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Abstract
Purpose To investigate separate and combined effects of vitamin D supplementation during the extended winter and increased 
dairy protein intake on muscle strength and physical function in children, and furthermore to explore potential sex differences.
Methods In a 2 × 2-factorial, randomized winter trial, 183 healthy, 6–8-year-old children received blinded tablets with 
20 µg/day vitamin  D3 or placebo, and substituted 260 g/day dairy with yogurts with high (HP, 10 g protein/100 g) or normal 
protein content (NP, 3.5 g protein/100 g) for 24 weeks during winter at 55° N. We measured maximal isometric handgrip 
and leg press strength, and physical function by jump tests and a 30 s sit-to-stand test. Physical activity was measured by 
7-day accelerometry.
Results Baseline (mean ± SD) serum 25-hydroxyvitamin D was 80.8 ± 17.2 nmol/L, which increased to 88.7 ± 17.6 nmol/L 
with vitamin D supplementation and decreased to 48.4 ± 19.2 nmol/L with placebo. Baseline protein intake was 15.5 ± 2.4 
E%, which increased to 18.4 ± 3.4 E% with HP and was unchanged with NP. We found no separate or combined effects of 
vitamin D supplementation and/or increased dairy protein intake on muscle strength or physical function (all P > 0.20). 
There was an interaction on the sit-to-stand test (Pvitamin×yogurt = 0.02), which however disappeared after adjusting for physi-
cal activity (P = 0.16). Further, vitamin D supplementation increased leg press strength relatively more in girls compared to 
boys (mean [95% CI] 158 [17, 299] N; Pvitamin×sex = 0.047).
Conclusion Overall, vitamin D and dairy protein supplementation during the extended winter did not affect muscle strength 
or physical function in healthy children. Potential sex differences of vitamin D supplementation should be investigated further.
Registered at clinicaltrials.gov NCT0395673.
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Introduction

Muscle strength and physical function in childhood are 
increasingly emphasized as independent predictors of 
health status [1, 2]. Further, emerging evidence shows 
that lean mass (LM), i.e. primarily skeletal muscle mass, 
and muscle strength are positively associated with bone 
mineralization during growth [3, 4]. Thus, it is crucial to 
uncover potential strategies to support the development 
of muscle mass, muscle strength, and physical function 
in growing children to support and improve their physical 
condition and preference for movement long term.

In adults, primarily of older age, vitamin D status has 
been positively associated with muscle strength and phys-
ical function, and vitamin D supplementation has been 
shown to increase muscle strength, especially in elderly 
with vitamin D deficiency (serum 25-hydroxyvitamin D 
(25(OH)D) < 30 nmol/L) [5, 6]. Mechanistically, vitamin 
D deficiency has been suggested to down-regulate vitamin 
D receptors in muscle cells, which may slow force devel-
opment and lead to muscle fiber atrophy [7]. Addition-
ally, in rats, vitamin D supplementation increased myo-
tube differentiation and, together with insulin, positively 
stimulated the mTOR pathway and protein synthesis [8], 
which are important for muscle growth. During extended 
winter from October to March dermal vitamin D synthesis 
is negligible at northern latitudes [9] which increases the 
risk of vitamin D deficiency in children [10], who thus 
may benefit from vitamin D supplementation. Large-scale 
cross-sectional studies have shown positive associations 
between serum 25(OH)D and handgrip strength in children 
[11, 12]. However, previous trials examining effects of 
vitamin D supplementation on muscle strength and physi-
cal function in children and adolescents have shown mixed 
results. Notably, most were of relatively short duration (i.e. 
6–12 weeks) or only assessed handgrip strength. Yet, a 
meta-analysis in elderly primarily showed positive effects 
of vitamin D supplementation on lower limb strength [5]. 
This underlines the importance of evaluating the effect 
of vitamin D supplementation on children’s lower limb 
strength.

Dairy products are a significant source of protein, cal-
cium, and vitamins and contain all essential amino acids. 
Protein has been shown to stimulate growth and LM accre-
tion in undernourished children [13]. Moreover, positive 
associations between intake of dairy protein and LM [14] 
as well as total protein intake and whole body net protein 
balance [15, 16] have been observed in healthy children. 
Since LM is a prerequisite for muscle strength and physi-
cal function, enhanced dairy protein intake may positively 
influence these factors in growing children. However, to 
our knowledge, no studies have yet examined effects of a 

prolonged nutritional intervention with dairy protein sup-
plementation on muscle strength or physical function in 
healthy children.

Importantly, since vitamin D and dairy protein may both 
affect musculoskeletal parameters yet through different 
mechanisms, there is a potential for an added effect when 
combining them. A trial in elderly showed that LM and 
muscle strength increased with a combined vitamin D and 
whey protein supplementation compared to an isocaloric 
control of maltodextrin [17]. However, the trial also included 
physical training and other nutrients, such as n-3 fatty acids 
and calcium, potentially influencing their findings. Studies 
investigating the concomitant effects of vitamin D and dairy 
protein on muscle strength and physical function in children 
are lacking.

Therefore, we aimed to assess the combined and separate 
effects of vitamin D and dairy protein supplementation on 
various measures of muscle strength and physical function 
in 6–8-year-old children, based on secondary outcomes from 
the 24-week extended winter trial, D-pro. Secondarily, we 
aimed to explore whether potential effects were sex-specific 
and whether adjusting for physical activity (PA) influenced 
the results. We hypothesized that vitamin D and high dairy 
protein intake would increase children’s muscle strength and 
physical function compared to placebo and normal dairy 
protein, respectively.

Methods

Study design and ethics

The study design of the D-pro trial has been described in 
detail elsewhere [18]. The overall aim of the D-pro study 
was to investigate effects of vitamin D and dairy protein on 
children’s growth and health. Effects on the primary out-
come, bone mineral density [18], and the secondary out-
comes fat mass index, fat-free mass index (FFMI), and car-
diometabolic markers have been published previously [19]. 
Noteworthy, we found no effects of the intervention on FFMI 
[19]. Here, we report results on muscle strength and physi-
cal function along with LM as a supportive outcome linked 
to the former two outcomes. LM is highly comparable with 
FFMI as previously reported, but LM will be used in the 
present context, because it is a more accurate measure of 
muscle mass compared to FFMI, since bone mineral content 
is subtracted [20].

In brief, D-pro was a 2 × 2-factorial, randomized, con-
trolled trial where 200 healthy, 6–8-year-old white, Danish 
children were included. They were randomly allocated to 
(a) ingest blinded tablets with either 20 µg/day vitamin  D3 
or placebo, and (b) substitute 260 g/day dairy in their diet 
with high protein (HP) or normal protein (NP) yogurt. The 
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intervention lasted 24 weeks and was conducted at latitude 
55°N during extended winter to avoid cutaneous synthesis 
of vitamin D. The study was conducted at Department of 
Nutrition, Exercise and Sports, University of Copenhagen, 
Frederiksberg, Denmark. Baseline and endpoint measure-
ments were performed during August–October 2019 and 
February–April 2020, respectively [18]. The study was con-
ducted following the Declaration of Helsinki and approved 
by the Committees on Biomedical Research Ethics for the 
Capital Region of Denmark (no. H-19008199) and regis-
tered at clinicaltrials.gov with the ID: NCT03956732 before 
recruitment was initiated.

Participants and recruitment

Children, aged 6–8 years, who lived in the Capital Region of 
Denmark were identified through the Danish Civil Registra-
tion System. Children were recruited by postal invitation let-
ters to the parents. Families who responded to the invitation 
letter were prescreened by telephone and were subsequently 
invited for an information meeting together with the child. 
Written informed consent was obtained from all custody 
holders [18].

Eligible children had to be of Danish or European ori-
gin and have white skin since randomization of children 
with dark skin to placebo tablets would conflict with the 
national vitamin D recommendations at the time of the 

study. Children should also like yogurt and high protein 
yogurt, “skyr”, and have a habitual intake of dairy prod-
ucts of at least 250 mL/day. Moreover, families should 
not be planning a stay below a latitude of 50° N during 
the intervention, and at least one parent had to read and 
speak Danish to be properly informed about the study pro-
cedures. Exclusion criteria were (1) known or suspected 
allergy or intolerance to dairy products, (2) diseases or 
medication that could interfere with the study outcomes, 
and (3) concomitant participation in other studies involv-
ing dietary interventions or blood sampling. Children 
could not use vitamin D-containing supplements > 3 days/
week the last two months and any in the month immedi-
ately preceding the start of the intervention. Finally, only 
one child from each household could participate in the 
study [18].

A flowchart of the children from recruitment to com-
pletion is shown in Fig. 1. Children with test data from 
both baseline and endpoint visits were included in the pre-
sent study, resulting in a sample of n = 183 for handgrip, 
n = 182 for leg press, and n = 122 for squat jump, long 
jump, and the 30 s sit-to-stand test. Handgrip and leg press 
data were lost for respectively one and two children, due 
to an electronic disconnection at the baseline visit. Dur-
ing the last three weeks of the endpoint examinations, the 
protocol was changed as a result of restrictions due to the 
COVID-19 pandemic. Consequently, performance in squat 
jump, long jump, and the 30 s sit-to-stand test were miss-
ing from 60 children at endpoint (Fig. 1).

Fig. 1  Flow chart. Complete cases refers to children with both baseline and endpoint measurement. HP high protein, NP normal protein
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Randomization and blinding

Block randomization with 12 children in each block was 
used to allocate children equally to each of the four interven-
tion groups throughout the autumn. An impartial staff mem-
ber produced a computer-generated randomization list, from 
which sealed, sequentially numbered envelopes containing 
the corresponding group allocation were produced, as pre-
viously described [18]. Children were randomly assigned 
at the end of the baseline visit. The tablet intervention was 
blinded to all involved in the study, but due to the taste and 
nature of the yogurt products, blinding the yogurt inter-
vention was not possible. However, the investigators were 
blinded for data analysis by recoding the allocation.

Intervention

Vitamin D  (Minisun®) and placebo tablets were provided by 
Oy Verman Ab, Finland. Tablets were chewable, identical 
in taste and appearance, and packaged in identical bottles. 
Parents were supplied with one bottle of tablets (containing 
200 tablets) and a 7-day tablet dispenser and were instructed 
to provide one tablet per day to the child in connection with 
a meal as described previously [18, 19]. Tablet vitamin D 
content was analyzed by liquid chromatography–tandem 
mass spectrometry (LC–MS/MS) after completion of the 
trial (National Food Institute, Søborg, Denmark). The vita-
min D content was 25 ± 2 µg/tablet and non-detectable in the 
vitamin D and placebo tablets, respectively. Tablet compli-
ance was assessed by count of leftover tablets [18].

The HP and NP yogurts that were provided to the chil-
dren were commercially available in Denmark and contained 
9–11 g protein/100 g and 3–4 g protein/100 g, respectively 
[18]. The HP yogurts were low-fat “skyr”, which is strained 
yogurt, similar to Greek yogurt, with a similar 20:80 
whey:casein ratio as in normal yogurt (NP). All yogurt 
products were fermented with Streptococcus Thermophilus 
and Lactobacillus Bulgarius. Yogurts were provided free of 
charge from Arla Foods amba (Denmark) and came in both 
unflavored and fruit-flavored variants in original packaging. 
The target intake was 300 g/day, six days per week, and was 
to be substituted with the same amount of milk or yogurt in 
the child’s habitual diet to maintain the child’s usual dietary 
pattern [18]. Therefore, the protein intake was expected to be 
around 17 g/day higher in HP compared to NP, correspond-
ing to a total protein intake increase of around 25% [21]. Par-
ents were instructed to record the child's daily yogurt intake 
in pre-coded recording sheets, which were used to assess 
compliance and macronutrient intake from the yogurts [18].

The placebo tablets and NP yogurts were regarded as con-
trols since vitamin D supplementation was not recommended 
in Denmark at the time the project was conducted [18], and 
Danish children typically have a dairy protein intake similar 

to the targeted intake in the NP groups. Apart from the inter-
vention, parents were encouraged to maintain their child’s 
habitual dietary habits and participation in physical leisure 
activities during the study period.

Muscle strength and physical function

A battery of muscle strength and physical function tests were 
selected to obtain measures of both upper and lower body 
maximal strength, as well as physical function. This com-
prised: maximal isometric handgrip strength, isometric leg 
press, squat jump, long jump, and a 30 s sit-to-stand test. 
The test procedures have been described elsewhere [22]. We 
previously found the reliability of these tests to be good-
to-excellent for handgrip, leg press, and long jump tests 
[intraclass correlation coefficient (ICC) = 0.86–0.90], and 
moderate for the squat jump test (ICC = 0.71), even with-
out familiarization [22], in Danish 6–9-year-olds. Retest 
reliability for the sit-to-stand-test was low (ICC = 0.63) 
without familiarization, yet moderate after familiarization 
(ICC = 0.78) [22]. Therefore, the children of the present 
study were familiarized with the sit-to-stand test at the 
information meeting, approximately 1–2 weeks before the 
baseline test. All physical tests were led by one of two inves-
tigators according to standard operating procedures, and for 
95% of the children, the examinations were performed by 
the same investigator at baseline and endpoint.

Physical activity

As previously described [19], children's PA was objectively 
measured by waterproof tri-axis AX3 accelerometers with 
a temperature sensor (Axivity Ltd., Newcastle upon Tyne, 
United Kingdom) during seven consecutive days and eight 
nights before the baseline and endpoint visits. The soft-
ware OmGUI (v. 1.0.0.37) was used in the set-up and data 
download. The sensitivity was set to ± 8 g and sampling 
frequency to 100 Hz. Parents were instructed to attach the 
accelerometer to the children's non-dominant thigh with 
Fixomull tape (BSN Medical), as described elsewhere 
[23]. All acceleration data was processed in Matlab (Ver-
sion 9.9.0 R2020b, Mathworks Inc., Natick, Massachusetts, 
US), which included resampling into 30 Hz, generating Acti-
Graph counts [24], identification of non-wear periods, and 
summarizing the time spent in different intensity domains. 
Non-wear periods were identified from both acceleration and 
temperature [25]. All periods identified as not worn were 
marked as missing data. Time spent with sedentary, light, 
moderate, and vigorous PA was estimated using 10-s epochs 
accounting for the elevated post oxygen consumption during 
intermittent PA, using the second-by-second epoch data to 
improve the assessment of vigorous activity [26, 27]. The 
cut-points defining the intensity domains were determined 
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using an internal calibration study conducted in 5–13-year-
old children [27]. Moderate intensity was determined as 
the average counts for walking at self-selected speed. The 
energy expenditure during walking at self-selected speed 
was set by stature and the intensity corresponds to 30–35% 
of the children’s maximal aerobic capacity [28]. The vigor-
ous intensity threshold was determined as the count level for 
which 95% of the intensities measured during running were 
included. Running was considered a vigorous activity per-
formed at > 60% of the children's aerobic capacity. The thigh 
cut points were 100 counts for sedentary behavior, 4822 for 
moderate behavior, and 9143 for vigorous behavior. Only 
subjects with at least two valid (≥ 90% wear time) week-
days and one valid weekend day [19] was included in the 
analysis. All PA outcomes were estimated as an average and 
adjusted using a 5/7 and 2/7 rule to account for the number 
of weekdays and weekend-days. Moderate-vigorous physi-
cal activity (MVPA) was calculated by adding time spent at 
moderate- and vigorous intensity. Participation in organized 
sport, i.e. type of sport, weekly frequency, and duration, was 
evaluated from an electronic questionnaire filled out by the 
parents at both visits.

Dietary intake

Prior to the baseline and endpoint visit, parents completed a 
weighed, four-day dietary record in the web-based software 
Madlog (Madlog Aps, Kolding, Denmark) [29] from which 
the children’s energy and macronutrient intake was assessed, 
as previously described [18]. A study investigator looked 
through the dietary registrations, and if any abnormalities 
were present, clarification was obtained by dialogue with 
the parents at the following examination visit. Vitamin D 
and calcium intake the preceding month was obtained from 
an electronic, previously validated food frequency question-
naire [30] at both visits [18].

Anthropometry and body composition

Bodyweight, height, BMI z-score, weight categories, and 
pubertal stage were obtained as previously described [18]. 
LM was obtained from dual-energy X-ray absorptiometry 
(DXA) scans using a GE Lunar Prodigy (GM Healthcare, 
Chicago, Illinois, USA) with GE Healthcare software ver-
sion 17, SP1) [18, 19], and was the result of total mass minus 
fat mass and bone mass. The scans were performed after 
a standardized breakfast and emptying of the bladder with 
the child wearing light clothes without metal. The same 
investigator checked the lines defining regions of interest 
on both baseline and endpoint scans and corrected these 
when necessary. Daily and weekly quality assurance (QA) 
was conducted with a QA-phantom and a Spine Phantom 

no. 17466, respectively, and coefficients of variation (CV) 
for LM was 1.5%.

Blood sampling

To assess vitamin D status [18], an overnight fasting venous 
blood sample was drawn from the forearm of the child at 
both baseline and endpoint, after a 10 min supine rest. Local 
anesthetic patches (EMLA, AstraZeneca, Sweden) were pro-
vided beforehand to relieve the discomfort of blood sam-
pling. Serum 25(OH)D2 and 25(OH)D3 were analyzed by 
LC–MS/MS at University College Cork, Ireland [31], and 
vitamin D deficiency and insufficiency were defined as total 
serum 25(OH)D < 30 nmol/L and < 50 nmol/L, respectively 
[32]. The intra- and interassay CV were < 6% and < 5%.

Power calculation

The original sample size calculation of the D-pro trial 
was based on the primary outcome, bone mineral density. 
Assuming a power of 0.80 and a significance level of 0.05, 
n = 49 completers were required in each group to detect an 
accretion difference of 0.0085 g/cm2 or 0.8 SD between any 
two groups during the intervention [18].

Statistical analyses

Data is presented as mean ± SD, median [25th–75th percen-
tile], or n (%), as appropriate. All analyses were conducted 
using Stata/IC 17 and included children with available data 
from both baseline and endpoint for the specific outcome 
(complete cases). Statistical significance and trends towards 
significance were established at P values below 0.05 and 
0.1, respectively. Normal distribution of variables and model 
assumptions were evaluated visually by residual histograms 
and QQ-plots. All models met the model assumptions.

Differences in baseline characteristics between dropouts 
and completers were tested with Pearson's Chi-squared, 
Wilcoxon rank-sum, or two-sample t test, as appropriate. 
Within-group changes from baseline to endpoint were 
tested with paired t test. Differences in dietary intake and 
PA changes between the four study groups were analyzed 
with one-way ANCOVA models with study group as fixed 
factor, adjusted for baseline. Combined effects of the vitamin 
D and yogurt interventions on the outcomes were evaluated 
as between-group change differences adjusted for baseline 
with two-way ANCOVA with the interaction term vitamin 
D × yogurt, and main effects of vitamin D and yogurts were 
tested in an additive model. If any interaction was found, 
subsequent Bonferroni-corrected pairwise comparisons were 
performed.

To account for biological variation, secondary models 
were adjusted for age and sex. Further, we investigated 
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whether the observed effects were mediated by change in 
energy intake or MVPA. In subsequent analyses, we also 
adjusted for calcium intake due to the interplay of vitamin 
D and calcium [33], and the potential association between 
calcium and muscle function [14]. To check for consist-
ency, per-protocol analyses were conducted with exclusion 
of those who reported breach of the protocol, either by com-
mencement of non-study-related vitamin D supplementation 
(n = 4) or reporting that they had traveled south of 50° N 
during the intervention (n = 4). Finally, to assess whether 
sex influenced potential effects, the interaction terms vita-
min D × sex and yogurt × sex were included in the additive 
models. We assessed the Bonferroni-adjusted pairwise asso-
ciations between LM and muscle strength and physical func-
tion, respectively, at baseline and endpoint as well as for 
change from baseline to endpoint.

Results

Subject characteristics and compliance

Of the 200 randomized children, a total of 183 were included 
in the present analysis. The 17 non-included children were 
mainly boys (n = 15) and therefore spend more time with 
MVPA (P = 0.004), but did otherwise not differ from the 
included children with regard to anthropometry, age, or 
parental education (P > 0.11, data not shown).

Table 1 shows baseline characteristics for the included 
children (n = 183) in the present study. As previously 
reported [18], median [25th–75th percentile] age was 7.7 
[7.0–8.2] years, few children (4%) had entered puberty, and 
parental educational level was generally high. Most chil-
dren had normal weight (79%) and participated in organized 
sports (91%). Time spent on MVPA was 0.7 [0.4–1.0] h/day. 
Seven children (4%) had serum 25(OH)D < 50 nmol/L, and 
mean ± SD serum 25(OH)D was 79.6 ± 17.6 nmol/L. Dietary 
protein intake was 15.5 ± 2.4 E% and did not differ between 
the sexes (P = 0.93). Boys spent more time with MVPA and 
had greater total LM than girls (P < 0.001), but there was 
no sex-difference in maximal strength measures (P > 0.42). 
However, boys jumped longer than girls (P = 0.008).

As previously reported [18], tablet compliance was 95% 
[90–98%] with no difference between vitamin D and pla-
cebo groups (P = 0.37). But as expected, the total vitamin 
D intake (including the vitamin D supplement) differed 
between groups (P < 0.001).Serum 25(OH)D increased in 
the vitamin D groups and decreased in the placebo groups 
(6.6 ± 14.9 nmol/L versus − 29.6 ± 21.7 nmol/L, P < 0.001 
between groups). At endpoint, all children in the vitamin D 
groups had serum 25(OH)D ≥ 50 nmol/L, whereas respec-
tively 14% and 45% of children in the placebo groups were 
vitamin D deficient or insufficient. Dairy protein intake from 

the yogurt intervention was 22.8 [18.9–24.7] g/day in the HP 
and 9.2 [8.5–10.0] g/day in the NP groups (P < 0.001). Thus, 
the protein intake increased to 18.3 ± 3.4 E% during the 
intervention in the HP groups and was unchanged in the NP 
groups (P < 0.001 between groups). Overall, total PA (counts 
per minute (CPM)) decreased from baseline to endpoint by 
9.6 ± 24.3% (P < 0.001), as previously described [19]. This 
was due to a decrease in light (26.8 ± 62.1 min/day), moder-
ate (5.4 ± 15.9 min/day), and vigorous (1.8 ± 7.5 min/day) 
intensity and an increase in sedentary time (30.4 ± 63.3 min/
day) from baseline to endpoint (all P < 0.001) (Table 2), as 
expected when transitioning from summer to winter [34]. 
Change in PA did not differ between groups (P > 0.05).

Muscle strength and physical function

A vitamin D × yogurt interaction was found on 30 s sit-to-
stand performance (P = 0.02), apparently due to slightly 
smaller increases in the placebo-NP and vitamin D-HP 
groups than in the two other groups (Table 3). However, 
the interaction disappeared after adjusting for change in 
MVPA (P = 0.16). There were no other combined nor sepa-
rate effects of vitamin D supplementation and/or increased 
protein intake on maximal muscle strength or physical 
function (Table 3). Covariate-adjustments and per-protocol 
analyses did not change the results (data not shown). Sex-
specific effects of vitamin D was observed on maximal lower 
body strength (Pvitamin×sex = 0.047), with greater changes 
observed in girls compared to boys within the vitamin D 
supplemented groups (158 [17, 299] N; mean [95% CI]) and 
with vitamin D compared to placebo in girls (125 [− 6, 256] 
N) (Supplemental Fig. 1). We found no other sex-specific 
effects (data not shown).

Across all groups, maximal muscle strength and physical 
function were improved during the study period. Moreo-
ver, LM increased by 0.86 ± 0.60 kg (P < 0.001) with no 
between-group differences (P = 0.42) which corresponds to 
our previous finding of no effect on FFMI in this trial [19]. 
At baseline, LM was positively associated with handgrip 
strength (r = 0.71), leg press strength (r = 0.37), long jump 
(r = 0.28), and squat jump (r = 0.27) (all P < 0.01), but not 
with 30 s sit-to-stand performance.

Discussion

The present study showed an effect of combining vitamin 
D supplementation and increased intake of dairy protein on 
30 s sit-to-stand performance in healthy, mainly normal-
weight, 6–8-year-old children, which, however, disappeared 
after adjustment for PA. No other combined or separate 
effects of the interventions were observed on muscle strength 
or physical function. However, vitamin D supplementation 
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increased maximal leg press strength relatively more in girls 
compared to boys.

In our trial, vitamin D supplementation prevented the 
profound winter decline in vitamin D status observed with 
placebo [18]. Nevertheless, no overall effect of vitamin D 
supplementation compared to placebo was detected on mus-
cle strength or physical function, measured by a comprehen-
sive panel of tests. This is in accordance with our previous 
finding of no effect on FFMI in this trial [19]. Moreover, 
our results correspond to the findings of other vitamin D 
interventions in children with both vitamin D sufficiency 
[35–37] and insufficiency [38, 39] at baseline. In adults, 

some [5, 40–42], but not all [6, 43–45] meta-analyses have 
shown that vitamin D supplementation increases muscle 
strength, at least if vitamin D status is insufficient at base-
line. Moreover, a single mega-dose of vitamin  D3 improved 
squat jump performance in 8–15-year-old soccer players 
with vitamin D insufficiency, when compared to placebo 
[46]. Yet, that study did not show consistent effects on other 
physical function measures. Taken together with the results 
from our study and other trials, it may be questioned if vita-
min D supplementation has clinical relevance for improving 
muscle strength and physical function in children with suf-
ficient vitamin D levels for at least some parts of the year. 

Table 1  Baseline characteristics 
of included children (n = 183)

Values are mean ± SD, median [25th–75th percentile], percentage ratios or number and percentages. Data, 
except for MVPA and organized sports, have been reported previously [19]
BMI body mass index, CPM counts per minute, E% energy percentage, HP high protein, LM lean mass, 
MVPA moderate-vigorous physical activity, NP normal protein, 25(OH)D 25-hydroxyvitamin D
a Measured by accelerometry; n = 172 (n = 44, n = 43, n = 43 and n = 42 in the HP-placebo, NP-placebo, HP-
vitamin D, and NP-vitamin D groups, respectively)
b From fasting blood sample; missing data due to unsuccessful or insufficient blood sampling; n = 178 
(n = 41, n = 48, n = 43 and n = 46 in the HP-placebo, NP-placebo, HP-vitamin D, and NP-vitamin D groups, 
respectively)

Placebo tablets Vitamin D tablets

HP yogurt NP yogurt HP yogurt NP yogurt

n 45 49 43 46
Sex, boys, n (%) 21 (47%) 22 (45%) 22 (51%) 17 (37%)
Age (y) 7.6 [6.9–8.3] 7.6 [7.0–8.2] 7.8 [7.3–8.3] 7.6 [7.0–8.2]
Puberty, have entered, n (%) 2 (4%) 0 (0%) 1 (2%) 4 (9%)
Parental education, n (%)
 ≤ Vocational or short academic 6 (13%) 10 (20%) 6 (14%) 5 (11%)
 ≥ Bachelors’s degree 39 (87%) 39 (80%) 37 (86%) 41 (89%)

Height (cm) 128.4 ± 6.8 129.3 ± 7.5 130.6 ± 7.3 130.5 ± 6.5
Weight (kg) 26.2 ± 4.9 26.7 ± 5.4 26.1 ± 4.3 28.3 ± 5.3
BMI-for-age z-score − 0.06 ± 1.06 − 0.02 ± 1.09 − 0.28 ± 0.77 0.36 ± 1.07
Weight category, n (%)a

Underweight 5 (11%) 5 (10%) 1 (2%) 4 (9%)
Normal weight 34 (76%) 37 (76%) 40 (93%) 34 (74%)
Overweight or obesity 6 (13%) 7 (14%) 2 (5%) 8 (17%)
Total LM, kg 19.0 ± 3.1 18.7 ± 2.9 19.3 ± 2.6 19.7 ± 2.7
Physical activity
  CPMc 1254 ± 286 1301 ± 281 1311 ± 340 1275 ± 276
 MVPA, min/dayc 46.1 ± 22.1 45.9 ± 19.9 48.1 ± 23.6 46.7 ± 19.3
 Organized sport, yes n (%) 41 (91%) 44 (90%) 40 (93%) 41 (89%)
 Organized sport, h/w 1.5 (0.7–2.5) 1.3 (0.6–2.8) 1.5 (0.6–3.0) 2.0 (1.0–3.0)

Dietary intake
 Energy intake (kJ/day) 6289 ± 1431 6523 ± 1128 7248 ± 1508 6738 ± 1252
 Protein intake (E%) 15.5 ± 2.5 15.2 ± 2.3 15.6 ± 2.3 15.7 ± 2.5
 Carbohydrate intake (E%) 52.6 ± 4.7 54.5 ± 5.0 52.2 ± 4.6 54.6 ± 4.2
 Fat intake (E%) 31.9 ± 4.7 30.4 ± 4.5 32.0 ± 4.4 29.7 ± 4.3
 Calcium intake (mg/day) 784 [529–1053] 906 [674–1291] 955 [708–1238] 917 [683–1272]
 Vitamin D intake (µg/day) 2.6 [1.5–3.8] 2.3 [1.4–3.7] 2.2 [1.3–4.6] 2.6 [1.7–3.6]

Serum 25(OH)D (nmol/L)b 80.2 ± 19.7 78.0 ± 17.6 80.5 ± 14.3 81.4 ± 18.3
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Table 2  Changes in physical 
activity from baseline to 
endpoint

Data are presented as mean (SD) change from baseline to endpoint. P values are from one-way ANCOVA-
models testing group differences with study group as fixed factor
CPM counts per minute, HP high protein, NP normal protein, MVPA moderate-vigorous physical activity, 
Δ change from baseline to endpoint

Placebo tablets Vitamin D tablets P

HP yogurt NP yogurt HP yogurt NP yogurt

n 38 39 38 39
Average CPM (Δ) − 173 (292) − 243 (260) − 72 (348) − 123 (327) 0.056
Sedentary (Δ min/day) 24.7 (69.1) 46.4 (70.8) 13.8 (59.6) 34.1 (53.2) 0.29
Light (Δ min/day) − 26.4 (70.3) − 41.1 (59.3) − 9.8 (60.0) − 27.8 (60.4) 0.43
Moderate (Δ min/day) − 7.9 (14.3) − 8.2 (15.0) − 2.0 (18.8) − 4.0 (15.7) 0.094
Vigorous (Δ min/day) − 3.0 (6.3) − 2.9 (5.1) − 0.1 (10.7) − 1.3 (8.1) 0.14
MVPA (Δ min/day) − 10.9 (18.5) − 11.0 (18.9) − 2.1 (25.6) − 5.2 (22.5) 0.075
Steps (Δ) − 1445 (3261) − 2426 (2587) − 840 (2729) − 1273 (3302) 0.18

Table 3  Muscle strength and physical function in the study groups

Values are presented as mean ± SD. All complete cases are included. *Significant within-group changes (P < 0.05), tested by paired t test
HP high protein, LM lean mass, NP normal protein
a P values are from the treatment interaction term in two-way ANCOVA models adjusted for baseline of the outcome
b P values are from main effects of vitamin D and dairy protein, respectively, obtained from additive two-way ANCOVA models adjusted for 
baseline of the outcome
c n represent maximal number. For leg press, n = 44, n = 49, n = 43, and n = 46; for squat jump, long jump, and 30 s sit-to-stand, n = 29, n = 33, 
n = 29, and n = 31 in the placebo-HP, placebo-NP, vitamin D-HP, and vitamin D-NP group, respectively

Placebo tablets Vitamin D tablets Vitamin D × yogurt Vitamin D Yogurt Pb Pb

HP yogurt NP yogurt HP yogurt NP yogurt Pa

Nc 45 49 43 46
Handgrip (kg)
 Baseline 11.2 ± 3.0 11.1 ± 3.2 11.9 ± 2.7 11.8 ± 2.5
 Endpoint 12.9 ± 2.9 12.6 ± 3.2 13.6 ± 3.1 13.4 ± 2.2 0.1 [-0.3, 0.6] 0.2 [-0.3, 0.6]
 Change 1.7 ± 1.6* 1.5 ± 1.6* 1.7 ± 1.6* 1.6 ± 1.4* P = 0.53 P = 0.64 P = 0.41

Leg press (N)
 Baseline 1106 ± 395 1144 ± 403 1188 ± 304 1117 ± 359
 Endpoint 1642 ± 411 1654 ± 443 1677 ± 407 1705 ± 383 38 [− 61, 136] − 29 [− 128, 69]
 Change 536 ± 368* 510 ± 385* 489 ± 337* 588 ± 348* P = 0.27 P = 0.58 P = 0.55

Squat jump (cm)
 Baseline 19.9 ± 4.4 18.9 ± 4.5 18.5 ± 4.0 19.7 ± 3.6
 Endpoint 20.0 ± 4.1 19.2 ± 5.2 19.8 ± 3.5 20.1 ± 3.2 0.5 [− 0.4, 1.4] 0.5 [− 0.4, 1.4]
 Change 0.1 ± 3.1 0.2 ± 2.5 1.3 ± 2.6* 0.4 ± 2.5 P = 0.70 P = 0.29 P = 0.29

Long jump (cm)
 Baseline 122 ± 16 115 ± 24 120 ± 17 121 ± 17
 Endpoint 128 ± 18 122 ± 19 124 ± 19 124 ± 14 − 2.0 [− 5.0, 1.1] 0.4 [− 2.6, 3.5]
 Change 5 ± 9* 7 ± 11* 4 ± 7* 3 ± 10* P = 0.63 P = 0.20 P = 0.78

30 s sit-to-stand (repeti-
tions)

 Baseline 33 ± 5 31 ± 5 32 ± 5 32 ± 4
 Endpoint 37 ± 4 34 ± 5 35 ± 4 36 ± 4 0.6 [− 0,8, 2.0] 0.5 [− 0.9, 1.8]
 Change 4 ± 4* 3 ± 5* 3 ± 3* 4 ± 5* P = 0.023 P = 0.38 P = 0.51
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Nevertheless, we cannot rule out the possibility that the 
duration of our intervention (24 weeks) and those of others 
(~ 6–20 weeks) may have been too short to influence the 
outcome parameters.

Interestingly, we did observe that vitamin D supplemen-
tation resulted in a greater gain in maximal lower body 
strength in girls compared to boys, but with no sex-specific 
differences in upper body (handgrip) strength. Sex-specific 
responses to vitamin D supplementation have rarely been 
investigated in children. A previous trial from our group in 
healthy, 4–8 year-olds [35] showed no sex-specific effects 
of 20-week vitamin D supplementation during winter on 
handgrip strength; however, their sample size was smaller 
(n = 117). It has been suggested that vitamin D deficiency 
preferentially affects muscle strength of the lower limbs [47], 
and a meta-analysis found a positive effect of vitamin D 
supplementation on lower limb muscle strength but not on 
handgrip strength in healthy individuals across the lifespan 
[5], which may explain the different observations we made in 
lower and upper body strength in girls. We can only specu-
late on the potential underlying mechanisms responsible for 
the sex-specific response in lower body strength. Yet differ-
ences in sex hormones have been shown in mice [48], which 
may be linked to earlier growth and development in girls. 
Also, since vitamin D status tended to be lower in girls than 
boys at baseline, the girls may have had greater potential for 
effects of the supplementation.

A vitamin D × protein interaction was observed for the 
30 s sit-to-stand test, which disappeared when adjusting for 
PA. This test only showed moderate test–retest reliability 
(ICC = 0.78), and since we did not find consistent combined 
or separate intervention effects on the other maximal physi-
cal function measures, we speculate whether changes in PA 
may have confounded the result of this submaximal physical 
function test.

The dairy intervention, which resulted in a daily protein 
intake of 2.5 ± 0.8 g/kg BW in HP compared to 2.1 ± 0.6 g/
kg BW in NP did not influence gains in muscle strength or 
physical function. It is well established that development of 
muscle strength is stimulated by PA, especially of moder-
ate-to-vigorous intensity [49]. Further, in physically active 
adults, a protein intake of about ~ 1.6 g/kg BW/day, which 
is higher than the 0.83 g/kg BW/day recommended by the 
WHO, leads to superior muscle growth when combined with 
strength training [50]. The potential interaction between 
physical activity and protein intake is less studied in chil-
dren, but recent studies have shown that protein intake after 
physical exercise can stimulate muscle protein synthesis in 
healthy children [16, 51]. The children's daily protein intake 
in both the HP and NP groups was well above the WHO 
recommendation of 0.9 g protein/kg BW for children [52]. 
The lack of intervention effect may be because the children’s 
protein intake was already sufficient for maximal accretion 

of LM along with muscle strength and physical function. 
Hence, we speculate that a ceiling effect of protein ingestion 
exists in growing children in energy balance, comparable to 
what has been observed in adults [50] or that concomitant 
physical training is needed to evoke an effect.

Some methodological considerations of the present study 
deserve mention. Conducting the trial during winter and 
avoiding sunny holidays minimized confounding by dermal 
vitamin D synthesis. Several physical tests were included 
to comprehensively assess muscle strength and physical 
function, and all tests were found to be valid and reliable 
in a comparable child population [22]. Additional strengths 
were the use of accelerometry to objectively measure PA 
and DXA to measure LM. Further, the children showed good 
compliance with both the yogurt and vitamin D interven-
tion, and there was low drop-out (5%), which was evenly 
distributed among groups. We were not able to blind the 
yogurt intervention due to different flavors and textures, but 
the investigators were re-blinded before data analysis. Apart 
from protein intake, the relative fat intake (E%) also dif-
fered between HP and NP groups. However, adjusting for 
fat intake (E%) did not change the findings. Importantly, 
total energy intake did not differ between groups [18]. Since 
our study participants were all white children with normal 
weight and sufficient protein intake, other studies are needed 
to investigate this in populations of children with dark skin, 
obesity, or undernourishment. Further, more studies are 
needed to confirm the results in a population of vitamin 
D-deficient children and to evaluate possible long-term 
effects of repeated winter vitamin D supplementation on 
muscle strength and physical function.

Conclusions

We found no overall effect of vitamin D supplementation, 
in a dose that prevented winter deficiency, or of increased 
dairy protein intake on muscle strength or physical function 
in healthy, white, 6–8-year-old children. Also, there were 
no consistent combined effects of vitamin D supplementa-
tion and increased intake of dairy protein on the outcomes. 
However, we observed a larger improvement in leg strength 
with vitamin D supplementation in girls compared to boys, 
which should be investigated further.
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