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Abstract

Purpose While reports of inadequate vitamin D intakes
among young children are widespread, data on the preva-
lence of vitamin D deficiency are inconsistent. We aimed to
quantify vitamin D intake and serum 25-hydroxyvitamin D
[25(OH)D] concentrations in children aged 2 years in the
prospective Cork BASELINE Birth Cohort Study.

Methods Serum 25(OH)D was analysed using UPLC-MS/
MS in 741 children living in Cork, Ireland (51°N). Two-
day weighed food diaries were collected in 467 children,
and 294 provided both a blood sample and a food diary.
Results Mean (SD) 25(OH)D concentrations were 63.4
(20.4) nmol/L [winter: 54.5 (19.9), summer: 71.2 (17.5)].
The prevalence of vitamin D deficiency (<30 nmol/L) was
4.6, and 26.7% were <50 nmol/L [45.2% during winter
(November—April) and 10.4% in summer (May—Octo-
ber)]. With a mean (SD) vitamin D intake of 3.5 (3.1) pg/
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day, 96% had intakes below 10 pg/day, the current IOM
estimated average requirement and the SACN safe intake
value for this age group. After adjustment for season, vita-
min D intake (ug/day) was associated with higher 25(OH)
D concentrations [adjusted estimate (95% CI) 2.5 (1.9,
3.1) nmol/L]. Children who did not consume vitamin
D-fortified foods or supplements had very low vitamin D
intakes (1.2 (0.9) pg/day), and during winter, 12 and 77%
were <30 and <50 nmol/L, respectively, compared with 6
and 44% of fortified food consumers.

Conclusion There was a high prevalence of low vitamin
D status during winter, especially among children who did
not consume fortified foods or nutritional supplements. Our
data indicate the need for dietary strategies to increase vita-
min D intakes in this age group. This report provides fur-
ther evidence that DRVs for vitamin D should be based on
experimental data in specific population groups and indi-
cates the need for dose—response RCTs in young children.

Keywords Vitamin D intake - 25-Hydroxyvitamin D -
Fortified foods - Supplements - Young children

Introduction

Dietary recommendations have a key role in protecting
the population against vitamin D deficiency, and over the
last 6 years, several authoritative agencies have redefined
their vitamin D recommendations in the light of increasing
evidence of adverse health effects at low vitamin D status,
indicated by serum concentrations of 25-hydroxyvitamin D
[25(OH)D]. Most agencies selected musculoskeletal out-
comes as the health indicators with the most developed evi-
dence base, particularly from randomised controlled trials
(RCTs), on which to nominate serum 25(OH)D thresholds
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designating deficient/sufficient vitamin D status [1]. Fol-
lowing analysis of dose—response vitamin D intake—serum
25(OH)D data, collected under conditions of minimal
UVB availability, these 25(OH)D thresholds provided the
basis for estimating population and/or individual vitamin D
intake recommendations [2—-6]. The published dietary refer-
ence values (DRVs) are somewhat diverse; individual rec-
ommendations vary from 10 to 20 pg/day [400-800 IU],
depending on the 25(OH)D target, ranging from 25 to
50 nmol/L.

In the UK, the Scientific Advisory Committee on Nutri-
tion (SACN) proposed a ‘population protective’ serum
25(OH)D concentration of 25 nmol/L, defined as the mini-
mum threshold that should be met or exceeded by almost
everyone, and recommended a corresponding intake of
10 pg/day for all persons >1 year of age [3]. Four other
agencies based their recommendations on achieving a
serum 25(OH)D threshold >50 nmol/L [2, 4-6], with
some important distinctions. The Institute of Medicine
(IOM) [2] and NORDEN [5] recommended intakes of 15
and 10 pg/day, respectively, with increased allowances for
older adults. These two agencies also proposed an average
requirement (AR) intake of 10 and 7.5 pg/day, respectively,
to meet the needs of 50% of the population—this value is
not an individual recommendation but used by nutritional
epidemiologists to evaluate the adequacy of vitamin D
intakes in the population [7]. The IOM committee pro-
posed the serum 25(OH)D concentration of 40 nmol/L as
the adequacy threshold and this value was used to specify
the EAR [2], while the Nordic AR is based on a thresh-
old of 50 nmol/L [5]. The German Nutrition Society [6]
and more recently the European Food Safety Authority
(EFSA) [4] did not make firm intake recommendations,
but opted for adequate intake (AI) values of 20 and 15 pg/
day, respectively, with the 50 nmol/L threshold in mind.
The Al is reserved for use only in cases of much uncer-
tainty in the data, where it is not possible to make firmer

recommendations. As such it has limited utility in public
health or clinical practice.

Notwithstanding the disparity in DRVs from different
authoritative agencies, the lack of both observational and
experimental data in young children has meant that uncer-
tainty around the dietary requirements for vitamin D for
infants and children persists. DRVs for young children
(aged 14 years) from a number of agencies, presented in
Table 1, are the same as those for adults. Rather than set-
ting a recommended nutrient intake (RNI) for infants and
children up to 4 years of age, SACN recommended a safe
intake of 8.5-10 pg/day for infants aged 0—11 months and
10 pg/day for children aged 1-3 years on the basis of insuf-
ficient evidence relating 25(OH)D concentrations to health
outcomes for this age group [3]. While no age effect was
found in the simulated dose-response relationship used
by the IOM in establishing current DRVs, randomised
controlled trials in children and adolescents were lim-
ited (n = 3) and no study included in the meta-regression
included children younger than 6 years [2]. The recently
derived EFSA Al of 15 pg/day for children aged 1-17 years
was based mostly on adult data, while an analysis based on
four RCTs in children (aged 2—17 years) showed that chil-
dren tended to achieve the same mean 25(OH)D concentra-
tion as adults at lower intakes [4].

National nutrition surveys have reported that vitamin D
intakes among young children are generally below 10 pg/
day [8-11], including countries with mandatory or regular
vitamin D fortification of staple foods [12, 13]. While nutri-
tional supplements can be important contributors to vitamin
D intake, the prevalence of supplement use varies between
countries and between age groups and current rates of sup-
plement use are too low to bridge the gap between actual
vitamin D intakes and current recommendations [14]. In
Ireland, mean intakes among children aged 1-4 years in the
National Preschool Nutrition Survey (NPNS) ranged from
2.9 to 4.9 pg/day, and 93 and 78% had intakes <10 and

Table 1 Summary of the current dietary reference values (DRVs) for vitamin D in young children (14 years)

Agency country(ies) DRV Application of DRV Vitamin D (ug/day)
IOM (2011) USA/Canada RDA Intake to meet a 25(OH)D threshold of 50 nmol/L in 97.5% 15

EAR Intake to meet a 25(OH)D threshold of 40 nmol/L in 50% 10
NORDEN (2012) Nordic RI Intake to meet a 25(OH)D threshold of 50 nmol/L in 97.5% 10

AR Intake to meet a 25(OH)D threshold of 50 nmol/L in 50% 7.5

German Nutrition Society (2012) DACH Al

Intake to meet a 25(OH)D threshold of 50 nmol/L for almost all 20

without UVB exposure

SACN (2016) UK
EFSA (2016) EU Al

Safe intake Intake to maintain 25(OH)D concentrations >25 nmol/L in 97.5% 10
Intake to meet a 25(OH)D threshold of 50 nmol/L for almost all 15

IOM Institute of Medicine, RDA recommended daily allowance, EAR estimated average requirement, 25(OH)D 25-hydroxyvitamin D, NORDEN
Nordic Council of Ministers; recommended [individual] intake, AR average requirement, Al adequate intake, SACN Scientific Advisory Commit-

tee on Nutrition, EFSA European Food Safety Authority
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<5 pg/day, respectively [11]. In the UK, the mean vitamin
D intake in children aged 1.5-3 years participating in the
National Diet and Nutrition Survey (NDNS) was 2.2 pg/
day, while the prevalence of year-round plasma 25(OH)D
concentrations <25 nmol/L was 8% [9].

Although intake data are few, the availability of large-
scale or nationally representative data on vitamin D status
in children is very limited and cross-comparisons by age
are restricted. However, among studies with 25(OH)D con-
centrations across different age categories, the prevalence
of deficiency and insufficiency was lowest in the young-
est age groups [8, 9, 15, 16]. In a recent study in Canadian
preschool children (n = 508), there was a large discrep-
ancy between the prevalence of vitamin D intakes below
the IOM EAR (95%) and the prevalence with 25(OH)D
concentrations <40 nmol/L. (4.5%), the proposed serum
25(OH)D to cover the average requirement [17]. Results
from a recent dose—response RCT conducted during win-
tertime in 4- to 8-year-old white children living in Denmark
estimated an EAR to achieve a serum 25(OH)D concentra-
tion of 40 nmol/L at 4 pg/day. In this study, an intake of
~20 pg/day was required to maintain 25(OH)D concentra-
tions >50 nmol/L in 97.5% of children in winter [18]. This
study demonstrates the need for experimentally derived
estimates of vitamin D requirements for all population sub-
groups. The aims of the present study were to quantify vita-
min D intake and describe serum 25(OH)D concentrations
in children aged 2 years participating in a large prospective
birth cohort study in Ireland and to identify determinants
(including dietary determinants) of 25(OH)D all year round
at this northerly latitude (51°N).

Materials and methods
Study participants

The Cork BASELINE (Babies after SCOPE: Evaluating
the Longitudinal Impact using Neurological and Nutritional
Endpoints) Birth Cohort Study was initiated in 2008 and is
an ongoing prospective mother—infant birth cohort study
based in Cork, Ireland. Participants were recruited from
the SCOPE (Screening for Pregnancy Endpoints) study, a
major multi-centre prospective pregnancy study involving
nulliparous low-risk women with singleton pregnancies
[19]. During their 20-week gestation visit, 1537 SCOPE
Ireland participants consented to their infants participat-
ing in the birth cohort. A second stream of recruitment also
took place where a further 600 mothers provided consent
after delivery and the last infant was recruited in Novem-
ber 2011. After birth, the child’s early-life environment,
diet and lifestyle was recorded, along with detailed moni-
toring of their health, growth and development. Paediatric

follow-up with in-person appointments was repeated from
the time of birth through to 2, 6 and 12 months and at
2 years, and assessments at 5 years are ongoing. Full
details of the cohort and paediatric assessments have been
provided by O’ Donovan et al. [20].

Research objectives and measurements in the Cork
BASELINE Birth Cohort Study were conducted according
to the guidelines laid down by the Declaration of Helsinki,
and ethical approval was granted by the Clinical Research
Ethics Committee of the Cork Teaching Hospitals, ref ECM
5 (9) 01/07/2008. The study is registered with the United
States National Institutes of Health Clinical Trials Registry
(http://www.clinicaltrials.gov), ID: NCT01498965.

Dietary assessment

Dietary intake data at 2 years were collected using a 2-day
weighed food diary collected on non-consecutive days.
Caregivers were asked to record the amount and types of
all foods, beverages and nutritional supplements consumed
by the child over the two days, including brand information
and cooking methods, where applicable. Food intake data
were converted to nutrient intake data using the nutritional
analysis software WISPO (Weighed Intake Software Pack-
age, Tinuviel Software, Anglesey, UK), which uses food
composition data from the UK Composition of Foods [21]
and the Irish Food Composition Database [22]. Our group
continuously updates the vitamin D composition database
to incorporate recipes for composite dishes, nutritional sup-
plements, fortified foods and new food products (based on
manufacturers’ data). In this study, food items specific to
young children and composition data collected during the
National Preschool Nutrition Survey (NPNS) [23] were
also incorporated into the database.

Vitamin D intake (ug) was calculated for the total group
and for specific subgroups including vitamin D-containing
supplement users, consumers of vitamin D-fortified foods
and non-consumers of vitamin D-containing supplements
or vitamin D-fortified foods. Individual mean daily intakes
(MDIs) were obtained by averaging a participant’s vitamin
D intake over the two days. As intake data were only col-
lected over 2 days, usual/habitual intakes, corrected for
within-person variation, were also estimated using the NCI
method for calculating habitual intakes in Creme Global
Nutrition© Software. Important food sources of vitamin
D were identified using the population proportion method
described by Krebs-Smith et al. [24]. The method addresses
the nutrient intake of the population rather than the average
per person and is defined as the sum of the nutrient from
a specific food group or food source for all participants,
divided by the sum of the nutrient from all food sources
for all participants and multiplied by 100. Actual contri-
butions in pg/day of vitamin D intake from specific food
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groups were estimated by averaging the sum of vitamin D
intake from that food group and dividing by the number of
participants.

Additional data on supplement use over the previous
month and current use of young child formula were col-
lected for all participants, including those who did not
complete a food diary. Formula intended for children aged
1-3 years is fortified with vitamin D at levels ranging from
1.5to 1.7 ug/100 g.

Additional data collected

For the current analysis, complete data on maternal demo-
graphics and lifestyle factors were available from SCOPE.
Questions relating to sun care at 2 years included whether
parents applied sunscreen to their child’s skin during the
summer, the sunscreen factor used, and whether they delib-
erately exposed their child’s skin to some sun without
sunscreen or usually made a conscious effort to keep their
child out of the sun.

At 2 years, naked weight was measured using digital
scales (seca 384, seca, Birmingham, UK) correct to the
nearest 0.1 kg. Standing height was measured using a wall-
mounted stadiometer (seca 206). Age- and sex-specific
body mass index (BMI) standard deviation scores (SDS)
were generated using the UK World Health Organisation
(WHO) 0- to 4-year growth reference data [25]. Over-
weight was defined as a BMI >91st and < 98th percentile
(SDS > 1.341 — <2.054) and obesity as a BMI >98th per-
centile (SDS > 2.054) [26].

Biological sample collection and analytical methods

A venous blood sample was collected at 2 years by a paedi-
atric research nurse. Blood was processed to serum within
three hours before storage in 200 pL aliquots at —80 °C
until analysis. Circulating 25(OH)D concentrations in
serum were measured at the Cork Centre for Vitamin D
and Nutrition Research laboratory using a liquid chroma-
tography—tandem mass spectrometry (LC-MS/MS) method
that has been previously described in detail [27]. Briefly,
the instrument used was a Waters Acquity UPLC system
coupled to an Acquity Triple Quadrupole (TQD)® mass
spectrometer detector (Waters, Santry, Dublin 9, Ireland).
Concentrations of 25(OH)D; and 25(OH)D, were quanti-
fied individually, and their values summed to generate
total 25(OH)D. Four levels of serum-based National Insti-
tute of Standards and Technology (NIST)-certified qual-
ity assurance material (SRM 972) were used for method
validation, while quality control materials assayed in par-
allel to all samples were purchased from Chromsystems
(Munich, Germany). NIST calibrators (SRM 2972) were
used throughout the analysis. The intra- and inter-assay

@ Springer

coefficients of variation (CV) were not greater than 6 and
5%, respectively, for each metabolite. The limit of detec-
tion (LoD) for 25(OH)D; was 0.31, and the limit of quanti-
tation (LoQ) was 1.03 nmol/L.

The quality and accuracy of vitamin D metabolite analy-
sis in our laboratory using this LC-MS/MS method are
assessed on an ongoing basis by participation in the Vita-
min D External Quality Assessment Scheme (DEQAS)
(Charing Cross Hospital, London UK). We have been
certified by the CDC Vitamin D Standardization Certifica-
tion programme, which reports accuracy and bias for total
25(OH)D, 25(0OH)D;, 3-epi-25(0OH)D; and 25(OH)D,,
since 2013.

Vitamin D deficiency was defined as 25(OH)D
<30 nmol/L and vitamin D sufficiency as 25(OH)D
>50 nmol/L in line with IOM definitions [2].

Statistical analysis

Data were analysed using the statistical software pack-
age IBM SPSS® for Windows™ version 21.0 (IBM Corp.
released 2012 Armonk, NY, USA). Spearman correla-
tion coefficients were calculated to examine associations
between total 25(OH)D and vitamin D intake. Multiple
linear regression was used to explore the determinants
of total 25(OH)D concentrations, and associations were
expressed as the mean adjusted difference and 95% confi-
dence intervals (95% CI). Season of sampling was dichot-
omised into winter (November—April) and summer (May—
October). Subject characteristics including sex, BMI SDS,
weight status (overweight or obese: yes or no), vitamin D
intake (ug/day), supplement use in past months (yes or
no), present consumption of vitamin D-fortified formula
(yes or no) and sunscreen use during the summer (yes or
no) were explored in unadjusted models. Maternal char-
acteristics including ethnicity, tertiary education status
and present smoking status were also explored in unad-
justed models, and variables significant at the 10% level
(P < 0.1) were included in the final multivariate models.

Results
Participants

Of the 2137 infants recruited to the Cork BASELINE Birth
Cohort Study, 1537 children attended the 2-year assess-
ment. Of those, 468 (30%) and 742 (48%) completed a
food diary and gave a blood sample, respectively. A total of
295 children had both a food diary and blood collected at
2 years. One of these children was excluded from the anal-
ysis due to an inability to quantify their vitamin D intake
from supplements. Characteristics of those who either
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Table 2 Characteristics of children aged 2 years participating in the
Cork BASELINE Birth Cohort Study who had either a food diary,
blood sample or both collected at 2 years (n = 914)

n % or median (IQR)

Total group

Maternal characteristics
Ethnicity (Caucasian) 914 98.9
Third-level education (yes) 914 86.2
Smoker (yes) 883 14.1

Subject characteristics
Sex (male) 914 52.9
Age (years) 914 2.1(2.1,2.2)
Weight (kg) 892 12.9(12.0,13.9)
Height (cm) 886 87.8(85.7,90.0)
BMI (kg/m?) 876 16.7 (15.9, 17.6)
BMI SDS 876 0.67 (0.12, 1.25)
Overweight (yes) 876 15.5
Obese (yes) 876 6.6

Sunscreen use during the summer (yes) 885 96.7
Supplement use in the past 4 weeks (yes) 797 23.0
Blood sample at 2 years
Season of blood sampling (%)

Winter (November—April) 741 46.8
Summer (May—October) 741 53.2

Food diary at 2 years

Vitamin D intake (pg/day)
Mean (SD) 467 3.5(3.1)
Median (IQR) 467 2.2(1.3,4.9)
5th percentile 467 0.7
95th percentile 467 9.7
% < IOM EAR* 467 96.1

IQR inter-quartile range, BMI body mass index, SDS standard devia-
tion score, SD standard deviation

* Estimated average requirement (EAR): 10 pg/day [400 IU] [2]

completed a food diary, gave a blood sample or both at
2 years are presented in Table 2. There were no significant
differences in subject characteristics between those with
both blood and a food diary and those with only a blood
sample (data not shown). There were also no significant
differences in total 25(OH)D concentrations between those
with and without a food diary [median (IQR) 63.7 (50.1,
75.6) vs. 62.8 (48.0, 78.3) nmol/L, P = 0.910] or in vitamin
D intake between those with both a food diary and blood
sample and those with only a food diary [median (IQR) 2.3
(1.4,4.8) vs. 2.1 (1.2, 5.3) pg/day, P = 0.534].

Dietary intakes

The mean percentage contribution and actual contribu-
tion in pg/day of food groups to total vitamin D intake

(n = 467) are presented in Table 3. With a mean (SD)
daily vitamin D intake of 3.5 (3.1) pg, 96% of children
had intakes below 10 ug/day, specified as an EAR by
the IOM [2] and safe intake by SACN [3] and 90% had
intakes below the Nordic AR of 7.5 pg/day [5]. The prev-
alence of intakes <4 pg/day is also presented in Table 3,
on the basis of data from a recent dose-response vita-
min D RCT in 4- to 8-year-old white children, where an
intake of ~4 pg/day was required to maintain 25(OH)D
>40 nmol/L in 50% of children during winter [18]. Indi-
vidual MDIs ranged from 0.2 to 19.4 pg, with a median
of 2.2 pg/day. Mean (SD) usual/habitual intake [3.5
(2.7) pg/day], Sth and 95th percentile intakes (0.8 and
8.6 pg/day) and the prevalence below 10 ug/day (96%)
were similar to those calculated over 2 days. The main
contributors to vitamin D intake were vitamin D-fortified
foods, including breakfast cereals, vitamin D-fortified
milks, yogurts and formula. Vitamin D intakes from the
base diet (no fortification) were low with contributions
from meat, fish, eggs and non-fortified milk and yogurts
of 0.2-0.3 pg/day.

Most children (82%) consumed at least one vitamin D-for-
tified food (primarily fortified milk and yogurts and ready-
to-eat breakfast cereals) over the recording period. However,
the range of intakes from fortified foods varied greatly (0.03—
17.21 pg/day). Ninety-six children (21%) consumed young
child formula at least once over the recording period with a
median (IQR) daily intake of 242 (138, 386) mL/day. There
were no significant differences in intakes of specific foods or
food groups between consumers and non-consumers of for-
mula, except in intakes of cow’s milk [125 (68, 213) vs. 303
(175, 485) mL/day, P < 0.001]. Formula contributed 61% of
the MDI of vitamin D (7.2 pg/day) among consumers. The
prevalence of vitamin D-containing supplement use was low,
with 10.5% (n = 49) using a supplement on at least one of the
recording days (MDI 7.3 pg/day).

Mean (SD) and median (IQR) vitamin D intakes per
kg body weight were 0.27 (0.25) and 0.18 (0.11, 0.36) pg/
kg/d, respectively. No child exceeded the tolerable upper
intake levels (UL) proposed for young children by the
European Food Safety Authority [EFSA] (50 pg/day) [28].

Vitamin D status

The mean (SD) total 25(OH)D concentration was 63.4
(20.4) nmol/L [median (IQR) 63.1 (48.8, 77.0), range
17.8-130.7 nmol/L], and vitamin D status as expected
was better in summer [mean (SD) 71.2 (17.5) nmol/L]
than in winter [54.5 (19.9) nmol/L], P < 0.001. The
prevalence of total 25(OH)D at various cut-offs in the
total group and stratified by season of sampling, sup-
plement use and fortified food consumption is pre-
sented in Table 4. The overall prevalence of deficiency
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Table 3 Mean % contribution and actual contribution (jg/day) of food groups to total vitamin D intake in children (age 2 years) in the Cork
BASELINE Birth Cohort Study (n = 467)

Food group Total population Consumers of vit ~ Non-consumers Consumers of vit ~ Users of Vit
(n=467) D-fortified foods,  of fortified foods,  D-fortified formula D-containing sup-
non-users of sup-  non-users of sup-  (n = 96) plements (n = 49)
plements (n = 343) plements (n = 75)
%o (hg/day) % (ug/day) % (ug/day) % (ug/day) % (ug/day)
Breakfast cereals 10 0.3 11 0.4 0 0.0 7 0.5 6 0.4
Vitamin D-fortified milk and yogurts 19 0.7 22 0.7 - - 8 0.6 14 1.0
Non-fortified milk and yogurts 9 0.3 8 0.3 32 0.4 2 0.1 3 0.2
Vitamin D-fortified formula 26 0.9 31 1.1 - - 61 44 17 1.2
Eggs and egg dishes 4 0.2 5 0.2 12 0.1 3 0.2 2 0.2
Fish and fish dishes 8 0.3 8 0.3 23 0.3 4 0.3 5 0.3
Butters and spreading fats 3 0.1 3 0.1 2 0.030 2 0.1 1 0.1
Meat and meat products 8 0.3 8 0.3 23 0.3 3 0.2 4 0.3
Vitamin D-containing supplements 10 0.3 - - - - 8 0.6 45 4.1
Other® 4 0.1 4 0.1 8 0.1 2 0.2 4 0.3
Mean (SD) daily intake (ug/day) 3.5@3.1) 3.42.7) 1.2(0.9) 7.2(3.3) 7.3(3.9)
% < 10 pg/day® 96 98 100 87 75.5
% < 7.5 pglday® 90 91 100 60 63
% below 4 pg/day* 71 71 99 17 27

* Grains, rice, pasta and savouries; biscuits, cakes and pastries; breads/rolls; creams, ice creams and desserts; cheese; potatoes/potato products;
vegetables/vegetable dishes; fruit/fruit dishes; beverages; sugars, confectionary/preserves; soups, sauces and miscellaneous; dried fruit, nuts and
seeds

° 10 pg/day: Institute of Medicine (IOM) Estimated average requirement (EAR) [2] & Scientific Advisory Committee on Nutrition (SACN) safe
intake value [3]

¢ 7.5 pg/day: Nordic Nutrition Recommendations (NNR) Average requirement (AR) [5]
4 Mortensen et al. [18]

Table 4 Prevalence (%) of total 25(OH)D concentrations below various cut-offs in Irish 2 year olds (n = 741) stratified by season of sampling,
use of supplements and fortified food consumption

Cohort Season of sampling® Vit D-containing supplement Vit D-fortified food con-
user” sumer (excl. supplement
users)®
All Winter Summer No Yes No Yes
(n="1741) (n =347) (n=394) (n=475) (n = 149) (n=49) (n=213)

Total 25(OH)D
Mean (SD) nmol/L 63.4 (20.4) 54.5(19.9) 71.2 (17.5) 61.8 (20.7) 66.2 (16.3) 60.0 (19.5) 63.0 (19.0)
25(OH)D cut-off

<25 1.6 32 0.3 1.5 0.7 2.0 23
<30 4.6 8.6 1.0 5.1 1.3 4.1 3.8
<40 14.2 27.7 23 17.3 34 18.4 12.2
<50 26.7 45.2 10.4 30.5 16.1 30.6 254
<75 71.5 84.1 60.4 73.9 69.1 77.6 75.1

25(OH)D 25-hydroxyvitamin D, SD standard deviation
# Winter (November—April); Summer (May-October)
® Vitamin D-containing supplement use at least once in the past month

¢ A vitamin D-fortified food consumer was a child who consumed a vitamin D-containing fortified food at least once over the diary recording
period, not including supplement users
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(<30 nmol/L) was 4.6%. Three children (0.4%) had a
total 25(OH)D >125 nmol/L (range 125.6—130.7 nmol/L),
the threshold at which the IOM recommended caution on
the basis of some evidence for reverse J-shaped relation-
ships for 25(OH)D and adverse outcomes [2]. Looking
specifically at those with a completed food diary who
were sampled in winter (n = 139), 94.2% had a vitamin
D intake below 10 pg/day, specified as the IOM EAR and
SACN safe intake [2, 3], and the prevalence with 25(OH)
D concentrations <40 nmol/L (the IOM EAR-type value
[2]) and <25 nmol/L (the SACN deficiency threshold [3])
was 24.5 and 3.6%.

Supplement use protected against vitamin D deficiency
during winter, with 1 versus 10% of users and non-users,
respectively, having wintertime 25(OH)D <30 nmol/L.
Similarly, more than half (56%) of non-users had 25(OH)
D <50 nmol/L versus a quarter (24%) of users. Almost all
formula consumers (94%) had 25(OH)D >50 nmol/L, and
none were vitamin D deficient. The highest prevalence of
vitamin D deficiency was among those who neither used
a vitamin D-containing supplement nor consumed a vita-
min D-fortified food. Among these individuals, who rep-
resented ~17% of the sample with both intake and status
data, the mean intake of vitamin D was just over 1 g
per day. During winter, the prevalence of vitamin D defi-
ciency among these children was 12%, more than half
(53%) were <40 nmol/L and more than three quarters
(77%) were <50 nmol/L. Among those who consumed a
vitamin D-containing fortified food but did not use a vita-
min D-containing supplement, the prevalence of 25(OH)D
<30, 40 and 50 nmol/L. during winter was 6, 24 and 44 %,
respectively.

Determinants of 25(OH)D concentrations at 2 years

As expected, season was a major determinant of 25(OH)
D concentrations (see Table 5). There was a strong asso-
ciation between vitamin D intake (ug/day) and status in
winter (see Fig. 1) [Spearman’s » = 0.509, P < 0.001], and
even during summer, vitamin D intake was associated with
25(OH)D [r = 0.224, P < 0.01]. The effect of intake (ug/
day) on 25(OH)D concentrations was stronger in winter
[B(95% CI) 3.1 (2.3, 3.9)] than in summer [1.7 (0.7, 2.6)].
This translated to the main dietary sources of vitamin D,
as supplement use and consumption of formula were also
associated with higher 25(OH)D. We found no associations
with maternal characteristics, including ethnicity, tertiary
education and smoking or with child sex, BMI SDS and
weight status. Sunscreen use and deliberate exposure to
the sun without sunscreen were also not significantly asso-
ciated with 25(OH)D concentrations at 2 years (data not
shown).

Table 5 Effect modifiers of 25(OH)D (nmol/L) in Irish children aged
2 years (n = 741)

Variable n Total 25(OH)D  Adjusted P value
estimate
Mean (SD) (95% CI)
nmol/L
Season of sampling
Winter (Nov— 347 54.5(19.9) Reference <0.001
Apr)
Summer 394 71.2(17.5) 16.7 (13.8, 19.2)
(May—Oct)
Vitamin D intake (ug/day)
Continuous 294 63.2(18.9) 2.5(1.9,3.1) <0.001
Vitamin D intake
>5 ug/day 65 74.8 (15.7) Reference <0.001
<5 pg/day 229 59.9(18.5) —16.2 (—20.7,
—11.8)
Supplement use in the past 4 weeks
Non-user 475 61.8 (20.7) Reference <0.001
User 149 66.2 (16.3) 6.5(3.2,9.9)
Formula
Non-consumer 549 60.0 (19.9) Reference <0.001

Consumer 128 75.2(16.6) 15.3 (12.0, 18.7)

25(OH)D 25-hydroxyvitamin D, SD standard deviation, 95% CI 95%
confidence interval

Vitamin D intake (ug/day), vitamin D intake < or >5 pg/day, supple-
ment use in the past 4 weeks and vitamin D-fortified formula con-
sumption were each entered into separate models linear regression
models adjusted for season

Discussion

This study reports vitamin D intakes and determinants of
25(OH)D concentrations in a large sample of well-charac-
terised young children living in Ireland. We have reported
that despite low vitamin D intakes, northerly latitude and
self-reported adherence to sun-safe recommendations, there
was a relatively low prevalence of vitamin D deficiency,
and a much lower prevalence of inadequate status than
inadequate intakes in this cohort of 2-year-old children.
We also reported a high prevalence of very low vitamin D
intakes and a higher prevalence of vitamin D deficiency in
children not obtaining additional vitamin D from dietary or
supplemental sources over and above the relatively small
amounts contributed by the base diet.

As expected, 25(OH)D concentrations were lower in
winter (November—April), reflecting an increase in cuta-
neous synthesis during the summer months. We found no
significant association between sunscreen use and 25(OH)
D concentrations; however, the high prevalence of use
among participants may have masked any potential effect.
Emphasis on skincare in the sun in Ireland, especially for
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infants and young children, may have induced a response
bias, and our single question on sunscreen use is unlikely to
have captured habitual sun care practices. While sunscreen
has been shown to completely block dermal synthesis of
vitamin D in controlled situations, it is unlikely to do so
according to actual habitual use as many parents admitted
to not applying sunscreen for limited or casual exposure,
such as a brief walk. Additional factors such as incorrect
application, where 100% coverage is not achieved, are also
likely to be widespread in this and many populations [29].
Besides season of sampling, vitamin D intake (ug/day)
and the consumption of important dietary sources of vita-
min D, including fortified young child formula and sup-
plements, were the only other significant determinants of
vitamin D status. Each 1 pg/day of vitamin D was associ-
ated with an increase in 25(OH)D of 2.5 nmol/L (95%
CI 1.9-3.1), which is slightly higher than the estimate of
1.8 nmol/L (95% CI 1.3, 2.2) per pg from a meta-analysis
of data from RCTs in adults and children during wintertime
at latitudes >49.5°N [30]. Associations between intake and
status were stronger in winter, and a lower prevalence of
supplement users was deficient in wintertime. Other studies
in children have also reported higher 25(OH)D concentra-
tions [17, 31-33] and less seasonal variation among sup-
plement users [16, 34]. Maguire et al. [35] reported that
among 1898 Canadian children aged 1-5 years, the use of
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vitamin D supplements and the consumption of vitamin
D-fortified cow’s milk accounted for more variation in
25(0OH)D concentrations than season or skin pigmentation.

Consistent with our reports in Irish adults and older chil-
dren [10, 36], vitamin D intake from naturally occurring
sources was low. Those who did not use a vitamin D-con-
taining supplement or consume a vitamin D-fortified food
had the lowest vitamin D intakes and a higher prevalence
of low 25(OH)D concentrations, especially during winter.
While the use of supplements was associated with higher
vitamin D intakes and status, the prevalence of supplement
use was relatively low; 23% reported using a supplement
over the previous month, and 11% of diary participants
used a supplement over the recording period. In addition,
the frequency of supplement use and amount of vitamin
D taken as a supplement varied in these children. Recom-
mending daily vitamin D supplementation as a means of
maintaining adequate year-round circulating 25(OH)D
concentrations may not guarantee adherence and be effec-
tive across the population. The use of supplements across
Europe is highly variable, and vitamin D supplementation
policies for infants and young children, in addition to com-
pliance with such policies, vary across countries [14, 37,
38]. It is worth noting that in Ireland, a vitamin D supple-
mentation policy (5 pg/day) is currently only in place for
infants up to 12 months of age [39].
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Since 2006, legislation for the addition of vitamins
and minerals to food and supplements has been harmo-
nised across Europe [40]; however, fortification practices
vary between countries. In Ireland, a number of foods are
voluntarily fortified with vitamin D, and while most chil-
dren consumed at least one vitamin D-fortified food over
the diary recording period, vitamin D intakes from these
foods varied greatly. No child had an intake that exceeded
or even approached the EFSA UL of 50 ug/day. While the
European Community (EC) legislation has provided for the
setting of maximum amounts of vitamins and minerals to
food supplements and fortified foods, these have yet to be
set [40]. Strategic fortification of staple foods with vitamin
D has been demonstrated to reduce the prevalence of vita-
min D deficiency [41]. Milk is a widely consumed food
among young children in Ireland and all participants who
provided dietary data consumed at least one type of milk
over the 2-day diary period [median (IQR) intake 332 (202,
491) mL/day]. Milk is not fortified with vitamin D on a
mandatory basis in Ireland, and very few children (n = 32,
~7%) consumed a vitamin D-fortified milk other than for-
mula. Other than cow’s milk, there were no significant dif-
ferences in the food and food group intakes between con-
sumers and non-consumers of formula, suggesting that
young child formula is being used as a milk substitute
rather than a food substitute. Formula was a major contrib-
utor to vitamin D intake, and even among those sampled in
winter, few formula consumers (n = 3) were <50 nmol/L,
compared to more than half (54.3%) of non-consumers.
In Finland, a national recommendation for food manu-
facturers to fortify fluid milks and margarine was imple-
mented in 2003 and while not mandatory was adopted by
most companies. This fortification policy was successful
in improving vitamin D intakes and status in 4-year-old
Finnish children [42]. Studies in Canada (43—45°N), where
milk is fortified with vitamin D on a mandatory basis, have
reported a positive association between fortified milk con-
sumption and 25(OH)D concentrations among preschool
children [17, 43]. In New Zealand, where there is minimal
fortification of food with vitamin D, the prevalence of con-
centrations <50 nmol/L. decreased from 32% at baseline
to 11% after 20 weeks in preschool children randomised
to a vitamin D-fortified milk [0.8 pug/100 ml; mean (95%
CI) intake from milk 3.6 (3.2, 4.2) ug/day] [44]. In another
study in Germany, Hower et al. [45] reported that children
aged 2—-6 years randomised to a vitamin D-fortified formula
(2.85 pg/100 ml, MDI from milk 7.1 pug) did not display the
usual decrease in 25(OH)D concentrations during winter.

The  prevalence of vitamin D  deficiency
(4.6% < 30 nmol/L) and insufficiency (26.7% < 50 nmol/L)
was lower in this study than recently reported for a nation-
ally representative sample of Irish adults aged 18—84 years
participating in the National Adult Nutrition Survey

(NANS) [11.2, 27.2 and 45.0% < 30, 40 and 50 nmol/L,
respectively] [46] and in a large sample of pregnant
women (7 = 1768) in the SCOPE Ireland study [17, 31 and
44% < 30, 40 and 50 nmol/L, respectively] [47]. A number
of nationally representative studies have reported a higher
prevalence of low 25(OH)D concentrations in older chil-
dren and adults compared with younger children [9, 15,
16]. Infants and children may require less sun exposure to
produce sufficient quantities of vitamin D due to greater
surface area for body size and because of the age-associ-
ated reduction in the capacity for cutaneous synthesis [48,
49]. Their smaller body size and volume may also have
implications for vitamin D requirements [50]. The mean
(SD) vitamin D intake per kg body weight among children
in the current study [0.27 (0.25) pg/kg/d] was four times
higher than that for Irish adults participating in NANS
[0.07 (0.05) pg/kg/d)]. El Hayek et al. [17] reported that
among children aged 2—5 years, the higher 25(OH)D con-
centrations observed in children in the first age tertile com-
pared with the second and third tertile became non-signifi-
cant after adjustment for body weight.

Despite a relatively low mean vitamin D intake (3.5 pg/
day) in the current cohort, the prevalence of deficiency
(<30 nmol/L) was low (3.4%), even during winter (5.7%).
Furthermore, while 96% had intakes below 10 pg/day, 24.5
and 3.6% were <40 and 25 nmol/L, during winter. El Hayek
et al. reported even greater discrepancies between the prev-
alence below the IOM EAR and the prevalence <40 nmol/L
in Canadian preschool children. Agencies charged with set-
ting DRVs for vitamin D have acknowledged that there are
uncertainties around the EAR for children and adolescents,
largely due to the lack of appropriate dose-response RCTs
in younger age groups [2-5]. Two recently published dose—
response RCTs conducted in winter in white 4- to 8-year-
old children [18] and 14- to 18-year-old adolescents [51]
reported that 4.4 and 6.6 ug/day, respectively, were required
to maintain serum 25(OH)D concentrations >40 nmol/L in
50% of children and adolescents. Moreover, they reported
that an intake of 19.5 and ~30 pg/day would be required
to maintain serum 25(OH)D >50 nmol/L in 97.5% of chil-
dren and adolescents, supporting suggestions that body size
may influence dietary requirements for vitamin D. A fur-
ther RCT in younger children (<4 years) may be required
to establish vitamin D requirements in this age group.

The main strengths of this paper are the large sample
size, the use of prospectively collected data from a well-
characterised longitudinal birth cohort, allowing for the
assessment of a range of potential determinants of 25(OH)
D concentrations and a quality dietary assessment protocol
compatible with the national dietary surveys of Ireland [11]
and the UK [9]. The analytical method for 25(OH)D in our
laboratory is traceable to a higher-order reference measure-
ment procedure and provides a high degree of confidence
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in the measured 25(OH)D concentrations [27]. Our sample
was mainly Caucasian, so our results are not generalisable
to other ethnic groups.

In conclusion, we show a lower prevalence of vitamin D
deficiency in this large cohort of young children than pre-
viously reported in adults. Stronger associations between
vitamin D intake and status during winter than summer
reflect both the impact of cutaneous synthesis on status dur-
ing the summer and the important contribution of dietary
intake to status during the winter at high latitudes. There
was a high prevalence of low vitamin D intakes and status
during winter, especially among children who did not con-
sume fortified foods or nutritional supplements. Our data
indicate the need for targeted dietary strategies to increase
vitamin D intakes in this age group. Finally, this report pro-
vides further evidence that DRVs for vitamin D should be
based on experimental data in specific population groups
and indicates the need for dose-response RCTs in young
children.
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