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participant Recruitment and Data Collection

Center for Oral Health in Appalachia

The Center for Oral Health in Appalachia (COHRA) was initi-
ated as a joint venture between the University of Pittsburgh and 
West Virginia University to investigate the community-, fam-
ily-, and individual-level factors influencing oral health dispari-
ties in rural Appalachian communities of western Pennsylvania 
and northern West Virginia (Polk et al., 2008). The first research 
cohort recruited by COHRA (COHRA1) focused on households, 
with eligibility criteria stipulating that at least 1 biological  
parent-child pair be included per household. All other members 
of eligible households were invited to participant regardless of 
biological or legal relationships. Participants were enrolled 
without regard to their oral health status. All participants 
received complete intraoral examinations by licensed dentists 

and/or research dental hygienists. After calibration, inter- and 
intrarater agreement was high (Polk et al., 2008; Wendell et al., 
2010). DNA was obtained from a variety of sources, including 
blood, buccal swab, mouthwash, and saliva samples taken in 
Oragene kits from DNA Genotek (http://www.dnagenotek.com). 
Written informed consent was obtained from all adult partici-
pants, and verbal assent with written parental consent was 
obtained for all child participants. The procedures, forms, and 
protocols for the COHRA1 study were approved by institutional 
review boards (IRBs) at the University of Pittsburgh and West 
Virginia University.

Dental Strategies Concentrating on Risk evaluation

The Dental Strategies Concentrating on Risk Evaluation 
(SCORE) study was an ancillary project of the Heart SCORE 
project, a prospective longitudinal cohort study designed to 
investigate the factors contributing to racial and socioeconomic 
disparities in cardiovascular risk in adults (Aiyer et al., 2007a, 
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2007b) recruited from the Pittsburgh area; a subset of Heart 
SCORE participants also agreed to participate in Dental SCORE. 
Dental SCORE participants were enrolled without regard to 
their oral health status, and they received a dental screening by 
a research dental hygienist following the COHRA study proto-
cols summarized above. DNA was extracted from saliva sam-
ples obtained from Oragene kits from DNA Genotek. All 
participants provided informed consent, and all assessment 
protocols were approved by the University of Pittsburgh IRB.

Dental Registry and DnA Repository

The Dental Registry and DNA Repository (DRDR) was estab-
lished as a data warehouse to facilitate interdisciplinary research 
at the University of Pittsburgh. Patients seeking dental treatment 
at the University of Pittsburgh School of Dentistry were invited 
to participate. All patients were offered enrollment without 
regard to their specific oral health or medical status, and those 
participating provided a DNA sample via saliva samples taken 
in Oragene kits from DNA Genotek. DRDR samples are then 
linked to patient dental records. All participants provided writ-
ten consent for the future use of their genetic and dental pheno-
type data in research studies. The DRDR was approved by the 
IRB at the University of Pittsburgh.

iowa Head Start Study

The Iowa Head Start Study recruited low-income children aged 
3 to 5 yr of age who participated in federally subsidized Iowa 
Head Start programs (Slayton et al., 2005). Standardized in-
field dental examinations were performed to assess dental caries 
experience. Either buccal or saliva samples taken in Oragene 
kits from DNA Genotek were used to collect DNA. All partici-
pants provided assent with parental or legal guardian consent, 
and all protocols and procedures were approved by the IRB at 
the University of Iowa.

iowa Fluoride Study

The Iowa Fluoride Study is an ongoing study that originally 
recruited new mothers and newborns from 8 participating Iowa 
postpartum wards and followed their children longitudinally 
from birth through adulthood (Wang et al., 2012). The goal of 
the study is to quantify fluoride exposures from dietary and 
nondietary sources and to associate fluoride exposure with fluo-
rosis and dental caries. Standardized field dental examinations 
were conducted by trained dentists for children at aged 4 to 6 yr. 
DNA was obtained from blood, buccal swab, or saliva samples 
as part of a related study, the Iowa Bone Development Study. All 
study questionnaires and protocols were approved by the 
University of Iowa IRB; all parents provided informed written 
consent; and all children provided verbal assent.

Center for education and Drug Abuse Research

The Center for Education and Drug Abuse Research study 
recruited fathers with and without substance use disorder to 
prospectively investigate substance use risk factors in their off-
spring from the ages of 10 to 12 yr through 30 yr (Tarter and 
Vanyukov, 2001). A subset of the Center for Education and Drug 
Abuse Research cohort was recruited for genetic studies under a 

project titled Substance Abuse and the Dopamine System Genes 
(Vanyukov et al., 2004); study 12 of the NIDA Genetics 
Consortium: https://zork5.wustl/nida/study_description), and 
that cohort also had dental examinations conducted at the 
University of Pittsburgh School of Dental Medicine by cali-
brated dental hygienists. Blood samples were taken, and lym-
phoblast cells lines were established at the NIDA Center for 
Genetic Studies (https://zork5/wustl/nida). For the current study, 
DNA aliquots were obtained from the NIDA Center for Genetic 
Studies. Study questionnaires and protocols were approved by 
the University of Pittsburgh IRB, and all parents provided 
informed consent, along with assent from children.

Custom Genotyping panel

Participants were genotyped for a custom panel of single- 
nucleotide polymorphisms (SNPs) based on the Illumina 
GoldenGate platform (San Diego, CA, USA) by the Center for 
Inherited Disease Research at Johns Hopkins University. The 
content of the custom panel included tagging SNPs from 71 
genes of interest, as well as several hundred specific SNPs of 
interest. Although the genes of interest were chosen for a variety 
of reasons, most of them were included because they were 
nominated in 1 or more genome-wide association studies for 
oral health phenotypes. Nomination of these genes was made by 
virtue of their physical proximity to and/or linkage disequilib-
rium with associated SNPs in conjunction with the known biol-
ogy of the gene, previously reported experimental evidence, or 
a plausible role in the etiology of the oral health phenotype. The 
specific SNPs of interest (some of which are located in the 
aforementioned genes of interest) were chosen because they 
exhibited genetic associations with oral health phenotypes via 
genome-wide association studies. The content of the custom 
panel was chosen with the goal of replicating and fine mapping 
previously discovered associated loci for a variety of different 
oral health phenotypes, notably dental caries experience.

The nature of the Illumina GoldenGate platform allowed up 
to 3,072 SNPs to be simultaneously genotyped. Constraints on 
genotyping included the “designability score” for each SNP, 
which is a measure of the predictive genotyping success of a 
given SNP. In addition, no SNP could be within 60 bases of 
another SNP on the panel. The approach for choosing SNPs was 
as follows: 746 specific SNPs of interest, plus another 4,107 
SNPs located within genes of interest and having minor allele 
frequencies ≥ 0.02 and designability scores ≥ 0.8, were consid-
ered. This made for a total of 4,853 potential SNPs. With data 
from HapMap CEU subjects, a sliding window of 50 SNPs was 
employed to prune out any SNPs representing redundant infor-
mation as defined by multiple R2 > 0.95. This yielded 3,046 tag 
SNPs, of which 70 were omitted due to physical proximity to 
another tag SNP. This in turn yielded 2,976 custom SNPs. 
Another 96 ancestry informative “barcode” SNPs were included 
for a total of 3,072 SNPs on the custom panel.

Of the 3,072 SNPs attempted, quality genotypes were released 
from the Center for Inherited Disease Research for 2,662 
(86.7%), which is consistent with the expected success rate for 
this platform. Mean call rate per SNP was 0.9985 and ranged 
from 0.9689 to 1.0000. Genotypes were released for 5,354 (of 
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5502 attempted) samples, as well as 119 (of 126 attempted) 
blind duplicates and 237 HapMap controls. Genotyping success 
by DNA source was as follows: 1,499 of 1,512 attempted for 
blood samples, 138 of 194 attempted for buccal swabs, 214 of 
241 attempted for mouthwash samples, and 3,503 of 3,555 
attempted for saliva samples. Mean call rate per participant was 
0.9985 and ranged from 0.9409 to 1.0000. Estimated Mendelian 
consistency rate was 99.97%. Genotyping error rate as esti-
mated from blind duplicates was 0.0001.

Multidimensional scaling as implemented in PLINK (Purcell 
et al., 2007) was used to generate components of ancestry. Self-
reported race was consistent with genetically determined ances-
try. Self-reported sex was consistent with genetic sex. 
Self-reported biological relationships among participants were 
confirmed by genetic relatedness. Together, ancestry-, sex-, and 
familial relationship-checking procedures were used to verify 
the identity of the DNA samples.

Statistical Analyses

Genetic association was tested via linear regression separately in 
age- and race-stratified subsamples for each study. Only non-
Hispanic white and non-Hispanic black participants meeting age 
criteria were included in the present analysis (N = 3,587). Caries 
experience in the primary dentition, as measured by dfs index, 
was investigated in children aged 3 to 12 yr. Caries experience in 
the permanent dentition, as measured by DMFS, was investigated 
in adults 18 yr or older for COHRA, Dental SCORE, and DRDR 
and in adolescents and young adults 15 yr or older for CEDAR 
(which reflects the youth of this sample compared to the other 
adult cohorts). The reason for stratifying by age is that we antici-
pate that loci may have differential effects on caries experience of 
the primary and permanent dentitions. The reason for stratifying 
by race is that population structure (which would result in a mixed 
sample of participants from different racial groups) can lead to 
false-positive tests of association. Stratifying analyses by race 
safeguards against this type of statistical artifact.

Genetic association was tested for each SNP one at a time 
under the additive genetic model (i.e., genotypes were coded as 
the number of rare alleles: 0, 1, or 2). The additive model yields 
high statistical power even for loci that truly behave according to 
other common genetic modes of inheritance, such as dominance, 
incomplete dominance, and recessive models. Depending on 
allele frequency, the additive model may have reduced statistical 
power for loci that truly exhibit unusual modes of inheritance, 
such as overdominance and underdominance, which are generally 
not expected. Sex and age were included as covariates for all 
analyses. Additionally, the first 4 components of ancestry were 
included as covariates for analyses of blacks because individuals 
with African ancestry potentially exhibit population stratification.

Analyses in children were repeated using logistic regression 
to model a binary caries phenotype (i.e., yes/no; does the child 
have 1 or more carious teeth?). Covariate adjustments were 
identical to the linear regression modeling. The binary pheno-
type was considered because this was the modeling framework 
for the original genome-wide association study (Shaffer et al., 
2011) that nominated the genes that we investigated. This 
approach may be appropriate for identifying genetic loci that 

affect whether a participant is susceptible or fully resistant to 
dental caries, whereas the linear model approach may help iden-
tify loci that influence the severity of caries experience. Because 
of the very small proportion of caries-free adults, logistic regres-
sion modeling of the binary phenotype was not conducted for 
adults.

Stouffer’s inverse variance method of meta-analysis was used to 
combine results across cohorts based on the sample size, direction 
of effect, and p value of the association test. This method is appro-
priate even if the scale of effect sizes differs across cohorts, for 
example, due to differences in age ranges or phenotype distribution 
(primary vs. permanent dentition). Meta-analyses were performed 
for all white children, all black children, all children, all white 
adults, all black adults, all adults, and all participants.

Asymptotic p values are presented for all analyses, which, in 
principle, may be affected by the deviations of our caries pheno-
types from normality and the nonindependence among relatives 
in the COHRA sample. Specifically, the distributions of caries 
phenotypes are zero inflated, with long right tails. We have 
explored the impact of this nonnormality on linear models using 
genome-wide data. First, we have shown that asymptotic p val-
ues, such as those presented in this study, are not meaningfully 
different from true empirical p values generated via permuta-
tion. Second, we have applied a severe transformation to create 
exactly normally distributed transformed phenotypes, and we 
have shown that results of linear models were not meaningfully 
different. Given these exploratory analyses (data not shown) and 
our extensive experience working with dental caries pheno-
types, we conclude that the scientific interpretation of our mod-
els is likely unchanged despite any potential violations in model 
assumptions due to phenotype distribution.

We have also thoroughly explored the potential impact of 
nonindependence among participants on our models. In particu-
lar, the COHRA sample, which included households with chil-
dren from rural communities, includes a variety of relatives. The 
problem of nonindependence among the sample is partly miti-
gated by our analysis strategy that separated children from their 
adult parents. Moreover, we have previously calculated the 
genomic inflation factor (i.e., a measure of how inflated the  
p values are across many genetic association tests), which was 
approximately 1.05 for COHRA children (ranging from 1.03 to 
1.07, depending on exact phenotype and model) and approxi-
mately 1.00 for COHRA adults (ranging from 0.99 to 1.01). At 
the candidate gene level, this amount of genomic inflation does 
not alter the scientific interpretation of results. For example, an 
asymptotic p value of .001 would still round to .001 after adjust-
ment for genomic inflation factor of 1.05. In addition, we have 
previously explored the consistency of results from regular lin-
ear models that ignore the relatedness among participants to 
variance components methods (Almasy and Blangero, 1998) 
that condition on the known relatedness. Such analyses have 
shown that results were not meaningfully different (results not 
shown). Therefore, we conclude that the degree of relatedness 
among our sample does not affect the scientific interpretation of 
our results. For the present study, the issue of relatedness in the 
COHRA children sample is further marginalized, given that the 
benchmarks for interpreting our results are based primarily on 
replicating genetic associations in additional samples.
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