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Abstract

Background—Enamel hypoplasia (EH) increases risk for dental caries and also is associated
with vitamin D deficiencies. This pilot study evaluates the feasibility to determine the association
of human maternal circulating vitamin D concentrations during pregnancy and EH in infant’s teeth
that develop in utero.

Methods—A pilot population of 37 children whose mothers participated in a RCT of vitamin D
supplementation during pregnancy was evaluated. Major outcome was EH and major exposure
was maternal monthly serum circulating 25(OH)D concentrations during pregnancy. EH was
assessed using the Enamel Defect Index and digital images made by a ProScope High
Resolution™ handheld digital USB microscope at 50x magnification.

Results—During initial 8 weeks of study, 29/37 children had evaluable data with mean age of 3.6
+ 0.9 years; 48% male; and 45% White, 31% Hispanic, and 24% Black. EH was identified in 13
(45%) of the children. Maternal mean 25(OH)D concentrations were generally lower for those
children with EH.

Conclusions—~Preliminary results suggest follow-up of children of mothers in a vitamin D
supplementation RCT during pregnancy provides an important approach to study the etiology of
EH in the primary teeth. Further study is needed to discern thresholds and timing of maternal
serum 25(0OH)D concentrations during pregnancy associated with absence of EH in teeth that
develop in utero. Potential dental public health implications for prevention of early childhood

Corresponding author: Susan G. Reed, DDS, MPH, DrPH, reedsg@musc.edu, 843 792-1577.

Conflict of interest

Dr. Hollis had support from DiaSorin, S.p.A. for serving as an academic consultant.

All authors disclose that there is no actual conflict of interest including any financial, personal or other relationships with other people
or organizations for the submitted work that could inappropriately influence, or be perceived to influence, their work.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Reed et al.

Page 2

caries via sound tooth structure as related to maternal vitamin D sufficiency during pregnancy
need to be determined.
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1. Introduction

Enamel hypoplasia (EH) is an abnormal and localized area of less tooth enamel that may or
may not be visible to the unassisted eye (1). This developmental defect is characterized as an
enamel surface reduced in thickness and with pits, grooves or areas of the defect having a
smooth outline (2). Current research of EH is important because of the increasing evidence
that EH is a significant risk factor for early childhood dental caries in the primary teeth of
children (ECC) (3-5).

A role for vitamin D in hypoplastic tooth development is evidenced by EH found in
association with vitamin D deficiencies that occurred during the time of tooth development.
In general, vitamin D deficiencies can result from either lack of an exogenous factor (e.g.
sunlight or nutrition), and/or lack of an endogenous factor (e.g. hereditary defects in vitamin
D metabolism). There are a few published experiments of nutritional vitamin D deficiencies
during tooth development causing EH in animals. These animal experiments were first
conducted in puppies by May Mellanby in the early 1900’s (6) and later in the 1970’s using
rats (7). Observations of EH in humans with inherited defects of vitamin D metabolism, i.e.
hypophosphatemic vitamin D-resistant rickets, were published beginning in 1989 (8-10).
Hypophosphatemic vitamin D-resistant rickets is an X-linked dominant trait that is reported
to affect about 1:20,000 - 25,000 of those with the genetically determined forms of
hypophosphatemic osteomalacia (11-13). Children with this inherited trait may exhibit EH
in both their primary and permanent dentition (8, 14-18). There are at least two even more
rare types of hereditary defects in humans involving vitamin D enzyme and receptor
abnormalities, and they too may exhibit dental defects (19-21).

To study the role of vitamin D in the development of EH in the human primary dentition,
one begins with the pregnancy environment. At approximately the 13t week from
conception, the human primary maxillary central incisor teeth begin calcification (22, 23).
These tooth crowns are mostly formed by birth and therefore these teeth can serve as a
record of the pregnancy environment. The primary central incisor teeth are normally erupted
into the oral cavity by 12-18 months of age. For those reasons we considered EH of the
human primary maxillary central incisor teeth as a suitable outcome for this pilot study of
the role of maternal vitamin D during pregnancy in EH. For measure of the maternal
prenatal vitamin D there is evidence of a positive and significant correlation between a
pregnant woman’s 25-hydroxyvitamin D (calcidiol, calcifediol, or 25-hydroxyvitamin D
abbreviated 25(OH)D) concentration and the neonatal concentration at birth (24, 25). Those
findings suggest that during pregnancy, the maternal serum circulating 25(OH)D
concentrations correspond to those of the fetus, and that maternal concentrations could be
used as surrogate marker for those of the developing fetus (25). Though the associated
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factors and mechanisms are not clearly described for the role of vitamin D in tooth
development, evidence from mouse models suggest 1,25-dihydroxy vitamin D3 (an active
metabolite of 25(OH)D) functions to upregulate the vitamin D receptor that in turn could
induce structural gene products, including calcium-binding proteins and several extracellular
matrix proteins (e.g., enamelins, amelogenins, dentin sialoglycoproteins and dentine
phosphoproteins), resulting in dentin and enamel formation (26). A more current review
suggests and discusses more specific mechanisms to explain vitamin D deficiencies and
tooth defects (27). However, what is not known or not available in the published literature is
a demonstration of the relationship or association of human maternal total circulating
vitamin D concentrations during pregnancy and EH in the child’s teeth that develop in utero.
This pilot study begins to address that gap in the knowledge.

2. Subjects and methods

2.1. Selection of subjects

The study population is the 170 child-mother pairs of the mothers who participated in a
single-center, double-blind, randomized clinical trial of vitamin D supplementation during
pregnancy (28). In brief description of the mothers” study, healthy women at least 16 years
of age at consent and at fewer than 16 weeks’ gestation with a singleton pregnancy were
eligible to participate. Those with preexisting calcium or parathyroid conditions or who
required chronic diuretic or cardiac medication therapy, including calcium channel blockers,
or who suffered chronic hypertension, or with active thyroid disease other than those on
thyroid supplements with normal endocrine function were excluded. The cohort excluded
mothers with known calcium metabolism dysfunction, liver or kidney problems, or
gastrointestinal malabsorption problems (28).

The pilot study sample presented in this report includes 37 child-mother pairs from the
initial 8 weeks of imaging the children’s teeth. Of the 37 children, 8 were excluded for the
following reasons: camera was not ready (n=2), child was uncooperative (n=2), primary
maxillary central incisors were crowned or extracted due to dental caries (n=2), or digital
images were not read (n=2), leaving a final sample size of 29. The mean age of the children
at their dental visit was 3.6 + 0.9 years and 14 (48%) were male. By race/ethnicity, 13 of the
children were White (45%), 9 (31%) Hispanic and 7 (24%) Black. The 29 children
contributed 56 of a possible maximum of 58 primary maxillary teeth for study, with 1 sound
tooth missing due to exfoliation and 1 sound tooth missing due to trauma. For the 56 teeth,
148 of the168 possible images of incisal, middle and cervical locations were available for
scoring for EH. Reasons for not scoring a location was that the image was not completely
captured and/or too blurred to score.

2.2. Enamel hypoplasia outcome measure and vitamin D exposure measure

The major outcome is the presence of EH in the primary maxillary central incisors of the
child. Digital images of the buccal surfaces of the children’s maxillary central incisors were
made /7 vivo using a ProScope High Resolution™ handheld digital USB microscope with a
fixed focal length and 50x magnification (see Figure 1). These digital images were later
evaluated by two examiners who scored the teeth for presence or absence of EH using the
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Enamel Defect Index (EDI) (2). EH was scored as presence or absence at three locations
(incisal third, middle third, and cervical third) on each primary maxillary central incisor.
Each child had two central incisors for a maximum of 6 scored tooth locations for each
child. Children with primary maxillary central incisors that were missing or filled due to
dental caries were excluded from the analyses. Examiners were blinded to the maternal
vitamin D status.

The major exposure was the woman’s total circulating serum 25(OH)D measured by a rapid,
direct radioimmunoassay developed in the Hollis laboratory and manufactured by Diasorin
Corporation (Stillwater, MN, USA) (29). Clinical guidelines define vitamin D deficiency as
below 20 ng/ml (50nmol/liter), vitamin D insufficiency as 21-19 ng/ml (52.5-72.5 nmol/
liter) and serum circulating 25(OH)D concentrations for sufficiency are recommended to be
above 30 ng/ml (75 nmol/liter) (30). A circulating 25(OH)D level of approximately 30 ng/ml
is required to normalize calcium excretion into the urine and equilibrate intestinal calcium
absorption (28, 31). Vitamin D supplementation (400, 2000 or 4000 U Ds/day until
delivery) began at week 16 for all women. Each woman had 8 monthly 25(0OH)D
concentration values measured from 12 - 40 weeks of gestation. Missing data for the
maternal monthly 25(OH)D concentrations were imputed using the average of the previous
and subsequent monthly values, or the previous value was carried forward when the last
monthly value was missing. This method of imputation is biologically plausible because the
half-life of 25(OH)D is about 2-3 weeks. For this pilot study, there were 9 imputed values
for the 9 missing of 232 monthly values, or 3.9% in the dataset. The mean difference in the
mean concentrations of 25(OH)D when using the imputed values and without the imputed
values was -.06, and was not significantly different from zero (Wilcoxon Signed Rank t-test,
0.5781).

2.3 Statistical analysis

We conducted a case control analysis of the data. Characteristics of the children with and
without EH and their mothers were compared for potential confounders for fetal
development of EH, e.g. pregnancy health status and delivery information as were available
from the existing dataset. Characteristics were compared using Student’s t-test, Wilcoxon
rank sum, and Fisher’s exact test. SAS version 9 was used for the analyses (32).

To begin to investigate the timing or critical months for the development of the EH, the
monthly mean maternal 25(OH)D concentrations for those children with and without EH
were tabulated. At specific weeks’ gestation, mean concentrations are presented at the child
level and then again at the level of the location level (incisal, middle and/or cervical thirds)
on the buccal surface of the primary maxillary tooth.

2.4 Ethics approval

The study was approved by the Institutional Review Board of the Medical University of
South Carolina (approval numbers HR#10727 and #19641).
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3. Results

EH was found in 13 (45%) of the children. Hypoplasia was determined by the presence of
hypoplasia at any of the 6 possible locations on either of his/her two primary maxillary
central incisors. Seventeen children had the maximum 6 locations scored, 4 children had 5
locations scored, 3 had 4 locations scored, 4 had 3, and 1 child had 2 locations scored.
Location of the EH resulted in 5 children with hypoplasia at the incisal third, 9 with EH at
the middle third, and 7 children with EH at the cervical third. For 4 children, the EH was
located in the same third on both primary maxillary central incisors, and two of those 4
children had hypoplasia at two contingent locations on their primary maxillary central
incisors. Two examiners scored the digital images with intra-examiner reliability of 90% and
91%, and inter-examiner percent agreement was 89%. Discrepant scores were discussed
until agreement was met for the assigned value.

Table 1 presents characteristics of the 13 children with and 16 children without EH. The
group with EH is slightly younger by age and by count of erupted teeth. Gender, mode of
delivery and level of neonatal care was similar amongst the two groups. The mean serum
circulating 25(OH)D concentration during the pregnancy for the women of children with EH
was slightly lower than for the women of children without EH. Statistical test results are
presented as will be performed for the full dataset of 170 children of the child-mother pairs
(33).

Table 2 displays the mothers” mean serum circulating 25(OH)D concentrations by weeks of
gestation for the children with and without EH, and again for those children by the specific
location of the hypoplasia (incisal, middle, and cervical) on their teeth. The overall increase
in the mean 25(OH)D concentrations by weeks of gestation reflects the RCT of maternal
vitamin D supplementation during pregnancy. Vitamin D supplementation began after
baseline measures at 12 weeks of gestation. The mean 25(OH)D concentration at 12 weeks
for the women is 22.5 SD 10.2 ng/ml with a range from 5.8 ng/ml to 45.5 ng/ml. At 12
weeks of gestation the 25(OH)D concentrations were lower for the mothers of children with
EH and this is also true by location of EH on the tooth. With the children grouped by
hypoplasia at a specific location on their teeth (incisal, middle, and cervical), 21/24 of the
mothers’ mean 25(OH)D concentrations for those with children with hypoplasia were lower
compared to those without hypoplasia. For the middle buccal tooth location, the mothers’
mean 25(OH)D concentrations were lower at all weeks of gestation for those children with
EH compared to those without EH. In general and throughout the table, the mean serum
circulating 25(OH)D concentrations for women of children with EH were lower compared to
women of children without EH. Although not significant, children with EH were 1.29 times
more likely to have mothers with lower 25(OH)D concentrations during pregnancy
compared to children with no EH (unadjusted odds ratio = 1.29 with a corresponding 95%
Cl (0.1432, 11.5432)).

Figure 2 graphs the mean maternal 25(OH)D values for the incisal, buccal, and cervical
locations of EH selected by estimated gestational weeks of calcification. In other words, the
bolded values from Table 2 (weeks 12 and 16 for incisal third values, weeks 20-32 for
middle third, and weeks 36-40 for cervical values) were selected to estimate the location on
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the tooth that would reflect the timing of tooth crown calcification and the circulating
25(0OH)D concentration. In general, the maternal mean 25(OH)D concentrations are lower
for those children with EH compared to those without EH.

4. Discussion

This pilot study describes the first systematic approach to provide evidence about the role of
prenatal maternal vitamin D in the development of hypoplastic primary maxillary teeth.
Findings from this pilot study provide feasibility support for our continued study of vitamin
D during pregnancy and the etiology of EH for those teeth that develop in utero.

Our novel approach was possible in part because of the available data from the RCT of
vitamin D supplementation during pregnancy. Though results of maternal vitamin D
exposure and child dental outcome were not the primary aim of that study (33), we did find
that the presence of EH in the primary maxillary central incisors of the 2-5 year olds of this
pilot study tended to correspond with lower maternal serum circulating 25(OH)D
concentrations during pregnancy. Findings in this pilot study demonstrated that EH was
evident across treatment groups and whether this is because the hypoplasia is determined by
12 weeks’ gestation or reflects the supplementation by treatment group will be explored in
the larger dataset. Evidence from this pilot study of 29 children supports further
investigation of the dental information that we have for the child-mother pairs of the RCT.

For an example of the results of a prospective approach to the longitudinal data,
characteristics of the pregnant women e.g. mean serum 25(OH)D during pregnancy (16-40
weeks) with mean 25(OH)D concentration <15 ng/ml during pregnancy (n= 4) versus those
with a mean = 32 ng/ml (n=16) and considered sufficient were calculated. Using these
deficient or sufficient cut-off levels, EH was evident in 50% (2/4) of the children of the
mothers with <15 ng/ml during pregnancy compared to 44% (7/16) of those with a mean >
32 ng/ml and there was no statistically significant association (Fisher’s exact test p-value =
1). The relative risk of developing EH for children of mothers with <15 ng/ml during
pregnhancy compared to children of mothers with 25(OH)D =32 ng/ml was 1.14 (.37, 3.53).
The pilot sample size precludes accurate estimates yet serves as an example for analyses of
the full dataset.

Our findings do not contradict the 1980 report of the secondary outcome of dental enamel
defects in children whose mothers had participated in a study of vitamin D during
pregnancy. Those authors found a highly significant difference in the number of children
with dental enamel defects (15/31, 48%), born to unsupplemented (control) mothers of a
vitamin D supplementation during pregnancy trial compared to only 2/30 (7%) of mothers
who had received 400 U vitamin D, supplementation beginning at the 12t week of
pregnancy (34). Limitations of that study include that the serum circulating 25(OH)D was
measured only at the 241 and 34" weeks and at delivery, and also that the defect of dental
enamel is not further described (34).

A strength of this pilot study is the relatively accessible pregnant woman for measure of the
enclosed environment of the fetus. For example we did not consider dental fluorosis in the
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primary maxillary central incisors when scoring for EH. There is evidence for passive
placental transfer when maternal fluoride intake was low; however the placenta serves as at
least a partial diffusion barrier to fluoride and therefore fluorosis was not considered when
classifying the primary maxillary central incisors for EH in this pilot study (35-38).

Variability in the maternal mean serum circulating 25(OH)D concentrations was apparent in
children with and without EH, and also when related to specific locations on the teeth for
children with hypoplasia. Additional aspects of timing during pregnancy for developmental
hypoplasia were brought to focus by the variability of the maternal serum circulating
25(0OH)D concentrations. As shown in Table 2 at 12 weeks of gestation, the mothers of the
children with hypoplasia had lower mean concentrations compared to children without
hypoplasia. This suggests that more elegant temporal and spatial statistical methods are
needed to better portray the hypothesized relationship of defect timing for location of defect
during tooth development in the larger study. Likewise we plan to more fully explore
potentially confounding variables including race, maternal medication used during
pregnancy, infant oral strep mutans, infant dental behaviors and feeding habits as potentially
influential for interpretation of findings.

The relationship of the location of EH on the tooth and timing of tooth development
reflecting the pregnancy environment is approached with the graph of Figure 2. Forensic
evidence from 19 fetal and infant cases in Turkey provides estimates for the initial time of
calcification for the primary maxillary central incisor as 13.7 weeks for females and 15.8
weeks for males (22). To approximate the relationship of maternal serum circulating
25(0OH)D and developmental calcification of the maxillary central incisor we chose weeks
12 and 16 to reflect the incisal third, weeks 20-32 for the middle third, and weeks 36-40 to
reflect the cervical third. Recognizing the limitations of this pilot sample size none the less,
this approach to estimate the impact of the timing is innovative as related to development of
EH and subsequent risk for early childhood caries. The pattern of hypoplasia (and decay) on
the maxillary central incisors is distinct and present or absent in the horizontal locations of
the tooth (39). These patterns of EH reflect the pregnancy environment at specific weeks of
gestation. The maternal-fetal relationship for non-defective dental enamel needs to be further
investigated in future research.

A major limitation of this pilot study is the small sample size and lack of statistical inference
from results (33). Using an analysis of two independent proportions test and equal numbers
of participants in each group of hypoplasia and no hypoplasia, with an assumed proportion
of 0.6 hypoplasia in the low 25(OH)D concentration group we would need 58 subjects to
detect an effect size (risk ratio) of 1.5 and 20 participants to detect an effect size of 1.67
(Likelihood Ratio Test with alpha = .05, power = 80%). Further study of the full dataset
from which this pilot originated is justified to provide more robust evidence of the
association of maternal vitamin D during pregnancy and EH in the primary maxillary
incisors of the child.

The purpose of this pilot study is to inform feasibility and identify modifications for future
research. Vitamin D insufficiency in women of childbearing years is well-documented
(40-44). The intent of reporting the preliminary findings of this pilot study is to demonstrate
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an approach to investigate maternal vitamin D status during pregnancy that likely impacts
biological mechanisms e.g. development of sound tooth structure, which in turn influences
risk for ECC.

5. Conclusions

This pilot study of the relationship of maternal monthly total circulating 25(OH)D
concentration during pregnancy and EH in the primary maxillary central incisors of the child
provides an approach for future research of EH etiology. Though limited by the small
sample size, findings of the initial 29 children of the dataset suggest evidence to support
additional analyses of the 170 child-mother pairs and statistical testing of the relationship of
maternal 25(OH)D concentrations and child EH. The potential dental public health
implications for prevention of the developmental defect EH via maternal vitamin D
sufficiency during pregnancy need to be determined.
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Hypoplasia located at cervical third
Hypoplasia located at middle third

Hypoplasia located at incisal third

Figure 1.
Enamel Hypoplasia of Primary Maxillary Central Incisor, ProScope HR™ 50x
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Figure2.
Children with and without enamel hypoplasia by maternal mean circulating serum 25(OH)D

(ng/ml) and by gestational weeks of pregnancy. Hypoplasia of incisal location of teeth
plotted for gestational weeks 12-16, hypoplasia of middle location plotted for weeks 20-32,
and cervical hypoplasia plotted for weeks 36-40 (plots from bolded values of Table 2).
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Children with and without enamel hypoplasia by explanatory variables: Median or mean (standard deviation),

or % of total.

With enamel hypoplasia Without enamel hypoplasia Comparison (p-value)
n=13 n=16
Maternal and child race/ethnicity 0.3%
White 7113 = 54% 6/16 = 38%
Hispanic 2/13 = 15% 7116 = 44%
Black 4/13 = 31% 3/16 = 19%
Maternal age, years 28.5 (5.5) 28.7 (6.5) 0.95%
Maternal 25(OH)D (ng/ml) 12 — 40 weeks of
gestation 32.1(13.6) 33.6 (12.8) 0.76™
Maternal pregnancy complication 13 none 12 none, 2 minor, 1 moderate, Insufficient
1 severe
Mode of delivery | 11 vaginal, 2 C-section | 13 vaginal, 3 C-section | Insufficient
Level of neonatal care | 13 normal newborn | 16 normal newborn | Insufficient
RCT treatment group 1 6 5 Insufficient
2 3 5
3 4 6
child sex | 7113 = 54% F | 8/16 = 50% F | 08t
Child age (years) | 3.4+0.8 | 3.75%0.9 | 0.31%*
Child tooth count (average) | 19.03.2) | 19.6 (1.1) | 0.87%

fFisher’s exact test,

*
Student’s t-test,

Ak
Wilcoxon rank sum test presented where normality assumption was not met, median presented.
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