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Abstract

Purpose To explore whether muscle strength, the insulin-like growth factor axis (IGF-axis), height, and body composition
were associated with serum 25-hydroxyvitamin D [25(OH)D] and affected by winter vitamin D supplementation in healthy
children, and furthermore to explore potential sex differences.

Methods We performed a double-blind, placebo-controlled, dose—response winter trial at 55°N. A total of 117 children aged
4-8 years were randomly assigned to either placebo, 10, or 20 pg/day of vitamin D, for 20 weeks. At baseline and endpoint,
we measured muscle strength with handgrip dynamometer, fat mass index (FMI), fat free mass index (FFMI), height, plasma
IGF-1, IGF-binding protein 3 (IGFBP-3), and serum 25(OH)D.

Results At baseline, serum 25(OH)D was positively associated with muscle strength, FFMI, and IGFBP-3 in girls only
(all p<0.01). At endpoint, baseline-adjusted muscle strength, FMI and FFMI did not differ between intervention groups.
However, baseline-adjusted IGF-1 and IGFBP-3 were higher after 20 pg/day compared to placebo (p=0.043 and p =0.006,
respectively) and IGFBP-3 was also higher after 20 ug/day compared to 10 pg/day (p=0.011). Children tended to be taller
after 20 pg/day compared to placebo (p=0.064). No sex interactions were seen at endpoint.

Conclusions Avoiding the winter-related decline in serum 25(OH)D may influence IGF-1 and IGFBP-3 in children. Larger
trials are required to confirm these effects, and the long-term implication for linear growth.
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Abbreviations LC-MS/MS  Liquid chromatography tandem mass

BIA Bioelectrical impedance analysis spectrometry

BMI Body mass index ODIN Food-based solutions for optimal vitamin D
cv Coefficient of variation nutrition and health through the life cycle
FFM Fat free mass VDR Vitamin D receptor

FFMI Fat free mass index 1,25(0OH),D  1,25-dihydroxyvitamin D

M Fat mass 25(0OH)D 25-hydroxyvitamin D

FMI Fat mass index

Icc Intraclass correlation coefficient

IGF-1 Insulin-like growth factor 1 Introduction

IGFBP-3 IGF-binding protein-3

During winter months, no cutaneous synthesis of vitamin D5
occurs in northern latitudes due to the large zenith angle of
the sun [1]. We have previously reported that young Danish
children without winter vitamin D supplementation had a
marked decrease in serum 25-hydroxyvitamin D [25(OH)D]
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Besides its well-established role in skeletal health [3, 4],
vitamin D also has a role in muscle function. Muscle weak-
ness may co-exist with severe vitamin D deficiency [5] and
impaired muscle function may be present before bone disease
develops [6]. In accordance with this, human skeletal muscle
has vitamin D receptors (VDR’s) in the plasma membrane
and nucleus through which the active metabolite of vitamin
D, 1,25-dihydroxyvitamin D [1,25(OH),D], elicits its effects
[7]. In a number of cross-sectional studies in children serum
25(0OH)D was positively associated with muscle strength
[8-11]. However, few randomized controlled trials have
investigated the effect of vitamin D supplementation on mus-
cle strength in healthy children [12—14]. The results are con-
flicting, and the studies were all conducted in girls older than
10 years. Thus, as also suggested by others, studies in younger
children are needed [14, 15].

Vitamin D is also suggested to stimulate liver production
of insulin-like growth factor 1 (IGF-1) and its binding protein
IGF-binding protein 3 (IGFBP-3) [16], and vitamin D supple-
mentation has been shown to increase circulating IGF-1 and
IGFBP-3 in vitamin D-deficient infants [17, 18]. Since IGF-1
mediates the effect of growth hormone on linear growth, and
stimulates hypertrophy of skeletal muscle [19], this may affect
growth and development of children. However, the effect of
the winter decline in serum 25(OH)D on IGF-1, IGFBP-3, and
growth in healthy children is not well-investigated. Moreover,
it is unknown whether potential effects of vitamin D supple-
mentation on the IGF-axis differ in boys and girls, as has been
shown for other nutrients [20, 21]. With a possible role of vita-
min D in both muscle strength and the IGF-axis, it is likely that
also lean mass may be affected by vitamin D supplementation.
In accordance with this, a 1-year vitamin D supplementation
trial found an increased lean mass in adolescent females [12].
In addition, obesity is often seen to associate with low vitamin
D status [22], but the underlying explanation and potential
direction of causality is not well-studied.

Thus, using secondary and exploratory outcomes from
the ODIN Junior randomized, controlled trial, [2] we inves-
tigated whether muscle strength, fat free mass index (FFMI),
fat mass index (FMI), height, plasma IGF-1, IGFBP-3, and
the IGF-1:1GFBP-3 molar ratio were associated with serum
25(0OH)D at baseline and affected by 20 weeks of winter
vitamin D5 supplementation in 4-8 year-old white Danish
children. Moreover, we assessed if associations and effects
were different in boys and girls.

Participants and methods
Study design

The ODIN (Food-Based Solutions for Optimal Vitamin
D Nutrition and Health through the Life Cycle) Junior
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trial was a randomized, double-blind, placebo-controlled,
dose-response trial with changes in serum 25(OH)D as pri-
mary outcome [2]. A total of 130 Danish children (including
7 pairs of siblings) were randomly assigned to receive sup-
plements with O (placebo), 10, or 20 pg/day of vitamin D;
for 20 weeks during winter. Baseline and endpoint measure-
ments took place Sep—Oct 2014 and Feb—Mar 2015, respec-
tively, at Department of Nutrition, Exercise, and Sports, Uni-
versity of Copenhagen, Denmark. The study protocol was
approved by the Committees on Biomedical Research Ethics
for the Capital Region of Denmark (H-3-2014-022), and the
study was conducted in accordance with the Declaration of
Helsinki [23].

Participants

Children 4-8 years of age of white Danish/European origin
living in greater Copenhagen (55°N), and not planning a
winter vacation below 51° N were recruited as previously
described [2]. Children with diseases or intake of medicine
known to affect vitamin D or calcium metabolism or tak-
ing vitamin D supplements prior to the intervention were
not eligible. We obtained informed written consent from all
parents.

Measurements
Muscle strength

Muscle strength was measured as hand grip strength which
is considered representative of whole body strength [24] and
has a high reproducibility in children aged 4-11 years with
a reported intraclass correlation coefficient (ICC; measure
of agreement between test and retest) of 0.91-0.93 [25]. We
used a digital hand dynamometer (SAEHAN Corporation,
South Korea). Children sat with a 90° knee and elbow flex-
ion, and the forearm in neutral position as previously rec-
ommended [26]. A minimum of three measurements were
conducted with each hand with 90 s break between meas-
urements. The children had additional trials if the last trial
was highest (max 5 per hand). The instructor gently sup-
ported below the instrument to minimize the effect of gravity
[26]. Muscle strength was calculated as (1) the mean of the
highest value obtained with the right and left hand, respec-
tively, (averaged peak strength) and (2) as the highest value
obtained irrespective of hand (max peak strength) [27].

Anthropometry and body composition

Weight and height were measured as previously described
[2] and body mass index (BMI) was calculated as body
weight in kg /(height in m)?. Sex- and age-adjusted z-scores
for BMI were calculated with WHO AnthroPlus software
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[28]. Body composition was measured in duplicate with
bioelectrical impedance analysis (BIA) when lying down
and with electrodes placed on right hand and foot (Quantum
III; RJL Systems, Michigan, USA). The reliability of BIA
measurements in children aged 5—-14 years has previously
been reviewed and reported as high with an ICC >0.96 [29].
Fat mass index (FMI) and fat free mass index (FFMI) was
calculated as FM and FFM in kg/(height in m)?, respectively.

Blood sampling and analyses

After 2—4 h of fasting, a venous 25 ml blood sample was
taken at the baseline and endpoint examination and cen-
trifuged and stored as previously described [2]. Serum
25(0OH)D was analyzed by liquid chromatography tandem
mass spectrometry (LC-MS/MS) at University College
Cork, Ireland. Intra- and inter-assay coefficient of variation
(CV) was <5% and < 6%, respectively. Plasma IGF-1 and
IGFBP-3 were measured in one batch on Immulite 1000
(Siemens Medical Solutions Diagnostics; Los Angeles,
USA) and analyzed at University of Copenhagen. Intra- and
inter-assay CV was <5% and < 3% for IGF-1 and <4% and
<2% for IGFBP-3, respectively. As a reflection of the free
biologically active IGF-1, we calculated the molar ratio of
IGF-1: IGFBP-3 with the conversion equivalents: 1 ug/L
IGF-1=0.133 nM IGF-1, and 1 mg/L IGFBP-3=33 nM
IGFBP-3.

Questionnaires on parental education, physical activity,
diet, and puberty

We assessed parental education by questionnaire at base-
line, and categorized into highest level of education in the
household. We also determined screen time and physical
activity level by questionnaires at baseline, and the latter was
categorized as either sedentary, light, moderate or vigorous,
as previously done [30]. We merged the categories moderate
and vigorous due to few children in the latter category. Die-
tary vitamin D and calcium intakes were estimated using a
validated and interviewer-administered food frequency ques-
tionnaire (FFQ) [31]. Pubertal stage (Tanner stages I-V) was
assessed in girls aged 7-8 years with a parent-administered
questionnaire. All boys and all girls <7 years were assumed
not to have reached puberty [32, 33].

Statistical analyses

Descriptive data are presented as means and standard
deviations, medians and interquartile ranges or n (%) when
appropriate. Baseline differences between boys and girls
were tested with two-sample #-test for continuous variables
(Kruskal-Wallis test for non-normally-distributed variables)
and chi? for categorical variables.

Baseline associations between serum 25(OH)D and muscle
strength, height, body composition, and markers of the IGF-
axis were investigated in a linear mixed model. Initial analy-
ses showed a significant interaction term of serum 25(OH)
D x sex for the variables FFMI and IGFBP-3. Thus, all base-
line associations were performed and presented stratified by
sex. Analyses were both performed unadjusted and adjusted
for covariates and potential confounders, which were included
as fixed effects. Height and age were included as covariates to
account for biological variation. Parental education, physical
activity level, and screen time were included as confounders,
since initial analyses of bivariate associations confirmed that
these were associated with both serum 25(OH)D and some of
the outcome variables.

Differences at endpoint between intervention groups were
analyzed by pairwise comparisons in linear mixed models with
intervention group as fixed factor, siblings as random effect
and adjustment for baseline value of the outcome (baseline-
adjusted model). Moreover, analyses were performed with
additional adjustment for baseline height, age, and sex to
account for biological variation as well as baseline vitamin D
status, since this may influence the response to supplementa-
tion as previously reported [2]. Finally, we added the inter-
action term treatment X sex to the baseline-adjusted model to
check for sex differences.

Due to the exploratory nature of the study, we did not adjust
for multiple comparisons. We checked model assumptions
with residual and normal-probability plots. IGF-1 was loga-
rithm transformed in the analysis to meet model assumptions
and results back-transformed. Statistical analyses were carried
out using STATA software (version 14.0, StataCorp LP, Texas,
USA) and p <0.05 was considered statistically significant.

Power calculation

The initial power calculation was based on the expected
slope of the relation between total vitamin D intake and
serum 25(OH)D as the primary outcome as previously
described [2]. For the secondary exploratory outcomes,
a difference of 0.65 SD was detectable between any two
groups, with n =38 completing participants per group
assuming a power and significance level of 0.8 and 0.05,
respectively. Post hoc power calculations showed that we
would be able to detect a difference of 2.1 kg between two
groups in average peak strength.

Results
Compliance and protocol adherence

In total, 4 children (3%) withdrew from the study due to
refusal of blood sampling. In addition, 9 children were
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excluded from analyses due to travels south of 51°N during
the intervention (n=4), compliance < 80% (n=2), refusal
of muscle strength measurements (n=2), and unsuccess-
ful blood sampling (n=1). Consequently, the per-protocol
analyses were based on n=117 children, i.e., 40, 38, and 39
children from the placebo, 10 and 20 ug/day groups, respec-
tively. The included and non-included children did not dif-
fer with respect to baseline age, sex, BMI-for-age z-score,
physical activity level, screen time, or parental education.
Tablet compliance, calculated from the number of tablets
in the bottle at endpoint, among the 117 children was 96%
(IQR 93, 99) with no differences between groups (p =0.60).

Baseline characteristics

Baseline characteristics of the 130 children in the three
intervention groups was reported previously and showed
that randomization was overall successful [2]. Table 1
shows baseline characteristics for girls and boys separately.
Children were 6.6+ 1.5 y at baseline, with an equal distri-
bution of boys and girls. Most of the children (82%) were
normal weight. Boys had higher FFMI and lower plasma
IGF-1 and IGF-1: IGFBP-3 than girls. Average peak strength
was 10.3+3.3 kg (4.4-18.2 kg) with no sex differences
(Table 1). Baseline serum 25(OH)D was 56.8 +12.5 nmol/L
(28.7-101.4 nmol/L), and dietary vitamin D intake was
around 2 pg/day, with no sex differences (Table 1). Only
4 girls had entered puberty, 2 in the placebo group and 1
in each of the vitamin D supplement groups, and pubertal
status was, therefore, not included in any analyses.

Baseline associations between serum 25(0OH)D
and muscle strength, height, body composition,
and markers of the IGF-axis

In the cross-sectional analyses stratified by sex, serum
25(0OH)D was positively associated with muscle strength in
girls (p =0.005 and p=0.006 for the two strength outcomes,
respectively) also when adjusted for height, age, physical
activity level, screen time, and parental education (Table 2).
Moreover, serum 25(OH)D and FFMI was positively asso-
ciated in girls (p =0.001 and p=0.006 for unadjusted and
adjusted analyses, respectively; Table 2). IGFBP-3 was
also positively associated with serum 25(OH)D in girls
(p=0.010), but not in the adjusted model (p =0.078;
Table 2). Neither FMI, height, IGF-1, or IGF-1: IGFBP-3
were associated with serum 25(OH)D.

Effect of vitamin D supplementation on serum
25(0H)D

Baseline and endpoint serum 25(OH)D are presented
in Table 3. As previously shown [2], serum 25(OH)D at
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Table 1 Baseline characteristics of the 130 girls and boys

Girls Boys p value

n 69 61
Parental education, n (%)* 0.079

< 14 years 12 (17) 9(15)

15-16 years 11 (16) 20 (33)

>17 years 46 (67) 32(52)
Age (years) 6.6+1.5 6.6+1.5 0.998
Height, cm 121.9+10.8 122.1+10.8 0.885
Weight, kg 233+5.6 23.7+4.9 0.677
BMI-for-age z-scores” -0.09+£0.92 0.11+0.73 0.175
Average peak strength, kg® 9.9+2.7 10.8+3.7 0.120
Maximum peak strength,  10.4+2.8 11.3+3.9 0.134

kg®
FFMI (kg/m?) 11.4+0.8 12.0+0.8 <0.001
FMI (kg/m?) 41+14 3.7+0.9 0.067
Plasma IGF-1 (ug/L)¢ 134 (102, 186) 106 (85, 132) 0.002
Plasma IGFBP-3 (mg/L)¢  3.6+0.8 34407 0.131
IGF-1: IGFBP-3¢ 0.16+0.04 0.13+0.04 <0.001
Physical activity level, 0.023

n (%)

Sedentary 6(9) 10 (17)

Light 34 (49) 16 (26)

Moderate to vigorous 29 (42) 35(57)
Screen time (h/day) 22412 23+13 0.450
Serum 25(OH)D 56.1+12.8 57.5+122 0.524

(nmol/L)*
Dietary vitamin D intake’ 1.7 (1.1,2.3) 2.0 (1.4,3.1) 0.071
Dietary calcium intake® 614 (415, 837) 767 (590,983)  0.012

Values are mean + SD, median (IQR), or n (%)

Differences between boys and girls tested with two-sample #-test for
continuous variables (Kruskal-Wallis for non-normally-distributed
variables) and chi” for categorical variables. P values in bold are sig-
nificant at p <0.05

F Females, FFMI fat free mass index, FMI fat mass index, IGF-1
Insulin-like growth factor-1, /IGFBP-3 IGF-binding protein 3, 25(0OH)
D, 25-hydroxyvitamin D

*Defined as highest level of education obtained in the household
bCalculated using WHO AnthroPlus software [28]

“Strength data available for n=129 (68 girls and 61 boys)

4IGF data available for n=124 (66 girls and 58 boys)

¢Serum 25(OH)D data available for n= 125 (66 girls and 59 boys)
"Dietary data available for n=128 (68 girls and 60 boys)

baseline did not differ between groups. Mean serum 25(OH)
D decreased after placebo (p <0.0001), and in this group,
45% became vitamin D-deficient (<30 nmol/L) and 55%
vitamin D insufficient (30-50 nmol/L). Supplementation
with 10 pg/day increased serum 25(OH)D (p <0.001),
and consequently, none were vitamin D-deficient and 8%
insufficient. After 20 pg/day, serum 25(OH)D increased
(»<0.0001), and all children had a vitamin D status above
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Table 2 Baseline associations Outcome variable n Unadjusted model Adjusted model®
between serum 25(OH)D and
muscle strength, FFMI, FMI, B (95% CI) P B (95% CI) p
height, and markers of the IGF-
axis stratified by sex* Average peak strength (kg) 65 F 0.74 (0.23; 1.25)° 0.005 0.39 (0.06; 0.73) 0.022
59 M —0.13 (- 0.92;0.66) 0.745 —0.14 (- 0.65;0.37)  0.584
Max peak strength (kg) 65F 0.73 (0.21; 1.25)° 0.006 0.38 (0.05; 0.71) 0.025
59 M —0.09 (- 0.92;0.74) 0.824 —0.10 (- 0.63;0.44) 0.724
FEMI (kg/m?) 66 F 0.26 (0.12; 0.40)¢ 0.001 0.19 (0.05; 0.32) 0.006
59 M —0.06 (- 0.22;0.11)  0.495 —-0.03(-=0.19;0.13) 0.714
EMI (kg/m?) 66 F 0.01 (- 0.25;0.27) 0915 —0.03 (- 0.28;0.21) 0.802
59M 0.09 (- 0.10;0.28)  0.338 0.07 (= 0.13;0.27)  0.515
Height (cm) 66 F 1.75 (- 0.23;3.74)  0.083 0.19 (- 0.73; 1.10)  0.681
59 M 0.18 (— 2.11;2.48)  0.875 043 (—0.55;1.41) 0.381
Plasma IGF-1 (ug/L) 66 F 1.07 (0.98; 1.16) 0.126 1.02 (0.95; 1.11) 0.543
58 M 0.98 (0.90; 1.07) 0.700 0.97 (0.91; 1.04) 0.410
Plasma IGFBP-3 (mg/L) 66 F 0.19 (0.05; 0.33)¢ 0.010 0.12 (- 0.01;0.25)  0.078
58 M —0.11 (- 0.26;0.04)  0.135 —0.13 (- 0.26; 0.00)  0.058
IGF-1: IGFBP-3 66 F 0.00 (- 0.00;0.01) 0.670 —0.00 (= 0.01;0.01) 0.763
58 M 0.00 (- 0.01;0.01)  0.504 0.00 (= 0.01;0.01)  0.643

p <0.05 are indicated with bold

FFMI fat free mass index, ' Female, FMI fat mass index, /GF-I Insulin-like growth factor-1, IGFBP-3
IGF-binding protein 3, M Male, Serum 25(OH)D serum 25-hydroxyvitamin D

*Analyzed by a linear mixed model with # (95% CI) indicating change in outcome variables for every
10 nmol/L increase in serum 25(OH)D

®Adjusted for height (except for height as outcome), age, physical activity level, screen time, and parental

education

¢ Interaction between 25(OH)D and sex, p-interaction <0.10

4 Interaction between 25(0OH)D and sex, p-interaction < 0.05

the sufficiency cut-off at endpoint (> 50 nmol/L). Endpoint
serum 25(OH)D differed between all three groups when
adjusted for baseline value (all p <0.001; Table 3) with 29.7
(95% CI: 26.4; 32.9) nmol/L and 43.0 (95% CI: 39.8; 46.2)
nmol/L higher serum 25(OH)D after 10 and 20 pg/day com-
pared to placebo. In addition, after 20 pg/day, serum 25(OH)
D was 13.3 (95% CI: 10.1; 16.6) nmol/L higher than after
10 pg/day.

Effect of vitamin D supplementation on muscle
strength and body composition

At endpoint, muscle strength did not differ between any of
the intervention groups when adjusted for baseline muscle
strength either when expressed as average peak strength or
maximum peak strength (all p >0.23; Table 3). Moreover,
the three groups did not differ in FFMI, or FMI at endpoint.
Additional analyses with adjustment for baseline vitamin
D status, height, age, and sex did not change the level of
significance for any of the mentioned outcomes. Also, no
sex interactions were seen with regard to muscle strength or
body composition (all p > 0.30).

Effect of vitamin D supplementation on markers
of the IGF-axis and height

At endpoint, baseline-adjusted IGF-1 was higher (1.1 (95%
CI: 1.0; 1.2) pg/L) after 20 pg/day compared to placebo
(p=0.043) and also tended to be higher after 20 ug/day
compared to 10 pg/day (p =0.055), (Table 3; Fig. la).
After additional adjustment for baseline vitamin D status,
height, age, and sex, the 20 pug/day group had higher IGF-1
compared to both placebo and 10 pg/day (p =0.026 and
p=0.016, respectively). For IGFBP-3, the group receiv-
ing 20 pg/day had a higher baseline-adjusted IGFBP-3 at
endpoint than both the placebo group (0.2 (95% CI: 0.1;
0.4) mg/L) and the 10 pg/day group (0.2 (95% CI: 0.0:
0.4) mg/L), (p =0.006 and p=0.011, respectively, Table 3;
Fig. 1b), also after adjustment (p =0.003 and p =0.004,
respectively). Endpoint height tended to be slightly higher
(0.2 (95% CI: — 0.0; 0.4) cm) after 20 pg/day compared
to placebo when adjusted for baseline height (p =0.064,
Table 3; Fig. 1c) as well as in the fully adjusted model
(p=0.062). No sex interactions existed in the response to
supplementation (all p > 0.34).
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Table 3 Serum 25(OH)D, muscle strength, body composition, height, and markers of the IGF-axis at baseline and endpoint in the three interven-

tion groups

Outcome variable 0 pg/d 10 pg/d 20 pg/d p values
0 vs 10 pg/day 0 vs 20 pg/day 10 vs 20 pg/day

Serum 25(OH)D (nmol/L)

Baseline 55.6+1.7 56.9+2.1 58.6+2.1

Endpoint 314+1.2 61.8+1.7 76.0+1.8 <0.001 <0.001 <0.001
Av. peak strength (kg)

Baseline 9.4+0.5 11.0+0.6 10.9+0.5

Endpoint 10.0+0.6 11.5+0.6 11.2+0.5 0.394 0.236 0.741
Max peak strength (kg)

Baseline 9.8+0.5 11.5+0.6 11.4+0.5

Endpoint 10.5+0.6 11.9+0.6 11.9+0.5 0.342 0.397 0.913
FFMI (kg/m?)

Baseline 11.6+0.1 11.6+0.1 12.0+0.1

Endpoint 11.7+0.1 11.6+0.2 12.0+0.1 0.466 0.478 0.995
FMI (kg/m?)

Baseline 3.8+0.2 3.8+0.2 +0.2

Endpoint 3.7+0.2 3.7+£0.2 8+0.2 0.380 0.239 0.762
Height (cm)

Baseline 121.0+1.6 123.6+1.8 1224+1.6

Endpoint 123.3+1.6 1259+1.8 124.9+1.6 0.458 0.064 0.253
Plasma IGF-1 (ug/L)

Baseline 125+9 125+8 148+10

Endpoint 125+38 127 +38 153+9 0.951 0.043 0.055
Plasma IGFBP-3 (mg/L)

Baseline 34+0.1 +0.1

Endpoint 32+0.1 3+0. .6+0.1 0.884 0.006 0.011
IGF-1: IGFBP-3

Baseline 0.15+0.01 0.14+0.01 0.16+0.01

Endpoint 0.15+0.01 0.15+0.01 0.17+0.01 0.972 0.566 0.600

Values are mean + SE (raw values)

P values indicate difference at endpoint between groups when adjusted for baseline value of the outcome by linear mixed models. Siblings

included as random effects

n=117 for serum 25(OH)D, strength, body composition and height variables, n=114 for markers of the IGF-axis
FFMI fat free mass index, FMI fat mass index, /GF-I Insulin-like growth factor-1, /IGFBP-3 1GF-binding protein 3, Serum 25(0OH)D serum

25-hydroxyvitamin D

Discussion

Avoiding the winter decline in serum 25(OH)D did not
affect muscle strength or body composition in healthy
4-8 year-olds. However, children who received 20 pg/day,
which avoided vitamin D insufficiency, had higher circulat-
ing IGF-1 and IGFBP-3 at endpoint and tended to increase
more in height than the placebo group. At baseline, serum
25(OH)D associated positively with both muscle strength,
FFMI, and IGFBP-3 in girls only.

Few randomized controlled trials have investigated the
effect of vitamin D supplementation on muscle strength
in children. In a 1-year randomized trial by Ward et al.,
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12-14 year-old girls had improved jumping efficacy, but
not improved grip strength after 4 mega-doses of vitamin
D, compared to placebo [13]. In another 1-year randomized
trial in 10-17 year-old girls who received either placebo,
35 or 350 pg/week of vitamin Dj_grip strength did not dif-
fer between groups [12]. One explanation of the inconsist-
ency between effects on muscle strength may be the method.
Although the hand dynamometer has a high reproducibility
in children [25] and is a widely used tool to measure whole
body muscle strength, [25, 34] it has been suggested that
vitamin D deficiency primarily affects the muscles of the
lower limbs [6], which may explain why effects are seen
in studies using jumping mechanography. In support of
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a P =0.055

Change in IGF-1 (mcg/L)
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Fig.1 Change (median and interquartile range) in a insulin-like
growth factor 1 (IGF-1) (n=114), b IGF-binding protein-3 (IGFBP-
3) (n=114), and ¢ height (n=117) from baseline to endpoint in the
three intervention groups. P values for differences between groups
after adjustment for baseline value of the outcome. # indicate within-
group difference at endpoint compared to baseline (p <0.05)

this, a meta-analysis previously found a positive effect of
vitamin D supplementation on lower limb muscle strength
but not on grip strength [35]. However, jumping mecha-
nography requires considerable coordination and motor
skills, and may be difficult to replicate. Thus, this method
is not suitable for children as young as 4 years. It is also
possible that an effect on muscle strength is more likely in
children with low muscle strength, and/or muscle weak-
ness and low serum 25(OH)D. In the randomized trial by
Ward et al., which showed a positive effect on jumping effi-
cacy, only girls with a serum 25(OH)D <37.5 nmol/L were
included [13]. In our trial, mean baseline serum 25(OH)D
was 56.8 + 12.5 nmol/L and only 5% of the children had a
baseline serum 25(OH)D < 30 nmol/L [2] which is defined
as deficiency by the Institute of Medicine [3]. The short
duration of our study may also explain the lack of effect.
The group receiving 20 ug/day reached a serum 25(OH)D
of 76.0+ 1.8 nmol/L after 20 weeks, but it is likely that this
concentration has not been present for a sufficient period of
time to affect muscle strength in the children. However, we
did not intent to investigate long-term supplementation in
children or effects in vitamin D-deficient children or chil-
dren with muscle weakness, but rather explore the effect of
avoiding a decrease in vitamin D status during winter with
supplementation in healthy children. We did, however, find
an association between baseline vitamin D status and muscle
strength but only in girls. This is in line with the findings of
others who showed cross-sectional positive associations in
adolescent females with muscle strength measured by jump-
ing mechanography [8] and hand grip strength [9] as well as
studies where adolescents with the highest serum 25(OH)D
had the highest hand grip strength [10, 11].

The effect of vitamin D supplementation on mark-
ers of the IGF-axis are in agreement with the hypothesis
that 1,25(OH),D stimulates liver production of IGF-1 and
IGFBP-3 [16] and that it may also increase the synthesis
of cytoskeletal proteins, including IGFBP-3 in muscle cells
[15]. Binding of IGF-1 to IGFBP-3 can stabilize IGF-1 in
the circulation and prolong its half-life substantially and thus
ensure a steady supply to tissues [16, 36]. Treatment with
175 pg/week of vitamin D5 for 12 weeks has been shown
to increase circulating IGF-1 in older adults [37], and both
IGF-1 [17, 18] and IGFBP-3 in vitamin D-deficient infants
treated with a single mega-dose of vitamin D5 [18]. Cross-
sectionally, IGF-1 has been reported to associate positively
with serum 25(OH)D in healthy adults [38]. We did not
observe this association but instead a positive association
between serum 25(OH)D and IGFBP-3 in girls. There may
be a larger variation in growth in the group of girls due to
their earlier puberty and growth spurt in general compared
to boys, and it is possible that this may contribute to the
observed sex interaction. To our knowledge, this sex-specific
association has not been investigated previously in children.
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A clinical implication of an effect on markers of the IGF-
axis could be a stimulatory effect on linear growth which
was also observed in one study in which growth velocity in
vitamin D-treated infants increased and was correlated with
the increased IGF-1 and serum 25(OH)D [17]. In addition,
others have reported a positive correlation between serum
25(0OH)D and height in post-pubertal females with no signs
of rickets [39]. The tendency of an effect on height after
20 pg/day compared to placebo in our study may imply that
winter vitamin D supplementation could affect height during
childhood. However, larger and more long-term trials are
needed to confirm this and to explore the possible mediat-
ing factor of the IGF-axis. As we have previously reported,
plasma PTH was higher at endpoint in the placebo group
compared to both supplemented groups, and with no dif-
ferences in serum calcium between groups [2]. However,
from this study, we cannot determine if the placebo group
experienced increased bone turnover.

Even though not transferred into an effect on muscle
strength, it is possible that vitamin D affects muscle size,
maybe through an upregulation of IGF-1 and IGFBP-3.
In a 1-year randomized trial, vitamin D supplementation
increased lean mass compared to placebo. In our study, we
did not see an effect of vitamin D supplementation on FFMI,
although IGF-1 and IGFBP-3 were increased. However,
baseline serum 25(OH)D was positively associated with
FFMI in girls, as also seen by others [9, 40]. As for IGFBP-
3, it could be speculated that this association seen in girls but
not boys is due to an earlier growth and development among
girls and thereby larger diversity within the group.

Not only lean mass but also fat mass has been linked to
vitamin D status, and low serum 25(OH)D has been asso-
ciated with obesity in a number of studies [22]. However,
we did not see either a baseline association between serum
25(OH)D and FMI or an effect of supplementation on FMI.
One explanation may be that the majority of the children in
the present study were normal weight. Moreover, the direc-
tion of a potential causation between obesity and low serum
25(OH)D most likely is that high BMI or body fat leads to a
low serum 25(OH)D and not the opposite [41, 42] and it has
been suggested that this is due to volumetric dilution, i.e.,
an uptake and distribution of vitamin D5 by body fat [41].

A strength of the present study is the placebo-controlled
winter-design, which ensured that no dermal vitamin D
synthesis occurred during the intervention. Furthermore,
compliance was high and drop-out rate was low. In addi-
tion, serum 25(OH)D was analyzed with the gold stand-
ard LC-MS/MS method [43]. The study is limited by the
relatively small sample size. However, it was originally
designed and statistically powered to investigate changes in
serum 25(OH)D in response to vitamin D supplementation,
whereas outcomes as muscle strength, height, body com-
position, and markers of the IGF-axis are secondary and

@ Springer

exploratory. In addition, the results should be interpreted
with caution, since we did not adjust for multiple compari-
sons due to the exploratory nature of the study.

Conclusions

In conclusion, the winter-related decrease in serum 25(OH)
D in the placebo group and the increase in serum 25(OH)
D in both vitamin D-supplemented groups did not affect
muscle strength or body composition. However, after supple-
mentation with 20 ug/day, circulating IGF-1 and IGFBP-3
was higher compared to placebo and for IGFBP-3, the dif-
ference was also evident between the two supplementa-
tion groups. Moreover, in girls baseline serum 25(OH)D
was positively associated with muscle strength, FFMI and
IGFBP-3. Larger intervention trials are required to confirm
the effect of vitamin D supplementation on these outcomes,
as well as their long-term implication for linear growth, and
studies should be performed in both boys and girls to further
explore differences between sexes.
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