r\

Early prenatal use of a multivitamin diminishes the risk for inadequate
vitamin D status in pregnant women: results from the Maternal-Infant
Research on Environmental Chemicals (MIREC) cohort study
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ABSTRACT

Background: Reports on the adequacy of vitamin D status of
pregnant women are not available in Canada.

Objectives: The objectives of this study were to examine vitamin
D status across pregnancy and identify the correlates of vitamin D
status of pregnant women in Canada.

Methods: Pregnant women (>18 years) from 6 provinces (2008—
2011) participating in a longitudinal cohort were studied. Sociode-
mographic data, obstetrical histories, and dietary and supplemental
vitamin D intakes were surveyed. Plasma 25-hydroxyvitamin D
(250HD) was measured using an immunoassay standardized to
LC-MS/MS from samples collected during the first (n = 1905)
and third trimesters (n = 1649) and at delivery (n = 1543). The
proportion of women with >40 nmol/L of plasma 250HD (adequate
status) was estimated at each time point, and factors related to
achieving this cut point were identified using repeated-measures
logistic regression. Differences in 250HD concentrations across
trimesters and at delivery were tested a using repeated-measures
ANOVA with a post hoc Tukey’s test.

Results: In the first trimester, 93.4% (95% CI: 92.3%-94.5%) of
participants had 250HD >40 nmol/L. The mean plasma 250HD
concentration increased from the first to the third trimester and then
declined by delivery (69.8 £ 0.5 nmol/L, 78.6 £ 0.7 nmol/L, and
75.7 £ 0.7 nmol/L, respectively; P < 0.0001). A lack of multivitamin
use early in pregnancy reduced the odds of achieving 250HD >40
nmol/L (OR,g; = 0.33; 95% CI: 0.25-0.42) across all time points.
Factors associated with not using a prenatal multivitamin included
multiparity (OR,qj = 2.08; 95% CI: 1.42-3.02) and a below-median
income (OR,qj = 1.39; 95% CI: 1.02-1.89).
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Conclusions: The results from this cohort demonstrate the im-
portance of early multivitamin supplement use to achieve an
adequate vitamin D status in pregnant women.  Am J Clin Nutr
2021;114:1238-1250.

Keywords: vitamin D, 25-hydroxyvitamin D, multivitamin, dietary
intake, pregnancy

Introduction

Representative data on vitamin D status of pregnant women
in Canada are unavailable because national surveillance studies
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have, to date, not systematically sampled pregnant women. In
North America, the recommended intake of vitamin D from
food and/or supplemental sources is the same for females
of reproductive age as it is for those who are pregnant (1).
The Estimated Average Requirement (EAR) of 400 IU/day of
vitamin D corresponds to serum 25-hydroxyvitamin D (250HD)
concentrations of 40 nmol/L or above as the population health
recommendation for adequate vitamin D status. As a goal for
individual intake, 600 IU/day of vitamin D is the RDA in support
of serum 250HD concentrations >50 nmol/L.

In the National Health and Nutrition Examination Survey
of 2001-2006 (2), serum 250HD concentrations in the first
trimester of pregnancy did not differ from concentrations
in nonpregnant females, with 46% of women having serum
250HD <50 nmol/L. The mean serum 250HD concentration
increased across trimesters, yet 18% of women still had
250HD <50 nmol/L in the third trimester despite a high rate of
vitamin D supplement use (86%). Based on the Canadian Health
Measures Survey (2007-2011) and standardized 250HD assays,
18.1% to 21.3% of females of reproductive age (19-50 years)
have plasma concentrations of 250HD <40 nmol/L, and 36.1%
to 39.9% have concentrations <50 nmol/L (3). The latter rate
is similar to many (4-10), but not all pregnancy cohort studies
conducted in Canada, including a multi-site study with <2% of
participants having concentrations of 250HD <50 nmol/L (11).
To the best of our knowledge, no pregnancy study in Canada
has reported on the recommended population cut point of serum
250HD >40 nmol/L (1). In addition, the majority of reports
predate the launch of the Vitamin D Standardization Certification
Program (VDSCP) (12, 13). The VDSCP aims to improve the
accuracy and comparability of 250HD measurements across
assays and laboratories around the world. Thus, it has not
been possible to identify with confidence the most relevant
modifiable and nonmodifiable correlates of the vitamin D status
of a pregnant woman.

In Canada, national dietary guidance recommends that all
women who could become or are pregnant take a daily
multivitamin containing 400 png (0.4 mg) of folic acid (14).
The evidence base to inform public health policy and practice
guidelines on whether to recommend that all pregnant women
receive a daily multivitamin to support vitamin D status
requires additional research. Using data from the Maternal-Infant
Research on Environmental Chemicals (MIREC) cohort, we
previously reported early second trimester intakes of vitamin D
from food and supplements (15). The objectives of the present
report were to describe the vitamin D status of women in the
MIREC cohort across pregnancy and to identify the modifiable
correlates of vitamin D status.

Methods

Participants

The MIREC longitudinal cohort was designed with the major
aim of studying the potential role of environmental chemicals
on the health of pregnant women (16), and has been described
in detail previously (17). The additional objectives regarding
vitamin D were planned a priori. Briefly, 2001 participants
in this convenience sample were recruited from 11 centers in
6 Canadian provinces from 2008 to 2011. Eligibility criteria of
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the mothers included: pregnancies with a gestational age (GA)
between 6 and 14 weeks, being >18 years of age, and having the
ability to communicate in English or French in order to provide
informed consent and complete surveys. Exclusion criteria were
known fetal or chromosomal anomalies in the current pregnancy
and serious medical complications. Based on the availability of
plasma samples to measure 250HD, the present report includes
1905 participants who completed the first trimester visit, 1649
who completed the third trimester visit, and 1543 with samples
collected at delivery (Figure 1). The socio-demographic and
pregnancy characteristics were not different for participants with
plasma 250HD available compared to those without (Table 1).

This study was conducted according to the guidelines laid
down in the Declaration of Helsinki. All procedures involving
human participants were approved by the Research Ethics Board
at Health Canada (REB# 2006-027H), the Research Ethics
Committee at the coordinating center at Sainte-Justine University
Hospital in Montreal (REB# 2462), and the academic and
hospital ethics committees at each recruiting site.

Participant characteristics

Participants attended study visits in each trimester and at
delivery. Demographic data on maternal age, parity, education
level, family income, and country of birth were collected from
the first trimester questionnaire. Country of birth is a factor
related to vitamin D status in pregnancy (18, 19). These data
were collected to help inform actions and to help reduce health
inequalities (20). Participants were categorized into women born
in Canada compared with all other countries, and the countries of
origin were further categorized according low-/middle- and high-
income countries (21). Maternal weight and height were mea-
sured at recruitment and weight was measured at each study visit
thereafter. The total weight gain over pregnancy was estimated as
the difference between weights measured either at delivery or the
last prenatal visit and the self-reported pre-pregnancy weight. The
appropriateness of weight gain according to the pre-pregnancy
BMI was compared to the Institute of Medicine Guidelines (22,
23) and interpreted according to the GA at delivery. Smoking
history over the past 3 months was collected at each visit (ever,
presently, frequency, and second-hand exposure), as was alcohol
consumption (no or yes, and frequency).

Pregnancy complications, GA at delivery, and infant size at
birth were recorded from the medical record to describe the
cohort in general and to reflect the maternal vitamin D status over
varying durations of pregnancy, and were not considered as ex-
clusion criteria since these would have occurred after recruitment.
Pregnancy outcomes were defined in accordance with clinical
practice guidelines: preeclampsia (24, 25), gestational diabetes
mellitus (26), and preterm birth <37 weeks GA. Birth weight was
categorized using the sex-specific Canadian reference charts for
birth weight for GA (27); small for GA (SGA, birth weight <10th
percentile for GA), appropriate for GA (AGA), or large for GA
(birth weight >90th percentile for GA).

Dietary and supplemental intake of vitamin D

Participants completed a nutrient supplement questionnaire in
the first and second trimesters. The first survey was conducted
at the recruitment visit and reflected the use of multivitamin
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| n = 8716 Approached for consent

| n=2001 Consented

[——— = 3608 Not eligible |
-

5 = 18 Full withdrawals |

n = 1983 Completed visit 1 (6-13 wk GA)
n = 1905 Vitamin D status assessed

n =28 Blood not collected
n =50 Insufficient sample volume

n =62 Lost to follow-up
n = 56 Partial withdrawals
n =32 Spontaneous abortions

n =13 Therapeutic abortions
n =7 Still born

n =38 Preterm < 32 wk GA

n =42 No visit documentation

n = 1733 Completed visit 3 (32-34 wk GA)
n = 1649 Vitamin D status assessed

n =45 Blood not collected

n =39 Insufficient sample volume

| n= 6 Loss of follow-up

n = 1727 Completed delivery visit
n = 1543 Vitamin D status assessed

n =113 Blood not collected

n =71 Insufficient sample volume

FIGURE 1 Participant flow diagram. Abbreviation: GA, gestational age.

supplements in the past 3 months (i.e., before the end of the first
trimester). These data were categorized into yes or no categories,
as information on the dose could not be verified. Participants
were given a survey to complete at home in the second trimester
to reflect the past 30 days, including frequency of use, and
this was used to examine usual supplemental intakes. The drug
identification number on the bottle (Drug Identification Number,
Natural Health Product Number, or Homeopathic Medicine
Number) and Health Canada’s Drug Product Database, Natural
Health Product Database, and/or the detailed ingredients list from
the product monograph were used to identify multivitamin use
and to generate the dosage of supplemental vitamin D. Based on
the frequency of use, total vitamin D intake from all supplemental
sources was calculated and categorized according to intakes that
met the EAR (>400 IU/d) or not (<400 IU/d), with an additional
category for cases where information was not available (i.e.,
supplement name incomplete, Natural Health Product Number
incorrect).

As previously reported (15), during the second trimester
visit a 1-month semi-quantitative FFQ was administered. The

FFQ consisted of 46 food items and was validated against two
24-hour dietary recalls in a subgroup (n = 115). The fre-
quencies of consuming milk and fortified plant-based beverages
(soy or rice) were combined, with data categorized into <2
servings/d or >2 servings/d, in which 1 serving was 250
ml. Because in Canada margarine is fortified with vitamin
D, margarine intake was categorized into 0, 1-6 and >7
servings per week, with an average serving size of a teaspoon.
Consumption of fish of any species was categorized as <2
and >2 servings per week, with an average serving size of
75 g. Fish species were explored as no servings of fish,
consuming fish that contain <100 IU/75 g serving or >100
1U/75 g serving, according to the Canadian Nutrient File
(28).

Factors related to endogenous synthesis of vitamin D

Because vitamin D can be endogenously synthesized upon
exposure to solar ultraviolet beta (UVB) radiation, women
were asked to self-report their race as white or nonwhite,
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TABLE 1 Maternal characteristics in the first trimester according to vitamin D status assessment

Variable Assessed, n = 1905 Not assessed, n = 78 P value
Gestational age at visit 1, weeks 11.5 &+ 0.04 11.5 = 0.21 0.43
Age, years 322 £ 0.1 32.6 + 0.6 0.88
Self-reported as white, n (%) 1647 (86.5) 65 (83.3) 0.43
Canadian born, n (%) 1551 (81.4) 61 (78.2) 0.48
Education, n (%) 0.27
High school or less 174 (9.1) 3(3.8)
College/undergraduate degree 1243 (65.2) 53 (67.9)
Graduate degree 488 (25.6) 22 (28.2)
Household income, n (%)
<70,000 CAD 555 (29.1) 23 (29.5) 0.34
>70,000 CAD 1258 (66.1) 54 (69.2)
Not reported/known 92 (4.8) 1(1.3)
Married/long-term partner, n (%) 1812 (95.1) 77 (98.7) 0.14
Pre-pregnancy BMI, kg/m? 249 £ 04 248 £ 0.5 0.71
Alcohol consumption, n (%)
None 1378 (72.3) 49 (62.8) 0.0083
Any 291 (15.3) 10 (12.8)
Not disclosed/known 236 (12.4) 19 (24.4)
Smoking, n (%)
Never 1156 (60.7) 47 (60.3) 0.17
Former/quit during pregnancy 633 (33.3) 30 (38.5)
Current 115 (6.0) 1(1.3)
General health status, n (%)
Healthy 1449 (76.1) 60 (76.9) 0.83
Chronic condition, any1 442 (23.2) 17 (21.8)
Not disclosed/known 14 (0.7) 1(1.3)
Preeclampsia, n (%) 56 (2.9) 3(3.9) 0.21
Gestational diabetes, n (%) 50 (2.8) 227 0.74
Parity
0 837 (43.9) 39 (50.0) 0.24
1 768 (40.3) 32 (41.0)
2+ 300 (15.8) 7 (8.0)
Singleton pregnancy, n (%) 1860 (97.6) 74 (94.9) 0.12
Multivitamin first trimester,? n (%) 1661 (87.2) 71 (91.0) 0.32
Season at recruitment, n (%)
Winter 457 (24.0) 15(19.2) 0.35
Spring 441 (23.1) 16 (20.5)
Summer 447 (23.5) 25 (32.1)
Fall 560 (29.4) 22 (28.2)
Fetal outcome, n (%)
Unsuccessful pregnancy? 48 (2.5) 4(5.1) 0.20
Loss of follow-up 21 (1.1) 2 (2.6)
Preterm <37 weeks 136 (7.1) 7(9.0)
Term >37 weeks 1700 (89.2) 65 (83.3)
Size for GA at birth,* n (%) n=1784 n =68 0.73
SGA 104 (5.8) 4(5.9)
AGA 1450 (81.3) 53 (77.7)
LGA 230 (12.9) 11 (16.2)

Data are mean £ SEM or n (%). Differences between continuous variables were tested using a mixed-model
ANOVA with center modeled as a random effect; differences in proportions were tested using chi-square or Fisher’s
exact tests. Abbreviations: AGA, appropriate for gestational age; CAD, Canadian dollars; GA, gestational age: LGA,
large for gestational age; SGA, small for gestational age.

1Any self-reported health condition (allergies, anemia, arthritis, asthma, cardiac disorders, depression/mental
health disorders, diabetes, gastrointestinal disorders, glucose intolerance, gynecological disorders,
migraine/headaches, multiple sclerosis, nervous system disorders, osteopenia/osteoporosis, renal conditions, seizures,
skin conditions, or thyroid disorders).

2Supplement use surveyed at the first trimester visit; data reflect use during the 3 months prior to the visit.

3Spontaneous abortion, therapeutic abortion, hydatidiform, ectopic pregnancy, or stillborn.

4Weight for gestational age, singleton live births: SGA <10.0 and LGA >90.0 percentiles [Kramer et al (27)].

as well as to report the natural skin color of the inside of  synthesizing period (April 1 through October 31) for Canada
their upper arm (light: white, fair; medium: olive, light brown,  (29) was tested. Alternative patterns in response to UVB were
medium brown; or dark: dark brown, black) as a proxy for  explored, including 4 seasons and the month of sampling.
melanin content. As a proxy for UVB exposure, the vitamin D The latitude of recruiting centers <45°N included Vancouver,
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Toronto, Hamilton, Kingston, and Halifax and the latitude of
centers >45°N included Edmonton, Winnipeg, Sudbury, Ottawa,
and Montreal. The latitude of residence (range, 42.9°N to
53.8°N) was based on the first 3 characters of the postal code
and used to categorize participants into groups of <45°N and
>45°N.

Assessment of vitamin D status

Plasma samples collected during the first and third trimester
visits and at delivery (17) were used to measure 250HD and
categorize participants as having concentrations <30, <40, <50,
and 50-125 nmol/L; we also categorized plasma 250HD >125
nmol/L to explore concentrations at which there may be concern
for adverse effects (1). Two methods were used to measure
maternal plasma 250HD, and results were standardized accord-
ing to standard reference materials (12, 13). Initially, plasma
250HD (first trimester: n = 1188; third trimester: n = 762; and
delivery: n = 656) was measured using Total 25-hydroxyvitamin
D immunoassay kits and the LIAISON autoanalyzer platform
(Diasorin Inc.), as previously described (3). Quality control for
the LIAISON included Bio-Rad external control samples with
a CV% of <10%. Subsequently, the remaining samples were
measured using LC-MS/MS. In brief, internal standards [25-
hydroxyvitamin D;-(23,24,25,26,27-13C5); 25-hydroxyvitamin
D,-(13Cy); 3-epi-25-hydroxyvitamin D;-(23,24,25,26,27-13Cs);
CertiMass Reference Standards, IsoSciences] were added to
150 ul of plasma. Next, zinc sulfate (150 uL of 0.2 M) was
mixed in, followed by methanol (600 uL) to denature and
precipitate proteins, followed by centrifugation at 2000 RCF for
5 min at 20°C. Extraction of vitamin D metabolites from the
supernatant was performed using solid phase extraction (Waters
Oasis HLB pElution 96-well plate). Supernatant (600 nL) was
added to the solid phase extraction plate, then washed with
5% and 60% methanol (200 pL each), followed by elution
and collection with 95:5 methanol:isopropanol (80 pL) and
water (50 puL). Were isocratically separated 250HD3, 250HD,,
and the C-3 epimers on a Waters Acquity HSS PFP UPLC
column (1.8 um, 2.1 x 100 mm) using 68:32 methanol:water.
The MS/MS ion transitions were interpreted against a 5-point
calibration curve and concentrations calculated based on the
response of the internal standards. The LC-MS/MS method
is certified through the VDSCP as being traceable to the
internationally recognized reference measurement procedures
(www.cdc.gc/labstandards/vdscp.html). Through the VDSCP,
the overall method bias (accuracy) was 3.1% and the precision
was 5.7%. The laboratory has also maintained an annual
certification of proficiency in the Vitamin D External Quality
Assessment Scheme since 2005 and through the College of
American Pathologists since 2012. Due to the use of the 2
different techniques for the analysis of total 250HD, the original
immunoassay results were standardized to the LC-MS/MS
method. A subset of samples (n = 115) previously analyzed by
the immunoassay were reanalyzed by the LC-MS/MS procedure.
Following the procedures outlined by Tian et al. (30) and by
utilizing Deming regression analyses, a calibration equation was
populated using the original immunoassay results and the LC-
MS/MS reanalysis results of the 115 samples selected (stan-
dardized y = 5.36 4 0.96; original immunoassay), as described
previously (3).

Weiler et al.

Statistical analyses

Mean (SEM; 95% CI) plasma 250HD concentrations were
computed for each trimester. Proportions within each vitamin D
status category (>40 nmol/L and >50 nmol/L) were estimated
(%, 95% CI), and differences in proportions at each visit were
tested using chi-square analyses (or Fisher’s exact test for cells
with low counts). Differences in plasma 250HD concentrations
across pregnancy were tested using a mixed-model ANOVA with
fixed effects of time of sampling and maternal characteristic,
time of sampling (trimesters 1 and 3 and delivery) as a repeated
measure, participant as the subject, and recruiting center as a
random effect to account for clustering. Interactions between the
time of sampling and maternal characteristics were also tested.
A different model was fit for each characteristic of interest.
Maternal characteristics reflected categories of physiological
relevance to pregnancy (age, pre-pregnancy BMI, pregnancy
weight gain, food sources of vitamin D, supplemental vitamin
D, smoking, parity, pregnancy outcomes), socio-demographics
(income, education, marital status, country of birth), and factors
related to endogenous synthesis of vitamin D (time of sampling,
white/nonwhite race, skin color, and latitude of residence). Where
appropriate, post hoc testing was conducted using Tukey’s tests
and a Tukey-Kramer adjustment for multiple comparisons. The
concentration of plasma 250HD did not vary as a function of
singleton compared with multiple pregnancies, general health
status, or development of pregnancy complications, nor did it vary
as a function of preterm or term birth and infant weight for GA at
birth. Thus, the data were analyzed with all pregnancy outcomes
combined.

Subsequently, a generalized linear mixed model was used
to calculate the odds of having plasma 250HD >40 nmol/L
and >50 nmol/L according to various maternal characteristics to
enable comparison with other studies (8, 11), as well as maternal
and environmental factors of not using a multivitamin early in
pregnancy while accounting for sociodemographic covariates
(age, income, education). A separate model was generated for
each characteristic of interest while accounting for time of
sampling (first and third trimester and delivery) and interactions;
repeated measures were modeled based on the time of sampling
and participant. Recruiting center was modeled as a random
effect. Models for supplemental intakes >400 IU, and FFQ data
were generated using data from the third trimester and delivery,
and models for not using prenatal vitamins were generated only
for the first trimester. All data were analyzed using SAS version
9.4 (SAS Institute Inc.). A probability of <0.05 was accepted as
significant. Data are means & SEMs or 95% CIs unless otherwise
reported.

Results

Distribution of vitamin D status

This pregnancy cohort (Table 1) was relatively healthy and
of high socioeconomic status, with the majority of preg-
nancies resulting in healthy singleton AGA infants at term
(3514 £ 11 g). Vitamin D status met or exceeded the population
cut point of 40 nmol/L of plasma 250HD in 93.4% (95%
CI: 92.3%-94.5%) of participants at the first trimester visit
(11.5 £ 0.04 weeks GA; n = 1905), 93.9% (95% CI: 92.7%—
95.0%) at the third trimester visit (33.1 £+ 0.04 weeks GA;
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n = 1649), and 91.4% (95% CI: 90.0%-92.8%) at delivery
(39.3 £+ 0.04 weeks GA; n = 1543). Similarly, 84.5% (95%
CI: 82.9%-86.1%), 86.6% (95% CI: 85.0%—88.2%) and 83.9%
(95% CI: 82.1%-85.8%) met the 50 nmol/L cut point in the
first trimester, in the third trimester, and at delivery, respectively.
Very few (<5%) had plasma 250HD concentrations <30 nmol/L
or >125 nmol/L at any time point (Supplemental Table 1).

Vitamin D status according to maternal characteristics

The mean plasma 250HD concentration increased from the
first to third trimester, followed by a small decline at delivery
(Table 2). The plasma 250HD concentration was highest in
women >30 years of age, with advanced education, above
the median income, married or living with a partner, and
using a multivitamin in the first trimester; no interactions were
observed over time for these variables. The plasma 250HD
concentration was lowest in those with a pre-pregnancy BMI in
the obese category, with no interaction with time of sampling.
Pregnancy weight gain was not associated with the plasma
250HD concentration (data not shown). An interaction between
time and parity was observed in the plasma 250HD concen-
tration, where multiparous women had lower concentrations
in the third trimester. Mothers who had never smoked or
who had quit smoking (first trimester/before pregnancy) had
higher plasma 250HD concentrations compared to current
smokers.

Sociodemographic, physiological, and environmental factors
relevant to endogenous synthesis of vitamin D (Table 3) that
were associated with a higher plasma 250HD concentration,
without interaction over time of sampling, included self-reporting
race as white and being born in Canada. Among those born
elsewhere, 60.7% were from low-/middle-income countries and
39.3% were from high-income countries. Plasma 250HD was
lowest in the months of November through March and peaked
in summer (Supplemental Table 2). Data were subsequently
tested across pregnancy based on blood sampling during the
vitamin D synthesizing period of April through October; plasma
250HD was, on average, higher compared to November through
March (Table 3). Factors that interacted with the time of sampling
included the self-reported skin color and the latitude of residence.
Higher plasma 250HD concentrations were observed in those
with either light or medium skin during the first and third
trimesters, but only for those with light skin at delivery compared
to those with dark skin. Living below 45°N was associated with a
reduction in the plasma 250HD concentration between the third
trimester and delivery, while concentrations for those living at or
above 45°N did not change significantly.

In the second trimester (Table 4), the number of supplements
recorded per participant containing vitamin D ranged from 0 to
4, with a median of 1 (10th quantile, 0; 90th quantile, 2). The
median total supplemental vitamin D intake after accounting for
dose and frequency of intake was 400 IU (IQR, 200-400 IU);
only 4 participants exceeded the Tolerable Upper Intake Level
of 4000 IU/d. Those who took a supplement containing >400
IU/d of vitamin D—that is, those with above median intakes—
had higher plasma 250HD concentrations in the third trimester
and at delivery. In a subgroup analysis using available data for
supplemental intake dosages, participants with dosages <400,
400-799, and >800 IU/d were compared, showing incremental
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intakes were associated with incrementally higher mean plasma
250HD (Supplemental Table 3). The proportions of participants
with >800 IU/d of total supplemental vitamin D with plasma
250HD >125 nmol/L were 13.7% (95% CI: 8.5%—18.9%) in
trimester 3 and 9.5% (95% CI: 4.9%-14.1%) at delivery; no
participants had 250HD <40 nmol/L in trimester 3 and 3 had
250HD <40 nmol/L at delivery (33.2, 36.1, and 39.1 nmol/L).
Based on the FFQ, consuming 2 or more servings of milk/plant-
based beverages daily or consuming any type of fish 2 or more
times weekly was also associated with a higher plasma 250HD
concentration. An analysis of specific fish species according to
vitamin D content did not improve these results (data not shown).
Margarine use did not relate to vitamin D status (P = 0.29). None
of these lifestyle variables interacted with time.

Sensitivity analyses were used to explore whether plasma
250HD concentrations were modified by supplement use in the
first trimester, as well as self-reported race as white/nonwhite
(P = 0.0008), pre-pregnancy BMI (P = 0.27), and parity
(P = 0.47), while accounting for maternal age, education,
and income; supplement users still had higher plasma 250HD
concentrations (P < 0.0001) in all models. The only interaction
showed that the difference in plasma 250HD concentrations
from not using a supplement was more pronounced in the
nonwhite group compared to the other groups (Figure 2).
The benefit of using supplements did not interact (P = 0.65)
with the UVB exposure period of April through October
(Supplemental Figure 1) or with skin color (P = 0.34);
likewise, UVB exposure period did not interact with skin color
(P = 0.66).

ORs for achieving adequate vitamin D status

Of the maternal physiological and sociodemographic char-
acteristics (Table 5), those that were associated with lower
odds of achieving at least 40 nmol/L of plasma 250HD
throughout pregnancy included a younger maternal age, having
no postsecondary education, being below median income, self-
reporting race as nonwhite, having dark skin, not being born in
Canada, not being married/having no partner, being multiparous
(1, or >2), having a BMI >30 kg/mz, assessment during the
UVB void period of November through March, or no use
of multivitamins early in pregnancy. These factors remained
significant even after adjustment for maternal age, education,
income, and the recruiting center, and did not interact with time.
Other factors that were associated with lower odds of achieving
40 nmol/L of plasma 250HD during pregnancy included
consuming <400 IU of vitamin D from all supplemental sources
and <2 servings of milk/plant-based beverages/d as surveyed
in the second trimester. These factors remained significant in
models adjusted for covariates and did not interact with time. The
same factors were identified if the 50 nmol/L of plasma 250HD
cut point was used (Supplemental Table 4). Smoking history and
latitude of residence were not associated with either vitamin D
status category (data not shown).

The most prominent modifiable factor associated with lower
odds of meeting the vitamin D status cut point of >40 nmol/L
of plasma 250HD was lack of use of a multivitamin during
the first trimester (Supplemental Table 5). Therefore, we
conducted further analyses and identified being below the median
income and multiparity as factors associated with not taking a
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TABLE 5 ORs for 25-hydroxyvitamin D concentration >40 nmol/L according to maternal characteristics

Categories Unadjusted Adjusted!
Age, years
<30 0.58 (0.45-0.77) 0.71 (0.53-0.94)
30-34 REF REF
>35 0.85 (0.64-1.13) 0.84 (0.63-1.11)
Education
<High school 0.51 (0.37-0.71) 0.62 (0.44-0.88)
College/bachelors REF REF

Graduate degree
Household income
<70,000 CAD
>70,000 CAD
Not reported/known
Self-reported
White
Nonwhite
Skin color?
Light
Medium
Dark
Country of birth
Canada
Elsewhere
Marital status®
Married/partner
Other
Parity
0
1
2+
Pre-pregnancy BMI, kg/m?
Underweight (<18.5)
Healthy (18.5-24.9)
Overweight (25.0-29.9)
Obese (>30.0)
Not known/available
Time of year*
November 1 to March 31
April 1 to October 31
Multivitamin use first trimester®
Yes
No
Total supplemental vitamin D®
<400 1U/d
>400 IU/d
No survey
Milk/plant-based beverages®
<2 servings/d
>2 servings/d

1.19 (0.90-1.56)

0.62 (0.49-0.79)
REF
0.57 (0.35-0.91)

REF
0.29 (0.22-0.37)

REF
0.77 (0.59-1.00)
0.23 (0.15-0.37)

REF
0.57 (0.44-0.73)

REF
0.47 (0.32-0.70)

REF
0.75 (0.59-0.96)
0.53 (0.40-0.71)

1.63 (0.63-4.20)
REF

0.77 (0.58-1.02)

0.49 (0.37-0.66)

0.71 (0.47-1.08)

0.49 (0.39-0.60)
REF

REF
0.31 (0.24-0.39)

0.29 (0.21-0.40)
REF
0.32 (0.21-0.50)

0.51 (0.38-0.69)
REF

1.12 (0.85-1.47)

0.73 (0.56-0.93)
REF
0.66 (0.41-1.07)

REF
0.32(0.24-0.41)

REF
0.81 (0.62-1.06)
0.29 (0.18-0.47)

REF
0.57 (0.44-0.74)

REF
0.63 (0.42-0.95)

REF
0.71 (0.55-0.91)
0.52 (0.38-0.70)

1.82 (0.71-4.71)
REF

0.79 (0.59-1.05)

0.53 (0.40-0.71)

0.82 (0.54-1.25)

0.47 (0.38-0.59)
REF

REF
0.33 (0.25-0.42)

0.30 (0.22-0.40)
REF
0.34 (0.22-0.52)

0.51 (0.38-0.69)
REF

Data are ORs (95% Cls) calculated using separate models for each characteristic of interest using a generalized
linear mixed model with recruiting center modeled as a random effect. Abbreviation: CAD, Canadian dollars.
'ORs (95% ClIs) are adjusted for maternal age (years), education category, income (median); education and

income were not included in the model when these were the dependent variables.

2Skin color was self-reported as the natural color of inside of the inner upper arm: light (white, fair); medium

(olive, light/medium brown); or dark (dark brown, black).

3Marital status combined for married or with stable partner for over a year; all other marital status categories

were combined: single, divorced, separated, and other.

4 April 1 to October 31 represents the period when solar ultraviolet beta radiation is sufficient for endogenous

synthesis of vitamin D.

SMultivitamin supplement use was surveyed at the first trimester visit; data reflect use during the 3 months prior

to the visit.

%Food and supplement use were surveyed in the second trimester; data reflect past 30-day intake including

compliance.
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TABLE 6 Factors related to increased odds of not taking a supplement in
the first trimester of pregnancy

Variable Unadjusted Adjusted
Education
<High school 1.52 (1.00-2.29) 1.38 (0.88-2.15)!

College/bachelors REF REF
Graduate degree 0.88 (0.63-1.22) 0.92 (0.65, 1.28)
Household income

<70,000 CAD 1.45 (1.10-1.94) 1.39 (1.02-1.89)?

>70,000 CAD REF REF

Not reported/known 1.71 (0.97-3.02) 1.63 (0.92-2.91)
Parity

0 REF REF

1 1.33 (0.98-1.81) 1.37 (1.01-1.87)°

2+ 2.09 (1.46-3.00) 2.08 (1.42-3.02)

Data are ORs (95% Cls) calculated using separate models for each
characteristic of interest using a generalized linear mixed model with
recruiting center modeled as a random effect. Abbreviations: CAD,
Canadian dollars.

'ORs (95% Cls) are adjusted for maternal age (years) and income.

20Rs (95% CIs) are adjusted for maternal age (years) and education.

30Rs (95% Cls) are adjusted for maternal age (years), education, and
income.

2% to 7% of participants had 250HD <50 nmol/L based on
LC-MS/MS. National data suggest that the use of multivitamin
supplements reduces the prevalence of an inadequate vitamin D
status (6.4%, compared with 15.6% with 250HD <40 nmol/L)
(35) to similar rates as those observed in our study.

Vitamin D status is a composite of intakes and environmental
factors. In pregnancy cohorts (7, 15, 32, 36), vitamin D intake
from food is, on average, below the EAR. Supplemental intake
of vitamin D (400 IU/d) provides almost twice as much vitamin
D as food sources (~240 IU/d) (15) and is the most prominent
determinant of vitamin D status in pregnancy (32, 37). In the
present report, those that took <400 IU/d of total supplemental
vitamin D had lower odds of achieving 250HD >40 nmol/L.
Similarly, the odds of meeting this population health target were
lower in those who consumed <2 servings of milk/fortified plant-
based beverages daily and were lower during the months when
UVB is insufficient to elicit endogenous synthesis of vitamin
D (29, 32). Melanin in the skin absorbs UVB rays, which can
reduce endogenous synthesis of vitamin D (38). As a proxy for
melanin, we surveyed skin color. Darker skin was associated with
a lower vitamin D status and lower odds of achieving 40 nmol/L
of plasma 250HD, but the sample size was too limited to test
for interactions with multivitamin use. Nonetheless, the benefits
of multivitamin use did not interact with the UVB exposure
period, and even though there was an interaction with self-
reporting a white or nonwhite identity, use of a multivitamin
was associated with higher vitamin D status in both groups.
Since 5 months of pregnancy can overlap with the UVB-void
period of November through March, actions to ensure total
vitamin D intake meets the EAR throughout the year remain a
priority. We and others (32), however, caution that taking multiple
supplements containing vitamin D may increase the proportion
with plasma 250HD >125 nmol/L, which is considered the
concentration at which the risk of adverse effects increases (1).

We explored both modifiable and nonmodifiable factors in
explaining multivitamin use and vitamin D status in the present

Weiler et al.

study to help guide policy and educational strategies. In the
United States, sociodemographic factors associated with not
taking a multivitamin include obesity and multiparity (39);
obesity was not a risk factor after adjustment for multiparity.
In our study, 87.2% took a multivitamin in the first trimester,
whereas multiparous mothers with 2 or more children were 2
times less likely to take a multivitamin and 50% less likely to have
plasma 250HD >40 nmol/L. Plasma 250HD concentrations
were lower among younger women, those with increasing parity,
those with a lower income, and those with less education, as
well as among those with a maternal country of birth outside
of Canada. While many of these factors reduced the odds
of achieving 40 nmol/L of plasma 250HD across pregnancy,
parity was significantly associated with supplement use after
adjustment for age, income, and education. In addition, a pre-
pregnancy BMI >30 kg/m? was associated with a lower plasma
250HD concentration and lower odds of having >40 nmol/L
plasma 250HD compared to a BMI in the recommended range,
yet BMI did not interact with multivitamin use or emerge as
a factor for adhering to supplement use. Very recent studies
show that women with an elevated BMI >30 kg/m2 who are
adhering to multivitamin supplement use achieve an adequate
vitamin D status (32, 37). As such, adherence to multivitamin use
appears to be an important modifiable factor that is effective in
supporting vitamin D status of pregnant women across the range
of sociodemographic characteristics in our cohort.

Several explanations could account for increasing parity as a
risk factor for lower adherence to multivitamin use. For example,
in a mental health model, if a woman already feels healthy and
less vulnerable, she would be less likely to use a supplement
(40). In a qualitative study, pregnant women received less dietary
and supplement information with increasing parity (41); 1 mother
stated, “I think they kind of assumed that I knew it from before.”
Research also suggests that family/general physicians compared
to obstetricians/gynecologists are less likely to recommend
multivitamin supplements (42). Given that 94.9% of prenatal
visits in Canada begin on average at 7.5 weeks of gestation (31),
reinforcing the importance of a multivitamin supplementation
for all pregnancies would be preferential over targeting specific
subgroups.

As noted, the 40 nmol/L of plasma 250HD cut point is for
population health assessments, whereas the 50 nmol/L is for
assessments of individuals and is mainly supported by studies
on bone health (1). The committee that set the EAR and RDA
acknowledged that there were not sufficient data for other
outcomes, including pregnancy (1). Since that time, >50 nmol/L
of circulating 250HD in pregnancy is reported to reduce the
risks of preeclampsia (43), gestational diabetes mellitus (44),
having an infant with a SGA (45), and preterm birth (46). Of
relevance to the interpretation of plasma 250HD in pregnancy,
small declines in plasma 250HD from the third trimester to
delivery are expected (47, 48), in accordance with declines in
vitamin D binding protein (49) and albumin (49, 50), the main
transport proteins in blood (51). Regardless of which vitamin D
status cut point is used or the trimester of pregnancy, the same
sociodemographic correlates and protective factors emerged.

This study has important limitations, including the nonrandom
convenience sample and, accordingly, the lack of weighted data
to produce estimates for specific population subgroups. The
response rate was 39%, and those who participated tended to
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smoke less, be older, and have more education compared to
national data (17). The plasma 250HD concentration is subject
to diurnal and circadian rhythms (52). The time of day of plasma
collection was not standardized within and among participants.
Few participants had plasma 250HD <40 nmol/L, and although
the large sample size enabled us to explore correlates of
achieving 40 nmol/L, the sample was too limited to seek multiple
interaction terms (e.g., skin tone, BMI). Future larger studies
would benefit from an objective assessment of skin tone and
assessment of newborn vitamin D status.

In conclusion, the majority of pregnant women in the MIREC
cohort had an adequate vitamin D status, with few participants
having vitamin D deficiency, which we ascribe to high adherence
to multivitamin supplement use early in pregnancy. Factors
associated with not taking a multivitamin included multiparity
and a lower income. Public health policies should continue
to recommend that all women who could become pregnant
or who are pregnant take a daily multivitamin supplement.
Whether a recommendation pertaining to vitamin D content of
the supplement would be beneficial to specific population groups
requires further research.
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