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Abstract: Introduction: Most research examining vitamin D and dental caries focuses on children
and younger adults. This study investigated the association between vitamin D levels and dental
caries in older adults using data from the United States National Health and Nutrition Examination
Survey from 2011 to 2016. Methods: Data were analyzed from 2723 participants aged 65 years and
older who completed both dental examinations and serum 25(OH)D tests. Dental caries assessments
included the decayed, missing, and filled teeth (DMFT) index and the presence of untreated dental
caries. Vitamin D levels were measured as serum 25(OH)D concentrations and categorized as
severely deficient (<25 nmol/L), deficient (25-49.9 nmol/L), insufficient (50-74.9 nmol/L), and
normal (>75 nmol/L). Logistic regression and Poisson regression models were used to assess the
association between vitamin D levels and dental caries, adjusting for demographic factors. Results:
The mean DMFT score was 17.73 £ 8.34, with 35.1% of participants having untreated dental caries.
Vitamin D deficiency was associated with a 1.44 times higher likelihood of untreated caries (95% CI:
1.15, 1.81), which weakened after adjustment for demographic factors (adjusted OR: 1.23, 95% CI:
0.97, 1.55). Severe vitamin D deficiency correlated with a 1.13 times higher DMFT score (95% CI: 1.06,
1.20), with the association remaining similar after adjustment (adjusted RR: 1.12, 95% CI: 1.05, 1.20).
Significant differences in vitamin D levels were observed across gender, race/ethnicity, and country
of birth. Conclusions: This study suggests the potential importance of adequate vitamin D levels for
maintaining dental health among older adults. Vitamin D deficiency is associated with a higher risk of
poorer DMFT scores. Public health strategies that include vitamin D screening and supplementation,
particularly for high-risk groups, may improve oral health outcomes in the older adult population.
Further research is needed to elucidate the mechanisms by which vitamin D influences dental health
and the potential for vitamin D supplementation to reduce the burden of dental caries in older adults.
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1. Introduction

Tooth decay, also known as dental caries, is a widespread chronic disease primarily
caused by tooth-adherent cariogenic bacteria, notably Streptococcus mutans, Lactobacilli, and
Streptococcus sobrinus [1,2]. These bacteria metabolize dietary sugars, producing acids as
metabolic byproducts. The resultant acidic environment gradually causes the deminer-
alization of the tooth structure over time [3]. The progression of dental caries is heavily
influenced by alterations in the biofilm microbiota within the oral cavity. Frequent sugar

Nutrients 2024, 16, 2307. https:/ /doi.org/10.3390/nul16142307

https:/ /www.mdpi.com/journal /nutrients


https://doi.org/10.3390/nu16142307
https://doi.org/10.3390/nu16142307
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0003-2827-3740
https://orcid.org/0000-0001-7277-1291
https://doi.org/10.3390/nu16142307
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu16142307?type=check_update&version=1

Nutrients 2024, 16, 2307

20of9

consumption shifts the oral environment towards a more acidogenic and aciduric state,
favoring the proliferation of acid-producing bacteria [4]. This shift in the biofilm’s micro-
bial composition disrupts the natural balance, promoting conditions that enhance acid
production. As the acidic environment persists, it facilitates a net loss of minerals from the
tooth’s hard tissues, such as enamel and dentin; over time, this demineralization process
can lead to the formation of visible carious lesions, commonly seen as cavities or holes in
the teeth [5].

Histologically, carious tissue can be divided into four distinct zones, with three of
these zones being visible clinically [1]. The outermost layer is a necrotic and contaminated
zone, which contains a microbial biofilm with a high microbial load. This layer is heavily
infected and represents the most deteriorated part of the carious lesion. Beneath this is the
zone of demineralization. This area is characterized by an anaerobic atmosphere, which
fosters further breakdown of the tooth structure. Clinically, this zone correlates with what
is referred to as “leathery dentine”, a softer, more pliable form of dentine that can be easily
excavated during dental procedures. The innermost zone, which lies near the pulp, is called
the translucent zone. This zone comprises firm but softer dentine and is characterized
by demineralization. Notably, this area is free from microorganisms due to their inability
to penetrate to such depths [6]. This lack of microbial presence is a key differentiator
from the more superficial zones of the carious lesion. The prognosis of dental caries is
multifactorial and depends on the patient’s overall health, oral hygiene practices, and the
extent and severity of the carious lesions [7]. Early intervention plays a crucial role in the
management of dental caries. Radiographic interpretation and clinical assessment such as
visual and tactile perceptions are considered conventional methods for caries assessment.
Using these methods would provide a better estimation of lesion depth [8]. Caries risk
assessment (CRA), such as CAMBRA (Caries Management by Risk Assessment), is also
an important tool for the successful management of dental caries. This evidence-based
approach assesses factors that contribute to caries and can help design treatment plans to
arrest dental caries in the early stages and prevent cavity formation [9]. For example, in
its initial stages, carious lesions can often be reversed through remineralization strategies,
such as fluoride treatments and improved oral hygiene. However, once decay progresses
to more advanced stages, restorative treatments become necessary to repair the damaged
tooth structure [10]. These treatments may include fillings, crowns, or more extensive
procedures like root canals, depending on the severity of the decay.

Vitamin D, a fat-soluble vitamin, is essential for regulating calcium and phosphate
metabolism [11], which is essential for maintaining healthy bones and teeth. The primary
sources of vitamin D include exposure to sunlight, dietary intake, and supplementation [12].
This vitamin promotes the absorption of calcium and phosphate and contributes to the min-
eralization and overall health of the skeletal system. Research has established a significant
link between vitamin D deficiency and two major oral health issues: tooth decay (dental
caries [13-15]) and periodontitis [16]. Inadequate vitamin D levels can weaken teeth, mak-
ing them more susceptible to cavities, fractures, and decay [17]. This susceptibility arises
because insufficient vitamin D impairs the remineralization of the tooth structure, reducing
the tooth’s ability to resist the acidic byproducts produced by cariogenic bacteria. Moreover,
lower levels of vitamin D are associated with a higher risk of periodontitis, a severe gum
disease that affects the tissues supporting the teeth. This increased risk is attributed to vita-
min D’s role in modulating the immune system and its anti-inflammatory properties [18].
A deficiency can compromise the immune response, leading to increased inflammation and
a greater likelihood of tissue breakdown and infection around the teeth [19].

In older adults, insufficient vitamin D impairs the absorption of calcium and phos-
phorus, adversely affecting the mineralization of tooth enamel and weakening the tooth’s
natural defense mechanisms against cariogenic bacteria and acidic byproducts. In older
adults, dentine consists of a narrower dentinal tubule that increases calcification, reduces
the amount of peritubular fluid, and reduces sensitivity [20]. Additionally, older teeth have
less water content, which leads to lower toughness and becoming more brittle [21]. While
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several studies demonstrate a potential association between vitamin D levels and the preva-
lence of dental caries [22,23], the evidence remains inconclusive. This ambiguity is likely
due to variations in study design, differences in population selection, and inconsistencies in
disease diagnosis criteria across different studies [24,25]. These methodological differences
can lead to varied results, making it challenging to draw definitive conclusions about the
relationship between vitamin D and dental caries.

Adding to the uncertainty is that most studies examining the association between
vitamin D and dental caries have focused on children and younger adults. In contrast,
there is a relative paucity of research investigating this relationship within the older adult
population [26]. This disparity in focus is significant because findings from studies about
children and younger adults may not apply to older adults due to differences in physiology,
oral health conditions, and lifestyle factors that influence vitamin D levels and dental health.
More targeted research is needed to clarify the potential connection between vitamin D
levels and dental caries among older adults. Understanding this relationship is crucial as it
may inform preventive strategies and interventions tailored to this demographic, which
is particularly vulnerable to both vitamin D deficiency and dental caries. In light of this
gap in the literature, this current study aimed to investigate the relation between the levels
of vitamin D and the prevalence of dental caries in older adults. By doing so, it sought
to provide a clearer understanding of whether there is an association between vitamin
D levels and an increased risk of dental caries in this age group. The results could have
significant implications for improving oral health outcomes and guiding nutritional and
dental care recommendations for the aging population.

2. Methods
2.1. Data Source

This study analyzed raw data from the U.S. National Health and Nutrition Exami-
nation Survey (NHANES) spanning from 2011 to 2016 (accessible at https://wwwn.cdc.
gov/nchs/nhanes/Default.aspx (accessed on 3 June 2024)). NHANES uses a multistage,
cross-sectional, and complex survey design to represent the non-institutionalized civilian
population across the United States. We focused on data from post-2011 because it includes
detailed dental caries information and a race/ethnicity variable for Asian individuals,
enhancing the precision of our analysis. The National Center for Health Statistics Research
Ethics Review Board approved this study [27], and written consent was obtained from the
parents of minor participants. More details about NHANES can be found on the Centers
for Disease Control and Prevention website [28].

Our study included individuals aged 65 and older who completed both dental ex-
aminations and serum 25(OH)D tests, totaling 3321 individuals. After excluding 598 par-
ticipants with incomplete data on other relevant variables, our final sample comprised
2723 individuals (Figure 1).

2.2. Measures

Licensed dentists, trained according to NHANES-specific protocols, conducted dental
caries assessments using special equipment. The evaluation included two indicators: the
decayed, missing, and filled teeth (DMFT) index and untreated dental caries. Untreated
dental caries were identified by observing at least one tooth surface with a condition score
ranging from 0 to 4 or any untreated carious root tips [29].

Vitamin D levels were measured as continuous variables representing serum 25(OH)D
concentrations, which included combined levels of 25(OH)D2 and 25(0OH)D3, measured
using ultra-high-performance liquid chromatography-tandem mass spectrometry [30].
Serum 25(OH)D levels were classified into four categories: severely deficient (<25 nmol/L),
deficient (25-49.9 nmol/L), insufficient (50-74.9 nmol/L), and normal (>75 nmol/L),
following established guidelines.

We included several demographic variables as covariates: age, gender, country of
birth, and race/ethnicity. Gender was categorized as male or female. Race/ethnicity groups
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included non-Hispanic white, non-Hispanic Black, non-Hispanic Asian, other Hispanic,
Mexican American, and other races. The country of birth was identified as either the United
States or other countries.

[29,902 participants fromthreecycles of NHANES: 2011-2012, 2013-2014, and 2015-2016]

__-.[ Exclude 25,968 participants aged under 65 years ]

A 4

[ 3934 participantsaged 65 yearsand older ]

xclude 613 participants who had missing values on 25-
hydroxyvitamin D and oral health examination

A

[3321 participants with complete data on 25-hydroxyvitamin D and oral health exanimtia]

—» Exclude 598 participants who had missing
values on other covariates

v

[ 2723 participants with complete data ]

Figure 1. Sample selection criteria flowchart.

2.3. Statistical Analyses

Continuous variables were summarized as mean =+ standard deviation (SD), while
categorical variables were presented as frequencies (percentages). Differences between cat-
egorical variables were evaluated using the Chi-square test. For continuous variables, the
Mann-Whitney U test was employed to compare the two groups, and the Kruskal-Wallis
test was employed for comparisons across more than two groups. Spearman’s rank correla-
tion coefficient was used to evaluate the relationship between two continuous variables.

To investigate the association between vitamin D levels and untreated dental caries,
we employed logistic regression models to provide odds ratios (ORs) with 95% confidence
intervals (CIs). Poisson regression was employed to investigate the relationship between
vitamin D levels and DMFT scores, with the results expressed as rate ratios (RRs). The
analysis began with Model I, which assessed the unadjusted association between vitamin
D levels and untreated dental caries. Model II expanded the analysis by adjusting for age,
gender, race/ethnicity, and country of birth. These sequential models were used to evaluate
the relationship between vitamin D levels and the presence of dental caries. Statistical
significance was determined by a two-sided p-value of less than 0.05.

3. Results

This study analyzed data from 2723 participants across the NHANES cycles of
2011-2012, 2013-2014, and 2015-2016. The mean DMFT among older adults in the United
States was 17.73 &£ 8.34, with a prevalence of 35.1% for untreated dental caries. The partici-
pants had a mean age of 73.07 & 5.35 years, with an equal distribution of females and males
(50% each). Table 1 presents the bivariable analysis of untreated dental caries, showing
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significant associations with various demographic factors. Higher occurrences of untreated
dental caries were found in males (38.1%) and Mexican American participants (48.7%).
Additionally, higher rates were observed in participants with deficient vitamin D levels
(40.9%) and those born outside the US (35.6%). Table 1 also presents the DMFT scores,
showing significant variations across race/ethnicity and country of birth. Notably, multi-
racial participants exhibited higher DMFT scores (19.87 + 8.73). Higher scores were also
observed in participants with severely deficient vitamin D levels (19.33 & 8.56) and US-born
individuals (18.06 £ 8.22). Spearman’s rank correlation coefficient revealed significant
associations, indicating that increasing age correlated with higher DMFT scores.

Table 1. Prevalence of untreated caries and mean DMFT score by participant characteristics in the
NHANES cycles 2011-2016.

Participants with

Variables All Participants Untreated Caries Untreated Caries Eﬂgépgz:rse DMFT
Mean + SD p-Value M p-Value
N (%) ean = SD
Age (years) 73.07 +5.35 72.54 + 5.31 - 73.16 +5.35 <0.001b
Sex
Female 1362 (50%) 437 (32.10%) 0,008 2 17.63 + 8.27 058
Male 1361 (50%) 519 (38.10%) : 17.82 + 8.40 :
Race and Ethnicity
Mexican American 265 (9.70%) 129 (48.70%) 15.17 £+ 8.45
Other Hispanic 278 (10.20%) 104 (37.40%) 18.03 £ 8.16
Non-Hispanic white 1434 (52.70%) 450 (31.40%) a 17.93 £+ 8.24 d
Non-Hispanic Black 502 (18.40%) 194 (38.60%) <0.001 19.11 + 7.88 <0.001
Non-Hispanic Asian 189 (6.90%) 59 (31.20%) 14.98 £+ 8.90
Other Race * 55 (2%) 20 (36.4%) 19.87 + 8.73
Birth country
United States 2088 (76.70%) 730 (35%) . 18.06 + 8.22 .
Others 635 (23.30%) 226 (35.60%) <0.001 16.64 + 8.64 <0.001
25(0H)D (nmol/mL)
Normal (>75) 1428 (52.40%) 463 (32.40%) 17.41 + 8.24
Insufficient (50-74.9) 835 (30.70%) 305 (36.50%) a 17.58 £+ 8.45 q
Deficient (25-49.9) 411 (15.10%) 168 (40.90%) <0.001 18.96 + 8.30 0.002
Severely deficient (<25) 49 (1.8%) 20 (40.80%) 19.33 4+ 8.56

Note: * Includes multi-racial participants.  Chi-square test. ® Spearman Rank Correlation. ¢ Mann-Whitney U
test. 9 Kruskal-Wallis test.

Table 2 shows the distribution of serum 25(OH)D concentrations among Ameri-
cans aged 65 years or older. Deficiency levels varied as follows: <25 nmol/L at 1.8%,
25-49.9 nmol/L at 15.1%, 50-74.9 nmol/L at 30.7%, and >75 nmol/L at 52.4%. Females
more frequently had serum 25(OH)D concentrations below 25 nmol /L (2.4% versus 1.2%
in males), but less frequently in the 25-49.9 nmol/L and 50-74.9 nmol/L ranges. Non-
Hispanic whites had the lowest frequencies of 25-50 nmol/L (9.5%, p < 0.001), while Non-
Hispanic Blacks had the highest frequencies below 25 nmol/L (4.8%) and 25-50 nmol/L
(25.1%, p <0.001). US-born individuals had higher frequencies of <25 nmol/L (2% compared
to 1.1% in those born outside the US), but lower in the 25-49.9 nmol /L and 50-74.9 nmol/L
categories. Finally, individuals with untreated caries showed the highest frequencies in
<25 nmol/L, 25-49.9 nmol/L, and 50-74.9 nmol/L (2.1%, 17.6%, and 31.9%, respectively;
p <0.01).
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Table 2. Serum 25(0OH)D concentrations in participants aged 65 years and older (N = 2723).

Severely Deficient Deficient Insufficient Normal

Variables (<25 nmol/L) (25-49.9 nmol/L)  (50-74.9 nmol/L)  (>75nmol/L) p-Value
Untreated caries
Yes 20 (2.10%) 168 (17.60%) 305 (31.90%) 463 (48.40%) 0,008
No 29 (1.60%) 243 (13.80%) 530 (30%) 965 (54.60%) '
DMEFT Scores 18.94 £ 8.91 18.96 + 8.30 17.58 + 8.45 17.41 +8.24 0.002b
Note: 2 Chi-square test, ® Kruskal-Wallis test.

Table 3 examines the relationship between vitamin D levels and dental caries. Indi-
viduals with vitamin D deficiency had a 1.44 times higher likelihood of having untreated
caries (95% CI: 1.15, 1.81) compared to those with sufficient vitamin D levels. However, this
association diminished after adjusting for demographic factors, resulting in an adjusted
OR of 1.23 (95% CI: 0.97, 1.55). Additionally, severe vitamin D deficiency was associated
with a 1.13 times higher rate of worse DMFT scores (95% CI: 1.06, 1.20), and this relation
remained similar after adjustment, with an adjusted RR of 1.12 (95% CI: 1.05, 1.20).

Table 3. Association of vitamin D with untreated caries and DMFT scores in older adults.
Variables Model I'! Model II 2
Untreated Caries OR [95% CI] OR [95% CI]
Normal (>75 nmol/L) Reference Reference

Insufficient (50-74.9 nmol /L)
Deficient (25-49.9 nmol /L)
Severely deficient (<25 nmol/L)

1.20 [1.00-1.44] *
1.44[1.15-1.81] * 1.23[0.97-1.55]
1.44[0.81-2.57] 1.20 [0.66-2.18]

1.07 [0.89-1.29]

DMEFT Scores

RR [95% CI] RR [95% CI]

Normal (>75 nmol /L) Reference Reference

Insufficient (50-74.9 nmol /L)
Deficient (25-49.9 nmol/L)
Severely deficient (<25 nmol/L)

1.03 [1.00-1.05] * *
1.08 [1.05-1.11] * 1.09 [1.07-1.12] *
1.13 [1.06-1.20] * 1.12 [1.05-1.20] *

1.04 [1.02-1.06]

Note. ! Model I was unadjusted. 2 Model II adjusted for age, gender, race/ethnicity, and country of birth.
*p < 0.05.

4. Discussion

Most research examining vitamin D and dental caries focuses on children [31]. This
study demonstrated a significant inverse relationship between vitamin D levels and DMFT
among older adults and adds to the literature supporting a link between vitamin D and
caries [31]. Specifically, vitamin D deficiency was associated with a higher likelihood of
poorer DMFT scores.

The association between vitamin D deficiency and untreated dental caries highlights
the complexity of vitamin D’s role in dental caries development. Initially, a link between
vitamin D and untreated caries was observed. However, after adjusting for demographic
variables, the association nearly reached statistical significance (adjusted OR of 1.23; 95%
CI: 0.97, 1.55). This weakening of effect suggests that demographic factors such as age,
gender, race/ethnicity, and country of birth influence the relationship between vitamin
D and dental caries. This finding aligns with other research across various populations,
emphasizing the multifaceted nature of dental caries, influenced by nutritional, genetic,
and environmental factors [17].

In contrast, the relationship between severe vitamin D deficiency and higher DMFT
scores remained significant after adjusting for confounding demographic variables. This
indicates that vitamin D’s impact on dental health extends beyond its role in caries to
include overall tooth health, encompassing missing and filled teeth. Vitamin D is crucial
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for calcium and phosphate metabolism and is essential for maintaining tooth structure
and resistance to decay [12]. However, the precise mechanisms by which vitamin D affects
oral health remain uncertain. In addition to its role in calcium metabolism and tooth
mineralization, vitamin D also exhibits immunomodulatory effects [32] and antimicrobial
activity, which may reduce inflammation and inhibit the growth of cariogenic bacteria [33].
A deficiency in older adults may additionally serve as a marker of long-standing deficiency,
with higher DMFT scores reflecting accumulated damage over many years.

The high prevalence of vitamin D deficiency among the older adult population is
concerning, especially given the increasing number of older adults and the associated
health challenges of this demographic. Females had a higher frequency of severe vitamin
D deficiency (<25 nmol/L) than males, aligning with the existing literature, suggesting that
older women are at greater risk of vitamin D deficiency likely related to factors such as
reduced dietary intake and less sun exposure [34]. This discrepancy emphasizes the need
for targeted interventions to address vitamin D deficiency, particularly in older women.

Significant differences in vitamin D levels across race/ethnicity and country of birth
further highlight the need for targeted public health interventions. Non-Hispanic Blacks
had the highest frequencies of severe deficiency, which may be due to higher melanin levels
reducing skin synthesis of vitamin D [35]. These disparities underscore the necessity for
culturally sensitive and accessible nutritional guidance and supplementation programs to
meet the specific needs of diverse populations.

The association between increasing age and higher DMFT scores underscores the
cumulative effect of age on dental health. As individuals age, the likelihood of developing
chronic conditions that affect oral health, such as reduced salivary flow, increased medi-
cation use, and general wear and tear on teeth, increases [36,37]. Therefore, maintaining
adequate vitamin D levels in older adults could be a crucial component of comprehensive
dental care strategies directed at improving the oral health of this population.

4.1. Strengths and Limitations

The strengths of this study include the use of a large, nationally representative sample
from NHANES and a robust statistical analysis to minimize demographic confounders.
However, the cross-sectional design precludes establishing causality between vitamin D
levels and dental caries. Additionally, while the study controlled for several demographic
factors, other potential confounders such as dietary habits, fluoride intake, toothbrushing,
and socioeconomic status were not accounted for in the analysis. This study also does
not provide insight into how early-life factors and vitamin D levels before age 65 might
influence oral health in later years. Future research may consider these factors and employ
longitudinal designs to understand the causal pathways better.

4.2. Public Health Implications and Future Research

This study examined Vitamin D and caries because of their role in calcium and phos-
phorus metabolism, minerals crucial for healthy teeth. Our findings suggest that maintain-
ing sufficient vitamin D levels may play a role in preserving overall dental health among
older adults. Others have identified vitamin D’s potential for preventing caries [25], and
our findings suggest public health strategies that include vitamin D screening and sup-
plementation may offer an opportunity to enhance oral health outcomes among high-risk
older adults. The burden of dental disease among older adults in combination with vitamin
D’s safety and low cost makes this a potentially high-yield strategy. Further research is
needed to elucidate the mechanisms by which vitamin D influences dental health and
to develop targeted interventions and specific recommendations to reduce the burden of
dental caries in this vulnerable population.

5. Conclusions

In conclusion, the association between vitamin D deficiency and higher DMFT scores
suggests a potential oral health benefit of effective public health strategies to address
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vitamin D deficiency. Ensuring sufficient vitamin D levels through dietary intake, supple-
mentation, and adequate sun exposure could be a key factor for improving dental health
and quality of life in older adults.

Author Contributions: M.H.: contributed to conceptualization, methodology, software, validation,
formal analysis, investigation, resources, data curation, writing—original draft, writing—review &
editing, visualization, supervision, project administration, and funding acquisition. A.M.: contributed
to methodology, formal analysis, investigation, data curation, writing—original draft, and writing—
review & editing. M.S.: contributed to investigation, writing—original draft, and writing—review &
editing. E.K.: contributed to investigation, writing—original draft, and writing—review & editing.
I.Z.: contributed to investigation, writing—original draft, and writing—review & editing. M.S.L.:
contributed to methodology, investigation, writing—original draft, and writing—review & editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study used publicly available, anonymized data from
the NHANES database. The NHANES was approved by the National Center for Health Statistics
Research Ethics Review Board.

Informed Consent Statement: This study used secondary data from the publicly available NHANES
database. Thus, informed consent was not applicable.

Data Availability Statement: The data presented in this study are openly available at https://wwwn.
cdc.gov/nchs/nhanes/Default.aspx (accessed on 3 June 2024).

Acknowledgments: The authors thank the Clinical Outcomes Research and Education at Roseman
University of Health Sciences College of Dental Medicine and Analytic Galaxy for supporting
this study.

Conflicts of Interest: The authors declare no conflict of interests.

References

1.  Rathee, M.; Sapra, A. Dental Caries. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2023.

2. Zhang,].S.; Chu, C.-H;; Yu, O.Y. Oral Microbiome and Dental Caries Development. Dent. ]. 2022, 10, 184. [CrossRef] [PubMed]

3.  Harper, R.A;; Shelton, R M.; James, ].D.; Salvati, E.; Besnard, C.; Korsunsky, A.M.; Landini, G. Acid-induced demineralisation of
human enamel as a function of time and pH observed using X-ray and polarised light imaging. Acta Biomater. 2021, 120, 240-248.
[CrossRef] [PubMed]

4. Angarita-Diaz, M.D.P,; Fong, C.; Bedoya-Correa, C.M.; Cabrera-Arango, C.L. Does high sugar intake really alter the oral
microbiota?: A systematic review. Clin. Exp. Dent. Res. 2022, 8, 1376-1390. [CrossRef] [PubMed]

5.  Selwitz, R.H.; Ismail, A.L; Pitts, N.B. Dental caries. Lancet 2007, 369, 51-59. [CrossRef] [PubMed]

6.  Featherstone, J. Dental caries: A dynamic disease process. Aust. Dent. J. 2008, 53, 286-291. [CrossRef] [PubMed]

7. Pitts, N.B.; Zero, D.T.; Marsh, PD.; Ekstrand, K.; Weintraub, J.A.; Ramos-Gomez, F; Tagami, J.; Twetman, S.; Tsakos, G.; Ismail, A.
Dental caries. Nat. Rev. Dis. Primers 2017, 3, 17030. [CrossRef] [PubMed]

8. Al Saffan, A.D. Current Approaches to Diagnosis of Early Proximal Carious Lesion: A Literature Review. Cureus 2023, 15, e43489.
[CrossRef]

9. Maheswari, S.U.; Raja, J.; Kumar, A.; Seelan, R.G. Caries management by risk assessment: A review on current strategies for
caries prevention and management. . Pharm. Bioallied Sci. 2015, 7, S320-5324. [CrossRef] [PubMed]

10. Petersen, PE. The World Oral Health Report 2003, continuous improvement of oral health in the 21st century—The approach of
the WHO Global Oral Health Programme. Community Dent. Oral Epidemiol. 2003, 31, 3-23.

11. Lips, P. Vitamin D physiology. Prog. Biophys. Mol. Biol. 2006, 92, 4-8. [CrossRef]

12.  Holick, M.F. Vitamin D deficiency. N. Engl. |. Med. 2007, 357, 266-281. [CrossRef] [PubMed]

13. Li, Z.; Wei, X,; Shao, Z.; Liu, H.; Bai, S. Correlation between vitamin D levels in serum and the risk of dental caries in children:
A systematic review and meta-analysis. BMIC Oral. Health 2023, 23, 768. [CrossRef] [PubMed]

14. Mahmood, M,; Tassery, H.; Tardivo, D.; Lan, R. Association between Vitamin D Levels and Dental Caries: A Systematic Review
and Dose-Response Meta-Analysis of Cross-Sectional Studies. Appl. Sci. 2023, 13, 9883. [CrossRef]

15.  Moneem Alhelfi, N.; Mohammed Hoobi, N. Effect of Vitamin D Deficiency on Dental Caries and Salivary Parameters. ]. Med.
Chem. Sci. 2023, 6, 1362-1369. [CrossRef]

16. Machado, V.; Lobo, S.; Proenga, L.; Mendes, ].]J.; Botelho, J. Vitamin D and Periodontitis: A Systematic Review and Meta-Analysis.

Nutrients 2020, 12, 2177. [CrossRef] [PubMed]


https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
https://doi.org/10.3390/dj10100184
https://www.ncbi.nlm.nih.gov/pubmed/36285994
https://doi.org/10.1016/j.actbio.2020.04.045
https://www.ncbi.nlm.nih.gov/pubmed/32438107
https://doi.org/10.1002/cre2.640
https://www.ncbi.nlm.nih.gov/pubmed/35946056
https://doi.org/10.1016/S0140-6736(07)60031-2
https://www.ncbi.nlm.nih.gov/pubmed/17208642
https://doi.org/10.1111/j.1834-7819.2008.00064.x
https://www.ncbi.nlm.nih.gov/pubmed/18782377
https://doi.org/10.1038/nrdp.2017.30
https://www.ncbi.nlm.nih.gov/pubmed/28540937
https://doi.org/10.7759/cureus.43489
https://doi.org/10.4103/0975-7406.163436
https://www.ncbi.nlm.nih.gov/pubmed/26538870
https://doi.org/10.1016/j.pbiomolbio.2006.02.016
https://doi.org/10.1056/NEJMra070553
https://www.ncbi.nlm.nih.gov/pubmed/17634462
https://doi.org/10.1186/s12903-023-03422-z
https://www.ncbi.nlm.nih.gov/pubmed/37858104
https://doi.org/10.3390/app13179883
https://doi.org/10.26655/JMCHEMSCI.2023.6.16
https://doi.org/10.3390/nu12082177
https://www.ncbi.nlm.nih.gov/pubmed/32708032

Nutrients 2024, 16, 2307 90f9

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Schroth, R.J.; Lavelle, C.; Tate, R,; Bruce, S; Billings, R.J.; Moffatt, M.E.K. Prenatal vitamin D and dental caries in infants. Pediatrics
2014, 133, e1277-e1284. [CrossRef] [PubMed]

Jagelavitiene, E.; Vaitkevicieng, I, éilingaité, D.; Sinkiinaite, E.; Daugelaité, G. The Relationship between Vitamin D and
Periodontal Pathology. Medicina 2018, 54, 45. [CrossRef] [PubMed]

Madi, M.; Pavlic, V.; Alammar, S.M.; Alsulaimi, L.M.; Alotaibi, R.S.; AlOtaibi, G.M.; Zakaria, O. The association between vitamin
D level and periodontal disease in Saudi population, a preliminary study. Saudi Dent. J. 2021, 33, 595-600. [CrossRef]

Ketterl, W. Age-induced changes in the teeth and their attachment apparatus. Int. Dent. J. 1983, 33, 262-271.

Arola, D.; Reprogel, R K. Effects of aging on the mechanical behavior of human dentin. Biomaterials 2005, 26, 4051-4061. [CrossRef]
Botelho, J.; Machado, V.; Proenga, L.; Delgado, A.S.; Mendes, ].J. Vitamin D Deficiency and Oral Health: A Comprehensive Review.
Nutrients 2020, 12, 1471. [CrossRef] [PubMed]

Hung, M.; Patel, H.; Lee, S.; Nguyen, J.; Mohajeri, A. The Influence of Vitamin D Levels on Dental Caries: A Retrospective Study
of the United States Population. Nutrients 2024, 16, 1572. [CrossRef]

Asante, E.O.; Chen, Y.; Eldholm, R.S.; Hevik, H.; Kolberg, M.; Skjellegrind, H.K,; Torabi-Gaarden, R.; Mai, X.-M. Associations of
Serum Vitamin D with Dental Caries and Periodontitis: The HUNT Study. Int. Dent. ]. 2024, 74, 500-509. [CrossRef] [PubMed]
Hujoel, P.P. Vitamin D and dental caries in controlled clinical trials: Systematic review and meta-analysis. Nutr. Rev. 2013, 71,
88-97. [CrossRef] [PubMed]

Radseth, S.C.; Hevik, H.; Schuller, A.A.; Bjertness, E.; Skudutyte-Rysstad, R. Dental caries in a Norwegian adult population,
the HUNT4 oral health study; prevalence, distribution and 45-year trends. Acta Odontol. Scand. 2023, 81, 202-210. [CrossRef]
[PubMed]

Center for Disease Control and Prevention. NCHS Ethics Review Board (ERB) Approval. Updated 24 August 2022. Available
online: https://www.cdc.gov/nchs/nhanes/irba98.htm (accessed on 16 June 2024).

Center for Disease Control and Prevention. National Health and Nutritional Examination Survey. Updated 30 May 2024.
Available online: https://www.cdc.gov/nchs/nhanes/ (accessed on 16 June 2024).

Center for Disease Control and Prevention. National Health and Nutrition Examination Survey: Oral Health Examiners Manual.
Updated January 2020. Available online: https:/ /wwwn.cdc.gov/nchs/data/nhanes/2019-2020/manuals/2020-Oral-Health-
Examiners-Manual-508.pdf (accessed on 25 July 2023).

Center for Disease Control and Prevention. Laboratory Procedure Manual: 25-Hydroxyvitamin D3, C3-epimer-25Hydroxyvitamin
D3, and 25-Hydroxyvitamin D2. Updated 20 September 2010. Available online: https:/ /wwwn.cdc.gov/nchs/data/nhanes/20
09-2010/labmethods/VID_F_met_vitamin_D.pdf (accessed on 16 June 2024).

Pu, R.; Fu, M; Li, N,; Jiang, Z. A certain protective effect of vitamin D against dental caries in US children and youth: A cross-
sectional study. J. Public. Health Dent. 2023, 83, 231-238. [CrossRef] [PubMed]

Martens, P-J.; Gysemans, C.; Verstuyf, A.; Mathieu, C. Vitamin D’s Effect on Immune Function. Nutrients 2020, 12, 1248. [CrossRef]
[PubMed]

Youssef, D.A.; Miller, C.W.; El-Abbassi, A.M.; Cutchins, D.C.; Cutchins, C.; Grant, W.B.; Peiris, A.N. Antimicrobial implications of
vitamin D. Derm. Endocrinol. 2011, 3, 220-229. [CrossRef] [PubMed]

Kamycheva, E.; Sundsfjord, J.; Jorde, R. Serum parathyroid hormone level is associated with body mass index. The 5th Tromso
study. Eur. J. Endocrinol. 2004, 151, 167-172. [CrossRef]

Ginde, A.A,; Liu, M.C,; Camargo, C.A., Jr. Demographic differences and trends of vitamin D insufficiency in the US population,
1988-2004. Arch. Intern. Med. 2009, 169, 626—-632. [CrossRef]

Petersen, PE.; Yamamoto, T. Improving the oral health of older people: The approach of the WHO Global Oral Health Programme.
Community Dent. Oral. Epidemiol. 2005, 33, 81-92. [CrossRef] [PubMed]

Lipsky, M.S.; Singh, T.; Zakeri, G.; Hung, M. Oral Health and Older Adults: A Narrative Review. Dent. ]. 2024, 12, 30. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1542/peds.2013-2215
https://www.ncbi.nlm.nih.gov/pubmed/24753535
https://doi.org/10.3390/medicina54030045
https://www.ncbi.nlm.nih.gov/pubmed/30344276
https://doi.org/10.1016/j.sdentj.2020.08.002
https://doi.org/10.1016/j.biomaterials.2004.10.029
https://doi.org/10.3390/nu12051471
https://www.ncbi.nlm.nih.gov/pubmed/32438644
https://doi.org/10.3390/nu16111572
https://doi.org/10.1016/j.identj.2024.03.005
https://www.ncbi.nlm.nih.gov/pubmed/38565436
https://doi.org/10.1111/j.1753-4887.2012.00544.x
https://www.ncbi.nlm.nih.gov/pubmed/23356636
https://doi.org/10.1080/00016357.2022.2117735
https://www.ncbi.nlm.nih.gov/pubmed/36150007
https://www.cdc.gov/nchs/nhanes/irba98.htm
https://www.cdc.gov/nchs/nhanes/
https://wwwn.cdc.gov/nchs/data/nhanes/2019-2020/manuals/2020-Oral-Health-Examiners-Manual-508.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/2019-2020/manuals/2020-Oral-Health-Examiners-Manual-508.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/2009-2010/labmethods/VID_F_met_vitamin_D.pdf
https://wwwn.cdc.gov/nchs/data/nhanes/2009-2010/labmethods/VID_F_met_vitamin_D.pdf
https://doi.org/10.1111/jphd.12571
https://www.ncbi.nlm.nih.gov/pubmed/37005066
https://doi.org/10.3390/nu12051248
https://www.ncbi.nlm.nih.gov/pubmed/32353972
https://doi.org/10.4161/derm.3.4.15027
https://www.ncbi.nlm.nih.gov/pubmed/22259647
https://doi.org/10.1530/eje.0.1510167
https://doi.org/10.1001/archinternmed.2008.604
https://doi.org/10.1111/j.1600-0528.2004.00219.x
https://www.ncbi.nlm.nih.gov/pubmed/15725170
https://doi.org/10.3390/dj12020030
https://www.ncbi.nlm.nih.gov/pubmed/38392234

	Introduction 
	Methods 
	Data Source 
	Measures 
	Statistical Analyses 

	Results 
	Discussion 
	Strengths and Limitations 
	Public Health Implications and Future Research 

	Conclusions 
	References

