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A B S T R A C T

Adequate vitamin D status during pregnancy is important for developing fetal bone strength and density and
may play a role in preventing a range of skeletal and non-skeletal diseases in both mothers and children. We
previously identified Mongolian women of reproductive age to have the lowest vitamin D levels yet observed in
any population globally, which renders this population uniquely important in vitamin D research. In this study,
we measured the seasonal distribution of 25-hydroxyvitamin D (25(OH)D) concentration in 390 healthy third
trimester pregnant women living in urban and rural Mongolia using DiaSorin LIAISON and compared this dis-
tribution to that of 206 third trimester women living in Boston, USA. Also, we analyzed seasonally-independent
associations between (25(OH)D) levels and selected predictors in both groups using quantile regression. Mean
25(OH)D levels were significantly higher and less seasonal in Boston (seasonal range:
27.1 ± 7.0–31.5 ± 7.7 ng/ml) than in Mongolia (seasonal range: 11.2 ± 3.9–19.2 ± 6.7 ng/ml). Adjusting
for month of blood draw, higher 25(OH)D levels were significantly associated with older age, lower gravidity,
lower BMI, and lack of a college or university degree among Boston participants, however, only gravidity was
robust to multivariable adjustment. No assessed characteristics were independently predictive in Mongolia,
likely due to universally low 25(OH)D levels and a resulting lack of between-person variation. In conclusion,
vitamin D status among pregnant Mongolians is severely depressed throughout the year and should be addressed
through fortification and supplementation, while in the U.S., deficiency is associated with specific characteristics
targetable through supplementation.
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1. Introduction

During pregnancy, adequate maternal 25-hydroxyvitamin D
(25(OH)D) is necessary to support the mother's requirement and to
provide sufficient substrate for fetal 1,25(OH)2D production, which is
needed in turn to support ossification of the fetal skeleton (the rate of
which doubles in the third trimester [1–4]). Maternal vitamin D defi-
ciency during pregnancy is therefore plausibly associated with impaired
fetal growth and development. As most of an infant's vitamin D in its
first months of life are not obtained from breast milk or the sun, but
rather from trans-placental transfer during pregnancy, infants born to
vitamin D deficient pregnant mothers are at risk of deficiency both at
and after birth. Recent syntheses of randomized controlled trials have
varyingly implicated vitamin D supplementation during pregnancy in
reduced risk in offspring of low birth weight [5–7], small for gestational
age [6,7], preterm birth [5], reduced risk of fetal or neonatal mortality
[7], asthma recurrent wheeze at 0–3 years [6,8], and possibly maternal
risk of pre-eclampsia [5]. Offspring weight also has been shown to be
increased at 3, 6, 9, and 12 months of age with vitamin D supple-
mentation in pregnancy [7].

Mongolia is an important location for studying vitamin D deficiency
due to the country's high latitude and cold climate (which reduce en-
dogenous vitamin D synthesis by decreasing incident ultraviolet B in-
tensity and sun exposure, respectively) and the scarcity of vitamin D-
rich foods or supplements Mongolia [9]. We previously identified
25(OH)D levels in Ulaanbaatar women of reproductive age (WRA) in
March-April to be the lowest of any study population globally (79.3%
were < 10 ng/ml) [10], while in a nationwide survey, we found 85.1%
and 80.1% of urban and rural non-pregnant WRA to have levels < 10
ng/ml in January-March and 100% to consume inadequate dietary
vitamin D in winter (median intake: 29.1 and 18.2 IU/day, respectively,
compared 144 IU/day in the U.S.) [11,12]. The Fifth National Nutrition
survey found that nationwide, 75.4% of pregnant Mongolians have le-
vels below < 20 ng/ml and 20.2% between 20 and 30 ng/ml in Sep-
tember-November 2016 [13], we found a mean status of 7.6 ng/ml
among 360 rural pregnant Mongolians from February 2015-December
2016 [14], and data from an earlier 2000–2001 study of 62 Ulaanbaatar
pregnant women found mean levels of 12.7, 11.7, 9.7, and 7.7 ng/ml in
summer, fall, winter, and spring, respectively [15].

Neither the seasonal distribution of vitamin D status outside
Ulaanbaatar, nor the statistical associations between status and in-
dividual characteristics have been studied in Mongolian pregnant
women. We therefore investigated the seasonal distributions and sea-
sonally-independent predictors of vitamin D status in Ulaanbaatar and
two rural areas of Mongolia (Bulgan and Selenge) among third trimester
pregnant women. We also compared these distributions and predictors
to those of third trimester women in Boston, USA.

2. Methods

2.1. Study population

Eligible participants included late second or third trimester (22–33
weeks) pregnant women ≥18 years of age with naturally conceived,
singleton, presumed to be viable pregnancies who were receiving pre-
natal care at Brigham and Women's Hospital, Massachusetts, or one of
three hospitals in Mongolia: the National Center for Maternal and Child
Health in the capital municipality of Ulaanbaatar, or either the general
hospital of Bulgan province or the Mandal sub-district hospital in
Selenge province (both located in northern Mongolia). Boston and
Ulaanbaatar are densely populated urban areas, whereas Bulgan is a
town whose hospital serves its own and surrounding rural residents,
and Mandal is a rural area. Fig. 1 shows a map of study locations. For
each location, Fig. 2 compares the intensity of solar radiation in the
ultraviolet B wavelength range in which previtamin D is produced

(280–320 nm) at 12:00pm on the 15th of each month, estimated based
on each location's geographic coordinates and elevation using the
Tropospheric Ultraviolet-Visible (TUV) Model v.5.3 [16].

Participants from Boston were identified as part of an ongoing
longitudinal study of women with multiple samples collected during
pregnancy, of whom 206 women eligible for inclusion in the present
study were opportunistically sampled to have their third trimester
serum samples (collected from 10/30/2012 to 1/7/2015) analyzed for
vitamin D. These 206 women were 64.7% white, 11.0% African-
American, 15.5% Hispanic, 6.8% Asian, and 2.4% other races/ethni-
cities. In Mongolia, 412 participants were enrolled in the present study,
390 of whom were confirmed eligible, retained in follow-up, and from
whom third trimester serum samples (collected from 9/6/11 to 6/5/
2013) were analyzed for 25(OH)D. The sample of size of 596 was se-
lected to allow adequate statistical power for a separate analysis com-
paring concentrations of other analyses also measured in collected third
trimester serum samples (estradiol, estriol, prolactin, progesterone)
between Boston and Mongolia. All participants provided written in-
formed consent prior to enrollment in the present study. This study was
approved by the ethical review boards of the Mongolian Ministry of
Health, National University of Mongolia, U.S. National Cancer Institute,
and Brigham and Women's Hospital.

2.2. Data collection

Information on each participant and her index pregnancy was ab-
stracted from medical charts, including age, gravidity, sex of index
pregnancy, and pre-pregnancy and 3rd trimester BMI measured by
stadiometer and clinical scale, while race/ethnicity, supplement use,
smoking, alcohol use, education, and marriage status were obtained
during an interview. Ten ml of blood were collected from each parti-
cipant at a recorded gestational duration, delivered immediately to the
hospital laboratory, allowed to clot at room temperature, and cen-
trifuged. Serum was aliquoted into labeled cryotubes and frozen in
storage until being shipped to Boston Children's Hospital. 25-hydro-
xyvitamin D (25(OH)D) was measured using an enzyme-linked im-
munosorbent assay (ELISA) from Immunodiagnostic Systems Inc.
(Fountain Hills, AZ). This assay employs a competitive binding tech-
nique: 25(OH)D labeled with biotin is added to the samples, this sample
mixture is added to a microtitre plate coated with a highly specific
antibody to 25(OH)D, and the sample 25(OH)D competes with the
biotin-labeled 25OHD to bind sites on the plate. Hence, with increasing
concentrations of sample 25(OH)D, the amount of biotin-labeled
25OHD bound to the ELISA plate is reduced. After a washing step to
remove unbound components, avidin labeled with an enzyme (horse-
radish peroxidase) is added, the avidin binds to the biotin and after
another incubation, the plate is washed to remove unbound enzyme.
Substrate is added, and a color is generated that is indirectly propor-
tional to the concentration of 25(OH)D in the sample. The assay is
sensitive down to concentrations of 2.0 ng/ml. Day-to-day variability of
the assay at concentrations of 16.1, 28.8 and 52.9 ng l/ml are 4.6, 6.4
and 8.7%, respectively. The assay is standardized to the NIH Vitamin D
Standardization Program ID-LC–MS/MS Reference Method Procedure,
FDA-approved, and validated against a mass spectrometric analysis
platform in the DEQAS-certified clinical laboratory of Boston Children's
Hospital.

2.3. Statistical analysis

Descriptive statistics were tabulated for the Boston and Mongolia
study populations and compared across locations using chi-square tests.
For Boston, Mongolia, and study locations within Mongolia
(Ulaanbaatar, Bulgan, and Selenge) in each season (spring: March-May;
summer: June-August; autumn: September-November; winter:
December-February), the mean, median, and proportion of each group
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falling within vitamin D sufficiency categories was described [17], and
means were compared across locations and seasons using independent
sample t-tests. Seasonally-weighted annual statistics (i.e. annual sta-
tistics that would have been obtained had exactly 25% of the partici-
pants from each location been sampled in each season) were also esti-
mated. The association between assessed predictors and median
25(OH)D concentration was assessed using quantile regression in order
to account for potential influential effects of outlying observations, as
well as skew in model residuals in Mongolia analyses. Separate models
were run for Boston and Mongolia. For both countries, two sets of
models were run in which predictors included (1) month of assessment
(represented by a 12-category variable) and each predictor entered
individually in its own model, and (2) month of assessment and all
predictors entered simultaneously in one model. Models 1 and 2 also
evaluated the effect of square terms for each continuous predictor,
while Model 2 additionally evaluated all pair-wise interactions. The
proportion of deviance explained was measured for Model 2; a model
only including month of assessment; and the multivariable model ex-
cluding month of assessment [18]. Statistical analyses were conducted
using R v. 3.5.3.

Fig. 1. Boston and Mongolia lie in temperate northern latitudes.
Map of study locations. Surface altitudes: Boston (Brigham and Women's Hospital): 11 m; Ulaanbaatar (National Center for Maternal and Child Health): 1340 m;
Bulgan (Bulgan General Hospital): 1213 m; Selenge (Mandal Soum Hospital): 865 m.

Fig. 2. Ultraviolet B irradiance in Boston exceeds that in Mongolia from
February to November.
Estimated ultraviolet B irradiance is presented for each study location at
12:00pm on the 15th of each month.
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3. Results

Population characteristics are shown in Table 1 for Boston and
Mongolian participants. The distribution of season of assessment did
not differ significantly between the two locations, nor did gravidity or
child's sex in index pregnancy. In comparison with Boston participants,
Mongolian participants were significantly younger (mean age: 28 vs. 34
years), assessed at earlier gestation lengths (mean length: 219 vs. 246
days), had significantly lower pre-pregnancy, 3rd trimester, and pre-
pregnancy to 3rd trimester change in BMI), were less likely to have a
college or university degree (35% vs. 74%), to be single (2% vs. 18%),
and to have ever drank alcohol (5.1% vs. 9.7%) or smoked during
pregnancy (0.3% vs. 5.4%). In Mongolia, 75.9% of participants used a
multivitamin during pregnancy, 0.3% (1 participant) used vitamin D,
and 10.3% used both.

The seasonally-weighted annual mean serum 25(OH)D concentra-
tion in Boston and Mongolia was 29.7+9.3 and 14.4+6.0 ng/ml, re-
spectively (Table 2), with participants in the capital Ulaanbaatar
(13.2 ng/ml) having significantly lower concentrations than in both
Bulgan and Selenge (15.2 and 15.3 ng/ml, respectively). The annual
distribution of concentrations was normally-distributed in Boston and
left-skewed in Mongolia (Fig. 3). Mean concentrations displayed rela-
tively little seasonality in Boston (seasonal range: 27.1–31.5 ng/ml)
(Table 2, Fig. 4), where at least 84% of the population remained above
20 ng/ml in every season. By contrast, mean concentrations were highly
seasonal in Mongolia (seasonal range: 11.2–19.2 ng/ml), where at least
61% of the population remained below 20 ng/ml in every season.
Seasonality of mean monthly measurements was the least pronounced
in Ulaanbaatar: while the August mean in Bulgan and Selenge was 1.7
times those locations' annual means, Ulaanbaatar saw an increase of
only 1.2 times its annual mean during the peak in July (Fig. 2).

Adjusting for month of blood drawn, median serum 25(OH)D con-
centration among Boston participants was significantly associated with
maternal age (+0.3 ng/ml per year), gravidity (-5.8 ng/ml among 3+

gravid women in comparison with 0 gravid women), pre-pregnancy and
3rd trimester BMI (-0.3 ng/ml per kg/m2), and education (+4.5 ng/ml
among those without a college or university degree) (Table 3). After
additionally adjusting for all other evaluated predictors, only gravidity
remained independently predictive in Boston (-7.5 ng/ml among 3+
gravid women), particularly among those not currently married (in-
teraction analysis estimated unmarried 3+ gravid women to have a
16.1 ng/ml lower median than their married counterparts). In Mon-
golia, multivitamin use during pregnancy significantly predicted
25(OH)D in seasonally-adjusted models only (+2.0 ng/ml), and only
study location was predictive after multivariable adjustment (+4.1 ng/
ml among participants in Selenge compared to those in Ulaanbaatar).

In Boston models, month of assessment, evaluated characteristics,
and both month of assessment and evaluated characteristics explained
7.3%, 15.7, and 21.4% of model deviance, respectively, while in

Table 1
Characteristics of study population by location.

BMI: body mass index. Statistics are tabulated after excluding
missing values. Extent of missingness (n): pre-pregnancy BMI: 12,
3rd trimester BMI: 4; sex of child in current pregnancy: 2, pre-
pregnancy to 3rd trimester change in BMI: 15, ever smoked during
pregnancy: 2. Race/ethnicity was not assessed in Mongolia and
supplement use was not assessed in Boston. p-values are derived
from chi-squared tests. Shading: p < 0.05.

Table 2
Third trimester serum 25(OH)D concentration category by season and
location. (For interpretation of the references to colour in this Table
legend, the reader is referred to the web version of this article.).

Statistics are tabulated after excluding 1 missing vitamin D mea-
surement. * Statistics for the "Seasonally-weighted" rows estimate
annual statistics that would have been obtained had exactly 25% of
the participants from each location been sampled in each season.
Strength of shading is proportional to the percentage of each con-
centration category within each location. The following pairwise
mean comparisons are statistically significant (t-test, α = 0.05): (1)
Between locations within seasons: within each season,
Boston > Ulaanbaatar, > Bulgan, > Selenge, and > Mongolia as a
whole, and within Autumn, Ulaanbaatar < Bulgan and < Selenge;
(2) Between seasons within locations: within Boston,
Autumn > Winter; within Bulgan, Selenge, and Mongolia separately,
all pairwise seasonal comparisons are significant except Spring vs.
Winter; and within Ulaanbaatar, all pairwise seasonal comparisons
are significant except Spring vs. Winter and Autumn vs. Summer.

Fig. 3. Mean third trimester serum 25-hydroxyvitamin D concentration in
Boston exceeds that in Mongolia.
Histogram of 25-hydroxyvitamin D by study location. Sample size:
Boston = 206, Mongolia = 390.
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Mongolia models, these domains explained 19.8%, 7.3%, and 25.0% of
model deviance.

4. Discussion

In this comparison of 389 Mongolian and 206 Bostonian third tri-
mester pregnant women, we found a very high prevalence of vitamin D
deficiency in urban and rural areas of Mongolia in comparison with
Boston, USA. To our knowledge, this is the first multi-site study com-
paring vitamin D levels inside and outside of Mongolia. Vitamin D le-
vels in Mongolia were highly seasonal and minimally explained by
participant characteristics, given a lack of between-person variation at
the extreme low end of the 25(OH)D distribution. By contrast, vitamin
D levels in Boston were found to be relatively steady throughout the

year, and we were able to identify discrete seasonally-independent
participant characteristics associated with vitamin D status among
Bostonian pregnant women.

In comparison with a prior 2000–2001 study of 62 Ulaanbaatar
pregnant women which also used an ELISA platform, we found higher
mean 25(OH)D levels in Ulaanbaatar in the present study (12.7 vs.
14.4, 11.7 vs. 15.3, 9.7 vs. 11.8, and 7.7 vs. 11.4 ng/ml in summer,
autumn, winter, and spring, respectively) [15]. This may in part reflect
increased access to vitamin D containing foods following recent glo-
balization of Ulaanbaatar's food market over the past two decades, and
increased attention to vitamin D intake following experimental studies
in Mongolia [19]. Nonetheless, in line with previous findings [9],
Ulaanbaatar women had the lowest levels in this study, even in July-
September during which residents of Selenge and Bulgan enjoyed a
brief spike. In Boston, adjusted for age, season, and other factors, in-
creased (3+) gravidity was the only independent predictor of vitamin D
status, and may be a proxy for socioeconomic, behavioral, and biolo-
gical variables which predispose to lower vitamin D levels. Other
variables (age, BMI, and education), while not independently predictive
and therefore less indicative of a causal effect, deserve attention as
targets of screening in the U.S. and are among risk factors reported in
prior studies of pregnant and postpartum women in high-income
countries [20–24]. As compared with vitamin D levels in Mongolia, a
recent assessment of 2004 lactating women from eight areas of neigh-
boring China in different seasons also found an extremely high pre-
valence of deficiency (85% < 12 ng/ml) with significant associations
observed between [25(OH)D] and season, ethnicity, education, and
income [25]; national assessments have also found a high prevalence of
deficiency among almost all age ranges and geographic regions
[26–28]. In Russia, although nationally-representative statistics are
unavailable, a high prevalence of vitamin D deficiency has been found
among 1 st and 2nd trimester pregnant women [29], Moscow children
and adolescents [30], and residents across west, north, northwest, and
northeast Russia [31–33].

Comparatively depressed vitamin D status in Mongolia can likely be
explained by a combination of unfavorable environmental factors
(minimal sun exposure and intensity), darker skin pigmentation,
minimal contribution of dietary vitamin D, and lack of industrial for-
tification [9]. In Mongolia, dietary inadequacy of nutrients other than
vitamin D may also increase the risk of biochemical deficiency. For
example, magnesium is required by all of the enzymes that metabolize
vitamin D, and magnesium supplementation is associated with 25(OH)
D status [34]; in a nationwide analysis of 320 healthy Mongolian adults
aged 22–55, we estimated the nationally-weighted prevalence of
dietary magnesium inadequacy to be 64% in summer and 66% in
winter among urban women, and 79% in summer and 62% in winter
among rural women [11]. Only 10.6% of Mongolian participants in this
study took a vitamin D supplement. By contrast, 73% of pregnant
women in the United States take vitamin D supplements [35] and have
access to vitamin D rich foods including vitamin D fortified foods such
as milk and orange juice [36]. We have previously projected the effect
of vitamin D fortification in Mongolia and suggest it as a suitably ef-
fective and safe means of increasing vitamin D status for the adult
population nationwide, on top of which more targeted strategies should
be applied, such as supplementation [11]; our recent trial found high-
dose (4000 IU/day) supplementation alone among 360 pregnant
women in rural Mongolia to be safe and effective in increasing vitamin
D levels [14]. By contrast, while vitamin D levels in Boston are not
optimal year-round, they can be explained by specific screening char-
acteristics which would suggest increased supplementation alone to be
an effective approach.

A strength of this study is the measurement of vitamin D con-
centrations over all seasons collected from third trimester women in
both locations. This allowed us to validly compare these distributions
between locations and understand and control for the influence of
season on vitamin D levels. Although gestation length at assessment

Fig. 4. Third trimester serum 25-hydroxyvitamin concentrations display less
seasonality in Boston than in Mongolia.
Graph of mean and 95% confidence limits of 25-hydroxyvitamin D by month
and study location. Sample size: Boston = 206, Ulaanbaatar = 196,
Bulgan = 107, Selenge = 87. No Ulaanbaatar participants had blood drawn in
November.

Table 3
Seasonally-independent factors associated with third trimester serum
25(OH)D concentration.

N, Boston = 206; N, Mongolia = 390. BMI: body mass index. Statistics
are derived from quantile regression estimating median serum 25(OH)
D concentration in separate models for Boston and Mongolia, ad-
justing for either month of assessment alone using a single 12-category
variable, or both month of assessment and all other factors in the table
(the variable study location is not applicable to and is excluded from
all Boston analyses; 3rd trimester BMI is excluded from all multi-
variable-adjusted analyses due to multicollinearity). Shading:
p < 0.05. Not shown: in Boston analyses, the square of 3rd trimester
BMI is marginally significant in seasonally-adjusted analysis (β=-
0.02, SE = 0.01, p = 0.07) and interaction between 3+ gravidity and
"not currently married" is significant in multivariable-adjusted analysis
(β=-16.1, SE = 7.0, p = 0.02).
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differed slightly between locations, this was not identified as a sig-
nificant predictor in seasonally-adjusted or multivariable-adjusted
analyses, making it an unlikely confounder. We lacked information
about sun time spent outdoors and clothing worn in each location
(which are known to be important predictors), however, variation in
sun exposure is captured by month of assessment (which we did control
for). We also lacked information on diet. In prior assessments of non-
pregnant Mongolian adults, we found vitamin D intake to be extremely
low [11] and neither supplement use nor dietary intake to be sig-
nificantly predictive of serum 25(OH)D concentrations, while in the
U.S., both are important contributors to vitamin D status [12,27].

Given the striking difference in serum vitamin D levels between
pregnant women in Boston and Mongolia, and the importance of ade-
quate maternal serum vitamin D levels during pregnancy, the authors
urge the Mongolian government to implement vitamin D fortification
and targeted supplementation for the health of this critical segment of
the population [11,14]. While Mongolia represents a particularly ex-
treme case of population vitamin D deficiency, other vitamin D defi-
ciency-endemic countries would also benefit from a multi-pronged
approach such as this.
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