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Abstract
Objective—To examine the association between second-trimester maternal serum 25-
hydroxyvitamin D (25[OH]D) concentrations and risk of small for gestational age (SGA) in
singleton, live births.

Methods—We assayed serum samples at 12 to 26 weeks of gestation for 25(OH)D in a sample
of participants in a multicenter clinical trial of low-dose aspirin for the prevention of preeclampsia
in high-risk women (n=792). Multivariable log-binomial regression models were used to assess
the association between 25(OH)D and risk of SGA (birth weight less than the 10th percentile of
gestational age) after adjustment for confounders including maternal prepregnancy obesity, race,
treatment allocation, and risk group.

Results—Thirteen percent of infants were SGA at birth. Mean (SD) 25(OH)D concentrations
were lower in women who delivered SGA (57.9 [29.9] nmol/L0 vs. non-SGA infants (64.8 [29.3]
nmol/L, P=0.028). In adjusted models, 25(OH)D concentrations of 50-74 nmol/L and ≥75 nmol/L
compared with <30 nmol/L were associated with 43% (95% confidence interval [CI] 0.33-0.99)
and 54% (95% CI 0.24-0.87) reductions in risk of SGA, respectively. Race and maternal obesity
each modified this association. White women with 25(OH)D ≥50 vs. <50 nmol/L had a 68%
reduction in SGA risk (adjusted risk ratio [RR] 0.32, 95% CI 0.17-0.63) and nonobese women
25(OH)D ≥50 vs. <50 nmol/L had a 50% reduction in SGA risk (adjusted RR 0.50, 95% CI
0.31-0.82). There was no association between 25(OH)D and risk of SGA in black or obese
mothers.

Conclusion—Maternal vitamin D status in the second trimester is associated with risk of SGA
among all women, and in the subgroups of white and nonobese women.
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Introduction
Fetal growth restriction, most often estimated by incidence of a birth weight that is small for
gestational age (SGA), is a major public health issue across the globe (1, 2). Infants
suffering from growth restriction are at higher risk of death and serious neonatal morbidities
(3), and alarmingly, health risks continue into adulthood (4). SGA is associated with a range
of maternal factors including nutritional status, obesity, age, smoking, and infection,
although there are few effective interventions for prevention (5).

Vitamin D deficiency continues to be a public health issue in the US, particularly among
women of reproductive age, and deficiency rates have been increasing (6). Vitamin D is
unique among essential micronutrients as it can be produced by the body subcutaneously
after exposure to ultraviolet-B (UVB) radiation. Vitamin D receptors have been identified in
tissues throughout the body allowing for a plethora of hormonal roles for the biologically
active 1,25-dihydroxyvitamin D (1,25(OH)2D). Maternal vitamin D deficiency is related to a
range of poor pregnancy outcomes, including preterm birth, preeclampsia, and SGA (7).
Vitamin D could potentially be related to fetal growth through calcium metabolism and bone
growth (8), or altering placental function (9, 10).

Several observational studies have linked maternal 25(OH)D concentrations and risk of
SGA in general obstetric populations (11-15). Little is known about this association in high-
risk pregnancies where competing risk factors could augment or dampen the vitamin D-SGA
relationship. As well, populations that are geographically- and racially-diverse are important
in vitamin D research to observe a range of solar radiation exposure, cutaneous vitamin D
production, and dietary intake. The objective of this study was to examine the association
between maternal vitamin D status at 12 to 26 weeks of gestation and risk of SGA in a
multicenter US cohort of women at high risk for preeclampsia who delivered singleton, live
births.

Materials and Methods
This was an observational study that used data and blood samples from the High-Risk
Aspirin Study, a randomized controlled trial of low-dose aspirin for the prevention of
preeclampsia. The trial was conducted in women at high risk for preeclampsia in 12 medical
centers across the US (1991-95) (16). Women who had prepregnancy, insulin-treated
diabetes; chronic hypertension; preeclampsia in a previous pregnancy; or multifetal
gestation were enrolled at 12 to 26 weeks of gestation. Further details of enrollment criteria
are published (16). Exclusion criteria included planned delivery elsewhere, significant
bleeding or bleeding disorders, aspirin allergy, current drug or alcohol abuse, renal failure,
active hepatitis, uncontrollable hypertension, fetal anomalies incompatible with life, and
fetal hydrops fetalis. After providing informed, written consent, women were randomized to
receive 60 mg of aspirin or placebo daily until delivery or the development of preeclampsia.
The trial found no effect of aspirin on the incidence of preeclampsia, preterm birth, or SGA
(16). Data were collected at enrollment on women's medical histories and
sociodemographics. Nonfasting blood samples were taken before randomization (i.e. prior to
treatment) and infants were weighed at birth.

Of 1,851 eligible women with singleton pregnancies enrolled, 839 had a serum sample at
≤26 weeks available for vitamin D assessment. We excluded 29 stillbirths, 10 pregnancies
missing birth weight, and eight missing prepregnancy BMI for a final analytic sample of 792
singleton live births. Our study used deidentified data and was approved by the University of
Pittsburgh Institutional Review Board.
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Circulating serum 25(OH)D represents vitamin D from oral intake and cutaneous production
and is considered the best biomarker of vitamin D status (17). In a DEQAS (Vitamin D
External Quality Assessment Scheme)-proficient laboratory, total serum 25(OH)D
[25(OH)D2 + 25(OH)D3] was measured using liquid-chromatography-tandem mass
spectrometry according to National Institute of Standards and Technology (NIST)
specifications (18). This method has a 2 ng/mL lower limit of detection and no upper limit.
The intra-assay coefficients of variation were 8.2% and 5.9% for 25(OH)D2 and 25(OH)D3,
respectively. As there is no universally accepted definition of vitamin D deficiency during
pregnancy (19, 20), we examined 25(OH)D by multiple cut-points from 25 to 80 nmol/L and
used splines to investigate nonlinearity. We presented cut-points of 30 and 50 nmol/L per
the IOM's definition of risk of vitamin D deficiency and inadequacy, respectfully (19), and
75 nmol/L per the Endocrine Society's definition of insufficiency (20).

We defined SGA as <10th percentile of birth weight for gestational age based on a fetal
standard (21). We chose the fetal standard because we had a high incidence of preterm birth
(26%), and SGA is underestimated in preterm births when birth weight standards are used
(22, 23). Defining SGA based on a fetal standard has shown to better predict adverse
outcomes (24-26). Gestational age was determined by ultrasound or date of last menstrual
period in the absence of ultrasound.

Women were interviewed at baseline and self-reported pre-pregnancy weight, parity, marital
status, smoking habits, age, and total years of schooling. Women self-reported predominant
race which we classified as black (non-Hispanic black and Hispanic black) or white (non-
Hispanic white, Hispanic white, and American Indian/Alaskan). Height was measured and
date of blood draw was recorded. Data were also available on the season of blood draw
[winter (December-February), spring (March-May), summer (June-August), or fall
(September-November)], latitude of study site, and infant sex.

The distribution of 25(OH)D was approximately normal by visual inspection with a Kernel
density plot, and we used the t-test to compare mean levels of 25(OH)D for SGA and non-
SGA. We used log-binomial models to estimate risk ratios, risk differences, and their
respective 95% confidence intervals for the association between 25(OH)D and SGA. We
assessed non-linearity with restricted cubic splines and tested the spline terms with the Wald
test. Biologic interaction was tested on the additive scale for prepregnancy BMI, race,
gestational age at blood sample, season of blood sample, parity, and infant sex in full models
with all potential confounders using the synergy index (27, 28). Statistical interaction terms
were included in the regression model when biological interaction was present. Potential
confounders (race, pre-pregnancy body mass index, height, gestational age at blood
sampling, season at blood sampling, marital status, smoking, education, age, latitude, and
infant sex) were identified using a theory-based causal graph (29). Confounding was
considered present if variable removal from the full model changed the 25(OH)D and SGA
association by >10%. None of the potential confounders met this criterion. We retained BMI
and race out of convention and included treatment group, risk group (prepregnancy diabetes;
chronic hypertension; previous preeclampsia), and study latitude to account for the design of
the high risk aspirin trial.

In sensitivity analysis, we tested associations in conditional logistic regression models
conditioned on study site, since the sample size did not provide adequate power to include
11 indicator variables for study site in final models.
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Results
There were no differences in maternal 25(OH)D levels, birth weight, or SGA incidence in
women excluded (n=47) compared to included (n=792; data not shown). Most women in the
study were non-Hispanic black, 20-29 years old, parous, not married, non-smokers, and had
a high school education (Table 1). In this high risk population, only a third of women were
of normal weight (BMI <25 kg/m2), while a quarter were severely obese (BMI ≥35kg/m2).
Thirteen percent of infants were SGA at birth. A higher proportion of SGA infants were
born to smokers and women with less education (Table 1). Twenty-six percent of deliveries
were <37 weeks. The mean (SD) of maternal 25(OH)D at study entry (i.e. before
randomization) was 63.9 (29.5) nmol/L. Overall, 11.2%, 36.6%, and 67.9% of women had
serum 25(OH)D concentrations of <30, <50, and <75 nmol/L, respectively.

In unadjusted analyses, mean (SD) 25(OH)D concentrations were lower in women who
delivered SGA infants compared to women delivering non-SGA infants (57.9 (29.9) vs. 64.8
(29.3) nmol/L, P=0.028). We observed a nonlinear relationship between 25(OH)D and risk
of SGA (P<0.04; Figure 1). After adjustment for race, pregravid BMI, latitude, treatment
group, and risk group in restricted cubic spline models, the risk of SGA declined as
25(OH)D concentrations increased up to about 50 nmol/L and leveled off thereafter. In
categorical analysis, 25(OH)D concentrations of 50-74 nmol/L and ≥75 nmol/L compared to
<30 nmol/L were associated with 43% and 54% reductions in risk of SGA and 8.4 and 10.7
fewer cases of SGA per 100 births, respectively (Table 2). Additional adjustment for
gestational age at blood sampling, season at blood sampling, height, marital status, smoking,
education, age, and infant sex did not meaningfully change the findings, nor did use of
conditional logistic models conditioned on site (data not shown).

The relationship of maternal vitamin D status and risk of SGA was modified by race and
obesity status (Table 2). Prevalence of 25(OH)D <50 nmol/L differed by race (16% in
whites vs. 49% in blacks, P<0.001) and obesity (30% in nonobese vs. 45% in obese,
P<0.001). We observed a different curvilinear relationship between 25(OH)D and risk of
SGA in white compared with black mothers and nonobese compared with obese mothers.
White women and nonobese women had higher risks of SGA with lower maternal 25(OH)D
status (P<0.01; Figure 2). Further, in adjusted models white women and nonobese women
with 25(OH)D ≥50 compared to <50 nmol/L had reduced risks of delivering an infant who
was SGA (Table 2). There was no association between 25(OH)D and risk of SGA in black
or obese mothers. There was only moderate overlap of white mothers and nonobese mothers.
Sixty-two percent (n=184) of white women and 53% (n=260) of black women were not
obese. There were an insufficient number of SGA cases to stratify results into four race/
obesity groups. Associations were not modified by gestational age at study entry, parity, or
infant sex.

Discussion
In this multi-center study of women at high risk for preeclampsia, we found that maternal
second trimester vitamin D status was inversely associated with risk of SGA in singleton
pregnancies. The association seemed to be driven by white mothers and nonobese mothers.
In both of these groups, 25(OH)D <50 nmol/L was associated with an increased risk of SGA
after adjustment for confounders.

There are few randomized trials of maternal vitamin D supplementation, and we identified
two that studied pathologic infant growth (30, 31). In 126 Asian women living in Britain,
daily 1000 IU in the third trimester compared to placebo reduced risk of SGA by 13%,
although this difference was not statistically significant (0.05 < P < 0.10) (30). In another
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British population (n=179), no effect of daily 800 IU or a large single dose of 200,000 IU at
27 weeks compared to no treatment was observed (31). This trial was not placebo
controlled. A recent Cochrane review reported that there is limited evidence to assess the
impact of vitamin D supplementation on SGA (32).

In observational studies, maternal vitamin D deficiency has been associated with risk of
SGA in several general obstetric populations across the US and Europe (11-15). The overall
association is similar to the magnitude of effect we observed in this high risk population,
with 25(OH)D concentrations of 25-37.5 nmol/L appearing to be an important cutoff for
increased risk. Two smaller studies, one in a general obstetric population (33) and one in
women at high risk for preeclampsia (34), found no association between SGA and vitamin D
status but were likely underpowered with only 46 and 13 cases of SGA, respectively.

Our results of an association between low 25(OH)D and SGA in white mothers but no
association among black mothers is consistent with one previous study (12). Two other
studies examined an interaction by maternal race and reported no black-white differences
(11, 13). Although more research is needed to examine whether 25(OH)D has a different
association with SGA by maternal race, it is possible that differences in genetic variability
play a role (12, 35). We did not have a large enough sample size to study the interaction
between vitamin D and polymorphisms in genes related to its metabolism, but such studies
would be fascinating. Some have speculated that the lower range of 25(OH)D values in
blacks may limit the ability to observe associations. The distribution of 25(OH)D was left-
shifted in blacks compared to whites in this study, but the range was still wide with
approximately 50% of black women having values above 50 nmol/L. Thus it does not seem
that the range or distribution was a limitation in this case. Others have posed that blacks may
not be impacted by low vitamin D status or may have different adaptive responses compared
to whites (36). For example, black women with vitamin D deficiency have a decreased
osteoporosis risk and increase in bone mass compared with whites with vitamin D
deficiency, indicating there may be a lower threshold for parathyroid hormone induced bone
turnover in blacks (36).

We are unaware of any previous vitamin D-fetal growth study to have assessed differences
by prepregnancy BMI. However, our findings are consistent with a growing body of
observational data suggesting that nutritional exposures may be protective against adverse
pregnancy and birth outcomes such as SGA birth only among lean women (37). Obese
mothers have altered metabolism and are at risk of multiple micronutrient deficiencies,
including vitamin D deficiency (38). It is possible that higher doses of nutrients are needed
in obese women to have effects similar to lean women (37).

The biologic mechanisms that may connect maternal vitamin D status to fetal growth
remains elusive. A plausible mechanism for the impact of maternal vitamin D on fetal
growth is placental vascularization, which has received considerable attention in its
association with fetal growth (39-41). Several observational studies have connected poor
vitamin D status with higher risk of preeclampsia (7, 42), which, like fetal growth
restriction, has placental origins related to angiogenesis and uterine blood flow (39, 43).
Mice raised on vitamin D deficient diets have placentas with narrower fetal vessels in the
placental labyrinth compared to mice fed vitamin D sufficient diets, indicating dysregulated
vascularization (44). We have demonstrated an inverse relationship between maternal
25(OH)D and risk of placental vascular lesions in pregnancies with male fetuses (10) and
others have documented associations between vitamin D and biomarkers of angiogenesis
(45-47). More basic science research is needed in this area as well as studies with multiple
measurements of fetal growth and placental vascularization.
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We did not have information on vitamin D dietary intake, supplement use, or sun exposure
to inform the determinants of 25(OH)D in this population. Our study was limited by one
measurement of 25(OH)D between 12 and 26 weeks of gestation. Because others have
shown that exposure to vitamin D is differentially associated with SGA depending on
trimester of sampling (11), measurements of 25(OH)D across gestation would have been
ideal to allow us to study other critical windows outside this range. Although the choice of a
weight standard to classify SGA is controversial, we chose a fetal weight standard to better
capture SGA in preterm births since we had over a quarter of subject born at <37 weeks of
gestation.

It is unclear how our findings in high-risk mothers translate to a general obstetric population.
However, the vitamin D-SGA association we observed was similar to that reported in other
general obstetrics populations, which may demonstrate broad importance of maternal
vitamin D status even in pregnancies with many competing risk factors for poor fetal
growth. We were not able to study Hispanic women as a separate race/ethnicity group due to
small sample size (n=54), notwithstanding, our study benefits from a having a well-
characterized and geographically- and racially-diverse population and use of gold standard
methodology for assessing 25(OH)D.

Our cohort study adds to the body of evidence suggesting that maternal vitamin D status in
pregnancy is related to fetal growth. Much of the supporting literature is based on
observational studies, and only randomized controlled trials can determine whether this
association is causal. Until data from trials are available, obstetricians should follow the
ACOG guidelines for vitamin D screening and supplementation during pregnancy (38).
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Figure 1.
Adjusted risk (solid line) of small-for-gestational-age birth by maternal serum 25-
hydroxyvitamin D (25(OH)D) at 12–26 weeks of gestation in 792 women at high risk for
preeclampsia (P=0.02). Gray shading is 95% confidence intervals. 25(OH)D was modeled
by restricted cubic splines with three knots (28.8, 60.0, and 103.3) at percentiles 10%, 50%,
and 90% in a log-binomial model adjusted for latitude, obesity status, race, treatment group,
and risk group. 25(OH)D values less than 15 nmol/L (n=9) and more than 120 nmol/L
(n=34) were omitted from the figure.
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Figure 2.
Adjusted risk (solid line) of small-for-gestational-age birth by maternal serum 25-
hydroxyvitamin D (25(OH)D) at 12 – 26 weeks of gestation in (A) 298 white women (P less
than 0.01, includes American Indian/Alaskan, n=2), (B) 494 black women (P=0.09), (C) 444
non-obese women (P=0.01, body mass index (BMI) less than 30 kg/m2), and (D) 348 obese
women (P=0.39; BMI greater than 30 kg/m2) all at high risk for preeclampsia. Gray shading
is 95% confidence intervals. 25(OH)D was modeled by restricted cubic splines with three
knots (28.8, 60.0, and 103.3) at percentiles 10%, 50%, and 90% in a log-binomial model
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adjusted for latitude, obesity status, race, treatment group, and risk group. 25(OH)D values
less than 15 nmol/L (n=9) and greater than 120 nmol/L (n=34) were omitted from the figure.
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Table 1
Characteristics of pregnant women at enrollment and their infants at birth in the High-
Risk Aspirin Study (1991-1996)

Total N=792 Non-SGA n=689 SGA n=103 P

Mothers

 Race

  Non-Hispanic White 243 (30.7) 216 (31.4) 27 (26.2) 0.30

  Non-Hispanic Black 493 (62.5) 422 (61.3) 71 (68.9)

  Other* 56 (7.1) 51 (7.4) 5 (4.9)

 Maternal age (years)†

  <20 96 (12.1) 83 (12.1) 13 (12.6) 0.76

  20-29 444 (56.1) 384 (55.7) 60 (58.3)

  >=30 246 (31.1) 216 (31.4) 30 (29.1)

 Parity

  Nulliparous 175 (22.1) 538 (78.1) 79 (76.7) 0.75

  Parous 617 (77.9) 151 (21.9) 24 (23.3)

 Marital status

  Married 289 (36.5) 433 (62.8) 70 (68.0) 0.31

  Not married 503 (63.5) 256 (37.2) 33 (32.0)

 Smoking at study entry

  Smoker 133 (16.8) 582 (84.5) 77 (74.8) 0.01

  Nonsmoker 659 (83.2) 107 (15.5) 26 (25.2)

 Prepregnancy BMI (kg/m2)

  <25 259 (32.7) 224 (32.5) 35 (34.0) 0.33

  25-29.9 185 (23.4) 155 (22.5) 30 (29.1)

  30-34.9 155 (19.6) 140 (20.3) 15 (14.6)

  ≥35 193 (24.4) 170 (24.7) 23 (22.3)

 Education†

  < High school 217 (27.4) 195 (28.3) 22 (21.4) 0.02

  High school graduate 356 (45.0) 301 (43.7) 55 (53.4)

  Some college 160 (20.2) 144 (20.9) 16 (15.5)

  College graduate 58 (7.3) 49 (7.11) 9 (8.74)

 Gestational age at enrollment, weeks‡ 19.5 ± 3.9 19.6 ± 4.0 19.4 ± 3.9 0.61

 Season of blood sampling

  Winter (December-February) 186 (23.5) 162 (23.5) 24 (23.3) 1.00

  Spring (March-May) 202 (25.5) 175 (25.4) 27 (26.2)

  Summer (June-August) 185 (23.4) 161 (23.4) 24 (23.3)

  Fall (September-November) 219 (27.7) 191 (27.7) 28 (27.2)

 Latitude of study site

  ≥40 degrees North 173 (21.8) 149 (21.6) 24 (23.3 0.89

  37-39 degrees North 133 (16.8) 115 (16.7) 18 (17.5)

  35-36 degrees North 281 (35.5) 248 (36.0) 33 (32.0)
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Total N=792 Non-SGA n=689 SGA n=103 P

  ≤35 degrees North 205 (25.9) 177 (25.7) 28 (27.2)

 Risk group in Aspirin trial 0.21

  Prepregnancy diabetes 184 (23.2) 167 (24.2) 17 (16.5)

  Chronic Hypertension 322 (40.7) 275 (39.9) 47 (45.6)

  Previous preeclampsia 286 (36.1) 247 (35.9) 39 (37.9)

Infants

 Birth weight, g 3143 ± 723 3284 ± 636 2203 ± 549 <0.01

 Length, cm 49.2 ± 4.0 49.8 ± 3.6 45.5 ± 4.5 <0.01

 Head circumference, cm 33.7 ± 2.4 34.0 ± 2.2 31.3 ± 2.5 <0.01

 Infant sex <0.01

  Male 417 (52.7) 377 (54.7) 40 (38.8)

  Female 375 (47.4) 312 (45.3) 63 (61.2)

 Gestational age at birth, weeks 37.5 ± 2.6 37.7 ± 2.5 36.6 ± 3.1 <0.01

  Preterm (<37 weeks) 208 (26.3) 166 (24.1) 42 (40.8) <0.01

  Term (≥37 weeks) 584 (73.7) 523 (75.9) 61 (59.2)

 Low birth weight status <0.01

  <2500 g 128 (16.2) 62 (9.0) 66 (64.1)

  ≥2500 g 664 (83.8) 627 (91.0) 37 (35.9)

Data are n(%) or mean±standard deviation unless otherwise specified.

SGA, small-for-gestational-age; BMI, body mass index.

*
n=53 Hispanic white, n=1 Hispanic black, n=2 American Indian/Alaskan

†
Six missing values for age; one missing value for education.

‡
range 12-26 weeks.
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