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Abstract

Concerns exist about the adequacy of vitamin D in pregnant and lactat-
ing women. This review assesses the evidence that maternal vitamin D
status influences maternal, fetal, and breast-fed infant bone health; ma-
ternal adverse outcomes (preeclampsia, gestational diabetes, obstructed
labor, and infectious disease); fetal adverse outcomes (growth, gesta-
tional age, and developmental programming); and infant adverse out-
comes. The evidence for all of these outcomes is contradictory (except
for maternal infectious disease) and lacking causality; thus, it is incon-
clusive. The 2011 Dietary Reference Intakes for vitamin D and their
implications for assessing vitamin D status are discussed. An estimated
5% to 29% of American pregnant women may have inadequate vita-
min D status, with the higher prevalence in African Americans. Little
is known about the prevalence of inadequacy in American lactating
women. Research needs are also identified, especially the need for rig-
orous and well-designed randomized clinical trials to determine the role
of vitamin D in nonbone health outcomes in pregnancy and lactation.
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INTRODUCTION

Pregnancy and lactation are dynamic periods
for bone health. The understanding about how
maternal vitamin D levels affect health out-
comes in the mother, fetus, and breast-fed in-
fant continues to evolve. Indeed, the specific
role that vitamin D plays in successful preg-
nancy, lactation, and fetal or early infant devel-
opment is unclear (66). Concerns exist, how-
ever, given the importance of its classical role
in bone health and its potential association with
nonbone health outcomes as well as the devel-
opmental programming of offspring’s health.
Globally, vitamin D–deficient rickets in in-
fants and children remains prevalent, ranging
from 9% to 70% in Asia, the Middle East, and
Africa, and is reemerging in developed coun-
tries in ethnically diverse, dark-skinned and
prolonged breast-fed individuals without vita-
min D supplementation (108). Vitamin D de-
ficiency in pregnant women is a concern be-
cause low serum 25-hydroxyvitamin D levels, a

biomarker of exposure, range from 5% to 84%
globally (18, 108, 130), but the prevalence in
lactating women is less understood. Considered
below, after a brief introduction, is our cur-
rent understanding of vitamin D metabolism,
function, maternal and fetal health outcomes,
dietary requirements, and status1 in pregnancy
and lactation as well as the gaps in our knowl-
edge and research needs.

Vitamin D, a seco-sterol, can be consumed
from the diet or produced endogenously in the
skin. Two forms exist—vitamin D2 (ergocal-
ciferol), which is used as a food fortificant or
supplement, and vitamin D3, which is produced
endogenously. Their bioequivalency (reviewed
in 66) is not well established even though
both exhibit antirachitic bioactivity. Only a few
foods, such as fatty fish, are rich in vitamin
D3, but a growing number of foods are for-
tified with vitamin D2 or D3, including milks
(cows, soy, and rice) and some yogurts, ready-
to-eat cereals, margarines, and fruit juices
(141).

Once ingested, vitamin D is absorbed by
enterocytes, packaged into chylomicrons, re-
leased through the lymph into the peripheral
blood, and transported to the liver in the re-
sulting remnant particles. Exposure of skin to
solar UV B radiation (290–320 nm) converts
7-dehydrocholesterol to previtamin D, which
then isomerizes to vitamin D3 and, once re-
leased into the blood, binds to vitamin D bind-
ing protein (DBP), which transports it to the
liver. Vitamin D, irrespective of source or form,
is biologically inactive and must be activated
by two sequential hydroxylations to 1,25 dihy-
droxyvitamin D [1,25(OH)2D]. The first hy-
droxylation in the liver by 25-hydroxylase (most
likely CYP2R1) results in 25-hydroxyvitamin
D (25OHD), which binds to DBP once re-
leased into the blood (Figure 1; 70). The
second hydroxylation occurs in the kidney,

1Status refers to the adequacy of nutrient intake or exposure
relative to requirements. In the case of vitamin D, serum
25-hydroxyvitamin D, a biomarker of total exposure from
dietary intakes and endogenous production, is used to assess
adequacy.
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Figure 1
Vitamin D metabolism, transport, and mechanism of action. Most components of vitamin D signal transduction are illustrated. Vitamin
D3 (upper left) is carried to the liver, where one of a series of 25-hydroxylases—the major ones are the microsomal CYP2R1 and the
mitochondrial CYP27A1—activates it. The resulting 25-hydroxyvitamin D3 [25(OH)D3] is then carried on vitamin D binding protein
(DBP) to the kidney, where the classic renal CYP27B1 1-α hydroxylates it and puts it back into circulation as 1α,25-dihydroxyvitamin
D3 [1α,25(OH)2D3]. Next, 1α,25(OH)2D3 enters and acts on vitamin D target cells at the level of gene transcription through a
VDR-mediated mechanism (bottom right). Note that according to this vitamin D signal transduction, 1α,25(OH)2D3 arrives at the
target cell bound to DBP, but its entry into the cell is a function of the free pool of 1α,25(OH)2D3 (shown inside the box) in
equilibrium with protein-bound 1α,25(OH)2D3. According to the extrarenal 1α-hydroxylase theory, some target cells express the
membrane proteins megalin or cubulin to concentrate the 25(OH)D3-DBP complex and express the protein CYP27B1 to
1α-hydroxylate 25(OH)D. RXR, retinoid X receptor; VDR, vitamin D receptor; VDRE, vitamin D responsive element. (Adapted from
Reference 70; reprinted with permission from Am. J. Clin. Nutr.)

by 1-α-hydroxylase (CYP27B1) under the
countervailing regulation of parathyroid hor-
mone (PTH) or fibroblast growth factor 23
(FGF 23) in response to calcium and phos-
phate levels, respectively (66, 108). Thus, the
metabolism of vitamin D interrelates with that
of calcium and phosphate (Figure 2; 110).
Briefly, low levels of serum calcium stimulate
the release of PTH, which stimulates renal ac-
tivation of 1,25(OH)2D and results in increased
intestinal calcium absorption, renal reabsorp-
tion, and bone calcium resorption to restore

serum calcium levels. In contrast, high serum
phosphate levels stimulate the release of FGF23
from bone, which reduces renal activation of
1,25(OH)2D and, thus, intestinal phosphate ab-
sorption, increases renal phosphate secretion,
and enhances catabolism of 1,25(OH)2D and
25OHD. Renally produced 1,25(OH)2D also
binds to DBP, once it is released into the blood.

In a wide variety of cells, 1,25(OH)2D
binds its nuclear receptor, vitamin D receptor
(VDR), and thereby regulates transcription
of a diverse array of genes that maintain
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Figure 2
A proposed schematic for an integrated calcium-phosphate-vitamin D homeostatic system. PTH, parathyroid hormone; 25OHD,
25-hydroxyvitamin D; TRPV5, TRPV6, transient receptor potential cation channel subfamily V, member 5 and 6, respectively;
1αOHase, 25-hydroxyitamin D-1α-hydroxylase; NTP2a, NTP2b, Na-phosphate cotransporters; FGF23, fibroblast growth factor 23;
Pi, inorganic phosphate; +, increased; -, decreased. (From Reference 110; reprinted with permission from Proc. Nutr. Soc.)

calcium and phosphate homeostasis and bone
mineralization through the classic vitamin D
endocrine system. It also modulates cellular
growth, differentiation, and immune function
(reviewed in 66). Many extrarenal tissues also
express 1-α-hydroxylase and can produce
1,25(OH)2D in vitro. Thus, local intracrine,
paracrine, or autocrine action of 1,25(OH)2D
is feasible but has not yet been demonstrated in
vivo. 1,25(OH)2D and 25OHD are catabolized
to inactive calcitroic acid and 24,25dihydrox-
yvitamin D [24,25(OH)2D], respectively, by
24-hydroxylase (CYP24A1) located in the
kidney and many other tissues. Catabolism
is regulated by 1,25(OH)2D and FGF23
(reviewed in 34, 66).

Because of its longer half-life and reflection
of both dietary and endogenous sources, circu-
lating 25OHD is the best biomarker of expo-
sure to vitamin D. Its usefulness as a biomarker
of effect has not been validated, nor are there
evidence-based consensus guidelines on its in-
terpretation for assessing vitamin D status (66).

Although various cut-points have been sug-
gested for determining vitamin D deficiency,
insufficiency, and sufficiency, the 2011 Insti-
tute of Medicine (IOM) Dietary Reference In-
takes (DRI) for vitamin D (discussed below)
link serum 25OHD levels ≥50 nmol/L2 with
the Recommended Dietary Allowance (RDA)
that meets 97.5% of the population’s need and
a level of <30 nmol/L with increased risk for vi-
tamin D–deficient rickets. Serum 1,25(OH)2D
levels are generally not a useful reflection of ex-
posure due to their short half-life.

VITAMIN D AND PREGNANCY

Physiologic Changes

Key physiological changes in the preg-
nant woman affect maternal transport and

2To convert 25OHD levels from nmol/L to ng/ml, divide by
2.5.

92 Brannon · Picciano

A
nn

u.
 R

ev
. N

ut
r.

 2
01

1.
31

:8
9-

11
5.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
E

N
SS

E
L

A
E

R
 P

O
L

Y
T

E
C

H
N

IC
 I

N
ST

IT
U

T
E

 o
n 

01
/0

3/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NU31CH06-Brannon ARI 3 June 2011 10:45

metabolism of vitamin D, although the spe-
cific mechanisms underlying these changes
are not fully understood. Cumulatively, these
changes increase the circulating levels of DBP
and serum 1,25(OH)2D, with little effect on
serum 25OHD levels (102). The relative con-
tributions of the kidney and placenta to these
changes remain unknown. Both 25(OH)D and
1,25(OH)2D transfer across the perfused hu-
man placenta (114). Generally, cord blood
25OHD levels are 75% on average of maternal
serum levels and correlate with them (20, 49,
67, 128), whereas cord blood 1,25(OH)2D lev-
els are less (52% on average) and do not corre-
late with maternal serum levels (20, 49, 67, 128)
but are similar to those found in nonpregnant
controls. The correlation of cord and maternal
serum 25OHD suggests that 25OHD may be
the predominant metabolite transferred to the
fetus in humans.

DBP. DBP increases 7% to 152% during
pregnancy, as reported in four cross-sectional
(6, 10, 20, 50) and two longitudinal studies
(113, 140). How early DBP levels increase in
pregnancy is best determined from the single
longitudinal study from prepregnancy through
lactation (113) in which DBP increases at 8–
10 weeks (the earliest time measured). How
quickly DBP levels return to prepregnant val-
ues postpartum is also not well established.
DBP decreases within two weeks postpartum,
reaching nonpregnant control levels by six
weeks (140), but the nonpregnant reproductive-
aged controls in this study were significantly
older than the postpartum women. DBP levels
are comparable to prepregnant levels by three
months postpartum in the prepregnant longitu-
dinal study, but earlier postpartum times were
not examined (113). The mechanism whereby
circulating DBP levels increase in pregnancy is
unknown, but regulation by estrogen has been
suggested (6, 50). Some evidence supports a role
for estrogen, including higher serum levels of
DBP in women taking oral contraceptives (50,
134) and in peri- and postmenopausal women
treated with oral estrogen (11, 39).

Vitamin D metabolites. Maternal serum
1.25(OH)2D levels increase, whereas serum
25OHD levels or 24,25(OH)2D levels do not,
as reported by 11 longitudinal studies, 2 ran-
domized clinical trials (RCTs), and 17 cross-
sectional studies; of these, 24 are included in
a recent meta-analysis (102), and 6 are not
(35, 67, 100, 116, 140, 144). Only one cross-
sectional study conducted in pregnant Nigerian
adolescents does not report an increase in serum
1,25(OH)2D levels compared to nonpregnant
controls (116). In this meta-analysis, serum
1,25(OH)2D levels increase 104% at term with
no change in serum 25OHD, which increases
the ratio of serum 1,25(OH)2D to 25OHD
(Figure 3; 102). In the six studies not included
in this meta-analysis, serum 1,25(OH)2D lev-
els increase 134% in pregnancy. Furthermore,
serum 25OHD levels are unaffected by preg-
nancy, except in one longitudinal study (35) and
one cross-sectional study (116) in which lev-
els increase in the third trimester. Thus, inclu-
sion of these additional studies is unlikely to
change the conclusion but might slightly af-
fect the magnitude of the increase in serum
1,25(OH)2D levels in pregnancy.

Figure 3.
Comparison of the grand means ( ± SEM) of serum 25(OH)D (nmol/L), of
serum 1,25(OH)2D (pmol/L), and of the ratio of 1,25(OH)2D/25(OH)D
between pregnant (n = 20 studies) and nonpregnant (n = 9 studies) young
women. NS, not significant. [Adapted from Reference 102; reprinted with
permission of Hormones (Athens)].
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Despite the strong concordance of these
data, only two studies (35, 113) examine
longitudinally the changes in all the vitamin D
metabolites, and a third study (94) examines the
change in 25OHD prior to pregnancy through
postpartum. A limitation in most of the longi-
tudinal studies from early pregnancy to term
or early postpartum is the use of a nonpregnant
comparator group that typically is not matched
for age or prepregnant body mass index (BMI),
which influences maternal serum 25OHD
levels. In some longitudinal studies, postpar-
tum comparisons are used to assess changes in
pregnancy although it is not known whether
all physiologic changes have been restored to
prepregnant levels. Only a few studies consider
seasonal variation in serum 25OHD levels in
the design or analyses, which is a particular con-
cern in cross-sectional studies. Furthermore,
many of these longitudinal or cross-sectional
studies do not consider usual dietary calcium
intakes. Only two consider dietary phosphate
intake, and they report contradictory results—
a 28% increase during pregnancy (35) or
no change (113). However, dietary calcium
and phosphate may interact with vitamin
D metabolism. Nonetheless, the results are
consistent in finding that maternal serum
1,25(OH)2D levels double during pregnancy.

How early this change in serum
1,25(OH)2D occurs is best assessed in the
longitudinal studies from prepregnancy
through lactation (35, 113), which have dif-
fering results. In one (35), serum 1,25(OH)2D
levels increase approximately 47% by 10–
12 weeks and continue increasing until 22–
24 weeks, then remain elevated to term, and
return to prepregnancy levels by three months
postpartum (the earliest period measured). In
the second (113), serum 1,25(OH)2D levels
do not increase in the first 8–10 weeks, but
increase by 23–26 weeks. Taken together, these
results suggest that serum 1,25(OH)2D levels
increase between 10 and 12 weeks, but not
earlier. Other longitudinal studies also report
increased serum 1,25(OH)2D levels during the
first trimester compared to postpartum levels
or nonpregnant controls (46, 100, 133, 144).

Serum 1,25(OH)2D and serum 25OHD lev-
els are not correlated, but serum 24,25(OH)2D
and serum 25OHD levels are (r2 = 0.42) based
on a meta-regression analysis (102). Few de-
tails are provided for the meta-regression anal-
yses, including the heterogeneity among the
studies. Given the different analytical methods
for 25OHD (competitive binding protein as-
say, radioimmunoassay, or high-pressure liquid
chromatography), the variability among meth-
ods and analysts and the fact that many of
these studies predate the now available National
Institute of Standards and Technology Stan-
dard Reference Material for serum 25OHD
levels or the Vitamin D External Quality As-
sessment Scheme, considerable heterogeneity
among studies is expected in the serum 25OHD
levels. Consideration of study heterogeneity
would have strengthened this meta-analysis.

Papapetrou (102) discusses the implications
that a sustained high serum 1,25(OH)2D level
during pregnancy does not appear to impact ei-
ther 25OHD or 24,25(OH)2D, which might be
expected given its regulation of 24-hydroxylase.
How the metabolic flux of vitamin D is altered
in pregnancy and why 1,25(OH)2D does not
appear to affect the catabolism of 25OH is dif-
ficult to discern with only static measures of
circulating metabolites.

Whether the increase in serum 1,25(OH)2D
levels follows the increase in DBP has been
speculated; the limited evidence from a total
of 23 women (35, 113) suggests that it does.
DBP increases at 8–10 weeks (113), prior to
the increase in serum 1,25(OH)2D levels at 10–
12 weeks (35). One might expect that 25OHD
would be similarly increased if the rise in DBP
causes the increase in 1,25(OH)2D, but it is
not. Furthermore, free 1,25(OH)2D levels also
increase 37% to 69% during pregnancy (10,
113, 140) and return to nonpregnant control
values two weeks postpartum (140). The tem-
poral changes in free 1,25(OH)2D levels have
been assessed in only one longitudinal study,
prepregnancy to postpartum, in 12–14 women
(113). By 8–10 weeks, free 1,25(OH)2D lev-
els are not significantly different from either
prepregnancy or elevated values near term;
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thus, a slight increase of 25% in mid-first
trimester, though not significant, is noted. Re-
searchers need to determine the mechanism
whereby maternal serum 1,25(OH)2D levels se-
lectively increase without effect on the other
key metabolites, the interaction with the in-
crease of DBP, and the possible role of estrogen.
Overall, the increase in total and free serum
1,25(OH)2D levels, even with the increase in
DBP, suggests a greater potential delivery of
active vitamin D to tissues during pregnancy
by late in the first trimester and is sustained
through the end of gestation.

Which tissues produce the additional cir-
culating 1,25(OH)2D is not certain because of
the possible contributions from the placenta
and decidua, which express 1-α-hydroxylase
mRNA at 100- and 1,000-fold higher levels,
respectively, in the first and second trimester
than in the third trimester (143). The enzyme
is more strongly located (by immunostaining) in
villous syncytiotrophoblasts than in the under-
lying cytotrophoblasts in the first and second
trimester (143). Decidual stromal cells strongly
exhibit the enzyme. Primary cultured placen-
tal trophoblasts also express 1-α-hydroxylase
mRNA (38), as do primary cultured decidual
cells from early pregnancy (135). In vitro, both
placental (53, 139) and decidual cells (139) syn-
thesize 1,25(OH)2D and 24,25(OH)2D from
3H-25OHD.

Recently, a placental-specific methylation of
24-hydroxylase was identified (98) that reduces
basal expression of the mRNA and prevents reg-
ulation by 1,25(OH)2D. Thus, placentally pro-
duced 1,25(OH)2D in humans may not be eas-
ily catabolized in situ and potentially could be
released into the maternal compartment.

However, the importance of renal contribu-
tion in elevating maternal serum 1,25(OH)2D
levels is suggested by a case report in a
nephrotic pregnant woman who received oral
1,25(OH)2D prior to conception until 21 weeks
gestation, when treatment was discontinued
until delivery at 24 weeks because of hyper-
calcemia (132). Her serum 1,25(OH)2D levels
did not increase from conception to 21 weeks
gestation but also did not decrease after treat-

ment was discontinued. This limited evidence
suggests that although the kidney contributes
to serum 1,25(OH)2D levels during pregnancy,
nonrenal tissues may also contribute. The role
of the placenta in the physiologic elevation of
1,25(OH)2D needs to be elucidated.

PTH. The effects of pregnancy on serum
PTH levels are contradictory and inconsis-
tent. No change is reported from prepregnancy
through postpartum (113) or from the second
trimester through postpartum (133). In con-
trast, increases are reported in other longitu-
dinal studies from the second to third trimester
(28%), with a further increase (83%) post-
partum (120) and from prepregnancy through
postpartum (36%; 94). Thus, conclusions about
pregnancy and PTH or the relationship to
serum 25OHD levels are difficult to draw.

Maternal and Fetal Functional
and Health Outcomes

Maternal bone health. Bone turnover in
pregnancy is controversial (for a recent review,
see 66), and its relationship to maternal serum
25OHD levels is unclear. The 2007 Agency for
Healthcare Quality Research (AHRQ) system-
atic evidence–based review (33) finds insuffi-
cient evidence to assess this relationship. Con-
flicting reports exist on bone turnover during
pregnancy that is assessed by changes in bone
mineral density (BMD) and measured by dual-
energy X-ray absorptiometry (DEXA), single-
photon absorptiometry, or serum biomarkers.
The following discussion focuses on those lon-
gitudinal studies, which are prepregnancy to
postdelivery or early postpartum to avoid the
limitation of a long pre- or post-pregnancy
period and factors other than pregnancy (66).
Furthermore, only studies in which calcium
intakes were 700 mg/day or greater are dis-
cussed because of the correlation of the
serum bone resorption markers [carboxytermi-
nal C-telopeptide cross-linked of type I colla-
gen (CTX) and urinary aminoterminal cross-
linking region of type I collagen telopeptide
(NTX)] with calcium intakes, which suggests
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that skeletal response may be influenced by low
calcium intakes (144). In two studies, pregnancy
does not affect BMD of the dominant arm (35),
integral total or component region BMD, and
total bone mineral content (BMC; 113) or tra-
becular spinal BMD (113). In contrast, trabec-
ular BMD decreases during pregnancy (12, 93,
105), but cortical BMD does not (105). In one
study, serum bone formation markers increase
96% for osteocalcin, 290% for bone-specific al-
kaline phosphatase (BSAP), and 649% for pro-
collagen 1 carboxy peptidase (P1CP), whereas
a bone resorption marker, urinary deoxypyridi-
noline crosslinks (DPyr), increases only at de-
livery and not during gestation (94). In contrast,
another study (12) reports increased DPyr by 14
weeks with further increases throughout preg-
nancy, but no increase until late in pregnancy
for BSAP and P1CP. Thus, it remains unclear
to what extent bone mineral is mobilized dur-
ing pregnancy. Furthermore, in the two studies
that measured serum 25OHD levels, BMD is
unaffected (35, 113). Thus, no information is
available on the impact of vitamin D status on
maternal bone health during pregnancy. How-
ever, the studies to date may not have been suffi-
ciently powered to assess variable and dynamic
bone turnover during pregnancy.

Osteoporosis associated with pregnancy, al-
though rare, has been documented in case re-
ports (106, 123, 124, 131). Typically, patients
present in the third trimester or early in lacta-
tion with back pain, vertebral fractures, and very
low BMD. The causes are largely unknown, but
one report raises possible genetic components
associated with low peak bone mass in affected
related females (106). The relationship to vita-
min D status is also unclear because only two
case reports measured serum 25OHD levels. In
one report, all five cases have serum 25OHD
levels <50 nmol/L, with three ≤25 nmol/L,
and two have serum 1,25(OH)2D levels that
are lower than 50 pmol/L (124). In the sec-
ond report, only one of three cases has low
serum 25OHD levels (12 nmol/L); the other
two have high levels of serum 25OHD levels
(80–97 nmol/L; 131). No clear association of

pregnancy-associated osteoporosis and vitamin
D exists.

Maternal calcium absorption. A key phys-
iologic change in pregnancy is the doubling
of fractional calcium absorption (58), but that
vitamin D plays a role in this change is un-
likely despite the association of similar temporal
changes in serum 1,25(OH)2D and calcium ab-
sorption (113). Relevant animal studies in vita-
min D–deficient rats (23, 56) and Vdr-null mice
(44) demonstrate that vitamin D is not required
for the physiologic change in calcium absorp-
tion in pregnancy.

Fetal bone health. The relationship of ma-
ternal vitamin D status to fetal bone health is
difficult to assess in light of the paucity of avail-
able RCTs and the contradictory reports from
observational studies summarized below. The
IOM DRI Committee (66) noted and reviewed
relevant animal studies in vitamin D deficiency
and Vdr-null mice that suggest that vitamin D
is not required for normal developmental and
skeletal outcomes or placental-fetal transfer of
Ca. Furthermore, Bouillon and colleagues (21)
comment that the skeleton seems normal at
birth in humans with a genetic absence of func-
tional VDR or 1-α-hydroxylase and in whom
severe vitamin D–resistant rickets develops sub-
sequently. Thus, even the role of vitamin D
in skeletal development and mineralization is
uncertain.

Skeletal development and mineralization
and its relationship to maternal vitamin D
status are reported in only one RCT and
eight observational studies, excluding case re-
ports on congenital rickets, which are discussed
below. The results are mixed, with half re-
porting no relationship and half reporting an
inverse relationship. The only RCT (24) re-
ports no effect of 1,000 IU/day3 of vitamin D
in the third trimester in Asian women, com-
pared to placebo-treated controls, on neonatal

3To convert vitamin D in IU to μg, divide by 40.
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crown–heel length, forearm length, or head
circumference, although fontanelle area de-
creases 33% with vitamin D treatment. One
perplexing aspect of this study, however, is
the achieved maternal serum 25OHD level
(168 nmol/L) that is much higher than would
be expected with the stated dose, which sug-
gests that the actual dose received may have
been considerably higher than stated. No re-
lationship of maternal serum 25OHD lev-
els with neonatal BMC (by DEXA) is ob-
served in a cross-sectional study of Turkish
women (1) or in a secondary analysis study in
Gambia (109). Another observational study re-
ports no effect on neonatal BMC of the right
forearm with 1,000 IU/day of maternal vitamin
D supplemental use and no relationship with
serum 25OHD levels (32).

In contrast, five observational studies using
different assessment methods report an inverse
relationship of maternal serum 25OHD levels
with an aspect of skeletal development or min-
eralization (81, 95–97, 137). In a prospective
cohort study using high-resolution 3D ultra-
sound imaging, maternal serum 25OHD lev-
els inversely correlate with fetal femur cross-
sectional area (r2 = −0.025 and −0.01 at 19 and
34 weeks, respectively) and femoral splaying in-
dex (cross-sectional area/length; r2 = −0.029
and −0.012 at 29 and 34 weeks, respectively)
(81). A cross-sectional study using quantita-
tive computed tomography (137) reports 9%
lower tibia BMC in neonates with maternal
and cord blood 25OHD levels <42.6 nmol/L
and a correlation of maternal postpartum serum
25OHD levels with tibia BMC (adjusted for
birthweight Z score) and cross-sectional area
(r2 = 0.054 and 0.046, respectively). Of note,
maternal calcium and vitamin D intakes are
high (1,750 mg/day and 600 IU/day, respec-
tively) because 80% of participants used sup-
plements. Similarly, total BMC (by DEXA) and
cord blood 25OHD levels are lower (8% and
65%, respectively) in Korean infants born in the
winter compared with those born in the sum-
mer (97). Total BMC correlates with serum
25OHD levels (r2 = 0.059). Knee–heel length,
but not crown–heel length, correlates inversely

with serum 25OHD levels and is reduced with
maternal serum levels (<28 nmol/L; 95, 96).

Congenital rickets consequent to severe
maternal vitamin D deficiency or hereditary
rickets typically results in normal neonatal
skeleton but rapid onset of rickets 2–7 days or
a few months after birth (reviewed recently in
66). However, several case reports of severe
maternal vitamin D deficiency and osteoma-
lacia exist. In one, radiological evidence of
some skeletal abnormalities and reduced bone
ash with normal Ca/P ratios is reported in
seven fetuses even though normal “centers of
ossification” are present (88). Wrist ossification
centers vary by season and latitude in China at
3 to 5 days old and are reported more likely to
be present in southern neonates and neonates
born in the fall, when cord 25OHD levels are
higher (126). In four cases of Middle Eastern or
Turkish women (104) with osteomalacia, their
neonates had some evidence of skeletal effect,
including craniotabes (4/4 at days 3 to 12) and
a rare abnormality in the left radius that had
fractured at day 12 (1/4). Neonatal and mater-
nal serum 25OHD levels were also low (9.3 to
25 nmol/L and 6.3 to 29 nmol/L, respectively;
4/4). Exemplifying that not all cases of congen-
ital rickets stem from severe maternal primary
vitamin D deficiency, however, is the case
report of two neonates presenting with con-
genital rickets within one day of birth (9) due to
maternal malabsorption and not maternal os-
teomalacia. The evidence on congenital rickets
is frequently limited by lack of information on
the vitamin D status of the mother, particularly
in the early reports; confounding maternal mal-
nutrition or malabsorption; lack of information
about the neonate’s skeletal health immediately
at birth; and lack of information on maternal
calcium status. What is clear is that very severe
maternal vitamin D–deficient osteomalacia
predisposes neonates to develop early-onset
neonatal rickets. Whether coincident maternal
calcium insufficiency contributes to congenital
rickets needs to be determined.

Hypocalcemia is also reported in neonates
born to severely vitamin D–deficient women
and again does not typically present at birth but
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rather a few days later (8, 26). Neonatal serum
calcium drops at day four after birth in normal
neonates with or without vitamin D supplemen-
tation (36). This physiological postnatal change
may become more severe and life threatening
when the neonate has low 25OHD levels conse-
quent to severe maternal vitamin D deficiency.

Summary. The importance of maternal vita-
min D status to fetal skeletal development and
bone health in the newborn is unclear be-
cause of contradictory evidence on the rela-
tionship of maternal vitamin D status and fe-
tal skeletal development and mineralization.
In extreme maternal vitamin D–deficient os-
teomalacia, the neonate is at risk for neonatal
rickets and hypocalcemia within days of birth.
The interrelationship of maternal calcium sta-
tus and polymorphisms that may alter vitamin
D metabolism are important to elucidate and
may explain some of the contradictory evidence
that presently exists.

Maternal adverse outcomes beyond bone
health. Other adverse maternal health out-
comes beyond bone health considered in asso-
ciation with maternal vitamin D status include
preeclampsia (PE), obstructed labor and C-
section, gestational diabetes mellitus (GDM),
and infectious disease. The most studied of
these is PE, a pregnancy-induced hypertension
with proteinuria occurring after 20 weeks of
gestation, with a prevalence of 5% to 10% glob-
ally. Its etiology is unknown, but impaired pla-
centation is proposed as a key intrinsic etiologic
factor (for recent reviews, see 30, 65) leading
to endothelial cell dysfunction. Delivery of the
placenta after the birth resolves PE, which em-
phasizes its role in this disorder. Additionally,
maternal systemic factors may also result in PE
through inadequate maternal response to the
placenta (65). A role for maternal vitamin D sta-
tus in PE has been hypothesized since the early
1990s (22), but its mechanism is not known.
Most frequently suggested is its regulation of
maternal and placental immune responses and
cytokines, which could also protect against
maternal infections. Indeed, a role for vitamin

D in the regulation of anti-infective compo-
nents of the immune system is biologically plau-
sible, as evidence from in vitro and some ani-
mal models demonstrate (for a recent review,
see 60). A role for vitamin D in β-islet function
is also biologically plausible, as demonstrated
by evidence from animal models and molecular
studies (for a recent review, see 76).

Only observational studies are available, ex-
cept for PE, for which one nonplacebo con-
trolled RCT conducted in India is available.
Most of the observational studies have not
considered maternal calcium or phosphate in-
takes, which could interrelate with vitamin D
metabolism during pregnancy. Many have not
considered seasonal variation or other potential
confounders. Furthermore, for most outcomes
(with the exception of infectious disease) the
evidence is also contradictory across the stud-
ies, as discussed below. Overall, the evidence on
maternal adverse nonbone health outcomes and
vitamin D is contradictory and lacks causality;
thus, the role of vitamin D and the relationship
of maternal vitamin D status to nonbone health
outcomes is presently inconclusive.

PE has been associated with maternal vita-
min D status, but the evidence is contradic-
tory. One RCT (87), one prospective cohort
study in pregnant women at increased risk of
PE (122), four prospective nested case-control
studies (5, 14, 55, 107), and seven case-control
studies (4, 42, 51, 52, 54, 74, 121) are reported.
The RCT, conducted in India, finds no differ-
ence in PE with 1,200 IU of vitamin D with
375 mg calcium daily, but it finds a small de-
crease of 8 mm Hg in diastolic blood pres-
sure with treatment (87). Of the prospective
cohort and nested case-control studies, three
find no association or increased risk (55, 107,
122), whereas two find an increased risk (5, 14)
of PE with low maternal serum 25OHD lev-
els. The risk of severe PE (defined as a higher
blood pressure/proteinuria than the diagnostic
criteria) increases with lower serum 25OHD
levels <50 nmol/L (OR = 5.4; p < 0.001;
5). The risk of PE increases 2.4 fold for ev-
ery serum 25OHD-level decline of 50 nmol/L
(14). Case numbers are lower by 19% among
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the studies reporting no relationship (28 to
39) and those reporting increased risk (43–55)
with low maternal serum 25OHD levels. Me-
dian or mean serum 25OHD levels, however,
are similar across these studies (42–70 nmol/L
in those not reporting a relationship, and 45–
98 nmol/L in those reporting increased risk).
The case-control studies also report conflict-
ing results. Two case studies (42, 121) find no
difference in serum 25OHD levels between PE
cases and controls, with median levels from 59
to 89.8 nmol/L. These two and the remaining
case studies all report significantly lower (67%)
serum 1,25(OH)2D levels in PE cases compared
with controls.

Overall, the evidence concerning the rela-
tionship of maternal vitamin D status with risk
of PE is inconclusive. The most consistent ob-
servation comes from case studies in which ma-
ternal serum 1,25(OH)2D levels are reduced,
but caution is needed in interpreting this find-
ing. Abnormal placentation, known to occur in
PE and postulated to play a causative role in its
etiology, might adversely impact placental pro-
duction or catabolism of 1,25(OH)2D and any
contribution such production makes to circu-
lating levels.

Obstructed labor and C-section in relation
to maternal vitamin D status is examined in
only two observational studies (25, 91), which
have contradictory findings. In a case-control
study in Pakistan (25), maternal serum 25OHD
levels are not related to the risk of obstructed
labor. Maternal serum 25OHD levels are
higher (37%) in the nulliparous obstructed
labor cases than the nulliparous controls (not
age-matched); otherwise, their nutritional
status is similar. In contrast, a case-control
study in Boston finds 32% lower maternal
serum 25OHD levels in C-section cases com-
pared with vaginally delivered controls, and an
increased risk of C-section (OR = 3.84) with
low serum 25OHD levels <37.5 nmol/L (91).

GDM in relation to maternal vitamin D sta-
tus is examined in four observational studies
(31, 41, 80, 112), which report contradictory
results. Maternal serum 25OHD levels are low
in a cohort study in Southern India but are

not associated with GDM (41), whereas in a
cross-sectional study, maternal serum 25OHD
levels are 23% and 18% lower in those with
GDM or impaired glucose tolerance, respec-
tively, than in those with normal glucose tol-
erance (80). Prevalence of severely low levels
<12.5 nmol/L is higher in those with GDM
(44%) than in those with normal GT (24%). In
a prospective study, maternal serum 25(OH)D
levels, although 11% lower in those with GDM,
do not alter the risk of GDM (31). Finally, those
homozygous for the “AA” CYP27B1(260) al-
lele have higher maternal serum 25OHD levels
compared to those either homozygous or het-
erozygous for the “C” allele (111). Only 30%
of GDM patients with serum 25OHD levels
<50 nmol/L have an “A” allele compared with
42% with levels >50 nmol/L. Thus, genetic
variation may influence circulating levels of
serum 25OHD levels. The extent to which such
variation contributes to the contradictory re-
sults in observational studies on the risk for
GDM and, possibly, other health outcomes is
unknown but is important to determine.

Infectious disease in relation to mater-
nal vitamin D status is examined in four
observational studies focused on bacterial
vaginosis (one prospective cohort and one
cross-sectional study), periodontal disease
(one case-control study), and maternal HIV
transmission (one cohort study). Consistently,
lower maternal 25OHD levels mid-gestation
are associated with increased risk of bacterial
vaginosis [OR = 2.87 with <75 nmol/L
(59); OR = 1.26 with ≤50 nmol/L and 1.65
≤20 nmol/L (17)], severe periodontal disease
(OR = 2.2; 19), and HIV transmission or death
at birth in HIV-infected pregnant women in
Tanzania (49%; 90). Infectious disease is the
only maternal adverse outcome for which
the observational findings consistently show
increased risk at lower maternal serum 25OHD
levels. Assessment of maternal prepregnancy
vitamin D status, rather than mid-gestational
status, is needed in light of the potential role
of placental anti-infective factors including
cathelicidin (an antimicrobial peptide) shown
to be regulated by 1,25(OH)2D in placental
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trophoblasts in vitro (79). A high priority is
research to assess whether vitamin D plays a
causal role in preventing maternal infections.

Summary. The evidence for all nonbone
health outcomes, except for infectious diseases,
is contradictory, lacks causal inference, and is
thus inconclusive. Rigorous placebo-controlled
RCTs are needed that examine physiologically
relevant intakes of supplemental vitamin D
prior to pregnancy through postpartum while
ensuring that dietary calcium intakes and phos-
phorous are appropriate to meet the DRIs and
that confounders such as season and latitude
(i.e., ultraviolet B exposure), BMI, and cultural
factors that affect endogenous synthesis of vi-
tamin D are controlled. In addition, studies
need to determine the gene-nutrient interac-
tions possible through polymorphisms in key
genes in vitamin D metabolism, such as 1-α-
hydroxylase, 24-hydroxylase, and DBP. Only
such studies can elucidate any causal effect of
maternal vitamin D status on the risk of PE,
obstructed labor and C-section, GDM, and
infectious disease and can determine whether
genetic polymorphisms enhance or ameliorate
this risk.

Fetal adverse outcomes beyond bone
health. Birthweight is reported relative to
maternal vitamin D status in 4 RCTs and 11
observational studies. Vitamin D supplemen-
tation ranging from 800 to 1,000 IU/day or
a single large dose of 200,000 IU in the last
trimester does not affect birthweight in three
RCTs (24, 83, 142), only one of which is
placebo controlled (24). Nor is a relationship
with maternal serum 25OHD levels found in
six observational studies (1, 32, 41, 45, 95, 109).
In contrast, supplemental vitamin D (1,200 IU/
day with 375 mg Ca/day or a single large dose
of 600,000 IU in the last trimester) in Indian
women increases birthweight 6% and 12%,
respectively, in a nonplacebo-controlled RCT
(86). Furthermore, an inverse relationship of
maternal 25OHD with birthweight is reported
in four observational studies (75, 89, 119,
137). Birthweight Z score inversely correlates

with maternal postpartum 25OHD level (137).
Interestingly, in a subsequent subanalysis from
their original study, in which no relationship
is seen (95), Morley and colleagues (96) report
a VDR Fok modifier effect such that maternal
vitamin D deficiency, defined as <28 nmol/L,
is associated with 8% lower birthweight in Vdr
FF/Ff genotype (p < 0.02).

Small for gestational age (SGA) is reported
relative to maternal vitamin D status in one
RCT and two observational studies. Supple-
mental vitamin D (800 IU/day or a single large
dose of 200,000 in the last trimester) does not
affect the incidence of SGA (142), although the
researchers note that maternal serum 25OHD
levels >50 nmol/L are achieved only in 30%
of the supplemented women even though ma-
ternal 25OHD levels increase 41% with sup-
plementation. Maternal serum 25OHD lev-
els <29.9 nmol/L, but not those ≥30 to
<50 nmol/L, are associated with an increased
adjusted risk of 90% for SGA in a prospec-
tive cohort study (75). However, a U-shaped
risk relationship for SGA is observed in white,
but not black, women in another prospective
cohort study (16), with increased risk associ-
ated with <70 nmol/L serum 25OHD levels
(OR = 2.7) and >70 nmol/L (OR = 3.9).
Thus, the relationship of maternal vitamin D
status and SGA is inconclusive in light of the
negative RCT and inconsistent findings from
the observational studies in which increased risk
is reported at maternal serum 25OHD levels
<29.9 nmol/L and >70 nmol/L in white
women, but not between 30 to 50 nmol/L.
RCTs with physiologically relevant doses are
needed to assess the role of maternal vitamin D
status and SGA.

Gestational duration is reported with con-
flicting results in two observational studies.
A decrease of 0.7 weeks duration is associ-
ated with low maternal serum 25OHD levels
<29.9 nmol/L (95), but no effect on gestational
duration is reported with low total dietary vita-
min D intakes (<200 IU/day) (119).

Summary. The evidence associating mater-
nal vitamin D status to fetal nonbone health
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outcomes is inconsistent and lacks causality.
Relatively few of these observational studies on
nonbone health fetal outcomes consider con-
founding factors such as maternal prepregnant
BMI, race/ethnicity, or maternal nutritional
status. With only a few exceptions (86, 109)
dietary calcium intake is not considered, and
dietary phosphorous intake is not considered.
Other potential risk factors known to affect fetal
growth and SGA, such as socioeconomic status,
unintended pregnancy, and maternal weight
gain, are also typically not considered in the
analyses.

Developmental programming of health out-
comes in later life. Interest in exposure in
utero to maternal vitamin D on health out-
comes in later life, termed developmental pro-
gramming, has grown to include bone health,
type 1 diabetes (T1Db), and inflammatory and
immune disorders such as asthma, wheezing,
and food allergies. Research also is reported on
infant supplementation and later health out-
comes (PE, T1Db) but is not discussed here
because it exceeds the focus of this review.
The discussion below addresses those studies
in which maternal/fetal vitamin D status is as-
sessed using dietary intake or serum 25OHD
levels. Examining developmental programming
in humans presents challenges, and potential
confounders typically are not well considered,
including other nutritional factors and status
(especially calcium or phosphorous), except in
a few studies (43, 68, 84, 99, 137); maternal
weight gain; maternal prepregnant BMI; and
socioeconomic status, except in a few studies
(45, 68, 137). Furthermore, the influence of
some of these confounders could extend beyond
the prenatal to the postnatal period (66).

Bone health. Two longitudinal cohort stud-
ies report an inverse relationship of maternal
serum 25OHD levels at term with offspring’s
skeletal health (68, 136). Follow-up was rea-
sonable in both studies (59% to 70%). Chil-
dren born to mothers with serum 25OHD lev-
els <27.5 nmol/L have lower total and lumbar
BMC (DEXA) at nine years in comparison with

those born to mothers with levels >50 nmol/L
(68). Children born to mothers with serum
25OHD levels <42.6 nmol/L sustain lower
tibia cross-sectional area from birth through
14 months but restore tibia BMC to levels com-
parable to children born to mothers with higher
serum 25OHD levels (136). Calcium (820 to
840 mg/day) and vitamin D (488 to 496 IU/day)
intakes are appropriate for age in both studies.
Whether these reductions in skeletal parame-
ters will be sustained remains to be determined.

Type 1 diabetes. T1Db diabetes risk is as-
sessed relative to maternal vitamin D intake
in two longitudinal cohort studies (43, 84),
which purportedly report conflicting results.
Maternal vitamin D intake only from food,
not supplements [assessed by Food Frequency
Questionnaire (FFQ) in the third trimester], is
positively associated with the risk for islet au-
toimmunity by age 4 years but only approached
statistical significance (Wald χ2; p = 0.059;
43). Total vitamin D intake is not assessed.
Maternal vitamin D intake from food or
supplements or both (assessed by retrospective
FFQ one to three months postpartum) is not
associated with beta cell autoimmunity/T1Db
up to age 9 years (84). Consideration of
maternal serum 25OHD levels would have
strengthened both studies. Neither study
supports developmental programming of
T1Db by maternal vitamin D intake during
pregnancy, but each has major limitations,
with retrospective FFQ in one and a failure to
analyze total vitamin D intake in the other.

Inflammatory and immune disorders.

Asthma and wheezing risk at ages from 2 to
5 years is consistently inversely associated
in four prospective longitudinal birth cohort
studies with either cord blood 25OHD levels
(27) or vitamin D intakes (37, 40, 92). In one
study, maternal dietary intake is assessed with
retrospective FFQ for the eighth month of
pregnancy, a serious limitation of the study (40).
Maternal vitamin D intake is associated at age
5 years with allergic rhinitis (OR = 0.85;
40) and with allergic sensitization to
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specific food allergens (by IgE determina-
tion; OR = 0.56; 99), again with retrospective
FFQ. Of note, however, is that maternal serum
25OHD levels >75 nmol/L are associated with
increased risk of eczema (OR = 5.4) in com-
parison with levels <30 nmol/L (45). Overall, a
consistent association of low maternal vitamin
D status is only seen for inflammatory and
immune-related disorders (asthma, wheezing,
and allergies). Furthermore, a suggestion is
emerging of risk for eczema at both low and
high maternal vitamin D status.

VITAMIN D AND LACTATION

Physiology of Vitamin D in Lactation

Multiple issues concern the physiology of vi-
tamin D in lactation: physiologic changes in
the mother, vitamin D content in the milk and
its relationship to maternal vitamin D status,
and the resulting nutritional status of the in-
fant. In addition, to understand how maternal
vitamin D seems to play little role in mater-
nal calcium homeostasis during lactation (66),
it is important to understand how the calcium
in human breast milk (HBM) is provided. Con-
siderable evidence (for a recent review, see 66)
demonstrates that key physiologic changes in
the mother result in a transient mobilization
of calcium from her bones. Indeed, a clinical
trial finds no effect of maternal supplementa-
tion with 1,200 IU/day of vitamin D2 for four
weeks on HBM calcium (129), nor are maternal
serum 25OHD levels and HBM calcium con-
tent related in Gambian or British women at
three months of lactation (111). Discussed be-
low are changes in vitamin D metabolites in
lactation and HBM content of vitamin D and
its metabolites.

Vitamin D and metabolites. Maternal serum
vitamin D and metabolite levels are reported
in two longitudinal studies (64, 140) and one
cross-sectional study (71). Serum 25OHD lev-
els, but not free 25OHD, decrease approxi-
mately 31% from birth through the first 4 weeks
of lactation and then are sustained at a lower

level through 21 weeks (64). Serum total and
free 1,25(OH)2D levels also decrease sharply
within two weeks after birth (140), by approx-
imately 60% in the first 4 weeks (64), and are
relatively stable through 12 weeks lactation, and
then increases slightly by 18 (140) to 21 weeks
(64) of lactation. DBP also decreases sharply
at birth, approximately 25% by 4 weeks lac-
tation, and remains lower through 18 weeks
(140). Serum 5OHD and 1,25(OH)2D levels
are similar, however, in women lactating and
in those weaning their infants (71), but serum
1,25(OH)2D levels are higher in women wean-
ing their infants than in nonlactating control
women. Serum PTH levels are also similar in
lactating and weaning women.

Vitamin D and its metabolites in human
milk. The content of vitamin D and its
metabolites in HBM are reported in five stud-
ies measured by competitive binding protein as-
say at 1 to 30 days postpartum (28, 62), 0.5 to
4 months postpartum (61, 101), or an unspeci-
fied time postpartum (127); two studies by high-
performance liquid chromatography at 8 to 20
weeks postpartum (2, 129); and one study by liq-
uid chromatography-tandem mass spectrome-
try at 3 to 268 days postpartum (72). Three of
the studies (2, 127, 129) use milk samples col-
lected from the first morning feeding with to-
tal milk (129), combined fore-, mid-, and hind-
milk (127), or fore- and hindmilk samples (2),
whereas one uses foremilk only from random
times (101), one uses midmilk from an unspec-
ified times (72), one uses unspecified sampling
at random times (28), and two use an unspec-
ified sampling strategy (61, 62). Reports con-
flict on whey versus whole milk content, with
one finding higher vitamin D and its metabo-
lite levels in whey (62) and the other finding
little detectable in whey (2). In this latter study,
hind milk (rich in fat) is higher in content (49%)
than is foremilk (lower in fat), consistent with
their analytical findings of little content in sep-
arated whey. Vitamin D content ranges from
39 pg/ml (62) to 579pg/ml (127) and is low
compared with maternal serum levels (17.8%;
61). 25OHD content ranges from 84 pg/ml
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(72) to 1,900 pg/ml (101) and is proportionately
lower—compared to maternal serum 25OHD
levels (0.9%; 61)—than the ratio of HBM
to maternal vitamin D levels. 1,25(OH)2D
ranges from 5.1 pg/ml (62) to 22 pg/ml (129).
Vitamin D and 25OHD3 content does not
vary from colostrum to transitional to ma-
ture milk, whereas 25OHD2 decreases 50%
from colostrum to transitional milk and remains
low in mature milk (72). HBM vitamin D and
25OHD levels are lower in African Americans
(33% for 25OHD and 68% for vitamin D; 122).
DBP is also present in HBM at 3.3% the level
found in maternal serum and is unrelated to
the vitamin D or 25OHD content (61), but its
source is not clear. Thus, HBM contains lit-
tle total vitamin D activity: The average across
studies is 544 pg/ml, which would provide ap-
proximately 15 IU/day to the exclusively breast-
fed infant in the first six months.

The effect of maternal status and supple-
mental vitamin D on HBM content varies
among studies. HBM vitamin D levels cor-
relate with maternal serum vitamin D levels
[r2 = 0.33 (127); r2 = 0.48 (61)]. Conflicting
results are reported on the correlation of HBM
25OHD with maternal serum 25OHD levels,
with no correlation in two studies (28, 127) and
a positive correlation in two studies [r2 = 0.14
to 0.18 (61); r2 = 0.38 (64)]. Levels of vitamin
D and 25OHD in HBM do not correlate (72).
Seasonal variation in content is also noted by
Ala-Houhala and colleagues (2).

Maternal supplemental vitamin D (1,000 to
2,000 IU/day) increases HBM 25OHD 199%,
but not vitamin D (2). Supplementation with
1,200 IU/day of vitamin D2 for four weeks in-
creases HBM vitamin D 93% (as vitamin D2)
and 24,25(OH)2D 19%, but does not affect total
25OHD or 1,25(OH)2D levels (129). Maternal
supplementation with 1,600 or 3,600 IU/day
of vitamin D2 and 400 IU/day of vitamin D3

(total 2,000 and 4,000 IU/day) also increases
HBM vitamin D and metabolites (reported as
a summed total antirachitic activity in IU) ap-
proximately 200% and 400%, respectively, af-
ter three months (63), as does a higher dose of
6,400 IU/day (6,000 IU D2 and 400 IU D2; 138)

with approximately 1,000% increase after one
month and 2,300% after six months. Unfortu-
nately, the chemical form of vitamin D most
contributing to these large increases in HBM
with high-dose maternal supplementation can-
not be identified because, although measured,
the chemical forms are not reported. Only one
study does not find an increase in HBM vita-
min D content with 983 IU/day of vitamin D in
cod liver oil supplement (101). Taken together,
the evidence strongly supports an increased re-
sponse of HBM vitamin D and 25OHD content
to maternal vitamin D supplementation from
1,000 IU to 6,400 IU/day.

Why such small amounts of maternal vita-
min D and its metabolites are transferred across
the lactating mammary epithelium to breast
milk is unknown. What role, if any, either ma-
ternal or HBM DBP play in this transfer is un-
clear. Understanding the mechanism of trans-
fer might enable more effective strategies to
increase milk total vitamin D activity without
excessive exposure of the mother to very high
intakes of vitamin D.

Infant serum vitamin D and metabolite lev-
els are reported by four longitudinal studies
(29, 48, 64, 85), one RCT (115), and two co-
hort studies (77, 127). Serum total (48, 64,
85, 115) and free levels (64) of 25OHD de-
crease ranging from 41% to 87% in the first
six to eight weeks of exclusive breast-feeding
and 25% over six months of breast-feeding
(48). Similarly, serum total (64, 85) and free
(64) 1,25(OH)2D levels also decrease up to
75% during this initial period, but increase
16% to 30% by 6 to 12 months (48). Serum
PTH levels also decrease approximately 25%
over 12 months (48). Conflicting results are re-
ported on differences between European Amer-
ican and African American exclusively breast-
fed infants: 30% lower serum 25OHD levels in
African American infants are reported after an
unspecified period in one study (127), but no
difference at six months in another study (77).
However, serum 1,25(OH)2D levels are 19%
lower in African American infants in the lat-
ter study. Season affects serum 25OHD levels
and serum 1,25(OH)2D levels in both European
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American and African American infants, with
higher 25OHD levels in summer and lower
1,25(OH)2D levels in winter (77). Results con-
flict on the correlation of infant serum 25OHD
levels with maternal serum 25OHD levels in
exclusively breast-fed infants: A positive cor-
relation is reported at four days and six weeks
(r2 = 0.25 and 0.33, respectively) in one study
(115), but no correlation is reported in another
study (127). Serum DBP does not differ be-
tween the two groups of infants (77). Consis-
tently, infant serum total and free 25OHD and
1,25(OH)2D levels decrease early in exclusive
breast-feeding and remain low through the first
12 weeks of breast-feeding.

Effect of maternal status and supplementa-
tion on infant serum 25OHD levels and other
metabolites is reported in three RCTs in exclu-
sively breast-fed infants, with differing results.
Maternal supplementation with 2,000 IU/day,
but not 1,000 IU/day, for 15 weeks achieves in-
fant serum 25OHD levels and 1,25(OH)2D lev-
els comparable to those achieved by infant sup-
plementation with 400 IU/day (approximately
71 to 80 nmol/L; 3). In a double-blind RCT
without a placebo or infant supplemented con-
trol group, maternal supplementation for three
months increases infant serum 25OHD lev-
els 356% and 230%, respectively, to levels
>50 nmol/L (7). Comparable serum 25OHD
levels are achieved (approximately 112 nmol/L)
with maternal supplementation of 6,400 IU/day
and infant supplementation of 300 IU/day
(138), but infant levels achieved with the 400
IU/day maternal supplementation (control),
unfortunately, are not reported. Others re-
port serum 25OHD levels from 58 (29) to 100
nmol/L (48) with 400 IU/day of infant supple-
mentation for six months. Consistently, infant
serum calcium and phosphate levels are compa-
rable across all groups (3, 138), as are all growth
parameters (138).

Maternal and Infant Health Outcomes

Maternal bone health. Loss of maternal bone
mineral during lactation and its restoration
postweaning is well established (reviewed in 66)

and seems largely unrelated to maternal vitamin
D status. Loss of 6% lumbar spine BMD occurs
even while serum 25OHD levels increase 45%
postweaning (35) and serum 1,25(OH)2D levels
are unchanged. Serum 25OHD, 1,25(OH)2D,
and PTH do not correlate with femoral
and lumbar BMD and decrease similarly in
women who are breast-feeding, partially breast-
feeding, and formula-feeding (125). No RCT
examining the effect of maternal supplemental
vitamin D on the bone health of mothers dur-
ing lactation could be identified. In the long
term, lactation is protective against osteoporo-
sis (66). Recent studies exemplify this evidence
(117, 118), with an OR of 0.38 reported (118).

Infant bone health. Although exclusively
breast-fed infants not receiving supplementa-
tion have reduced, and in some cases low, serum
25OHD levels (115), signs of rickets are gen-
erally not found in the first six months (115).
The AHRQ evidence-based review could not
identify a threshold for serum 25OHD lev-
els (33), but the IOM DRI committee noted
an increased risk of rickets below 30 nmol/L
(66). BMC (by DEXA) is similar in exclusively
breast-fed infants supplemented or not with
400 IU/day of vitamin D (29) and in breast-fed
and formula-fed infants (even though breast-
fed infants have 45% lower serum 25OHD lev-
els; 103). The impact on bone health of lower
serum 25OHD levels in exclusively breast-fed
infants seems on average minimal in the first six
months.

Other health outcomes. The growth of
exclusively breast-fed infants is unaffected by
either infant (400 IU/day; 29) or maternal
(additional 6,000 IU/d; 138) supplemental
vitamin D. One retrospective case series (82)
reports 16 cases of exclusively breast-fed infants
of Indian or African ethnicity with clinical
heart failure (severe cardiomyopathy or cardiac
arrest) in whom serum 25OHD levels are very
low (mean 18.5 nmol/L), PTH levels are high
(mean 34 pmol/L), and total calcium is very
low (1.5 mmol/L). In a case study, an increased
risk of urinary tract infections in exclusively
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breast-fed infants supplemented with vitamin
D is reported (73), but as noted by Linday and
colleagues (78), this study is limited by the use
of risk analysis designed for population analysis
instead of a statistical approach more appro-
priate for the analysis of samples, inclusion of
mixed-fed infants, concerns about the case inci-
dence, and lack of consideration of the amount
and type of supplementation. Thus, very low
vitamin D levels in exclusively breast fed
infants are associated with hypocalcemia and
clinical cardiac failure in at-risk ethnic infants.

DIETARY RECOMMENDATIONS
AND STATUS

2011 Dietary Reference Intakes

The 2011 DRIs for vitamin D are based on bone
health, the only health outcome of the 24 eval-
uated for which sufficient evidence of cause and
effect and dose response data needed for speci-
fying the DRIs could be identified (66). In adults
(using an integrated bone health indicator with
calcium absorption and osteomalacia for bone
maintenance) and in adolescents (using an in-
tegrated bone health indicator with calcium
absorption, rickets, and BMC/BMD for bone
accretion), serum 25OHD levels ≥50 nmol/L
meet the needs of 97.5% of healthy adults and
adolescents, a level consistent with an RDA.
Serum 25OHD levels of 40 nmol/L meet the
needs of 50% of healthy adults and adolescents,
a level consistent with the IOM’s Estimated Av-
erage Requirement (EAR). The RDA and EAR
were specified assuming minimal sun exposure
because of the lack of evidence for dose re-
sponse from sun exposure and for the known
risk of UV radiation and skin cancer. Establish-
ing DRIs for vitamin D assuming minimal ex-
posure also addresses the variability in endoge-
nous production due to geographic latitude,
season, skin pigmentation, and cultural and be-
havioral factors. A simulated dose-response of
achieved serum 25OHD levels versus total di-
etary vitamin D intake from foods and sup-
plements was done by regression analysis of
achieved serum 25OHD levels versus the nat-

ural logarithm of total dietary vitamin D in-
take, (the best curvilinear fit) based on RCTs
conducted in the winter at latitudes >50◦ or
in Antarctica. Of note, the simulated dose re-
sponse was not affected by age from 5 to over
70 years. No dose-response studies meeting the
inclusion criteria were identified in pregnant
or lactating women. From this simulated dose
response, the EAR for adolescents and adults
was set at 400 IU/day and the RDA was set at
600 IU/day.

EAR and RDA for pregnancy and lactation.
The EAR and RDA for both pregnancy and
lactation are also set at 400 IU/day and 600
IU/day, respectively, based on the evidence that
needs do not increase in pregnancy or lactation
(66). For pregnancy, this evidence includes the
insufficiency of evidence on the association of
serum 25OHD levels and maternal BMD found
by the AHRQ systematic evidence-based re-
view (33); no effect of maternal 25OHD level
on fetal calcium homeostasis or skeletal out-
comes based on one RCT (36); and no effect
on fetal calcium homeostasis or skeletal out-
comes of the genetic absence of VDR or 1-
α-hydroxylase. For lactation, this evidence in-
cludes no effect of maternal status on breast
milk calcium content (111) or serum 25OHD
levels in the breast-fed infant based on RCTs
and observational studies (reviewed above and
in the IOM report; 66), except at very high in-
takes (>4,000–6,400 IU/day) (138). These very
high intakes are at or above the tolerable upper
intake level (UL) discussed next. Furthermore,
an Adequate Intake4 of 400 IU/day for infants
(an intake consistent with the recommendations
of the American Academy of Pediatrics) is set
to ensure serum 25OHD levels consistent with
bone health (66).

Upper intake level. The tolerable upper level
is the level of daily intake over an extended
period above which the risk of adverse effects

4An Adequate Intake, set when insufficient evidence is avail-
able to specify an EAR, is intended to meet or exceed the
needs of most persons in the life-stage group (66).
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increases. For adults, the UL was set on the
basis of evidence from hypercalcemia in acute
vitamin D toxicity at 10,000 IU/day. Evidence
from two RCTs (7, 138), in fact, does not find
maternal hypercalcemia with supplemental vi-
tamin D from 4,000 to 6,400 IU/day. This
level, associated with acute toxicity and hyper-
calcemia, was adjusted for the uncertainty aris-
ing from emerging evidence of increased risk
(from U-shaped relationships at both low and
high serum 25OHD levels) at higher levels of
25OHD (125–150 nmol/L) for all-cause mor-
tality, certain cancers (pancreatic, prostate, and
breast), cardiovascular disease, and fractures.
The UL is, thus, set at 4,000 IU/day, a level
resulting in 25OHD levels of approximately
150 nmol/L (57). Because no data for pregnant
and lactating women provided a different basis
for establishing another UL specific to these life
stages, the UL for pregnant women and adoles-
cents and for lactating women and adolescents
is also set at 4,000 IU/day. Worth noting, how-
ever, are two recent studies: one by Bodnar and
colleagues (16) in which a U-shaped relation-
ship of risk for SGA and serum 25OHD levels is
observed in white women with increased risk at
levels >70nmol/L, and the second by Gale and
colleagues (45), in which risk of eczema at age
5 years increases with maternal serum 25OHD
levels >75 nmol/L, mirroring the emerging
concerns for other health outcomes in adults.
For both SGA and eczema, the increased risk
at higher levels occurs at 25OHD levels similar
to those considered by the IOM DRI commit-
tee in establishing the UL at 4,000 IU/day. Im-
mediate and long-term effects of high serum
25OHD levels in lactating women have not
been well studied, but for the protection of pub-
lic health, the caution of avoiding high maternal
serum 25OHD levels is warranted.

Vitamin D Status of Pregnant and
Lactating Women in the United States

Assessing the vitamin D status of pregnant
and lactating women presents the same chal-
lenges that have been described in other life
stages (66). Relative contributions from en-

dogenously produced vitamin D are difficult
to determine given the paucity of data on the
dose response from sun exposure and the many
biobehavioral factors that influence sun expo-
sure, including season, latitude, cloud cover,
pollution, skin pigmentation, use of sun pro-
tection, and ethnic, religious, and cultural dress
practices of covering exposed skin (especially
for reproductive-aged women). The inherent
limitations of FFQs and dietary recall meth-
ods and the limitations of food composition
databases for vitamin D are also challenges,
although improved methods of assessing vi-
tamin D in foods have been developed, and
the USDA Food Composition Database has
been updated (66). Furthermore, obesity re-
duces serum 25OHD levels (66). The impact
of these challenges is well reflected in the most
recent data from the U.S. National Health
and Nutrition Examination Survey (NHANES)
(66) across males and females from 1 to 70+
years of age. Total dietary intake from food and
supplements (323 ± 62 IU/day) is less than
the EAR (400 IU), but serum 25OHD levels
(adjusted appropriately for assay drifts/shifts),
which reflect total exposure from diet and en-
dogenous sources, are 58.9±14.0 nmol/L, well
above the 40 nmol/L linked to the EAR and
even above the 50 nmol/L linked to the RDA
of 600 IU/day. Most likely, incidental sun expo-
sure contributions account for the discrepancy.
On the basis of DRI simulated dose-response
analyses (66), it appears that some incidental sun
exposure contributes to vitamin D status: 24%
greater 25(OH)D is achieved at northern lati-
tudes in the United States and Canada (41◦ to
48◦N) in comparison with levels at more north-
ern latitudes (>50◦N), per unit of total vitamin
D intake. For these reasons, maternal serum
25OHD levels are the best indicator of total
exposure of pregnant and lactating women to
vitamin D from all sources.

Another challenge is interpreting mater-
nal serum 25OHD levels in the absence of
evidence-based consensus guidelines, as noted
by the IOM DRI committee (66), particularly
because no health outcomes are validated rela-
tive to serum 25OHD levels in either pregnant
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or lactating women, and serum 25OHD lev-
els change during lactation. Risk of rickets or
osteomalacia increases below serum 25OHD
levels of 30 nmol/L across life-stage groups
(66), but an individual with such low levels
does not necessarily have frank vitamin D de-
ficiency. Consistent with the interpretation of
the EAR and RDA, serum 25OHD levels <40
suggest an increased risk for inadequate intake,
and levels ≥50 nmol/L suggest that most needs
have been met. However, a wide array of cut-
off values for deficiency (<10 to <80 nmol/L),
insufficiency (<50 to <75), and sufficiency
(≥50 to ≥75 nmol/L) are used throughout the
literature.

Vitamin D Status of pregnant women in the
United States. The most current data from
the nationally representative U.S. NHANES
for pregnant women have been analyzed re-
cently (47). However, the results of this study
are weakened by its failure to analyze usual in-
takes and by its failure to address the docu-
mented and serious assay drifts and shifts in the
NHANES serum 25OHD analysis. Thus, the
validity of the results and conclusions concern-
ing vitamin D status from dietary intake and
serum 25OHD levels are uncertain in the ab-
sence of knowing how adjusting for the assay
shifts and drifts would affect the distribution
of serum 25OHD. What is informative from
this study is the use of supplemental vitamin
D in pregnant women in the United States.
Only 28% do not use a vitamin D supplement,
markedly lower than the 68% of nonpregnant
women who do not use a vitamin D supple-
ment. Of pregnant supplement users, 7% take
1 to 399 IU/day, and 66% take >400 IU/day of
supplemental vitamin D; 29% take supplements
for >181 days, and 21% do so for 31 to 181 days
of pregnancy (47). A rigorous and appropriate
analysis of current NHANES data for pregnant
women is needed to determine the vitamin D
status on the basis of total usual dietary intake
and serum 25OHD levels adjusted for the assay
drifts/shifts.

Four recent cohort studies in pregnant
adults and one in adolescents provide some in-

formation on vitamin D status, although none
is nationally representative. Overall, 41% of
the pregnant women (mean age 25 to 30 years)
have serum 25OHD levels <50 nmol/L, with
more African Americans (approximately 78%)
below this level than Hispanic Americans
(approximately 33%) and European Americans
(approximately 13%; 69). From a series of
three studies from two cohorts (13, 15, 18),
5% and 29% of pregnant European Americans
and African Americans, respectively, have
serum 25OHD levels <37.5 nmol/L (15). The
cut-point for insufficiency (38 to 80 nmol/L)
that is used unfortunately does not allow deter-
mination of the prevalence of serum 25OHD
levels <50 nmol/L. Seasonal variation in winter
compared with summer (after adjustment for
BMI and periconceptional vitamin use by 90%)
is 42% lower in African American women
than European American women. Pregnant
women obese prior to pregnancy have a higher
prevalence (40% to 61%) of serum 25OHD
levels <50 nmol/L than do women overweight
prior to pregnancy (33% to 48%) or women
with normal weight prior to pregnancy (26%
to 36%; 13). In a cohort study in Baltimore
(100), prevalence of serum 25OHD levels
<37.5 nmol/L and <50 nmol/L in pregnant
African American adolescents are 7% to 30%
(summer and winter, respectively) and 30% to
56% (summer and winter, respectively).

Overall, the prevalence of low vitamin D
levels indicative of inadequacy based on the
EAR-linked value of <40 appears to be low
in pregnant European Americans even in the
northern United States (5%), higher in African
Americans (29%), and similar in adolescents
(7%). The studies, however, used a slightly
lower serum 25OHD level (<37.5 nmol/L)
to determine prevalence. Furthermore, many
pregnant women in the United States are meet-
ing their needs for vitamin D, as indicated
by the prevalence of serum 25OHD levels
>50 nmol/L in 40% to 74%, although the
prevalence of meeting their needs is lower in
African American and obese women and dur-
ing the winter. Still, vitamin D is a nutrient
of concern for American pregnant women and
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adolescents, particularly for African Americans
and obese individuals.

Vitamin D status of lactating women in the
United States. Less is known about the vita-
min D status of lactating women. No nation-
ally representative analysis has been reported.
In part, this absence may reflect the small num-
ber of lactating women in the NHANES data
set (only 101 for 2003–2006). Nonetheless, in-
clusion of the assessment of maternal and infant
serum 25OHD levels in early (2 to 4 weeks) and
mid (12 to 16 weeks) lactation in a nationally
representative study, such as the National Chil-
dren’s Study, would greatly enhance our un-
derstanding of the prevalence of inadequacy in
lactating women in the United States. None of
the cross-sectional, RCT, or longitudinal stud-
ies in the past ten years are informative because
only mean serum 25OHD levels are reported
or because inappropriately high cut-points are
used to assess prevalence of deficiency or
insufficiency.

KNOWLEDGE GAPS AND
RESEARCH NEEDS

The mechanisms whereby physiologic changes
occur in maternal vitamin D metabolism dur-
ing pregnancy are unknown. Specifically, re-
search is needed to determine how maternal
DBP and serum 1,25(OH)2D levels increase as
well as the role of the kidney and placenta in
this increase. For all maternal and fetal bone
and nonbone health outcomes, rigorous ran-
domized clinical trials are needed to determine
the role of maternal vitamin D and status on
these outcomes. High priority should be given
to maternal infectious disease, for which con-
sistent observational associations exist. Finally,
research is needed to understand genetic vari-
ants in the vitamin D metabolic pathway, par-
ticularly in Vdr, Cyp27B1, and Cyp2R1, relative
to their impact on risk to the maternal and fetal
outcomes and interaction with maternal vita-
min D status

Research is also needed to elucidate the
mechanism of transfer of vitamin D and its

metabolites across the lactating mammary ep-
ithelium and the consequence of high maternal
supplementation to long-term maternal health
outcomes and infant bone and nonbone health
outcomes. Assessment of vitamin D status in
a nationally representative sample of American
lactating women is also needed to inform public
health policy and guidelines.

SUMMARY AND CONCLUSIONS

Key physiologic changes occur during preg-
nancy and lactation in maternal calcium home-
ostasis that are independent of vitamin D. The
role of vitamin D on maternal and fetal bone
health outcomes is not fully understood. The
relationship of maternal vitamin D and mater-
nal adverse outcomes including preeclampsia,
gestational diabetes, obstructed labor, and C-
section is not clear. Only for maternal infections
is the observational evidence consistent in asso-
ciating increased risk of infection with low ma-
ternal vitamin D status. Overall, the evidence
lacks causality, as no double-blinded placebo-
controlled RCTs have been conducted on non-
bone health outcomes. The evidence on vitamin
D on fetal adverse outcomes is also contradic-
tory and lacking in causality for growth and de-
velopmental programming of subsequent bone
health, T1Db, and inflammatory and immune-
related disorders.

The 2011 DRIs for vitamin D were set on
the basis of an integrated bone health indicator
and a simulated dose-response assuming min-
imal sun exposure. The EAR is 400 IU/day,
and the RDA is 600 IU/day for pregnant
and lactating women and adolescents. The
4,000 IU/day UL is based on hypercalcemia
resulting from acute toxicity adjusted for the
uncertainty arising from emerging evidence of
U-shaped risk relationships for all-cause mor-
tality, certain cancers, cardiovascular disease,
and fracture risk. Increased risk for these is
associated with serum 25OHD levels greater
than 150 nmol/L. Recent evidence associates
increased risk of SGA with maternal serum
25OHD levels above 70 nmol/L. Prevalence
of inadequacy in American pregnant women

108 Brannon · Picciano

A
nn

u.
 R

ev
. N

ut
r.

 2
01

1.
31

:8
9-

11
5.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
E

N
SS

E
L

A
E

R
 P

O
L

Y
T

E
C

H
N

IC
 I

N
ST

IT
U

T
E

 o
n 

01
/0

3/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NU31CH06-Brannon ARI 3 June 2011 10:45

ranges from 5% to 29%, but concerning limita-
tions exist in the evidence. Little is known about
the vitamin D adequacy in American lactating
women.

Research is needed to understand the
metabolic alterations for vitamin D during
pregnancy, the mechanism of its transfer across
the lactating mammary epithelium, the status of

American pregnant and lactating women, and
the relationship of genetic polymorphisms in
Vdr and Cyp27B1 with vitamin D status and
maternal and fetal outcomes. Especially needed
are rigorous and well-designed RCTs to deter-
mine the relationship of vitamin D status with
maternal and fetal bone and nonbone health
outcomes.
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