
Original article

Tooth count, untreated caries and mortality in

US adults: a population-based cohort study

Jie Liu ,1 Xiaoyu Zong ,1 Emily Vogtmann,2 Chao Cao ,3

Aimee S James,1,4 Andrew T Chan,5,6 Eric B Rimm,7,8 Richard B Hayes,9

Graham A Colditz ,1,4 Dominique S Michaud,10

Kaumudi J Joshipura,11,12 Christian C Abnet,2† and Yin Cao 1,4,13*†

1Division of Public Health Sciences, Department of Surgery, Washington University School of

Medicine, St Louis, MO, USA, 2Division of Cancer Epidemiology and Genetics, National Cancer

Institute, National Institutes of Health, Bethesda, MD, USA, 3Program in Physical Therapy, Washington

University School of Medicine, St Louis, MO, USA, 4Alvin J. Siteman Cancer Center, Washington

University School of Medicine, St Louis, MO, USA, 5Clinical and Translational Epidemiology Unit,

Massachusetts General Hospital and Harvard Medical School, Boston, MA, USA, 6Division of

Gastroenterology, Massachusetts General Hospital and Harvard Medical School, Boston, MA, USA,
7Department of Nutrition, Harvard T.H. Chan School of Public Health, Boston, MA, USA, 8Department of

Medicine, Brigham and Women’s Hospital, Channing Division of Network Medicine, Boston, MA, USA,
9Division of Epidemiology, New York University School of Medicine, New York, NY, USA, 10Department

of Public Health and Community Medicine, Tufts University School of Medicine, Boston, MA, USA,
11Center for Clinical Research and Health Promotion, Medical Sciences Campus, University of Puerto

Rico, San Juan, Puerto Rico, USA, 12Department of Epidemiology, Harvard T.H. Chan School of Public

Health, Harvard University, Boston, MA, USA, and 13Division of Gastroenterology, John T. Milliken

Department of Medicine, Washington University School of Medicine, St Louis, MO, USA

*Corresponding author. Division of Public Health Sciences, Department of Surgery, Washington University School of

Medicine, 660 S. Euclid Ave., Campus Box 8100, St Louis, MO 63110, USA. E-mail: yin.cao@wustl.edu
†Contributed equally as senior authors.

Received 19 April 2021; Editorial decision 17 February 2022; Accepted 24 March 2022

Abstract

Background: The link between oral diseases and mortality remains under-explored. We

aimed to evaluate the associations between tooth count, untreated caries and risk of all-

cause and cause-specific mortality.

Methods: Data on 24 029 adults from the National Health and Nutrition Examination

Survey 1988–94/1999–2010, with mortality linkage to the National Death Index to 31

December 2015, were analysed. Baseline total number of permanent teeth and any

untreated caries were assessed by trained dental professionals.

Results: During up to 27 years of follow-up, 5270 deaths occurred. Fewer permanent

teeth were associated with higher all-cause mortality, including heart disease and cancer

mortality (all P<0.05 for trend) but not cerebrovascular disease mortality. For every 10

teeth missing, the multivariable-adjusted hazard ratios (HRs) were 1.13 (95% CI: 1.08 to

1.18) for all-cause, 1.16 (95% CI: 1.05, 1.29) for heart disease and 1.19 (95% CI: 1.09, 1.29)
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for cancer mortality. Untreated caries was associated with increased all-cause (HR: 1.26,

95% CI: 1.15, 1.39) and heart disease mortality (HR: 1.48, 95% CI: 1.17, 1.88) but not cere-

brovascular disease/cancer mortality, after adjusting for tooth count, periodontitis and

sociodemographic/lifestyle factors. Compared with those without untreated caries and

with 25–28 teeth, individuals with untreated caries and 1–16 teeth had a 53% increased

risk of all-cause mortality (HR: 1.53, 95% CI: 1.27, 1.85) and 96 % increased risk of heart

disease mortality (HR: 1.96, 95% CI: 1.28, 3.01).

Conclusions: In nationally representative cohorts, fewer permanent teeth and untreated

caries were associated with all-cause and heart disease mortality. Fewer teeth were also

associated with higher cancer mortality.
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Introduction

Oral diseases, primarily dental decay, periodontal disease

and subsequent tooth loss, affected more than 3.5 billion

people worldwide in 2015.1 Despite declines in children,

oral diseases remain prevalent in US adults with stark, per-

sistent socioeconomic disparities.2,3

Oral diseases share risk factors such as sugar, alcohol

and tobacco consumption with systemic diseases.4,5

Besides, oral pathogens, their products or pathogen-

induced oral inflammatory mediators can trigger host in-

flammatory responses either locally or at distant body

sites.6–8 Periodontal disease, which often involves specific

pathogenic bacteria,8 has long been associated with cardio-

vascular disease (CVD)9,10 and emerges as a risk factor for

diabetes11 and cancers.12 Tooth loss, an endpoint that cap-

tures the cumulative lifetime history of caries and peri-

odontal disease, has been linked with increased all-cause

mortality whereas findings on CVD mortality were

mixed.13–16 Further, the association of tooth loss with can-

cer mortality remains under-explored.

Given the modifiable nature of oral diseases, understand-

ing the link between the full spectrum of oral diseases and

major chronic diseases/premature mortality is an unmet

public health priority.5 Of particular interest is untreated

caries, where overabundant cariogenic bacteria can induce

transient bacteremia and subsequent inflammatory in-

jury.7,17 Caries is a chronic, progressive condition that

tracks across the lifespan.18 Research reporting positive

associations between caries and CVD risk has just begun to

emerge.19,20 In a large prospective study from Korea, indi-

viduals with untreated caries had up to 22% increased risk

of major cardiovascular events including cardiac death,

myocardial infarction, stroke and heart failure.19 Yet, stud-

ies in Western populations are limited and have not exam-

ined the link between untreated caries and CVD and other

cause-specific mortality. The collective influence of tooth

loss and untreated caries also remains unknown.

To address these knowledge gaps, we examined the

associations between tooth count, untreated caries and risk

of all-cause and cause-specific mortality among nationally

representative samples of US adults, with comprehensive

adjustment of potential confounders.

Methods

Study population

The National Health and Nutrition Examination Survey

(NHANES)21 surveys a nationally representative sample of

Key messages

• In US nationally representative cohorts, every 10 teeth missing was associated with 13% higher risk of all-cause

mortality, 16% higher risk of heart disease mortality and 19% higher risk of cancer mortality.

• Untreated caries were associated with 26% increased risk of all-cause mortality and 48% increased risk of heart

disease mortality, independent of tooth count and periodontitis.

• These associations were largely consistent within strata of age, sex, race/ethnicity, poverty level, dental insurance,

smoking status and consumption of added sugar.

• Our findings serve as a significant step in connecting oral health, including common oral disease, with mortality and

extends the previous call for integrating oral and general health.
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the civilian non-institutionalized US population using a

complex, stratified, multistage probability sampling de-

sign. The NHANES comprises household interviews and

physical examinations at a mobile examination centre

(MEC), conducted periodically before 1994 and continu-

ously in biennial cycles since 1999. Within each cycle, a

subset of participants completed an oral health examina-

tion at an MEC and the information collected was used to

estimate US prevalence of tooth retention/loss and

untreated caries.22,23 All NHANES protocols were ap-

proved by the National Center for Health Statistics

Research Ethics Review Board and all participants pro-

vided written informed consent.

We restricted the sample to adults aged 30 years or older,

who completed tooth count or coronal caries examination

in NHANES 1988–94 (NHANES III) and 1999–2010.

According to analytical guidelines from NHANES24,25 and

prior analyses on the trends of oral health,22 we separated

analyses for NHANES 1988–94 from 1999–2010. We ex-

cluded: individuals with self-reported heart disease (exclud-

ing angina), cerebrovascular disease or cancer at baseline;

without linked mortality data; deaths due to accidents; body

mass index (BMI) <18.5 due to potential severe underlying

health problems;26and missing data for covariates except

dental insurance and periodontitis. Finally, 24 029 partici-

pants (8829 from 1988–94 and 15 200 from 1999–2010)

were included (Supplementary Figure S1, available as

Supplementary data at IJE online).

Assessment of tooth count and untreated caries

Numbers of permanent teeth and untreated caries were

evaluated during the dental examination performed by

trained dentists (1988–94 and 1999–2004),22,27,28

health technologists (2005–08)29 or dental hygienists

(2009–10)30 using a disposable dental mirror. The num-

ber of permanent teeth, including root fragments, was

determined by assessing each tooth position of the

mouth with a maximum number of 28 (excluding third

molars). Since prophylactic extraction of third molars/

wisdom teeth is much more common among individuals

with high socioeconomic status31 and wisdom teeth do

not represent poor oral health nor have been linked with

chronic health outcomes,32 we did not account for wis-

dom teeth while deriving the total tooth count. We fur-

ther categorized continuous tooth count into four pre-

defined groups [25–28, 17–24, 1–16 and 0 (edentulism)]

based on prior publications.22,33,34 Untreated caries was

defined as the presence of at least one tooth with an

untreated coronal carious lesion in 1988–94 and 1999–

2008. In 2009–10, untreated caries was determined by

examiner’s recommendation for care due to the presence

of decayed teeth.35 Reports on quality assurance showed

high examiner reliability for the measurement of both

tooth count and untreated caries.27–30

Ascertainment of death

Mortality status was ascertained based on data constructed

by the National Center for Health Statistics via probabilis-

tic matching to the National Health Death Index through

31 December 2015.36 Deaths were classified by the 10th

revision of International Classification of Diseases (ICD-

10). Our primary outcome of interest is all-cause mortality,

with heart disease (I00-I09, I11, I13 and I20-I51), cerebro-

vascular disease (I60-I69), cancer (C00-C97) and other

mortality (the rest of the ICD-10 codes) as secondary

outcomes.37

Assessment of covariates

Age, sex, race/ethnicity, family poverty income ratio (PIR;

the ratio of family income to poverty guidelines), education,

health and dental insurance, leisure-time physical activity

and smoking status were self-reported from baseline ques-

tionnaires. ‘Ever smoker’ included those who had smoked

100 cigarettes in their life and ‘never smoker’ was defined as

those who had not. Pack-years were calculated as the num-

ber of cigarettes smoked per day divided by 20 and multi-

plied by the number of years of smoking. Weight status was

determined by BMI based on anthropometric examination.

Information on total energy intake, alcohol consumption,

calories from added sugar/carbohydrate and Healthy Eating

Index38 (HEI 1994–96 for 1988–94 and HEI-2010 for

1999–2010) were derived from 24-h dietary recalls.26

History of diabetes, hypertension, high cholesterol and an-

gina was defined using self-reported diagnosis, symptoms39

or treatment. Hypertension was also determined by blood

pressure examination, and high cholesterol was determined

by laboratory test of total cholesterol.40 Missing indicators

for dental insurance were used over 2005–10 due to lack of

data. The severity of periodontitis was determined by the

Centers of Disease Control and Prevention-American

Academy of Periodontology (CDC-AAP) definition based

on pocket depth and attachment loss at two interproximal

sites (mesio- and mid-facial) for each fully erupted tooth (ex-

cluding third molars) in two randomly chosen quadrants

(one in the maxillary and one in the mandibular).41

Statistical analysis

Sample weights, clustering and stratification were ap-

plied to all analyses to account for the complex sampling

design of NHANES.24,25,37,42 Characteristics of the
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study population were described according to the num-

bers of permanent teeth and untreated caries. Prevalence

of tooth count and untreated caries by selected charac-

teristics was directly standardized to age distribution (in

10-year age groups) of the US 2000 Census popula-

tion.43 For mortality analyses, person-years accrued

from the examination date to the date of death or the

end of follow-up (31 December 2015), whichever came

first. Cox proportional hazard models were used to cal-

culate hazard ratios (HRs) and 95% confidence intervals

(CIs) between the numbers of permanent teeth and

untreated caries, respectively, with mortality outcomes

of interest. P-values for trend were estimated using tooth

count as a continuous variable.

The multivariable model for tooth count was adjusted

for: age (years), sex (female/male), race/ethnicity (non-

Hispanic White, non-Hispanic Black, Hispanic or others),

family PIR (0–1.30, 1.31–3.50 or �3.51),25 education

(<high school, high school or >high school), health insur-

ance (private, non-private or none) and dental insurance

(yes, no or missing), personal history of diabetes, hyperten-

sion, high cholesterol and angina (yes/no), weight status

(normal, BMI: 18.5–24.9; overweight, BMI: 25–29.9; obese,

BMI �30), leisure-time physical activity (yes/no),42 smoking

status (never, past smoker with <20 pack-years, past

smoker with �20 pack-years, current smoker with <20

pack-years or current smoker with �20 pack-years), alcohol

consumption (none, moderate,or excessive),44 daily energy

intake (kcal), calories from added sugar (<5%, 5%–<10%,

10%–<25% or �25%),26 calories from carbohydrate

(<45%, 45%–65% or >65%),45 and Healthy Eating Index

(quintile) and survey cycle (continuous).

As pathogenic bacteria associated with untreated caries

are different from periodontal diseases, and most tooth

losses are due to periodontal diseases,7,8 we hypothesized

that untreated caries affects systemic diseases through dif-

ferent biological pathways from the other two oral condi-

tions. Therefore, for analyses of untreated caries among

dentate (�1 tooth) individuals, periodontitis (none, mild,

moderate, severe or missing)41 and number of permanent

teeth were additionally adjusted for to delineate the associ-

ations independent of periodontitis and tooth count.

Sensitivity analyses that removed hypertension/diabetes

from the models were also performed. Proportional haz-

ards assumptions were tested using Schoenfeld residuals,

and age (5-year intervals) and sex (female/male) were used

as stratum variables. Age- and multivariable-adjusted HRs

in each cohort (1988–94 and 1999–2010) were pooled us-

ing a fixed-effects model assuming the same true effect, as

these two cohorts both represented the US population.46

Sensitivity analysis using a random-effects model was also

conducted. E-values, which quantify the minimum effect

required for an unmeasured confounder on both exposure

and outcome to nullify the observed exposure-outcome

associations, were calculated to evaluate the impact of

unmeasured confounding.47,48

Joint analyses of untreated caries and tooth count were

performed. Stratified analyses for all-cause mortality,

according to age, sex, race/ethnicity, family PIR, dental in-

surance, smoking status and calories from added sugar,

were also conducted. Due to possible type I errors induced

by multiple comparisons, results of secondary outcome/

subgroup analyses were interpreted as exploratory.

SAS V9.4 (SAS Institute, NC, USA) and Stata 15.1

(StataCorp, TX, USA) were used for data management and

statistical analyses. Two-sided tests with a significance

threshold of P<0.05 were applied to all statistical tests.

Results

Characteristics of the participants

A total of 24 029 participants were included in the analyses.

Older participants tended to have lower numbers of perma-

nent teeth but similar untreated caries compared with youn-

ger adults (Table 1; and Supplementary Table S1, available

as Supplementary data at IJE online). Participants with

fewer teeth were more likely to have lower family PIR,

lower levels of education and no private health insurance or

dental insurance. They were also more likely to have diabe-

tes, hypertension or angina, to be obese, physically inactive,

past or current heavy smokers or non-drinkers, and to con-

sume a low-quality diet. These patterns were similar for par-

ticipants with untreated caries. In addition, the prevalence

of untreated caries was substantially higher among men,

non-Hispanic Blacks and Hispanics, individuals with peri-

odontitis and those with higher added sugar intake.

Compared with adults in 1988–94, US adults retained more

teeth, with 7.1% edentulous and 9.3% with 1–16 perma-

nent teeth, in 1999–2010 (Supplementary Table S2, avail-

able as Supplementary data at IJE online). The prevalence

of untreated caries has declined from 25.3% to 21.0% dur-

ing the same period, primarily driven by improvement in the

older population (Supplementary Table S3, available as

Supplementary data at IJE online).

Tooth count and mortality

During up to 27 years of follow-up (173 402 person-years

from NHANES 1988–94 and 151 216 from NHANES

1999–2010), 5270 deaths occurred, including 1080 from

heart disease, 315 from cerebrovascular disease, 1207

from cancer and 2634 from other causes. We first exam-

ined the association between tooth count and mortality.
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Table 1 Characteristics of study participants, NHANES 1988–94 and 1999–2010a

Number of permanent teeth, no. (weighted %) Untreated Caries, No. (Weighted %)b

Characteristics NHANES 1988–94 NHANES 1999–2010 NHANES 1988-1994 NHANES 1999-2010

25–28 0 25–28 0 No Yes No Yes

No. of participants 3694 1075 8175 1186 5019 2735 10 183 3802

Weighted no. of

participants

50 553 727 10 455 924 67 002 119 6 374 506 67 393 526 23 104 745 80 787 375 22 314 271

Age, mean (SE), y 42.8 (0.4) 63 (0.6) 45.5 (0.2) 63.9 (0.5) 46.9 (0.4) 46.3 (0.5) 48.8 (0.2) 46.7 (0.3)

Follow-up duration,

mean (SE), y

22.7 (0.3) 15.8 (0.4) 10.5 (0.1) 9.6 (0.2) 22 (0.2) 20.7 (0.3) 10.5 (0.1) 10.4 (0.1)

Female 1926 (49.2) 597 (56.1) 4036 (49.4) 649 (56.2) 2765 (53.7) 1367 (45.3) 5445 (53.2) 1721 (44.7)

Racec

Non-Hispanic White 1663 (82.1) 669 (85.6) 4278 (75.0) 671 (76.9) 2514 (82.1) 778 (67.8) 5621 (77.1) 1339 (58.5)

Non-Hispanic Black 751 (6.8) 259 (8.8) 1262 (8.2) 249 (10.9) 1093 (7.1) 1069 (18.4) 1614 (7.8) 1043 (18.1)

Hispanic 1154 (5.1) 109 (1.2) 2306 (12.2) 224 (7.5) 1198 (3.8) 798 (6.0) 2538 (10.3) 1286 (17.9)

Other 126 (6.1) 38 (4.5) 329 (4.7) 42 (4.8) 214 (7.0) 90 (7.8) 410 (4.7) 134 (5.5)

Family poverty income

ratio

0–1.30 883 (10.5) 392 (28.9) 1704 (12.3) 503 (33.7) 951 (8.9) 1143 (24.7) 1907 (11.2) 1512 (29.9)

1.31–3.50 1554 (39.4) 542 (51.8) 2865 (31.6) 507 (44.0) 2214 (40.2) 1203 (50.8) 3681 (31.8) 1582 (44.0)

�3.51 1257 (50.1) 141 (19.2) 3606 (56.1) 176 (22.3) 1854 (50.9) 389 (24.5) 4595 (57.1) 708 (26.1)

Education

<High school 994 (11.7) 680 (51.9) 1686 (11.6) 627 (42.7) 1380 (14.0) 1300 (31.5) 2135 (12.0) 1570 (29.0)

High school 1125 (30.7) 262 (32.8) 1682 (21.3) 329 (34.1) 1592 (31.9) 886 (40.2) 2200 (22.1) 989 (31.6)

>High school 1575 (57.6) 133 (15.2) 4807 (67.0) 230 (23.3) 2047 (54.1) 549 (28.3) 5848 (65.9) 1243 (39.4)

Health insurance

Private 2787 (86.3) 716 (74.8) 5497 (76.8) 510 (50.0) 4043 (88.7) 1638 (70.4) 7018 (78.2) 1651 (51.8)

Non-private 312 (5.3) 289 (18.2) 1012 (9.0) 522 (35.3) 464 (5.2) 500 (12.5) 1621 (10.6) 843 (17.5)

None 595 (8.4) 70 (7.0) 1666 (14.2) 154 (14.7) 512 (6.1) 597 (17.2) 1544 (11.3) 1308 (30.7)

Dental insuranced 1829 (63.3) 255 (35.0) 2017 (72.4) 218 (46.0) 2503 (60.7) 878 (49.2) 2576 (70.1) 706 (63.7)

Diabetese 168 (3.1) 159 (11.0) 516 (4.8) 253 (16.6) 319 (4.2) 249 (6.7) 902 (6.0) 434 (8.8)

Hypertensione 1062 (25.6) 672 (53.5) 2543 (28.7) 728 (53.9) 1803 (30.0) 1119 (37.0) 3798 (32.9) 1508 (36.1)

High cholesterole 1078 (31.6) 468 (47.3) 2933 (36.3) 557 (47.1) 1701 (34.4) 772 (32.2) 4168 (39.8) 1329 (35.5)

Anginae 217 (4.7) 93 (9.6) 49 (0.5) 34 (2.7) 288 (4.9) 223 (7.3) 97 (0.7) 45 (0.9)

Periodontitisf

None 3036 (91.4) NA 2947 (95.6) NA 3940 (89.6) 1758 (73.2) 3605 (93.9) 1218 (84.6)

Mild 121 (2.7) NA 81 (1.7) NA 131 (2.0) 114 (5.4) 73 (1.3) 56 (3.2)

Moderate 280 (5.1) NA 126 (2.4) NA 487 (7.2) 513 (17.3) 262 (4.3) 193 (10.4)

Severe 41 (0.8) NA 16 (0.3) NA 89 (1.1) 129 (4.0) 35 (0.6) 28 (1.9)

Weight statusg

Normal 1347 (43.3) 381 (33.3) 2215 (29.8) 347 (27.9) 1795 (41.9) 849 (35.5) 2784 (30.4) 916 (26.1)

Overweight 1376 (35.1) 384 (35.8) 3039 (36.7) 427 (36.0) 1892 (35.7) 1030 (35.3) 3838 (36.8) 1336 (33.2)

Obese 971 (21.7) 310 (30.8) 2921 (33.4) 412 (36.1) 1332 (22.4) 856 (29.1) 3561 (32.8) 1550 (40.7)

Leisure-time physical

activityh

3104 (89.9) 750 (74.5) 4927 (67.0) 390 (38.2) 4251 (90.2) 2057 (81.2) 6048 (66.2) 1625 (47.3)

Smoking statusi

Ever smoker 1733 (48.0) 630 (66.4) 3122 (38.9) 759 (68.5) 2418 (49.7) 1507 (61.1) 4077 (40.4) 1956 (54.8)

Pack-years among

ever smokers, mean

(SE)

6.6 (0.3) 22.2 (1.3) 4.9 (0.2) 21.3 (1.2) 8.7 (0.2) 12.2 (0.6) 6.6 (0.2) 9.3 (0.4)

Alcohol consumptionj

None 2737 (70.5) 955 (86.3) 5395 (63.2) 974 (81.1) 3843 (73.1) 2186 (77.5) 6859 (63.9) 2768 (70.3)

Moderate 374 (10.7) 57 (6.4) 1585 (20.4) 127 (9.9) 477 (9.7) 203 (8.5) 1959 (20.2) 517 (14.5)

Excessive 583 (18.8) 63 (7.3) 1195 (16.4) 85 (8.9) 699 (17.2) 346 (14.0) 1365 (15.9) 517 (15.2)

(Continued)
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Inverse dose-response associations between the number of

permanent teeth and all-cause mortality were observed,

driven by deaths from heart disease, cancer and other

causes but not from cerebrovascular disease (Table 2; and

Supplementary Table S4, available as Supplementary data

at IJE online). Compared with individuals with 25–28

teeth, the pooled multivariable-adjusted HRs for all-cause

mortality were 1.19 (95% CI: 1.07 to 1.33) for 17 to 24

teeth, 1.30 (95% CI: 1.15 to 1.46) for 1 to 16 teeth, and

1.43 (95% CI: 1.26 to 1.63) for edentulism (P<0.001 for

trend). For every 10 teeth missing, the HRs were 1.13

(95% CI: 1.08 to 1.18) for all-cause mortality, 1.16 (95%

CI: 1.05 to 1.29) for heart disease mortality, 1.19 (95%

CI: 1.09 to 1.29) for cancer mortality and 1.10 (95% CI:

1.04 to 1.17) for other mortality.

The inverse associations between the numbers of per-

manent teeth and all-cause mortality were similar regard-

less of baseline age (<70 vs �70), sex (male vs female),

race/ethnicity (non-Hispanic White vs non-Hispanic Black/

Hispanic), family PIR (�1.30 vs >1.30), dental insurance

(no vs yes), smoking status (never smoker vs ever smoker)

and calories from added sugar (<10% vs �10%)

(Supplementary Table S5 and Supplementary Figure S2,

available as Supplementary data at IJE online).

Untreated caries and mortality

Among dentate adults, we also examined the association

between untreated caries and mortality. Untreated caries

was associated with an increased risk of all-cause mortality

after adjusting for the same set of covariates as for tooth

count (Table 3; and Supplementary Table S6, available as

Supplementary data at IJE online). Of note, these estimates

were similar after additionally adjusting for periodontitis

and tooth count. Compared with participants without

untreated caries, individuals with untreated caries had a

26% increased risk of all-cause mortality (HR: 1.26, 95%

CI: 1.15 to 1.39), driven by a higher risk of death from

heart disease (HR: 1.48, 95% CI: 1.17 to 1.88) and other

causes (HR: 1.22, 95% CI: 1.07 to 1.39) but not from cere-

brovascular disease (HR: 1.18, 95% CI: 0.85 to 1.65) and

cancer (HR: 1.18, 95% CI: 0.98 to 1.42). The positive

Table 1 Continued

Number of permanent teeth, no. (weighted %) Untreated Caries, No. (Weighted %)b

Characteristics NHANES 1988–94 NHANES 1999–2010 NHANES 1988-1994 NHANES 1999-2010

25–28 0 25–28 0 No Yes No Yes

Healthy Eating Index

(HEI), mean (SE)k
64.8 (0.4) 63.7 (0.6) 51.5 (0.3) 48.1 (0.5) 65.7 (0.4) 61.1 (0.4) 52.2 (0.3) 46.5 (0.3)

Daily energy intake,

mean (SE), kcal

2302 (27.3) 1818 (38.3) 2198 (13.2) 1771 (32.1) 2176 (26.4) 2227 (34.0) 2115 (11.4) 2150 (26.3)

Calories from added

sugar, mean (SE), kcal

315 (9.0) 253 (15.9) 298 (4.2) 263 (10.8) 291 (6.9) 347 (8.3) 280 (4.1) 339 (7.2)

Calories from carbohy-

drate, mean (SE), kcal

1103 (15.5) 901 (24.2) 1056 (6.8) 876 (15.9) 1049 (13.0) 1072 (15.7) 1021 (6.1) 1038 (13.2)

NHANES, National Health and Nutrition Examination Survey; SE, standard error.
aSample weights, clustering and stratification were applied to all analyses to account for the complex sampling design of NHANES.
bAnalyses for untreated caries were conducted among the dentate population.
c‘Other’ included race/ethnicity other than non-Hispanic White, non-Hispanic Black or Hispanic, including multiracial.
dPercentage was calculated among participants without missing values. Missing indicator for dental insurance was used between 2005–10 due to lack of data.
eDiabetes was defined as self-report of diagnosis or currently taking medication for treatment. Hypertension was defined as systolic blood pressure

�140 mmHg or diastolic blood pressure �90 mmHg among at least three consecutive determinations or self-report of diagnosis. High cholesterol was defined as

blood total cholesterol �6.2 mmol/L or self-report of diagnosis. Angina was defined as self-report of symptoms (NHANES 1988–94) or diagnosis (NHANES

1999–2010).
fPercentage was calculated among participants without missing values. ‘NA’ represents no observation in this category. As periodontal assessment was not

available for 2005–08 and changed substantially in 2009–10, missing indicator for periodontitis was used for 2005–10.
gWeight status was defined by body mass index, calculated as weight in kilograms divided by height in metres squared. Standard cutoffs (normal weight, 18.5–

24.9; overweight, 25–29.9; obese, �30) were used.
hLeisure-time physical activity was defined by engaging any moderate or vigorous recreational physical activity over the past 30 days (1988–94 and 1999–

2006) or in a typical week (2006–10) (yes/no).
iEver smoker was defined as individuals who smoked �100 cigarettes in life. Pack-years among ever smokers was calculated as the number of cigarettes smoked

per day divided by 20 and multiply the number of years of smoking.
jAlcohol consumption was defined by total intake of alcohol during the 24-hour period prior to the NHANES dietary interview (none: 0 g/d, moderate: 0.1-

�28 g/d for men/0.1-�14 g/d for women, or excessive: >28 g/d for men/>14 g/d for women).
kHealthy Eating Index (HEI) 1994-1996 was used for NHANES 1988-1994; HEI-2010 was used for NHANES 1999-2010.
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associations between untreated caries and all-cause mortal-

ity were similarly observed within subgroups of age, sex,

race/ethnicity, family PIR, dental insurance, smoking sta-

tus and calories from added sugar (Figure 1; and

Supplementary Table S7, available as Supplementary data

at IJE online).

Joint analyses of tooth count and untreated

carries with mortality

In joint analyses of untreated caries and tooth count, indi-

viduals with untreated caries had an elevated risk of all-

cause, heart disease and other mortality compared with

those without untreated caries within each tooth count

stratum (Figure 2; and Supplementary Table S8, available

as Supplementary data at IJE online). Compared with par-

ticipants without untreated caries and with 25–28 teeth,

individuals with untreated caries and 1–16 teeth had a

53% increased risk of all-cause mortality (HR: 1.53, 95%

CI: 1.27 to 1.85), 96% increased risk of heart disease mor-

tality (HR: 1.96, 95% CI: 1.28 to 3.01) and 48% increased

risk of other mortality (HR: 1.48, 95% CI: 1.16 to 1.90).

Sensitivity analyses

Results from the random-effects model were largely con-

sistent with estimates from the fixed-effect model

(Supplementary Table S4 and Supplementary Table S6).

An unmeasured confounder needs to be associated with

both tooth count and all-cause mortality with an HR of

Table 2 Association of number of permanent teeth with risk of all-cause and cause-specific mortalitya

Cause of Death Number of permanent teeth Per 10 teeth missing P-value for trendc

25–28 17–24 1–16 0

All-cause

No. of deaths 1229 1459 1297 1285

Age-adjusted HR (95% CI) 1 [Reference] 1.41 (1.27–1.56) 1.81 (1.61–2.04) 2.26 (2.00–2.55) 1.34 (1.28–1.40) <0.001

Multivariable-adjusted HR

(95% CI)b
1 [Reference] 1.19 (1.07–1.33) 1.30 (1.15–1.46) 1.43 (1.26–1.63) 1.13 (1.08–1.18) <0.001

Heart disease

No. of deaths 226 283 294 277

Age-adjusted HR (95%CI) 1 [Reference] 1.29 (1.02–1.63) 1.94 (1.47–2.55) 2.29 (1.72–3.04) 1.38 (1.25–1.52) <0.001

Multivariable-adjusted HR

(95%CI)b
1 [Reference] 1.05 (0.82-1.35) 1.32 (1.00-1.74) 1.43 (1.06-1.94) 1.16 (1.05-1.29) 0.004

Cerebrovascular disease

No. of deaths 64 93 72 86

Age-adjusted HR (95% CI) 1 [Reference] 1.73 (1.15–2.61) 1.39 (0.88–2.22) 1.46 (0.90–2.37) 1.08 (0.95–1.23) 0.26

Multivariable-adjusted HR

(95% CI)b
1 [Reference] 1.58 (1.01–2.48) 1.13 (0.72–1.79) 1.06 (0.62–1.83) 0.96 (0.82–1.12) 0.58

Cancer

No. of deaths 310 333 259 305

Age-adjusted HR (95% CI) 1 [Reference] 1.27 (1.00–1.62) 1.72 (1.35–2.19) 2.60 (2.04–3.30) 1.41 (1.30–1.52) <0.001

Multivariable-adjusted HR

(95% CI)b
1 [Reference] 1.04 (0.81–1.32) 1.18 (0.92–1.51) 1.60 (1.24–2.07) 1.19 (1.09–1.29) <0.001

Other

No. of deaths 621 742 664 607

Age-adjusted HR (95% CI) 1 [Reference] 1.49 (1.28–1.72) 1.88 (1.60–2.21) 2.05 (1.75–2.42) 1.29 (1.22–1.36) <0.001

Multivariable-adjusted HR

(95% CI)b
1 [Reference] 1.29 (1.11–1.50) 1.36 (1.15–1.62) 1.35 (1.13–1.62) 1.10 (1.04–1.17) 0.001

NHANES, National Health and Nutrition Examination Survey; HR, hazard ratio; CI, confidence interval; BMI, body mass index; d, day.
aAll analyses were stratified by age (5-year group) and sex.
bMultivariable-adjusted HR (95% CI) was adjusted for age (year), sex (female/male), race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic or

others), family poverty income ratio (0–1.30, 1.31–3.50 or �3.51), education (<high school, high school, or >high school), health insurance (private, non-private

or none), dental insurance (yes, no or missing), history of diabetes, hypertension, high cholesterol and angina (for each disease, yes/no), weight status (normal,

BMI: 18.5–24.9; overweight, BMI: 25–29.9; obese, BMI �30), leisure-time physical activity (yes/no), smoking status (never, past smoker with <20 pack-years,

past smoker with �20 pack-years, current smoker with <20 pack-years or current smoker with �20 pack-years), alcohol consumption (none: 0 g/d, moderate:

0.1–�28 g/d for men/0.1–�14 g/d for women, excessive: >28 g/d for men/>14 g/d for women), daily energy intake (kcal), calories from added sugar (<5%, 5–

<10%, 10–<25% or �25%), calories from carbohydrate (<45%, 45–65% or >65%), Healthy Eating Index (quintile), and survey cycle (continuous). Results

from NHANES 1988–94 and NHANES 1999–2010 with follow-up to 2015 were combined using a fixed-effects model.
cP-value for trend was calculated using number of permanent teeth as a continuous variable.
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at least 1.30 to nullify this association. The least HR for

an unmeasured confounder to nullify the association be-

tween untreated caries and all-cause mortality is 1.44.

Since we have adjusted for a wide range of confounders

in our analyses, unmeasured confounders were less likely

to have associations with both the exposure and the mor-

tality endpoints that exceed the corresponding E-values

(Supplementary Table S9, available as Supplementary

data at IJE online).

Discussion

In this large, prospective study representing US adults, hav-

ing fewer permanent teeth was associated with increased

risk of all-cause mortality, after considering a wide range

of sociodemographic and lifestyle factors. This positive as-

sociation was driven by deaths from heart disease, cancer

and other causes. Untreated caries was also associated with

increased risks of all-cause, heart disease and other mortal-

ity, independent of tooth count and periodontitis. These

associations were largely consistent within strata of age,

sex, race/ethnicity, poverty level, dental insurance, smok-

ing status and consumption of added sugar.

A meta-analysis suggests that losses of 10, 20 and 32

teeth were associated with 15%, 33% and 57% increased

risk of all-cause mortality, respectively.16 However, evi-

dence was mixed for CVD mortality, which may be in part

attributable to incomplete adjustment for confounders

such as socioeconomic factors49 and smoking.50 Our ro-

bust findings after adjusting for a list of confounding

Table 3 Association of untreated caries with risk of all-cause and cause-specific mortality among dentate participantsa

Cause of death Untreated caries

No Yes

All-cause

No. of deaths 2478 1504

Age-adjusted HR (95% CI) 1 [Reference] 1.81 (1.65–1.99)

Multivariable-adjusted HR (95% CI)b 1 [Reference] 1.30 (1.18–1.44)

Multivariable-adjusted HR (95% CI)c 1 [Reference] 1.26 (1.15–1.39)

Heart disease

No. of deaths 477 325

Age-adjusted HR (95% CI) 1 [Reference] 2.21 (1.81–2.70)

Multivariable-adjusted HR (95% CI)b 1 [Reference] 1.53 (1.21–1.95)

Multivariable-adjusted HR (95% CI)c 1 [Reference] 1.48 (1.17–1.88)

Cerebrovascular disease

No. of deaths 143 86

Age-adjusted HR (95% CI) 1 [Reference] 1.45 (1.04–2.03)

Multivariable-adjusted HR (95% CI)b 1 [Reference] 1.22 (0.87–1.70)

Multivariable-adjusted HR (95%C I)c 1 [Reference] 1.18 (0.85–1.65)

Cancer

No. of deaths 566 336

Age-adjusted HR (95% CI) 1 [Reference] 1.64 (1.38–1.93)

Multivariable-adjusted HR (95% CI)b 1 [Reference] 1.19 (0.99–1.44)

Multivariable-adjusted HR (95% CI)c 1 [Reference] 1.18 (0.98–1.42)

Other

No. of deaths 1281 744

Age-adjusted HR (95% CI) 1 [Reference] 1.77 (1.57–1.99)

Multivariable-adjusted HR (95% CI)b 1 [Reference] 1.27 (1.11–1.45)

Multivariable-adjusted HR (95% CI)c 1 [Reference] 1.22 (1.07–1.39)

NHANES, National Health and Nutrition Examination Survey; HR, hazard ratio; CI, confidence interval; BMI, body mass index; d, day.
aAll analyses were stratified by age (5-year group) and sex.
bMultivariable–adjusted HR (95% CI) was adjusted for age (year), sex (female/male), race/ethnicity (non–Hispanic White, non–Hispanic Black, Hispanic or

others), family poverty income ratio (0–1.30, 1.31–3.50 or �3.51), education (<high school, high school, or >high school), health insurance (private, non–private

or none), dental insurance (yes, no or missing), history of diabetes, hypertension, high cholesterol and angina (for each disease, yes/no), weight status (normal,

BMI: 18.5–24.9; overweight, BMI: 25–29.9; obese, BMI �30), leisure–time physical activity (yes/no), smoking status (never, past smoker with <20 pack–years,

past smoker with �20 pack–years, current smoker with <20 pack–years or current smoker with �20 pack–years), alcohol consumption (none: 0 g/d, moderate:

0.1–�28 g/d for men/0.1–�14 g/d for women, excessive: >28 g/d for men/>14 g/d for women), daily energy intake (kcal), calories from added sugar (<5%, 5%–

<10%, 10%–<25% or �25%), calories from carbohydrate (<45%, 45%–65%,or >65%), Healthy Eating Index (quintile), and survey cycle (continuous).

Results from NHANES 1988–94 and NHANES 1999–2010 with follow-up to 2015 were combined using a fixed-effects model.
cAdditionally adjusted for periodontitis (none, mild, moderate, severe or missing) and number of permanent teeth (0, 1–16, 17–24 or 25–28).
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factors and similar findings within each stratum collec-

tively lend strong support to the observed association be-

tween lower tooth count and increased risks of both total

and heart disease mortality, whereas the lack of association

with cerebrovascular disease mortality requires further val-

idations. In line with our findings on cancer mortality, a re-

cent analysis in NHANES 1988–94 found a 50% higher

mortality from cancer when comparing edentulous adults

with a dentate population without periodontal disease.34

Our study expands these evaluations by additionally inte-

grating NHANES 1999–2010 to elucidate the dose-

response relationship between fewer teeth and increased

risk of cancer mortality, in the context of mortality from

other causes.

The association between untreated caries and mortality

was not well studied. In an Iranian cohort, DMFT index, a

score capturing decayed (D), missing (M) and filled (F)

teeth (T), was associated with an increased risk of all-cause

and cancer mortality, but not CVD mortality.14 However,

DMFT captures both tooth loss and caries, without differ-

entiating untreated caries. Indeed, untreated caries has

been used by the US Centers for Disease Control and

Prevention as a population-level indicator for oral health

burden.3 In line with our observed positive association be-

tween untreated caries and heart disease mortality, a recent

large prospective study in Korea found that untreated car-

ies was associated with a 7–22% increased risk of major

cardiovascular events including cardiac death, myocardial

Figure 1 Stratified analyses for untreated caries with risk of all-cause

mortality among dentate participants. NHANES, National Health and

Nutrition Examination Survey; HR, hazard ratio; CI, confidence interval.

Weighted prevalence was directly standardized to age distribution (in

10-year age group) of the 2000 Census population. Multivariable-ad-

justed HR (95% CI) was adjusted for age (year), sex (female/male), race/

ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic or others),

family poverty income ratio (0–1.30, 1.31–3.50 or �3.51), education

(<high school, high school or >high school), health insurance (private,

non-private or none), dental insurance (yes, no or missing), history of

diabetes, hypertension, high cholesterol and angina (for each disease,

yes/no), weight status (normal, BMI: 18.5–24.9; overweight, BMI: 25–

29.9; obese, BMI �30), leisure-time physical activity (yes/no), smoking

status (never, past smoker with <20 pack-years, past smoker with �20

pack-years, current smoker with <20 pack-years or current smoker with

�20 pack-years), alcohol consumption (none: 0 g/day, moderate: 0.1–

�28 g/day for men/0.1–�14 g/day for women, excessive: >28 g/day for

men/>14 g/day for women), daily energy intake (kcal), calories from

added sugar (<5%, 5%–<10%, 10%–<25% or �25%), calories from car-

bohydrate (<45%, 45–65% or >65%), Healthy Eating Index (quintile),

and survey cycle (continuous), and additionally adjusted for periodonti-

tis (none, mild, moderate, severe or missing) and number of permanent

teeth (0, 1–16, 17–24 or 25–28). Stratification factors were also adjusted

within specific strata as appropriate to minimize confounding. For strati-

fication by family poverty income ratio, its continuous variable was ad-

justed for instead. For stratification by smoking, smoking status (never,

past or current) and smoking intensity (pack-years) were adjusted for in-

stead. All analyses were stratified by age (5-year group) and sex.

Results from NHANES 1988–94 and NHANES 1999–2010 with follow-up

to 2015 were combined using a fixed-effects model. Error bars show

95% CI.

Figure 2 Joint associations for untreated caries and number of perma-

nent teeth with risk of all-cause mortality. NHANES, National Health

and Nutrition Examination Survey; HR, hazard ratio; CI, confidence in-

terval. Multivariable hazard ratios for joint associations between

untreated caries, number of permanent teeth and risk of all-cause mor-

tality were conducted among dentate participants and adjusted for age

(year), sex (female/male), race/ethnicity (non-Hispanic White, non-

Hispanic Black, Hispanic or others), family poverty income ratio (0–1.30,

1.31–3.50 or �3.51), education (<high school, high school or >high

school), health insurance (private, non-private or none), dental insur-

ance (yes, no or missing), history of diabetes, hypertension, high cho-

lesterol and angina (for each disease, yes/no), weight status (normal,

BMI: 18.5–24.9; overweight, BMI: 25–29.9; obese, BMI �30), leisure-time

physical activity (yes/no), smoking status (never, past smoker with <20

pack-years, past smoker with �20 pack-years, current smoker with <20

pack-years or current smoker with �20 pack-years), alcohol consump-

tion (none: 0 g/day, moderate: 0.1–�28 g/day for men/0.1–�14 g/day for

women, excessive: >28 g/day for men/>14 g/day for women), daily en-

ergy intake (kcal), calories from added sugar (<5%, 5–<10%, 10–<25%

or �25%), calories from carbohydrate (<45%, 45–65% or >65%),

Healthy Eating Index (quintile) and survey cycle (continuous). All analy-

ses were stratified by age (5-year group) and sex. Results from

NHANES 1988–94 and NHANES 1999–2010 with follow-up to 2015 were

combined using a fixed-effects model. Error bars show 95% CI.
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infarction, stroke and heart failure.19 Instead of using a

composite endpoint, our findings extend the scope of Park

et al. by looking through various endpoints and observing

a positive association between untreated caries and all-

cause mortality, driven by deaths from heart disease and

other causes but not cerebrovascular disease and cancers,

independent of a range of potential confounders. More im-

portantly, the positive association remained similar after

adjusting for both tooth count and periodontitis and was

similarly observed within each stratum of tooth count.

Collectively, these findings provide preliminary but com-

pelling evidence that untreated caries may operate through

a pathway independent of periodontitis/tooth loss to in-

crease risk of premature death.

Our findings linking untreated caries and all-cause and

heart disease mortality are biologically plausible.

Streptococcus mutans, a major cariogenic species in dental

caries,18 was also found to be the dominant species in ath-

erosclerotic plaque.51 Interestingly in the same patient, its

abundance in atherosclerotic plaques correlated with that

in oral cavities.17 It has been postulated that Streptococcus

mutans and its products may spread to the bloodstream

and promote plaque formation through directly invading

vascular endothelium or inducing systemic immune re-

sponse, thereby increasing the risk of heart disease.7

Throughout the progression of periodontitis, the oral

microbiota was modified and many highly pathogenic bac-

teria, including Porphyromonas gingivalis, Treponema

denticola and Tannerella forsythia, were over-represented.8

In addition to CVD,9,10 these bacterial species could also

potentially facilitate the development of oral, oesophageal,

lung, pancreas, colon/rectum, breast, prostate and haema-

tological cancers,12 with provoking chronic systemic in-

flammation as the leading putative mechanism.8,12 Tooth

loss as an endpoint of periodontitis might further promote

CVD and cancer by harbouring a more disturbed oral

microbiota. It is also likely that oral diseases are predictors

of poor health behaviours and perceptions. Shared risk fac-

tors between oral diseases and mortality, such as socioeco-

nomic factors,49 smoking50 and diet,26 might be the

underlying causal factors. The strength of associations be-

tween tooth loss, untreated caries and mortality were at-

tenuated after adjusting for potential confounders,

particularly family PIR, dental insurance, smoking and

added sugar consumption. However, stratified analyses

within strata of these confounders suggest that our ob-

served associations cannot be fully explained by measured

confounding, although unmeasured confounding could not

be ruled out. Information on potential unmeasured con-

founders, like oral hygiene and dental visits, need to be in-

cluded in future studies.19

Our findings reflect a significant step in connecting oral

health and mortality. Indeed, oral health has been largely

neglected in both high-income and low/middle-income

countries.4 According to our analyses and prior studies, in

the USA untreated caries is common, with minimal im-

provement among adults especially younger adults aged

20–64 over the past two decades.3,22 Moreover, about half

of adults are at higher risk of tooth loss due to periodontal

disease.2 Low-income, uninsured and racial/ethnic minor-

ity populations suffer from higher burden of oral diseases

throughout the life course,2,3 due to limited access to den-

tal care and disproportionate exposures to an array of indi-

vidual, social and commercial determinants.4,52 However,

oral health disparities have not yet been recognized as con-

tributing to the disproportional burden of mortality among

these groups. Joint efforts from public and private sectors

are needed immediately to expand oral health-related edu-

cational/outreach programmes, improve equal access to

dental care5,52 and integrate dental care into general health

practices.4

Our study has a few notable strengths. First, our study

maximally utilized the oral health examination data as

well as mortality linkage from the NHANES since 1988, to

assess the association between oral health and mortality

prospectively. Second, the oral health information was

assessed using standardized protocols within each survey

cycle with high examiner reliability,27–30 which minimized

the measurement errors. Third, our comprehensive adjust-

ment for potential confounders and subgroup-specific

analyses minimized the influence of confounding. Finally,

the use of nationally representative samples ensured the

generalizability of our findings to the US population.

Our study also has limitations. First, in the NHANES,

untreated caries was assessed with a disposable mirror by

various dental professionals and slightly differently in

2009–10. However, the protocols have been standardized

and these data were used to estimate the prevalence and

temporal trends of untreated caries in the USA.22,23

Further, such non-differential misclassification, if any,

would likely bias the association towards the null. Second,

partial-mouth periodontal examination might underesti-

mate the prevalence of periodontitis.22,27,28 Although in-

cluding tooth count in the models for untreated caries

could allow us to adjust for most effects of periodontitis,

data from full-mouth examination at six sites are war-

ranted in future study. Third, the NHANES has not col-

lected updated information on tooth loss, untreated caries

and periodontal diseases during follow-up period. With

only baseline measurement, we might have misclassified

people who developed oral diseases later on as unexposed.

Such non-differential misclassification may bias the associ-

ations towards the null. Studies with updated oral health

10 International Journal of Epidemiology, 2022, Vol. 00, No. 00

D
ow

nloaded from
 https://academ

ic.oup.com
/ije/advance-article/doi/10.1093/ije/dyac072/6564484 by W

ashington U
niversity in St. Louis user on 08 April 2022



exposures and other covariates are warranted. Also, the

lack of information on reasons for teeth missing (including

wisdom teeth) and the severity of untreated caries limited

our ability to further differentiate the effects of exposures.

Additionally, we have limited power to look into details of

mortality from specific cancer types and other causes

which include respiratory diseases, Alzheimer’s disease, di-

abetes and so forth. Finally, the role of time-varying and

unmeasured confounding could not be ruled out.

Conclusions

In nationally representative cohorts of US adults, fewer

permanent teeth were associated with all-cause mortality

including heart disease and cancer mortality, with dose-

response relationships. Untreated dental caries, a previ-

ously under-appreciated benign oral disease, was linked

with increased risks of all-cause, heart disease and other

mortality. The general public should be informed and en-

couraged to protect their oral health proactively. Health

professionals should be aware of the link between oral and

general health and should integrate dental care into general

health practices. Larger prospective studies with detailed

and time-dependent assessments of exposures and covari-

ates are warranted for validating our findings.
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