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Abstract

Purpose—Several studies have reported increased risk of preeclampsia when 25-hyrdoxyvitamin

D (25[OH]D) levels are low. The extent to which 25(OH)D may lower risk for hypertensive

disorder during pregnancy remains unclear.
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Methods—Among women enrolled in the Project Viva prenatal cohort in Massachusetts, we

examined associations of 25(OH)D levels obtained at 16.4 –36.9 weeks of gestation (mean 27.9

weeks) with hypertensive disorders of pregnancy, including preeclampsia (56/1591, 3.5%) and

gestational hypertension (109/1591, 6.9%).

Results—We did not detect an association between plasma 25(OH)D concentration (mean 58,

SD 22 nmol/L) and preeclampsia. For each 25 nmol/L increase in 25(OH)D, the adjusted odds

ratio for preeclampsia was 1.14 (95% confidence interval: 0.77, 1.67). By contrast and contrary to

hypothesis, higher 25(OH)D concentrations were associated with higher odds of gestational

hypertension: adjusted odds ratio for gestational hypertension was 1.32 (95% confidence interval:

1.01, 1.72) per each 25nmol/L increment in 25(OH)D. Vitamin D intake patterns suggest this

association was not because of reverse causation. While the elevated hypertension risk may be due

to chance, randomized trials of vitamin D supplementation during pregnancy should monitor for

gestational hypertension.

Conclusions—These data do not support the hypothesis that higher 25(OH)D levels lower the

overall risk of hypertensive disorders of pregnancy.
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INTRODUCTION

Beyond its well-established role in bone health, vitamin D has been studied as a potentially

modifiable factor contributing to extraskeletal health during pregnancy(1). During

pregnancy, vitamin D may play a role in implantation and placental function potentially due

to angiogenic, immunomodulatory and anti-inflammatory effects(2). While still

incompletely understood, the pathophysiology of preeclampsia likely involves abnormal

placentation and angiogenesis (3). Several studies have demonstrated an association between

higher 25-hydroxyvitamin D (25[OH]D) levels in pregnancy and reduced risk of

preeclampsia(4–9), especially severe preeclampsia(4, 5, 8). The National Institutes of Health

has funded several ongoing trials to assess the extent to which vitamin D supplementation

during pregnancy may prevent perinatal complications(10). However, vitamin D

supplementation may not be without risk. In a study of dietary intake of several

micronutrients, we observed a potential increased risk of gestational hypertension with

higher dietary intakes of vitamin D during pregnancy (adjusted OR 1.11, 95%: 1.01, 1.21

per 100 IU of dietary vitamin D(11). In that earlier analysis, however, we did not have

access to plasma 25(OH)D concentrations, a better estimate of vitamin D status because

25(OH)D includes vitamin D from both diet and sun exposure. Our objective in this paper is

to determine the extent to which plasma 25(OH)D concentrations during pregnancy are

associated with hypertensive disorders of pregnancy, namely preeclampsia and gestational

hypertension.
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MATERIALS and METHODS

We studied women participating in Project Viva, a prospective, prenatal cohort study in

Massachusetts. We recruited women who were attending their initial prenatal visit (mean

10.5 weeks gestation) at one of 8 urban and suburban obstetrical offices of Harvard

Vanguard Medical Associations, a multi-specialty group practice located in eastern

Massachusetts. Women provided written informed consent. Details of cohort recruitment

and retention are published elsewhere(12). Of the 2128 participants who delivered live

infants, we classified 28 women as chronically hypertensive (defined as taking

antihypertensive medications or with two elevated clinically measured blood pressure values

[systolic (SBP) >140 mm Hg or diastolic (DBP) >90 mm Hg] before 20 weeks gestation),

and excluded them from all analyses. Of the 2100 remaining, we obtained plasma samples

from 1591 at the time of the routine blood collection to screen for gestational diabetes (mean

27.9 weeks gestation; range 16.4–36.9 weeks). All had assessments of hypertensive

outcomes. The institutional review boards of participating institutions approved the study.

Blood samples were initially refrigerated and then we separated the plasma and stored

aliquots at −80°C. We analyzed each sample in duplicate for 25(OH)D concentration, once

using an automated chemiluminescence immunoassay (13) and once using a manual

radioimmunoassay (r=0.81)(14). As we have done in prior studies, we averaged the two

values to obtain more stable estimates of 25(OH)D level(15, 16). Analyses using either the

chemiluminescence data only or radioimmunoassay data only yielded similar results but

with wider confidence intervals (Supplementary Tables 1). For quality control, the

laboratory used U.S. National Institute of Standards and Technology level 1. We categorized

vitamin D status according to clinical guidelines (17–19), as we have done previously: < 25,

25 – < 50, 50 – < 75, and ≥ 75 nmol/L.

For the endpoints preeclampsia and gestational hypertension, as described previously (11),

we reviewed outpatient charts for blood pressure and urine protein results. Briefly, we

defined gestational hypertension as elevated blood pressure (SBP≥140 or DBP≥90) on 2 or

more occasions on or after 20 weeks of gestation, and preeclampsia as elevated blood

pressure plus concurrent proteinuria (1+ twice > 4 hours but < 7 days apart or ≥ 2+ once) on

or after 20 weeks gestation(20).

We performed unadjusted and then multivariable-adjusted multinomial logistic regression

models to examine associations of 25(OH)D categories and continuous 25(OH)D values

with odds of preeclampsia or gestational hypertension. We used categories of 25(OH)D to

assess potential non-linear associations of 25(OH)D and hypertensive disorders. We

included as covariates factors that could confound the association between 25(OH)D status

and hypertension: maternal age, race/ethnicity, smoking, education, marital status, parity,

season of last menstrual period and gestational age at time of blood draw. Because 25(OH)D

levels are inversely associated with adiposity(21), we added prepregnancy body mass index

and gestational weight gain (up to the time of the blood draw) to adjusted models in a

separate step. To further evaluate potentially modifiable factors that might be related to

25(OH)D levels, we then added second trimester physical activity and dietary intakes of

calcium and fish to the adjusted models. We defined physical activity as self-reported hours
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spent walking or performing light-to-moderate or vigorous activity in the three months

before the second trimester blood draw(22). We estimated dietary intakes of calcium,

vitamin D and fish from a validated, semi-quantitative food frequency questionnaire(23, 24).

We were missing data on 6 women for body mass index, 145 for dietary intake, 11 for

marital status, 285 women for physical activity, 10 for race/ethnicity, 8 for smoking, 289 for

25(OH)D levels, and 31 for weight gain. To address missing data, we used chained

equations to multiply impute values(25–27). We generated 50 imputed datasets and

combined them in the reported results(28). We used all 2128 Project Viva subjects in the

imputation process(26), but the analysis sample included only the 1591 eligible

participants(25). All analyses were performed using SAS software(version 9.3; SAS

Institute Inc, Cary, NC).

RESULTS

Fifty-six of the 1591 participants (3.5%) had preeclampsia and 109 of 1591 (6.9% had

gestational hypertension. Participant characteristics and 25(OH)D categories are included in

Table 1. Mean 25(OH)D level was 58 nmol/L(standard deviation 23). There was little

evidence of differing odds of preeclampsia or gestational diabetes by 25(OH)D category

(Table 2) . Expressing 25(OH)D as a continuous variable, we also did not detect an

association with preeclampsia in unadjusted (odds ratio [OR] per 25 nmol/L 0.89, 95%

confidence interval [CI]: 0.62, 1.26) or fully-adjusted models (1.14, 95% CI: 0.77, 1.67)

(Table 2). In contrast, for each 25 nmol/L increment in 25(OH)D, we observed a higher odds

of gestational hypertension in unadjusted models (OR 1.25, 95% CI: 0.98, 1.58) and fully-

adjusted models (OR 1.32, 95 % CI: 1.01, 1.72). Restricting to mothers whose blood was

drawn prior to 30 weeks’ gestation (n=1504) made little difference. There was no

association with preeclampsia (adjusted OR 1.11, 95% CI 0.75, 1.66), but higher 25(OH)D

levels were associated with higher odds of gestational hypertension (adjusted OR 1.37, 95%

CI: 1.04, 1.80).

This finding might result from reverse causality if women who were diagnosed with

gestational hypertension after 20 weeks’ gestation subsequently increased their vitamin D

intake. However, on analysis of food frequency questionnaire data, women with gestational

hypertension had similar mean vitamin D intake from food and supplements combined in

first (538 IU per day [SD 257]) and second (574 IU per day [SD 156]) trimesters. In

contrast, normotensive women had a larger increase in vitamin D intake from 487 IU (SD

206) to 595 IU (187). Additionally, just 43% of women with gestational hypertension

increased their energy-adjusted vitamin D intake from foods and supplements by more than

100 IU between the first and second trimesters compared to 49% of normotensive women.

DISCUSSION

In this cohort study, we did not find an association between 25(OH)D level at mean of 27.9

weeks gestation and risk of preeclampsia. By contrast, we did find an association between

higher pregnancy 25(OH)D levels and increased risk of gestational hypertension; for each

25 nmol increment of 25(OH)D, the odds of GH were 33% higher, a clinically important

effect size.
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The lack of an association between 25(OH)D level and preeclampsia may be because we

obtained samples later in pregnancy than other studies(4, 5) or because we did not focus on

severe preeclampsia which has been more consistently linked to vitamin D status(4, 6, 9). In

one meta-analysis that included studies irrespective of adjustment for confounding variables,

Wei and colleagues reported that women with 25(OH)D levels <50 nmol/L (vs. higher) had

higher odds of preeclampsia(crude OR 2.09, 95% CI: 1.50–2.90)(29). In another meta-

analysis that adjusted for unspecified “critical confounders,” Aghajafari et al. reported a

weaker, and nonsignificant association (adjusted OR 1.51, 95% CI: 0.89 to 2.57), albeit for a

different cutpoint, 25(OH)D levels < 75 nmol/L vs. higher(30). In a third meta-analysis,

Tabesh and colleagues reported a significant association between low 25(OH)D and

preeclampsia association with a cutpoint of <50 nmol/L but not <38 nmol/L vs. higher(31).

Both Tabesh et al. an Aghajafari et al. raised the possibility of publication bias. Our null

results are consistent with other studies that incorporated control for covariates(32, 33).

Wetta et al. performed a nested case-control study comparing 89 women with preeclampsia

that developed before 37 weeks’ gestation and 177 controls. They measured 25(OH)D

concetnrations from serum obtained between 15 and 21 weeks’ gestation and found that

mean 25(OH)D levels did not differ in preeclamptic cases (68 nmol/L) and controls (71

nmol/L) (P= 0.92) (32). Adjustment for confounding variables made did not change their

estimates. Additionally, Yu et al analyzed serum 25(OH)D levels at 11–13 weeks in 90

cases that developed early (before 34 weeks’ gestation) and late preeclampsia (after 34

weeks’ gestation) and 1000 controls and found no difference in median 25(OH)D level

(P=0.14 and 0.23 comparing early and late preeclampsia cases to controls, respectively)

(33).

The increased risk of gestational hypertension we observed among women with higher

25(OH)D levels was somewhat surprising. We are aware of only one other cohort study that

examined gestational hypertension separately from preeclampsia. Shand et al. reported a

lower OR of 0.6 but with a wide 95% CI(0.2, 1.67) for gestational hypertension among

women with 25(OH)D level >37.5 nmol/L vs. lower(34). Their OR was in the opposite

direction of ours, but their study was much smaller; just 22 of 221 participants developed

gestational hypertension vs. our 109 of 1591. Most prior studies of vitamin D status and

preeclampsia used a case-control design(4–6) and thus excluded women with gestational

hypertension or included them in the non-affected comparison group(7). In contrast we

assessed the 3 distinct outcome groups: preeclampsia, gestational hypertension, and normal.

We do not have a biological explanation for our finding of an association between higher

25(OH)D and gestational hypertension risk. In addition to chance or unmeasured

confounding, we considered whether it could be due to reverse causation. It is possible that

when women were diagnosed or in the process of being diagnosed with gestational

hypertension they became more adherent to their multivitamin intake which led to higher

25(OH)D levels. However, normotensive women increased their mean intake of vitamin D

more than hypertensive women between the first and second trimesters. While it is possible

that this would indicate that increasing vitamin D intake throughout pregnancy could be

helpful, in the setting of higher 25(OH)D levels being associated with gestational

hypertension, such an assertion is premature. Furthermore, while gestational hypertension

can develop any time after 20 weeks’ gestation,(35) 80% of diagnoses are made after 36
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weeks’ gestation (36), well after the timing of blood collection in our cohort(mean 27.9

weeks gestation), which also argues against reverse causation. Physiologic reverse causation

cannot be excluded. For example if placental expression of 1-alpha-hydroxylase increased in

the setting of hypertension, it is possible that 25(OH)D levels would be higher in

hypertensive women.

Our study had several strengths including a prospective cohort design, with inclusion of

women with gestational hypertension in addition to preeclampsia. Moreover, outcome data

were based on vital signs rather than clinical diagnosis, and we had detailed information on

multiple potential confounding variables. The main limitation was too few cases (n=2) to

analyze severe preeclampsia (defined as very elevated blood pressure (SBP ≥160 or DBP

≥110) on 2 or more occasions on or after 20 weeks of gestation in the presence of

proteinuria), which limits comparison with some published case-control studies(4, 6, 9). An

additional limitation is that we did not measure first trimester 25(OH)D concentrations,

which may be more relevant to the pathogenesis of preeclampsia. Also, although the

prevalence of preeclampsia and gestational hypertension were similar to population-based

data from Massachusetts obtained from hospital discharge data(37), the small number of

women with these outcomes especially at low 25(OH)D levels resulted in wide confidence

intervals. We measured 25(OH)D from blood obtained for clinical reasons and thus had a

wide-range of gestational ages at which our blood was analyzed. Only 51 women both

delivered before 37 weeks’ gestation and did not have plasma analyzed for 25(OH)D levels

and thus were not included in this analysis. In this subset, 4 (7.8%) had gestational

hypertension and 7 (13.7%) had preeclampsia. Lastly, we recognize the continued

uncertainty as to the optimal method of measuring 25(OH)D levels(1, 38–40), however, we

used established assays (chemiluminescence(13) and radioimmunoassay(14)) to estimate the

25(OH)D levels of each participant.

In conclusion, we did not detect an association between 25(OH)D levels obtained at mean of

27.9 weeks gestation and preeclampsia. Counter to our expectations, we found that each

additional 25 nmol/L in 25(OH)D level was associated with 33% higher risk of gestational

hypertension. This finding may be due to chance. If the association is confirmed in other

studies, the magnitude of the association could be of concern as typical supplements contain

600 IU, enough to raise 25(OH)D levels by about 15 nmol/L(41) which could raise an

individual’s odds of gestational hypertension based on our data by 20%. While

complications of pregnancies complicated by preeclampsia clearly exceed those of

gestational hypertension, women with hypertension alone are more likely to be delivered

late preterm or early term compared to normotensive controls (42) and remain at risk after

pregnancy of developing cardiovascular disease (43). Trials of vitamin D supplementation

during pregnancy should be alert to a possible increase in risk of gestational hypertension

and should be sure to study this outcome in addition to preeclampsia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Burris et al. Page 6

Ann Epidemiol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Acknowledgments

This work was supported by the National Institutes of Health (R01 HD034568, R01 HD064825, K24 HL06804,
K23 ES022242, K24 HD069408), The Harvard Pilgrim Health Care Foundation, and the Klarman Scholars
Program at Beth Israel Deaconess Medical Center.

Abbreviations

25(OH)D 25-hydroxyvitamin D

BMI body mass index

CI confidence interval

OR odds ratio

References

1. Ross, AC. Institute of Medicine (U. S.). Committee to Review Dietary Reference Intakes for
Vitamin D and Calcium. Dietary reference intakes for calcium and vitamin D. Washington, DC:
National Academies Press; 2011.

2. Evans KN, Bulmer JN, Kilby MD, Hewison M. Vitamin D and placental-decidual function. Journal
of the Society for Gynecologic Investigation. 2004; 11:263–271. [PubMed: 15219879]

3. Warrington JP, George EM, Palei AC, Spradley FT, Granger JP. Recent advances in the
understanding of the pathophysiology of preeclampsia. Hypertension. 2013; 62:666–673. [PubMed:
23897068]

4. Baker AM, Haeri S, Camargo CA Jr, Espinola JA, Stuebe AM. A nested case-control study of
midgestation vitamin D deficiency and risk of severe preeclampsia. J Clin Endocrinol Metab. 2010;
95:5105–5109. [PubMed: 20719829]

5. Bodnar LM, Catov JM, Simhan HN, Holick MF, Powers RW, Roberts JM. Maternal vitamin D
deficiency increases the risk of preeclampsia. J Clin Endocrinol Metab. 2007; 92:3517–3522.
[PubMed: 17535985]

6. Robinson CJ, Wagner CL, Hollis BW, Baatz JE, Johnson DD. Association of Maternal Vitamin D
and Placenta Growth Factor with the Diagnosis of Early Onset Severe Preeclampsia. American
journal of perinatology. 2012

7. Wei SQ, Audibert F, Hidiroglou N, Sarafin K, Julien P, Wu Y, et al. Longitudinal vitamin D status
in pregnancy and the risk of pre-eclampsia. BJOG. 2012; 119:832–839. [PubMed: 22462640]

8. Marya RK, Rathee S, Manrow M. Effect of calcium and vitamin D supplementation on toxaemia of
pregnancy. Gynecol Obstet Invest. 1987; 24:38–42. [PubMed: 3623260]

9. Robinson CJ, Alanis MC, Wagner CL, Hollis BW, Johnson DD. Plasma 25-hydroxyvitamin D
levels in early-onset severe preeclampsia. Am J Obstet Gynecol. 2010; 203(366):e361–e366.

10. Ramon R, Ballester F, Aguinagalde X, Amurrio A, Vioque J, Lacasana M, et al. Fish consumption
during pregnancy, prenatal mercury exposure, and anthropometric measures at birth in a
prospective mother-infant cohort study in Spain. Am J Clin Nutr. 2009; 90:1047–1055. [PubMed:
19710189]

11. Oken E, Ning Y, Rifas-Shiman SL, Rich-Edwards JW, Olsen SF, Gillman MW. Diet during
pregnancy and risk of preeclampsia or gestational hypertension. Ann Epidemiol. 2007; 17:663–
668. [PubMed: 17521921]

12. Gillman MW, Rich-Edwards JW, Rifas-Shiman SL, Lieberman ES, Kleinman KP, Lipshultz SE.
Maternal age and other predictors of newborn blood pressure. J Pediatr. 2004; 144:240–245.
[PubMed: 14760269]

13. Ersfeld DL, Rao DS, Body JJ, Sackrison JL Jr, Miller AB, Parikh N, et al. Analytical and clinical
validation of the 25 OH vitamin D assay for the LIAISON automated analyzer. Clin Biochem.
2004; 37:867–874. [PubMed: 15369717]

Burris et al. Page 7

Ann Epidemiol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



14. Hollis BW, Kamerud JQ, Selvaag SR, Lorenz JD, Napoli JL. Determination of vitamin D status by
radioimmunoassay with an 125I-labeled tracer. Clin Chem. 1993; 39:529–533. [PubMed:
8448871]

15. Burris HH, Rifas-Shiman SL, Kleinman K, Litonjua AA, Huh SY, Rich-Edwards JW, et al.
Vitamin D deficiency in pregnancy and gestational diabetes mellitus. Am J Obstet Gynecol. 2012

16. Burris HH, Rifas-Shiman SL, Camargo CA Jr, Litonjua AA, Huh SY, Rich-Edwards JW, et al.
Plasma 25-hydroxyvitamin D during pregnancy and small-for-gestational age in black and white
infants. Ann Epidemiol. 2012; 22:581–586. [PubMed: 22658824]

17. Bischoff-Ferrari HA, Giovannucci E, Willett WC, Dietrich T, Dawson-Hughes B. Estimation of
optimal serum concentrations of 25-hydroxyvitamin D for multiple health outcomes. Am J Clin
Nutr. 2006; 84:18–28. [PubMed: 16825677]

18. Ginde AA, Sullivan AF, Mansbach JM, Camargo CA Jr. Vitamin D insufficiency in pregnant and
nonpregnant women of childbearing age in the United States. Am J Obstet Gynecol. 2010;
202(436):e431–438.

19. Holmes VA, Barnes MS, Alexander HD, McFaul P, Wallace JM. Vitamin D deficiency and
insufficiency in pregnant women: a longitudinal study. Br J Nutr. 2009; 102:876–881. [PubMed:
19331703]

20. Gifford RW. Report of the National High Blood Pressure Education Program Working Group on
High Blood Pressure in Pregnancy. Am J Obstet Gynecol. 2000; 183:S1–S22.

21. Parikh SJ, Edelman M, Uwaifo GI, Freedman RJ, Semega-Janneh M, Reynolds J, et al. The
relationship between obesity and serum 1,25-dihydroxy vitamin D concentrations in healthy
adults. J Clin Endocrinol Metab. 2004; 89:1196–1199. [PubMed: 15001609]

22. Oken E, Ning Y, Rifas-Shiman SL, Radesky JS, Rich-Edwards JW, Gillman MW. Associations of
physical activity and inactivity before and during pregnancy with glucose tolerance. Obstet
Gynecol. 2006; 108:1200–1207. [PubMed: 17077243]

23. Willett WC, Sampson L, Stampfer MJ, Rosner B, Bain C, Witschi J, et al. Reproducibility and
validity of a semiquantitative food frequency questionnaire. Am J Epidemiol. 1985; 122:51–65.
[PubMed: 4014201]

24. Rifas-Shiman SL, Rich-Edwards JW, Willett WC, Kleinman KP, Oken E, Gillman MW. Changes
in dietary intake from the first to the second trimester of pregnancy. Paediatr Perinat Epidemiol.
2006; 20:35–42. [PubMed: 16420339]

25. van Buuren, S.; Oudshoom, CGM. Flexible multivariate imputation by MICE. Leidon: TNO
Preventie en Gezonheid, TNO/PG 99054; 1999. http://webinternlnet/users/SvanBuuren/mi/docs/
rapport99054pdfhttp://webinternlnet/users/SvanBuuren/mi/docs/rapport99054pdf

26. Rubin, DB. Multiple imputation for nonresponse in surveys. Hoboken, N.J.: Wiley- Interscience;
2004.

27. White IR, Royston P, Wood AM. Multiple imputation using chained equations: Issues and
guidance for practice. Stat Med. 2011; 30:377–399. [PubMed: 21225900]

28. Little, RJA.; Rubin, DB. Statistical analysis with missing data. 2nd ed. Hoboken, N.J.: Wiley;
2002.

29. Wei SQ, Qi HP, Luo ZC, Fraser WD. Maternal vitamin D status and adverse pregnancy outcomes:
a systematic review and meta-analysis. J Matern Fetal Neonatal Med. 2013

30. Aghajafari F, Nagulesapillai T, Ronksley PE, Tough SC, O'Beirne M, Rabi DM. Association
between maternal serum 25-hydroxyvitamin D level and pregnancy and neonatal outcomes:
systematic review and meta-analysis of observational studies. BMJ. 2013; 346:f1169. [PubMed:
23533188]

31. Tabesh M, Salehi-Abargouei A, Tabesh M, Esmaillzadeh A. Maternal Vitamin D Status and Risk
of Pre-Eclampsia: A Systematic Review and Meta-Analysis. J Clin Endocrinol Metab. 2013

32. Wetta LA, Biggio JR, Cliver S, Abramovici A, Barnes S, Tita AT. Is Midtrimester Vitamin D
Status Associated with Spontaneous Preterm Birth and Preeclampsia? Am J Perinatol. 2013

33. Yu CK, Ertl R, Skyfta E, Akolekar R, Nicolaides KH. Maternal serum vitamin D levels at 11–13
weeks of gestation in preeclampsia. J Hum Hypertens. 2013; 27:115–118. [PubMed: 22336906]

Burris et al. Page 8

Ann Epidemiol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://webinternlnet/users/SvanBuuren/mi/docs/rapport99054pdf
http://webinternlnet/users/SvanBuuren/mi/docs/rapport99054pdf


34. Shand AW, Nassar N, Von Dadelszen P, Innis SM, Green TJ. Maternal vitamin D status in
pregnancy and adverse pregnancy outcomes in a group at high risk for pre-eclampsia. BJOG.
2010; 117:1593–1598. [PubMed: 21040394]

35. Barton JR, O'Brien JM, Bergauer NK, Jacques DL, Sibai BM. Mild gestational hypertension
remote from term: progression and outcome. Am J Obstet Gynecol. 2001; 184:979–983. [PubMed:
11303208]

36. Sibai BM. Management of late preterm and early-term pregnancies complicated by mild
gestational hypertension/pre-eclampsia. Seminars in perinatology. 2011; 35:292–296. [PubMed:
21962629]

37. Roberts CL, Ford JB, Algert CS, Antonsen S, Chalmers J, Cnattingius S, et al. Population-based
trends in pregnancy hypertension and pre-eclampsia: an international comparative study. BMJ
open. 2011; 1:e000101.

38. de la Hunty A, Wallace AM, Gibson S, Viljakainen H, Lamberg-Allardt C, Ashwell M. UK Food
Standards Agency Workshop Consensus Report: the choice of method for measuring 25-
hydroxyvitamin D to estimate vitamin D status for the UK National Diet and Nutrition Survey. Br
J Nutr. 2010; 104:612–619. [PubMed: 20712915]

39. Lai JK, Lucas RM, Banks E, Ponsonby AL, Ausimmune Investigator G. Variability in vitamin D
assays impairs clinical assessment of vitamin D status. Internal medicine journal. 2012; 42:43–50.
[PubMed: 21395958]

40. Roth HJ, Schmidt-Gayk H, Weber H, Niederau C. Accuracy and clinical implications of seven 25-
hydroxyvitamin D methods compared with liquid chromatography-tandem mass spectrometry as a
reference. Annals of clinical biochemistry. 2008; 45:153–159. [PubMed: 18325178]

41. El-Hajj Fuleihan G, Nabulsi M, Tamim H, Maalouf J, Salamoun M, Khalife H, et al. Effect of
vitamin D replacement on musculoskeletal parameters in school children: a randomized controlled
trial. J Clin Endocrinol Metab. 2006; 91:405–412. [PubMed: 16278262]

42. Cruz MO, Gao W, Hibbard JU. What is the optimal time for delivery in women with gestational
hypertension? Am J Obstet Gynecol. 2012; 207(214):e211–216.

43. Garovic VD, Bailey KR, Boerwinkle E, Hunt SC, Weder AB, Curb D, et al. Hypertension in
pregnancy as a risk factor for cardiovascular disease later in life. J Hypertens. 2010; 28:826–833.
[PubMed: 20087214]

Burris et al. Page 9

Ann Epidemiol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Burris et al. Page 10

T
ab

le
 1

C
ha

ra
ct

er
is

tic
s 

of
 P

ar
tic

ip
an

ts
, O

ve
ra

ll 
an

d 
by

 C
at

eg
or

y 
of

 2
5-

hy
dr

ox
yv

ita
m

in
 D

 C
on

ce
nt

ra
tio

n.
 D

at
a 

Fr
om

 1
59

1a  
Pr

eg
na

nt
 W

om
en

 in
 P

ro
je

ct
 V

iv
a.

C
at

eg
or

y 
of

 p
la

sm
a2

5(
O

H
)D

 (
nm

ol
/L

)

O
ve

ra
ll

n=
15

91
< 

25
n=

81
25

 -
<5

0
n=

47
2

50
 -

<7
5

n=
74

3
≥7

5
n=

29
5

M
ea

n 
(S

ta
nd

ar
d 

D
ev

ia
ti

on
)

P
 v

al
ue

Pl
as

m
a 

25
(O

H
)D

 (
nm

ol
/L

)
58

 (
23

)
20

 (
18

)
39

 (
15

)
62

 (
11

)
90

 (
37

)
<

0.
00

01

M
at

er
na

l a
ge

 a
t e

nr
ol

lm
en

t (
ye

ar
s)

32
.1

 (
5.

0)
29

.2
 (

6.
7)

31
.5

 (
5.

6)
32

.5
 (

4.
6)

32
.9

 (
4.

8)
<

0.
00

01

Pr
ep

re
gn

an
cy

 b
od

y 
m

as
s 

in
de

x 
(k

g/
m

2 )
24

.8
 (

5.
4)

28
.8

 (
8.

2)
25

.7
 (

6.
4)

24
.1

 (
5.

0)
23

.6
 (

4.
7)

<
0.

00
01

Ph
ys

ic
al

 a
ct

iv
ity

 d
ur

in
g 

pr
eg

na
nc

y 
(h

ou
rs

/w
ee

k)
7.

3 
(8

.2
)

9.
6 

(1
1.

4)
7.

4 
(8

.4
)

7.
0 

(8
.2

)
7.

2 
(7

.2
)

0.
11

G
es

ta
tio

na
l w

ei
gh

t g
ai

n 
up

 to
 b

lo
od

 d
ra

w
 (

kg
)

10
.4

 (
4.

3)
8.

6 
(6

.1
)

10
.3

 (
4.

9)
10

.7
 (

4.
0)

10
.0

 (
4.

4)
0.

13

Se
co

nd
 tr

im
es

te
r 

ca
lc

iu
m

 in
ta

ke
 (

m
g/

da
y)

14
27

 (
40

7)
12

50
 (

43
5)

13
28

 (
43

3)
14

80
 (

43
0)

14
99

 (
41

1)
<

0.
00

01

Se
co

nd
 tr

im
es

te
r 

fi
sh

 in
ta

ke
 (

se
rv

in
gs

/w
ee

k)
1.

6 
(1

.5
)

1.
9 

(2
.2

)
1.

6 
(1

.6
)

1.
5 

(1
.5

)
1.

6 
(1

.5
)

0.
54

n 
(%

)

R
ac

e/
et

hn
ic

ity
<

0.
00

01

  B
la

ck
22

5 
(1

4.
1)

42
 (

51
.4

)
93

 (
19

.8
)

68
 (

9.
2)

22
 (

7.
3)

  H
is

pa
ni

c
96

 (
6.

0)
10

 (
12

.5
)

37
 (

7.
9)

37
 (

5.
0)

11
 (

3.
8)

  W
hi

te
11

43
 (

71
.8

)
21

 (
26

.0
)

29
3 

(6
2.

0)
57

9 
(7

7.
9)

25
0 

(8
4.

9)

  O
th

er
12

7 
(8

.0
)

8 
(1

0.
1)

49
 (

10
.3

)
59

 (
7.

9)
12

 (
4.

0)

Sm
ok

in
g 

st
at

us
0.

01

  N
ev

er
10

86
 (

68
.2

)
60

 (
74

.4
)

31
6 

(6
7.

0)
50

8 
(6

8.
3)

20
1 

(6
8.

5)

  F
or

m
er

31
7 

(1
9.

9)
9 

(1
0.

7)
88

 (
18

.6
)

15
2 

(2
0.

4)
69

 (
23

.4
)

  D
ur

in
g 

pr
eg

na
nc

y
18

8 
(1

1.
8)

12
 (

14
.9

)
68

 (
14

.4
)

84
 (

11
.3

)
24

 (
8.

1)

E
du

ca
tio

n
<

0.
00

01

  L
es

s 
th

an
 c

ol
le

ge
 g

ra
du

at
e

51
7 

(3
2.

5)
56

 (
68

.8
)

19
0 

(4
0.

2)
20

8 
(2

8.
0)

64
 (

21
.6

)

  C
ol

le
ge

 g
ra

du
at

e
10

74
 (

67
.5

)
25

 (
31

.2
)

28
2 

(5
9.

8)
53

5 
(7

2.
0)

23
1 

(7
8.

4)

M
ar

ita
l s

ta
tu

s
<

0.
00

01

  S
in

gl
e

10
9 

(6
.9

)
16

 (
19

.2
)

45
 (

9.
6)

36
 (

4.
8)

12
 (

4.
2)

  M
ar

ri
ed

 o
r 

co
ha

bi
ta

tin
g

14
82

 (
93

.1
)

66
 (

80
.8

)
42

7 
(9

0.
4)

70
7 

(9
5.

2)
28

2 
(9

5.
8)

0.
04

Pa
ri

ty

  0
76

8 
(4

8.
3)

28
 (

33
.9

)
21

9 
(4

6.
4)

37
6 

(5
0.

6)
14

5 
(4

9.
3)

  >
 0

82
3 

(5
1.

7)
54

 (
66

.1
)

25
3 

(5
3.

6)
36

7 
(4

9.
4)

14
9 

(5
0.

7)

Ann Epidemiol. Author manuscript; available in PMC 2015 May 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Burris et al. Page 11

C
at

eg
or

y 
of

 p
la

sm
a2

5(
O

H
)D

 (
nm

ol
/L

)

O
ve

ra
ll

n=
15

91
< 

25
n=

81
25

 -
<5

0
n=

47
2

50
 -

<7
5

n=
74

3
≥7

5
n=

29
5

M
ea

n 
(S

ta
nd

ar
d 

D
ev

ia
ti

on
)

P
 v

al
ue

Se
as

on
 o

f 
la

st
 m

en
st

ru
al

 p
er

io
d

<
0.

00
01

  W
in

te
r

31
5 

(1
9.

8)
12

 (
14

.4
)

69
 (

14
.5

)
14

9 
(2

0.
1)

85
 (

29
.0

)

  S
pr

in
g

38
8 

(2
4.

4)
20

 (
24

.1
)

12
1 

(2
5.

6)
18

6 
(2

5.
1)

61
 (

20
.7

)

  S
um

m
er

43
4 

(2
7.

3)
18

 (
22

.4
)

13
0 

(2
7.

6)
20

4 
(2

7.
4)

82
 (

27
.7

)

  F
al

l
45

4 
(2

8.
5)

31
 (

39
.1

)
15

2 
(3

2.
2)

20
4 

(2
7.

4)
67

 (
22

.6
)

A
bb

re
vi

at
io

n:
 2

5(
O

H
)D

, 2
5-

hy
dr

ox
yv

ita
m

in
 D

Ann Epidemiol. Author manuscript; available in PMC 2015 May 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Burris et al. Page 12

T
ab

le
 2

A
ss

oc
ia

tio
ns

 o
f 

25
-h

yd
ro

xy
vi

ta
m

in
 D

 C
on

ce
nt

ra
tio

n 
w

ith
 H

yp
er

te
ns

iv
e 

D
is

or
de

rs
 o

f 
Pr

eg
na

nc
y.

 D
at

a 
fr

om
 1

59
1 

Pa
rt

ic
ip

an
ts

 o
f 

Pr
oj

ec
t V

iv
a.

M
od

el
 1

M
od

el
 2

M
od

el
 3

M
od

el
 4

O
ut

co
m

e
C

as
es

 / 
E

lig
ib

le
O

R
95

 %
 C

I
O

R
95

 %
 C

I
O

R
95

 %
 C

I
O

R
95

 %
 C

I

P
re

ec
la

m
ps

ia
56

/1
59

1

  C
on

tin
uo

us
 2

5(
O

H
)D

 (
pe

r 
25

 n
m

ol
/L

)
0.

89
0.

62
, 1

.2
6

0.
94

0.
64

, 1
.3

9
1.

15
0.

79
, 1

.6
9

1.
14

0.
77

, 1
.6

7

  C
at

eg
or

y 
of

 2
5(

O
H

)D

   
 <

 2
5 

nm
ol

/L
4/

81
1.

30
0.

37
, 4

.5
3

1.
08

0.
28

, 4
.2

3
0.

57
0.

13
, 2

.4
4

0.
60

0.
14

, 2
.5

6

   
 2

5 
- 

<
50

 n
m

ol
/L

16
/4

72
1.

03
0.

52
, 2

.0
5

0.
97

0.
47

, 1
.9

8
0.

78
0.

37
, 1

.6
1

0.
79

0.
38

, 1
.6

5

   
 5

0 
- 

<
75

 n
m

ol
/L

25
/7

43
1.

00
(r

ef
)

1.
00

(r
ef

)
1.

00
(r

ef
)

1.
00

(r
ef

)

   
 ≥

 7
5 

nm
ol

/L
11

/2
95

1.
12

0.
52

, 2
.4

2
1.

16
0.

53
, 2

.5
5

1.
33

0.
59

, 2
.9

9
1.

34
0.

60
, 3

.0
1

G
es

ta
ti

on
al

 h
yp

er
te

ns
io

n
10

9/
15

91

  C
on

tin
uo

us
 2

5(
O

H
)D

 (
pe

r 
25

 n
m

ol
/L

)
1.

25
0.

98
, 1

.5
8

1.
18

0.
91

, 1
.5

4
1.

31
1.

00
, 1

.7
0

1.
32

1.
01

, 1
.7

2

  C
at

eg
or

y 
of

 2
5(

O
H

)D

   
 <

25
 n

m
ol

/L
2/

81
0.

33
0.

05
, 2

.1
3

0.
47

0.
07

, 3
.2

4
0.

36
0.

05
, 2

.5
4

0.
34

0.
05

, 2
.4

0

   
 2

5 
- 

<
 5

0 
nm

ol
/L

33
/4

72
1.

08
0.

66
, 1

.7
8

1.
16

0.
69

, 1
.9

5
1.

02
0.

60
, 1

.7
2

0.
98

0.
57

, 1
.6

6

   
 5

0 
- 

<
75

 n
m

ol
/L

48
/7

43
1.

00
(r

ef
)

1.
00

(r
ef

)
1.

00
(r

ef
)

1.
00

(r
ef

)

   
 ≥

 7
5 

nm
ol

/L
26

/2
95

1.
39

0.
79

, 2
.4

3
1.

37
0.

78
, 2

.4
2

1.
46

0.
82

, 2
.6

0
1.

46
0.

82
, 2

.6
0

M
od

el
 1

. U
na

dj
us

te
d

M
od

el
 2

. A
dj

us
te

d 
fo

r 
m

at
er

na
l a

ge
, r

ac
e/

et
hn

ic
ity

, s
m

ok
in

g,
 e

du
ca

tio
n,

 m
ar

ita
l s

ta
tu

s,
 p

ar
ity

, s
ea

so
n 

of
 la

st
 m

en
st

ru
al

 p
er

io
d,

 a
nd

 g
es

ta
tio

na
l a

ge
 a

t b
lo

od
 d

ra
w

M
od

el
 3

. M
od

el
 2

 +
 p

re
-p

re
gn

an
cy

 B
M

I 
an

d 
ge

st
at

io
na

l w
ei

gh
t g

ai
n 

(u
p 

to
 th

e 
tim

e 
of

 b
lo

od
 c

ol
le

ct
io

n)

M
od

el
 4

. M
od

el
 3

 +
 2

nd
 tr

im
es

te
r 

ph
ys

ic
al

 a
ct

iv
ity

 a
nd

 2
nd

 tr
im

es
te

r 
di

et
ar

y 
in

ta
ke

s 
of

 f
is

h 
an

d 
ca

lc
iu

m

A
bb

re
vi

at
io

ns
: 2

5(
O

H
)D

, 2
5-

hy
dr

ox
yv

ita
m

in
 D

; B
M

I,
 b

od
y 

m
as

s 
in

de
x;

 C
I,

 c
on

fi
de

nc
e 

in
te

rv
al

; O
R

, o
dd

s 
ra

tio

Ann Epidemiol. Author manuscript; available in PMC 2015 May 01.


