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Abstract

In several low latitude countries, vitamin D deficiency is emerging as a public health issue. Adequate vitamin D is essential
for bone health in rapidly growing children. In the Thai population, little is known about serum 25-hydroxyvitamin D
[25(OH)D] status of infants and children. Moreover, the association between 25(OH)D and the biological active form of 1,25-
dihydroxyvitamin D [1,25(OH)]2D is not clear. The specific aims of this study were to characterize circulating serum 25(OH)D,
1,25(OH)2D and their determinants including parathyroid hormone (PTH), age, sex, height and body mass index (BMI) in 529
school-aged Thai children aged 6–14 y. Adjusted linear regression analysis was performed to examine the impact of age and
BMI, and its interaction with sex, on serum 25(OH)D concentrations and 1,25(OH)2D concentrations. Serum 25(OH)D,
1,25(OH)2D and PTH concentrations (geometric mean 6 geometric SD) were 72.761.2 nmol/L, 199.161.3 pmol/L and
35.061.5 ng/L, respectively. Only 4% (21 of 529) participants had a serum 25(OH)D level below 50 nmol/L. There was
statistically significant evidence for an interaction between sex and age with regard to 25(OH)D concentrations. Specifically,
25(OH)D concentrations were 19% higher in males. Moreover, females experienced a statistically significant 4% decline in
serum 25(OH)D levels for each increasing year of age (P= 0.001); no decline was seen in male participants with increasing
age (P= 0.93). When BMI, age, sex, height and serum 25(OH)D were individually regressed on 1,25(OH)2D, height and sex
were associated with 1,25(OH)2D with females exhibiting statistically significantly higher serum 1,25(OH)2D levels compared
with males (P,0.001). Serum 1,25(OH)2D among our sample of children exhibiting fairly sufficient vitamin D status were
higher than previous reports suggesting an adaptive mechanism to maximize calcium absorption.
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Introduction

Vitamin D status influences the absorption of calcium and

phosphate from the gut and is known mainly for its role in bone

health across the lifecycle. During periods of rapid growth in

childhood, health consequences of vitamin D deficiency include

growth retardation, skeletal deformities and an increased fracture

risk later in life [1]. Vitamin D is also associated with non-skeletal

health outcomes including modulation of the immune response,

reduction of inflammation, insulin production, neuromuscular

function, and regulation of cell growth, differentiation and

apoptosis [2,3].

The main source of vitamin D is endogenous production

following exposure of 7-dehydrocholesterol in the skin to sunlight

(ultraviolet-B irradiation) to produce 25-hydroxyvitamin D

[25(OH)D], best known as a marker of vitamin D status.

Circulating 25(OH)D is then converted to its biologically active

form, 1,25-dihydroxyvitamin D [1,25(OH)2D]. Natural food

sources rich in vitamin D are scarce. Studies on serum 25(OH)D

concentrations have shown a high prevalence (from 15% to 80%)

of vitamin D deficiency and insufficiency in several pediatric and

adolescents populations [4–13]. These findings have been

demonstrated not only in higher latitudes, but also in lower

latitude countries with ample sunshine. This is possibly due to

avoidance of sunlight, indoor lifestyles, clothing coverage and

sunscreen use, adiposity, and low dietary intake of vitamin D-rich

foods or supplements. Another dietary factor, which may

contribute to the development of vitamin D deficiency, is a low

calcium diet which, by inducing secondary hyperparathyroidism

and elevating 1,25(OH)2D, results in increased catabolism of

25(OH)D and a depletion of vitamin D stores [14–18].

Thailand, located in the southeastern part of Asia at latitudes

between 5u309 N and 20u309 N, is amenable to year round vitamin

D synthesis. Dietary intake of vitamin D among Thais are low

because foods are not fortified with vitamin D. Dietary calcium

intake has also been reported to be low in children in Thailand
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[19,20]. The Thai diet is predominantly based on rice, vegetables

and some meats, and is often low in milk and milk products. The

suboptimal calcium content of the diet may be further compro-

mised by a high level of phytate [21]. A recent study of vitamin D

status in Thai adults revealed relatively high mean serum

25(OH)D levels with the prevalence of insufficiency [serum

25(OH)D ,50 nmol/L] ranging from 3% in the Northeast to

14% in the Bangkok region [22]. Data are currently lacking on the

vitamin D status of Thai children. Given the emerging body of

evidence on the role of vitamin D in health throughout life, we

investigated the vitamin D status of a large sample of school-aged

children from northeast Thailand. The specific aims of this study

were to characterize circulating levels of serum 25(OH)D,

1,25(OH)2D and their determinants including PTH, age, sex,

height and body mass index (BMI). Moreover, we examined the

impact of age and BMI, and its interaction with sex, on serum

25(OH)D concentrations in these prepubertal children ranging in

age from six to 14 years.

Materials and Methods

Participants
The present study used endline data from a 31-wk randomized

controlled trial (RCT; ClinicalTrials.gov

ACTRN12605000341628) assessing the efficacy of a seasoning

powder fortified with iron, zinc, iodine and vitamin A for reducing

anemia and improving micronutrient status of northeast Thai

schoolchildren [23] [24]. The original study was conducted during

the school year between June 2002 and March 2003. The

participants (261 males, 268 females) were aged 6.0–14.0 y and

were randomly selected to participate in the trial from primary

schools situated in ten poorest rural subdistricts of the Trakarn

Phutphon district, Ubon Rachathani province (latitude 15uN). All

of the subdistricts were of low socioeconomic status. For the RCT,

children were stratified in each school into four strata: females

grades 1–3; males grades 1–3; females grades 4–6; males grades 4–

6. Fifteen children were selected randomly from each stratum

where possible and in strata with less than fifteen children, all

children were selected. To minimize clustering, only one child per

household was selected. Children were eligible for the study if they

were apparently healthy, and had a hemoglobin concentration

greater than 80 g/L. Of the 569 children enrolled in the original

study, 25(OH)D, 1,25(OH)2D and PTH data were available from

529, 523 and 518 children, respectively, at study endline. Endline

samples were collected during the summer season between the

months of February and March 2003 (i.e., dry season). The

Human Ethics Committee from the University of Otago (New

Zealand) and Mahidol University (Thailand) approved the study

protocol, and written informed consent was obtained from the

children’s parents or guardians.

Sociodemographic and anthropometric variables
A pretested sociodemographic and health status questionnaire

was administered to an adult member of each participating

household. Measurements of weight and standing height were

taken using standardized techniques by a trained anthropometrist.

Z-scores for height, weight and body mass index (BMI) were

calculated using the age- and sex-specific WHO Child Growth

Standards [25]. Stunted children were defined as those with

height-for-age z-score less than –2, and underweight and thinness

were defined as weight-for-age z-scores less than 22 and BMI-for-

age z-score less than 22, respectively.

Blood sample collection and biochemical assessment
Morning, nonfasting peripheral venipuncture blood samples

were drawn by trained nurses into trace element-free evacuated

tubes (Becton Dickinson, Franklin Lakes, NJ), centrifuged (2500 X

g, 10 min, room temperature) and serum was stored at 270uC.
Serum 25(OH)D2 and 25(OH)D3 were determined in-house

using isotope-dilution liquid chromatography-tandem mass spec-

trometry (API 3200 Applied Biosystems Inc.) according to the

method of Maunsell et al [26]. This method quantifies 25(OH)D2

and 25(OH)D3 including the 3-epimer form, which is not

separated from 25(OH)D3. The limit of quantification for the

assay was,5 nmol/L for both metabolites. The assay’s within-run

(5% or less) and between-day imprecision (10% or less) was

determined using the UTAK Tri-Level control material (UTAK

Laboratories, Inc. CA, USA). Traceability was confirmed directly

to National Institute of Standards & Technology (NIST) Standard

Reference Material (SRM) 972 level 1–4. Levels of serum 1,25-

dihydroxyvitamin D were measured by a 125I-based radioimmu-

noassay (IDS Immuno-Diagnostic Systems, Boldon, UK) with a

normal reference range of 48–150 pmol/L as stated by the

manufacturer. Lower limit of detection was 8 pmol/L with an

assay range of approximately 7–500 pmol/L. The within-run CVs

ranged from 6% to 25% and between-day CV (n= 9) was 16%.

Intact PTH was determined using an automated electrochemilu-

minescence immunoassay (Elecsys 1010, Roche Diagnostics).

Manufacturer controls (Elecsys Precision Bone 1, 2 and 3) were

analysed with each reagent kit. The mean (inter-assay CV, %,

n= 7) for the three controls were 55 (8.1%), 197 (1.2%) and 829.1

(1.6%) ng/L, respectively, and were within the range of results

provided by the manufacturer.

Statistical methods
Results for serum 25(OH)D, 1,25(OH)2D and PTH were

available for 529, 523 and 518 children, respectively. All available

data were used for each analysis (in some cases serum samples

were insufficient for assays and missing values were considered

missing completely at random). Descriptive statistics were used to

summarize the data. Initially, unadjusted linear regressions were

performed to assess associations between age, sex, and anthropo-

metric factors and circulating 25(OH)D, 1,25(OH)2D and PTH

concentrations. Adjusted linear regression analysis was subse-

quently performed to determine the independent contributions of

demographic, biochemical and anthropometric determinants of

circulating 25(OH)D and1,25(OH)2D concentrations. Interactions

between age and sex and between BMI and sex were investigated

and where 25(OH)D or 1,25(OH)2D were included in the model,

interactions were also tested between these and sex. Log-

transformations were investigated and used when the properties

of the model residuals were improved in terms of normality,

homoscedasticity, and linearity. Non-linearities were examined

including a quadratic term, which was retained when statistically

significant. Robust standard errors were used to account for

clustering within each of the ten schools. All analyses were

conducted using Stata 11.2 (StataCorp, College Station, TX,

USA) with a 2-sided 0.05 level of significance used in all cases.

Results

Demographic characteristics and selected anthropometric pa-

rameters of the participants are shown in Table 1. Of the

children with 25(OH)D available, the prevalence of stunting,

underweight and thinness were 10.2% (54 of 529), 17.4% (48 of

276) and 11.6% (61 of 528), respectively. No child was taking a

vitamin and mineral supplement.

Vitamin D and Children
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The distributions of serum 25(OH)D, 1,25(OH)2D, PTH values

were all positively skewed and so geometric means and standard

deviations are used to describe their distributions. One implausibly

low value for 1,25(OH)2D was excluded from analysis (13 pmol/

L). In the study sample as a whole, geometric mean (SD) serum

25(OH)D concentration was 72.7 (1.2) nmol/L, ranging from 36.1

to 127.0 nmol/L (Table 1). Only 21 (4%) participants had a

serum 25(OH)D level below 50 nmol/L (20 ng/mL), of whom 4

(1% of the total sample) participants had circulating 25(OH)D

concentrations below 40 nmol/L (16 ng/mL). The overall geo-

metric means (SD) for serum 1,25(OH)2D and PTH concentration

was 199.1 (1.3) pmol/L (range 66 to 481 pmol/L) and 35.0 (1.5)

ng/L (range 7.9 to 241 ng/L), respectively.

Table 2 presents the geometric mean (95% CI) serum

25(OH)D, 1,25(OH)2D, and PTH for the children by sex and

age groups. Regression analyses of the association between

potential determinants (sex, age height and BMI) and serum

25(OH)D and 1,25(OH)2D are presented in Table 3. Unadjusted

linear regression indicated that serum 25(OH)D was statistically

significantly positively associated with height and negatively

associated with age, with boys having a statistically significantly

higher serum 25(OH)D than females. In adjusted analyses, there

was statistically significant evidence for an interaction between sex

and age with regards to 25(OH)D concentrations. Specifically,

serum 25(OH)D concentrations were 19% higher in males at the

mean age (9.9 years). Furthermore, there was evidence of sex

differences in the association with age (P,0.001). We did not

observe a decline in 25(OH)D concentrations in male participants

with increasing age (P= 0.90), however, females experienced a

statistically significant 4% decline in serum 25(OH)D levels for

each increasing year of age (Figure 1).

Unadjusted linear regression indicated that serum 1,25(OH)2D

was statistically significantly positively associated with height-for-

age Z-score (Table 3). In contrast to 25(OH)D, boys had a

statistically lower serum 1,25(OH)2D than females. There was also

evidence of an n-shaped association with BMI, with 1,25(OH)2D

levels peaking around 19.9 pmol/L. All of the above relations

remained statistically significant in the adjusted model. For PTH,

females also appeared to have a statistically significantly higher

serum PTH in the unadjusted model, although this effect was

attenuated (approximately halved) in the adjusted model and was

no longer statistically significant (P = 0.10). As expected, serum

25(OH)D remained statistically significantly negatively associated

with serum PTH concentrations in the adjusted model and height

remained significantly positively associated with PTH. For every

one unit increase in height-for-age Z score, 1,25(OH)2D and PTH

concentrations increased by 7% and 8%, respectively. Stunting

(height-for-age Z-score,22 SD, n 54 children) was not associated

with either 1,25(OH)2D or PTH concentrations (data not shown).

Discussion

To our knowledge, this is the first study in Thailand to evaluate

differences in 25(OH)D status with age and to directly compare

boys with girls in a large sample of healthy school aged children.

Using cut-offs recommended by the U.S. Institute of Medicine

(IOM) [serum 25(OH)D ,50 nmol/L] [27], the present study

results indicate that only 4% of the children were vitamin D

deficient and PTH concentrations were within normal range. The

low prevalence of vitamin D deficiency in our data contradicts

recent findings demonstrating 30–52% prevalence of deficiency

among healthy school-aged children from different regions of the

country [28]. Several other studies in various clinical pediatric

groups including asthmatic and thalassemia Thai patients [29,30]

have also reported a high prevalence of vitamin D deficiency,

although these selected patient groups are known to be predis-

posed to the development of vitamin D deficiency. Potential

reasons for the discrepancy between our finding and the

substantially higher prevalence recently reported include differ-

ences in the analytical measurement employed. In our study,

serum 25(OH)D concentrations were measured using isotope

dilution LC-MS/MS, which tends to have higher sensitivity and

selectivity, and consequently often reports higher values over

Table 1. Selected characteristics of the study sample1.

Variable n

Age, y 529 9.961.7

5 to 8 y, % 91 17.5

8 to 10 y, % 181 33.5

10+ y, % 257 49.0

Girls, % 268 50.5

Menarche, % 5 2.0

Weight, kg 536 26.361.3

Height, cm 537 131.5610.4

BMI, kg/m 536 14.8 (2.2)

Weight-for-age z score2 279 21.3 (1.1)

Height-for-age z score 537 21.0 (1.2)

BMI-for-age z score 536 1.0 (1.2)

Serum 25-hydroxyvitamin D, nmol/L 529 72.761.2

Serum 1,25-dihydroxvitamin D, pmol/L 523 199.161.3

Parathyroid hormone, ng/L 518 35.061.5

1Values are geometric mean 6 geometric SD or median (IQR) unless specified. Note: Geometric SD is a factor, not a quantity. Powers of the geometric SD can be either
multiplied by (or divided into) the geometric mean to determine the set of values that lie n geometric SDs from the mean.
2WHO Reference 2007 does not provide weight-for-age charts beyond 10 years of age.
doi:10.1371/journal.pone.0104825.t001
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various automated assays [31,32]. However, it is unlikely to be the

only reason as geographical location could also contribute to

differences in vitamin D status. Data from the Thai National

Health Examination Survey demonstrated higher 25(OH)D levels

in adults in the northern than in southern regions of the country in

addition to lower vitamin D status among those residing in

Bangkok, where pollution was higher [22]. Children in the present

study were sampled from a single geographical region – the

northeast. Consistent with our findings, the prevalence of vitamin

D deficiency among Thai adults residing in the northeast region

was less than 3% and low serum 25(OH)D levels were associated

with being female with mean 25(OH)D levels being approximately

10 nmol/L higher in males [22].

The inverse association of serum 25(OH)D levels with age found

only among female participants may reflect reduced sun exposure,

however, no measurement of UVB exposure or time spent

outdoors was collected in our study. A 2010 survey of sun

protection behavior among adolescents in Bangkok demonstrated

that females had significantly higher adoption of sun protection

behavior compared to males including increase use of sunscreen,

staying under the shade and use of umbrellas [33].

Serum concentrations of 1,25(OH)2D in healthy populations

have not been well described. In the current study, 1,25(OH)2D

concentrations in our sample of Thai children (ranging from an

average of 190 and 210 pmol/L among males and females,

respectively) were approximately 50 pmol/L higher than those

reported in U.S. children [6,34,35]. Serum 1,25(OH)2D concen-

tration is regulated based on its need in calcium homeostasis [36].

A low dietary calcium intake markedly increases serum

1,25(OH)2D [37] and therefore, the differences in 1,25(OH)2D

concentrations may be due to the relatively low calcium intakes of

our children compared with those of Western counterparts. While

dietary intake data were not collected at study endline, baseline

median calcium intakes of a randomly selected subsample of our

study children (n = 230) were 222 mg/d, as reported previously

[20]. Moreover, we found no statistically significant differences in

reported calcium intakes between males and females at baseline

(regression adjusting for clustering and following log transforma-

tion, P=0.85; data not shown).

While there are no data evaluating serum 1,25(OH)2D levels in

younger population groups with characteristically low calcium

intakes, the higher concentration of 1,25(OH)2D observed in our

study was similar to those reported in rural Gambian women with

habitually low calcium intakes and sufficient vitamin D status [38].

It has been postulated that the compensatory increased production

of 1,25(OH)2D due to low calcium intakes increases the catabolism

of 25(OH)D [14–18]. We, however, found no overall relationship

between 25(OH)D and 1,25(OH)2D concentrations. This is not

unexpected as the circulating levels of 1,25(OH)2D are tightly

regulated by gene expression of 1-a-hydroxylase (CYP27B1) and

not by the concentration of 25(OH)D. Instead, concentrations of

1,25(OH)2D showed a positive association with serum PTH, which

is consistent with the well-known effect of PTH to upregulate

CYP27B1 and increase the conversion of 25(OH)D to

1,25(OH)2D in the kidneys [39]. Nonetheless, the existing high

serum 25(OH)D status of the study children limits the possibility of

indirectly detecting enhanced catabolism of serum 25(OH)D.

Additional studies in population groups with lower concentrations

of serum 25(OH)D and a direct measurement of 24,25-dihdrox-

yvitamin D [first metabolic product of 25(OH)D] are needed.

Female children in the current study had significantly higher

concentrations of 1,25(OH)2D than male children. Similar

findings of a sex difference in 1,25(OH)2D levels are supported

by two previous studies [6,34]; however, there is little information

available on the influence of gender on vitamin D and calcium

homeostasis in this life-cycle group. It has been reported that

estrogen replacement therapy increases plasma concentration of

1,25(OH)2D by stimulating renal 1,25(OH)2D production [40].

Although sexual maturation is associated with increasing levels of

sex steroids, pubertal staging of participants was not assessed. In

Thailand, the onset of puberty in girls has shifted toward a

younger age over the last 20 years, with the mean age at menarche

Figure 1. Relation between age in years and serum 25-hydroxyvitamin D (nmol/L) concentrations stratified by gender.
doi:10.1371/journal.pone.0104825.g001
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of 12.1 years [41]. In our study, puberty was likely not a significant

confounder as menarche had commenced in only 2% (5 of 262) of

the female participants studied with 1,25(OH)2D values available.

The significance of the n-shaped association between

1,25(OH)2D and BMI, where participants in the lowest and

highest BMI groups displayed lower 1,25(OH)2D concentrations,

is unclear and warrants further investigation over a wider range of

body mass indices. Very few children in our sample were

overweight (n = 17) or obese (n = 13). Several studies have reported

an inverse relationship between vitamin D status and childhood

body weight [42–45]; however we found no association between

25(OH)D and BMI.

The present data also suggest a positive association between

vitamin D metabolites and child height. Few studies have

investigated the relationship between vitamin D and linear bone

growth in healthy children. An observational study by Lund et al

reported a positive association between 1,25(OH)2D and growth

velocity in a group of children and adolescents ranging in age from

3 months to 19 years [46]. Currently, there is no simple

explanation for this finding; however, there is evidence that

suggests a role of the vitamin D endocrine system in regulating

growth of the skeleton [47–50]. There is also an interrelation

between vitamin D and insulin-like growth factor-1 (IGF-1), an

important regulator of skeletal growth and development, albeit the

relationship is complex [50,51]. Further studies are required to

confirm these findings and establish the mechanisms by which

these effects are induced.

Interestingly, while a strong negative association between serum

levels of 25(OH)D and PTH was demonstrated, PTH concentra-

tions were within a normal range despite possible low calcium

intakes. These results support a similar study in adults where

adequate vitamin D status ensured ideal PTH values even when

calcium intakes were moderately low [52]. The authors concluded

that vitamin D may have a calcium-sparing effect [52]. Although

the WHO recommends calcium intakes of 700 mg/d for children

7–9 years of age and 1300 mg/d for children 10–18 years [53], it

is increasingly recognized that calcium requirements may be lower

for Southeast Asian and East Asian populations [54,55]. A number

of dietary factors including phytate, sodium and animal protein,

are known to influence the bioavailability of calcium for

absorption and/or urinary calcium excretion. In the case of

vitamin D, it has been long recognized that vitamin D promotes

calcium absorption [56], however, the relation between vitamin D

status and intestinal calcium absorption in settings of habitual low

calcium intake has not been extensively studied.

This study has several notable strengths including the fairly

large sample size of healthy female and male children across a

wide age range. Nonetheless, our results are not necessarily

generalizable to other geographical regions or population groups.

These findings, however, emphasize the need for nationally

representative data to appropriately assess the magnitude of

vitamin D deficiency, particularly given that our study data are

over 10 years old and lifestyle characteristics may have changed

including sun exposure protection practices or levels of outdoor

activity. Moreover, dietary calcium intakes of participants were

not assessed at the time of blood sampling (i.e., study endline; only

determined at study baseline). As mentioned above, in order to

address the speculation that 25(OH)D concentrations are medi-

ated by the effects of 1,25(OH)2D, additional studies with careful

dietary assessment over a wider range of both calcium intakes and

vitamin D status are needed. In doing so, careful consideration

should also be given to the type of assay employed to measure

1,25(OH)2D as accurate measurement of this vitamin D metab-

olite is particularly difficult [57].
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In summary, our results suggest that vitamin D status was

sufficient in this group of Thai school children, although girls

experienced a decline in 25(OH)D levels with increasing age. This

association is possibly mediated by reduced sun exposure. Future

studies should employ measures to appropriately quantify sun

exposure and outdoor activity. In addition, this study is the first to

investigate the interrelationship between vitamin D metabolites in

a group of healthy children who typically have low calcium

intakes. While the increased concentration of 1,25(OH)2D may

reflect an adaptive mechanism to maximize calcium absorption,

more extensive studies are needed to define the ideal intake of

calcium in the presence of an ample supply of vitamin D.

Author Contributions

Conceived and designed the experiments: PW RSG LAH. Performed the

experiments: TP SG. Analyzed the data: ARG LAH. Contributed

reagents/materials/analysis tools: MJH. Contributed to the writing of

the manuscript: LAH.

References

1. Ryan LM, Teach SJ, Singer SA, Wood R, Freishtat R, et al. (2012) Bone

mineral density and vitamin D status among African American children with

forearm fractures. Pediatrics 130: e553–560.

2. Holick MF (2004) Vitamin D: importance in the prevention of cancers, type 1

diabetes, heart disease, and osteoporosis. Am J Clin Nutr 79: 362–371.

3. Shaw NJ, Mughal MZ (2013) Vitamin D and child health: part 2 (extraskeletal

and other aspects). Arch Dis Child 98: 368–372.

4. Al-Ghamdi MA, Lanham-New SA, Kahn JA (2012) Differences in vitamin D

status and calcium metabolism in Saudi Arabian boys and girls aged 6 to 18

years: effects of age, gender, extent of veiling and physical activity with

concomitant implications for bone health. Public Health Nutr 15: 1845–1853.

5. Razzaghy-Azar M, Shakiba M (2010) Assessment of vitamin D status in healthy

children and adolescents living in Tehran and its relation to iPTH, gender,

weight and height. Ann Hum Biol 37: 692–701.

6. Carpenter TO, Herreros F, Zhang JH, Ellis BK, Simpson C, et al. (2012)

Demographic, dietary, and biochemical determinants of vitamin D status in

inner-city children. Am J Clin Nutr 95: 137–146.

7. Weng FL, Shults J, Leonard MB, Stallings VA, Zemel BS (2007) Risk factors for

low serum 25-hydroxyvitamin D concentrations in otherwise healthy children

and adolescents. Am J Clin Nutr 86: 150–158.

8. Jang HB, Lee HJ, Park JY, Kang JH, Song J (2013) Association between serum

vitamin d and metabolic risk factors in korean schoolgirls. Osong Public Health

Res Perspect 4: 179–186.

9. Laillou A, Wieringa F, Tran TN, Van PT, Le BM, et al. (2013) Hypovitaminosis

D and mild hypocalcaemia are highly prevalent among young Vietnamese

children and women and related to low dietary intake. PLoS One 8: e63979.

10. Marwaha RK, Tandon N, Reddy DR, Aggarwal R, Singh R, et al. (2005)

Vitamin D and bone mineral density status of healthy schoolchildren in northern

India. Am J Clin Nutr 82: 477–482.

11. Khor GL, Chee WS, Shariff ZM, Poh BK, Arumugam M, et al. (2011) High

prevalence of vitamin D insufficiency and its association with BMI-for-age

among primary school children in Kuala Lumpur, Malaysia. BMC Public

Health 11: 95.

12. Neyestani TR, Hajifaraji M, Omidvar N, Eshraghian MR, Shariatzadeh N, et

al. (2012) High prevalence of vitamin D deficiency in school-age children in

Tehran, 2008: a red alert. Public Health Nutr 15: 324–330.

13. Kumar J, Muntner P, Kaskel FJ, Hailpern SM, Melamed ML (2009) Prevalence

and associations of 25-hydroxyvitamin D deficiency in US children: NHANES

2001–2004. Pediatrics 124: e362–70.

14. Clements MR, Johnson L, Fraser DR (1987) A new mechanism for induced

vitamin D deficiency in calcium deprivation. Nature 325: 62–65.

15. Halloran BP, Bikle DD, Levens MJ, Castro ME, Globus RK, et al. (1986)

Chronic 1,25-dihydroxyvitamin D3 administration in the rat reduces the serum

concentration of 25-hydroxyvitamin D by increasing metabolic clearance rate.

J Clin Invest 78: 622–628.

16. Davies M, Heys SE, Selby PL, Berry JL, Mawer EB (1997) Increased catabolism

of 25-hydroxyvitamin D in patients with partial gastrectomy and elevated 1,25-

dihydroxyvitamin D levels. Implications for metabolic bone disease. J Clin

Endocrinol Metab 82: 209–212.

17. Batchelor AJ, Compston JE (1983) Reduced plasma half-life of radio-labelled 25-

hydroxyvitamin D3 in subjects receiving a high-fibre diet. Br J Nutr 49: 213–

216.

18. Clements MR, Davies M, Hayes ME, Hickey CD, Lumb GA, et al. (1992) The

role of 1,25-dihydroxyvitamin D in the mechanism of acquired vitamin D

deficiency. Clin Endocrinol (Oxf) 37: 17–27.

19. Chusilp K, Somnasang P, Kirdpon W, Wongkham S, Sribonlue P, et al. (1992)

Observations on the development of stunting in children of the Khon Kaen

region of Thailand. Eur J Clin Nutr 46: 475–487.

20. Gibson RS, Manger MS, Krittaphol W, Pongcharoen T, Gowachirapant S, et

al. (2007) Does zinc deficiency play a role in stunting among primary school

children in NE Thailand? Br J Nutr 97: 167–175.

21. Heaney RP, Weaver CM, Fitzsimmons ML (1991) Soybean phytate content:

effect on calcium absorption. Am J Clin Nutr 53: 745–747.

22. Chailurkit LO, Aekplakorn W, Ongphiphadhanakul B (2011) Regional variation

and determinants of vitamin D status in sunshine-abundant Thailand. BMC

Public Health 11: 853.

23. Winichagoon P, McKenzie JE, Chavasit V, Pongcharoen T, Gowachirapant S,

et al. (2006) A multimicronutrient-fortified seasoning powder enhances the

hemoglobin, zinc, and iodine status of primary school children in North East
Thailand: a randomized controlled trial of efficacy. J Nutr 136: 1617–1623.

24. Manger MS, McKenzie JE, Winichagoon P, Gray A, Chavasit V, et al. (2008) A

micronutrient-fortified seasoning powder reduces morbidity and improves short-
term cognitive function, but has no effect on anthropometric measures in

primary school children in northeast Thailand: a randomized controlled trial.

Am J Clin Nutr 87: 1715–1722.

25. World Health Organization. The WHO Child Growth Standards. Growth
reference, 5–19 years Available: http://www.who.int/growthref/en/. Accessed

2014 Jul 21.

26. Maunsell Z, Wright DJ, Rainbow SJ (2005) Routine Isotope-Dilution Liquid
Chromatography-Tandem Mass Spectrometry Assay for Simultaneous Mea-

surement of the 25-Hydroxy Metabolites of Vitamins D2 and D3. Clin Chem
51: 1683–1690.

27. Institute of Medicine (2010) Food and Nutrition Board. Dietary reference intakes

for calcium and vitamin D.; Ross AC, Taylor CL, Yaktine AL, Del Valle HB,

editors. Washington D.C.: National Academy Press.

28. Rojroongwasinkul N, Kijboonchoo K, Wimonpeerapattana W, Purttiponthanee
S, Yamborisut U, et al. (2013) SEANUTS: the nutritional status and dietary

intakes of 0.5–12-year-old Thai children. Br J Nutr 110 Suppl 3: S36–44.

29. Krobtrakulchai W, Praikanahok J, Visitsunthorn N, Vichyanond P, Manonukul
K, et al. (2013) The effect of vitamin d status on pediatric asthma at a university

hospital, Thailand. Allergy Asthma Immunol Res 5: 289–294.

30. Nakavachara P, Viprakasit V (2013) Children with hemoglobin E/beta-

thalassemia have a high risk of being vitamin D deficient even if they get
abundant sun exposure: a study from Thailand. Pediatr Blood Cancer 60: 1683–

1688.

31. Schottker B, Jansen EH, Haug U, Schomburg L, Kohrle J, et al. (2012)
Standardization of misleading immunoassay based 25-hydroxyvitamin D levels

with liquid chromatography tandem-mass spectrometry in a large cohort study.

PLoS One 7: e48774.

32. Moon HW, Cho JH, Hur M, Song J, Oh GY, et al. (2012) Comparison of four
current 25-hydroxyvitamin D assays. Clin Biochem 45: 326–330.

33. Tempark T, Chatproedprai S, Wananukul S (2012) Attitudes, knowledge, and

behaviors of secondary school adolescents regarding protection from sun
exposure: a survey in Bangkok, Thailand. Photodermatol Photoimmunol

Photomed 28: 200–206.

34. Lewis RD, Laing EM, Hill Gallant KM, Hall DB, McCabe GP, et al. (2013) A
Randomized Trial of Vitamin D3 Supplementation in Children: Dose-Response

Effects on Vitamin D Metabolites and Calcium Absorption. J Clin Endocrinol

Metab.

35. Park CY, Hill KM, Elble AE, Martin BR, DiMeglio LA, et al. (2010) Daily
supplementation with 25 mug cholecalciferol does not increase calcium

absorption or skeletal retention in adolescent girls with low serum 25-
hydroxyvitamin D. J Nutr 140: 2139–2144.

36. Lips P (2006) Vitamin D physiology. Prog Biophys Mol Biol 92: 4–8.

37. Anderson PH, Iida S, Tyson JH, Turner AG, Morris HA (2010) Bone CYP27B1

gene expression is increased with high dietary calcium and in mineralising

osteoblasts. J Steroid Biochem Mol Biol 121: 71–75.

38. Aspray TJ, Yan L, Prentice A (2005) Parathyroid hormone and rates of bone
formation are raised in perimenopausal rural Gambian women. Bone 36: 710–

720.

39. Jones G, Strugnell SA, DeLuca HF (1998) Current understanding of the
molecular actions of vitamin D. Physiol Rev 78: 1193–1231.

40. van Hoof HJ, van der Mooren MJ, Swinkels LM, Rolland R, Benraad TJ (1994)

Hormone replacement therapy increases serum 1,25-dihydroxyvitamin D: A 2-

year prospective study. Calcif Tissue Int 55: 417–419.

41. Mahachoklertwattana P, Suthutvoravut U, Charoenkiatkul S, Chongviriyaphan
N, Rojroongwasinkul N, et al. (2002) Earlier onset of pubertal maturation in

Thai girls. J Med Assoc Thai 85 Suppl 4: S1127–1134.

42. Gordon CM, Feldman HA, Sinclair L, Williams AL, Kleinman PK, et al. (2008)
Prevalence of vitamin D deficiency among healthy infants and toddlers. Arch

Pediatr Adolesc Med 162: 505–512.

43. Harkness LS, Cromer BA (2005) Vitamin D deficiency in adolescent females.
J Adolesc Health 37: 75.

Vitamin D and Children

PLOS ONE | www.plosone.org 7 August 2014 | Volume 9 | Issue 8 | e104825



44. Rockell JE, Green TJ, Skeaff CM, Whiting SJ, Taylor RW, et al. (2005) Season

and ethnicity are determinants of serum 25-hydroxyvitamin D concentrations in
New Zealand children aged 5–14 y. J Nutr 135: 2602–2608.

45. Saintonge S, Bang H, Gerber LM (2009) Implications of a new definition of

vitamin D deficiency in a multiracial US adolescent population: the National
Health and Nutrition Examination Survey III. Pediatrics 123: 797–803.

46. Lund B, Clausen N, Lund B, Andersen E, Sorensen OH (1980) Age-dependent
variations in serum 1,25-dihydroxyvitamin D in childhood. Acta Endocrinol

(Copenh) 94: 426–429.

47. Suarez F, Zeghoud F, Rossignol C, Walrant O, Garabedian M (1997)
Association between vitamin D receptor gene polymorphism and sex-dependent

growth during the first two years of life. J Clin Endocrinol Metab 82: 2966–
2970.

48. Lorentzon M, Lorentzon R, Nordstrom P (2000) Vitamin D receptor gene
polymorphism is associated with birth height, growth to adolescence, and adult

stature in healthy caucasian men: a cross-sectional and longitudinal study. J Clin

Endocrinol Metab 85: 1666–1670.
49. van der Sluis IM, de Muinck Keizer-Schrama SM, Krenning EP, Pols HA,

Uitterlinden AG (2003) Vitamin D receptor gene polymorphism predicts height
and bone size, rather than bone density in children and young adults. Calcif

Tissue Int 73: 332–338.

50. d’Alesio A, Garabedian M, Sabatier JP, Guaydier-Souquieres G, Marcelli C, et
al. (2005) Two single-nucleotide polymorphisms in the human vitamin D

receptor promoter change protein-DNA complex formation and are associated

with height and vitamin D status in adolescent girls. Hum Mol Genet 14: 3539–

3548.

51. Ameri P, Giusti A, Boschetti M, Murialdo G, Minuto F, et al. (2013) Interactions

between vitamin D and IGF-I: from physiology to clinical practice. Clin

Endocrinol (Oxf) 79: 457–463.

52. Steingrimsdottir L, Gunnarsson O, Indridason OS, Franzson L, Sigurdsson G

(2005) Relationship between serum parathyroid hormone levels, vitamin D

sufficiency, and calcium intake. JAMA 294: 2336–2341.

53. World Health Organization and Food and Agriculture Organization of the

United Nations (2004) Calcium. Vitamin and mineral requirements in human

nutrition 2nd ed. Geneva, Switzerland: WHO Library.

54. Lee WT, Jiang J (2008) Calcium requirements for Asian children and

adolescents. Asia Pac J Clin Nutr 17 Suppl 1: 33–36.

55. Wu L, Martin BR, Braun MM, Wastney ME, McCabe GP, et al. (2010)

Calcium requirements and metabolism in Chinese-American boys and girls.

J Bone Miner Res 25: 1842–1849.

56. Telfer SV (1926) Studies in calcium and phosphorus metabolism. Quarterly

Journal of Medicine 20: 1–6.

57. Farrell CJ, Herrmann M (2013) Determination of vitamin D and its metabolites.

Best Pract Res Clin Endocrinol Metab 27: 675–688.

Vitamin D and Children

PLOS ONE | www.plosone.org 8 August 2014 | Volume 9 | Issue 8 | e104825


