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Abstract: We conducted a Bayesian 
analysis of the association between 
family-level socioeconomic status 
and smoking and the prevalence of 
dental caries among siblings (children 
from infant to 14 y) among children 
living in rural and urban Northern 
Appalachia using data from the 
Center for Oral Health Research in 
Appalachia (COHRA). The observed 
proportion of siblings sharing caries 
was significantly different from 
predicted assuming siblings’ caries 
status was independent. Using a 
Bayesian hierarchical model, we found 
the inclusion of a household factor 
significantly improved the goodness 
of fit. Other findings showed an 
inverse association between parental 
education and siblings’ caries and a 
positive association between households 
with smokers and siblings’ caries. Our 
study strengthens existing evidence 
suggesting that increased parental 

education and decreased parental 
cigarette smoking are associated 
with reduced childhood caries in 
the household. Our results also 
demonstrate the value of a Bayesian 
approach, which allows us to include 
household as a random effect, thereby 
providing more accurate estimates 
than obtained using generalized linear 
mixed models.

Knowledge Transfer Statement: 
Siblings living in the same household 
tend to share caries status, and 
selected household factors, such as 
parental education and smoking, 
are strongly associated with caries 
development among siblings. These 
high-risk households might be targeted 
for appropriate educational and other 
interventions to reduce caries risk.

Keywords: Appalachia, oral health, 
smoking, child, family characteristics, 
decay probability

Introduction

Childhood dental caries is associated 
with household characteristics, such as 
socioeconomic status (SES) and parental 
smoking (Harris et al. 2004; Tanaka 
et al. 2009; Paula et al. 2012). Tests of 
household effects are stronger if siblings 
living in the same household are studied 
simultaneously, as that study design 
allows us to test if the same environment 
acts equally on individuals with shared 
genetic traits associated with dental 
decay: tooth morphology, salivary flow, 
and immune responses (Wendell et al. 
2010; Werneck et al. 2010). However, 
even though it is commonly believed that 
rates of dental decay in children from the 
same household are highly correlated, 
we found no previous cross-sectional 
studies that directly tested this belief. We 
thus designed an analysis to measure 
childhood caries and its association with 
SES and smoking factors while using a 

JCTXXX10.1177/2380084417698103JDR Clinical & Translational ResearchAssociation between Family-Level Factors and Siblings’ Dental Caries
research-article2017

DOI: 10.1177/2380084417698103. 1Department of Biology, University of Northern Iowa, Cedar Falls, IA, USA; 2Departments of Dental Public Health and Information 
Management, and Oral Biology, University of Pittsburgh, School of Dental Medicine, Pittsburgh, PA, USA; 3Center for Oral Health Research in Appalachia, University 
of Pittsburgh, PA, USA, and West Virginia University, Morgantown, WV, USA; 4Departments of Psychology and Dental Practice & Rural Health, West Virginia University, 
Morgantown, WV, USA; 5Department of Periodontics West Virginia University, School of Dentistry, Morgantown, WV, USA; 6Center for Craniofacial and Dental Genetics, 
Department of Oral Biology, University of Pittsburgh School of Dental Medicine, Pittsburgh, PA, USA; 7Department of Human Genetics, University of Pittsburgh Graduate School 
of Public Health, Pittsburgh, PA, USA; 8Clinical and Translational Sciences, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA; 9Center for Molecular and Clinical 
Epidemiology of Infectious Diseases, University of Michigan School of Public Health, Ann Arbor, MI, USA. Corresponding author: B. Foxman, Center for Molecular and Clinical 
Epidemiology of Infectious Diseases, University of Michigan School of Public Health, 1415 Washington Heights, Ann Arbor, MI 48109, USA. Email: bfoxman@umich.edu

Bayesian Analysis of the 
Association between Family-
Level Factors and Siblings’ 
Dental Caries
A. Wen1, R.J. Weyant2,3, D.W. McNeil3,4, R.J. Crout3,5, K. Neiswanger3,6, M.L. Marazita3,6,7,8,  
and B. Foxman9

http://doi.org/10.1177/2380084417698103


Vol. 2 • Issue 3 Association between Family-Level Factors and Siblings’ Dental Caries

279

household variable to measure the level 
of nonindependence of childhood caries 
among siblings.

Similar studies often use generalized 
linear mixed models (GLMMs) to model 
childhood caries and its associations 
with SES or environmental factors. 
GLMMs have several strengths but also 
limitations. A primary limitation is that 
they estimate the effect of household 
factors as one value using data from 
all of the households. By contrast, 
the Bayesian approach we took 
includes household as a random effect 
and generates an estimate for each 
household, providing a more direct and 
accurate estimate of household factors. 
Therefore, applying a Bayesian method 
to evaluate the association of household 
characteristics on siblings’ dental decay 
will provide a more accurate estimate for 
the strength of any observed associations 
between household variables and dental 
decay.

We demonstrate the value of using 
the Bayesian approach by examining 
the association of household income, 
education, and smoking on risk of 
dental decay among siblings living in 
the same household. Parental income 
and education are two of the best-
documented family-level SES factors 
related to dental decay (Oliveira et al. 
2008; Nunn et al. 2009; Li et al. 2010;  
Wigen et al. 2011; Bernabé et al. 2012; 
Paula et al. 2012). Parental smoking 
during and after pregnancy is associated 
with an increased prevalence of 
childhood caries (Tanaka et al. 2009; 
Hanioka et al. 2011; although also see 
Leader 2014). Smoking has a direct effect 
on the oral microbiome of smokers, 
reducing the diversity of the microbiota 
(Thomas et al. 2014), increasing 
colonization with cariogenic bacteria 
(Hanioka et al. 2011), and leading to the 
production of an unstable dental biofilm 
(Kumar et al. 2011).

We used data collected by the Center 
for Oral Health Research in Appalachia 
(COHRA) that enrolled families (cohort 
COHRA1). Appalachia has high rates 
of poverty and unemployment with 
less educational attainment than the 

country as a whole (McNeil et al. 
2012; Polk et al. 2015). We limited our 
analysis to households where at least 
2 children (each 14 y or younger) 
and 1 or more adults enrolled. We 
hypothesized that the prevalence of 
dental caries among siblings is not 
independent and that including a 
household effect would improve model 
fit in predicting childhood caries. We 
also hypothesized that after taking the 
household concordance into account, the 
household’s income, parent’s education, 
and the presence of smokers would 
be associated with the prevalence of 
childhood caries.

Methods

Recruitment and Data Collection

Participants were recruited and 
examined by the COHRA (cohort 
designation COHRA1); for details on the 
study protocol, see Polk et al. (2008). 
Briefly, recruitment began in 2003 in 4 
West Virginia and Pennsylvania rural 
counties and an urban site in Pittsburgh, 
Pennsylvania. Eligible households had 
at least 1 parent-child pair, in which the 
participating child was the biological 
child of a participating parent. Everyone 
living in an eligible household was 
invited to participate in the study, 
regardless of biological or legal 
relationship. A total of 3,074 participants 
from 862 nuclear families were enrolled, 
among whom 1,400 were children and 
adolescents (age ≤14 y). Participants 
received standard periodontal and caries 
screenings by a licensed and calibrated 
dentist or dental hygienist, and sound 
and carious teeth were identified to 
calculate the dft (decayed and filled) 
and DMFT (decayed, missing, and filled) 
score for primary and permanent teeth, 
respectively (for detailed enrollment and 
examination procedure, see Polk et al. 
2008). Because white spot lesions can 
remineralize, they were not included in 
the calculation of dft or DMFT. The study 
protocol was reviewed by the University 
of Pittsburgh Institutional Review Board 
(coordinating center approval #0207073, 
Pennsylvania site approval #0506048) 

and West Virginia University Institutional 
Review Board (approval #15620B).

For this analysis, we chose the 333 
COHRA households with at least 2 
participating children aged 14 y or 
younger. This included 837 children 
and adolescents from 110 families in 
Pennsylvania and 223 families in West 
Virginia. We excluded families that had 
missing data (child age, child sex, SES, 
and smoking variables). Participants 
were classified as having dental caries 
if the dft or DMFT score was at least 
1. At the time of examination, adults 
and adolescents >14 years completed 
self-report questionnaires regarding 
individual income, education, and 
smoking habits. On average, 1.68 ± 0.58 
adults per household completed the 
questionnaire.

We included all enrolled adults 
from each household regardless of 
relationship to participating children 
on the grounds that their income and 
behaviors inevitably have an influence 
on the household’s children. Of the 
560 participating adults, 72 were not 
identified as parents of the participating 
children. As not all adults from the same 
household were enrolled, we estimated 
the household income using the average 
income/person based on the self-
reported personal income of enrolled 
adults and older siblings (>14 y) (see 
Table 1 footnote for details). Parental 
education was estimated as the average 
of self-reported years of education of 
enrolled adults in each household. 
The presence/absence of smokers in 
each household was determined based 
on response to the question, “Do you 
currently smoke cigarettes?” We included 
answers from adults and adolescents 
in determining if there was household 
cigarette exposure.

Data Analysis

To estimate the probability of 
developing caries by age, we plotted 
Kaplan-Meier survival curves. For this 
analysis, we treated birth as the first 
observation (when all children should 
be caries free) and estimated time to 
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survival without caries at the age of our 
examination. We repeated this analysis, 
stratifying by parents’ education level 
(with or without high school degrees) 
and presence of smokers in their 
household. Each child was treated 
independently to generate the survival 
curves without considering household 
effects.

We next examined the level of dental 
decay/health concordance among 
siblings in participating families. We 
calculated the probability of all children 
in the household showing concordance 
(i.e., all decayed or all healthy) under 
the null condition, where each child’s 
decay probability was independent from 
his or her siblings. (For example, in a 
population where the probability of 
developing caries is 0.5, in households 
with 2 children that are independent, 
the probability that both children are 
decayed or healthy is 0.5 * 0.5 + 0.5 * 
0.5 = 0.5; in households with 3 children, 
the probability is 0.5 * 0.5 * 0.5 + 0.5 
* 0.5 * 0.5 = 0.25.) We then counted 
the number of households showing 
concordance and divided it by the total 
number of households to estimate the 
observed probability of households 
with concordance. Last, we assessed 
whether the observed probabilities were 
statistically different from the expected 
using a χ2 test. A significant test indicates 
household concordance, which means 
children from the same family are more 
likely to all have caries or all have 
healthy teeth.

Next, we constructed a Bernoulli 
trial to model the binomial probability 
of caries development (i.e., use 
“success” or “failure” in Bernoulli trial 
to model “caries” or “no caries”) of 
the participants. The probability of 
the Bernoulli trial was formulated as a 
logistic linear function. We then used a 
GLMM to model the association between 
predictable variables and the probability 
of dental caries ( Javali and Pandit 
2007). As shown in Figure 1, among the 
participants, age was a strong predictor 
of caries development. Therefore, in the 
most basic model (“Base model” in Table 
2), the probability in the Bernoulli trial 

Table 1.
Sociodemographic Characteristics of Study Participants.

Characteristic Value

Number of participants (age ≤14 y) 837

   Age, mean ± SD 7.26 ± 3.7

   Male 424 (50.7)

   Female 413 (49.3)

   Without caries 411 (49.1)

   With caries 426 (50.9)

Number of families 333

   Pennsylvania 110 (33.0)

   West Virginia 223 (67.0)

   Family with only healthy children 80 (24.0)

   Family with only carious children 88 (26.4)

   Family with carious and healthy children 165 (49.6)

Average number of children/family 2.51 ± 0.84

   Family with 2 children 210 (63.1)

   Family with 3 children 91 (27.3)

   Family with more than 3 children 32 (9.6)

Average family per person incomea 2.74 ± 1.72

   Family with per person income scale 1 to 3 229

   Family with per person income scale 4 to 6 93

   Family with per person income scale 7 to 10 11

Average adult education (y)b 13.12 ± 2.16

   Adult with less than high school education 67 (20.1)

   Adult with high school education 91 (27.3)

   Adult with some college education 124 (37.2)

   Adult with college education 28 (8.4)

   Adult with more than college education 23 (6.9)

Number of families with smokers 151 (45.3)

Average number of smokers per familyc 1.37 ± 0.56

   Family with 1 smoker 100 (30.0)

   Family with 2 smokers 47 (14.1)

   Family with more than 2 smokers 4 (1.2)

Children aged 14 and younger enrolled in the Center for Oral Health Research in Appalachia (COHRA, cohort 
COHRA1) from the 333 households where 2 or more children aged 14 y or younger participated. Values are 
presented as mean ± SD or number (%).
aFamily’s average annual income/person is calculated as the average income per individual based on scaled 
personal income from enrolled adults and older children (>14 y) who reported income. The scale was 1 = 
less than $10,000, 2 = $10,000 to $14,999, 3 = $15,000 to $24,999, 4 = $25,000 to $34,999,  
5 = $35,000 to $49,999, 6 = $50,000 to $74,999, 7 = $75,000 to $99,999, 8 = $100,000 to $149,999,  
9 = $150,000 to $199,999, and 10 = $200,000 or more.
bAverage adult education is calculated as the average number of years of education among enrolled adults 
in the family.
cCalculated only among families with smokers.
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was modeled as a response variable with 
the participant’s age as the explanatory 
variable. We used a probability-based 
Bayesian inference with a noninformative 
prior (normal distributions with small 
precision) to estimate the posterior 
distribution of β 

age
.

Caries / No Caries = Bernoulli Bern_p( ).

Logit Bern_p  =  + Age * 

Base model

age( )
( )

α β

.

From the base model, we included 
the participant’s sex as a fixed effect in 
the logistic linear function (model 1). 
We then calculated and compared the 
deviance information criterion (DIC, 
a Bayesian equivalent to the Akaike 
information criterion [AIC]) to determine 
whether the additional variable improved 
the goodness of fit in the models. This is 
measured by the difference between the 
2 models’ DIC value (aka ΔDIC). If ΔDIC 
is greater than 5, it indicates the model 

with the smaller DIC is a better fitted 
model. Adding sex did not improve the 
model fit (ΔDIC <5) over the base model. 
Therefore, in the following analyses, sex 
was not included as a fixed effect.

We then included household as a 
random effect (model 2) to assess 
whether the caries development of 
siblings living in the same household is 
modified by the effect of household.

Logit Bern_p  = + Age * 

+ ,  model 2

age age

household

( )
( )

α β

γ µ σ (( ).

(In the above model, µ and σ are 
the mean and variance of the normal 
distribution, from which the household 
random effect was drawn.)

If the household effect significantly 
increases the model fit, it indicates that 
caries development among siblings is 
jointly affected by household factors. We 
further constructed hierarchical models to 
provide a more robust examination of how 
household socioeconomic factors modify 

the random household effects (models 
3 to 8 in Table 2). We then applied the 
Bayesian model selection criteria (DIC) as 
described above to compare and choose 
the most parsimonious model with the 
best fit. For these models, the mean of 
the normal distributions from which the 
random household effects were drawn was 
constructed as a response variable. The 
explanatory variables were the household 
SES and smoking factors and combinations 
of these factors, including income, parent 
education, and smoking status (Table 2; 
see model 3 below as an example).

Logit Bern_p  = + Age * 

+ ,

age age

household

( )
( )

α β

γ µ σ .

µ α β = + * Household_Income 

model 3
random income

( ).

After using DIC to select the most 
fitted model, we further examined the 
posterior expectation of the top model 
to interpret what factors were most 

Figure 1. Kaplan-Meier prediction showing time to the first caries development among 837 children younger than 14 y participating 
in Center for Oral Health Research in Appalachia (COHRA, cohort COHRA1). (a) Overall survival; dotted lines indicate 95% confidence 
intervals. (b) Stratified by parental education and presence of a smoker in the household. Parents with ≤12 years of education are 
categorized as “≤ high school”; parents with >12 years of education are categorized as “some college or more.”
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associated with the caries probability 
among participants.

Last, we fit a logistic regression model 
to examine whether SES and smoking 
factors are associated with concordance 
of caries development in the family. The 
logistic regression modeled each family’s 
caries concordance as the dependent 
variable, in contrast to the Bayesian 
method that modeled the probability 
of each individual participant’s dental 
caries. The logistic regression model 
included parental education, family 
income, presence in the household of 
a cigarette smoker, and an indicator of 
whether some siblings were ≤4 y as 
explanatory variables.

Results

Participating children averaged 7 y 
of age and were evenly distributed 
by sex (Table 1). The Kaplan-Meier 
survival analysis predicted that half 
of the children would have caries 
(DMFT >0) by age 10, and virtually all 
children would have caries by age 14 y 
(Fig. 1a). When stratified by parental 
education and presence of smokers in 
the household, children from households 

whose parents had more than 12 y of 
education and where no household 
member smoked cigarettes were least 
likely to develop caries (Fig. 1b).

Overall, over half (50.9%) of 
participants had dental caries (Table 1). 
In 26% of the households (88/333), all 
children had dental decay, and in 24% of 
the households (80/333), all children had 
healthy teeth (Table 1). In families with 
2 children, the probability of household 
dental concordance under the null 
condition (i.e., if one child’s dental caries 
development was independent from his 
or her sibling) was 0.50 (calculated by 
0.509 * 0.509 + 0.491 * 0.491 = 0.500162), 
while the observed proportion was 0.62 
(130 of 210 households), a significant 
difference (χ2 P = 0.0005). Similarly, in 
families with 3 children, the observed 
proportion (32 of 91 households) was 
significantly (χ2 P = 0.02) higher than 
the null 0.25; in families with 4 children, 
the observed (6 of 23 households) was 
higher than the null (χ2 P = 0.04).

As shown in Table 2, when predicting 
dental caries, including a random 
household effect significantly improved 
the goodness of fit compared with the 
base model that only included age as a 

fixed effect (i.e., model 2 ΔDIC = 13.26 
compared with the base model). This 
suggests that the probability of dental caries 
among siblings from the same household 
is not independent. The household effect 
was inversely associated with household 
income and parents’ education (Fig. 2). 
This suggests that an increased household 
income and parental education reduces 
siblings’ caries probabilities. On the other 
hand, the presence of smokers in the 
household increased siblings’ probability of 
dental caries.

An analysis of the goodness-of-fit 
measurements of candidate hierarchical 
models suggests that the strongest 
contributor to random household effects 
is the level of parental education (Table 
2). The presence of smokers in the 
household was also a strong contributor 
to siblings’ caries development. Model 
6 (including parental education and 
smoker presence) had the lowest 
DIC among all candidate models, 
while model 4 (only including parent 
education) and model 8 (parent 
education and household income) were 
of equally good fit (ΔDIC <5).

The posterior expectation of the top 
model (model 6) shows that children’s 

Table 2.
Predictions of Individual Caries Risk among Children Younger Than 14 y Participating in Center for Oral Health Research in Appalachia 
(COHRA, Cohort 1): Candidate Models, Model Parameters, and Deviance Information Criterion (DIC) for Individual and Household Factors.

Model

Parameters

DIC ΔDICFixed Random

Base Age NA 996.789 29.889

1 Age, sex NA 998.661 31.761

2 Age Household 983.532 16.632

3 Age Household (depending on annual income) 977.664 10.764

4 Age Household (depending on parent education) 969.646 2.746

5 Age Household (depending on smoker status) 975.418 8.518

6 (top model) Age Household (depending on parent education and smoking status) 966.9 0

7 Age Household (depending on annual income and smoking status) 972 5.1

8 Age Household (depending on annual income and parent education) 969.5 2.6

NA, random effect was not included in the base model or Model 1.
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caries probability increases with age and 
is affected by their parents’ educational 
history and the presence of smokers in 
the household (Fig. 3). The probability of 
caries decreased when children’s parents 
had more education, while the presence 
of cigarette smokers in the household 
increased the chance that siblings had 
tooth decay.

Results of a logistic regression model 
using household’s caries concordance 
as a dependent variable gave some 
additional insights: when all children 
were older than 4 y, the probability that 
all children had caries was significantly 
higher (odds ratio [OR], 6.58; 95% 
confidence interval [95% CI], 3.82–
11.72) than in households with children 
younger than 4 y. Consistent with the 
Bayesian models, after controlling for 
siblings’ age, the presence of smokers 
significantly increased the probability 

that all children in the household had 
caries (OR, 2.21; 95% CI, 1.29–3.82), and 
increased parental education (OR, 0.83; 
95% CI, 0.72–0.95) and higher household 
income (OR, 0.78; 95% CI, 0.65–0.93) 
were associated with decreased caries 
concordance in siblings.

Discussion

We used a Bayesian approach to 
specifically model the association of 
household factors on caries status of 
individual siblings living in a household 
and used a logistic regression model to 
model siblings’ caries concordance as 
the dependent variable. The results were 
complementary, showing an association 
between household variables, specifically 
parental education and presence of a 
cigarette smoker, and concordance of 
dental decay among siblings.

Of the household factors we examined, 
parents’ educational level was most 
strongly associated with siblings 
having caries. This is consistent with 
other studies that document a strong 
association between child’s dental health 
and parental education (Finlayson et al. 
2007; Wigen et al. 2011; Paula et al. 2012; 
Kumar et al. 2014). Parental education 
may be associated with other known 
dental caries risk factors such as diet 
and oral hygiene habit of the children, 
which change children’s oral microbial 
community and consequently change the 
probability of dental decay. Furthermore, 
parents with greater education—even if 
of lower income—may be more likely to 
be aware of and take advantage of dental 
health services. Moreover, individuals of 
higher educational attainment are less 
likely to smoke cigarettes (Centers for 
Disease Control and Prevention 2013).

Figure 2. Associations of a random household effect and (a) income, (b) parental education, and (c) presence of a smoker in the 
household. Income is measured as scaled (1–10) personal income (see Table 1 legend for details). Results from predictions of individual 
caries risk among children younger than 14 y participating in the Center for Oral Health Research in Appalachia (COHRA, cohort COHRA1), 
including age as a fixed effect and a random household effect (model 2 in Table 2).
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However, even among households 
with higher parental education, the 
presence of smokers was associated with 
a 2-fold increase in the probability that 
the children would have caries. Postnatal 
exposure to environmental tobacco 
usage may increase the probability of 
dental caries by suppressing immune 
system function (Kum-Nji et al. 2006), 
increasing growth of cariogenic bacteria 
(Zonuz et al. 2008), or be a marker 
of poorer hygiene, dietary habits, or 
health habits that contribute to caries 
development (Tanaka et al. 2009; 
Nakayama and Mori 2015). Parental 
tobacco usage can significantly decrease 
bacterial species richness and modify the 
stability and variability of oral biofilm of 
smokers and other household members 
(Thomas et al. 2014). Transmission of 
bacteria from mother and other family 
members to infants is essential to the 
initial establishment of an oral microbial 
community in children (Li et al. 2007) 
and therefore may also partially explain 
why the presence of a smoker in the 
household influenced the probability of 

dental caries among children living in 
the household.

Smoking was measured by self-report 
of parents and adolescents older than 
14 y. For almost half of the households 
(45.3%), we had a report of smoking 
by at least 1 parent or by children older 
than 14 y. However, we had no direct 
measures of the amount that household 
children were exposed to cigarette 
smoke. An analysis that attempted 
to take into account the number of 
cigarettes smoked by parents and older 
children produced a similar but more 
complicated picture: while lower income 
participants were more likely to smoke, 
they smoked fewer cigarettes per day, 
probably because of the cost. This is 
consistent with previous studies showing 
that intensity of cigarette consumption 
is sensitive to price (Cavazos-Rehg et al. 
2014; MacLean et al. 2016). Our results 
would be strengthened if we could 
have included a more accurate measure 
of exposure to cigarette smoking. 
Nonetheless, our findings support the 
existence of an association between 

exposure to cigarette smoke and caries 
risk.

The association of household 
variables and childhood caries was 
not independent: there was interaction 
between the presence of smokers in 
the household and parental education. 
Note that in Figure 1b, among families 
with lower parental education (high 
school or less), the presence or absence 
of smokers did not change the survival 
curve as significantly as in families with 
higher parental education (some college 
or more); nonetheless, the posterior 
output from the top model (model 6) 
suggests that including smoker presence 
can improve the goodness of fit. 
However, the survival curves in Figure 
1b categorized parental education only 
into 2 categories (“high school or less” 
and “some college and more”), while in 
the model, education was a continuous 
variable. Thus, the latter has more power 
to examine the effect of smoker presence 
across all educational levels, and the 
posterior output is an average effect 
across all levels.

Figure 3. Change in children’s caries probability by age, conditioned on parental education and presence of a smoker in the household. 
Model predictions of individual caries risk among children younger than 14 y participating in the Center for Oral Health Research in 
Appalachia (COHRA, cohort1).
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Use of hierarchical Bayesian modeling 
is relatively rare in the dental literature, 
although the Bayesian approach has 
been applied for studies modeling 
DMFT using zero inflated Poisson and 
negative binomial models (Matranga 
et al. 2014). Bayesian analysis has the 
advantage of easier interpretation of 
estimated parameters and probability, 
reduced bias associated with small 
samples compared with maximum 
likelihood procedures, and the ability to 
explicitly incorporate prior information 
(Matranga et al. 2014). Meanwhile, the 
tendency of data misinterpretation of the 
traditional hypothesis testing has been 
noticed (Kagereki et al. 2016), as well as 
the advantage and strength of Bayesian 
methods in medical science (Gurrin 
et al. 2000). For comparison, we ran a 
GLMM, using each participant’s caries 
status as the dependent variable, as well 
as parents’ education and the presence 
of smoker as explanatory variables, 
and included a random variable to 
account for each household (note this 
is different from the logistic regression 
model using the household’s caries 
concordance as the dependent variable). 
The GLMM yielded similar results to 
our Bayesian analysis, showing that 
increased parent education significantly 
reduced (OR, 0.87; CI, 0.7–0.93) while 
the presence of smokers significantly 
increased (OR, 1.44; CI, 1.02–2.14) the 
probability of caries development in 
the participants. However, unlike the 
Bayesian hierarchical method, which 
drew different random effects for 
each household, GLMM yielded only 
1 random household effect for all the 
households to fit the linear regression. 
The Bayesian approach allowed us to 
maximize the inferences we drew from 
the observations about which household 
factors are most strongly associated with 
participant’s dental caries.

One study limitation is the quantifica-
tion of the SES and environmental smok-
ing variables of participating families. 
We used self-reported smoking behavior, 
family income, and parental education, 
which were subject to errors. For almost 
half the households, we had information  

for only 1 adult, and thus it is likely that 
we have incomplete information on 
income and exposure to smoke. Adults 
living in the same household likely are 
correlated with respect to education, so 
the bias in this variable may be some-
what less. If 2 adults participated, we 
averaged the values to calculate per per-
son income and average adult education. 
This might have truncated the distribu-
tions and shifted the means downward. 
However, we did observe wide ranges in 
income and education (Table 1). Families 
with extreme values of income and edu-
cation might potentially skew the analy-
sis if data were analyzed using conven-
tional statistics like linear regression (as 
shown in Fig. 2a, b, the 1 point on the 
right edge might be driving the regres-
sion). A strength of our use of Bayesian 
analysis is that it reduces the effect of 
extreme values compared with conven-
tional analyses.

In summary, we examined the 
association between household variables 
and the prevalence of dental caries in 
siblings in a high-risk population, where 
an estimated 50% of all children have 
dental caries by age 10 y. Our results 
suggest siblings tend to be concordant 
with respect to dental caries. In addition, 
by using the prevalence of dental caries 
among siblings as the outcome, our 
results control for effects of household 
behaviors and genetic predisposition, 
strengthening the evidence that 
increasing parental education and 
decreasing parental cigarette smoking 
might improve oral health.
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