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group), 75-125 nmol/L and >125 nmol/L, and Toddler 25(OH)D into three groups; <75 nmol/L 186 

(reference group), 75-125 nmol/L and >125 nmol/L due to only five toddlers having a concentration 187 

below 50 nmol/L. In addition, Toddler 25(OH)D concentration was categorized into quartiles; <81.2 188 

nmol/L (reference group), 81.2-99.2 nmol/L, 99.3-120.7 nmol/L  and >121 nmol/L. Differences in 189 

child size between categories were compared with linear regression applying 50-74.9 nmol/L, <75 190 

nmol/L or first quartile as a reference group. Additional adjustments were conducted with covariates 191 

of maternal prepregnancy BMI and paternal BMI, parental smoking status, parental education level, 192 

family income level, and duration of breastfeeding. These results are reported in the text only if an 193 

effect on the results was observed. 194 

Statistical significance was determined at P <0.05. All statistical analyses were conducted using the 195 

IBM SPSS program for Windows, version 25 (IBM, Chicago, IL, USA). 196 

 197 

Results 198 

Subject characteristics are shown in Tables 1 and 2 according to intervention groups. Infant 25(OH)D 199 

concentrations were higher at the age of 1 and 2 years in Group-30 compared with Group-10 but no 200 

difference was observed in mean values of body size parameters (22). However, when we compared 201 

mean conditional growth values indicating growth rate, we discovered that growth in length and head 202 

circumference were slower between 6 months and 1 year, but growth in weight and length-adjusted 203 

weight were accelerated between 1 and 2 years in Group-30 compared with Group-10 (Figures 1 and 204 

2). Almost all subjects (>92%) had normal body size (measured values between -2.0 and +2.0 SDS) at 205 

all time points.  206 

At 1 year, total (r=0.56, p<0.001) and supplemental vitamin D intake (r=0.59, p<0.001) correlated 207 

with Infant 25(OH)D. Similarly, supplemental vitamin D intake at 2 years correlated with Toddler 208 

25(OH)D (r=0.61, p<0.001). To exclude the possibility that body size as such, by possible dilution or 209 

fat mass, affected how vitamin D intake was reflected in 25(OH)D concentration, we tested 210 
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In the whole cohort, a quadratic association was observed between Toddler 25(OH)D and head 237 

circumference (p<0.035) implying an inverse U-shaped association (Figure 5).  Toddler 25(OH)D had 238 

no linear relation for conditional growth at 2 years (Table 4). 239 

When comparing growth parameters in three groups of Toddler 25(OH)D, those with 25(OH)D above 240 

125 nmol/L (highest group) were lighter (in weight) and thinner (in length-adjusted weight and BMI) 241 

compared with the reference group with 25(OH)D  <75 nmol/L (Figure 5). Toddlers with 25(OH)D 242 

between 75 nmol/L and 125 nmol/L had larger head circumference than the reference group of <75 243 

nmol/L (Figure 5). Figure 6 shows adjusted mean values for growth measures in quartiles of Toddler 244 

25(OH)D. Children in the highest quartile of 25(OH)D (>121 nmol/L) were shorter (in length), lighter 245 

(in weight) and thinner (in length-adjusted weight and BMI) than the reference group in the lowest 246 

quartile (<81.2 nmol/L) (Figure 6).  247 
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shown in Group-30 but not in Group-10 (47), which might explain why we in the current study did 301 

not observe a similar relation between both vitamin D supplementation and vitamin D concentration 302 

and growth.  303 

Severe vitamin D deficiency leads to growth impairment. If vitamin D indeed has an inverse U-304 

shaped association with early growth, the mechanism how high 25(OH)D could disturb normal 305 

growth is unclear. Its role as a plasma calcium regulator could be one possible pathway. If high 306 

25(OH)D leads to high circulating 1,25-dihydroxyvitamin D [1,25(OH)2D], this enhances calcium and 307 

phosphate resorption from bone to increase plasma calcium levels, thus possibly impairing growth 308 

(52). Based on one study, maternal 25(OH)D would not increase 1,25(OH)2D after 25(OH)D reaches 309 

the level of 100 nmol/L (53). However, many organs and tissues, like the growth plate, have the 310 

ability to produce 1,25(OH)2D locally (54,55) and thus high 25(OH)D could lead to high local 311 

production of 1,25(OH)2D. In our cohort, at age 1 year, Infant 25(OH)D correlated with plasma 312 

calcium (56) and PTH concentrations (23). Furthermore, PTH levels were lower in Group-30 than 313 

Group-10 at age 1 year and 2 years. These observations suggest that vitamin D influenced the 314 

endocrine system. However, the intervention group did not affect measured bone parameters  (22). 315 

Vitamin D may also affect growth-regulating hormones, e.g. insulin-like growth factor 1 (IGF-1) 316 

which may activate 1,25(OH)2D production (57, 58) .  317 

We have a large and homogenous sample of North-European subjects with longitudinal data from 318 

early pregnancy until child age of 2 years covering all seasons. Data were collected and processed in a 319 

standardized fashion in a single maternity hospital. However, subjects had more commonly a higher 320 

education and normal weight than nationally representative population. The small number of subjects 321 

having maternal 25(OH)D values in both extreme ends, and only few vitamin D insufficient children 322 

may have constrained our analyses. We applied multiple methods to discover the possible relation 323 

between vitamin D and childhood growth and adjusted for potential confounders. As we did not 324 

observe a direct effect of vitamin D supplementation but rather consistent associations between 325 

25(OH)D and growth parameters, we cannot determine true direction of causality. However, 326 

interactions of absolute body size and vitamin D intake were not observed. 327 
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The debate about the optimal 25(OH)D level for health outcomes is still ongoing (59,60). Studies with 328 

subjects of high 25(OH)D concentrations are scarce (61), especially in geographical locations with 329 

limited solar radiation, hence our data with exceptionally high 25(OH)D values are of importance in 330 

gaining more understanding about the relationship between vitamin D and health.   331 

 332 

Conclusion 333 

In this large study, high maternal and child 25(OH)D concentrations were associated with delayed 334 

growth in 1- and 2-years old children, but infant vitamin D supplementation in itself had only a minor 335 

impact on growth measures. Our results imply that vitamin D may have an inverse U-shaped relation 336 

with childhood growth. Therefore, aiming for higher than sufficient 25(OH)D levels with high 337 

vitamin D dosages may have undesired consequences on child growth. The clinical relevance of our 338 

results, however, remains to be evaluated in future studies. 339 

 340 
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 604 

Table 2 Infant growth parameters from birth to 2 years of age according to 605 
intervention groups 606 

 Group-10 
n=402 

Group-30 
n=410 

P value 

At birth    
Gestational age, wk 40.1 (1.1) 40.2 (1.1) 0.08 
Length, cm 50.3 (1.7) 50.4 (1.8) 0.35 
Length, SDS -0.12 (0.89) -0.11 (0.92) 0.86 
Weight, kg 3.50 (0.37) 3.56 (0.40) 0.027 
Weight, SDS -0.19 (0.79) -0.12 (0.84) 0.17 
Length-adjusted weight, SDS 0.02 (0.93) 0.14 (0.93) 0.08 
Head circumference, cma 35.2 (1.4) 35.2 (1.4) 0.45 

Head circumference, SDSa 0.19 (1.04) 0.08 (1.02) 0.12 

UCB 25(OH)D, nmol/L 
[range]b 

83.4 (28.2) 
[36.7-283.7] 

81.8 (23.5) 
[37.8-229.0] 

0.39 

At 1 year of age    

Age at follow-up, y 1.00 (0.03) 1.00 (0.03) 0.93 

Length, cma 75.4 (2.6) 75.2 (2.5) 0.19 

Length, SDSa -0.49 (1.0) -0.59 (0.98) 0.14 

Weight, kg 9.8 (1.2) 9.8 (1.1) 0.44 

Weight, SDS -0.19 (1.0) -0.24 (0.99) 0.48 

Length-adjusted weight, SDSa 0.04 (1.0) 0.04 (1.0) 0.94 

Head circumference, cme 46.6 (1.2) 46.4 (1.2) 0.08 

Head circumference, SDSe -0.32 (0.97) -0.45 (0.93) 0.053 

MUAC, mmf 152.7 (12.9) 153.0 (11.8) 0.69 

MUAC2, z-scoref -0.02 (1.0) 0.02 (0.96) 0.66 
Blood 25(OH)D, nmol/L 
[range]g 

 

82.8 (19.9) 
[37.0-140.0] 

116.0 (27.6) 
[51.8-241.0] 

<0.001 

Vitamin D intake from food, µg/dayh 6.3 (3.7) 6.1 (3.7) 0.38 

Compliance, %i 90.1 (10.4) 89.4 (10.6) 0.48 

Supplemental vitamin D intake, 
compliance based µg/dayi 

9.0 (1.0) 26.8 (3.2) <0.001 

Energy intake, MJ/dayh 3.36 (0.9) 3.31 (0.9) 0.26 

At 2 years of age    

Age at follow-up, y 1.99 (0.03) 1.99 (0.03) 0.27 

Length, cm 87.8 (3.2) 87.7 (3.0) 0.77 

Length, SDS -0.24 (1.04) -0.27 (1.0) 0.71 

Weight, kgd 12.5 (1.4) 12.6 (1.4) 0.44 

Weight, SDSd -0.19 (0.98) -0.14 (0.99) 0.47 

Length-adjusted weight, SDSd -0.12 (0.98) -0.02 (0.98) 0.15 

Head circumference, cmj 49.1 (1.3) 49.1 (1.3) 0.60 

Head circumference, SDSj -0.22 (1.0) -0.26 (0.98) 0.56 

MUAC, mmk 161.8 (11.2) 162.5 (12.2) 0.42 

MUAC, z-scorek -0.03 (0.95) 0.03 (1.04) 0.40 

BMI, kg/m2 d 16.2 (1.2) 16.3 (1.2) 0.15 

BMI, z-scored -0.05 (0.99) 0.05 (1.01) 0.14 
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