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Abstract

Aim: The aim was to investigate the role of systemic inflammation in the relationship

between periodontitis, edentulism, and all-cause mortality in a group of men in Northern

Ireland aged 58–72 years.

Materials and methods: A representative sample of 1558 men had a detailed dental

examination between 2001 and 2003. The primary end point was death from any

cause. Cox's proportional hazards model was used to assess the longitudinal relationship

between periodontitis, edentulism, and all-cause mortality. Accelerated failure time

modelling was performed to investigate the mediating role of systemic inflammation.

Results: Mean age of the men at baseline was 64.3 (standard deviation 2.9) years.

During a median follow-up of 17 years, 500 (32.1%) men died. After adjustment for

confounding variables, compared to men with no/mild periodontitis, edentulous men

had a hazard ratio for all-cause mortality of 1.52 (95% confidence interval [CI] 1.16–

1.99) p < .01 and for those with severe periodontitis, it was 1.34 (95% CI 1.06–1.70)

p = .01. Systemic inflammation accounted only for a minor mediating pathway

effect of 10%.

Conclusions: There was evidence in this group of men that those who were edentu-

lous or had severe periodontitis had a significantly increased risk of all-cause mortal-

ity. Systemic inflammation was not a major explanatory mediator of this association.

K E YWORD S

all-cause mortality, inflammation, periodontitis

Clinical Relevance

Scientific rationale for study: Periodontitis had previously been associated with multiple non-

communicable diseases (NCDs). With NCDs accounting for around 74% of global mortality, peri-

odontitis by extension may be an important modifiable risk factor in this regard.

Principal findings: Severe periodontitis and edentulism were both risk indicators for all-cause

mortality during a 17-year follow-up of a group of men from Northern Ireland. Systemic inflam-

mation was not a major mediating mechanism of this relationship.
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Practical implications: Dentists should be aware of the potential systemic health implications of patients

presenting with periodontitis. Periodontitis may be an important risk indicator for all-causemortality.

1 | INTRODUCTION

Non-communicable diseases (NCDs) including cardiovascular diseases

(CVDs), cancer, and diabetes were collectively responsible for 74% of

global deaths in 2019 (Vos et al., 2020). Ischaemic heart disease was the

leading cause of death, with 9.14 million deaths in 2019 (95% uncer-

tainty index [UI]: 8.40–9.74 million), accounting for 16% of all deaths

(Roth et al., 2020). The role of inflammation in the process of ageing and

age-related disease has been clearly established in several large epidemi-

ological studies of older adults (Singh & Newman, 2011). In particular,

chronic low-grade inflammation, characterized by persistent, elevated

concentrations of circulating pro-inflammatory cytokines, has been asso-

ciated with the development of NCDs and increased mortality risk

(Hotamisligil, 2017; Li et al., 2017). The increasingly recognized role of

chronic inflammation in both NCD morbidity and associated mortality

has emphasized a need for new studies investigating risk factors and the

inflammatory pathways involved (Furman et al., 2019).

Periodontitis is a multifactorial inflammatory disease associated

with dysbiotic dental plaque biofilms and characterized by progressive

destruction of the tooth-supporting structures (Papapanou et al.,

2018). The global age-standardized prevalence of severe periodontitis

was 9.8% (95% UI 8.2%–11.4%) in 2017, while the number of preva-

lent cases was 796 million (95% UI 671–930 million) worldwide

(Bernabe et al., 2020). Untreated periodontitis is a major cause of

tooth loss in adults (Pihlstrom et al., 2005), which may lead to masti-

catory dysfunction that may affect nutrition, quality of life, and self-

esteem, as well as having socio-economic impacts and related

healthcare costs (Tonetti et al., 2017; Peres et al., 2019).

Multiple epidemiological, experimental, and interventional studies

provide evidence for an association between periodontitis and NCDs

(Genco & Sanz, 2020), in particular CVD (Sanz et al., 2020) and diabe-

tes (Graziani et al., 2018). With NCDs accounting for such a large pro-

portion of global mortality, periodontitis by extension may be an

important modifiable risk factor for these diseases. There is strong

evidence that periodontitis represents a source of chronic low-grade

inflammation, which contributes to the cumulative systemic inflamma-

tory burden (Winning et al., 2015; Paraskevas et al., 2008). There is

also moderate evidence that periodontal therapy reduces markers of

systemic inflammation (D'Aiuto et al., 2013; Demmer et al., 2013).

Studies have investigated periodontitis and tooth loss, including

edentulism, as potential risk factors for mortality (DeStefano

et al., 1993; Morita et al., 2006; Linden et al., 2012). A recent system-

atic review and meta-analysis found that severe periodontitis was asso-

ciated with an increased risk of all-cause mortality with a risk ratio of

1.47 (95% confidence interval [CI] 1.34–1.62) (Romandini et al., 2020).

Edentulism was similarly associated with an increased risk of all-cause

mortality with a risk ratio of 1.66 (95% CI 1.46–1.88). Despite these

findings, the review reported that associations were not always consis-

tent across studies and cited the need for further long-term prospective

cohort studies in different populations (Romandini et al., 2020).

The aims of this study were, first, to determine whether baseline

periodontitis and edentulism were associated with all-cause mortality

in a cohort of men, aged 58–72 years at study entry, in Northern Ire-

land, and, second, to consider and quantify the mediatory effect that

systemic inflammation had on any potential association.

2 | MATERIALS AND METHODS

Study participants were men enrolled in the Northern Ireland PRIME

(Prospective Epidemiological Study of Myocardial Infarction) study, which

is a longitudinal, prospective, cohort study of cardiovascular disease in

Northern Ireland, and forms part of theMORGAM (MONICARisk Genetics

Archiving andMonograph) Project (Evans et al., 2004). From 1991 to 1994,

2748 men were recruited from local industry, the civil service, and general

medical practices. The sample was chosen to broadly match the social class

structure of the population and represented �5% of 50–60-year-old men

in the greater Belfast region (Yarnell, 1998). From 2001 to 2003, 2010 sur-

viving men attended for re-screening with their date of attendance taken

as the baseline for this study. A dental examination was completed for

1558 (77.5%) of these men. This was made up of 1400 (69.7%) men who

were dentate and had a comprehensive periodontal examination and

158 (7.8%) who were edentulous. Of the remainder, 363 (18.1%) did not

have a dental examination due to the lack of a dental examiner and

89 (4.4%) refused or had a medical condition that precluded periodontal

probing. An analysis of the men that had a dental exam (n = 1558) versus

those that did not (n= 452) is included in Supplemental File S1.

Participants also completed questionnaires gathering information

on their medical history, social circumstances, demographic back-

ground, and tobacco use. A physical examination assessed anthropo-

metric measures including weight and height. Fasting blood samples

were also obtained at the time of examination. Details of covariate

data and blood sampling are also described in Supplemental File S1.

Approval was obtained from the Research Ethics Committee of

the Faculty of Medicine, Queen's University Belfast, and the Office

for Research Ethics Committees (Northern Ireland) reference number

06/NIR02/107. Participation was voluntary, and all men provided

informed, written consent.

2.1 | Periodontal examination

For dentate individuals, comprehensive periodontal examinations

were completed by one of four calibrated dental hygienists who had
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been calibrated against a “gold standard” set by a senior clinical

researcher (G. J. L.) prior to the study. Regular monthly meetings took

place to ensure inter- and intra-examiner consistency and reproduc-

ibility. Throughout the study, the hygienists maintained the standard

set at the outset with κ values of >0.8 at the regular training sessions

(Linden et al., 2009). Clinical periodontal measurements were made

using a Michigan O periodontal probe (Hu-Friedy, Chicago, IL) with

Williams markings from a batch of probes purchased for the study.

Clinical measurements were made at the mesial, distal, buccal, and

palatal/lingual aspects of all teeth excluding third molars. Periodontal

probing depths (PPDs) were measured from the gingival margin to the

base of the periodontal pocket with the probe tip parallel to the long

axis of the tooth. For inter-proximal measurements, the probe tip was

positioned as close as possible to the contact point. Measurements

were made to the nearest millimetre, and when any doubt existed, the

lower value was scored. Clinical attachment loss (CAL) was recorded

as the distance from the cement–enamel junction (CEJ) to the base of

the clinical pocket. This was calculated by measuring the distance

from the CEJ to the gingival margin and subtracting this value from

the probing depth measurement (recession was recorded as a

negative value). None of the men had dental implants.

Periodontal status was defined according to the Centers for

Disease Control and Prevention and the American Academy of Peri-

odontology (CDC/AAP) classification (Page & Eke, 2007). Dentate sta-

tus (edentulous), mean PPD, mean CAL, and number of teeth were

also recorded as additional variables.

2.2 | Cohort follow-up

The study commenced on the day the men attended for their periodon-

tal examination (2001–2003) and the end of follow-up was 29 March

2019. Information on death was obtained from the Business Services

Organization (BSO), which is an agency of the Department of Health,

Social Services and Public Safety in Northern Ireland. The BSO uses

information supplied by the Registrar General and other sources to link

data on all deaths in Northern Ireland to the master patient index. The

BSO provides the PRIME study with six monthly updates on the death

of participants in the cohort, who are flagged on their system. Any men

who did not complete the study to the defined end date (e.g., through

deregistration from the master patient index by emigration) were

accordingly censored. The underlying cause of death was assigned by

Registrar General staff from the causes listed on the death certificate.

Mortality follow-up methodology used in this study is consistent with a

previously published follow-up in this cohort (Linden et al., 2012).

2.3 | Statistical analysis

Comparisons of baseline characteristics (using either the independent

samples t-test for continuous variables or the chi-square test for cate-

gorical variables) were made between those who died during follow-

up and those still alive. The distributions of mean CAL, mean PPD,

and C-reactive protein (CRP) were all positively skewed and were

therefore log-transformed prior to analysis. Logarithms to base 2 were

used so that a one unit increase on the transformed scale was equiva-

lent to a doubling on the original scale of the variable in question. For

descriptive purposes, these variables were summarized using geomet-

ric mean and interquartile range, while mean and standard deviation

were used to summarize other continuous variables.

A Kaplan–Meier plot was used to display the cumulative survival

of men based on the four categories of no/mild periodontitis, moder-

ate periodontitis, severe periodontitis, and edentulous. A log-rank test

was used to compare cumulative survival across categories. Cox's pro-

portional hazards analysis was used to estimate the hazard ratio

(HR) for all-cause mortality in moderate periodontitis, severe peri-

odontitis, and edentulous categories compared to no/mild periodonti-

tis as the reference category. A series of sequential models were

fitted with adjustment for potential confounding variables. Model

1 included adjustment for age, body mass index (BMI), and smoking;

Model 2 included additional adjustment for diabetes, hypertension,

and atherosclerotic cardiovascular disease (ACVD); and finally, Model

3 included adjustment for socio-economic conditions, education

years, and marital status. A test for trend of estimated HRs for

all-cause mortality across periodontitis/edentulous categories was

performed. Hazard proportionality was assessed using plots of �log

(�log(survival)) against time and with tests on Schoenfeld residuals.

Finally, to assess the extent to which systemic inflammation mediates

the relationship between periodontitis and all-cause mortality, a mediation

analysis utilizing aWeibull regressionmodel, which is a form of accelerated

failure time (AFT) modelling, was performed, as it is considered superior to

mediation analysis using the Cox model, which can provide biased results

(Burgos Ochoa et al., 2020). The AFT approach models survival time (on a

logarithmic scale) as a function of additive regression contributions from

exposure, mediator, and confounder variables. This analysis was restricted

to dentate men (n = 1400), with log2 mean CAL as the exposure variable,

log2 CRP used as the mediator, and all-cause mortality as the outcome

(Figure 1). Models were adjusted for the following potential confounders:

age, BMI, smoking, diabetes, hypertension, ACVD, socio-economic condi-

tions, education years, and marital status. With a bias-corrected bootstrap

technique, the total direct and indirect (mediation) effects and their 95%

CIs were estimated. The indirect effect of the exposure on the outcome

mediated through the mediator was considered significant if the

corresponding 95% bootstrap CIs did not include zero. As an indication of

the importance of the mediating pathway, the proportion of the total

effect (c) explained by the indirect effect (ab) was calculated as ab/c.

The level of statistical significance was set at p < .05. Analyses

were performed using SPSS version 27 (IBM Corp., Armonk, NY),

Stata release 15 (StataCorp, College Station, TX), and R (R Core Team,

Vienna, Austria).

3 | RESULTS

A total of 1558 men were included in the study with a median follow-

up time of 17 years (interquartile range [IQR] 15–17). Of the 1558
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men, 500 men (32.1%) died during the study observation period, 1041

men (66.8%) completed the full study, and 17 men (1.1%) were lost to

follow-up.

The mean age of the men at baseline was 64.3 years (standard

deviation [SD] 2.9, range 58–72). Of the men, 809 (51.9%) had

no/mild periodontitis, 297 (19.1%) had moderate periodontitis,

294 (18.9%) had severe periodontitis, and 158 (10.1%) were edentu-

lous. Baseline characteristics of the men by mortality status are

reported in Table 1. Men who died during the study had a mean age

of 64.9 (SD 2.9) years at baseline, compared to 63.3 (SD 2.9) years in

surviving men, p < .001. There was also a significant difference in peri-

odontitis and edentulous status (p < .001); men who died were pro-

portionally more likely to be edentulous (16.2% vs. 7.3%) or have

severe periodontal disease (22.0% vs. 17.4%). Men who died pres-

ented with significantly fewer teeth: 15.2 (SD 8.9) in those who died

compared to 18.5 (SD 7.7) in those still alive, p < .001. In dentate indi-

viduals (n = 1400), mean PPD and mean CAL were both significantly

greater in men who died, p < .001. The geometric mean baseline CRP

was 2.2 mg/L (IQR 1.1–3.1) in men who died, compared to 1.6 mg/L

(1.0–2.3) in those alive, p < .001. There was a significant difference

across smoking categories, p < .001; men who died were proportion-

ally more likely to be current smokers (24.1% vs. 15.4%). Men who

F IGURE 1 Depiction of accelerated failure time mediation
regression models. Models were adjusted for age, body mass index,

smoking, diabetes, hypertension, atherosclerotic cardiovascular
disease, marital status, socio-economic conditions, and education.
CAL, clinical attachment loss; CRP, C-reactive protein

TABLE 1 Baseline characteristics of
men by mortality status (n = 1558)

Died (n = 500) Alive (n = 1058) p-Value

Age, years, mean (SD) 64.9 (2.9) 63.3 (2.9) <.001

Periodontitis and edentulous status, n (%)

None/mild periodontitis 210 (42.0%) 599 (56.6%) <.001

Moderate periodontitis 99 (19.8%) 198 (18.7%)

Severe periodontitis 110 (22.0%) 184 (17.4%)

Edentulous 81 (16.2%) 77 (7.3%)

Mean PPDa, geometric mean (IQR) 2.2 (1.9–2.5) 2.1 (1.8–2.4) <.001

Mean CALa, geometric mean (IQR) 2.4 (1.3–3.3) 2.1 (1.5–2.7) <.001

Number of teeth, mean (SD) 15.2 (8.9) 18.5 (7.7) <.001

BMI, kg/m2, mean (SD) 27.8 (3.8) 27.4 (2.8) .05

Smoking, n (%)

Never 139 (27.8%) 436 (41.2%) <.001

Former 240 (48.0%) 459 (43.4%)

Current 121 (24.1%) 163 (15.4%)

CRP, mg/L, geometric mean (IQR) 2.2 (1.1–3.1) 1.6 (1.0–2.3) <.001

Hypertension, n (%) 155 (31%) 328 (31.0%) .99

Diabetes, n (%) 47 (9.4%) 58 (5.5%) .01

ACVD, n (%) 83 (16.6%) 86 (8.1%) <.001

Socio-economic conditions, n (%)

Low 176 (35.2%) 352 (33.3%) .30

Medium 103 (20.6%) 255 (24.1%)

High 221 (44.2%) 450 (42.6%)

Education, years, mean (SD) 11.2 (2.7) 11.6 (2.9) .01

Lives alone, n (%) 71 (14.2%) 111 (10.5%) .03

Note: Statistically significant p < .05 values are indicated in bold. Missing values: Hypertension n = 1

missing (in alive group); Socio-economic conditions n = 1 missing (in Alive group); Education n = 1.

Abbreviations: ACVD, atherosclerotic cardiovascular disease; BMI, body mass index; CAL, clinical

attachment level; CRP, C-reactive protein; IQR, interquartile range; n, number of men; PPD, periodontal

probing depth; SD, standard deviation.
aEdentulous cases excluded.
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died had a significantly higher mean BMI of 27.8 kg/m2 (SD 3.8) com-

pared to 27.4 kg/m2 (SD 2.8) in those still alive, p = .05. Men who

died were more likely to have baseline diabetes, p = .01, a history of

ACVD, p < .001, but not hypertension, p = .99. Men who died had

spent fewer years in full-time education, p = .01, and were also more

likely to live alone, p = .03.

The most common cause of death was malignancy, which

accounted for 220 deaths (44.0%). This was followed by CVD with

114 deaths (22.8%), followed by respiratory disease with 94 deaths

(18.8%), and other/unknown with 72 deaths (14.4%). There was no

difference in the distribution of the causes of death across categories

of periodontitis and edentulism, χ2 = 15.1, df = 9, p = .09 (Table 2).

TABLE 2 Primary cause of death by periodontitis and edentulous status (n = 500)

No/mild

periodontitis (n = 210)

Moderate

periodontitis (n = 99)

Severe

periodontitis (n = 110)

Edentulous

(n = 81)

Total

deaths (n = 500)

Vascular 46 (21.9%) 20 (20.2%) 45 (31.8%) 13 (16.0%) 114 (22.8%)

Malignant 86 (41.0%) 51 (51.5%) 42 (38.2%) 41 (50.6%) 220 (44.0%)

Respiratory 39 (18.6%) 20 (20.2%) 19 (17.3%) 16 (19.8%) 94 (18.8%)

Other 39 (18.6%) 8 (8.1%) 14 (12.7%) 11 (13.6%) 72 (14.4%)

F IGURE 2 Kaplan–Meier survival
analysis of all-cause mortality by
periodontitis status and edentulous

TABLE 3 Cox's proportional hazard analysis for risk of all-cause mortality by periodontitis and edentulous status before and after adjustment
for confounders (n = 1555a)

Crude model, HR

(95% CI)

Model 1, HR

(95% CI)

Model 2, HR

(95% CI)

Model 3, HR

(95% CI)

Periodontitis and edentulism status (ref. none/mild

periodontitis)

Moderate periodontitis 1.34 (1.05, 1.70) 1.22 (0.96, 1.56) 1.22 (0.96, 1.55) 1.22 (0.96, 1.56)

Severe periodontitis 1.57 (1.25, 1.98) 1.40 (1.11, 1.77) 1.36 (1.07, 1.71) 1.34 (1.06, 1.70)

Edentulous 2.40 (1.86, 3.11) 1.65 (1.27, 2.16) 1.54 (1.17, 2.01) 1.52 (1.16, 1.99)

p-Value for trend <.001 <.001 <.001 <.001

Note: Statistically significant p < .05 values are indicated in bold. Model 1 = adjusted for age, body mass index, and smoking. Model 2 = Model 1

+ diabetes, hypertension, and atherosclerotic cardiovascular disease. Model 3 = Model 2 + socio-economic conditions, education years, and marital

status.

Abbreviations: CI, confidence interval; HR, hazard ratio.
aThree cases were excluded due to missing data.
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The Kaplan–Meier plot (Figure 2) shows the cumulative survival

of men in the four groups of no/mild periodontitis, moderate peri-

odontitis, severe periodontitis, and edentulous. As time progressed, a

clear trend emerged across the four groups, with highest survival in

the no/mild periodontitis and lowest in the edentulous group. There

was a significant difference (log rank test, p < .001) in survival across

the four groups.

Compared to men with no/mild periodontitis, edentulous men

had the highest unadjusted HR for mortality, HR = 2.40 (95% CI

1.86–3.11) p < .001, followed by those with severe periodontitis,

HR = 1.57 (95% CI 1.25–1.98) p < .001, and then followed by men

with moderate periodontitis, HR = 1.34 (95% CI 1.05–1.70) p = .02,

(Table 3). After sequential adjustment for confounding variables,

these attenuated to HR = 1.52 (95% CI 1.16–1.99) p < .01 for eden-

tulous men, HR = 1.34 (95% CI 1.06–1.70) p = .01 for men with

severe periodontitis, and HR = 1.22 (95% CI 0.96–1.56) p = .11 for

those with moderate periodontitis. A test for trend across groups

was highly significant (p < .001) in both the unadjusted and fully

adjusted models.

Finally, mediation analysis based on AFT models was employed to

assess the extent to which systemic inflammation (CRP) mediated the

relationship between periodontitis and mortality (Table 4). The inter-

pretation of AFT regression estimates are additive on a log survival

time scale, or multiplicative when exponentiated. The exponentiated

total effect (c) was 0.85 (95% CI 0.78–0.93), which implied that a dou-

bling in CAL equated to 15% reduction in survival time. The

exponentiated direct effect (c') was 0.87 (95% CI 0.80–0.95), which

meant that a doubling in CAL was associated with a 13% reduction in

survival time. The indirect effect (ab) equated to be 10% of the total

effect (c), which meant that, although there was a significant media-

tion effect between CAL and mortality via the CRP inflammatory

pathway, its effect was small.

A supplemental mediation analysis was additionally performed

utilizing PPD as the main exposure variable for periodontitis instead

of CAL (Supplemental File S1). In this model, the indirect effect (ab)

again equated to be 10% of the total effect (c). Diabetes, hyperten-

sion, and ACVD were additionally tested as potential mediators but

only minimal effect was observed.

4 | DISCUSSION

The main finding of this prospective cohort study was that baseline

severe periodontitis and edentulism were independent risk predictors

of all-cause mortality during a 17-year follow-up in a group of

58–72-year-old men. After adjustment for potential confounders,

men who were edentulous had a 52% increased risk of all-cause mor-

tality and those with severe periodontitis had a 34% increased risk of

all-cause mortality, compared to those with no or mild periodontitis. A

trend test across the four categories (no/mild periodontitis, moderate

periodontitis, severe periodontitis, and edentulous) was significant,

which suggests a dose-dependent response relationship in the risk for

all-cause mortality. Systemic inflammation (as measured by CRP) was

not a major explanatory mediator of this association.

The results of this study corroborate previously published find-

ings that have shown independent associations between both peri-

odontitis and edentulism and risk of all-cause mortality. A recent

meta-analysis, restricted to studies reporting HRs (Romandini

et al., 2020), found that the risk for edentulism and all-cause mortality

was HR = 1.47 (95% CI 1.31–1.65), which is very similar to

HR = 1.52 (95% CI 1.16–1.99) found in the current study. The meta-

analysis reported the risk for severe periodontitis and all-cause mor-

tality as HR = 1.36 (95% CI 1.16–1.59), which is again very similar to

the value of HR = 1.34 (95% CI 1.06–1.70) found in the current

study. The median prospective follow-up of 17 years in the current

study ranks as one the longest observation periods of comparable

studies.

Our group has previously reported results on an earlier follow-up

from this specific cohort regarding periodontitis and all-cause mortality

(Linden et al., 2012). After a median follow-up time of 9 years,

152 deaths (10.9%) had occurred. Men who had the greatest CAL loss

(based on tertiles of CAL) had an HR for mortality of 1.57 (95% CI 1.04–

2.36) p = .03 compared to those with the lowest CAL. By extending the

observation to a median 17 years in the current analysis, 500 deaths

had occurred, which was sufficient for clearer differentiation across peri-

odontitis and edentulism categories and more precise HR estimates. The

current analysis used the more recently recommended CDC/AAP case

definitions for disease (Holtfreter et al., 2015) and allowed a mediation

TABLE 4 Accelerated failure time
mediation analysis, adjusted for
confounders (n = 1321a)

Coefficient 95% CI Exp. coefficient Exp. 95% CI

Direct effect

c' �0.138 �0.230, �0.050 0.871 0.795, 0.951

Indirect effect

ab �0.016 �0.036, �0.002 0.984 0.965, 0.998

c–c' �0.020 �0.038, �0.006 0.981 0.963, 0.994

Total effect

c �0.157 �0.250, �0.068 0.854 0.779, 0.934

Note: Values in bold signify statistical significance p < .05. a, b, c, and c' are as shown in Figure 1. The

indirect effect coefficient (ab) equates to 10% of the total effect coefficient (c).

Abbreviations: CI, confidence interval; Exp., exponentiated.
aEdentulous cases were excluded, and 79 further cases excluded owing to missing CRP data.
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analysis to investigate the role of CRP in this association (Burgos Ochoa

et al., 2020).

Despite the consistency in results between our previous and cur-

rent analyses, and also the broad agreement with estimates derived in

the recent meta-analysis, a causal link between periodontitis and all-

cause mortality remains questionable. The highest level of evidence of

a causative link would be provided by randomized controlled trials.

However, there are obvious practical and ethical issues in carrying out

such a trial. Therefore, the highest level of evidence available in

respect of periodontitis and all-cause mortality will be from well-

designed prospective cohort studies (Winning & Linden, 2017).

In the absence of randomized clinical trials, we attempted to

explore a potential mechanism between periodontitis and all cause-

mortality by including a mediation analysis. Mediator variables lie along

the causal pathway between an exposure and an outcome, explaining

all or part of the effect of the exposure on the outcome (MacKinnon

et al., 2006). The bacterial components of periodontitis or locally pro-

duced pro-inflammatory cytokines may enter the circulation and cause

systemic inflammation (Loos, 2005). There is strong evidence that indi-

viduals with periodontitis have elevated CRP compared with controls

(Paraskevas et al., 2008). Elevated levels of systemic inflammation, mea-

sured by CRP, have been independently associated with all-cause mor-

tality in numerous studies (Li et al., 2017; Ni et al., 2020). CRP in this

specific context, thus, represents a potential mediator between peri-

odontitis and all-cause mortality. Mediation analysis with time-to-event

outcomes can be performed using Cox proportional hazard models, but

this approach is suitable only for studying rare events (<10%)

(Lapointe-Shaw et al., 2018). In the current study, events (deaths)

equated to 32.1% of the cohort, so we performed mediation analysis

utilizing AFT models (Fulcher et al., 2017; Burgos Ochoa et al., 2020).

The analysis revealed a statistically significant mediation effect of CRP;

however, the proportion of the total effect that was mediated was

small (10%) and the amount of the total effect that remained after

adjustment for the mediator (the direct effect) was large. This result

suggests that systemic inflammation (as measured by CRP) plays only a

minor role or has only a partial mediating effect. Limitations, however,

apply to this interpretation, as both periodontal status and CRP were

recorded only at baseline without any repeat measurements over the

study duration (Lindenberger et al., 2011). In our model, based on previ-

ous literature (Paraskevas et al., 2008), we assumed that a raised CRP

level was a consequence of periodontitis and thus can be regarded as a

potential state that can mediate the relationship with all-cause mortal-

ity. Direction, though, cannot be determined based on the cross-

sectional baseline measures of periodontal status and CRP. To explore

mediation effects further, repeated time measurements including a

range of inflammatory biomarkers would be required. Recent work has

highlighted the important mediation effect of other markers of systemic

inflammation in relation to periodontitis including oxidative stress

(Sharma et al., 2021), platelet count (Romandini et al., 2018), and white

blood cells (Torrungruang et al., 2018).

Furthermore, we acknowledge that estimation of direct and indirect

effects requires strong assumptions, namely that there is no unmeasured

confounding of the exposure–outcome, mediator–outcome, and

exposure–mediator relations, and no mediator–outcome confounder

affected by exposure. While we could adjust for measured confounders,

there may be residual confounding due to unmeasured confounders or

imprecisely measured covariates. Finally, it is salutatory to be reminded

in an elegant theoretical exposition by VanderWeele, built upon a suffi-

cient cause framework, that while statistical mediation implies mecha-

nism, mechanisms may exist that are not tractable by current methods of

statistical mediation (VanderWeele, 2009). In this respect, given that

CRP is unlikely to be causally associated with all-cause mortality, it may

itself be only a proxy for other mediators (Markozannes et al., 2021).

The strengths of this study include the homogeneity of the sam-

ple: white West-European men of similar age, who at original recruit-

ment were representative of the general population of Northern

Ireland (Yarnell, 1998). Ethnicity has previously been shown to have a

significant impact on the development of both periodontitis (Delgado-

Angulo et al., 2016) and all-cause mortality (Lubin et al., 2003). This

homogeneity within the sample reduces the possibility of con-

founding. The exposure variable was comprehensively assessed by a

detailed full-mouth periodontal examination, and the recommended

case definitions of periodontitis for epidemiological research were

applied (Holtfreter et al., 2015). Owing to the design of the PRIME

study, with its main aim to investigate putative risk factors for the

development of CVD, we were able to make use of a range of relevant

baseline data on potential confounding factors.

There are several limitations with this study. First, the study was

conducted in a male-only cohort and we therefore cannot draw conclu-

sions on any potential association between periodontitis, edentulism,

and all-cause mortality in women. There are known differences in both

mortality rates and disease morbidity rates between men and women

(Crimmins et al., 2019), so no assumptions can be made in this regard.

Moreover, the limited age range of participants, same geographic loca-

tion, and same ethnicity additionally limit generalizability of our findings.

Second, the specific cause of death relied on information

collected from death certificates. Such data are known to be poten-

tially grossly inaccurate (Lauer et al., 1999). This therefore limited our

ability to perform further analysis on the relationship between peri-

odontitis, edentulism, and cause-specific mortality. We have previ-

ously reported in this cohort that periodontitis was associated with

incident type 2 diabetes (Winning et al., 2017), respiratory decline

(Winning et al., 2019), but not incident coronary heart disease

(Winning et al., 2020). These previous findings suggest there may be

links between periodontitis and specific causes of mortality, but we

are not able to interrogate this further in the current study.

Third, men underwent a one-off periodontal examination (base-

line of the present study) with no intervention being performed.

Those with periodontitis were informed and advised to attend with a

dentist. It is unknown whether participants went on to have any peri-

odontal intervention performed, suffered tooth loss, or what influence

this might have had on their mortality risk during follow-up. Similarly,

men initially classified as not having periodontitis may have developed

periodontitis during the observation time.

Fourth, survival bias has likely affected the cohort examined.

A number of men included in the original cohort of this study
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(recruited 1991–1994) were unable to attend the re-screening visit

(2001–2003), considered baseline for the current study, due to illness

or death. It is conceivable that the strength of association between

periodontitis, edentulism, and all-cause mortality as a result may be

stronger than we reported.

Fifth, we included men with no teeth (edentulous) in our analysis

under the assumption that this was a consequence and sequelae to

severe periodontitis. Tooth loss can, of course, be due to other reason

including caries, dental trauma, congenitally missing teeth, or oral

cancer. UK-based studies generally find that caries and periodontitis

are the two most common reasons for tooth extraction (Chestnutt

et al., 2000; Richards et al., 2005). Caries tends to be the main reason

for extraction in patients under 50 years, whereas periodontitis tends

to be the most common reason in those over 50 years (Hull

et al., 1997). Tooth loss is also associated with impaired chewing abil-

ity, which potentially affects food choices and leads to a poorer nutri-

tional status (Watson et al., 2019). Diet, in this regard, may be an

important mediator between periodontitis-associated tooth loss,

edentulism, and all-cause mortality (Schwingshackl et al., 2017).

Finally, in common with all observational studies, the possibility

of residual confounding or failure to account for other relevant con-

founders may have had some influence on the association between

periodontitis, edentulism, and all-cause mortality. This would include

undiagnosed diabetes or hypertension, as these were assessed

by self-report rather than baseline HbA1c/glucose levels or blood

pressure measurements.

5 | CONCLUSION

Baseline severe periodontitis and edentulism were independently associ-

ated with all-cause mortality in a group of 58–72-year-old men in North-

ern Ireland over a 17-year observation period. Systemic inflammation, as

measured by CRP, was not a major mediating factor of the association.

Our findings support the hypothesis that severe periodontitis and

edentulism may be important risk indicators for all-cause mortality but

not along a causal pathway involving CRP. Larger prospective cohort

studies involving a more extensive investigation of biomarker panels are

necessary to further explore the mechanisms by which periodontitis and

edentulism are risk factors for all-cause mortality.
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