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Abstract 1 

Background: This work was commissioned by the WHO and FAO to inform their update of 2 

the vitamin D requirements for children below 4 years old.  3 

Objective: The objective of this work was to undertake multi-level and multivariable dose-4 

response modelling of serum 25OHD to total vitamin D intake in children below 4 years of age 5 

and to derive updated vitamin D requirements for young children.  6 

Methods: Systematically identified randomized controlled trials among healthy children from 7 

2 weeks up to 3.9 years of age provided with daily vitamin D supplements or vitamin D-8 

fortified foods were included. Linear and non-linear random effects multi-level meta-9 

regression models with and without covariates were fitted and compared. Inter-individual 10 

variability was included by simulating the individual serum 25OHD responses. The percentage 11 

of individuals reaching set minimal and maximal serum 25OHD thresholds were calculated 12 

and used to derive vitamin D requirements.  13 

Results: A total of 31 trials with 186 data points, from North America, Europe, Asia and 14 

Australasia/Oceania, with latitudes ranging from 38°S to 61°N, and with participants of likely 15 

mostly light or medium skin pigmentation, were included; in 29 studies the children received 16 

vitamin D supplements and in two studies the children received vitamin D fortified milks with 17 

or without supplements. The dose-response relationship between vitamin D intake and serum 18 

25OHD was best fitted with the unadjusted quadratic model; adding additional covariates, such 19 

as age, did not significantly improve the model. At a vitamin D intake of 10 µg/d, 97.3% of the 20 

individuals were predicted to achieve a minimal serum 25OHD threshold of 28 nmol/L. At a 21 

vitamin D intake of 35 µg/d, 1.4% of the individuals predicted to reach a maximal serum 22 

25OHD threshold of 200 nmol/L.  23 
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Conclusions: In conclusion, this paper details the methodological steps taken to derive vitamin 24 

D requirements in children below 4 years of age, including the addition of an inter-individual 25 

variability component.  26 
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Statement of Significance: We undertook a multi-level and multivariable dose-response 27 

modelling of serum 25OHD to total vitamin D intake in children below 4 years of age, 28 

integrating inter-individual variability, with the goal of deriving updated vitamin D 29 

requirements in young children worldwide. We found that a vitamin D intake of 10 µg/d is 30 

recommended to ensure that more than 97% of the children maintained their serum 25OHD >28 31 

nmol/L and that a maximal vitamin D intake of 35 µg/d is recommended to avoid risks in 98% 32 

of the children. These findings can be used to update the vitamin D requirements in infants and 33 

young children below 4 years of age, with adjustment to local population and context.  34 

 35 

Keywords: Serum 25-hydroxyvitamin D; children; 25OHD; meta-regression; meta-analysis; 36 

vitamin D intake; nutrient requirements 37 
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Introduction 39 

In 2004, the World Health Organisation (WHO) and Food and Agriculture Organisation of the 40 

United Nations (FAO) published global nutrient intake requirements (1). Many countries adopt 41 

these estimates as part of their national dietary allowances and/or food standards, as well as a 42 

foundation to develop food-based dietary guidelines (2). Dietary recommendations to meet 43 

nutrient requirements are by their nature intended to be iterative, and their revision is usually 44 

based on an extended body of evidence (3). In keeping with this ethos, in 2019, the FAO-WHO 45 

decided to update their nutrient intake recommendations for infants and young children (0-3.9 46 

years) (4), and prioritizing, among other nutrients, vitamin D, in light of the new evidence that 47 

has emerged since 2004. 48 

The availability of a large body of new data around vitamin D has also been the stimulus for a 49 

number of other authorities to update their vitamin D recommendations in recent years (5–11). 50 

The approach followed by many of these authorities consisted of the undertaking of a sequence 51 

of independent systematic evidence-based reviews, followed by an appraisal of the evidence 52 

around the relationship of serum 25-hydroxyvitamin D (25OHD) and the determination of 53 

reference level of the critical indicator health outcome of nutrient adequacy, so as to derive 54 

population serum 25OHD targets, and these, in turn, are used to establish the recommended 55 

vitamin D intake, as overviewed elsewhere (3). To date, these vitamin D requirement exercises 56 

have had a regional focus, either North America (5), Europe-wide (7), the UK (9), or the Nordic 57 

region (6), and in conditions of minimal UVB sunlight.  58 

In an effort to provide global vitamin D requirements, the FAO-WHO has decided to update 59 

their vitamin D intake requirements with evidence from all regions of the world and 60 

irrespective of sunlight exposure. Accounting for sunlight exposure when setting vitamin D 61 

intake requirements is very challenging for a number of reasons, not least because often it is 62 

not possible to quantify the contribution sunlight exposure makes to serum 25OHD 63 
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concentrations within the general population (9). A number of systematic reviews were 64 

commissioned to enable this update. One review highlighted serum 25OHD as a useful 65 

biomarker for vitamin D status in young children (12). Two reviews on breast milk vitamin D 66 

content (13) and breast milk intake volume (14) provided new intake exposure data. Another 67 

review proposed a definition of serum 25OHD threshold for the minimization of nutritional 68 

rickets in young children (15). An additional review provided a summary of the evidence 69 

around vitamin D intake, 25OHD status and health outcomes in young children, but included 70 

only a cursory analysis of the vitamin D dose-response relationship (16).  71 

The objective of this work was to undertake detailed, multi-level and multivariable modelling 72 

of the response of serum 25OHD to total vitamin D intake in children below 4 years of age 73 

including inter-individual variability, in order to derive updated vitamin D requirements for 74 

young children. 75 

Methods 76 

Eligibility criteria 77 

The study inclusion and exclusion criteria are summarized in Table 1. Studies with healthy 78 

children below 4 years of age were included, whereas those of children with diseases (e.g., 79 

rickets) and certain conditions (such as prematurity, low birth weight) were excluded. Studies 80 

with daily vitamin D supplementation or vitamin D-fortified foods were included, whereas 81 

those with weekly, monthly or single (bolus) vitamin D dose(s) were excluded. Study arms in 82 

which lactating mothers received up to 12.5 µg/d vitamin D supplements were included as well 83 

as studies with supplementation of other nutrients (e.g. calcium) concomitantly as long as the 84 

effect of vitamin D could be isolated. Only the data points from 2 weeks of age onwards were 85 

included, as vitamin D status during the first 2 weeks of life was considered more reflective of 86 

the mother’s vitamin D intake rather than of the infants’. Studies with a minimum follow-up 87 
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of 2 weeks were included, as this was considered to be the minimum duration required for the 88 

vitamin D intervention to have an effect on serum 25OHD. 89 

Study selection 90 

Studies from a previous systematic review (16) were used as a starting point for collection of 91 

the vitamin D intake-status modelling in the present work. In brief, the latter review 92 

(PROSPERO registration number: CRD42020198843) searched online databases (Medline, 93 

Embase and Cochrane Central) from inception up to June 2020 and a total of 51 vitamin D 94 

randomized controlled trials (RCTs) were identified (16). These RCTs were screened again 95 

according to a refined set of eligibility criteria (see Table 1), which had been more tailored to 96 

this vitamin D requirement modelling exercise. The control groups within eligible RCTs could 97 

consist of a placebo, no vitamin D addition, or low dose vitamin D supplementation (versus a 98 

higher dose).  99 

In addition, vitamin D guidelines and reviews from other authoritative bodies (5,7,9,17–19) 100 

were reviewed and studies not previously identified were screened against the same eligibility 101 

criteria and if eligible, included. 102 

Data extraction 103 

Only aggregated data were available, with the achieved serum 25OHD [nmol/L] and the 104 

vitamin intake [µg/d] both expressed as continuous variables (study arm group means). The 105 

data from the eligible RCTs (n= 26) in the original review (16), which were extracted by one 106 

investigator and spot-checked by a second investigator, were additionally verified, edited and 107 

extra information added (e.g. adding missing data points, intermediate timepoints and values 108 

reported only in figures using PlotDigitizer (plotdigitizer.sourceforge.net)). Data from newly 109 

identified studies (n=5) were also extracted by one reviewer and all of this newly extracted data 110 

was checked by another reviewer. The age of the infants was defined as their age at the 111 

corresponding time of the measurement. Data from baseline, intermediate and final timepoints, 112 
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at ages below 4 years, were extracted (Note: Within-study correlation among time-points and 113 

dose groups was accounted in the model). Standard errors which could not be derived from 114 

standard deviations, confidence intervals (CI), interquartile ranges or ranges, were imputed 115 

with the weighted mean standard error of all the included studies (20).  116 

Total vitamin D intake was calculated as the sum of vitamin D intake from the background diet 117 

and the vitamin D intake from the supplements or fortified food interventions. Vitamin D intake 118 

from the background diet was extracted from the papers, whenever reported, or requested of 119 

the study authors by e-mail where not presented;  in cases where the data was not presented 120 

nor provided by authors, it was imputed using single imputation method with data from 121 

nationally representative samples from the same country, cognate studies (i.e. same country, 122 

age, year, and feeding type), or the Global Dietary Database (GDD) 123 

(www.globaldietarydatabase.org), under the assumption that the surrogate data are sufficiently 124 

similar to the study population in terms of characteristics relevant for the dietary consumption 125 

(e.g. age, feeding type). For exclusively breastfed infants aged 0-6 months, vitamin D intakes 126 

provided by breast milk were estimated using the FAO-WHO-commissioned systematic 127 

reviews (13,14).  128 

Risk of bias assessment 129 

The quality of the included studies were assessed with the Cochrane Risk of Bias Tool 2.0 (21). 130 

The overall strength of the evidence was assessed with Grades of Recommendation, 131 

Assessment, Development, and Evaluation (GRADE) approach (22). 132 

Data modelling 133 

Under the assumption that the causal relationship between vitamin D intake and risk of rickets 134 

or other adverse effects was exclusively mediated by 25OHD with no other direct relationships, 135 

a model was established integrating a number of components (illustrated in Figure 1). Based 136 

on this model, the daily total vitamin D intake that will maintain serum 25OHD concentrations 137 
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above or below target 25OHD thresholds in a stated percentage of individuals as is the 138 

convention with nutrient requirement recommendations (3) was estimated. Data analyses were 139 

conducted with R (v 3.6.3) and RAnalyticFlow (v 3.1.8) using the package metafor. 140 

Unadjusted random effects multi-level meta-regression models 141 

The relationship between doses of total vitamin D intake and study mean levels of serum 142 

25OHD was fit using the collection of RCT data from included studies (Figure 1A). Random 143 

effects multi-level meta-regression models with study, study arm and time of measurements 144 

included as nested random factors to reflect the hierarchical structure in the data were used 145 

(Figure 1B). A continuous-time autoregressive structure was assumed for the variance under 146 

the assumption that measurements closer in time have a stronger correlation and data are not 147 

equally spaced in time. Different shapes were tested including linear, quadratic, cubic, 148 

logarithmic and 3 knots restricted cubic spline (23). The best fitting model was selected based 149 

on Akaike Information Criterion (AIC), the significance of the parameters for the dose and 150 

additional considerations related to the biological explicability of the model. The model was 151 

used to predict the mean of the serum 25OHD at different levels of vitamin intake, its 95% 152 

confidence interval (95%CI) and prediction interval (95%PI) (24).  153 

Adjusted random effects multi-level meta-regression models 154 

The impact of inclusion of potential covariates in the vitamin D intake-status relationship was 155 

tested with adjusted models, using backward and forward stepwise selection approaches. The 156 

infants’ age, baseline 25OHD, region, country income category (according to 2020 United 157 

Nations classification), 25OHD assay, season, skin pigmentation, and latitude were considered 158 

as possible modifiers. In the absence of more appropriate data on exposure to UVB, and in 159 

order to crudely cluster participants based differences in the potential for the synthesis of 160 

vitamin D in skin, a cutaneous synthesis score with latitude and season was computed (high: 161 

≤40°N/S or >40°N/S in Summer or Autumn, or low: >40° N/S in Winter or Spring). Sensitivity 162 
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analyses were conducted excluding where study authors categorized their participants as 163 

‘vitamin D deficient’ at baseline (only one study mentioned including children with vitamin D 164 

deficiency, which was defined in that study as having a serum 25OHD concentration <50 165 

nmol/L (25)), imputed background vitamin D intake, no external standards for vitamin D assay, 166 

use of vitamin D2 supplements, non-exclusively breastfed infants aged 0-6 months, infants 167 

below 6 months, and follow-up of only two weeks.  168 

Target serum 25OHD thresholds for derivation of INL98 and UL intake recommendations 169 

Target serum 25OHD thresholds, as they relate to FAO-WHO’s Individual Nutrient Level 98 170 

(INL98) and upper level (UL) reference intakes (26), were used for the present modelling 171 

(Figure 1C). The INL98 is intended to estimate the total vitamin D intake needed to maintain 172 

97.5% of individuals over a stated serum 25OHD threshold concentration (26) and was derived 173 

from the serum 25OHD threshold of 28 nmol/L for children aged 0-3 years (15). The UL is 174 

intended to estimate the total vitamin D intake which is judged to be unlikely to lead to serum 175 

25OHD concentrations associated with adverse health effects in young children and was 176 

derived from the serum 25OHD threshold of 200 nmol/L. This threshold was identified (as a 177 

NOAEL, no observed adverse effect level) by the FAO/WHO expert group on nutrient 178 

requirements based on a systematic review of studies investigating the association between 179 

serum 25OHD and vitamin D supplementation and adverse effects, especially hypercalcemia 180 

and hypercalciuria ; full details of which will be available in the FAO/WHO report (personal 181 

communication from Dr. Jason Montez, WHO). 182 

Integration of inter-individual variability in the modelling 183 

As the model was only able to predict the mean group-level serum 25OHD response, the 184 

individual-level response was simulated by adding another layer to the model. The meta-185 

regressive dose-response models on aggregate data described in the previous section provides 186 

predicted group-mean, 95%CI and 95%PI values of serum 25OHD. None of these estimators 187 
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are indicative of the serum 25OHD level achieved by an individual, as befitting the INL98 and 188 

UL definition. In order to simulate individual-level responses, the inter-individual variability 189 

was built in the model, based on a method developed by EFSA (see Section 3.5.2.4 of the EFSA 190 

vitamin D UL opinion (27)).  191 

The inter-individual variability distribution of serum 25OHD was simulated based on the 192 

studies included in the meta-regression model as well as based on individual data collected on 193 

standardised serum 25OHD concentrations in young children (28). The inter-individual 194 

distribution was considered being left-truncated normal (minimum 0) (28), with coefficient of 195 

variation (CV) of 0.34 (weighted mean CV of the studies included) and 0.10 right-skewness 196 

(28) (Figure 1D) under the assumption that the shape and skewness observed in the individual 197 

data study was representative of the studies in the meta-regression. For each level of vitamin 198 

D intake between 1 and 60 µg/d, 100,000 random samples of individual serum 25OHD 199 

responses were generated using Markov Chain Monte Carlo algorithm (29), with the first 200 

10,000 simulations discarded (burn-in step). The mean of each inter-individual distribution at 201 

each vitamin D intake level was set as the predicted mean 25OHD from the best-fitting meta-202 

regression dose-response model for deriving the INL98 and the upper bound of the 95% CI for 203 

deriving the UL. Based on the simulated individual values, the percentage of individuals 204 

reaching a serum 25OHD of 28 nmol/L (for INL98) and of 200 nmol/L (for UL) was calculated. 205 

Sensitivity analyses were performed assuming a non-skewed distribution, a CV of 0.40, as well 206 

as thresholds other than 28 and 200 nmol/L (i.e. 20, 25, 30, 35, 50 and 150, 180, 190, 210, 220, 207 

250) and using as the mean of the inter-individual distribution, the 95%CI and 95%PI bounds 208 

in addition to the predicted study mean. 209 

Results 210 

Characteristics of the studies 211 
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A total of 31 studies of children aged two weeks to 3.9 years were included for the present 212 

modelling work (25,30–58), of which 26 were already identified in the original systematic 213 

review (16) and 5 from other guidelines or reviews (see Figure 2). The characteristics of the 214 

included studies are shown in Table 2. The mean age of the children within the studies was 6 215 

months, with most of the studies (N=28) initiated in children below 6 months of age. The total 216 

duration of the trials ranged from 4 weeks to 24 months, with some trials providing 217 

intermediate measurements after a minimum 2 weeks since the start of the intervention. Total 218 

vitamin D intakes ranged from 0.6 to 57 µg/day (median of 11 µg/d; mean of 15 µg/d), 219 

including supplemental vitamin D ranging from 0 to 50 µg/d. The supplemental vitamin D 220 

forms used were vitamin D3 in 20 studies, vitamin D2 in 3 studies, both vitamers (i.e. vitamin 221 

D2 compared to vitamin D3) in 2 studies, and unspecified in 6 studies. Of the 31 RCTs, 29 used 222 

vitamin D supplements only and two used either breast milk from mothers who were 223 

supplemented or vitamin D supplements plus or minus vitamin D-fortified infant formula. The 224 

included studies were conducted in North America (N=11), Europe (N=9), Asia (N=8), and 225 

Australasia/Oceania (N=3), with latitudes ranging from 38°S to 61°N. No studies were 226 

identified from Africa or South America. The measures in the studies were taken across 227 

multiple seasons for 47% of the data points, in Winter for 8%, in Spring for 8%, in Summer 228 

for 6%, in Autumn for 4%, and season was not reported for 26% of the data points.  In terms 229 

of skin pigmentation, 45% of the studies were conducted in mixed skin types, 13% in light skin 230 

types, while data on skin pigmentation was not reported in 42% (but were probably a majority 231 

of light or medium skin pigmentation).  The method of serum 25OHD measurement were 232 

enzyme immunoassay (EIA)/Chemiluminescence (10 studies), competitive protein binding 233 

assays (9 studies), radioimmunoassays (6 studies), liquid chromatography tandem mass 234 

spectrometry (LC-MS/MS)  (3 studies), high performance liquid chromatography (HPLC) (2 235 
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studies), and not reported in one study.  Only 6 of the 31 included trials participated in an 236 

external quality assessment scheme for serum 25OHD measurement. 237 

The detailed risk of bias assessments and strength of evidence assessed by GRADE  are shown 238 

in Supplementary Figure 1 and Supplementary Tables 1 and 2. The overall risk of bias was 239 

low in 6 studies, some concerns in 12 studies and high in 13 studies. The risk of bias was most 240 

often high due to deviations from the intended intervention, e.g. participants and/or personnel 241 

were aware of the intervention received (15 studies) or because of inappropriate analysis used 242 

to estimate the effect of assignment to intervention (15 studies). The overall strength of 243 

evidence was considered low, due to the risk of bias in the included studies, the paucity of 244 

standardized 25OHD measurements and studies in darker skin individuals, as well as the high 245 

heterogeneity between the studies, which covariates (such as latitude, season and skin 246 

pigmentation) could not explain significantly.  247 

Unadjusted multi-level meta-regression modelling: the total vitamin D intake – serum 248 

25OHD dose-response relationship 249 

The best fit (i.e. the lowest AIC) was obtained with the cubic model. However, the cubic term 250 

was not significant. The second best fitting model was the quadratic model, which was selected 251 

for the further analyses, also because of its biological plausibility (the increase of 25OHD by 252 

vitamin D unit dose is larger at low intakes of vitamin D and lower at higher intake levels – see 253 

Figure 3). The log model showed the highest AIC. An overview of the models tested and their 254 

results are shown in Supplementary Table 3. 255 

The possibility of fitting different models separately the overall age group of 0-3.9 years into 256 

infants and young children age was also explored. However, age was not significant when 257 

included as continuous variable in the model. In addition, when meta-regressions were 258 

conducted for different age categories individually (i.e. <6 months, 6-11.9 months, 0-11.9 259 

months, and 0.5-3.9 years), model parameter estimates were very similar within the vitamin D 260 
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intake range of 10-45 µg/d. At the lowest and highest intakes, the age categories models 261 

diverged, due to the lack of data points (see Supplementary Figure 2). 262 

The main quadratic model on 0-3.9 year old children was also run with data from 10 additional 263 

studies of children aged 4 to 9 years (59–68) to investigate whether adding supplementary 264 

evidence could improve the model at a potential expense of increasing the uncertainty in terms 265 

of reflecting the true relationship in the target population (0-3.9 years children). However, 266 

inclusion of these addition studies did not significantly change the shape of the model. The 267 

final model selected was the quadratic unadjusted model for children 0-3.9 years of age shown 268 

in Figure 3.   269 

Inclusion of different covariates and their combinations (infant age, baseline 25OHD, region, 270 

country income category, 25OHD assay, season, skin pigmentation, and latitude) did not 271 

improve the model fit significantly or explained a significant part of the heterogeneity.  272 

Inter-individual variability component: the full integrated model for INL98 and UL 273 

The predicted percentage of young children reaching the serum 25OHD thresholds of 28 274 

nmol/L and 200 nmol/L, associated with INL98 and UL respectively, at selected vitamin D 275 

intakes are shown in Table 3 and Figure 4. The predicted percentage of individuals achieving 276 

the INL98-associated serum 25OHD threshold of 28 nmol/L ranged from 97.3% at 10 µg/d 277 

vitamin D intake to 99.1% at 60 µg/d. The predicted percentage of individuals exceeding the 278 

UL-associated serum 25OHD threshold of 200 nmol/L ranged from 0% at 10 µg/d vitamin D 279 

intake to 3.7% at 60 µg/d.  280 

The findings of sensitivity analyses are shown in Supplementary Tables 4-6. The differences 281 

with the main analysis are limited except for the cases when using the 95%PI bounds as mean 282 

of the inter-individual distribution. However, this approach was considered over-conservative 283 

and not reliable for the setting vitamin D INL98 and UL and the model results overall 284 

considered robust. 285 
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Discussion 286 

This paper presents the results from a novel multi-level and multivariable modelling of the 287 

response of serum 25OHD to total vitamin D intake in children aged below 4 years, including 288 

an inter-individual variability component. Our findings suggest that a vitamin D intake of 10 289 

µg/day is required to maintain serum 25OHD concentrations in the vast majority (97.3%) of 290 

the young children over 28 nmol/L (i.e. threshold associated with minimised risk of rickets), 291 

corresponding to an INL98. From a safety perspective, the present analyses suggests that 292 

vitamin D intakes below 35 µg/day would keep serum 25OHD concentrations in almost all 293 

young children (98.6%) below 200 nmol/L, as the upper threshold associated with the UL for 294 

this age-group. 295 

The vitamin D requirement estimates arising from this work differ partly from previous 296 

recommendations (see Supplementary Table 7), due to differences in the body of evidence 297 

used, the thresholds selected, the analyses conducted, and the type of recommendations 298 

derived. Compared to the 2004 WHO vitamin D recommendation (5 µg/day) for infants and 299 

young children (1), these new estimates, arising from the current modelling for the FAO-WHO 300 

update exercise, represent a more data-driven derivation of the vitamin D dietary requirement. 301 

While the serum 25OHD targets in the present analyses (of 28 nmol/L) and that of the 2004 302 

recommendations (27 nmol/L) were extremely close, the former stem from a systematic review 303 

and individual participant data meta-analysis (15), whereas the latter was based on the 304 

prevailing view of the level necessary to ensure normal bone health as well as being the lower 305 

limit of the normal range (1). The present analyses used meta-regressive modelling to relate 306 

vitamin D intake to serum 25OHD, which also included an inter-individual variability 307 

component allowing for the estimation of the intake required to maintain serum 25OHD >28 308 

nmol/L in 97.3% of young children. In contrast, the 2004 WHO recommendations relied on a 309 

more simplified approach that involved the estimation of the mean group dietary intake of 310 
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vitamin D required to maintain the plasma 25OHD levels above 27 nmol/L (1). In this method, 311 

the dietary intake of vitamin D for each population group was rounded to the nearest 50 IU 312 

(1.25 µg) and then doubled to cover the needs of all individuals within that group, irrespective 313 

of sunlight exposure. Notably, in the case of infants and young children the mean intakes were 314 

based on only a few studies overall. The 2004 WHO report on nutrient requirements did not 315 

establish a UL for vitamin D but noted that the adverse effects of high vitamin D intakes - 316 

hypercalciuria and hypercalcaemia - did not occur at the recommended intake levels proposed 317 

in the report (1).  318 

The present INL98 vitamin D estimate cannot be directly compared with the international 319 

vitamin D reference values from IOM for North America (5) or EFSA for Europe (7). The 320 

modelling approach underpinning all three sets of vitamin D requirement estimates differed in 321 

various aspects, especially in relation to serum 25OHD thresholds (28 versus 40 and/or 50 322 

nmol/L), use or non-use of covariates, and with respect to eligible RCT data - use or non-use 323 

of restrictions in relation to latitude (>40 or 49.5oN), winter-time only RCTs, ethnicity of RCT 324 

participants, amongst other differences (5,7). The present INL98 vitamin D estimates for 325 

children aged 0-3.9 years stemmed from the multi-level and multivariable modelling, which 326 

included inter-individual variability simulations, whereas the estimates from IOM and EFSA’s 327 

modelling were restricted to children aged 1 year and older; for infants both agencies set their 328 

vitamin D recommendations based on two vitamin D supplementation trials in breastfed babies 329 

(5,7). In addition, while the derivation of the UL for vitamin D was not based on meta-330 

regression modelling in the case of the IOM reference values, it was in the case of EFSA’s UL 331 

for infants up to 1 year of age. EFSA fitted a meta-regression dose-response model and adjusted 332 

for baseline 25OHD, integrating an inter-individual variability component, to predict the 333 

percentage of infants with serum 25OHD above 200 nmol/L at different vitamin D intakes, to 334 

establish an UL (27). The method used by EFSA to add this inter-individual variability 335 
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component in the model was taken and adapted for the present analysis, not only to derive a 336 

UL, but also an INL98. 337 

The present work had a number of weaknesses. Firstly, many of the included studies had 338 

evidence of high bias and the certainty of the evidence was considered low. Evidence of high 339 

bias amongst the collection of RCTs used in vitamin D requirement derivation was also noted 340 

by EFSA in their exercise (7). Secondly, vitamin D intake from the general diet, which was 341 

added to vitamin D provided by the supplements or fortified foods to calculate the total vitamin 342 

D intake, had to be imputed from other sources for several studies. While this need to impute 343 

data on dietary intake is a limitation, it is one outweighed by the benefit for accounting for 344 

dietary supply of vitamin D from background diet to the estimate of total vitamin D intake.  345 

Thirdly, the analysis did not have estimates of vitamin D cutaneous synthesis and relied instead 346 

on indirect measures of potential UVB availability, such as latitude and season. However, even 347 

using these two proxies of cutaneous vitamin D synthesis did not provide major additional 348 

insight into the role of sunlight exposure when setting vitamin D intake requirements, similar 349 

to the experience of EFSA (7). While skin pigmentation is also an important factor that can 350 

affect cutaneous vitamin D synthesis, this was explored but could not be informatively included 351 

in the score calculations, since 42% of studies did not report (but were probably a majority of 352 

light or medium skin pigmentation), 45% were reported as mixed,13% reported as light skin 353 

type, and none reported dark skin type only. The majority of the studies were conducted in 354 

countries where the predominant racial group is white. This is an inherent limitation of the data 355 

rather than of the analysis. Nevertheless, this limitation should be a consideration as agencies 356 

make local context adjustments to these new estimates. In this regard, one cautious 357 

interpretation of the present vitamin D intake estimates is that they are most protective of those 358 

young children not synthesizing vitamin D in the skin. In addition, this analysis did not include 359 

premature and low birthweight infants, which can represent a significant portion of the infant 360 
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population, and which should be considered when interpreting our findings. Moreover, 361 

method-related differences in the measurements of serum 25OHD (69) were likely to have 362 

contributed additional variability to modelling of the vitamin D intake and serum 25OHD dose-363 

response in the present work, as it has for other vitamin D recommendations from competent 364 

authorities (5–9). Standardization protocols exist to harmonize existing serum 25OHD data, 365 

but these are for observational-type studies (70), and for RCTs it would mean re-analysis of 366 

serum 25OHD samples using a certified LC-MS/MS method (71), which was beyond the scope 367 

of the present exercise. However, the data used to inform the inter-individual variability within 368 

the modelling was based on standardized 25OHD data. This data nonetheless were still a 369 

surrogate for empirical variability data from the 31 included RCTs which were not available.  370 

In the absence of availability of individual data from the RCTs, the inter-individual variability 371 

distribution shape and skewness was derived from one study and applied to the entire range of 372 

25(OH)D predicted mean and corresponding vitamin intake. Although this approach represents 373 

a limitation since not based on real distributions observed in the studies, to our knowledge no 374 

better methods are available at the moment and frequently the issue of inter-individual 375 

variability is ignored. Another weakness is that the data was extracted by a single reviewer and 376 

not 2 independent reviewers, however the risk of errors was minimized by the thorough 377 

verification by a second reviewer. Lastly, while the literature search covered the period from 378 

inception to June 2020, it will have missed additional studies which would be likely illegible 379 

for inclusion in the modelling (72,73). This was outside the control of the present authors, as 380 

allocated resources within the exercise was such that the present work begun some after the 381 

original review (16) was completed.  Furthermore, the collection of eligible RCTs in the present 382 

work is a major advancement over that collected in previous vitamin D intake requirement 383 

exercises. 384 
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The present work also has some important strengths which included the use of data coming 385 

from various steps within the overall risk assessment framework which either framed or 386 

facilitated the present modelling. This included, for example, evidence around the robustness 387 

of using 25OHD, the definition of serum 25OHD threshold for the minimization of nutritional 388 

rickets in young children (15), and key new exposure data from two systematic reviews on 389 

breast milk vitamin D content and breast milk intake volume (13,14). The vitamin D RCT data 390 

was also identified to a large extent from an independently commissioned systematic review 391 

and which was further refined in terms of use for the present modelling. The modelling used in 392 

the present work was comprehensive and goes beyond that of previous vitamin D requirement 393 

exercises, especially by including evidence from the entire globe and by its incorporation of 394 

inter-individual variability component.  395 

This review also highlights a number of key research gaps which should be addressed going 396 

forward, more precisely the lack of published data from Africa and South America, the limited 397 

data available for children aged 1 to 3.9 years compared to up to 1 year of age, and further 398 

investigation of the role of ethnicity, sun exposure, as well as prematurity and low birthweight 399 

on dietary vitamin D intake estimates.   400 

In conclusion, the present analysis provided new global estimates of vitamin D intake 401 

requirements (INL98 and UL) for children below 4 years of age. These new estimates can be 402 

used by countries across the globe once appropriate, local context adjustments (such as 403 

contribution to vitamin D status from sun exposure) are made to suit the intended population. 404 

  405 

Jo
urn

al 
Pre-

pro
of



 20 

Acknowledgements: We would like to sincerely thank the FAO/WHO expert group on 406 

nutrient requirements for children aged 0–3 years for their valuable inputs, the team from Tufts 407 

University, led by Prof Mei Chung, who conducted the original systematic review, for sharing 408 

their data, and Dr Jason Montez, Scientist at WHO, and Maria Xipsiti, Nutrition Officer at 409 

FAO, for supporting this work.   410 

Author contributions: KC and MRL screened the studies. MRL collected and extracted the 411 

data and KC verified them. LM and MRL conducted the analyses. KC, LM and MRL wrote 412 

the manuscript. All authors have read and approved the final manuscript 413 

Data Availability:  The data underlying this article will be shared on reasonable request to the 414 

corresponding author. 415 

 416 

Funding: MRL received financial support from the World Health Organization to conduct this 417 

work as an independent consultant. The European Food Safety Authority covered the open 418 

access publication fee. 419 

 420 

Author Disclosures: The authors declare no competing interests. LM was an independent 421 

consultant on statistical issues with no financial support from WHO. The consultancy was 422 

performed on personal capacity. LM is employed with the European Food Safety Authority 423 

(EFSA). However, the positions and opinions presented in this article are those of the author 424 

alone and does not represent the views of EFSA. KC was part of the FAO/WHO expert group. 425 

The individuals in the FAO/WHO expert group were required to declare a lack of conflict of 426 

interests.   427 

Jo
urn

al 
Pre-

pro
of



 21 

References 

 1.  World Health Organization (WHO), Food and Agricultural Organization (FAO). Vitamin and 428 

mineral requirements in human nutrition. Second edition. 2004. 341 p.  429 

2.  The WHO Establishing global nutrient requirements [Internet]. [cited 2023 Nov 16]. Available 430 

from: https://www.who.int/activities/establishing-global-nutrient-requirements 431 

3.  Cashman KD, Kiely M. Recommended dietary intakes for vitamin D: where do they come from, 432 

what do they achieve and how can we meet them? J Human Nutrition Diet 2014;27:434–42.  433 

4.  FAO/WHO nutrient requirements for children aged 0–36 months. [cited 2022 Sep 20]. Available 434 

from: https://www.who.int/groups/fao-who-nutrient-requirements-for-children-aged-0-36-435 

months 436 

5.  Ross AC, Institute of Medicine (U. S.), editors. Dietary reference intakes: calcium, vitamin D. 437 

Washington, DC: National Academies Press; 2011. 536 p.  438 

6.  Nordic Council of Ministers NC of M. Nordic Nutrition Recommendations 2012. Integrating 439 

nutrition and physical activity 2008;5:1–3.  440 

7.  EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Dietary reference values for 441 

vitamin D. EFSA Journal [Internet] 2016 [cited 2021 Sep 27];14. Available from: 442 

https://data.europa.eu/doi/10.2903/j.efsa.2016.4547 443 

8.  Munns CF, Shaw N, Kiely M, Specker BL, Thacher TD, Ozono K, Michigami T, Tiosano D, Mughal 444 

MZ, Mäkitie O, et al. Global Consensus Recommendations on Prevention and Management of 445 

Nutritional Rickets. J Clin Endocrinol Metab 2016;101:394–415.  446 

9.  Scientific Advisory Committee on Nutrition (SACN). Vitamin D and Health [Internet]. 2016. 447 

Available from: https://www.gov.uk/government/publications/sacn-vitamin-d-and-health-448 

report 449 

10.  Nutrient reference values for Australia and New Zealand: including recommended dietary 450 

intakes. Canberra, A.C.T.], [Wellington, N.Z.: National Health and Medical Research Council ; 451 

Ministry of Health; 2006.  452 

11.  From Indian Academy of Pediatrics ‘Guideline for Vitamin D and Calcium in Children’ 453 

Committee., Khadilkar A, Khadilkar V, Chinnappa J, Rathi N, Khadgawat R, Balasubramanian S, 454 

Parekh B, Jog P. Prevention and Treatment of Vitamin D and Calcium Deficiency in Children and 455 

Adolescents: Indian Academy of Pediatrics (IAP) Guidelines. Indian Pediatr 2017;54:567–73.  456 

12.  Cashman KD, Ritz C, Carlin A, Kennedy M. Vitamin D biomarkers for Dietary Reference Intake 457 

development in children: a systematic review and meta-analysis. Am J Clin Nutr 2022;115:544–458 

58.  459 

13.  Rios-Leyvraz M, Yao Q. Calcium, zinc, and vitamin D in breast milk: a systematic review and 460 

meta-analysis. Int Breastfeed J 2023;18:27.  461 

14.  Rios-Leyvraz M, Yao Q. The volume of breast milk intake in infants and young children: a 462 

systematic review and meta-analysis. Breastfeed Med 2023;18:188–97.  463 

Jo
urn

al 
Pre-

pro
of



 22 

15.  Rios-Leyvraz M, Thacher TD, Dabas A, Elsedfy H, Baroncelli GI, Cashman KD. Serum 25-464 

hydroxyvitamin D threshold and risk of rickets in young children: a systematic review and 465 

individual participant data meta-analysis to inform the development of dietary requirements for 466 

vitamin D. Eur J Nutr 2024;  467 

16.  Beauchesne AR, Cara KC, Krobath DM, Penkert LP, Shertukde SP, Cahoon DS, Prado B, Li R, Yao 468 

Q, Huang J, et al. Vitamin D intakes and health outcomes in infants and preschool children: 469 

Summary of an evidence report. Ann Med 2022;54:2278–301.  470 

17.  Cranney A, Horsley T, O’Donnell S, Weiler H, Puil L, Ooi D, Atkinson S, Ward L, Moher D, 471 

Hanley D, et al. Effectiveness and safety of vitamin D in relation to bone health. Evid Rep Technol 472 

Assess (Full Rep) 2007;1–235.  473 

18.  Chung M, Balk EM, Brendel M, Ip S, Lau J, Lee J, Lichtenstein A, Patel K, Raman G, Tatsioni A, et 474 

al. Vitamin D and calcium: a systematic review of health outcomes. Evid Rep Technol Assess (Full 475 

Rep) 2009;1–420.  476 

19.  Newberry SJ, Chung M, Shekelle PG, Booth MS, Liu JL, Maher AR, Motala A, Cui M, Perry T, 477 

Shanman R, et al. Vitamin D and Calcium: A Systematic Review of Health Outcomes (Update). 478 

Evid Rep Technol Assess (Full Rep) 2014;1–929.  479 

20.  Higgins J, Green S. Cochrane handbook for systematic reviews of interventions [Internet]. The 480 

Cochrane Collaboration; 2019. Available from: http://www.handbook.cochrane.org 481 

21.  Sterne JAC, Savović J, Page MJ, Elbers RG, Blencowe NS, Boutron I, Cates CJ, Cheng H-Y, Corbett 482 

MS, Eldridge SM, et al. RoB 2: a revised tool for assessing risk of bias in randomised trials. BMJ 483 

2019;l4898.  484 

22.  GRADE Working Group. Handbook for grading the quality of evidence and the strength of 485 

recommendations using the GRADE approach. 2011.  486 

23.  Desquilbet L, Mariotti F. Dose‐response analyses using restricted cubic spline functions in public 487 

health research. Statistics in Medicine 2010;29:1037–57.  488 

24.  Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. Prediction intervals. In: John Wiley & Sons 489 

L, editor. Introduction to Meta-Analysis. Chichester, UK; 2009. p. 127–33.  490 

25.  Gordon CM, Williams AL, Feldman HA, May J, Sinclair L, Vasquez A, Cox JE. Treatment of 491 

Hypovitaminosis D in Infants and Toddlers. J Clin Endocrinol Metab 2008;93:2716–21.  492 

26.  FAO-WHO Codex Nutrient Reference Values [Internet]. 2023. Available from: 493 

https://www.fao.org/3/ca6969en/CA6969EN.pdf 494 

27.  EFSA Panel on Dietetic Products, Nutrition and Allergies (EFSA NDA Panel), Turck D, Bresson 495 

J, Burlingame B, Dean T, Fairweather‐Tait S, Heinonen M, Hirsch‐Ernst KI, Mangelsdorf I, 496 

McArdle HJ, et al. Update of the tolerable upper intake level for vitamin D for infants. EFS2 497 

[Internet] 2018 [cited 2023 Oct 15];16. Available from: 498 

https://data.europa.eu/doi/10.2903/j.efsa.2018.5365 499 

28.  Cashman KD, Dowling KG, Škrabáková Z, Gonzalez-Gross M, Valtueña J, De Henauw S, Moreno 500 

L, Damsgaard CT, Michaelsen KF, Mølgaard C, et al. Vitamin D deficiency in Europe: pandemic? 501 

Am J Clin Nutr 2016;103:1033–44.  502 

Jo
urn

al 
Pre-

pro
of



 23 

29.  Brooks S. Markov chain Monte Carlo method and its application. J Royal Statistical Soc D 503 

1998;47:69–100.  504 

30.  Aglipay M, Birken CS, Parkin PC, Loeb MB, Thorpe K, Chen Y, Laupacis A, Mamdani M, 505 

Macarthur C, Hoch JS, et al. Effect of High-Dose vs Standard-Dose Wintertime Vitamin D 506 

Supplementation on Viral Upper Respiratory Tract Infections in Young Healthy Children. JAMA 507 

2017;318:245.  508 

31.  Ala-Houhala M. 25-Hydroxyvitamin D levels during breast-feeding with or without maternal or 509 

infantile supplementation of vitamin D. J Pediatr Gastroenterol Nutr 1985;4:220–6.  510 

32.  Ala-Houhala M, Koskinen T, Terho A, Koivula T, Visakorpi J. Maternal compared with infant 511 

vitamin D supplementation. Arch Dis Child 1986;61:1159–63.  512 

33.  Alonso A, Rodríguez J, Carvajal I, Prieto ML, Rodríguez RM, Pérez AM, Cepeda A, Nuño F, 513 

Santos F. Prophylactic vitamin D in healthy infants: assessing the need. Metabolism 2011;60:1719–514 

25.  515 

34.  Atas E, Karademır F, Ersen A, Meral C, Aydınoz S, Suleymanoglu S, Gultepe M, Gocmen İ. 516 

Comparison between daily supplementation doses of 200 versus 400 IU of vitamin D in infants. 517 

Eur J Pediatr 2013;172:1039–42.  518 

35.  Chan GM. Human milk calcium and phosphate levels of mothers delivering term and preterm 519 

infants. J Pediatr Gastroenterol Nutr 1982;1:201–5.  520 

36.  Chandy DD, Kare J, Singh SN, Agarwal A, Das V, Singh U, Ramesh V, Bhatia V. Effect of vitamin 521 

D supplementation, directly or via breast milk for term infants, on serum 25 hydroxyvitamin D 522 

and related biochemistry, and propensity to infection: a randomised placebo-controlled trial. Br J 523 

Nutr 2016;116:52–8.  524 

37.  Enlund-Cerullo M, Koljonen L, Holmlund-Suila E, Hauta-alus H, Rosendahl J,D2 or D3 525 

 Valkama S, Helve O, Hytinantti T, Viljakainen H, Andersson S, et al. Genetic Variation of the Vitamin 526 

D Binding Protein Affects Vitamin D Status and Response to Supplementation in Infants. J Clin 527 

Endocrinol Metab 2019;104:5483–98.  528 

38.  Gallo S, Phan A, Vanstone CA, Rodd C, Weiler HA. The Change in Plasma 25-Hydroxyvitamin 529 

D Did Not Differ between Breast-Fed Infants That Received a Daily Supplement of Ergocalciferol 530 

or Cholecalciferol for 3 Months. J Nutr 2013;143:148–53.  531 

39.  Gallo S, Comeau K, Vanstone C, Agellon S, Sharma A, Jones G, L’Abbé M, Khamessan A, Rodd 532 

C, Weiler H. Effect of different dosages of oral vitamin D supplementation on vitamin D status in 533 

healthy, breastfed infants: a randomized trial. JAMA 2013;309:1785–92.  534 

40.  Grant CC, Stewart AW, Scragg R, Milne T, Rowden J, Ekeroma A, Wall C, Mitchell EA, Crengle 535 

S, Trenholme A, et al. Vitamin D During Pregnancy and Infancy and Infant Serum 25-536 

Hydroxyvitamin D Concentration. Pediatrics 2014;133:e143–53.  537 

41.  Greer FR, Searcy JE, Levin RS, Steichen JJ, Steichen-Asche PS, Tsang RC. Bone mineral content 538 

and serum 25-hydroxyvitamin D concentrations in breast-fed infants with and without 539 

supplemental vitamin D: one-year follow-up. J Pediatr 1982;100:919–22.  540 

Jo
urn

al 
Pre-

pro
of



 24 

42.  Hollis BW, Wagner CL, Howard CR, Ebeling M, Shary JR, Smith PG, Taylor SN, Morella K, 541 

Lawrence RA, Hulsey TC. Maternal Versus Infant Vitamin D Supplementation During Lactation: 542 

A Randomized Controlled Trial. Pediatrics 2015;136:625–34.  543 

43.  Holst-Gemeiner D, Gemeiner M, Pilz I, Swoboda W. Plasmaspiegel des 25-544 

Hydroxycholecalciferols nach Tages- und „Stoßprophylaxe" mit Vitamin D: Eine 545 

Vergleichsstudie. Wien Klin Wochenschr 1978;90:509–12.  546 

44.  Huynh J, Lu T, Liew D, Doery JC, Tudball R, Jona M, Bhamjee R, Rodda CP. Vitamin D in 547 

newborns. A randomised controlled trial comparing daily and single oral bolus vitamin D in 548 

infants. J Paediatrics Child Health 2017;53:163–9.  549 

45.  Kunz C, Lilienfeld-Toal H v, Niesen M, Burmesiter W. 25-Hydroxy-Vitamin-D mi Serum von 550 

Neugeborenen und Säuglingen unter kontinuierlicher oraler Vitamin-D-Prophylaxe*. Padiatr 551 

Padol 1982;17:181–5.  552 

46.  Madar AA, Klepp K-I, Meyer HE. Effect of free vitamin D(2) drops on serum 25-hydroxyvitamin 553 

D in infants with immigrant origin: a cluster randomized controlled trial. Eur J Clin Nutr 554 

2009;63:478–84.  555 

47.  Pehlivan I, Hatun S, Aydoğan M, Babaoğlu K, Gökalp AS. Maternal vitamin D deficiency and 556 

vitamin D supplementation in healthy infants. Turk J Pediatr 2003;45:315–20.  557 

48.  Pittard WB, Geddes KM, Hulsey TC, Hollis BW. How much vitamin D for neonates? Am J Dis 558 

Child 1991;145:1147–9.  559 

49.  Ponnapakkam T, Bradford E, Gensure R. A Treatment Trial of Vitamin D Supplementation in 560 

Breast-fed Infants: Universal Supplementation Is Not Necessary for Rickets Prevention in 561 

Southern Louisiana. Clin Pediatr (Phila) 2010;49:1053–60.  562 

50.  Rueter K, Jones AP, Siafarikas A, Lim E-M, Bear N, Noakes PS, Prescott SL, Palmer DJ. Direct 563 

infant UV light exposure is associated with eczema and immune development. J Allergy Clin 564 

Immunol 2019;143:1012-1020.e2.  565 

51.  Shakiba M, Sadr S, Nefei Z, Mozaffari-Khosravi H, Lotfi MH, Bemanian MH. Combination of 566 

bolus dose vitamin D with routine vaccination in infants: a randomised trial. Singapore Med J 567 

2010;51:440–5.  568 

52.  Siafarikas A, Piazena H, Feister U, Bulsara MK, Meffert H, Hesse V. Randomised controlled trial 569 

analysing supplementation with 250 versus 500 units of vitamin D3, sun exposure and 570 

surrounding factors in breastfed infants. Arch Dis Child 2011;96:91–5.  571 

53.  Singh DN, Krishnamurthy S, Kamalanathan SK, Harichandrakumar KT, Sivamurukan P. Three-572 

monthly bolus vitamin D supplements (1000 vs 400 IU/day) for prevention of bone loss in children 573 

with difficult-to-treat nephrotic syndrome: a randomised  clinical trial. Paediatr Int Child Health 574 

England; 2018;38:251–60.  575 

54.  Specker BL, Ho ML, Oestreich A, Yin TA, Shui QM, Chen XC, Tsang RC. Prospective study of 576 

vitamin D supplementation and rickets in China. J Pediatr 1992;120:733–9.  577 

55.  Vervel C, Zeghoud F, Boutignon H, Tjani JC, Walrant-Debray O, Garabédian M. [Fortified milk 578 

and supplements of oral vitamin D. Comparison of the effect of two doses of vitamin D (500 and 579 

1,000 UI/d) during the first trimester of life]. Arch Pediatr 1997;4:126–32.  580 

Jo
urn

al 
Pre-

pro
of



 25 

56.  Wagner CL, Hulsey TC, Fanning D, Ebeling M, Hollis BW. High-dose vitamin D3 581 

supplementation in a cohort of breastfeeding mothers and their infants: a 6-month follow-up pilot 582 

study. Breastfeed Med 2006;1:59–70.  583 

57.  Zhou J, Du J, Huang L, Wang Y, Shi Y, Lin H. Preventive Effects of Vitamin D on Seasonal 584 

Influenza A in Infants: A Multicenter, Randomized, Open, Controlled Clinical Trial. Pediatric 585 

Infectious Disease Journal 2018;37:749–54.  586 

58.  Ziegler EE, Nelson SE, Jeter JM. Vitamin D supplementation of breastfed infants: a randomized 587 

dose–response trial. Pediatr Res 2014;76:177–83.  588 

59.  Abrams SA, Hawthorne KM, Chen Z. Supplementation with 1000 IU vitamin D/d leads to 589 

parathyroid hormone suppression, but not increased fractional calcium absorption, in 4–8-y-old 590 

children: a double-blind randomized controlled trial. The American Journal of Clinical Nutrition 591 

2013;97:217–23.  592 

60.  Ala-Houhala M, Koskinen T, Koskinen M, Visakorpi JK. Double blind study on the need for 593 

vitamin D supplementation in prepubertal children. Acta Paediatr Scand Sweden; 1988;77:89–93.  594 

61.  Brett NR, Lavery P, Agellon S, Vanstone CA, Maguire JL, Rauch F, Weiler HA. Dietary vitamin D 595 

dose-response in healthy children 2 to 8 y of age: a 12-wk randomized controlled trial using 596 

fortified foods. Am J Clin Nutr 2016;103:144–52.  597 

62.  Brett NR, Parks CA, Lavery P, Agellon S, Vanstone CA, Kaufmann M, Jones G, Maguire JL, Rauch 598 

F, Weiler HA. Vitamin D status and functional health outcomes in children aged 2–8 y: a 6-mo 599 

vitamin D randomized controlled trial. Am J Clin Nutr 2018;107:355–64.  600 

63.  Economos CD, Moore CE, Hyatt RR, Kuder J, Chen T, Meydani SN, Meydani M, Klein E, 601 

Biancuzzo RM, Holick MF. Multinutrient-Fortified Juices Improve Vitamin D and Vitamin E 602 

Status in Children: A Randomized Controlled Trial. Journal of the Academy of Nutrition and 603 

Dietetics 2014;114:709–17.  604 

64.  Marwaha RK, Mithal A, Bhari N, Sethuraman G, Gupta S, Shukla M, Narang A, Chadda A, Gupta 605 

N, Sreenivas V, et al. Supplementation with Three Different Daily Doses of Vitamin D3 in Healthy 606 

Pre-pubertal School Girls: A Cluster Randomized Trial. Indian Pediatr 2018;55:951–6.  607 

65.  Mortensen C, Damsgaard CT, Hauger H, Ritz C, Lanham-New SA, Smith TJ, Hennessy Á, 608 

Dowling K, Cashman KD, Kiely M, et al. Estimation of the dietary requirement for vitamin D in 609 

white children aged 4–8 y: a randomized, controlled, dose-response trial. Am J Clin Nutr 610 

2016;104:1310–7.  611 

66.  Öhlund I, Lind T, Hernell O, Silfverdal S-A, Karlsland Åkeson P. Increased vitamin D intake 612 

differentiated according to skin color is needed to meet requirements in young Swedish children 613 

during winter: a double-blind randomized clinical trial. Am J Clin Nutr 2017;106:105–12.  614 

67.  Stellinga-Boelen AAM, Wiegersma PA, Storm H, Bijleveld CMA, Verkade HJ. Vitamin D levels in 615 

children of asylum seekers in The Netherlands in relation to season and dietary intake. Eur J 616 

Pediatr 2007;166:201–6.  617 

68.  Talaat IM, Kamal NM, Alghamdi HA, Alharthi AA, Alshahrani MA. A randomized clinical trial 618 

comparing 3 different replacement regimens of vitamin D in clinically asymptomatic pediatrics 619 

and adolescents with vitamin D insufficiency. Ital J Pediatr 2016;42:106.  620 

Jo
urn

al 
Pre-

pro
of



 26 

69.  Sempos CT, Vesper HW, Phinney KW, Thienpont LM, Coates PM, Vitamin D Standardization 621 

Program (VDSP). Vitamin D status as an international issue: national surveys and the problem of 622 

standardization. Scand J Clin Lab Invest Suppl 2012;243:32–40.  623 

70.  Durazo-Arvizu RA, Tian L, Brooks SPJ, Sarafin K, Cashman KD, Kiely M, Merkel J, Myers GL, 624 

Coates PM, Sempos CT. The Vitamin D Standardization Program (VDSP) Manual for 625 

Retrospective Laboratory Standardization of Serum 25-Hydroxyvitamin D Data. J AOAC Int 626 

2017;100:1234–43.  627 

71.  Swart KM, Lips P, Brouwer IA, Jorde R, Heymans MW, Grimnes G, Grübler MR, Gaksch M, 628 

Tomaschitz A, Pilz S, et al. Effects of vitamin D supplementation on markers for cardiovascular 629 

disease and type 2 diabetes: an individual participant data meta-analysis of randomized 630 

controlled trials. Am J Clin Nutr 2018;107:1043–53.  631 

72.  Tuovinen S, Räikkönen K, Holmlund-Suila E, Hauta-Alus H, Helve O, Rosendahl J, Enlund-632 

Cerullo M, Kajantie E, Valkama S, Viljakainen H, et al. Effect of High-Dose vs Standard-Dose 633 

Vitamin D Supplementation on Neurodevelopment of Healthy Term Infants: A Randomized 634 

Clinical Trial. JAMA Netw Open 2021;4:e2124493.  635 

73.  Hauta-Alus HH, Holmlund-Suila EM, Kajantie E, Rosendahl J, Valkama SM, Enlund-Cerullo M, 636 

Andersson S, Mäkitie O. The Effects of Vitamin D Supplementation During Infancy on Growth 637 

During the First 2 Years of Life. J Clin Endocrinol Metab 2021;106:e1140–55.  638 

74.  Ala-Houhala M, Koskinen T, Parviainen MT, Visakorpi JK. 25-Hydroxyvitamin D and vitamin D 639 

in human milk: effects of supplementation and season. Am J Clin Nutr 1988;48:1057–60.  640 

75.  Tur Mari JA, Alonso Lebrero E, Martinez Caballero MA, Ros Berruezo G. Report of the Scientific 641 

Committee of the Spanish Agency for Consumer Affairs, Food Safety and Nutrition (AECOSAN) 642 

in relation to vitamin D supplementation in the diet of children aged 0 to 3 years. 2015 p. 133–50. 643 

Report No.: 22.  644 

76.  Rosendahl J, Valkama S, Holmlund-Suila E, Enlund-Cerullo M, Hauta-alus H, Helve O, 645 

Hytinantti T, Levälahti E, Kajantie E, Viljakainen H, et al. Effect of Higher vs Standard Dosage of 646 

Vitamin D 3 Supplementation on Bone Strength and Infection in Healthy Infants: A Randomized 647 

Clinical Trial. JAMA Pediatr 2018;172:646.  648 

77.  Eldridge AL, Catellier DJ, Hampton JC, Dwyer JT, Bailey RL. Trends in Mean Nutrient Intakes of 649 

US Infants, Toddlers, and Young Children from 3 Feeding Infants and Toddlers Studies (FITS). 650 

The Journal of Nutrition 2019;149:1230–7.  651 

 

 

  

Jo
urn

al 
Pre-

pro
of



 27 

Figure legends 
 

Figure 1. Illustration of the steps used to model total vitamin D intake and serum 25OHD 

and to derive vitamin D requirements. Included RCTs provided aggregated data with total 

vitamin D intake and achieved study mean serum 25OHD (A). The relationship between 

vitamin D intake and serum 25OHD was modelled with a random effects multi-level meta-

regression dose-response models (B). The impact of inclusion of potential covariates that could 

play the role of modifiers of this vitamin D intake-status relationship was tested with adjusted 

models. A target serum 25OHD threshold of 28 nmol/L was used as the basis of derivation of 

the INL98 for children aged 0-3 years, whereas an upper threshold of 200 nmol/L was used as 

the basis of derivation of the UL for children aged 0-3.9 years (C). Inter-individual variability 

of the response of serum 25OHD at different vitamin D intake levels were simulated (D). The 

modelling approach was used to estimate the vitamin D intake needed to maintain 98% of 

individuals over a stated serum 25OHD threshold concentration (INL98) and the vitamin D 

intake, which is judged to be unlikely to lead to serum 25OHD concentrations associated with 

adverse health (UL) (E). 

 

Figure 2. Study selection flowchart 

 

Figure 3. Relationship between total vitamin D intake [µg/d] and serum 25OHD [nmol/L] 

on 0 to 3.9 year old children fitted with unadjusted quadratic multi-level meta-regression. 

Black round dots represent the observed study arm means (N=186 data points). Blue line 

represents the mean response, the light blue fill represents the 95% confidence interval, and the 

light grey fill represents the 95% prediction interval.  

Figure 4. Inter-individual variability distribution at vitamin D intake of 10 and 35 

µg/day. Both inter-individual distributions were simulated with left-truncated normal, CV of 

0.34, and 0.10 right-skewness. The inter-individual distribution at vitamin D intake of 10 

µg/d, simulated using the mean predicted response from the unadjusted quadratic multi-level 

meta-regression (blue distribution), illustrates that nearly 98% of the individuals would 

achieve a serum 25OHD of 28 nmol/L, providing a basis for setting the INL98. The inter-

individual distribution at vitamin D intake of 35 µg/d, simulated with the upper bound 95% 

CI of the predicted response from the unadjusted quadratic multi-level meta-regression (red 

distribution), illustrates that less than 2% of the individuals would achieve a serum 25OHD of 

200 nmol/L or above, providing a basis for setting the UL. Dotted blue line represents the 

lower threshold of 28 nmol/L used to derive the INL98. Dotted red line represents the upper 

threshold of 200 nmol/L used to derive the UL. Black round dots represent the observed 

study arm means. Solid black line represents the predicted mean response, the dark grey fill 

represents the 95% confidence interval, and the light grey fill represents the 95% prediction 

interval. 
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Tables 

 

Table 1. Eligibility criteria for randomized controlled trials to contribute data for vitamin D 

intake requirement modelling  

 

 Inclusion Exclusion 

Participants 

Healthy children (included 

children with vitamin D 

deficiency) from 2 weeks of age up 

to 3 years (extended to 9 years to 

make sure sufficient data was 

available, as a sensitivity analysis) 

Children with diseases (e.g. rickets) 

and conditions (very preterm and 

low birth weight) 

Intervention 

Daily vitamin D supplements or 

fortified foods, with a follow-up of 

minimum 2 weeks 

Weekly, monthly, single dose 

vitamin D supplements or injections 

Comparator Low or zero vitamin D comparator 

Invalid comparator (e.g. meat) or 

unable to isolate effect of vitamin D 

(e.g. with calcium in all groups) 

Other 
Maternal vitamin D 

supplementation ≤12.5 µg/day 

Maternal vitamin D 

supplementation >12.5 µg/day 
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Table 2. Overview of included randomized controlled trials contributing data for vitamin D intake requirement modelling  

First 

author 

date 

(Reference

) 

Country 

Mean age 

(range) at 

baseline  

Interventio

n 

description

(dose) a 

Follow-up 

Adherence/

Complianc

eb 

Vitamin D 

intake 

estimation 

25OHD 

assay 

Sun 

exposure 

Skin 

pigmentati

on 

Aglipay 

2017 (30) 
Canada 

2.7 years 

(1-5 years) 

Daily child 

vitamin D3 

supplement

ation (10 or 

50 µg/d) 

4 months 
100% and 

98%  

Estimated 

from study 

in similar 

population 

(61) 

Protein-

binding 

assay 

Low (43°N; 

Trial during 

winter; 35-

60 min 

unstructure

d free play 

outdoors 

per week at 

baseline) 

Multiple 

(Fitzpatrick 

skin type 

13% I, 31% 

II, 33% III, 

11% IV, 

6% V, 4% 

VI) 

Ala-

Houhala 

1985 (31) 

Finland Birth 

Daily child 

vitamin D 

supplement

ation (10 or 

25 µg/d) 

8, 20 weeks NR 

Estimated 

from breast 

milk 

concentrati

on (74) and 

intake (14) 

Competitiv

e protein 

binding 

assay 

Variable 

(61°N; 

groups in 

winter and 

summer) 

Light 

(largely fair 

skin color) 

Ala-

Houhala 

1986 (32) 

Finland Birth 

Daily child 

vitamin D3 

supplement

ation (0 or 

10 µg/d) for 

15 weeks 

8, 15 weeks NR 

Estimated 

from breast 

milk 

concentrati

on (74) and 

intake (14) 

Competitiv

e protein 

binding 

assay 

Low (61°N; 

recruited in 

January) 

Light 

(largely fair 

skin color) 

Alonso 

2011 (33) 
Spain 1 month 

Daily child 

vitamin D3 

supplement

3, 6, 12 

months 

Excluded 

non-

compliant 

Estimated 

from study 

in similar 

EIA/Chemil

uminescenc

e 

Variable 

(43°N; 

recruited 

over 1 year; 

Light/Medi

um 

(excluded 

dark skin 
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ation (0 or 

10 µg/d) 

population 

(75) 

excluded 

children 

with 

sunlight 

exclusion) 

pigmentatio

n) 

Atas 2013 

(34) 
Turkey 15 days 

Daily child 

vitamin D3 

supplement

ation (5 or 

10 µg/d) 

4 months 

Excluded 

infants lost 

to follow-

up and 

improper 

vitamin D 

supplement

ation 

Estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

HPLC 

Variable 

(40.6°N; 

recruited 

over 1 year) 

Probably 

medium 

(Middle 

East) 

Chan 1982 

(35) 
USA 2 weeks 

Human 

milk with 

daily 

maternal 

supplement

ation 

(vitamin D 

10 µg/d and 

calcium 250 

mg/d) or 

human milk 

with daily 

child 

vitamin D 

supplement

ation (10 

µg/d) or 

vitamin D 

fortified 

2, 4, 6 

months 
NR 

Reported in 

study and 

estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

Competitiv

e protein 

binding 

assay 

Probably 

low 

(40.8°N; no 

seasonal 

variation 

was found 

in the 

study) 

Light 

(Caucasian) 
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formula 

(vitamin D 

10 µg /L, 

calcium 

0.51 mg/dL 

and 

phosphorus 

0.39 

mg/dL) 

Chandy 

2016 (36) 
India 2-4 days 

Daily child 

vitamin D3 

supplement

ation (0 or 

10 µg/d) 

3.5 months 94% 

Estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

RIA kits 

Probably 

significant 

(26°N; 

mothers 

were 

instructed 

to give 

baby 

massage 

under the 

sun 15 min 

per day) 

Probably 

medium 

(India) 

Enlund-

Cerullo 

2019 (37) 

Finland 2 weeks 

Daily child 

vitamin D3 

supplement

ation (10 or 

30 µg/d) 

12, 24 

months 

89% and 

87%  

Estimated 

from study 

in similar 

population 

(76) 

EIA/Chemil

uminescenc

e c 

Probably 

variable 

(60.1°N; 

recruited 

over several 

times of the 

year) 

Probably 

light 

(mothers of 

Northern 

European 

origin) 

Gallo 

2013a (38) 
Canada 1 month 

Daily child 

vitamin D2 

or D3 

supplement

3 months 89% 

Estimated 

from study 

in similar 

LC-MS/MS 
c, d 

Probably 

variable 

(45.5°N; 

recruited 

Multiple 

(67% self-

identified as 

White, Skin 
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ation (10 

µg/d) 

population 

(39) 

over more 

than 1 year; 

58% infants 

born during 

vitamin D-

synthesizin

g period 

April-

October) 

color based 

on ITA: 

10% very 

fair, 46% 

fair, 35% 

medium, 

6% olive, 

4% dark) 

Gallo 

2013b (39) 
Canada 1 month 

Daily child 

vitamin D3 

supplement

ation (10, 

20, 30 or 40 

µg/d) for 12 

months 

1, 2, 5, 8, 

11 months 
84-93%  

Reported in 

study 

LC-MS/MS 
c, d 

Probably 

variable 

(45.5°N; 

recruited 

over more 

than 1 year; 

60% infants 

born during 

vitamin D-

synthesizin

g period 

April-

October; 

Sun 

exposure 

did not 

differ 

between 

groups but 

infant sun 

index 

increased 

from 7 at 1 

Multiple 

(84%  

White) Jo
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mo to 71 at 

9 mo old) 

Gordon 

2008 (25) 
USA 

10 months 

(8-24 

months) 

Daily child 

vitamin D2 

or D3 

supplement

ation 

(vitamin D2 

50 µg/d or 

vitamin D3 

50 µg/d, 

both groups 

received 

calcium 50 

mg/kg/d) 

6 weeks NR 

Estimated 

from study 

in similar 

population 

(77) 

EIA/Chemil

uminescenc

e 

Probably 

variable 

(42°N; 

recruited 

over the 

year) 

Multiple 

(skin 

pigmentatio

n 1 

(heaviest) 

62%, 2 

27%, 3 4%, 

4 (lightest) 

8%) 

Grant 2014 

(40) 

New 

Zealand 
Birth 

Daily child 

vitamin D3 

supplement

ation 

(placebo 0 

µg/d) for 6 

months 

2, 4, 6 

months 
78-90% 

Estimated 

from study 

in similar 

population 

(39) 

LC-MS/MS 
c 

Probably 

variable 

(36°S; 

recruited at 

all times of 

the year; 

average 

time spent 

outdoors 

0.21 h/d at 

2 mo, 0.25 

h/d at 4 mo, 

and 0.40 

h/d at 6 mo) 

Multiple 

(Mother 

38% 

European, 

24% Maori, 

46% 

Pacific, 

25% Other) 

Greer 1982 

(41) 
USA 3 weeks 

Daily child 

vitamin D 

supplement

3, 9, 23 

weeks 
80% 

Estimated 

from breast 

milk 

Competitiv

e protein 

Probably 

variable 

(43°N; 

Light/Medi

um (94% 

Caucasian, 
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ation (0 or 

10 µg/d) 

concentrati

on (13) and 

intake (14) 

binding 

assay 

unclear 

season; 

sunshine 

exposure 35 

min/d) 

6% Asian-

Indian) 

Hollis 2015 

(42) 
USA 

5 weeks (4-

6 weeks) 

Daily child 

and 

maternal 

vitamin D3 

supplement

ation (10/10 

µg/d) 

3, 6 months NR 

Estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

RIA kits 

Probably 

variable 

(38°N; 

recruited 

over 

different 

times of the 

year) 

Multiple 

(59% 

White, 22% 

Hispanic, 

19% 

Black/Afric

an 

American 

Holst-

Gemeiner 

1978 (43) 

Austria 
1 week (2-

10 days) 

Daily child 

vitamin D3 

supplement

ation (30 

µg/d) 

2, 4-6 

weeks 
NR 

Estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

RIA 

Probably 

low (48°N; 

newborns) 

Probably 

light 

(Western 

Europe) 

Huynh 

2017 (44) 
Australia Birth 

Daily child 

vitamin D3 

supplement

ation (10 

µg/d) 

3-4 months 69% 

Estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

EIA/Chemil

uminescenc

e 

Probably 

low (38°S; 

considered 

minimal by 

authors) 

Multiple 

(Maternal 

skin 

pigmentatio

n 50% 

light-olive, 

50% dark) 

Kunz 1982 

(45) 
Germany Birth 

Daily child 

vitamin D3 

supplement

ation (12.5 

or 25 µg/d) 

6 weeks NR 

Estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

Protein-

binding 

assay 

Probably 

low (48°N; 

season not 

reported; 

newborns) 

Probably 

light 

(Western 

Europe) 
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Madar 2009 

(46) 
Norway 6 weeks 

Daily child 

vitamin D2 

supplement

ation 

(0/usual 

care or 10 

µg/d) 

7 weeks 91% 

Estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

HPLC-

APCI-MS c 

Probably 

low (60°N; 

all seasons, 

no 

differences 

in 25OHD 

found 

between 

seasons) 

Medium/Da

rk 

(Pakistani, 

Turkish or 

Somali) 

Pehlivan 

2003 (47) 
Turkey 2 weeks 

Daily child 

vitamin D 

supplement

ation (10 or 

20 µg/d) 

4 months NR 

Estimated 

from Global 

Dietary 

Database  

EIA/Chemil

uminescenc

e 

Probably 

low 

(40.8°N; 

according 

to authors 

sunlight 

exposure is 

low due to 

dressing 

habits, low 

vitamin D 

dietary 

intake, and 

air 

pollution; 

time of year 

not 

mentioned, 

except for 

control 

group; 

maternal 

vitamin D 

Probably 

medium 

(Middle 

East) Jo
urn

al 
Pre-

pro
of



 36 

intake and 

dressing 

habits were 

correlated 

with 

25OHD, 

correlations 

for infant 

25OHD 

were not 

reported) 

Pittard 

1991 (48) 
USA Birth 

Daily child 

vitamin D 

supplement

ation (10 or 

20 µg/d) 

2, 4, 6, 8, 

10, 14, 16 

weeks 

NR 
Reported in 

study 

Competitiv

e protein 

binding 

assay 

Probably 

variable 

(32.8°N; 

time of year 

not 

mentioned) 

Multiple 

(20% 

White, 80% 

Black) 

Ponnapakka

m 2010 

(49) 

USA Birth 

Daily child 

vitamin D3 

supplement

ation (0 or 5 

µg/d from 

birth or 

starting at 2 

months) 

2, 4, 6 

months 
82% 

Estimated 

from study 

in similar 

population 

(77) 

EIA/Chemil

uminescenc

e 

Variable 

(30°N; 

across 

several 

times of the 

year; 

differences 

in skin 

color and 

clothing 

was equally 

distributed 

between 

groups at 

Multiple 

(dark skin 

color was 

distributed 

evenly 

between 

groups at 

randomizati

on) 
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randomizati

on) 

Rueter 

2019 (50) 
Australia <28 days 

Daily child 

vitamin D3 

supplement

ation (0 or 

10 µg/d) 

3, 6 months NR 

Estimated 

from study 

in similar 

population 

(39) 

EIA/Chemil

uminescenc

e 

Variable 

(32°S; 

recruitemen

t across 

multiple 

seasons, no 

differences 

between 

seasons 

found; UV 

light 

exposure 

was 

measured in 

42% of 

infants, was 

1204 J/m2 

in vitamin 

D group 

and 815 

J/m2 in 

control 

group, was 

not 

correlated 

with 

25OHD or 

season of 

birth) 

Not 

reported 
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Shakiba 

2010 (51) 
Iran Birth 

Daily child 

vitamin D3 

supplement

ation (5 or 

10 µg/d) 

6 months NR 

Estimated 

from Global 

Dietary 

Database 

EIA/Chemil

uminescenc

e 

Probably 

variable 

(32°N; 

January-

September) 

Probably 

medium 

(Middle 

East) 

Siafarikas 

2011 (52) 
Germany 4-5 days 

Daily child 

vitamin D3 

supplement

ation (6.25 

or 12.5 

µg/d) 

6 weeks NR 

Estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

RIA kits c 

Low 

(52.5°N; 

recruited 

during 

summer and 

winter 

equally; 

absolute 

UVB 

exposure 

measured 

2.5-20 

J/m2) 

Light 

(included 

only photo-

types I and 

II according 

to 

Fitzpatrick 

and 

Bolognia) 

Singh 2018 

(53) 
India Birth 

Daily child 

vitamin D3 

supplement

ation (0 or 

10 µg/d) 

6 months NR 

Estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

EIA/Chemil

uminescenc

e 

Probably 

variable 

(29°N; 

January-

September) 

Probably 

medium 

(Southeast 

Asia) 

Specker 

1992 (54) 
China Birth 

Daily child 

vitamin D 

supplement

ation (2.5, 5 

or 10 µg/d) 

6 months 96-131%  

Estimated 

from Global 

Dietary 

Database 

EIA/Chemil

uminescenc

e 

Variable 

(22, 30, 40, 

47°N; 

enrolled 

during fall 

and spring) 

Probably 

medium 

(North and 

South 

China) 

Vervel 

1997 
France 1 month 

Daily child 

vitamin D2 

1.5-2, 2.5-4 

months 
NR 

Reported in 

study and 

Competitiv

e protein 

Probably 

variable 

Not 

reported 
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(Study 1) 

(55) 

supplement

ation (25 

µg/d) with 

vitamin D 

fortified or 

non-

fortified 

formula 

combined 

with 

estimates 

from breast 

milk 

concentrati

on (13) and 

intake (14)  

binding 

assay 

(49°N; 

measures at 

different 

time of 

year) 

Vervel 

1997 

(Study 2) 

(55) 

France Birth 

Daily child 

vitamin D2 

supplement

ation (12.5 

or 25 µg/d) 

from 

mothers 

supplement

ed during 

pregnancy 

(0 or 12.5 

µg/d) 

3 months NR 

Reported in 

study and 

combined 

with 

estimates 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

Competitiv

e protein 

binding 

assay 

Probably 

variable 

(49°N; 

recruited 

April-July) 

Not 

reported 

Wagner 

2006 (56) 
USA 1 month 

Daily child 

and 

maternal 

vitamin D3 

supplement

ation 

(7.5/10 

µg/d) 

4, 7 months 
≥61% and 

≥80%  

Estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

RIA 

Probably 

low (33°N; 

Mothers 

were 

instructed 

to avoid 

direct 

sunlight 

exposure of 

their infants 

during the 

first 6 mo) 

Multiple 

(Maternal 

ethnicity 

11% 

African 

American, 

74% White, 

15% 

Hispanic) 
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Zhou 2018 

(57) 
China 

7.8 months 

(3-12 

months) 

Daily child 

vitamin D3 

supplement

ation (10 or 

30 µg/d) 

2, 4 months 

Excluded 

non-

compliant 

Estimated 

from Global 

Dietary 

Database 

Not 

reported 

Variable 

(29°N; 

recruited 

over 

multiple 

seasons) 

Probably 

medium 

(China) 

Ziegler 

2014 (58) 
USA 24-32 days 

Daily child 

vitamin D3 

supplement

ation (5, 10, 

15 or 20 

µg/d) 

1, 3, 4.5, 

6.5, 8, 11 

months 

103.40% 

Estimated 

from breast 

milk 

concentrati

on (13) and 

intake (14) 

and food 

intake from 

study in 

similar 

population 

(77) 

RIA kits 

Low (41°N; 

main 

assessment 

during 

winter, 

minimal 

sun 

exposure) 

Multiple 

(90% 

White, 4% 

Hispanic, 

3% African 

American, 

2% Native 

American, 

1% Asian) 

Notes: a The study arms which did not correspond to the inclusion criteria were excluded from the data analyses i.e. weekly, monthly, single dose 

vitamin D supplementation, impossible to isolate effect of vitamin D or maternal vitamin D supplementation <12.5 µg/d). b Expressed as a 

percentage of dose taken, unless stated otherwise. c Participated in an external quality assessment scheme for serum 25OHD measurement. d Also 

measured serum 25OHD with immunoassay. Abbreviations: 25OHD: 25-hydroxy-vitamin D; EIA: Enzyme immunoassay; HPLC: High-

performance liquid chromatography; LC-MS/MS: Liquid chromatography with tandem mass spectrometry; NR: not reported; RIA: 

Radioimmunoassay. 
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Table 3. Predicted percentage of individuals [%] reaching the serum 25OHD thresholds 

28 and 200 nmol/L respectively (used to derive INL98 and UL respectively). Modelling 

with left-truncated normal distribution, right-skewed (0.10), CV=0.34 and predicted mean 

response and predicted upper bound of  95%CI mean response as the mean value of the inter-

individual distribution respectively for INL98 and UL. 

Vitamin D 

intake 

[µg/d] 

Percentage individuals reaching 

serum 25OHD threshold of 28 

nmol/L (used to set the INL98) 

Percentage individuals reaching 

serum 25OHD threshold of 200 

nmol/L (used to set the UL) 

10 97.30 0.00 

15 97.88 0.02 

20 98.35 0.09 

25 98.57 0.35 

30 98.71 0.79 

35 98.84 1.41 

40 98.98 1.96 

45 98.96 2.61 

50 99.08 3.19 

55 99.05 3.43 

60 99.07 3.65 

Abbreviations: CV: Coefficient of variation; INL98: : daily intake reference value that is 

estimated to meet the nutrient requirement of 97.5% of the apparently healthy individuals in a 

specific life stage and sex group; LBCI: lower bound 95% confidence interval; UBCI: upper 

bound 95% confidence interval; UL: upper limit; 25OHD: 25-hydroxyvitamin D. Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



51 studies identified in original review

31 included

25 studies excluded because:

1 Maternal vitamin D supplementation >12.5 µg/d

1 Duplicate

2 Preterm and/or low-birth-weight infants

3 Impossible to isolate vitamin D from other nutrients

8 Child age above 3.9 years

10 Non-daily vitamin D supplementation

5 studies identified from other sources
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