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Daily oral vitamin D supplementation (400 IU) is recommended for breastfeeding infants (<1 y). Recent studies have examined alternative
approaches to preventing vitamin D deficiency in this population. This systematic review and meta-analysis aimed to estimate the effects of maternal
postpartum (M-PP) or infant intermittent (I-INT) vitamin D supplementation on infant 25-hydroxyvitamin D [25(OH)D] concentrations in comparison
to routine direct infant daily (I-D) oral supplementation (400 IU). MEDLINE, MEDLINE In-Process, Embase, the Cochrane Database of Systematic
Reviews, and the Cochrane Central Register of Controlled Trials were searched up to December 2018. Inclusion criteria consisted of published, peer-
reviewed, vitamin D intervention trials involving lactating women and/or exclusively or partially breastfed term infants. Two reviewers independently
extracted study characteristics (e.g., sample size, intervention dose, and duration and mode of administration) and related biochemical and clinical
outcomes. Of 28 included trials, 5 randomized controlled trials were incorporated in meta-analyses examining infant 25(OH)D. Overall, M-PP
supplementation resulted in modestly lower infant 25(OH)D compared with I-D supplementation (weighted mean difference = —8.1 nmol/L; 95%
Cl: =154, —0.9; P = 45%; P = 0.14; 3 trials), but the 2 most recent trials found M-PP to achieve similar infant 25(0OH)D as I-D. Comparison of I-INT
with I-D was confined to 2 trials with contradictory findings, and it was considered inappropriate for pooled analysis. Meta-analysis was therefore
limited by a small number of eligible trials with variable quality of analytically derived 25(OH)D data and inconsistent reporting of safety outcomes,
including effects on calcium homeostasis. Considering all 28 included trials, this systematic review highlights M-PP and I-INT regimens as plausible
substitutes for routine daily infant vitamin D supplementation, but evidence remains too weak to support a policy update. Dose-ranging, adequately
powered trials are required to establish the efficacy, safety, and feasibility of alternative strategies to prevent vitamin D deficiency in breastfeeding
infants. This review was registered with PROSPERO as CRD42017069905. Adv Nutr 2020;11:144-159,
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Introduction

Routine vitamin D supplementation of breastfeeding infants
is a core public health strategy for prevention of nutritional
rickets in the United States (1), United Kingdom (2, 3)
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and Canada (4). This policy has been increasingly adopted
in other regions (5) and has been proposed as a global
recommendation, applicable even in tropical countries where
rickets has emerged as a public health concern (6). It is
well established that maternal prenatal 25-hydroxyvitamin
D [25(OH)D] concentrations are a determinant of newborn
vitamin D status, but beyond ~2 mo of age, infants become
dependent on other sources of vitamin D (6). Early infancy is
therefore recognized as a life stage with a relatively high risk
of deficiency (7, 8). The dose-response relation of 25(OH)D
to epidermal UVB exposure in infants is unknown, but
it would be expected to be dependent on individual and
environmental factors such as skin pigmentation, clothing
practices, latitude, and season (1, 9). Moreover, standard
caution against direct exposure of infants to sunlight to
avoid sunburn limits the potential for cutaneous vitamin D
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production (1, 10), such that dietary or supplemental vitamin
D is generally required in this age group.

Whereas commercial infant formulas are vitamin D
fortified, human milk has historically been considered a poor
source of vitamin D (~40 IU/L) (11-13). It is now known,
however, that the vitamin D content of breast milk depends
on maternal vitamin D intake (6) and can be modified
by supplementation during lactation. Maternal vitamin D
supplementation hence presents a pragmatic opportunity to
provide infants with a natural source of vitamin D while
simultaneously improving maternal vitamin D status (14).
This approach has been suggested as an appealing strategy
to mothers (15), and it could also be a feasible means of
avoiding concerns that micronutrient supplementation in
the first 6 mo of life may undermine public messaging
regarding the optimality of exclusive breastfeeding during
this period (16). In both pregnant women and nonpregnant
adults, weekly or monthly supplementation can yield steady-
state 25(0OH)D concentrations similar to that attained by
equivalent daily dosing regimens (17), yet only a limited
number of trials have examined such regimens in lactating
women. Intermittent infant dosing (e.g., weekly, monthly, or
administered concurrently with routine immunizations) has
also been proposed as an alternative to daily infant vitamin
D supplementation (18), particularly in light of variations
in adherence to existing recommendations (19). In Europe,
single high doses or intermittent regimens in infancy were
formerly used to both prevent and treat rickets (6), but their
safety and eflicacy with respect to maintenance of 25(OH)D
at concentrations comparable to the standard daily regimen
are not well established.

In this systematic review and meta-analysis of published
trials, we primarily aimed to estimate the effect of maternal
postpartum (M-PP) or infant intermittent (I-INT) vitamin
D supplementation on circulating 25(OH)D in infancy
(<12 mo of age) in comparison to routine direct infant
daily (I-D) oral supplementation (400 IU). Drawing upon
a broader selection of studies including those that did
not meet criteria for contribution to our primary aim, we
synthesized the evidence pertaining to effects of alternative
maternal and infant strategies on vitamin D status, safety
parameters, and related health outcomes. Acknowledging
potential forthcoming advances in this area, we also searched
clinical trial registries to identify ongoing or unpublished
trials that may be eligible for inclusion in future updates.

Methods

Search strategy

The search strategy was determined a priori
(CRD42017069905) and conducted in accordance with
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines (20). MEDLINE, MEDLINE
In-Process, Embase, the Cochrane Database of Systematic
Reviews, and the Cochrane Central Register of Controlled
Trials were searched from inception to December 4, 2018. A
structured search strategy was devised using key terms

selected from the Medical Subject Headings (MeSH)
database (Supplemental Table 1). Bibliographies of selected
papers were manually searched for additional references. No
language or publication period restrictions were employed.
In instances of missing data, efforts were made to contact
corresponding authors, where necessary.

Eligibility

Inclusion criteria.

Prospective vitamin D (ergocalciferol or cholecalciferol)
intervention trials were included for full-text article review
if they met the following criteria: involved lactating women
and/or exclusively or partially breastfed term infants; vitamin
D supplementation was provided alone or in combination
with a co-intervention that did not differ across intervention
arms or was not considered to influence primary outcomes;
and outcome data consisted of a maternal or infant circu-
lating 25(OH)D concentration or related metabolite and/or
serum or urinary calcium and/or calcium:creatinine ratio
(Ca:Cr) and/or infant skeletal health outcomes including, but
not limited to, rickets, fracture, bone mineral density (BMD),
or bone mineral content (BMC) reported within the first
12 mo of life.

Exclusion criteria.
Trials were considered ineligible if the intervention was
not assigned prospectively (e.g., medical record reviews);
the intervention involved dose-ranging trial arms of I-D
supplementation without an intermittent infant or a maternal
supplementation arm; mode of infant feeding was not
specified or infants received exclusive formula feeds only;
or the sample population included participants presently
diagnosed with rickets and/or any pre-existing metabolic
disorder known to interfere with vitamin D metabolism.
Trials included in meta-analysis were limited to random-
ized controlled trials (RCTs) that permitted comparison of
either M-PP (daily or intermittent) or I-INT vitamin D
supplementation with routine vitamin D supplementation
administered to a parallel control group (infants receiving
400 1U/d), and in which there was quantitative reporting of
infant 25(OH)D outcomes (e.g., summary measures reported
in tables or text, not just as figures). Studies not meeting the
criteria for meta-analysis were summarized in the narrative
review.

Data collection

Two reviewers independently screened titles and abstracts
for inclusion using Covidence (21), a web-based systematic
review platform. The full texts of relevant trials were assessed
for eligibility, and any discrepancies were resolved following
discussions with a third reviewer. REDCap (22) facili-
tated independent data extraction by 2 reviewers including
country of origin, sample size, intervention dose, duration
and mode of administration, and biochemical and clinical
outcomes of interest. Risk of bias was assessed using the
Cochrane Risk Assessment Tool (23), for which each trial
was evaluated as having a high, low, or unclear risk of

Vitamin D supplementation in infancy 145



bias based on the following 6 criteria: random sequence
generation, allocation concealment, blinding of participants
and personnel, blinding of outcome assessment, incomplete
outcome data, and selective reporting. Criteria for “other”
sources of bias was not defined a priori and was hence
omitted from the current review. Bias assessment was based
on the primary outcome of achieved maternal or infant
25(0OH)D concentration or related metabolites following
intervention. Any disagreements were resolved through
consensus between reviewers.

For consistency, 25(OH)D concentrations were expressed
in nanomoles per liter (1 ng/mL = 2.496 nmol/L), and
all vitamin D doses were expressed in international units
(1 ng = 40 IU). Where possible, distinctions were made
between ergocalciferol (vitamin D-2) and cholecalciferol
(vitamin D-3). Intermittent dosing regimens were defined
as any dose provided less frequently than consistent daily
supplementation.

Statistical analysis

The primary outcome was infant 25(OH)D concentra-
tion following intervention. Standard meta-analyses with
random-effects models and inverse variance weights were
performed to generate a weighted mean difference (WMD)
and 95% CI using infant 25(OH)D as a continuous outcome.
Statistical heterogeneity was quantified with the I* statistic
(24). The effect of maternal supplementation (bolus or daily)
compared with conventional I-D supplementation (400 IU)
was assessed independently of the effect of I-INT supple-
mentation. For trials with multiple intervention arms, study
arms were disaggregated to create individual intervention-
control comparison groups and included as separate entities
in the meta-analysis. To avoid double-counting of partici-
pants, when multiple comparisons from the same trial were
included in the same meta-analysis, the “shared” control
group sample size was divided by the number of intervention
arms (25). Meta-regressions for the primary outcome were
planned for trial arms stratified by intervention dose (low
compared with high), geographical region, and maternal
or infant vitamin D status at randomization (<30 nmol/L
compared with >30 nmol/L). Additional planned sensitivity
analyses included restriction to trials with an overall low risk
of bias. However, these secondary and sensitivity analyses
were not performed due to the low number of eligible studies.
All analyses were conducted using STATA, version 15.1
(Stata Corp.).

Identification of ongoing and planned trials

To determine the availability of newly anticipated data,
7 clinical trial registries (clinicaltrials.gov, WHO, ISRCTN,
ANZCTR, DRKS, EU-CTR, and IRCT) were searched for
current or planned trials of interest, as registered up to
December 11, 2018. Trials were considered eligible if they
met the primary inclusion criteria of vitamin D supple-
mentation among apparently healthy breastfed infants or
mother-infant pairs, if they had enrolled participants no
earlier than January 2010, and if results were yet to be
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published in a peer-reviewed journal. Duplication of trials
between registries was assessed by trial ID, title, intervention
regimen, and trial investigators. All trials were screened
independently for eligibility by a minimum of 2 reviewers,
and any discrepancies were resolved by discussion with a
third reviewer.

Results

Literature search and trial characteristics

From a total of 1652 texts screened for relevance, 35 articles
fulfilled  the inclusion  criteria.  Seven  studies
(26-32) were secondary or follow-up analyses of trials
originally described in another article identified by the
search strategy (Supplemental Table 2). Of the 28 distinct
trials, 5 (33-37) were eligible for both narrative review and
meta-analysis, and 23 (38-60) were summarized in narrative
format only (Figure 1).

The 28 included trials contributed an overall sample size
of 5908 participants or maternal-infant dyads, assigned to
72 individual trial arms. Year of publication ranged from
1978 to 2018 but was concentrated in the past decade
(16/28 published in 2009 or after). All trials employed oral
supplementation as the mode of administration, yet only a
minority (11/28) quantified adherence (29, 33, 36, 37, 42—
44, 47, 48, 52, 53). The majority of trials were conducted
in the Americas (n = 9), followed by Europe (n = 5) and
Southeast Asia (n = 5) (Table 1). Of the 26 trials that
reported 25(OH)D analysis, 13 employed an immunoassay or
combination of chromatography and immunoassay methods,
for which Diasorin was the most commonly specified
commercial manufacturer (n = 9). Proficiency testing was
reported in 3 trials, all of which specified participation in the
Vitamin D External Quality Assessment Scheme (DEQAS)
(Supplemental Table 3). Six trials (21%) had low risk of bias
across all criteria (23) (Figure 2).

The 5 RCTs (33-37) eligible for meta-analysis had small
sample sizes (n range of 9-169 per trial arm at randomiza-
tion), variations in study design and dosing frequency, and
substantial between-trial differences in vitamin D status at
randomization (Table 1 and Table 2).

Maternal postpartum supplementation

M-PP vitamin D supplementation was assessed in 19 trials,
of which 14 (34, 35, 38-44, 46, 48, 50-52) used daily or
weekly supplementation, 3 (33, 45, 53) included a bolus
dosing regimen only, and 2 trials (47, 49) included both
daily and bolus dosing regimens. Three of the trials (44,
48, 51) began supplementation prenatally, and 3 (40-42)
included both maternal and infant supplementation in the
same mother—infant pairs. Doses ranged from 400 to 6400 IU
for daily regimens, whereas the cumulative doses provided
by intermittent supplementation ranged from a single dose
of 150,000 IU at delivery to >600,000 IU during the
first 6 mo of lactation. Of the 17 trials that specified a
calciferol form, most (n = 13; 76%) used vitamin D-3
(Table 1).
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FIGURE 1 PRISMA flow diagram for screening and selection of studies for systematic review and meta-analysis of maternal postpartum
or infant intermittent vitamin D supplementation. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

Effects of maternal postpartum vitamin D supplementa- and 2 lacked data on intervention adherence (34, 35).
tion on infant vitamin D status. Weighted pooled analysis demonstrated a modestly lower
Among the 3 trials included in the meta-analysis, 1 used infant vitamin D status after M-PP compared with I-D
a bolus regimen (33), 2 had a low attrition rate (34, 35), supplementation (WMD = —8.1 nmol/L; 95% CIL: —15.4,
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FIGURE 2 Risk of bias among trials included in the systematic review conducted using the Cochrane Risk Assessment Tool. Bias
assessment was evaluated based on the primary outcome of maternal or infant achieved 25-hydroxyvitamin D concentrations or related

metabolites following intervention.

—0.9; P = 45%; P = 0.14) (Figure 3). Notably, the 2
most recent trials both concluded that M-PP achieved
similar infant 25(OH)D concentrations to routine infant
supplementation (400 IU/d) (Table 2).

Considering 16 additional trials included in the narrative
review, trials of M-PP overall provided evidence of an
effect of maternal vitamin D intake on infant 25(OH)D
status, but the dose-response relation remained unclear
(Figure 4, Supplemental Table 4). In 3 trials (29, 38, 43),
supplementation of lactating women with vitamin D-2 was a

pragmatic means of determining the unique contribution of
the intervention to infantile vitamin D status, independent
of UVB or other dietary contributions of vitamin D-3.
However, only Hollis and Wagner (43) reported the separate
quantification of circulating 25-hydroxyvitamin D-2 and
25-hydroxyvitamin D-3, demonstrating a dose-dependent
effect of maternal vitamin D-2 supplementation on infant
total 25(OH)D. Eight trials quantitatively reported the
proportion of individuals meeting Institute of Medicine
(IOM)-proposed thresholds for assessing vitamin D status

TABLE 2 Comparison of the response of infant 25(0OH)D to intervention or control doses of vitamin D for trials considered eligible for

inclusion in the meta-analysis’

Baseline Postsupplementation T1 Postsupplementation T2
Total n 25(0H)D 25(0H)D 25(0H)D
Reference randomized Dose (IU) n (nmol/L) Infant age n (nmol/L) Infantage n (nmol/L) Infant age
Maternal vs. infant supplementation
Chandy etal. (33) 74 120,000/m NR 51 608 £ 290 3.5mo N/A
78 Control 47 613 £ 252 N/A
Hollis et al. (34) 165 6400/d” 106 379 £ 233 4-6 wk 74 106.9 + 35.1 4 mo 48 1085 + 38 7 mo
169 Control 110 337 £ 235 74 109 + 48 47 109.1 + 31.8
Rothberg et al. (35) 40° 1000/d 400 2224177 Birth 9 235+ 52 6wk N/A
500/d 9 255 + 137 N/A
Placebo 10 27 £ 35 N/A
Control 12 379 £ 92 N/A
Infant bolus vs. daily supplementation
Huynh et al. (36) 34 50,000 29 33 £ 193 Within 48 h of 31 154 + 653 10d 26 65 £+ 156 4 mo
birth
36 Control 33 32 £ 136 31 48 £ 17.0 23 81 £ 98
Shakiba et al. (37) 30 50,000 every NR 30 1340 £ 487 4 mo N/A
2mo
45 Control 26 958 £ 285 N/A

'Values are means # SDs unless otherwise noted. Control is defined as infants receiving 400 1U/d. N/A, not applicable. NR, not reported; T1, first follow-up time point; T2, second

follow-up time point; 25(OH)D, 25-hydroxyvitamin D.
26400 1U/d provided as 6000 IU + 400 IU from prenatal supplement.
3Baseline data not reported separately by group.
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FIGURE 3 WMDs and 95% Cls for infant circulating 25-hydroxyvitamin D (25(0OH)D) concentrations (nmol/L) in response to maternal
postpartum vitamin D supplementation compared to direct infant supplementation with 400 1U/d, calculated from a random-effects
model using inverse variance weights. Test for heterogeneity: x> = 5.47, df = 3 (P = 0.14), > = 45.2%. Test for overall effect: z = 2.19
(P =0.028). "Mothers of the control group received 400 1U/d vitamin D-3.

(61). Most of the regimens attained concentrations >30
nmol/L in most or all infants, but the proportion surpassing
the 50 nmol/L threshold was more variable (Supplemental
Tables 5 and 6).

Effects of maternal postpartum vitamin D supplementa-
tion on maternal vitamin D status.

Wide between-study variation in the maternal 25(OH)D
response to postpartum supplementation was apparent
(Supplemental Table 7). Vitamin D metabolites were quan-
tified in breast milk samples from 6 trials (26, 43, 47, 50,
52). Acknowledging potential analytical challenges in older
studies (26, 50), the most recent evidence indicated elevations
in breast milk antirachitic activity were predominantly
attributable to an increase in the parent compound rather
than circulating 25(OH)D (43, 47, 52).

Rickets and skeletal outcomes.

Prevalence of rickets was assessed in 8 trials, determined
primarily by biochemical and/or clinical diagnosis. Only
2 trials reported on radiologically confirmed rickets. In
contrast to our trial in Bangladesh, in which the presence

of rickets was confined to the placebo and low-dose (4200
IU/wk prenatally and placebo postpartum) groups only (48),
Naik et al. (45) reported an equal number (n = 2) of cases
among infants of mothers receiving placebo and bolus dose
(600,000 IU) supplementation. BMC was assessed in 2 trials,
neither of which found intergroup differences following
supplementation. In the only trial to assess infant BMD,
similar between-group increases were shown throughout the
intervention period when either 400 or 1200 IU/d vitamin
D as maternal supplementation was combined with standard
infant dosing (400 IU/d) (42) (Supplemental Tables 8-10).

Infant clinical outcomes and adverse effects.

The effect of maternal vitamin D supplementation on
infant calcium homeostasis was described in 13 trials,
5 of which reported both circulating and urinary calcium
measurements (Supplemental Table 5). Our combined pre-
natal and postpartum trial identified a small number of
episodes of asymptomatic hypercalcemia following both
high- and low-dose maternal supplementation (48). No trial
found significant intergroup differences in infant urinary
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Ca:Cr following maternal intervention. Although reported in
only 5 trials, maternal supplementation was shown to have
little or no impact on infant parathyroid hormone (PTH)
concentrations. Among 4 trials that reported infant alkaline
phosphatase (ALP), 2 showed significant decreases due to
vitamin D supplementation (Supplemental Tables 11-14).

Maternal clinical outcomes and adverse effects.

Allbut 1 trial (40) described maternal calcium homeostasis as
a safety measure (Supplemental Table 5), albeit with variable
definitions of hypercalcemia and hypercalciuria. Overall,
vitamin D supplementation produced a rise in serum calcium
but without a clear dose-response relation; statistically sig-
nificant increases from baseline were reported in only 2 trials,
across a range of administered doses. Episodes of elevated
maternal serum calcium concentrations were reported in
2 of 7 trials that assessed this outcome, but there was no
evidence that specific maternal bolus regimens increased the
risk of hypercalcemia. Hypercalciuria was documented in 8
of 12 trials that collected urinary measurements, for which
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the frequency did not differ among women receiving high-
or low-dose supplementation (Supplemental Tables 15 and
16). Fewer than half (n = 8) of trials considered maternal
PTH as an outcome measure, and only 4 trials reported
maternal ALP (Supplemental Tables 17 and 18).

Intermittent infant supplementation

Nine trials examined infant bolus vitamin D supplementa-
tion, administered as single doses (36, 54, 57, 59, 60), at
2- or 3-mo intervals (37, 56, 58, 60), and as a weekly regimen
(55). All trials specified vitamin D-3 as the calciferol form,
for which the largest dose provided at any 1 time point was
600,000 IU (56, 60) (Table 1).

Effect of intermittent infant supplementation on infant
vitamin D status.

Comparison of I-INT dosing to daily supplementation
was limited to 2 RCTs that met criteria for inclusion in
meta-analysis. Due to differences in study design and a
high degree of statistical heterogeneity (I* = 96%), the



conflicting results were deemed inappropriate for pooled
analysis (Table 2).

Similar to the maternal response, the average incre-
mental change in infant vitamin D status attributed to
bolus supplementation varied considerably across trials. Peak
concentrations were dose dependent, but later 25(OH)D
values were dependent on the time since dosing, as expected
based on vitamin D pharmacokinetics (62). Overall, evidence
from trials of single or intermittent supplementation indicate
that bolus dosing (>50,000 IU) achieves a 25(OH)D concen-
tration >50 nmol/L earlier than daily dosing, but it is likely
to have similar efficacy in preventing a low vitamin D status
in later infancy (Supplemental Tables 4 and 6).

Rickets and skeletal outcomes.

Clinical examination for rickets was reported in only 2 of
9 trials, neither of which specified radiologic confirmation.
Evidence of widened fontanelles was observed in 1 trial fol-
lowing both I-INT and I-D supplementation (Supplemental
Tables 5 and 8). Infant BMC and BMD were not reported in
any I-INT supplementation trial.

Infant clinical outcomes and adverse effects.

Five trials reported biomarkers of calcium homeostasis, of
which 4 indicated a relatively modest dose-response rise
in circulating calcium, but with low risk of hypercalcemia.
Shajari et al. (58) reported a high prevalence of hypercalciuria
among infants who had received 2 doses of 50,000 IU vitamin
D-3, but the risk was not significantly greater compared with
that for infants who had received conventional or low-dose
daily supplementation. As with maternal supplementation,
PTH or ALP responses were seldom considered (Supplemen-
tal Tables 5 and 11-14). Notably, 1 trial showed significant
increases in blood pressure following administration of high-
dose vitamin D (600,000 IU) relative to the control group that
received 400 IU/d (56).

Ongoing and planned trials

We identified 4 registered trials with a combined target
enrolment of 562 participants (Supplemental Figure 1,
Supplemental Table 19). Two trials are located in low-
middle income countries, in cities of latitudes <35°N
(New Delhi, India, and Hawassa, Ethiopia), and 2 trials
are located in areas of high Northern (Qazvin Province,
Iran) or Southern (Victoria, Australia) latitude. Rickets was
specified as a clinical outcome in 2 of the trials (Supplemental
Table 19).

Discussion

Vitamin D supplementation is effective for preventing vita-
min D deficiency in breastfed infants, and its implementation
as a public health policy has been shown to reduce the
prevalence of rickets in early childhood (63, 64). The
recommendation of infant supplementation at 400 IU/d
has been adopted by several health authorities worldwide.
Both M-PP and I-INT supplementation represent plausible
alternative strategies with the potential to improve adherence

and increase maternal and societal acceptability. However,
because the evidence base to support the use of these
regimens has been uncertain, they have not been widely
advocated or incorporated into public health programs.
Known variations in the compliance rates of current policies,
coinciding with documented increases in rickets prevalence,
have prompted re-examination of existing strategies using
a multidimensional approach that considers not only the
physiological response to supplementation but also the
acceptability and uptake within a given population (5,
18, 65).

To assess the efficacy of substitute maternal and infant
supplementation regimes relative to current recommenda-
tions, we considered infant 25(OH)D as the primary outcome
measure because relevant clinical or functional outcomes
(e.g., rickets) are rare in the general pediatric population,
and we did not expect to find trials designed or powered
for such endpoints. Overall, the available evidence supports
the biological plausibility of both M-PP and I-INT regimens
for preventing vitamin D deficiency in breastfeeding infants.
In particular, trials of lactating women have clearly demon-
strated that high-dose maternal supplementation increases
the antirachitic activity of breast milk, in turn raising serum
25(OH)D of breastfed infants (34, 47, 52). We identified
2 trials (33, 34) that support the potential bio-equivalency
of maternal high-dose regimens (120,000 IU/mo and
6400 IU/d) in comparison to I-D dosing, as well as 16
other trials that did not make direct comparisons to the I-
D standard but nonetheless provided evidence supporting
the potential efficacy of maternal regimens. Because most
of the breast milk vitamin D activity is attributable to the
parent compound, it is recent maternal oral vitamin D
intake or cutaneous production, rather than vitamin D status
[characterized by maternal circulating 25(OH)D], that pri-
marily determines vitamin D delivery to the breastfed infant
(66). This nuanced distinction has important implications
for the expected biochemical response of infant 25(OH)D,
particularly with regard to bolus supplementation. Given the
relatively short half-life of the parent compound (~24 h)
(67), an analogous dose of vitamin D is provided via breast
milk within the immediate days following maternal dose
ingestion. Because relatively low daily vitamin D intakes may
not achieve sufficiently high breast milk concentrations of
vitamin D, dual maternal-infant supplementation regimens
may be required to prevent both maternal and infant vitamin
D deficiency (68). Despite the accumulated pharmacological
data supporting M-PP as a viable strategy, we did not
find evidence that is yet sufficient to introduce a new
policy recommendation. This is largely attributable to a
lack of direct comparisons of different maternal doses [i.e.,
identification of the minimum effective maternal dose for
maintaining 25(OH)D >30 nmol/L in 97.5% of infants]
and insufficient data substantiating the safety of M-PP
doses higher than the IOM-established upper limit (UL;
4000 IU/d) (61). The current meta-analysis included the
high-dose (6400 IU/d) RCT by Hollis (34); however, the un-
published findings from the intermediate dosing arm (2400
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1U/d) may provide additional valuable dose-response data.
In the only trial to utilize a bolus maternal supplementation
regimen (120,000 IU/mo), a placebo-controlled design and
well-characterized population produced a robust finding that
maternal supplementation at a dose equivalent to the UL (61)
canyield similar infant 25(OH)D as achieved by the standard
I-D recommendation (33).

In comparison to the data corroborating M-PP supple-
mentation, we found weaker evidence to support adminis-
tration of large intermittent doses of vitamin D to the infant.
Two trials (36, 37) demonstrated the ability of bolus doses
to raise serum 25(OH)D concentrations in early infancy.
Although both trials were affected by poor compliance with
daily supplementation, which is itself an argument in favor
of bolus dosing regimens, the higher mean difference in
25(OH)D at endpoint following daily compared with a single
dose administration (36) highlights the need for repeated
prophylaxis to maintain 25(OH)D thresholds consistent
with deficiency prevention. Assuming steady depletion of
25(OH)D following a bolus dose, smaller quantities at more
frequent intervals may be more effective in maintaining a
replete vitamin D status, due to reduced activation of the
CYP24A1 gene (31). Acknowledging the small sample size
of both trials, we emphasize cautious interpretation of these
findings and possible underestimation of the risks of vitamin
D toxicity. For example, 1 older trial reported elevations in
blood pressure following single bolus dosing (600,000 IU)
(56). Although this finding has not been explored further
in recent trials, it highlights the importance of considering
potential harms of megadoses of vitamin D by measuring
outcomes beyond the conventional pharmacokinetic indica-
tors of the vitamin D-calcium system. Nonetheless, there
may be practical opportunities to deliver safe quantities
of vitamin D in conjunction with existing public health
programs that involve intermittent contact with the health
system (e.g., routine immunizations), particularly in low-
resource settings.

Although this review has highlighted the potential of
alternative regimens, it is important to acknowledge that
routine I-D supplementation is a successful public health
strategy in some settings (5, 63). Therefore, in the absence
of strong policy-relevant data to support M-PP or I-INT
regimens at present, policymakers may draw upon the
strong historical experience and recent evidence base to
support implementation of the standard I-D recommenda-
tion. Irrespective of the regimen, continuous monitoring of
uptake and adherence is critical for examining nationwide
acceptance, and these should be monitored alongside trends
in rickets prevalence (5). Because routine postpartum and
child health surveillance visits are mandated in only a few
countries, the broad application of M-PP regimens requires
careful consideration in a context in which serum 25(OH)D
or calcium would not be monitored. Rather, we believe the
published evidence to date provides a strong foundation for
the design of a large-scale, multisite pragmatic trial of M-
PP supplementation compared with the standard of care I-D
regimen.
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Several limitations of this review and the underlying
evidence base must be acknowledged. Substantial hetero-
geneity in study design, population characteristics, and
outcome ascertainment limited between-trial comparisons
and pooling of effect estimates. The inconsistent approach to
safety outcome reporting, including effects on calcium home-
ostasis, precluded quantitative evaluation, and there was
inadequate information to enable sensitivity analyses of trials
at low risk of bias. This review was particularly challenged
by differences in laboratory techniques to quantify 25(OH)D,
which have been well described in the literature (69). The
limited number of trials reporting performance testing or
external quality assessment was unsurprising because several
of the trials were published prior to the introduction of
recent programs such as the Vitamin D Standardization
Program (70). As noted by Carter (71), reliability of 25(OH)D
measurements can only be determined based on knowl-
edge of the laboratory platform and performance testing
employed. Full disclosure of analytical methods is now
widely considered a prerequisite for publication of clinical
studies involving 25(OH)D, accordingly enabling generation
of dose-response curves from pooled trial data. Infants have
been observed to have relatively high concentrations of 3-
epi-25-hydroxyvitamin D [3-epi-25(OH)D], an epimer with
unclear biological significance but that may be inadvertently
included in reported total 25(OH)D by some methods
(72). Tt is therefore especially important to report the
separate quantification of 25(OH)D and 3-epi-25(OH)D in
pediatric populations. Given the potential for wide intra- and
intermanufacturer variations in labeled product content (73),
reporting of the analytically derived supplement composition
should also be mandatory, together with adherence data,
to ensure that changes in 25(OH)D can be evaluated as
responses to precisely quantified doses of vitamin D. Despite
the widespread reliance on 25(OH)D as a vitamin D status
biomarker, data supporting effects on clinical outcomes (e.g.,
rickets) are more policy relevant. Because conventional RCTs
may be unfeasible or expensive methods of measuring such
effects, consideration should be given to other study designs
that may be embedded in health systems or combined with
the rollout of prevention programs.

Conclusions

The current review highlights the promising role of M-
PP and I-INT dosing regimens to promote vitamin D
sufficiency in breastfed infants. However, there remains
a lack of robust efficacy and comprehensive safety data
necessary to support a policy change. High-dose maternal
postpartum supplementation—referring to doses of >4000
IU/d—holds particular promise and may be especially well-
suited to populations that have a high baseline prevalence of
vitamin D deficiency in women of reproductive age but where
prevention programs have yet to be introduced (e.g., South
Asia). Intermittent infant dosing also offers an alternative to
daily dosing, but there remains uncertainty regarding safety
and the long-term maintenance of 25(OH)D concentra-
tions. Adequately powered, dose-ranging trials with careful



attention to safety monitoring should be designed to test
alternatives to standard I-D strategies. Future trials should
target the minimum effective dose for prevention of both
maternal and infant deficiency, as well as establish the safety
of such regimens for application in the general population.
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