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Abstract

Aim: This prospective cohort study investigated the association between periodontal
diseases (PDs) and all-cause and cause-specific mortality.

Materials and Methods: We utilized adult participants recruited from six National
Health and Nutrition Examination Survey cycles (1999-2014) and linked mortality
data from the National Death Index up to December 2019. Baseline clinical peri-
odontal examinations were performed by trained and calibrated examiners. All-
cause and cause-specific mortality was modelled through multivariable Cox propor-
tional hazards and Fine-Gray models to account for competing risks. All models
were adjusted for demographic and lifestyle variables, clinical measurements and
comorbidities.

Results: Overall, 15,030 participants were included, with a median length of
follow-up of 9 years. Risk of all-cause mortality was 22% greater in people with
PD than the control group (adjusted hazard ratio [HR]: 1.22, 95% confidence
interval [CI]: 1.12-1.31). Risks of mortality by cardiovascular diseases (CVD),
respiratory disease and diabetes were highest in participants with severe PD
(CVD—sub-distribution HR [SHR]: 1.38, 95% Cl: 1.16-1.64; respiratory—SHR:
1.62, 95% Cl: 1.07-2.45; diabetes—SHR: 1.68, 95% Cl: 1.12-2.53).

Conclusions: Severe PD is associated with all-cause and cause-specific mortality

among US adults after multivariable adjustment.

KEYWORDS
Big Data, cohort study, mortality, oral health, periodontal diseases

Clinical Relevance

Scientific rationale for study: Epidemiological studies have indicated an association between peri-
odontal disease (PD), systemic diseases and all-cause mortality. As yet, the evidence of links
between PD and underlying causes of death is inconclusive.

Principal findings: The findings of this prospective cohort study demonstrated that the risks of

all-cause and cause-specific mortality were greater in people with PD.
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Practical implications: As such, clinicians and health researchers should consider oral health sta-

tus as a potential risk factor to mortality. This study promotes the integration of oral health

towards a whole-person, holistic approach to medicine to improve the understanding of a

patient's full health profile.

1 | INTRODUCTION

Approximately 1.1 billion people are living with severe periodontal
diseases (PDs) globally (M. X. Chen et al., 2021); up to 45% of
adults in the United States have mild, moderate or severe periodon-
titis (Eke et al., 2020). It is widely acknowledged that PD is signifi-
cantly associated with the development of non-communicable
diseases, including diabetes and cardiovascular diseases (CVD)
(Herrera et al., 2023). Two putative hypotheses support this oral-
systemic connection: through shared inflammatory pathways, or
from the systemic pathogenic repercussions of bacterial dysbiosis
(Hajishengallis & Chavakis, 2021). Risk factors such as age, ethnicity
and the severity of PD further increase the likelihood of co-
occurring comorbidities in individuals with PD (Larvin et al., 2022a).
Consequently, PD could substantially contribute to the overall
healthcare burden, beyond the realm of dental care services
through associated comorbidities.

A systematic review of findings from epidemiological studies sug-
gests that people with PD have greater risks of all-cause mortality
compared with those without (Romandini et al., 2021). Nevertheless,
previous studies investigating cause-specific mortality have been lim-
ited by confounding and insufficient consideration of concurrent risks.
This impedes the ability to draw robust inferences on the association
between PD and specific causes of death (Romandini et al., 2021).
Deconstructing the relationship between PD and the causes of mor-
tality will lead to a better understanding of the oral-systemic patho-
logical link and will address the call for comprehensive, person-
centred and holistic research (Watt et al., 2019).

The National Health and Nutrition Examination Survey
(NHANES) is a survey-based data resource sampled from a popu-
lation in the United States (Centers for Disease Control and
Prevention [CDC], 2023). The dataset comprises a rich source of
information including demographics, biomarkers and medical his-
tory. The effects of oral health outcomes (including PD) on adverse
health outcomes have been investigated by including clinical dental
examinations in the NHANES (Dye et al.,, 2019). A recent study
using NHANES data showed that PD may accentuate the effects of
phenotypic age on subsequent risk of all-cause mortality (Liu
et al., 2023). A separate study found that PD had an additive effect
on the risk of all-cause mortality in NHANES participants with CVD,
compared with those with CVD and do not have PD (F. Chen
et al., 2023). To our knowledge, there has been no study
that has explored the relationship between PD and disease-
specific cause of death in NHANES participants utilizing the
up-to-date linked National Death Index mortality dataset through
December 2019.

This study aimed to investigate the association between PD and
the risk of all-cause and cause-specific mortality using this broadly

diverse US adult population.

2 | METHODS

21 | Study design

A longitudinal cohort study utilizing survey data from participants of
the NHANES between 1999 and 2014 was used and the participants
were followed up with linked mortality data from National Center for
Health Statistics (NCHS) until 2019.

2.2 | Datasource

This study utilized data from adult participants of the NHANES cross-
sectional surveys run by CDC in the United States (CDC, 2023). The
surveys are conducted biennially using stratified multistage probability
sampling and data collected from self-reported questionnaires com-
prising demographics, socioeconomic information and medical history.
There are approximately 10,000 participants within each NHANES
cycle, with around half of participants also undergoing a health exami-
nation. All participants included in the NHANES must provide
informed written consent and data are fully de-identified prior to
external researcher access.

NHANES participants from cycles where clinical periodontal
examination was also undertaken were eligible for inclusion in this
study. Follow-up commenced on the date of periodontal examination
(baseline) and continued until censorship (date of death; 31st
December 2019 [date of the last National Death Index extraction]).

Figure 1 shows the full study inclusion flow chart.

2.3 | Study exposure

The exposure for this study was the presence of PD at baseline using
the definition outlined by Eke et al. (2012) for the Centers for Disease
Control and Prevention and the American Academy of Periodontol-
ogy. Clinical periodontal examinations were undertaken by trained
and calibrated examiners during NHANES cycles 1999-2000, 2001-
2002, 2003-2004, 2009-2010, 2011-2012 and 2013-2014. Full-
mouth periodontal examinations occurred in cycles 2011-2014; prior
cycles included partial examination only. Loss of attachment (LOA)

and periodontal probing depths (PPD) were recorded for between
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on age and sex in a 1:1 ratio. | | ‘ ‘ ‘

Total population
(n = 61,594)
Exclusions

»| « No periodontal examination (n = 27,406)
* Mortality linkage unavailable (n = 9230)

v
Eligible for analysis
(n = 24,958)

v

|

Periodontal disease
(n=10,358)

Periodontal disease

Age and sex matching

No periodontal disease
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(n=7515)

(n=7515)
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Mild/moderate Severe/edentulous
(n=4872) (n=2643)

two and six sites on each tooth - dependent on year of cycle and
associated examination protocol. PD severities were classified accord-

ing to the following criteria:

e Mild PD: Two or more interproximal sites with LOA > 3 mm AND
(2 or more interproximal sites with PPD = 4 mm not on the same
tooth OR 1 site with PPD = 5 mm)

e Moderate PD: Two or more interproximal sites with LOA = 4 mm,
not on the same tooth OR 2 or more interproximal sites with
PPD > 5 mm not on the same tooth

e Severe PD: Two or more interproximal sites with LOA = 6 mm, not on

the same tooth AND 1 or more interproximal sites with PPD > 5 mm.

Participants with mild, moderate or severe PD, or who were
edentulous, were combined in subgroup analyses to increase the statis-
tical power. The rationale for this was that severe cases of PD can lead
to eventual tooth loss; previous studies have included missing teeth in
definitions of PD to improve the accuracy of prevalence rates (Tonetti
et al., 2018). Participants who had no clinical evidence of mild, moder-
ate or severe PD were eligible for inclusion into the study as controls.

24 | Study outcomes

Mortality data were extracted from the 2019 Public-Use Linked mor-
tality files provided from the National Death Index from January 1999

to December 2019. All-cause mortality was the primary outcome for
this study. The secondary outcome of this study was cause-specific
mortality including by CVD, malignancy, chronic lower respiratory
disease, unintentional injuries (accident), cerebrovascular diseases,
Alzheimer's disease, diabetes, pneumonia and influenza or renal disease.
Cause-specific mortality is defined as underlying cause of death
reported by NCHS in the linked mortality data. A previous validation
study has shown that the National Death Index shows good validity in
comparison with other national death registries (Conway et al., 2021).

2.5 | Covariates
Covariates were selected based on existing literature suggesting the
risk factors of PD and associations with systemic diseases. The identi-
fied relationship between PD and covariates is demonstrated as a
directed acyclic graph (DAG), created using DAGitty package for R
within the supplemental file (Supplemental file 1; Textor et al., 2016).
Participant information at baseline including demographics (age,
sex [male, female], ethnicity [White, Black, Hispanic, other race],
household income [quintile], highest education level [high school or
below, or college or above]), smoking status (current smoker,
ex-smoker and non-smoker), dietary information (daily calorie intake
[kcal]), alcohol intake (drinks per day, where 14 g = 1 drink) and medi-
cal history (comorbidities) were self-reported in survey responses.

Household income was estimated from family income and stratified
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by quintile with 1 for lower incomes and 5 representing the highest
income ranges. Pack years were calculated by dividing (cigarettes per
day multiplied by total years smoked) by 20. Heavy smokers were
quantified as having smoked more than 25 cigarettes per day. Comor-
bidities were determined by responses to the question “Have you
even been told by a doctor or health professional that you have x?”,
where x was one of the following conditions: diabetes, cancer, heart
attack, coronary heart disease, congestive heart failure, angina and
stroke, hypertension, arthritis, liver disease, thyroid disorder, emphy-
sema and bronchitis. Comorbidities were categorized into binary dis-
ease groups for covariate adjustment in statistical modelling:
cardiovascular (angina, coronary heart disease, congestive heart fail-
ure, heart attack, hypertension, stroke), metabolic (diabetes, liver dis-
ease, thyroid disorder), respiratory (bronchitis, emphysema) and
inflammatory (arthritis) and malignancy. Physical measurements (body
mass index [BMI], blood pressure) were recorded during the baseline

health examination by trained health technicians.

2.6 | Statistical analysis

Baseline participant characteristics are presented as means with stan-
dard deviations (SD), or medians with interquartile ranges (IQR) for
continuous variables depending on distribution of data; frequency and
percentage are reported for categorical variables. We extracted age
and sex for each PD case and identified participants within the control
cohort with the same age/sex combination (at a 1:1 ratio) to fully bal-
ance the dataset on these covariates and minimize confounding. A
summary of baseline characteristics is provided for the total study
population and by exposure status; baseline characteristics prior to
imputation and stratified by cycle year can be found in the Supple-
ment file.

All-cause and cause-specific mortality was reported by cumulative
incidence rate across the follow-up period, stratified by PD status.
Multivariable Cox proportional hazard (PH) modelling was used to
quantify the risk of all-cause mortality. Violations to proportionality
for Cox PH models of all-cause mortality were tested by assessing
Schoenfeld residuals, with significance level set to 0.05. Cause-
specific mortality was quantified using Fine-Gray sub-distribution
hazard modelling for competing risks. Fine-Gray hazard ratios (HRs)
estimate the risk of a specific event (cause-specific mortality) relative
to the incidence of competing risks (deaths by other causes). Cumula-
tive incidence plots were prepared to display survival curves and rule
out the possibility for violations of the PHs assumption, identified by
crossover of survival curves.

All statistical models were adjusted for age, sex, BMI, ethnicity,
household income quintile, history of smoking and comorbidities.
While exact matching balances the data at baseline, both age (10 year
age group) and sex were included as covariates in the final model, as
these variables are clinically significant confounders that can influence
the outcome. We compared the risk of all-cause and cause-specific
mortality in PD participants with controls, as well as stratification by

PD severity compared with controls. Missing data were reported in all

baseline characteristic tables. Both continuous and categorical data
were imputed using multiple imputation by chained equations with
Gibbs sampling using the ‘mice’ package in R for the main analysis
(van Buuren & Groothuis-Oudshoorn, 2011).

Sensitivity analyses were conducted to determine the impact of
using unmatched and unimputed study cohorts on findings. We con-
ducted additional analyses to evaluate the differences in periodontal
examination of earlier and recent surveys. We compared the baseline
characteristics of earlier (1999-2003) versus later cycles (2009-
2014). We also refined the PD data collection of all surveys to match
1999 to 2000 for continuity. Two quadrants and two sites (excluding
mid-buccal and mid-lingual) for each participant were randomly
selected using R for later cycles according to the half-reduced
CDC/AAP case definition, which may lead to the underestimation of
PD prevalence (Tran et al., 2014). We then investigated the effect
of using the half-reduced CDC/AAP case definition for PD on baseline
characteristics and all-cause and cause-specific mortality. A sensitivity
analysis to assess the effect of including pack years instead of smok-
ing status as covariates in the models was also conducted. Collinearity
between hypertension and diastolic/systolic blood pressure, and dia-
betes and fasting plasma glucose level was also investigated using cor-
relation matrices prior to adjustment in statistical modelling.

All analyses and data processing were conducted in R version
(4.0.0; R Core Team, 2022). This report conforms to STROBE guidelines.

3 | RESULTS

3.1 | Summary of study population

Overall, 24,958 participants met the eligibility criteria across six NHANES
cycles (1999, 2001, 2003, 2009, 2011 and 2013). The median follow-up
from periodontal examination to censor for all participants was
117 months (IQR: 81.0-198.0). After matching by age and sex, there
were 7515 participants with PD (mild/moderate: 4872 [64%)], severe/
edentulous: 2643 [36%)]) and 7515 participants without PD in the control
group (Figure 1). The mean age was 54 years and 50.0% of the cohorts
were females in both the any PD and control groups. Most participants
were White (PD: 40.8%, controls: 52.5%) and had high school education
or below (PD: 63.4%, controls: 42.9%). More participants with PD had a
history of smoking (55.3%) than those in the control group (41.2%). Par-
ticipants with severe PD were older on average (mean: 50.9 years, SD:
13.7) than those with mild/moderate PD (mean: 61.3 years, SD: 14.0).

See Table 1 for full summary of participant characteristics.

3.2 | PD and all-cause mortality

Overall, Cox PH regression showed that the risk of all-cause mortality
in participants with PD was greater than that in the control group
(crude Cox PH HR: 1.67, 95% Cl: 1.56-1.79). After adjustments, this
risk remained 22% higher for participants with PD (adjusted Cox PH
HR: 1.22, 95% Cl: 1.12-1.31; Figure 2). The risk of all-cause mortality
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TABLE 1 Participant characteristics of the age- and sex-matched population.

Median follow-up, months (IQR)

Age, years
Sex, female
BMI
Diastolic blood pressure
Systolic blood pressure
Ethnicity
White
Black
Hispanic
Other race
Education
High school or below
College or above
Household income, quintile
5
4
3
2
1
History of comorbidities
Angina
Arthritis
Bronchitis
Malignancy
CHD
CHF
Diabetes
Emphysema
Heart attack
Hypertension
Liver disease
Stroke
Thyroid disease
None
History of smoking
Non-smoker
Ex-smoker

Current

Heavy smoker (>25 cigarettes per day)

Controls

7515

117.0 (81.0-198.0)
54.0(14.7)

3760 (50.0%)
29.0(6.3)
72.0(13.1)

126.2 (19.1)

3949 (52.5%)
1294 (17.2%)
1708 (22.7%)
564 (7.5%)

3143 (41.8%)
4302 (57.2%)

2302 (30.6%)
1441 (19.2%)
1397 (18.6%)
880 (11.7%)
773 (10.3%)

171 (2.3%)
2204 (29.3%)
842 (11.2%)
768 (10.2%)
219 (2.9%)
126 (1.7%)
785 (10.4%)
78 (1.0%)
190 (2.5%)
2767 (36.8%)
370 (4.9%)
225 (3.0%)
292 (3.9%)
2895 (38.5%)

4353 (57.9%)
2110 (28.1%)
986 (13.1%)
550 (3.8%)

rerioconioieay SUMIIBSACE

PD

Any Mild/moderate Severe/edentulous
7515 4872 2643

113.0 (85.0-161.0) 114.0 (89.0-173.0) 109.0 (76.0-156.0)
54.6 (14.6) 50.9 (13.7) 61.3 (14.0)
3760 (50.0%) 2413 (49.5%) 1347 (51.0%)
29.3(6.8) 29.4(6.8) 29.0 (6.6)
71.5(13.7) 72.3 (12.6) 69.9 (15.3)
128.2 (20.5) 125.5(18.8) 133.2 (22.6)
3069 (40.8%) 1804 (37.0%) 1265 (47.9%)
1728 (23.0%) 1108 (22.7%) 620 (23.5%)
2090 (27.8%) 1500 (30.8%) 590 (22.3%)
628 (8.4%) 460 (9.4%) 168 (6.4%)
4768 (63.4%) 2778 (57.0%) 1990 (75.3%)
2714 (36.1%) 2067 (42.4%) 647 (24.5%)
1048 (13.9%) 853 (17.5%) 195 (7.4%)
1150 (15.3%) 829 (17.0%) 321 (12.1%)
1685 (22.4%) 1099 (22.6%) 586 (22.2%)
1303 (17.3%) 783 (16.1%) 520 (19.7%)
1446 (19.2%) 740 (15.2%) 706 (26.7%)
247 (3.3%) 89 (1.8%) 158 (6.0%)
2263 (30.1%) 1206 (24.8%) 1057 (40.0%)
660 (8.8%) 381 (7.8%) 279 (10.6%)
681 (9.1%) 356 (7.3%) 325 (12.3%)
281 (3.7%) 100 (2.1%) 181 (6.8%)
274 (3.6%) 105 (2.2%) 169 (6.4%)
1154 (15.4%) 606 (12.4%) 548 (20.7%)
222 (3.0%) 87 (1.8%) 135(5.1%)
382 (5.1%) 144 (3.0%) 238 (9.0%)
2987 (39.7%) 1695 (34.8%) 1292 (48.9%)
487 (6.5%) 262 (5.4%) 225 (8.5%)
319 (4.2%) 128 (2.6%) 191 (7.2%)
305 (4.1%) 178 (3.7%) 127 (4.8%)
2720 (36.2%) 2068 (42.4%) 652 (24.7%)
3330 (44.3%) 2385 (49.0%) 945 (35.8%)
2000 (26.6%) 1186 (24.3%) 814 (30.8%)
2157 (28.7%) 1276 (26.2%) 881 (33.3%)
965 (9.3%) 455 (7.1%) 510 (13.0%)

Note: Data are N (%) for categorical variables and mean (SD) for continuous variables, unless otherwise stated. The following variables were imputed due
to missing data: education (0.8%), household income (10.7%), BMI (1.8%), systolic and diastolic blood pressure (2.9%) and history of smoking (0.6%).
Abbreviations: BMI, body mass index; CHD, coronary heart disease; CHF, congestive heart failure; IQR, interquartile range; N, number of patients;

PD, periodontal disease; SD, standard deviation.
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increased incrementally with PD severity, with 4% increased risk in
participants with mild/moderate PD, rising to nearly 40% greater risk
for severe PD compared with the control group (mild/moderate—
adjusted Cox PH HR: 1.04, 95% CI: 0.95-1.15; severe—adjusted Cox
PH HR: 1.37,95% Cl: 1.26-1.50; Figure 4).

Cumulative incidence curves of each cause-specific mortality by
PD severity demonstrated no violation to the proportionality assump-

tion of Fine-Gray regression (Figure 3).

3.3 | PD and CVD-related mortality

CVD-related mortality was the most commonly reported specific cause
of mortality in participants with PD (N: 323). After accounting for the

presence of competing risks (mortality by other causes) and before

Number of deaths

adjustments, PD was significantly associated with increased risk of mor-
tality by CVD (crude sub-distribution HR [SHR]: 1.80, 95% Cl: 1.57-
2.07). After adjustments, the risk of mortality by CVD was approximately
20% higher in participants with any PD, relative to mortality by other
causes (adjusted SHR: 1.21, 95% Cl: 1.03-1.41; Figure 2). Compared
with controls, the risk of CVD-related mortality was highest in partici-
pants with severe PD (adjusted SHR: 1.38, 95% Cl: 1.16-1.64), while the
risk in participants with mild/moderate PD specifically was not statisti-
cally significant (adjusted SHR: 0.98, 95% Cl: 0.81-1.19; Figure 4).

3.4 | PD and diabetes-related mortality

Relative to death by other causes, PD was significantly associated

with increased risk of diabetes-related mortality before adjustments

Any PD Control Crude cause-specific mortality in any PD (95% CI) Adjusted cause-specific mortality in any PD (95% Cl)
1941 1356 Albcause e 1.67 (1.56—1.79) Allcause Py 1.22 (1.12—-1.31)
54 43 Accident e 1.32 (0.88—1.96) Accident e 1.29 (0.80—2.06)
68 69 Alzheimer's disease e 1.08 (0.77—1.50) Alzheimer's disease { @ 0.87 (0.60—1.27)
96 78 Cerebrovascular disease e 1.31(0.97=1.77)  cerebrovascular disease{ @ 0.85(0.61-1.18)
535 323 cvp e 1.80 (1.57—2.07) cvD . 1.21 (1.03—1.41)
81 43 Diabetes e 2.01(1.39—-2.90) Diabetes P 1.25 (0.83—1.89)
49 22 Influenza & pneumonia 2.29 (1.39-3.80) Influenza & pneumonia e 1.72 (0.97—3.06)
138 58 Lower respiratory disease e 2.55 (1.87—3.47)  Lower respiratory disease e 1.39 (0.96—2.02)
440 331 Malignancy{ s 1.41 (1.22—1.63) Malignancy | s 1.18 (1.00—1.39)
426 361 Other cause ® 1.27 (1.11—1.47) Other cause d 0.98 (0.83—1.15)
54 28 Renal disease e 2.05(1.29-3.25) Renal disease = 1.26 (0.76—2.09)

08 1.0 1.5 2.0 25 3.0 08 1.0 1.5 2.0 25 3.0

(N =7515) (N =7515) HR (95% CI) HR (95% CI)

FIGURE 2 Crude and adjusted mortality by underlying cause of death in participants with periodontal disease. Adjustments were made by

age, sex, body mass index, systolic and diastolic blood pressure, ethnicity, education, household income, alcohol use, daily calorie intake, history of
smoking and history of comorbidities (malignancy, cardiovascular diseases, respiratory diseases, metabolic diseases and inflammatory diseases).
Cl, confidence interval; CVD, cardiovascular disease; HR, hazard ratio; N, number of patients; PD, periodontal disease.

0.100

0.075

0.050

Cl

0.025

0.000

0.100

0.075

0.050

Cl

0.025

0.000

Accident

p-value = .162

0.100

0.075

0.050

Cl

0.025

0.000

Diabetes

p-value = <.05

0.100

0.075

0.050

Cl

0.025

0.000

Alzheimer's disease

p-value = 594

Influenza and pneumonia

p-value = <.05

0.100

0.075

0.050

0.025

0.000

0.100

0.075

O 0.050

0.025

0.000

Malignancy

p-value = <.05

Renal disease

p-value = <.05

____-4:-:

T T T T T
0 5 10 15 20
Years

Control @ AnyPD

Cl

Cl

0.100

0.075

0.050

0.025

0.000

0.100

0.075

0.050

0.025

0.000

Cerebrovascular disease

p-value = .061

Cardiovascular disease

p-value = <.05

0.100
0.075
G 0.050
/ o0
0.000
— T T T T T — T T T T T
Lower respiratory disease Other cause
p-value = <.05 p-value = <.05
0.100
0.075
G 0.050
0.000
T T T T T T T T T T
0 5 10 15 20 0 5 10 15 20
Years Years

FIGURE 3 Cumulative incidence of mortality by underlying cause of death in participants with periodontal disease compared with controls.
PD, periodontal disease.
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FIGURE 4 Mortality by
underlying cause of death,

perioconioioay SUMIIBSACER

Mortality by underlying cause of death
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(crude SHR: 2.01, 95% Cl: 1.39-2.90). The unadjusted increased risk
of diabetes-related mortality in participants with any PD (crude SHR:
2.01, 95% CI: 1.39-2.90) was not significant after adjustments
(adjusted SHR: 1.25, 95% Cl: 0.83-1.89; Figure 2). However, partici-
pants with severe PD had a 59% greater risk of diabetes-related mor-
tality than the control group (adjusted SHR: 1.59, 95% Cl: 1.02-2.49;
Figure 4).

3.5 | PD and respiratory-related mortality

Before adjustments and accounting for the presence of competing
risks, PD was significantly associated with increased risk of mortality
by influenza and pneumonia (crude SHR: 2.29, 95% CI: 1.39-3.80)
and lower respiratory disease (crude SHR: 2.55, 95% Cl: 1.87-3.47).
After adjustments, the risk of mortality by lower respiratory diseases
was 62% higher in participants with severe PD (adjusted SHR: 1.62,
95% Cl: 1.07-2.45; Figure 4).

3.6 | PD and cancer/malignancy-related mortality

Mortality caused by cancer/malignancy was the second most com-
monly reported underlying cause of mortality observed in participants
with PD (N: 331). PD was significantly associated with increased risk
of malignancy-related mortality before adjustments (crude SHR: 1.41,

15 2.0 25 30
Adjusted HR (95% Cl)

4 Mild/Moderate PD @ Severe PD

95% Cl: 1.22-1.63; Figure 2). The risk was not higher in participants
with mild/moderate PD (adjusted SHR: 1.07, 95% Cl: 0.87-1.31).
However, participants with severe PD/edentulous had a 28% higher
risk of malignancy-related mortality compared with controls who had
not yet died from malignancy-related causes (adjusted SHR: 1.28,
95% Cl: 1.06-1.56; Figure 4).

3.7 | PD and other cause-specific mortality

The risks of other cause-specific mortality including Alzheimer's dis-
ease (adjusted SHR: 0.87, 95% Cl: 0.60-1.27) and renal disease
(adjusted SHR: 1.26, 95% Cl: 0.76-2.09) were not associated with any
PD compared with the control group. Participants with PD also did
not have heightened risks of other unlisted causes of mortality after
adjustments (adjusted SHR: 0.98, 95% CI: 0.83-1.15; Figure 2).

3.8 | Sensitivity analysis

Sensitivity analysis showed that the baseline characteristics were simi-
lar among the matched population to those prior to matching and
imputation (Supplemental Table 1). Sensitivity analysis using the
unmatched and complete cases only (no imputation) cohorts demon-
strated no notable impact on risks of cause-specific mortality (Supple-

mental Figures 1 and 2). There were no noticeable differences in the
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baseline characteristics of earlier NHANES cycles (1999-2003) versus
later NHANES cycles (2009-2014; Supplemental Table 2). After
applying random sampling of quadrant and site on later cycles to
match the 1999 cycle periodontal examination protocol, participants
were older (mean: 60 years) and there were fewer females (43%; Sup-
plemental Table 3). While the all-cause death events were higher in
the half-reduced CDC/AAP case definition for PD (n = 1553) com-
pared with those of the main analysis (n = 1356), there was a similar
trend in mortality, with higher risks in PD for CVD and lower respira-
tory diseases after adjustment (CVD-adjusted SHR: 1.25, 95% CI:
1.09-1.43; diabetes-adjusted SHR: 1.47, 95% CI: 1.02-2.10; lower
respiratory disease-adjusted SHR: 1.41, 95% Cl: 1.02-1.95 Supple-
mental Figure 3). Exclusion of edentulous participants in the severe
PD category showed similar direction of effect on mortality to the
main analysis (Supplemental Figure 4), while replacing smoking status
for pack years also had no effect on direction or magnitude of effect
estimates (Supplemental Figure 5). Including fasting plasma glucose
level into hazard models also showed similar trend to the main analy-
sis, with significant association between PD and risk of CVD-related
mortality (adjusted SHR: 1.38, 95% Cl: 1.11-1.72). Confidence inter-
vals (Cls) were wider for other outcomes in this sensitivity analyses
due to greater rates of missingness in the fasting plasma glucose level

variable (Supplemental Figure 6).

4 | DISCUSSION

4.1 | Main findings

This study explored all-cause and cause-specific mortality in partici-
pants with PD at baseline, over an average follow-up period of
approximately 9 years. The findings demonstrate a life course rela-
tionship between PD and underlying causes of death. Overall, partici-
pants with any PD had greater risk of all-cause mortality and were
associated with an increased risk of CVD and lower respiratory dis-
eases specifically. When stratified by PD severity, participants with
more severe PD/edentulous had a higher risk of CVD and lower respi-
ratory diseases cause mortality. Participants with severe PD also had
higher risks of death due to diabetes and malignancy than mild/

moderate PD when compared with controls.

4.2 | Comparison with previous literature

The results of this study concur with a previous systematic review of
48 cohort studies, which also showed that adults with PD had greater
risks of all-cause mortality (Romandini et al., 2021). The authors spec-
ulate that PD could therefore be a risk factor for mortality itself due
to a combination of risk factors shared with other non-communicable
diseases, bacterial dysbiosis and chronic dysregulation of inflamma-
tory responses (Herrera et al., 2023). A recent study using NHANES
data also suggested that PD is linked to both unhealthy lifestyles
(e.g., smoking) and inflammatory processes. The authors suggest that
this association could accelerate ageing and increase the risks of all-

cause mortality (Liu et al., 2023). For example, circulating levels of
inflammatory mediators such as c-reactive protein and interleukin-6
are increased in people with PD (Yucel-Lindberg & Bage, 2013). This
inflammatory stress may have a systemic, pathological effect and
thereby induce ageing with increased magnitude (Michaud
et al., 2013; Puzianowska-Kuznicka et al., 2016), indirectly driving the
association of PD and mortality. Consequently, findings showing
associations with PD and greater risk of adverse outcomes advocate
further research into how good periodontal health may improve long-
term health outcomes. For example, there are suggestions that PD
treatment may be linked to reduced blood pressure, lower risk of
CVD outcomes and shorter hospitalization (Czesnikiewicz-Guzik
et al, 2019; Michalowicz et al., 2023; Tsakos et al, 2010; Ye
et al., 2022). Future research demonstrating the impact of periodontal
treatment and life-long periodontal health maintenance on rates of
mortality would support proposals for better integration of dental and
medical health services in alleviating wider healthcare burden.

The present study utilized Fine-Gray modelling to account for
competing risks in assessing cause-specific mortality. A systematic
review by Romandini et al. (2021) reported heightened risks of CVD-
specific mortality for people with PD, as well as for death by malig-
nancy in edentulous cases (as a sequela of severe PD) (Romandini
et al., 2021). This agrees with the findings in the present study and
suggests the pathogenicity of severe PD is closely associated with
adverse outcomes of CVD and cancer. Epidemiological evidence indi-
cates that PD is associated with both CVD and cancer (Larvin, Kang,
et al., 2021; Maisonneuve et al., 2017). A previous study of NHANES
participants with a shorter follow-up period demonstrated that partici-
pants with PD and CVD had marginally greater risk of all-cause mor-
tality than those with CVD and no PD. When stratified by underlying
cause, there was no association with CVD or malignancy-related mor-
tality specifically (F. Chen et al., 2023). Of note, the authors did not
account for competing risks, and therefore the estimates may be
biased. However, this bias would typically lead to overestimation of
HRs, which does not justify the discrepancy in results. A possible
explanation is that the authors did not report or adjust for comorbid-
ities, or the temporal disease development to CVD. For example,
patients with CVD are likely to live with other chronic conditions
(Sison et al., 2023): there is a risk that other conditions may be cited
as the final cause of death in patients with multimorbidity.

Increased risks of death by diabetes (metabolic) and respiratory-
related causes in people with severe PD have also been observed in
other cohort studies (Kotronia et al., 2021; Nabila et al., 2023; Wu
et al., 2021). Cohort studies have shown that PD is linked to both dia-
betes and respiratory disease development (Larvin et al., 2022b; Yang
et al., 2023). Severe PD could lead to upregulated immune responses
that disrupt systemic metabolic networks, causing detrimental effects
to glucose control, insulin resistance and the subsequent onset of dia-
betes (Blanco et al., 2021; Herrera et al., 2023). Alternatively, the link
between PD and respiratory diseases could be induced by uncon-
trolled inflammatory responses and subsequent effects on endothelial
cell and pulmonary function (Herrera et al., 2023). Recent evidence
suggests that PD is associated with increased mortality following
COVID-19 infection (Larvin, Wilmott, et al., 2021). While the present
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study period did not cover the pandemic, the estimate for respiratory-
related deaths in participants with PD could be augmented in future
analyses of updated mortality data from cycles covering the pandemic

period.

4.3 | Strengths and limitations

A major strength of the present study is the use of NHANES as an
open access data resource, which has enabled investigation into the
effect of PD on all-cause and cause-specific mortality (CDC, 2023).
This study is the first of its kind to compare mortality outcomes in par-
ticipants with PD using the updated linked mortality data through
December 2019. Combining multiple NHANES cycles with a longer
follow-up period significantly strengthens the statistical robustness
compared with previous studies (F. Chen et al., 2023; Liu et al., 2023;
Romandini et al., 2021). Using Fine-Gray models for competing risks
also ensures that the mortality estimates of the present study are at
minimal risk of overestimation by accounting for deaths by other
causes. Lastly, while there are inherent risks of using observational
datasets that are susceptible to residual confounding, we were able to
minimize these biases by matching on age and sex and conducting
multivariate modelling. The present study has some acknowledged
methodological limitations. While the NHANES data resource pro-
vides a validated clinical PD classification, other variables including
demographics and medical history were self-reported with risk of
response/recall bias. As such, causal inferences cannot be made. In
our study, self-reported medical history was used as a surrogate for
clinical diagnosis of comorbidities. Recent findings suggest that the
accuracy of self-reported conditions can vary dependent on condition
type and participant characteristics (Sulieman et al., 2022). Ergo, there
is a possibility that medical history in NHANES is underreported, and
thus there may be some residual confounding in the results of the pre-
sent study. There is also a possibility that some participants may have
received periodontal therapy during the follow-up period. PD can be
reversed with treatment and continued oral self-maintenance; some
participants may not have had PD at the time of death due to treat-
ment during follow-up, equally some controls may later acquire
PD. This may cause some statistical heterogeneity; however, as con-
trols and cases are equally likely to be affected, this should not greatly
affect the overall direction of estimates. The aim of this study was to
quantitatively explore mortality in PD, as such severe PD was com-
bined with edentulism to promote statistical power (Tonetti
et al., 2018). It should be noted that previous surveillance studies do
not typically include edentulism in severe PD case definitions (Page &
Eke, 2007), thereby our findings may not be directly comparable to
previous analyses. While this could lead to overestimation (Liljestrand
et al.,, 2015; Matsuyama et al., 2017), the sensitivity analysis excluding
edentulous patients from the severe PD definition demonstrated a
similar trend and direction of effect to the main analysis (Romandini
et al., 2021). This trend matches the findings of previous systematic

review of studies showing an increased risk of all-cause and cause-
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specific mortality in cohorts with PD or edentulism. Other variables
reported at baseline, such as comorbidities, may have also changed
during follow-up and this should also be considered when interpret-
ing the findings. Some outcomes also had wide Cls, indicating low
statistical power due to a small number of events reported; the esti-
mates from these outcomes should therefore be interpreted with
caution. To enable larger sample size and greater statistical robust-
ness, cycle year was not used for matching. While the median
follow-up time across cohorts was similar, it is possible that differing
follow-up durations may have impacted the results. However, Sup-
plemental Table 2 shows that overall participant characteristics
across survey cycle years were similar, and this should have minimal

impact on the interpretation of the findings.

44 | Future work and clinical implications

The outcomes of this study were limited to the specified causes
available in the mortality dataset. As such, analysis of diagnoses
within the groupings, such as coronary heart disease as CVD, specific
cancers and stroke as cerebrovascular disease, was not available. To
dissect the complex relationship between PD pathogenicity and
cause-specific mortality, future work should explore the association
with more precise diagnoses, as well as combined systemic disease
diagnoses as underlying causes of death. Furthermore, research into
the effect of periodontal treatment and life-long periodontal mainte-
nance on mortality outcomes could confirm PD as a risk factor for
mortality. Alongside the present findings, further studies would sup-
port calls for improved integration of dental and general healthcare
research and services, ultimately lending towards the ‘One Health’
initiative that is supported by the World Health Organization
(Colombo & Wu, 2023).

45 | Conclusion

Severe PD is associated with increased all-cause mortality, and com-
pared to people without PD, those with severe cases of PD are at the
greatest risk of mortality from CVD, malignancy and lower respiratory
diseases. The findings of this study support the need for future inter-
vention studies to assess the influence of periodontal interventions,
or policy approaches to improving access to care, on the rate of all-

cause mortality.
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