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BACKGROUND
It is unclear whether maternal vitamin D supplementation during pregnancy and 
lactation improves fetal and infant growth in regions where vitamin D deficiency is 
common.

METHODS
We conducted a randomized, double-blind, placebo-controlled trial in Bangladesh to 
assess the effects of weekly prenatal vitamin D supplementation (from 17 to 24 weeks 
of gestation until birth) and postpartum vitamin D supplementation on the primary 
outcome of infants’ length-for-age z scores at 1 year according to World Health 
Organization (WHO) child growth standards. One group received neither prenatal 
nor postpartum vitamin D (placebo group). Three groups received prenatal supple-
mentation only, in doses of 4200 IU (prenatal 4200 group), 16,800 IU (prenatal 
16,800 group), and 28,000 IU (prenatal 28,000 group). The fifth group received 
prenatal supplementation as well as 26 weeks of postpartum supplementation in the 
amount of 28,000 IU (prenatal and postpartum 28,000 group).

RESULTS
Among 1164 infants assessed at 1 year of age (89.5% of 1300 pregnancies), there 
were no significant differences across groups in the mean (±SD) length-for-age 
z scores. Scores were as follows: placebo, −0.93±1.05; prenatal 4200, −1.11±1.12; 
prenatal 16,800, −0.97±0.97; prenatal 28,000, −1.06±1.07; and prenatal and post-
partum 28,000, −0.94±1.00 (P = 0.23 for a global test of differences across groups). 
Other anthropometric measures, birth outcomes, and morbidity did not differ sig-
nificantly across groups. Vitamin D supplementation had expected effects on mater-
nal and infant serum 25-hydroxyvitamin D and calcium concentrations, maternal 
urinary calcium excretion, and maternal parathyroid hormone concentrations. There 
were no significant differences in the frequencies of adverse events across groups, 
with the exception of a higher rate of possible hypercalciuria among the women receiv-
ing the highest dose.

CONCLUSIONS
In a population with widespread prenatal vitamin D deficiency and fetal and infant 
growth restriction, maternal vitamin D supplementation from midpregnancy until 
birth or until 6 months post partum did not improve fetal or infant growth. (Funded 
by the Bill and Melinda Gates Foundation; ClinicalTrials.gov number, NCT01924013.)
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Infants who are small for gestational 
age or have impaired postnatal linear growth 
continue to be of major concern with regard 

to public health in low- and middle-income 
countries.1,2 However, environmental and dietary 
regulation of fetal and infant growth remain in-
adequately understood. Observational studies have 
shown numerous early-life risk factors for later 
anthropometric outcomes,3,4 but there is limited 
evidence of benefit of prenatal micronutrient in-
terventions on childhood linear growth.5

Vitamin D may influence fetal and postnatal 
growth through effects on calcium absorption,6 
parathyroid hormone expression,7 phosphate me-
tabolism,8 growth-plate function,9,10 and regula-
tion of the insulin-like growth factor axis.11 Meta-
analyses of observational studies12 and clinical 
trials13 have suggested that vitamin D may have 
a beneficial effect on fetal growth, but most pre-
vious trials have had methodologic limitations.13 
In a previous small trial in Bangladesh, we found 
that early postnatal linear growth was higher in 
infants born to women who had received vita-
min D supplementation as compared with those 
who had not received supplementation.14

In Bangladesh, approximately 30% of newborns 
are small for gestational age,1 and the growth of 
36% of children younger than 5 years of age is 
stunted (height-for-age z score, <−2).15 Vitamin D 
deficiency is common in Bangladeshi women of 
reproductive age.16 In the Maternal Vitamin D for 
Infant Growth (MDIG) trial conducted in Dhaka, 
Bangladesh, we evaluated the dose-dependent ef-
fects of prenatal vitamin D supplementation, with 
and without postpartum supplementation, on in-
fant growth and other maternal, newborn, and 
infant outcomes.

Me thods

Trial Design and Oversight

The MDIG trial was a randomized, double-blind, 
placebo-controlled, dose-ranging trial of maternal 
vitamin D supplementation.17 The protocol is avail-
able with the full text of this article at NEJM.org, 
and the statistical analysis plan is included in the 
Supplementary Appendix, also available at NEJM 
.org. The trial was overseen by a steering com-
mittee and an independent data and safety moni-
toring board. The protocol was approved by re-
search ethics committees at the Hospital for Sick 
Children in Toronto and the International Cen-

ter for Diarrheal Disease Research, Bangladesh 
(icddr,b). All authors attest to the completeness 
and accuracy of the data and analyses and for 
the adherence of the trial to the protocol. The 
trial funder had no role in the trial design, data 
collection and analysis, or interpretation of the 
results. No support from a commercial entity was 
provided.

Participants

Participants were generally healthy pregnant wom-
en between 17 and 24 weeks of gestation. They 
were enrolled after providing written informed 
consent between March 2014 and September 2015 
at the Maternal and Child Health Training Insti-
tute, a public hospital in Dhaka, Bangladesh. The 
criteria for inclusion and exclusion are shown in 
Table S1 in the Supplementary Appendix.

Interventions

Participants were randomly assigned at enrollment 
to one of five groups to receive vitamin D or 
placebo. One group received placebo throughout 
the prenatal period and for 26 weeks post par-
tum. Three groups received prenatal supplemen-
tation only, in the following doses: 4200 IU per 
week (prenatal 4200 group), 16,800 IU per week 
(prenatal 16,800 group), or 28,000 IU per week 
(prenatal 28,000 group). The fifth group received 
prenatal supplementation as well as 26 weeks of 
postpartum supplementation in the amount of 
28,000 IU per week (prenatal and postpartum 
28,000 group). A computer-generated, simple ran-
domization scheme was created independently by 
the trial statistician. The master list linking par-
ticipant identifiers to supplementation groups 
was held by the supplement manufacturer and 
not accessed by any trial personnel until final 
group assignments were revealed. Concealment of 
trial-group assignments was ensured with the use 
of prelabeled and sequentially numbered but 
otherwise identical supplement vials, which were 
provided to participants in accordance with the 
assignment sequence. Oral vitamin D3 and pla-
cebo tablets were manufactured by the Toronto 
Institute for Pharmaceutical Technology (Toronto). 
The vitamin D content of each batch of tablets 
was verified in product testing.17 Tablets with dif-
ferent doses were identical in appearance and taste. 
Tablets were routinely administered under direct 
observation by trial personnel; however, up to four 
consecutive doses may have been unobserved 
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when participants were unavailable for scheduled 
visits. Missed doses were administered up to 7 days 
after the scheduled date. Calcium (500 mg per 
day), iron (66 mg per day), and folic acid (350 μg 
per day) were provided to all participants through-
out the intervention phase.17 If a participant re-
ported use of a vitamin D or a calcium supplement 
for more than 1 week that had not been provided 
through the trial, trial supplements were suspend-
ed until nontrial supplement use was discontinued. 
Supplementation was discontinued in participants 
with confirmed hypercalcemia (as defined below), 
fetal or infant death, or a new condition or medi-
cation that could alter vitamin D metabolism.

Assessments and Outcomes

Trial personnel contacted participants weekly from 
enrollment until 26 weeks post partum, and in-
fants were further assessed at 9 months and 12 
months of age. Visits were conducted in the home 
or at a clinic and included the use of standardized 
questionnaires, point-of-care tests, anthropomet-
ric measurements, and specimen collection (Ta-
ble S2 in the Supplementary Appendix). Data on 
socioeconomic and household characteristics were 
collected at baseline. Weekly prenatal question-
naires included health care encounters and a 
checklist of clinical symptoms. Postnatal follow-
up visits included assessment of both the infant’s 
health and feeding practices as well as a basic 
physical examination. Maternal blood pressure 
was measured at enrollment, at 24 and 30 weeks 
of gestation, and weekly from 36 weeks of gesta-
tion to delivery. Trial personnel tracked pregnancy 
outcomes, visits with trial physicians, hospitaliza-
tions, and deaths, and they attended all facility-
based deliveries and home births when feasible. 
Participants were provided with free medical care 
and encouraged to seek medical attention from 
trial physicians and to notify trial personnel of 
concerns about their health. Pregnancies were 
completed from June 25, 2014, through February 
29, 2016. One-year postnatal visits were conducted 
from June 24, 2015, through March 1, 2017.

Infant crown-to-heel length (to the last com-
pleted millimeter), head circumference, upper-arm 
length, mid–upper-arm circumference, and rump-
to-knee length — all to the last completed milli-
meter — and weight (to the nearest 5 g up to 10 kg 
and to the nearest 10 g for >10 kg) were measured 
by trained personnel according to standardized 
procedures17 adapted from the protocols of the 

INTERGROWTH-21st (International Fetal and 
Newborn Growth Consortium for the 21st Cen-
tury) Project.18 Each measurement was obtained 
independently by two trial personnel and re-
peated if the difference between paired measure-
ments exceeded specified thresholds. Means of 
the final pair of values were used in analyses. 
Interrater reliability was high, and few measure-
ments were excluded due to implausibility or 
temporal inconsistencies (see Methods, section 1, 
and Table S3 in the Supplementary Appendix).19 
Length, weight, weight for length, body-mass in-
dex, head circumference, and mid–upper-arm cir-
cumference were expressed as sex- and age- (or 
gestational age–) standardized z scores accord-
ing to INTERGROWTH-21st standards for new-
born size,20 postnatal growth standards for pre-
term infants to 64 weeks of postmenstrual age 
(weight, length, and head circumference only),21 
or World Health Organization (WHO) child growth 
standards.22

The primary outcome was length-for-age  
z score at 1 year (364 to 420 days). Secondary 
outcomes included other infant anthropometric 
variables; preterm birth (<37 weeks of gestation); 
gestational hypertension; delivery characteristics; 
stillbirth; mother and infant symptoms, clinical 
encounters, and hospitalizations; deaths; congeni-
tal anomalies; infant neurologic disabilities; and 
infant rickets (for a complete list of secondary 
outcomes, see Table S4 in the Supplementary Ap-
pendix). Biochemical screening for rickets was 
scheduled at 6 months of age (see Methods, sec-
tion 2, in the Supplementary Appendix). Radio-
logic confirmation was based on interpretations 
of images of the wrist, knee, or both by a pediatric 
radiologist who was unaware of other data. Post 
hoc classifications of infants’ neurologic disabili-
ties, congenital anomalies, and physician-assigned 
diagnostic codes for clinical encounters and hos-
pitalizations were made by trial investigators who 
were unaware of treatment allocation.

The primary safety measure was maternal 
total serum calcium concentration at enrollment, 
30 weeks of gestation, delivery, 3 months and 
6 months post partum, or during hospitalization 
(if feasible). “Possible hypercalcemia” was defined 
as any serum calcium concentration of more than 
2.60 mmol per liter (>10.4 mg per deciliter), and 
“confirmed hypercalcemia” (primary safety out-
come) as a serum calcium concentration greater 
than 2.60 mmol per liter on a repeat specimen 
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or a single serum calcium concentration greater 
than 2.80 mmol per liter (>11.2 mg per deciliter).

Secondary safety indicators included the serum 
calcium concentration of infants at 3 and 6 months 
of age and the urinary calcium:creatinine ratio 
of mothers at delivery. “Possible hypercalciuria” 
in mothers was defined as a single urinary 
calcium:creatinine ratio of more than 1, with both 
calcium and creatinine measured in millimoles (or 
>0.35, with both measured in milligrams). Par-
ticipants with a urinary calcium:creatinine ra-
tio of more than 1 in two consecutive speci-
mens (i.e., confirmed hypercalciuria), symptoms 
of renal colic, or both underwent ultrasonogra-
phy for urolithiasis or nephrolithiasis. Infant 
urinary calcium:creatinine ratios were measured 
at 6 months of age. Serum calcium concentra-
tions and urinary calcium:creatinine ratios were 
analyzed at icddr,b.

Vitamin D status was based on serum 25- 
hydroxyvitamin D23 concentration, with defi-
ciency defined as a concentration below 30 nmol 
per liter (<12 ng per milliliter).24 The C3-epimer 
fraction was included only in sensitivity analy-
ses. Measurement of 25-hydroxyvitamin D and 
intact parathyroid hormone (iPTH) was conducted 
by the Analytical Facility for Bioactive Molecules at 
the Hospital for Sick Children, Toronto (Methods, 
section 3, in the Supplementary Appendix).

Statistical Analysis

The primary analysis was a complete-case inten-
tion-to-treat analysis. Analysis of variance was 
performed to compare length-for-age z scores at 
1 year of age across all groups. To estimate the 
effect of weekly administration of prenatal vita-
min D, five pairwise comparisons were conducted 
with the use of t-tests: prenatal 4200 versus pla-
cebo, prenatal 16,800 versus placebo, prenatal 
16,800 versus prenatal 4200, prenatal 28,000 
versus placebo, and prenatal 28,000 versus pre-
natal 16,800. Statistical significance was tested 
with a two-sided alpha level of 0.05, with the 
Holm test applied for multiple comparisons.25

The determination of sample size was based 
on the conservative assumption that if each be-
tween-group comparison had a two-sided alpha 
of 0.01 and 90% power, 220 participants per group 
would enable detection of a between-group differ-
ence in length-for-age z score of at least 0.40.14 To 
accommodate an attrition rate of 15%, we aimed 
to enroll 260 pregnant women in each group.

The effect of postpartum vitamin D on length-
for-age z score at 1 year of age was assessed by 
means of a pairwise comparison of the prenatal 
and postpartum 28,000 group with the prenatal 
28,000 group (with a two-sided alpha level of 0.05) 
with the use of a t-test. Secondary outcomes were 
compared across groups with the use of analysis 
of variance for continuous, normally distributed 
variables and with the Kruskal–Wallis tests for 
skewed distributions; chi-square and Fischer’s ex-
act tests were used for categorical variables. Zero-
inflated negative binomial models were used to 
compare incidence rates of clinical encounters, 
hospitalizations, and other adverse events. When 
the result of a global test was significant (P<0.05), 
post hoc pairwise comparisons were performed, 
with the Holm test applied for multiple com-
parisons.25 We did not control for the multiplic-
ity of comparisons of the secondary outcomes; 
any significant differences were viewed as explor-
atory. We conducted sensitivity and stratified 
analyses of the primary outcome and multiple 
imputation with chained equations to account 
for missing anthropometric data at 1 year of age. 
Trajectories of infant length-for-age z scores and 
other anthropometric measures were estimated 
with the use of restricted cubic spline regression 
models. Per-protocol analyses were restricted to 
participants who consumed at least 90% of sched-
uled supplement doses and had no episodes of 
reported consumption of nontrial vitamin D or 
calcium (see Methods, sections 4 to 7, in the 
Supplementary Appendix for additional details). 
Analyses were performed with the use of Stata, 
version 13 (StataCorp).

R esult s

Trial Population

A total of 1300 pregnant women were enrolled 
and randomly assigned to one of five groups (Fig. 
S1 in the Supplementary Appendix). Baseline 
characteristics, including vitamin D status, were 
similar across groups (Table 1, and Tables S5 and 
S6 in the Supplementary Appendix). Overall, 64% 
of women had vitamin D deficiency. The groups 
did not differ significantly with regard to breast-
feeding patterns or reported use of micronutri-
ent supplements by infants (Tables S7 and S8 in 
the Supplementary Appendix). Participants in pri-
mary analyses had higher average household-asset 
indexes than those who were excluded from pri-
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mary analyses, but their characteristics were 
otherwise similar (Table S9 in the Supplementary 
Appendix). Across all groups, at least 90% of 
scheduled doses were received by more than 
90% of women during the prenatal period and 
by more than 80% of women during the post-
partum period (Table S10 in the Supplementary 
Appendix).

Infant Growth

Infant follow-up at 1 year of age was completed 
for 90% of pregnancies and 94% of infants who 
were alive at 1 year (Fig. S1 in the Supplemen-
tary Appendix). Overall, the mean (±SD) length-
for-age z score at 1 year was −1.00±1.04, and the 
prevalence of stunting (length-for-age z score, <−2) 
was 16%. Prenatal or postpartum maternal vita-
min D supplementation had no significant effect 
on infant length or other anthropometric out-
comes by 1 year of age (Table  2, and Figs. S2 
through S6 and Tables S11 and S12 in the Sup-
plementary Appendix). The lack of effect of 
prenatal vitamin D on length was evident from 
birth (Table 3) and was supported by sensitivity 
and stratified analyses (Tables S13 through S22 
in the Supplementary Appendix). Results of mul-
tiple imputation analyses (prespecified for length-
for-age z score and post hoc for other 1-year 
anthropometric measurements) were consistent 
with the complete-case analyses (Table S18 in the 
Supplementary Appendix); therefore, complete-
case analyses only are shown in Table 2.

Biochemical Effects of Supplementation

Vitamin D had dose-dependent effects on con-
centrations of maternal, cord blood, and infant 
25-hydroxyvitamin D (Table  3 and Fig.  1, and 
Tables S23 and S24 in the Supplementary Ap-
pendix) and on concentrations of maternal iPTH 
at delivery. The prenatal and postpartum 28,000 
group continued to have significantly lower iPTH 
concentrations at 6 months post partum than 
the other groups (Fig. 1, and Table S25 in the 
Supplementary Appendix).

Safety and Clinical Outcomes

There were no episodes of confirmed hypercal-
cemia during pregnancy. Confirmed hypercalce-
mia (asymptomatic) occurred post partum in eight 
women (0.7%) — with five in the prenatal and 
postpartum 28,000 group — and in six infants 
(0.6%) — with two in the prenatal and postpar-

tum 28,000 group; frequencies did not signifi-
cantly differ across groups (Table S25 in the Sup-
plementary Appendix). Although prenatal vitamin 
D supplementation led to modest elevations in 
maternal, fetal, and infant mean serum calcium 
concentrations, at 6 months post partum only 
the mothers in the prenatal and postpartum 
28,000 group continued to have higher calcium 
concentrations than those in the placebo group 
(in post hoc comparisons) (see Table S26 in the 
Supplementary Appendix). The maternal urinary 
calcium:creatinine ratio at delivery varied signifi-
cantly across groups, with the median urinary 
calcium:creatinine ratio for the placebo group 
being the lowest. The risk of possible maternal 
hypercalciuria at delivery increased with dose; 
however, only the prenatal and postpartum 
28,000 group differed significantly from the 
placebo group (as determined in a pairwise com-
parison after correcting for multiple testing with 
the use of the Holm test). There were two asymp
tomatic cases of maternal confirmed hypercalci-
uria, one each in the placebo group and the 
prenatal and postpartum 28,000 group. None 
of the women with confirmed hypercalcemia or 
confirmed hypercalciuria had serious adverse 
events (hospitalizations or deaths) or urinary tract 
stones. Two of the six infants with confirmed 
hypercalcemia had neonatal hospitalizations for 
acute illnesses that antedated and were clinically 
unrelated to hypercalcemia. There was one in-
fant — in the prenatal 4200 group — with con-
firmed hypercalciuria. There were no significant 
differences across groups in infant urinary 
calcium:creatinine ratios at 6 months of age. 
Detailed biochemical safety data are shown in 
Tables S25, S26, and S27 in the Supplementary 
Appendix.

Groups did not significantly differ in the fre-
quencies of hospitalizations or deaths (Table S27 
in the Supplementary Appendix). There were no 
significant beneficial or harmful effects of any 
vitamin D dose on gestational hypertension, 
duration of gestation, preterm birth, small size 
for gestational age (weight for gestational age, 
<10th percentile20), low birth weight (<2500 g), 
other delivery outcomes, maternal or infant mor-
bidity, maternal self-reported or caregiver-report-
ed infant symptoms, or stillbirth (Table 3, and 
Tables S27 through S33 in the Supplementary Ap-
pendix). Among four infants with radiologically 
confirmed rickets, three were in the placebo group 
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and one was in the prenatal 4200 group (Table S27 
in Supplementary Appendix).

Discussion

In a region of the world where there is widespread 
vitamin D deficiency and fetal–infant growth re-
striction, vitamin D supplementation from mid-
pregnancy to delivery or 6 months post partum 
had no significant effect on length-for-age z scores 
at 1 year or on other anthropometric measures 
from birth to 1 year. Similarly, vitamin D supple-
mentation had no significant effect on numerous 
clinical outcomes during pregnancy or infancy.

These findings do not support the hypothesis 
that prenatal vitamin D status in the second half 
of pregnancy is a determinant of newborn size. 
Our findings are contrary to the conclusions of 
earlier meta-analyses of observational studies12 
and mostly small trials13 but consistent with those 
of higher-quality trials in areas where the preva-
lence of vitamin D deficiency and fetal growth 
restriction is lower.26-29 Our earlier trial, also con-
ducted in Bangladesh,14 and a trial in the United 
Kingdom30 showed that prenatal vitamin D sup-
plementation increased infant linear growth. 
However, these studies were small, each involv-
ing fewer than 135 participants, and included 
postnatal growth as a post hoc outcome, and the 
between-group differences may have been due to 
chance. A meta-analysis of six trials of prenatal, 
multiple-micronutrient supplementation that in-
cluded relatively low doses of vitamin D (200 to 
400 IU per day) in low- and middle-income coun-
tries showed no effect on height at 2 to 8.5 years 
of age.5 The findings of our current trial confirm 
the lack of effect on growth across a range of 
prenatal doses of vitamin D up to 28,000 IU per 
week (the equivalent of approximately 4000 IU 
per day).

Effects on fetal or infant growth were absent 
despite the robust dose–response effects of vita-
min D on serum concentrations of 25-hydroxy
vitamin D, iPTH, and calcium and on the uri-
nary calcium:creatinine ratio. The dose that was 
equivalent to the dietary allowance recommend-
ed by the Institute of Medicine24 (4200 IU per week) 
was sufficient for eliminating maternal vitamin D 
deficiency (defined as a 25-hydroxyvitamin D con-
centration <30 nmol per liter) in nearly all women 
without elevating 25-hydroxyvitamin D concentra-
tion above a conservative long-term risk thresh-

old (125 nmol per liter [50 ng per milliliter]).24 
In nearly all women who received supplementa-
tion of 16,800 IU per week, concentrations of 
25-hydroxyvitamin D did not fall below 50 nmol 
per liter (<20 ng per milliliter). In these women 
there was also maximal suppression of iPTH con-
centrations, and cord concentrations of 25-hydroxy
vitamin D did not fall below 30 nmol per liter. 
Maternal postpartum supplementation of 28,000 
IU per week maintained infant 25-hydroxyvita-
min D concentrations at or above 30 nmol per 
liter up to 6 months of age, despite variation in 
feeding patterns. Although higher vitamin D 
doses increased serum calcium and urinary cal-
cium excretion, hypercalcemia and hypercalci-
uria were infrequent, even in the group receiving 
the highest dose, and clinical adverse events did 
not differ significantly across groups.

There were no apparent benefits of improved 
vitamin D status in the latter half of pregnancy 
on pregnancy, birth, or infant outcomes, even 
without adjustment for multiplicity of testing for 
numerous secondary efficacy outcomes. Consis-
tent with the findings of a recent meta-analy-
sis,13 we did not find a reduction in the incidence 
of preterm births. The occurrence of four cases 
of rickets in the placebo group and the prenatal 
4200 group raised the possibility that doses of 
16,800 IU per week or higher prenatally may pre-
vent the development of early rickets, but there 
were too few cases to assess this question. Our 
trial was not powered to detect differences in in-
frequent maternal and infant adverse outcomes. 
Furthermore, the initiation of vitamin D supple-
mentation in midpregnancy did not address the 
question of whether earlier supplementation might 
have had beneficial effects. Other potential limi-
tations of the trial were that effects of vitamin D 
may have been attenuated by cosupplementation 
with calcium and that untreated maternal nutri-
tional deficits may have limited the effects of 
vitamin D on fetal growth. Faltering of linear 
growth was milder in our trial participants than 
in a recent Bangladeshi national survey,15 which 
suggests that participants had relatively better 
baseline health and access to care; for example, 
participants had high rates of facility deliveries 
(85% vs. 37% nationally).15

At this time, the WHO does not recommend 
routine vitamin D supplementation during preg-
nancy.31 The present findings support this posi-
tion, even in communities where vitamin D de-
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ficiency and fetal–infant growth restriction are 
endemic.

Supported by the Bill and Melinda Gates Foundation 
(OPP1066764).

No potential conflict of interest relevant to this article was 
reported.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

We thank the trial participants and their families; the staff of 
the International Center for Diarrheal Disease Research, who 
implemented the trial and collected data, including Tahmeed 
Kashem, Rokshana Yazmin, and Sanzida Afrin; the staff of the 
Maternal and Child Health Training Institute and Kazi Mokse-
dur Rahman (executive director, Shimantik), for their collabora-
tion; the Ministry of Health and Family Welfare of Bangladesh 
for its approval to conduct the trial; present and former staff at 
the Centre for Global Child Health, the Hospital for Sick Chil-
dren (Toronto), including A.K. Onoyovwi, Nadine Francis, Bren-
don Pezzack, Michelle Dimitris, Elnathan Mesfin, Jo-Anna Bax-
ter, and Ashley Motran; Hayley Craig-Barnes and Ashley St. 
Pierre of the Analytical Facility for Bioactive Molecules, the Hos-
pital for Sick Children, for assistance with 25-hydroxyvitamin D 
and parathyroid hormone measurements; David Hamer for serv-
ing as the external member of the trial steering committee; 
Frank Martinuzzi, Toronto Institute of Pharmaceutical Technol-
ogy; members of the data and safety monitoring board — 
A.K.M. Nurul Anwar (chair), Mamunar Rashid, Choudhury Ali 
Kawser, Meerjady Sabrina Flora, Pradip K. Bardhan, and Ahmed 
Shafiqur Rahman; and the staff at the Bill and Melinda Gates 
Foundation.

Appendix
The authors’ full names and academic degrees are as follows: Daniel E. Roth, M.D., Ph.D., Shaun K. Morris, M.D., Stanley Zlotkin, 
M.D., Ph.D., Alison D. Gernand, Ph.D., Tahmeed Ahmed, M.B., B.S., Ph.D., Shaila S. Shanta, M.B., B.S., Eszter Papp, Ph.D., Jill Kor-
siak, M.Sc., Joy Shi, M.Sc., M. Munirul Islam, M.B., B.S., Ph.D., Ishrat Jahan, M.B., B.S., M.P.H., Farhana K. Keya, M.B., B.S., An-
drew R. Willan, Ph.D., Rosanna Weksberg, M.D., Minhazul Mohsin, M.B., B.S., Qazi S. Rahman, M.Sc., Prakesh S. Shah, M.D., Kel-
lie E. Murphy, M.D., Jennifer Stimec, M.D., Lisa G. Pell, Ph.D., Huma Qamar, M.Sc., and Abdullah Al Mahmud, M.S.S., M.M.Sc.

The authors’ affiliations are as follows: the Department of Pediatrics (D.E.R., S.K.M., S.Z., E.P., J.K., J. Shi, R.W., P.S.S., L.G.P., H.Q.) 
and the Dalla Lana School of Public Health (A.R.W.), University of Toronto, and the Centre for Global Child Health (D.E.R., S.K.M., 
S.Z., E.P., J.K., J. Shi, R.W., L.G.P., H.Q.), the Department of Diagnostic Imaging (J. Stimec), and the Ontario Child Health Support 
Unit (A.R.W.), Hospital for Sick Children, and the Departments of Pediatrics (P.S.S.), and Obstetrics and Gynecology (K.E.M.), Mt. 
Sinai Hospital — all in Toronto; the Department of Nutritional Sciences, Penn State University, University Park, PA (A.D.G.); and the 
Maternal and Child Health Training Institute (I.J.) and the Nutrition and Clinical Services Division, International Center for Diarrheal 
Disease Research, Bangladesh (T.A., S.S.S., M.M.I., F.K.K., M.M., Q.S.R., A.A.M.), Dhaka, Bangladesh.

References
1.	 Lee AC, Kozuki N, Cousens S, et al. 
Estimates of burden and consequences of 
infants born small for gestational age in 
low and middle income countries with 
INTERGROWTH-21st standard: analysis 
of CHERG datasets. BMJ 2017;​358:​j3677.
2.	 Black RE, Victora CG, Walker SP, et al. 
Maternal and child undernutrition and 
overweight in low-income and middle-in-
come countries. Lancet 2013;​382:​427-51.
3.	 Danaei G, Andrews KG, Sudfeld CR, 
et al. Risk factors for childhood stunting 
in 137 developing countries: a compara-
tive risk assessment analysis at global, 
regional, and country levels. PLoS Med 
2016;​13(11):​e1002164.
4.	 Woo Baidal JA, Locks LM, Cheng ER, 

Blake-Lamb TL, Perkins ME, Taveras EM. 
Risk factors for childhood obesity in the 
first 1,000 days: a systematic review. Am J 
Prev Med 2016;​50:​761-79.
5.	 Devakumar D, Fall CH, Sachdev HS, 
et al. Maternal antenatal multiple micro-
nutrient supplementation for long-term 
health benefits in children: a systematic 
review and meta-analysis. BMC Med 2016;​
14:​90.
6.	 Christakos S. Mechanism of action of 
1,25-dihydroxyvitamin D3 on intestinal 
calcium absorption. Rev Endocr Metab 
Disord 2012;​13:​39-44.
7.	 Kumar R, Thompson JR. The regulation 
of parathyroid hormone secretion and syn-
thesis. J Am Soc Nephrol 2011;​22:​216-24.

8.	 Lederer E. Regulation of serum phos-
phate. J Physiol 2014;​592:​3985-95.
9.	 Eisman JA, Bouillon R. Vitamin D: di-
rect effects of vitamin D metabolites on 
bone: lessons from genetically modified 
mice. Bonekey Rep 2014;​3:​499.
10.	 St-Arnaud R, Naja RP. Vitamin D me-
tabolism, cartilage and bone fracture re-
pair. Mol Cell Endocrinol 2011;​347:​48-54.
11.	 Ciresi A, Giordano C. Vitamin D 
across growth hormone (GH) disorders: 
from GH deficiency to GH excess. Growth 
Horm IGF Res 2017;​33:​35-42.
12.	Aghajafari F, Nagulesapillai T, Ronks-
ley PE, Tough SC, O’Beirne M, Rabi DM. 
Association between maternal serum 
25-hydroxyvitamin D level and pregnancy 

Figure 1 (facing page). Concentrations of Maternal,  
Venous Cord, and Infant 25-Hydroxyvitamin D and 
Maternal Intact Parathyroid Hormone (iPTH) According 
to Maternal Vitamin D Supplementation Group.

Panel A shows the mean maternal 25-hydroxyvitamin 
D concentration at baseline (1283 women), delivery 
(635 women, with delivery specimens obtained up to 
19 days before or 4 days after delivery [median, 0 days]), 
3 months post partum (560 women), and 6 months 
post partum (569 women). Panel B shows mean 
25-hydroxyvitamin D concentrations in venous cord 
blood (499), infants at 3 months (343), infants at  
6 months (250), and infants at 12 months (180). Panel 
C shows the geometric mean concentrations of mater-
nal iPTH at baseline (587 women), delivery (551, with 
specimens obtained within 19 days before or 4 days af-
ter delivery [median, 0 days]), and 6 months post par-
tum (566). One group received no prenatal vitamin D 
or postpartum vitamin D (placebo group). Three groups 
received prenatal supplementation only, in doses of 
4200 IU per week (prenatal 4200 group), 16,800 IU 
per week (prenatal 16,800 group), and 28,000 IU per 
week (prenatal 28,000 group). The fifth group received 
both prenatal and postpartum vitamin D at a dose of 
28,000 IU per week (prenatal and postpartum 28,000 
group). Shading denotes 95% confidence intervals. To 
convert the values for 25-hydroxyvitamin D to nano-
grams per milliliter, divide by 2.496.

The New England Journal of Medicine 
Downloaded from nejm.org on April 18, 2020. For personal use only. No other uses without permission. 

 Copyright © 2018 Massachusetts Medical Society. All rights reserved. 



n engl j med 379;6  nejm.org  August 9, 2018546

Vitamin D in Pregnancy and Lactation and Infant Growth

and neonatal outcomes: systematic re-
view and meta-analysis of observational 
studies. BMJ 2013;​346:​f1169.
13.	 Roth DE, Leung M, Mesfin E, Qamar 
H, Watterworth J, Papp E. Vitamin D sup-
plementation during pregnancy: state of 
the evidence from a systematic review of 
randomised trials. BMJ 2017;​359:​j5237.
14.	 Roth DE, Perumal N, Al Mahmud A, 
Baqui AH. Maternal vitamin D3 supple-
mentation during the third trimester of 
pregnancy: effects on infant growth in a 
longitudinal follow-up study in Bangla-
desh. J Pediatr 2013;​163(6):​1605-1611.e3.
15.	 Bangladesh demographic and health 
survey 2014. Dhaka, Bangladesh:​ Nation-
al Institute of Population Research and 
Training, Ministry of Health and Family 
Welfare, Mitra and Associates;​ and Rock-
ville, MD:​ ICF International, March 2016 
(https://dhsprogram​.com/​pubs/​pdf/​
FR311/​FR311​.pdf).
16.	 National micronutrients status survey 
2011-12. Dhaka, Bangladesh:​ icddr,b;​ 
UNICEF, Bangladesh;​ GAIN;​ Institute of 
Public Health and Nutrition, January 2013 
(https://static1​.squarespace​.com/​static/​
56424f6ce4b0552eb7fdc4e8/​t/​
57490d3159827e39bd4d2314/​
1464405328062/​Bangladesh_NMS_final_
report_2011​-12​.pdf).
17.	 Roth DE, Gernand AD, Morris SK, et 
al. Maternal vitamin D supplementation 
during pregnancy and lactation to pro-
mote infant growth in Dhaka, Bangla-
desh (MDIG trial): study protocol for a 

randomized controlled trial. Trials 2015;​
16:​300.
18.	Cheikh Ismail L, Knight HE, Bhutta 
Z, Chumlea WC. Anthropometric proto-
cols for the construction of new interna-
tional fetal and newborn growth standards: 
the INTERGROWTH-21st Project. BJOG 
2013;​120:​Suppl 2:​42-7.
19.	 Shi J, Korsiak J, Roth DE. New ap-
proach for the identification of implausi-
ble values and outliers in longitudinal 
childhood anthropometric data. Ann Epi-
demiol 2018;​28(3):​204-211.e3.
20.	Villar J, Cheikh Ismail L, Victora CG, 
et al. International standards for newborn 
weight, length, and head circumference by 
gestational age and sex: the Newborn Cross-
Sectional Study of the INTERGROWTH-21st 
Project. Lancet 2014;​384:​857-68.
21.	 Villar J, Giuliani F, Bhutta ZA, et al. 
Postnatal growth standards for preterm in-
fants: the Preterm Postnatal Follow-up 
Study of the INTERGROWTH-21(st) Project. 
Lancet Glob Health 2015;​3(11):​e681-e691.
22.	WHO child growth standards. Gene-
va:​ World Health Organization (http://
www​.who​.int/​childgrowth/​en/​).
23.	 Seamans KM, Cashman KD. Existing 
and potentially novel functional markers 
of vitamin D status: a systematic review. 
Am J Clin Nutr 2009;​89:​1997S-2008S.
24.	 Institute of Medicine. Dietary refer-
ence intakes for calcium and vitamin D. 
Washington, DC:​ National Academies 
Press, 2010.
25.	Gordon AY, Salzman P. Optimality of 

the Holm procedure among general step-
down multiple testing procedures. Stat 
Probab Lett 2008;​78:​1878-84.
26.	Cooper C, Harvey NC, Bishop NJ, et 
al. Maternal gestational vitamin D sup-
plementation and offspring bone health 
(MAVIDOS): a multicentre, double-blind, 
randomised placebo-controlled trial. Lan-
cet Diabetes Endocrinol 2016;​4:​393-402.
27.	 Litonjua AA, Carey VJ, Laranjo N, et 
al. Effect of prenatal supplementation 
with vitamin D on asthma or recurrent 
wheezing in offspring by age 3 years: the 
VDAART randomized clinical trial. JAMA 
2016;​315:​362-70.
28.	Hollis BW, Johnson D, Hulsey TC, 
Ebeling M, Wagner CL. Vitamin D supple-
mentation during pregnancy: double-blind, 
randomized clinical trial of safety and 
effectiveness. J Bone Miner Res 2011;​26:​
2341-57.
29.	Grant CC, Stewart AW, Scragg R, et al. 
Vitamin D during pregnancy and infancy 
and infant serum 25-hydroxyvitamin D con-
centration. Pediatrics 2014;​133(1):​e143-e153.
30.	 Brooke OG, Butters F, Wood C. Intra-
uterine vitamin D nutrition and postnatal 
growth in Asian infants. Br Med J (Clin 
Res Ed) 1981;​283:​1024.
31.	 WHO recommendations on antenatal 
care for a positive pregnancy experience. 
Geneva:​ World Health Organization, 2016 
(http://apps​.who​.int/​iris/​bitstream/​ 
handle/​10665/​250796/​9789241549912​ 
-eng​.pdf).
Copyright © 2018 Massachusetts Medical Society.

The New England Journal of Medicine 
Downloaded from nejm.org on April 18, 2020. For personal use only. No other uses without permission. 

 Copyright © 2018 Massachusetts Medical Society. All rights reserved. 




