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Background: Vitamin D is a pleotropic hormone that is involved in diverse cellular 

functions. Vitamin D deficiency has been associated with several adverse health 

complications (including cardiometabolic diseases) in the general population. Previous 

studies examining associations of maternal vitamin D (Vit-D) with gestational diabetes 

mellitus (GDM), mood or anxiety disorders (MAD), and preeclampsia (PE) risk reported 

inconsistent findings. In addition, risk factors that may modify these associations (e.g. 

pre- or mid-pregnancy body mass index [pp-BMI or mp-BMI]) are unknown.    

 

Methods: In a case-cohort study nested within a prospective cohort, we examined 

associations of maternal early pregnancy vitamin D with GDM (prospective analyses), 

MAD (cross-sectional analyses), and PE (prospective analyses). Analytic samples 

included: 135 GDM cases and a randomly selected sub-cohort of 517; 148 MAD cases 

and a sub-cohort of 554; and 73 PE cases and 600 sub-cohort members. Liquid 

chromatography-tandem mass spectroscopy was used to measure maternal serum Vit-D 

(total 25[OH]D and 25[OH]D3) in early pregnancy (16 weeks on average). GDM was 



 

 
 

diagnosed according to the American Diabetes Association guidelines. MAD cases were 

identified based on physician-diagnosis and/or self-report using medical records. PE 

diagnosis was made based on the American College of Obstetricians and Gynecologists 

guidelines. 

Logistic regression models were used to calculate adjusted odds ratios (ORs) and 95% 

confidence intervals (CI). Effect modification was assessed using stratified analyses and 

interaction terms.  

 

Results: GDM cases had lower mean total 25[OH]D (27.3 vs. 29.3ng/ml) and 25[OH]D3  

(23.9 vs. 26.7ng/ml) concentrations compared with women who did not develop GDM 

(both p-values<0.05). A 5ng/ml increase in 25[OH]D3 was associated with a 14% 

decrease in GDM risk (p-value=0.02). Women in the lowest quartile for 25[OH]D3 had a 

2-fold (95%CI 1.15-3.58) higher risk of GDM compared with women in the highest 

quartile (p-value for trend<0.05).  Mean serum total 25[OH]D and 25[OH]D3  

concentrations were higher among women with MAD compared with women without 

MAD (31.4 vs.29.2 ng/ml for total 25[OH]D, and, 29.2 vs.26.4 ng/ml for 25[OH]D3, 

respectively) (both P-values<0.05). Increases of 5 ng/ml in 25[OH]D or 25[OH]D3 were 

associated with 1.14 and 1.16-fold higher in risk of MAD, respectively (both P-

values<0.05).  Similarly, linear decreases in risk of MAD were observed across 

decreasing quartiles of total 25[OH]D (trend P-value=0.044) and 25[OH]D3 (trend P-

value=0.067). We observed significant interactions of vitamin D with maternal ppOS or 

maternal smoking history on risk of MAD (interaction P-values<0.05). Decreased risk in 

MAD related to vitamin D insufficiency/deficiency was observed only among 



 

 
 

participants who were over-weight/obese or were current/former smokers. Early 

pregnancy mean serum total 25[OH]D and 25[OH]D3 concentrations were lower among 

women who subsequently developed PE (28.6 and 25.7 ng/ml, respectively) compared 

with women who did not (29.2 and 26.6 ng/ml, respectively), although the differences 

were not statistically significant (both p-values>0.05). Risk estimates indicated 

consistently higher risk of PE (10-40% higher) among women with vitamin D deficiency 

or women in the lowest quartile for vitamin D concentrations compared with women who 

were vitamin D sufficient or were in the upper three quartiles for vitamin D 

concentrations, respectively. However, none of the risk estimates were statistically 

significant.  

 

Conclusions: Early pregnancy Vit-D, particularly 25[OH]D3, is inversely associated with 

GDM risk. These associations are mediated, at least in part, by mp-BMI. Larger 

prospective studies are needed to further elucidate these relationships. Contrary to 

previous reports and expectations, serum total 25[OH]D and 25[OH]D3 concentrations 

were directly associated with diagnosed MAD. We also observed potential interactions 

between maternal pre-pregnancy obesity/overweight status or smoking status and 

maternal vitamin D on MAD. Future prospective studies that employ standardized and 

validated measures of mood or anxiety symptoms are needed. In the current study, we did 

not observe significant associations between early pregnancy vitamin D and risk of PE. 

Given the inconsistency of findings to date and strong mechanistic evidence for this 

association, future larger prospective studies are warranted.  
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CHAPTER 1 

Overview of Dissertation Research 
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Overview of Dissertation Research 

 

Vitamin D 

Vitamin D insufficiency and/or deficiency have been associated with Type 2 diabetes mellitus (T2DM), mood 

or anxiety disorders, and other cardiovascular complications in the general population. While sufficient 

evidence points to higher frequencies of vitamin D insufficiency/deficiency during pregnancy, up to 50% by 

some accounts 1, information concerning its association with mood or anxiety disorders (MAD), gestational 

diabetes mellitus (GDM), and preeclampsia (PE) is sparse.  

 

Vitamin D is a pleiotropic hormone that influences cell growth, cellular differentiation and optimal function of 

many organs and tissues throughout the body including neurons, immune cells, pancreatic beta cells, and 

endothelial cells 2, 3. It is a steroid hormone that is derived primarily from synthesis in the skin through exposure 

to ultraviolet B radiation, and secondarily through the ingestion of vitamin D rich foods (e.g. fatty fish like 

salmon and fortified foods like milk) or nutritional supplements. Vitamin D undergoes hydroxylation in the 

maternal liver or placenta to form 25[OH]D. The 25[OH]D metabolite has a half-life of approximately 3 weeks 

providing a biologically inactive but stable supply of vitamin D, qualities which make it an ideal indicator of 

vitamin D status 4,5.  

 

Gestational Diabetes Mellitus (GDM) 

Gestational diabetes mellitus, or glucose intolerance first identified during pregnancy, occurs in 3-8% of 

pregnancies 8 and is a risk factor for TDM2 in both mothers and infants later in life 6, 7. Although low vitamin D 

level has been identified as a potential risk factor of GDM, previous studies reported inconsistent results. Of the 
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5 studies we identified, 3 studies reported significant negative associations between 25[OH]D levels and GDM 

risk 9, 10, 11, while the others did not 12,13.  

 

Mood or Anxiety Disorders (MAD) 

Depression (or mood disorders) affects 15% to 30% of pregnant women 14, 15, 16. Self-reported maternal 

symptoms of depression during pregnancy have been associated with preeclampsia 17, 18, low birth weight, 

inconsolability and excessive crying in infants 19. Risk factors for MAD include: history of depression, lack of 

social support, poverty, family violence, and substance abuse 20. Evidence from human and animal studies 

suggest plausible biological mechanisms for an association of depression with low vitamin D 21, and only one 

study examining the association between maternal 25[OH]D and MAD 22.  

 

Preeclampsia (PE)  

Preeclampsia, a pregnancy-related syndrome characterized by hypertension and proteinuria after 20 weeks 

gestation 23-25. Women who develop preeclampsia have an increased risk of pulmonary edema, hepatic and/or 

renal failure, coagulation difficulties, cerebral hemorrhage, seizure, blindness, and death 23, 25-29. Preeclampsia 

complicates 5-8% of pregnancies 23-25. Earlier studies of vitamin D and PE reported reduced maternal serum 

25[OH]D in women with PE, however 25[OH]D was measured after the diagnosis of preeclampsia 30, 31. 

Although recent studies measured 25[OH]D before preeclampsia was clinically evident (and included larger 

numbers of participants), the results are inconsistent.  

 

Significance and Innovation 

Several aspects of this project can be highlighted to indicate its significance and innovation. Vitamin D 

deficiency is a prevalent and potentially preventable risk factor that has potentially far-reaching consequences 
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on the course and outcomes of pregnancy. Evaluated outcomes, GDM, PE, and MAD, are associated with 

significant maternal and offspring morbidity and mortality. These studies were conducted among a well-

characterized cohort of pregnant women and address several limitations of previous studies. Blood samples 

were collected in early pregnancy, prior to onset or measurement of GDM or PE. We used state-of-the-art liquid 

chromatography-tandem mass spectroscopy methods (LC-MS/MS) to measure maternal serum total 25[OH]D, 

25[OH]D2 and 25[OH]D3 concentrations. We measured relevant maternal characteristics (such as pre-

pregnancy body mass index (BMI), and physical activity) to assess confounding and/or effect modification by 

these covariates. Finally, our studies included a large number of cases, compared to most previous studies, and 

utilized an efficient case-cohort design. 

 

In summary, vitamin D insufficiency/deficiency, MAD, GDM, and PE are significant public health problems 

insofar as they impact the health of the mother, the growing fetus and that of the child later in life, even into 

adulthood. Current strategies for improving vitamin D status in the general population create an opportunity to 

reduce morbidity and mortality from conditions that have been associated with low vitamin D including 

hypertension and T2DM. However, lack of information on associations of vitamin D with regard to pregnancy 

related complications has limited similar preventive efforts during pregnancy and throughout the life course of 

both mothers and children. As researchers and clinicians continue to debate the recommended daily allowance 

and supplementation recommendations for pregnant women, particularly those diagnosed with vitamin D 

deficiency, studies such as ours will provide evidence that can inform and shape the continuing debate. 
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ABSTRACT 

 
Background: Previous studies examining associations of maternal vitamin D (Vit-D) with 

gestational diabetes mellitus (GDM) risk reported inconsistent findings. Whether pre- or mid-

pregnancy body mass index (pp-BMI or mp-BMI) modify or mediate these associations is 

unknown.    

 

Methods: In a case-cohort study (135 GDM cases and 517 randomly selected sub-cohort), 

nested within a prospective cohort, we examined associations of Vit-D with GDM risk. Liquid 

chromatography-tandem mass spectroscopy was used to measure maternal serum Vit-D (total 

25[OH]D and 25[OH]D3) in early pregnancy (16 weeks on average). GDM was diagnosed 

according to the American Diabetes Association guidelines. Logistic regression models were 

used to calculate adjusted odds ratios (ORs) and 95% confidence intervals (CI).  

 

Results: GDM cases had lower mean total 25[OH]D (27.3 vs. 29.3ng/ml) and 25[OH]D3  (23.9 

vs. 26.7ng/ml) concentrations compared with women who did not develop GDM (both p-

values<0.05). Overall, 25[OH]D3, but not total 25[OH]D, was significantly associated with GDM 

risk. A 5ng/ml increase in 25[OH]D3 was associated with a 14% decrease in GDM risk (p-

value=0.02). Women in the lowest quartile for 25[OH]D3 had a 2-fold (95%CI 1.15-3.58) higher 

risk of GDM compared with women in the highest quartile (p-value for trend<0.05).  We did not 

observe interactions between pp-BMI and Vit-D on GDM risk (interaction p-value>0.05). Mp-

BMI accounted for 18% of the effect of 25[OH]D3 on GDM risk.  
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Conclusion: Early pregnancy Vit-D, particularly 25[OH]D3, is inversely associated with GDM 

risk. These associations are mediated, at least in part, by mp-BMI. Larger prospective studies are 

needed to further elucidate these relationships. 
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INTRODUCTION 
 

In 2011, the Endocrine Society’s Community of Clinical Practice released guidelines for 

the evaluation, treatment, and prevention of vitamin D deficiency that included controversial 

recommendations for daily allowance of vitamin D that exceed levels indicated in prior 

guidelines 1, 2. The Institute of Medicine (IOM), which itself had released vitamin D 

supplementation guidelines earlier that year 2, contends that the new guideline from the 

Endocrine Society does not provide adequate evidence for the assertion that higher serum levels 

of vitamin D (25[OH]D) (≥ 30 ng/mL) would be beneficial for at-risk populations (e.g. pregnant 

women). In 2012, the Cochrane Collaboration released a review of 6 randomized controlled trials 

examining effects of vitamin D supplementation during pregnancy. Their review showed vitamin 

D supplementation during pregnancy improved women’s vitamin D levels, but did not prevent 

pregnancy or fetal complications 3. Despite the well-known cardiovascular and metabolic effects 

of vitamin D, this finding highlights the need for studies to evaluate the role of vitamin D in 

pregnancy and pregnancy complications. 

 

Research on vitamin D and gestational diabetes mellitus (GDM) is motivated by over a 

decade of observational studies which demonstrated a consistent and strong association between 

vitamin D deficiency and Type 2 diabetes mellitus 4, 5, a condition that has similar pathogenesis 

and risk factors to GDM 6-8. Of the 12 published studies that examined vitamin D and GDM, six 

were published in 2012. Seven studies reported significant inverse associations between vitamin 

D concentrations and GDM risk 9-15, while five did not 16-20. Some of the reasons that were put 

forth for observed inconsistencies included timing of blood collection (e.g. post disease 



 

15 
 

diagnosis), accuracy of vitamin D (and metabolite) measurements, and inadequate assessment of 

potential confounders and/or effect modifiers (e.g. pre-pregnancy body mass index).  
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 METHODS 
 

Study setting 

This case-cohort study 21-23 was conducted among participants of the Omega Study 24, a 

prospective cohort study (1996-2008) of 4,000 pregnant women designed to examine risk factors 

of pregnancy complications.  

 

Study population 

Study participants were identified among women attending prenatal care clinics at 

Swedish Medical Center in Seattle, Washington and Tacoma General Hospital in Tacoma, 

Washington. Eligibility criteria for the Omega study included initiation of prenatal care before 

completion of 20 weeks of gestation, being 18 years of age or older, speaking and reading 

English, planning to carry the pregnancy to term, and planning to deliver at one of the study 

institutions. An overview of participant selection, exclusion, and a priori set restriction criteria 

for the current study is summarized in Figure 2.1. A set of randomly chosen sub-cohort (N=703) 

and GDM cases (N=195) were identified for the study. After exclusion of participants with 

unknown non-case status (n=18), gestational age at delivery <24 weeks (9), missing 25[OH]D 

measurements (n=7), preeclampsia (n=41), mood and/or anxiety disorder (n=54), chronic 

hypertension (n=27), renal disease (n=5), thyroid condition (n=70), liver disease (n=7), 

rheumatoid arthritis (n=5), and lupus (n=3), a total of 135 GDM cases and 517 controls remained 

for analyses. All study participants provided informed consent. Study procedures were approved 

by the Institutional Review Boards of Swedish Medical Center and Tacoma General Hospital. 
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GDM diagnosis 

As part of perinatal screening procedures, all pregnant women attending perinatal clinics 

affiliated with our institutes are screened between weeks 24-28 using a 50g 1-hour oral glucose 

challenge test. Women who failed this screening (glucose ≥7.8mmol/L (140mg/dl)) underwent a 

100g oral glucose tolerance test 1-2 weeks after the first failed screening test. GDM was defined 

according to the recommendations of the American Diabetes Association (ADA) 25. Women 

were diagnosed with GDM if two or more of the following exceeded ADA criteria after a 100g 

oral glucose tolerance test: fasting ≥ 5.3 mmol/L (95 mg/dl); 1-hour ≥ 10.0 mmol/L (180 mg/dl); 

2-hour ≥ 8.6 mmol/L (155 mg/dl); 3-hour ≥ 7.8 mmol/L (140mg/dl).  

 

Data Collection 

At the time of enrollment, study personnel collected maternal blood specimens. All blood 

specimens were processed within 30 minutes, and aliquots were stored at -80°C until vitamin D 

was measured. Soon after blood specimens were collected, participants completed a telephone 

interview using a structured questionnaire administered in English by a trained interviewer. 

Questionnaires were used to gather data on socioeconomic status and reproductive and medical 

histories. Participants also completed and returned a food frequency questionnaire. After 

delivery, maternal and infant medical records were abstracted for information on the course and 

outcome of the pregnancy. 

 

Vitamin D Measurement 

Maternal early pregnancy 25[OH]D concentrations were assessed by measuring the 

following vitamin D metabolites in maternal serum collected at enrollment (at 16 weeks of 
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gestation on average): total 25[OH]D (sum of 25[OH]D3, and 25[OH]D2), 25[OH]D3, and 

25[OH]D2. Only a few samples had detectable 25[OH]D2 concentrations. Therefore, subsequent 

analyses were restricted to total 25[OH]D and 25[OH]D3.  Measurements were conducted using 

liquid chromatography-tandem mass spectroscopy (LC-MS/MS) methods at ZRT Laboratories 

(ZRT, Portland, OR). The inter-assay precision coefficients of variation for 25[OH]D2  and 

25[OH]D3 were 9% and 6% respectively.  

 

Statistical analyses  

We examined distribution of categorical (number and percentage) and continuous (mean 

and standard deviation) variables among GDM cases and sub-cohort members. Multivariable 

logistic regression models were used to determine associations between early pregnancy 

maternal serum 25[OH]D concentrations and GDM using odds ratios (OR) and 95% confidence 

intervals (CI). In our analyses we modeled exposure variables (both total 25[OH]D and 

25[OH]D3) in three different ways: 1) as a continuous variable, 2) as a categorical variable 

(quartiles), and 3) as categorical variables characterizing vitamin D deficiency status. P-value for 

trend was computed by assessing linear trend across increasing quartiles. According to 

previously published criteria 26, vitamin D sufficiency (≥30 ng/ml), insufficiency (20–29 ng/ ml) 

and deficiency (<20 ng/ml) were used to categorize participants according to their vitamin D 

concentrations. In addition to a priori selected potential confounders, covariates that altered 

unadjusted odds ratios (ORs) by 10% or more were included in final adjusted models 27. We fit 

four separate models, unadjusted (Model 1) and three adjusted models, in these analyses. We 

adjusted for  race/ethnicity (White non-Hispanic, other), maternal age (years), education , marital 

status, season of blood draw, parity, smoking status, peri-conceptional multivitamin use in the 
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first adjusted model (Model 2). In the second adjusted model (Model 3), we included all Model 2 

adjustment variables along with maternal pre-pregnancy BMI (kg/m2).  In the last adjusted 

model, Model 4, we included Model 2 adjustment variables along with mid-pregnancy BMI 

(BMI at 18-22 weeks of gestation). Models 3 and 4 were aimed at evaluating the roles of pre-

pregnancy BMI or mid-pregnancy BMI, in associations between maternal early pregnancy 

vitamin D and GDM risk. To evaluate the role of pre-pregnancy obesity, we conducted stratified 

analyses 28, to examine the independent and joint effects of total 25[OH]D or 25[OH]D3 and pre-

pregnancy obesity status on the risk of GDM. P-values of the interaction terms were used to 

determine statistical significance (if p-value < 0.05) of interactions. We also assessed whether 

mid-pregnancy BMI mediated associations between maternal vitamin D and GDM risk. We 

assessed mediation by mid-pregnancy BMI at 18-22 weeks gestation by fitting “seemingly 

unrelated” regression models as described by Preacher et al 29. These models were then used to 

measure effects of maternal vitamin D (either total 25[OH]D or 25[OH]D3) that are mediated by 

mid-pregnancy BMI 29.  We also conducted sensitivity analyses to assess possibility of different 

relationships among subgroups (e.g. restricted among non-Hispanic Whites). Our findings from 

these analyses were similar to our findings from our primary analyses reported in this 

manuscript. All reported CIs were calculated at the 95% level, and all reported P-values are two-

tailed. Analyses were performed using STATA 11.0 (STATA, College Station, TX). 
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 RESULTS 

Women with GDM were more likely to be older, have a family history of diabetes 

mellitus or hypertension, have higher BMI (both pre-pregnancy and at 18-22 weeks of gestation), 

deliver early, and were less likely to be non-Hispanic white as compared with women in the 

comparison sub-cohort (Table 2.1). Early maternal serum total 25[OH]D and 25[OH]D3 were 

lower in women with GDM (mean ± SD, GDM cases vs. comparison sub-cohort: 27.3 ± 8.7 vs. 

29.3 ± 8.3 ng/ml, P = 0.01 for total 25[OH]D; and, 23.9 ± 9.4 vs. 26.7 ± 8.8 ng/ml, P = 0.002 for 

25[OH]D3). Among GDM cases, 17% of women were vitamin D deficient (total 25[OH]D <20 

ng/ml) compared to 10.8% of women in the comparison sub-cohort.  

 

A 5ng/ml increase in serum total 25[OH]D was associated with a 14% reduction in risk 

of GDM (OR 0.86 [95% CI: 0.77, 0.97]) (Table 2.2). Women with vitamin D deficiency had a 

1.97-fold increased risk of GDM compared to women who were sufficient in total 25[OH]D (≥ 

30 ng/ml) [95% CI: 1.12, 3.47] in the unadjusted model (Table 2.2). Women in the lower three 

quartiles for total 25[OH]D had higher risk of GDM compared with women in the highest 

quartile in unadjusted models (p-value for trend=0.013) (Table 2.3). However, these associations 

were attenuated and became statistically insignificant after adjustment for potential confounders 

(Tables 2.2 and 2.3). Additional adjustments for pre-pregnancy BMI and mid-pregnancy BMI 

further attenuated these relationships. In stratified analyses, we observed no interaction between 

pre-pregnancy obesity and vitamin D deficiency (based on total 25[OH]D) (P value for 

interaction= 0.279) (Table 2.4). 
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We repeated these analyses using 25[OH]D3 as our exposure variable. A 5ng/ml increase 

in serum total 25[OH]D3 was associated with a 14% reduction in risk of GDM (Adjusted OR 

0.88 [95% CI: 0.76, 0.96]) (Table 2.5). Women who were vitamin D deficient based on 

25[OH]D3 measures had a 1.95-fold increased risk of GDM compared to women who were 

sufficient in 25[OH]D3 [95% CI: 1.16, 3.29] (Table 2.5). Women in the lower three quartiles for 

total 25[OH]D3 had higher risk of GDM compared with women in the highest quartile (adjusted 

p-value for trend=0.010) (Table 2.6). Women in the lowest quartile for 25[OH]D3 had a 2-fold 

(95%CI 1.15-3.58) higher risk of GDM compared with women in the highest quartile (Table 2.6). These 

associations were slightly attenuated but remained statistically significant or marginal, after 

adjusting for pre-pregnancy BMI or mid-pregnancy BMI, respectively (Table 2.6). In stratified 

analyses, similar to our findings for total 25[OH]D, we did not find significant interactions 

between pre-pregnancy obesity and 25[OH]D3 in relation to GDM risk (p-value for 

interaction=0.487) (Table 2.7). Mid-pregnancy BMI reduced the effect of 25[OH]D3 on GDM 

risk (p-value=0.025) by 17.6% 
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DISCUSSION 
 

In this study, we found that maternal early pregnancy vitamin D, particularly 25[OH]D3, 

was inversely associated with risk of GDM. Women who were vitamin D deficient in early 

pregnancy, based on 25[OH]D3 concentrations, had a 1.9-fold higher risk of developing GDM 

after adjustment for potential confounders. We did not find significant interactions between 

vitamin D and pre-pregnancy obesity on GDM risk. Mid-pregnancy BMI mediated 18% of the 

effect of 25[OH]D3 on GDM risk.  

 

Our findings are similar to some previous studies that investigated vitamin D and GDM 

risk 10, 12, 13, 15 but not others 17, 19, 20. Previously, our research group reported that total 25[OH]D 

was associated with a 2.66-fold increased risk of subsequent GDM [95% CI 1.01, 7.02] in a 

nested-case control study conducted among 57 GDM cases and 114 controls 10. Similarly, Parlea 

et al. 13, in a nested case-control study of 116 women with GDM and 219 controls found that 

women with vitamin D deficiency were 2.21 times more likely to develop GDM compared to 

those without GDM. In their nested case control study of 200 women with GDM and 200 women 

with normal glucose tolerance, Wang et al. 15, reported that women with total 25[OH]D levels 

<25 nmol/L had a 1.59 fold risk of GDM compared to women with higher level and within the 

GDM. Moreover, a meta-analysis published in 2012 reported that vitamin D deficiency in 

pregnancy was significantly related to the GDM risk (OR 1.61 [95% CI 1.19, 2.17]) 12. However, 

associations of vitamin D with GDM risk were not observed in some studies. A cross-sectional 

study of 559 women in India found equivalent levels of vitamin D deficiency among women 

with and without GDM at 30 weeks gestation and similar risk of GDM among women with or 

without vitamin D deficiency (7% prevalence of GDM in women with and without 25[OH]D 
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concentrations below 50 nmol/L) 17. Baker et al. 19, reported that women with vitamin D 

deficiency did not have a significantly higher risk of GDM compared with women who did not 

have vitamin D deficiency (OR 0.78 [95% CI 0.22, 2.78]). Similarly, researchers did not observe 

associations of vitamin D deficiency with risk of GDM in a recently reported study (OR 2.2 

[95% CI 0.8, 5.5]), although glucose levels were inversely associated with total 25[OH]D levels 

20. 

 

Inconsistency in reported results may be due to, at least in part, timing of vitamin D 

measurements, differences in assays used to measure vitamin D, inadequate/inconsistent control 

for confounding, and differences in criteria used to diagnose GDM. For instance, two of the three 

studies that found no association between vitamin D and GDM risk used 75-g oral glucose 

tolerance test (OGTT) to determine GDM diagnoses 16, 18.  On the other hand, all studies that 

reported inverse associations, including the present study, used 100-g OGTT to determine GDM 

diagnosis 9-11. The 75-g test has been shown to detect GDM less effectively compared with 100-g 

OGTT (7.1% diagnosed with GDM using 75-g; 21.4% diagnosed with GDM using 100-g) 30. 

This may lead to misclassification and a loss of power in some of these studies.  

 

 In the current study, we took some steps to address limitations of previous studies. First, 

vitamin D concentrations were measured from samples collected in early pregnancy (<20 weeks 

gestation), well before the diagnosis of GDM, establishing a relatively clear temporal 

relationship between vitamin D deficiency and GDM. Second, state-of-the-art LC-MS/MS 

methods were used to measure maternal vitamin D concentrations, enabling us to measure both 

total 25[OH]D and 25[OH]D3 concentrations in serum. Third, our well-characterized study 
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population allowed for collection of relevant data to assess confounding, effect modification or 

mediation. For example, we conducted analyses to evaluate effect modification by pre-pregnancy 

BMI or mediation effects of mid-pregnancy BMI. Fourth, our GDM case definition used current, 

widely accepted criteria 25. Finally, our study is one of a few recent studies to include a large 

number of GDM cases 13, 15.  

 

Relatively few previous studies have considered the different constituents of total vitamin 

D in relation to disease risk. There are two forms of vitamin D, vitamin D2 (ergocalciferol), a 

synthetic form, and vitamin D3 (cholecalciferol), obtained through diet and exposure of skin to 

sunlight. Unless otherwise specified, vitamin D refers to the sum total of D2 and D3 

concentrations. While both forms of vitamin D utilize the same enzymes in their metabolic 

pathways, the differences in their side chains (vitamin D2 contains a double bond between 

carbons 22 and 23, and a methyl group on carbon 24) result in the production of unique 

metabolites of differing potencies and bioeffectiveness 31. Active metabolites of vitamin D2 have 

a diminished ability to bind to (1) vitamin D binding proteins and (2) vitamin D receptors, 

compared to metabolites of vitamin D3 
32-34. Further, the enzyme 25-hydroxylase converts 

vitamin D3 to 25[OH]D3 (which is an ideal indicator of vitamin D3 status due to its 3 week half-

life 35 ) five (5) times as fast as it converts vitamin D2 to 25[OH]D2 
36. A 2004 study by Armas et 

al. compared the time course of serum 25[OH]D over a 28 day period after a single 50,000 IU 

dose of either vitamin D2 or vitamin D3 administered to 20 healthy men 33. Both produced a 

similar rise in serum total 25[OH]D in the first 3 days, however serum total 25[OH]D 

concentrations of participants who received vitamin D2 rapidly declined reaching baseline by day 

14 and then fell below baseline by day 28. Participants treated with vitamin D3 had serum 
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25[OH]D concentrations that continued to rise after day 3, peaking at day 14 and were above 

baseline at day 28. Moreover, the investigators stated that vitamin D3 was more than 3 times 

more potent than vitamin D2 
33. These findings and previous reports support the stronger 

relationship of vitamin D with risk of GDM we observed when using 25[OH]D3 measures, 

compared to using total 25[OH]D measures.  

 

Several biological mechanisms have implicated vitamin D insufficiency or deficiency in 

GDM pathogenesis. First, vitamin D deficiency may contribute to the development of GDM via 

calcium pool dysregulation in the pancreas. Normally, 1,25[OH] binds to vitamin D receptors 

(VDR) in pancreatic beta-cells, regulating the balance between extracellular and intracellular 

beta cell calcium pools in the pancreas 10, 37-39. Second, vitamin D may contribute to lower GDM 

risk via its effects on insulin-sensitive tissues. Vitamin D promotes insulin sensitivity by 

stimulating insulin receptor expression and enhancing insulin responsiveness to glucose 4, 39, 40. 

Third, interactions of vitamin D and vitamin D related genetic variations (e.g. VDR) with the 

insulin like growth factor system influence glucose homeostasis 41. Fourth, vitamin D may 

contribute to lower GDM risk via its role in mitigating inflammation and its effects 4. Several 

studies have shown that systemic inflammation, through pancreatic beta cell dysfunction and 

apoptosis, is associated with T2DM 42-44.  Finally, the close relationship of vitamin D deficiency 

with other common risk factors, such as obesity, may account (in part) for its association with 

GDM and other related pregnancy complications. In our study, we observed mediation of the 

effects of vitamin D on GDM risk by mid-pregnancy BMI supporting these hypotheses. 
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Several limitations of our study deserve mention. First, we had a single measurement of 

vitamin D which does not include a time integrated measure reflecting vitamin D status over the 

course of pregnancy. Second, we did not measure other related indicators of biological activities 

of vitamin D such as vitamin D receptors, vitamin D binding protein, and enzymes related to 

vitamin D metabolism (such as 25-OHase and 1-OHase). Third, it is possible that a limited 

number of women may have had undiagnosed pre-pregnancy glucose intolerance or DM at the 

time of blood collection, which would result in a misclassification. Fourth, there may be residual 

confounding in our adjusted measures of association as well as confounding from unmeasured 

variables. Fifth, generalizability in our study is guarded to other populations that have different 

socio-economic and ethnic composition. However, similarity of findings of reports from studies 

conducted in different study populations mitigates this concern. 

 

Our study provides modest evidence for associations of maternal early pregnancy 

25[OH]D3 levels, with subsequent risk of GDM. We also found that this association is mediated, 

at least in part, by mid-pregnancy BMI. Additional studies are needed to better understand the 

association between maternal 25[OH]D3 deficiency and GDM, the biological pathways involved, 

and the impact of vitamin D supplementation (in terms of dose and duration) on risk of GDM. If 

our results are confirmed, possibilities of reducing the risk of GDM through vitamin D 

supplementation would present a viable opportunity to reduce GDM related morbidity and 

mortality.  
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CHAPTER 3 

Associations of Early Pregnancy Maternal Vitamin D with Mood or Anxiety Disorders
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ABSTRACT 

 

Background: Accumulating evidence suggests inverse associations of vitamin D with mood or 

anxiety disorders (MAD) among men and non-pregnant women. However, relatively little is 

known about these associations among pregnant women. In addition, whether pre-pregnancy 

overweight/obese status (ppOS) or maternal smoking modify these associations is unknown. 

 

Methods: Using a cross-sectional study design, we examined associations of early pregnancy 

(16 weeks of gestation, on average) vitamin D with MAD among participants of a pregnancy 

cohort study. Cases (N=148) with MAD, diagnosed before or during pregnancy, were identified 

based on physician-diagnosis and/or self-report using medical records. Sub-cohort (N=554) 

members were selected randomly from the entire pregnancy cohort. Liquid chromatography-

tandem mass spectroscopy techniques were used to measure maternal serum vitamin D (total 

25[OH]D and 25[OH]D3). Logistic regression models were used to estimate odds ratios (ORs) 

and 95% confidence intervals (CIs). Stratified models and interaction terms were used to 

evaluate interactions of vitamin D with ppOS or maternal smoking on MAD. 

 

Results: Mean serum total 25[OH]D and 25[OH]D3  concentrations were higher among women 

with MAD compared with women without MAD (31.4 vs.29.2 ng/ml for total 25[OH]D, and, 

29.2 vs.26.4 ng/ml for 25[OH]D3, respectively) (both P-values<0.05). Increases of 5 ng/ml in 

25[OH]D or 25[OH]D3 were associated with 1.14 and 1.16-fold higher in risk of MAD, 

respectively (both P-values<0.05).  Similarly, linear decreases in risk of MAD were observed 

across decreasing quartiles of total 25[OH]D (trend P-value=0.044) and 25[OH]D3 (trend P-

value=0.067). We observed significant interactions of vitamin D with maternal ppOS or maternal 
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smoking history on risk of MAD (interaction P-values<0.05). Decreased risk in MAD related to 

vitamin D insufficiency/deficiency was observed only among participants who were over-

weight/obese or were current/former smokers. Results of analyses on data that excluded cases 

that were diagnosed at or before blood draw were similar to results reported above, although 

associations did not reach statistical significance. 

 

Conclusions: Contrary to previous reports and expectations, serum total 25[OH]D and 

25[OH]D3 concentrations were directly associated with diagnosed MAD. We also observed 

potential interactions between maternal pre-pregnancy obesity/overweight status or smoking 

status and maternal vitamin D on MAD. Future prospective studies that employ standardized and 

validated measures of mood or anxiety symptoms are needed. 
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INTRODUCTION 
 

According to previous reports, 15-30% of women experience mood or anxiety disorders (MAD) 

during pregnancy 1-3. Self-reported maternal symptoms of MAD during pregnancy have been 

associated with preeclampsia 4, 5, low birth weight, inconsolability and excessive crying in 

infants 6. While a number of risk factors have been identified for MAD (such as lack of social 

support, poverty, family violence, and substance abuse), risk factors for MAD during pregnancy 

are not fully described 7. Recent research on novel risk factors of MAD in the general population 

indicates potentially significant roles of vitamin D 8.  

 

Among men and non-pregnant women, decreased vitamin D concentrations have been associated 

with diagnosed depression or symptoms of depression 9-13. These findings are supported by 

evidence from experimental studies 14, 15 that provide potential biological mechanisms for 

hypothesized relationships between vitamin D and MAD. First, vitamin D deficiency has been 

associated with decreased concentrations of insulin, a hormone that facilitates serotonin 

production (by regulating the transport of tryptophan- the serotonin precursor) in the brain 16. 

Serotonin has well demonstrated roles in mood and anxiety disorders. Second, vitamin D crosses 

the blood brain barrier and vitamin D receptors (VDR) in the brain are most concentrated in the 

hypothalamus 17, part of the hypothalamic-pituitary-adrenal axis involved in neuroendocrine 

functions related to mood and emotions 11. Third, investigations have pointed to anxiety related 

behavioral impairment (including decreased grooming and aggression) in VDR-knockout mice 

14, 15. Since vitamin D deficiency is potentially preventable, investigations of vitamin D and 
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MAD in pregnancy can provide potential opportunities to improve MAD related pregnancy 

outcomes.  

 

To our knowledge, only one previous study investigated early pregnancy vitamin D and maternal 

depressive symptoms 18. This study, conducted by Brandenbarg et al.18 , reported that early 

pregnancy maternal vitamin D deficiency was associated with higher rate of self-reported 

symptom of depression. We examined cross-sectional associations of maternal early pregnancy 

vitamin D with MAD, diagnosed before or during pregnancy, among participants of a pregnancy 

cohort study. We also evaluated whether maternal pre-pregnancy obesity/overweight status or 

smoking status modify these associations. 
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 METHODS 
 

Study setting and study population 

This study 19-21 was conducted among participants of the Omega Study, a prospective cohort 

study (1996-2008) of pregnant women designed to examine risk factors for pregnancy 

complications. Detailed study procedures were described before 22. Briefly, study participants 

were women attending prenatal care clinics at Swedish Medical Center in Seattle, Washington 

and Tacoma General Hospital in Tacoma, Washington.  Women who initiated prenatal care 

before completion of 20 weeks of gestation were included in the study. Women who were <18 

years of age, could not speak and read English, did not plan to carry the pregnancy to term, and 

did not plan to deliver at one of the study institutions were not eligible for participation in the 

study.  

 

For the current study, we initially selected a random sub-cohort of 675 participants and all 

available cases of MAD (N=214), diagnosed before and during pregnancy, among Omega Study 

participants (Figure 3.1). Participants who miscarried before 20 weeks (n=9) and reported major 

chronic diseases (to avoid confounding) such as prior diabetes mellitus (n=10), chronic 

hypertension (n=36), renal disease (n=10), thyroid conditions (n=105), chronic liver disease (n= 

8), rheumatoid arthritis (n=6), and lupus (n=3) were excluded. The final analytic group included 

148 MAD cases diagnosed prior to blood collection and 554 women in the comparison sub-

cohort (Figure 3.1). To clarify temporal relationships between vitamin D and MAD, we 

excluded all MAD cases (N=102) that were diagnosed before or at blood draw in early 

pregnancy. We included 46 MAD cases that were diagnosed after blood collection and 554 
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women in the sub-cohort for these analyses. All study participants provided informed consent. 

Study procedures were approved by the Institutional Review Boards of Swedish Medical Center 

and Tacoma General Hospital. 

 

Data Collection 

At the time of enrollment, study personnel conducted in-person interviews using structured 

questionnaires to collect information on maternal characteristics, including socio-demographic 

characteristics, past medical history, and family history. Study personnel also collected maternal 

non-fasting peripheral blood specimens. All blood specimens were processed within 30 minutes 

and aliquots of serum stored at -80°C until vitamin D measurements. After delivery, maternal 

and infant medical records were abstracted for information on the course and outcome of the 

pregnancy.  

 

Vitamin D Measurement 

Maternal early pregnancy vitamin D concentrations were assessed by measuring total 25[OH]D 

and 25[OH]D3  in maternal serum collected shortly after study enrollment (16 weeks gestation on 

average). Serum samples were analyzed using liquid chromatography-tandem mass spectroscopy 

(LC-MS/MS) methods at ZRT Laboratories (ZRT, Portland, OR). According to previously 

published criteria 23, pregnant women were categorized into vitamin D sufficient (≥30 ng/ml), 

insufficient (20-29 ng/ ml) and deficient (<20 ng/ml) groups using early pregnancy vitamin D 

measurements.  

 

Mood or Anxiety Disorder (MAD) Diagnosis 
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MAD diagnosis was based on reports in pregnant women’s antenatal clinic or hospital medical 

records. Reports of positive diagnoses included: (1) faxed diagnostic notes from psychiatrists or 

other physicians which were included as part of the antenatal or hospital medical record and (2) 

participants’ self-reported medical history with details such as date of diagnosis and treatment 

(including medication use) indicated in the antenatal medical records 24.  

 

Statistical Analyses 

We examined distribution of categorical (number and percentage) and continuous (mean and 

standard deviation) variables among MAD cases and sub-cohort members using descriptive 

statistics. Multivariable logistic regression was used to determine the association between early 

pregnancy maternal vitamin D concentrations (either total 25[OH]D or 25[OH]D3) with MAD. 

Unadjusted and adjusted odds ratios (OR) and 95% confidence intervals (CI) were calculated. In 

addition to a priori selected potential confounders, covariates that altered unadjusted odds ratios 

(ORs) by 10% or more were included in final adjusted models 25. We fit two models, an 

unadjusted model and a model adjusted for season of blood draw, maternal age, race/ethnicity, 

and pre-pregnancy body mass index (pp-BMI). In these analyses, we modeled exposure variables 

(both total 25[OH]D and 25[OH]D3) in three ways: (1) continuous variables, (2) as categorical 

variables according to previously published criteria 23, either vitamin D sufficient (≥30 ng/ml)  or 

insufficient/deficient (<30 ng/ml), and (3) quartiles based on distributions among the sub-cohort. 

Since the vitamin D deficient category had relatively small numbers and similar 

magnitude/direction of associations with MAD were observed comparing either the vitamin D 

deficient or insufficient categories with the vitamin D sufficient category, vitamin D insufficient 

and deficient categories were combined. 
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To evaluate potential effect modification of vitamin D and MAD associations by pre-pregnancy 

overweight/obese status (>25kg/m2) or current maternal smoking status (current or former 

smoker vs. never smoked), we conducted analyses stratified by vitamin D deficiency status and 

pre-pregnancy overweight/obese or maternal smoking status 26. These analyses were used to 

examine independent and joint effects of vitamin D and the two potential effect modifiers.  We 

also fit models that include interaction terms of vitamin D with each effect modifier. Interaction 

term P-values were used to infer statistical significance (if P-value < 0.05) of interactions.  

 

We repeated the statistical analyses steps described above by excluding MAD cases that were 

diagnosed before or at blood collection. We also conducted sensitivity analyses to assess 

possibility of different relationships among subgroups (e.g. only among non-Hispanic Whites or 

only among current/former smokers vs. non-smoked). Our findings from these analyses were 

similar to the primary analyses reported in this manuscript. All reported CIs were calculated at 

the 95% level and all reported P-values are two-tailed. Analyses were performed using STATA 

11.0 (STATA, College Station, TX). 
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RESULTS 
 

Among the 148 MAD cases, 117 had depression only, 22 had anxiety disorders only, 7 women 

had both mood and anxiety disorders, and 2 women had bipolar disorder (Table 3.1). Eighty-

four percent (84%) of women with MAD reported taking psychotropic medications (n=124). 

Women with diagnosed MAD were more likely to be non-Hispanic White, current or former 

cigarette smokers, and have a higher pre-pregnancy BMI (Table 3.2). In early pregnancy, 

women with MAD had higher concentrations of total 25[OH]D (31.2 vs. 29.1 ng/ml, P –value = 

0.010) and 25[OH]D3 (29.0 vs. 26.4 ng/ml, P –value = 0.003) compared with women without 

MAD (Table 3.2).  

 

 

Women with total 25[OH]D insufficiency/deficiency had a reduced, albeit statistically 

insignificant, risk of MAD compared to women with sufficient total 25[OH]D (adjusted 

OR=0.77; 95% CI: 0.53, 1.12) (Table 3.3). Each 5 ng/ml increase in total 25[OH]D was 

associated with a statistically significant 16% increase in MAD risk (adjusted OR=1.14; 95% CI: 

1.02-1.27) (Table3. 3). Women who were insufficient or deficient in 25[OH]D3 had a lower risk 

of MAD (OR= 0.71 95% CI: 0.48, 1.04) that was not statistically significant  (Table 3.3). We 

observed that each 5 ng/ml increase in 25[OH]D3 was associated with a statistically significant 

1.2-fold increase in MAD risk (adjusted OR= 1.16; 95%CI: 1.05, 1.29) (Table 3.3).  

 

Decreasing quartiles of total 25[OH]D concentrations were associated with lower risk of MAD 

(trend P-value=0.044) (Table 3.4). Women in the highest, referent, quartile for total 25[OH]D 

concentrations had a 60% lower risk of MAD compared with women in the lowest quartile (95% 

CI: 0.35-1.00) (Table 3.4). We also observed a marginally significant linear decrease in MAD 
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risk in relation to decreasing quartiles of 25[OH]D3 concentrations (trend P-value=0.067) (Table 

3.4). 

 

We observed evidence of statistically significant interactions between total 25[OH]D sufficient 

status and maternal overweight/obese status (interaction P-value=0.029) or maternal smoking 

(interaction P-value=0.042) on risk of MAD (Table 3.5). Lower risk of MAD associated with 

vitamin D insufficiency/deficiency was observed only among participants who were 

overweight/obese or were current/former smokers. Similar interactions between 25[OH]D3 

sufficient status and maternal overweight/obese status (interaction P-value=0.014) or maternal 

smoking (interaction P-value=0.094) on risk of MAD were observed (Table 3.6).  

 

We repeated these analyses by excluding MAD cases who were diagnosed before or at blood 

collection for vitamin D measurements (Tables 3.7-3.10). In general, findings (estimates of 

associations and directions of relationships) from these analyses were similar to those reported 

for all MAD cases. However, observed associations did not reach statistical significance.  
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DISCUSSION 
 
In this study we found that higher vitamin D, measured using either total 25[OH]D or 25[OH]D3 

concentrations was associated with higher risk of diagnosed MAD. We also found significant 

interactions between vitamin D concentrations and pre-pregnancy overweight/obese status or 

current/former smoking status on MAD diagnosis. Higher risk of MAD associated with vitamin 

D sufficient status was observed only among participants who were overweight/obese or 

current/former smokers.  

 

In 2012, Brandenbarg et al.18 reported that women who were vitamin D deficient (25[OH]D ≤ 

29.9 nM) or insufficient (30-49.9 nM) at 13 weeks gestation were more likely to report high 

levels of depressive symptoms (score ≥ 16 on the Center for Epidemiologic Studies Depression 

Scale, CES-D) at 16 weeks gestation compared to women who were vitamin D sufficient (<50 

nM) (adjusted OR=1.48; 95% CI: 1.13-1.95 and adjusted OR= 1.44; 95% CI: 1.12-1.85 for 

vitamin D deficient and insufficient, respectively). Findings from several studies of non-pregnant 

women or women and men provide evidence of associations of lower vitamin D concentrations 

with MAD 11, 12, 27. In a case-control study of premenopausal women in Washington DC, those 

with major depressive disorders (MDD) had lower total 25[OH]D concentrations compared to 

women without MDD (27 ± 10.1 ng/ml vs. 34 ± 14.4 ng/ml; P-value= 0.002) 27. Among a 

population-based cohort of men and women ages 65 to 95 years in the Netherlands, 

concentrations of 25[OH]D were 14% lower among cases with minor depression and 14% lower 

in cases with major depressive disorder compared with control participants (all P-value<0.001) 

11. In that cohort, depression severity, measured using the CES-D, was significantly associated 

with decreased serum 25[OH] D concentrations (P-value =0.03). In their study of overweight and 
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obese men and women, Jorde et.al 12 reported that participants with serum 25[OH]D 

concentrations < 40 nmol/L self-reported higher depressive traits on the Beck Depression 

Inventory ( P <0.05).  

 

However, several other studies of non-pregnant women or women and men concluded that there 

was no association between vitamin D and MAD 28-30. In a study of bone mineral density and 

depression among menopausal women, investigators reported total 25[OH]D concentrations 

were similar among women with current major depression, diagnosed by the Diagnostic and 

Statistical Manual of Mental Disorders (third edition, revised), compared with women with no 

history of major depression 28. A study by Herrán et. al. 29 on bone remodeling and major 

depression among a population of Spanish men and women reported no difference in total 

25[OH]D between patients receiving care for  suspected first depressive episode and comparable 

controls (27.3 ± 16.1 vs. 23.0 ± 7.8 ng/ml; P= 0.2). Among a group of middle-aged and elderly 

study participants in Beijing and Shanghai, China, Pan et al. 30 reported no association between 

the prevalence of depressive symptoms using the CES-D and 25[OH]D concentrations. 

 

Our findings are contrary to what we expected, based on reports from majority of previous 

studies and potential biological mechanisms. Some considerations that may explain our 

observation that MAD are associated with higher concentrations of serum total 25[OH]D and 

25[OH]D3 are as follows. First, participants with MAD in our study are under the care of a 

physician, as evidenced by their medical records and self-report of taking prescription 

medication for the disorder. Given previous reports of associations between vitamin D and 

MAD, it is possible that physicians (or patients themselves) had recommended vitamin D 
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supplementation for their patients’ ailments. In this case, confounding-by-indication, as is 

common in cross-sectional studies such as ours, may lead to the observed findings. However, our 

findings of analyses among MAD cases that were newly diagnosed (after blood collection), 

which was in general similar to our primary findings, though not statistically significant, does not 

support this hypothesis. Larger prospective studies, like the Brandenbarg et al. study 18, are 

needed to assess these relationships. The contributions of other risk factors are also important in 

evaluating these relationships. Of note, we did not observe associations between higher vitamin 

D and MAD risk among women who were at low risk (non-overweight/obese or no history of 

smoking). Therefore, associations between vitamin D and MAD risk may vary by distributions 

of other risk factors.  

 

Our study is only the second study to examine the relationship between vitamin D status and 

MAD among pregnant women. We used state-of-the-art liquid chromatography-tandem mass 

spectroscopy (LC-MS/MS) methods to measure both maternal early pregnancy serum total 

25[OH]D and 25[OH]D3 concentrations. Our analyses adjusted for relevant covariates and 

assessed effect modification by overweight/obese status and smoking history. Besides the 

potential confounding by indication bias that may have accounted for observed unexpected 

findings, other limitations of our study include the following. First, we did not use standardized 

criteria to determine MAD status among all women in the study. Women in the comparison 

group may have undiagnosed MAD. In Kessler et al.’s 30 study of the prevalence and treatment 

of mental disorders from 1990 to 2003, the prevalence of mental disorders among people 18-54 

did not change, but the rate of treatment increased to 32.9 % and among those who received 

treatment, only about 50% met diagnostic criteria for a mental disorder.  Second, we did not 
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distinguish different subtypes of MAD in our analyses, due to small number issues. Therefore, 

different relationship of vitamin D with MAD subtypes is a possibility. Third, assessing 

symptoms of MAD may be a more sensitive way to explore potential relationships between 

maternal vitamin D and MAD. Data on symptom and frequency/severity were not available in 

the current study. Finally, our study findings are generalizable to other populations with similar 

risk factor (e.g. socio-economic status, race, etc.) distributions.  

 

In this cross-sectional study, higher maternal serum total 25[OH]D and 25[OH]D3  in early 

pregnancy were associated with higher prior diagnosis of MAD. This association was modified 

by pre-pregnancy overweight/obese status or maternal smoking history. Future prospective 

studies that use validated assessment tools to track the occurrence of episodes of MAD observed 

in pregnant women both before and after the time of their blood serum vitamin D assessments 

are warranted. A greater understanding of maternal vitamin D and MAD relationship has the 

potential to facilitate preventative efforts to improve the health and wellbeing of mothers and 

infants.   
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CHAPTER 4 

Early Pregnancy Maternal Vitamin D Concentrations and Risk of 

Preeclampsia
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ABSTRACT 

 

Background: Vitamin D has been associated with cardiovascular outcomes, including 

hypertension, in the general population. Findings from several studies that examined associations 

of maternal vitamin D with risk of preeclampsia (PE) were inconsistent. Whether pre-pregnancy 

overweight/obesity status modifies associations of vitamin D with risk of PE is unknown. 

 

Methods: In a case-cohort study, participants (73 PE cases and 600 randomly chosen sub-cohort 

members) were selected among a prospective cohort of pregnant women. Liquid 

chromatography-tandem mass spectroscopy was used to measure maternal vitamin D 

concentrations (both total 25[OH]D and 25[OH]D3) in early pregnancy (16 weeks of gestation, 

on average). PE diagnosis was made based on the American College of Obstetricians and 

Gynecologists guidelines. Logistic regression models were used to calculate unadjusted and 

adjusted odds ratios and 95% confidence intervals (CI). Stratified models and interaction terms 

were used to assess effect modification of vitamin D and PE risk associations by pre-pregnancy 

overweight/obesity status.  

 

Results: Early pregnancy mean serum total 25[OH]D and 25[OH]D3 concentrations were lower 

among women who subsequently developed PE (28.6 and 25.7 ng/ml, respectively) compared 

with women who did not (29.2 and 26.6 ng/ml, respectively), although the differences were not 

statistically significant (both p-values>0.05). Risk estimates indicated consistently higher risk of 

PE (10-40% higher) among women with vitamin D deficiency or women in the lowest quartile 

for vitamin D concentrations compared with women who were vitamin D sufficient or were in 

the upper three quartiles for vitamin D concentrations, respectively. However, none of the risk 
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estimates were statistically significant. Associations between vitamin D and PE risk did not vary 

depending upon women’s pre-pregnancy overweight/obesity status (interaction p-value>0.05). 

 

Conclusions: In the current study, we did not observe significant associations between early 

pregnancy vitamin D and risk of PE. Given the inconsistency of findings to date and strong 

mechanistic evidence for this association, future larger prospective studies are warranted.  
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INTRODUCTION  
 
In the general population, vitamin D has been associated with cardiovascular diseases (CVD), 

including hypertension1-4, all-cause and CVD mortality 5, and CVD risk factors (e.g. type 2 

diabetes mellitus)6. Mechanistic investigations have provided evidence supporting cardiovascular 

roles of vitamin D that involve inflammation7-11 and the renin-angiotensin-aldosterone (RAS) 

system1, 12, 13. However, the role of vitamin D in development of cardiovascular pregnancy 

complications, such as preeclampsia, has not been fully investigated.  

 

Preeclampsia complicates 5-8% of pregnancies 14-16and has serious consequences in the mother 

and her offspring. These complications include increased risk for pulmonary edema, hepatic 

and/or renal failure, and/or coagulation abnormalities in the mother and intrauterine growth 

retardation in the fetus 14, 17-20. Further, it has been shown that both the mother and her child have 

an increased risk of developing hypertensive disorders later in life as a result of PE21, 22. Despite 

tremendous progress by researchers to identify risk factors of PE and understand underlying 

mechanisms, prevention has been elusive. A number of novel risk factors, such as vitamin D 

deficiency, have been proposed to contribute to this multi-factorial complex disorder. 

 

Previous studies of maternal vitamin D and PE reported inconsistent findings. While findings 

from some studies indicate inverse associations of vitamin D concentrations with risk of PE 23-28, 

findings from other studies did not 29, 30. Differences in findings could, at least in part, result 

from inherent differences in study population characteristics (e.g. dietary habit or genetic 

susceptibility factors), differences in study design (e.g. cross-sectional vs. case-control study 

designs), time of vitamin D measurements (early or late pregnancy), method of vitamin D 
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assessment (mass spectroscopy or radioimmuno assay), differences in guidelines used for PE 

diagnosis, and inadequate assessment of potential confounders or effect modifiers. Using a case-

cohort study design, we investigated associations of early pregnancy maternal vitamin D 

concentrations with subsequent risk of PE among participants of a pregnancy cohort study. We 

also examined whether pre-pregnancy obesity is an effect modifier of these associations. 
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METHODS 
 

Study Setting and Study Population 

The current case-cohort study 31-33 was conducted among participants of the Omega Study, a 

well-characterized prospective cohort study of pregnant women designed to examine the risk 

factors of preeclampsia and other pregnancy complications. In the Omega Study, participants 

were recruited from 1996 to 2008 (N=4,000) among women attending prenatal care clinics 

affiliated with Swedish Medical Center in Seattle, Washington and Tacoma General Hospital in 

Tacoma, Washington. Women were eligible for participation if they met the following criteria: 

initiated prenatal care before completion of 20 weeks of gestation, were 18 years of age or older, 

could speak and read English, planned to carry the pregnancy to term, and planned to deliver at 

one of the study institutions. Study protocols were approved by Institutional Review Boards of 

participating institutions. Study participants provided informed consent.  

 

We randomly selected a sub-cohort of 750 participants and all cases of PE (n=122) among 

Omega study participants (Figure 4.1). Thirty-three PE cases were among the 750 selected sub-

cohort members. We excluded participants with renal disease (n=10), thyroid condition (n= 98), 

chronic liver disease (n=7), women who had pre-existing chronic hypertension (n= 45), and 

women who delivered prior to 20 weeks gestation (n= 6) (Figure 4.1). After exclusions, we had 

a total of 73 PE cases and a sub-cohort of 600 women comparison controls for analyses. 

  

Data Collection 

Upon enrollment, participants completed an interviewer-administered structured questionnaire. 

The questionnaires were used to gather information on socio-demographic, reproductive, medical 
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and family history. Information on pre-pregnancy BMI was obtained by dividing pre-pregnancy 

weight (in kgs) by height squared (in meters). Near the time of enrollment, study personnel 

collected maternal non-fasting blood specimens for biomarker measurements. All blood 

specimens were processed within 30 minutes, and aliquots of serum stored at -80°C until vitamin 

D measurements. After delivery, maternal and infant medical records were abstracted for 

information on the course and outcomes of the pregnancy.  

 

Vitamin D Measurement  

We assessed early pregnancy maternal vitamin D levels by measuring serum vitamin D 

concentrations using liquid chromatography-tandem mass spectroscopy (LC-MS/MS) methods at 

ZRT Laboratory in Portland, Oregon. LC-MS/MS is capable of measuring 25[OH]D2, 25[OH]D3  

and total 25[OH]D (25[OH]D2 + 25[OH]D3 ). Few samples had detectable concentrations of 

25[OH]D2. Therefore, our analyses evaluated only total 25[OH]D and 25[OH]D3 . Inter-assay 

coefficients of variation (CV%) for 25[OH]D2 and 25[OH]D3 measurements were <10% 34. 

 

 Preeclampsia Diagnosis 

PE was diagnosed using recommendations of the American College of Obstetricians and 

Gynecologists (ACOG) 35. According to the recommendations, pregnant women were diagnosed 

with PE if they had (1) sustained (on ≥2 occasions) blood pressure of ≥ 140/90 mmHg with 

readings performed ≥ 6 hours apart and 2) urine protein concentrations of ≥ 300 mg/dl or 1+ on a 

urine dipstick on ≥ 2 urine specimens collected ≥ 4 hours apart, after 20 weeks gestation.  

 

Statistical Analyses 
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We examined the distribution of categorical (number and percentage) and continuous (mean and 

standard deviation) variables among PE cases and sub-cohort members. We used unadjusted and 

adjusted multivariable logistic regression models to examine associations between early 

pregnancy maternal serum 25[OH]D concentrations and subsequent risk of PE.  

 

Exposure variables (total 25[OH]D and 25[OH]D3) were modeled as (1) continuous variables (2) 

categorical variables defined according to previously published criteria for vitamin D deficiency 

36 as vitamin D sufficient (≥30 ng/ml), insufficient (20–29 ng/ ml), and deficient (20 ng/ml), and 

(4) quartiles based on vitamin D distribution among the sub-cohort. Linear associations were 

evaluated in (2) and (3) by examining linear trend p-values across increasing categories of 

vitamin D status and quartiles, respectively.  

 

In addition to a priori selected potential confounders, covariates which altered the unadjusted 

odd ratios (OR) by 10% or more were included in the final adjusted models 37. We fit three 

separate logistic regression models to calculate ORs and 95% confidence intervals (CI) 38. These 

models were one unadjusted model (Model 1) and two adjusted models.  We adjusted for 

race/ethnicity (white non-Hispanic or other), maternal age (years), season (spring: March-May, 

summer: June-August, autumn: September-November, winter: December- February), and 

gestational age at blood draw in the first adjusted model (Model 2). In Model 3, we included 

Model 2 adjustment variables along with pre-pregnancy body mass index (BMI).  

 

Potential effect modification of vitamin D and PE risk associations by pre-pregnancy 

overweight/obesity status was evaluated using stratified models 39, stratified by vitamin D 
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sufficient (≥30ng/ml) and pre-pregnancy overweight/obesity (≥25kg/m2) status. Models were 

also fit that included interaction terms for vitamin D sufficient and pre-pregnancy 

overweight/obesity status. P-values of interaction terms in these models were used to assess 

statistically significant interactions.  

 

In addition to these analyses, we completed sensitivity analyses by conducting analyses 

exclusively among non-Hispanic Whites. We also repeated analyses by including cases and sub-

cohort members with prior history of chronic hypertension (29 cases and 16 sub-cohort 

members, respectively). Results from these analyses were similar to those that are reported in 

this manuscript. All reported CIs were calculated at the 95% level, and all reported p-values are 

two-tailed. Analyses were performed using STATA 11.0 (STATA, College Station, TX). 
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RESULTS  
 

Women who developed PE were more likely to be nulliparous, to have higher pre-pregnancy 

BMI, and were less likely to have post high school education compared with women in the 

comparison sub-cohort (all p-values < 0. 05) (Table 4.1). Early pregnancy maternal serum total 

25[OH]D and 25[OH]D3 concentrations were lower among women who later developed PE 

compared with concentrations among women who did not, although differences were not 

statistically significant (28.6 vs. 29.2 ng/ml, ; P-value= 0.59 for total 25[OH]D and 25.7 vs. 26.6 

ng/ml; P-value=0.38 for 25[OH]D3, respectively). A higher proportion of women were deficient 

in total 25[OH]D (16% vs. 12% (Table 4.2) in early pregnancy among PE cases compared with 

women who did not develop PE. Similarly, a higher proportion of women were deficient in 

25[OH]D3 (29% vs. 23%, Table 4.5) in early pregnancy among PE cases compared with women 

who did not.  

 

Consistently higher risk of PE (10-40% higher) was observed among women with vitamin D 

deficiency or women in the lowest quartile for vitamin D concentrations, compared with women 

who were vitamin D sufficient or were in the upper three quartiles for vitamin D concentrations, 

respectively. However, we did not observe statistically significant associations between vitamin 

D (both total 25[OH]D and 25[OH]D3) and risk of PE (Tables 4.2-4.3 and 4.5-4.6). Adjustment 

for pre-pregnancy BMI further attenuated the estimates towards the null. Linear trend tests for 

associations between vitamin D and PE risk were not significant (all trend p-values > 0.05) 

(Tables 4.3 and 4.6). We also did not observe significant interactions between vitamin D 

sufficient status and pre-pregnancy overweight/obesity status on PE risk (p-values of interaction 

0.68 and 0.21 for 25[OH]D and 25[OH]D3, respectively) (Tables 4.4 and 4.7). 
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DISCUSSION  
 
In the current case-cohort study nested within a prospective cohort, we did not find significant 

associations of vitamin D (both total 25[OH]D and 25[OH]D3) with risk of PE. The confidence 

intervals for the odds ratios relating decreasing concentrations of vitamin D to PE risk crossed 

one, although the estimates themselves were mostly greater than one, indicating potential inverse 

associations of vitamin D with PE risk.  We did not find significant interactions between vitamin 

D and pre-pregnancy BMI on PE risk.   

 

Findings from previous studies (summarized in Table 8) investigating association of maternal 

vitamin D with PE risk were inconsistent. There were eight available published studies in this 

topic area. Of these, six reported significant inverse associations between maternal vitamin D 

and PE risk 23-28, while the remaining two did not 29, 30. Cruikshank et al.23 reported lower 

25[OH]D levels among PE cases compared to controls (21.1 vs. 31.4 ng/ml, p< 0.001). In 2007, 

Bodnar et al. 24, in a case-control study, reported that maternal vitamin D deficiency at less than 

22 weeks gestation was a strong and independent risk factor for PE. Geometric mean of serum 

25[OH]D concentrations in early pregnancy (adjusted for maternal race/ethnicity, pre-pregnancy 

body mass index, education, season, and sample gestational age) were lower in women who later 

developed PE (n=49) compared with controls (n=216) (45.4 nmol/L; 95% CI: 38.6, 53.4 nmol/L, 

vs. 53.1; 95% CI: 47.1, 59.9 nmol/L; P <0.01) (Conversion: 1 nmol/L = 2.496). After adjustment 

for race/ethnicity, season, sample gestational age, pre-pregnancy BMI, and education, maternal 

25[OH]D concentration less than 37.5 nmol/L was associated with a 5-fold increase in the odds 

of PE (adjusted OR= 5.0; 95% CI: 1.7, 14.1). Sensitivity analysis to evaluate the impact of 

unmeasured confounding due to calcium intake resulted in slightly attenuated estimate (adjusted 
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OR = 4.6; 95% CI: 1.6, 13.1). There was also a strong inverse monotonic dose-response 

relationship between serum 25[OH]D concentrations at less than 22 weeks and risk of PE (P = 

0.02). After confounder adjustment, a 50 nmol/l decline in 25[OH]D concentration was 

associated with a 2.4-fold increased risk of PE (adjusted OR = 2.4; 95% CI: 1.1, 5.4).  

 

However, a more recently published article of a nested case-control study (among 39 PE cases 

and 131 controls) by Powe et al.30 reported no association between first trimester serum 

25[OH]D or vitamin D binding protein levels (VDBP) with first trimester blood pressure or 

subsequent risk of PE. Wei et al.’s 26 2012 prospective cohort study is the only study that 

measured vitamin D at two time points during pregnancy. The study included 32 cases of PE and 

697 cohort members. The investigators reported that Women with 25[OH]D< 50 nmol/l at 24–26 

weeks gestation experienced an increased risk of PE (adjusted OR:3.24, 95% CI: 1.37, 7.69). 

However, the association was not significant for maternal 25[OH]D level at 12–18 weeks of 

gestation (51.1 ± 14.8 nmol/l for women without preeclampsia vs. 56.0 ± 19.1 nmol/l  for women 

with preeclampsia, P = 0.16). 

 

Several factors may contribute to observed inconsistencies of findings in previous studies. First, 

PE case definition was not similar across the studies. For example the study by Seely et al.29 did 

not define PE, but merely stated that “none had severe PE”. Some studies focused only on the 

most severe cases of PE compared to normotensive comparison groups 27, 28. Others, such as the 

study by Powe et al.30 defined PE similar to the way we defined PE in the current study.  Second, 

timing of vitamin D measurement is different across the studies. For example, serum 25[OH]D 

was measured just before labor induction or during spontaneous labor in the study by Cruikshank 
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et al.23. Third, the number of PE cases included in these studies varied across the studies 

contributing to difference in study power to demonstrate significant associations. For instance, 

some of the earliest studies included as few as 12 PE cases 29. Although investigators used 

different methods to assess vitamin D concentrations (e.g. LC/MS or RIA), reports of significant 

associations were not related to any specific vitamin D measurement method. Finally, differences 

across study populations, which may be related to other potential modifying characteristics (e.g. 

dietary and lifestyle habit) may play roles in inconsistency of findings.   

 

Potential association of vitamin D levels with PE risk is biologically plausible for a number of 

reasons. First, vitamin D plays a role in inflammatory processes 40, 41, 44 and insulin resistance 42, 

43 which are implicated in the development of PE. Second, vitamin D has been associated with 

decreased T-regulatory cell activity which supports immune tolerance and allows placental 

implantation 45. Third, investigators have shown that alterations of vitamin D metabolism and 

vitamin D receptor expression play a role in abnormal trophoblastic invasion found in 

pregnancies with PE 46-48.   

 

Our study has several strengths. First, we used LC-MS/MS to determine 25[OH]D3 

concentrations. This method is less susceptible to some of the issues with immunoassays 

including sample matrix effects, decreased specificity, and cross-reactivity with nonspecific 

compounds 36. Second, we were able to assess temporal relationships between 25[OH]D and PE, 

since blood was collected in early pregnancy before PE diagnosis. Third, available detailed 

information on covariates ensured our ability to adjust for a number of potential confounders in 
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our analyses. Finally, we examined potential effect modification by pre-pregnancy BMI, an 

important risk factor that is related to vitamin D levels and PE.  

 

Several limitations of our study deserve mention. First, our study may have been underpowered 

to detect statistically significant differences in this population. Second, vitamin D was assessed 

at single time point during pregnancy (before 20 weeks gestation) and therefore we were unable 

to examine potential associations between vitamin D and PE across time. Misclassification due 

to single measurements, contributing to random error that may reduce study power, is also a 

possibility. Third, our study may have been limited by persistent confounding (unmeasured and 

residual). Fourth, generalizability of findings may be limited due to our population 

characteristics (i.e. higher socioeconomic status and higher percentage of non-Hispanic Whites). 

 

In conclusion, our findings do not support prior published reports from the majority of studies 

that maternal vitamin D  in early pregnancy is inversely associated with risk of PE.  However, 

the estimates, while not statistically significant, point to an inverse relationship between the two. 

Future studies, with larger number of PE cases are needed to better understand the association 

between maternal vitamin D and risk of PE. 
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