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Abstract

Background: Dental caries is an important public health problem in Mexico, a country also 

faced with high exposure to toxicants including lead (Pb).

Methods: Participants were 386 children living in Mexico City. Prenatal (trimester 1–3), early-

childhood (12, 24, 36, and 48 months of age) and peri-pubertal (10–18 years of age) blood Pb 

levels were quantified using graphite-furnace atomic-absorption spectroscopy. Maternal patella 

and tibia bone Pb at 1 month postpartum were quantified with K X-ray fluorescence instrument. 

Dental caries presence was evaluated using decayed, missing, and filled teeth (DMFT) scores. 

Peri-pubertal sugar sweetened beverage (SSB) intake was estimated using a 116-item, interview-

administered semi-quantitative food frequency questionnaire (FFQ). Total energy adjusted daily 

SSB intake was generated using the residual approach. Zero inflated negative binomial (ZINB) 
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Poisson regression models were used to examine the associations between Pb with D1MFT and 

D4MFT at adolescence.

Results: Maternal second and third trimester and cumulative early childhood Pb exposure were 

positively associated with peri-pubertal D1MFT scores in unadjusted ZINB models (2nd trimester: 

RR=1.17 (1.00, 1.37); 3rd trimester: RR=1.20 (1.03, 1.40); early childhood: RR=1.22 (1.02, 

1.48)). These effect sizes were attenuated and no longer statistically significant after adjusting for 

covariates. When stratified by high/low SSB intake, a one unit increase of log-transformed 2nd 

trimester Pb exposure was associated with a 1.41 times (1.06, 1.86) higher D1MFT count, and 3rd 

trimester Pb exposure was associated with a 1.50 times (1.18, 1.90) higher D1MFT count among 

those with higher than median peri-pubertal SSB. Associations among those with lower SSB 

intake were roughly half those of the higher group and not statistically significant.

Conclusions: Pb exposure during sensitive developmental periods was not statistically 

significantly associated with caries risk after accounting for confounders among our cohort. 

However, evidence from stratified analysis suggested a Pb-caries association among children with 

high SSB intake.
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INTRODUCTION

Dental caries is one of the most prevalent diseases of people worldwide [1]. Despite great 

achievements in improving oral health, dental caries remain a major health problem in most 

developing countries, affecting 60–90% of school children [2].

Untreated dental caries among children may cause discomfort and pain and is associated 

with weight gain and short stature, poor quality of life and cognitive development delay [3]. 

Fortunately, dental caries is also one of the most preventable childhood afflictions [4, 5]. 

Potentially modifiable risk factors for caries include diet, inadequate salivary flow, 

insufficient fluoride exposure, and poor oral hygiene [1]. Among dietary factors, sugar-

sweetened beverage (SSB) consumption is most strongly and consistently associated with 

higher risk of dental caries [6].

Another modifiable exposure that may relate to dental caries risk is lead (Pb) [7, 8, 9]. There 

are some potential mechanisms to explain a Pb and dental caries relationship. Moss et al. 

proposed three different mechanisms that linked Pb exposure with dental caries, including 

salivary gland function, enamel formation, and interference with fluoride in saliva [8]. 

Known as one of the “bone-seeking” elements, Pb from blood tends to be incorporated into 

calcified tissues such as bone and teeth, where it can remain for years [10]. From calcified 

tissue reservoirs, Pb is slowly released, depending on bone turnover rates, and the release 

rate of Pb from bone varies with age and intensity of exposure [10]. Thus, the detrimental 

effect of Pb exposure on dental caries could be due to Pb incorporated into the teeth that 

delay the mineralization of enamel [11]. In animal studies, Pb exposure has been associated 

with disrupted gut microbiota composition and inflammation status [12, 13, 14].
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Several population-based studies [7, 8, 9, 15] suggest an association between Pb levels and 

dental caries. For example, a cross-sectional epidemiologic study conducted among 1,564 

Korean children showed that the prevalence of decayed, missing and filled surfaces (DMFS) 

in deciduous, but not permanent teeth, increased with each mg/dl of childhood blood Pb 

exposure [15]. Among 543 urban U.S children 6–10 years old, blood Pb levels in childhood 

were positively associated with number of caries, after adjustment for demographic and 

maternal factors and oral care practices [9]. However, these and other studies [7, 8, 9, 15] 

have several limitations, including cross-sectional study designs [7, 8, 15]; Pb measurements 

in blood or salivawhich may not represent long-term exposure [8, 9]; and a limited number 

of tooth samples collected from each individual [7].

In addition, no studies have examined if the timing of Pb exposure changes risk of dental 

caries. Previous studies have focused on a single exposure period during childhood or 

adolescence and thus were unable to pinpoint potential sensitive windows of exposure. One 

potentially sensitive time period which has not been examined previously is prenatal Pb 

exposure [16]. Although there are no human studies to date, some animal studies suggest an 

effect of maternal Pb exposure and osteoblast/osteoclast function in the mothers on the 

offspring [16, 17, 18], which could indirectly be linked to dental caries risk.

To address these research gaps, we conducted a secondary analysis of a cohort study of 

Mexican children. The primary study aim was to examine the associations between lead 

exposure at multiple sensitive periods and decayed, missing, filled tooth (DMFT) scores at 

adolescence. A secondary aim was to evaluate whether there was an interaction between Pb 

exposure and SSB intake in relation to caries risk in adolescence. We hypothesized that an 

association between Pb exposure and caries would be more evident among participants with 

high SSB intake since SSBs are one of the most robust predictors of dental caries among 

children [6, 19].

METHODS

3.1 Study Population

The study population comprises a subset of participants from the Early Life Exposure in 

Mexico to Environmental Toxicants (ELEMENT) project, a longitudinal epidemiological 

study consisting of three sequentially enrolled birth cohorts: enrollment cohort 1, 2, and 3 

(Figure 1). A detailed description of the ELEMENT cohort can be found elsewhere [20]. In 

brief, the mother/child pairs were recruited between 1997 and 2005 at three maternity 

hospitals representing a low- to moderate-income population in Mexico City. At the baseline 

clinic visit, mothers provided household and demographic information including age, 

education, and number of previous pregnancies. Of the initial 1,382 mothers who met 

eligibility criteria, 617 agreed to participate and continued in the study (Figure 1). Of these, 

245 had blood samples collected at all three trimester visits, 349 had patella Pb measured 

and 249 had tibia Pb measured 1 month postpartum. Their newborns were followed from 

birth until 4 years of age; blood samples were collected every 12 months. Starting in 2008, 

we re-contacted a subset of the offspring (n=250; henceforth referred to as the early-teen 

visit) from enrollment cohorts 2 and 3 based on availability of prenatal and neonatal 

biospecimens. One more peri-pubertal visit was completed approximately 5 years later (549; 
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henceforth referred to as the peri-pubertal visit), again recruiting children from cohorts 2 and 

3, that had prenatal and neonatal biospeciments available. Of those, 497 adolescents had 

their dental information collected (Figure 1).

Mothers provided written consent upon enrollment in the study, and children also provided 

assent at early-teen and peri-pubertal visits. The research protocol was approved by the 

Human Subjects Committee and participating institutes including the National Institute of 

Public Health of Mexico, hospitals, and the University of Michigan.

3.2 Laboratory Measurements

Blood Lead (Pb)—Maternal blood (trimester 1–3), and participant blood samples during 

childhood (12, 24, 36, and 48 months of age) and adolescence (10–18 years of age) were 

collected and stored in trace-metal–free tubes by trained research assistants using 

standardized protocols. All samples were measured using graphite-furnace atomic-

absorption spectroscopy (model 3000; Perkin-Elmer, Chelmsford, MA, USA) at the research 

facility of the American British Cowdray Hospital in Mexico City as previously described 

[21, 22]. All blood Pb levels were above the limit of detection and the precision of this 

instrument is within 1 μg/dL.

Maternal Postpartum Bone Lead (Pb)—Maternal patella and tibia bone postnatal 

measurements, which are considered proxies for cumulative prenatal Pb exposure, were 

obtained using a K X-ray fluorescence instrument [23]. The two estimates for bone lead 

measurements (one for each leg) were computed, averaged, and weighted by the inverse of 

the proportion of the measurement error corresponding to each determination [24]. Previous 

validation test showed K-X-ray fluorescence (K-XRF) instruments measured bone Pb levels 

correspond to cumulative blood Pb indices [23].

Dental Outcomes—Of the 549 child participants who completed the peri-pubertal visit, 

497 had dental information collected, with a total of 13,860 teeth examined. The dental 

examination was conducted by a trained and calibrated licensed pediatric dentist trained in 

using the International Caries Detection and Assessment System (ICDAS) [24, 25]. Training 

was provided by a 2-day in vitro exercise using extracted teeth mounted in dentoform 

models. In vivo training consisted of a 2-day examination of 30 subjects. Scores were 

compared with a senior examiner who was previously trained in using the ICDAS.

Prior to the ICDAS exam, the examiner brushed subjects’ teeth using a soft toothbrush. 

Flossing was not performed. The dental exams were performed with subjects seated in a 

portable dental chair. Lighting was provided by a portable standard dental light. Cotton rolls 

were used for isolation, and teeth were dried using compressed air. Examination was done 

with the aid of a front surface mirror, and a blunt explorer was available to clean the pits and 

fissures as well as to evaluate cavitations. Standard infection control was followed for each 

examination.

The examiner evaluated each tooth surface according to the ICDAS index [26]. The index 

codes classify six stages of caries, from the first white spot lesion in dry enamel to extensive 

cavitation involving over half the tooth surface. Information on lesion severity and activity 
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and presence of fillings and extracted/exfoliated teeth was also recorded. All extracted/

exfoliated teeth were diagnosed and recorded, but only teeth classified as “missing due to 

caries” were counted in the analysis.

Covariates—Based on a priori knowledge and bivariate analysis, covariates included in 

final models were sex, cohort, mother’s education and sugar sweetened beverages (SSB) 

intake during adolescence. Years of mother’s education were reported at the prenatal 

baseline visit, and categorized into 4 groups: “Did not complete secondary,” “Completed 

some high school,” “Completed high school,” and “Higher education.” During the early-teen 

visit (2010), dietary intake over the past week was collected using a 116-item, interview-

administered semi-quantitative food frequency questionnaire (FFQ) adapted from the 2006 

Mexican Health and Nutrition Survey [27]. The questionnaire asked participants to recall 

how often they typically consumed one serving of a standard portion size of each food item; 

response options ranged from never to ≥6 times per day. Children under 12 years of age 

were assisted by their caregiver in reporting usual food intakes. Total daily energy (kcal) 

intake was estimated by multiplying frequency values by the kcal in each food serving and 

then summing over all foods consumed [28]. Total energy adjusted daily SSB intake was 

generated using the residual approach [28].

3.3 Statistical Methods

We constructed a measure of cumulative childhood Pb exposure by calculating the area 

under each child’s age-by-blood-Pb curve from 12 to 48 months as previously described 

[29]. A cumulative time-integrated blood Pb index up to the time of the individual’s first 

blood test was calculated by the trapezoidal rule [23, 30].

DMFT/deft and caries prevalence (DMFT >0) indices were obtained in accordance with 

WHO assessment criteria. We calculated DMFT for each tooth by adding decayed, missing, 

and filled surfaces score. Then, the DMFT score for each individual was then generated by 

aggregating the score from 28 teeth. The difference between D1MFT and D4MFT 

calculation was D4MFT only counted caries coded as 4 and above, based on ICDAS scale 

[26].

We conducted bivariate analysis of DMFT outcomes (proportion of participants with any 

DMFT scores and means ± SD DMFT scores) and categories of maternal and study 

characteristics, including sex, cohort, mother’s education, socioeconomic status, SSB, zinc, 

calcium, phosphorus intake, and urinary/water fluoride content according to a priori 
findings. For ordinal and continuous characteristics (e.g. mother’s education levels, 

socioeconomic status, SSB, zinc and calcium intake, water and urinary fluoride content), we 

conducted a test for linear trend by including in the model a continuous variable representing 

the ordinal levels of the characteristic. For nominal characteristics (e.g. sex, cohort), we 

utilized a type III Wald test. Using similar methodology, we evaluated Pb exposure at each 

time period according to categories of maternal and study characteristics. We included sex, 

cohort, and mother’s education as potential confounders and accounted for sugar sweetened 

beverages (SSB) intake during adolescence as a source of extraneous variation in final 

adjusted model based on a priori knowledge and bivariate analysis results.
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We used zero inflated negative binomial (ZINB) Poisson regression techniques to evaluate 

the associations between Pb exposure and dental caries presence (D1MFT and D4MFT 

scores). This method is appropriate because DMFT scores are count variables and there was 

evidence of overdispersion and excess zeros. We also evaluated potential effect modification 

at each life-stage by stratifying by energy-adjusted SSB intake (split at the median) using the 

same ZINB method. All the analyses were conducted with SAS software version 9.4 (SAS 

Institute Inc., Cary, NC, USA), with a significance level of p < 0.05.

RESULTS

Among the 386 children with childhood blood lead samples and peri-pubertal DMFT scores, 

there were 186 males (48.19%) and 200 females (51.81%) aged 10 to 18 (mean = 14, 

SD=1.96) at follow-up. The decayed-ICDAS lesion score of 1, missing, and filled teeth 

(D1MFT) score ranged from 0 to 20 with a mean of 5.04; the decayed-ICDAS lesion score 

of 4, missing, and filled teeth (D4MFT) score ranged from 0 to 12 with a mean of 1.17. The 

prevalence of zero scores (i.e. no decayed, missing, or filled teeth) were 22.80% for D1MFT 

and 59.07% for D4MFT, respectively (Table 1). The average prenatal Pb was 6.21 μg/dL 

(range =0, 35.80 μg/dL) at the 1st trimester, 5.25 μg/dL (range =0, 38.20 μg/dL) at the 2nd 

trimester and 5.71 μg/dL (range =0, 34.00 μg/dL) at the 3rd trimester. The average 

cumulative early childhood (age 1–4 years) Pb exposure was 15.33 μg/dL (range =5.19, 

76.75 μg/dL), and the average Pb exposure at peri-pubertal period was 3.46 μg/dL (range 

=0.99, 20.00 μg/dL). In terms of bone Pb exposure, the average Pb content in mother’s 

patella was 9.16 μg/g (range =−13.57, 47.07 μg/g), and was 7.96 μg/g (range =−15.57, 34.51 

μg/g) in the tibia. Individual Pb levels were positively correlated across time periods, with 

varying strengths (ranging from 0.11 to 0.72). The highest correlations were between close 

periods. For instance, children of mothers who had high Pb exposure during the 1st trimester 

tended to have high Pb exposure during the 2nd and the 3rd trimesters. Mothers with high 

postpartum patella Pb levels tended to have high tibia Pb levels, too. However, there was a 

weaker positive correlation between Pb exposures in the maternal period and Pb exposures 

in early childhood or adolescent periods (Supplemental Table 1).

In bivariate analyses, cohort was associated with prenatal, early childhood and bone Pb 

concentrations, and DMFT scores. Mother’s education was negatively associated with early 

childhood Pb exposure (Table 1 & Table 2). Sociodemographic variables were not 

statistically significantly associated with blood and bone Pb.

In unadjusted ZINB Poisson regression models, we found statistically significant, positive 

associations between maternal blood Pb levels during the 2nd and 3rd trimesters and early 

childhood blood Pb levels and D1MFT scores. This association was of greatest magnitude in 

early childhood, although point estimates were all comparable (2nd trimester: rate ratio=1.17 

(CI: (1.00, 1.37), P=0.046); 3rd trimester: rate ratio=1.20 (CI: (1.03, 1.40), P=0.019); early 

childhood: rate ratio=1.22 (CI: (1.02, 1.48), P=0.030)). All three effect sizes were attenuated 

and no longer statistically significant after adjusting for sex, cohort, maternal education, and 

peri-pubertal SSB intake (Table 3). No statistically significant association was observed 

between Pb measured at any time point and D4MFT.
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To evaluate the effects of interactions between Pb exposure and SSB intake on D1MFT, we 

stratified study subjects at each life period into ≤ SSB median intake (low) and > SSB 

median intake (high) groups (Table 4). The rate ratio for the association between Pb 

exposure and D1MFT was greater among those in the high SSB than low SSB intake group 

for blood Pb levels measured at each time period but not for maternal bone Pb measures 

(Table 4). However, this was not true for the associations with D4MFT.

DISCUSSION

A limited number of population-based studies have examined the potential associations 

between Pb exposure and dental caries risks in adolescence, and to our knowledge, none 

have assessed the associations of Pb exposure at multiple sensitive life periods. In this 

secondary analysis of data from a Mexico cohort, we found signals suggesting potential 

associations between pre-natal (maternal) and childhood Pb lead levels and D1MFT but after 

adjusting for sex, cohort effect, mother’s education level and SSB intake, effect sizes were 

attenuated and no longer statistically significant. We found no associations with D4MFT, 

which measures more severe dental caries. There were no associations with post-partum 

maternal bone Pb levels with either D1MFT or D4MFT. Overall, we did not find strong 

evidence that Pb exposure was related to worse dental caries outcomes in permanent teeth. 

However, a stratified analysis suggested that high SSB intake during adolescence might act 

as a “second hit”, interacting with prenatal Pb exposure and lead to worse peri-pubertal 

dental caries outcomes.

Contrary to previous cross-sectional studies with Pb exposure information from one life 

period only [7, 8, 9, 15], we did not observe similar positive, statistically significant 

associations between Pb concentrations and dental caries presence among Mexico City 

adolescents, after adjusting for confounders. One potential reason for discrepancies include 

the cross-sectional nature; it could be that children with caries are also more susceptible to 

Pb deposition [32]. Moreover, previous studies have used logistic or linear regression, which 

do not consider the count nature of the outcome data and may over-inflate effect estimates. 

In contrast, we used a more conservative approach to modeling [33]. In addition, we used a 

longitudinal study design, and measured blood and bone Pb at multiple time points. 

However, our sample size was smaller than some of the earlier studies, which decreased our 

power to detect statistically significant associations.

Although not statistically significant, the largest effect estimates we found were from Pb 

measured during prenatal life and early childhood, suggesting there may be sensitive 

windows for effects of Pb on caries formation. Pb exposure during these early life timepoints 

likely would affect caries of primary teeth more directly than caries of permanent teeth [34]. 

Although we did not have information on primary teeth, other studies have reported 

correlations between caries of primary teeth and permanent teeth [35, 36, 37]; thus for our 

study, permanent caries may be a reasonable proxy for primary caries.

We observed a greater association with Pb levels among those consuming high (above the 

median in the population) levels of sugar sweetened beverages (SSB). This is in line with 

other evidence showing sugar or SSB exposure can increase risks of dental decay in 
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individuals with higher susceptibility due to other conditions, including hyposalivation, 

amelogenesis imperfecta (AI), dentinogenesis imperfecta (DI) and drug use [38]. For 

instance, individuals most prone to caries development typically have low salivary buffering 

capacity and a high sucrose diet with frequent carbohydrate exposure [39]. Other 

intervention papers suggested that limiting sugar intake was fundamental to reducing further 

problems in teeth affected by AI, a hereditary oral condition that affect enamel formation 

[40, 41]. Further mechanistic studies are needed to evaluate whether the effects of Pb on 

caries formation are exacerbated in the presence of sugar.

In addition to our longitudinal study design as well as blood and bone Pb measurements at 

multiple time points, our study had several other strengths. In order to understand the 

process of caries manifestation, we examined the potential associations between macro-, 

micro-nutrients intake, urinary/water fluoride content and DMFT scores in bivariate analyses 

before conducting adjusted analysis. In order to better model the DMFT count data with 

over-dispersion and excess zeros, we went through a rigorous model selection process, and 

found ZINB was the best model with the smallest AIC value [42, 43].

Dental caries is a complex biofilm dependent disease induced by multiple internal and 

external factors. A larger sample size and data elucidating biological mechanisms should be 

taken into account in future studies examining an association between Pb exposure and 

dental caries. To our knowledge, this is the first study that applied longitudinal study design 

to examine the association between Pb exposure and dental caries presence at multiple 

sensitive life periods. We were however, unable to reject the hypothesis that an elevated Pb 

level in early life are involved in cariogenic process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FFQ Food frequency questionnaire
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Highlights:

• Blood and bone lead measurements from multiple sensitive life periods.

• Associations between lead exposure and dental caries presence in permanent 

teeth.

• Sugar sweetened beverages intake can modify the associations between lead 

exposure and dental caries risks.
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Figure 1: 
Selection of ELEMENT subjects for the study.
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