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ABSTRACT
Background: Intrauterine exposure to maternal vitamin D status
<50 nmol/L of serum 25-hydroxyvitamin D [25(OH)D] may
adversely affect infant body composition. Whether postnatal inter-
ventions can reprogram for a leaner body phenotype is unknown.
Objectives: The primary objective was to test whether 1000 IU/d
of supplemental vitamin D (compared with 400 IU/d) improves lean
mass in infants born with serum 25(OH)D <50 nmol/L.
Methods: Healthy, term, breastfed infants (Montréal, Canada, March
2016–2019) were assessed for serum 25(OH)D (immunoassay) 24–
36 h postpartum. Infants with serum 25(OH)D <50nmol/L at 24–
36 h were eligible for the trial and randomly assigned at baseline
(1 mo postpartum) to 400 (29 males, 20 females) or 1000 IU/d
(29 males, 20 females) of vitamin D until 12 mo. Infants (23
males, 18 females) with 25(OH)D ≥50 nmol/L (sufficient) formed a
nonrandomized reference group provided 400 IU/d. Anthropometry,
body composition (DXA), and serum 25(OH)D concentrations were
measured at 1, 3, 6, and 12 mo.
Results: At baseline, mean ± SD serum 25(OH)D concentrations in
infants allocated to the 400 and 1000 IU/d vitamin D groups were
45.8 ± 14.1 and 47.6 ± 13.4, respectively; for the reference group it
was 69.2 ± 16.4 nmol/L. Serum 25(OH)D concentration increased
on average to ≥50 nmol/L in the trial groups at 3–12 mo. Lean
mass varied differently between groups over time; at 12 mo it was
higher in the 1000 IU/d vitamin D group than in the 400 IU/d group
(mean ± SD: 7013 ± 904.6 compared with 6690.4 ± 1121.7 g, P =
0.0428), but not the reference group (mean ± SD: 6715.1 ± 784.6 g,
P = 0.19). Whole-body fat mass was not different between the groups
over time.
Conclusions: Vitamin D supplementation (400 or 1000 IU/d) during
infancy readily corrects vitamin D status, whereas 1000 IU/d
modestly increases lean mass by 12 mo. The long-term implications
require further research. This trial was registered at clinicaltrials.gov
as NCT02563015. Am J Clin Nutr 2022;115:1612–1625.
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Introduction
Vitamin D is required for growth and development (1),

with a well-established role in bone health through calcium
and phosphate homeostasis (2). There is an emerging body
of evidence beyond bone indicating that vitamin D status is
implicated in programming of body composition (3–5). Recent
evidence from large pregnancy cohort studies in India, New
Zealand, and the United Kingdom (6–8) suggests that intrauterine
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exposure to insufficient vitamin D status, defined as serum
25-hydroxyvitamin D [25(OH)D] <50nmol/L, associates with
elevated percentage fat mass and lower percentage lean mass in
the offspring at 4–9.5 y of age. In addition in the Netherlands,
maternal severe vitamin D deficiency, defined as serum 25(OH)D
<25nmol/L, has been associated with lower percentage lean mass
in children at 6 y of age (9). This implies that fetal exposure to
insufficient maternal vitamin D status may have a long-lasting
impact on body composition. According to the developmental
origins of pediatric obesity, the etiology of excessive adiposity
and its metabolic consequences can begin very early in life
(10), suggesting that early-life interventions may reprogram body
composition.

A recent systematic review and meta-analysis of randomized
controlled trials on the effects of vitamin D supplementation early
in life on children’s body composition proposed that vitamin
D supplementation in pregnancy and early during the neonatal
period shows a consistent trend of decreasing adiposity early
in life (11). The Institute of Medicine (IOM) expert committee
set an Adequate Intake (AI) value for vitamin D at 400 IU
(10 μg)/d across infancy to maintain vitamin D status in the
range of 40–50 nmol 25(OH)D/L (12) and to support bone
health outcomes. To the best of our knowledge, the only dose-
response study reporting body composition according to vitamin
D supplementation is in infants with plasma 25(OH)D on average
≥50 nmol/L at baseline (2). Plasma 25(OH)D concentrations
were positively associated with higher percentage lean body mass
and lower fat mass at 12 mo (3). In Canada, insufficient vitamin
D status is prevalent among newborns (13–15). For instance,
based on a large pregnancy cohort study in Quebec City, 24%
of infants had vitamin D insufficiency (14). To date, no study has
determined a dosage of postnatal vitamin D supplementation that
mitigates vitamin D insufficiency and also results in a lean body
phenotype to overcome exposures to low maternal–fetal transfer
of vitamin D in utero.

The primary objective of this trial was to test whether
correction of insufficient vitamin D status early in the neonatal
period improves whole-body lean mass in infancy. It was
hypothesized that neonates born with insufficient vitamin D
status and provided the standard of care, 400 IU vitamin D3/d,
would have lower lean mass and lean mass accretion by 3 mo
of age and thereafter by 12 mo than infants provided with a
higher dosage of 1000 IU vitamin D3/d. A secondary objective
tested whether correction of insufficient vitamin D status early in
infancy using 1000 IU vitamin D/d would also improve infant
growth and fat mass accretion rate. In addition, we compared
insulin-like growth factor-1 (IGF-1) and its main carrier protein
insulin-like growth factor binding protein 3 (IGFBP-3) among
groups because these have established functions in growth and
development of skeletal muscle across infancy.

Methods

Study design and participants

This was a double-blinded, randomized, controlled parallel
group trial comparing 1000 with 400 IU/d of supplemental
vitamin D in infants from 1 to 12 mo of age. Healthy, term,
breastfed infants (n = 139; 81 males, 58 females) were recruited
at the Lakeshore General Hospital, located in greater Montréal

(Québec, Canada), from March 2016 through March 2019. The
inclusion criteria for the trial were healthy, term, singleton infants
of appropriate weight for gestational age [AGA; 10th–90th
percentile, according to Canadian birth reference values (16)]
born to healthy mothers who intended to breastfeed for ≥3 mo.
For the reference group, infants were recruited if their mothers
had a prepregnancy BMI (in kg/m2) between 18.5 and 27.0 to help
limit maternal excess adiposity preconception as a confounding
factor associated with adverse infant body composition (17),
whereas prepregnancy BMI was not an exclusion criterion for
infants in the trial groups. The exclusion criteria for the trial and
the reference groups were maternal smoking, as well as maternal
comorbidities including type 1, type 2, and gestational diabetes;
hypertension; pre-eclampsia; malabsorption syndromes such as
celiac disease; Crohn’s disease; as well as taking any medication
that alters vitamin D metabolism except for vitamin/mineral
supplements.

Before discharge from hospital, infant capillary blood samples
were collected by heel lance within 24–36 h postnatally for
measurement of serum 25(OH)D using a chemiluminescence
immunoassay (CLIA; Liaison, Diasorin Inc.). Blood samples
were collected at the same time as the routine blood collection
for newborn screening (e.g., phenylketonuria). Families subse-
quently attended the Mary Emily Clinical Nutrition Research
Unit, McGill University (greater Montréal, Québec, Canada) for
a baseline visit at 1 mo (range: 0.2–1.5 mo) of age and were
followed at 3, 6, and 12 mo of age. At the baseline visit, infants
born with serum 25(OH)D <50nmol/L (n = 98) were randomly
assigned to receive either 400 or 1000 IU/d of vitamin D
supplementation until 12 mo of age. Randomization was stratified
by infants’ measured skin tone using a spectrophotometer (CM-
700d/600d, Konica Minolta) at baseline. Infants born with
25(OH)D ≥50 nmol/L (n = 41) formed a nonrandomized
reference group and received 400 IU/d, the standard of care, with
all of the follow-up measurements identical to those of the trial.
Participant enrollment and assignment to the trial groups based
on skin tone blocks were performed by the research team.

Ethics approval and trial registration

The research protocol was reviewed and approved by St.
Mary’s Hospital Research Ethics Committee which oversees
research approvals of the Lakeshore General Hospital. Trial
registration was completed before the beginning of recruitment
(NCT02563015). Before collection of data or blood samples at
the hospital or at the baseline visit, parents provided written
informed consent in either official language (English or French).
The trial was also reviewed and approved by the Health
Canada Research Ethics Board (REB 2019-033H) and Privacy
Management Division (HC-PR-2019-000024).

Demographic data/obstetric history and lifestyle survey

Demographic information was surveyed including maternal
age, maternal self-reported population group (white/all other
groups), maternal education level (elementary/high school,
college/vocational school, university), maternal country of birth
(Canada/all other countries), and family income [<70,000,
≥70,000 Canadian dollars (CAD), or not reported] according
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to the median income for Canadians (18). Type of delivery
(cesarean/vaginal), parity, infant gestational age at birth, and birth
weight were obtained from hospital records. Weight-for-age and
-sex z scores were calculated using the growth standards from the
WHO (19).

Prepregnancy weight and weight at delivery were extracted
from the medical record. Gestational weight gain was also
calculated by subtracting prepregnancy weight from weight
measured at delivery. Maternal use of vitamin supplements
in the 3 mo before conception and during pregnancy were
surveyed separately, along with frequency of use. Lifestyle
factors surveyed included smoking history (never, past, current),
alcohol consumption during pregnancy (yes/no), and physical
activity in the 3 mo before conception and separately during
pregnancy (yes/no) along with frequency/intensity of activity.
Sun exposure including the time spent outdoors between 10:00
and 16:00 with hands and/or face exposed (yes/no), and the use of
sun protection factor (SPF) products including make-up creams
(yes/no) in the last trimester, were also surveyed according to
questions adapted from the Canadian Health Measures Survey
(20). In view of the potential for endogenous synthesis of
vitamin D, date of birth was converted into a theoretical vitamin
D synthesizing/nonsynthesizing period based on solar UVB
radiation strength (1 April–31 October/1 November–31 March)
for Canada (21) and season of birth as defined by equinox and
solstice dates. Study data were collected and managed using
REDCap (Research Electronic Data Capture) version 7.4.

Skin tone

Skin tone of the infant was measured at the research facility
by taking the mean of 3 measurements at the inner upper
arm for constitutive pigmentation (basal skin color) using a
spectrophotometer (CM-700d/600d, Konica Minolta). Individual
typological angle (ITA◦) was calculated with the L∗ and b∗ values
using published equations (22). Infants were classified into 2 skin
tone types (F I–III; F IV–VI) based on Fitzpatrick descriptions
(23, 24).

Supplements, randomization, masking, and adherence

Study products containing 400 or 1000 IU vitamin D3

(cholecalciferol) were formulated by Europharm (Europharm
International Canada Inc.). The products were externally verified
(Sandoz, Novartis Division) to be within 5% of the target and
stable for ≤12 mo. All supplements for the trial and reference
groups were provided in identical bottles (50 mL), with identical
color (brown liquid), taste (cherry flavor), smell, and texture.
Each bottle had a unique code to enable tracing back to the
product dosage in the case of an adverse event [e.g., 25(OH)D
concentrations ≥225 nmol/L associated with hypercalcemia]
without unblinding the study. Both study products were blinded
to participating families and all researchers across the entire study
and only unblinded after all data had been double-audited.

Allocation occurred at the end of the initial baseline visit and
parents were educated by a registered nurse on how to properly
give the supplement in a 1-mL/d volume using a dropper provided
by the company. Randomization (allocation ratio 1:1) was set
according to block sizes of 4 (2 × 400 IU and 2 × 1000 IU),

using Random Allocation Software (http://mahmoodsaghaei.tri
pod.com/Softwares/randalloc.html) with stratification based on
measured skin tone (F I–III and F IV–VI) to create 2 trial arms.
At the baseline visit, families were provided with a vitamin D
compliance calendar in order to record the number of missed
dosages; this was reviewed and recorded at each follow-up visit
to estimate adherence to supplementation.

Body composition assessment

Body composition was assessed in infants using a fan-beam
dual-energy X-ray absorptiometer (DXA; APEX version 13.3:3,
Hologic 4500A Discovery Series) and using infant whole-body
mode. At each study visit, infants were scanned while wearing
a single light gown with no metal or plastic components and a
diaper. To minimize the potential for movement artifacts, infants
were wrapped in a single receiving blanket, and most were
scanned asleep. Output from the whole-body scan included lean
mass (g), fat mass (g and %), and total body mass (g). For quality
control purposes, a spine phantom (Hologic phantom; No. 14774)
was used and the CVs (%) for bone mineral content, bone mineral
density, and bone area were <1% across the study. Values for lean
mass and fat mass accretion (g/mo) were calculated as change in
lean mass or fat mass from baseline to 3 mo, 3 to 6 mo, or 6 to 12
mo and adjusted for time between visits. Lean and fat percentage
(%) were calculated using lean (excluding bone mass) and fat
mass (kg) divided by total mass (kg) times 100. Lean mass index
(LMI) and fat mass index (FMI) were also calculated using lean
and fat mass relative to length (kg/m2).

Anthropometric measurements and dietary assessments

Infant nude weight was measured to the nearest gram
using an electronic scale with a dynamic weighing program
(Mettler-Toledo Inc.). Crown–heel length was measured to the
nearest 0.1 cm using an infant length board (Infantometer;
O’Leary Length Boards, Ellard Instrumentation Ltd.). Head
circumference was measured to the nearest 0.1 cm using a
nonstretchable tape (Perspective Enterprises). Weight, length,
and head circumference z scores for age and sex were calculated
using WHO software (WHO AnthroPlus). Maternal anthropo-
metric measurements included weight using a balance-beam
scale (Detecto; Webb) to the nearest 0.1 kg while wearing
light clothing and no shoes, and height to the nearest 0.1 cm
using a wall-mounted stadiometer (Seca Medical Scales and
Measuring Systems). Maternal prepregnancy weight from the
medical record and measured height at baseline were used to
calculate prepregnancy BMI.

All infants were discharged from the hospital with a prescrip-
tion for vitamin D supplements (400 IU/d) from their physician
and compliance was surveyed at the baseline visit. At each study
visit, information regarding breastfeeding status (yes/no) and the
type of breastfeeding (exclusively/mixed), as well as infant’s
age at the introduction of solid food and when they started
crawling or walking, were surveyed. Infant dietary intake over
the study period was assessed using 3-d diet records completed
by parents after each study visit. To estimate nutrient intake from
breast milk, total number of feeds for each infant over 24 h was
multiplied by the mean feed volume depending on infant age (1,

http://mahmoodsaghaei.tripod.com/Softwares/randalloc.html
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3, 6, or 12 mo) and based on test-weighing as previously reported
(25). Nutrient intake was created using Nutritionist Pro software
version 5.4.0 (Axxya Systems LLC) and the 2010b Canadian
Nutrient File database (Health Canada) (26). Moreover, maternal
supplement use over pregnancy was surveyed.

Biochemistry measurements

Capillary blood samples (0.4–0.5 mL; Capiject, Terumo Corp.)
were collected at newborn screening (between 24 and 36 h after
birth) and thereafter at baseline (1 mo), 3, 6, and 12 mo of age
via infant heel/finger lance into micro tubes, 1 with and 1 without
heparin (Becton Dickinson). Samples were centrifuged (4000 × g
for 20 min at 6◦C) in order to obtain plasma and serum. Serum
that was not analyzed immediately and all plasma samples were
stored at −80◦C until batch analysis at McGill University. One
5-mL venous sample was taken from mothers at the baseline
visit (nonfasted state) for measurement of serum 25(OH)D. Total
serum 25(OH)D was measured using an automated CLIA (25
μL; Liaison, DiaSorin Inc.). Newborn samples (n = 2) with
25(OH)D below the lower limit of quantification of 10 nmol/L
were assigned a value of 5 nmol/L (27); concentrations at
baseline and thereafter were all >10 nmol/L. The laboratory
obtained a certificate of proficiency from the Vitamin D External
Quality Assessment Scheme to facilitate comparison with other
laboratories. For quality assurance purposes, vitamin D control
samples from the National Institute of Standards and Technology
(NIST) were implemented in routine quality control measures.
The interassay CV for NIST972a (levels 1–4) was on average
<10% and the accuracy was 97.4%. The interassay CV% for an
internal laboratory control human serum sample (62.8 nmol/L)
was 8.2% across all assays. In addition, in a subset of mothers
and infants (n = 83) total serum 25(OH)D was in agreement
(mean difference = −0.8 nmol/L) with LC–tandem MS (Queen’s
University, Kingston, Ontario, Canada), as certified by the
Vitamin D Standardization-Certification Program.

Whole-blood ionized calcium was measured immediately
after a blood draw at each study visit using a portable blood
gas analyzer (65 μL; ABL80 FLEX Radiometer Medical A/S)
and values were compared to the age-specific (2.5th–97.5th

percentile) reference ranges of 1.32–1.47 mmol/L for 1 mo, 1.31–
1.46 mmol/L for 3 mo, 1.29–1.41 mmol/L for 6 mo, and 1.25–
1.39 mmol/L for 12 mo of age (28). Plasma samples were used
to measure IGF-1 and IGFBP-3 using the quantitative sandwich
enzyme immunoassay technique (10 μL; Quantikine® ELISA
R&D Systems, Inc.; CAT# DG100B and SG100B, respectively).
An internal laboratory pooled sample was implemented for
quality assurance yielding intra-assay CV% of <8% and <7%
for IGF-1 and IGFBP-3, respectively. The minimum detectable
concentrations of human IGF-1 and IGFBP-3 were 0.004 and
0.02 ng/mL, respectively.

Sample size estimation

As indicated in the trial registration, the aim was to recruit ≤74
infants per trial group in order to account for possible dropouts or
missing data (no whole-body scan owing to movement artifacts
or failure to cooperate) or the maximum sample recruited over 3
y to reflect all seasons equally. The minimum estimated sample

size (n = 46) per trial arm was based on the primary objective,
lean mass (g) at 3 mo of age, and an effect size of 0.59, SD of
670 g, an allocation ratio of 1:1, power of 80%, and α of 5%. The
estimated effect size of 0.59 was based on a subgroup analysis of
a vitamin D dose-response trial of breastfed infants with healthy
status, supplemented with 400 IU/d and who increased lean mass
between 1 and 3 mo by 670 g with a mean change of 400 g (3). We
aimed to recruit a similar number of infants to the nonrandomized
reference group in order to help guide interpretation of the data;
over the 3 y of recruitment n = 41 agreed to participate.

Statistical analyses

Characteristics at birth and continuous data for outcome
measurements are expressed as n (%) or mean ± SD, unless
otherwise noted. The effect of vitamin D dosage on lean
body mass evaluated among groups (trial 400 IU/d and 1000
IU/d, and reference group) over time was the primary analysis
using a linear mixed-effect model (SAS PROC MIXED). This
procedure provides unbiased estimates using the method of
restricted/residual maximum likelihood and uses all available
data, thus missing data do not result in omission of an infant’s
existing data (29). In evaluating our primary outcome, differences
between groups over time were tested using the existing data
and without imputation. As stipulated a priori, baseline was
included as a time point (as part of the outcome vector), yielding
4 repeated measurements (baseline, 3, 6, and 12 mo). This
was important because the nonrandomized reference group had
different inclusion criteria by design (i.e., sufficient vitamin D
status at birth). The mixed-effect model tested for fixed effects
of group-by-time interaction, sex (male, female) (30, 31), and
skin tone (F I–III, F IV–VI) (32) based on design, as well as
covariates selected using the disjunctive cause criterion (33) on
the basis of participant characteristics known to relate to infant
body composition (outcome) or the exposure (vitamin D status).
Covariates included: infant actual age at each visit (30, 34),
parity (34) (first child, second, third and more), maternal (35) and
paternal age at delivery (36), maternal BMI preconception (17)
(<25, ≥25 kg/m2), and family annual income (35) (<70,000,
≥70,000 CAD, or not reported). Additional variables known to
relate to infant body composition or vitamin D status that were
considered as fixed were self-reported population group (31)
(white, all other groups), education (36) (elementary/high school,
college/vocational school, or university), as well as breastfeeding
status (37) (yes, no). These variables did not improve the
model as judged by Akaike information criterion, thus they
were removed from the final model. Each model included the
random effect of an individual infant (ID) modeled as variance
covariance, as well as a repeated statement for time using first-
order autoregressive or AR(1) covariance structure selected based
on the correlation matrix and the lowest Akaike information
criterion (29). In order to test for effects within group∗time
the SLICE statement was used to test for differences of least-
square means followed by Tukey-Kramer post hoc adjustment for
multiple comparisons. For each model normality of the residuals
was evaluated using normality tests (Kolmogorov–Smirnov and
Shapiro–Wilk), the histogram, and Q-Q plots. Homogeneity of
variances was checked using Levene or Bartlett tests. The same
model was used for the analysis of the secondary outcomes
including fat mass, anthropometry, and serum biochemistry.
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Sensitivity analyses were also conducted for the trial groups and
the reference group in a subgroup with maternal prepregnancy
BMI 18.5–27.0 kg/m2 as per the inclusion criterion for the
reference group; the model was otherwise the same.

A post hoc analysis of our primary outcome was conducted
using ANCOVA with adjustment for baseline values of whole-
body lean mass. In this model, the repeated measures modeled
were thus 3 time points (3, 6, and 12 mo) with baseline lean mass
as a covariate (38).

Differences in categorical data between groups over time, in-
cluding the proportion meeting the sufficient cutoff of 50 nmol/L
(20 ng/mL) of 25(OH)D according to the IOM definition for
individuals (12), adherence to infant vitamin D supplementation
(proportion of supplements taken), and breastfeeding status
(yes/no), were compared at each time point using chi-square
(χ2) and Fisher’s exact tests. All data were analyzed using
Statistical Analysis System (SAS) version 9.4 (SAS Institute
Inc.). Data were interpreted according to P < 0.05, including after
adjustment for multiple comparisons where applicable.

Results
Of the mother–infant dyads screened for eligibility, 2959 were

eligible for assessment of newborn vitamin D status. Of 866 with
serum 25(OH)D concentration available and being eligible for
the trial, 139 families consented to the infant vitamin D study.
Ninety-eight infants with serum 25(OH)D <50nmol/L at 24–
36 h were eligible for the trial and randomly assigned at baseline
to 400 (29 males, 20 females) or 1000 IU vitamin D/d (29
males, 20 females) until 12 mo. Infants (23 males, 18 females)
with 25(OH)D ≥50 nmol/L formed the nonrandomized reference
group provided 400 IU/d (Figure 1). Table 1 shows maternal and
neonatal characteristics for the groups at birth and at baseline.

Effect of vitamin D supplementation on infant body
composition and anthropometry

Lean body mass of the infants differed between groups over
time (Figure 2A); at 12 mo of age, lean body mass was higher
in the 1000 IU/d trial group than in the 400 IU/d trial group
(7013 ± 905 compared with 6690 ± 1122 g; P = 0.0428;
4.8% difference), but not different from the reference group
(7013 ± 905 compared with 6715 ± 785 g; P = 0.19). Lean
body mass was also observed to be higher in male infants than
in females (P < 0.0001) (Supplemental Figure 1A, B) and in
infants born to mothers with prepregnancy BMI ≥25 kg/m2 than
in those born to mothers with BMI <25 kg/m2 (P = 0.0222). In
a sensitivity analysis according to maternal prepregnancy BMI
(18.5–27.0 kg/m2) as per the inclusion criterion for the reference
group, the interpretation was the same in terms of the difference
in lean body mass between the trial 1000 IU/d and trial 400 IU/d
groups at 12 mo (7049 ± 870 compared with 6448 ± 965 g; P =
0.0005) but no difference from the reference group (7049 ± 870
compared with 6715 ± 785 g; P = 0.11). Post hoc analyses of
the primary outcome at 12 mo with adjustment for baseline lean
body mass as a covariate did not change the interpretation with
respect to a difference between the trial 1000 IU/d and trial 400
IU/d groups in lean body mass (P = 0.0486) and no difference
from the reference group (P = 0.37) (Table 2). No difference

was observed between groups over time for LMI and percentage
lean body mass (Figure 2B, C).

There were no differences in fat mass, FMI, as well as
fat percentage between groups at any time across the study
(Figure 2D–F), with no sex differences in fat mass and percentage
body fat after accounting for multiple comparison tests and
adjusting for covariates (Supplemental Figure 1C, D). Fat
mass increased over time from baseline to 6 mo of age and
then remained at a plateau thereafter. Similarly, FMI and fat
percentage values increased over time, but the values slightly
decreased after 6 mo of age.

All of the infants were healthy, born at term, AGA, and
growing well. Infant weight, length, and head circumference
increased in all groups over time. Weight-, length-, and head-
circumference-for-age and -sex z scores were within normal
ranges according to the WHO growth standards. Overall, there
were no interaction effects of group and time on all standard
anthropometry measurements except body weight over the course
of the study; body weight was higher in the 1000 IU/d group by
12 mo (296.05 g; 3.0% difference; P = 0.0298) than in the 400
IU/d group and not different from the reference group (P = 0.37)
(Figure 3).

Effect of vitamin D supplementation on infant serum
25(OH)D concentration

At birth, by design, on average the reference group had a
serum 25(OH)D concentration ≥50 nmol/L and different from
the pool of infants eligible for the trial (68.0 ± 13.7 nmol/L
compared with 32.6 ± 10.8 nmol/L) (Figure 4A). Similarly,
measurements done at the baseline visit showed that infants
in the reference group on average had higher serum 25(OH)D
concentrations than those in the 400 and 1000 IU/d vitamin
D supplement groups (69.2 ± 16.4 nmol/L compared with
45.8 ± 14.1 and 47.6 ± 13.4 nmol/L, respectively; P < 0.0001).
Thereafter, the trial group receiving 1000 IU vitamin D/d had
higher concentrations than the reference group and the trial
group receiving 400 IU/d at each time from 3 to 12 mo of the
study (Figure 4B). Across the trial, ionized calcium was within
normal limits (Figure 4C). At the baseline visit, in both trial
400 and 1000 IU/d groups, 42.9% and 40.8% of infants had
sufficient concentrations of 25(OH)D ≥50 nmol/L, respectively,
whereas from 3 to 12 mo of the study the percentage of infants
achieving the cutoff for sufficiency of vitamin D increased over
time (Figure 4D). Only in the 1000 IU/d group did 100% of
infants achieve sufficient 25(OH)D concentrations at 3 and 6 mo.

Effect of vitamin D supplementation on plasma IGF-1 and
IGFBP-3

There was no difference between groups in IGF-1 and IGFBP-
3 at baseline or during the trial, regardless of whether they
were shown as concentrations (Figure 5A, B) or the change
between each time point (Figure 5C, D). IGF-I and IGFBP-
3 concentrations had different developmental patterns over the
first 12 mo of life; IGF-1 concentration declined from baseline
to 6 mo, with an increase with age thereafter. However, a less
prominent change was observed in the IGFBP-3 concentrations
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FIGURE 1 Consolidated Standards of Reporting Trials (CONSORT) flow diagram. BF, breastfeed; LGA, large for gestational age; SGA, small for
gestational age; 25(OH)D, 25-hydroxyvitamin D.
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TABLE 1 Neonatal and maternal characteristics at birth and at baseline1

Parameters

Reference
400 IU/d
(n = 41)

Trial
400 IU/d
(n = 49)

Trial
1000 IU/d
(n = 49)

Infants
At birth (24–36 h postpartum)

Sex
Male 23 (56.1) 29 (59.2) 29 (59.2)
Female 18 (43.9) 20 (40.8) 20 (40.8)

UVB period2

Synthesizing period 25 (61.0) 30 (61.2) 26 (53.1)
Nonsynthesizing period 16 (39.0) 19 (38.8) 23 (46.9)

Gestational age, wk 39.6 ± 1.0 39.7 ± 1.0 39.6 ± 1.1
Weight, kg 3.5 ± 0.3 3.4 ± 0.4 3.4 ± 0.4
Weight-for-age z score 0.3 ± 0.7 0.1 ± 0.8 0.1 ± 0.8
Serum 25(OH)D, nmol/L 68.0 ± 13.2 30.8 ± 9.2 34.4 ± 12.0

At baseline (1 mo postpartum)
Skin tone3

F I–III 38 (92.7) 35 (71.4) 35 (71.4)
F IV–VI 3 (7.3) 14 (28.6) 14 (28.6)

Weight, kg 4.1 ± 0.5 3.9 ± 0.5 3.9 ± 0.5
Weight-for-age z score 0.03 ± 0.8 − 0.2 ± 0.9 − 0.1 ± 0.7
Length, cm 53.5 ± 2.0 52.7 ± 1.8 52.9 ± 2.2
Length-for-age z score 0.1 ± 1.0 − 0.2 ± 0.9 0.03 ± 0.9
HC, cm 36.5 ± 1.1 36.6 ± 1.2 36.1 ± 1.3
HC-for-age z score 0.1 ± 0.9 0.3 ± 0.9 − 0.02 ± 0.8
Serum 25(OH)D, nmol/L 69.2 ± 16.4 45.8 ± 14.1 47.6 ± 13.4

Mothers
At delivery (24–36 h postpartum)

Mother’s age, y 32.3 ± 4.0 32.8 ± 4.3 31.2 ± 4.8
Father’s age, y 35.0 ± 4.9 35.8 ± 5.4 33.2 ± 5.3
Self-reported population group

White 31 (75.6) 22 (44.9) 24 (49.0)
All other groups4 10 (24.4) 27 (55.1) 25 (51.0)

Family income, CAD
≥70,000 29 (70.7) 27 (55.1) 22 (44.9)
<70,000 7 (17.1) 15 (30.6) 18 (36.7)
Not reported 5 (12.2) 7 (14.3) 9 (18.4)

Education
Elementary/high school 1 (2.4) 8 (16.3) 4 (8.2)
College/vocational school 10 (24.4) 8 (16.3) 11 (22.4)
University 30 (73.2) 33 (67.4) 34 (69.4)

Prepregnancy BMI, kg/m2 23.1 ± 2.6 24.6 ± 4.4 25.8 ± 5.9
Supplement use5 38 (92.7) 44 (89.8) 46 (93.9)
Parity

Primiparous 13 (31.7) 12 (24.5) 19 (38.8)
Multiparous (i.e., ≥2) 28 (68.3) 37 (75.5) 30 (61.2)

At baseline (1 mo postpartum)
Serum 25(OH)D, nmol/L 94.3 ± 23.3 51.6 ± 14.5 60.0 ± 22.9

1Values are mean ± SD or n (%). CAD, Canadian dollar; F, Fitzpatrick; HC, head circumference; 25(OH)D, 25-hydroxyvitamin D.
2Infants born in vitamin D–synthesizing period: 1 April–31 October or vitamin D–nonsynthesizing period: 1 November–31 March.
3Based on Fitzpatrick descriptions (F I–III or F IV–VI).
4Including South Asian, Chinese, black, Filipino, Latin American, Arab, Southeast Asian, West Asian, Korean, Japanese, and other.
5Maternal multivitamin use during pregnancy (yes/no).

over time. The main effect of sex was not significant for IGF-1
(P = 0.41) or IGFBP-3 (P = 0.0721) (Supplemental Figure 2).

Compliance with vitamin D supplementation and
nutritional data

Between birth and the baseline visit, all of the infants in the
reference group received 400 IU/d of vitamin D supplementation,

whereas those in the pool for the trial were 96.4% adherent.
For the trial and reference groups, the median compliance with
supplementation was ≥91% from baseline until 3 mo, ≥92%
from 3 to 6 mo, and ≥85% from 6 to 12 mo follow-up
(Supplemental Table 1).

In the trial groups, all of the infants were predominantly
breastfed and 81.6% in the trial 400 IU/d group and 85.7%
in the trial 1000 IU/d group were exclusively breastfed at the
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FIGURE 2 Infant body composition over time. (A) Lean mass and lean mass accretion, (B) percentage lean mass, (C) LMI, (D) fat mass and fat mass
accretion, (E) percentage fat mass, and (F) FMI among groups over time. Data are mean ± SD. Sample sizes are as follows: reference group (baseline, n = 39;
3 mo, n = 34; 6 mo, n = 34; 12 mo, n = 30); 400 IU/d group (baseline, n = 49; 3 mo, n = 43; 6 mo, n = 39; 12 mo, n = 30); and 1000 IU/d group (baseline,
n = 49; 3 mo, n = 44; 6 mo, n = 41; 12 mo, n = 37). Data were compared using a mixed-effect model (SAS PROC MIXED) for fixed effects of group × time,
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random effect. P values reflect Tukey’s post hoc tests with Tukey-Kramer adjustment for multiple comparisons. The shaded area reflects reference ± SD. ∗P
< 0.05, 1000 IU/d group compared with 400 IU/d group at 12 mo for lean mass; no other differences between groups over time were observed. FMI, fat mass
index; LMI, lean mass index.

initial baseline visit. At 3 mo of age >90% received breast
milk, >80% did at 6 mo of age, and 40% at 12 mo were
still receiving some breast milk (Supplemental Table 2). The
median age at solid food introduction was 5 mo (IQR: 4–5.5
mo) with no difference between groups. Likewise, the median
ages for crawling and walking were 6 and 10 mo (IQR: 5–7
and 9–11 mo for age at crawling and walking, respectively) with

no difference between groups. No differences were observed in
nutrient intakes, including energy, carbohydrate, fat, vitamin D,
and calcium, between the vitamin D supplementation groups over
time; however, protein intake was higher in the reference group
than in the trial 400 IU/d group and not different from the 1000
IU/d group; overall, the values for all nutrient intakes increased
over time (Supplemental Table 3).
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Among trial groups, 78 families completed the 12-mo trial,
and 20 families were lost to follow-up mainly because of family
circumstances (e.g., time constraints or moving out from the
area); furthermore, owing to movement artifacts, 4.6% of the
whole-body scans (16 of 348) were missing over the course
of the trial. Similarly, in the reference group 9 families were
lost to follow-up and 3.5% of the whole-body scans (5 of 142)
were missing across the study. Supplemental Table 4 shows
neonatal and maternal characteristics of completers and dropouts.
Among trial groups a higher proportion of the dropouts were
born in the vitamin D–synthesizing period (P = 0.0238) and
were multiparous than for completers (P = 0.0290). Family
income was lower in dropouts than in completers (P = 0227),
and dropouts had lower gestational weight gain than completers
(P < 0.0001).

Discussion
This trial was designed to test whether infants who were

born with serum 25(OH)D <50nmol/L would benefit from a
higher dosage of vitamin D supplementation. Interestingly, body
composition did not vary in neonates according to vitamin D
status at birth, whereas divergent patterns were observed later
in infancy. Specifically, a dosage of 1000 IU/d was shown
to modestly increase whole-body lean mass (322.1 g; 4.8%
difference compared with 400 IU/d) without altering weight or
length z scores for age and sex. Thus, our research hypothesis
was not fully accepted, because a difference in lean body mass
was evident only at 12 mo and not at 3 mo of age. No differences
were observed in whole-body fat mass across the trial, likely due
to normal developmental variation in infants and the limitations
of the technology in estimating fat mass.

In accordance with a recent systematic review and meta-
analysis of intervention trials (39), in our study achieving the
AI of 400 IU vitamin D/d through supplementation supported
recovery of vitamin D status in infants born with serum 25(OH)D
<50nmol/L. This research is novel in that infants allocated to
1000 IU vitamin D/d not only had increased serum 25(OH)D but
also had greater lean body mass, the magnitude of which parallels
that of Hazell et al. (3). Unlike our trial, most infants in Hazell
et al.’s study had 25(OH)D ≥50 nmol/L at inception. Therefore,
they used a higher cutoff of 75 nmol/L (40) and reported that
plasma 25(OH)D was positively associated with percentage lean
mass at 12 mo (� 3.89%; 5.41% difference; P = 0.006). In the
present trial, lack of differences in fat mass and a higher body
weight of the 1000 IU vitamin D/d group at 12 mo (296.05 g;
3.0% difference compared with 400 IU/d) suggest increments
in lean body mass are more prominent than decreases in fat
mass. This agrees with observations in female weanling rats with
vitamin D deficiency (5). Rats that received 4 IU vitamin D3/g
diet had an increase in 25(OH)D from 24.1 to 60.3 nmol/L within
8 wk and had higher lean mass (250.4 compared with 219.6
g; P = 0.01) than the control (1 IU vitamin D3/g diet). These
controlled studies in human infants and weanling rats suggest that
increased dietary vitamin D modestly improves lean body mass
(5) and complement the aforementioned cohorts in pregnancy
where maternal vitamin D sufficiency associates with a lean body
phenotype of the child (6, 8, 9). Collectively, the evidence is T
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age, and (F) head-circumference-for-age z scores, among groups over time. Data are mean ± SD. Sample sizes are as follows: reference group (baseline, n = 41;
3 mo, n = 35; 6 mo, n = 34; 12 mo, n = 32); 400 IU/d group (baseline, n = 49; 3 mo, n = 44; 6 mo, n = 40; 12 mo, n = 36); and 1000 IU/d group (baseline,
n = 49; 3 mo, n = 44; 6 mo, n = 43; 12 mo, n = 42). Data were compared for weight, length, and head circumference measurements using a mixed-effect
model (SAS PROC MIXED) tested for fixed effects of group × time, sex, skin tone, infant actual age at each visit, gravida, parental age at delivery, maternal
BMI preconception, and family income. Participant (ID) modeled as a random effect; and for weight-, length-, and head-circumference-for-age z scores sex
and infant actual age at each visit were removed from the mixed model. P values reflect Tukey’s post hoc tests with Tukey-Kramer adjustment for multiple
comparisons. The shaded area reflects reference ± SD. ∗P < 0.05, 1000 IU/d compared with 400 IU/d at 12 mo for body weight; no other differences in growth
between groups over time were observed.

consistent for sufficient vitamin D status having a role to play
in healthy body composition of children.

In line with reports of body composition in healthy term
infants (30, 41), fat mass increased rapidly during the first 6 mo.
The plateau observed in fat mass after 6 mo can be ascribed
to postnatal fat mass serving as an energy reserve. As infants
accomplish energy-demanding developmental milestones such as
crawling and walking, they require additional energy to support
growth (30, 42). Because age at crawling and walking and
nutrient intakes were not different between groups, this might
help to explain lack of differences in fat mass.

The mechanisms that explain enhanced lean mass include a
mutual engagement in skeletal muscle growth and metabolism
exerted by vitamin D and IGF-1; this is through molecular and
cellular pathways that regulate cell differentiation and growth in
skeletal muscle (43). In weanling rats (5), higher dietary vitamin
D3 maintained plasma IGF-1 longer during growth than in the
control group, suggesting a potential mechanism by which IGF-
1 and vitamin D stimulate lean mass accretion. Consistent with
another report in healthy infants (44), different patterns were
observed in terms of IGF-1 and IGFBP-3 concentrations. IGF-
1 declined over time from baseline to 6 mo in a well-accepted
physiological pattern, followed by an increase with age (from

6 to 12 mo); this could be ascribed to increased dietary protein
intake as a strong positive predictor of IGF-1 concentration
(45). Less notable changes were observed in IGFBP-3 with
relatively higher concentrations than IGF-1. Both trial groups
overlapped in IGF-1 and IGFBP-3 across the study and the
values were within the anticipated range judged by our reference
data.

In line with other reports where sexual dimorphisms in
IGF-1 and IGFBP-3 concentrations appear at birth (46), or
from 3 to 12 mo (47), we observed similar patterns, but
these only appeared to diverge at 12 mo. Lack of statistical
differences between the sexes could be explained by our smaller
sample size. Higher concentrations of IGF-1 and IGFBP-3 are
usually observed in female infants than in males owing to
differentials in the IGF-1/GH axis over the first 12 mo of
life. Early postnatally, IGF-1 is responsive to nutritional intake
(breastfeeding status) and insulin secretion, whereas later in
infancy growth hormone is the predominant regulator of IGF-1
(48). Growth hormone sensitivity to changes in IGF-1 is more
pronounced in females than in males (46). Overall, the results
suggest that increments in lean body mass are not necessarily
ascribed to plasma IGF-1 and IGFBP-3, hence other mechanisms
need to be explored considering the dynamics of vitamin D
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status and free IGF-1 utilization for tissue (lean mass) growth in
infancy.

The major implication of our trial is that vitamin D has a
role in establishing a healthy body composition in infants and
specifically a leaner body phenotype. Vitamin D supplementation
of 400 IU/d for healthy breastfed infants is suitable to compensate
for serum 25(OH)D <50nmol/L at birth. Increasing vitamin D
intakes to 1000 IU/d is not required to support serum 25(OH)D
in the range of 50–125 nmol/L ( 12). This counters some
professional society recommendations (40, 49). Whether the
modest benefits to lean mass evident at 12 mo would extend into
childhood with possible implications in reduced risk of excess
adiposity requires further research with longer-term follow-up.
In doing so, unraveling epigenetic mechanisms such as DNA

methylation of the genes involved in vitamin D metabolism
(vitamin D receptor, VDR ; vitamin D binding protein DBP;
retinoid X receptor RXR; cytochrome P450 CYP) , would aid
in understanding how improving vitamin D status with a higher
dosage of supplementation results in a change in lean body
phenotype.

We acknowledge the limitations of this study. We recruited our
minimum sample size needed to ensure the specified precision
and although we observed differences in lean mass, the dropout
rate may have biased our results. Nonetheless, by using a mixed
model all the available data were used in our analyses including
sociodemographic covariates. In addition, numerous assessments
were tested across 4 time points, posing a risk of type I errors. To
alleviate this concern, post hoc testing was limited to differences
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between groups over time and adjusted for multiple comparisons.
Serum 25(OH)D was measured using an immunoassay which is
not a gold-standard technique, although the assay manufacturer is
certified by the Vitamin D Standardization-Certification Program
(50). In addition, we implemented rigorous quality assurance
measures across the study using the Vitamin D External Quality
Assessment Scheme as well as the NIST standard reference
materials. Moreover, we verified in a subgroup of mothers and
infants (n = 83) that total serum 25(OH)D was in agreement
(mean difference = −0.8 nmol/L) with LC–tandem MS. Another
limitation is that normative data for body composition in
infancy are limited (30) to infants with different demographic

characteristics from the present study. To help overcome this,
patterns of growth and body composition in the trial groups were
compared with a reference group tracked at the same time. Lastly,
parent self-reported compliance was a limitation and pre and
post weighing of used bottles of supplement was not feasible;
those that were returned had often been cleaned for recycling.
Nonetheless, the biological response to supplementation was
monitored using serum 25(OH)D concentration.

Overall, this trial provides a high level of evidence suggesting
that postnatal vitamin D supplementation (400 and 1000 IU/d)
with high adherence compensates for low maternal–fetal transfer
of vitamin D in otherwise healthy AGA infants. Increasing
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supplemental vitamin D intakes to 1000 IU/d appears to have
implications in programming of a leaner body phenotype without
altering other patterns of growth. Further investigations are
required to explore the underlying mechanisms, with possible
implications for child and public health.
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