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A randomized trial of vitamin D supplementation in 2
community health center networks in South Carolina
Carol L. Wagner, MD; Rebecca McNeil, PhD; Stuart A. Hamilton, MD; Joyce Winkler, RN, MPH;
Carolina Rodriguez Cook, MD; Gloria Warner, MA; Betty Bivens, RA; Deborah J. Davis, MD;
Pamela G. Smith, RN; Martha Murphy, RA; Judy R. Shary, MS; Bruce W. Hollis, PhD
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OBJECTIVE: We sought to determine whether 4000 IU/d (vs 2000 IU/d)
f vitamin D during pregnancy is safe and improves maternal/neonatal
5-hydroxyvitamin D [25(OH)D] in a dose-dependent manner.

STUDY DESIGN: A total of 257 pregnant women 12-16 weeks’ gesta-
tion were enrolled. Randomization to 2000 vs 4000 IU/d followed
1-month run-in at 2000 IU/d. Participants were monitored for hypercal-
ciuria, hypercalcemia, and 25(OH)D status.

RESULTS: Maternal 25(OH)D (n � 161) increased from 22.7 ng/mL (SD
.7) at baseline to 36.2 ng/mL (SD 15) and 37.9 ng/mL (SD 13.5) in the
000 and 4000 IU groups, respectively. While maternal 25(OH)D change

rom baseline did not differ between groups, 25(OH)D monthly increase dif- K
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ered between groups (P � .01). No supplementation-related adverse
vents occurred. Mean cord blood 25(OH)D was 22.1 � 10.3 ng/mL in
000 IU and 27.0 � 13.3 ng/mL in 4000 IU groups (P � .024). After con-
rolling for race and study site, preterm birth and labor were inversely asso-
iated with predelivery and mean 25(OH)D, but not baseline 25(OH)D.

CONCLUSION: Maternal supplementation with vitamin D 2000 and
000 IU/d during pregnancy improved maternal/neonatal vitamin D
tatus. Evidence of risk reduction in infection, preterm labor, and
reterm birth was suggestive, requiring additional studies powered
or these endpoints.
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W ith avoidance of sunlight expo-
sure due to lifestyle changes, con-

cerns regarding skin cancer, and the re-
sultant widespread use of sunscreen,
fewer Americans are meeting their needs
for vitamin D.1-3 A study published in
2002 by the Centers for Disease Control
and Prevention and our laboratory at the
Medical University of South Carolina
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(MUSC) revealed that 42% of African
American women in their childbearing
years exhibited vitamin D deficiency (hy-
povitaminosis D).4 More recent publica-
tions suggest that the rate of deficiency is
higher than previously reported.2-7

Until recently, there was no Recom-
mended Dietary Allowance (RDA) for
vitamin D, only an adequate intake,
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which remained at 200 IU/d of vitamin D
for decades.8 A 2010 review of the vita-

in D requirements by the Institute of
edicine (IOM) resulted in a revised

DA of 600 IU/d of vitamin D,9 and sug-
ested that fewer Americans are deficient
han previously reported.9 Using the

IOM definition of deficiency of �20
g/mL (50 nmol/L); however, 2 recent

arge studies of vitamin D status in preg-
ant women living at latitude 32°N
South Carolina) showed that African
merican women were 8 times as likely
s Hispanic women, and 20 times as
ikely as Caucasian women, to have vita-

in D deficiency.2,3,7 Yet little informa-
tion exists that addresses the vitamin D
requirements of the pregnant woman
and her fetus.10

The recent Eunice Kennedy Shriver Na-
tional Institute of Child Health and Hu-
man Development (NICHD)-sponsored
randomized controlled trial of vitamin D
supplementation using 400, 2000, or
4000 IU/d of vitamin D3 starting at 12
weeks of gestation showed that 400 IU/d
was woefully inadequate in achieving vi-
tamin D sufficiency.7 Optimal 1,25-di-
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duction (ie, the point at which its
concentration has reached steady-state)
was found to occur when total circulat-
ing 25-hydroxyvitamin D [25(OH)D]
concentration was at least 40 ng/mL (or
100 nmol/L).7 In addition, only the 4000
IU group achieved optimal status in all
women throughout pregnancy, includ-
ing second trimester, irrespective of race.
The translation of vitamin D supple-
mentation at these doses to other women
receiving care in a nonuniversity health
setting has become essential.

This study was undertaken to shed
light on the vitamin D requirements of
pregnant women receiving their prenatal
care at community health centers. The
study’s primary hypothesis was that vita-
min D supplementation of 2000 or 4000
IU/d during pregnancy was safe and ef-
fective in achieving vitamin D sufficiency
and would result in improved maternal
and neonatal health status. It was further
hypothesized that the 4000 IU dose
would result in a greater increase in
25(OH)D than the 2000 IU dose. The
coprimary outcome measures were the
change in circulating 25(OH)D concen-
tration from baseline to the completion
of pregnancy in the mother, and her ne-
onate’s 25(OH)D concentration at birth.

MATERIALS AND METHODS
Study design
This was a 2-center, randomized, dou-
ble-blinded study of vitamin D supple-
mentation (Food and Drug Administra-
tion Investigational New Drug #66,346;
ClinicalTrials.gov #NCT00412087). The
study was approved by the MUSC Insti-
tutional Review Board (IRB) for Human
Research (HR# 16476) and the Palmetto
Baptist Hospital (Columbia, SC) IRB for
Human Research (PH IRB# 2007-25).
Written informed consent was obtained
from each participant. Women �16

eeks’ gestation were eligible for partic-
pation in the study.

A precedent NICHD vitamin D supple-
entation trial during pregnancy had be-

un in 2004 with baseline 25(OH)D anal-
sis revealing marked deficiency among
arker pigmented women.3 Further, be-

cause 400 IU/d of vitamin D had already

been shown to be ineffective in maintain-

1.e2 American Journal of Obstetrics & Gynecology
ing adequate vitamin D status during preg-
nancy7,11-14 and because the majority of
women being recruited in this study were
either African American or Hispanic, with
darker pigmentation and a greater likeli-
hood of vitamin D deficiency, a control
group that would receive 400 IU/d of vita-
min D was considered unethical by the sci-
entific review committee as well as the re-
search team. Hence, a control arm was not
included a priori in the study design.

Study setting
This study was conducted from Nov. 21,
2006, through June 30, 2010, at Eau Claire
Cooperative Health Center (ECCHC) in
Columbia, SC, and Northwoods Commu-
nity Health Center (NCHC) in North
Charleston, SC. ECCHC and NCHC are
both Section 330 community health cen-
ters. At least 60% of the ECCHC and
NCHC patient populations are of racial/
thnic minority groups, including Afri-
an American and Hispanic women. The
opulations being served by ECCHC
nd NCHC are among the poorest in
outh Carolina; the majority of women
re 100% below the federally designated
overty level and many women rank
00% below federal poverty level.

Inclusion and exclusion criteria
The inclusion criteria were: maternal age
�16 years; confirmed singleton preg-
nancy of �16 completed weeks of gesta-
ion at the time of enrollment; and inten-
ion to receive ongoing prenatal care at
he community health center where con-
ent was obtained.

Mothers with preexisting calcium or
arathyroid conditions or who required
hronic diuretic or cardiac medication
herapy, including calcium channel
lockers, were not eligible for enroll-
ent into the study. Mothers with active

hyroid disease (eg, Graves, Hashimoto,
r thyroiditis) also were not eligible to
articipate in the study; however, moth-
rs on thyroid supplement with normal
erological parameters could participate
n the study if they were without any
ther endocrine dysfunction.

Randomization and intervention
Upon enrollment into the study, expect-
ant mothers’ vitamin D status was assessed

by measuring total circulating 25(OH)D
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and parathyroid hormone (PTH). Based
on this initial 25(OH)D level, the random-
ization to 2000 or 4000 IU/d of vitamin D3

was stratified using a cut point of 32 ng/
mL. Randomization lists were generated
by computer prior to the start of the
study. Randomization assignment was
blinded to all participants and to the in-
vestigators except for the study biostatis-
tician. Dose groups were identified for
logistical purposes using 6 letters (3 per
dose group) as an additional measure
against inadvertent unblinding.

Adherence to medication regimen
Adherence to the vitamin D supplemen-
tation regimen was measured by mater-
nal self-report and pill counts at each fol-
low-up visit.15 If a woman missed 1
prenatal visit, her next month’s supply of
vitamins was mailed to her or delivered
to her residence. If a woman had �2
missed visits or if she failed to take at least
50% of the prescribed vitamin D pills,
she was exited from the study.

Study protocol
Gestational age at enrollment
Gestational age was based on last men-
strual period. If a woman was unsure of
this date, the obstetrical estimate at the
time of the visit was used. If, at the 20-week
fetal ultrasound, it was determined by the
obstetrician that the gestational age was in-
correct, the revised gestational age was
used.

Initial study visit
Baseline blood and urine samples were
obtained following each participant’s
consent at the initial visit (10 to �16
weeks). Irrespective of enrollment gesta-
tional age, vitamin D supplementation
did not begin before the 12th week of
gestation (12 and 0/7 weeks).

Subsequent study visits
Participants were followed with monthly
study visits, which continued until deliv-
ery. These visits coincided with routine
obstetrical visits. There was 1 additional
visit with mother and infant 2 weeks’
postpartum.

Completion of questionnaires
Participants completed questionnaires

used in the NICHD vitamin D preg-
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nancy trial,7 which included sociodemo-
graphic information, baseline health sta-
tus, and medical history at the first visit.
At the second visit, the Block Food Fre-
quency Questionnaire (Block, Berkeley,
CA) was completed to ascertain general-
ized eating pattern, with specific calcula-
tion of calcium and vitamin D in-
take.16-21 An interim maternal health
history questionnaire also was com-
pleted at each visit with the assistance of
the study coordinator to ascertain ad-
verse events, and type and frequency of
acute illnesses such as respiratory, gas-
trointestinal, and other viral and/or bac-
terial illnesses. A review of medications
and doctor’s visits was obtained at that
time. After delivery, the newborn record
of each infant was reviewed for mode of
delivery, birthweight (grams), and gesta-
tional age.

Blood and urine samples
Maternal blood samples were collected
at the first visit, then every other obstet-
rical visit and at the time of delivery.
Maternal urine samples were collected
at each visit. Cord blood was obtained
at delivery. If the cord blood sample
could not be obtained, a neonatal
blood sample was drawn within 2
weeks of delivery.

MATERIALS
Source of vitamin D
Vitamin D tablets (1600 and 3600 IU)
were manufactured by Tishcon Corp
(Westbury, NY) a Good-Manufactur-
ing-Practice facility. Hoffman-La Roche
Ltd (Basel, Switzerland) supplied the
cholecalciferol content contained in the
vitamin D tablet manufactured by Tish-
con Corp. The tablet vitamin concentra-
tion was verified by the company every 6
months and by an independent labora-
tory chosen by the investigators (Heart-
land Assays, Ames, IA) using high-per-
formance liquid chromatograph with
ultraviolet light detection to ensure the
tablets met label claim throughout the
study; these results were reported to
the MUSC Investigational Drug De-
partment. Tablets were maintained
in the MUSC Investigational Drug

Division of Pharmacy until the time
that they were dispensed to enrolled sub-
jects at ECCHC or NCHC.

Source of prenatal vitamins
Prenatal vitamins (400 IU vitamin D3/
tablet) prescribed at study entry were
Myadec multivitamin-multimineral sup-
plement (distributed by Pfizer Consumer
Healthcare, Morris Plains, NJ). Those
mothers unable to swallow a prenatal vita-
min were given a Flintstones Complete
chewable vitamin (Bayer Healthcare,
Morristown, NJ) (400 IU vitamin D3

per vitamin).

Study measures
Maternal sociodemographic
questionnaire
Upon enrollment in the study, each
mother was asked to complete a sociode-
mographic questionnaire to ascertain ma-
ternal age, race, educational level, occupa-
tion, and insurance status.

Race/ethnicity definition
Each mother was asked to describe the
racial/ethnic group to which she be-
longed, by selecting any applicable cate-
gories from African American, Cauca-
sian, Hispanic, American Indian, Asian,
and other.

Pregnancy intake and
surveillance survey
Upon enrollment, each woman was
asked to complete a health assessment
questionnaire to ascertain her use of
medications (checklist) and over-the-
counter preparations that may have in-
fluenced vitamin D/calcium homeosta-
sis. Additional questions concerned use
of cigarettes and alcohol, and overall
health status.

Pregnancy health status, and labor
and delivery characteristics
and complications
Characteristics of each mother’s health
status and complications during preg-
nancy, labor, and delivery were re-
corded. Complications at the time of de-
livery were listed according to American
Congress of Obstetricians and Gynecol-
ogists definitions. In addition, if the
mother required hospitalization, a copy

of the hospital record was obtained after c
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she signed a release of medical informa-
tion form. Any acute illnesses or devel-
opment of pregnancy-related conditions
that were not preexisting also were re-
corded. When appropriate, the Data Safety
and Monitoring Committee (DSMC) and
the IRB were notified of any adverse
events.

Season
The season that each blood sample was
drawn was defined as spring (April
through May), summer (June through
September), fall (October through No-
vember), and winter (December through
March).

Maternal body mass
index measurement
Prepregnancy height and weight of each
mother were recorded at the first outpa-
tient visit to determine body mass index
(weight [kg]/height [m2]). During sub-
equent visits, only the mother’s weight
as recorded, and the initial height and
pdated weight were used to calculate
ody mass index at each outpatient visit.

eonatal growth parameters
t the postpartum visit, the infant’s
eight in grams, head circumference in

entimeters, and length in centimeters
ere recorded. The growth parameters
ere then plotted using Fenton growth

urves, which facilitate the calculation of
-scores and permit the more precise as-
essment of growth of infants who are
orn preterm.22

Laboratory measurements
Maternal and cord blood/neonatal
total circulating 25(OH)D assays
A rapid, direct radioimmunoassay devel-
oped in an author laboratory (B.W.H.)
and manufactured by Diasorin Corp
(Stillwater, MN) was used to measure to-
tal circulating 25(OH)D concentration
in serum samples as previously de-
scribed.7,23 Based on clinical laboratory
classifications,24,25 a priori, deficiency

as defined as total circulating 25(OH)D
0 ng/mL (50 nmol/L), insufficiency as
20-32 ng/mL (�50-80 nmol/L), and suf-

ciency as �80 nmol/L (�32 ng/
L).10,25-28 The interassay and intra-assay
oefficient of variation was �10%.
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Maternal and infant concentrations
of serum calcium, creatinine,
and phosphorus
Maternal serum total calcium, creati-
nine, and inorganic phosphorus were
measured bimonthly (maternal) and at
delivery (cord blood) by MUSC Clinical
Chemistry Laboratory using standard
methodology and laboratory normative
data.

Monthly maternal urinary
calcium:creatinine ratio
Urinary calcium and creatinine were
measured monthly for each mother by
the MUSC Clinical Chemistry Labora-
tory (to convert mg/dL of calcium to
mmol/L, multiply the value by 0.25. To
convert mg/dL of creatinine to mmol/L,
multiply by 0.088), then expressed as a ratio
(urinary calcium [mg/dL]: creatinine [mg/
dL] ratio).

Maternal and cord blood
concentrations of circulating
intact PTH
Intact PTH (iPTH) was measured in se-
rum samples by immunoradiometric as-
say as previously described.7 The adult

ormal range for iPTH in our laboratory is
.3-5.4 pmol/L. Higher vitamin D levels
re associated with lower iPTH; as vitamin

status improves, iPTH declines.29

Safety monitoring
All study participants were monitored
monthly for hypervitaminosis D. The
first sign of hypervitaminosis D is hyper-
calciuria, of which, urinary calcium:cre-
atinine ratio is the most sensitive indica-
tor. Operationally, we defined a priori
caution limits for hypervitaminosis D as
a urinary calcium:creatinine (mg/dL) ra-
tio �0.8. The study’s DSMC reviewed
the quarterly summary reports that were
generated for all subjects enrolled in the
study. Whenever any patient was to ex-
ceed the caution limit, a specific case
study was to be initiated to examine the
contribution of confounding factors (eg,
diet, sunlight exposure). Operationally,
we were to stop vitamin D3 supplemen-
tation if the urinary calcium:creatinine

ratio (measured monthly) exceeded 1.0

1.e4 American Journal of Obstetrics & Gynecology
or if the circulating 25(OH)D level (mea-
sured bimonthly) exceeded 100 ng/mL,
and the DSMC and IRB were notified
immediately. The principal investigator
of the study reviewed all laboratory re-
sults on a weekly basis to identify poten-
tially abnormal values.

Statistical methods
Sample size and power considerations
A total of 148 participants were to be en-
rolled in the study with 74 per supple-
mentation arm. For one primary end-
point of change in 25(OH)D level
between baseline and final measure-
ments, this sample size would support
the detection of a 10-ng/mL difference
between dose groups with 80% power
using a 2-sided t test at � � 0.05. This
calculation assumed that the SD of
25(OH)D measurements at a single time
point was approximately 10, that there
would be a low correlation (� � 0.25)
between the baseline and final measure-
ments, and that a substantial proportion
(up to 50%) of participants may be lost
to follow-up. This calculation was robust
to changes in the assumption regarding the
magnitude of correlation between mea-
surements made over time; if a higher cor-
relation were to be present, the study’s
power would be increased.

Statistical analyses
Primary analysis
The a priori primary data analysis focused
on comparisons of change in serum
25(OH)D between the 2 dose groups.
While participants were randomized
within each stratum, as described above,
the strata were extremely imbalanced at
the close of the study due to the infre-
quent occurrence of 25(OH)D levels
�32 ng/mL (Figure 1). Thus, the pri-

ary comparison for planning purposes
as a 2-sample test of dose group differ-

nces in the change in 25(OH)D levels,
egardless of stratum. This comparison
lso was performed using the Wil-
oxon rank sum test as a sensitivity
nalysis to the normality assumption.
he latter test is reported as the pri-
ary analysis. Statistical significance is

laimed for P � .05. Due to the multi-

site implementation of the study, we

MONTH 2013
also report results controlled for site
using multivariable models.

Secondary analysis
In secondary analyses, multilevel mixed-
effects models were used to estimate
the average monthly rate of change in
25(OH)D, compare this rate between
dose groups, and explore the effects of
covariates on the rate of change.30 These
models included fixed effects for dose
group, time, and the group-time interac-
tion, and a random intercept effect, with
additional covariate effects as required.
Time was considered a continuous vari-
able, measured in months rather than as-
suming structured visit occurrences. An
unstructured covariance matrix was as-
sumed. The same approach was used to
evaluate the longitudinal association be-
tween 25(OH)D and calcium, iPTH (log
transformed), phosphorus, and urinary
calcium, creatinine, and calcium:creati-
nine levels. The cumulative occurrence
of pregnancy complications was com-
pared between dose group levels using
logistic regression. All analyses were per-
formed using software (SAS, version 9.3;
SAS Institute Inc, Cary, NC).

Participant attrition and missing data
Because the primary endpoint was
change in 25(OH)D from baseline to de-
livery, the primary analysis was restricted
to participants who remained in the
study until delivery and provided a blood
sample within 6 weeks prior to delivery,
at delivery, or at the postdelivery visit
(completers-only analysis). Typically,
multiple imputation would be used to
impute missing values in support of the
favored intention-to-treat analytic ap-
proach. Because the multiple imputation
model for this analysis would have re-
quired variables also measured in the fi-
nal blood sample, however, it could not
be used to impute cases with a missing
final blood sample. Thus, to assess the
primary findings’ robustness to assump-
tions about the missing data, we per-
formed a sensitivity analysis under the
following assumptions: cases with miss-
ing endpoints experienced no change in
both groups; experienced the group-spe-

cific median change observed in com-
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pleters; experienced no change in the
2000 IU group and minimal change in
the 4000 IU group. In the secondary
analyses using multilevel mixed-effects
models for longitudinal modeling, all
available data points were used, as it is
not necessary to delete cases with missed
time points when using this approach.

RESULTS
Baseline characteristics
A total of 257 women consented to par-
ticipate in this study. Of those, 161
(63%) provided complete data regarding
the primary endpoint (Figure 1). The so-
iodemographic characteristics of the
ctive cohort are found in Table 1. After
ontrolling for race and study site, no
haracteristics differed significantly be-
ween groups.

The mean maternal baseline 25(OH)D
as 22.7 ng/mL (SD 9.7); this did not

FIGURE 1
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Primary analysis
Primary endpoint
The overall maternal 25(OH)D change
from baseline was estimated to be �14.1
ng/mL (SD 12.7) (P � .001). The mean
change from baseline for the 2000 and
4000 IU groups was �12.9 ng/mL (SD

2.8) and �15.4 ng/mL (SD 12.6), re-
pectively (group comparison of change
� .23; P � .40 adjusted for race and

study site). At the last study visit prior to
delivery, the average 25(OH)D levels
were 36.2 ng/mL (SD 15.0) in the 2000
IU group and 37.9 ng/mL (SD 13.5) in
the 4000 IU group. The difference be-
tween the 2 groups at this time point was
not statistically significant in direct com-
parisons (P � .29) or after controlling
for race and study site (P � .47). Overall,
31 of 83 (37.4%) of the 2000 IU group,
and 36 of 78 (46.2%) of the 4000 IU
group achieved 40 ng/mL at this time

andomized (n = 39)
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1) 
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version of 25(OH)D to 1,25(OH)2D is
optimized during pregnancy.7

Neonatal 25(OH)D as measured
in cord blood
The mean cord blood 25(OH)D level, as
measured on 144 infants, was 0.7 (SD

TABLE 1
Sociodemographic and clinical cha

Characteristic

Maternal age (y), mean � SD
...................................................................................................................

Gestational age at enrollment (wk), mean � S
...................................................................................................................

Planned pregnancy
...................................................................................................................

Gravidity
...................................................................................................................

Primigravida
...................................................................................................................

Parity
...................................................................................................................

BMI �30
...................................................................................................................

Race
..........................................................................................................

African American
..........................................................................................................

Caucasian
..........................................................................................................

Hispanic
..........................................................................................................

Other
...................................................................................................................

Highest education achieved
..........................................................................................................

�High school
..........................................................................................................

High school
..........................................................................................................

Some college
..........................................................................................................

�Associates degree
...................................................................................................................

Employed
...................................................................................................................

Season (April through September)
...................................................................................................................

Insurance status
..........................................................................................................

None
..........................................................................................................

Medicaid
..........................................................................................................

Private
...................................................................................................................

Obstetrical history
..........................................................................................................

Preterm birth
..........................................................................................................

Preeclampsia
..........................................................................................................

Gestational diabetes
..........................................................................................................

Diabetes (type 1 or 2)
..........................................................................................................

Chronic hypertension
...................................................................................................................

Subjective health rating
...................................................................................................................

Continuous and ordinal variables reported as median (range) u
and compared between groups using �2 test or Fisher exact t
Missing data as follows: gestational age, n � 3.
BMI, body mass index.

Wagner. Vitamin D supplementation during pregnancy.
0.3) times that of maternal predelivery

1.e6 American Journal of Obstetrics & Gynecology
25(OH)D. Overall, the mean cord blood
25(OH)D level was 24.5 ng/mL (SD
12.0): 22.1 ng/mL (SD 10.3) in the 2000
IU group and 27.0 ng/mL (SD 13.3) in
the 4000 IU group (P � .024). The cor-
relation between the infants’ and moth-
ers’ 25(OH)D levels was estimated to be

teristics by self-reported race/ethni

Total cohort
N � 257

2000 IU/d
n � 130

400
n �

25.0 � 5.1 24.5 � 5.3 25.4
.........................................................................................................................

12.4 � 1.8 12.4 � 1.7 12.4
.........................................................................................................................

95 (37.0%) 47 (36.2%) 48 (
.........................................................................................................................

1 (0–7) 1 (0–7) 1 (
.........................................................................................................................

97 (37.7%) 51 (39.2%) 46 (
.........................................................................................................................

1 (0–4) 0 (0–4) 1 (
.........................................................................................................................

70 (27.2%) 32 (24.6%) 38 (
.........................................................................................................................

.........................................................................................................................

124 (48.3%) 61 (46.9%) 63 (
.........................................................................................................................

25 (9.7%) 12 (9.2%) 13 (
.........................................................................................................................

101 (39.3%) 55 (42.3%) 46 (
.........................................................................................................................

7 (2.7%) 2 (1.5%) 5 (
.........................................................................................................................

.........................................................................................................................

72 (28.0%) 35 (26.9%) 37 (
.........................................................................................................................

104 (40.5%) 56 (43.1%) 48 (
.........................................................................................................................

57 (22.2%) 27 (20.8%) 30 (
.........................................................................................................................

24 (9.3%) 12 (9.2%) 12 (
.........................................................................................................................

116 (45.1%) 60 (46.2%) 56 (
.........................................................................................................................

163 (63.4%) 83 (63.9%) 80 (
.........................................................................................................................

.........................................................................................................................

93 (36.2%) 48 (36.9%) 45 (
.........................................................................................................................

117 (45.5%) 59 (45.4%) 58 (
.........................................................................................................................

47 (18.3%) 23 (17.7%) 24 (
.........................................................................................................................

.........................................................................................................................

12 (4.7%) 5 (3.9%) 7 (
.........................................................................................................................

11 (4.3%) 5 (3.9%) 6 (
.........................................................................................................................

7 (2.7%) 4 (3.1%) 3 (
.........................................................................................................................

5 (2.0%) 2 (1.5%) 3 (
.........................................................................................................................

2 (0.8%) 0 2 (
.........................................................................................................................

9 (3–10) 9 (3–10) 10 (
.........................................................................................................................

otherwise noted, and compared between groups using Wilcoxon
values controlled for race and site were obtained using multivar

Obstet Gynecol 2012.
r � 0.68 (P � .001). b

MONTH 2013
PTH and calcium
Predelivery calcium values did not differ
significantly between dose groups: the
estimated mean values were 8.9 mg/dL
(SD 0.4) and 9.0 mg/dL (SD 0.4) in the
2000 and 4000 IU groups, respectively
(P � .17). The estimated change from

y

/d
7 P value

P value controlled
for race and site

5.0 .076 .116
..................................................................................................................

2.0 .48 .60
..................................................................................................................

%) .79 .64
..................................................................................................................

) .37 .29
..................................................................................................................

%) .62 .55
..................................................................................................................

) .069 .071
..................................................................................................................

%) .34 .34
..................................................................................................................

..................................................................................................................

%) .56 —
..................................................................................................................

%)
..................................................................................................................

%)
..................................................................................................................

)
..................................................................................................................

..................................................................................................................

%) .85 .74
..................................................................................................................

%)
..................................................................................................................

%)
..................................................................................................................

)
..................................................................................................................

%) .74 .61
..................................................................................................................

%) .89 .83
..................................................................................................................

..................................................................................................................

%) .96 .81
..................................................................................................................

%)
..................................................................................................................

%)
..................................................................................................................

..................................................................................................................

) .57 —
..................................................................................................................

) .77 —
..................................................................................................................

) 1.00 —
..................................................................................................................

) .68 —
..................................................................................................................

) .24 —
..................................................................................................................

0) .29 .18
..................................................................................................................

sum test. Categorical variables reported as frequency (%),
linear or logistic regression, when sample size permitted.
rac cit

0 IU
12

�
......... .........

D �
......... .........

37.8
......... .........

0–7
......... .........

36.2
......... .........

0–4
......... .........

29.9
......... .........

......... .........

49.6
......... .........

10.2
......... .........

36.2
......... .........

3.9%
......... .........

......... .........

29.1
......... .........

37.8
......... .........

23.6
......... .........

9.5%
......... .........

44.1
......... .........

63.0
......... .........

......... .........

35.4
......... .........

45.7
......... .........

18.9
......... .........

......... .........

5.5%
......... .........

4.7%
......... .........

2.4%
......... .........

2.4%
......... .........

1.6%
......... .........

5–1
......... .........

nless rank
est. P iable
aseline was �0.3 mg/dL in the 2000 IU

lhsctrh
Typewritten Text
HB090 Support Document-study-Wagner-2013, Page 6 of 13



p
r
r
c
q
s
(
c
e
c
t
r
.

N
F
n

a
e
t
f
t
c

n
p
.

m J

www.AJOG.org Obstetrics Research
group and �0.2 mg/dL in the 4000 IU
group (P � .22, analysis of covariance).
The significance of these results did not
change after controlling for race and
study site. Predelivery iPTH values dif-
fered significantly between dose groups,
with estimated mean values of 17.5
pg/mL (SD 8.2) and 15.2 pg/mL (SD 9.3)
in the 2000 and 4000 IU groups (P �
.023). This difference remained signifi-
cant (P � .044) after controlling for race.
The dose groups also differed slightly in
their PTH change from baseline. Specif-
ically, participants randomized to the
2000 IU/d group had a mean increase in
PTH of 0.9 pg/mL (SD 8.0), while those
randomized to the 4000 IU/d group had
a mean decline in PTH of 1.1 pg/mL (SD
9.0) (P � .034, analysis of covariance).
This finding became marginally signifi-
cant after controlling for race and site
(P � .054).

Complications of pregnancy
Table 2 describes the frequency of com-
mon complications of pregnancy and
compares them between randomization
groups. Among the 161 participants who
provided a primary endpoint measure,
the most common complication was
infection, experienced by 74 women
(46.0%). The other complications oc-
curring in �10% of women were pre-
term labor (37/161, 23.0%), gestational
diabetes (18/161, 11.2%), and preterm
delivery (19/161, 11.8%). A total of 50
participants had either preterm labor or
preterm delivery (31.1%). The remain-
ing conditions occurred in �3% of the

articipants. The frequency of occur-
ence did not differ significantly between
andomization groups for any of the
onditions considered; however, the fre-
uency of preterm labor was marginally
ignificantly different between groups
P � .091) and became more signifi-
ant (P � .060) after controlling for the
ffects of race. The total number of
omplications differed significantly be-
ween groups (P � .044); this comparison
emained marginally significant (P �
061) when controlling for race.

eonatal growth parameters
igure 2 illustrates the distribution of

eonatal weight and head circumference
cross the major Fenton percentiles for
ach dose group. There was an associa-
ion between percentile and dose group
or neonatal weight (P � .018, propor-
ional odds model), but not head cir-
umference (P � .79, proportional odds

model). Specifically, the 4000 IU group
participants had 2.40 (95% confidence
interval, 1.26 – 4.61) times the odds of
having an infant in the 50th percentile,
compared to the 2000 IU group. This ef-
fect remained significant after control-
ling for the effects of race and study site
(P � .006).

Safety parameters
Neither dose group experienced any in-
stances of hypercalciuria or hypercalce-
mia. In longitudinal models assessing the
relationship of 25(OH)D with serum
calcium and phosphorus and urinary
calcium, creatinine, and the calcium:cre-

TABLE 2
Clinical conditions reported during
among trial completers (n � 161)

Medical condition
Total co
N � 161

Preterm labora 37 (23.0
...................................................................................................................

Preterm deliveryb (�37 0/7 wk) 19 (11.8
...................................................................................................................

Preterm labor or deliverya,b 50 (31.1
...................................................................................................................

Hypertensionc 4 (2.5%
...................................................................................................................

Infectiond 74 (46.0
...................................................................................................................

Gestational diabetese 18 (11.2
...................................................................................................................

Any above comorbidity 107 (66.5
...................................................................................................................

Total comorbidity count .044
..........................................................................................................

None 54
..........................................................................................................

1 61
..........................................................................................................

2 21
..........................................................................................................

3 20
..........................................................................................................

4 5
...................................................................................................................

Nonrepeat cesareanf 58 (36.0
...................................................................................................................

P values for comparison of 2000 vs 4000 IU/d were obtained
count, which used Poisson regression. Missing data as follow
a As documented in medical record that included hospitalizatio

medical record that included gestational hypertension, preec
existing hypertension; d New infection documented in medic
flu or flu-like illness, or any illness that required antibiotic
infections for which antiviral therapy was prescribed); e As d
not include those with preexisting diabetes type 1 or 2); f Mo
vaginal delivery.

Wagner. Vitamin D supplementation during pregnancy. A
atinine ratio, statistically significant as-

MONTH 2013 Ame
sociations were observed with urinary
calcium and urinary creatinine, after ad-
justment for race and study site. Specifi-
cally, we estimate that urinary calcium
decreased 3.5 mg/dL per 10 ng/mL increase
in 25(OH)D (P � .02). Urinary creati-

ine decreased an estimated 16.5 mg/dL
er 10 ng/mL increase in 25(OH)D (P �

004). Figures 3 and 4 illustrate the time
courses of serum calcium and the uri-
nary calcium:creatinine ratios.

Sensitivity analysis
A sensitivity analysis was performed to
determine the robustness of the primary
findings to assumptions about the miss-
ing data. When all participants with
missing final measurements were as-
sumed to have experienced no change
from baseline, the significance of our
findings was unchanged in direction
(P � .69). However, when we assumed no

egnancy

2000 IU/d
n � 83

4000 IU/d
n � 78 P value

24 (28.9%) 13 (16.7%) .091
..................................................................................................................

10 (12.1%) 9 (11.5%) 1.00
..................................................................................................................

29 (34.9%) 21 (26.9%) .31
..................................................................................................................

3 (3.6%) 1 (1.3%) .62
..................................................................................................................

41 (49.4%) 33 (42.3%) .43
..................................................................................................................

11 (13.3%) 7 (9.0%) .46
..................................................................................................................

58 (54.2%) 49 (45.8%) .40
..................................................................................................................

..................................................................................................................

25 (30.1%) 29 (37.2%)
..................................................................................................................

31 (37.4%) 30 (38.5%)
..................................................................................................................

8 (9.6%) 13 (16.7%)
..................................................................................................................

15 (18.1%) 5 (6.4%)
..................................................................................................................

4 (4.8%) 1 (1.3%)
..................................................................................................................

31 (53.5%) 27 (46.6%) .61
..................................................................................................................

Fisher exact test, except for analysis of total comorbidity
nrepeat cesarean, n � 13.

4 h; b As documented in medical record; c As documented in
sia, HELLP syndrome, worsening hypertension in women with
ord that included urinary tract infections, bacterial vaginosis,
tifungal therapy (did not include preexisting herpes simplex
ented in medical record following glucose tolerance test (did
delivery by cesarean section that was not repeat cesarean or

Obstet Gynecol 2012.
pr

hort

%)
.........

%)
.........

%)
.........
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points in the 2000 IU group, but even a
minimal 0.1-ng/mL change among those
with missing endpoints in the 4000 IU
group, the group comparison became
statistically significant at P � .025. Our
most extreme imputation of the ob-
served group medians, assuming that
those with no final measurement were
indistinguishable from the other mem-
bers of their dose group, resulted in a
highly significant group comparison at
the P � .0006 level.

Secondary analyses
Serum 25(OH)D
Based on 1042 longitudinal measure-
ments contributed by 257 participants,
the monthly change in 25(OH)D level
(Figure 5) was estimated to have a signif-
icant quadratic component (P � .0001).
This effect differed significantly between
dose groups (P � .01), such that esti-

ated 25(OH)D levels of participants
andomized to the 2000 IU group in-
reased more slowly than the levels of
hose randomized to the 4000 IU group.

In an expanded model, race was a sig-
ificant predictor of baseline status (P �

0001) and 25(OH)D change over time
P � .001), but not group differences in
hange over time. Baseline 25(OH)D
evel did not influence the change in
5(OH)D over time in a clinically signif-
cant manner. In the final longitudinal

odel of 25(OH)D, baseline values were
stimated to be 19.2, 26.8, and 30.1
g/mL among African American, His-
anic, and Caucasian participants, re-
pectively, assigned to the 2000 IU dose
roup. The 4000 IU dose group was esti-
ated to have baseline values 0.11

g/mL lower than the 2000 IU group
P � .94). Model-based estimates of
5(OH)D levels over time are provided
n Table 3 for each race-by-dose sub-

Percent of infants within each treatment group
who were at 3rd, 10th, 50th, 90th, and 97th
percentiles for A, weight and B, head circumfer-
ence. Less than 10th percentile is defined as
small for gestational age (SGA); 10th-90th per-
centile as appropriate for gestational age (AGA);
and �90th percentile as large for gestational
age (LGA).
FIGURE 2
Infants by treatment group plotted by Fenton growth curve percentiles
Wagner. Vitamin D supplementation during pregnancy.
Am J Obstet Gynecol 2012.
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group, assuming a 6-month supple-
mentation period.

Complications of pregnancy
Baseline 25(OH)D level was not predic-
tive of complication occurrence except
for preterm labor (odds ratio [OR], 0.61
per 10 ng/mL; P � .033) and combined

reterm labor or delivery (OR, 0.56 per
0 ng/mL; P � .007), which became non-
ignificant after controlling for race and
tudy site (labor alone OR, 0.78 per 10
g/mL; P � .31; and labor or delivery OR,
.64; P � .052). Predelivery 25(OH)D was
ignificantly predictive of preterm deliv-
ry (OR, 0.56 per 10 ng/mL; P � .004)
nd combined preterm labor or delivery
OR, 0.73 per 10 ng/mL; P � .015),
hich remained significant (delivery

lone OR, 0.51 per 10 ng/mL; P � .002;
nd labor or delivery OR, 0.73 per 10 ng/
L; P � .018) after controlling for the

ffects of race and study site. Additional
nalyses by mean 25(OH)D (from third
isit onward) indicated negative associa-
ions with preterm delivery (OR, 0.46
er 10 ng/mL; P � .001) and infection
OR, 0.74 per 10 ng/mL; P � .026) after
ontrolling for race and study site.

COMMENT
In this randomized trial of vitamin D
supplementation in a diverse group of
women receiving prenatal care at 2 com-
munity health center networks in South
Carolina, women receiving daily doses of
2000 and 4000 IU did not differ in their
predelivery vitamin D status; however,
4000 IU/d was superior to 2000 IU/d in
raising maternal vitamin D status over
time and in achieving neonatal vitamin
D sufficiency, and was associated with
lower maternal iPTH. While caution
must be given when interpreting these
findings, as the study was not designed as
an equivalence study, but rather, to dem-
onstrate superiority of one dose over the
other, secondary analyses did show a
dose-dependent effect with respect to
preterm labor, preterm birth, and risk of
infection.

Although it was expected that both the
2000 and 4000 IU/d of vitamin D groups
would experience an increase in circulat-

ing 25(OH)D levels, with the greatest
increase in those women in the 4000 IU
group, there was concern that the 4000
IU group would have greater risk of hy-
pervitaminosis D, which did not occur.
In neither the 2000 IU nor the 4000 IU
arms of the study were there any episodes
of hypercalciuria or hypercalcemia. Uri-
nary calcium:creatinine ratios and serum
calcium, phosphorus, and creatinine levels
were comparable in both groups and were
well within normal limits for adults, in-
cluding pregnant women. This is similar
to our findings in the NICHD supple-
mentation trial.7

Based on national and regional data, it
is clear that vitamin D deficiency is an
emerging health issue that affects all eth-
nic and racial groups in the United
States, but more significantly those with
darker pigmentation such as African
Americans and Hispanics.2-4,7,31 The

regnant woman and her unborn fetus
epresent an important and often ne-
lected segment of the US population.26

It is during pregnancy that fetal cell sig-
naling patterns are set into motion, af-

FIGURE 3
Longitudinal maternal serum calciu

ongitudinal serum calcium (mg/dL) with group
erum calcium values plotted over time.
agner. Vitamin D supplementation during pregnancy. Am
fecting lifelong health status.32-34 Most

MONTH 2013 Ame
ecently, the link between vitamin D de-
ciency and extraskeletal systems has
een suggested: vitamin D deficiency is
ssociated with acute and chronic infec-
ions,35-40 and later, lifelong sequelae,
ith notably increased risk of autoim-
une diseases such as rheumatoid ar-

hritis,41 systemic lupus erythemato-
us,42 multiple sclerosis,43,44 type 1

diabetes,45,46 and certain cancers.45,47-52

Specific to the pregnant woman and her
fetus, epidemiological studies report an
association between vitamin D defi-
ciency and an increased risk of hyperten-
sive disorders of pregnancy, including
preeclampsia,53-62 preterm birth,56 and
mode of delivery.63 Additionally,
chronic vitamin D deprivation in the
mother and fetus appears to have lasting
effects on skeletal integrity26,64-66 and fetal
rowth.67 These findings are supported by
he earlier NICHD study7,68 and by this

study, where secondary analyses found a
suggestive pattern of associations be-
tween total circulating 25(OH)D and
preterm labor, preterm birth, and infec-

(mg/dL) by treatment group

rlay by treatment group, with each participant’s

stet Gynecol 2012.
m

L ove
s
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tion, even after controlling for race. In
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addition, neonates in the 4000 IU group
were more likely to be average for gesta-
tional age by weight than those in the
2000 IU group, which may reflect mater-
nal glucose homeostasis, as larger babies
are traditionally associated with gesta-
tional diabetes.69 We note, however, that
the maternal associations were identified
in secondary analyses, as the study was
not powered to detect changes in the rate
of complications as primary endpoints.

There were certain limitations in this
study, the most notable being the nonad-
herence to protocol of some of the sub-
jects. Women who were nonadherent
would have a lower rise in their circulat-
ing 25(OH)D compared to women who
were adherent. Thus, the treatment ef-
fect was reduced as a whole. The decline
in 25(OH)D during the last trimester,
possibly due to increased conversion to
1,25(OH)2D, may also reflect the cumu-
lative dropout of subjects during the
course of pregnancy.

In evaluating our findings in the con-

FIGURE 4
Longitudinal maternal urinary calc
group

Longitudinal urinary calcium:creatinine ratios (m
each participant’s urinary calcium:creatinine rati
Wagner. Vitamin D supplementation during pregnancy. Am
text of earlier studies, it is interesting to

1.e10 American Journal of Obstetrics & Gynecolog
note that Mallet et al70 reported vitamin
D supplementation of 1000 IU/d during
the last trimester of pregnancy resulted
in only a 5- to 6-ng/mL increase in circu-
lating 25(OH)D levels in maternal and
cord serum. Similarly, Datta et al,71 in
their study of 160 pregnant minority
women in England who were provided
with 800-1600 IU vitamin D for the du-
ration of their pregnancy, found that cir-
culating 25(OH)D levels increased from
5.8 ng/mL (SD 0.9) at the beginning of
pregnancy to 11.2 ng/mL (SD 6.3) at
term. The Vieth et al72 and Heaney et
l73,74 data, and our own data with preg-

nant and lactating women,7,28,68,75 have
shown that doses exceeding 1000 IU/d of
vitamin D (2000-10,000 IU/d) are re-
quired to achieve a robust nutritional vita-
min D status. Further, on a per-kilogram
basis, 400 IU has been shown to be ade-
quate to achieve normal vitamin D status
in neonates and infants; however, for a
pregnant woman weighing on average 20

:creatinine ratios by treatment

L) with group overlay by treatment group, with
lotted over time.
stet Gynecol 2012.
times that of a newborn infant receiving

y MONTH 2013
the same dose of vitamin D–namely 400
IU/d–that dose is irrelevant.7,75,76

The nutritional vitamin D status of the
neonate is completely dependent on the
vitamin D stores of the mother.78-82 This
premise was reconfirmed by this study.
Thus, if the mother is hypovitaminotic
D, her infant will show depleted vitamin
D stores. The effects of acute vitamin D
deprivation are known to result in rick-
ets in the rapidly growing child and os-
teopenia and osteoporosis in the
mother. This result is especially preva-
lent in darker pigmented individuals, as
reflected in a steady and significant rise
in nutritional rickets in breast-fed in-
fants, mainly in the African American
population.78-82 As was shown by this
study and an earlier study, substantially
improving the nutritional vitamin D sta-
tus of the neonate at birth through higher-
dose maternal supplementation of vitamin
D during pregnancy–above the suggested
400 or 600 IU/d–to achieve maternal suffi-
ciency should alleviate this problem. Thus,
we strongly believe that the current RDA
for vitamin D in all age groups, but partic-
ularly pregnant women with darker pig-
mentation, is inadequate.

Detection of vitamin D deficiency
early in pregnancy has implications for
prevention and intervention, yet such
studies have only recently been under-
taken.26 Defining the prevalence of vita-
min D deficiency in pregnant women
and the optimal vitamin D supplemen-
tation strategies for these women and
their developing infants will help to
establish a prototype for recommenda-
tions applicable to other communities
throughout the United States. A reexam-
ination of dietary vitamin D require-
ments of various vulnerable populations
in the United States, including pregnant
women, was recommended by a Co-
chrane Review in 2000,83 again in 2012,84

and by the IOM in their 2010 statement.9

Taken together with our findings from
the NICHD vitamin D pregnancy study,7

4000 IU/d of vitamin D appears to be safe
and effective in improving vitamin D
levels over time. In addition, increased
circulating 25(OH)D levels were associ-
ated with reduced occurrence of comor-
bidities of pregnancy. As such, this study
ium

g/d
os p
J Ob
serves as the first step in establishing nor-
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mative guidelines for vitamin D supple-
mentation during pregnancy in a diverse
group of women in a community health
care setting. By evaluating the vitamin D
status of pregnant women and their new-
born infants who received care at com-

FIGURE 5
Longitudinal maternal vitamin D by
vitamin D/day

Longitudinal total circulating 25-hydroxyvitamin D
group, with each participant’s 25(OH)D values p
Wagner. Vitamin D supplementation during pregnancy. Am

TABLE 3
Estimated trajectory of serum 25(O

Month

2000 IU/d

African
American Hispanic Cauca

0 19.2 26.8 30.1
...................................................................................................................

1 24.6 30.1 33.4
...................................................................................................................

2 28.8 32.7 36.1
...................................................................................................................

3 31.6 34.4 38.1
...................................................................................................................

4 33.2 35.4 39.6
...................................................................................................................

5 33.5 35.6 40.4
...................................................................................................................

6 32.5 35.1 40.5
...................................................................................................................

Estimated trajectory of serum 25(OH)D (ng/mL) according to do
over time. Model-based estimates of total circulating 25(OH)D
25(OH)D, 25-hydroxyvitamin D.
Wagner. Vitamin D supplementation during pregnancy. Am J
munity health centers, our findings serve
as a model for other community health
care centers in the United States aimed at
improving overall health status of its
members, including alleviation of the
growing problem of hypovitaminosis D

eatment group: 2000 vs 4000 IU

5(OH)D] (ng/mL) with group overlay by treatment
d over time.
stet Gynecol 2012.

according to treatment and race

4000 IU/d

n
African
American Hispanic Caucasian

19.0 26.7 30.0
..................................................................................................................

25.5 31.0 34.3
..................................................................................................................

30.5 34.4 37.9
..................................................................................................................

34.2 37.0 40.7
..................................................................................................................

36.4 38.6 42.8
..................................................................................................................

37.2 39.4 44.1
..................................................................................................................

36.6 39.2 44.7
..................................................................................................................

oup and race, based on quadratic model of serum 25(OH)D
centrations over time for each race-by-dose subgroup.
Obstet Gynecol 2012.
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throughout the United States. Further,
our findings are clinically relevant to
community health centers and to those
involved in the general health care of
pregnant women and their neonates and
infants throughout the United States.
Additional studies of vitamin D supple-
mentation during pregnancy are war-
ranted to determine optimal dosing and
the physiological effects of vitamin D on
both the mother and her developing
fetus. f
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