) index teeth
(maxillary right first and second molars, maxillary right central incisor, maxillary left first and

second molars, mandibular left first and second molars, mandibular left central incisor, and
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mandibular right first and second molars) and the Ramfjord teeth (maxillary right first molar,
maxillary left central incisor, maxillary left first premolar, mandibular left first molar,
mandibular right central incisor, and mandibular right first premolar). Additional six protocols
were considered (appendix).

Random selection

Random selection occurred 10,000 times to account for random error of the sampling. A
random number was generated in SAS for each subject using the binomial function with a
probability of success of 0.5. The random half-mouth with contralateral sides (Mx Rt & Mn Lt/
Mx Lt & Mn Rt) was used in which the maxillary right/mandibular left sides were selected if the
Binomial value was 1, and the maxillary left/mandibular right sides if the value was 0.
Additional two protocols were considered (appendix).

Statistical analysis

Multiple independent analyses were run to evaluate the role of periodontitis classification
in periodontitis disease associations when periodontitis was the exposure of interest, i.e.
exposure misclassification, and when periodontitis was the outcome of interest, i.e. outcome
misclassification. In all cases, misclassification was assumed to be non-differential. All statistical
analysis was carried out using SAS 9.4. Complete case analysis was conducted.

To evaluate exposure misclassification, Multivariable binary logistic regression models
using were separately constructed for each outcome, i.e. diabetes and cardiovascular disease,
with periodontitis as both a categorical and continuous (mean CAL) variable, were conducted for
both full and partial-mouth protocols. Similarly, evaluations of outcome misclassification were
conducted by constructing 1) multivariable generalized logistic (multinomial) models were done

with diabetes as an exposure, periodontitis as an outcome 2) multivariable linear regression
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models with diabetes as an exposure and mean clinical attachment loss as an outcome. These
models were done using both full and partial-mouth protocols.

For all models, odds ratios or B-estimates and 95% CI were reported. Full-mouth estimate
was subtracted from the corresponding partial-mouth estimate and then divided by the full-mouth
models’ estimate multiplied by a 100 to obtain the percent relative bias. For random partial-
mouth techniques, the mean and (2.5" - 97.5") percentile interval of percent relative bias were
reported.

The regression models were conducted using proc survey options in SAS, taking into
account the complex design of NHANES and exam weight. All models were adjusted for
potential confounders. Figures 1 and 2 show the hypothesized causal diagrams of the
periodontitis-diabetes and periodontitis-CVD associations, respectively. The minimally sufficient
set of variables to control for in the periodontitis-diabetes/diabetes-periodontitis association
based on the causal diagram below was age, gender, smoking, obesity, and race/ethnicity. For the
periodontitis-CVD association, the minimally sufficient set of variables was age, gender,
smoking, obesity, race/ethnicity, and diabetes. No model selection procedures were conducted.
Stratified and sensitivity analysis

To assess the potential impact of varying numbers of teeth across participants, we
estimated associations among those with less than or equal to 15 and among those with more
than 15 teeth. In addition, reanalysis with different eligibility criteria of subjects with at least 8,
10, 20, and full 28 teeth (excluding 3" molars) present was done to investigate the potential
effects of losing teeth on the measures of association. These stratified/sensitivity analysis attempt
to identify the potential impact of prevalent cohort bias, a special form of left truncation or

selection bias, in which subjects who already had periodontitis and lost their teeth due to

47



periodontitis may either not make it into the analytic cohort, or may be misclassified as a non-
case of periodontitis (85).
Results

The sample eligible for this analysis was 10,138. The full eligible sample had a mean age
of 49.70 (with a standard error of 0.22), was 49.20% males, and the majority had non-Hispanic
white (67.62%). Diabetes was in 9.35% and cardiovascular disease was in 5.54% of the sample.
The prevalence of severe, moderate, mild, and no periodontitis were 7.80%, 29.00%, 4.42%, and
58.77%, respectively. The sample had missing diabetes status, cardiovascular disease status,
pack-years, and waist to height ratio that were 0.03%, and 0.18%, 2.23%, 2.65%, respectively.
Tables 9 shows the distribution of the variables by periodontitis and diabetes groups.

Full-mouth adjusted analysis are shown in Table 10. When periodontitis was an exposure
and CDC/AAP definition was used, those with severe periodontitis had 1.09 (95% CI: 0.77,
1.54) times the odds of having diabetes compared to those with mild or no periodontitis.
Moderate periodontitis had 1.30 (95% CI: 1.07, 1.57) times the odds of having diabetes
compared to those with mild or no periodontitis. For mean CAL, each 1 mm increase in clinical
attachment loss was associated with a 6% increase in the odds (OR=1.06) of having diabetes
(95% CI: 0.98, 1.14). Furthermore, each 1 mm increase in clinical attachment loss was
associated with a 14% increase in the odds (OR=1.14) of having cardiovascular disease (95% CI:
1.06, 1.22).

In periodontitis as CDC/AAP outcome, diabetics had 1.01 times the odds of having
severe periodontitis (as opposed to mild or no periodontitis) compared to non-diabetics with a
compatibility interval ranging from 0.72-1.43. Diabetics had 1.25 times the odds of having

moderate periodontitis (as opposed to mild or no periodontitis) compared to non-diabetics with a
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compatibility interval ranging from 1.02-1.52. For mean CAL, diabetics had 0.05 higher mean of
clinical attachment loss compared to non-diabetics with a compatibility interval ranging from -
0.04 to 0.14.

Exposure misclassification

Categorical Periodontitis

When periodontitis was evaluated as a categorical exposure, partial-mouth protocols
mainly resulted in underestimation (Table 11). On average, the percent relative bias was less than
10% for all protocols and both associations (periodontitis-diabetes and periodontitis-CVD).
However, the effects of moderate periodontitis on diabetes/CVD had more bias than the effects
of severe periodontitis. Those with severe periodontitis had 1.02, 1.16, and 1.14 times the odds
of having diabetes and 1.35, 1.22, and 1.38 times of having CVD compared to those with
mild/no periodontitis using the random half-mouth, CPITN, and the Ramfjord protocols,
respectively (Table 12). Those with moderate periodontitis had 1.19, 1.17, and 1.14 times the
odds of having diabetes and 1.33, 1.38, and 1.18 times of having CVD compared to those with
mild/no periodontitis using the random half-mouth, CPITN, and the Ramfjord protocols,
respectively.

When comparing the percent relative bias of the effects of severe periodontitis on
diabetes/CVD across the different partial-mouth protocols, there was no consistent bias in terms
of size and direction as the partial-mouth protocol had fewer teeth. However, as the partial-
mouth protocol had fewer teeth, the bias was increased when examining the effects of moderate
periodontitis on diabetes/CVD (Table 11).

Continuous Periodontitis (mean CAL)
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When periodontitis was evaluated as a continuous exposure using mean CAL, the partial-
mouth protocols resulted in minimal bias overall compared to when periodontitis was ascertained
categorically (Table 11).

Outcome misclassification
Categorical Periodontitis

The effect of diabetes on severe periodontitis consistently resulted in less than 10% bias
while the effects of diabetes on severe periodontitis consistently exceeded 10% bias (Table 13).
Comparisons across PMPs showed similar results to when periodontitis was an exposure (i.e., no
trend with effects of diabetes on severe periodontitis but clear trend with effects on moderate
periodontitis). Diabetes had 0.94, 1.04, and 1.08 times the odds of having severe periodontitis
compared to non-diabetics using the random half-mouth, CPITN, and the Ramfjérd protocols,
respectively (Table 14). Diabetics had 1.11, 1.07, and 1.07 times the odds of having diabetes
compared to non-diabetics using the random half-mouth, CPITN, and the Ramfjord protocols,
respectively.

Continuous Periodontitis (mean CAL)

As a continuous variable, mean CAL resulted in higher percent relative bias compared to
the CDC/AAP definition (Table 13).

Stratified and sensitivity analysis

When results were stratified by number of teeth (2-15 vs >15), percent relative bias was
higher among those with 2-15 teeth compared to those with more than 15 teeth regardless
whether periodontitis was an exposure or an outcome and regardless of the outcome for
periodontitis (diabetes/CVD) (Tables 11 and 13). In periodontitis as an exposure, the magnitude

and direction of bias among those with 2-15 teeth was association dependent (i.e., more bias in
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the periodontitis-diabetes association). In addition, bias was minimal and in several cases not
present when periodontitis was an exposure. Furthermore, the use of mean CAL resulted in the
least amount of bias compared to CDC/AAP even after stratification.

The percent relative bias was mixed in direction and extent (i.e., no trend with more
restriction) (Tables 11 and 13). However, restriction to 28 teeth generally resulted in the highest
bias. Moreover, the Ramfjord protocol tended to be the most affected by restriction to all 28
teeth.

Discussion

Periodontitis as a CDC/AAP exposure on average had <10% relative bias and mainly
resulted in underestimation. The bias was larger for the effects of moderate periodontitis
compared to the effects of severe periodontitis. As the partial-mouth protocol had less number of
teeth, the bias was larger for the effects of moderate periodontitis while effects of severe
periodontitis had no trend. Participants with fewer teeth had more bias than those with more
teeth. The direction of bias depended on the outcome (diabetes vs. CVD) across strata of teeth.
Mean CAL had minimal less bias compared to CDC/AAP definition.

Periodontitis as a CDC/AAP outcome generally had <10% relative bias when estimating
effects of diabetes on severe periodontitis but had >10% when estimating its effects on moderate
periodontitis. The direction of bias was mixed for severe but was to the null for moderate
periodontitis. Trends among different partial-mouth protocols showed similar results as in when
periodontitis was an exposure and so did the stratified analysis. Mean CAL had larger bias
compared to CDC/AAP definition.

Periodontitis as an exposure had three categories and non-differential misclassification is

expected to bias the severe category towards the null and bias the moderate category away from
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the null since the severe and moderate category will look more similar (some severe move into
moderate and vice-versa), i.e., if there was a trend or dose-response in the estimates. However,
this was not the case in this study since there was no dose-response in both outcomes. Moderate
periodontitis had more bias than severe periodontitis in diabetes. A possible explanation for this
could be due to CDC definition capturing more moderate cases than severe cases and the higher
estimate of the effect of moderate periodontitis. Thus, individuals with severe periodontitis were
misclassified as either moderate or no periodontitis and individuals with moderate periodontitis
were misclassified as no periodontitis. Therefore, the reference group (mild/none) was more
similar to moderate periodontitis due to the misclassification and had more potential for bias.
Thus, the true potential of bias in severe periodontitis may have been masked if the estimate of
severe periodontitis is truly large.

Participants with fewer teeth were more impacted by partial-mouth misclassification than
the ones with more teeth. Therefore, the number of teeth can have a major effect on bias from
partial-mouth misclassification. A potential explanation for this could be that individuals who
already had severe or moderate periodontitis lost their most affected teeth in different areas of
the mouth so that when full-mouth measurements were done, they were classified as severe or
moderate but when partial-mouth measurement were done, they were classified as moderate or
mild/none. The direction of bias among participants with fewer teeth differed with the outcome
and the reason for this remains to be unknown. This needs further investigation.

Restriction analysis to a higher number of teeth did not change the bias much except for
restricting to all teeth. Mean clinical attachment loss was still affected by prevalent cohort bias
but to a lesser extent for restriction to >8 or >20 teeth compared to restriction to all 28 teeth.

However, it was affected to a lesser degree compared to the CDC/AAP categorical periodontitis.
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Misclassification from partial-mouth measurements is expected to be non-differential.
For periodontitis associations both as an exposure and as an outcome with diabetes, the
sensitivity and specificity should be exactly the same yet, periodontitis as an outcome was more
affected by misclassification from partial-mouth measurements than as an exposure. Another
difference was that mean clinical attachment loss had more bias than the CDC/AAP definition. A
possible reason for this was the already low beta-estimate of the full-mouth making any small
change in estimate result in high percent relative bias. This may be due to the nature of exposure
vs. outcome misclassification. Although stratified and restriction analysis had the same impact
on periodontitis as an outcome.

The Ramfjérd protocol was among the highest percent relative bias for both periodontitis
as an exposure and as an outcome when restricting the number of teeth. A potential reason could
be that it only has six teeth of which two are only molars and four are only posterior teeth. Thus,
it had the most bias because it left out the other most prone teeth to periodontitis.

A drawback of using percent relative bias is that it depends on the original value. A slight
change to a low base value tends to result in a higher relative bias than if the base value is high
even though the absolute change is the same (as in the case of b-estimate of diabetes on mean
clinical attachment loss). A possible reason for this could be that the causal diagrams were wrong
about the data generating process of the periodontitis-systemic disease association. This may
change the estimates of severe categories and in turn, change the bias of the partial-mouth
measurements. In addition, the cross-sectional nature of this analysis makes temporality of the
associations questionable.

In the periodontitis-CVD association, the direction of the association between

periodontitis and diabetes was diabetes — periodontitis (i.e., diabetes caused periodontitis
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and so according to appendix figure 1, diabetes was a confounder was included in the model for
the periodontitis-CVD association). However, the direction of the periodontitis and diabetes
association could be the other way around periodontitis — diabetes (i.e., diabetes would be
on the causal pathway from periodontitis to cardiovascular disease). In other words, since
diabetes would be a mediator, including it in the model would bias the estimates of periodontitis
towards the null (underestimation). Therefore, this may have affected the relative bias change
percentages of different partial-mouth protocols for periodontitis-CVD association.

The assumptions of some of the models may have been violated and if changes were
made to fix these assumptions, the relative bias change of the partial-mouth protocols may be
affected. Furthermore, outliers and high influence points were not checked and may change the
relative bias change percent of the partial-mouth techniques. Moreover, this analysis assumes
that partial-mouth models follow full-mouth ones. However, partial-mouth models of the
periodontitis-systemic disease associations may follow a different functional form of the models
(assumptions of additivity/no interaction, linearity, normality, constant variance) from than the
full-mouth one.

The multinomial logistic regression model was used instead of the proportional odds
(cumulative) logistic regression model was due to violation of the proportional odds assumption
that was assessed through significance of the score test and mosaic plots of the joint distribution
of diabetes and periodontitis (89).

The limitations of this study that could affect the results of the misclassification of
periodontitis on the associations include the lack of temporality ascertainment of the exposure-
outcome associations due to the cross-sectional nature. Furthermore, the misclassification of

diabetes and cardiovascular disease due to self-report or misclassification of confounders could

54



change the results of the study. Last, the selection bias that could result from complete case
analysis may have changed the percent relative bias.
Conclusion

The amount of bias due to PMPs may be dependent on the size of the underlying association.
The choice of protocol did not seem to play a major role in the amount of bias (number of teeth
vs. type of tooth included). Percent relative bias was generally less than 10% for the severe
categories while it tended to exceed 10% for moderate categories. Bias was increased among
people with fewer teeth and the direction depended on the outcome. Mean clinical attachment
loss resulted in minimal bias. Overall, bias due to PMP would not have changed the main
conclusions when severe periodontitis was under study.
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Tables

Frequency (weighted %)

Variables By periodontitis groups By diabetic groups
Severe Moderate Mild None Diabetic Non-diabetic
Mean age (SE) 53.63 (0.48) 53.69 (0.39) 46.87 (0.67) 47.41 (0.28) 57.43 (0.43) 48.90 (0.22)
Missing 0 0 0 0 0 0
Gender
814 (72.43%) 1,902 (55.90%) 265 (57.91%) 2,012 (42.15%) 635 (52.10%) 4,357 (48.92%)
Male 0 0 0 0 0 0
Missing
Race/ethnicity
Non-Hispanic White 300 (50.82%) 1,195 (59.70%) 187 (60.93%) 2,475 (74.26%) 375 (57.84%) 3,780 (68.64%)

Non-Hispanic Black
Mexican American
and other Hispanic
Other race and
multiracial

Missing

355 (20.36%)

346 (19.74%)

139 (9.08%)

0

850 (13.58%)

991 (17.96%)

428 (8.76%)

0

103 (13.71%)

157 (20.29%)

35 (5.07%)

0

851 (8.09%)

1,051 (10.66%)

675 (6.99%)

0

355 (16.12%)

366 (16.90%)

140 (9.13%)

0

1,804 (10.35%)

2,176 (13.59%)

1,136 (7.42%)

0
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Mean pack-years
(SE)

Missing

15.82 (1.06)

38 (2.09%)

12.04 (0.52)

82 (2.09%)

4.67 (0.60)

12 (2.18%)

4.22 (0.23)

110 (2.33%)

12.39 (1.12)

25 (1.77%)

6.90 (0.30)

217 (2.28%)

Mean waist to

height ratio (SE) 0.60 (0.004) 0.61 (0.003) 0.60 (0.006) 0.58 (0.002) 0.66 (0.004) 0.59 (0.002)
Missing 41 (3.56%) 127 (3.35%) 7 (1.09%) 138 (2.30%) 62 (5.10%) 251 (2.39%)
Diabetes

Yes 189 (13.31%) 593 (14.24%) 43 (8.85%) (R T —
Missing 1 (0.04%) 2 (0.03%) 0 3(0.03%) e e
Cardiovascular

disease

Yes 106 (8.84%) 330 (9.01%) 18 (3.17%) N
Missing 6 (0.36%) 19 (0.32%) 1 (0.09%) G 1 I —,—

S7



Periodontitis

SEVEre e s e eees s 189 (11.10%) 950 (7.46%)
Moderate =~ e e s 593 (44.14%) 2,869 (27.44%)
Mild e e - I 43 (4.18%) 439 (4.45%)
NONE ~ memeeemeemeee e s e 411 (40.57%) 4,638 (60.65%)
MiSSING s e 0 0

Total 1,140 (7.80%) 3,464 (29.00%) 482 (4.42%) 5,052 (58.77%) 1,236 (9.35%) 8,896 (90.62%)

SE: Standard error.
* 6 individuals were missing diabetes status (0.03% of the eligible sample).
Table 9. Characteristics of participants in NHANES cycles 2009-2014 aged 30-79 years, who had at least 2 permanent teeth during

examination, one of which was not a root fragment, and had complete periodontal examination (N=10,138).
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Categorical Perio Mean CAL

Perio - Db* Perio - CVD** Db - Perio*** Perio - Db* Perio - CVD** Db - Perio****
Variable
Severe vs ref  Moderate vs ref
OR 95% ClI OR 95%ClI OR 95%ClI OR 95%ClI OR 95%Cl OR 95%CI B 95% CI
Perio

Severe  1.09 (0.77-1.54) 1.36 (0.92-2.00)

Moderate 1.30 (1.07-1.57) 1.37 (1.11-1.69)

Mild/ none Ref - Ref -

Mean CAL 1.06 (0.98-1.14) 1.14 (1.06-1.22)
Diabetes

Yes 1.01 (0.72-1.43) 1.25 (1.02-1.52) 0.05 (-0.04,0.14)
No Ref - Ref -

Perio: periodontitis, Db: diabetes, CVD: cardiovascular disease, OR: odds ratio, Cl: confidence interval, p: beta-estimate.

* Multivariable binary logistic regression adjusted for age (continuous), pack-years (continuous), and waist to height ratio (continuous).

** Multivariable binary logistic regression adjusted for age (continuous), pack-years (continuous), waist to height ratio (continuous), and
diabetes (yes/no or borderline).

*** Multivariable multinomial logistic regression adjusted for age (continuous), pack-years (continuous), and waist to height ratio
(continuous), severe vs ref: is when the outcome of severe periodontitis was compared to no or mild periodontitis, moderate vs ref: is when

the outcome of moderate periodontitis was compared to no or mild periodontitis.
**** Multivariable linear regression adjusted for age (continuous), pack-years (continuous), and waist to height ratio (continuous).
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Table 10. Full-mouth analysis of the periodontitis-diabetes and diabetes-periodontitis associations (N=9,586) and the periodontitis-
cardiovascular disease (N=9,556) using both categorical definition and mean clinical attachment loss.
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Partial-mouth Exposure misclassification

protocol (number of Periodontitis - Diabetes Periodontitis — Cardiovascular disease

teeth) Severe® Moderate® Mean CAL Severe® Moderate® Mean CAL

Random half-mouth
(14)*
> 2 teeth -6.42% -8.46% -0.94% -0.74% -2.19% -0.88%

>15 / <15teeth  -4.72% / -27.07% -2.52% / -44.50% 0.00% / -0.96% -1.43% / 23.08% 1.37% / 3.13% 0.00% / 2.17%

> 8 teeth -7.34% -9.92% -0.93% 0.74% 0.75% 0.00%
> 20 teeth -9.17% -3.28% -0.94% 2.50% -0.71% -0.80%
28 teeth 22.22% 0.00% 0.00% -20.00% -12.97% -0.82%
CPITN (10)

> 2 teeth 6.42% -10.00% -0.94% -10.29% 0.73% -4.39%

>15 / <15teeth  10.38% / -14.29% 0.00% / -51.20% 0.00% / -1.92% -5.00% / 29.23% 7.53% / 14.06% -4.20% / 2.17%

> 8 teeth 3.67% -12.21% -2.78% -8.15% 5.22% -6.03%
> 20 teeth 4.59% -6.56% -1.89% 3.75% 7.80% -4.00%
28 teeth 24.07% 1.49% -1.25% 4.71% 15.14% -4.10%
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Ramfjord (6)
> 2 teeth 4.59% -12.31% -0.94% 1.47% -13.87% -1.75%

>15 / <15 teeth 9.43% / -43.61% -5.88% / -47.85% 1.90% / -5.77% 15.00% / -29.23% -8.90% / -14.06% -0.84% / 0.00%

> 8 teeth 3.67% -12.98% 0.00% 2.96% -8.96% -1.72%
> 20 teeth 8.26% -9.02% 2.83% 38.13% -6.38% -2.40%
28 teeth -100.00% 34.33% 7.50% -100.00% 5.41% -3.28%

CPITN: community periodontal index for treatment needs.

»: Percent relative bias of odds ratio of severe periodontitis on diabetes or cardiovascular disease compared to no or mild periodontitis.

8: Percent relative bias of odds ratio of moderate periodontitis on diabetes or cardiovascular disease compared to no or mild periodontitis.
* Percent relative bias of the mean estimate of 10,000 iterations.

Table 11. Percent relative bias of the estimates of the different partial-mouth protocols for the periodontitis-diabetes (N=9,586) and
the periodontitis-cardiovascular disease (N=9,556) associations using both categorical definition and mean clinical attachment loss
compared to full-mouth estimates.
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Full-mouth /

partial-mouth

Exposure misclassification

Periodontitis - Diabetes

Periodontitis — Cardiovascular

protocol (number of disease
teeth) Severe?® Moderate® Mean CAL Severe® Moderate® Mean CAL
Full-mouth (28)
> 2 teeth 1.09 1.30 1.06 1.36 1.37 1.14
>15 / <15teeth 1.06 / 1.33 1.19 / 2.09 1.05 / 1.04 1.40 / 0.65 1.46 / 0.64 1.19 / 0.92
> 8 teeth 1.09 1.31 1.08 1.35 1.34 1.16
> 20 teeth 1.09 1.22 1.06 1.60 141 1.25
28 teeth 0.54 0.67 0.80 2.55 2.31 1.22
Random half-mouth
(14)*
> 2 teeth 1.02 1.19 1.05 1.35 1.34 1.13
(0.88, 1.17) (1.08, 1.30) (1.04, 1.07) (1.34, 1.58) (1.20, 1.50) (1.12, 1.15)
>15 / <15 teeth 1.01 / 0.97 1.16 / 1.16 1.05 / 1.03 1.38 / 0.80 1.48 / 0.66 1.19 / 0.94
> 15 interval (0.85, 1.19) (1.05, 1.29) (1.03, 1.07) (1.12, 1.67) (1.30, 1.67) (1.17,1.21)
<15 interval (0.75, 1.22) (0.90, 1.46) (1.00, 1.07) (0.62, 1.02) (0.52, 0.82) (0.90, 0.98)
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> & teeth

> 20 teeth

28 teeth

CPITN (10)

> 2 teeth

> 15 / <15 teeth

> 8 teeth
> 20 teeth

28 teeth

1.01

(0.87. 1.16)

0.99

(0.79, 1.20)

0.66

(0.32, 1.10)

1.16
1.17 / 1.14
1.13
1.14

0.67

1.18

(1.07, 1.30)

1.18

(1.06, 1.31)

0.67

(0.53, 0.83)

1.17
1.19 / 1.02
1.15
1.14

0.68

1.07

(1.06, 1.09)

1.05

(1.03, 1.07)

0.80

(0.75, 0.85)

1.05
1.05 / 1.02
1.05
1.04

0.79

64

1.36

(1.14, 1.60)

1.64

(1.27, 2.05)

2.04

(0.63, 3.81)

1.22
1.05 / 0.84
1.24
1.66

2.67

1.35

(1.21, 1.51)

1.40

(1.22, 1.60)

1.61

(1.07, 2.25)

1.38
1.57 / 0.73
1.41
1.52

2.13

1.16

(1.14, 1.18)

1.24

(1.21,1.27)

1.21

(1.11, 1.32)

1.09
1.14 / 0.94
1.09
1.20

1.17



Ramfjord (6)

> 2 teeth 1.14 1.14 1.05 1.38 1.18 1.12
>15 / <15teeth 1.16 / 0.75 1.12 / 1.09 1.07 / 0.98 1.61 / 0.46 1.33 / 0.55 1.18 / 0.92
> 8 teeth 1.13 1.14 1.08 1.39 1.22 1.14
> 20 teeth 1.18 1.11 1.09 2.21 1.32 1.22
28 teeth 0.000002 0.90 0.86 0.000002 1.95 1.18

CPITN: community periodontal index for treatment needs.

»: Odds ratio of severe periodontitis on diabetes or cardiovascular disease compared to no or mild periodontitis.

8: Odds ratio of moderate periodontitis on diabetes or cardiovascular disease compared to no or mild periodontitis.

* Mean estimates and (2.5", 97.5™) percentile intervals of 10,000 iterations.

Table 12. Estimates of the different partial-mouth protocols for the periodontitis-diabetes (N=9,586) and the periodontitis-
cardiovascular disease (N=9,556) associations using both categorical definition and mean clinical attachment loss.
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Partial-mouth protocol (number of

Outcome misclassification

teeth) Severe¥ Moderate* Mean CAL*
Random half-mouth (14)**
> 2 teeth -6.93% -11.20% 0.00%

>15 / <15 teeth

> 8 teeth

> 20 teeth

28 teeth
CPITN (10)

> 2 teeth

> 15 / <15 teeth

> 8 teeth

> 20 teeth

28 teeth
Ramfjord (6)

> 2 teeth

>15 / <15 teeth

> 8 teeth

-4.08% / -29.41%

-7.92%

-9.90%

15.38%

2.97%

9.18% / -20.59%

0.99%

2.97%

9.62%

6.93%

14.29% [/ -47.06%

5.94%

-4.42% | -47.19%

-12.00%

-6.72%

3.33%

-14.40%

-2.65% / -55.41%

-15.20%

-10.08%

1.67%

-14.40%

-7.08% / -52.81%

-15.20%

0.00% / 6.67%

0.00%

0.00%

0.00%

-20.00%

50.00% / -20.00%

-16.67%

0.00%

25.00%

-20.00%

100.00% / 140.00%

0.00%




> 20 teeth 7.92% -12.61% 100.00%

28 teeth -100.00% 40.00% -25.00%

CPITN: community periodontal index for treatment needs.

¥: Percent relative bias of odds ratio of diabetics for having severe periodontitis against no or mild periodontitis compared to non-diabetics.

1: Percent relative bias of odds ratio of diabetics for having moderate periodontitis against no or mild periodontitis compared to non-diabetics.
* Percent relative bias of beta-estimate of diabetics for mean clinical attachment loss compared to non-diabetics.

** Percent relative bias of the mean estimate of 10,000 iterations.

Table 13. Percent relative bias of the estimates of the different partial-mouth protocols for the diabetes-periodontitis associations
(N=9,586) using both categorical definition and mean clinical attachment loss compared to full-mouth estimates.
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Full-mouth / partial-mouth protocol

Outcome misclassification

(number of teeth) Severe¥ Moderate* Mean CAL*
Full-mouth (28)

> 2 teeth 1.01 1.25 0.05

>15 / <15 teeth 0.98 / 1.36 1.13 / 2.31 0.02 / 0.15

> 8 teeth 1.01 1.25 0.06

> 20 teeth 1.01 1.19 0.02

28 teeth 0.52 0.60 -0.08
Random half-mouth (14)**

> 2 teeth 0.94 1.11 0.05

(0.82, 1.08) (1.00, 1.21) (0.03, 0.07)
>15 / <15 teeth 0.94 / 0.96 1.08 / 1.22 0.02 / 0.16

> 8 teeth

(0.79, 1.10) / (0.73, 1.22)

0.93
(0.80, 1.07)

68

(0.98, 1.19) / (0.95, 1.54)

1.10
(1.00, 1.21)

(0.01, 0.04) / (0.06, 0.26)

0.06
(0.04, 0.07)



> 20 teeth

28 teeth

CPITN (10)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth
28 teeth
Ramfjord (6)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth

28 teeth

0.91
(0.73, 1.10)

0.60
(0.32, 0.94)

1.04
1.07 / 1.08
1.02
1.04

0.57

1.08
1.12 / 0.72
1.07
1.09

0.000005

1.11
(0.99, 1.23)

0.62
(0.49, 0.76)

1.07
1.10 / 1.03
1.06
1.07

0.61

1.07
1.05 / 1.09
1.06
1.04

0.84

0.02
(0.003, 0.03)

-0.08
(-0.09, -0.06)

0.04
0.03 / 0.12
0.05
0.02

-0.10

0.04
0.04 / -0.06
0.06
0.04

-0.06

CPITN: community periodontal index for treatment needs.
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¥: Odds ratio of diabetics for having severe periodontitis against no or mild periodontitis compared to non-diabetics.

1: Odds ratio of diabetics for having moderate periodontitis against no or mild periodontitis compared to non-diabetics.

* Beta-estimate of diabetics for mean clinical attachment loss compared to non-diabetics.

** Mean estimates and (2.5", 97.5™) percentile intervals of 10,000 iterations.

Table 14. Estimates of the different partial-mouth protocols for the diabetes-periodontitis associations (N=9,586) using both
categorical definition and mean clinical attachment loss.
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Chapter 4: Study 3
The Impact of Unmeasured Confounding on Periodontitis’ Associations with Diabetes and
Cardiovascular Disease in the Dental Longitudinal Study (DLS)
Introduction

The observed associations, both their presence and/or strength, between periodontitis and
diabetes and cardiovascular disease could also be explained by systematic errors including
measurement/misclassification bias, selection bias, or confounding, including residual
confounding or unmeasured confounding. Given the common pathways of periodontitis,
diabetes, and CVD, the possibility exists that the observed associations reflect unmeasured
confounding. Several techniques have been introduced in the epidemiology literature to address
the impact of systematic errors, including unmeasured confounding. Bias analysis (a subset of
sensitivity analysis) is one method that has been proposed (50, 90). The method is implemented
by independently simulating the association between the hypothesized unmeasured confounder
and the exposure, and the association with the outcome.

The plausible range of estimated odds ratios is extracted from the literature if the
unmeasured confounder is known or these values can be simulated if there the unmeasured
confounder is either not known or there nothing in the literature on that unmeasured
confounder’s association with periodontitis/diabetes. These values of odds ratios between the
unmeasured confounder and periodontitis/diabetes are used to generate simulated datasets from
which the odds ratio between the unmeasured confounder and periodontitis/diabetes in the

dataset can be estimated.
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This study aims to investigate the possible presence and potential effect of an unknown
unmeasured confounder on the association between periodontitis and diabetes and cardiovascular
disease using the Dental Longitudinal Study (DLS).

Methods
Data source

The Dental Longitudinal Study (DLS) is a subset of the Normative Aging Study (NAS)
from the Department of Veterans Affairs (VA). The NAS is a cohort of male veterans who were
living in Boston, MA in 1961. Study procedures were conducted at a VA outpatient clinic in the
Boston area. Subjects were recruited through advertising in newspapers, radio, and soliciting
police department and large insurance companies. The primary purposes of the study were to
observe the natural process of aging in a healthy population, study incidence of disease
accompanied by aging, and assess different lifestyle factors and how they affect aging. Veterans
were selected as the target population as they were a representative sample of all adult males at
the time the study was initiated given that85% of all eligible males of military age participated in
World War 1. In addition, their data could be gathered retrospectively though VA records and
follow-up was possible. Another reason for choosing veterans was the national network of VA
making it easier to follow-up even if they left the Boston area. Investigators stressed that only
healthy individuals who did not have a major disease or injury should apply. Recruitment was
initiated in 1961 and continued until 1970. Over 6,000 individuals were recruited and only 2,280
passed the strict criteria of inclusion. Participants were healthy men, who had varying
socioeconomic status, occupation, mostly white (98%), mostly married and with children of
school age and were willing to continue their jobs and intend to participate in the study in further

cycles. All of this made the study population geographically stable. To maintain the population,
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attempts of sending periodic newsletters and involvement of individuals in a network were
undertaken. (91-94).

The DLS started in 1968 by asking individuals participating in the NAS to participate via
self-selection. Self-selection could have been due to interest in dental health, the need of dental
treatment, compliance with parent study, or peer pressure by siblings/coworkers. Dental status
was not ascertained prior to enrollment into the DLS. The recruited NAS cohort was 2,280
participants in 1968 and only 1,231 agreed to participate in the DLS (62%). At baseline, ages
ranged from 25-75. Data for this study included data obtained on participants through the year
2009. Figure 4 shows the timeline of the two cohorts and the follow-up rate, including the timing
of diabetes and periodontitis measurements. The follow-up rate for the DLS was not high and
drop out was highest in the first cycle losing 16% of the baseline cohort (95, 96).

Periodontitis ascertainment

Oral examinations were done every 3-5 years by calibrated dentists. Three different
dentists carried out the examinations throughout the period of the DLS (1968-2009) with a study
showing that their examinations were reliable and consistent (97). Periodontal measurements
including probing pocket depth and gingival recession were first measured in 1981 at 2
interproximal sites per tooth (mesial and distal) and each was scored per tooth the following
way: <2 millimeters (mm); more than 2 mm but less than or equal to 3 mm; more than 3 mm but
less than 5 mm; and >5 mm. Clinical attachment loss was calculated ad hoc from measures of
pocket depth and gingival recession.

In this study, we applied the 2012 CDC/AAP case definition for periodontitis(67), which
categorized the periodontal condition according to the severity and extent of probing depth and

clinical attachment loss; severe: more than 2 teeth with >5 mm of CAL and more than one tooth
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with >5 mm pocket depth, moderate: more than 2 teeth with >3 mm of CAL or more than 2
teeth with > 5 mm pocket depth; mild: more than 2 interproximal sites with > 2 mm of CAL and
(more than 2 teeth with > 3 mm of pocket depth or one tooth with > 5 mm pocket depth; none:
periodontal condition not meeting the previous criteria.

When periodontitis was evaluated as an exposure (i.e., periodontitis-diabetes association),
binary variables were constructed with severe or moderate periodontitis collapsed into one
category while the mild and none collapsed into another category (severe or moderate vs. mild or
none). When periodontitis was evaluated as an outcome, however, (i.e., diabetes-severe
periodontitis association), severe periodontitis was estimated in reference to all other forms
(severe vs. moderate/mild/none).

Diabetes ascertainment

Diabetes was ascertained in the NAS through self-report during a medical examination
and was subsequently coded using ICD-8 codes. As an exposure (i.e., diabetes-severe
periodontitis association), diabetes was ascertained by a medical diagnosis of ICD-8 codes based
on self-report. However, as an outcome (i.e., periodontitis-diabetes association), diabetes was
ascertained by 1) medical diagnosis of ICD-8 codes based on self-report or 2) having diabetes
listed as a primary or secondary causes for death.
Cardiovascular disease ascertainment

Cardiovascular disease was ascertained in the NAS through self-report during a medical
examination and was subsequently coded using ICD-8 codes. The codes were (410-414) for
ischemic heart diseases and codes (432-435) for stroke. In this study, cardiovascular disease was

only ascertained as an outcome by 1) medical diagnosis of ICD-8 codes based on self-report of

74



ischemic heart disease or stroke or 2) having any of these conditions or codes listed as primary or
secondary causes for death.
Covariates

Restriction of the DLS participants to white males fully controlled for gender and partially
controlled for race/ethnicity. Variables that were controlled for in the analysis phase included
age, smoking, and BMI. Age in years was analyzed as a continuous variable.

Data on smoking duration, intensity, and time since quitting smoking were collected and used
to calculate the comprehensive smoking index (CSl). The comprehensive smoking index takes
into account duration intensity, and time since smoking cessation. It assumes that smoking

effects on chronic disease take the form of an exponentially decreasing function (98, 99). Based
4 41
on the formula here (98, 99), it was calculated as follows: Y¥_, (1 - 0.57) * 0.5t * n; where:

d;: duration of smoking in i-th period in years.
c;: time since i-th period in years.
n;: number of cigarettes per day smoked in i-th period.
t: a half-life parameter in years related to each chronic disease (the exponential decline of
smoking effect on the chronic disease). The half-life parameter for chronic periodontitis was
estimated to be 1.5 years (98).
The CSI increases with duration and intensity but decreases with the longer cessation of

smoking. CSI was analyzed as a continuous variable.

BMI was calculated from weight and height measured using the formula weight (kg)/
height (m)? and was analyzed as a continuous variable.

Periodontitis-diabetes association
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To study the potential effect of periodontitis on diabetes, our study included DLS
participants who were free of diabetes, had at least 2 periodontal examinations between 1981 and
2009, had at least 8 teeth present (excluding third molars) at their baseline periodontal exam, and
had data on all covariates at one exam during follow-up. A minimum induction period of 1 year
was considered for diabetes therefore, any person who developed diabetes or was censored
within their first year of follow-up, was excluded. These exclusions were implemented in order
to minimize the potential effects of left truncation, a special form of selection bias, given the
chronic nature of both periodontitis and diabetes.

Periodontitis was analyzed as a time-varying exposure. Individuals were followed-up
from their first periodontal examination until they developed diabetes, were lost to follow-up,
died, developed diabetes within 7 years of their last follow-up, or died within 7-years of their last
follow-up. The event of interest was the first diabetic diagnosis. If a person had diabetes listed as
a cause of death with no prior diabetic diagnosis, the event was assumed to have occurred at mid-
point between the last follow-up and the death date. Censoring was defined as any person who
was lost to follow-up, died from reasons other than diabetes, or completed the follow-up period
without developing diabetes (administrative censoring). If a person had more than 7 years
between any study follow-up cycles then he was artificially censored (N=58). Choosing 7-years
as a cut-off point for artificial censoring was based on evaluations of time between movements
between categories of the periodontitis exposure i.e. moderate to severe, in the study cohort.
Additionally, the choice was not so stringent to the extent that it would make artificial censoring

informative (Table 15).
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Periodontitis was assumed to change from one category to another at the mid-point of the
follow-up interval, while diabetes was assumed to occur at the time of diagnosis or onset, aside
from those cases where the cause of death represented the first event.

Periodontitis-CVD association

To study the potential effects of periodontitis on CVD, our study included DLS
participants who were free of cardiovascular disease at the study baseline, had at least 2
periodontal examinations between 1981 and 2009, had at least 8 teeth present (excluding third
molars) at their baseline periodontal exam, and had data on all covariates at one exam during
follow-up. A minimum induction period of 3 years was considered for CVD therefore, any
person who developed the outcome, or was censored, within their first 3 years of follow-up, was
excluded.

Periodontitis was analyzed as a time-varying exposure. Individuals were followed-up
from their first periodontal examination until they developed CVD, were lost to follow-up, died,
developed CVD or died within 7 years of their last follow-up. The event was the first CVD
diagnosis via self-report or medical diagnosis (ICD-8). If a person had CVD listed as a cause of
death then, CVD was assumed to have occurred at the time of death. Censoring was defined as
any person who was lost to follow-up, died from reasons other than cardiovascular disease, or
completed the follow-up period without developing CVD (administrative censoring). If a person
had more than 7 years between any of follow-ups then, he was artificially censored (N=51).

Periodontitis was assumed to change mid-point while diabetes was assumed to occur at
the time of diagnosis or onset because the year cardiovascular disease occurred was known,
unlike periodontitis.

Diabetes-severe periodontitis association
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To study the potential effect of diabetic diagnosis on the risk of severe periodontitis, our
study population included DLS participants who were free of severe periodontitis, had at least 2
periodontal examinations between 1981 and 2009, had at least 8 teeth present excluding third
molars at their baseline periodontal exam, and had data on all covariates at least in on exam. A
minimum induction period of 1 year was implemented for severe periodontitis. Therefore, any
person who developed severe periodontitis, or was censored within their first year of follow-up,
was excluded.

Diabetes was analyzed as a time-varying exposure. The event was the first severe
periodontitis occurrence. Censoring was defined as any person who was lost to follow-up, died,
completed the follow-up period without developing severe periodontitis (administrative
censoring), or had less than 2 teeth excluding third molars (since the person would no longer be
at risk for the definition of severe periodontitis used in this study). Individuals were followed-up
from their first periodontal examination until they developed severe periodontitis or were
censored.

Statistical analysis

All statistical analysis was carried out using SAS 9.4. Complete case analysis was
conducted.

Handling missing data

Periodontitis was assumed to change from one category to another at the mid-point of the
follow-up interval. If a person had a missing periodontitis status and came back later into the
study within 7 years of their last exam and had the same value of their last recorded periodontitis
status then, that value was imputed for the missing exam (no 7-year limit for the diabetes-

periodontitis). However, if a person missed an exam and came back within 7 years with a value
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for periodontitis that was different than the last recorded value, periodontitis was assumed to
change at the mid-point of the follow-up interval and the value was imputed (N=14, 15, and 6)
for the periodontitis-diabetes, periodontitis-CVD, and diabetes-periodontitis, respectively.

If a person was missing BMI at any exam, it was imputed by taking the average of the
scores immediately preceding and following the missing exam (N=18, 17, and 8) for the
periodontitis-diabetes, periodontitis-CVD, and diabetes-periodontitis, respectively. If the last
exam was missing, BMI was assumed to have the same value as the last exam (N=7, 7, 2) for the
periodontitis-diabetes, periodontitis-CVD, and diabetes-periodontitis, respectively. If a person
was missing CSI at the last exam then, it was assumed to have the same value of the last exam
(N=2, 3, and 0) for the periodontitis-diabetes, periodontitis-CVD, and diabetes-periodontitis,
respectively.

Cox proportional hazards models

Crude and adjusted Cox proportional hazards models were fit with time-varying
exposures and with both baseline confounders and time-varying confounders as exposures
changed. The choice of the time scale was follow-up time (i.e., time on study). The same models
were fit with death from causes other than diabetes and cardiovascular disease as a competing
event for the periodontitis-diabetes and periodontitis-CVD associations, respectively. Hazard
ratios with their corresponding 95% confidence intervals were reported.

Bias analysis

In order to simulate a confounder into a data set, three parameters were needed: 1)
prevalence of the confounder among the exposed, 2) prevalence of the confounder among the non-
exposed, and 3) the odds ratio of having the confounder among subjects with the disease compared

to those without the disease. Table 16 shows a hypothetical example of a population. Suppose in
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a hypothetical population the prevalence of the confounder among the exposed was 0.80 and 0.20
among the non-exposed and that the odds ratio of having the confounder among the diseased
compared to the non-diseased was 1.1. Then using the panel A of table 16, the following formula
can be used:

ORconfounder—disease = (Ac+ * Be-) / (Ac— *Bcy) = (Cey # D) / (Ce— ¥ Dey)  Formula

1)

Now, the prevalence of the confounder among the exposed was 0.80 and since the non-
diseased (200) are as close to the total population as we get, we can know the number of exposed
and non-diseased who had the confounder by multiplying 200 by 0.80 to get 160 (panel B of
Table 16). Then subtract 160 from 200 to get the number of exposed and non-diseased without
the confounder (same can be applied to the non-exposed). By design of formula (1), there is no
effect measure modification of the confounder since (A.; * B._) / (A.- * B.;) = 1.1 and (C., *
D..) / (C._ x D.;) = 1.1. Next, we can substitute A., in equation (1) with A — A_, since A =

A.y + A._ and then solve equations 2-4 to get A._ = 18.52.

1.1 =A., x40 / A._ 160 Equation (1)
1.1=(100—-A.)*40 /A._+160 Equation (2)
176A._ = 4000 — 40A._ Equation (3)
216A._ = 4000 Equation (4)

Panels C and D of Table 16 show the rest of the process and the final numbers, from
which the prevalence of all four combinations—among the exposed and disease, among the
exposed and non-diseased, among the non-exposed diseased, and non-exposed and non-

disease—can be calculated. The unmeasured confounder can then be simulated in each
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individual through a random binomial function with one trial and a probability of success equal
to the prevalence of the confounder and seed of -1 to indicate that it changes every time.

An unmeasured confounder was simulated with different combinations of parameters
(confounder-outcome and confounder-exposure associations) at time of failure or censoring (i.e.,
based on the tabulation of exposure and outcome at the last exam for each person) and then
merged with the DLS data to add the confounder to the model and compute the corrected hazard
ratios. Each combination was done with 10,000 iterations to account for the random error and the
2.5 and 97.5" percentile interval of corrected hazard ratios for each combination was reported.
Sensitivity analysis

In order to assess the potential impact of varying numbers of teeth across participants,
reanalysis with different eligibility criteria of subjects with more than 20 teeth (excluding 3™
molars) present was done to investigate the potential effects of losing teeth on the hazard ratios.
This is known as prevalent cohort bias, a special form of left truncation or selection bias, in
which subjects who already had periodontitis and lost their teeth due to periodontitis are either
not observed or observed as a misclassified non-periodontitis case (85). Therefore, we assumed
that restricting based on the number of teeth would minimize any effects of prevalent cohort bias.
Results
Periodontitis-diabetes association

Table 17 shows the baseline distribution of confounders by periodontitis groups. Those
participants presenting with severe or moderate periodontitis were older, had fewer teeth, and
slightly higher means of the cumulative smoking index and BMI.

The crude incidence rate of diabetes was 1.39 times higher among those with severe or

moderate periodontitis compared to those with mild or no periodontitis. Overall, 35% of the
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sample died from causes other than diabetes during the follow-up so competing events from
death other than diabetes may pose a problem to Cox proportional hazards models below. During
follow-up, approximately 16% changed their periodontitis status in the severe moderate
periodontitis group while approximately 88% changed their periodontitis status in the other
group.

Table 18 shows the results of the crude and adjusted time-dependent Cox proportional
hazards models. In the crude model with time-varying periodontitis, those with severe or
moderate periodontitis had 1.46 times the hazard (95% CI: 0.79, 2.71) of developing diabetes
compared to those without severe or moderate periodontitis. After adjusting for time-dependent
confounders (e.g., CSI, BMI), the hazard ratio was 1.32 (95% CI: 0.70, 2.50). After adjusting for
baseline confounders (time-fixed), from the hazard ratio was reduced to 1.19 (95% CI: 0.63,
2.26). All three models were fit again but with death from causes other than diabetes as a
competing event and the hazard ratios did not change more than 10% compared to the ones
without the competing event.

Table 19 shows the corrected hazard ratios of severe or moderate periodontitis on
developing diabetes adjusted for baseline confounders after simulating different unmeasured
confounders with multidimensional bias analysis. With the presence of a very strong confounder
(i.e.,, OR=2, 1.8, or 0.5 and difference in confounder prevalence between diabetes groups was
large), severe or moderate periodontitis may have a protective hazard ratio (<1). In other words,
confounding could totally reverse the association between periodontitis and diabetes in the
presence of very strong or extreme confounders only.

Presence of a strong confounder (i.e., OR=2, OR=1.8, OR=0.6, and OR=0.5, along

with a large or small difference in confounder prevalence between periodontitis groups) can
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bring the hazard ratios to almost null effects (< 1.1) in worst case (i.e., the presence of
confounding could totally explain the association between periodontitis and diabetes in the
presence of a strong confounder). In addition, presence of a moderate confounder (OR=1.1
OR=1.3, OR=1.5, with a large difference in confounder prevalence between periodontitis groups
can bring the hazard ratios to almost null effects ( < 1.1) in worst case scenarios (i.e., presence of
moderate confounder could also partially or totally explain away the association). Other
scenarios of unmeasured confounding at least resulted in > 1.1 hazard ratios in their worst-case
scenarios (i.e., they can partially explain away the association between periodontitis and
diabetes). Severe or moderate periodontitis could have a hazard ratio of developing diabetes as
high as 1.8 if those with the confounder had an odds ratio of having diabetes that was 2, 1.8, or
0.5 and the prevalence of the confounder was 90% or 10% among non-severe or moderate
periodontitis and 10% or 90% among severe or moderate periodontitis.

Table 20 shows the results of simulating the unmeasured confounders after restriction of
the sample to those with > 20 teeth at baseline. In this case, there was a downward shift in all the
hazard ratios of all combinations of parameters. Now, the majority of confounders results in
potential protective hazard ratios.

Periodontitis-cardiovascular disease association

Table 21 shows the baseline distribution of potential confounders by periodontitis groups.
Those with severe or moderate periodontitis were older but had similar BMI and CSI scores, as
well as numbers of teeth. Those with severe or moderate periodontitis had 1.15 times the crude
incidence rate of developing cardiovascular disease compared to non-severe or moderate

periodontitis group. Overall, 23.42% of the sample died from causes other than CVD during the
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follow-up so competing events from death other than CVD may pose a problem to Cox
proportional hazards models below.

Tables 22 and 23 shows the crude and adjusted time-dependent Cox proportional hazards
models of developing cardiovascular disease with and without controlling for diabetes,
respectively. The results with and without controlling for diabetes were identical. In the crude
model with time-varying periodontitis, those with severe or moderate periodontitis had 1.17
times the hazard of developing cardiovascular disease compared to those without severe or
moderate periodontitis(95% CI: 0.78, 1.75). After adjusting time-dependent covariates, the
hazard ratio was 1.06 (95% CI: 0.70, 1.60). After adjusting for baseline confounders (time-
fixed), the hazard ratio was further reduced (HR=0.96; 95% CI: 0.63, 1.45). All three models
were re-fit but with death from causes other than CVD as a competing event and the hazard
ratios did not change more than 10% compared to the ones without the competing event.

Tables 24 and 25 show the corrected hazard ratios of severe or moderate periodontitis on
developing diabetes adjusted for baseline confounders after simulating different unmeasured
confounders with multidimensional bias analysis with and without controlling for diabetes,
respectively, which did not impact the results. The majority of confounders simulated could
result could either totally explain away the association between periodontitis and CVD or even
reverse the association.

Severe or moderate periodontitis could have a hazard ratio of developing diabetes as high
as only 1.3 if those with the confounder had an odds ratio of having cardiovascular disease that
was 2, 1.8, or 0.5 and the prevalence of the confounder was 90% or 10% among non-severe or

moderate periodontitis and 10% or 90% among severe or moderate periodontitis.
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Table 26 shows the results of simulating the unmeasured confounders after restriction of
the sample to those with > 20 teeth at baseline. In this case, there was a downward shift in all the
hazard ratios of all combinations of parameters compared to the original analysis with > 20 teeth.
Now, all of the confounders could totally explain away the association and even reverse it.
Diabetes-severe periodontitis association

Table 27 shows the baseline distribution of confounders by diabetes groups. Diabetics
had older men, who smoked more, and who had higher BMI. Both groups had the same mean of
the number of teeth present at baseline. Diabetics had 1.55 time the crude incidence rate of
developing severe periodontitis compared to non-diabetics. Overall, only 1.16% of the sample
died during the follow-up so competing events from death would not pose a problem to Cox
proportional hazards models below. During follow-up, twenty-seven individuals developed
diabetes.

Table 28 shows the crude and adjusted time-dependent Cox proportional hazards models
of developing severe periodontitis. In the crude model with time-varying diabetes, diabetics had
1.44 times the hazard of developing severe periodontitis compared to non-diabetics (95% CI:
0.86, 2.44). After adjusting time-dependent covariates, the hazard ratio was 1.34 (95% CI: 0.79,
2.29). After adjusting for baseline confounders (time-fixed), the hazard ratio was further reduced
(HR=1.37; 95% CI: 0.80, 2.33).

Table 29 shows the corrected hazard ratios of diabetics on developing severe
periodontitis adjusted for baseline confounders after simulating different unmeasured
confounders with multidimensional bias analysis. Even with the presence of strong or extreme
unmeasured confounders (i.e., OR=2 or 0.5 and difference in confounder prevalence between

diabetes groups was large), the confounder could not totally explain away the association
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between diabetes and severe periodontitis (i.e., bring the hazard ratio to 1. Furthermore, the
confounder could never reverse the association no matter how strong the confounder was..

Presence of extreme confounding can bring the hazard ratios to almost null effects ( <
1.1) in worst case scenarios but never to 1. Other scenarios of unmeasured confounding at least
resulted in > 1.1 hazard ratios in their worst case scenarios. Diabetes could have a hazard ratio of
developing severe periodontitis as high as 4 if those with the confounder had an odds ratio of
having severe periodontitis that was 2, 1.8, or 0.5 and the prevalence of the confounder was 90%
or 10% among non-diabetics and 10% or 90% among diabetics.

Table 30 shows the results of simulating the unmeasured confounders after restriction of
the sample to those with > 20 teeth at baseline. In this case, even in the presence of extreme or
very strong unmeasured confounder, the association could not be totally explained away. With
restriction to more than 20 teeth, previous combinations of parameters that resulted in a hazard
ratio as high as 4, could result in higher hazard ratios.

Discussion

The diabetes-severe periodontitis association was the most robust association between all
three and the periodontitis-cardiovascular disease association was the least robust in terms of
sensitivity to unmeasured confounders. No matter how strong the confounder was, it could never
totally explain away the diabetes-severe periodontitis association. However, confounders could
partially, totally explain away, or ever reverse the periodontitis-diabetes and periodontitis-CVD
(more so for the periodontitis-CVD). Restriction to individuals with more than 20 teeth,
increased the hazard ratios for diabetes-periodontitis but decreased them for periodontitis-

diabetes and periodontitis-cardiovascular disease associations.
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In the diabetes-periodontitis association, assuming that periodontitis occurred at the
mid-point may have introduced misclassified person time but it was most likely non-differential.
However, in the absence of accurate ascertainment of periodontitis, it may have been the safest
option. Since at least periodontitis (outcome) was assessed objectively, there was unlikely to be a
dependent misclassification of diabetes and periodontitis (misclassification of diabetes depends
on misclassification of periodontitis or vice-versa). Furthermore, the assumptions for imputing
periodontitis status based on the previous and subsequent status may have been violated as a
person could still have changed periodontitis at each exam. This may have resulted in non-
differential misclassification of person-time that would have biased the estimates towards the
null in expectation. However, artificially censoring them instead may have made the censoring
more informative and thus could have created more bias than imputing the missing periodontitis
values.

In the periodontitis-diabetes association, If a person had diabetes listed as a cause of
death, then diabetes was assumed to have occurred at mid-point rather the time of death because
it was unlikely that diabetes itself caused immediate death. Choosing 7-years as a cut-off point
for artificial censoring was based on the average change of severe and moderate periodontitis in
the original cohort dental longitudinal study and also 7 years was not that stringent to the extent
it that it would make artificial censoring informative (Table 15). Death from other causes than
diabetes was high and could affect the results of Cox model. However, competing events model
did not change the results much.

In the periodontitis-CVD association, if a person had CVD listed as a cause of death, then

it was assumed to have occurred at the time of death because it was likely that CVD itself caused
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immediate death. Death from other causes than CVVD was high and could affect the results of
Cox model. However, competing events model did not change the results much.

Self-reported diabetes and cardiovascular disease statuses were used rather than objective
measures in this study because there was a mismatch between the dates of the Dental
Longitudinal Study (periodontitis) cycles and the Normative Aging Study cycles (diabetes and
cardiovascular disease) and thus, this would have added another potential non-differential
misclassification of exposure that may bias the results towards the null in all associations.
However, it may have resulted in less non-differential misclassification bias caused by the self-
reported aspect of diabetes and cardiovascular disease and may less likely to result in
independent misclassification.

The comprehensive smoking index was used in this study to control for smoking and it
offered an advantage over cumulative pack-years. CSI takes intensity, duration, and time since
cessation into consideration (unlike cumulative pack-years) (i.e., it treats two people who have
the same cumulative pack-years differently according to how long ago they stopped smoking)
(98, 99). This may have avoided the residual confounding that could have been introduced by
using cumulative pack-years. In addition, body mass index was used and may have resulted in
residual confounding. Furthermore, the assumptions for imputing missing values of BMI or CSI
may have been violated for the time-varying analysis. This would have resulted in residual
confounding in all three associations.

The confounders were simulated at the last exam (i.e., the time of censoring or failure).
Thus, they were time-fixed and did not vary in this analysis. This could have resulted in
misclassified person-time of the simulated confounder at exams prior to the last one. However,

this was a better option than simulating the confounders at baseline (as no person had the
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outcome at that time) and also there would be misclassified person-time of the confounders at
later exams (i.e., after baseline). Both of these would introduce residual confounding and it may
not be known which option had the least residual confounding. Furthermore, in the periodontitis-
diabetes and periodontitis-cardiovascular disease associations, deaths as competing events could
have modified the simulation of an unmeasured confounder. However, since the hazard ratios
from the competing events models did not differ much from the models without the competing
events, it was unlikely that death affected the simulations of unmeasured confounders.

This analysis only introduced one unmeasured time-fixed confounder. It is possible that
after making it time-varying, the results would change. In addition, there could be several
unmeasured confounders and that simply controlling for one would still result in residual
confounding in all three associations. In addition, the odds ratios were used instead of risk ratio
to determine the relationship between the confounder and the outcome. Odds ratio are known to
be a good approximation of the risk ratio in case the risk was low <10% otherwise, the odds
ratios tend to overestimate risk ratios (49). So, in this study, the odds ratio may reflect a stronger
confounder than if the risk ratio was used.

This analysis intended to simulate the unmeasured confounders among individuals with
<20 teeth to investigate the potential of losing teeth on the impact of the unmeasured confounder
(i.e., the prevalent cohort bias). The rationale for the stratified analysis was that people who
already had periodontitis and lost their teeth may have a different risk of developing
periodontitis, diabetes, or cardiovascular disease than those had not already had periodontitis
(i.e., prevalent and incident periodontitis, respectively). Unfortunately, this analysis was unable
to simulate the unmeasured confounders among participants with less than 20 teeth because

small cell counts prohibited simulation of the unmeasured confounder. However, restriction
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analysis was still done to see how prevalent cohort bias could impact the effect of the simulated
unmeasured confounder. Generally, this resulted in moving the estimates upward for the
diabetes-periodontitis association and downward for the periodontitis-diabetes and periodontitis-
cardiovascular disease associations.

Confounders that were positively associated with the outcome and negatively associated
with the exposure resulted in the same estimates compared to confounders that were negatively
associated with the outcome and positively associated with the exposure. This indicated that the
needed confounders in this study to provide the full range of confounding should be either
positive or negative odds ratios for the association between the confounder and the outcome with
all combinations of prevalence (i.e., prevalence higher and lower among exposed). Another
option would be to have either higher or lower prevalence among the exposed with all positive
and negative odds ratios. This phenomenon resulted because both scenarios introduce the same
confounding and thus the same interval of hazard ratios.

Finally, the causal diagrams were based on the literature. There was a chance that the
causal diagrams were wrong about the data generating process of the periodontitis-systemic
disease associations. Thus, if the causal diagrams were wrong, the results may end up differently.

The limitations of this study include the potential selection bias from differential
selection or differential loss to follow-up. Furthermore, the potential violation of the assumptions
for handling missing data was a possibility. In addition, the assumption that periodontitis
changed at the mid-point of the interval may have been violated. Moreover, self-report diabetes
and CVD. Furthermore, the residual confounding from BMI could have been an issue. The

potential for time-dependent confounding (treatment-confounder feedback loop) that would bias
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the results if the confounder was also on the causal pathway and it was adjusted for. Last, the
arbitrarily chosen induction periods could have affected the results.
Conclusion

Presence of one source of unmeasured confounding (one confounder) showed that the
diabetes-periodontitis association was robust to it (i.e., no matter how strong the confounder was,
it could never totally explain away the association). The periodontitis-diabetes and periodontitis-
cardiovascular disease association were less robust to the presence of even weak unmeasured
confounding (i.e., weak confounders could totally explain away their associations and strong
confounders could even reverse them). There are a lot of factors to consider that may hinder the

simulation of unmeasured confounders.
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Figures and Tables
Self-report Diabetes, medical diagnosis of diabetes/Cardiovascular disease (ICD-8), fasting blood glucose, and oral glucose tolerance measured

CAL and PD measured in categories

NAS screened = N=6,000 CAL and PD measured in mm
Recruited N=2,280

HbAlc measured
NAS recruited N=2,000

A\ 4
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Aging Study (NAS) Longitudinal Study N=749 N=697 periodontal
(DLS) through self- examination
selection N=73

N=1231 Timeline

Figure 4. Timeline of the NAS and DLS with periodontitis and diabetes measurements.
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Follow-up in DLS years rounded to nearest integer

Mean change 1 2 3 4 5 6 7 8 9 10

N=3 N=373 N=1640 N=549 N=364 N=42 N=26 N=14 N=19 N=10

Any periodontitis
0.33 0.19 0.19 0.19 0.16 0.12 0.08 0.08 0.11 0.44
(yes/no) (proportion)

Severe or moderate
periodontitis (yes/no) 0 0.19 0.20 0.22 0.21 0.15 0.30 0.08 0.11 0.33

(proportion)

Severe periodontitis only
0.33 0.20 0.23 0.21 0.30 0.27 0.39 0.33 0.23 0.33
(yes/no) (proportion)

Table 15. Average change of periodontitis between exams by follow-up in years between each exam where N is the number of
exams.
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Total With confounder (c+) Without confounder (c-)
Exposed  Non-exposed Exposed Non-exposed Exposed Non-exposed
Disease A c A, Ces Ao Ce_
Non-diseased B D B, D., B._ D._
B
Total With confounder (c+) Without confounder (c-)
Non-
Exposed Exposed Non-exposed Exposed Non-exposed
exposed
Disease 100 300 Acy Cest A C._
Non-diseased 200 400 200*0.80=160 400*0.20=80 200-160=40 400-80=320
C
Total With confounder (c+) Without confounder (c-)
Exposed  Non-exposed Exposed Non-exposed Exposed Non-exposed
Disease 100 300 100- Cos 185 C,_
18.52=81.5
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Non-diseased 200 400 200*0.80=160 400*0.20=80

200-160=40 400-80=320

D
Total With confounder (c+) Without confounder (c-)
Exposed  Non-exposed Exposed Non-exposed Exposed Non-exposed
Disease 100 300 81.5 64.7 18.5 235.3
Non-diseased 200 400 160 80 40 320

Table 16. A hypothetical example of a population in which an unmeasured confounder with the following parameters would be
simulated into (prevalence of confounder among exposed=0.80, prevalence of the confounder among the non-exposed=0.20,
and the odds ratio of having the confounder among subjects with the disease compared to those without the disease was 1.1).
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By periodontitis groups

Severe or moderate

No severe or moderate

Variables
Full sample periodontitis periodontitis
(N=672) (N=349) (N=323)
Mean age (SD) 59.60 (8.11) 61.35 (8.35) 57.70 (7.39)
Missing 0 0 0
Mean CSI (SD) 0.55 (1.12) 0.56 (1.14) 0.54 (1.10)
Missing 0 0 0
Mean BMI (SD) 26.44 (3.17)  26.78 (3.27) 26.08 (3.01)
Missing 1 1 0
Mean number of teeth present 22.38 (4.81) 22.05 (4.98) 22.74 (4.59)
Missing 0 0 0
Developed diabetes during follow-up (%0) 82 (12.20%) 45 (12.89%) 37 (11.46%)
Person-years of follow-up 9,772.93 4,536.45 5,236.48
Incidence rate of diabetes 0.0084 0.0099 0.0071
Incidence rate ratio 1.39
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Loss to follow-up including deaths below (%) 553

Death from causes other than diabetes (%0) (82.29%) 293 (83.95%) 260 (80.50%)
232 123 (35.24%) 109 (33.75%)
(34.52%)

Changed periodontitis status at least once over 339
56 (16.05%) 283 (87.62%)
follow-up (%) (50.45%)

SD: standard deviation.

Table 17. Baseline characteristics by periodontitis status of participants who were free of diabetes, had at least 2 periodontal
examinations between 1981 and 2009, had at least 8 permanent teeth present during baseline exam, and had data on all
covariates at least in on exam (N=672).
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Crude cox model with Adjusted Cox model with time-varying Adjusted Cox model with time-

time-varying periodontitis and confounders varying as  varying periodontitis and baseline
Variables
periodontitis periodontitis change confounders
Hazard ratio 95% CI Hazard ratio 95% ClI Hazard ratio 95% CI
Severe or moderate
periodontitis
Yes 1.46 (0.79-2.71) 1.32 (0.70-2.50) 1.19 (0.63-2.26)
No Ref Ref Ref
Age* 1.00 (0.97-1.03) 1.01 (0.98-1.04)
Cumulative
smoking index* 1.16 (0.91-1.49) 1.23 (1.01-1.49)
Body mass index* 1.19 (1.14-1.25) 1.22 (1.16-1.29)
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Death from causes Crude cox model with time-

other than diabetes varying periodontitis

as a competing

Adjusted Cox model with time-varying Adjusted Cox model with time-

periodontitis and confounders varying

as periodontitis change

varying periodontitis and

baseline confounders

event models Hazard ratio 95% ClI Hazard ratio 95% ClI Hazard ratio 95% ClI
Severe or moderate
periodontitis
Yes 1.44 (0.76-2.71) 1.37 (0.70-2.70) 1.26 (0.64-2.48)
No Ref Ref Ref

ClI: Confidence interval.
* For 1-unit increase.

Table 18. Crude and multivariable time-dependent Cox proportional hazards model of developing diabetes among
participants who were free of diabetes, had at least 2 periodontal examinations between 1981 and 2009, had at least 8
permanent teeth present during baseline exam, and had data on all covariates at least in on exam (N=672).
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Prevalence of
Prevalence of
the OR confounder—diabetes
the
confounder in

confounder in

no
periodontitis
periodontitis 2 1.8 1.5 1.3 1.1 0.9 0.8 0.7 0.6 0.5
90% 10% 1.01-1.381.02-1.41 1.05-1.451.07-1.49 1.10-1.55 1.13-1.61 1.15-1.64 1.18-1.70 1.22-1.75 1.27-1.82
80% 20% 0.98-1.24 0.99-1.26 1.02-1.31 1.05-1.341.08-1.39 1.12-1.45 1.15-1.49 1.17-1.52 1.21-1.57 1.25-1.64
70% 30% 1.01-1.191.02-1.21 1.05-1.241.07-1.27 1.10-1.30 1.14-1.35 1.16-1.37 1.18-1.41 1.21-1.44 1.23-1.49
60% 40% 1.06-1.201.07-1.201.09-1.211.11-1.23 1.13-1.25 1.15-1.28 1.17-1.29 1.18-1.31 1.19-1.34 1.19-1.37
40% 60% 1.19-1.371.18-1.351.18-1.32.1.17-1.30 1.16-1.27 1.13-1.25 1.11-1.23 1.10-1.22 1.08-1.21 1.06-1.20
30% 70% 1.23-1.481.21-1.46 1.19-1.41 1.16-1.38 1.13-1.34 1.10-1.30 1.08-1.28 1.06-1.251.03-1.22 1.01-1.20
20% 80% 1.25-1.631.23-1.60 1.19-1.541.16-1.50 1.12-1.44 1.08-1.39 1.06-1.35 1.03-1.32 1.01-1.28 0.98-1.24
10% 90% 1.27-1.831.24-1.78 1.20-1.72.1.17-1.65 1.13-1.59 1.10-1.54 1.07-1.50 1.06-1.471.03-1.42 1.01-1.38

OR: Odds ratio.
Table 19. Parameters for simulating a confounder with different combinations of confounder-diabetes and confounder-

periodontitis associations and intervals ranging from (2.5"-97.5™") percentiles of corrected hazard ratios of severe or moderate
periodontitis on diabetes when simulating a confounder with 10,000 iterations of each combination (N=672).
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Prevalence Prevalence

of the of the

OR —di
confounder  confounder confounder—diabetes

in in no

periodontitis periodontitis 2 1.8 1.5 1.3 1.1

90% 10% 0.86-1.26 0.87-1.29 0.90-1.32 0.92-1.35 0.94-1.40
80% 20% 0.82-1.10 0.83-1.12 0.86-1.16 0.88-1.19 0.91-1.23
70% 30% 0.84-1.03 0.85-1.05 0.88-1.08 0.90-1.10 0.92-1.13
60% 40% 0.88-1.03 0.89-1.03 0.91-1.04 0.92-1.05 0.95-1.07
40% 60% 1.00-1.19 1.00-1.17 0.99-1.14 0.99-1.12 0.97-1.10
30% 70% 1.03-1.30 1.02-1.28 0.99-1.24 0.97-1.21 0.95-1.17
20% 80% 1.05-1.45 1.03-1.43 1.00-1.36 0.97-1.32 0.94-1.28
10% 90% 1.08-1.65 1.06-1.63 1.02-1.55 0.99-1.50 0.96-1.45

OR: Odds ratio.

Table 20. Parameters for simulating a confounder with different combinations of confounder-diabetes and confounder-
periodontitis associations and intervals ranging from (2.51-97.5™) percentiles of corrected hazard ratios of severe or moderate
periodontitis on diabetes when simulating a confounder with 10,000 iterations of each combination among participants who
had more than 20 teeth at baseline (N=482).
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By periodontitis groups

Severe or moderate

No severe or moderate

Variables
Full sample periodontitis periodontitis
(N=568) (N=280) (N=288)
Mean age (SD) 59.25 (8.08) 61.17 (8.44) 57.38 (7.25)
Missing 0 0 0
Mean CSI (SD) 0.53 (1.11) 0.53 (1.13) 0.53 (1.09)
Missing 0 0 0
Mean BMI (SD) 26.37 (3.16)  26.61 (3.15) 26.15 (3.16)
Missing 1 1 0
Mean number of teeth present 22.49 (4.72) 22.06 (5.05) 22.91 (4.34)
Missing 0 0 0
Developed cardiovascular disease during 175
86 (30.71%) 89 (30.90%)
follow-up (%) (30.81%)
Person-years of follow-up 8,191.24 3,744.58 4,446.66
Incidence rate of cardiovascular disease 0.0214 0.0230 0.0200
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Incidence rate ratio

1.15

Loss to follow-up including death (%0) 369
Death (%) (64.96%)
133
(23.42%)

186 (66.43%)

70 (25.00%)

183 (63.54%)

63 (21.88%)

Changed periodontitis status at least once over 303

follow-up (%) (53.35%)

47 (16.79%)

256 (88.89%)

SD: standard deviation.

Table 21. Baseline characteristics by periodontitis status of participants who were free of cardiovascular disease, had at least
2 periodontal examinations between 1981 and 2009, had at least 8 permanent teeth present during baseline exam, and had

data on all covariates at least in on exam (N=568).
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Crude cox model with time-

Variables varying periodontitis

Adjusted Cox model with time-
varying periodontitis and
confounders varying as

periodontitis change

Adjusted Cox model with time-

varying periodontitis and

baseline confounders

Hazard ratio 95% ClI Hazard ratio 95% CI Hazard ratio 95% CI

Severe or
moderate
periodontitis

Yes 1.17 (0.78-1.75) 1.06 (0.70-1.60) 0.96 (0.63-1.45)

No Ref Ref Ref
Age* 1.02 (1.00-1.04) 1.04 (1.02-1.06)
Comprehensive
smoking index* 0.88 (0.69-1.11) 0.97 (0.83-1.13)
Body mass
index* 1.04 (1.00-1.08) 1.07 (1.02-1.12)
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Death from
causes other than Crude cox model with time-
diabetes as a varying periodontitis

competing event

Adjusted Cox model with time-
varying periodontitis and
confounders varying as

periodontitis change

Adjusted Cox model with time-
varying periodontitis and

baseline confounders

models Hazard ratio 95% ClI Hazard ratio 95% CI Hazard ratio 95% ClI
Severe or
moderate
periodontitis
Yes 1.16 (0.77-1.73) 1.08 (0.72-1.61) 1.02 (0.68-1.54)
No Ref Ref Ref

ClI: Confidence interval.
* For 1-unit increase.

Table 22. Crude and multivariable time-dependent Cox proportional hazards model of developing cardiovascular disease
among participants who were free of cardiovascular disease, had at least 2 periodontal examinations between 1981 and 2009,
had at least 8 permanent teeth present during baseline exam, and had data on all covariates at least in on exam without

controlling for diabetes (N=568).
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Adjusted Cox model with time-
Adjusted Cox model with
Crude cox model with time- varying periodontitis and
time-varying periodontitis
Variables varying periodontitis confounders varying as
and baseline confounders
periodontitis change

Hazard ratio 95% ClI Hazard ratio 95% CI Hazard ratio  95% ClI

Severe or moderate
periodontitis

Yes 1.17 (0.78-1.75) 1.06 (0.70-1.59) 0.96 (0.63-1.45)

No Ref Ref Ref
Age* 1.02 (1.00-1.04) 1.04 (1.02-1.06)
Comprehensive
smoking index* 0.88 (0.69-1.11) 0.97 (0.83-1.14)
Body mass index* 1.04 (0.99-1.08) 1.06 (1.01-1.12)
Diabetes

Yes 1.38 (0.79-2.40) 1.69 (0.69-4.15)

No Ref Ref
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Adjusted Cox model with time-

Death from causes Adjusted Cox model with
Crude cox model with time- varying periodontitis and
other than diabetes as time-varying periodontitis
varying periodontitis confounders varying as
a competing event and baseline confounders
periodontitis change
models
Hazard ratio 95% ClI Hazard ratio 95% ClI Hazard ratio  95% ClI
Severe or moderate
periodontitis
Yes 1.16 (0.77-1.73) 1.08 (0.72-1.61) 1.02 (0.68-1.54)
No Ref Ref Ref

ClI: Confidence interval.

* For 1-unit increase.

Table 23. Crude and multivariable time-dependent Cox proportional hazards model of developing diabetes among
participants who were free of diabetes, had at least 2 periodontal examinations between 1981 and 2009, had at least 8
permanent teeth present during baseline exam, and had data on all covariates at least in on exam with controlling for diabetes
(N=568).
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Prevalence of
Prevalence of
the
the
confounder in
confounder in
no
periodontitis

OR confounder—cardiovascular disease

periodontitis 2 1.8 1.5 1.3 1.1 0.9 0.8 0.7 0.6 0.5
90% 10% 0.82-1.05 0.83-1.07 0.85-1.11 0.87-1.13 0.89-1.17 0.92-1.21 0.94-1.24 0.97-1.27 0.99-1.31 1.03-1.35
80% 20% 0.79-0.97 0.81-0.99 0.83-1.02 0.85-1.05 0.88-1.08 0.91-1.12 0.93-1.15 0.96-1.18 0.99-1.21 1.02-1.25
70% 30% 0.82-0.95 0.83-0.96 0.85-0.98 0.87-1.00 0.89-1.03 0.92-1.06 0.94-1.08 0.95-1.10 0.97-1.13 0.99-1.16
60% 40% 0.85-0.96 0.87-0.96 0.88-0.96 0.90-0.97 0.92-0.99 0.94-1.01 0.95-1.02 0.95-1.04 0.96-1.06 0.96-1.08
40% 60% 0.95-1.08 0.96-1.07 0.95-1.05 0.95-1.03 0.93-1.01 0.91-0.99 0.90-0.98 0.89-0.97 0.87-0.96 0.86-0.96
30% 70% 0.99-1.16 0.98-1.14 0.96-1.11 0.94-1.08 0.92-1.06 0.89-1.02 0.88-1.01 0.86-0.99 0.84-0.96 0.82-0.94
20% 80% 1.02-1.25 1.00-1.23 0.97-1.19 0.94-1.15 0.91-1.12 0.88-1.08 0.86-1.05 0.84-1.03 0.82-1.00 0.79-0.97
10% 90% 1.03-1.36 1.01-1.33 0.97-1.28 0.95-1.25 0.92-1.21 0.89-1.17 0.87-1.14 0.86-1.11 0.84-1.09 0.81-1.05

OR: Odds ratio.

Table 24. Parameters for simulating a confounder with different combinations of confounder-cardiovascular disease and

confounder-periodontitis associations and intervals ranging from (2.5"-97.5") percentiles of corrected hazard ratios of severe
or moderate periodontitis on cardiovascular disease when simulating a confounder with 10,000 iterations of each combination
without controlling for diabetes (N=568).

108



Prevalence Prevalence

of the

confounder confounder

of the

OR confounder—cardiovascular disease

in in no

periodontitis periodontitis 2 1.8 1.5 1.3 1.1 0.9 0.8 0.7 0.6 0.5

90% 10% 0.82-1.06 0.83-1.07 0.85-1.11 0.87-1.13 0.89-1.17 0.93-1.22 0.95-1.24 0.97-1.28 0.99-1.31 1.03-1.35
80% 20% 0.79-0.97 0.81-0.99 0.83-1.02 0.85-1.05 0.88-1.08 0.91-1.12 0.93-1.15 0.96-1.18 0.99-1.21 1.02-1.25
70% 30% 0.82-0.95 0.83-0.96 0.85-0.98 0.87-1.00 0.89-1.03 0.92-1.06 0.94-1.08 0.96-1.11 0.97-1.13 0.99-1.16
60% 40% 0.85-0.96 0.87-0.96 0.88-0.97 0.90-0.97 0.92-0.99 0.94-1.01 0.95-1.02 0.95-1.04 0.96-1.06 0.96-1.08
40% 60% 0.96-1.08 0.96-1.07 0.95-1.05 0.95-1.03 0.93-1.01 0.91-0.99 0.90-0.98 0.89-0.97 0.87-0.96 0.86-0.96
30% 70% 0.99-1.16 0.98-1.14 0.96-1.11 0.94-1.09 0.92-1.06 0.89-1.03 0.88-1.01 0.86-0.99 0.84-0.96 0.82-0.95
20% 80% 1.02-1.25 1.00-1.23 0.97-1.19 0.94-1.16 0.91-1.12 0.88-1.08 0.86-1.05 0.84-1.03 0.82-1.00 0.79-0.97
10% 90% 1.03-1.36 1.01-1.33 0.98-1.28 0.95-1.25 0.92-1.21 0.89-1.17 0.88-1.15 0.86-1.11 0.84-1.09 0.82-1.06

OR: Odds ratio.
Table 25. Parameters for simulating a confounder with different combinations of confounder-cardiovascular disease and

confounder-periodontitis associations and intervals ranging from (2.5"-97.5") percentiles of corrected hazard ratios of severe
or moderate periodontitis on cardiovascular disease when simulating a confounder with 10,000 iterations of each combination
with controlling for diabetes (N=568).
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Prevalence of
Prevalence of

OR confounder—cardiovascular disease

the . . . . - -
the With controlling for diabetes Without controlling for diabetes
confounder in
confounder in
no
periodontitis
periodontitis 2 1.8 15 1.3 11 2 1.8 15 1.3 11
90% 10% 0.73-0.97 0.74-0.99 0.76-1.02 0.78-1.04 0.80-1.07 0.73-0.96 0.74-0.98 0.76-1.01 0.77-1.04 0.79-1.07
80% 20% 0.70-0.87 0.71-0.89 0.73-0.92 0.75-0.94 0.77-0.97 0.70-0.87 0.71-0.89 0.73-0.92 0.75-0.94 0.77-0.97
70% 30% 0.71-0.84 0.72-0.850.74-0.87 0.76-0.89 0.78-0.91 0.71-0.84 0.72-0.85 0.74-0.87 0.76-0.89 0.78-0.91
60% 40% 0.74-0.84 0.75-0.850.77-0.850.78-0.86 0.80-0.870.74-0.84 0.75-0.84 0.77-0.85 0.78-0.86 0.79-0.87
40% 60% 0.83-0.96 0.83-0.94 0.83-0.93 0.82-0.91 0.81-0.89 0.83-0.950.83-0.94 0.83-0.92 0.82-0.91 0.81-0.89
30% 70% 0.86-1.03 0.85-1.02 0.84-0.99 0.82-0.97 0.80-0.94 1 0.86-1.03 0.85-1.01 0.84-0.99 0.82-0.96 0.80-0.94
20% 80% 0.88-1.130.87-1.110.84-1.07 0.82-1.04 0.80-1.01 0.88-1.120.87-1.10 0.84-1.06 0.82-1.03 0.80-1.01
10% 90% 0.90-1.230.89-1.210.86-1.17 0.84-1.150.82-1.111 0.90-1.22 0.88-1.20 0.86-1.16 0.84-1.14 0.82-1.10

OR: Odds ratio.

Table 26. Parameters for simulating a confounder with different combinations of confounder-cardiovascular disease and

confounder-periodontitis associations and intervals ranging from (2.5"-97.5") percentiles of corrected hazard ratios of severe
or moderate periodontitis on cardiovascular disease when simulating a confounder with 10,000 iterations of each combination
among participants with more than 20 teeth at baseline (N=415).
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Variables By diabetes groups
Full sample Diabetic Non-diabetic
(N=521) (N=14) (N=507)
Mean age (SD) 58.91 (7.71) 62.29 (5.01) 58.82 (7.76)
Missing 0 0 0
Mean CSI (SD) 0.49 (1.06) 0.39 (0.97) 0.49 (1.06)
Missing 0 0 0
Mean BMI (SD) 26.43 (3.19) 29.03 (4.42) 26.36 (3.12)
Missing 1 1 0
Mean number of teeth present 22.58 (4.68) 22.71 (3.24) 22.57 (4.72)
Missing 0 0 0
Developed severe periodontitis during follow-up (%0) 264 (50.67%) 7 (50.00%) 257 (50.69%)
Person-years of follow-up 5,321.22 92.68 5,228.54
Incidence rate of severe periodontitis 0.0496 0.0755 0.0492
Incidence rate ratio 1.53

Loss to follow-up including deaths (%0)

233 (44.72%)

7 (50.00%)

226 (44.58%)
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Death (%6) 6 (1.15%) 0 6 (1.18%)

Developed diabetes over follow-up (%0) 27 (5.18%) 27 (5.33%)

SD: standard deviation.

Table 27. Baseline characteristics by diabetes status of participants who were free of severe periodontitis, had at least 2
periodontal examinations between 1981 and 2009, had at least 8 permanent teeth present during baseline exam, and had data
on all covariates at least in on exam (N=521).
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Adjusted Cox model with time- Adjusted Cox model with time-
Crude cox model with time-

varying diabetes and confounders varying diabetes and baseline
Variables varying diabetes
varying as diabetes change confounders
Hazard ratio 95% CI Hazard ratio 95% ClI Hazard ratio 95% CI

Diabetes

Yes 1.45 (0.86-2.45) 1.31 (0.76-2.24) 1.34 (0.78-2.30)

No Ref Ref Ref
Age* 1.04 (1.02-1.06) 1.04 (1.02-1.06)
Cumulative
smoking index* 1.30 (1.16-1.47) 1.23 (1.11-1.37)
Body mass
index* 1.02 (0.99-1.06) 1.02 (0.98-1.06)

Cl: Confidence interval.

* For 1-unit increase.

Table 28. Crude and multivariable time-dependent Cox proportional hazards model of developing severe periodontitis among
participants who were free of severe periodontitis, had at least 2 periodontal examinations between 1981 and 2009, had at least
8 permanent teeth present during baseline exam, and had data on all covariates at least in on exam (N=521).
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Prevalence Prevalence

of the of the

confounder confounder

OR confounder—severe periodontitis

among  among non-

diabetics diabetics 2 1.8 1.5 1.3 1.1 0.9 0.8 0.7 0.6 0.5
90% 10% 1.05-1.60 1.10-1.71 1.17-1.91 1.24-2.08 1.32-2.39 1.44-2.73 1.50-3.01 1.57-3.40 1.67-3.78 1.76-4.34
80% 20% 1.03-1.35 1.06-1.40 1.12-1.50 1.17-1.59 1.22-1.72 1.31-1.90 1.36-2.02 1.41-2.16 1.46-2.36 1.54-2.59
70% 30% 1.07-1.31 1.10-1.33 1.14-1.39 1.19-1.44 1.23-1.52 1.29-1.63 1.33-1.69 1.36-1.78 1.39-1.89 1.41-2.01
60% 40% 1.14-1.37 1.16-1.37 1.20-1.36 1.23-1.38 1.26-1.42 1.30-1.48 1.32-1.52 1.32-1.58 1.32-1.63 1.31-1.71
40% 60% 1.31-1.71 1.32-1.66 1.32-1.59 1.32-1.53 1.30-1.48 1.26-1.42 1.24-1.39 1.21-1.37 1.17-1.36 1.14-1.37
30% 70% 1.41-2.02 1.40-1.94 1.37-1.81 1.34-1.73 1.29-1.62 1.23-1.51 1.20-1.46 1.16-1.40 1.11-1.35 1.07-1.31
20% 80% 1.53-2.59 1.50-2.44 1.43-2.22 1.37-2.08 1.31-1.90 1.23-1.72 1.19-1.63 1.13-1.52 1.08-1.44 1.03-1.35
10% 90% 1.77-4.37 1.72-4.01 1.61-3.48 1.52-3.11 1.43-2.73 1.33-2.34 1.26-2.16 1.20-1.98 1.13-1.78 1.05-1.60

OR: Odds ratio.

Table 29. Parameters for simulating a confounder with different combinations of confounder-severe periodontitis and
confounder-diabetes associations and intervals ranging from (2.5"-97.5") percentiles of corrected hazard ratios of diabetes on
severe periodontitis when simulating a confounder with 10,000 iterations of each combination (N=521).
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Prevalence of the  Prevalence of the OR (onfounder—severe periodontitis

confounder among confounder among

diabetics non-diabetics 2 1.8 1.5 1.3 1.1
90% 10% 1.15-1.86 1.19-1.99 1.26-2.24 1.33-2.51 1.42-2.88
80% 20% 1.12-1.53 1.15-1.60 1.21-1.72 1.27-1.83 1.33-2.00
70% 30% 1.18-1.48 1.20-1.50 1.25-1.56 1.29-1.63 1.35-1.74
60% 40% 1.25-1.57 1.27-1.56 1.31-1.54 1.34-1.56 1.39-1.60
40% 60% 1.45-2.02 1.45-1.95 1.46-1.85 1.45-1.76 1.43-1.68
30% 70% 1.54-2.42 1.53-2.31 1.50-2.13 1.47-1.99 1.42-1.87
20% 80% 1.66-3.22 1.62-2.98 1.55-2.69 1.50-2.46 1.42-2.22
10% 90% 1.89-5.94 1.83-5.34 1.72-4.52 1.64-3.97 1.53-3.35

OR: Odds ratio.

Table 30. Parameters for simulating a confounder with different combinations of confounder-severe periodontitis and
confounder-diabetes associations and intervals ranging from (2.5"-97.5") percentiles of corrected hazard ratios of diabetes on
severe periodontitis when simulating a confounder with 10,000 iterations of each combination among participants with more
than 20 teeth at baseline (N=380).
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Chapter 5: Conclusion

This dissertation aimed to investigate some potential sources of systematic error in the
estimation of periodontitis associations with diabetes and cardiovascular disease using diabetes
and cardiovascular disease as vessels. The potential errors investigated were misclassification of
periodontitis due to case definitions or partial-mouth measurements. Another source of error
investigated was confounding (common cause) of both periodontitis and diabetes and
cardiovascular disease that may explain their associations.

Chapter 2/Study 1 looked into the impact of using different cut-off points for the required
number of teeth with a certain level of CAL or PD, as well as the cut-off points for clinical
severity on periodontitis associations with diabetes and cardiovascular disease. Specifically,
investigate the presence of risk thresholds of diabetes and cardiovascular disease for periodontitis
via different classifications of periodontitis as well as how these classifications affect diabetes
association with periodontitis.

It concluded that the effects of clinical severity on the odds ratios were association
dependent. Clinical measures and extent did not depend on the association. The direction of the
odds ratios among 1-15 depended on the association. Interpretation of these results was limited
by the lack of a gold standard (with respect to the type of bias).

Chapter 3/Study 2 looked into the impact of periodontitis misclassification resulting from
use of several partial mouth protocols on its association as an exposure with diabetes and
cardiovascular disease and as an outcome with diabetes in relation to full-mouth measurements.

It concluded that the amount of bias due to PMPs may be dependent on the size of the
underlying association. The choice of protocol did not seem to play a major role in the amount of

bias (number of teeth vs. type of tooth included). Percent relative bias was generally less than
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10% for the severe categories while it tended to exceed 10% for moderate categories. Bias was
increased among people with fewer teeth and the direction depended on the outcome. Mean
clinical attachment loss resulted in minimal bias. Overall, bias due to PMP would not have
changed the main conclusions when severe periodontitis was under study.

Chapter 4/Study 3 looked into the effects of unmeasured confounders on the associations
between periodontitis and diabetes and cardiovascular disease. Presence of one source of
unmeasured confounding (one confounder) showed that the diabetes-periodontitis association
was robust to it. Unmeasured confounders could not totally explain away the diabetes-severe
periodontitis association. However, they could totally explain the periodontitis-diabetes or
periodontitis-CVD associations or even reverse them. There are a lot of factors to consider that
may hinder the simulation of an unmeasured confounder.

These sources played a role in the periodontitis-diabetes, periodontitis-CVD, and
diabetes-periodontitis associations. The associations were affected differently by each source.

Some of these sources of systematic errors may change the conclusions of the associations.
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Chapter 3: Appendix
Methods

Fixed selection

In addition to the Community Periodontal Index of Treatment Needs (CPITN) and the
Ramfjord protocols, The following six protocols were considered: (i) all maxillary teeth (Mx),
(ii) all mandibular teeth (Mn), (iii) all teeth on the right side (Rt), (iv) all teeth on the left side
(Lt), (v) Half-mouth with maxillary right and mandibular left contralateral sides (Mx Rt & Mn
Lt), (vi) Half-mouth with maxillary left and mandibular right contralateral sides (Mx Lt & Mn

Rt).
Random selection

In addition to the random half-mouth protocol, the following two protocols were
considered: the random maxillary/mandibular teeth (Mx / Mn) in which the maxillary teeth were
selected if the binomial value was 1, and the mandibular teeth if the value was 0 and the random
right/left side (Rt / Lt) in which the right side was selected if the value was 1, and the left side if

the value was 0.
Results

The sample eligible for this analysis was 10,138. The full eligible sample had a mean age
of 49.70 (with a standard error of 0.22), was 49.20% males, and the majority had non-Hispanic
white (67.62%). Diabetes was in 9.35% and cardiovascular disease was in 5.54% of the sample.
The prevalence of severe, moderate, mild, and no periodontitis were 7.80%, 29.00%, 4.42%, and

58.77%, respectively. The sample had missing diabetes status, cardiovascular disease status,
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pack-years, and waist to height ratio that were 0.03%, and 0.18%, 2.23%, 2.65%, respectively.

Tables 9 shows the distribution of the variables by periodontitis and by diabetes groups.

Full-mouth adjusted analysis are shown in Table 10. When periodontitis was an exposure
and CDC/AAP definition was used, those with severe periodontitis had 1.09 (95% ClI: 0.77,
1.54) times the odds of having diabetes compared to those with mild or no periodontitis.
Moderate periodontitis had 1.30 (95% CI: 1.07, 1.57) times the odds of having diabetes
compared to those with mild or no periodontitis. For mean CAL, each 1 mm increase in clinical
attachment loss was associated with a 6% increase in the odds (OR=1.06) of having diabetes
(95% CI: 0.98, 1.14). Furthermore, each 1 mm increase in clinical attachment loss was
associated with a 14% increase in the odds of having cardiovascular disease (OR 95% CI: 1.06,

1.22).

In periodontitis as CDC/AAP outcome, diabetics had 1.01 times the odds of having
severe periodontitis (as opposed to mild or no periodontitis) compared to non-diabetics with a
compatibility interval ranging from 0.72-1.43. Diabetics had 1.25 times the odds of having
moderate periodontitis (as opposed to mild or no periodontitis) compared to non-diabetics with a
compatibility interval ranging from 1.02-1.52. For mean CAL, diabetics had 0.05 higher mean of
clinical attachment loss compared to non-diabetics with a compatibility interval ranging from -

0.04 to 0.14.

Exposure misclassification

Categorical Periodontitis

Percent relative bias was less than 10% for the majority of PMPs when estimating the

effects of severe periodontitis on diabetes and CVD (Table 11). Additionally, bias was mixed in
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direction (i.e., exposure misclassification resulted in underestimation or overestimation in some
cases). The size of the effect of severe periodontitis was larger when CVD was the outcome
compared to diabetes (Table 12). In addition, the estimates were mixed in direction for diabetes

but were positive for CVD.

Generally, there was no trend in the percent relative bias of the effect of severe
periodontitis across all PMPs (Table 11). In addition, there was no trend when comparing the
average percent relative bias of fixed 14 teeth (Mx, Mn, Rt, Lt, Mx Rt & Mn Lt, or Mx Lt, & Mn
Rt) to 10 teeth (CPITN) and 6 teeth (Ramfjord) protocols. However, average percent relative bias

of random 14 teeth protocols was lower than average of fixed 14 teeth protocols.

When subjects were stratified according to the number of teeth at the time of exam,
findings were similar for those with greater than 15 teeth whereas for those with 2- 15 teeth, bias
was greater (Table 11). The direction of bias depended on the outcome in both strata.
Furthermore, the impact of the protocol chosen on percent relative bias did not differ across

strata of teeth.

More PMPs exceeded 10% relative bias when estimating the effects of moderate
periodontitis on diabetes and CVD compared to severe periodontitis yet generally, majority of
PMPs still had <10% relative bias (Table 11). The direction of bias was generally to the null
(underestimation). Furthermore, the effects of moderate periodontitis on diabetes generally had
more bias compared to the effects of severe periodontitis but this did not apply to CVD.
Estimates of moderate periodontitis were larger when compared to severe periodontitis for
diabetes but were the same for CVD and the direction of estimates were positive for both

outcomes (Table 12).
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The Ramfjérd protocol (6 teeth) had the largest bias among all PMPs (Table 11).
However, there was no trend with respect to number of teeth (6, 10, and 14). Unlike severe

periodontitis, the averages of random and fixed 14 teeth protocols were the same.

Stratified analysis by number of teeth of the effects moderate periodontitis showed the
same findings as the effects of severe periodontitis in terms of extent and dependency of
direction on the outcome (Table 11). However, the impact of the protocol chosen on percent

relative differed across strata of teeth.

Continuous Periodontitis (mean CAL)

Percent relative bias was less than 1% and 5% when estimating the effects of a 1 mm
increase in CAL on diabetes and CVD, respectively (Table 11). Moreover, the direction was
generally to the null. The effect sizes of mean CAL was larger on CVD compared to diabetes but
the direction was positive in both outcomes (Table 12). There were no trends when comparing

different partial-mouth protocols.

Stratified analysis by number of teeth the effects of mean CAL resulted in the same
findings of categorical periodontitis in terms of having more bias among those with fewer teeth
and dependency of direction on the outcome (Table 11). However, mean CAL was affected less

by number of teeth compared to categorical periodontitis.

When all previous analysis was restricted to > 8, > 20, or all 28 teeth. The percent relative
bias was mixed in direction and extent (i.e., no trend with more restriction) (Table 11). However,
restriction to 28 teeth generally resulted in the highest bias. Moreover, severe periodontitis had
more bias than moderate periodontitis when restricting to all teeth. In addition, the direction of

bias depended on the outcome. Furthermore, the Ramfjord protocol had the highest bias. Last,
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bias of mean CAL was affected to a lesser degree by restriction compared to categorical

periodontitis.

Outcome misclassification

Categorical Periodontitis

Percent relative bias was less than 10% when estimating the effects of diabetes on severe
periodontitis and the direction was generally mixed (Table 13). The size of the effect of diabetes

on severe periodontitis was mixed in direction across all PMPs (Table 14).

Generally, there was no trend in the percent relative bias of the effect of severe
periodontitis across all PMPs (Table 13). In addition, there was no trend when comparing the
average percent relative bias of fixed 14 teeth (Mx, Mn, Rt, Lt, Mx Rt & Mn Lt, or Mx Lt, & Mn
Rt) to 10 teeth (CPITN) and 6 teeth (Ramfjord) protocols. However, average percent relative bias

of random 14 teeth protocols was lower than average of fixed 14 teeth protocols.

Stratified analysis of the effect of diabetes on severe periodontitis according to the
number of teeth had the same findings for those with greater than 15 teeth whereas for those with
2- 15 teeth, bias was greater and the direction was generally to the null (Table 13). In addition,
the Ramfjord protocol had the highest bias in both strata. Furthermore, the impact of the protocol

chosen on percent relative bias did not differ across strata of teeth.

Effects of diabetes on moderate periodontitis, unlike its effects on severe periodontitis,
generally had more than 10% relative bias and the direction was to the null (Table 13). In
addition, effects of diabetes on moderate periodontitis generally had more bias compared to its
effects on severe periodontitis. Estimates of diabetes on moderate periodontitis were positive for

all PMPs (Table 14).
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In terms of trends among PMPs, effects of diabetes on moderate periodontitis had the
same findings as effects on severe periodontitis except that bias was not different between

averages of fixed and random 14 teeth protocols.

Stratified analysis by number of teeth of the effects of diabetes on moderate periodontitis
had the same findings as its effects on severe periodontitis in terms of extent but the direction
was to the null in both strata of teeth (Table 13). However, the impact of the protocol chosen on

percent relative differed across strata of teeth.

Continuous Periodontitis (mean CAL)

Percent relative bias was more than 10% when estimating the effects of diabetes on mean
CAL and the direction was to the null (Table 13). Mean CAL had more bias than categorical
periodontitis. The effect size of diabetes on mean CAL was positive (Table 14). Trends
comparing different PMPs had the same finding as the effects of diabetes on severe periodontitis.
Stratified analysis by number of teeth of the effects of diabetes on mean CAL showed that bias

was higher for those with 2-15 teeth and the direction was away from the null (Table 13).

The percent relative bias was mixed in direction and extent (i.e., no trend with more
restriction) (Table 13). However, restriction to 28 teeth generally resulted in the highest bias.
Moreover, effects of diabetes on severe periodontitis had more bias than its effects on moderate
periodontitis when restricting to all teeth. Furthermore, the Ramfjérd protocol had the highest
bias. Last, bias of mean CAL was affected to about the same degree by restriction compared to

categorical periodontitis.

124



Tables

Partial-mouth Exposure misclassification
protocol (number Periodontitis - Diabetes Periodontitis — Cardiovascular disease
of teeth) Severe® Moderate® Mean CAL Severe® Moderate® Mean CAL
Mx (14)

> 2 teeth 3.67% -11.54% 0.00% 1.47% -3.65% -4.39%

>15 / <15 teeth 6.60% / -15.79% -5.04% / -38.28% 0.95% / 0.96%  0.00% / 89.23% 0.00% / 42.19% 0.84% / 9.78%

> 8 teeth 0.92% -14.50% -2.78% 2.22% 1.49% -2.59%

> 20 teeth 6.42% -6.56% 0.94% 3.75% 1.42% 0.80%

28 teeth 81.48% 16.42% 12.50% -39.22% 24.86% -11.48%
Mn (14)

> 2 teeth -2.75% -4.62% -0.94% -1.47% 0.73% -0.88%

>15 / <15 teeth 5.66% / -34.59% -5.04% / -15.79% -0.95% / -0.96% 1.43% / -7.69% -3.43% / 18.75%-0.84% / 2.17%
> 8 teeth -0.92% -4.58% 2.22% 2.22% -0.75% -1.72%

> 20 teeth 0.92% -6.56% -1.89% 7.50% -7.09% -3.20%
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28 teeth
Rt (14)

> 2 teeth

42.59%

-3.67%

> 15 / <15 teeth -2.83%

> 8 teeth
> 20 teeth

28 teeth

Lt (14)
> 2 teeth
>15 /<15
teeth
> 8 teeth
> 20 teeth

28 teeth

-2.75%

-2.75%

42.59%

-4.59%

-0.94%

-6.42%

-2.75%

44.44%

/

/

-20.90%

-2.31%

-20.30%2.52% / -33.01%

-3.05%

0.00%

-16.42%

-10.00%

-6.25%

-0.94%

0.00% / -1.92%

-0.93%

-0.94%

-2.50%

0.00%

-31.58%-5.88% / -35.89% 0.00% / 0.96%

-11.45%

-8.20%

17.91%

0.00%

-0.94%

2.50%
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-20.78%

-10.29%

-12.14% /

13.85%

-8.89%

-8.13%

-64.31%

5.88%

5.71% / 21.54%

7.41%

7.50%

30.59%

-3.78% 5.74%

-2.19%

0.88%

0.00% / 1.56% 0.00% / 5.43%

-2.24% 0.86%
-4.26% 0.00%
-7.03% -0.82%
-2.19% -1.75%

4.79% / -10.94%-0.84% / 0.00%

3.73% -0.86%
9.93% -0.80%
-30.27% -0.82%



Mx Rt & Mn Lt
(14)

> 2 teeth

4.59%

3.77% [/ -9.02%

> 15 / <15 teeth 2.75%

> 8 teeth

> 20 teeth

28 teeth
Mx Lt & Mn Rt
(14)

> 2 teeth

0.92%

29.63%

-15.60%

-12.26% / -

>15 / <15 teeth 41.35%

> 8 teeth
> 20 teeth

28 teeth

Random Mx / Mn*

> 2 teeth

-15.60%

-18.35%

7.41%

0.92%

-10.77%

0.00%

-5.04% / -44.98% 0.95% / -0.96%

-12.21%

-4.10%

2.99%

-6.92%

0.00% / -45.45%

-6.87%

-2.46%

-1.49%

-8.46%

0.93%

0.00%

3.75%

-0.94%
-0.95% / 0.00%
-0.93%
-0.94%

-3.75%

-0.94%
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1.47%

2.14% [ 21.54%

2.96%

7.50%

26.67%

-1.47%

-4.38%

0.68% / -4.69%

-0.75%

0.00%

-47.03%

0.00%

-5.00% / 23.08% 1.37% / 9.38%

-1.48%

-2.50%

-11.37%

0.74%

2.24%

-1.42%

23.78%

-1.46%

-0.88%

1.68% / -1.09%

0.86%

0.80%

-2.46%

0.00%

-1.68% / 5.43%

-0.86%

-1.60%

0.82%

-2.63%



>15 / <15 teeth 6.60% / -29.32% -5.04% / -28.71% 0.00% / 0.00% 0.71% / 35.38% -2.05% / 39.06% 0.00% / 6.52%

> 8 teeth 0.00% -9.92% -1.85% 2.22% 0.00% -1.72%
> 20 teeth 4.59% -6.56% -0.94% 5.00% -2.84% -1.60%
28 teeth 66.67% -2.99% 1.25% -28.63% 10.27% -1.64%

Random Rt/ Lt *
> 2 teeth -3.67% -6.15% -0.94% -2.94% -2.19% -0.88%

>15 / <15 teeth -1.89% / -24.81%-1.68% / -33.97% 0.00% / 0.00% -3.57% / 18.46% 2.74% / -4.69% 0.00% / 2.17%

> 8 teeth -4.59% -6.87% -0.93% -0.74% 0.75% 0.00%
> 20 teeth -2.75% -4.10% -0.94% 0.00% 2.84% -0.80%
28 teeth 50.00% 0.00% 0.00% -22.35% -18.38% -0.82%

Random Mx Rt &
Mn Lt/ Mx Lt &
Mn Rt*
> 2 teeth -6.42% -8.46% -0.94% -0.74% -2.19% -0.88%
> 15 / <15 teeth -4.72% [/ -27.07%-2.52% / -44.50% 0.00% / -0.96% -1.43% / 23.08% 1.37% / 3.13% 0.00% / 2.17%

> 8 teeth -7.34% -9.92% -0.93% 0.74% 0.75% 0.00%
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> 20 teeth
28 teeth
CPITN (10)

> 2 teeth

>15 / <15teeth 10.38% / -

> 8 teeth
> 20 teeth

28 teeth

Ramfjord (6)

> 2 teeth

>15 / <15 teeth 9.43% / -43.61%

> 8 teeth
> 20 teeth

28 teeth

-9.17%

22.22%

6.42%

14.29%

3.67%

4.59%

24.07%

4.59%

3.67%

8.26%

-100.00%

-3.28%

0.00%

-10.00%

-0.94%

0.00%

-0.94%

0.00% / -51.20% 0.00% / -1.92%

-12.21%

-6.56%

1.49%

-12.31%

-2.78%

-1.89%

-1.25%

-0.94%

-5.88% / -47.85% 1.90% / -5.77%

-12.98%

-9.02%

34.33%

0.00%

2.83%

7.50%

2.50%

-20.00%

-10.29%

-0.71%

-12.97%

0.73%

-5.00% / 29.23% 7.53% / 14.06%

-8.15%

3.75%

4.71%

1.47%

15.00% / -

29.23%

2.96%

38.13%

-100.00%

5.22%

7.80%

15.14%

-13.87%

-8.90% / -

14.06%

-8.96%

-6.38%

5.41%

-0.80%

-0.82%

-4.39%

-4.20% [ 2.17%

-6.03%

-4.00%

-4.10%

-1.75%

-0.84% / 0.00%

-1.72%

-2.40%

-3.28%
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Mx: maxillary teeth, Mn: mandibular teeth, Rt: right side, Lt: left side, Mx Rt & Mn Lt: maxillary right and mandibular
contralateral sides, Mx Lt & Mn Rt: maxillary left and mandibular contralateral sides, CPITN: community periodontal index for
treatment needs.

»: Percent relative bias of odds ratio of severe periodontitis on diabetes or cardiovascular disease compared to no or mild
periodontitis.

8: Percent relative bias of odds ratio of moderate periodontitis on diabetes or cardiovascular disease compared to no or mild
periodontitis.

* Percent relative bias of the mean estimate of 10,000 iterations.

Appendix Table 1. Percent relative bias of the estimates of the different partial-mouth protocols for the periodontitis-diabetes
(N=9,586) and the periodontitis-cardiovascular disease (N=9,556) associations using both categorical definition and mean
clinical attachment loss compared to full-mouth estimates.
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Full-mouth / partial-

mouth protocol

Exposure misclassification

Periodontitis - Diabetes

Periodontitis — Cardiovascular disease

(number of teeth) Severe® Moderate® Mean CAL Severe® Moderate® Mean CAL
Full-mouth (28)
> 2 teeth 1.09 1.30 1.06 1.36 1.37 1.14
>15 / <15teeth 1.06 / 1.33 1.19 / 2.09 1.05 / 1.04 1.40 / 0.65 1.46 / 0.64 1.19 / 0.92
> 8 teeth 1.09 1.31 1.08 1.35 1.34 1.16
> 20 teeth 1.09 1.22 1.06 1.60 141 1.25
28 teeth 0.54 0.67 0.80 2.55 2.31 1.22
Mx (14)
> 2 teeth 1.13 1.15 1.06 1.38 1.32 1.09
>15 / <15 teeth 1.13 / 1.12 1.13 / 1.29 1.06 / 1.05 1.40 / 1.23 1.46 / 0.91 1.20 / 1.01
> 8 teeth 1.10 1.12 1.05 1.38 1.36 1.13
> 20 teeth 1.16 1.14 1.07 1.66 1.43 1.26
28 teeth 0.98 0.78 0.90 1.55 2.31 1.08
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Mn (14)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth
28 teeth
Rt (14)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth
28 teeth
Lt (14)
> 2 teeth
>15 / < 15 teeth

> 8 teeth

1.06

1.12 / 0.87

1.08

1.10

0.77

1.05

1.03 / 1.06

1.06

1.06

0.77

1.04

1.05 / 0.91

1.02

1.24

1.13

1.25

1.14

0.53

1.27

1.22

1.27

1.22

0.56

1.17

1.12

1.16

/ 1.76

/ 1.40

/ 1.34

1.05

1.04

1.06

1.04

0.75

1.05

1.05

1.07

1.05

0.78

1.06

1.05

1.08

/ 1.03

/ 1.02

/ 1.05
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1.34

1.42

1.38

1.72

2.02

1.22

1.23

1.23

1.47

0.91

1.44

1.48

1.45

/ 0.60

/ 0.74

/ 0.79

1.38

141

1.33

1.31

1.78

1.34

1.46

1.31

1.35

1.72

1.34

1.53

1.39

/ 0.76

/ 0.65

/ 0.57

1.13

1.18

1.14

1.21

1.29

1.15

1.19

1.17

1.25

1.21

1.12

1.18

1.15

/ 0.94

/ 0.97

/ 0.92



> 20 teeth
28 teeth

Mx Rt & Mn Lt (14)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth
28 teeth

Mx Lt & Mn Rt (14)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth

28 teeth

1.06

0.78

1.14

110/ 1.21

1.12

1.10

0.70

0.92

0.93 / 0.78

0.92

0.89

0.58

1.12

0.79

1.16

1.13

1.15

1.17

0.69

1.21

1.19

1.22

1.19

0.66

/ 1.15

/ 1.14

1.05

0.82

1.06

1.06 / 1.03

1.09

1.06

0.83

1.05

1.04 / 1.04

1.07

1.05

0.77
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1.72

3.33

1.38

1.43 / 0.79

1.39

1.72

3.23

1.34

1.33 / 0.80

1.33

1.56

0.73

1.55

1.29

1.31

1.47

1.33
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0.98

1.37

1.48

1.37

1.39

2.29

/ 0.61

/ 0.70

1.24

1.21

1.13

1.21

1.17

1.26

1.19

1.14

1.17

1.15

1.23

1.23

/ 0.91

/ 0.97



Random Mx / Mn*

> 2 teeth

>15 / <15 teeth
> 15 interval

< 15 interval

> 8 teeth

> 20 teeth

28 teeth

1.10

(0.92, 1.30)

1.13 / 0.94
(0.92, 1.36)

(0.67, 1.27)

1.09

(0.91, 1.28)

1.14

(0.89, 1.42)

0.90

(0.46, 1.50)

1.19

(1.07, 1.33)

1.13 / 1.49
(1.01, 1.26)

(1.02, 2.08)

1.18

(1.06, 1.32)

1.14

(1.01, 1.29)

0.65

(0.46, 0.87)

1.05

(1.02, 1.08)

1.05 / 1.04

(1.02, 1.08)

(0.98, 1.10)

1.06

(1.03, 1.09)

1.05

(1.02, 1.09)

0.81

(0.73, 0.89)
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1.37

(1.09, 1.67)

1.41 / 0.88
(1.08, 1.77)

(0.57, 1.28)

1.38

(1.10. 1.68)

1.68

(1.27, 2.15)

1.82

(0.79, 3.09)

1.35

(1.16, 1.55)

1.43 / 0.89
(1.22, 1.66)

(0.57, 1.28)

1.34

(1.16, 1.55)

1.37

(1.15, 1.61)

2.04

(1.49, 2.67)

1.11

(1.07, 1.15)

1.19 / 0.98
(1.14, 1.23)

(0.91, 1.05)

1.14

(1.09, 1.18)

1.23

(1.18, 1.28)

1.20

(1.04, 1.38)



Random Rt/ Lt *

> 2 teeth

>15 / <15 teeth
> 15 interval

< 15 interval

> 8 teeth

> 20 teeth

28 teeth

1.05

(0.90, 1.20)

1.04 / 1.00
(0.87, 1.22)

(0.77, 1.26)

1.04

(0.89, 1.19)

1.06

(0.85, 1.30)

0.81

(0.43, 1.32)

1.22

(1.10, 1.33)

1.17 / 1.38
(1.06, 1.28)

(1.02, 1.81)

1.22

(1.10, 1.34)

1.17

(1.05, 1.30)

0.67

(0.55, 0.81)

1.05

(1.04, 1.07)

1.05 / 1.04

(1.03, 1.07)

(1.03, 1.07)

1.07

(1.06, 1.09)

1.05

(1.03, 1.08)

0.80

(0.75, 0.85)
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1.32

(1.12, 1.53)

1.35 / 0.77
(1.10, 1.62)

(0.60, 0.97)

1.34

(1.13, 1.55)

1.60

(1.23, 2.00)

1.98

(0.57, 3.78)

1.34

(1.19, 1.49)

1.50 / 0.61
(1.31, 1.69)

(0.46, 0.79)

1.35

(1.20, 1.51)

1.45

(1.26, 1.65)

1.51

(1.10, 1.97)

1.13

(1.11, 1.15)

1.19 / 0.94
(1.16, 1.21)

(0.91, 0.98)

1.16

(1.14, 1.18)

1.24

(1.21, 1.27)

1.21

(1.09, 1.33)



Random Mx Rt &
Mn Lt/ Mx Lt &
Mn Rt*

> 2 teeth

>15 / <15 teeth
> 15 interval

< 15 interval

> 8 teeth

> 20 teeth

1.02

(0.88, 1.17)

1.01 / 0.97
(0.85, 1.19)

(0.75, 1.22)

1.01

(0.87. 1.16)

0.99

(0.79, 1.20)

1.19

(1.08, 1.30)

1.16 / 1.16
(1.05, 1.29)

(0.90, 1.46)

1.18

(1.07, 1.30)

1.18

(1.06, 1.31)

1.05

(1.04, 1.07)

1.05 / 1.03

(1.03, 1.07)

(1.00, 1.07)

1.07

(1.06, 1.09)

1.05

(1.03, 1.07)
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1.35

(1.34, 1.58)

1.38 / 0.80
(1.12, 1.67)

(0.62, 1.02)

1.36

(1.14, 1.60)

1.64

(1.27, 2.05)

1.34

(1.20, 1.50)

1.48 / 0.66
(1.30, 1.67)

(0.52, 0.82)

1.35

(1.21, 1.51)

1.40

(1.22, 1.60)

1.13

(1.12, 1.15)

1.19 / 0.94
(1.17, 1.21)

(0.90, 0.98)

1.16

(1.14, 1.18)

1.24

(1.21, 1.27)



28 teeth

CPITN (10)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth
28 teeth
Ramfjord (6)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth

28 teeth

0.66

(0.32, 1.10)

1.16
1.17 / 1.14
1.13
1.14

0.67

1.14
1.16 / 0.75
1.13
1.18

0.000002

0.67

(0.53, 0.83)

1.17
1.19 / 1.02
1.15
1.14

0.68

1.14
1.12 / 1.09
1.14
1.11

0.90

0.80

(0.75, 0.85)

1.05
1.05 / 1.02
1.05
1.04

0.79

1.05
1.07 / 0.98
1.08
1.09

0.86

2.04

(0.63, 3.81)

1.22
1.05 / 0.84
1.24
1.66

2.67

1.38
1.61 / 0.46
1.39
2.21

0.000002

1.61

(1.07, 2.25)

1.38
1.57 / 0.73
141
1.52

2.13

1.18
1.33 / 0.55
1.22
1.32

1.95

1.21

(1.11, 1.32)

1.09
1.14 / 0.94
1.09
1.20

1.17

1.12
1.18 / 0.92
1.14
1.22

1.18

Mx: maxillary teeth, Mn: mandibular teeth, Rt: right side, Lt: left side, Mx Rt & Mn Lt: maxillary right and mandibular
contralateral sides, Mx Lt & Mn Rt: maxillary left and mandibular contralateral sides, CPITN: community periodontal index for

treatment needs.

»: Odds ratio of severe periodontitis on diabetes or cardiovascular disease compared to no or mild periodontitis.
8: Odds ratio of moderate periodontitis on diabetes or cardiovascular disease compared to no or mild periodontitis.
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* Mean estimates and (2.5", 97.5™) percentile intervals of 10,000 iterations.
Appendix Table 2. Estimates of the different partial-mouth protocols for the periodontitis-diabetes (N=9,586) and the

periodontitis-cardiovascular disease (N=9,556) associations using both categorical definition and mean clinical attachment
loss.
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Partial-mouth protocol (number of

Outcome misclassification

teeth) Severe* Moderate* Mean CAL*
Mx (14)
> 2 teeth 4.95% -16.00% -20.00%

>15 / <15 teeth
> 8 teeth
> 20 teeth
28 teeth
Mn (14)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth
28 teeth
Rt (14)

> 2 teeth

8.16% / -21.32%

1.98%

8.91%

88.46%

-2.971%

5.10% / -38.24%

-1.98%

-2.97%

25.00%

-2.97%
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-7.08% / -44.59%

-17.60%

-10.08%

18.33%

-5.60%

-6.19% / -17.75%

-4.80%

-8.40%

-18.33%

-6.40%

50.00% / 26.67%

-50.00%

0.00%

-50.00%

-20.00%

0.00% / -13.33%

-16.67%

-50.00%

37.50%

-20.00%



>15 / <15 teeth
> 8 teeth

> 20 teeth

28 teeth

Lt (14)

> 2 teeth

>15 / < 15 teeth
> 8 teeth

> 20 teeth

28 teeth

Mx Rt & Mn Lt (14)

> 2 teeth

>15 / <15 teeth
> 8 teeth

> 20 teeth

28 teeth

-1.02% / -24.26%

-2.97%

-1.98%

51.92%

-4.95%

-1.02% / -33.09%

-6.93%

-5.94%

26.92%

2.97%

2.04% [/ -11.76%

0.00%

-2.97%

9.62%
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0.00% / -37.66%

-5.60%

-3.36%

-16.67%

-11.20%

-6.19% / -38.10%

-11.20%

-9.24%

20.00%

-13.60%

-7.96% / -47.19%

-14.40%

-7.56%

5.00%

0.00% / -13.33%

-16.67%

-50.00%

0.00%

20.00%

0.00% / 46.67%

16.67%

0.00%

12.50%

20.00%

50.00% / 6.67%

16.67%

0.00%

-25.00%



Mx Lt & Mn Rt (14)

> 2 teeth -13.86% -9.60% 0.00%

>15 / <15 teeth -10.20% / -43.38% -1.77% [ -48.05% 0.00% / 6.67%
> 8 teeth -13.86% -8.80% -16.67%

> 20 teeth -16.83% -5.04% -50.00%

28 teeth 19.23% 0.00% 12.50%

Random Mx / Mn**

> 2 teeth 0.99% -10.40% -20.00%

>15 / <15 teeth 7.14% [/ -33.82% -6.19% / -32.90% 0.00% / 6.67%
> 8 teeth 0.00% -11.20% -33.33%

> 20 teeth 3.96% -9.24% 0.00%

28 teeth 57.69% 0.00% 0.00%

Random Rt/ Lt **

> 2 teeth -3.96% -8.80% 0.00%
>15 / <15 teeth -1.02% / -27.94% -3.54% [ -37.23% 0.00% / 13.33%
> 8 teeth -4.95% -8.80% 0.00%
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> 20 teeth
28 teeth
Random Mx Rt & Mn Lt/ Mx Lt &
Mn Rt**
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth
28 teeth
CPITN (10)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth

28 teeth

-3.96%

42.31%

-6.93%

-4.08% / -29.41%

-7.92%

-9.90%

15.38%

2.97%

9.18% / -20.59%

0.99%

2.97%

9.62%
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-6.72%

1.67%

-11.20%

-4.42% | -47.19%

-12.00%

-6.72%

3.33%

-14.40%

-2.65% / -55.41%

-15.20%

-10.08%

1.67%

0.00%

0.00%

0.00%

0.00% / 6.67%

0.00%

0.00%

0.00%

-20.00%

50.00% / -20.00%

-16.67%

0.00%

25.00%



Ramfjord (6)

> 2 teeth 6.93% -14.40% -20.00%

>15 / <15 teeth 14.29% [/ -47.06% -7.08% / -52.81% 100.00% / 140.00%
> 8 teeth 5.94% -15.20% 0.00%

> 20 teeth 7.92% -12.61% 100.00%

28 teeth -100.00% 40.00% -25.00%

Mx: maxillary teeth, Mn: mandibular teeth, Rt: right side, Lt: left side, Mx Rt & Mn Lt: maxillary right and mandibular
contralateral sides, Mx Lt & Mn Rt: maxillary left and mandibular contralateral sides, CPITN: community periodontal index for
treatment needs.

¥: Percent relative bias of odds ratio of diabetics for having severe periodontitis against no or mild periodontitis compared to non-
diabetics.

1: Percent relative bias of odds ratio of diabetics for having moderate periodontitis against no or mild periodontitis compared to non-
diabetics.

* Percent relative bias of beta-estimate of diabetics for mean clinical attachment loss compared to non-diabetics.

** Percent relative bias of the mean estimate of 10,000 iterations.

Appendix Table 3. Percent relative bias of the estimates of the different partial-mouth protocols for the diabetes-periodontitis
associations (N=9,586) using both categorical definition and mean clinical attachment loss compared to full-mouth estimates.
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Full-mouth / partial-mouth protocol

Outcome misclassification

(number of teeth) Severe¥ Moderate* Mean CAL*
Full-mouth (28)
> 2 teeth 1.01 1.25 0.05
>15 / <15 teeth 0.98 / 1.36 1.13 / 2.31 0.02 / 0.15
> 8 teeth 1.01 1.25 0.06
> 20 teeth 1.01 1.19 0.02
28 teeth 0.52 0.60 -0.08
MXx (14)
> 2 teeth 1.06 1.05 0.04
>15 / <15 teeth 1.06 / 1.07 1.05 / 1.28 0.03 / 0.19
> 8 teeth 1.03 1.03 0.03
> 20 teeth 1.10 1.07 0.02
28 teeth 0.98 0.71 -0.04
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Mn (14)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth
28 teeth
Rt (14)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth
28 teeth
Lt (14)
> 2 teeth
>15 / < 15 teeth

> 8 teeth

0.98

1.03 / 0.84

0.99

0.98

0.65

0.98

0.97 / 1.03

0.98

0.99

0.79

0.96

0.97 / 091

0.94
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1.18

1.06 / 1.90

1.19

1.09

0.49

1.17

1.13 / 1.44

1.18

1.15

0.50

1.11

1.06 / 1.43

1.11

0.04

0.02 / 0.13

0.05

0.01

-0.11

0.04

0.02 / 0.13

0.05

0.01

-0.08

0.06

0.02 / 0.22

0.07



> 20 teeth
28 teeth

Mx Rt & Mn Lt (14)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth
28 teeth

Mx Lt & Mn Rt (14)
> 2 teeth
>15 / <15 teeth
> 8 teeth
> 20 teeth

28 teeth

0.95

0.66

1.04

1.00 / 1.20

1.01

0.98

0.57

0.87

0.88 / 0.77

0.87

0.84

0.62
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1.08

0.72

1.08

1.04 / 1.22

1.07

1.10

0.63

1.13

1.11 / 1.20

1.14

1.13

0.60

0.02

-0.07

0.06

0.03 / 0.16

0.07

0.02

-0.06

0.05

0.02 / 0.16

0.05

0.01

-0.09



Random Mx / Mn**

> 2 teeth

> 15 / <15 teeth

> 8 teeth

> 20 teeth

28 teeth

1.02
(0.86, 1.20)
1.05 / 0.90

(0.86, 1.25) /(0.63, 1.23)

1.01

(0.85, 1.18)

1.05

(0.83, 1.30)

0.82

(0.46, 1.30)
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1.12
(1.00, 1.24)
1.06 / 1.55

(0.94,1.18) / (1.06, 2.19)

1.11

(0.99, 1.24)

1.08

(0.95, 1.22)

0.60

(0.41, 0.80)

0.04

(0.004, 0.08)

0.02 / 0.16

(0.004, 0.05) / (-0.09, 0.40)

0.04

(0.01, 0.07)

0.02

(-0.003, 0.04)

-0.08

(-0.11, -0.05)



Random Rt/ Lt **

> 2 teeth

> 15 / <15 teeth

> 8 teeth

> 20 teeth

28 teeth

0.97
(0.84, 1.11)
0.97 / 0.98

(0.82,1.13) / (0.75, 1.25)

0.96

(0.83, 1.10)

0.97

(0.79, 1.18)

0.74

(0.44, 1.18)
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1.14
(1.04, 1.25)
1.09 / 1.45

(0.99, 1.20) / (1.08, 1.93)

1.14

(1.03, 1.26)

1.11

(1.00, 1.24)

0.61

(0.49, 0.73)

0.05
(0.03, 0.07)
0.02 / 0.17

(0.01, 0.04) / (0.08, 0.27)

0.06

(0.04, 0.08)

0.02

(0.002, 0.03)

-0.08

(-0.10, -0.06)



Random Mx Rt & Mn Lt/ Mx Lt &
Mn Rt**

> 2 teeth

> 15 / <15 teeth

> 8 teeth

> 20 teeth

28 teeth

0.94
(0.82, 1.08)
0.94 / 0.96

(0.79, 1.10) / (0.73, 1.22)

0.93

(0.80, 1.07)

0.91

(0.73, 1.10)

0.60

(0.32, 0.94)

149

1.11
(1.00, 1.21)
1.08 / 1.22

(0.98,1.19) / (0.95, 1.54)

1.10

(1.00, 1.21)

1.11

(0.99, 1.23)

0.62

(0.49, 0.76)

0.05
(0.03, 0.07)
0.02 / 0.16

(0.01, 0.04) / (0.06, 0.26)

0.06

(0.04, 0.07)

0.02

(0.003, 0.03)

-0.08

(-0.09, -0.06)



CPITN (10)

> 2 teeth 1.04 1.07 0.04
>15 / <15 teeth 1.07 / 1.08 1.10 / 1.03 0.03 / 0.12
> 8 teeth 1.02 1.06 0.05
> 20 teeth 1.04 1.07 0.02
28 teeth 0.57 0.61 -0.10

Ramfjord (6)

> 2 teeth 1.08 1.07 0.04
>15 / <15 teeth 1.12 / 0.72 1.05 / 1.09 0.04 / -0.06
> 8 teeth 1.07 1.06 0.06
> 20 teeth 1.09 1.04 0.04
28 teeth 0.000005 0.84 -0.06

Mx: maxillary teeth, Mn: mandibular teeth, Rt: right side, Lt: left side, Mx Rt & Mn Lt: maxillary right and mandibular
contralateral sides, Mx Lt & Mn Rt: maxillary left and mandibular contralateral sides, CPITN: community periodontal index for
treatment needs.

¥: Odds ratio of diabetics for having severe periodontitis against no or mild periodontitis compared to non-diabetics.

12 Odds ratio of diabetics for having moderate periodontitis against no or mild periodontitis compared to non-diabetics.

* Beta-estimate of diabetics for mean clinical attachment loss compared to non-diabetics.

** Mean estimates and (2.5, 97.5") percentile intervals of 10,000 iterations.

Appendix Table 4. Estimates of the different partial-mouth protocols for the diabetes-periodontitis associations (N=9,586)
using both categorical definition and mean clinical attachment loss.

150



10.

11.

12.

13.

REFERENCES

American Academy of Periodontology [Available from:
https://members.perio.org/libraries/glossary/entry?GlossaryKey=d93c420e-9322-4bdd-
b01c-d545af310a5b&tab=groupdetails.

Ong G. Periodontal disease and tooth loss. International dental journal. 1998;48(S3):233-
8.

Eke PI, Dye BA, Wei L, Slade GD, Thornton-Evans GO, Borgnakke WS, et al. Update
on prevalence of periodontitis in adults in the United States: NHANES 2009 to 2012.
Journal of periodontology. 2015;86(5):611-22.

Eke PI, Thornton-Evans GO, Wei L, Borgnakke WS, Dye BA, Genco RJ. Periodontitis in
US Adults: National Health and Nutrition Examination Survey 2009-2014. The Journal
of the American Dental Association. 2018;149(7):576-88. e6.

Salvi GE, Carollo-Bittel B, Lang NP. Effects of diabetes mellitus on periodontal and peri-
implant conditions: update on associations and risks. Journal of clinical periodontology.
2008;35(s8):398-409.

Chévarry NGM, Vettore MV, Sansone C, Sheiham A. The relationship between diabetes
mellitus and destructive periodontal disease: a meta-analysis. Oral health & preventive
dentistry. 2009;7(2).

Khader YS, Dauod AS, EI-Qaderi SS, Alkafajei A, Batayha WQ. Periodontal status of
diabetics compared with nondiabetics: a meta-analysis. Journal of diabetes and its
complications. 2006;20(1):59-68.

Mealey BL, Ocampo GL. Diabetes mellitus and periodontal disease. Periodontology
2000. 2007;44(1):127-53.

Loe H. Periodontal disease: the sixth complication of diabetes mellitus. Diabetes care.
1993;16(1):329-34.

Association AD. Report of the expert committee on the diagnosis and classification of
diabetes mellitus. Diabetes care. 2003;26(suppl 1):55-s20.

Preshaw P, Alba A, Herrera D, Jepsen S, Konstantinidis A, Makrilakis K, et al.
Periodontitis and diabetes: a two-way relationship. Diabetologia. 2012;55(1):21-31.

Preshaw PM, Taylor JJ. How has research into cytokine interactions and their role in
driving immune responses impacted our understanding of periodontitis? Journal of
clinical periodontology. 2011;38(s11):60-84.

Dandona P, Aljada A, Bandyopadhyay A. Inflammation: the link between insulin
resistance, obesity and diabetes. Trends in immunology. 2004;25(1):4-7.

151



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Schmidt MI, Duncan BB, Sharrett AR, Lindberg G, Savage PJ, Offenbacher S, et al.
Markers of inflammation and prediction of diabetes mellitus in adults (Atherosclerosis
Risk in Communities study): a cohort study. The Lancet. 1999;353(9165):1649-52.

Nesto R. C-reactive protein, its role in inflammation, Type 2 diabetes and cardiovascular
disease, and the effects of insulin-sensitizing treatment with thiazolidinediones. Diabetic
medicine. 2004;21(8):810-7.

Loos BG. Systemic markers of inflammation in periodontitis. Journal of periodontology.
2005;76(11-s):2106-15.

Paraskevas S, Huizinga JD, Loos BG. A systematic review and meta-analyses on C-
reactive protein in relation to periodontitis. Journal of clinical periodontology.
2008;35(4):277-90.

Hotamisligil G. Molecular mechanisms of insulin resistance and the role of the adipocyte.
International Journal of Obesity. 2000;24(S4):S23.

Rotter V, Nagaev I, Smith U. Interleukin-6 (IL-6) induces insulin resistance in 3T3-L1
adipocytes and is, like IL-8 and tumor necrosis factor-a, overexpressed in human fat cells
from insulin-resistant subjects. Journal of Biological Chemistry. 2003;278(46):45777-84.

Alba-Loureiro T, Munhoz C, Martins J, Cerchiaro G, Scavone C, Curi R, et al.
Neutrophil function and metabolism in individuals with diabetes mellitus. Brazilian
Journal of Medical and Biological Research. 2007;40(8):1037-44.

Alba-Loureiro T, Hirabara S, Mendonca J, Curi R, Pithon-Curi T. Diabetes causes
marked changes in function and metabolism of rat neutrophils. Journal of endocrinology.
2006;188(2):295-303.

Manouchehr-Pour M, Spagnuolo P, Rodman H, Bissada N. Impaired neutrophil
chemotaxis in diabetic patients with severe periodontitis. Journal of dental research.
1981;60(3):729-30.

Graves D, Liu R, Alikhani M, Al-Mashat H, Trackman P. Diabetes-enhanced
inflammation and apoptosis—impact on periodontal pathology. Journal of dental
research. 2006;85(1):15-21.

D’Aiuto F, Parkar M, Andreou G, Suvan J, Brett PM, Ready D, et al. Periodontitis and
systemic inflammation: control of the local infection is associated with a reduction in
serum inflammatory markers. Journal of dental research. 2004;83(2):156-60.

Iwamoto Y, Nishimura F, Nakagawa M, Sugimoto H, Shikata K, Makino H, et al. The
effect of antimicrobial periodontal treatment on circulating tumor necrosis factor-alpha
and glycated hemoglobin level in patients with type 2 diabetes. Journal of
periodontology. 2001;72(6):774-8.

152



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Marcaccini AM, Meschiari CA, Sorgi CA, Saraiva MC, de Souza AM, Faccioli LH, et al.
Circulating interleukin-6 and high-sensitivity C-reactive protein decrease after
periodontal therapy in otherwise healthy subjects. Journal of periodontology.
2009;80(4):594-602.

O'connell PA, Taba Jr M, Nomizo A, Foss Freitas MC, Suaid FA, Uyemura SA, et al.
Effects of periodontal therapy on glycemic control and inflammatory markers. Journal of
periodontology. 2008;79(5):774-83.

Centers for Disease Control and Prevention Heart Disease [Available from:
https://www.cdc.gov/heartdisease/about.htm.

Janket S-J, Baird AE, Chuang S-K, Jones JA. Meta-analysis of periodontal disease and
risk of coronary heart disease and stroke. Oral Surgery, Oral Medicine, Oral Pathology,
Oral Radiology and Endodontics. 2003;95(5):559-69.

Khader YS, Albashaireh ZS, Alomari MA. Periodontal diseases and the risk of coronary
heart and cerebrovascular diseases: a meta-analysis. Journal of periodontology.
2004;75(8):1046-53.

Humphrey LL, Fu R, Buckley DI, Freeman M, Helfand M. Periodontal disease and
coronary heart disease incidence: a systematic review and meta-analysis. Journal of
general internal medicine. 2008;23(12):2079.

Bahekar AA, Singh S, Saha S, Molnar J, Arora R. The prevalence and incidence of
coronary heart disease is significantly increased in periodontitis: a meta-analysis.
American heart journal. 2007;154(5):830-7.

Beck JD, Offenbacher S. Systemic effects of periodontitis: epidemiology of periodontal
disease and cardiovascular disease. Journal of periodontology. 2005;76(11-s):2089-100.

Genco R, Offenbacher S, Beck J. Periodontal disease and cardiovascular disease. The
Journal of the American Dental Association. 2002;133:14S-22S.

Slade G, Offenbacher S, Beck J, Heiss G, Pankow J. Acute-phase inflammatory response
to periodontal disease in the US population. Journal of dental research. 2000;79(1):49-57.

Noack B, Genco RJ, Trevisan M, Grossi S, Zambon JJ, Nardin ED. Periodontal
infections contribute to elevated systemic C-reactive protein level. Journal of
periodontology. 2001;72(9):1221-7.

Viles-Gonzalez J, Fuster V, Badimon JJ. Links between inflammation and
thrombogenicity in atherosclerosis. Current molecular medicine. 2006;6(5):489-99.

Padilla C, Lobos O, Hubert E, Gonzalez C, Matus S, Pereira M, et al. Periodontal
pathogens in atheromatous plaques isolated from patients with chronic periodontitis.
Journal of periodontal research. 2006;41(4):350-3.

153



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

o1,

52.

Haraszthy V, Zambon J, Trevisan M, Zeid M, Genco R. ldentification of periodontal
pathogens in atheromatous plaques. Journal of periodontology. 2000;71(10):1554-60.

Herzberg MC, Brintzenhofe K, Clawson C. Aggregation of human platelets and adhesion
of Streptococcus sanguis. Infection and immunity. 1983;39(3):1457-69.

Herzberg MC, Meyer MW. Effects of oral flora on platelets: possible consequences in
cardiovascular disease. Journal of periodontology. 1996;67(10s):1138-42.

Herzberg MC, Meyer MW. Dental plaque, platelets, and cardiovascular diseases. Annals
of periodontology. 1998;3(1):151-60.

Qi M, Miyakawa H, Kuramitsu HK. Porphyromonas gingivalis induces murine
macrophage foam cell formation. Microbial pathogenesis. 2003;35(6):259-67.

Lalla E, Lamster IB, Hofmann MA, Bucciarelli L, Jerud AP, Tucker S, et al. Oral
infection with a periodontal pathogen accelerates early atherosclerosis in apolipoprotein
E—null mice. Arteriosclerosis, thrombosis, and vascular biology. 2003;23(8):1405-11.

Li L, Messas E, Batista EL, Levine RA, Amar S. Porphyromonas gingivalis infection
accelerates the progression of atherosclerosis in a heterozygous apolipoprotein E—
deficient murine model. Circulation. 2002;105(7):861-7.

Mahendra J, Mahendra L, Kurian V, Jaishankar K, Mythilli R. 16S rRNA-based
detection of oral pathogens in coronary atherosclerotic plaque. Indian Journal of Dental
Research. 2010;21(2):248.

Nakano K, Wada K, Nomura R, Nemoto H, Inaba H, Kojima A, et al. Characterization of
aortic aneurysms in cardiovascular disease patients harboring Porphyromonas gingivalis.
Oral Diseases. 2011;17(4):370-8.

LiC,LvZ, ShiZ, Zhu Y, Wu Y, LiL, et al. Periodontal therapy for the management of
cardiovascular disease in patients with chronic periodontitis. The Cochrane Library.
2017.

Rothman KJ, Greenland S, Lash TL. Modern epidemiology: Lippincott Williams &
Wilkins; 2008.

Lash TL, Fox MP, Fink AK. Applying quantitative bias analysis to epidemiologic data:
Springer Science & Business Media; 2011.

Weinstock MA, Colditz GA, Willet WC, Stampfer MJ, Rosner B, Speizer FE. Recall
(report) bias and reliability in the retrospective assessment of melanoma risk. American
journal of epidemiology. 1991;133(3):240-5.

Szklo M, Nieto FJ. Epidemiology : beyond the basics. Burlington, Mass.: Jones &
Bartlett Learning; 2014.

154



53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.
65.

Jurek A, Maldonado G, Church T, Greenland S, editors. Exposure-measurement error is
frequently ignored when interpreting epidemiologic study results. American Journal of

Epidemiology; 2004: OXFORD UNIV PRESS INC JOURNALS DEPT, 2001 EVANS
RD, CARY, NC 27513 USA.

Newell DJ. Errors in the interpretation of errors in epidemiology. American Journal of
Public Health and the Nations Health. 1962;52(11):1925-8.

Keys A, Kihlberg JK. Effect of misclassification on estimated relative prevalence of a
characteristic: Part . Two populations infallibly distinguished. Part 1. Errors in two
variables. American Journal of Public Health and the Nations Health. 1963;53(10):1656-
65.

Gullen WH, Bearman JE, Johnson EA. Effects of misclassification in epidemiologic
studies. Public Health Rep. 1968;83(11):914-8.

Copeland KT, Checkoway H, McMichael AJ, Holbrook RH. Bias due to
misclassification in the estimation of relative risk. American journal of epidemiology.
1977;105(5):488-95.

Jurek AM, Greenland S, Maldonado G, Church TR. Proper interpretation of non-
differential misclassification effects: expectations vs observations. International journal
of epidemiology. 2005;34(3):680-7.

Jurek AM, Greenland S, Maldonado G. Brief report: how far from non-differential does
exposure or disease misclassification have to be to bias measures of association away
from the null? International journal of epidemiology. 2008;37(2):382-5.

Pekkanen J, Sunyer J, Chinn S. Nondifferential disease misclassification may bias
incidence risk ratios away from the null. Journal of clinical epidemiology.
2006;59(3):281-9.

Dosemeci M, Wacholder S, Lubin JH. Does nondifferential misclassification of exposure
always bias a true effect toward the null value? American journal of epidemiology.
1990;132(4):746-8.

WALKER AM, BLETTNER M. Comparing imperfect measures of exposure. American
journal of epidemiology. 1985;121(6):783-90.

Weinberg CA, Umbach DM, Greenland S. When will nondifferential misclassification of
an exposure preserve the direction of a trend? American Journal of Epidemiology.
1994;140(6):565-71.

Rothman KJ. Epidemiology: an introduction: Oxford university press; 2012.

Rodgers A, MacMahon S. Systematic underestimation of treatment effects as a result of
diagnostic test inaccuracy: implications for the interpretation and design of
thromboprophylaxis trials. Thrombosis and haemostasis. 1995;73(2):167-71.

155



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

Page RC, Offenbacher S, Schroeder HE, Seymour GJ, Kornman KS. Advances in the
pathogenesis of periodontitis: summary of developments, clinical implications and future
directions. Periodontology 2000. 1997;14(1):216-48.

Eke PI, Page RC, Wei L, Thornton-Evans G, Genco RJ. Update of the case definitions for
population-based surveillance of periodontitis. Journal of periodontology.
2012;83(12):1449-54.

Tonetti M, Claffey N. Advances in the progression of periodontitis and proposal of
definitions of a periodontitis case and disease progression for use in risk factor research.
Journal of clinical periodontology. 2005;32(s6):210-3.

Papapanou PN, Sanz M, Buduneli N, Dietrich T, Feres M, Fine DH, et al. Periodontitis:
Consensus report of workgroup 2 of the 2017 World Workshop on the Classification of

Periodontal and Peri-Implant Diseases and Conditions. Journal of periodontology.
2018;89:5173-S82.

Beck JD, Caplan DJ, Preisser JS, Moss K. Reducing the bias of probing depth and
attachment level estimates using random partial-mouth recording. Community dentistry
and oral epidemiology. 2006;34(1):1-10.

Susin C, Kingman A, Albandar JM. Effect of partial recording protocols on estimates of
prevalence of periodontal disease. Journal of periodontology. 2005;76(2):262-7.

Kingman A, Susin C, Albandar JM. Effect of partial recording protocols on severity
estimates of periodontal disease. Journal of clinical periodontology. 2008;35(8):659-67.

Kingman A, Morrison E, Lée H, Smith J. Systematic errors in estimating prevalence and
severity of periodontal disease. Journal of periodontology. 1988;59(11):707-13.

Greenland S, Pearl J, Robins JM. Causal diagrams for epidemiologic research.
Epidemiology. 1999:37-48.

Textor J, Hardt J, Knlppel S. DAGitty: a graphical tool for analyzing causal diagrams.
Epidemiology. 2011;22(5):745.

Harrington, B. et al (2004-2005). Inkscape. http://www.inkscape.org/.

Merchant AT, Pitiphat W. Directed acyclic graphs (DAGS): an aid to assess confounding
in dental research. Community dentistry and oral epidemiology. 2002;30(6):399-404.

Akinkugbe A, Sharma S, Ohrbach R, Slade G, Poole C. Directed acyclic graphs for oral
disease research. Journal of dental research. 2016;95(8):853-9.

National Health and Nutrition Examination Survey Oral Health Periodontal [Available
from: https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/OHXPER_H.htm.

156



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Tonetti M, Claffey N, C EWIiPg. Advances in the progression of periodontitis and
proposal of definitions of a periodontitis case and disease progression for use in risk
factor research: Group C Consensus report of the 5th European workshop in
periodontology. Journal of clinical periodontology. 2005;32:210-3.

Page RC, Eke PI. Case definitions for use in population-based surveillance of
periodontitis. Journal of periodontology. 2007;78(7S):1387-99.

National Health and Nutrition Examination Survey Smoking-Cigarette Use [Available
from: https://wwwn.cdc.gov/Nchs/Nhanes/2013-
2014/SMQ_H.htm#Component_Description.

National Health and Nutrition Examination Survey Body Measures [Available from:
https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/BMX_H.htm#Component_Description.

Wallis EJ, Ramsay LE, Jackson PR. Cardiovascular and coronary risk estimation in
hypertension management. Heart. 2002;88(3):306-12.

Heaton B, Applebaum KM, Rothman KJ, Brooks DR, Heeren T, Dietrich T, et al. The
influence of prevalent cohort bias in the association between periodontal disease
progression and incident coronary heart disease. Annals of epidemiology.
2014;24(10):741-6.

Rothman KJ. Low-Dose Radiation and Leukemia. New England Journal of Medicine.
1980;303(14):814-6.

Akinkugbe AA, Saraiya VM, Preisser JS, Offenbacher S, Beck JD. Bias in estimating the
cross-sectional smoking, alcohol, obesity and diabetes associations with moderate-severe
periodontitis in the Atherosclerosis Risk in Communities study: comparison of full versus
partial-mouth estimates. Journal of clinical periodontology. 2015;42(7):609-21.

Heaton B, Garcia RI, Dietrich T. Simulation study of misclassification bias in association

studies employing partial-mouth protocols. Journal of clinical periodontology.
2018;45(9):1034-44.

Kelly S. Fitting a Cumulative Logistic Regression Model [Available from:
http://support.sas.com/resources/papers/proceedings17/1108-2017.pdf,

Lash TL, Fox MP, MacLehose RF, Maldonado G, McCandless LC, Greenland S. Good
practices for quantitative bias analysis. International journal of epidemiology.
2014;43(6):1969-85.

Bell B, Rose CL, Damon A. The Normative Aging Study: an interdisciplinary and
longitudinal study of health and aging. Aging and Human Development. 1972;3(1):5-17.

Bell B, Rose CL, Damon A. The Veterans Administration longitudinal study of healthy
aging. The Gerontologist. 1966;6(4):179-84.

157



93.

94.

95.

96.

97.

98.

99.

Spiro A, 111, Vokonas PS. Encyclopedia of Health &amp; Aging. 2007 2017/10/20.
Thousand Oaks, California: SAGE Publications, Inc. Available from:
http://sk.sagepub.com/reference/aging.

Maelstrom Research 2014 [Available from: https://www.maelstrom-
research.org/mica/individual-study/va-nas.

Kapur KK, Glass RL, Loftus ER, Alman JE, Feller RP. The Veterans Administration
longitudinal study of oral health and disease: methodology and preliminary findings.
Aging and Human Development. 1972;3(1):125-37.

Feldman RS, Alman JE, Chauncey HH. Design and analysis considerations for a
longitudinal study of periodontal disease. Journal of clinical periodontology.
1986;13(5):506-10.

Feldman R, Dpurlass C, Loftus E, Kapur K, Chauncey H. Interexaminer agreement in the
measurement of periodontal disease. Journal of Periodontal Research. 1982;17(1):80-9.

Dietrich T, Hoffmann K. A comprehensive index for the modeling of smoking history in
periodontal research. Journal of dental research. 2004;83(11):859-63.

Leffondré K, Abrahamowicz M, Xiao Y, Siemiatycki J. Modelling smoking history using

a comprehensive smoking index: application to lung cancer. Statistics in medicine.
2006;25(24):4132-46.

158



CURRICULUM VITAE













