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Preface to ”Micronutrients Intake and Status during

Pregnancy and Lactation”

Optimal nutrition is important during pregnancy and lactation for the health of both the 
mother and infant. Chronic deficiencies in both macronutrients and micronutrients are well 
recognised in developing countries. Although overconsumption of macronutrients is a major issue 
in developed countries, micronutrient deficiencies—which occur concomitantly—are no less of a 
concern. Furthermore, in developed countries, there is also the risk of excessive micronutrient intake 
from dietary supplements. Micronutrients have a role in foetal and neonatal health and, also, health 
in later life. Micronutrient deficiency or toxicity during pregnancy or early life can permanently 
affect developing tissues, resulting in adverse growth and development of the infant, which is 
associated with chronic diseases in adulthood. An aberrant micronutrient intake during pregnancy 
or lactation can also have a detrimental effect on the mother, both in the neonatal period and in 
later life. This book brings together some of the latest original research regarding micronutrients in 
pregnancy and lactation. Included are recent studies assessing the adequacy of the whole diet in both 
developing and developed countries. These studies consider a range of micronutrients consumed 
by pregnant and breastfeeding women. Other articles focus on micronutrients of particular concern 
among populations, such as iron, iodine, selenium, folate, and vitamin D, and investigate habitual 
intake, nutritional supplementation, and metabolism. The research presented in this book includes 
studies of pregnant and breastfeeding women at risk of nutritional deficiency and, also, micronutrient 
status and metabolism in women with obesity and gestational diabetes, and their effects on the 
neonate.

Louise Brough, Gail Rees

Special Issue Editors
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Abstract: In the United States, the American Thyroid Association recommends that women take a
dietary supplement containing 150 μg of iodine 3 months prior to conception and while pregnant
and lactating to support fetal growth and neurological development. We used data from the National
Health and Nutrition Examination Survey 2011–2014 to describe the use of dietary supplements with
and without iodine in the past 30 days among 2155 non-pregnant, non-lactating (NPNL) women;
122 pregnant women; and 61 lactating women. Among NPNL women, 45.3% (95% Confidence
Interval [CI]: 42.0, 48.6) used any dietary supplement and 14.8% (95% CI: 12.7, 16.8) used a dietary
supplement with iodine in the past 30 days. Non-Hispanic black and Hispanic women were less likely
to use any dietary supplement as well as one with iodine, than non-Hispanic white or non-Hispanic
Asian women (p < 0.05). Among pregnant women, 72.2% (95% CI: 65.8, 78.6) used any dietary
supplement; however, only 17.8% (95% CI: 11.4, 24.3) used a dietary supplement with iodine. Among
lactating women, 75.0% (95% CI: 63.0, 87.0) used a dietary supplement; however, only 19.0% (95% CI:
8.8, 29.2) used a dietary supplement with iodine. Among NPNL women using a supplement with
iodine, median daily iodine intake was 75.0 μg. Self-reported data suggests that the use of iodine
containing dietary supplements among pregnant and lactating women remains low in contrast with
current recommendations.

Keywords: iodine; supplements; pregnant; lactating; women of reproductive age

1. Introduction

Iodine is an essential component of the thyroid hormones, thyroxine and triiodothyronine.
These hormones regulate vital body functions including fetal and postnatal growth and neurologic
development [1]. During pregnancy, iodine requirements increase to accommodate fetal needs and
alterations in maternal iodine metabolism, including increased urinary iodine loss [2,3]. Adequate
iodine intake is also critical early in pregnancy when the fetal brain is growing rapidly. Studies have
shown that overt iodine deficiency is associated with irreversible neurological damage in the fetus [3].
Other studies suggest that even mild iodine deficiency is associated with poor cognitive development
and educational attainment in young children [4,5].

The recommended daily allowance (RDA) of iodine for non-pregnant, non-lactating women (NPNL) is
150μg/day and increases to 220μg/day and 290μg/day for pregnant and lactating women, respectively [6].

Nutrients 2018, 10, 422; doi:10.3390/nu10040422 www.mdpi.com/journal/nutrients1



Nutrients 2018, 10, 422

Given the increased demand for iodine during pregnancy and lactation, the high variability of iodine in
foods [7–10] and the limited exposure to iodine from fortified salt [11], dietary intake alone may not be
sufficient to ensure optimal iodine nutrition [8,12]. Therefore, it is important to monitor the use of dietary
supplements containing iodine among women of reproductive age, as iodine is a nutrient critical for fetal
brain development, and pregnant women in the US, as a group, may be iodine deficient [13].

In 2006, the American Thyroid Association (ATA) recommended that pregnant and lactating
women in the United States and Canada take a dietary supplement containing 150 μg of iodine [14].
In 2014, the American Academy of Pediatrics (AAP) released a similar recommendation, advocating
the use of an iodine supplement during pregnancy [15]. In 2017, the ATA added that women who
are planning pregnancy should begin taking a supplement with iodine three months in advance of
the planned pregnancy [16]. The last national estimates of iodine containing dietary supplement
usage among women of reproductive age used data up to 2006 [17,18]. This study provides updated
estimates of the prevalence of dietary supplement use (any or iodine-containing) among women of
reproductive age (20–44 years, including pregnant and lactating women) in the United States.

2. Materials and Methods

2.1. Survey Design

The National Health and Nutrition Examination Survey (NHANES) is an ongoing, nationally
representative survey of the civilian, non-institutionalized population in the United States. NHANES
uses a complex, stratified, multistage probability cluster sampling design. Detailed information on
the study design and methods is available elsewhere [19,20]. Briefly, data collection in NHANES
includes a household interview and a physical examination conducted in the Mobile Examination
Center (MEC). Informed consent was obtained from all adult participants, and the sampling protocol
was approved by National Center for Health Statistics Research Ethics Review Board [20].

2.2. Sample Selection

To improve the reliability and stability of estimates, we pooled data from two cycles of
NHANES: 2011–2012 and 2013–2014 (examination response rates for women were 69.4% and 68.8%,
respectively) [21]. Pregnancy status was determined in the MEC. The MEC sample included 2517
women aged 20–44 years. Pregnancy status of adolescents (aged < 20 years) is not available in the
publicly available NHANES data files; therefore, we limited our sample to adult women. Women were
excluded if pregnancy status could not be ascertained (n = 179). The remaining 2338 women were
further categorized into pregnant, lactating, and NPNL. Pregnant women were defined as those with a
positive pregnancy test or self-reported pregnancy. Lactating women were those who reported that
they were currently breastfeeding. NPNL women were defined as those who were not pregnant and
did not report current breastfeeding. Two women were both pregnant and lactating; these women were
included with the pregnant group only. Conceptually, we felt that pregnancy would drive supplement
use more than lactation. We do not anticipate our results would change significantly, given there were
only two women who were both pregnant and lactating. Our final analytic sample included 2338
women, of which 2155, 122, and 61 were NPNL, pregnant, and lactating, respectively.

2.3. Demographic Variables

Age was categorized into 5-year intervals: 20–24 years, 25–29 years, 30–34 years, 35–39 years,
and 40–44 years. Self-reported race/Hispanic origin was categorized into: non-Hispanic white,
non-Hispanic black, non-Hispanic Asian, and Hispanic. NHANES participants reporting ‘other’ race
or multiple races are not shown separately, but are included in the overall and estimates for other
demographic categorizations. Federal income to poverty ratio, calculated by dividing family income
by the US Department of Health and Human Services poverty guidelines specific to the survey year,
was categorized as follows: 0–185%, >185–350%, and >350% (based on WIC eligibility criteria) [22].
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2.4. Dietary Supplement Data

Dietary supplement users included those who reported using any dietary supplement in the past 30
days, whereas iodine-containing supplement users were those that reported using a dietary supplement
with iodine in the past 30 days. Data on dietary supplement use in the previous 30 days were collected
during the household interview. Participants were asked about their usage of vitamins, minerals, herbals,
and other dietary supplements; this included prescription and non-prescription products. Participants
were then asked to show interviewers the containers for all products taken so that information from the
label could be recorded, including product name and manufacturer or distributor name and address.
Data were obtained from product labels post-interview for information on serving size, nutrients, and
nutrient amounts. Participants were also asked about the frequency of use and amount typically used.

Descriptive statistics of daily iodine intake from supplements were derived among women who
reported using a supplement with iodine (n = 323). The mean daily intakes of iodine reported in the
NHANES total supplement files were pre-calculated by dividing the amount of iodine (based on the
serving size listed on the product label) by the number of days the supplement had been used in the
past 30 days. These methods are described in detail elsewhere [23,24]. Among iodine supplement
users, frequency of iodine supplement use was categorized as 1–7, 8–15, 16–29, and 30 days.

2.5. Statistical Analyses

All statistical analyses were performed using SAS-Callable SUDAAN (version 11.0.1) software. MEC
weights were used to account for NHANES’s complex survey design (including oversampling) and survey
non-response. Weighted prevalence estimates for use of at least one dietary supplement in the past 30 days
and use of a dietary supplement containing iodine were calculated for all women. Prevalence estimates for
all women and NPNL women were further stratified by age, race/Hispanic origin and family income to
poverty ratio. Some sample sizes varied due to missing data on covariates, and this is indicated in table
footnotes. Variance estimates for all statistics of interest were approximated by Taylor Series Linearization,
accounting for the complex design of NHANES. Differences between groups were evaluated using a t
statistic. Tests of linear trend across ordinal variables were evaluated using orthogonal contrast matrices.
Statistical significance was set as p < 0.05. Estimates with a relative standard error ([(standard error of the
prevalence/prevalence) * 100]) <30% are presented [25]. Stratified data for pregnant and lactating women
are not presented due to small sample sizes. We did not account for multiple comparisons.

3. Results

3.1. All Women

Approximately half of women (47.6%; 95% CI: 44.3, 50.9) in our sample (including pregnant and
lactating women) had used a dietary supplement in the past 30 days; however, 15.1% (95% CI: 13.2,
16.9) had used a dietary supplement containing iodine (Table 1). Younger women (aged 20–24 years)
were significantly less likely to take any dietary supplements than women aged ≥25 years. Use of both
any supplement and use of iodine-containing dietary supplements varied by race/Hispanic origin. For
example, the prevalence of using any dietary supplement was significantly lower among non-Hispanic
black women (35.3%; 95% CI: 30.6, 39.9) and Hispanic women (39.3%; 95% CI: 34.8, 43.9) compared to
non-Hispanic white women (53.1%; 95% CI: 48.6, 57.5) and non-Hispanic Asian women (52.0%; 95%
CI: 46.3, 57.7) women. In addition, the prevalence of using an iodine-containing dietary supplement
was significantly lower among non-Hispanic black women (10.9%; 95% CI: 8.8, 13.1) as compared to
non-Hispanic white women (17.1%; 95% CI: 14.0, 20.1) and non-Hispanic Asian women (14.4%; 95%
CI: 11.8, 17.0) but did not significantly differ from that among Hispanic women (13.5%; 95% CI: 10.0,
17.0). Supplement use increased with income (p < 0.05 for linear trend). Women at or below 185%
of the federal poverty level had a lower prevalence of any or iodine containing dietary supplement
use as compared to women above 185% of the federal poverty level. A higher percentage of women
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with greater than a high school degree reported taking any supplement or iodine-containing dietary
supplements than women with less than a high school degree.

Table 1. Prevalence of supplement use and iodine-containing supplement use among women of
reproductive age (20–44 years) by demographic stratifications: NHANES 2011–2014.

n
% Using Any

Dietary
Supplement 1

95%
Confidence

Interval

% Using a Dietary
Supplement with

Iodine 1

95%
Confidence

Interval

All women 2338 47.6 (44.3, 50.9) 15.1 (13.2, 16.9)

Age (years) 2

20–24 473 39.4 a (32.6, 46.2) 10.9 a (7.3, 14.5)
25–29 419 47.0 b (40.9, 53.1) 16.1 a,b (11.1, 21.1)
30–34 464 48.9 b (43.0, 54.9) 16.2 a,b (12.5, 19.9)
35–39 466 50.4 b (43.5, 57.3) 14.4 a,b (10.0, 18.8)
40–44 516 52.6 b (46.9, 58.3) 18.0 b (13.7, 22.3)

Race/Hispanic Origin 4

Non-Hispanic White 834 53.1 a (48.6, 57.5) 17.1 a (14.0, 20.1)
Non-Hispanic Black 533 35.3 b (30.6, 39.9) 10.9 b (8.8, 13.1)
Non-Hispanic Asian 343 52.0 a (46.3, 57.7) 14.4 a (11.8, 17.0)
All Hispanic 314 39.3 b (34.8, 43.9) 13.5 a,b (10.0, 17.0)

Poverty to Income Ratio 3,5

0–185% 1146 39.6 a (35.0, 44.2) 9.9 a (7.8, 12.1)
>185–350% 445 50.5 b (43.8, 57.3) 16.9 b (13.7, 20.0)
>350% 599 57.6 b (51.7, 63.6) 20.4 b (15.3, 25.5)

Education level 3,5

<High school degree 375 32.1 a (27.4, 36.8) 8.3 a (5.4, 11.2)
High school degree 411 42.6 b (37.4, 47.8) 11.9 a (8.4, 15.4)
>High school degree 1550 51.7 c (47.5, 55.9) 17.1 b (14.4, 19.8)

Non-pregnant,
non-lactating women

2155 45.3 (42.0, 48.6) 14.8 (12.7, 16.8)

Age (years) 2

20–24 424 37.6 a (30.1, 45.2) 11.1 a (7.1, 15.2)
25–29 376 43.7 a (37.2, 50.2) 16.6 a,b (11.1, 22.1)
30–34 413 43.9 a (38.4, 49.4) 14.8 a,b (11, 18.7)
35–39 438 48.4 a,b (41.2, 55.6) 13.3 a,b (8.5, 18.0)
40–44 504 52.2 b (46.4, 58.1) 18.2 b (13.8, 22.6)

Race/Hispanic Origin 4

Non-Hispanic White 762 50.2 a (45.5, 54.9) 16.6 a (13.2, 19.9)
Non-Hispanic Black 489 34.7 b (29.4, 40.0) 11.5 b (9.3, 13.7)
Non-Hispanic Asian 317 50.2 a (44.3, 56) 13.9 a (11.0, 16.8)
All Hispanic 295 37.4 b (32.9, 42) 13.2 b (9.6, 16.6)

Poverty to Income Ratio 3,5

0–185% 1056 37.5 a (32.9, 42.1) 10.1 a (8.0, 12.2)
>185–350% 409 48.9 b (42.1, 55.7) 16.3 b (12.8, 19.9)
>350% 552 55.1 b (48.6, 61.5) 20.2 b (14.7, 25.7)

Education level 3,5

<High school degree 348 29.7 a (24.6, 34.8) 8.7 a (5.7, 11.8)
High school degree 384 41.4 b (36.4, 46.4) 12.0 a,b (8.3, 15.7)
>High school degree 1421 49.2 c (45.1, 53.3) 16.7 b (13.7, 19.6)

Pregnant women 122 72.2 (65.8, 78.6) 17.8 (11.4, 24.3)

Lactating women 61 75.0 (63.0, 87.0) 19.0 (8.8, 29.2)
1 All analyses were weighted and took into account the complex survey design. Estimates that share the same
superscript do not significantly differ from one another (significance is based on t-test values of p < 0.05). 2 Linear
trend in any supplement use. 3 Linear trend in any supplement use and iodine-containing supplement use. 4 Other
race/Hispanic origin is included in totals but not shown separately. 5 Sample sizes vary due to missing data.
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3.2. Non-Pregnant, Non-Lactating Women

Less than half of NPNL women (45.3%; 95% CI: 42.0, 48.6) reported the use of a dietary
supplement, and 14.8% (95% CI: 12.7, 16.8) reported the use of a dietary supplement containing
iodine. A higher percentage of older women (aged 40–44 years) reported taking a dietary supplement
(any or iodine-containing) as compared to younger women (aged 20–24 years) (p < 0.05). Non-Hispanic
black and Hispanic women were significantly less likely to use a dietary supplement (any or
iodine-containing) than non-Hispanic white or non-Hispanic Asian women. Prevalence estimates of
dietary supplement use by federal income to poverty ratio and education level were similar to that of
all women (p < 0.05 for linear trend for income and education level).

3.3. Pregnant Women

Although 72.2% (95% CI: 65.8, 78.6) of pregnant women reported using any dietary supplement,
17.8% (95% CI: 11.4, 24.3) reported using a dietary supplement with iodine.

3.4. Lactating Women

Among lactating women, 75.0% (95% CI: 63.0, 87.0) reported using a dietary supplement; however,
19.0% (95% CI: 8.8, 29.2) reported using a dietary supplement with iodine.

3.5. Daily Iodine Intake from Iodine-Containing Dietary Supplements

Among all women who reported using a dietary supplement with iodine, the daily intake of
iodine from dietary supplements was right skewed. Median daily intake of iodine from dietary
supplements was 75.0 μg among both all women and NPNL women (Table 2). Results for pregnant
and lactating women are not shown due to small sample size.

Table 2. Daily intake of iodine from supplements containing iodine among women of reproductive age
(20–44 years): NHANES 2011–2014 1

n Mean
95% Confidence

Interval
Median

Interquartile
Range

All women 323 88.3 (80.6, 96.1) 75.0 (113.0)
Non-pregnant,

non-lactating women 295 87.8 (80.1, 95.5) 75.0 (114.0)

1 Estimates of iodine intake are only among users of iodine-containing dietary supplements.

Half of all women who reported using a dietary supplement with iodine (n = 323) used the dietary
supplement for the full 30 days. The percentages of women who reported using a dietary supplement
with iodine for 1–7 days, 8–15 days, and 12–29 days were 15.1%, 18.6% and 16.4%, respectively (data
not shown).

4. Discussion

About one in seven women of reproductive age (15.1%), including pregnant and lactating
women, reported taking a dietary supplement that contained iodine. Two previous analyses
of NHANES (1999–2006 and 2001–2006) described the prevalence of iodine-containing dietary
supplement use among women of reproductive age [17,18]. At that time, approximately 20% of
pregnant and non-pregnant women, and 15% of lactating women, were taking a dietary supplement
that contained iodine. Our data suggest there has been little change since that time (17.8% pregnant
and 19.0% lactating).

In 1999–2006, the median daily intake among women aged 15–39 years (including pregnant but
not lactating) who reported taking a dietary supplement containing iodine was 124 μg/day [17]. This
is higher than the 75 μg/day reported here, suggesting iodine intake among iodine supplement users
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may be lower than in previous years. While NHANES did oversample pregnant women in 1999–2006,
the median iodine intake from supplements among NPNL women was 112 ug/day, compared to
75 ug/day for NPNL women in 2011–2014. This suggests that sample composition of the two study
periods is not driving the difference in iodine intake from supplements.

It is important to note that both of these estimates are based on a 30-day frequency questionnaire.
Therefore average daily nutrient intake over 30 days is calculated using information on the frequency
of use, servings consumed, and iodine content in the serving (based on the product label); changes in
median consumption can reflect changes in any of these three pieces of information. Our study found
that 73.9% of women taking a supplement containing iodine were taking a product with at least 150 μg
per serving (data not shown). Saldanha et al. found that for dietary supplements that were specifically
marketed as prenatal supplements, the mean iodine content of prescription prenatal supplements
was 150 ± 4.8 μg and for non-prescription prenatal supplements, it was 164 ± 6.7 ug [26]. As it is
unlikely there has been a dramatic reduction in the amount of iodine included in dietary supplements
containing at least some iodine, the lower median may be due to women reporting less frequent use of
supplements. Data from the 1999–2006 NHANES indicated that 65% of women who reported using a
dietary supplement with iodine used the supplement daily (unpublished data, Jaime Gahche, NIH).
We found that only half of all women who reported using a dietary supplement with iodine used
the dietary supplement daily, suggesting that frequency of iodine containing supplement use may
be declining.

In 2014, the AAP released a recommendation for pregnant and lactating women to take a dietary
supplement containing iodine [15], reinforcing the 2006 recommendation from ATA. While the majority
of pregnant and lactating women in the current study were taking a supplement, our analysis suggests
that many of the supplements consumed by these women do not contain iodine. An analysis in
2009 found that 51% of prenatal vitamins marketed in the US contained iodine [27], while a study
published in 2017 found that 61% of commercially available prenatal vitamins in the US contained
iodine [28]. Some of the increase in the inclusion of iodine in prenatal vitamins may be due to increased
recognition by the supplement industry of the recommendations by various health agencies for iodine
supplementation during pregnancy and lactation [28].

This study has several strengths. We used data from the NHANES, a nationally representative
data source. We presented national estimates and estimates for various subsets of the US population,
including the first nationally representative estimates for non-Hispanic Asian women. This study is
also subject to limitations. First, the NHANES dietary supplement database relies on the manufacturers’
labels to determine the amount of iodine in the products. The nutrient content of a dietary supplement
can vary from what is reported on the nutrition label. A 2017 study by Andrews et al. found that the
reported iodine content of a supplement can exceed the amount reported on the label by an average of
20.2% [29]. Second, we currently lack the appropriate database necessary for estimating the iodine
intake from dietary sources; therefore, we are unable to estimate how much iodine supplements
add to daily intakes. Currently, there is effort being taken in the US to develop a dietary database
for iodine [30]. Third, we were limited by the small number of pregnant and lactating women. As
a result, we were not able to produce estimates of the prevalence of dietary supplement use and
iodine-containing dietary supplement use by sociodemographic characteristics among pregnant and
lactating women.

In many countries, diet alone is not sufficient to meet the increased demand for iodine during
pregnancy and lactation [8,12], and supplements may be an important source of additional iodine for
these groups. Thus, it is necessary to monitor the use of dietary supplements containing iodine among
key target groups.
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Abstract: Diet during pregnancy greatly impacts health outcomes. This study aims to measure
changes in dietary intakes throughout trimesters and to assess pregnant women’s dietary intakes in
comparison with current Canadian nutritional recommendations. Seventy-nine pregnant women
were recruited and completed, within each trimester, three Web-based 24-h dietary recalls and one
Web questionnaire on supplement use. Dietary intakes from food, with and without supplements,
were compared to nutritional recommendations throughout pregnancy. Energy and macronutrient
intakes remained stable throughout pregnancy. A majority of women exceeded their energy and
protein requirements in the first trimester, and fat intakes as a percentage of energy intakes were
above recommendations for more than half of the women in all trimesters. Supplement use increased
dietary intakes of most vitamins and minerals, but 20% of women still had inadequate total vitamin
D intakes and most women had excessive folic acid intakes. This study showed that pregnant women
did not increase their energy intakes throughout pregnancy as recommended. Furthermore, although
prenatal supplementation reduces the risk of inadequate intake for most micronutrients, there is still
a risk of excessive folic acid and insufficient vitamin D intake, which needs further investigation.

Keywords: pregnancy; dietary intakes; energy intakes; supplements; dietary reference intakes (DRIs)

1. Introduction

Pregnancy is a critical period during which the pregnant woman’s diet must provide enough
nutrients to ensure optimal fetal development as well as to sustain the mother’s physiological needs.
In fact, in addition to the metabolic demand associated with the fetus’ growth, rises in blood volume,
extracellular liquids, adipose tissue, and placental weight all lead to an increase in the mother’s dietary
requirements [1,2]. Consequently, as recommended by the Institute of Medicine and Health Canada,
daily pre-pregnancy energy intakes should be increased by 340 and 452 kcal in the second and third
trimesters, respectively, in order to create a positive energy balance [3,4]. Likewise, pregnant women
should increase their protein intakes in the second and third trimesters, but no specific recommendation
exists for carbohydrates and fats during pregnancy [3].
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Higher energy intakes should allow pregnant women to meet their higher essential fatty acid,
dietary fiber, folic acid, iron, vitamin D, calcium, vitamin B12, and vitamin C requirements [3,4].
However, previous research highlighted various dietary inadequacies, namely folate, iron, vitamin B12,
and vitamin D insufficiencies [5–7] thus suggesting that pregnant women may have difficulty meeting
their higher micronutrient requirements through diet alone [5]. Moreover, since inadequate folate and
iron status during pregnancy has been associated with numerous adverse health outcomes [8–10],
Health Canada recommends that pregnant women should take, on a daily basis, a multivitamin
that contains at least 400 μg of folic acid and 16–20 mg of iron [4]. There are currently no specific
recommendations in terms of supplementation for other micronutrients. The use of a multivitamin
combined with the increase in total energy intakes is probably sufficient to allow pregnant women to
fill other micronutrient requirements [11].

Dietary intakes should be examined throughout pregnancy in order to detect potential excesses
or deficiencies in macro- and micronutrients associated with adverse pregnancy outcomes [12–14].
However, to date, few studies have assessed pregnant women’s dietary intakes by considering both
food and supplement sources, and even fewer have done so in each trimester of pregnancy [15–20].
To our knowledge, no study assessed trimester-specific adequacy to current nutritional Canadian
recommendations. This study aimed to: (1) measure changes in energy and macronutrient intakes
across trimesters; and (2) assess pregnant women’s dietary intakes in comparison with current
Canadian nutritional recommendations.

2. Materials and Methods

2.1. Study Population

Eighty-six (86) pregnant women recruited from April 2016 to May 2017 at the CHU de Québec—
Université Laval (Québec City, QC, Canada) were included in the ANGE (Apports Nutritionnels durant
la GrossessE) project. Women younger than 18 years old and with a gestational age greater than
11 weeks of pregnancy at the time of recruitment were excluded. Women with a previously diagnosed
severe medical condition (i.e., type 1 or type 2 diabetes, renal disease, inflammatory and autoimmune
disorders) were also excluded. Our final sample included 79 women for whom we have nutritional
data in all trimesters. The ANGE project was approved by the CHU de Québec—Université Laval
Research Center’s Ethics Committee and participants gave their informed written consent at their first
visit to the research center.

2.2. The Automated Web-Based 24-h Recall (R24W)

In the first (range: 8.4–14.0 weeks), second (range: 19.3–28.3 weeks), and third (range: 31.9–37.7 weeks)
trimesters of pregnancy, each participant was asked to complete a total of three Web-based 24-h dietary
recalls, using the R24W (Rappel de 24h Web; 24h dietary recall) platform, on two weekdays and one
weekend day (total of nine dietary recalls throughout pregnancy). The development of the R24W has been
previously described [21]. Briefly, the R24W uses a sequence of questions inspired by the United States
Department of Agriculture (USDA) Automated Multiple Pass Method (AMPM) [22]. The application
sends automatic emails on randomly chosen dates to remind the participants to complete the recall.
Participants were required to watch a mandatory tutorial video prior to their first recall. The database
includes 2865 food items that are linked to the Canadian Nutrient File [23] to enable automatic extraction
of nutrient values. Participants can report an unlimited number of meals and snacks for a 24-h period.
Pictures depicting multiple portion sizes with corresponding units and/or volume are available for
more than 80% of all food items. After selecting a food item, participants must choose the picture that
best represents the amount of food eaten. In addition, systematic questions are asked about frequently
forgotten food items including toppings, condiments, fats, snacks, and drinks. The R24W was previously
validated in pregnant women for each trimester [24]. All food items were automatically coded using the
2015 version of the Canadian Nutrient File [23] and data for energy and 22 nutrients were analyzed.
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2.3. Supplement Use

Information regarding dietary and prenatal supplement use was obtained through a Web
questionnaire administered within each trimester. Participants had to identify their supplement
(e.g., brand name, type of supplement, specific nutrient, etc.), and provide its drug identification
number (DIN), its measurement unit (e.g., tablets, drops, grams, milliliters, etc.), the dosage, and the
frequency at which the reported dose was taken. Participants could enter as many as 10 dietary
supplements. The Health Canada Licensed Natural Health Product Database [25] as well as companies’
product labels and websites were used to collect the nutritional information of all supplements
entered by participants. If information was missing or was incomplete for any of the supplements’
characteristics, a research assistant contacted the participant to obtain the missing information.
We assessed supplement use by compiling types of supplements used (multivitamins or single-nutrient
supplements) and the number of users for each type of supplement.

2.4. Estimated Energy and Protein Requirements

Pre-pregnancy body weight was self-reported and height was measured at baseline to calculate
pre-pregnancy BMI. Participants completed the validated French version of the Pregnancy Physical
Activity Questionnaire (PPAQ) [26,27] within each trimester. Physical activity levels (PALs) were
determined by ranking the participants according to the total amount of time they engaged in moderate
and high-intensity activities (minutes/day). According to the Institute of Medicine (IOM) guidelines
for the general adult population (which includes pregnant women) [3], participants were either
considered sedentary (less than 30 min of moderate-intensity activity), low-active (30 to 60 min of
moderate-intensity activity), active (60 to 180 min of moderate-intensity activity or 30 to 60 min of
high-intensity activity) or very active (more than 180 min of moderate-intensity activity or more than
60 min of high-intensity activity). Estimated energy requirements (EERs) were calculated for each
trimester by using pre-pregnancy weight, age, height, and physical activity coefficient corresponding
to the PAL determined by the PPAQ [3]. An additional 340 kcal and 452 kcal were respectively added
to the second and third trimester EERs [3]. Daily protein requirements were calculated as 1.1 g/kg of
pre-pregnancy weight for the first 20 weeks of pregnancy, to which 25 g of protein per day was added
for the remaining 20 weeks of pregnancy [3].

2.5. Other Variables

Gestational age (weeks of gestation) was confirmed by ultrasound conducted at the CHU de
Québec—Université Laval in the first trimester. A Web-based self-administered questionnaire was
completed by all participants either in the first (n = 62) or in the second (n = 24) trimester to collect
information on economic and socio-demographic characteristics.

2.6. Statistical Analyses

within each trimester, means and standard deviations for energy and macro- and micronutrient
intakes as well as the percentage of energy from carbohydrates (% carbohydrates), fat (% fat),
and proteins (% proteins) were calculated from the three 24-h dietary recalls. Total micronutrient
intakes were calculated by combining intakes from supplements and intakes from food sources only
(derived from the dietary recalls). We then compared total energy and nutrient intakes and intakes
from food sources only with dietary reference intakes (DRIs) by calculating proportions of women
that had intakes below the estimated average intakes (EARs) and above the upper intake limit (UL),
as applicable [28]. Folate intakes as dietary folate equivalent (DFE) were compared to the EAR (520 μg),
and only synthetic forms of folic acid (i.e., fortified foods and supplements) were compared to the UL
for folic acid (1000 μg), as the UL for folic acid applies only to synthetic forms [3]. Similarly, only niacin
and magnesium intakes from supplements were compared to the UL for these nutrients, as their
respective UL only applies to intakes from supplements [3]. Energy intakes (EIs) were compared
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with EERs, and protein, carbohydrate, and fat intakes as percentages of energy were compared with
the acceptable macronutrient distribution range (AMDR) [3]. Proportions of women with values
below or above the EERs or AMDR were calculated. Protein intakes (g/day) were also compared
to estimated protein requirements, as previously described [3]. Finally, repeated measures ANOVA
was performed to assess variations in energy, macro- and micronutrient intakes across trimesters. All
statistical analyses were performed in JMP version 13 (SAS Institute Inc., Cary, NC, USA).

3. Results

Participant characteristics are presented in Table 1. Of the 86 pregnant women recruited, seven
were lost to follow-up, mainly due to miscarriage or lack of time to devote to the project. Therefore,
results include 79 pregnant women with a mean age of 32.1 ± 3.7 years and an average pre-pregnancy
BMI of 25.7 ± 5.8 kg/m2. The majority of participants were Caucasian (97.5%), had a university degree
(78.5%), an annual household income of C$80,000 or more (63.3%), and were multiparous (64.6%).

Table 1. Participants’ characteristics (n = 79).

Variables Mean ± SD or N (%)

Age (years) 32.1 ± 3.7
Weeks of gestation at baseline (weeks) 9.3 ± 0.7

Primiparous 28 (35.4)

BMI (kg/m2) 25.7 ± 5.8
Underweight 2 (2.5)

Normal weight 43 (54.4)
Overweight 19 (24.1)

Obese 15 (19.0)

Ethnicity–Caucasian 77 (97.5)

Education
High school 4 (5.0)

College 13 (16.5)
University 62 (78.5)

Household income
<C$40,000 5 (6.3)

C$40,000–59,999 10 (12.7)
C$60,000–79,999 13 (16.5)
C$80,000–99,999 17 (21.5)

>C$100,000 33 (41.8)
Income missing 1 (1.2)

Physical activity level (minutes of moderate and vigorous activity/day)
First trimester 60.5 ± 59.6

Second trimester 45.9 ± 51.1
Third trimester 35.2 ± 41.5

3.1. Supplement Use

Prenatal multivitamins were used by a majority of pregnant women (86.1%, 84.8%, and 78.5%
in the first, second, and third trimesters, respectively) and folic acid supplements were the most
commonly reported single-nutrient supplements (data not shown). Among women that did not take a
multivitamin, the most reported single nutrient taken was folic acid for all trimesters (data not shown).
Furthermore, among participants taking two supplements, the most reported single nutrients combined
with a multivitamin were folic acid (50.0%) vitamin D (40.0%), and iron (44.4%) in the first, second,
and third trimesters, respectively (data not shown). Small proportions (<10%) of women reported
taking vitamin D, iron, and omega-3 as single-nutrient supplements throughout pregnancy (data not
shown). In the third trimester, women who reported taking no supplement were significantly younger
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than the women who were taking at least one supplement (30.3 ± 3.8 years old vs. 32.6 ± 3.5 years
old, p = 0.0236; data not shown).

3.2. Energy, Macronutrients, and Dietary Fiber

Table 2 shows trimester-specific energy intakes and macronutrient intakes as percentages of
energy intake derived from the dietary recalls in comparison with EERs and AMDRs. No significant
difference was observed for energy, protein, carbohydrate, or lipid intakes across trimesters. However,
a significant increase in SFAs and a decrease in PUFAs as percentages of energy intakes were
observed across trimesters (Table 2). Macronutrient intakes (grams per day) derived from the
R24Ws and proportions of women that reported intakes above or below the corresponding DRIs
are shown in Table 3. Mean energy intakes exceeded EERs in the first trimester (2294.3 ± 487.2
vs. 2122.4 ± 265.9 kcal; p = 0.006), but were below EERs in the third trimester (2234.6 ± 476.1 vs.
2492.2 ± 216.8 kcal; p < 0.0001). Protein intakes as a percentage of energy were within the acceptable
distribution range (10–35%) in all trimesters but exceeded estimated requirements (1.1 g/kg) in the first
trimester (96.7 ± 20.7 vs. 70.0 ± 8.6 g/day; p < 0.0001) for almost all participants (94.9% of them). In all
trimesters, a majority of women reported fat intakes that were above the acceptable distribution range
as a percentage of energy intakes. Inversely, carbohydrate intakes as percentages of energy were below
the acceptable distribution range for more than 20% of participants for each trimester. Dietary fiber
intakes were also below the DRI of 14 g/1000 kcal in all trimesters for more than 85% of participants.

3.3. Vitamins and Minerals

Micronutrient intakes derived from the R24Ws (food sources only) and proportions of women
that reported intakes above or below the corresponding DRIs are shown in Table 4. A high prevalence
of inadequate intakes was observed for vitamin D (93.7%, 83.5%, 78.5%), iron (88.6%, 89.9%, 94.9%),
and folate (58.2%, 60.8%, 68.4%) in all trimesters, when only food sources were considered (Table 4).
Vitamin B6 intakes were below the EAR for 36.7%, 32.9%, and 38.0% of women in the first, second,
and third trimesters, respectively. Smaller proportions of women reported, throughout pregnancy,
inadequate intakes of magnesium, vitamin A, calcium, and zinc. Vitamin C intakes were inadequate
for 22.8% of participants in the second trimester but only for 4.1% and 10.1% of women in the first
and third trimesters, respectively. Repeated measures ANOVA showed significant decreases in dietary
intakes of vitamin C and manganese, as well as significant increases in dietary calcium and vitamin B12

intakes across trimesters (Table 4). In all trimesters, a majority of pregnant women reported sodium
intakes that were above the UL of 2300 mg.

As shown in Table 5, when food sources and dietary supplements were combined, the proportion of
women with adequate micronutrient intakes increased. With the exception of folate, vitamin D, and iron,
less than 15% of our participants had total micronutrient intakes below the EAR, in all trimesters. Total
intakes of folic acid and sodium were above the UL for a majority of women, and more than a third of
participants had total iron intakes above the UL for all trimesters. The significant decrease observed
for vitamin C and manganese, as well as the significant increase in calcium intakes persisted after the
addition of intakes from supplements (Table 5).
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4. Discussion

Our prospective assessment of pregnant women’s dietary intakes revealed a stability in energy
and macronutrient intakes across trimesters. Most women exceeded their estimated requirements in
terms of energy and protein in the first trimester but reported energy intakes below their needs later
in pregnancy. We also found that diet alone may not be sufficient to provide adequate intakes for all
micronutrients. Besides, when only food sources were considered, insufficient intakes of dietary fiber,
vitamin D, folate, and iron were observed for a majority of women. Supplement use considerably
improved the adequacy of micronutrient intakes among the pregnant women in our study sample,
although excessive intakes were observed for iron, folic acid, and sodium.

Although it is recommended for pregnant women to increase their caloric intake as the pregnancy
progresses [3], we found that there was a stability in energy intakes throughout pregnancy. Likewise,
Abeysekera et al. [29] and Talai Rad et al. [30] as well as Moran et al. [18] found no significant
changes in longitudinal caloric intakes of pregnant women. A prospective study by Vioque et al.
conducted among Spanish pregnant women even observed a significant decrease in energy intakes
(from the first to the third trimester) measured by a food frequency questionnaire (FFQ) [31]. Moreover,
a recent meta-analysis of 18 studies by Jebeile et al. [32] reported little to no change in energy intake
during pregnancy, which is in line with the stability we observed across trimesters. In light of their
observations, Jebeile et al. [32] questioned the current caloric recommendations during pregnancy,
suggesting they may be too high, but this affirmation should be further explored through studies that
will focus on energy metabolism during pregnancy.

Although no variation in energy and macronutrient intakes was observed, most women exceeded
their EER and EPR in the first trimester, in contrast with the third trimester, where a majority of
women reported energy intakes below their EER. Kubota et al. [15] reported partially similar results,
as they observed dietary intakes in the third trimester that were 900 kcal below the official Japanese
recommendations. Since we do not have pre-pregnancy nutritional data, it is unknown whether the
caloric excess observed is related to pregnancy itself or if it was already present before pregnancy.
Augustine et al. [33] suggested that the process of «eating for two» associated with pregnancy occurs
before the actual metabolic demand affects the mother. According to them, hormone-induced increase in
dietary intakes early on in pregnancy could represent an adaptive response to the upcoming metabolic
demand [33]. This could partially explain why our sample exceeded their EERs and EPRs as early as in
the first trimester. The higher protein intakes observed in the first trimester also suggest that foods rich
in protein (e.g., meat, dairy, legumes, etc.) may have contributed to the energy excess observed in early
pregnancy, but this should be further investigated. Moreover, the questionnaire used to calculate PAL,
the PPAQ, has been known to overestimate PAL in a small cohort of pregnant women [34]; therefore,
the EERs calculated calculated within each trimester each trimester may have been overestimated. The use
of a more precise method to measure our sample’s PAL (e.g., an accelerometer), could have attenuated
the gap between EIs and EERs in the third trimester but could have increased it in the first trimester.

In parallel with the energy and protein excess observed in the first trimester, we found that, in
all trimesters, more than half of our study sample reported fat intakes as percentages of energy that
exceeded the acceptable range of 20–35%. These results are similar to those of Dubois et al. [11] in
which a third of the 1533 pregnant women studied had total fat intakes as a percentage of energy
above the recommended range. Furthermore, a meta-analysis by Blumfield et al. [19] also found that
studies set in Western regions reported mean fat intakes (as percentages of energy intakes) of 35.0% to
37.1% among pregnant women, in accordance with our results. Moreover, in our study, 20.3% to 24.1%
of participants reported carbohydrate intakes as a percentage of energy below the recommendations,
which is also similar to other North American studies [19]. However, the literature is still incomplete
and unclear on the roles that each macronutrient plays in pregnant women’s health [35]. Further
research is therefore necessary to assess the impact of inadequate macronutrient intakes on maternal
and fetal outcomes.
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The suboptimal dietary intakes of fiber, vitamin D, folic acid, and iron observed in pregnant
women from our study seem to be in line with the results of various authors [11,18,36–39]. Our results
combined with those of other epidemiological studies thus suggest that food fortification policies
and the use of a multivitamin during pregnancy are still necessary to reduce the risk of inadequate
intake of micronutrients. In fact, our study showed that the use of dietary supplements greatly
improved the adherence to micronutrient recommendations, as approximately 75% of all participants
had total intakes above the EAR for all micronutrients. Dubois et al. [11] as well as Fayyaz et al. [40]
reported similar results, especially regarding total iron and folate intakes. The insufficient intakes of
dietary fiber observed in our study are in accordance with what Dubois et al. [11] reported, however,
the relevance of these results and the impact of inadequate fiber intakes during pregnancy should be
further investigated.

Most of our participants were supplement users and prenatal multivitamins were the most
prevalent supplement taken by our study sample. It is important to mention that, although Health
Canada recommends a prenatal multivitamin that contains 400 μg of folic acid and 16–20 mg of iron,
close to all prenatal multivitamin supplements taken by our participants contained 1000 to 5000 μg of
folic acid and 27 to 35 mg of iron (data not shown). Consequently, a majority of participants exceeded
the UL for folic acid (1000 μg) in all trimesters and more than a third exceeded the UL for iron (45 mg)
in the first and second trimesters. Dubois et al. [11] obtained similar results as they found that 90.4%
and 32.4% of their participants had excessive folic acid and iron intakes, respectively, when dietary
supplements were taken into account. Increased iron and folic acid intakes are indicated for women
with conditions such as iron-deficiency anemia (iron) or for pregnant women at higher risk of giving
birth to children with neural tube defects (folic acid) [41,42]. In our study, we do not have information
regarding the number of women that were prescribed an iron supplement to prevent or to treat an
iron-deficiency anemia. It is therefore impossible to know if the excessive iron intakes observed among
our participants were due to anemia prevention or treatment. Moreover, it is important to mention
that other nutrients, namely calcium, might decrease iron absorption, and thus observed total intakes
of iron may not reflect the real iron status of our participants [43]. For these reasons, our results should
be combined with direct assessment of iron status to evaluate the adequacy of our participant’s iron
intakes. Furthermore, results from a recent Canadian study suggest that although fortification policies
improved the population’s dietary intakes of folic acid, supplement users may be at risk of folic acid
overconsumption [44]. To date, the implications of high folic acid intakes on pregnancy and prenatal
health outcomes are not well understood and should therefore be further investigated [40,45,46].

Along with iron and folate, vitamin D was found to be one of the nutrients for which diet alone
was insufficient to provide adequate intakes. The prevalence of inadequate intakes did decrease
when dietary supplements were taken into account, but more than 20% of participants sill had total
vitamin D intakes that were below the EAR, in all trimesters. Similar inadequacies were reported by
Aghajafari et al. [37], as they found that 44% of their sample (n = 537 pregnant women) reported total
vitamin D intakes (diet and supplements) that did not meet the Recommended Dietary Allowance
(RDA) of 600 IU. Furthermore, despite the fact that more than half of their participants reported
adequate daily vitamin D intakes (≥600 IU), Aghajafari et al. found that 20% of them were vitamin
D-insufficient, according to the Endocrine Society and Osteoporosis Canada’s definition of 75 nmol/L
circulating 25-hydroxyvitamin D. [47,48]. Moreover, Hollis et al. [49] conducted a double-blind
randomized clinical trial in 494 pregnant women and found that a vitamin D supplementation of
4000 IU/day was the most effective in achieving vitamin D sufficiency, in comparison with 400 and
2000 IU/day. In our study, prenatal multivitamins taken by pregnant women contained, depending
on the brand of the multivitamin, between 250 and 600 IU of vitamin D (data not shown). This may
not be adequate, according to Hollis et al. [49], to complement dietary intakes of all pregnant women.
Nevertheless, evidence regarding vitamin D supplementation during pregnancy is not currently
sufficient to support definite clinical recommendations, and the results of Hollis et al. should be
interpreted with caution [50]. It would also be necessary to combine dietary assessment (food and
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supplements) with direct measurement of vitamin D status (i.e., circulating 25(OH)D) and sun exposure
in order to accurately evaluate vitamin D adequacy during pregnancy [11,51].

To our knowledge, this is the first study to prospectively assess whether or not pregnant women
met current Canadian nutritional recommendations. The use of a validated Web-based 24 h recall
combined with a Web questionnaire on supplement use generated detailed information on dietary
and total intakes during pregnancy. However, our study has some limitations, namely regarding
the small size and the lack of representativeness of our study sample, since most pregnant women
enrolled were Caucasians and of a higher socioeconomic status. The nutritional inadequacies observed
among our study sample may therefore be greater among less educated and lower-income pregnant
women. Nutritional adequacy of pregnant women of lower socioeconomic status should be further
investigated. However, despite our small sample size, our results highlight the need for more
prospective, population-based studies regarding pregnant women’s dietary intakes, especially among
lower income, less educated populations. Finally, our study did not measure circulating 25(OH)D
in addition to iron and folate status, which limited our adequacy assessment of pregnant women’s
vitamin D, iron, and folate intakes.

5. Conclusions

In summary, we observed that, contrary to current recommendations, there was a stability
in dietary intakes across trimesters, and thus most women exceeded their energy and protein
requirements in the first trimester and had intakes below recommendations in the third trimester.
The implications and possible causes of excessive energy and protein intakes in early pregnancy are
not well documented and should be further investigated in association with gestational weight gain
and other metabolic outcomes. The use of prenatal multivitamins and single nutrient supplements
considerably improved iron, folate, and vitamin D adequacy, although excessive folic acid, iron,
sodium, and niacin intakes were observed, and vitamin D inadequacies persisted for some pregnant
women. Further research is needed to, firstly, evaluate the impact of high doses of folic acid on
pregnancy and prenatal outcomes, and, secondly, to identify the dose of supplemental vitamin D
necessary to achieve vitamin D sufficiency.
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Abstract: The effect of vitamin D receptor gene (VDR) polymorphisms on adverse pregnancy
outcomes—including preterm birth (PTB), low birth weight and small for gestational age—is currently
under debate. We investigated 187 mother-child pairs from the Italian “Mamma & Bambino” cohort
to evaluate the association of maternal VDR polymorphisms—BsmI, ApaI, FokI and TaqI—with
neonatal anthropometric measures and the risk of PTB. To corroborate our results, we conducted
a meta-analysis of observational studies. For the FokI polymorphism, we showed that gestational
duration and birth weight decreased with increasing number of A allele (p = 0.040 and p = 0.010,
respectively). Compared to the GG and GA genotypes, mothers who carried the AA genotype
exhibited higher PTB risk (OR = 12.049; 95% CI = 2.606–55.709; p = 0.001) after adjusting for
covariates. The meta-analysis confirmed this association under the recessive model (OR = 3.67,
95%CI 1.18–11.43), and also pointed out the protective effect of BsmI polymorphism against the risk
of PTB under the allelic (A vs. G: OR = 0.74; 95%CI 0.59–0.93) and recessive (AA vs. GG + AG:
OR = 0.62; 95%CI 0.43–0.89) models. Our results suggest the association between some maternal
VDR polymorphisms with neonatal anthropometric measures and the risk of PTB.

Keywords: pregnancy; vitamin D; gestational duration; birth cohort

1. Introduction

Adverse pregnancy outcomes continue to be major Public Health problems in spite of
improvements in health care [1–3]. Among these, preterm birth (PTB) represents the first cause
of death among newborns and the second among children under five years [4]. Since the World Health
Organization (WHO) estimated that 15 million of children prematurely born each year—it means
more than one out of ten infants—novel strategies and guidelines should be designed and validated
to help prevent PTB. The major risk factors of PTB are certainly maternal age, short inter-pregnancy
interval, multiple gestation, drug abuse, smoking, vaginal dysbiosis and infections, low maternal
pre-pregnancy weight or inadequate gestational weight gain [5–8]. However, the effect of genetic
susceptibility has been also well recognized [9], with novel fetal and maternal genomic variants which
in turn affect both intrauterine environment, pregnancy duration and fetal growth [10]. It has been
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estimated that approximately 32 million low birth weight (LBW) or small for gestational age (SGA)
infants are born annually, with 96.5% of them in developing countries [11]. Approximately two-thirds
of the risk of adverse pregnancy outcomes depend on maternal habits, with maternal nutrition playing
a key role during the preconception and gestational periods [12]. However, uncovering the main
genetic risk factors of adverse pregnancy outcomes remains one of the main challenges for Public
Health, since they conferred about a third of this risk [13–15].

Overall, vitamin D is crucial for the maintenance of adult health [16] and its deficiency—especially
during pregnancy—is associated with potential adverse outcomes for both mothers and children [17].
In humans, most of Vitamin D is provided by the endogenous cutaneous synthesis of pre-vitamin D3,
which is derived from 7-dehydrocholesterol through the exposure to ultraviolet radiation [18]. The best
sources of vitamin D are the flesh of fatty fish (i.e., salmon, tuna, and mackerel) and fish liver oils,
while small amounts of vitamin D are found in beef liver, cheese, and egg yolks [19,20]. Vitamin D in
these foods is primarily in the form of vitamin D3 [21]. In U.S.A. and Canada, fortified foods provide
most of the vitamin D in the D3 form [19,22]. While Vitamin D3 represents almost 95% vitamin D
serum levels [23], a less active form, known as Vitamin D2, is also provided by dietary sources and
supplements [24]. Therefore, serum levels of 25-hydroxylated vitamin D2+D3 (25OHD) represent the
vitamin D pool of the body. During pregnancy, the fetus is entirely dependent on maternal sources of
vitamin D, which also regulates placental function [18]. Several observational studies showed that
maternal vitamin D deficiency may influence mother and neonatal outcomes, including recurrent
pregnancy losses, preeclampsia, gestational diabetes, PTB, LBW and SGA [25]. However, as concluded
by recent systematic reviews and meta-analyses, it is currently not clear if adequate dietary intake
and/or supplementation of vitamin D may reduce the risk of adverse pregnancy outcomes [25–28].
Inconclusive results could be partially explained by heterogeneity in study design, exposure variables,
outcomes of interest, study setting and participants.

In this scenario, increasing interest concerns the effect of genetic variants affecting vitamin D
metabolism and functions. Vitamin D activity is mediated by the vitamin D receptor (VDR), a nuclear
receptor which acts as a high-affinity ligand-activated transcription factor [29]. VDR gene—located
on the chromosome 12q12–14—is highly expressed in several human tissues including skin
epithelium, osteoblasts and chondrocytes, muscles, cells from the immune system and placenta [30].
The ligand-bound VDR forms a heterodimer with nuclear retinoid X receptor (RXR) [31],
which recognizes vitamin D response elements (VDRE) in the promoter regions of vitamin D target
genes and recruits co-factors to modulate gene transcription [32]. Recently, some studies proposed
the potential association between VDR polymorphisms and the risk of adverse pregnancy outcomes,
such as PTB, LBW and SGA births [9,33–42]. In this area of research, BsmI (rs1544410), ApaI (rs7975232),
FokI (rs2228570) and TaqI (rs731236) polymorphisms are the most commonly investigated: while TaqI
and FokI consist of a single base change (A to G and G to A in exons 9 and 2, respectively), BsmI and
ApaI are located in the last intron of the sequence and result from a single base change (G to A
and A to C, respectively). However, evidence of an association between VDR polymorphisms and
adverse pregnancy outcomes is currently weak and not convincing, with high heterogeneity across
studies [43]. To explore the effect of preconception, perinatal and early life exposure on maternal and
infant health—with particular focus on the interaction between epigenetic biomarkers of health and
aging, diet and lifestyles [44–48]—we recently designed the prospective “Mamma & Bambino” study,
which enrols mother-child pairs during pregnancy.

In the present study we used data and samples from this cohort to evaluate the association of
maternal VDR polymorphisms (i.e., BsmI, ApaI, FokI and TaqI) with neonatal anthropometric measures
and the risk of PTB, even considering dietary intake of vitamin D. Then, we carried out a systematic
review evaluating the effect of VDR polymorphisms on PTB risk and on neonatal anthropometric
measures. Finally, we corroborated our results by pooling them with those reported by previous
studies through a meta-analysis.
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2. Materials and Methods

2.1. Study Design

The “Mamma & Bambino” cohort is an ongoing Italian birth cohort designed to explore the effect
of preconception, perinatal and early life exposure on maternal and infant health (further information
can be found at http://www.birthcohorts.net). During the prenatal genetic counselling, at gestational
week 4–20 (mean = 16 weeks), pregnant women referred to the Azienda Ospedaliera Universitaria
“Policlinico-Vittorio Emanuele”, Catania (Italy) were invited to participate. This study was carried out
in accordance with the Declaration of Helsinki and the protocol was approved by the ethics committee
of the involved institution. All subjects were fully informed of the purpose and procedures and gave
written informed consent. In this cohort, information on sociodemographic and lifestyle data are
collected by trained epidemiologists using a structured questionnaire. Educational level is classified as
low (primary school, i.e., ≤8 years of school) and high (high school education or greater, i.e., >8 years of
school). Women are also classified as employed or unemployed (including students and housewives).
Smoking status is classified as no smoking (including ex-smokers) and current smoking. Pre-pregnancy
body mass index (BMI) is calculated as weight (kg) divided by height (m2), based on criteria from
the WHO [49]. According to the Institute of Medicine (IOM) recommendations, we define adequate
gestational weight gain (GWG) as follows: 12.5–18 kg (underweight), 11.5–16 kg (normal weight),
7–11.5 kg (overweight), and at least 5–9 kg (obese) [50]. Type of delivery, intrauterine foetal
death, congenital malformations and plurality are also recorded at delivery. Biological samples are
collected from both the mothers (peripheral blood) and the children (amniotic fluid and cord blood).
Furthermore, a two-year follow-up is conducted to collect information on mother-child lifestyle and
health status.

In the current analysis we included mother-child pairs with complete data on sociodemographic
characteristics, lifestyle and vitamin D intake, pregnancy outcomes and maternal VDR genotype
distributions. Primary outcomes were gestational duration and PTB, defined as spontaneous delivery
before 37 weeks. Secondary outcomes were birth weight and length; birthweight was classified as
LBW (birthweight < 2.5 kg) and macrosomia (birthweight ≥ 4.0 kg); birthweight for gestational
age was defined as SGA, AGA or LGA according to sex-specific national reference charts [51].
Mother-child pairs with pre-existing medical conditions (i.e., autoimmune and/or chronic diseases),
pregnancy complications (i.e., preeclampsia, hypertension and diabetes), pre-term induced delivery or
caesarean section, intrauterine foetal death, plurality and congenital malformations were all excluded.

2.1.1. VDR Genotyping

Maternal DNA was extracted from peripheral blood samples using QIAamp DNA Mini Kit
according to the manufacturer protocol (Qiagen, Milan, Italy). VDR polymorphisms were genotyped
using the following commercially available TaqMan SNP Genotyping Assays (Applied Biosystem,
Foster City, CA, USA): ApaI rs7975232 (C_28977635_10), TaqI rs731236 (C_2404008_10), BsmI rs1544410
(C_8716062_10), FokI rs2228570 (C_12060045_20). All reactions were performed in triplicate on the
QuantStudio™ 7 Flex Real-Time PCR System (Applied Biosystem, Foster City, CA, USA) deploying
conditions set by the manufacturer. Allele determination was carried out using QuantStudio™ 7 Flex
System Software (Applied Biosystem, Foster City, CA, USA).

2.1.2. Assessment of Vitamin D Intake

Vitamin D intake was assessed by a validated 95-item semi-quantitative Food Frequency
Questionnaire (FFQ) as described elsewhere [52]. In brief, women were asked to report the frequency
of consumption (twelve categories from “almost never” to “two or more times a day”) and portion size
(small, medium or large) of each food item, using and indicative photograph atlas. Food intakes were
calculated by multiplying the frequency of consumption with the daily portion size of each food item.
Vitamin D intake was calculated using the USDA Nutrient Database (http://ndb.nal.usda.gov/)
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adapted to the Italian food consumption. The use of multimineral/multivitamin supplements
containing vitamin D was recorded, but the vitamin D intake was based only on food sources, as the
FFQ was not designed to ascertain the quantification of vitamin D intake by supplementation.

2.1.3. Statistical Analyses

Statistical analyses were conducted using SPSS software (IBM Corp. Released 2013. IBM SPSS
Statistics for Windows, Version 22.0. Armonk, NY, USA). Descriptive statistics were used to characterize
the study population, using frequency, mean and standard deviation (SD), or median and interquartile
range (IQR). The Chi-square test was performed to determine if geno-type distributions in mothers
with full-term delivery were deviated from the Hardy-Weinberg Equilibrium (HWE). Prior to analysis,
the normal distribution of all variables was checked using the Kolmogorov-Smirnov test. Based on
skewed distribution, comparisons of maternal and infant quantitative variables across VDR genotypes
were analysed using the Mann-Whitney U test or the Kruskal-Wallis test. Categorical variables were
compared using the Chi-squared test. Linear and binary regression models were applied to evaluate
the associations of VDR polymorphisms with primary and secondary outcomes, using the non-mutated
genotypes as reference. Regression models were adjusted for age, smoking, educational level,
employment status, pre-gestational BMI, GWG, vitamin D intake, use of vitamin D supplements,
type of delivery and parity. Post-hoc statistical power analysis was performed using Epi Info™
software (version 7; CDC, Atlanta, GA, USA). All statistical tests were two-sided, and p values < 0.05
were considered statistically significant.

2.2. Systematic Review and Meta-Analysis

2.2.1. Search Strategy

Two of the Authors carried out a systematic literature search in the PubMed-Medline and Web of
Science databases to identify relevant epidemiological studies, investigating the association of BsmI,
ApaI, FokI and TaqI polymorphism with neonatal anthropometric measures and incidence of PTB,
LBW and SGA births. The search strategy comprised the terms (Vitamin D receptor OR VDR) AND
(variation OR polymorphism OR mutations OR SNP) AND (Preterm Birth OR birthweight OR birth
weight OR birth length OR Low Birth Weight OR Intrauterine Growth Retardation OR Fetal Growth
Retardation OR Small for Gestational Age). The databases were searched from inception to February
2018 without language restriction; abstracts and unpublished studies were not included. Moreover,
the reference lists from selected articles, including relevant review papers, were searched to identify all
appropriate studies. The preferred reporting items for systematic reviews and meta-analysis (PRISMA)
guidelines were followed.

2.2.2. Selection Criteria

Two of the Authors independently assessed the retrieved articles and any inconsistencies
were resolved through discussion. Studies included were consistent with the following criteria:
(i) observational studies or randomized control trials (RCTs) (ii) on pregnant women of any gestational
age (iii) without pregnancy complications, (iv) focusing on the association of FokI, ApaI, TaqI and
BsmI VDR polymorphisms with PTB, LBW, and SGA. Moreover, (v) studies were selected if they
provide sufficient information on the numbers or genotype frequencies in cases and controls in order
to estimate odds ratios (ORs) and 95% confidence intervals (95% Cis). By contrast, the exclusion
criteria were as follow: (i) systematic reviews or meta-analyses; (ii) abstracts and unpublished studies;
(iii) studies with insufficient or lack of data to estimate ORs and 95% CIs, after attempting to contact the
corresponding authors via e-mail; (iv) investigating the association with other VDR polymorphisms
(v) or with other adverse pregnancy outcomes; (vi) studies with no control group.
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2.2.3. Study Selection and Data Extraction

Two of the Authors independently extracted the following information: first Author’s last name,
year of publication, country where the study was performed, ethnicity and number of participants,
sample type, phenotype of the cases evaluated, genotyping method, genotype distributions in cases
and controls, and p-values for HWE in controls. If additional data were needed, the Authors of
retrieved articles were contacted. Primary outcome was PTB since lack of data and inconsistency of
reported outcomes avoided the quantitative analysis for birthweight, birth length, LBW and SGA.

2.2.4. Procedures of Meta-Analysis

Strength of association between VDR polymorphisms and PTB was estimated as ORs (95% CIs)
under the allelic model (2 vs. 1), the dominant model (22 and 12 vs. 11) and the recessive model (22 vs.
11 and 12). The significance of pooled OR was determined by the Z test. Heterogeneity across studies
was measured using the Q test, considering significant statistical heterogeneity as p < 0.1. As the
Q test only indicates the presence of heterogeneity and not its magnitude, we also reported the I2

statistic, which estimates the percentage of outcome variability that can be attributed to heterogeneity
across studies. An I2 value of 0% denotes no observed heterogeneity, whereas, 25% is “low”, 50% is
“moderate” and 75% is “high” heterogeneity [53]. We also estimated the between-study variance using
tau-squared (t) statistics [54]. According to heterogeneity across studies, we used the fixed-effects
model (Mantel-Haenszel method) when heterogeneity was negligible or the random-effects models
(DerSimonian-Laird method) when heterogeneity was significant. The presence of publication bias
was investigated by Begg’s test and Egger’s regression asymmetry test [55,56]. Except for the Q test,
p < 0.05 was considered statistically significant, and all tests were 2-sided. All statistical analyses
were performed using the Review Manager software (Version 5.3. Copenhagen: The Nordic Cochrane
Centre, the Cochrane Collaboration, 2014).

3. Results

3.1. “Mamma & Bambino” Cohort

From the “Mamma & Bambino” cohort, 187 women aged 15–50 years (median = 37 years) were
enrolled at a median gestational age of 16 weeks (IQR = 4). According to pre-gestational BMI and GWG
we identified 30.9% and 27.1% who exhibited reduced or excessive GWG, respectively. In general,
gestational duration was 39 weeks (IQR = 2) and 55.1% of deliveries were natural. Median birth length
and weight were 50.0 cm (IQR = 2) and 3.2 Kg (IQR = 0.6), respectively. Approximately 8% of new-borns
were underweight while 7.5% was diagnosed with macrosomia. According to sex-specific national
reference charts [51], most of new-borns were AGA (80.2%), while the proportion of SGA and LGA were
8% and 11.8%, respectively. Only 10.7% of women reported the use of multimineral/multivitamin
supplements containing vitamin D. Notably, vitamin D intake was not associated with neonatal
anthropometric measures nor with PTB risk (Table 1). Table 1 also shows the comparison between
mothers with PTB (n = 17; 9%) and full-term delivery (n = 170, 91%). No differences were evident for
maternal socio-demographic characteristics, pre-gestational BMI, GWG, use of vitamin D supplements
and lifestyle. As expected, PTB new-borns exhibited lower birth length (47.5 cm vs. 50.0 cm; p < 0.001)
and weight (2.44 kg vs. 3.2 kg; p < 0.001), with a higher proportion of underweight compared to
full-term new-borns (58.8% vs. 2.9%; p < 0.001).
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Table 1. Population characteristics and comparison between preterm and full-term births.

Characteristics
Study

Population
(n = 187)

PTB (n = 17)
Full-Term
(n = 170)

p-Value

Age, years a 37.0 (4) 37.0 (5) 38.0 (4) 0.648

Gestational age at enrolment, weeks 16.0 (4) 16.0 (4) 16.0 (4) 0.691

Educational level (% low-medium) 13.9% 5.9% 14.7% 0.316

Employment status (% employed) 55.6% 47.1% 56.5% 0.456

Smoking (% current smokers) 18.3% 5.8% 19.5% 0.165

Pre-gestational nutritional status

Underweight 8.1% 11.8% 7.7% 0.522

Normal weight 65.6% 58.8% 66.3%

Overweight 17.2% 11.8% 17.8%

Obese 9.1% 17.6% 8.3%

GWG, kg a 12.0 (7) 11.0 (10) 12.0 (6.9) 0.630

GWG classification

Reduced 30.9% 35.3% 30.5% 0.903

Adequate 42% 41.2% 42.1%

Excessive 27.1% 23.5% 27.4%

Vitamin D intake, μg/day a 3.7 (3.5) 3.7 (4.3) 3.1 (3.6) 0.808

Vitamin D supplements (% users) 10.7% 5.9% 11.2% 0.501

Gestational duration, weeks 39.0 (2) 35.5 (2) 39.0 (2) <0.001

Sex (% male) 50.3% 47.1% 50.6% 0.781

Birth weight, kg a 3.2 (0.6) 2.44 0.5) 3.2 (0.6) <0.001

Birth length, cm a 50.0 (2) 47.5 (4) 50.0 (2) <0.001

Type of delivery

Natural 55.1% 47.1% 55.9% 0.486

Caesarean section 44.9% 52.9% 44.1%

Underweight (%) 8% 58.8% 2.9% <0.001

Macrosomia (%) 7.5% 0% 8.2% 0.219

Weight for gestational age

SGA 8% 5.9% 8.2% 0.283

AGA 80.2% 70.6% 81.2%

LGA 11.8% 23.5% 10.6%
a Data reported as median (IQR). Abbreviations: IQR, interquartile range; PTB, preterm birth; GWG,
gestational weight gain; SGA, small for gestational age; AGA, adequate for gestational age; LGA, large for
gestational age.

Figure 1A shows the distributions of VDR genotypes in the study population; notably, only FokI
and TaqI VDR polymorphisms were in HWE. The comparison of neonatal anthropometric measures
across TaqI genotypes showed that birth weight increased with increasing number of G allele
(AA = 3.2 kg vs. AG = 3.2 kg vs. GG = 3.4; p = 0.020). However, we failed in confirming this
difference after adjusting for covariates. The comparison of maternal and neonatal characteristics
across FokI genotypes showed that gestational duration and birth weight decreased with increasing
number of A allele (p = 0.040 and p = 0.010, respectively). Accordingly, the proportion of PTB increased
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with increasing number of A allele (GG = 5.2% vs. AG = 8.3% vs. AA = 33.3%; p = 0.001), whereas no
statistically significant differences were reported for BsmI, ApaI and TaqI (Figure 1B). In line with
this evidence, we demonstrated that the risk of PTB increased with the number of A allele both
in the age-adjusted (OR = 3.010; 95% CI = 1.457–6.215; p = 003) and in the multivariable-adjusted
models (OR = 4.015; 95% CI = 1.649–9.771; p = 0.002). Particularly, compared to the GG and GA
genotypes, mothers who carried the AA genotype exhibited a higher PTB risk both in the age-adjusted
(OR = 7.389; 95% CI = 2.308-23.660; p = 0.001) and in the multivariable-adjusted models (OR = 12.049;
95% CI = 2.606–55.709; p = 0.001).

Figure 1. (A) Genotype Distribution of vitamin D receptor gene (VDR) Polymorphisms and
(B) comparison between preterm births (PTB, inner ring) and full-term births (outer ring).

3.2. Systematic Review

3.2.1. Study Characteristics

The detailed steps of study selection are given as a PRISMA flow diagram in Figure 2. A total of
67 articles were retrieved from the databases and 18 duplicates were excluded. After reading titles
and/or abstracts, 25 articles were excluded while 24 underwent full-text screening. Based on selection
criteria we excluded 13 studies, whereas 11 studies were included in the systematic review. No RCTs
focusing on the association of VDR polymorphisms with PTB, LBW, and SGA were found and thus,
only observational studies were included.

A total of 5 studies were from European countries [9,36,38,40,42], 4 from America [33,35,37,41],
and 1 from Asia [34] and Australia [39], respectively. Overall, sample sizes ranged from 189
to 615 mothers and from 90 to 506 infants, respectively. The most reported outcome was PTB
(n = 4) [9,33,34,36], while 3 studies investigated neonatal anthropometric measures using birth
weight [37], LBW [35] or SGA [41] as primary outcome. Two studies collected both maternal and cord
blood samples [34,36], while 5 and 3 studies genotyped VDR polymorphisms in cord blood [38–42]
or maternal blood samples [9,33,37], respectively; only Workalemahu et al. collected placental
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samples [35]. Given that the majority analysed more than one polymorphism, FokI was analysed
by 7 studies [33–37,39,41], BsmI by 8 studies [9,34,36,38–42], ApaI by 5 studies [9,34,36,37,39,40] and
TaqI by 7 studies [9,34,36–40]. The most common genotyping method was restriction fragment length
polymorphism analysis (RFLP) (n = 6) [34,36–40,42], followed by TaqMan SNP Genotyping Assays
(n = 4) [9,33,37,41] and Sequenom MassARRAY (n = 1) [35].

Figure 2. Flow diagram of study selection.

3.2.2. VDR Polymorphisms and Neonatal Anthropometric Measures

In 2011, Swamy and colleagues conducted a prospective study on 615 pregnant women,
evaluating the effect of 38 VDR polymorphisms on several birth outcomes. In brief, they showed that 8
of 38 SNPs examined—including ApaI—were significantly associated with birth weight in black but
not in white women [37]. In the same year, Silvano and colleagues studied 97 pre-pubertal singleton
children from 0 to 12 years to assess clinical and biochemical phenotypes that better characterize
SGA children who failed to achieve postnatal catch-up growth. At the baseline, they did not observe
difference in BsmI and FokI genotype distributions across categories of birth weight for gestational
age [41]. Consistently with our results, the study by Workalemahu et al.—investigating the effect
of placental VDR polymorphisms on birth size in 506 mother-child pairs—demonstrated that birth
weight decreased with increasing number of A allele of the FokI polymorphism [35].

3.2.3. VDR Polymorphisms and PTB Risk

Manzon and colleagues genotyped VDR polymorphisms in both maternal and cord blood samples
of 33 PTB and 98 full-term delivery [36]. In line with our results, they concluded that women who
carried the A allele of FokI were at higher risk of PTB than those who carried the G allele. By contrast,
women who carried the T allele of TaqI polymorphism exhibited a lower risk of PTB [36] compared
to those with non-mutated allele [36]. However, using a logistic regression model they observed
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that only maternal FokI variant was associated with the risk of PTB. More recently, the study by
Javorsky and colleagues—comparing104 women with PTB to 85 with full-term delivery—confirmed
that maternal FokI polymorphism was associated with a higher risk of PTB [33]. Next, Rosenfeld and
colleagues added to this knowledge, demonstrating that the proportion of women with PTB decreased
with increasing number of A allele of maternal BsmI polymorphism, after adjusting for some
confounders [34]. Interestingly, among women with previous history of spontaneous miscarriage,
the risk of PTB was higher if their newborns carried the non-mutated allele of BsmI or the mutated
allele of ApaI [34].

3.2.4. Meta-Analyses of the Association between VDR Polymorphisms and PTB Risk

As demonstrated by post-hoc statistical power analysis, only the study of the association between
FokI polymorphism and PTB reached a statistical power of at least 80%, with a significance level of 0.05.
Thus, to summarize evidence about the association between maternal VDR polymorphisms and PTB,
we pooled our results with those reported by three previously published articles [9,33,34] (Table 2).
For the ApaI polymorphism, we pooled our results with those reported by Baczyńska-Strzecha et al.
and Rosenfeld et al. [9,34]. The Q-test and I2 statistics showed no significant heterogeneity across
studies under the allelic (p = 0.41; I2 = 0%), dominant (p = 0.19; I2 = 40%) and recessive (p = 0.61;
I2 = 0%) models. Using the fixed effect model, the meta-analysis showed no association of ApaI
with PTB under the allelic model (C vs. A: OR = 0.89, 95%CI 0.71–1.12), dominant (CC + AC vs.
AA: OR = 0.73, 95%CI 0.53–1.2) and recessive model (CC vs. AA + AC: OR = 1.20, 95%CI 0.81–1.77)
(Figure 3).

For the BsmI polymorphism, we pooled our results with those reported by
Baczyńska-Strzecha et al. and Rosenfeld et al. [9,34]. The Q-test and I2 statistics showed no
significant heterogeneity across studies under the allelic (p = 0.31; I2 = 15%), dominant (p = 0.18;
I2 = 42%) and recessive (p = 0.97; I2 = 0%) models. Using the fixed effect model, the meta-analysis
showed a significant negative association with PTB under the allelic (A vs. G: OR = 0.74, 95%CI
0.59–0.93) and recessive (AA vs. GG + AG: OR = 0.62, 95%CI 0.43–0.89) models. By contrast,
no statistically significant association was evident under the dominant model (AA + AG vs. GG:
OR = 0.78, 95%CI 0.54–1.12) (Figure 4).

Table 2. Characteristics of studies included in the meta-analysis.

Authors Country
Study

Design
Ethnicity

Sample
Size

Sample SNPs
Genotyping

Method

Baczyńska-Strzecha
et al., 2016 [9] Poland Case-control Caucasian 199 Maternal

blood

ApaI
BsmI
TaqI

TaqMan
Assay

Javorski et al.,
2018 [33] Brazil Case-control Mixed 189 Maternal

blood FokI TaqMan
Assay

Rosenfeld et al.,
2017 [34] Israel Case-control Mixed 375

Maternal
and fetal

blood

ApaI
BsmI
FokI
TaqI

RFLP

Mamma & Bambino
Cohort, 2018

Italy Prospective
cohort Caucasian 187 Maternal

blood

ApaI
BsmI
FokI
TaqI

TaqMan
Assay

Abbreviations: SNP, single nucleotide polymorphism.
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Figure 3. Forest plots of the association between ApaI polymorphism and preterm birth under the
(A) allelic, (B) dominant and (C) recessive models.

For the FokI polymorphism we pooled our results with those reported by Javorski et al. and
Rosenfeld et al. [33,34]. The Q-test and I2 statistics showed significant heterogeneity across studies
under the allelic (p = 0.002; I2 = 85%), dominant (p = 0.02; I2 = 74%) and recessive models (p = 0.001;
I2 = 77%). Using the random effect model, the meta-analysis showed a significant association with PTB
under the recessive model (AA vs. GG + AG: OR = 3.67, 95%CI 1.18–11.43). By contrast, pooled ORs
under the allelic (A vs. G: OR = 1.90, 95%CI 0.96–3.75) and dominant (AA + AG vs. GG: OR = 1.65,
95%CI 0.80–3.42) models were not statistically significant (Figure 5).
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Figure 4. Forest plots of the association between BsmI polymorphism and preterm birth under the
(A) allelic, (B) dominant and (C) recessive models.
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Figure 5. Forest plots of the association between FokI polymorphism and preterm birth under the
(A) allelic, (B) dominant and (C) recessive models.

For the TaqI polymorphism we pooled our results with those reported by Baczyńska-Strzecha et al.
and Rosenfeld et al. [9,34]. The Q-test and I2 statistics showed no significant heterogeneity across
studies under the allelic (p = 0.29; I2 = 19%), dominant (p = 0.51; I2 = 0%) and recessive (p = 0.13;
I2 = 55%) models. Using the fixed effect model, the meta-analysis showed no significant association
with PTB under the allelic (G vs. A: OR = 0.94, 95%CI 0.75–1.18), dominant (GG + AG vs. AA:
OR = 0.88, 95%CI 0.63–1.21), and recessive (GG vs. AA + AG: OR = 1.00, 95%CI 0.69–1.46) models
(Figure 6). Overall, we found no evidence of publication bias for meta-analyses of ApaI (Begg’s p = 0.74;
Egger’s p = 0.89), BsmI (Begg’s p = 0.70; Egger’s p = 0.19), FokI (Begg’s p = 0.87; Egger’s p = 0.81),
and TaqI (Begg’s p = 0.42; Egger’s p = 0.24).
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Figure 6. Forest plots of the association between TaqI polymorphism and preterm birth under the
(A) allelic, (B) dominant and (C) recessive models.

4. Discussion

In the present study, we used data from the “Mamma & Bambino” cohort to evaluate the effect
of VDR polymorphisms on neonatal anthropometric measures and on the risk of PTB. Interestingly,
we observed that maternal FokI polymorphism affected both gestational duration and birth weight,
which decreased with increased number of the mutated allele (A). This is consistent with Workalemahu
and colleagues that demonstrated, for the first time, that birth weight decreased with increasing
number of A allele [35]. In line with reduced gestational duration, we also demonstrated that
the risk of PTB increased with increasing number of A allele both in the age-adjusted and in the
multivariable-adjusted models. Notably, compared to mothers with GG or GA genotypes, mothers who
carried the AA genotype exhibited a 12-fold increased risk of PTB, independent of socio-demographic
characteristics (age, educational level, employment status), lifestyle (smoking, pre-gestational BMI,
GWG), vitamin D intake, use of vitamin D supplements, type of delivery and parity. A similar risk
was also observed by Manzon et al. [36] and Javorsky et al. [33], while Rosenfeld and colleagues
failed in demonstrating this association. When we pooled our results with those reported by Javorsky
et al. and Rosenfeld et al. [33,34], we demonstrated a significant positive association between FokI
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polymorphism and PTB under the recessive model. By contrast, Rosenfeld and colleagues [34] also
demonstrated that the proportion of women with PTB decreased with increasing number of mutated
allele (A) of maternal BsmI polymorphism. Although we failed in demonstrating this association,
the meta-analysis confirmed the protective effect of BsmI against PTB under the allelic and recessive
models. Results about the effect of TaqI polymorphism on PTB risk are currently inconclusive:
while Manzon and colleagues proposed that the mutated allele conferred a lower PTB risk [36], we did
not confirm this association by pooling our results with those reported by Baczyńska-Strzecha et al. and
Rosenfeld et al. [9,34]. However, since we observed that birth weight increased with increasing number
of mutated alleles, it cannot be completely excluded the protective effect of TaqI polymorphism on
foetal growth and development. A prospective study on 615 pregnant women, conducted by Swamy
and colleagues, evaluated the effect of 38 VDR polymorphisms on several birth outcomes. Since 8
of 38 SNPs examined—including ApaI—significantly affected birth weight in black but not in white
women, the Authors concluded that strength of association may depend on ethnicity, proposing a
partial explanation for the observed racial disparity in several pregnancy outcomes [37]. However,
non-significant results in white women may be the result of the substantially smaller sample for
compared to the black group. Nevertheless, comparison between studies should be interpreted with
caution due to the high heterogeneity across studies in terms of design, sample size and type, ethnicity,
geographical diversity, sun exposure, maternal habits and outcomes of interest, that may account for
discrepancies in the obtained results [9,33,34].

The mechanistic link between VDR expression and foetal outcome is still unclear. Calcitriol is
the major active ligand of VDR. The ligand-bound VDR forms a heterodimer with nuclear retinoid X
receptor (RXR) [31], which recognizes vitamin D response elements (VDRE) in the promoter regions of
vitamin D target genes and recruits co-factors to modulate gene transcription [32]. However, vitamin D
can also exert rapid non-genomic effects, probably via VDR located within the plasma membrane [57].
This rapid pathway works via specific enzymes, such as protein kinase C and mitogen-activated
protein kinase [57], which regulate cell proliferation and differentiation, invasive processes and
apoptosis. Although several studies suggest that vitamin D system—including VDR, its ligands and the
metabolizing enzymes—plays a key role in innate immunity and implantation [58–62], the functional
effects of VDR and its allelic variants in pregnancy are not yet clarified. The main weakness of
our study was the relatively small sample size and the statistical power—with a low number of PTB
infants—that raises the need of future analyses on the ongoing “Mamma & Bambino” cohort to confirm
the observed associations. Although we acknowledge that further stratification by ethnicity should be
provided—the “Mamma & Bambino” cohort consisted of Caucasian women—we established the effect
of VDR polymorphisms on PTB risk in the context of previous studies investigating this association
in medium-large populations that included different racial and ethnic groups. However, due to
inconsistency of reported outcomes, we cannot perform a meta-analysis of the association between
VDR polymorphisms and neonatal anthropometric measures. Indeed, only three studies investigated
the effect on neonatal anthropometric measures using birth weight [37], LBW [35] or SGA [41] as
primary outcome. Furthermore, the collection of additional data regarding other anthropometric
measures should be included in future studies. Another weakness was that we did not analysed VDR
polymorphisms in infant samples, not being able to assess the contribution of foetal VDR gene on
adverse pregnancy outcomes. In fact, as reported by Rosenfeld et al., the risk of PTB could be higher in
new-borns carrying the non-mutated BsmI or the mutated ApaI allele [34]. Moreover, the influence of
unmeasured variables, such as sun exposure, maternal habits and serum vitamin D levels cannot be
completely excluded. Since the FFQ did not quantify vitamin D from nutritional supplements and
fortified foods, we did not have a precise measure of vitamin D intake status. However, we reported
that the use of vitamin D supplements containing is not common among women from the “Mamma %
Bambino” cohort and no association with PTB risk was evident. Furthermore, the measurement of
25OHD would be useful to evaluate whether there was a relationship between serum levels and dietary
intake, including vitamin D supplements. In addition, it should be recognized that, in the present
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study, other variables such as poverty status, mid-pregnancy immune and growth-related factors,
recently associated with PTB prediction in women with and without preeclampsia [63], have not been
included. Notably, our study was conducted in a cohort of the women in Sicily, southern Italy and
a recent systematic review reports that despite high levels of sunshine, maternal hypovitaminosis D
during pregnancy is prevalent in sunny Mediterranean region where optimal vitamin D levels are
expected [64]. Reasons for this phenomenon may rely on different factors that can determine vitamin
D deficiency.

Finally, in future studies the effects of other single nucleotide polymorphisms in genes encoding for
key components of the vitamin D metabolism pathway—such as genes involved in cholesterol synthesis
(DHCR7), hydroxylation (CYP2R1, CYP24A1), and vitamin D transport (GC) that influence vitamin
D status [64,65] should be addressed. We acknowledge that unmeasured variables in the current
analysis limit our ability to draw conclusions on the association of maternal VDR polymorphisms
with neonatal anthropometric measures and the risk of PTB in our cohort. Despite such limitations,
the strictly selection criteria ruled out potential confounders such as pre-existing medical conditions,
pregnancy complications, pre-term induced delivery or caesarean section, intrauterine foetal death,
plurality and congenital malformations. Moreover, extensive data collection enabled to adjust
our results for socio-demographic factors, lifestyle, pre-gestational BMI and GWG, and vitamin
D dietary intake. Additional researches, including observational prospective studies and clinical trials,
are recommended to establish the role of vitamin D and related factors in pregnancy, and to develop
and validate effective preventive strategies against adverse outcomes.

5. Conclusions

In conclusion, we provide novel evidence and a meta-analysis about the effect of VDR
polymorphisms on birth weight and gestational duration, identifying a group of women at risk
of PTB.
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Abstract: Prenatal iron and folic acid (IFA) supplements are offered free to all pregnant women in
Malawi to reduce maternal anemia and improve birth outcomes. We investigated the association
between self-reported compliance to IFA intake and risk of low birth weight (LBW). Pregnant women
who attended Bwaila Maternity Wing of Lilongwe District Hospital for delivery were recruited
(n = 220). We used a questionnaire to collect self-reported information on IFA use and maternal
sociodemographic data. Before delivery, blood samples for maternal hemoglobin (Hb) and folate
status, and upon delivery, birth weight, and other newborn anthropometrics were measured. We used
multivariable logistic regression to determine risk of LBW by prenatal IFA intake. The self-reported
number of IFA pills taken during pregnancy was positively associated with Hb, but not serum and
RBC folate concentration: <45, 45–89 and ≥90 pills taken corresponded with mean (SD) Hb 10.7 (1.6),
11.3 (1.8), and 11.7 (1.6) g/dL, respectively (p = 0.006). The prevalence of LBW was 20.1%, 13.5%
and 5.6% for those who reported taking IFA pills <45, 45–89, and ≥90 pills, respectively (p = 0.027).
Taking >60 IFA pills reduced risk of LBW delivery (OR (95% CI) = 0.15 (0.03–0.70), p = 0.033) than
taking ≤30 pills. Self-reported compliance to IFA use is valid for assessing prenatal supplement
program in Malawi, especially Hb status, and can reduce the rate of LBW.

Keywords: prenatal iron and folic acid (IFA) supplements; low birth weight; maternal anemia; Malawi

1. Introduction

Low birth weight (LBW) is internationally recognized as a birth weight below 2500 g (5.5 pounds).
LBW is a birth outcome of importance to public health, associated with increased morbidity and
mortality in neonates and infants and cardiovascular disease risks later in life [1–3]. This practical
cutoff for international comparison is based on epidemiological observations that LBW babies are
20 times more likely to die than heavier infants [4].

Over 20 million infants worldwide are born with LBW. More than half of LBW babies are born in
developing countries, particularly South-Central Asia, where more than 27% of the babies born weigh
less than 2500 g. LBW prevalence in Sub-Saharan Africa (15%) is similar to the level in the Caribbean
region (14%). The Central America and Oceania region has a LBW rate of about 10% [4]. LBW is
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still a leading cause of neonatal and infant mortality in the U.S. and other industrialized countries,
although this prevalence is still much lower than that in developing countries [5].

More than half of LBW babies are born in developing countries and Malawi is as affected as other
developing countries, with a LBW prevalence of above-the-world average. The national prevalence of
LBW in Malawi is 12%, with the highest prevalence seen among mothers younger than 20 years of age
(16%) and those older than 35 years of age. The Central region has a higher prevalence of LBW than
Northern and Southern regions within Malawi [6].

Micronutrient deficiencies during pregnancy, particularly iron and folate, contribute significantly
to the prevalence of LBW [7]. In a recently reported study in China, correction of micronutrient
deficiency in pregnancy with prenatal supplementation improved birth outcomes [8]. LBW contributes
significantly to neonatal and infant morbidity and mortality in Malawi. Despite the Malawian
government’s efforts to improve birth outcomes and health status for Malawians, the prevalence
of most health risk indicators remains high. Anemia prevalence has gone up in reproductive age
and pregnant women from 28 to 33% and 38 to 45%, from 2010 to 2016, respectively. The current
maternal mortality rate of 497/100,000 live births indicates the need to improve maternal and child
health. Maternal and infant mortality indicates the level of quality of healthcare available to citizens in
a country [9]. For example, a high maternal mortality rate might be from high anemia that negatively
affects birth outcomes and health of newborns [10,11]. This might indicate that there are inadequate
screening and treatment services available for pregnant women, as evidenced by the high anemia
prevalent in reproductive age women and pregnant women in Malawi. The nutritional status of
children is poor, as indicated by 37% of children under the age of five being stunted [6].

Micronutrient supplements improve maternal nutrition status and birth outcomes [12–15].
The Generation R study in Rotterdam, the Netherlands, found that folic acid supplements increased
weight at birth by 68 g and placental weight by 13 g in the supplemented group higher than those
not supplemented [16]. In another study in northern China, multiple micronutrient supplements,
which included IFA, increased birth weight, especially in those who had a low hemoglobin status
at baseline [8]. Anemia is one of the biggest contributors of low birth [7,17]. In a case control study
in Sudan, antenatal hemoglobin status was found to have modulating effects on birth outcomes,
particularly LBW [7].

There have been clinical studies showing the efficacy of supplements in increasing biomarker
status. However, these were conducted in controlled environments, while in real life people take
medications freely at home. There have been no studies in Malawi showing how self-reported use of
prenatal supplements increases hemoglobin and folate status. This in turn will validate self-reported
intake of prenatal supplements as a reliable compliance monitoring method, which can be used to
predict birth outcomes. We thus hypothesized that the self-reported number of IFA taken during
pregnancy is inversely associated with LBW risks mediated by increased levels of maternal hemoglobin.

2. Materials and Methods

2.1. Study Subjects

The retrospective cross-sectional study design was not pre-specified and was considered
exploratory. All pregnant women reporting for delivery at the Bwaila Maternity Wing of Lilongwe
District Hospital were asked to participate in the study. Recruitment of subjects followed convenience
sampling and included women of all age groups with viable singleton pregnancy or twin gestation
delivering at 28 weeks or more. The women resided in Lilongwe district (rural, peri-urban or urban),
which is the catchment area for this hospital. We recruited women with pregnancies of various
gestation ages (28 weeks and upwards).

The study excluded dyads where the mother had severe anemia (requiring a blood transfusion),
the presence of placenta previa (or history of bleeding during pregnancy due to early partial
separation of placenta), delivery involved instrumentation, and those where an infant had brain trauma.
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Additionally, participants must not have had a severe medical condition known to severely affect
maternal nutrition status, placenta health, or newborn health. In summary, we excluded all obstetrical
and medical emergencies. Babies and mothers that were in intensive care unit (ICU), high dependence
unit (HDU), or required constant medical support and monitoring were excluded, so that their medical
care was not interrupted. Of the 220 pregnant women who consented to participating in the study,
seven who delivered twins were excluded from the final analysis. The final analytic sample size
included 213 pregnant women.

2.2. Ethical Clearance/Institutional Review Board Approval

Ethical clearance or institutional review board approval was obtained from Michigan State
University and the National Health Sciences Research Committee (NHSRC) in Malawi. At the hospital
level, the Lilongwe District Health Officer (DHO), the overseer of all health services in the district,
was contacted for approval to use the facility and their patients, and a letter of support for this
research was issued. The nurse/midwife in-charge of the maternity unit was contacted for support.
She informed the members of the staff in the unit about the study and urged them to offer daily support
to the data collection. We obtained consent from the pregnant women or their mother/husband. If a
woman was unable to write, we obtained a fingerprint of her thumb of non-dominant hand as a proof
of her consent to voluntarily participate in the research study. Data and blood sample collection only
commenced after the women gave voluntary consent to participate in the study.

2.3. IFA Pills

The Malawian government uses prenatal supplements as a short-term solution to fight
micronutrient malnutrition (particularly iron deficiency anemia) in pregnant women and improve the
health status of mothers and newborns. All pregnant women, regardless of hematological status or
the trimester of pregnancy, receive prenatal supplements of pills of combined iron and folic acid from
the first antenatal care visit to delivery. Each tablet contains 60 mg iron (ferrous) and 0.25 mg folic
acid, taken once a day. Every month, the woman gets a new supply without a check if she actually
utilized the prescription given the previous month. The program is run on the assumption that women
understand the need to take the supplements, despite documented evidence of poor compliance due
to side effects and women forgetting to take the pills [18,19]. Monitoring prenatal supplementation
intake has been continued because it is the most feasible way to fight micronutrient malnutrition and
improve health outcomes at least in the short term, compared to diet, considering the current social
economic status of Malawians.

2.4. Demographics, Antenatal Care, and Maternal Anthropometrics

Using a short questionnaire, the basic characteristics of the pregnant woman were collected:
age of the mother, gestation age, gravidity (number of pregnancies), parity (number of deliveries),
education level of the mother, and area of residence.

The questionnaire also contained questions on antenatal care that the pregnant woman was able to
access during pregnancy. This included information on IFA supplement use, which was obtained from
self-reports and confirmed by checking medical records (health passport book, a little handbook that
contains all medical information and previous treatments; the women carry the book everywhere).
We used the same questions as those used in the Malawi demographic and health survey [6].
The questions ask if the participant received or bought IFA supplements in pregnancy; if she took
any of the IFA pills; how many pills she was able to take during pregnancy. Our questionnaire
also included questions on the number of antenatal visits the woman received, at what gestation of
the pregnancy (trimester) did she start prenatal care, and reasons for starting prenatal care early or
late [19]. Information about vaccinations, malaria prophylaxis, and use of anti-helminthes (anti-worms)
during pregnancy was abstracted from the medical record (health passport book). We also obtained
medical history about sickness during the current pregnancy, such as anemia (blood transfusions)
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and if the pregnant woman was on any long-term treatment or chronic diseases such as diabetes,
hypertension and asthma/allergies. History of contraceptive use prior to the current pregnancy was
obtained [20,21].

Maternal weight was taken on the day of the survey just before delivery of the baby using
Seca weighing scale (Seca, Chino, CA, USA). Weight was measured to the nearest 0.1 kg in mothers.
The midwives performed the anthropometric measurements on pregnant women who participated in
the study. The women’s height was measured using a stadiometer. They had to remove anything that
she was wearing on her head and ensure that her braided hair was as flat as possible by loosening
her hair and pressing her headpiece. The women also had to remove their shoes and heavy clothing
(subjects were dressed in light clothes) during the anthropometric measurement process. Height was
recorded to the nearest 0.1 cm. Most of the maternal characteristics are routinely documented on the
labor-monitoring chart; therefore, only the parameters that are not available from the chart were asked
to avoid duplication.

2.5. Blood Specimen Collection

We collected blood samples from women before they gave birth. Upon obtaining consent and
explaining the procedure, the women was asked to sit or lie on a bed, as per their preference.
A tourniquet was applied around the upper left arm and a 70% alcohol swab was used to clean
the skin on the site (cubital). A 10 mL syringe with 21-gauge needle (SkyRun Pharma Co., Ltd.,
Nanjing, China) was then used to withdraw a venous whole blood sample from the cubital region.

Each blood specimen was collected in two different sample tubes of 5 mL each—one for serum
and the other for red blood cell (RBC) folate analysis. The third specimen type was taken using a
Microcuvette from the same 10 mL to measure iron status (hemoglobin). The blood sample for folate
was allowed to flow freely into the specimen bottle by vacuum pressure, after piercing the rubber
cover with the needle of the syringe.

The sample for RBC folate analysis was put in a 5 mL tube containing an anticoagulant
(ethylenediaminetetraacetic acid, EDTA). The EDTA ensured that the sample did not clot, and that
there was adequate plasma for analysis of hematocrit (needed for calculation of RBC folate later).
The tube was then gently shaken to mix the blood and the anticoagulant. The serum folate sample
was put in a tube without an anticoagulant to allow cells to separate from the serum after clotting.
This tube had a gel to separate the red cells from the serum after the clotting of cells. The samples
were kept at room temperature for 2–6 h, until they were transferred to a laboratory outside the
Bwaila maternity wing (research site hospital) at the African Bible College Clinic—Center for Medical
Diagnostics (CMED). At CMED, the RBC folate blood sample was centrifuged and frozen, kept at
−80 ◦C until transfer by air to South Africa.

The folic acid analysis was done in South Africa by Lancet laboratories (Lancet, Johannesburg,
South Africa) using ARCHITECT assay kits (Abbott Ireland, Longford, Ireland) on the ARCHITECT i
system. The hemoglobin measurements were taken at bedside using a Hemocue Hb 201+ (HemoCue
America, Brea, CA, USA).

2.6. Statistical Analyses

All data analyses were conducted using SPSS version 24 (SPSS Inc., Armonk, NY, USA) and SAS
version 9.4 (SAS Institute, Cary, NC, USA). Descriptive statistics were used to calculate frequencies and
mean and standard deviation values of variables. We also determined associations between maternal
health and compliance to IFA factors, and hemoglobin and folate status using correlation analyses.
Finally, multivariable logistic regression models were used to determine the degree of influence
of iron and folic acid supplements on LBW infants as an outcome after controlling for covariates.
Covariates were maternal age, education, total number of pregnancies, first prenatal visit trimester,
and total number of prenatal visits.

44



Nutrients 2018, 10, 1275

3. Results

Table 1 shows that the mothers’ age, residence, gravidity (number of pregnancies), parity,
number of prenatal care clinic visits, and trimester of starting intake of IFA pills did not differ between
mothers who gave birth to normal weight versus LBW newborns. Factors that differentiated the two
groups were trimester of first prenatal clinic visit (p = 0.003) and gestation age (p < 0.001).

Table 1. Characteristics between mothers of normal weight and low birth weight newborns.

Birth Weight of Newborn

Normal Weight (n = 179) Low Birth Weight (n = 34)

N % N % p Value

Age
<30 y 138 77.1 27 79.4 0.767
≥30 y 41 22.9 7 20.6

Residence
Rural 58 32.4 12 35.3 0.722

Peri-Urban 68 38.0 12 35.3
Urban 53 29.6 10 29.4

Gravidity
1 54 30.3 16 47.1 0.058
≥2 124 69.7 18 52.9

Missing 1

Parity
0 55 30.7 15 45.5 0.098
≥1 124 69.3 18 54.6

Missing 1

Gestation Weeks
<37 38 24.1 22 71.0 <0.001
≥37 120 76.0 9 29.0

Missing 24

Education Level
≤Primary 98 54.8 24 70.6 0.087
≥Secondary 81 45.3 10 29.4

Trimester of First Prenatal Visit
First 11 6.2 7 21.9 0.003

Second 134 75.3 23 71.9
Third 33 18.5 2 6.3

Missing 3

No. of Prenatal Clinic Visits
<4 97 55.8 21 63.6 0.401
≥4 77 44.3 12 36.4

Missing 6

No. of IFA Pills Taken during Pregnancy
<45 17 54.8 64 36.6 0.084

45–89 12 38.7 77 44.0
≥90 2 6.5 34 19.4

Missing 7

Trimester IFA Pill Intake Started
First 13 8.4 7 25.0 0.088

Second 126 81.3 18 64.3
Third 16 10.3 3 10.7

Missing 30

IFA, iron and folic acid; p-value by Chi-square test.

Table 2 shows a comparison of mothers’ variables between normal weight and LBW newborns.
Mean hemoglobin status between mothers of normal weight and LBW newborns were 11.4 ± 1.6 g/dL
and 9.4 ± 1.6 g/dL (p < 0.001), respectively. The difference in serum folate between mothers of
normal weight and LBW newborns was not significant—9.1 ± 4.4 nmol/L and 7.5 ± 3.6 nmol/L,
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respectively (p = 0.230). The same was observed with RBC folate status between normal weight and
LBW—494.6 ± 413 nmol/L and 489.8 ± 181.1 nmol/L, respectively (p = 0.942).

Table 2. Differences in characteristics between mothers of normal weight and low birth weight newborns.

Birth Weight

Normal Weight (n = 179) Low Birth Weight (n = 34)

N Mean SD N Mean SD p Value

Mother’s Variables
Body Weight-1 (kg) 159 60.1 9.9 26 54.6 8.4 0.008
Body Weight-2 (kg) 125 66.4 11.2 16 59.5 8.6 0.019

Height (cm) 154 155.5 5.6 31 151.0 6.4 <0.001
Hb-1 (g/dL) 23 9.7 1.4 6 7.6 1.7 0.005
Hb-2 (g/dL) 172 11.4 1.6 27 9.4 1.6 <0.001

Serum Folate (nmol/L) 87 9.1 4.4 14 7.5 3.6 0.230
RBC Folate (nmol/L) 87 494.6 413.0 14 489.8 181.1 0.942
Placenta Weight (g) 145 591.4 129.2 26 455.6 153.9 <0.001

Body Weight-1: First prenatal visit weight, data were extracted from health passport book; Body Weight-2: Measured
prior to delivery; Hb-1: Hemoglobin status at first prenatal clinic visit, data was extracted from health passport
book; Hb-2: Hemoglobin level measured prior to delivery; IFA, iron and folic acid.

IFA pills taken by the women during pregnancy and the mean maternal hemoglobin levels before
pregnancy are shown in Figure 1. Maternal hemoglobin levels were positively associated with the
number of IFA pills taken. Mean hemoglobin levels were 10.7 g/dL, 11.3 g/dL, and 11.7 g/dL in
response to the reported number of IFA pills taken from <45, 45–89, to ≥90, respectively (p = 0.006).
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Figure 1. Mean maternal hemoglobin levels before delivery, by number of IFA pills taken during pregnancy.

The correlation of IFA pills taken with mothers’ height, maternal hemoglobin, and serum folate
were positive with a Spearman’s correlation coefficient of 0.1759 (p = 0.019); 0.1846 (p = 0.010);
and 0.1839 (p = 0.070), respectively (Table 3). The results of multivariable odds ratio (OR) for LBW
and IFA pills intake and other variables are shown in Table 4. The OR was not significant for age
categories, residence, gravidity, parity, education levels, number of prenatal clinic visits, and trimester
of starting IFA pill intake. IFA supplement intake during pregnancy reduced the risk of delivering
a LBW newborn. Women who took more than 60 IFA pills had lower risk (OR = 0.15, CI: 0.03, 0.70,
p = 0.033) compared with the reference group who took ≤30 pills after controlling for maternal age,
education, total number of pregnancies, first prenatal visit trimester, and total number of prenatal
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visits. Risk of LBW was lower for a gestation age ≥37 week (OR = 0.13, CI: 0.05, 0.35, p < 0.001) than
a gestation age <37 weeks. Women who started prenatal care visit in the second or third trimester
had a lower OR of LBW (OR = 0.16, CI: 0.05, 0.51, p = 0.002) compared to those who started in the
first trimester.

Table 3. Spearman’s correlation of prenatal iron and folic acid (IFA) supplement use with
maternal characteristics.

Body Weight-1 Body Weight-2 Height Hemo-Globin Serum Folate RBC Folate

No. of IFA Pills
Corr. Coeff. 0.0599 0.0042 0.1759 0.1846 0.1839 −0.0329

p value 0.426 0.961 0.019 0.010 0.070 0.748
n 179 136 178 193 98 98

Body Weight-1
Corr. Coeff. 0.8910 0.1794 0.1025 0.0697 0.0266

p value <0.001 0.022 0.180 0.526 0.809
n 129 164 173 85 85

Body Weight-2
Corr. Coeff. 0.2121 0.1489 0.0537 −0.0287

p value 0.015 0.084 0.654 0.811
n 131 136 72 72

Height
Corr. Coeff. 0.1819 −0.1529 −0.0432

p value 0.016 0.141 0.679
n 174 94 94

Hemoglobin
Corr. Coeff. 0.3905 −0.0167

p value <0.001 0.869
n 100 100

Serum Folate
Corr. Coeff. 0.2502

p value 0.012
n 101

Body Weight-1: First prenatal visit weight, data were extracted from health passport book; Body Weight-2: Measured
prior to delivery; Hemoglobin, serum and RBC folate samples were taken prior to delivery.

Table 4. Multivariable odds ratios (OR) and 95% confidence intervals (CIs) of low birth weight by its
risk factors.

Low Birth Weight

OR * 95% CI p Value

Age (n = 204)
<30 y 1.00
≥30 y 1.55 0.53 4.56 0.427

Residence (n = 204)
Rural 1.00

Peri-Urban 1.14 0.44 2.93 0.673
Urban 0.90 0.32 2.54 0.717

Gravidity (n = 204)
1 1.00
≥2 0.45 0.18 1.14 0.093

Parity (n = 204)
0 1.00
≥1 0.49 0.19 1.26 0.14

Gestation Weeks (n = 181)
<37 1.00
≥37 0.13 0.05 0.35 <0.001

Education (n = 204)
≤Primary 1.00
≥Secondary 0.67 0.29 1.55 0.346

First ANC Visit Trimester (n = 204)
First 1.00

Second/Third 0.16 0.05 0.51 0.002
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Table 4. Cont.

Low Birth Weight

OR * 95% CI p Value

No. of Prenatal Clinic Visits (n = 204)
<4 1.00
≥4 0.51 0.21 1.23 0.13

Trimester IFA Supplements Started (n = 159)
First 1.00

Second/Third 0.41 0.11 1.63 0.208

No. of IFA Pills Taken in Pregnancy (n = 199)
≤30 1.00

31–60 0.57 0.23 1.41 0.447
>60 0.15 0.03 0.70 0.033

No. of IFA Pills Taken in Pregnancy (n = 199)
<45 1.00

45–89 0.54 0.22 1.32 0.842
≥90 0.24 0.05 1.14 0.145

ANC, antenatal care; IFA, iron and folic acid. * Adjusted for maternal age, education, total number of pregnancies,
first prenatal visit trimester, and total number of prenatal visits.

4. Discussion

The present study reported that the self-reported intake of IFA reduced the risk of LBW.
Women who took more than 60 IFA supplements (pills) had significantly lower odds of delivering LBW
babies, compared with pregnant women who took ≤30 pills. The more prenatal IFA pills were taken
by pregnant women, the lower the risk of LBW. Similarly, a study by Nisar and colleagues, which used
nationally representative data of Pakistan (demographic and health survey), found that self-reported
intake of IFA pills of any amount during pregnancy was positively associated with better perceived
birth size and birth weight. Any amount of IFA pills taken was associated with a reduced risk (by 18%)
of having a smaller-than-average newborn [22]. Another study in India, which also used a national data
set to examine the relationship between self-reported intake of IFA pills in pregnancy and LBW risk,
found an inverse association. They found that at the population level, in a context where the burden of
anemia is severe (prevalence ≥ 40%), IFA pills taken during pregnancy were significantly associated
with low LBW. They concluded that the measures to improve the implementation of the prenatal
supplementation program would likely help address India’s burden of LBW [23]. The situation in India
applies to Malawi because they are both developing countries with existing food security challenges
in its communities, have a high prevalence of anemia, and prenatal IFA supplements have proven to
be effective.

The compliance to prenatal IFA supplement use among pregnant women was directly associated
with increased levels of maternal hemoglobin in the current study. This is in agreement with many
other studies that show that maternal hemoglobin has modifying effects on infant birth weight in
women receiving prenatal iron-containing supplements [8]. In a randomized double blind multicenter
clinical trial (n = 18,775 participants) in China, it was found that supplementation of iron and folic
acid, folic acid alone, or multiple micronutrient supplements (formulated by the United Nations)
impacted birth weight, depending on hemoglobin status of the pregnant woman. Folic acid did not
have much impact on birth weight; perhaps, this could explain our results above that although there is
a positive association, it was not a statistically significant relationship. The supplement has to have a
significant change on maternal hemoglobin levels, and hemoglobin modifies the birth weight of the
newborn [8], with more impact seen in those with better hemoglobin status at baseline. Those receiving
folic acid supplements alone did not have significant better birth outcomes but those with combined
pills or multiple micronutrients did. Another study showed that supplementation did not just improve
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newborn anthropometric measurements, but also reduced the prevalence of anemia in mothers [12].
Steer also found that low hemoglobin is associated with LBW [10].

We found that pregnant women who self-reported taking supplements consistently (at least two
months) lowered their risk of delivering a LBW newborn significantly. After establishing that IFA
impacts biomarkers of the hematological status of pregnant women and that biomarkers of supplement
use (hemoglobin and folate) have modifying effects on birth weight, we wanted to examine if birth
outcomes could be linked to “self-reported” IFA use during pregnancy. If self-reported use of IFA pills
during pregnancy is validated to predict birth outcomes in Malawi, it could strengthen the lessons
given in prenatal clinics as a part of the anemia prevention program. It could also help reduce the cost
of a routine hemoglobin check, which are rarely done due to the lack of resources in Malawi (only 30
out 213 women had their hemoglobin levels tested during prenatal care).

In the present study, pregnant women whose prenatal care began in the second or third trimester
had a lower risk of delivering LBW infants, compared to those whose prenatal care began in the
first trimester. Most pregnant women in Malawi visit prenatal care clinics in the second trimester.
Those who visit in the first trimester are more likely to have medical problems and commence prenatal
care immediately after treatment of those issues. Therefore, the cause for LBW in these babies is likely
a medical problem, which necessitated early prenatal care. However, there were women without issues
in early pregnancy who stayed home until the second trimester and delivered healthier babies because
of a healthy pregnancy; this may not necessarily be due to the timing of the first prenatal care visit.

The biggest challenge identified was sustained intake of IFA pills longer than three months.
Most pregnant women reported negligence, reduced supply of IFA supplements, and late start of
prenatal clinic attendance as major reasons for poor compliance. Now that we have demonstrated
that self-reported intake of prenatal supplements is a valid tool to predict hematological status of
biomarkers and birth out comes of pregnant women, it is high time that a monitoring mechanism
is put in place to evaluate pregnant women’s compliance to IFA every time they visit a prenatal
clinic. The monitoring mechanism could combine pill counting [18] to ensure that compliance is being
achieved and pregnant women adhere to intake of IFA pills supplements. Pill counting has been
employed successfully to improve adherence to ant-retroviral drugs in the treatment of HIV/AIDS [24].
Another method being used in Malawi is directly observed treatment (DOT), where a patient takes
drugs under the observation of a medical practitioner or a trusted guardian. DOT is being used
in the treatment of tuberculosis (the first two weeks) and malaria prophylaxis in pregnant women
at the prenatal clinic. An effective monitoring and evaluation mechanism would make the people
of Malawi realize the benefits of the IFA supplementation program and make it more successful in
lowering the prevalence of LBW. The education of pregnant women on the benefits of IFA on their
newborns would also yield positive results, because negligence was one of the major reasons for
poor compliance. Lowering the risk of LBW has long-term benefits, such as reducing infant and
child mortality, decreasing stunting prevalence, which in turn has economic returns and national
development [25].

Maternal nutrition status is a major determinant of LBW; however, social and demographic factors
have also been reported as significant [26,27]. Muula et al. found in 2008 that maternal education
was associated with birth weight. Those with low levels of education are more likely to have a LBW
children than those with a higher education [26]. It was also found that parity was a factor of LBW, i.e.,
the first delivery was likely to be LBW, compared to later born children. The Malawi Demographic
and Health Survey demonstrates that birth orders as well as the maternal age are factors for LBW.
The firstborn child is likely to have low weight than the second, and younger mothers and those giving
birth after 35 years of age are more likely to deliver a LBW child [6]. The wealth index of the family
had a positive association with birth weight, as well as attainment of secondary education and location
of residence (for example, cities vs. rural areas) [27].

The significance of this study is that the validation of the self-reported intake of IFA with
biomarkers (Hb and serum and red blood cell folate) evaluated the effectiveness of the program
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in general in improving the health of women and birth outcomes, and monitoring approaches used
by the Malawi government for the largest anemia program in the country. This research provides
feedback to government programs and non-profit organizations working in nutrition in Malawi on the
efficacy of prenatal supplements to reduce LBW. Overall, the research results provide evidence that
the self-reported intake of IFA by pregnant women can be used as a monitoring tool for compliance
to prenatal supplements. The study also introduces the innovation of using the placenta, which is
normally discarded in Malawi, to determine compliance to and efficacy of prenatal supplements taken
during pregnancy and its impact on newborn health.

5. Conclusions

In conclusion, self-reported IFA supplement intake in pregnancy is a predictor of birth weight.
Compliance to prenatal IFA supplement use can be improved if the Malawian government improves
the supply of IFA pills in clinics, ensures that every pregnant woman attends prenatal clinics early in
pregnancy, and possibly adds pill count to the questions asked at a follow up before supplying the
next batch of IFA pills. Further studies using a more nationally representative sample of pregnant
women should be done to determine compliance to IFA and birth outcomes in Malawi.
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Abstract: Findings on maternal 25-hydroxyvitamin D (25[OH]D) and neonatal anthropometry are
inconsistent, and may at least be partly due to variations in gestational week (GW) of 25(OH)D
measurement and the lack of longitudinal 25(OH)D measurements across gestation. The aim of
the current study was to examine the associations of longitudinal measures of maternal 25(OH)D
and neonatal anthropometry at birth. This study included 321 mother–offspring pairs enrolled
in the Eunice Kennedy Shriver National Institute of Child Health and Human Development Fetal
Growth Studies–Singletons. This study was a prospective cohort design without supplementation
and without data on dietary supplementation. Nevertheless, measurement of plasma 25(OH)D
reflects vitamin D from different sources, including supplementation. Maternal concentrations of
total 25(OH)D were measured at 10–14, 15–26, 23–31, and 33–39 GW and categorized as <50 nmol/L,
50–75 nmol/L, and >75 nmol/L. Generalized linear models were used to examine associations of
25(OH)D at each time-point with neonate birthweight z-score, length, and sum of skinfolds at birth.
At 10–14 GW, 16.8% and 49.2% of women had 25(OH)D <50 nmol/L and between 50–75 nmol/L,
respectively. The association of maternal 25(OH)D with neonatal anthropometry differed by GW
and women’s prepregnancy BMI (normal (<25.0 kg/m2), overweight/obese (25.0–44.9 kg/m2)). All
analyses were stratified by prepregnancy BMI status. Among women with an overweight/obese BMI,
25(OH)D <50 nmol/L at 10–14 GW was associated with lower birthweight z-score (0.56; 95% CI: −0.99,
−0.13) and length (−1.56 cm; 95% CI: −3.07, −0.06), and at 23–31 GW was associated with shorter
length (−2.77 cm; 95% CI: −13.38, −4.98) and lower sum of skinfolds (−9.18 mm; 95% CI: −13.38,
−4.98). Among women with a normal BMI, 25(OH)D <50 nmol/L at 10–14 GW was associated with
lower sum of skinfolds (−2.64 mm; 95% CI: −5.03, −0.24), at 23–31 GW was associated with larger
birthweight z-scores (0.64; 95% CI: 0.03, 1.25), and at 33-39 GW with both higher birthweight z-score
(1.22; 95% CI: 0.71, 1.73) and longer length (1.94 cm; 95% CI: 0.37, 3.52). Maternal 25(OH)D status
during pregnancy was associated with neonatal anthropometric measures, and the associations were
specific to GW of 25(OH)D measurement and prepregnancy BMI.

Keywords: vitamin D; neonate anthropometry; fetal growth; maternal; infant
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1. Introduction

Although the classical function of vitamin D is to regulate calcium and phosphorus metabolism
in the intestine and bone, recent findings indicate its important role in several other biochemical
and physiological processes, including regulation of the immune system, cellular differentiation, and
blood pressure [1]. In humans, 25(OH)D, the hydrolyzed form of vitamin D, is the predominant
form of circulating vitamin D and is considered the clinical standard for measuring bioactive
vitamin D status [2]. Maternal 25(OH)D levels during pregnancy have been considered critical
for both maternal health and fetal development [2–6]. Lower maternal 25(OH)D levels have been
associated with unfavorable fetal growth outcomes, such as low birth weight, shorter bone length,
and small-for-gestational age (SGA) births in some, though not all studies [7–10]. The inconsistent
results in the literature may be partially caused by differences in timing of 25(OH)D measurement; for
example, some studies have measured maternal 25(OH)D concentration early in pregnancy at 11–13
gestational weeks (GW) [7], while others have been later in pregnancy at 28–32 GW [10].

Rapid cardiometabolic and hormonal changes during pregnancy results in dynamic alterations
in maternal 25(OH)D metabolism and circulating concentrations throughout pregnancy [6]. There is
some evidence from recent studies that 25(OH)D increases throughout pregnancy [11–14]. As such,
the gestational age when maternal 25(OH)D is measured may play a role in different findings of
the associations between 25(OH)D and neonatal anthropometry. To our knowledge, only one study
has examined maternal 25(OH)D measured twice during pregnancy (before 16 GW and 24–28 GW)
and only maternal 25(OH)D concentrations at 24–28 GW were inversely associated with newborn
knee–heel length [9]. The lack of longitudinal data on maternal 25(OH)D status at multiple time-points
throughout pregnancy has limited our understanding of the association between maternal vitamin D
status, particularly at specific developmental windows, and fetal growth [15,16]. Therefore, the current
study aimed to examine the longitudinal associations of maternal 25(OH)D concentrations at multiple
time-points throughout pregnancy and neonatal anthropometry, including birthweight, length, and
sum of skinfolds at birth.

2. Materials and Methods

2.1. Study Population

The current study was based on data from a nested case-control study within the Eunice
Kennedy Shriver National Institute of Child Health and Human Development (NICHD) Fetal Growth
Studies–Singletons (2009–2013) [17]. Between 8–13 GWs, low-risk pregnant women without a history of
chronic or medical condistions (e.g., prepregnancy hypertension, autoimmune disorders) were enrolled
and followed through delivery. Extensive details on study design and participant characteristics have
been previously published [17]. Women were recruited from 12 clinics across the US: Columbia
University (NY), New York Hospital, Queens (NY), Christiana Care Health System (DE), Saint Peter’s
University Hospital (NJ), Medical University of South Carolina (SC), University of Alabama (AL),
Northwestern University (IL), Long Beach Memorial Medical Center (CA), University of California,
Irvine (CA), Fountain Valley Hospital (CA), Women and Infants Hospital of Rhode Island (RI), and
Tufts University (MA). Written consent was obtained from all participants and institutional Review
Board approval was obtained for all participating clinical sites, the data coordinating center, and
NICHD (09-CH-N152). This study was carried out following the rules of the Declaration of Helsinki.
The current study included 321 mother–offspring pairs who had maternal vitamin D biomarkers
measured throughout pregnancy. This nested case-control study comprised women with gestational
diabetes mellitus (GDM) (n = 107) and controls (n = 214) matched at a ratio of 1:2 on maternal age (±2
years), race/ethnicity, and GW (±2 weeks) at blood collection.
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2.2. Assessment of Maternal Vitamin D

As a planned component of the NICHD Fetal Growth Studies-Singletons, maternal biospecimens
were collected four times during pregnancy (10–14, 15–26, 23–31, and 33–39 GW) [17]. Maternal plasma
vitamin D biomarkers were measured for all GDM cases and controls at 10–14 and 15–26 GW. At 23–31
and 33–39 GWs, one of the two controls was randomly selected and biomarkers were assayed in this
same control at the later time-points. Within the larger prospective cohort study, and within the nested
case-control, no vitamin D supplementation was provided for study purposes. Plasma concentrations
of 25(OH)D2 and 25(OH)D3 (ng/mL) were measured using liquid chromatography–mass spectrometry
(LC–MS). Total 25(OH)D was calculated as the sum of 25(OH)D2 and 25(OH)D3 and reported in
nmol/L using the conversion unit of 2.5 [18].

2.3. Assessment of Neonatal Anthropometric Measurements

Gestational age- and sex-specific birthweight z-scores were derived using birthweight abstracted
from medical records [19]. Neonatal anthropometric measures were collected after delivery (median
1 day; interquartile range 1–2 days). Measurements were obtained in at least duplicate using standard
protocol [20–22]. Neonatal crown–heel length (cm) was measured using an infantometer, and skinfold
thickness (mm) was measured using a Lange skinfold caliper. Abdominal flank, anterior thigh,
subscapular, and tricep skinfolds were summed (sum of skinfolds) as a measure of neonatal adiposity.
One of the clinical sites used the incorrect calipers and, thus, participants from this site were excluded
from skinfold analyses (n = 12).

2.4. Covariates

Maternal sociodemographic characteristics were collected from detailed questionnaires at
enrollment. At enrollment (8–13 GW), prepregnancy body mass index kg/m2 (BMI) was calculated
based on self-reported weight and measured height. Self-reported weight was highly correlated with
weight subsequently measured by study personnel during the enrollment visit (correlation coefficients
of 0.97) [23]. Prepregnancy BMI was categorized as normal weight (<25.0), overweight (25.0–29.9),
or obese (≥30.0). Physical activity (PA) was assessed at enrollment regarding habitual PA, and at
subsequent study visits regarding PA since the prior visit [24]. Clinical centers were grouped into three
categories based on latitude (southern ≤37◦ N; middle 38◦ N–40◦ N; northern >40◦ N latitude) [25].
Season of blood collection was categorized as winter (January–March), spring (April–June), summer
(July–September), and fall (October–December).

2.5. Statistical Analysis

Sampling weights were applied to all analyses to represent the full NICHD Fetal Growth
Studies–Singletons population and account for the oversampling of women with GDM in the
case-control study [26,27]. Following visual inspection of the data and residuals, normality of
distribution was confirmed and therefore parametric models were fitted to the data. Descriptive
statistics were presented as weighted mean ± standard error (SE) for continuous variables, and
frequency and weighted percent for categorical variables. Significant differences among descriptive
statistics were based on t-test for continuous variables and chi-square for categorical variables, with
both standard errors and P-values for differences based on robust variance estimates. Generalized
linear models with robust SE were used to examine associations between maternal total 25(OH)D at
each visit and neonatal anthropometric measures of birthweight z-score, length, and sum of skinfolds.
A test for a linear trend across quartiles was performed by fitting the median value for each quartile
as a continuous variable in generalized linear models. Additionally, restricted cubic splines were
used to test for nonlinear associations between maternal 25(OH)D and neonatal anthropometry, but a
nonlinear relationship was not found.
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Maternal 25(OH)D was examined both continuously and categorically. Categories of 25(OH)D
were examined based on the distribution at each visit (quartiles), and based on cutoffs of <50 nmol/L,
50–75 nmol/L, and >75 nmol/L [1]. Currently, there is no consensus for 25(OH)D deficiency specific to
pregnancy; thus, commonly used cutoffs when assessing 25(OH)D in pregnant women were used [8,28]
and that would result in an adequate sample size in each category based on the distribution of 25(OH)D
in our sample. Neonatal anthropometric outcomes were treated as continuous variables.

All models were adjusted for maternal matching factors, including maternal age (continuous),
race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, Asian and Pacific Islander), and
GW at blood draw. Additional covariates included education (high-school degree or less, Associate
degree, Bachelor degree), prepregnancy BMI (continuous), marital status (married/living with a
partner or not), and insurance (private/managed care or Medicaid/other). Models of neonatal
length and sum of skinfolds were further adjusted for the number of days between delivery and
measurement date.

Several sensitivity analyses were conducted to test the robustness of findings. Analyses were
stratified by offspring gender, prepregnancy BMI (normal versus overweight/obese), race/ethnicity
(non-Hispanic Black versus not), and PA at enrollment (<median versus ≥ median level). To examine
the change in 25(OH)D status across pregnancy, three profiles of 25(OH)D concentrations throughout
pregnancy were determined: (1) Consistently <50 nmol/L, (2) an alternating status ranging across
all concentration categories, and (3) consistently >75 nmol/L. In addition, controlling for gestational
weight gain by taking the difference between the weight at each time-point and the woman’s
prepregnancy weight was explored. All analyses were implemented using SAS Version 9.4 (SAS
Institute, Cary, NC, USA), with α < 0.05 as the level of significance.

3. Results

The mean ± SE levels of maternal 25(OH)D were 68.9 (1.5) nmol/L at 10–14 GW, 76.2 (1.8) nmol/L
at 15–26 GW, 80.9 (2.7) nmol/L at 23–31 GW, and 82.5 (3.1) nmol/L at 33–39 GW. The percentage of
women with 25(OH)D <50 nmol/L changed throughout pregnancy, with 16.8% at 10–14 GW, 11.1% at
15–26 GW, 11.2% at 23–31 GW, and 8.3% at 33–39 GW. The mean ± SE birthweight z-score was 0.22
(0.07), neonatal length was 50.3 (0.23) cm, and sum of skinfolds was 19.7 (0.4) mm. At enrollment
(10–14 GW), maternal 25(OH)D was associated with race/ethnicity, prepregnancy BMI, education,
insurance type, marital status, and PA, but not with maternal age, parity, smoking, season, or clinic
location (Table 1).

Table 1. Characteristics and maternal 25(OH)D nmol/L concentrations at enrollment 1.

Characteristics N (%)
Total 25(OH)
DMean ± SE

p

All 321 68.9 (1.5) -
Age (mean age, years) 2 28.2 ± 0.5 - -

<25 54 (30.0) 65.1 ± 3.0
25–29 85 (29.7) 70.6 ± 4.3
30–34 97 (25.8) 67.4 ± 4.0
≥35 85 (14.5) 76.1 ± 4.6 0.11

Race/ethnicity
Non-Hispanic white 75 (30.9) 81.3 ± 2.7
Non-Hispanic black 45 (23.3) 58.3 ± 4.2

Hispanic 123 (27.2) 66.8 ± 3.4
Asian/Pacific Islander 78 (18.5) 64.6 ± 4.1 <0.001
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Table 1. Cont.

Characteristics N (%)
Total 25(OH)
DMean ± SE

p

Prepregnancy BMI (mean,
kg/m2) 2 25.8 ± 0.4 - -

Normal 162 (56.1) 72.3 ± 2.1
Overweight 91 (28.7) 61.6 ± 3.3

Obese 68 (15.1) 66.1 ± 3.6 0.01
Education (degree)
High school or less 81 (25.1) 66.0 ± 2.4

Associates 117 (35.2) 64.6 ± 3.5
Bachelor’s or higher 123 (39.8) 74.6 ± 3.6 0.02

Insurance
Private or managed care 211 (64.6) 71.1 ± 3.0

Medicaid, other 108 (35.4) 64.9 ± 2.2 0.04
Marital Status
Not married 62 (27.1) 62.9 ± 3.0

Married/living with a
partner 259 (72.9) 71.2 ± 3.5 0.02

Nulliparous
Yes 144 (51.1) 69.3 ± 3.1
No 177 (48.9) 68.4 ± 2.2 0.77

Physical activity MET score
Type-Sports/exercise 2 11.1 ± 0.78 - -

≥50th percentile 165 (50.3) 73.8 ± 3.0
<50th percentile 156 (49.7) 64.0 ± 2.1 0.002

Smoking 6 months
prepregnancy

Yes 5 (0.7) 73.4 ± 4.3
No 316 (99.3) 68.9 ± 4.6 0.54 3

Season of study enrollment
Winter 89 (33.3) 67.8 ± 2.7

Fall 71 (20.1) 67.4 ± 4.2
Spring 78 (21.2) 69.3 ± 4.2

Summer 82 (25.4) 72.1 ± 4.2 0.72
Clinic Location

Southern (≤37◦ N) 117 (37.7) 67.2 ± 2.6
Middle (38◦ N–40◦ N) 145 (44.4) 67.7 ± 4.4

Northern (>40◦ N) 59 (17.9) 70.8 ± 3.4 0.54
1 Participant characteristics are presented as frequency (weighted percent), total 25(OH)D (nmol/L) are presented
as mean ± SE. 2 Represents mean ± SE for a continuous variable. 3 p-value not based on robust variance estimates
due to small cell size.

Associations of maternal 25(OH)D and neonatal anthropometry varied by maternal prepregnancy
BMI status (Tables 2 and 3). There were no substantial differences from our main results when
controlling for gestational weight gain, when examining profiles of 25(OH)D throughout gestation
(Figure S1), or in stratified analyses by offspring gender, maternal race/ethnicity, PA level at enrollment,
or GDM status. In the following sections, the results of maternal 25(OH)D levels categorized as
<50 nmol/L, 50–70 nmol/L, and >75 nmol/L and stratified by maternal prepregnancy BMI status
are presented. Results of maternal 25(OH)D levels categorized by quartiles in relation to neonatal
anthropometry can be found in Table S1, unstratified results of 25(OH)D levels categorized as
<50 nmol/L, 50–70 nmol/L, and >75 nmol/L can be found in Table S2, and frequencies of women with
GDM in each 25(OH)D category can be found in Table S3.
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3.1. Total 25(OH)D and Neonatal Birthweight Z-Score, Length, and Sum of Skinfold in Women with
Prepregnancy Overweight/Obese BMI (>25 kg/m2)

Among women with prepregnancy overweight/obesity, maternal 25(OH)D was negatively
associated with offspring birthweight z-score, length, and sum of skinfolds, but the strength of
the association varied by exposure window during pregnancy (Table 2). At 10–14 GW, neonates of
women with 25(OH)D <50 nmol/L had a lower birthweight (p = 0.01) and shorter length (p = 0.04)
than neonates of women with 25(OH)D >75 nmol/L. At 23–31 GW, neonates of women with 25(OH)D
<50 nmol/L had shorter length (p = 0.001) and lower sum of skinfolds (p <0.0001) than neonates of
women with 25(OH)D >75 nmol/L. At 33–39 GW, neonates of women with 25(OH)D <50 nmol/L had
shorter length (p = 0.02) than neonates of women with 25(OH)D >75 nmol/L.

Table 2. Longitudinal associations of maternal total 25(OH)D (nmol/L) and birthweight z-score, length
(cm), and sum of skinfolds (mm) among women with an overweight/obese prepregnancy BMI 1.

Maternal 25(OH)D Status n 10–14 GW n 15–26 GW n 23–31 GW n 33–39 GW

Birthweight z-score

<50 nmol/L 45 −0.56
(−0.99, −0.13) * 24 0.15

(−0.51, 0.80) 11 −0.52
(−1.00, −0.04) * 12 −0.17

(−0.74, 0.40)

50–75 nmol/L 73 −0.35
(−0.68, −0.03) * 73 0.04

(−0.33, 0.41) 46 −0.13
(−0.58, 0.32) 43 0.29

(−0.17, 0.76)
>75 nmol/L 32 Reference 51 Reference 52 Reference 46 Reference

Length

<50 nmol/L 27 −1.56
(−3.07, −0.06) * 22 0.98

(−1.01, 2.98) 11 −2.77
(−4.43, −1.12) * 11

−1.98
(−3.66, −0.31)

*

50–75 nmol/L 6 8 −2.04
(−3.37, −0.71) * 64 1.06

(−0.61, 2.74) 43 −2.40
(−3.71, −1.08) * 38 1.76

(0.32, 3.19) *
>75 nmol/L 41 Reference 49 Reference 49 Reference 44 Reference

Sum of Skinfolds

<50 nmol/L 25 −0.52
(−4.34, 3.30) 18 3.57

(−0.43, 7.57) 9 −9.18
(−13.38, −4.98) * 9 −4.29

(−8.75, 0.17)

50–75 nmol/L 63 0.69
(−2.30, 3.69) 63 4.94

(2.36, 7.52) * 43 −0.85
(−3.86, 2.17) 39 2.52

(−1.42, 6.46)
>75 nmol/L 37 Reference 44 Reference 46 Reference 40 Reference

1 Data are presented as regression coefficients and confidence intervals (CI) and reflect the differences in neonatal
anthropometry compared to the reference group (25(OH)D >75 nom/L). All models are adjusted for maternal
matching characteristics (age (continuous), race, and gestational age at blood collection), and adjusted for education,
insurance type, marital status, and prepregnancy BMI (continuous). Models of sum of skinfolds were adjusted to
account for the difference in days between birth and date of anthropometric measurement. * (p-value < 0.005).

3.2. Total 25(OH)D and Neonatal Birthweight Z-Score, Length, and Sum of Skinfold in Women with
Prepregnancy Normal BMI (18.5–24.9 kg/m2)

Among women with a normal prepregnancy BMI, the direction of associations of maternal
25(OH)D with neonatal anthropometry varied by exposure window during pregnancy (Table 3). At
10–14 GW, neonates of women who had 25(OH)D <50 nmol/L had lower sum of skinfolds (p = 0.03)
than neonates of women with 25(OH)D >75 nmol/L; similar findings were observed for 25(OH)D
concentrations between 50–75 nmol/L. At 23–31 GW, neonates of women with 25(OH)D <50 nmol/L
had larger birthweight z-scores (p = 0.04) than neonates of women with 25(OH)D >75 nmol/L. At
33–39 GW, neonates of women with 25(OH)D <50 nmol/L had larger birthweight z-scores (p <0.0001)
and (p = 0.02) larger length compared to neonates of women with 25(OH)D >75 nmol/L.
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Table 3. Longitudinal associations of maternal total 25(OH)D (nmol/L) and birthweight z-score, length
(cm), and sum of skinfolds (mm) among women with a normal prepregnancy BMI 1.

Maternal 25(OH)D Status n 10–14 GW n 15–26 GW n 23–31 GW n 33–39 GW

Birthweight z-score

<50 nmol/L 24 0.05
(−0.40, 0.51) 12 0.09

(−0.49, 0.67) 6 0.64
0.03, 1.25) * 3 1.22

(0.71, 1.73) *

50–75 nmol/L 65 −0.15
(−0.50, 0.20) 48 −0.26

(−0.59, 0.07) 22 0.08
(−0.49, 0.65) 26 −0.01

(−0.37, 0.34)
>75 nmol/L 67 Reference 94 Reference 64 Reference 57 Reference

Length

<50 nmol/L 23 0.67
(−0.93, 2.28) 12 0.54

(−1.54, 2.62) 6 1.61
(−0.34, 3.55) 3 1.94

(0.37, 3.52) *

50–75 nmol/L 59 −0.24
(−1.32, 0.85) 44 −0.34

(−1.19, 0.52) 22 −0.47
(−1.59, 0.64) 26 0.19

(−0.89, 1.28)
>75 nmol/L 62 Reference 87 Reference 59 Reference 52 Reference

Sum of Skinfolds

<50 nmol/L 19 −2.64
(−5.03, −0.24) * 11 −0.15

(−2.34, 2.05) 6 0.84
(−2.52, 4.21) 3 1.29

(−2.22, 4.80)

50–75 nmol/L 59 −2.32
(−4.00, −0.63) * 42 −1.42

(−3.04, 0.19) 20 −0.66
(−3.12, 1.80) 24 1.83

(−0.37, 4.03)
>75 nmol/L 60 Reference 84 Reference 58 Reference 53 Reference

1 Data are presented as regression coefficients and confidence intervals (CI) and reflect the differences in neonatal
anthropometry compared to the reference group (25(OH)D >75 nom/L). All models are adjusted for maternal
matching characteristics (age (continuous), race, and gestational age at blood collection), and adjusted for education,
insurance type, marital status, and prepregnancy BMI (continuous). Models of sum of skinfolds were adjusted to
account for the difference in days between birth and date of anthropometric measurement. * (p-value < 0.005).

4. Discussion

In the current study, the direction of association between maternal 25(OH)D and neonatal
anthropometry varied by maternal prepregnancy adiposity status and GW of 25(OH)D measurement.
Although maternal 25(OH)D is recognized to play an important role in fetal growth, due to a
lack of studies with longitudinal measures of 25(OH)D during pregnancy in relation to neonatal
anthropometry, direct comparison of our results with previous findings is challenging. In the following
sections, the congruency of our results based on the time-point during pregnancy when 25(OH)D was
measured and neonatal outcome is discussed.

4.1. Maternal 25(OH)D and Neonatal Birthweight

Most studies reporting a positive association between maternal 25(OH)D and neonatal birthweight
mostly included women with prepregnancy normal weight, limiting the comparability to our
study [29,30]. A study that measured maternal 25(OH)D multiple times during pregnancy (11–16
and 28–32 GW) found no associations between 25(OH)D <28 nmol/L at either time-point and
neonatal birthweight [9]. Although they controlled for maternal BMI, the mean BMI was not reported.
Several other studies were based on a single time-point and used much lower cutoffs for 25(OH)D
(i.e., <25 nmol/L), and reported a positive association between maternal 25(OH)D in later pregnancy
and birthweight [31,32]. We are not aware of any observational studies that observed a negative
association between maternal 25(OH)D after 32 GW and birthweight and thus our findings among
women with normal weight require replication.

4.2. Maternal 25(OH)D and Neonatal Length

A previous study, which examined maternal 25(OH)D twice during pregnancy, found no
association of 25(OH)D at 11–16 GW, but, similar to our results, found a positive association at
28–32 GW with neonatal length [9]. That study did not stratify by BMI or report the mean BMI and,
thus, direct comparisons with our study are challenging. To our knowledge, no study has examined
associations of maternal 25(OH)D in late pregnancy (>32 GW) and neonatal length. The finding of
significant associations in late pregnancy (33–39 GW), regardless of prepregnancy BMI status, has not
been previously reported and warrants confirmation.
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4.3. Maternal 25(OH)D and Neonatal Sum of Skinfolds

Previously, a positive association between 25(OH)D measured at 28–32 GW and neonatal
subscapular skinfold thickness was observed [9], but again, the adiposity status of the women was
not reported. Contrary to our findings, a study among mostly women with normal weight found no
association between maternal 25(OH)D at <26 GW and neonatal adiposity as measured by ponderal
index [30].

Differences among study findings may be related to study design, population, timing when the
maternal 25(OH)D was measured, and distribution of 25(OH)D concentrations. In some studies, there
was a high proportion of women with extremely low concentrations of 25(OH)D [29,31–33], whereas
in our study, less than 20% of women had 25(OH)D <50 nmol/L at any time during pregnancy. The
increase in 25(OH)D throughout gestation is typical of the pregnant state and is in response to the
physiological demands of pregnancy [2].

The exposure window during pregnancy when maternal 25(OH)D may impact neonatal size
is important to consider in relation to fetal growth in utero. In early pregnancy, bones and muscles
begin to grow, including the formation of arms, legs, backbone, and neck [34]. In late pregnancy, the
fetus gains weight mainly through accumulation of fat mass and bone density [34]. Although the
association of 25(OH)D and neonate anthropometry at birth was dependent on GW, there are many
factors that contribute to fetal growth. It is likely the interplay of vitamin D with many other hormones
and nutrients that results in the overall body composition of the neonate at birth. For instance,
maternal calcium absorption and placental calcium transfer both increase to meet fetal demands and
are responsive to 1,25(OH)2D, the biologically active form of vitamin D [35]. Calcium serves as a
key structural component in bone development, with higher concentrations needed for the fetus to
effectively mineralize the skeleton [36]. The role of vitamin D in calcium absorption may therefore
also impact fetal skeletal muscle and bone development. The concentration of calcium available to
the fetus is heavily dependent on maternal concentrations, the latter of which has been reported to
explain 3% of the variance in birth length [37]. Therefore, maternal vitamin D status, as reflected by
25(OH)D concentrations, may represent its role in skeletal function in fetal growth. On the other hand,
adequate maternal vitamin D status has been favorably associated with improving maternal glucose
and insulin homeostasis [38], which may have a downstream impact on the glucose load experienced
by the fetus, which in turn may curb excessive fetal growth in late gestation. In addition, vitamin D’s
role in immune function, systemic inflammation, and endothelial function is important for normal
placental function. Maternal concentrations of 25(OH)D may also stimulate secretion of placental
hormones that facilitate fetal growth, such as placental lactogen [6].

Inverse associations of maternal 25(OH)D with birthweight and length among women with
prepregnancy normal weight has not been reported before. In our study, women with prepregnancy
overweight/obesity had lower 25(OH)D concentrations at enrollment than women with normal weight.
The differences in synthesis and metabolism of vitamin D among individuals with and without obesity
is still under investigation [39,40], and the impact of these differences on fetal growth is unclear.

4.4. Strengths and Limitations

The current study has several strengths, including prospective longitudinal data collection,
thereby allowing the investigation of gestation-specific associations of maternal 25(OH)D and neonatal
anthropometry. Data on plasma concentrations of 25(OH)D were used, which is downstream of
supplement and dietary sources and has been reported to be the most accurate indicator of total
exposure to vitamin D from all sources [3]. Moreover, study participants were enrolled from
geographically diverse US clinics and represented various race/ethnicities. Detailed data on potential
confounders during and prior to pregnancy were available and controlled for when appropriate,
and interactions with offspring gender, race/ethnicity, and maternal prepregnancy BMI status were
explored. Although we have controlled for known major confounders, similar to other observational
studies, we cannot completely exclude the possibility for residual confounding by unmeasured factors
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or measurement errors. In the current study, there was a relatively small sample size, which precluded
us from examining extreme phenotypes of fetal growth, such as small- or large-for-gestational age.
Lastly, self-reported prepregnancy weight was used to calculate prepregnancy BMI upon recruitment
into the cohort. However, self-reported weight was highly correlated with measured maternal weight
(r = 0.97) in this population and other studies [23,41].

4.5. Suggestions for Future Research

In addition to investigating maternal 25(OH)D status during different time windows of pregnancy
in association with neonatal anthropometry, our study further evaluated whether the impact of
maternal vitamin D status on offspring anthropometric measures varied by maternal prepregnancy
BMI (i.e., normal weight vs. overweight/obese), which has not been previously investigated in the
literature. In the current study, there was a difference in direction of association between 25(OH)D
and neonatal anthropometry by BMI categories (i.e., at 33–39 GW, there was an inverse association
with length among women with a prepregnancy BMI in the normal range, but a positive association
among women with a prepregnancy BMI in the overweight/obese range). Future investigations
are warranted to replicate these findings. If confirmed, these findings indicate that endeavors to
optimize maternal 25(OH)D status should likely consider women’s prepregnancy adiposity status
and the specific neonatal anthropometric outcome, both of which are justifications for efforts into
precision nutrition.

5. Conclusions

If confirmed, our findings highlight the significance of the concept of precision nutrition, which
considers tailored approaches to 25(OH)D supplementation to improve fetal outcomes by considering
timing of GW and maternal adiposity status. At least among women who were overweight/obese
before pregnancy, low 25(OH)D (<50 nmol/L) in both early and late pregnancy may impact fetal
development. Considering that almost half of US women entering pregnancy are overweight or obese,
prevention of low 25(OH)D concentrations in early and late pregnancy may be particularly relevant to
optimizing fetal growth.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/11/1631/
s1, Table S1: Longitudinal associations of maternal total 25(OH)D and neonatal birthweight z-score, length (cm),
and sum of skinfolds stratified by prepregnancy BMI1, Table S2: Longitudinal associations of maternal total
25(OH)D (nmol/L) and birthweight z-score, length (cm), and sum of skinfolds (mm), Table S3: Frequency of cases
and controls by 25(OH)D status in the full sample and stratified by prepregnancy BMI, Figure S1: Association
between 25(OH)D profiles and neonatal anthropometry.

Author Contributions: E.C.F. analyzed the data and wrote the first draft of the manuscript. S.N.H. contributed to
the analysis and interpretation of the data and revised the manuscript. Y.S., S.R., S.R.D., Y.Z., and L.C. contributed
to the interpretation and reviewed the manuscript. C.Z. obtained funding, designed and oversaw the study, and
revised the manuscript. All authors interpreted the results, revised the manuscript for important intellectual
content, and approved the final version of the manuscript. E.C.F. and C.Z. are the guarantors of this work and,
as such, had full access to all the data in the study and take responsibility for the integrity of the data and the
accuracy of the data analysis.

Funding: This research was supported by the Eunice Kennedy Shriver National Institute of Child Health and
Human Development intramural funding and included American Recovery and Reinvestment Act funding via
contract numbers HHSN275200800013C, HHSN275200800002I, HHSN27500006, HHSN275200800003IC,
HHSN275200800014C, HHSN275200800012C, HHSN275200800028C, HHSN275201000009C, and
HHSN275201000001Z. Zhu was supported by a mentored research scientist development award from
the National Institutes of Health Office of the Director and the Building Interdisciplinary Research Careers in
Women’s Health program (3K12HD052163).

Acknowledgments: Ellen C. Francis is a participant in the National Institute of Health Graduate Partnership
Program and a graduate student at Clemson University

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

61



Nutrients 2018, 10, 1631

Abbreviations

BMI Body Mass Index
CI Confidence Interval
GDM Gestational Diabetes Mellitus
GW Gestational Week
PA Physical Activity
SE Standard Error
25[OH]D Total 25-hydroxyvitamin D calculated as 25[OH]D2 + 25[OH]D3

25[OH]D3 25-hydroxycholecalciferol
25[OH]D2 25-hydroxyergocalciferol
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Abstract: Dietary methyl donors, including folate, may modify the placenta and size at birth but the
influence of maternal body weight has not been widely investigated. We therefore examined whether
maternal or fetal folate status, together with indices of placental folate transport, were modulated
by either maternal pre-pregnancy body mass index (BMI i.e., overweight: 25 ≤ BMI < 30 or obesity:
BMI ≥ 30 kg/m2) and/or gestational diabetes mellitus (GD). We utilised a sub-sample of 135 pregnant
women participating in the Spanish PREOBE survey for our analysis (i.e., 59 healthy normal weight,
29 overweight, 22 obese and 25 GD). They were blood sampled at 34 weeks gestation, and, at delivery,
when a placental sample was taken together with maternal and cord blood. Placental gene expression
of folate transporters and DNA methyltransferases (DNMT) were all measured. Folate plasma
concentrations were determined with an electro-chemiluminescence immunoassay. Food diaries
indicated that folate intake was unaffected by BMI or GD and, although all women maintained
normal folate concentrations (i.e., 5–16 ng/mL), higher BMIs were associated with reduced maternal
folate concentrations at delivery. Umbilical cord folate was not different, reflecting an increased
concentration gradient between the mother and her fetus. Placental mRNA abundance for the folate
receptor alpha (FOLR1) was reduced with obesity, whilst DNMT1 was increased with raised BMI,
responses that were unaffected by GD. Multi-regression analysis to determine the best predictors
for placental FOLR1 indicated that pre-gestational BMI had the greatest influence. In conclusion,
the placenta’s capacity to maintain fetal folate supply was not compromised by either obesity or GD.

Keywords: body mass index; gestational diabetes; placenta; folic acid

1. Introduction

Folate is an essential cofactor in metabolic pathways that influence DNA methylation patterns,
DNA synthesis and cell proliferation [1,2]. It is crucial to the 1-carbon cycle where it acts as a transporter
of CH3 and the single carbon donor in one carbon metabolism [3]. Limited dietary availability can
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contribute to abnormal DNA methylation patterns in mice [4] and, thus, potentially to developmental
programming [5]. Fortification of the diet with folic acid has been adopted by many countries to
ensure that dietary intake is rarely limited, particularly during pregnancy, in order to prevent neural
tube defects when folate requirements can increase because of increased rates of cell division and
growth, especially during embryo development [6,7]. Indeed, it is now recommended that, during
pregnancy, there should be no upper limit on dietary intake [8]. Pregnant women with high body mass
index (BMI) and gestational diabetes (GD) can have inadequate dietary intakes of folate [9–11] and
lower folate concentrations [12,13]. This could contribute to some of the adverse neonatal outcomes
associated with maternal obesity [14], including greater risks of preterm deliveries, neural tube defects
and low birth weight [15–17].

Cellular uptake of folate is mediated by specific transport mechanisms in the placenta,
which include the folate receptor alpha (FOLR1), proton coupled folate transporter (PCFT), and folate
carrier (RFC) [18,19]. Of these mechanisms, FOLR1 appears to be the most important, at least as
far as preterm births are concerned [20]. Folate is bound to the FOLR1 on the maternal side of the
placenta and then transported to the fetal circulation by endocytosis/exocytosis [21]. The impact of
maternal obesity on the potential capacity of the placenta to modulate folate status acting through
FOLR1 has not been examined extensively in humans. One study in women in Texas found that when
gestational weight gain was similar in obese and non-obese women, fetal serum folate concentrations
and placental folate transport activity were unaffected [22].

The present study, was designed to explore the effects of a raised maternal pre-pregnancy
BMI and/or gestational diabetes on markers of folate placental transport and metabolism, taking
into account folic acid status and intake under these different maternal metabolic environments.
We hypothesised that as folate has a crucial role in providing methyl donors [3], it can influence
gene expression for DNA methyltransferases (DNMT1) and DNMT3A [4]. We therefore examined
whether potential changes in placental folate transport resulting from high maternal BMI and/or
GD, would modulate gene expression of DNMT. Our study was conducted in pregnant women from
Spain recruited as part of the PREOBE study in which we have previously shown that placental
expression of genes involved in energy sensing and oxidative stress are sensitive to maternal obesity
(i.e., BMI ≥ 30 kg/m2) and GD [23].

2. Materials and Methods

2.1. Participants

The participants were part of a longitudinal study on the influence of body composition by
maternal genetics and nutrition (PREOBE Excellence Project: P06-CTS-02341) undertaken between
2007 and 2010 and registered with www.ClinicalTrials.gov, (NCT01634464) [24–26] for which full
details have already been published (and are summarised in Table 1 [23]). It was conducted according
to the guidelines in the Declaration of Helsinki and all experimental procedures were approved by
the Ethics Committees for Granada University, San Cecilio University Hospital and the University
of Nottingham. Witnessed, written informed consent was obtained from all participants before their
study inclusion and they were assured of anonymity. Anthropometric assessments of mothers and
newborns were undertaken following the standards established by the Spanish Society of Gynaecology
and Obstetrics, the Fetal Foundation and the Spanish Association of Paediatrics. Gestational Diabetes
was diagnosed according to the Spanish consensus protocol established by the Grupo Español de
Diabetes y Embarazo (GEDE) of the Gynecology and Obstetricians Society, followed by Andalusian
pregnant women general practitioners [27]. The O’Sullivan test was performed on all pregnant women
between 24–28 weeks of pregnancy, as screening for gestational diabetes. If glucose was ≥140 mg/dL
an oral glucose tolerance test (OGTT) with 100 g of glucose loading was performed. Gestational
diabetes was diagnosed if two or more glucose values met or exceeded the following values fasting
<105 mg/dL, one hour <190 mg/dL, two hours <165 mg/dL, three hours <145 mg/dL. Women with
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plasma glucose ≥200 mg/dL after O’Sullivan test were diagnosed of gestational diabetes and OGTT
was not performed. The O’Sullivan screening test was also performed in the first trimester in high risk
pregnant women (maternal age >35 years; BMI > 30 kg/m2, previous gestational diabetes or other
glucose metabolic alterations, previous obstetric results with an indication of undiagnosed gestational
diabetes (e.g., foetal macrosomy), family history of diabetes mellitus, ethnic risk groups (Afroamericans,
Asiatic-Americans, Hispanic, Indio-Americans))

Table 1. Summary of maternal age, body and birth weights of all participants.

N (n = 59) OW (n = 29) O (n = 22) GDN (n = 14) GDO (n = 11)

Maternal characteristics
Age at delivery (years) 30.4 ± 4.5 30.9 ± 7.2 29.0 ± 4.7 33.1 ± 4.1 * 34.7 ± 4.3 **
Height (cm) 162.9 ± 5.7 162.5 ± 6.4 162.7 ± 6.2 159.3 ± 3.9 160.5 ± 6.0
Pre pregnancy BMI (kg/m2) 21.8 ± 1.8 27.8 ± 2.2 *** 32.5 ± 2.6 *** 22.4 ± 1.8 35.5 ± 4.9 ***
BMI at 34 weeks (kg/m2) 26.6 ± 2.6 31.3 ± 2.4 *** 35.4 ± 2.4 *** 25.9 ± 2.6 36.4 ± 4.1 ***
GWG 0–34 weeks (kg) 12.6 ± 4.3 9.9 ± 4.6 ** 7.3 ± 5.1 *** 9.0 ± 5.6 ** 2.2 ± 7.8 ***
Preterm (<37 gestational weeks) (n) 2 (3%) 1 (3%) 2 (9%). 1 (14%) 4 (27%) *
Male newborn (%) 53 40 62 57 73
Number of caesarean section (%) 12 26 38 25 50
Number on supplements + 45 26 22 12 9

Infant characteristics
Newborn weight (g) 3292 ± 410 3230 ± 587 3454 ± 549 3374 ± 402 3415 ± 549
Placental weight (g) 469 ± 120 495 ± 135 531 ± 114 * 498 ± 134 476 ± 93
Placental: birth weight ratio 0.14 ± 0.03 0.16 ± 0.05 0.16 ± 0.04 0.15 ± 0.04 0.14 ± 0.02
Gestational age (weeks) 39.2 ± 1.0 39.4 ± 1.6 39.3 ± 1.7 39.3 ± 1.3 38.8 ± 1.3

Pre: pregestational; BMI: body mass index; GWG: gestational weight gain during the first 34 gestational weeks based
on 2009 IOM guidelines for each category [28]. + reported taking folate and iodine supplements at 24th week of
gestation. Values are means ± SD or categorical data as appropriate; n: number of women per group; gw: weeks of
gestational. Statistical differences: * p < 0.05, ** p < 0.01, *** p < 0.001 compared to normal w eight group (Chi-square
test or t-independent test for continuous variables; chi-square test for categorical variables). Based on their pre-
pregnancy weights they were classified as being of normal weight (N), overweight (OW), obese (O), gestational
diabetic, normal weight (GDN) or gestational diabetic, obese (GDO) pregnant women (Martino et al., 2016) [23].

As shown in Table 1, the subpopulation of 135 participants whose placentas underwent molecular
analysis in Nottingham, for which a majority that gave birth at full term i.e., c. 39 weeks [23],
with the exception of GDO for which 50% underwent caesarean section delivery. The number of
participants per group were, therefore, 59 normal weight women (18 ≤ pre-pregnancy BMI < 25 kg/m2

(N)), 29 overweight women (25 ≤ BMI < 30 kg/m2 (OW)) and 22 obese women (BMI ≥ 30 kg/m2

(O)). Furthermore, the 25 mothers with GD were subsequently classified according to their BMI as
normal weight GD (pre-pregnancy BMI < 25 kg/m2 (GDN), n = 14) and as obese GD (pre-pregnancy
BMI ≥ 30 kg/m2 (GDO), n = 11). There were no effects of the sex of the baby, route of delivery or
gestational age on any of the measurements reported in this study.

2.2. Maternal Nutrient Intake

Information about maternal nutrient intake was collected during late gestation (34–40 weeks)
using standardised 7 day dietary records given to the participants during the second visit (34th
gestational week). Each participant was given verbal and written instructions by the investigator on
how to record food and drinks consumed during the 7 day recording period and a booklet of common
food items and mixed dishes to facilitate estimation of portion sizes. Around the time of delivery,
food records were reviewed with each mother by a nutritionist for completeness and accuracy of food
description and portion sizes. Nutritional data were analysed for nutrient intake by using a nutritional
software program (CESNID 1.0: Barcelona University, Spain) based on validated Spanish food tables
(“Tablas de composición de alimentos del CESNID”) [29] and took account of those products fortified with
folic acid.
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2.3. Collection and Analysis of Blood Samples

Maternal venous blood was collected at 34 weeks of gestation and during labour (N: n = 59;
OW: n = 29; O: n = 22; GDN: n = 14; GDO: n = 11). Umbilical venous blood samples (N: n = 33;
OW: n = 15; O: n = 12; GDN: n = 7; GDO: n = 7) were collected within 30 min after placental delivery
from a double-clamped section of umbilical cord. EDTA and serum collection tubes were used
(Vacutainer® Refs: 368857 and 367953) for haematological assessment and biochemical analyses
respectively. There were no differences in any of the measurements performed on the placenta between
those women from whom blood was sampled and those in whom this could not be achieved e.g.,
born at a time when sampling could not be undertaken.

Blood samples for serum preparation were held at 4 ◦C for 15 min to allow blood clotting,
centrifuged at 3500 rpm for 10 min at 4 ◦C, and the serum fraction transferred into sterile tubes.
Samples were stored at 4 ◦C for same-day analyses or at −80 ◦C for further analysis. Serum folate was
determined by an electro-chemiluminescence immunoassay with the automatic analyser Elecsys 2010,
and the analytical kit No. E170 (Roche, Neuilly sur Seine, France).

2.4. Collection of Placenta Samples

Placenta samples from all participants were collected and weighed immediately after delivery as
previously published [23]. Visual inspection of the placenta for necrosis or any other abnormality was
undertaken by experienced clinicians. A representative 0.5 × 0.5 × 0.5 cm (200 mg) sample was excised
from the middle of the radius (distance between the insertion of the umbilical cord and the periphery)
of each placenta, rinsed twice with saline solution (0.9% NaCl) and immediately placed into sterile
1.5 mL microtubes (Greiner Bio One, Monroe, NC, USA) containing RNAlater solution (Qiagen Ltd.,
Crawley, UK). All samples were frozen under RNase free conditions using liquid nitrogen before
storage at −80 ◦C for later analysis in Nottingham.

2.5. Laboratory Analysis

Total RNA was extracted from 100 mg of maternal placenta tissue using 200 μL of chloroform per
1 mL of TRI reagent solution (Sigma Chemical Co., Poole, UK) and RNeasy extraction kit (Qiagen Ltd.,
Crawley, UK) as previously published [23]. RNA quality was assessed by gel electropheresis. Two μg
RNA was used to generate 20 μL cDNA using High Capacity RNA-to-cDNA kit (Applied Biosystems,
Foster City, CA, USA). Negative control RT samples lacking Enzyme Mix (-RT) were included for
each sample. Real-time PCR using 15 μL of reactions consisting of 4.5 μL diluted 1:10 cDNA, 3.0 μL
(final concentration of 250 nM) gene specific primers (Table 2, Sigma-Aldrich, St. Louis, MO, USA),
and 7.5 μL of SYBR Green mastermix (Thermo Scientific, ABgene Ltd., Epson, UK) were performed.
Duplicate samples were run for 40 cycles with negative controls in 96-well plates using the Techne
Quantica Thermocycler (Techne Inc., Barloword Scientific, Stone, UK). Ten-fold serial dilutions of
cDNA for each gene were used to generate standard curve analysis and only experiments with R2

> 0.985 were included. CT measurements, calculated by 2−ΔCt method [30], were used for mRNA
expression. A range of housekeeping genes were used including ACT8, 18S and B2M, for which 18S
ribosomal RNA was used as the optimal housekeeping gene for data normalisation, as previously
published [23]. It was the most stable housekeeping examined (i.e., N: 0.37 ± 0.08; OW 0.70 ± 0.28;
OB 0.56 ± 0.11; GDL: 0.75 ± 0.14; GDO: 0.13 ± 0.02 a.u.) and the use of other reference genes made no
difference to the results.
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Table 2. Summary of primers used together with qPCR product and conditions.

Target Gene Forward Primer Sequence Reverse Primer Sequence Product Size (bp) Temp (◦C)

FOLR1 CACTCCCTGCCTGTCTCC TCTGCTCTGCTCTACACTCC 80 59
PCFT (SLC46A1) ATGCAGCTTTCTGCTTTGGT GGAGCCACATAGAGCTGGAC 100 60
RFC (SLC19A1) CAGCATCTGGCTGTGCTATG TGATGGTCTTGACGATGGTG 161 59
MTHFR TCCCGTCAGCTTCATGTTCT TGTCGTGGATGTACTGGATGA 116 59
DNMT1 TTCTTCGCAGAGCAAATTGA CGTCATCTGCCTCCTTCATGG 210 57
DNMT3A AAGCCTCAAGAGCAGTGGAA AAGCAGACCTTTAGCCACGA 190 59

FOLR1: folate receptor alpha; PCFT: proton coupled folate transporter; RFC: reduced folate carrier; MTHFR:
methylenetetrahydrofolate reductase; DNMT1: DNA methyl transferase-1; DNMT3A: DNA methyl transferase-3
alpha. bp, base pairs.

2.6. Statistical Analysis

All statistical evaluations were performed by using IBM SPSS v20.0 statistical software for
Windows (IBM Corp., Armonk, NY, USA). To assess the data for normality, a Kolmogorov–Smirnov
test was performed, where p values >0.05 indicated that the data were normally distributed. Thereafter,
appropriate parametric, or non-parametric, tests were used to analyse the effects of maternal
overweight and obesity as follows: (1) comparisons of blood folate concentration at each sampling
age between comparable groups (i.e., N vs. OW, or O, or GDN; GDN vs. GDO) were made by
independent t-test; whilst (2) differences in gene expression were determined by using Mann-Whitney
test. Categorical data were analysed using Chi-square test of independence. Continuous data
(i.e., gene expression and folate concentrations) presented are expressed as means with their standard
errors (SEM), with p values < 0.05 deemed to represent statistical significance. For all analyses
undertaken, there was no effect of foetal sex or route of delivery.

Association between continuous variables were also assessed using multiple linear regression
analysis. It included the following three models: The first was adjusted for the a priori confounder of
pre-gestational BMI; the second, for both BMI and maternal glucose at 34 weeks of gestation and the
third for BMI, maternal glucose and folate at 34 weeks gestation.

3. Results

Maternal Folate Status and Adaptations within the Placenta

Amongst those participants for whom placental analysis was undertaken and who reported
daily intakes of folate (400 μg dietary folate equivalents/day) and iodine supplements at 24th
week of pregnancy, there were no differences in folate or vitamin B12 consumption between groups
(Table 3). Folate concentrations in all participants in the present study were within the normal range
(6–20 ng/mL) with no evidence of folate deficiency (defined as <5 ng/mL: Figure 1) [7]. GDN women
exhibited the highest serum folate concentrations at 34 gestational weeks compared to the normal
weight group (Figure 1). This could reflect dietary and related advice given to this sub-group, in which
mean folate and vitamin B12 intakes were also highest (Table 3). There was no significant effect of
taking folate supplements in late gestation on maternal folate concentrations at 40 weeks of gestation.
A marked decrease in folate concentrations in late pregnancy was observed in both OW and O
women (Figure 1). Cord blood folate concentrations were not different between groups, reflecting
an increased difference between maternal folate at 40 gestational weeks and umbilical cord folate
with raised maternal BMI (i.e., Δ folate–N: 5.80 ± 0.81; OW: 7.66 ± 0.82; O: 9.01 ± 0.90 ng/mL
(p < 0.05)). There was also a positive correlation between maternal and newborn plasma folate in
the N (r2 = 0.38; p < 0.0001) and GDN (r2 = 0.81; p = 0.015) groups at 34 weeks gestation and in the N
(r2 = 0.19; p = 0.013) and OW (r2 = 0.48; p = 0.006) groups at 40 weeks gestation. No infants exhibited
any spinal or neural abnormalities.
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Table 3. Mean maternal 7 day dietary intake of folate and vitamin B12 between 34–40 weeks
gestation for each group of women whose body weight category was defined according to their
pre pregnancy BMI.

Maternal Intake
(μg DFE/day)

N
(n = 37)

OW
(n = 15)

O
(n = 8)

GDN
(n = 11)

GDO
(n = 6)

Folate 298 ± 12 258 ± 18 260 ± 46 342 ± 33 299 ± 53
Vitamin B12 5.8 ± 0.5 4.7 ± 0.5 5.3 ± 0.9 10.1 ± 4.1 5.3 ± 1.2

DEF, dietary folate equivalents. Normal weight: N; overweight: OW; obese: O, gestational diabetic, normal weight:
GDN and gestational diabetic, obese: GDO. Values are means ± SD.

Figure 1. Effects of maternal pre-pregnancy BMI and gestational diabetes on maternal and neonatal
folate serum concentrations. Maternal samples were taken at 34 weeks gestation and at term/delivery
i.e., c. 39 weeks of pregnancy, neonatal samples were taken from cord blood at birth. Open circles:
normal weight (N: maternal, n = 59; cord, n = 33); open squares: overweight (OW: maternal, n = 29;
cord, n = 15); open triangles: obese (O: maternal, n = 22; cord, n = 12); closed circles: gestational diabetic,
normal weight (GDN: maternal, n = 14; cord, n = 7); closed triangles: gestational diabetic, obese women
(GDO: maternal, n = 11; cord, n = 7). Values represent means ± S.E.M. Statistical differences between
groups denoted at each time point by *, ** correspond to p < 0.05, p < 0.01 respectively compared to
normal weight control group (independent t test for continuous variables).

Placentas from obese women showed a significantly lower expression of FOLR1, a response that
was unaffected by GD (Table 4). Multi-regression analysis of predictors for placental FOLR1 gene
expression, indicated that pre-pregnancy BMI had the greatest influence (Table 5), suggesting an
effect present in early gestation. Gene expression of placental methylenetetrahydrofolate reductase
(NAD(P)H) (MTHFR), the enzyme that catalyses the synthesis of 5-MTHF, did not significantly change
between BMI groups, but was raised in obese women with GD (Table 4). Whilst placental DNMT3A
gene expression was similar between groups, mean mRNA expression of DNMT1 was higher in
overweight and women (Table 4). No significant correlations were found between placental gene
expression and plasma folate.
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Table 4. Effects of maternal body mass index on gene expression markers of folate transport and
metabolism and DNA methylation in placenta of normal weight (N), overweight (OW), obese (O),
gestational diabetic, normal weight (GDN) and gestational diabetic, obese (GDO) pregnant women.

Pathway
NCBI

Sequence
Target
Gene

N
(n = 59)

OW
(n = 29)

O
(n = 21)

GDN
(n = 14)

GDO
(n = 11)

Folate transport
and metabolism

NM_016725.2 FOLR1 1.0 ± 0.9 0.8 ± 0.6 0.5 ± 0.3 * 0.6 ± 0.3 0.5 ± 0.3 *
NM_080669.4 PCFT ψ 1.0 ± 0.6 1.0 ± 0.5 1.1 ± 0.6 0.6 ± 0.7 0.8 ± 0.5
NM_006996.2 RFC ψ 1.0 ± 0.8 0.9 ± 0.5 1.0 ± 0.7 0.8 ± 0.5 0.7 ± 0.5
NM_005957 MTHFR 1.0 ± 0.9 1.0 ± 0.9 0.8 ± 0.6 1.0 ± 0.7 1.5 ± 0.7 *

DNA
methylation

NM_001130823 DNMT1 1.0 ± 1.1 1.8 ± 1.1 ** 1.5 ± 1.2 1.8 ± 1.5 0.5 ± 0.5
NM_022552.4 DNMT3A 1.0 ± 0.9 1.1 ± 1.2 0.7 ± 0.5 0.9 ± 0.9 0.6 ± 0.3

Data expressed relative to housekeeping gene (ribosomal 18S RNA), normalised to the control group to give
the fold change. n = women/group. Data are non-parametric and represent mean ± SD Statistical differences:
* p < 0.05, ** p < 0.01 compared to normal weight group (Mann Whitney test). The abundance of genes denoted
by ψ were measured in a representative selection of 20 N women as insufficient mRNA was not available for
all samples. FOLR1: folate receptor alpha; PCFT: proton coupled folate transporter; RFC: reduced folate carrier;
MTHFR: methylenetetrahydrofolate reductase; DNMT1: DNA methyl transferase-1; DNMT3A: DNA methyl
transferase-3 alpha.

Table 5. Association between placental gene expression of folate receptor alpha (FOLR1) and different
predictors in control, overweight and obese pregnant women with or without gestational diabetes
(n = 135).

Linear Regression
Model

B (95% CI) SE B β p

Model 1 ψ

Maternal pre-BMI −0.029 (−0.051, −0.007) 0.011 −0.214 0.009

Model 2 ψψ

Maternal pre-BMI −0.032 (−0.054, −0.009) 0.011 −0.230 0.006
Maternal glucose (34 gw) 0.004 (−0.002, 0.01) 0.003 0.107 0.194

Model 3 ψψψ

Maternal pre-BMI −0.033 (−0.056, −0.011) 0.012 −0.241 0.004
Maternal glucose (34 gw) 0.005 (−0.001, 0.01) 0.003 0.131 0.116
Maternal folate (34 gw) −0.019 (−0.043, 0.005) 0.012 0.128 0.124

ψ Adjusted for the a priori confounders pre-pregnancy BMI; ψψ adjusted for the a priori confounders pre-pregnancy
BMI and maternal glucose at 34 weeks of gestation (gw); ψψψ Adjusted for the a priori confounders pre-pregnancy
BMI, maternal glucose at 34 gw and maternal folate at 34 gw. B: unstandardised beta; 95% CI: 95% Confidence
intervals; SE B: Standard error of unstandardised beta; β: standardised beta (β).

4. Discussion

We show that although maternal folate concentrations were reduced with raised maternal
pre-pregnancy BMI near to term, this was not apparent with GD, suggesting that the dietary advice
provided improved folate status irrespective of any placental adaptations, as seen with obesity. In those
women with raised pre-pregnancy BMI, there was no detectable reduction in cord blood folate and
all infants were healthy at term. This suggests appropriate adaptation in folate transfer across the
placenta, that has been suggested to include a downregulation of FOLR1 gene expression in the
placenta with obesity [19]. The results from our study support such a proposal as gene expression
for the other two transporters, PCFT and RFC, were unaffected. Raised mRNA abundance of FOLR1,
if translated to protein, and accompanied with a decline in maternal folate concentration would result
in the maintenance of cord blood folate as we observed at term with obesity. Alternatively mRNA
transcripts of this folate transporter could undergo further functional modifications, that modulate the
placentas capacity to promote folate transport [31] and, hence, protect normal foetal folate status as
seen in women from Texas, USA [22].

The negative association between raised pre-pregnancy BMI and folate status did not appear to be
related to dietary inadequacy in these women unlike those described by others [9–11]. It is possible that
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other adaptations to a high pre-pregnancy BMI, such as hormonal changes in pregnancy and endocrine
modifications, could contribute [6]. It is possible that adaptations within the maternal microbiome
could impact on maternal folate status [32], as has been shown in the rat during late gestation when
manipulating macronutrient intake [33]. Interestingly, obesity with GD resulted in raised placental
MTHFR gene expression that could ultimately inhibit intracellular homocysteine release by promoting
5-MTHF synthesis [34–36]. Enhanced folate catabolism by the placenta would also limit homocysteine
accumulation within the trophoblast, thereby avoiding foetal complications in women with obesity
and/or GD [35,37].

As folate deficiency has been associated with increased placental S-adenosyl-methionine to
S-adenosyl-homocysteine ratio [38,39] and decreased genomic DNA methylation [40–43], reduced
blood folate with obesity could lower the availability of placental SAM, which is used by DNMTs
to methylate DNA [2,44,45]. Changes in gene expression for DNMT1 could be important in this
regard as it transcribes the enzyme required for the maintenance of DNA methylation [46] although
this was not measured in the present study. DNMT1 is also essential for cellular development [46]
and our observation of raised placental gene expression with increased BMI could impact on these
processes even though DNMT3A was unaffected. These divergent responses could reflect their
contrasting roles, with DNMT3A catalysing de novo DNA methylation during early development,
whilst DNMT1 is responsible for the maintenance of DNA methylation throughout all development
stages [4]. The decreased maternal folate with raised pre-pregnancy BMI and higher mRNA abundance
of DNMT1 in the placenta with similar cord blood folate concentrations, could be indicative of a
compensatory response in order to maintain adequate methylation status, for which no differences
were found when measured in five subjects per study group [47]. Overall the relatively small sample
size was utilised in our study, which might benefit from being undertaken in larger groups of women
of different ethnicity. Such a broader study could be combined with a more detailed assessment of
those epigenetic adaptations which remain to be clarified [48].

5. Conclusions

In conclusion, pregnancies in Spanish women with a high BMI and GD are differentially associated
with changes in maternal serum folate in late gestation, which suggests a protective role by the placenta
of the foetus, further supporting the need to ensure optimal dietary folate intake [8].
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Abstract: Selenium plays a role in antioxidant status and, together with iodine, in thyroid function.
Iodine deficiency exists in New Zealand during pregnancy and lactation, and selenium deficiency may
further affect thyroid function. This study investigated selenium intakes of pregnant and lactating
women, in Palmerston North, in the North Island of New Zealand. Dietary intake was estimated
using three repeated 24-h dietary recalls. Dietary intake in pregnancy was also estimated from 24-h
urinary excretion of selenium. Selenium concentrations were determined in urine and breastmilk
using inductively-coupled plasma mass spectrometry. Median selenium intakes based on dietary data
were 51 (39, 65) μg/day in pregnancy and 51 (36, 80) μg/day in lactation, with 61% and 68% below
estimated average requirement (EAR). Median daily selenium intake in pregnancy based on urinary
excretion was 49 (40, 60) μg/day, with 59% below EAR. Median selenium concentration in breastmilk
was 11 (10, 13) μg/L and estimated median selenium intake for infants was 9 (8, 10) μg/day, with
91% below the Adequate Intake of 12 μg/day. These pregnant and breastfeeding women were at risk
of dietary selenium inadequacy. Further research is required to assess selenium status in relation to
thyroid function and health in this group.

Keywords: selenium; pregnancy; lactation; breastfeeding; infants

1. Introduction

The intake of selenium worldwide ranges from 7 to 4990 μg/day, and varies greatly from deficient
to toxic intakes [1]. New Zealand soils contain low levels of selenium, leading to low levels in the food
supply [2]. The most recent New Zealand Total Diet Survey suggested dietary selenium intake was
inadequate throughout the New Zealand population, putting them at risk of deficiency [3]. Recent
New Zealand studies have shown low selenium intakes in women of childbearing age and older
women based on urinary selenium excretion [4,5].

Selenium is essential in human health to produce selenoproteins, which have antioxidant and
anti-inflammatory roles, and also for production of thyroid hormones [6]. Selenoproteins (iodothyronine
deiodinases) are required for generating the active thyroid hormone T3 (triiodothyronine) from the
inactive T4 (thyroxine) form [7]. Selenium is also an essential cofactor for glutathione peroxidase, a
potent antioxidant, which protects thyroid cells from damage due to any excessive hydrogen peroxide
generated from the synthesis of thyroid hormones [8].

Selenium has been suggested to play an important role in normal brain development, although
the mechanism is not clear. Two recent large cohort studies from Poland and Spain found selenium
status in first trimester was adversely associated with neuropsychological development assessed at
1 year and 2 years of age by the Bayley Scales of infants and Toddler development [9], and 5 years
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of age by the McCarthy Scales for Children’s Abilities (MSCA) [10]. Varsi et al. (2017) investigated
the effect of maternal selenium status on neurodevelopment of infants and reported that low serum
selenium concentration in pregnancy was negatively associated with infant psychomotor score at
6 months of age [11].

The interaction between selenium and iodine in thyroid hormone synthesis is of particular
concern in New Zealand due to dietary insufficiency of both selenium and iodine. Iodine deficiency
has historically been a health problem in New Zealand [12] and the mandatory fortification of all
bread (except organic) with iodised salt was introduced in September 2009 [13]. Since mandatory
fortification, the majority of adults [14] and school-aged children [15] in New Zealand have adequate
iodine intakes. Despite an iodine supplement being recommended and available to all pregnant and
lactating women in New Zealand, this population group still has insufficient intakes and low status [16].
Selenium deficiency could potentially exacerbate the consequences of mild iodine deficiency among
this vulnerable group [12].

During pregnancy and lactation, there are increased selenium requirements for the growing foetus
and newborn [3]. Low maternal serum selenium concentrations are associated with adverse pregnancy
outcomes such as pre-eclampsia [17], other types of pregnancy-induced hypertension [18] and preterm
birth [19]. Human milk is critical for an exclusively breastfed infant’s optimal selenium status. A study
in the South Island of New Zealand (1998–1999) showed postpartum women and breastfed infants had
low plasma selenium, suggesting suboptimal status [20]. Since then, no data about selenium intakes
have been collected for this population. Given changes in dietary habits, food product availability
and agricultural practices, continual monitoring of selenium intake in this vulnerable population
is essential.

This study aimed to assess current maternal selenium intake during pregnancy and lactation,
and estimate infant selenium intake in a sample of women in Palmerston North, North Island,
New Zealand.

2. Materials and Methods

2.1. Study Population

Pregnant and breastfeeding women were recruited from January to July 2009 and January to
September 2011 via local health professionals who work closely with pregnant and breastfeeding
women, as described previously [16]. Volunteers were aged 16 years and older, in their third trimester
of pregnancy (greater than 26 weeks of gestation), or at least 3 weeks postpartum and breastfeeding.
Women who had medical complications during their pregnancy were excluded. In total, 59 pregnant
and 68 lactating women were recruited and included in the study. Women had to actively volunteer
for this study and no data were kept from women who did not meet the selection criteria.

Ethical approval was obtained from the Massey University Human Ethics Committee (Southern
A 08/32 and 10/54). Written consent was obtained from all participants.

2.2. Dietary Data Collection

A 24-h dietary recall was conducted based on the US Department of Agriculture Automated
Multiple-Pass Method, but excluded the Forgotten Foods List [21]. A photographic food atlas was
provided to estimate portion sizes [22]. Participants were also asked to include any dietary supplements
taken, including the brand name and the amount. Two subsequent recalls were collected via telephone
interviews over the following two weeks, ensuring a weekend day was included; food portion sizes
were estimated using household measures. Previous research has found no difference in energy intakes
when comparing 24-h dietary recalls collected in person versus via the telephone [23]. Dietary data
were analysed using Foodworks 2009 (Xyris Software, Brisbane, Australia) based on the New Zealand
food database. Dietary supplements used by participants were included in dietary data analysis. Only
4 of the 59 pregnant and 6 of the 68 lactating women were taking selenium-containing supplements.

77



Nutrients 2019, 11, 69

The estimated average requirement (EAR) cut-point method can be used to assess population
nutrient intake providing nutrient requirements are normally distributed (e.g., selenium); the
percentage below the EAR approximates the proportion that is at risk of dietary inadequacy [24].
For a population to have a very low prevalence of inadequate dietary intakes, the mean/median
intake should be above the recommended daily intake (RDI) [24]. Current intakes based on diet and
urine data were compared to Australian and New Zealand recommendations; the Estimated Average
Requirement (EAR) and Recommended Dietary Intake (RDI) for selenium for pregnant women are 55
and 65 μg/day, and for lactating women are 65 and 75 μg/day, respectively [3].

2.3. Sample Collection and Selenium Analysis of Urine and Breastmilk

All participants were asked to collect a 24-h urine sample and provided with an insulated box
containing two polythene bottles for urine storage and frozen silica pads to keep the sample cool.
Lactating women were also requested to provide a breastmilk sample (around 30 mL) and provided
with a breast pump if required; timing of collection of breastmilk samples was not standardized,
since no significant differences have been found in selenium concentrations between hind-milk and
fore-milk [25]. The concentration of selenium in breastmilk varies most significantly during the first
21 days from the transition from colostrum to mature milk [25], thus breastmilk samples were collected
after 3 weeks postpartum. All samples were brought immediately to the Human Nutrition Research
Unit for processing after collection. The total volume of urine collected over 24 h was measured for
each participant. Samples were stored without preservative at −20 ◦C, prior to analysis. Urine samples
were defined as inaccurate if urine volume was below 1 L and urinary creatinine below 5 mmol/day,
or extreme outliers of creatinine (>3 Standard Deviation) [26]. However, no study samples were
classified accordingly.

Selenium concentrations of urine and breastmilk samples were determined by Hill Laboratories,
Hamilton, New Zealand, using inductively-coupled plasma mass spectrometry [27]. Quality Control
procedures included analysis of blanks, analytical repeats and spiked samples in order to ensure
accuracy and precision. Calibration standards and checks were undertaken on every run with the limit
of detection at 0.002 mg/kg. Dietary selenium intake was estimated for pregnant women, based on
a urinary excretion of 55% of selenium intake [28]. However, it was not possible to estimate dietary
selenium intake for lactating women via urine, as we were unable to determine the daily loss of selenium
from breastmilk. Creatinine was measured using the Jaffe Method Flexor E (Vital Scientific NV, 6956 AV
Spankeren/Dieren, Rheden, Gelderland, The Netherlands) at Massey University Nutrition Laboratory.

2.4. Statistical Analysis

Data were analysed using IBM SPSS (Statistics Package for the Social Sciences, IBM, Armonk,
NY, USA) version 20. Data were tested for normality using Shapiro-Wilk’s test. Non-parametric
data were expressed as median (Quartile 1, 3 (Q1, Q3); based on weighted average) and parametric
data expressed as mean (±standard deviation; SD). Bivariate correlations were tested using the
nonparametric Spearman’s rho correlation coefficient. Scatter plots were generated for suspected
bivariate correlations and visually inspected for verification. Fisher’s exact test was used to detect
associations between dietary and biological methods in assessing dietary intake.

3. Results

Fifty-nine pregnant and 68 lactating women were recruited. The mean age was 31.6 ± 5.7
and 31.3 ± 5.0 years for pregnant and breastfeeding women, respectively (Table 1). The ethnicities
of participants were Caucasian (80%, 81%), Maori (12%, 9%), Asian (5%, 2%) and other (3%, 8%).
Participants were predominantly educated at tertiary level (86% pregnant and 68% breastfeeding),
with approximately half being pregnant with or breastfeeding their first infant.
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Table 1. Description of pregnant and breastfeeding participants.

n (%)
Pregnant Breastfeeding

n = 59 n = 68

Age, years (Mean ± SD) 31.6 ± 5.7 31.3 ± 5.0
Tertiary Education 51 (86) 46 (68)

Ethnicity (Caucasian) 47 (80) 56 (81)
Ethnicity (Maori) 7 (12) 6 (9)
Ethnicity (Asian) 3 (5) 1 (2)
Ethnicity (Other) 2 (3) 5 (7)

Nulliparous 31 (53) -
First time lactation - 36 (53)

Gestational age, days (Median (Q1, Q3)) 207 (191, 247)
Age of infants, days (Mean ± SD) 113.4 ± 96.9

Median urinary selenium for pregnant women was 14.1 (9.1, 18.2) μg/L (Table 2) and median
selenium intake based on urinary excretion was 49 (40, 60) μg/day (Table 3), below both the RDI
(65 μg/day) and EAR (55 μg/day), with 59% below the EAR. Median selenium intake based on dietary
assessment among pregnant women was 51 (39, 65) μg/day, below both the RDI and EAR, with 61%
below the EAR (Table 3). Urinary and dietary data both suggest inadequate selenium intakes among
pregnant participants.

Table 2. Selenium and creatinine in 24-h urine samples from pregnant and breastfeeding women and
selenium in breastmilk from breastfeeding women.

Median (Q1, Q3) Pregnant Breastfeeding

Numbers of participants (n) 59 68
Urine volume (L) 2.2 (1.5, 3.0) 1.8 (1.2, 2.5)

Urinary selenium concentration μg/L 14.1 (9.1, 18.2) 12.1 (7.8, 19.9)
Measured 24-h urinary selenium μg/day 27.1 (22.0, 32.9) 21.2 (14.5, 29.9)

Urinary creatinine g/L 0.5 (0.4, 0.7) 0.7 (0.5, 1.1)
Urinary creatinine g/day 1.2 (1.0, 1.5) 1.3 (1.2, 1.4)
Selenium: creatinine μg/g 22.8 (17.7, 28.7) 16.5 (12.3, 23.8)

Selenium in breastmilk μg/L - 11.3 (10.0, 13.3) a

a n = 64 for breastmilk samples.

Table 3. Estimated selenium intake in pregnant and breastfeeding women, infants and comparison
to recommendations.

Selenium Intake
Pregnant Breastfeeding Infant

(n = 59) (n = 68) (n = 64)

Estimated selenium intake; median (Q1, Q3)
Based on 24-h urine, μg/day 49 (40, 60)

Based on 24-h dietary recalls, μg/day 51 (39, 65) 51 (36, 80) -
a Below EAR (n, %)
Based on 24-h urine 35 (59)

Based on 24-h dietary recalls 36 (61) 45 (68) -

Estimated selenium intake; median (Q1, Q3)
Based on 750 mL breastmilk per day - - 9 (8, 10)

Below (10 μg/day) (n, %) - - 45 (70)
Below (12 μg/day) (n, %) - - 58 (91)

a EAR = estimated average requirement, 55 μg/day for pregnant women and 65 μg/day for breastfeeding women.

Based on dietary assessment, the median selenium intake for breastfeeding women was
51 (36, 80) μg/day (Table 3), also below both the EAR (65 μg/day) and RDI (75 μg/day), with 68%
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below the EAR. Median selenium concentration in breastmilk (n = 64) was 11 (10, 13) μg/L (Table 2).
Using an estimated daily breastmilk intake of 750 mL [29], the median estimated selenium intake for
infants was 9 (8, 10) μg/day; 70% (45/64) were below the daily minimum of 10 μg/day suggested by
Levander [30], and 91% (58/64) below the Adequate Intake of 12 μg/day [31].

For breastfeeding women, selenium concentration in breastmilk was weakly positively correlated
with 24-h selenium excretion in urine as μg/day (p = 0.269, r = 0.032, see Table A2). Pregnant
participants’ dietary selenium intake based on dietary assessment was not associated with selenium
excretion as either μg/L (p = 0.053, r = 0.692) or μg/day (p = 0.230, r = 0.079; see Table A1). However,
the classifications of intakes as either above or below the EAR were associated for the two methods of
assessing dietary intake (p = 0.016, Fisher’s exact test).

4. Discussion

This study found 59–61% of pregnant and 68% breastfeeding participants had estimated selenium
intakes below the EAR, suggesting this vulnerable group is at risk of an inadequate selenium intake.
This supports the latest New Zealand Adult Nutrition Survey 2008/2009, which estimated that 44–72%
of women aged 19–50 years had inadequate selenium intakes [32]. Previous research shows that
low selenium status is associated with an increased risk of thyroid enlargement, which may indicate
compromised thyroid function [33]. Iodine deficiency has previously been reported in both pregnant
and breastfeeding women in New Zealand in the same cohort investigated in this study [16], and
selenium deficiency could further compromise thyroid function.

In the present study, dietary intake was assessed by three 24-h dietary recalls, due to its low
participant burden and good compliance. Under- or over-reporting is a concern for dietary assessment.
As energy expenditure was not recorded, we were unable to determine if participants had misreported
dietary intake. A large daily variation of selenium intake was reported in an earlier study of American
pregnant and postpartum women using duplicate-plate food and drink composites and dietary
recalls [34]. Single 24-h recalls do not take into account day-to-day variation, therefore repeated 24-h
dietary recalls are frequently used to estimate usual intake [35].

In the current study, 24-h urinary selenium excretion was used to estimate selenium intake. It is
estimated that 50–60% of dietary selenium is excreted in urine [28], and selenium intake determined in
this manner is suggested to be more accurate than dietary assessment data [36]. However, collecting
24-h urine samples requires motivated participants and is not practical for all populations or large
studies. Urinary selenium has been shown to be a valid method to assess recent selenium intake in
populations that live in selenium-deficient areas [36,37]. Research has shown that serum selenium and
glomerular filtration rate increase in pregnancy, and studies have shown an increase in selenium in
urine during pregnancy [38]. Thus, the selenium excretion of 55% could be overestimated, so actual
selenium intakes could be even lower than estimated values. A previous New Zealand study found
selenium intake determined from a Food Frequency Questionnaire was associated with 24-h urine
excretion in pregnant women [38]. Although the current study found no such association in pregnant
women, the classification of intakes as either above or below the EAR was associated for the two
methods of assessing dietary intake.

Median intake of selenium for pregnant women in the current study was 51 μg/day based on
dietary intake and 49 μg/day based on urine excretion. In previous studies of New Zealand pregnant
women, Watson and McDonald found median intakes ranging between 33.5 μg/day excluding dietary
supplements to 67 mcg/day including dietary supplements [39], however, these data were based on
dietary assessment with no verification using biomarkers. The median selenium intake of 51 μg/day
for breastfeeding women was higher than previously reported (46 μg/day) in the 1998–1999 study of
lactating mothers from the South Island of New Zealand [20]. This was not unexpected, as selenium
intake is typically lower in the South Island of New Zealand, where bread is made from local wheat,
compared to the North Island, where bread is manufactured from wheat imported from Australia,
which has higher levels of soil selenium [12]. It could also be due to changes occurring in diet in
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the last 20 years. Even though selenium intake is higher among breastfeeding women in the current
study than previously reported, many current intakes are still below the EAR, thus suggesting a risk of
dietary inadequacy.

Breastmilk selenium concentration is associated with maternal selenium intake and/or status.
Selenium is generally higher in colostrum (26 μg/L), and then decreases to nadir levels in mature milk
(1–3 months, 15 μg/L) [30]. Median selenium breastmilk concentrations (11.3 μg/L) in the present
study were similar to those reported in the South Island in 1992 (13.4 μg/L) [40] and also a recent
study in the North Island (14 μg/L) [41]. Adequate selenium concentrations in breastmilk have been
observed to maintain optimum selenium status in both preterm and term infants [25]. For exclusively
breastfed infants, breastmilk is the only source of selenium; in the current study, 70% of infants would
not have achieved the 10 μg/day suggested as adequate by extrapolation from adults [30] and 91%
did not achieve the Adequate Intake of 12 μg/day [18]. This suggests infants in the present study are
at risk of selenium deficiency.

The inadequate selenium intakes in this vulnerable population are of concern. Studies in rats
have previously shown that in utero selenium deficiency can impair neonatal lung development [42].
Maternal selenium status in French women was negatively associated with risk of wheezing in children
aged 1–3 years; this could potentially lead to asthma later in life [43]. Low selenium status in childhood
in New Zealand has also been associated with increased risk of wheeze [44], for which New Zealand
has a high incidence [45]. Low maternal selenium status in Norwegian women has been associated
with an increased risk of neonatal infections in the first 6 weeks of life and lower psychomotor score at
6 months [11]. Adequate dietary intake of selenium has been suggested to be beneficial in improving
mental outlook among the general population [46]. Lower dietary selenium intake has also been
associated with an increased risk of de novo major depressive disorder among women [47]. Selenium
supplementation during early pregnancy has been found to reduce postnatal depression [48], which
has a 7.8% to 16% prevalence in New Zealand [49].

Determining selenium concentrations in blood (whole, plasma or erythrocyte), plasma selenium
protein P or GPx activity in blood (whole, plasma or platelet) are considered more reliable markers of
selenium status [50,51]. However, urinary selenium excretion is associated with both plasma selenium
and dietary intake in populations with low selenium intake [12]. A limitation of the current study
is not measuring selenium or GPx activity in blood, however, determining daily urinary selenium
excretion serves as a proxy measure for selenium intake and indicates the need for further research.

This study included a small sample of pregnant and breastfeeding women who were
predominantly well educated and more likely to be affluent, thus the sample is not representative of
the New Zealand population. However, women who volunteer for health studies tend to be interested
in health and motivated towards a healthy lifestyle, thus it is of concern that these women are at risk
of selenium deficiency. Further, we would not expect such women to have a poorer health status than
less affluent women.

Additionally, supplement intakes could contribute to participants’ dietary selenium intake;
however, only a small proportion of participants consumed selenium-containing supplements. Thus, we
were not able to meaningfully investigate the potential impact of supplement intake on other measures.

5. Conclusions

This current research suggests dietary selenium intake is a concern for pregnant and breastfeeding
women and their infants in New Zealand. Further research is required to assess selenium status
among these groups by measuring biomarkers such as plasma selenium or GPx activity in blood
selenium. Further investigations should also include all socio-economic groups. It is essential that
we assess whether suboptimal intake of selenium adversely affects thyroid function in this already
iodine-deficient population. As selenium is a nutrient with numerous roles, it is also necessary to
investigate any effects of low intake on other health outcomes potentially related to selenium in the
perinatal period, such as postnatal depression and infant neurodevelopment.
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Abstract: Pregnant and lactating women in rural Niger are at high risk for inadequate intakes
of multiple micronutrients. Thus, 24 h dietary recalls were conducted and analyzed for dietary
intakes in this population (n = 202). Using linear programming analyses, micronutrient gaps in
women’s diets were identified, food-based recommendations (FBR) to improve dietary micronutrient
adequacy were developed, and various supplementation strategies were modelled. Energy intakes
were below estimated requirements, and, for most micronutrients, >50% of women were at risk of
inadequate intakes. Linear programming analyses indicated it would be difficult to select a diet
that achieved recommended dietary allowances for all but three (vitamin B6, iron and zinc) of 11
modeled micronutrients. Consumption of one additional meal per day, and adherence to the selected
FBR (daily consumption of dark green leafy vegetables, fermented milk, millet, pulses, and vitamin
A fortified oil), would result in a low percentage of women at risk of inadequate intakes for eight
modeled micronutrients (vitamin A, riboflavin, thiamin, B6, folate, iron, zinc, and calcium). Because
the promotion of realistic FBRs likely will not ensure that a low percentage of women are at risk
of inadequate intakes for all modeled micronutrients, multiple micronutrient supplementation or
provision of nutrient-dense foods should be prioritized.

Keywords: linear programming; food-based recommendations; Optifood; micronutrient; deficiency;
dietary intake; pregnant; lactation; women

1. Introduction

Maternal nutrition from the time of conception until two years post-partum, a period known as the
first 1000 days, is critical for maternal and child health [1]. Undernutrition during pregnancy is a risk
factor for maternal mortality and fetal growth restriction, which increases the risk of neonatal deaths
and contributes to impaired post-natal linear growth and development [1]. Undernutrition during
lactation adversely affects the concentrations of some macro- and micronutrients in breastmilk, which
may negatively impact infant morbidity and mortality [2]. In low-income countries, it is particularly
challenging for women to meet their macro- and micronutrient requirements during pregnancy and
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lactation [3]. In Niger, the lifetime risk of maternal death is 1 in 23 women and 11.4% of children
die before reaching 5 years of age [4]. In a recent cross-sectional survey conducted among pregnant
women in Zinder, Niger, 27% of pregnant women had inadequate gestational weight gain and 25%
had low mid-upper arm circumference, indicative of undernutrition [5]. In addition, the prevalence of
multiple micronutrient deficiencies was indicative of a severe public health problem. 45% of pregnant
women were deficient in > 3 micronutrients (iron, zinc, vitamin A, folate, vitamin B12), 79% were
anemic, and less than 20% had adequate minimum dietary diversity [6]. Although information on
the nutritional status of lactating women is limited, increased physiological requirements, frequent
reproductive cycling and resource constraints make undernutrition likely. Overall, the Zinder region
of Niger is considered a high risk livelihood zone, subject to severe food access constraints due in
part to variable rainfall and frequent droughts, imbalanced agro-pastoralism, and high poverty levels.
The 2011 National Survey on Living Conditions: Household and Agriculture in Niger (ECVMA)
estimated that 47.7% of the population in the Zinder Region was living below the poverty line [7].
Chronic moderate and severe food insecurity affected 27.2% and 12.5% of the population in the Zinder
region of Niger, respectively. During the lean season, these prevalences increased to 51.2% and 32.7%,
respectively [7].

Evidence-based approaches to improve nutritional status among pregnant and lactating women
include supplementation (e.g., iron and folic acid, multiple micronutrients, and balanced protein and
energy supplementation), food fortification (e.g., mass fortification of cereals, oils, and condiments),
and dietary counseling to promote the consumption of nutritionally dense foods [8–12]. Software
tools for decision-making in nutrition programs have been developed to support advocacy and
decision-making (e.g., Lives Saved Tool, LiST; Cost of the diet, COD), plan and optimize interventions
(e.g., Intake Modeling, Assessment and Planning Program, IMAPP; Optifood), and optimize
cost-benefits of combined interventions (e.g., MINIMOD) [13]. Optifood is based on the mathematical
technique of linear programming, and was recently developed by the London School of Hygiene &
Tropical Medicine, the World Health Organization (WHO) and USAID Food and Nutrition Technical
Assistance Project (FANTA)/FHI 360. Optifood allows users to identify population-specific dietary
nutrient gaps and develop food-based recommendations (FBR) centered on locally available and
acceptable foods, accounting for existing dietary patterns and economic feasibility [14]. In addition, the
approach can be used to evaluate the ability of existing and novel nutrient supplements and fortified
foods to meet population-specific nutritional requirements [15–19], although it has, to date, primarily
been used for infants and young children.

The primary objectives of the present study were to (1) assess dietary intake and nutritional
adequacy among pregnant and lactating women in the Zinder region of Niger, (2) develop FBR
for nutritional counseling accounting for current consumption patterns and the local availability of
affordable nutrient-rich foods, and (3) identify any shortfalls requiring nutrient supplementation or
fortification. The present study illustrates how the Optifood tool can be used to inform program
and policy decisions regarding strategies to improve dietary adequacy among pregnant and lactating
women in food insecure populations.

2. Materials and Methods

2.1. Study Design and Participants

The present assessment of dietary intake and daily nutrient intakes among pregnant and lactating
women is a cross-sectional study embedded into the Niger Maternal Nutrition (NiMaNu) Project. The
NiMaNu project was a program-based effectiveness trial in the Zinder region of Niger, designed to
assist the Nigerien Ministry of Public Health in its efforts to improve the nutritional and health status
of pregnant women through multiple strategies to increase antenatal care attendance and adherence to
iron folic acid (IFA) supplementation. The overall NiMaNu programmatic intervention, study design
and data collection methods have been reported in detail elsewhere [6,20,21]. Briefly, 18 governmental
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integrated health centers located in two districts (Zinder and Mirriah) of the Zinder Region of Niger
were randomly assigned to time of enrollment in the NiMaNu project from March 2014–September
2015, and 2307 pregnant women in surrounding rural villages participated in the study. The present
dietary intake assessment survey was implemented from May–October 2015, exclusive of the month
of Ramadan and included women from nine villages within the catchment areas of three integrated
health centers enrolled in the baseline NiMaNu survey during that time frame.

Pregnant and lactating women were identified using the random walk method [22] and were
eligible to participate in the dietary intake assessment survey if they lived in the catchment area of
the NiMaNu project, were in their second or third trimester of pregnancy or breastfeeding an infant
or young child < 23 months of age from a singleton birth, were > 19 years of age, and provided
written informed consent. Women were ineligible to participate if they were unable to provide
consent due to impaired decision-making ability, or if they (or their breastfeeding child) had an illness
warranting immediate hospital referral or a chronic or congenital illness interfering with dietary intake,
as assessed via a structured questionnaire and the professional judgement of the fieldworkers and
study coordinator (government certified midwives and medical doctor, respectively).

2.2. Ethical Considerations

The NiMaNu Project was approved by the National Ethical Committee in Niamey (Niger)
(005/2013/CCNE; 007/MSP/CCNE/2015) and the Institutional Review Board of the University
of California, Davis (USA) (447971). Consent materials were presented in both written and oral format,
in the presence of a neutral witness. Informed consent was documented with a written signature
or a fingerprint prior to enrollment in the study. The study was registered at www.clinicaltrials.gov
as NCT01832688.

2.3. Data Collection

2.3.1. Socio-Demographic Characteristics and Anthropometry

Information on socio-economic and demographic characteristics of the woman and her
household, pregnancy and health status, food security, and knowledge, attitudes and practices
pertaining to antenatal care and nutrition were collected via structured interviews by trained female
fieldworkers [6,20,21]. The survey on knowledge, attitudes and practices included questions of
knowledge (e.g., benefits of IFA and recommended foods to consume during pregnancy and lactation),
attitudes (e.g., perceived importance of IFA, reasons for compliance or non-compliance with IFA
supplementation, and identification of foods they would like to consume in greater quantity during
pregnancy and lactation), and practices (e.g., IFA consumption, changes to physical labor and dietary
intakes during pregnancy and lactation). Household food insecurity was assessed using the Household
Food Insecurity Access Scale (HFIAS) of the Food and Nutrition Technical Assistance/USAID [23].
Height, weight, mid-upper arm circumference (MUAC) and symphysis-fundal height were measured
by trained and standardized anthropometrists. Lightly clothed women were weighed to 50 g precision
(SECA 874, Seca, Hamburg, Germany) in duplicate. Women’s height (SECA 213, Seca, Hamburg,
Germany), MUAC (ShorrTape© Measuring Tape, Weigh and Measure, Olney, MD, USA) and, among
pregnant women, symphysis-fundal height (ShorrTape© Measuring Tape, Weigh and Measure, Olney,
MD, USA) were measured in duplicate to 0.1 cm precision. If the two measurements were >0.2 kg
(weight) or >0.5 cm apart (height, MUAC, and symphysis-fundal height), a third measurement was
taken and the mean of the two closest measurements was calculated. Undernutrition was defined
as a MUAC < 23 cm among pregnant women or a BMI < 18.5 kg/m2 among lactating women,
respectively [24]. Gestational age was estimated as a weighted average of the following obtained
information: reported last menstrual period, time elapsed since quickening, and two fundal height
measurements taken approximately one month apart [20,25].
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2.3.2. 24 h Recall Data Collection

Three trained fieldworkers administered interactive quantitative 24 h dietary recall interviews,
following the multi-pass approach developed for use in rural populations in low-income countries with
low rates of literacy; study-specific data collection forms are available on the Open Science Framework
platform [20,26]. Single 24 h dietary recalls were conducted in all participants; duplicate 24 h dietary
recalls were attempted in a sub-sample of women (20%). 24 h dietary recalls were proportionally
collected on weekdays (Monday-Thursday) and weekends (Friday-Sunday). Participating women
were visited twice in their homes, two days apart. At the first visit, two days prior to the scheduled
24 h dietary recall, the purpose of the dietary interview was explained and participants were given
a pictorial chart of common foods and a cup and bowl to use for their individual portions on the
following day, to stimulate recall and allow the women to more accurately estimate portion sizes.
On the day of the 24 h dietary recall interview, fieldworkers used neutral probing questions to help
participants recall all the foods and drinks they had consumed during the preceding 24 h period
(pass one). After this list was obtained, fieldworkers probed for more specific descriptions of all items
listed in the first pass (pass two; e.g., brand names, recipes, cooking methods, waste or non-consumed
parts, etc.). In the third pass, portion sizes were estimated using an electronic scale (when commonly
consumed foods and ingredients carried by fieldworkers or foods or ingredients still available in the
household could be directly weighed), equivalent volumes of water or dry good consumed (e.g., dry
beans, dry couscous), pre-calibrated local utensils, rulers, modeling clay or monetary value. Finally,
the fourth pass was used to review the recall and ensure all items were included and recorded correctly.
A dietary diversity score (minimum dietary diversity for women; MDD-W) was calculated using
24 h recall data [27]. In addition, for all food items reported on the 24 h recall, women were asked to
report the number of times per week or month that each food was typically consumed. For recipes
or mixed dishes that were prepared by the index woman, information was collected on the type and
amounts of ingredients, cooking methods, the total amount of recipe prepared, and the proportion
she consumed. For composite dishes not prepared by the respondent and for staple foods with little
intra-recipe variability, general recipes were constructed by commissioning three local women to
prepare each recipe, or by compiling individual recipes obtained from women enrolled in the dietary
intake assessment survey. In all cases, weights of raw ingredients were averaged in proportion to
the total amount of recipe prepared. For all measurements not directly expressed in grams of food
consumed, conversion factors were collected by fieldworkers in triplicate (e.g., cost data from local
markets, densities of specific foods to convert estimated volumes of water or grams of dry goods
to grams of prepared food, etc.), and applied to collected data, such that all data were ultimately
expressed in grams of food consumed. In addition, all data were expressed in total cost of food
consumed, using fieldworker acquired cost data from local markets, market survey data (see below)
and participant-reported data.

2.3.3. Market Survey

Market surveys were conducted over seventeen months in all primary markets of the NiMaNu
study area. From May 2014–September 2015, these markets (n = 10) were surveyed a total of 55 times
(Zinder regional market, n = 26; 9 local markets in the Mirriah district, n = 29). Information was
collected on food availability and cost, using a structured questionnaire based on the National Survey
of Household Budget and Consumption and pre-tested in local markets [28]. Data are expressed as
cost per 100 g edible portion.

2.3.4. Food Composition Table

Food nutrient values were obtained from the Optifood internal reference food composition table,
which contains nutrient composition data for approximately 2000 foods. Nutrient values for any
food items not contained in the Optifood food composition table were compiled from the INFOODS
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Regional Nutrient Database for West Africa, the WorldFood System International Mini-list, and the
United States Department of Agriculture Nutrient Database for Standard Reference, Release 28 (USDA
SR28) [29]. The phytate contents of foods, including adjustments for fermentation, were imputed
from study-specific analyses of food samples, or where data were not available, from the IML or a
database compiled by Wessells et al. [30]. Nutrient contents of raw foods in the food composition table,
when consumed in the cooked state, were adjusted for nutrient losses during cooking using retention
factors from the USDA [31]. Refuse factors, obtained from the aforementioned databases, were used to
convert all reported food units to edible portions.

Nutritional information from commercially available foods was obtained to account for
fortification. Vegetable oils were assumed to be fortified with retinyl palmitate at the minimum
at-market concentration of 11 mg/kg, as established by the West African Economic and Monetary
Union (UEMOA) standards [32]. Wheat flour was assumed to be fortified with iron (60 mg/kg)
and folic acid (2.5 mg/kg) [33,34]. Maggi brand bouillon cubes were assumed to be fortified with
iron at a concentration of 600 mg/kg (based on package labelling and independent laboratory
analyses) [35]; for the present Optifood analyses, all bouillon cubes were considered fortified. The
nutrient composition of supplements (IFA, UNICEF/WHO/UNU international multiple micronutrient
preparation (UNIMMAP)) and supplemental food products (Supercereal (i.e., Corn Soy Blend Plus,
CSB+), Small Quantity Lipid-Based Nutrient Supplements for pregnant and lactation women (SQ-LNS
P&L), Plumpy’Mum) was obtained from manufacturers specifications; details are in Table S1.

2.3.5. Dietary Reference Intakes

The dietary reference intakes (DRI) of the Food and Nutrition Board (FNB) of the Institute
of Medicine (IOM; National Academies, USA) were used for these analyses (Table S2) [36–40].
Estimated energy requirements (EER) were calculated using IOM predictive equations by physiological
status (specific to 2nd or 3rd trimester among pregnant women, and 0–6 or >6 months post-partum
among lactating women) and physical activity level (PAL; assumed active PAL 1.27). The acceptable
macronutrient distribution ranges (AMDR) of dietary protein and fat were considered to be 10–35%
and 20–35% of energy, respectively. Nutritional adequacy of eleven micronutrients was assessed
(thiamin, riboflavin, niacin, folate, vitamins B6, B12, A and C and iron, zinc and calcium). The estimated
average requirement (EAR) and recommended dietary allowance (RDA) for micronutrients were IOM
DRI recommendations, with the exception of the iron bioavailability among lactating women and
the calcium recommendations. Specifically, for lactating women, the fractional absorption of iron
was assumed to be 10%, due to lower bioavailability which may be encountered in predominantly
vegetarian diets with limited diversity; thus increasing recommendations above those set by the
IOM, yet still in line with recommendations from the WHO [3,41]. DRI for pregnant women were
not adjusted, due to increases in iron absorption during later pregnancy [42]. In addition, models
were run using both the calcium recommendations set by the IOM, as well as those recommended by
WHO/FAO for settings where animal source foods provide less than 20–40 g/day of protein [41].

2.4. Data Analyses

Data were entered using EpiData version 3.1 (EpiData Association, Odense, Denmark). Dietary
data were prepared in RedCap and SAS System software for Windows release 9.4 (SAS Institute, Cary,
NC, USA). Statistical analyses were completed with SAS System software for Windows release 9.4
(SAS Institute, Cary, NC, USA). Descriptive statistics were calculated for all variables. The distribution
of usual micronutrient intakes and daily per capita reported cost of foods consumed was estimated
using the National Cancer Institute (NCI) method to adjust for intra-individual variation in dietary
intake; the EAR cut-point method was applied to estimate the prevalence of inadequate intake [43,44].
Differences in market availability and median prices of specific foods by season were analyzed using
logistic regression with Firth’s adjustment and the Kruskal Wallis test on ranked data, respectively.
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Data are presented as mean ± SD for normally distributed variables (Shapiro-Wilk statistic, W > 0.97),
and the median and IQR for non-normal values. The alpha value is 0.05.

2.5. Optifood Analyses

2.5.1. Preparation of Linear Programming Model Parameters

Summary statistics from the dietary intake assessment survey (24 h recalls), including a list of
foods consumed, food serving sizes and food patterns, were used to define the linear programming
model parameters. The list of foods consumed included those consumed by > 5% of each target
group and nutrient-dense foods consumed by < 5% of the target group, but with the potential to be
promoted for consumption. It excluded all non-nutritive foods. Food serving sizes were defined as the
median serving size (grams/meal) among consumers of each food; for staple foods (i.e., “grains and
grain products”), food serving sizes were defined as 75th percentile, to allow for adequate flexibility
to modeled energy. The minimum and maximum number of meals per week that a food could be
consumed was calculated using data from the food frequency questionnaires. Minimum frequency
was defined as 0 servings/week; maximum frequency was defined as the 90th percentile of the
food frequency distribution for each group (pregnant and lactating women), with a lower limit of 1
serving/week and an upper limit of 21 servings/week. Weekly food consumption patterns for specific
food groups and food sub-groups were included in the model (minimum and 90th percentile) to ensure
that the diets modeled conformed to the range of food patterns observed in the target group. Estimated
median servings per week, for each food group, defined food group goals in one of the Module II
goal programming models. If the median value was zero, then a value of 0.1 servings per week was
entered to avoid division by zero. These aforementioned parameters were used to define the model
constraint levels used in the linear programming models analyzed in the WHO Optifood Software
(version 4.0.14.0).

2.5.2. Development of Modelled Diets

The Optifood linear programming software (Modules I to III) was used to check model parameters,
identify problem nutrients in the current dietary patterns of the target groups and to develop and
test population-specific FBR for pregnant and lactating women [14,45]. Nutritionally “best” diets
for the target population were generated based on established constraints and goals to achieve or
exceed nutrient requirements (one model) or to achieve median food group patterns and achieve
or exceed nutrient requirements (another model). Results from these goal programming models
identified nutritious food sources, problem nutrients and alternative food-based recommendations to
test. Next, linear programming was used, in Module III, to compare alternative sets of these food-based
recommendations for nutritional adequacy and cost. Independent models for each micronutrient
simulated the minimized (worst-case scenario) and maximized (best-case scenario) values of the
nutrient intake distribution and provided cost estimates for each scenario [45].

Two series of analyses were done using the Optifood software tool. In the first series of analyses,
the model energy constraint was equal to the reported mean energy intake for each target group
(1812 kcal/day and 2280 kcal/day for pregnant and lactating women, respectively), henceforth
referred to as “reported diet” models. A second series of diets was then modeled, in which the
model energy constraint was increased to approximate the provision of an “added meal” (~600 kcal)
per day [46] among pregnant women (2415 kcal/day), or to match estimated energy requirements in
lactating women (2622 kcal/day). Subsequently, series of linear programming models were run to test
alternative intervention products (Table 1).
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“Problem” nutrients were defined as nutrients where the nutrient did not achieve 100% of the
RDA in the maximized best-case scenario; these are nutrients that will likely remain inadequate in
the population given the local food supply and food patterns, even if women were to follow the FBR.
Dietary adequacy for each nutrient was defined as the worst-case scenario for that nutrient being >
65% of the RDA. A worst-case-scenario level ≥ 65% indicates, if women achieve the FBR, then a low
percentage of the population would be at risk of inadequate intakes for that nutrient.

2.6. Sample Size

Sample size estimates for the collection of dietary data among pregnant and lactating women
were based on sample sizes previously reported in the literature [15,47,48]. Based on this information,
and including an attrition rate of 10%, it was planned to enroll 110 pregnant women concurrent to
their participation in the NiMaNu study and 110 lactating women residing in the same catchment
areas. Duplicate non-consecutive day 24 h recalls were attempted in 20% of enrolled women within
seven days, in order to examine intra-individual variation in nutrient intake.

Due to study resources and logistics, it was not always possible to implement the NiMaNu
study and dietary intake assessment survey simultaneously as planned. Thus, only 56 pregnant
women participating in the NiMaNu study were also enrolled in the present dietary assessment survey;
an additional 48 pregnant women were enrolled in the dietary intake assessment survey only or
subsequent to their completion of the NiMaNu study. In all cases, recruitment procedures were the
same and data for the dietary intake assessment survey were collected using identical protocols and
fieldworkers. In addition, an oversampling of lactating women occurred in the first village due to a
miscommunication with fieldworkers. Thus, a post-hoc random sample of enrolled lactating women
from the first village who completed the 24 h dietary recall was included in the analyses (n = 20 of 41).

3. Results

A total sample of 202 participants (103 lactating women and 99 pregnant women) was retained for
analyses (Figure 1). The survey was primarily conducted during the “lean” season, and the majority
of women reported moderate or severe household food insecurity. Only 16% of women reported
adequate dietary diversity and >20% of participants were undernourished (Table 2).

3.1. Usual Dietary Intakes

Energy intakes in pregnant and lactating women were substantially below EER, and pregnant
women reported consuming significantly fewer calories than lactating women, despite similar EER
(p < 0.0001) (Table 3). Among pregnant women, reported mean energy intake did not differ by trimester
(p = 0.548). Median percent contribution of energy from carbohydrates (70%) was slightly above the
upper limit of the AMDR, and those of protein and fat were at or slightly below the lower limit of the
acceptable macronutrient distribution ranges (10% and 20%, respectively). Usual dietary intakes of
vitamin A, thiamin, riboflavin, niacin, folate and vitamin C were inadequate among >50% of pregnant
and lactating women; usual dietary calcium and vitamin B12 intakes were inadequate for all women.
Median (IQR) daily per capita reported cost of foods consumed was 0.35 € (0.28, 0.45) and 0.39 € (0.30,
0.49) for pregnant and lactating women, respectively.
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Ineligible
Pregnant, n = 14 

Age < 19 y, n = 14
Lactating, n = 15

Age < 19 y, n = 13
Resident < 6 mo, n = 1
Child > 23 mo, n = 1

Attrition
Pregnant, n = 5

Childbirth, n = 2
Absent, n = 3

Lactating, n = 5
Incomplete recall, n = 1
Absent, n = 4

Duplicate 24-h dietary intake recall completed
Pregnant, n = 14
Lactating, n = 19

24-h dietary intake recall completed
Pregnant, n = 99

Lactating, n = 123

Duplicate 24-h dietary intake recall attempted
Pregnant, n = 18
Lactating, n = 19

Attrition
Pregnant, n = 4

Maternal illness, n = 1
Absent, n = 3

Lactating, n = 0

Assessed for eligibility 
Pregnant, n = 118
Lactating, n = 143

Consented and enrolled
Pregnant, n = 104
Lactating, n = 128

Oversampling
Lactating, n = 20

24-h dietary intake recall, retained for final analyses
Pregnant, n = 99

Lactating, n = 103

 

Figure 1. Flowchart of participant progression through the dietary intake assessment survey.
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3.2. Optifood

3.2.1. Dietary Patterns and Linear Programming Model Parameters

Table S3 shows the foods commonly consumed by pregnant and lactating women, the median
serving sizes among consumers (75th percentile for staple foods), and the maximum frequency of
consumption (upper constraint of servings/week), both as the 90th percentile of reported intake and
as adjusted to allow for an “added meal” per day in the Optifood models. The median and maximum
number of servings per week by food group, and food sub-group, are presented in Table S4. A total of
66 individual food items were reported as consumed by pregnant and/or lactating women. Of these,
30 and 34 of these foods were consumed by ≥5% of lactating and pregnant women, respectively; and
FBR generated by Optifood modeling were restricted to these commonly consumed foods. Grains
and grain products, dark green leafy vegetables (DGLV), vegetable oils and legumes (pulses) were
principle components of the diet. Food items recorded as being available in at least 11 of the 55 market
surveys completed are presented in Table S5. In general, there were limited seasonal differences in
availability and median prices. Of note, starchy roots, animal source foods, particularly meat, fish
and eggs, and fruits were available in markets, but were rarely consumed by pregnant and lactating
women (cumulatively <0.5% of eating occasions), and median serving sizes among consumers were
small (e.g., meat, 34 g and egg, 64 g). Median prices per 100 g edible portions of animal source foods,
excluding dairy, ranged from 0.22–0.47 €, compared to 0.03–0.10 € for grains and grain products.

3.2.2. Linear Programming

Reported Diet and Food-based Recommendations

Based on reported dietary intakes among pregnant and lactating women, the nutritionally “best”
diets, with and without adherence to dietary food patterns (Module II), indicated that only zinc and
iron reached >100% of the RDA (Tables S6 and S7). Linear programming analyses indicated that it
was difficult to select a diet that achieved RDAs for all but three (vitamin B6, iron and zinc) of the
modeled micronutrients (Module III maximized diets where the best-case scenario is > 100% of the
RDA; Tables 4 and 5). The remaining eight micronutrients that were modeled were identified as
“problem” nutrients and likely to remain inadequate among this population, given the local food
supply and food patterns. Thus, model constraints were changed prior to selecting (Module II) and
testing (Module III) FBRs for these women (see below). Among pregnant women, including daily iron
and folic acid supplements as the standard-of-care practice would ensure a low percentage of women
would be at risk of inadequate intakes of folate, in addition to the already adequate intakes of iron,
vitamin B6 and zinc, but would do nothing to alleviate the remaining micronutrient inadequacies.

“Added Meal” and Food-Based Recommendations

Since observed mean energy intakes were substantially less than EER, scenarios were modeled
which included the provision of an “added meal” per day (Tables 1 and S3). In Module II, the
nutritionally “best” diet without considering current food patterns achieved 100% of the RDA for seven
micronutrients among pregnant women and six micronutrients among lactating women, indicating
at least one modelled diet can achieve RDAs for these nutrients (Tables S6 and S7). Final sets of FBR
were selected (Table 6), with and without IFA supplements for pregnant women, which resulted in
worst-case scenario values >65% of the RDA for thiamin, riboflavin, B6, folate, iron, zinc and calcium
for both pregnant and lactating women, plus vitamin A for pregnant women only (Tables 4 and 5).
However, even if the set of FBR was successfully adopted, vitamins B12, C and niacin values were <
65% of the RDA indicating the FBRs would not ensure a low percentage of pregnant and lactating
women would be at risk of inadequate intakes for these nutrients. In addition, vitamin A values were
< 65% of the RDA in lactating women, due to higher dietary recommendations. The minimum cost of
a diet including an added meal per day, combined with FBR, was estimated to be 0.43 €/day for both
pregnant and lactating women.
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When rarely consumed nutrient-dense animal source foods were included in the models along
with the aforementioned FBR (e.g., one egg/day or 100 g meat/day), no model was able to ensure
women were at low risk of inadequate intakes for all micronutrients; vitamins B12, C, and niacin
remained <65% of the RDA in one or more models (Table S8). In addition, the estimated cost of the
diet increased by 35–59% in comparison to modeled diets providing one added meal per day and
including the best set of FBR.

Intervention Products and Food-based Recommendations

FBRs with the provision of an added meal, with or without IFA for pregnant women or the
inclusion of a rarely consumed nutrient-dense food did not ensure that a low percentage of pregnant
or lactating women were at risk of inadequate intakes for all micronutrients, therefore additional
supplementation strategies were modeled (Table 1). Consuming one added meal per day, plus a
UNIMMAP supplement or a food-based product (SQ-LNS P&L, Plumpy’Mum and Supercereal, would
ensure that a low percentage of pregnant and lactating women would be at low risk of inadequate
intakes for almost all modeled micronutrients with the consistent exception of calcium (Tables 4
and 5). Specific sets of FBR to complement each intervention product focused on calcium-rich food
sources, including DGLV, fermented milk, pulses and/or millet (Table 6). When lower calcium
recommendations were used (775–800 mg/day vs. 1000 mg/day), the provision of Plumpy’Mum
reduced the need for fermented milk to be included in FBR, and the provision of SQ-LNS eliminated
it (Tables S9–S11). Including intervention products, with FBR in the modeled diets, decreased the
estimated cost of the diets, as models did not account for costs associated with the products themselves
or programmatic implementation (Tables 4 and 5).

4. Discussion

The present analyses indicated that energy intakes in pregnant and lactating women in rural
Zinder, Niger were low compared to their estimated energy requirements, which is corroborated by
the finding of a high prevalence of undernutrition in the population. Additionally, analysis of usual
dietary intakes indicated that the prevalence of inadequate micronutrient intake was greater than
50% for eight and nine of the eleven micronutrients evaluated, among lactating and pregnant women
respectively. Similarly, a 2010 systematic review reporting micronutrient intake among women in
resource-poor settings concluded that inadequate intakes of multiple micronutrients were common,
with reported mean or median intakes in over 50% of the studies below the EAR [3]. In addition, these
present findings are supported by recently published data on biochemical micronutrient status among
pregnant women in the same population, which indicated that approximately 25–50% of women had
low plasma concentrations of zinc, folate and vitamin B12, and iron deficiency, and >75% had marginal
vitamin A status and anemia [6].

Only one in six women reported adequate dietary diversity, consuming at least five of ten defined
food groups the previous day and night. Initial Optifood analyses, based on reported diets, revealed it
would be difficult to meet nutrient recommendations given current dietary patterns, unless energy
intakes were increased. A second series of analyses, based on the recommendation to include one
added meal per day, indicated that an increased caloric intake plus FBR to increase the weekly
consumption of nutrient-dense foods (e.g., DGLV, dairy and legumes), could improve the nutritional
quality of the diet. However, even if women adhered to the best set of FBR modeled in these analyses,
FBR alone, with or without IFA supplements included as standard antenatal care, could not ensure
that a low percentage of pregnant or lactating women would be at low risk of inadequate intake for
all 11 micronutrients modeled. Dietary adequacy could not be ensured for vitamins A, C, B12 and
niacin. In general, nutrient-dense foods were either not commonly consumed (i.e., meat, fish and eggs,
vitamin C-rich fruits and vegetables) and thus did not appear as options for inclusion in the FBR, or
were consumed in insufficient quantities to meet dietary recommendations (vitamin A-rich DGLV and
fortified vegetable oils).

102



Nutrients 2019, 11, 72

Numerous linear programming analyses in other low-income settings have indicated the potential
of FBR and locally available foods to improve dietary micronutrient adequacy among the infants
and young children although in most settings combinations of FBR with fortified foods or dietary
supplements would be required [15,16,18,47,50]. Among women of reproductive age in low income
countries, linear programming analyses have indicated that in some instances micronutrient adequacy
may be achievable with FBRs, when nutrient-dense foods are included that are typically infrequently
consumed, (e.g., animal source foods such as liver and small fish) [42,49,51]. Similar to our findings,
other studies have concluded that a modest set of FBR, in combination with micronutrient or food-based
supplements, would be necessary to meet nutrient adequacy among women of reproductive age, or
might be more feasible and acceptable than FBR alone [42,47].

The present study is a modeling analysis based on reported dietary intakes, and does not present
results from an efficacy or effectiveness trial. Thus, it is not possible to make strong conclusions about
the feasibility of different proposed solutions in the present study. For example, when modeling IFA
supplements as a dietary supplement, 100% coverage and full adherence was assumed. However,
in reality the coverage and the adherence are much lower. Among pregnant women enrolled in the
baseline survey of the NiMaNu Project (n = 923), only 44% had received IFA supplements during
their current pregnancy, and 69% of these women reported adherence to IFA supplementation as
recommended (i.e., consumed IFA daily in the previous week) [21]. Nevertheless, this research
does highlight the critical necessity of additional interventions in this population, and provides
general guidelines for proposed solutions. FBR without monetary support, rations or the inclusion of
supplements, would require large changes to current dietary patterns (increased caloric consumption
particularly among pregnant women, consumption of nutrient-dense foods including dairy and
animal-protein foods, etc.) that may not be feasible, considering household resource constraints and
food consumptions patterns during pregnancy and lactation. Thus, the recommendation to include
one additional meal per day, as recommended in the Essential Nutrition Actions [46], in addition to a
set of FBR, may be difficult in this context, particularly for pregnant women.

In the present study, >50% of women were moderately to severely food insecure, and 68% were
below the national poverty line, based on daily food consumption expenditures alone (0.44 €) [52].
Therefore, increasing the median daily cost of the diet from 0.37 € (0.30, 0.49) to a projected minimum
cost of 0.43 €/day, may be cost-prohibitive for the majority of women, where food expenditures
are already accounting for >50% of total expenditures and the consumption aggregate poverty line
(food and non-food expenditures) is 0.67 €/day [52]. The Prospective Urban Rural Epidemiology
Study examined availability and affordability of fruits and vegetables in 18 countries, and reported
that households in low-income countries (Bangladesh, India, Pakistan and Zimbabwe) would have
to spend >50% of their household income to purchase two servings of fruits and three servings of
vegetables per individual per day (compared to 2% of household income in high-income countries) [53].
Market surveys indicated that multiple nutrient-dense foods including meat, fish and eggs, fruits
and vitamin A- and C-rich vegetables were available in local and regional markets, irrespective of
season. However, these foods were not commonly consumed, as reported on 24 h dietary recalls. Thus,
although availability and access, particularly at the village level, may be barriers to consumption,
decisions regarding dietary intake may also be driven by cost or food preferences based on taste,
convenience and storage capabilities [42]. In a recent longitudinal qualitative study to assess the
determinants of dietary practices during pregnancy in a neighboring region of rural Niger, pregnant
women noted physiological, household, community and structural level constraints to consuming
their ideal pregnancy diets (e.g., maternal morbidity and food aversions, limited financial autonomy of
women regarding household food purchasing, limited supply of preferred food items in local markets
and systemic poverty) [54].

Combining the provision of balanced protein-energy supplementation with food-based
recommendations may ensure that a low percentage of women would be at risk of inadequate nutrient
intakes, with projected minimum per capita diet costs of 0.19–0.32 €/day. However, even adherence to
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FBR combined with supplementation products may be difficult for women to achieve. For example,
most FBR relied heavily on the consumption of fermented milk (7–14 servings/week; equivalent to
~100–200 mL per day) to meet calcium requirements. Adhering to these FBR may be challenging, as
currently, only 25% of pregnant and lactating women reported consuming fermented milk in their 24 h
dietary recalls, and 90% reported consuming <7 servings/week. Alternative interventions include
the provision of comprehensive “food baskets”, containing both commodities and nutrient-dense
foods, cash transfers, for pregnant and lactating women to purchase nutrient-dense foods at local
markets, or homestead food production. However, these scenarios do not include any production or
distribution costs for the supplemental products, food baskets or cash transfers and assume that all
costs would be borne by the governmental or non-governmental organizations rather than the target
population. In all proposed solutions, well designed and implemented behavior change interventions
would be necessary to evaluate adherence to food-based recommendations and supplementation
among pregnant and lactating women and further research would be necessary to evaluate feasibility
and acceptability.

Optifood models rely on assumptions regarding dietary requirements and the accuracy of
nutrient composition data. Previous research has shown that varying assumptions regarding nutrient
requirements, bioavailability and absorption, and the nutrient composition of foods affects estimated
global prevalences of inadequate micronutrient intake [30]. Of note, iron and zinc were not identified
as problem nutrients in the present study, despite prevalences of iron deficiency (low ferritin and
high soluble transferrin receptor) and low plasma zinc concentrations ranging from 21–41% among
pregnant women in the same study area [6]. Given the documented deficiencies in these micronutrients
through biochemical assessments, it may be prudent to interpret the modeling results with caution.
Recommended dietary allowances for iron and zinc in pregnant and lactating women were based
on those established by the FNB/IOM; iron RDA assumed 25% and 10% absorption, respectively,
and zinc RDA assumed 27% and 38% absorption, respectively [3,37]. Given the predominantly
plant-based diets of the study participants, variable fermentation practices and limited data on the
phytate content of common foods, it is possible that iron and zinc bioavailability, and thus absorption,
were lower than estimated, thus increasing dietary intake requirements. Finally, these analyses
do not account for the conversion of tryptophan to niacin, which should be taken into account in
the context of purported inadequate niacin intakes. However, in spite of all these uncertainties
in specific micronutrient recommendations, linear programming of various scenarios consistently
indicated that overall, pregnant and lactating women in this population have difficulty meeting
nutrient recommendations, given locally available foods and food patterns.

The present study had several strengths and weaknesses. Estimations of usual intakes and
development of FBR through linear programming rely on the quality of the dietary data collected. This
study used quantitative 24 h dietary recall data, which is subject to omissions, under- or- over-reporting
of consumption and inaccuracies in portion size estimates. To minimize errors and bias, an interactive,
systematic multi-pass method, developed specifically for use in rural populations in low-income
countries with low rates of literacy, was used [26]. Certified midwives were hired as fieldworkers and
were rigorously trained and supervised in data collection. Prior to the recall day, participants received
training in portion size estimation, standard dishware and pictorial memory-aide charts. In addition,
numerous methods were employed to estimate portion size, including pre-prepared staple foods,
standard dishware and household utensils and purchase price of foods bought outside the home. In
spite of these precautions, it is likely that recalls were subject to inaccuracies in reporting. In addition,
estimates also depend on the accuracy and validity of food composition tables. Nutrient composition
data are limited for locally available and wild food items, and it is difficult to account for the retention
and bioavailability of nutrients in home-processed foods (e.g., milled, fermented, dried, cooked, etc.).
Models assumed universal fortification of vegetable oils and wheat flour per national policy; however,
the true extent of coverage is unknown. In addition, all bouillon cubes were assumed to be fortified
with iron, but fortification is voluntary and not practiced by all producers. If vegetable oils, wheat
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flour or bouillon cubes consumed by this population are unfortified, or micronutrient retention in
fortified products is low, vitamin A, iron and folate may be more likely to be problem nutrients than
it appeared in these analyses. Finally, these analyses were limited to the micronutrients for which
there are reference data available in the Optifood software; analysis of the micronutrient adequacy of
additional micronutrients would be of interest.

5. Conclusions

In summary, linear programming of various scenarios consistently indicated that overall, pregnant
and lactating women in this population have difficulty meeting nutrient recommendations given locally
available foods and dietary patterns. Providing IFA supplements to pregnant women as the current
standard of care in this population is inadequate to address multi-micronutrient inadequacies. In
addition, modeling possible FBR suggests that these would not adequately address micronutrient
deficiencies and may be cost-prohibitive for the local context. Thus, multiple micronutrient
supplementation, and the provision of nutrient-dense food-based interventions should be considered.
Effectiveness trials and program implementation research will be instrumental to determine the
likelihood of various scenarios (sets of FBR and multiple micronutrient or balanced protein-energy
supplements) to improve micronutrient intakes and biochemical and functional nutritional status.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/1/72/s1,
Table S1: Nutrient composition of intervention products modeled using the Optifood software tool, Table S2:
Recommended Dietary Allowances (RDA) used for analyses, Table S3: Food serving size (g/day) and food
consumption patterns (number of servings per week by percentiles) in pregnant and lactating study participants,
Table S4: Consumption patterns of food group and food subgroup (number of servings per week by percentiles)
in pregnant and lactating study participants, Table S5: Market availability and prices of foods from 55 markets
surveys conducted at 10 markets in the study area over a period of 18 months, Table S6: The nutrient content
of optimal diets with and without considering reported food patterns (module II), expressed as a percentage of
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Abbreviations

AMDR acceptable macronutrient distribution range
CSB+ corn soy blend plus
DGLV dark green leafy vegetables
DRI dietary reference intake
EAR estimated average requirement
ECVMA National Survey on Living Conditions, Household and Agriculture
EER estimated energy requirement
FBR food based recommendation
FNB Food and Nutrition Board
HFIAS household food insecurity access scale
IFA iron and folic acid
IOM Institute of Medicine
MDD-W minimum dietary diversity for women
MN micronutrients
MUAC mid-upper arm circumference
NCI National Cancer Institute
NiMaNu Niger Maternal Nutrition Project
PAL physical activity level
RDA recommended dietary allowance
SQ-LNS P&L small quantity lipid-based nutrient supplement for pregnant and lactating women
UEMOA West African Economic and Monetary Union
UNIMMAP UNICEF/WHO/UNU international multiple micronutrient preparation
USDA United States Department of Agriculture
USDA SR28 USDA Nutrient Database for Standard Reference, Release 28
WHO World Health Organization
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Abstract: Trace elements are important for human health and development. The body requires
specific micronutrients to function, with aberrant changes associated with a variety of negative
health outcomes. Despite this evidence, the status and function of micronutrients during pregnancy
are relatively unknown and more information is required to ensure that women receive optimal
intakes for foetal development. Changes in trace element status have been associated with pregnancy
complications such as gestational diabetes mellitus (GDM), pre-eclampsia (PE), intrauterine growth
restriction (IUGR), and preterm birth. Measuring micronutrients with methodologies such as
elemental metabolomics, which involves the simultaneous quantification and characterisation
of multiple elements, could provide insight into gestational disorders. Identifying unique and
subtle micronutrient changes may highlight associated proteins that are affected underpinning the
pathophysiology of these complications, leading to new means of disease diagnosis. This review will
provide a comprehensive summary of micronutrient status during pregnancy, and their associations
with gestational disorders. Furthermore, it will also comment on the potential use of elemental
metabolomics as a technique for disease characterisation and prediction.

Keywords: elemental metabolomics; trace elements; pregnancy; micronutrition

1. Introduction

Biological trace elements are important for human health with imbalances in elemental
homeostasis and metabolism playing a critical role in a variety of poor health outcomes. Micronutrition
consists of elements required in small amounts in the daily diet that are essential for proper growth,
development and physiology of organisms. For humans, this includes 13 elements that are not able to
be synthesised, such as iron, selenium and calcium [1]. Recent studies suggest that, in some developed
and relatively affluent societies, only 5% of the population meet the guidelines for adequate fruit and
vegetable daily intake of 2 serves of fruit and 5 of vegetables, indicating that our diets may be lacking in
essential nutrients that are principally acquired from these sources [2]. Maternal nutrition has long been
considered to be important for a healthy pregnancy [3,4]. Adequate intake of macro nutrients has been
correlated to positive pregnancy outcomes whereas hyperglycaemia, hyperlipidaemia and excessive
calorific intakes have been associated with pregnancy complications. Similarly, the micronutrient
status of women in many countries is below recommended daily intake (RDI) levels for both vitamins
and minerals [5]. Due to the increasing demand for many micronutrients during pregnancy, the World
Health Organization (WHO) recommends an increased intake of many nutrients during gestation
and lactation [6]. Despite this, the global burden of maternal undernutrition including micronutrient
deficiencies is persistent, particularly in South Asia where 10–40% are undernourished [7] Additionally,
nutrients such as vitamin D, calcium, magnesium, and iron are consumed in quantities 74% lower than
recommended levels in Australia; whilst vitamins A, C, and zinc consumption has been found to be
250% greater than recommendations, depending on the region [8].
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Micronutrients play key roles in pregnancy outcomes, with aberrant micronutrition, such as
deficiency in magnesium, potassium, calcium, selenium, and zinc being associated with poor perinatal
outcomes such as gestational diabetes mellitus (GDM) and preeclampsia (PE), both are associated
with an increase in other pregnancy complications including of fetal growth restriction (FGR), preterm
birth and still birth [9,10]. Gestational disorders can lead to severe long term health outcomes for both
mother and child after pregnancy, with this information in mind, it is of critical importance to identify
women at risk of these complications as early in gestation as possible [11]. To limit the severity of
negative outcomes or prevent disorders altogether, early detection and intervention is required.

The use of elemental metabolomics; the study of elements present within an organism, has only
recently been developed to a point which might be applicable to understanding human health. Recent
studies have successfully utilised trace element metabolomics to predict the onset and progression
of Alzheimer’s disease [12], Parkinson’s disease [13], diabetes [14], and cancer [15]. Multi-elemental
analysis and predictive capabilities of this methodology could contribute to further understand
gestational disorders and possible use as a means of predicting pregnancy outcomes. Complexities
surrounding nutrition and pregnancy are extensive with various elements correlated to diverse
outcomes. Currently, only a handful of essential elements are known to affect pregnancy outcomes,
even though there may be additional micronutrients that are essential for pregnancy health and human
development [16].

2. Maternal Nutrition

The inadequate levels of micronutrients are well understood in low income countries [17];
however, there is surprisingly little known about the micronutrient status of pregnant women in
many developed countries. Women often supplement their diet with multiple micronutrients during
pregnancy, and many more may consume the high-fat, low-nutrient diets typical of high-income
nations. Various micronutrients are important for successful pregnancy, although the specific
pregnancy related functions of many are poorly understood. Sedentary lifestyle, tobacco smoking,
alcohol consumption, and hypertension are maternal risk factors that have been extensively shown
to cause an increased incidence of negative outcomes during gestation. Micronutrients have roles
in modulation of the maternal and fetal metabolism, oxidative stress, placentation, and structural
development of key fetal organs and tissues [3,4].

The placenta plays a crucial role in mediating the transfer of nutrients via both active and
passive transport mechanisms [18]. Previous research indicates that the placenta will preferentially
uptake nutrients from the maternal system to prevent fetal deficiency [19,20]. Maternal conditions
such as diabetes or obesity can alter the nutrient transporters in the placenta, leading to increased or
decreased nutritional flow, with potential outcomes including overgrowth (macrosomia) or intrauterine
growth restriction (IUGR) of the foetus. As the placenta coordinates many aspects of gestational
development and maternal blood nourishes the foetus, biological samples from the maternal or fetal
circulation provide highly meaningful information relating to micronutrient status, maternal health
and fetal development.

A concept popularised by David Barker known as “fetal programming” or the “Developmental
Origins of Health and Disease” hypothesis, showed that there are a spectrum of processes that operate
in all pregnancies and infancy that shape future health and risk of disease [21]. Fetal programming
describes the maladaptive consequences to a maternal, fetal, or placental stressor during pregnancy
that can result in abnormal development leading to disease [22].

Maternal nutrition has been specifically noted to have significant impacts on offspring outcome,
as seen in the Dutch Famine (1944-45). After examining a cohort of 2414 people, it was noted that
famine at any time during gestation was associated with glucose intolerance in offspring. If exposed
early in gestation, there was an associated increase in obesity, coronary heart disease, atherogenic lipid
profiles, disturbed blood coagulation, and increased stress responsiveness in offspring, while women
who were conceived during this time had 5 times higher rates of breast cancer [23]. Although this
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study highlighted the complexities of human development, it also highlighted the importance of
maternal nutrition and dietary profile of micro and macronutrition to the fetal environment. Though
epidemiological studies have found correlations between over and under nutrition and programming
of disease, few have managed to elucidate the mechanisms involved and the interrelationships
of micronutrition in maternal and fetal health [24]. Currently, we only know how a selection of
micronutrients affect pregnancy outcomes even though many additional micronutrients are likely to
be essential to human development [16,25].

3. Micronutrition during Gestation and Lactation

3.1. Potassium

The RDI of potassium during pregnancy is 2800 mg/day to avoid deficiency (hypokalaemia)
(Table 1). Potassium can be acquired from sources such as leafy green, root vegetables, beans, peas and
fruits. Meat products, nuts and dairy products also have moderate amounts of potassium [16]. Normal
blood concentration of potassium ranges from 14.1 to 20.3 mg/dL, with levels lower than 9.7 mg/dL
indicative of hypokalaemia [26]. During pregnancy, birth outcomes based around hypokalaemia are
unknown, however there is the possibility of negative maternal outcomes such as extreme muscle
fatigue [27] or muscular paralysis [28]. Hypokalaemia is also concomitant with cardiac arrhythmias and
muscle weakness [29,30]. Hyperkalaemia (high potassium) is often used as a marker of acute metabolic
or renal dysfunction and has also been associated with severe atherosclerotic morbidity leading to
cardiovascular disease. Similar to hypokalaemia, there is limited literature associating hyperkalaemia
and poor pregnancy health, although both GDM and PE patients have a higher possibility to develop
renal dysfunction [31].
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3.2. Calcium

Daily calcium intake during pregnancy is recommended at 1000 mg/day, increasing to
1200 mg/day in the last trimester (Table 1), with Vitamin D also consumed along with calcium to
allow for the adaptive homeostatic mechanisms for gestation and lactation to occur [6,37]. In western
diets, milk and milk products are the primary sources of calcium; with cereals, fruits, and vegetables
making a lesser contribution. Calcium’s requirement by bone makes it critical during stages of rapid
bone development, such as during gestation, infancy, childhood and adolescents [38]. Calcium is also
important in the extracellular fluid for physiological function through mediation of cell signalling
for both vasoconstriction, vasodilation, nerve transmission, contraction of muscles, and glandular
secretion of hormones [38].

To maintain physiological functions within the body, calcium levels in the blood are maintained
at around 8.6–10.2 mg/dL in adults, tightly controlled by the calcium sensing receptor, parathyroid
hormone (PTH), and active vitamin D—1,25-Dihydroxyvitamin D [39]. Measurement of blood calcium
is not an indication of total bone calcium, instead a representation of free calcium, a preferred indicator
for those with protein abnormalities such as low albumin, which effects the ratio of free calcium vs.
bound calcium. Measurements of calcium in urine are used to determine if renal excretion of calcium
is normal. Serum concentration levels of calcium generally vary above or below the normal range
under severe circumstances such as malnutrition or hyperparathyroidism [16]. When calcium levels
decrease, the calcium sensing receptor triggers PTH release form the parathyroid gland which triggers
the conversion of 25-hydroxyvitamin D to 1,25-Dihydroxyvitamin D, which increases circulating serum
calcium levels from bone stores and increases smooth muscle contraction [39].

Low calcium levels are also concomitant with an increased release of renin from the
kidneys, influencing maternal circulating renin-angiotensin-aldosterone systems (RAAS) leading
to hypertension through vasoconstriction and fluid/sodium retention. The nonrenal renin-angiotensin
systems (RAS) are important for ovulation, implantation, placentation, development of the
uteroplacental, and umbilicoplacental circulation [40]. The function of the RAS in the maternal
system is largely driven by maternal demand, and so the activity doesn’t reflect the role of RAS in
the placenta which may have other documented roles in pathological pregnancies such as IUGR, and
PE [40]. Calcium supplementation has been shown to be associated with a reduction in the risk of
gestational hypertensive disorders and an increase in birthweight [41].

3.3. Magnesium

The recommended intake of magnesium during pregnancy is 350 mg/day to maintain function
of over 300 enzymes that utilise ATP (Table 1) [6,16]. Leafy green vegetables provide a good source
of magnesium, due to its presence in the core of the chlorophyll molecule. Other important sources
include whole grains, nuts, legumes, cereals, and seafood. Water can also be an important source
of magnesium, dependant on how “Hard” or “Soft” the water, in hard water communities it can
comprise up to 38% of the daily magnesium consumption [42]. Enzymes in energy metabolism and
neuromuscular signalling require magnesium for substrate formation. Whilst acting as an allosteric
activator for phospholipase C, adenylate cyclase, and Na/K-ATPase; magnesium also regulates calcium
ion transport channels, calcium homeostasis, and is required for calcium-triggered release of PTH and
PTH action [43].

There is no generally accepted measurement for adequate magnesium status, as 50 to 60% resides
within bone [16]. Serum magnesium is the best measurement available, but only measures <1% of
total body magnesium. The normal reference range for serum is between 1.7 to 2.2 mg/dL, with levels
below 1.7 mg/dL often referred to as hypomagnesaemia [16,44]. There is currently no literature
surrounding how reference ranges for circulating magnesium should be altered during gestation.
Magnesium deficiency is often accompanied by calcium and potassium deficiencies. Calcium becomes
deficient due to the impaired PTH secretion caused by low magnesium, causing a perpetuation of low
serum calcium. The rise is active vitamin D to recruit calcium from the gut that is expected to follow
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is attenuated under calcium deficient conditions, propagating calcium deficiency. With potassium,
magnesium is required for it to be adequately conserved by the kidneys. When magnesium is low,
potassium levels cannot be maintained and can proceed to hypokalaemia [43,44]. There may be a
neuro protective effect of high maternal magnesium intake on offspring, whilst also having positive
effects on bone mineral density [30,45].

3.4. Manganese

Involved in cellular metabolic processes, manganese is a component of antioxidant enzymes such
as superoxide dismutase, and essential for development and human health. The bioavailability of
manganese is low, primarily consumed through whole grains, nuts, seeds, and tea [16,45–47]. Uptake
and retention is dictated by dietary calcium, iron, and phosphorus [48,49]. To reach an adequate
intake of manganese during pregnancy, it is recommended that 5 mg/day be consumed (Table 1) [6].
Manganese is a cofactor for an extensive number of enzymes, including oxidoreductases, transferases,
hydrolases, lyases, isomerases, ligases, lectins, and integrins [50]. Two of its more important roles
however are arginase, the last enzyme for the urea cycle, and the mitochondrial antioxidant manganese
super oxide dismutase [50].

Normal levels of manganese in the body range from 4–15 μg/L in blood, 0.4–0.85 μg/L in
serum, and 1–8 μg/L in urine [46]. Serum, plasma and urine concentrations have all been noted to
respond to dietary manganese intake, leading to disagreement on the best indicator of status [51,52].
During pregnancy, manganese concentrations have been shown to increase over the course of gestation
from 10–34 weeks, however values fit within the currently established reference ranges [53,54].
Recent studies examining excessive manganese exposure due to environmental pollution have
suggested that excessive manganese levels in pregnancy can negatively impact on the cognitive
develop of the unborn child [55]. Despite this, there is still a considerable need to investigate the effects
of manganese on foetal development during gestation [16].

3.5. Iron

The RDI for iron is 27 mg/day, however analysis of women living in America has found that
90% will not meet 22 mg/day (Table 1). Iron enters the diet through two different forms, haem
and non-haem. Haem is found within meats, poultry and fish due to the iron component in the
oxygen-transport metalloprotein haemoglobin [56]. Alternatively, non-haem iron is found in cereals,
legumes, fruits, and vegetables. Non-haem forms make up a larger portion of the diet, however are not
as bioavailable as haem forms [57]. Serum iron levels range from 50–170 μg/dL for women, pregnancy
iron levels increase to keep up with the haemoglobin levels of both mother and child, however they
appear to drop in concentration because of increased blood volume. There are no serum iron reference
ranges for pregnant women, though blood haemoglobin levels have been shown to decrease from
12–16 g/dL in non-pregnant to 10–14 g/dL in pregnancy [16].

Iron is required in a wide range of enzymes and pathways for its redox properties and coordination
chemistry [58]. In mammals, iron is integral to cellular respiration, oxygen transport, energy
production, and DNA synthesis [59]. Knowledge surrounding disease associated with iron revolves
around the understanding of iron homeostasis. Levels of iron may be affected by various factors such
as genetic variations, dietary influence, absorption, and haemolysis. Iron deficiency is the main cause
of anaemia, resulting from iron’s use in haemoglobin synthesis affecting healthy red blood cells [60].
High concentrations of iron within the blood can cause metabolic alterations resulting in increased
incidence of insulin resistance and type 2 diabetes in pregnant women [30,61].

3.6. Copper

The adequate intake of copper for pregnancy is 1.3 mg/day, with the upper safe intake being
8–10 mg/day (Table 1) [6]. Serum or plasma total copper levels are around 60–140 μg/dL for a healthy
adult, with no adequate reference range for pregnant women [16]. Copper is an essential element for
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fundamental biological functions such as accepting and donating electrons in oxidation-reduction
reactions, oxidative phosphorylation, free-radical detoxification, neurotransmitter synthesis, and iron
metabolism [62]. Sources of foodstuffs with high levels of copper include meats, shellfish, nuts,
and cocoa products. Foodstuffs low in copper can also provide a significant amount to a person’s
intake, these include tea, potatoes, milk, and chicken [56].

Overnutrition of copper is mostly prevented during pregnancy by an emetic response, however
can potentially result in toxic effects when over 15 mg are consumed [30]. Although there are no known
associations with pregnancy overnutrition of copper, it has been considered a potential risk factor in
cardiovascular disease [63,64]. High copper intake has also been negatively associated with cognitive
function [65]. Undernutrition of copper is uncommon but can result from genetic uptake disorders or
deficiency of trace elements from foodstuffs, more common in people consuming a Western diet [66].
Suboptimal intake in pregnancy may have negative effects on the developing lungs, skin, bones,
organ systems and the immune system of the foetus. In newborns, copper deficiency manifests as
oedema, anaemia, bone disease and recurrent apnoea [30,67]. Although copper is critical for pregnancy,
supplementation is not recommended [16].

3.7. Zinc

Western diets meet the adequate daily intake of zinc for pregnant and lactating women of roughly
11 mg per day (Table 1) [16]. However, in analysis of upper and middle class households, it was found
that greater than 30% of women did not reach this adequate intake level [68]. Zinc has both functional
and structural roles in a number of enzyme systems that are important for gene expression, cell growth
and division, neurotransmission, and reproductive and immune functions. A global search within the
human genome has found that about 2800 proteins consist of a potential zinc binding site, making up
around 10% of the proteome [69]. Shellfish, red meat, nuts, legumes, eggs, poultry, whole grains, some
fruits and dairy products are all foodstuffs with a high bioavailability of zinc [16]. A meta-analysis
by Foster, M. et al., (2015) on zinc status of vegetarians during pregnancy concluded that while
vegetarian women have lower zinc intakes than non-vegetarian women, both groups consume lower
than recommended amounts [70]. As a method of zinc status diagnosis, serum and plasma are used as
a marker of deficiency with normal serum zinc levels ranging for 0.66–1.10 μg/mL [16].

Imbalances in zinc homeostasis are associated with a variety of human diseases. Often accompanied
by malnourishment, zinc deficiency is estimated at 20–30% of the global population. Zinc is
essential to physical and neurological development of infants and children, whilst also vital to
protect plasma membranes from oxidative damage [71]. Immune system function is affected by
zinc deficiency, increasing the risk and severity of infection [72]. Zinc also plays a significant role in
neurological development of infants and children, with deficiency associated with neuronal atrophy,
behavioural problems, and impaired cognitive development [16]. A number of poor gestational
outcomes are associated with inadequate zinc intake. Zinc overnutrition is primarily associated with
maternal gastrointestinal stress which has not been associated with poor maternal outcomes or fetal
programming [16,30].

3.8. Iodine

The RDI for iodine is 220 μg/day during pregnancy (Table 1), however according to the WHO
there is concern for iodine availability in areas around Europe, the Eastern Mediterranean, Africa,
Himalayas, Andes, and Western Pacific [6,73]. Iodine is a key component of thyroid hormones,
thyroxine (T4) and triiodothyronine (T3) which regulate growth, development, reproductive function,
metabolic rate, cellular metabolism, and connective tissue integrity [74]. All biological actions of iodine
are attributed to thyroid hormones. Seafoods and some dairy foodstuffs contain a large concentration
of iodine. Whilst most iodine is derived from these sources, it is also possible to consume an adequate
amount of iodine through eggs, meats, and bread [56]. Iodine is primarily excreted through urine and
as a result is a good indicator of dietary iodine intake, with sufficiency defined as 150–249 μg/L [75].
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Low iodine is correlated to impaired neurological development, in particular neuropsychological
leading to cretinism, mental retardation and brain damage [30,76]. Attention Deficit Hyperactivity
Disorder is also more common in offspring, this is believed to be due to the disruption of brain
development and myelination of the central nervous system in utero [77]. Excess iodine intake has
its own accompanying risks. Symptoms of acute toxicity involve diarrhoea, hyperactivity, weakness,
convulsions, and possibly death [78]. Women with excessive iodine intakes are found to be more likely
to be suffering from thyroid related diseases such as hypothyroidism resulting in maternal weight gain
and haemolysis possibly resulting in negative fetal outcomes and death [79].

3.9. Selenium

Selenium is an essential trace element required in small amounts in the diet to comprise the
primary component of selenoproteins that have various roles including antioxidant function [80]. It is
recommended during pregnancy that women have an intake of 60 μg/day of selenium [81]. Food
sources of selenium are affected by the soil content in which they are grown so in areas with proficient
selenium in the soil there is a greater intake. Also, areas with high levels of sulphur in the soil are
known to have significantly reduced concentrations of selenium in the diet due to the competitive
absorption of sulphur over selenium [82]. Brazil nuts are particularly high in organic selenium content
and can lead to over nutrition if consumed in substantial amounts [83]. Selenium can also be obtained
from cereals and a variety of fruits and vegetables, with 30–40% of dietary intake found in meats,
fish and poultry [84]. There are a number of markers of selenium concentrations in the body [85].
Urinary excretion of selenium should range between 15–50 μg/L and is a marker of intake status.
Selenium status can also be measured within the blood serum where the reference range is between
70–150 ng/mL for adults and 45–90 ng/mL for newborns [16].

Selenium exerts its functions in the body in the form of selenocysteine (SeCys), the 21st amino
acid in the body [86]. Selenoproteins often contain SeCys, the main selenoprotein families are
the thioredoxin reductases (TRxR), glutathione peroxidases (GPx), and iodothyronine deiodinases
(IDO) [87]. Both TRxR and GPx are antioxidants that protect the body from high levels of oxidative
stress; whereas the IDO’s are used to convert the inactive thyroid hormone, T4, to the biologically
active form, T3 [88]. The thyroid is thus sensitive to selenium concentrations, and deficiency can
result in an exacerbation of iodine deficiency [88]. As discussed subsequently, selenium deficiency
during gestation has been associated with a number of negative outcomes, these include miscarriages,
premature birth, low birth weight, and preeclampsia [36]. Consistently high levels of selenium intake
can lead to selenosis: symptoms include gastrointestinal distress, hair loss, brittle fingernails and
fatigue. Selenosis has also been shown to cause mild nerve damage and increase the risk of type-2
diabetes mellitus. The effects of overnutrition of selenium on offspring is unknown, however it may
reduce the risk of maternal hyperthyroidism and lymphocytic thyroiditis [76].

4. Micronutrition in Gestational Complications

Poor micronutrition is often concomitant with increased incidence of gestational disorders such
as GDM, PE, IUGR, and preterm pregnancies [10,11,16]. The literature surrounding micronutrition
is also very complex, highlighting interactions that occur between various elements in physiological
systems, and is limited with regards to heavy metals that are not classified as essential micronutrients.

4.1. Gestational Diabetes Mellitus

Gestational diabetes mellitus is a severe complication of pregnancy with an increasing prevalence,
doubling incidence over an 8-year period [89,90]. The syndrome results from an impaired capacity of
maternal beta cells to adapt to decreased insulin sensitivity that occurs during gestation, impairing
glucose tolerance during pregnancy. The subsequent increased glucose levels that accompany GDM
can further impair the development of the placenta and fetal growth [91]. In addition, maternal
metabolic effects of GDM increase the chance of weight issues and poor pancreatic function. The effects
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on the foetus include increased adiposity and fetal hyperinsulinemia [92]. Poorly managed cases of
GDM have been shown to result in increased cases of hypoglycaemia, primary caesarean deliveries,
and large for gestational age offspring [93]. Although GDM can also cause IUGR, it is more likely to
result in macrosomic foetuses [91].

Low levels of circulating potassium have been associated with impaired glucose tolerance due to
the reduced ability for the pancreas to secret insulin [92]. Low selenium and chromium intake have
also been associated with GDM [94]. Low serum concentrations and urinary excretion of zinc have
been shown to be associated with diabetes [95] and zinc efficiency is also known to reduce growth
factor signalling, particularly the insulin-like growth factor axis [96,97]. A review by Zhang, C. and
Rawal, S. (2017) systematically evaluated the effects of iron intake, and iron status in GDM suggesting
that a potential link between greater iron stores or status during gestation and an increased risk of
GDM [98].

4.2. Pre-eclampsia

Occurring in approximately 3–5% of pregnancies, PE is associated with over 60,000 maternal
deaths a year and increases perinatal mortality 5-fold [99]. Characterised by maternal endothelial
cell dysfunction, resulting in symptoms that include maternal hypertension and proteinuria in late
gestation; there is no current early means of detection for PE. Believed to originate from abnormal
implantation and vascular development of the placenta, resulting in placental dysfunction, the initial
cause of PE is poor uterine and placental perfusion, which can lead to hypoxic conditions and increased
oxidative stress [100]. In some cases, the condition may progress to eclampsia, leading to seizures,
coma, and ultimately death [101].

Hypertension exhibited with PE is linked to the sodium:potassium ratio. Blood pressure is
correlated directly with sodium intake and inversely with potassium; however, potassium intake
has not been associated with hypertensive disorders in pregnancy [102]. A systematic review of
13 studies on calcium supplementation during pregnancy found that with supplementation of 1 g/day,
the average risk of PE was reduced by 55%, whilst gestational hypertensive disorders were reduced by
35% [103]. Due to magnesium deficiency being concomitant to calcium and potassium levels, it has
been linked to PE. Magnesium levels in women with PE have been shown to be significantly reduced
when compared to normal pregnant controls [46,104]. The decreased function of antioxidants that is
accompanied with selenium and zinc deficiency has led to them being associated with preeclampsia,
known to be correlated with high levels of oxidative stress [105].

4.3. Intrauterine Growth Restriction

Fetal growth restriction or IUGR occurs when the foetus fails to reach its expected growth potential
at the appropriate gestational age. Associated with increased perinatal morbidity and mortality, IUGR
is responsible for 30% of stillbirths, and increased incidence of premature births [106]. While IUGR
babies may be born small for gestational age (SGA), IUGR babies are more likely to show signs of
placental disease and have worse perinatal outcomes than SGA babies [107]. IUGR is mostly caused
by the placenta through either poor placental function and/or insufficiency and a failure to adapt to
improve fetal growth [108–110], this is known to be associated with an increase in diseases throughout
life [111].

Reduced uterine blood flow may occur due to maternal hypotension or renal disease, which can
lead to a reduced nutrient transport to the foetus which can cause IUGR [112,113]. Studies suggest
that lower maternal manganese levels are associated with IUGR and an increased incidence of lower
birth weight [114], whilst iron over nutrition has been linked to an increased possibility for SGA
babies [16]. During pregnancy, a poor intake of zinc is teratogenic, causing IUGR and structural
abnormalities [30,115]. Iodine deficiency is associated with a number of negative outcomes. Areas
deficient in iodine see an increase in both birthweight and head circumference in offspring [116].
Low selenium intake has also been associated with IUGR, and recurrent miscarriage [32].
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4.4. Preterm Birth

It’s estimated 1:10 babies are born prematurely with approximately one million children dying
each year due to complications associated with preterm birth. Factors such as maternal stress and
inflammation have been associated, however literature suggests that placental ischemia or other forms
of placental dysfunction are more likely to contribute to preterm birth [117]. There are higher rates of
disability in children and increased risk of disease susceptibility throughout life with preterm births,
with the chances increased the earlier a child is born [118,119].

Pre-term delivery was shown to be reduced in women supplemented with calcium. A WHO
randomised control trial of >8000 women with <600 mg/day calcium intake showed that those with
calcium supplementation had statistically lower incidence of pre-term birth than the placebo group
(2.6% supplemented vs. 3.2% placebo) [120]. Low magnesium levels have also been correlated with
increased incidence of pre-term birth and low birth weight in offspring in humans [45]. Iron deficiency
has been associated with poor growth development, premature birth, and impairment of cognitive
skills and neurodevelopment [16]. Women with low haemoglobin levels have been found to have
double the risk of premature delivery and low birthweight in offspring [121,122]. Two studies have
correlated low selenium concentrations in maternal and cord blood to pre-term birth, with evidence
suggesting that adequate maternal selenium may protect against pre-term deliveries [123,124].

5. Profiling Micronutrients in Disease

The complexities surrounding micronutrition during pregnancy are profound. As previously
stated, over and under nutrition of various elements can be correlated to diverse outcomes. Therefore,
measuring a small number of variables in isolation may not be able to give an accurate representation
of disease or be able to monitor disease progression. By measuring the pattern of many trace elements,
various disease conditions may be better characterised and therefore treated. Early work using
elemental metabolomics for Alzheimer’s disease, Parkinson’s, type 2 diabetes, and cancer has yielded
promising results for both characterisation and understanding of disease.

Elemental Metabolomics

Elemental metabolomics (also known as ionomics), is a technique which involves the simultaneous
quantification and characterisation of many chemical elements with high-throughput elemental
analysis technologies and their integration with bioinformatics tools [125]. The concepts behind
elemental metabolomics were established in the early 1940s, introducing terms like “metabolic
patterns”, “individual metabolic patterns”, and “hypothetical average individual”. It is only with
recent advances in sensitivity, throughput, instrumentation, cheminformatics, and bioinformatics that
determining the detailed metabolic pattern of an individual has become feasible [126]. This allows the
establishment of “elemental signature which may prove to be powerful diagnostic aids.

The majority of techniques used in elemental analysis include inductively coupled plasma mass
spectrometry (ICP-MS), inductively coupled plasma optical emission spectroscopy (ICP-OES), and
X-ray fluorescence [127]. Among them, ICP-MS is the most frequently used approach, which is capable
of detecting metals as low as parts per trillion. Compared to other methodologies, ICP-MS allows for
smaller sample size owing to its greater sensitivity and has the ability to detect different isotopes of the
same element (Figure 1) Currently, ICP-MS has been successfully used for large scale elemental studies
in yeast, plants and mammals [128,129]. These investigations illustrate the power of metabolomics to
identify new aspects of trace element metabolism and homeostasis, and how such information can be
used to develop hypotheses regarding the functions of previously uncharacterised diseases [130,131].
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Figure 1. Elements measurable by ICP-MS, image adapted from Zhang, P. et al., (2017) [126]. Classified
into essential, beneficial, others without a clearly defined function, and toxic elements. Essential and
beneficial elements comprise major structural components (Ca, P, S); components of hormones or
enzymes (Co, Cr, Cu, Fe, I, Mn, Mo, Ni, Se, Sn, V, Zn); responsible for maintenance of ionic equilibria,
activation, or signalling (Ca, K, Mg, Na).

ICP-MS has been used for the quantification of elements in a variety of different human diseases,
but the pattern of elements in disease states are far less well categorised. Even so, the limited work
that has been conducted in the medical field has yielded promising results for various conditions such
as Alzheimer’s disease, Parkinson’s, type 2 diabetes, and cancer. Little work has been conducted on
the determination of elemental metabolomic profiles during gestation. Once established, elemental
metabolomic profiles could better characterise various biological conditions and pathologies, providing
novel treatment options. For example, recently it has been shown that metabolomics can identify genes
and gene networks that directly control the metabolome [131]. In addition, this technique may provide
a powerful tool for investigating more complex networks in gestation that control developmental and
physiological processes that influence the metabolome indirectly.

With the accelerated development of elemental metabolomics, advanced strategies have been
developed for systematic analysis of chemical elements. A recent study identified a distinctive pattern
of serum elements during the progression of Alzheimer’s disease. With the metabolomic analysis
of elemental ratios, this study was able to differentiate with 90% accuracy between diseased and
healthy individuals. Essential elements such as manganese, selenium, zinc and iron were shown to
increase initially with early onset of Alzheimer’s then decrease with the development of mild cognitive
impairment and ultimately true Alzheimer’s disease [12].

In another study, trace elements in plasma were analysed for 238 diagnosed Parkinson’s patients
and 302 controls. Their findings indicated that lower plasma selenium and iron concentrations may
reduce the risk of developing the disease, whereas lower plasma zinc was associated with an increased
risk factor. They also used a model to then predict patient disease status based on several trace elements,
also defining other features such as sex and age, highlighting possibilities for future computational
strategies to improve elemental metabolomic studies [13].

Sun et al., analysed the fasting elemental concentrations of 976 middle-aged Chinese men and
women to determine associations of ion modules and networks with obesity, metabolic syndrome,
and type 2 diabetes mellitus (T2D). They found that copper and phosphorus were always ranked as the
first two specific ion networks in people with health complications, whilst specific elemental patterns
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were also observed for each of the conditions [132]. Another study noted that increased urinary nickel
concentrations were associated with an increased incidence of T2D in 2115 Chinese aged 55–76 years
old [14].

Golasik et al., investigated the relationship between elemental status and cancer risk to support
diagnosis. Disturbance in the homeostasis of metals is among one of many factors that can cause
cancer malignancy. Through analysing both essential elements (calcium, magnesium, zinc, manganese,
copper, iron etc.) and toxic elements (cadmium and lead) in hair and nail samples of patients with
laryngeal cancer, they noted that most of the essential elements were significantly reduced in cancer
patients, whilst toxic elements increased. Using a variety of bioinformatic techniques they were also
able to determine classifiers for prediction of cancer probability, which may be useful for estimating
risk, and early screening of cancer [15].

Elemental studies have also been used to examine metal concentrations in saliva and blood
of periodontal disease patients. Using cluster analysis of metals in the classifications of samples,
the resulting clusters suggested the elemental profiles of those with periodontal disease are different
from controls. These researchers concluded that this may become a basis for future diagnostic and
prognostic tools for periodontal disease [133].

6. Conclusions

Gestational complications such as GDM, PE, IUGR, and preterm birth can have lifelong
consequences for the health of the mother and child. However, pregnancy disorders such as these are
poorly understood despite extensive research. Little work has been conducted on the determination
of elemental metabolomic profiles during gestation and how this might be influenced by maternal
nutrition. Once established, elemental metabolomic profiles could better characterise various biological
conditions and pathologies, providing novel treatment options. Currently, we only know how a select
few micronutrients affect pregnancy outcomes [25], even though many additional micronutrients are
likely to be essential to human development.

Development of elemental metabolomic technology for generating a micronutrient “signature” or
“fingerprint” as a predictive biomarker of pregnancy complications could provide vital information on
relationships between specific micronutrients and pregnancy complications. Many key proteins in
the body require specific micronutrients to function, therefore screening to identify novel and subtle
micronutrient changes could highlight associated proteins that may affected and underpinning the
pathophysiology of these complications. This would open up the way for simple interventions and
therapies which could prove to be of immense benefit to both mother and baby.
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Abstract: Vitamin D deficiency in pregnancy is widely reported, but whether this applies in North
America is unclear since no population-based surveys of vitamin D status in pregnancy exist in
Canada or the United States. The objectives were to assess (i) the intake and sources of vitamin
D, (ii) vitamin D status, and (iii) factors associated with serum 25-hydroxyvitamin D (25-OHD)
concentration in two cohorts of pregnant women from Southern Ontario, Canada, studied over
a span of 14 years. Maternal characteristics, physical measurements, fasting blood samples and
nutrient intake were obtained at enrolment in 332 pregnant women from the Family Atherosclerosis
Monitoring In early Life (FAMILY) study and 191 from the Be Healthy in Pregnancy (BHIP)
study. Serum 25-OHD was measured by LC/MS-MS. The median (Q1, Q3) total vitamin D intake
was 383 IU/day (327, 551) in the FAMILY study and 554 IU/day (437, 796) in the BHIP study.
Supplemental vitamin D represented 64% of total intake in participants in FAMILY and 78% in BHIP.
The mean (SD) serum 25-OHD was 76.5 (32.9) nmol/L in FAMILY and 79.7 (22.3) nmol/L in BHIP.
Being of European descent and blood sampling in the summer season were significantly associated
with a higher maternal serum 25-OHD concentration. In summary, health care practitioners should
be aware that vitamin D status is sufficient in the majority of pregnant Canadian women of European
ancestry, likely due to sun exposure.

Keywords: serum 25-OHD; pregnancy; developmental origins of health and disease; bone health

1. Introduction

Adequate maternal vitamin D status is critical to pregnancy health outcomes and the vitamin D
status of the infant at birth, and may program for bone development in childhood and later life [1–3].
Vitamin D is essential for bone mineralization, proper bone accretion and growth of the fetus during
pregnancy [4]. Systematic reviews of randomized studies identified the effects of maternal vitamin D
supplementation on reducing low birth weight prevalence and improving infant growth, with some
indications of its potential benefit on pregnancy complications such as pre-eclampsia [5–7]. Maternal
vitamin D status in pregnancy has also been positively associated with bone health outcomes in
infants [8], children [9,10] and adolescents [11].

Given the potential health benefits of vitamin D, supplementation has gained popularity in
the general public over the last decade. The dose in common brands of prenatal multivitamins in
Canada has increased from 300 to 600 IU/pill on average over the years, but doses of over-the-counter
multi-nutrient supplements range from 200 to 1000 IU/tablet, and single vitamin D supplements are
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available in doses of 1000–10,000 IU/tablet. As well, the consumption of vitamin D fortified products is
gaining popularity in the market as pregnant women become aware of the possible benefits of vitamin
D during and after pregnancy.

Despite the potential importance of maternal vitamin D status on the health outcomes of mother
and child, no population-based data exist as pregnant women have not been sampled in the nutrition
and health surveys in Canada or the United States to date. Claims of a “pandemic” or a high
prevalence of vitamin D deficiency in pregnant and lactating women in Canada [12] are not founded
on population-based surveys, but rather, cite literature primarily from Afro-American and Indigenous
groups living in Canada. In a single US study [13], it was postulated that intakes of 4000 IU of
vitamin D per day during pregnancy are required to optimize the production of 1,25-dihydroxyvitamin
D (1,25-OH2D) and cord blood 25-hydroxyvitamin D (25-OHD). However, no study to date has
demonstrated that vitamin D intakes in pregnancy of >400 up to 4000 IU/day result in any functional
benefits to mother or infant. Thus, in the recently revised Dietary Reference Intakes (DRI) [14],
the Estimated Average Requirement (EAR) for vitamin D in pregnancy is the same as for non-pregnant
women at 400 IU per day. This recommendation was confirmed by the Scientific Advisory Committee
on Nutrition in the United Kingdom [15], as well as by the European Food Safety Authority in
Europe [16].

The present study was undertaken with the objective to assess (i) the intake and sources of
vitamin D, (ii) the vitamin D status, and (iii) the factors associated with maternal serum 25-OHD
concentration as a measure of vitamin D status in two cohorts of pregnant women living in Southern
Ontario, Canada, studied over a span of 14 years.

2. Materials and Methods

2.1. Study Design

Pregnant women enrolled in the FAMILY and BHIP studies were included, both of which were
conducted in accordance with the Declaration of Helsinki. The Family Atherosclerosis Monitoring In
early Life (FAMILY) study was a longitudinal, prospective birth cohort study designed to investigate
the determinants of obesity, type 2 diabetes and cardiometabolic traits early in life [17]. A total of
857 pregnant women were recruited through three hospitals in Hamilton and Burlington, Ontario,
Canada between the years of 2002–2009. For this ancillary study on factors associated with maternal
serum 25-OHD concentration, separate ethics approval was granted for the assessment of vitamin
D status and bone health in subjects of the FAMILY study by the Research Ethics Board at Hamilton
Health Sciences/McMaster University (REB #02-060). Participants gave informed written consent for
this sub-study. The Be Healthy in Pregnancy (BHIP) Study is an ongoing randomized controlled trial
(RCT; Clinical Trials Ref: NCT01693510) [18] for which the primary research objective is to determine
whether introducing a structured and monitored nutrition and exercise program in early pregnancy,
compared to standard prenatal care, will increase the number of women attaining gestational weight
gain within the Institute of Medicine (IOM), Health and Medicine Division recommendations for their
pre-pregnancy body mass index (BMI) category [19]. The present analysis included data obtained at
baseline prior to randomization. Between the years 2012–2018, 274 healthy pregnant women were
recruited from health care clinics in Hamilton, Burlington and London, Ontario. Informed written
consent was obtained upon study enrolment. Ethics approval was obtained from the Research Ethics
Boards of Hamilton Health Sciences (REB Project#12-469), Western Ontario in London (HSREB 103272),
and Joseph Brant Hospital in Burlington (JBH 000-018-14), all in Southern Ontario, Canada.

2.2. Maternal Data Collection

Maternal demographics, pregnancy history, fasting blood samples and physical measurements
were obtained from each participant upon study entry. For the FAMILY study, the information and
blood samples were obtained between 24 and 36 weeks of gestation, while for the BHIP study, they
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were collected between 12 and 17 weeks of gestation. Maternal height and weight were measured,
gestational weight gain was self-reported and pre-pregnancy BMI was calculated. Ethnicity, education
level and annual household income were self-reported. Maternal health behaviours were self-reported
using questionnaires. For the FAMILY study, participants completed a validated semi-quantitative
multi-ethnic food frequency questionnaire (FFQ) including supplements [20,21] Nutrient composition
was calculated as previously described [22], excluding records where the FFQ was <50% incomplete, or
with implausible dietary intakes (<500 or >4500 kcal/day). For the BHIP study, participants completed
diet records for three consecutive days (two weekdays and one weekend day) including both foods
and supplements, as used previously in pregnant women [23]. Participants were asked to weigh
the foods eaten when possible, using household measures such as cups/spoons when weight was
not able to be determined. No diet records with implausible intakes were found in the BHIP study.
Diet records were analyzed using Nutritionist Pro diet analysis software (Version 5.2, Axxya Systems,
Stafford, TX, USA), and the Canadian Nutrient File (version 2015) to obtain daily intake of vitamin
D. For the FAMILY study, dairy products were classified as low fat (≤2% fat) or regular fat (≥3.25%
fat) dairy products. For the BHIP study, the categories were milk (low and regular fat combined),
yogurt (low and regular fat combined), and other dairy products (i.e., regular fat sour cream, cream,
cheese, and ice cream). In Canada, all milk and margarine products are fortified with vitamin D3 by
law. Yogurt and other dairy products are sometimes made from vitamin D3 fortified milk, and this is
noted on the label. Exercise was self-reported by participants in both studies. In the FAMILY study,
participants completed a validated questionnaire [24], and were categorized as currently exercising
or not. In the BHIP study, participants reported exercising or not at recruitment by completing the
Physical Activity Readiness Medical Examination (PARmed-X) for Pregnancy [25].

2.3. Vitamin D Analysis

Serum 25-OHD (D2 and D3 isomers) was measured by ultra-performance liquid chromatography
tandem mass spectrometry (UPLC-MS/MS) using the Waters application note 720002748 [26] with
a modified sample preparation that included a saponification step [27]. Saponification prevents
fat droplet formation in the supernatant after extraction, which can occur in plasma with a high
triglyceride concentration. Saponification converts triacylglycerides into water-soluble fatty acid
soaps. This is particularly important as circulating lipids can be elevated in pregnant women [28].
In short, 150 μL of serum and 10 μL of internal standard solution (800 nmol/L, 25-OHD3-d6; 99%
pure; Medical Isotopes, Pelham, NH, USA) were vortexed and 50 μL of methanol (Fisher Scientific,
Ottawa, Ontario, Canada), 100 μL of ascorbic acid (20% w/v, (>99.9% pure); Sigma Aldrich, Oakville,
Canada) and 40 μL of potassium hydroxide (45% w/v; Fluka Analytical, Ronkonkoma, NY, USA) were
added. Samples were placed in a 75 ◦C hot water bath for 20 minutes. After cooling down to room
temperature, the mixture was extracted with 500 μL of heptane (Fluka Analytical, Ronkonkoma, NY,
USA). The organic phase was evaporated under a gentle stream of nitrogen, and reconstituted in 75 μL
of methanol (MS grade, Fisher Scientific, Ottawa, Ontario, Canada). The accuracy and precision of the
LC-MS/MS method for measuring 25-OHD2 and 25-OHD3 was evaluated using National Institute of
Standards and Technology (NIST) Standard Reference Material 972a (Bureau of Standards, Washington,
DC, USA). 25-OHD3/25-OHD2 serum controls purchased from BioRad (Munich, Germany) served as
a daily quality control. A Waters Acquity UPLC/TQD system was used with an Acquity UPLC BEH
C18 column. The transitions m/z 401/383 for 25-OHD3, 407/389 for 25-OHD3-d6, and 413.5/395.3 for
25-OHD2 were used for quantification.

2.4. Statistical Analysis

Statistical analysis was performed using JMP®9.0 (Version 9.0.1, SAS Institute Inc., Cary, NC, USA)
and GraphPad Prism (Version 7, La Jolla, CA, USA). Descriptive statistics were computed by
calculating the means and standard deviations of normally distributed continuous data; medians and
quartiles (Q1 and Q3) for non-normally distributed continuous data; and counts and percentages
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for categorical data. T-tests were performed to compare groups and significance was established at
p < 0.05. Analysis of variance (ANOVA) was performed to compare 25-OHD concentrations in women
of different pre-pregnancy BMI categories. Significance was established at p < 0.05. Mean values
are given as means ± standard deviations if not stated otherwise. To determine which factors were
associated with maternal serum 25-OHD concentration, we conducted a multivariable linear regression
analysis. The variables of interest included in our multivariable regression were decided a priori based
on clinical rationale and evidence from the literature. The non-standardized regression coefficients
and their corresponding 95% confidence intervals (CIs) and p-values for the multivariable analyses
are presented.

3. Results

3.1. Demographics and Physical Characteristics

A total of 332 participants from the FAMILY study and 191 from the BHIP study were included in
this report as they had available maternal serum samples analysed for 25-OHD. Participants of the
FAMILY study were enrolled at a median of 28 weeks gestation, while the BHIP study participants
were enrolled at a median of 13 weeks gestation. Half of the FAMILY participants (54%) were enrolled
by 2006 and all by 2009, while most participants (96%) of the BHIP study were enrolled between 2013
and 2017. The mean (SD) age of the participants was significantly higher in the FAMILY study than
in the BHIP study (32.5 (4.7) vs. 31.2 (3.9) years; p = 0.001). Pre-pregnancy BMI was not statistically
different between studies (Table 1). According to the pre-pregnancy BMI data, about half of the
participants had normal weight, while half were categorized as overweight or obese upon entering
pregnancy (Table 1). Most participants were of European ancestry, had a tertiary level of education,
and were currently exercising. Few participants in the FAMILY study and none in the BHIP smoked
during pregnancy, the latter because it was an exclusion criterion.

Table 1. Demographic, lifestyle and physical characteristics of participants during pregnancy.

FAMILY Study N = 332 BHIP Study N = 191

Maternal Characteristics N (%) N (%)

Gestational age 24–36 weeks 12–17 weeks

Pre-pregnancy BMI (kg/m2)
Underweight (<18.5) 4 1 3 1

Normal weight (18.5–24.9) 144 45 91 48
Overweight (25.0–29.9) 103 32 61 32

Obese (≥30) 69 22 36 19
Unknown 12 - 0 -

Ethnicity
European descent 285 86 171 90

Other 47 14 20 10

Household income (CAD)
<$50,000 68 21 15 8

$50,000–$99,999 138 43 91 48
≥$100,000 111 35 79 41
Unknown 15 1 6 3

Education (years)
≤13 46 14 0 0
>13 286 86 191 100

Smoking status
Smoked during pregnancy 10 3 0 0
Former smoker; quit before

pregnancy 107 33 n/a n/a

Never smoked 212 64 n/a n/a
Unknown 3 - n/a n/a
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Table 1. Cont.

FAMILY Study N = 332 BHIP Study N = 191

Maternal Characteristics N (%) N (%)

Gestational age 24–36 weeks 12–17 weeks

Exercise at study entry
Not currently exercising 49 15 42 22

Currently exercising 283 85 147 77
Missing data 0 - 2 1

Data not applicable (n/a) as smoking status was an exclusion criteria in the BHIP study, and such data was
not collected.

3.2. Intake of Vitamin D in Both Studies: Trend Over 10 Years

The median (Q1, Q3) total vitamin D intake in the FAMILY study was 383 IU/day (327, 551) with
the highest intake being 3050 IU/day (Figure 1). The median total vitamin D intake in the BHIP Study
was 554 IU/day (437, 796) with the highest intake being 11,062 IU/day. Intakes of vitamin D met the
EAR of 400 IU/day in 43% of participants in the FAMILY study and 80% in the BHIP study. Vitamin
intake from food sources alone met the EAR in only 9% of participants in both the FAMILY and BHIP
studies (Figure 1). No participants in the FAMILY study exceeded the Tolerable Upper Intake Level
(UL) of 4000 IU/day, and only three participants in the BHIP (2%) exceeded the UL. Supplement intake
represented 64% (289 IU/day) of total intake in the FAMILY study and 78% (629 IU/day) in the BHIP
study. Supplements containing vitamin D, mostly prenatal multivitamins, were consumed by 87%
of participants in the FAMILY study. The median (Q1, Q3) intake of vitamin D from multivitamins
was 300 IU/day (300, 300) but ranged from 0 to 3000 IU/day. In the BHIP study, 92% of participants
were consuming supplements containing vitamin D. The median (Q1, Q3) intake of vitamin D from
multivitamins was 400 IU/day (400, 600), ranging from 0 to 11,000 IU/day for some participants.
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Figure 1. Maternal dietary intake of vitamin D of participants in the FAMILY and BHIP studies. Median
and interquartile ranges are displayed for total intake and food sources contribution to total vitamin D.
— Vitamin D recommendations for pregnancy: Estimated Average Requirement (EAR) = 400 IU/day;
Tolerable Upper Intake Level (UL) = 4000 IU/day [14].

3.3. Maternal Serum 25-OHD Concentration during Pregnancy

The mean serum 25-OHD concentration was in the optimal range (serum 25-OHD
50–125 nmol/L [14]). The isomer 25-OHD2 was detected in only 6% of participants in the BHIP
study (data not available for the FAMILY study) at a concentration of 0.51 ± 2.89 nmol/L (mean ± SD);
thus, the D2 isomer did not contribute significantly to the overall total serum 25-OHD. Accordingly,
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the total circulating 25-OHD is a reflection of 25-OHD3. Serum 25-OHD concentrations did not differ
between women with different pre-pregnancy BMI values in either study (Table 2). The season that
blood was drawn was significantly associated with 25-OHD concentrations in both studies, where
blood samples collected in summer had higher serum 25-OHD than in winter (p = 0.001 in FAMILY
and p = 0.002 in BHIP). The threshold representing a sufficient 25-OHD concentration of 50 nmol/L
as set by the IOM [14] was met or exceeded by 77% of participants in the FAMILY study and 93% of
participants in the BHIP study (Figure 2). The range of maternal 25-OHD concentrations was greater
in the FAMILY study compared to in the BHIP study; 5% of participants in the FAMILY study had
serum 25-OHD in the deficient range (<30 nmol/L) and 9% of participants exceeded 125 nmol/L,
the level for excessive circulating 25-OHD. In the BHIP study, only 0.5% of participants were clinically
deficient, while 3% surpassed the excessive threshold. No correlation was observed in the FAMILY
study between maternal total vitamin D intake and maternal serum 25-OHD concentration (R2 = 0.01,
p = 0.09). In the BHIP study, a higher total intake of vitamin D was associated with higher serum
25-OHD (R2 = 0.11, p < 0.0001). For BHIP, supplements contributed an important amount to the total
vitamin D intake and contributed to a higher 25-OHD concentration (Figure 3).

Table 2. Maternal serum 25-OHD concentration by season of blood draw and pre-pregnancy body
mass index (BMI) category.

FAMILY Study BHIP Study

Category
Serum 25-OHD, nmol/L

Mean (SD) (95% CI) N (%) p-value Serum 25-OHD, nmol/L
Mean (SD) (95% CI) N (%) p-value

All participants 76.5 (32.9) (72.9, 80.1) 332 - 79.7 (22.3) (76.5, 82.9) 191 -

Season of blood draw

0.0001 0.0002
Summer (May–Oct.) 83.47 (34.3) (78.3, 88.7) 169 (51) 84.9 (21.0) (80.9, 89.0) 106 (55)
Winter (Nov–Apr.) 68.5 (29.3) (63.9, 73.1) 160 (48) 73.2 (22.2) (68.4, 78.0) 85 (45)

Missing data - 3 (1) - -

Pre-pregnancy BMI (kg/m2)

0.11 0.10

Underweight (<18.5) 72.2 (44.3) (1.6, 142.8) 4 (1) 90.3 (15.1) (52.6, 127.9) 3 (1)
Normal (18.5–24.9) 79.5 (33.4) (74.0, 85.0) 144 (43) 82.2 (21.2) (77.8, 86.5) 93 (49)

Overweight (25.0–29.9) 78.3 (33.7) (71.7, 84.9) 103 (31) 73.8 (20.5) (68.4, 79.2) 58 (31)
Obese (≥30) 68.1 (30.0) (60.9, 75.3) 69 (21) 81.8 (26.6) (90.7, 73,0) 37 (19)
Missing data - 12 (4) - -
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Figure 2. Maternal serum 25-OHD concentration (mean, SD) in participants from the FAMILY and
BHIP studies in comparison to the recommendations by the Institute of Medicine [14]; — <30 nmol/L
deficient, 30–50 nmol/L insufficient, ≥50 nmol/L sufficient, >125 nmol/L excessive.
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Figure 3. Total vitamin D intake in the FAMILY and BHIP studies, by maternal serum 25-OHD
concentration. Mean and standard deviation are displayed. The Estimated Average Requirement (EAR)
is indicated by — [14].

3.4. Factors Associated with Maternal Serum 25-OHD Concentrations in Pregnancy

For participants enrolled in the FAMILY study, a multivariable analysis demonstrated that a
higher maternal 25-OHD concentration was significantly associated with being of European descent,
having blood drawn in summer, and having a low pre-pregnancy BMI (Table 3).

For participants enrolled in the BHIP study, a multivariable analysis revealed that higher maternal
25-OHD concentrations were significantly associated with having blood drawn in summer and vitamin
D intake from regular fat dairy products (i.e., sour cream, cream, ice cream, cheese) (Table 3).

Table 3. Multivariable analysis of factors associated with maternal serum 25-OHD concentrations
during pregnancy in the FAMILY and BHIP studies.

Variables
FAMILY Study BHIP Study

Estimated
Coefficient

95% CI p-Value
Estimated
Coefficient

95% CI p-Value

Ethnicity (European descent as
reference) −5.85

−10.97,
−0.72

0.025 −5.91 −12.44,
0.61 0.075

Season of blood draw for baseline
blood (Winter as reference) 7.73

4.27,
11.18

<0.001 8.27
4.44,
12.09

<0.001

Exercising at enrollment 0.53 −5.73,
4.66 0.840 3.08 −1.72,

7.88 0.206

Pre-pregnancy BMI −0.92
−1.52,
−0.31

0.003 −0.37 −1.19,
0.46 0.381

Total vitamin D intake −0.01 −0.04,
0.02 0.469 −0.01 −0.04,

0.02 0.451

Vitamin D intake from supplement 0.01 −0.02,
0.05 0.422 0.02 −0.01,

0.05 0.174

Vitamin D intake from milk 1.03 −3.97,
6.02 0.687 0.03 −0.03,

0.10 0.272

Vitamin D intake from low fat
dairy products 4.19 −0.43,

8.82 0.076 - - -

Vitamin D intake from regular fat
dairy products (sour cream, cream,

ice cream, cheese)
−2.11 −5.99,

1.77 0.285 0.44
0.08,
0.81

0.017

Bold format for significant results.
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4. Discussion

The majority of healthy pregnant women in Southern Ontario in the last 10 years have had
sufficient circulating 25-OHD both in early and late pregnancy using the reference cut-off values from
the DRI report [14]. While risk for vitamin D deficiency may exist globally [29], this does not appear
to apply to pregnant women living in Southern Ontario. Health care practitioners should be aware
that in our community, <5% of pregnant women had serum 25-OHD <30 nmol/L, which is similar to
what was found in the general Canadian population (4%, defined as <27.5 nmol/L) by the Canadian
Health Measures Survey (CHMS) [30]. The overall circulating 25-OHD in the participants in the two
combined pregnant cohorts was 77.7 nmol/L, a value slightly higher than the average serum 25-OHD
of 69.5 nmol/L reported for females of child-bearing age (20–39 years old) in the CHMS [30], and
which is significantly higher than observed in males in the same age category. The latter is likely
attributable to higher vitamin supplement intake among females [30]. High intakes of supplements
containing vitamin D were observed in our two cohorts of pregnant women where approximately
90% were taking prenatal supplements. Vitamin D supplementation is known to be associated with
higher 25-OHD status, but the response can be highly heterogeneous among pregnant women [7,31],
including those in our study. Despite the majority of participants taking prenatal supplements in both
the FAMILY and BHIP studies, heterogeneity was indicated, in which prenatal supplement intake
was not associated with 25-OHD status in FAMILY (R2 = 0.00, p = 0.58) but a modest albeit significant
association with 25-OHD status was observed in BHIP (R2 = 0.11, p < 0.0001).

Although the average maternal intake of vitamin D from food did not reach the EAR of 400 IU/day
and this was only weakly associated with 25-OHD concentration, the estimated total vitamin D intake
from both food and supplements exceeded 400 IU/day in only 45% of participants in the FAMILY
study but in 80% of the BHIP participants. Our results are in agreement with data reported from
Canadian studies showing that the primary source of oral vitamin D (approximately 60% total intake)
is supplements [32,33]. In the Canadian food chain, there are limited natural or fortified food sources
of vitamin D. According to our data and those of other Canadian studies [32–37], intake of vitamin D
supplements is common in pregnancy, and combined with sun exposure, the prevalence of inadequacy
of vitamin D intake is low. As noted above, almost all participants in the two cohorts of pregnant
women took prenatal supplements (containing between 200 and 600 IU of vitamin D), vitamin D
supplements (up to 10,000 IU), or both. Although participants from the BHIP study consumed
more vitamin D overall due to higher supplement intake, they had similar 25-OHD concentrations
to participants in the FAMILY study. Participants in the FAMILY study presented a broader range
of 25-OHD concentrations, likely due to the larger sample size of FAMILY as compared with the
BHIP study, with participants at the extremes with either clinical deficiency or excessive 25-OHD
concentration. These results also suggest that sun exposure plays an important role through cutaneous
production of vitamin D, ensuring most participants achieved an adequate vitamin D status.

The average serum 25-OHD in our participants was moderately higher than that reported since
2000 for Canadian pregnant women in other provinces. In the Vancouver area, pregnant women
predominately of European descent (N = 336 at 20–35 weeks gestation) had a mean (95% CI) 25-OHD
of 66.7 (64.2–69.1) nmol/L [34]. In a larger study in Québec City and Halifax (N = 1635 at 12–15 weeks
gestation, primarily of European descent), the mean (SD) 25-OHD was 52.7 (16.9) nmol/L [38]. Further,
in Edmonton and Calgary, Alberta (N = 537, primarily of European ancestry), the mean (SD) serum
25-OHD was 93.3 (25.6) nmol/L in the first trimester and 95.3 (25) nmol/L in the second trimester
of pregnancy [36]. The 25-OHD concentration of women in our study is comparable to the first
two studies but lower than reported by the APrON study in Alberta [36]. These discrepancies in
25-OHD concentration may be due to participants’ exposure to sun, the nature of the study samples,
where multiethnic participants have lower 25-OHD concentration [34], and because those with the
highest socioeconomic status have the highest 25-OHD concentration [36]. In addition, the largest
consumers of multivitamin supplements are found in Alberta, while the lowest consumers are in
Quebec [30]. Discrepancies can also result from the methods used to measure serum 25-OHD—either
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by ELISA [34,38] or LC-MS/MS [36]. In all cohorts, the prevalence of deficiency was very low (either
defined as 25-OHD < 25 nmol/L [38] or < 30 nmol/L [34,36]); from < 1 to 7% [34,36,38], aligning with
our observed prevalence deficiency (defined as 25-OHD < 30 nmol/L) of 5% in FAMILY and <1% BHIP
studies. The prevalence of insufficient 25-OHD (< 50 nmol/L) in these cohorts was between 2% and
45% [34,36,38], similar to what we observed in the FAMILY study (18%) and BHIP study (7%).

Based on the contemporary studies noted above and using the IOM reference values, the majority
of Canadian women have an adequate serum 25-OHD concentration in pregnancy, regardless of
stage of pregnancy. However, controversy remains as to the ‘optimal’ 25-OHD concentration in
pregnancy, since the clinical significance both for mother and infant of a 25-OHD above 50 nmol/L is
still undefined [7,39–41]. Data from a recent systematic review suggests that pregnant women with
bacterial vaginosis, gestational diabetes, pre-eclampsia and those with small for gestational age (SGA)
babies have lower circulating 25-OHD than their healthy pregnant counterparts [42,43]. However, the
value for what constitutes ‘lower 25-OHD’ was not defined in the review and their analysis included
individual studies that used both 50 and 75 nmol/L as the cut-off for sufficiency. Conversely, a further
systematic review of randomized controlled trials found no clear evidence for maternal benefits or
reduced incidence of pre-term birth with supplementation of 25-OHD. In this review, only eight out of
43 trials were categorized as having an overall low risk of bias [39]. Many of the trials included in this
review were small and of low quality; therefore, more research is needed before recommendations on
optimal vitamin D status in pregnancy can be made. Further, a large prospective cohort study from
New Zealand found that serum 25-OHD concentrations in pregnant women were not associated with
pre-eclampsia, SGA babies or pre-term birth; however, of note, this population was largely 25-OHD
replete [44].

Controversy also exists as to the optimal target for serum 25-OHD in pregnancy. A higher
maternal 25-OHD concentration at delivery has been associated with infant cord blood 25-OHD status,
and maternal use of vitamin D supplements was associated with higher odds of reaching sufficiency
(defined as >75 nmol/L) for both mothers and infants [45]. However, uncertainty exists as to whether
a higher maternal 25-OHD concentration (i.e., 25-OHD > 75 nmol/L) in pregnancy is linked with
health benefits. It has been hypothesized that the optimal 25-OHD concentration would be the one
leading to maximal conversion to the active form of vitamin D [46]. To that effect, data from one recent
randomized trial were interpreted to indicate the total circulating 25-OHD must reach 100 nmol/L
in order to optimize circulating 1,25-OH2D in pregnancy [47]. In that case, only 21% of participants
in our cohort would have met or exceeded this 25-OHD concentration. In contrast to benefits, high
maternal, cord and infant 25-OHD concentrations may have disadvantageous effects on infant growth.
In an RCT including 798 mother and infant dyads, mothers with pregnancy 25-OHD > 125 nmol/L
had the smallest infants at 6 months [48]. Further, an evidence-based consensus statement determined
that there is little evidence for any benefits of maternal vitamin D supplementation on early life
anthropometry and growth in the offspring or on clinical benefits for the mother [49]. It was concluded
that the cut-off for vitamin D sufficient status of 50 nmol/L, as suggested by the DRI, remains the
accepted standard [49]. Based on our data, with the current level of vitamin D fortification in Canada
the use of supplements might be essential for pregnant women to reach the EAR for vitamin D, but
is not the most important factor in ensuring participants have adequate vitamin D status. Summer
season, and by inference, amount of sun exposure, appeared to have the strongest impact on maternal
serum 25-OHD concentration in our cohorts.

The factors that were significantly associated with maternal 25-OHD concentrations in this study
are in agreement with reported maternal factors in pregnant women across Canada (Vancouver,
Halifax and Québec City, Edmonton and Calgary). Summer season at time of blood draw [34,38]
and being of European ancestry [34] were reported as significant factors associated with 25-OHD
concentration in Canadian pregnant women living in Southern Ontario. While a pre-pregnancy
BMI < 25 kg/m2 was associated with a higher maternal 25-OHD concentration compared to
pre-pregnancy BMI ≥ 35 kg/m2 [38]; a relationship between pre-pregnancy BMI and maternal 25-OHD

136



Nutrients 2019, 11, 123

was observed in the FAMILY study but not in the BHIP study. This may relate to the larger sample size
in FAMILY. Consumption of milk, a mandatory vitamin D-fortified food in Canada, was surprisingly
not associated with maternal 25-OHD concentrations in either study. Health Canada recently indicated
plans to increase the amount of vitamin D for mandatory fortification of milk and margarine in an
effort to help Canadians meet the DRIs [50]. Until that comes into effect by the end of 2022, it is
likely that milk consumption alone will not be sufficient source of vitamin D intake for Canadian
pregnant women.

Our study has several strengths including a detailed dietary intake including food and supplement
sources and measurement of serum 25-OHD concentrations by the gold standard LC-MS/MS [51].
The generalizability of the findings may be limited due to the demographic homogeneity (primarily of
European descent, highly educated women). Another limitation includes the reporting bias inherent to
diet records, but our dietary assessment was combined with direct measurement of nutritional status,
providing a better evaluation of nutritional adequacy. Lastly, the lack of quantitative measurement
of sun exposure limits the interpretation of the results, as there might be differences between an
individual’s exposure due to variable time spent in outdoor activities, clothing coverage and use of
sunscreen. Future steps include a prospective longitudinal assessment of participants in the BHIP
study to investigate the association of maternal 25-OHD concentrations with pregnancy and neonatal
health outcomes.
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