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ABSTRACT
Background:Most Canadian children do notmeet the recommended
dietary intake for vitamin D.
Objectives: The aims were to test how much vitamin D from
food is needed to maintain a healthy serum 25-hydroxyvitamin D3

[25(OH)D3] status from fall to spring in young children and to
examine musculoskeletal outcomes.
Design: Healthy children aged 2–8 y (n= 51) living in Montreal,
Canada, were randomly assigned to 1 of 2 dietary vitamin D
groups (control or intervention to reach 400 IU/d by using vitaminD–
fortified foods) for 6mo, starting October 2014. At baseline and at 3
and 6mo, anthropometric characteristics, vitamin Dmetabolites (liq-
uid chromatography–tandemmass spectrometry), and bone biomark-
ers (IDS-iSYS, Immunodiagnositc Systems; Liaison; Diasorin) were
measured and physical activity and food intakes surveyed. At base-
line and at 6 mo, bone outcomes and body composition (dual-energy
X-ray absorptiometry) were measured. Cross-sectional images of
distal tibia geometry and muscle density were conducted with the
use of peripheral quantitative computed tomography scans at 6 mo.
Results: At baseline, participants were aged 5.2 ± 1.9 (mean ± SD)
y and had a body mass index z score of 0.65 ± 0.12; 53% of par-
ticipants were boys. There were no differences between groups in
baseline serum 25(OH)D3 (66.4 ± 13.6 nmol/L) or vitamin D intake
(225 ± 74 IU/d). Median (IQR) compliance was 96% (89–99%) for
yogurt and 84% (71–97%) for cheese. At 3 mo, serum 25(OH)D3

was higher in the intervention group (P< 0.05) but was not different
between groups by 6 mo. Although lean mass accretion was higher in
the intervention group (P < 0.05), no differences in muscle density
or bone outcomes were observed.
Conclusions: The consumption of 400 IU vitamin D/d from fall
to spring did not maintain serum 25(OH)D3 concentration or im-
prove bone outcomes. Further work with lean mass accretion as
the primary outcome is needed to confirm if vitamin D enhances
lean accretion in healthy young children. This trial was registered
at www.clinicaltrials.gov as NCT02387892. Am J Clin Nutr
2018;107:355–364.
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INTRODUCTION

Vitamin D is important for bone growth and development in
children (1) and cannot be synthesized from exposure of skin to
sunlight at latitudes≥40°Nyear-round because solar UV-B radia-
tion is limited in winter months (2). Clinically, vitamin D status is
assessed by using serum 25-hydroxyvitamin D [25(OH)D] con-
centration, a composite reflection of total intake and synthesis.
The Institute of Medicine (IOM) recommendations for vitamin
D intake were set to meet the needs of the general population in
the absence of UV-B exposure. The Estimated Average Require-
ment (EAR; 400 IU/d) and the Recommended Dietary Allowance
(RDA; 600 IU/d) align with serum 25(OH)D concentrations of 40
and 50 nmol/L, respectively (3). Given these recommendations,
Canadian children, with an average intake of 244 IU vitamin D/d,
appear to be at risk of not meeting population targets for vitamin
D status (4).

The IOMvitaminD recommendations for young children were
based on results from supplementation trials in adults and older
children (3). Since that time, vitamin D interventions in young
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children have been trialed during the winter months (5–8), and
results from 3 of these interventions (5, 7, 8) suggest that the
vitamin D EAR may be overestimated for young children. Fur-
thermore, only 1 study (8) had mean 25(OH)D concentrations
equivalent to those observed in national surveillance studies con-
ducted in Canada and the United States (children aged 3–11 y:
64–74 nmol/L) (9, 10). Thus, it remains questionable how much
vitamin D is required to maintain healthy vitamin D status dur-
ing seasonal UV-B–void periods. In addition, although there is
a well-known positive impact of vitamin D on bone health in
adults (3), trial data in young children are limited (11, 12) and it
is possible that vitamin D interventions may only affect bone out-
comes when baseline 25(OH)D concentrations are <35 nmol/L
(13). Data from children in Montreal (aged 2–5 y) showed that
vitamin D status ≥75 nmol/L was positively related to bone min-
eral density (BMD) of the whole body and radius (14) and was
also related to a leaner body phenotype (15). This agrees with a
1-y trial in vitamin D–deficient prepubertal girls, in whom lean
mass accretion was greater in those receiving a vitamin D sup-
plement (16). Thus, the primary objective was to test how much
vitamin D intake from food is required to maintain healthy vita-
min D status from the beginning of the UV-B–void period (end
of October) to the end of the winter period (March). It was hy-
pothesized that intakes of 400 IU/d, but not 200 IU/d, would sup-
port serum 25-hydroxyvitamin D3 [25(OH)D3] concentrations of
≥50 nmol/L. The secondary objective was to explore the ef-
fects on lean mass, bone mineral accrual, bone geometry, and
biomarkers of bonemass andmineralmetabolism. Leanmasswas
not originally specified as a secondary outcome; however, it was
added as an outcome due to recent work in Montreal children,
which showed a relation of vitamin D status to lean mass (15).

METHODS

Study design

This was a 6-mo, double-blind, randomized controlled trial in
Montreal, Canada, following the CONSORT (Consolidated Stan-
dards of Reporting Trials) guidelines, with baseline assessments
in October 2014. Children were randomly allocated by family in
a 1:1 design and stratified by families with only young (aged 2–
4 y) or only school-age (aged 5–8 y) children or families with
both ages of children to double-blinded groups (Figure 1) by
using random-numbers tables. Group codes were randomly as-
signed by a member of the research team with no direct con-
tact with the participants. In addition to their regular food in-
take, the control group was instructed to consume 33 g cheddar
cheese/d or two 93-mL drinkable yogurts/d, neither with added
vitamin D (expected vitamin D intake: 140–195 IU/d). To reach
the 400 IU/d, the intervention group consumed the same yogurt
and cheese products, except with added vitamin D3. The cheese
contained 300 IU vitamin D3/33 g and yogurt beverages con-
tained 150 IU/93 mL. Children could consume the products at
any time during the day so that the products would be incorpo-
rated into their normal eating habits. The products were provided
precoded by the companies, with codes only disclosed after all
of the data were analyzed. The vitamin D content of each prod-
uct was independently verified to be within ±8% (Maxxam An-
alytique, Inc.) for the yogurt and within ±5% (O’Neal Scientific
Services, Inc.) for the cheese. Families were instructed to

otherwise follow their normal lifestyle. Children were seen at
baseline and at 3 and 6 mo, at which time anthropometric mea-
sures were taken, fasting blood samples were obtained, and sur-
veys were completed on demographic characteristics, illnesses,
sun exposure, physical activity, and dietary intake. At baseline
and at 6mo, body composition and bone geometrymeasures were
taken.

Subjects

Children were recruited from daycare centers from August to
October 2014. Inclusion criteria were as follows: 2–8 y of age,
consuming milk products regularly, within±2 BMI z scores from
0 for sex and age based on WHO growth charts (17) or body
fat percentage within normal ranges (18), and not taking supple-
ments containing vitamin D. Exclusion criteria were chronic dis-
eases or medications known to affect vitamin D, known anemia,
small size at birth, or preterm birth at <37 wk of gestation.

Assessments

Blood sampling, vitamin D status, and bone biomarkers

Fasting venipuncture samples were taken between 0700 and
1100 to control for diurnal variation. Immediately thereafter,
ionized calcium in whole blood (0.1 mL) was measured as a
safety assessment by using a blood gas unit (ABL80 FLEX;
Radiometer Medical A/S), which had CVs of ≤5%. Two
milliliters of whole blood was separated to obtain serum for mea-
surement of 25(OH)D, parathyroid hormone (PTH), osteocalcin,
C-terminus telopeptide (CTx), and procollagen type 1 N-terminal
propeptide (P1NP).

Samples were prepared for 25(OH)D assessment as previously
described (19). Serum 25(OH)D3, 24,25-dihydroxyvitamin D3

[24,25(OH)2D3], and C3 epimer of 25(OH)D3 [3-epi-25(OH)D3]
were quantified by using ultra-HPLC tandem mass spectrom-
etry (Acquity UPLC with Xevo TQ-S mass spectrometer;
Waters) at Queen’s University, Canada (19). Lower limits of
quantification for metabolites were 0.25–0.75 nmol/L. National
Institute for Standards and Technology 25(OH)D standards 972a
levels 1 and 4 had inter- and intra-assay CVs <5% and an
accuracy≥95%. Intact 1–84 PTH and osteocalcin were measured
by using chemiluminescent immunoassays on an autoanalyzer
(Liaison; Diasorin). Sensitivity was 2.36 pg/mL for PTH and
3.0 ng/mL for osteocalcin. Controls for PTH and osteo-
calcin had inter- and intra-assay CVs <7% and an accu-
racy ≥95%. CTx (45 µL) and P1NP (20 µL diluted 10×)
were measured by using chemiluminescent immunoassays
at Shriners Hospital for Children (Montreal, Canada) with
an IDS-iSYS autoanalyzer (Immunodiagnostic Systems). The
CTx assay had a sensitivity of 0.033 ng/mL (range: 0.033–
6.000 ng/mL) and P1NP a quantification limit <1.0 ng/mL
(dynamic range: 2–230 ng/mL).

Dietary assessment and compliance

A validated 13-item, semiquantitative, 30-d food-frequency
questionnaire was used to estimate vitamin D and calcium intakes
(20). A 24-h food intake assessment, documented the day before
sampling, was used to assess macronutrient and energy intakes.
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FIGURE 1 CONSORT diagram. CONSORT, Consolidated Standards of Reporting Trials.
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Although 3 d of 24-h intake assessments may be sufficient to
measure energy and macronutrient intakes, to represent usual in-
takes of calcium and vitamin D, a longer time period of assess-
ment is needed (21). Thus, the 30-d food-frequency questionnaire
was used to measure the intakes of these micronutrients. Nutri-
tionist Pro (Axxya Systems LLC) and the Canadian Nutrient File
version 2010b were used to generate nutrient intakes. Parents
used daily calendar check sheets, collected and verified every 3
mo, to record compliance. Compliance data were lacking for only
one child who finished the trial.

Demographic characteristics, physical activity, skin
pigmentation, and UV-B

At baseline, self-reported sociodemographic variables were
surveyed. At all visits, data were collected on parent-reported
physical activity for weekends and weekdays by using the val-
idated Habitual Activity Estimation Scale questionnaire (22),
sun exposure during the previous 30 d, frequency of sunscreen
use, and hours spent in direct sunlight per day on the basis
of the Canadian Health Measures Survey (23). Skin type was
determined by using a spectrophotometer to measure individ-
ual typological angle (ITA; CM-700d/600d; Konica Minolta)
and UV-B exposure was qualitatively determined as previously
described (7).

Anthropometric measurements

Methods for measuring height, weight, and BMI z scores were
previously described (11). The International Society for Clini-
cal Densitometry states that whole body and lumbar spine are
the preferred dual-energy X-ray absorptiometry (DXA) measure-
ment sites (24). In addition, forearm scans were performed be-
cause the forearm is the most common fracture site in children
(25). For bone outcomes, DXA measures of whole body, lumbar
vertebrae 1–4 (anterior-posterior), and distal forearm (nondomi-
nant) were made. Ultra-distal forearm data were reported because
this region measures new bone close to the growth plate. Whole-
body scans were used to assess lean mass. All of the scans were
performed by using a Hologic 4500A (APEX software, version
13.3:3) fan-beam clinical densitometer at baseline and at 6 mo.
Daily quality-control measurements were obtained by using a
lumbar spine bone phantom (Hologic) with an accuracy of±1.5%
of the mean and CVs of 0.396%, 0.524%, 0.363% for BMD, bone
mineral content (BMC), and area, respectively. As per the manu-
facturer’s recommendations, global SDs for the low-air and high-
air measures of radiographic uniformity were always <2.0.

Peripheral quantitative computed tomography (pQCT; XCT-
2000; Stratec) scans of the nondominant tibia were performed by
X-ray technicians at 6 mo to evaluate 3-dimensional bone geom-
etry and muscle variables. There are no standard pQCT methods
for children (26), so our methods were based on those used when
producing normative data in children (27). Length of the tibia was
measured between the superior margin of the medial condyle and
themedial malleolus. A scout scanwas performed to visualize the
distal growth plate and the reference line placed at the most prox-
imal line of the growth plate. The 4% and 66% sites, measured
proximally from the distal end of the tibia, were each scanned

with a single 2-mm slice, a voxel size of 0.4 mm2, and speed of
30 mm/s.

Ethics

This study was approved by the McGill University Faculty
of Medicine Research Ethics Board in accordance with the Tri-
Council policy on ethics and the Declaration of Helsinki (28)
and was registered at clinicaltrials.gov (NCT02387892). Tempo-
rary Marketing Authorization letters were obtained from Health
Canada for the trial products (TM-14-0112 and TM-14-0113).

Statistical analyses

Following CONSORT guidelines, we based our sample size
calculation on the primary outcome of 25(OH)D3 and thus did
not perform a priori power calculations for secondary outcomes.
We aimed to recruit 25 children/group, with an expected group
difference of 20 nmol/L and an SD of 16 nmol/L and account-
ing for a 5–10% drop-out rate (11). Intent-to-treat analyses were
conducted by using SAS (version 9.3; SAS Institute). All data
entry was double audited and tested for normality by using the
Kolmogorov-Smirnov test and homogeneity of variance by using
the Bartlett test. A P value <0.05 was categorized as significant,
after adjustment for multiple comparisons where applicable. A
mixed-model ANOVA was used to analyze continuous data, ac-
counting for fixed effects (group, sex, and age) and random
effects (e.g., within family, demographic characteristics, body
composition), with post hoc testing where necessary by using
Bonferroni correction. Non-normal data were log-transformed
where applicable [e.g., 25(OH)D3]. The drop-out rate was <5%
during the study period, so data imputation approaches were not
sought. Fisher’s exact testing was used for differences in propor-
tions. Log-log regression analysis was used to normalize fat mass
and lean mass indexes (29), because fat mass and lean mass have
different relations with height in children than does weight.

RESULTS

Demographic characteristics

No differences in baseline characteristics (Table 1) were ob-
served between allocation groups. Physical activity was not dif-
ferent between groups, by using Habitual Activity Estimation
Scale questionnaire activity categories, in which 91% and 82%
of control and intervention groups, respectively, were very active
for ≥60 min. Forty-nine (96.1%) children completed the study
(Figure 1) over (mean ± SD) 25.3 ± 0.6 wk. There were no
differences in height (control: 112.5 ± 15.0 cm; intervention:
111.0 ± 13.5 cm), weight (control: 22.3 ± 7.1 kg; intervention:
20.3 ± 5.1 kg), height velocity (control: 0.5 ± 0.2 cm/mo;
intervention: 0.5 ± 0.1 cm/mo), or weight velocity (control:
0.3 ± 0.1 kg/mo; intervention: 0.2 ± 0.2 kg/mo) between groups
(Table 2).

Dietary characteristics and sun exposure

Median (IQR) compliance for the study yogurt and cheese was
96% (89–99%) and 84% (71–97%), with no differences between
groups. Mean milk and alternatives intake (baseline, 3 mo, and
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TABLE 1
Baseline characteristics of participants1

Control Intervention P2

n 25 26
Age, y 5.4 ± 2.03 5.0 ± 1.8 0.752
Range 1.9–8.6 2.0–8.4

Male sex, n (%) 15 (56) 12 (50) 0.300
White ethnicity,4 n (%) 13 (52) 18 (69) 0.264
Maternal education, college
or higher, n (%)

20 (80) 18 (69) 0.172

Family income, n (%) 0.065
>$65,0005 18 (72) 12 (50)
Not disclosed 0 1 (4)

z Score
Weight 0.75 ± 0.87 0.64 ± 1.09 0.874
Height 0.31 ± 0.90 0.44 ± 1.10 0.413
BMI 0.81 ± 0.88 0.55 ± 0.98 0.275

Serum 25(OH)D3, n (%) 0.313
<30 nmol/L 0 0
30–39.9 nmol/L 0 0
40–49.9 nmol/L 2 (8) 2 (8)
50–124.9 nmol/L 23 (92) 24 (92)
≥125 nmol/L 0 0

1There were no differences between groups at baseline. 25(OH)D3, 25-
hydroxyvitamin D3.

2Derived by testing for differences between groups with the use of a
mixed-model ANOVA or Fisher’s exact test.

3Unadjusted mean ± SD (all such values).
4Nonwhite = Hispanic, black, or Asian.
5Canadian dollars.

6 mo: 2.8 ± 0.7, 2.7 ± 1.0, and 3.2 ± 1.4 servings/d, respec-
tively) exceeded Canada’s Food Guide recommendations (2 serv-
ings/d). At baseline, vitamin D intakes were not different between
groups and no children had intakes ≥400 IU/d (Table 3). The vi-
tamin D intake of the control group did not change throughout the
study, whereas at 3 and 6 mo, the intervention group significantly
differed from control (Table 3). Calcium intake was not differ-
ent between groups at any time point (Table 3). Baseline median
(IQR) energy intake [control: 1670 kcal/d (1416–2020 kcal/d);
intervention: 1420 kcal/d (1302–1682 kcal/d)] and protein intake
[control: 77 g/d (66–84 g/d); intervention: 69 g/d (45–76 g/d)] did
not differ between groups or change at any time point.

Sixty-seven percent (34 of 51) of the children had Fitzpatrick
skin types I, II, or III and 33% (17 of 51) had skin types IV,
V, or VI. Six percent (3 of 51) of children traveled to southern

TABLE 2
Anthropometric measurements and growth of children over the 6-mo study1

Height Weight
velocity, Weight, velocity,

Group Height, cm cm/mo kg kg/mo

Baseline
Control 112.5 ± 15.0 N/A 22.1 ± 7.3 N/A
Intervention 111.0 ± 13.5 N/A 20.3 ± 5.1 N/A

6 mo
Control 115.2 ± 14.4 0.5 ± 0.2 22.9 ± 7.2 0.3 ± 0.1
Intervention 114.2 ± 14.2 0.5 ± 0.1 21.8 ± 6.1 0.2 ± 0.2

1Values are means± SDs. There were no significant differences between
groups with the use of a mixed-model ANOVA, adjusted for age, sex, ethnic-
ity, family cluster, and length of study. N/A, not applicable.

TABLE 3
Intakes of calcium, vitamin D, energy, and serum 25(OH)D3 concentration
across the 6-mo study1

Control Intervention

Calcium2

Baseline, mg/d 909 ± 223 946 ± 351
Meeting EAR, % 64a,b 73a,b

3 mo, mg/d 842 ± 262 869 ± 363
Meeting EAR, % 48a 62a,b

6 mo, mg/d 1066 ± 360 1034 ± 391
Meeting EAR, % 87b 77b

Vitamin D2

Baseline, IU/d 202 ± 76a 248 ± 73a

Meeting 400 IU/d, % 0a 0a

3 mo, IU/d 239 ± 117a 466 ± 95b

Meeting 400 IU/d, % 12a 81b

6 mo, IU/d 241 ± 124a 486 ± 90b

Meeting 400 IU/d, % 12a 81b

25(OH)D3

Baseline, nmol/L 67.5 ± 15.1a 65.3 ± 12.2a

Meeting 50 nmol/L, % 92a 92a

3 mo, nmol/L 58.3 ± 15.3b 64.7 ± 12.2a

Meeting 50 nmol/L, % 67b 88a,b

6 mo, nmol/L 56.6 ± 13.9b 58.4 ± 8.7b

Meeting 50 nmol/L, % 70a,b 85a,b

Energy,3 kcal/d
Baseline 1670 (1416–2020) 1420 (1302–1682)
3 mo 1527 (1273–1821) 1540 (1345–1799)
6 mo 1583 (1160–1878) 1503 (1362–1647)

1Values are unadjusted means ± SDs or medians (IQRs). Control
group—baseline: n = 25; 3 mo: n = 23; 6 mo: n = 23. Intervention group—
baseline: n= 26; 3 mo: n= 26; 6 mo: n= 26. Different superscript letters de-
note significant differences between groups and over time (P= 0.001–0.042).
Fisher’s exact test was used to test for between-group differences in the pro-
portion meeting recommendations. A mixed-model ANOVAwith Bonferroni
correction, adjusted for age, sex, ethnicity, BMI z score, family cluster, length
of study, and baseline serum 25(OH)D3, was used to test for between-group
differences in continuous variables. EAR, Estimated Average Requirement;
25(OH)D3, 25-hydroxyvitamin D3.

2From a validated 30-d food-frequency questionnaire.
3From 24-h intake assessments.

latitudes during the study period and none of them presented
with significant tanning of skin as measured by changes in ITA at
the forearm, forehead, and lower leg [�ITA (average of 3 sites):
5.6o ± 4.6o].

Biochemical assessments

At baseline, serum 25(OH)D3 ranged between 40
and 125 nmol/L (Table 1), with mean concentrations of
66.4 ± 13.6 nmol/L overall. With regard to our primary
outcome, the control group showed a decrease in 25(OH)D3

(P= 0.001) from 0 to 3 mo, and the intervention group showed a
decrease (P = 0.001) from 3 to 6 mo (Figure 2A). This resulted
in serum 25(OH)D3 being lower in the control group than in
the intervention group at 3 mo (P = 0.001) but not at 6 mo.
Compliance did not significantly influence serum 25(OH)D3,
and baseline 25(OH)D3 was not predictive of the 6-mo change
in 25(OH)D3. No child at any time point had 25(OH)D3 con-
centrations >125 nmol/L, and only 1 child (4.3%) in the control
group had 25(OH)D3 <40 nmol/L (39.4 nmol/L) at 6 mo. The
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FIGURE 2 Serum 25(OH)D3 and 3-epi-25(OH)D3 (A), 24,25(OH)2D3 (B), PTH (C), P1NP (D), osteocalcin (E), and CTx (F) concentrations at baseline
and at 3 and 6 mo. Values are means ± SDs. *Different between groups at that time point (P = 0.001). For 25(OH)D3 and 24,25(OH)2D3, both groups
significantly decreased (P= 0.001) from baseline to 6 mo. The group by time interaction for 25(OH)D3 was P= 0.004. Analyses used a mixed-model ANOVA
with Bonferroni correction adjusted for age, sex, ethnicity, BMI z score, family cluster, length of study, and baseline serum 25(OH)D3. CTx, C-terminal
telopeptide; PTH, parathyroid hormone; P1NP, procollagen type 1 N-terminal propeptide; 3-epi-25(OH)D3, C3 epimer of 25-hydroxyvitamin D3; 25(OH)D3,
25-hydroxyvitamin D3; 24,25(OH)2D3, 24,25-dihydroxyvitamin D3.

proportion of children with 25(OH)D3 ≥75 nmol/L was not dif-
ferent between groups at any time [baseline—control: 7 of 25
(28%); intervention: 6 of 26 (23%); 3 mo—control: 4 of 24
(16%); intervention: 6 of 26 (23%); 6 mo—control: 1 of 23 (4%);
intervention: 2 of 26 (8%)] but significantly decreased only in the
control group over 6 mo (P = 0.049). Similarly, the proportion
of children with 25(OH)D3 <40 nmol/L or ≥50 nmol/L was not
different between groups at any time but significantly decreased
in the control group at 3 mo (Table 3). Serum 24,25(OH)2D3

decreased (−1.0 ± 1.3 nmol/L; P = 0.001) over time (Figure
2B). The 25(OH)D3-to-24,25(OH)2D3 ratio (range of ratio: 10.1–
25.0) and 3-epi-25(OH)D3 did not change over time or differ be-
tween groups (Figure 2A).

Average ionized calcium (1.30 ± 0.04 mmol/L) was within
normal limits (1.15–1.38 mmol/L) and did not vary by time or
treatment group. PTH, P1NP, osteocalcin, and CTx concentra-
tions did not differ over time or between groups (Figure 2C–F).
Concentrations of biomarkers did not vary on the basis of the time
of blood draw (0700–1100).

Body-composition assessments

Fat mass index (control: 4.85 ± 1.31 kg/m1.9; intervention:
4.56 ± 1.43 kg/m1.9) as well as whole-body fat mass and ap-
pendicular regions as a total and legs alone (Table 4) were not
different between groups or over time. Lean mass index (con-
trol: 11.29 ± 1.07 kg/m2.5; intervention: 10.85 ± 0.76 kg/m2.5)
did not differ between groups or over time. However, the mean
(95%CI) percentage increase in whole-body [control: 5.9% (4.4–
7.4%); intervention: 8.4% (6.3–10.5%)], appendicular [control:
7.7% (5.7–11.3%); intervention: 13.3% (8.9–17.1%)], and legs-
alone [control: 8.9% (4.1–12.7%); intervention: 15.7% (11.7–
19.6%)] leanmasswas significantly greater over 6mo in the inter-
vention group (whole body, P= 0.038; appendicular, P= 0.045;
legs, P = 0.025). In addition, the 6-mo absolute changes in lean
mass for the whole body (control: 0.31 ± 0.67 kg; intervention:
0.98 ± 0.59 kg; P = 0.038) and the appendicular skeleton (con-
trol: 0.35 ± 0.71 kg; intervention: 0.67 ± 0.58 kg; P = 0.034)
were significantly greater in the intervention group (Table 4). The
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TABLE 4
Bone and body-composition variables from DXA scans in children aged 2–8 y across the 6-mo study period1

Control Intervention P2

Group 6-mo
Baseline 6 mo Baseline 6 mo Time Group absolute change

Whole-body
BMD, g/cm2 0.696 ± 0.093 0.711 ± 0.093 0.691 ± 0.118 0.704 ± 0.119 0.73 0.15 0.98
BMC, g 805.78 ± 202.83 865.73 ± 223.90 731.13 ± 185.93 769.03 ± 198.55 0.89 0.38 0.09

Lumbar spine
BMD, g/cm2 0.519 ± 0.072 0.523 ± 0.076 0.502 ± 0.073 0.513 ± 0.073 0.55 0.04 0.62
BMC, g 16.68 ± 4.48 18.40 ± 5.29 15.18 ± 4.18 16.11 ± 3.79 0.56 0.11 0.10

U-D forearm
BMD, g/cm2 0.267 ± 0.06 0.288 ± 0.07 0.238 ± 0.04 0.245 ± 0.03 0.42 0.004 0.12
BMC, g 0.93 ± 0.3 1.03 ± 0.3 0.77 ± 0.2 0.82 ± 0.2 0.45 0.01 0.08

Lean mass, kg
Whole-body 15.33 ± 4.89 15.64 ± 4.89 14.18 ± 4.11 15.16 ± 4.25 0.77 0.27 0.038
Appendicular 6.76 ± 2.96 7.11 ± 2.75 5.92 ± 2.26 6.59 ± 2.33 0.98 0.79 0.034
Legs 4.56 ± 1.96 4.86 ± 2.05 3.86 ± 1.65 4.37 ± 1.72 0.89 0.94 0.10

Fat mass, kg
Whole-body 6.10 ± 2.37 6.23 ± 2.56 5.34 ± 2.10 5.48 ± 2.20 0.81 0.73 0.51
Appendicular 3.44 ± 1.46 3.75 ± 1.76 2.81 ± 1.09 2.89 ± 1.19 0.99 0.34 0.58
Legs 2.70 ± 1.10 2.79 ± 1.20 2.34 ± 0.86 2.35 ± 0.95 0.64 0.50 0.61

1Values are unadjusted means ± SDs or means (95% CIs). Control—baseline: n = 24; 6 mo: n = 22 (1 child without scan at each time point due to lack
of cooperation). Intervention—baseline: n = 26; 6 mo: n = 25 (1 child without scan at 6 mo due to lack of cooperation). BMC, bone mineral content; BMD,
bone mineral density; DXA, dual-energy X-ray absorptiometry; U-D, ultra-distal nondominant; 25(OH)D3, 25-hydroxyvitamin D.

2P values are shown for differences between baseline and 6 mo, differences between groups, and differences between groups for the 6-mo absolute change
in each variable. A mixed-model ANOVA with Bonferroni correction was used and adjusted for age, sex, ethnicity, height velocity, family cluster, length of
study, and baseline serum 25(OH)D3.

absolute change in leanmass of the legs was not different between
groups (control: 0.30 ± 0.40 kg; intervention: 0.51 ± 0.23 kg;
P= 0.10). Leanmass outcomeswere not related to physical activ-
ity. Although there were between-group differences in lean mass
accretion, lower leg muscle density and cross-sectional area were
not different between groups at 6 mo (Table 5).

Bone assessments

Bone outcomes did not differ between groups. Specifically,
BMD z scores (whole-body z score—control: 1.46 ± 1.36; inter-
vention: 0.90± 0.91; lumbar spine z score—control: 0.54± 0.90;

TABLE 5
Bone and muscle variables from peripheral quantitative computed
tomography scans of the lower leg in children aged 2–8 y after 6 mo of
study1

Control Intervention

Tibia geometry
4% Trabecular density, mg/cm3 179.3 ± 32.6 187.1 ± 25.2
4% Trabecular CSA, mm2 189.5 ± 35.0 179.8 ± 50.2
66% Cortical density, mg/cm3 986.8 ± 68.1 994.0 ± 47.3
66% Cortical CSA, mm2 114.7 ± 39.4 116.5 ± 42.5
66% Cortical thickness, mm 0.47 ± 0.23 0.41 ± 0.13

Muscle variables
66% Muscle density, mg/cm3 56.4 ± 15.9 51.6 ± 11.1
66% Muscle CSA, mm2 2696.1 ± 758.8 2465.0 ± 550.0

1Values are unadjusted means ± SDs. Control: n = 22; intervention:
n = 25 (1 child without scans for each group due to lack of cooperation).
There were no differences between groups (P > 0.05) for outcomes with the
use of a mixed-model ANOVA, adjusted for age, sex, ethnicity, and family
cluster. CSA, cross-sectional area.

intervention: 0.18 ± 0.85) were not different between groups and
did not change over the 6mo. Radius (33%)BMD z scores (range:
−1.2 to 1.9) were not available for all ages. The groups did not
significantly differ in BMC accretion rates for whole body, lum-
bar spine and ultra-distal forearm over time (Table 4). None of the
pQCT-derived bone outcomes (Table 5) were different between
groups.

DISCUSSION

The IOM recommendations for vitamin D were set on the ba-
sis of evidence from adolescents and adults (3), highlighting the
need for randomized controlled trials in young children. To ad-
dress this gap, the present study suggests that 400 IU vitamin D/d
maintains serum 25(OH)D ≥40 nmol/L in 100%, ≥50 nmol/L
in 85%, and ≥75 nmol/L in 8% of young children during UV-
B–void periods in Canada. Despite interim benefits at 3 mo, the
intervention did not maintain vitamin D status over 6 mo com-
pared with the control group. It is possible that if we had used
greater amounts of vitamin D that the intervention group would
have had a higher status; however, that was not suitable for a for-
tified food–based trial because such foods would not realistically
be approved for the Canadian food market (4). Within the sec-
ondary outcomes, greater lean mass accretion was observed in
the intervention group and may imply that meeting 400 IU/d for
vitamin D could be beneficial for physical development beyond
bone health. Because this finding is hypothesis-generating, fur-
ther work is needed to confirm if vitamin D has an effect on lean
mass in healthy young children.

The intervention in this study was designed to achieve dietary
intakes of 400 IU vitaminD/d, consistent with the EAR and below
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the RDA (600 IU/d). Although the intervention failed to support
the hypothesized 25(OH)D3 concentration of 75 nmol/L, it did
maintain 25(OH)D3 at >40 nmol/L in all participants with 85–
88% of values ≥50 nmol/L, which is more similar to that antici-
pated when achieving the RDA. The baseline serum 25(OH)D3

of ∼70 nmol/L in our study is similar to national surveillance
data (3–5 y: 74 nmol/L; 6–11 y: 67 nmol/L) (9). In contrast,
trials in children aged 4–8 y in Denmark (5) and aged 8–14 y
in Pittsburgh (6) suggest that 780 and 1500 IU/d, respectively,
are needed for 97.5% of children in winter to maintain 25(OH)D
≥50 nmol/L. Both trials had lower baseline 25(OH)D (Dan-
ish children: 56.7 ± 12.3 nmol/L; Pittsburgh children: 50 ±
7.7 nmol/L), which meant that almost half of the children had to
first increase their 25(OH)D concentration to 50 nmol/L before
maintaining it. Although designed to influence national policy,
these studies did not reflect national data [US NHANES
2001–2006 for children aged <11 y—geometric means:
64–69 nmol/L (10); Danish children aged 4–17 y—25(OH)D in
the fall: 72.8 nmol/L; IQR: 64.0–88.9 nmol/L (8)]. In addition,
the higher intakes needed among the Pittsburgh children may
be due to overweight and obese status because the median BMI
(kg/m2; 20.6; IQR: 17.8–23.3) was in the 80–85th percentile
(17), although the Danish and Montreal children had mean
BMI z scores of 0.08 ± 0.83 and 0.67 ± 0.94, respectively.
These points highlight that extrapolation of data from studies in
which baseline 25(OH)D or BMI are not reflective of a general
population needs careful consideration before applying them to
dietary recommendations.

Multiple pediatric trials have shown that adiposity is nega-
tively associated with serum 25(OH)D (30–32). Vitamin D can
be absorbed into fat cells instead of being quickly hydroxylated
to 25(OH)D because serum 25(OH)D >15 nmol/L is associated
with saturation of liver 25-hydroxylase (CYP2R1) (33). It has
previously been suggested that adipose tissue may have a neg-
ative relation with vitamin D status due to vitamin D sequestra-
tion (34). Our data show that fat mass did not significantly af-
fect serum 25(OH)D3 concentrations observed at 3 or 6 mo. This
could be ascribed to the healthy body composition of the partic-
ipants (by design) and the fact that we adjusted for age, because
older children would have higher fat mass than those at the lower
end of our age spectrum. However, because 25(OH)D3 declined
over the study and fat mass was relatively stable, it is possible
that adipose stores of vitamin D were not sufficient or that needs
for tissue expansion were increased, both of which are consis-
tent with a significant decline in serum 24,25(OH)2D3 after 3 mo
and greater lean mass accretion in the intervention group. It has
been shown that increased vitamin D intake could be taken up by
multiple other body tissues (35), although little is known about
vitamin D tissue distribution in children.

Early work on 25(OH)D tissue distribution (36, 37) showed
that 25–66% was found in muscle tissue. A 2009 review (33)
stated that, in an average woman, ∼20% of 25(OH)D is in mus-
cle tissue (33), suggesting that muscle consumes a significant
proportion of 25(OH)D. Calcitriol is implicated in regulating the
expression of transcription factors within the myocyte, which is
important for muscle development (38), as well as increasing
serum concentrations of insulin-like growth factor binding pro-
tein 3 (IGFBP3) (39) and activation of calmodulin-dependent ki-
nases (40). Increased IGFBP3 has been suggested to increase the
half-life of insulin-like growth factor I, resulting in an increased

concentration in circulation and an increase in downstream pro-
tein synthesis (39). Calmodulin-dependent kinases were shown to
enhance vitamin D receptor–mediated transcription activity and
thus may have a synergistic effect with vitamin D on vitamin D
receptor–mediated transcription (40). The results of our trial sup-
port the hypothesis that a vitamin D intake of 400 IU/d may en-
hance lean mass accretion in healthy young children. Further-
more, although there was no absolute difference in leg lean mass
accretion between groups, the biggest percentage of difference
in lean mass accretion between groups was in the legs, simi-
lar to results in postmenopausal women (41). With physical ac-
tivity in our trial not being related to lean mass, it is hypothe-
sized that vitamin D interventions may have a larger effect on
fast-twitch muscle fibers (42). Our results also agree with pre-
vious trials in Chinese girls (age 15 y) (43) and prepubertal
Lebanese girls (aged 10–13 y) (16), which showed significant as-
sociations between lean mass and vitamin D intake. In the trial
in Lebanese girls, when compared with the control group, sup-
plementing with 200 IU vitamin D/d significantly increased lean
mass accretion but not vitamin D status, suggesting that differ-
ences in vitamin D intake and not status led to changes in lean
mass (16). However, a recent study (15) showed that if serum
25(OH)D was ≥75 nmol/L, vitamin D intakes >400 IU/d did not
improve accretion. This underscores the importance of using the
serum 25(OH)D concentrationmeasurement when examining the
interrelations with lean mass accretion.

The serum 25(OH)D concentration recommended by the IOM
for bone health is 50–125 nmol/L (3). All DXA-based BMD
z scores were within a healthy range, which agrees with a 2012
meta-analysis (13) showing that vitamin D supplementation in
children with serum 25(OH)D >35 nmol/L did not affect hip
or lumbar spine BMD. Interestingly, a 1-y trial in Finnish girls
(n = 228; mean age: 11.4 ± 0.4 y) showed that vitamin D sup-
plementation elevated total hip BMDwithout significantly affect-
ing serum 25(OH)D (baseline: 46.3 ± 17.4 nmol/L) (44). This
highlights that associations between BMD and vitamin D status
need careful examination. With no differences between groups
for bone accretion or density outcomes, it is not surprising that
in our study we did not find between-group differences for bone
biomarkers. Importantly, however, bone health biomarkers can
rapidly respond to changes in nutritional status, because P1NP
was shown to significantly increase over a time frame as short as
4 wk due to zinc supplementation (45). Thus, if we had seen sig-
nificant between-group differences in bone accretion in our 6-mo
trial, we would have expected significant increases in markers of
bone formation.

Significant strengths of our study include a high compli-
ance rate and a 6-mo UV-B–void period with study visits every
3 mo, which provided the ability to track seasonal changes in
serum 25(OH)D. By assessing other vitamin D metabolites, we
could see whether vitamin D intake related to the conversion of
25(OH)D3 to 24,25(OH)2D3. A limitation of our trial was that
few children started with 25(OH)D3 ≥75 nmol/L, which meant
that we were not able to test if this status could be maintained or
affect functional outcomes. In addition, by focusing on the popu-
lation target for vitamin D intake (400 IU/d) (3), we were not able
to test if higher amounts would better support serum 25(OH)D3

concentration or other functional outcomes. It is possible that ei-
ther a longer time frame or a larger sample size would be needed
to investigate functional outcomes, especially given the healthy
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vitamin D status throughout the study. However, as stated in our
methods, DXA has an accuracy of ±1.5% and CVs for BMD and
BMC were <0.55%. Thus, the 5–10% changes in BMC (shown
in Table 3) and over 6 mo are large enough to be outside the range
of instrumental error, meaning that 6mowas long enough tomea-
sure change in BMC. Because pQCT scans were only performed
at 6 mo, we were not able to look at changes in bone or mus-
cle outcomes measured by pQCT. In addition, with scans at 4%
and 66% sites of the lower leg, we were not able to assess bone
outcomes at predominantly cortical sites. Furthermore, we did not
look at whether muscle strength of the children was affected by
vitamin D intake as has been shown previously (43, 46). Last,
our sample of families may be more health conscious or health
literate than average Canadians, because the majority of parents
in our study were university educated and had family incomes at
or above the national average.

In conclusion, 96% of all children maintained 25(OH)D3

≥40 nmol/L and 70% of the control group (∼200 IU vitamin
D/d) maintained 25(OH)D3 ≥50 nmol/L (set to align with bone
health), whereas 85% of the intervention group (∼400 IU vita-
min D/d) achieved this healthy target. By 6 mo, only 2 children
achieved the 75-nmol/L target in the intervention group, because
serum 25(OH)D3 concentrations in both groups declined over
the study, which shows that vitamin D stores are utilized during
the UV-B–void period but not depleted. The increased vitamin D
intake of the intervention group did not lead to improved bone
health outcomes, but may explain the higher lean mass accre-
tion in the intervention group than in the control group. Further
longer-term studies with lean mass as the primary outcome are
needed to confirm this hypothesis-generating finding. These re-
sults show a need for future vitamin D food fortification trials to
examine the relations between vitaminD intake, serum 25(OH)D,
and lean mass outcomes in children. Such trials will further in-
form dietary recommendations and food fortification policies.
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