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We determined the association of cord blood 25-hydroxyvitamin D [25(0OH)D] with birth weight and

the risk of small for gestational age (SGA). As part of the China-Anhui Birth Cohort (C-ABC) study,

. we measured cord blood levels of 25(0H)D in 1491 neonates in Hefei, China. The data on maternal
sociodemographic characteristics, health status, lifestyle, birth outcomes were prospectively
collected. Multiple regression models were used to estimate the association of 25(0OH)D levels with
birth weight and the risk of SGA. Compared with neonates in the lowest decile of cord blood 25(0OH)
D levels, neonates in four deciles (the fourth, fifth, sixth and seventh deciles) had significantly
increased birth weight and decreased risk of SGA. Multiple linear regression models showed that

* per 20nmol/L increase in cord blood 25(0H)D, birth weight increased by 61.0g (95% Cl: 31.9, 89.9)

. at concentrations less than 4o0nmol/L, and then decreased by 68.59 (95% Cl: —110.5, —26.6) at

. concentrations from 4o to 70 nmol/L. This study provides the first epidemiological evidence that there

. was an inverted U shaped relationship between neonatal vitamin D status and fetal growth, and the
risk of SGA reduced at moderate concentration.

Growth restriction in utero increases infant morbidity and mortality as well as the risk of adult chronic
diseases'. The incidence of fetal growth restriction in both developed and developing countries pro-
gressively rose during the last two decades despite the introduction of many public health and medical
: interventions designed to reduce its occurrence*®. Whether the common vitamin D deficiency during
. pregnancy contributes to any of the global adverse fetal growth epidemic remains unknown.
: Maternal vitamin D deficiency during pregnancy is a significant public health problem globally”® due
. to the combined effects of limited sunlight exposure, inadequate intake, and additional growth needs of
. the fetus. The link between maternal vitamin D status and fetal growth, as measured most frequently by
. infant birth weight and small for gestational age (SGA), has been explored by a number of observational
studies®'* and randomized supplementation trials'®-2° worldwide with mixed results.

Most studies assessed the associations of maternal 25-hydroxyvitamin D (25[OHD]) in early preg-
nancy with fetal growth. Evidences from some studies support the hypothesis that lower vitamin D status
causes adverse fetal growth in a linear way, more severe deficiency would be expected to have a stronger

. effect than less severe deficiency or sufficiency®!®!2-1416, However, some other studies don’t support this
* hypothesis!>'#192122 The conflicting findings may be due to variations of study designs including the ges-
: tational weeks of vitamin D testing, the cut-point of vitamin D, ethnicity of the study population, genetic
© variation and outcome variables. The translation of these findings to clinical practice has not occurred.

*Department of Maternal, Child & Adolescent Health, Anhui Medical University, Hefei, China. 2Anhui Provincial Key
© Laboratory of Population Health & Aristogenics, Anhui Medical University, Hefei, China. 3School of Public Health and
. social work, and Institute of Health and Biomedical Innovation, Queensland University of Technology, Kelvin Grove,
: Qld, Australia. “Department of Gynecology and Obstetrics, Hefei First People’s Hospital, Hefei, China. 5Shanghai
: Key Laboratory of Meteorology and Health, Shanghai, China. ®Department of Gynecology and Obstetrics, Hefei
© Maternal and Child Health Hospital, Hefei, China. Correspondence and requests for materials should be addressed
. to F.-b.T. (email: fbtao@ahmu.edu.cn)

SCIENTIFIC REPORTS | 5:14930 | DOI: 10.1038/srep14930 1


mailto:fbtao@ahmu.edu.cn

www.nature.com/scientificreports/

Notably, increased risks for a range of health outcomes, including SGA, among pregnant women
with high 25(OH)D levels has been reported by several studies'?*. Although fetal and newborn concen-
trations of 25(OH)D depend on and correlate with maternal serum levels'®?, there has been a paucity
of data about the association between cord blood 25(OH)D concentration and birth outcomes. In this
study, we examined cord blood levels of 25(OH)D in 1491 neonates in Hefei, China and assessed the
association of cord blood levels of 25(OH)D with birth weight and the risk of SGA.

Results

Attrition analyses showed the distributions of sociodemographic characteristics, health status, lifestyle
and birth outcomes, non-participants did not differ from participants. In this study, the mean age of
the participants was 27.65 years (SD = 3.66), the majority (79.2%) of participants had completed high
school and beyond (>9 years), and the income of 84.9% of the participants was more than 2 000RMB
per month. The mean gestational age at delivery was 38.91 weeks (SD=1.47), ranging from 32 to 42
weeks, with 96 preterm births (5.3%). The mean birth weight was 3383.1g (SD =453.9), ranging from
1500 to 5500g, with 133 small for gestational age infants (8.9%). In our sample, 791 (53.1%) newborns
were males. The mean cord blood 25(OH)D level was 39.43nmol/L (SD = 20.35), ranged from 6.06 to
119.64. Table 1 shows the characteristics of 1 491 pregnant women across increasing deciles of cord blood
25-hydoxyvitamin D levles. With increasing deciles of cord blood 25(OH)D, the percentage of birth
during summer to autumn and male infant increased (P < 0.05 for the trend). Male infants had slightly
higher cord blood 25(OH)D levels than females, but the difference did not reach statistical significance
after adjusting for the season of birth (P=0.11).

Table 2 shows the associations between socio-demographic characteristics, lifestyle variables, birth
related variables and baby’s birth weight. Factors that were significantly associated with an increase in
birth weight were: being older, having a better education (>9 years vs <9 years), having at least one child
(multipara vs primipara), being male, and having a longer gestation.

In a multiple linear regression model, the deciles of cord blood 25(OH)D were significantly associ-
ated with birth weight, even after adjustment for gestational week, infant gender, prepregnancy BMI,
gestational weight gain (GWG), birth season, maternal age, education, income, alcohol consumption,
pregnancy complications, parity, paternal smoking and alcohol consumption. Neonates in four deciles
(the fourth, fifth, sixth and seventh deciles) had significantly increased birth weight compared with those
in the lowest decile. The highest adjusted regression coefficients was observed in the fifth decile (3:176.5;
95% CI: 86.4, 266.5) (Table 3).

Consistently, in a multiple logistic regression model with full adjustment described above (except
gestational weeks), the deciles of cord blood 25(OH)D were significantly associated with risk of SGA.
Neonates in four deciles (the fourth, fifth, sixth and seventh deciles) had significantly decreased risk of
SGA compared with those in the lowest decile, with the lowest adjusted OR observed in the fifth decile
[0.34 (95% CI 0.14-0.80)] (Table 3). Figure 1 depicts these joint nonlinear associations.

We further assessed the dose-response relation between cord blood 25(OH)D levels and birth weight.
The inverted U-shaped nature of the association of cord blood 25(OH) D with birth weight was con-
firmed with Gaussian curve-fitting model (P < 0.001). Indeed, this model suggested a significant steep
increase in birth weight up to 40 nmol/L of cord blood 25(OH)D and a gradual downward trend in birth
weight at concentrations from 40 to 70 nmol/L, and then level off thereafter (Fig. 2).

Multiple linear regression model shows that per 10nmol/L increase in cord blood 25(OH)D levels,
birth weight increased by 61.0g (95% CI: 31.9, 89.9) at concentrations less than 40 nmol/L, but decreased
by 68.5g (95% CI: —110.5, —26.6) at concentrations from 40 to 70 nmol/L. We further assessed the dif-
ference of association between cord blood 25(OH)D and birth weight in male and female infants. After
adjustment for confounders, average birth weight of boys and girls increased by 62.6g (95% CI: 21.2,
104.0) and 68.0g (95% CI: 27.1, 109.0), respectively, per 10nmol/L increase in cord blood 25(OH)D
up to 40 nmol/L. However, average birth weight of boys and girls decreased by 58.7¢g (95% CI: —115.9,
—1.5) and 82.3g (95% CI: —146.5, —18.1), respectively, per 10nmol/L increase in cord blood 25(OH)D
from 40 to 70nmol/L (Fig. 3).

Discussion

To our knowledge, this is a study with the largest sample examining the association of cord blood 25(OH)
D concentrations with birth weight and the risk of fetal growth restriction. The estimated difference in
mean of birth weight among neonates in the fifth decile compared with those in the lowest decile was
around 176g, greater than the reduction in birth weight observed for children exposed to maternal
smoking in utero®. Thus, the potential public health implications of our findings are substantial.

Most previous studies in this field were undertaken in developed countries'*~!*. Compared with North
American and European countries (the mean 25(OH)D levels of pregnant women in US and UK is
approximately 50nmol/L), Asian countries maybe have more pregnant women with vitamin D defi-
ciency'*?-%, For example, the average 25(OH)D level of pregnant women in Beijing (39°N) was only
28.6nmol/L*, which was even lower than the average 25(OH)D levels (39.4nmol/L) of newborns in
Hefei (32°N) reported in our study. However, it should be underlined that the difference on 25(OH)D
levels may be partly attributed to the different season of blood drawn and assay methods.
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Cord blood 25(0OH) , nmol/L)

Mean (SD) 12.08 (3.07) | 19.37 (1.66) | 24.50 (1.45) | 29.54 (1.43) | 34.05(1.09) | 38.58 (1.43) | 43.66 (1.58) | 50.25 (2.11) | 59.34 (3.76) (?g;g)
Range 6.06-16.59 | 16.62-22.17 | 22.20-27.15 | 27.18-32.01 | 32.07-36.03 | 36.06-41.07 | 41.10-46.71 | 46.83-53.85 | 53.91-66.72 ??9721

Sociodemographic characteristics

Maternal age, y,
mean (SD)

27.00 (3.42)

27.72 (3.68) | 27.42 (3.51) | 28.15(3.96) | 27.74 (3.51) | 27.56 (3.42) | 27.63 (3.74) | 27.93 (3.78) | 28.01 (4.02) | 27.34 (3.44) 0.067

Maternal
education <9
years, 1 (%)

33(22.4)

34(22.5) 33(22.1) 36(24.2) 29(19.5) 24(16.1) 25(16.7) 33(22.3) 29(19.3) 34(22.8) 0.209

Family monthly
income

<2000 RMB/
yuan, n (%)

27(18.4)

25(16.6) 17(11.4) 21(14.1) 22(14.8) 19(12.8) 25(16.7) 30(20.3) 17(11.3) 22(14.8) 0.613

Perinatal health statu

S

Prepregnancy

BMI. moean (sp) | 2020 (273) | 2025 (227) | 2037 (2:64) | 20.10 (2.13) | 19.80 (236) | 20.03 (222) | 2004 (253) | 2055 (2.57) | 20.27 (2.51) | 19.97 (2.08) 0.547
(C;\SV)G, kg, mean 16.68 (4.63) | 17.19 (5.31) | 17.43 (5.19) | 16.74 (4.47) | 16.93 (5.39) | 17.02 (5.07) | 16.79 (4.59) | 17.01 (4.32) | 16.24 (4.58) | 15.53 (4.73) 0.150
Multipara, n (%) 15(10.2) 26(17.2) 14(9.4) 22(14.8) 22(14.8) 24(16.1) 22(14.7) 16(10.8) 22(14.7) 133(10.7) 0.637
Pregnancy
complications®, 23(15.6) 33(21.9) 22(14.8) 28(18.8) 23(15.4) 22(14.8) 18(12.0) 16(10.8) 23(15.3) 18(12.1) 0.055
n (%)

Prepregnancy lifestyle®
Maternal alcohol
consumption®, 18(12.2) 30(19.9) 17(11.4) 25(16.8) 20(13.4) 25(16.8) 29(19.3) 24(16.2) 22(14.7) 15(10.4) 0.537
n (%)
Paternal
smoking?, 1 (%) 35(23.8) 29(19.2) 38(25.5) 35(23.5) 27(18.1) 40(26.8) 29(19.3) 35(23.6) 29(19.3) 39(26.2) 0.640
Paternal alcohol
consumption®, 114(77.6) 117(77.5) 127(85.2) 116(77.9) 111(74.5) 120(80.5) 117(78.0) 126(85.1) 127(84.7) 124(83.2) 0.118
n (%)

Birth outcomes
Ir\l/l(a‘}/oe)infant, 62(42.2) 86(57.0) 73(49.0) 80(53.7) 76(51.0) 78(52.3) 85(56.7) 81(54.7) 87(58.0) 83(55.7) 0.027
Gestational
weeks, w, mean 38.77 (1.98) | 38.68 (1.47) | 39.04 (1.37) | 39.00 (1.22) | 38.93 (1.57) | 38.98 (1.41) | 38.96 (1.28) | 39.13 (1.40) | 38.89 (1.29) | 38.77 (1.60) 0.204
(SD)
Birth weight, g, 3235.6 33514 33823 3447.6 3460.1 34523 3436.5 3412.8 33424 33104 0.262
mean (SD) (533.4) (455.4) (452.2) (412.3) (435.6) (475.6) (416.0) (437.4) (441.1) (425.7) :
SGA, 1 (%) 22 (15.0) 17 (11.3) 16 (10.7) 9 (6.0) 8 (5.4) 9 (6.0) 10 (6.7) 11 (7.4) 14 (9.3) 17 (11.4) 0.155
Birth during
summer or 0 (0.0) 17 (11.3) 45 (30.2) 66 (44.3) 85 (57.0) 90 (60.4) 105 (70.0) 116 (78.4) 128 (85.3) 140 (94.0) <0.001

autumn, 7 (%)

Table 1. Characteristics of the study population across percentile increments of cord blood 25(OH)

D levels. Abbreviation: 25(OH)D, 25-hydroxyvitamin D; BMI, body mass index; GWG, gestational weight
gain; SGA, small for gestational age. *“Pregnancy complications included diabetes mellitus, hypertension,
abnormal heart function, glandula thyreoidea disease, intrahepatic cholestasis of pregnancy, moderate and
severe anemia. "Prepregnancy lifestyle means lifestyle during up to 6 months before pregnancy. ‘Alcohol
consumption was defined as any alcohol consumption. ¢Paternal smoking was defined as more than 6
cigarettes daily. "Test for trend based on Mantel-Haenszel chi-square test for categorical variables and linear
regression for continuous variables.

Currently, there is limited information on the association between fetal vitamin D status and fetal
growth. A small cross-sectional study in China demonstrated that average birth weight was lower in
newborns (n=27) with 25(OH)D < 25nmol/L than those (n=31) with 25(OH)D >25nmol/L?*. An
analysis of 734 neonates in US" indicated that lower neonatal 25(OH)D were associated with lower birth
weight-for-gestational age and higher odds of SGA. Another case-control study suggested that infants
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Sociodemographic characteristics

Maternal age, y

20-24 252 (16.9) Reference
25-29 870 (58.4) 130.2 (67.0, 193.5) <0.001
>30 369 (24.7) 146.4 (70.1, 222.8) <0.001

Maternal education, education year

<9 310 (20.8) Reference

>9 1181 (79.2) 87.5 (30.8, 144.2) 0.002

Family monthly income, yuan/RMB

<2000 225 (15.1) Reference
2000-4000 1100 (73.8) 46.2 (—18.9, 111.3) 0.164
>4000 166 (11.1) 104.7 (9.6, 199.8) 0.031

Perinatal health status

Prepregnancy BMI

Underweight (<18.5) 362 (24.3) —142.1 (—195.4, —88.9) <0.001

Normal (18.5-23.9) 1036 (69.5) Reference

Overweight or obesity (>24.0) 93 (6.2) 184.0 (86.1, 281.8) <0.001
GWG

Quartile 1(lowest) 367 (24.6) Reference

Quartile 2 303 (20.3) 73.5 (3.2, 143.8) 0.040

Quartile 3 423 (28.4) 217.6 (155.9, 279.4) <0.001

Quartile 4(highest) 398 (26.7) 279.9 (217.6, 342.2) <0.001
Parity

Primipara 1292 (86.7) Reference

Multipara 199 (13.3) 76.8 (9.7, 143.8) 0.025

Pregnancy complications®

None 1265 (84.8) Reference

Yes 226 (15.2) —3.9 (—68.2, 60.4) 0.906

Prepregnancy lifestyle®

Maternal alcohol consumption

None 1266 (84.9) Reference

Any 225 (15.1) 22.7 (—41.7, 87.2) 0.489

Paternal smoking

None 849 (57.0) Reference
1-5 cigarettes daily 306 (20.5) —13.5(—71.2,44.2) 0.646
>6 cigarettes daily 336 (22.5) ~39.4 (—97.2, 18.4) 0.181

Paternal alcohol consumption

None 292 (19.6) Reference

Any 1199 (80.4) 41.2 (—16.9, 99.2) 0.165

Birth outcomes

Infant gender

Male 791 (53.1) Reference

Female 700 (46.9) —129.6 (—175.3, —83.8) <0.001

Gestational weeks

Full-term (>37 weeks) 1419 (95.2) Reference

Premature (<37 weeks) 72 (4.8) —767.7 (—860.0, —667.4) <0.001

Birth season

Summer- Autumn 792 (53.1) Reference

Winter- Spring 699 (46.9) —5.3 (—=51.6, 40.9) 0.820
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Table 2. Differences in birth weight according to sociodemographic, health status, lifestyle and birth
outcomes. Abbreviation: BMI, body mass index; GWG, gestational weight gain. *Pregnancy complications
included diabetes mellitus, hypertension, abnormal heart function, glandula thyreoidea disease, intrahepatic
cholestasis of pregnancy, moderate and severe anemia. "Prepregnancy lifestyle means lifestyle during up to 6
months before pregnancy.

born before 32 wks’ gestation had an increased risk of vitamin D deficiency compared with mature
infant, however, there was no statistically significant difference in mean cord blood 25(OH)D levels
between SGA and non-SGA infants®.

Previous studies have several limitations including small sample sizes, inconsistent definitions for fetal
vitamin D status, few adjustment for confounders and only linear models performed. In this study with
a large sample, adjustment for more confounders and using non-linear models, we found that there was
an inverted U-shaped relationship between cord blood 25(OH)D and birth weight, suggesting that the
newborn with low or high levels of fetal vitamin D are both in increased risk of growth restriction and
higher levels of fetal vitamin D have not been shown to confer greater benefits. However, it should be
emphasized that the inverted U shaped relationship in this study does not imply causality, because fetal
weight would have to have been affected by 25(OH)D at critical times of development rather than at
birth when samples were collected. Additionally, although there was an inverted U shaped relationship,
the infants above the seventh decile of 25(OH)D levels still had higher birth weight than those in the
first decile.

The finding that vitamin D levels in the upper range increased the health risk in this study was
consistent with previous studies examining the risk of fetal growth restriction!!, allergic response®*!,
lower-extremity function®?, frailty status®, as well as cardiovascular disease®**. Although the neonatal
25(OH)D levels at birth cannot fully represent the vitamin D status during critical times of gestation
due to a half-life of several weeks of 25(OH)D?, it was quite possible that the neonates with lower or
higher cord blood 25(OH)D levels may also have lower or higher average levels of 25(OH)D during
the whole pregnancy. Therefore, the inverted U shaped relationship in this study maybe suggested that
gestational vitamin D may have dual biological effects on the fetal growth. However, the biological mech-
anisms remain uncertain. Studies in adults have indicated that there was a U-shaped association between
25(OH)D and C-reactive protein (CRP), and increasing 25(OH)D concentrations may also be related to
proinflammatory states’>*”. We speculate that fetal exposure to elevated CRP associated with 25(OH)
D in lower or higher range may result in fetal growth restriction®*, which might explain the inverted
U-shaped relationship between 25(OH)D levels and fetal growth in this study. However, we cannot rule
out residual confounding as a potential explanation, especially whether genotypic differences in the study
population may explain this inverted U-shaped association. Further research is needed to understand
the mechanisms.

Our study has three major strengths. First, it is the first study reporting that there was an inverted
U-shaped relationship between cord blood 25(OH)D and fetal growth. Second, prospective data collec-
tion procedure, a relatively large sample size and statistical adjustment for a large number of confounders
were used. Third, utility of both continuous measure and the deciles of cord blood 25(OH)D concentra-
tions helped to detect the inverted U-shaped relation.

However, several limitations in this study should also be acknowledged. First, we only measured
25(OH)D concentrations, which is one member of the vitamin D family. At birth, there are potential
changes to levels of vitamin D binding protein, 1,25(OH)2D, the CYP27 enzyme and expression of
vitamin D receptors*’, which may influence the association between 25(OH)D and fetal growth*'. Thus,
future studies of vitamin D and growth restriction would benefit from the consideration of other vita-
min D family members. Second, 25(OH)D levels at birth cannot represent the vitamin D status in early
pregnancy. However, we were unable to assess the effect of vitamin D levels during early pregnancy on
fetal growth as these data are unavailable. Third, the absence of data on outdoor activity, dietary intake,
environmental factors and genetic variation may result in residual confounding in this study. Finally, this
study was conducted in one city and caution is necessary in generalizing the findings to other regions
due to the strong influence of latitude.

In conclusion, this study provides the first epidemiological evidence that there was an inverted U
shaped relationship between neonatal vitamin D status and fetal growth. The findings suggested that vita-
min D supplements during pregnancy should be encouraged, but with caution. If confirmed in further
studies, it could have important implications for public health policy.

Methods

Study subjects. This study was conducted on the basis of a prospective birth cohort comprising 2552
pregnant women recruited in Hefei (32°N latitude) from January to September 2008. As part of the
C-ABC study*?, pregnant women who received prenatal check-ups in Hefei Maternal and Child Health
Hospital were recruited by a team of midwives, nurse and health professionals. Participants completed
a structured questionnaire including sociodemographic characteristics and lifestyle. At birth, midwives
or study nurses collected the newborn’s anthropometric details and cord blood, when available. In this
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1-10 12.08 (3.07) | 147 Reference Reference Reference Reference
11-20 19.37 (1.66) | 151 96.1 (—0.8, 192.9) 0.052 84.1 (—12.7, 181.0) 0.089 0.77 (0.39, 1.52) 0.452 0.79 (0.39, 1.58) 0.500
21-30 24.50 (1.45) | 149 | 108.5 (14.5, 202.4) 0.024 94.4 (—0.1, 189.2) 0.050 0.71 (0.35, 1.41) 0.324 0.73 (0.36, 1.46) 0.371
31-40 29.54 (1.43) | 149 170.6 (76.0, 265.1) <0.001 150.0 (53.0, 246.1) 0.002 0.38 (0.17, 0.86) 0.021 0.40 (0.18, 0.92) 0.030
41-50 34.05 (1.09) | 149 189.1 (99.8, 278.4) <0.001 176.5 (86.4, 266.5) <0.001 0.33 (0.14, 0.77) 0.010 0.34 (0.14, 0.80) 0.013
51-60 38.58 (1.43) | 149 161.6 (67.9, 255.3) 0.001 151.4 (56.9, 245.9) 0.002 0.38 (0.17, 0.86) 0.020 0.41 (0.18, 0.93) 0.033
61-70 43.66 (1.58) | 150 | 161.2 (67.7, 254.7) 0.001 147.8 (52.8, 242.7) 0.002 0.42 (0.19, 0.93) 0.032 0.44 (0.20, 0.97) 0.042
71-80 50.25 (2.11) | 148 92.2 (—4.7, 189.1) 0.062 66.2 (—30.0, 162.5) 0.177 0.49 (0.23, 1.06) 0.072 0.53 (0.24, 1.14) 0.105
81-90 59.34 (3.76) | 150 | 56.9 (—34.4, 148.2) 0.221 46.5 (—45.6, 138.6) 0.321 0.63 (0.31, 1.28) 0.201 0.73 (0.35, 1.51) 0.400
91-100 82.78 (13.99) | 149 | 49.6 (—46.9, 146.1) 0.313 23.5 (—74.4, 121.4) 0.637 0.78 (0.40, 1.55) 0.485 0.84 (0.42, 1.69) 0.631

Table 3. Associations of cord blood 25(OH)D levels with birth weight and the risk of SGA.
Abbreviation: 25(OH)D, 25-hydroxyvitamin D; BMI, body mass index; GWG, gestational weight gain;
SGA, small for gestational age. *Adjusted for gestational week, infant gender, prepregnancy BMI, GWG
and birth season. PFurther adjusted for maternal age, education, income, alcohol consumption, pregnancy
complications, parity, paternal smoking and alcohol consumption additionally.
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Figure 1. Fully adjusted regression coeflicients (A) for birth weight and odd ratios (B) of small

for gestational age across the deciles of cord blood 25(OH)D concentrations. Adjusted gestational

week, infant gender, prepregnancy BMI, GWG, birth season, maternal age, education, income, alcohol
consumption, pregnancy complications, parity, paternal smoking and alcohol consumption. D1, D2 and D3
means the first, second and third decile of cord blood 25(OH)D respectively, and so on. The dotted line
represents the trend for the point estimate.

study, stillbirth (n=11), birth defect (n = 12), women with delivery before 32 weeks of gestation (n= 14),
pregnancy with assisted reproductive technology (n=6), or multiple gestations (n=48) were excluded
from the study. Finally, we obtained full data including cord blood from 1491 mother-infant pairs. The
study was approved by the Ethics Committee of the Anhui Medical University. All experiments in this
study were performed in accordance with the relevant guidelines and regulations and written informed
consent was obtained from each participants.

Cord blood 25-hydoxyvitamin D.  Cord blood sample was collected immediately after delivery and
anticoagulated by use of sodium heparin. Plasma samples were centrifuged and promptly refrigerated at
—4°C, within 12h, transferred to —80°C freezers for long-term storage. 25(OH)D concentrations were
measured using the commercial radioimmunoassay kits (DiaSorin Stillwater, MN, USA). Intra-assay and
inter-assay coefficients of variation were 8.8% and 11.1% respectively. Plasma concentrations of 25(OH)
D were analyzed both as a continuous variable and a decile.
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Figure 2. Unadjusted association of cord blood 25(OH)D concentrations and birth weight using
Gaussian curve-fitting model with knot at 40 nmol/L (P < 0.001). The solid line represents the trend for
changes in birth weight in mean values across increasing cord blood 25(OH)D concentrations and dotted
lines represent the 95% confidence interval.
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Figure 3. Adjusted linear regression associations between cord blood 25(OH)D concentrations and birth
weight at 25(OH)D < 40 nmol/L and from 40 to 70 nmol/L according to infant gender. The solid line
represents the linear regression trend for the change of birth weight in mean values across increasing cord
blood 25(OH)D concentrations.

Outcomes variables. The key outcomes assessed in this study included birth weight and SGA defined
as birth weight <10th percentiles of distribution for gestational age and infant gender®. The accuracy of
scales used to measure birth weight in the hospital was checked using standard weights at the beginning
of the study and every 3 months thereafter.

Potential confounders. The most important potential confounder was gestational age, infants
gender, prepregnancy body mass index (BMI), GWG and birth season, which have been known to be
associated with birth weight or maternal 25(OH)D levels'>*. The gestational age (in completed weeks)
based on the difference between the date of the last menstrual period and the date of delivery and was
categorized as <37 or >37 gestational weeks. Prepregnancy BMI was calculated on the basis of the
height routinely measured at the clinic visit and on the self-reported prepregnancy weight obtained
at interview and were categorized as underweight (<18.5), normal weight (18.5-23.9), or overweight
or obese (>24.0)*. The absolute amount of weight gained throughout pregnancy was determined by
subtracting the self-reported prepregnancy weight at interview from the measured weight recorded at
the last prenatal visit before delivery, categorized based on quartiles. Birth season was designated as:
winter (December, January, February), spring (March, April, May), summer (June, July, August), or fall
(September, October, November). Other potential confounders included maternal age (20-24, 25-29 and
30 and more years), education (<9 and >9 years of completed schooling), household income (less than
2000, 2000-4000 and more than 4000 RMB), parity (primipara or multipara), pregnancy complications,
maternal alcohol consumption during pregnancy (any or no), paternal alcohol consumption (any or no)
and smoking (none, 1-5, 6 or more cigarettes daily) during pregnancy.
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Statistical analysis. Cord blood 25(OH)D concentrations were divided into deciles. General linear
regression models and Mantel-Haenszel chi-square test were used to compare means and proportions for
the characteristics of pregnancy women across the deciles of 25(OH)D level. The means of the deciles
were fit as continuous variables to estimate the trend of variables across deciles in a linear regression
model. Differences of birth weight according to maternal characteristics were evaluated using linear
regression models.

The adjusted regression coeflicients of multiple linear regression models were generated for the asso-
ciation between the deciles of 25(OH)D levels and birth weight, that were adjusted for gestational week,
infant gender, prepregnancy BMI, GWG and birth season, and further adjusted for maternal age, edu-
cation, income, alcohol consumption, pregnancy complications, parity, paternal smoking and alcohol
consumption. Multivariable logistic regression models were used to determine odd ratios (OR) and 95%
CIs for SGA after adjusting for confounders as described above.

The curvilinear association between 25(OH)D and birth weight was best described using a Gaussian
curve-fitting model* with knot at 40 nmol/L. Then, adjusted regression coefficients of linear regression
model were generated for the association between 25(OH)D and birth weight according to 25(OH)D
level with knot at 40 nmol/L. Furthermore, the data were stratified by infant gender. All statistical anal-
yses were performed using SPSS statistical software, version 21.0.

References
1. McIntire, D. D. et al. Birth weight in relation to morbidity and mortality among newborn infants. N Engl ] Med 340, 1234-1238
(1999).
2. Strauss, R. S. Adult functional outcome of those born small for gestational age: twenty-six—year follow-up of the 1970 British
birth cohort. JAMA 283, 625-632 (2000).
3. Garite, T. J. et al. Intrauterine growth restriction increases morbidity and mortality among premature neonates. Am J Obstet
Gynecol 191, 481-487 (2004).
. Goldenberg, R. L. et al. Epidemiology and causes of preterm birth. Lancet 371, 75-84 (2008).
Kramer, M. S. The Epidemiology of Adverse Pregnancy Outcomes: An Overview. J Nutr 133, 15925-1596S (2003).
. Campbell, M. K. et al. Determinants of Small for Gestational Age Birth at Term. Paediatr Perinat Epidemiol 26, 525-533 (2012).
. Hollis, B. W. & Wagner, C. L. Vitamin D deficiency during pregnancy: an ongoing epidemic. Am J Clin Nutr 84, 273 (2006).
. Aghajafari, E et al. Association between maternal serum 25-hydroxyvitamin D level and pregnancy and neonatal outcomes:
systematic review and meta-analysis of observational studies. BMJ 346, f1169 (2013).
9. Morley, R. et al. Maternal 25-hydroxyvitamin D and parathyroid hormone concentrations and offspring birth size. J Clin
Endocrinol Metab 91, 906-912 (2006).
10. Leffelaar, E. R. et al. Maternal early pregnancy vitamin D status in relation to fetal and neonatal growth: results of the multi-
ethnic Amsterdam Born Children and their Development cohort. Br J Nutr 104, 108-117 (2010).
11. Bodnar, L. M. et al. Maternal serum 25-hydroxyvitamin D concentrations are associated with small-for-gestational age births in
white women. J nutr 140, 999-1006 (2010).
12. Viljakainen, H. et al. Maternal vitamin D status determines bone variables in the newborn. J Clin Endocrinol Metab 95, 1749-1757
(2010).
13. Burris, H. H. et al. Plasma 25-hydroxyvitamin D during pregnancy and small-for-gestational age in black and white infants. Ann
Epidemiol 22, 581-586 (2012).
14. Gernand, A. D. et al. Maternal serum 25-hydroxyvitamin D and measures of newborn and placental weight in a U.S. multicenter
cohort study. J Clin Endocrinol Metab 98, 398-404 (2013).
15. Schneuer, E J. et al. Effects of maternal serum 25-hydroxyvitamin D concentrations in the first trimester on subsequent pregnancy
outcomes in an Australian population. Am J Clin Nutr 99, 287-295 (2014).
16. Brooke, O. G. et al. Vitamin D supplements in pregnant Asian women: effects on calcium status and fetal growth. BMJ 280,
751-754 (1980).
17. Marya, R. K. et al. Effect of vitamin D supplementation during pregnancy on foetal growth. Indian ] Med Res 88, 488-492 (1988).
18. Hossain, N. et al. Obstetric and neonatal outcomes of maternal vitamin D supplementation: Results of an open label randomized
controlled trial of antenatal vitamin D supplementation in Pakistani women. J Clin Endocrinol Metab 99, 2448-2455 (2014).
19. De-Regil, L. M. et al. Vitamin D supplementation for women during pregnancy. Cochrane Database Syst Rev 2, doi:
10.1002/14651858.CD008873.pub2 (2012).

20. Marya, R. K. et al. Effects of vitamin D supplementation in pregnancy. Gynecol Obstet Invest 12, 155-161 (1981).

21. Prentice, A. et al. Maternal plasma 25-hydroxyvitamin D concentration and birthweight, growth and bone mineral accretion of
Gambian infants. Acta Paediatr 98, 1360-1362 (2009).

22. Farrant, H. J. et al. Vitamin D insufficiency is common in Indian mothers but is not associated with gestational diabetes or
variation in newborn size. Eur J Clin Nutr 63, 646-652 (2009).

23. Rodriguez, A. et al. Associations of maternal circulating 25-hydroxyvitamin D3 concentration with pregnancy and birth
outcomes. BJOG, doi: 10.1111/1471-0528.13074 (2014). [Epub ahead of print].

24. Grant, C. C. et al. Vitamin D During Pregnancy and Infancy and Infant Serum 25-Hydroxyvitamin D Concentration. Pediatrics
133, el43-e153 (2014).

25. Li, C. Q. et al. The impact on infant birth weight and gestational age of cotinine-validated smoking reduction during pregnancy.
JAMA 269, 1519-1524 (1993).

26. Song, S. . et al. Vitamin D status in Chinese pregnant women and their newborns in Beijing and their relationships to birth size.
Public Health Nutr 16, 687-692 (2013).

27. Gernand, A. D. et al. Maternal serum 25-hydroxyvitamin D and measures of newborn and placental weight in a US multicenter
cohort study. J Clin Endocrinol Metab 98, 398-404 (2012).

28. Javaid, M. et al. Maternal vitamin D status during pregnancy and childhood bone mass at age 9 years: a longitudinal study. Lancet
367, 36-43 (2006).

29. Burris, H. H. et al. Vitamin D status among preterm and full-term infants at birth. Pediatr Res 75, 75-80 (2013).

30. Matheu, V. et al. Dual effects of vitamin D-induced alteration of TH1/TH2 cytokine expression: Enhancing IgE production and
decreasing airway eosinophilia in murine allergic airway disease. ] Allergy Clin Immunol 112, 585-592 (2003).

31. Milner, J. D. et al. Early Infant Multivitamin Supplementation Is Associated With Increased Risk for Food Allergy and Asthma.
Pediatrics 114, 27-32 (2004).

© N ! A

SCIENTIFIC REPORTS | 5:14930 | DOI: 10.1038/srep14930 8



www.nature.com/scientificreports/

32. Bischoff-Ferrari, H. A. et al. Higher 25-hydroxyvitamin D concentrations are associated with better lower-extremity function in
both active and inactive persons aged >60 y. J Clin Endocrinol Metab 80, 752-758 (2004).

33. Ensrud, K. E. et al. Circulating 25-hydroxyvitamin D levels and frailty status in older women. J Clin Endocrinol Metab 95,
5266-5273 (2010).

34. Wang, T. J. et al. Vitamin D deficiency and risk of cardiovascular disease. Circulation 117, 503-511 (2008).

35. Tornhammar, P. et al. Season of birth, neonatal vitamin D status, and cardiovascular disease risk at 35 y of age: a cohort study
from Sweden. Am ] Clin Nutr 99, 472-478 (2014).

36. Mellenthin, L. et al. Association Between Serum Vitamin D Concentrations and Inflammatory Markers in the General Adult
Population. Metabolism 63, 1056-1062 (2014).

37. Amer, M. & Qayyum, R. Relation between serum 25-hydroxyvitamin D and C-reactive protein in asymptomatic adults (from
the continuous National Health and Nutrition Examination Survey 2001 to 2006). Am ] Cardiol 109, 226-230 (2012).

38. Guven, M. A. et al. Association of maternal serum CRP, IL-6, TNF-«, homocysteine, folic acid and vitamin b12 levels with the
severity of preeclampsia and fetal birth weight. Pregnancy Hypertens 28, 190-200 (2009).

39. Tjoa, M. et al. Elevated C-reactive protein levels during first trimester of pregnancy are indicative of preeclampsia and intrauterine
growth restriction. J Reprod Immunol 59, 29-37 (2003).

40. Salle, B. L. et al. Perinatal metabolism of vitamin D. Am J Clin Nutr 71, 1317s-1324s (2000).

41. Morley, R. et al. Maternal 25-hydroxyvitamin D concentration and offspring birth size: effect modification by infant VDR
genotype. Eur J Clin Nutr 63, 802-804 (2009).

42. Tao, E. B. et al. Cohort profile: The China-Anhui birth cohort study. Int ] Epidemiol 42, 709-721 (2013).

43. Zhang, B. L. Revised values of birth weight by gender and gestational age in 15 cities of China. Acta Pediatirc ] 7, 306-306 (1992).

44. Frederick, I. O. et al. Pre-pregnancy body mass index, gestational weight gain, and other maternal characteristics in relation to
infant birth weight. Matern Child Health J 12, 557-567 (2008).

45. Zhou, B. Predictive values of body mass index and waist circumference to risk factors of related diseases in Chinese adult
population. Chin ] Epidemiol 23, 5-10 (2002).

46. Motulsky, H. J. & Ransnas, L. A. Fitting curves to data using nonlinear regression: a practical and nonmathematical review.
FASEB ] 1, 365-374 (1987).

Acknowledgements

The authors are grateful to the participants in the C-ABCS and staff in Hefei Maternal and Child Health
Hospital in this study for their support in the data collection. This study was supported by National
Natural Science Foundation of China (81472991, 81330068, 81373012), National Health and Medical
Research Council research fellowship (553043), Key Project Foundation for the Talents by Educational
Commission of Anhui Province (2013SQRL020ZD), Program for the Innovative Talents of Anhui
Medical University, and Shanghai Key Laboratory of Meteorology and Health (QXJK201402).

Author Contributions

PZ. conceived and designed the study, conducted the statistical analysis and drafted the manuscript.
S.L.T. assisted with the interpretation of results and drafted the manuscript. W.B.H. assisted with the
statistical analysis and interpretation of results. JH.H., KH., RX.T., X.M.J. and Z.M. acquired human
subject samples and data. Q.EZ. performed the laboratory analysis; EB.T. conceived and designed the
study, assisted with the interpretation of results, and drafted the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zhu, P. et al. Cord Blood 25-hydroxyvitamin D and Fetal Growth in the
China-Anhui Birth Cohort Study. Sci. Rep. 5, 14930; doi: 10.1038/srep14930 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:14930 | DOI: 10.1038/srep14930 9


http://creativecommons.org/licenses/by/4.0/

	Cord Blood 25-hydroxyvitamin D and Fetal Growth in the China-Anhui Birth Cohort Study
	Introduction
	Results
	Discussion
	Methods
	Study subjects
	Cord blood 25-hydoxyvitamin D
	Outcomes variables
	Potential confounders
	Statistical analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Cord Blood 25-hydroxyvitamin D and Fetal Growth in the China-Anhui Birth Cohort Study
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14930
            
         
          
             
                Peng Zhu
                Shi-lu Tong
                Wen-biao Hu
                Jia-hu Hao
                Rui-xue Tao
                Kun Huang
                Zhe Mou
                Qi-fan Zhou
                Xiao-min Jiang
                Fang-biao Tao
            
         
          doi:10.1038/srep14930
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep14930
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep14930
            
         
      
       
          
          
          
             
                doi:10.1038/srep14930
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14930
            
         
          
          
      
       
       
          True
      
   




