Longitudinal assessment of calcium and magnesium levels in women with preeclampsia
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Abstract

The present study reports the levels of maternal serum calcium and magnesium from early pregnancy until delivery, along with cord levels, in women who developed preeclampsia (PE) and compares them with those without PE. A total of 324 pregnant women (216 non-PE and 108 PE women) were included in this retrospective case-control study of prospectively collected data nested in an observational cohort study. Maternal blood was collected at 4 time points during pregnancy (V1=11–14 weeks, V2=18–22 weeks, V3= 26–28 weeks, and V4= at delivery) and umbilical cord blood at delivery. Independent t-tests were used to compare calcium, magnesium and their ratio between two groups, and their associations with PE were studied using regression models. Calcium levels were similar between groups at all time points. Magnesium levels were lower (p=0.021) at V2 in PE group as compared with non-PE group. Maternal calcium and magnesium levels were negatively associated, with blood pressure in early pregnancy. In fully adjusted logistic regression analysis, lower magnesium levels were associated with an increased risk of PE at V2 (OR 0.25 [95% CI 0.07, 0.94] p=0.04). Lower magnesium in mid-pregnancy was associated with higher risk of PE. These changes were observed before the diagnosis of PE thereby suggesting that they may have a role in the etiology of PE. 
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Introduction

Deficiencies of both macro- and micro-nutrients, are considered a serious health problem in women of reproductive age, in developing countries [1]. During pregnancy, nutritional needs for micronutrients such as folic acid, zinc, calcium, vitamin C, vitamin E, copper, and magnesium increase [2] as they play a catalytic role in various biochemical pathways and are essential elements for fetal development [3]. Poor dietary intakes or deficiencies of these micronutrients are known to influence pregnancy outcome and neonatal health [4, 5]. 
Preeclampsia (PE), a pregnancy complication, is a transient systemic condition, characterized by elevated blood pressure and proteinuria, and /or thrombocytopenia, impaired liver function, epigastric pain, pulmonary oedema, visual symptoms, and new-onset headache [6]. It affects about 8-10 % of women worldwide [7]. Reports suggest that nutritional factors play a role in the aetiology of pregnancy complications such as PE [8]. PE is more prevalent in developing countries where pregnant women consume diets inadequate in essential minerals and vitamins [9]. Nutrients such as calcium and magnesium play a key role in regulating blood pressure and may influence the risk of a woman developing PE. 
Evidence suggests that blood vessels require calcium for contraction and magnesium for relaxation and hence, a balance between calcium and magnesium is essential for the regulation of blood pressure [10]. Calcium stimulates the production of prostacyclins and endothelial nitric oxide synthase (a calcium-dependent enzyme and a potent vasodilator) and plays a role in controlling blood pressure [11, 12]. Magnesium has a significant effect on the vascular tone and reactivity, and endothelial permeability of blood vessels [13] and has a calcium channel blocking effect [14]. Low serum calcium levels are known to decrease magnesium levels, inducing vasoconstriction in vascular smooth muscle thereby elevating blood pressure [12]. In view of this, there is a need to simultaneously examine the levels of calcium and magnesium in pregnant women. 
Cross sectional studies have estimated maternal levels of calcium and magnesium in PE but reports are inconsistent with some reporting no difference [15, 16] and others reporting lower levels [3, 17]. Most of the above-mentioned studies have been carried out after 28 weeks of pregnancy i.e., after the diagnosis of PE. It remains to be established whether alterations in the levels are a cause or a consequence of PE. Limited longitudinal studies have evaluated these levels across pregnancy [18-20].  
   Furthermore, there may be a high prevalence of magnesium (43.6%) [21] and calcium deficiency (66.4%) [22] in Indian pregnant women, suggesting a need to explore the association of these nutrients in early pregnancy with the risk of PE. We therefore simultaneously examine maternal serum calcium and magnesium levels at four different time points during pregnancy i.e. 11–14 weeks (V1), 18–22 weeks (V2), 26–28 weeks (V3), and at delivery (V4) along with cord serum levels in women with PE and compare them with women in the non-preeclampsia group (Non-PE).
Materials and methods
The current study is a part of the Indian Council of Medical Research (ICMR) funded Centre for Advanced Research project on “Investigating mechanisms leading to preeclampsia” at IRSHA, Bharati Vidyapeeth University, Pune (5/7/1069/13-RCH) which has established a cohort of pregnant women who were followed from early pregnancy until delivery [The REVAMP study (Research Exploring Various Aspects and Mechanisms in Preeclampsia)] [23]. These women were recruited at two hospitals in Pune, Western India; the Department of Obstetrics and Gynecology, Bharati Hospital, and Gupte Hospital, Pune. Bharati Vidyapeeth Medical College Institutional Ethical Committee approved the research protocols and consent forms (IEC/2015/37, dated 03.10.2015). Pregnant women coming to either hospital for their first antenatal visit were informed about the study by a counselor and those who agreed to participate were recruited and followed up at 11–14 weeks (V1), 18–22 weeks (V2), 26–28 weeks (V3), and at delivery (V4). Informed written consent was obtained from all the study subjects. Blood samples were collected from all women at each visit (see below), and aliquots of serum were frozen and analyzed only when the pregnancy outcome (PE or Non-PE) was known. Information such as personal, obstetric, clinical, and family history was also recorded. The treatment of women with PE was as per the clinician’s discretion and included antihypertensive drugs. Intravenous MgSO4 was used in only 4 severe cases of PE.
The study design has recently been described in detail [23]. A total of 1154 women delivered, among whom 1096 had singleton pregnancies and 108 developed PE. The sample size was based on our preliminary study on erythrocyte fatty acid levels in 58 women with PE and 137 normotensive controls, which showed a mean difference of 0.3 and standard deviation of 0.8. We therefore aimed to study 100 women with PE and 200 normotensive women, to give 87% power to detect a difference of the same magnitude when alpha is kept at 0.05. 
We selected controls and cases in a ratio of 2:1, as described in our protocol paper [23]. For every case of preeclampsia, 2 normotensive controls delivering in the same month were randomly chosen by using ‘Select Cases’ in SPSS from the normotensive pregnancies in the same hospital as each case. Sampling was carried out without replacement so that the same case could not be selected more than once. 
A total number of 324 pregnant women (216 Non-PE and 108 PE women) with a singleton pregnancy were included in this analysis. Women were diagnosed with PE if they developed hypertension (systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg on at least two measurements taken at least 4 hours apart) after 20 weeks of gestation with new onset of any one or more of the following: proteinuria, low platelet count, impaired liver function, renal insufficiency, pulmonary edema or cerebral or visual disturbances [7]. At both the hospitals, the blood pressure was recorded using a mercury sphygmomanometer by the clinicians. Systolic and diastolic blood pressures were measured twice within a 5–10 minutes rest interval and the average of readings was recorded as the blood pressure. Among the women with preeclampsia, 18.5% women also had gestational diabetes mellitus (GDM). It is known that both GDM and PE are closely linked to each other. It has been reported that the incidence of PE is significantly increased in women with GDM [24]. Hence women having GDM were included in both the Non PE and PE groups.  Six women (1.9%) had PE in a previous pregnancy. 
Maternal blood samples at all the time points across gestation and cord blood at delivery was collected processed and serum aliquots were stored at -800C until further analysis by staffs who were blind to the clinical outcomes. Samples from both hospitals were analyzed for serum calcium and magnesium levels in a single NABL (National Accreditation Board for Testing and Calibration Laboratories) accredited laboratory. The serum calcium levels were measured by the o-cresolphthalein complexone method [25] by using Calcium Assay on an Architect system (Abbott). The reference range for calcium levels was 8.4 to 10.2 mg/dl. Serum magnesium levels were analyzed by the Calmagite method [26] using Magnesium Assay on a Dimension RxL Max system (Siemens). The reference range for magnesium levels was 1.80 to 2.40 mg/dl. Commercially prepared quality control samples were run twice daily to ensure quality control. The within-run coefficients of variation of serum calcium and magnesium were 1.14% and 4.26%, respectively.
Dietary Assessments

Pregnant women were interviewed with a food frequency questionnaire (FFQ) across gestation at V1, V2 and V3 to estimate the frequency of intake of foods rich in calcium (=> 200mg/100g) and magnesium (=>80mg/100g) which were identified using the “Nutritive Values of Indian Foods” [27, 28]. The FFQ was administered by a trained nutritionist. The FFQ used in the present study was used to estimate the frequency of consumption of foods rich in calcium and magnesium consumed during the last 1 month, for which scores representing monthly intakes were calculated. 

Statistical analysis

The data was analysed using the SPSS/PC+ package (Version 20, Chicago, IL, USA). Values are reported as mean and standard deviation (SD) for normally distributed continuous variables, and number (n) and percent (%) for categorical variables. Maternal and neonatal characteristics, and calcium and magnesium levels were compared between PE and non-PE groups using chi-square tests (for categorical variables) and t tests (for normally distributed continuous variables). Comparisons of calcium and magnesium levels across different time points in gestation within each group were made using ANOVA. Univariate associations were tested between calcium and magnesium levels and potential confounders: maternal age, gestational age, body mass index (BMI), standard of living index (SLI) score, hospital, GDM. Associations between the exposures (calcium and magnesium levels and their ratio) and the outcome (PE or non-PE) were then analysed using logistic regression, and are expressed as odds ratios with 95% confidence intervals. Three  models were used: Model 1: Unadjusted; Model 2: adjusted for Maternal Age, BMI, SLI score, Hospital and GDM; and Model 3: adjusted for Maternal Age, BMI, SLI score, Hospital GDM, and history of PE in previous pregnancy. We also carried out regression analysis excluding women with GDM, as a sensitivity analysis. Receiver operating characteristic (ROC) curves were used to evaluate the potential diagnostic value of calcium, magnesium and Ca/Mg ratio in the prediction of PE. The area under the curve (AUC) was measured to summarize the diagnostic accuracy. A p value <0.05 was considered statistically significant.
Results

Maternal and neonatal characteristics
Table 1 shows maternal and neonatal characteristics. The maternal weight and BMI of women with PE were higher as compared to those of non-PE women at V1, V2, V3 and V4 (p<0.01 for all). As expected, systolic and diastolic blood pressure was also higher at all the time points (p<0.01 for all). The mean (SD, range) gestational age at which PE was clinically diagnosed was 34.3 (4.94, 24.0 – 40.6) weeks.  The gestational age at birth (p<0.01) and newborn weight were lower (p<0.05) in the PE as compared to non-PE group (Table 1). 
Table 1 Maternal and Neonatal Characteristics of Study Groups

	
	PE (n=108)
	Non-PE (n=216)
	p

	Maternal characteristics(Mean ± SD)

	Age (yr)
	30.2 ± 4.6
	30.0 ± 4.3
	0.67

	Height (cm)
	155.5 ± 5.8 
	156.2 ± 6.6 
	0.36

	SLI score
	29.8 ± 3.1
	29.8 ± 3.1 
	0.83

	Education n(%)

	Under graduate
	18 (16.8)
	30 (13.9)
	0.49

	Above graduate
	89 (83.2)
	186(86.1)
	

	Gravidan(%)

	Primigravida
	47 (43.5)
	91 (42.1)
	0.81

	Multigravida
	61 (56.5)
	125 (57.9)
	

	Parity n(%)

	Primiparous
	83 (76.9)
	154 (71.3)
	0.29

	Multiparous
	25 (23.1)
	62 (28.7)
	

	V1 (11-14 weeks) 

	Weight (kg)
	67.7 ± 14.0     
	58.7 ± 10.6      
	0.001

	BMI (kg/m²)
	28.0 ± 5.4       
	24.1 ± 4.1        
	0.001

	Systolic blood pressure (mmHg)
	116.5 ± 11.4
	108.6 ± 8.4
	0.001

	Diastolic blood pressure (mmHg)
	75.2 ± 8.4
	70.3 ± 6.6
	0.001

	V2 (18-22 weeks) 

	BMI (kg/m²)
	28.9 ± 5.3       
	24.9 ± 4.1       
	0.001

	Systolic blood pressure (mmHg)
	117.3 ± 10.2   
	108.3 ± 9.4     
	0.001

	Diastolic blood pressure (mmHg)
	75.7 ± 8.0
	69.7 ± 6.4
	0.001

	V3 (26-28 weeks) 

	BMI (kg/m²)
	30.9 ± 5.4       
	26.7 ± 4.2       
	0.001

	Systolic blood pressure (mmHg)
	120.1 ± 13.4 
	109.7 ± 10.1
	0.001

	Diastolic blood pressure (mmHg)
	78.1 ± 9.3
	70.9 ± 6.9 
	0.001

	V4 (At delivery)

	BMI (kg/m²)
	32.6 ± 5.4       
	28.3 ± 4.2       
	0.001

	Gestational age (wks)
	37.6 ± 2.5       
	38.5 ± 1.3
	0.001

	Systolic blood pressure (mmHg)
	139.7 ± 16.4
	119.4 ± 11.3 
	0.001

	Diastolic blood pressure (mmHg)
	87.8 ± 12.1
	75.5 ± 7.9
	0.001

	Placenta weight (gm)
	392.4 ± 97.1 
	405.8 ± 87.4
	0.22

	Neonatal characteristics (Mean ± SD)

	Weight (gm)
	2698.4 ± 627.2
	2864.5 ± 422.4 
	0.005

	Length (cm)
	47.8 ± 4.5
	48.4 ± 3.5         
	0.19

	Head Circumference (cm)
	33.2 ± 2.5       
	33.6 ± 2.0
	0.19

	Chest Circumference (cm)
	32.0 ± 3.2
	32.3 ± 2.2    
	0.38

	Gestational age adjusted

	Weight (gm)
	2804.5 ± 422.5
	2811.4 ± 378.6  
	0.88

	Length (cm)
	48.2 ± 3.8
	48.2 ± 3.4
	0.97

	Head Circumference (cm)
	33.4 ± 2.1
	33.5 ± 1.9       
	0.80

	Chest Circumference (cm)
	32.3 ± 2.87
	32.2 ± 2.2
	0.77


1) BMI: Body mass index, PE: Preeclampsia, SLI: Standard of living index, p: Level of significance, n: Number of subjects; 2) For placenta weight the sample size in PE was lower by 7 and for non-PE it was lower by 2; 3) For neonatal characteristics, i.e. for length, head circumference, and chest circumference, the sample size was lower in the PE group by 15, 23, 26 respectively and in the non-PE group it was lower by 10, 10, 13 respectively.
Frequency of Consumption of Calcium- and Magnesium-Rich Foods
The calcium-rich foods consumed by the women included cereals and legumes (e.g., ragi, amaranth, soy beans), Bengal gram and green leafy vegetables (e.g., amaranth, fenugreek, colocasia, and mint leaves), milk and milk products (e.g., whole milk, curd, buttermilk, cottage cheese), nuts and oil seeds (e.g., almond, gingelly seeds and niger seeds).  Magnesium-rich food sources included cereals, legumes and millets (e.g., ragi, amaranth, pearl millet, sorghum, whole wheat, soy beans), pulses (Bengal gram, green gram, cowpea, lentil, dried peas and red kidney bean), green leafy vegetables (e.g., amaranth leaves), nuts and oil seeds (e.g., cashew nuts, groundnuts, gingelly seeds, Niger seeds, walnut and almond). The frequency of consumption of calcium-rich and magnesium-rich foods was similar in both the non-PE and PE groups at V1, V2 and V3 (Table 2).
Table 2 The percentage of women consuming calcium and magnesium rich foods in PE and Non-PE groups
	Calcium (n %)
	PE
	Non-PE
	p
	Magnesium (n%)
	PE
	Non-PE
	p

	V1 (11-14 wks)

	4 times per day
	41 (41.4%)
	96 (48.0%)
	0.28
	4 times per day
	44 (44.9%)
	82 (40.8%)
	0.50

	4-5 times per day
	32 (32.3%)
	51 (25.5%)
	0.22
	4-5 times per day
	24 (24.5%)
	53 (26.4%)
	0.73

	> 5 times per day
	26 (26.3%)
	53 (26.5%)
	0.97
	> 5 times per day
	30 (30.6%)
	66 (32.8%)
	0.70

	V2 (18-22 wks)

	4 times per day
	21 (24.4%)
	40 (21.2%)
	0.55
	4 times per day
	24 (27.9%)
	41 (21.7%)
	0.26

	4-5 times per day
	25 (29.1%)
	65 (34.4%)
	0.38
	4-5 times per day
	25 (29.1%)
	59 (31.2%)
	0.72

	> 5 times per day
	40 (46.5%)
	84 (44.4%)
	0.75
	> 5 times per day
	37 (43.0%)
	89 (47.1%)
	0.53

	V3 (26-28 wks)

	4 times per day
	18 (23.4%)
	40 (20.6%)
	0.62
	4 times per day
	20 (26.0%)
	35 (18.0%)
	0.14

	4-5 times per day
	21 (27.3%)
	47 (24.2%)
	0.60
	4-5 times per day
	25 (32.5%)
	65 (33.5%)
	0.87

	> 5 times per day
	38 (49.4%)
	107 (55.2%)
	0.39
	> 5 times per day
	32 (41.6%)
	94 (48.5%)
	0.30


PE: Preeclampsia; p: Level of significance
Percent women consuming calcium/magnesium supplements during pregnancy
The percentage of women taking calcium/magnesium supplements was similar in both PE and non-PE groups. Women taking calcium supplements in the non-PE group at V1, V2 and V3 was 47.7%, 88.9%, 94.9% respectively while in the PE group it was 45.4%, 88.9%, 92.6% respectively. Magnesium in the form of drugs/supplements taken by women in the non-PE group was 14.8%, 55.1%, 74.5% at V1, V2, and V3 respectively while in PE group it was 11.1%, 53.7%, 70.4% respectively. 
Maternal and cord serum calcium and magnesium levels
Figure 1 shows the number of samples analysed for calcium and magnesium at various time points across gestation.
Figure 1 Flow chart for number of samples analyzed at various time points
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V1=11–14weeks, V2=18–22 weeks, V3= 26–28 weeks, and V4= at delivery; PE: Preeclampsia; n: Number of subjects; NS: No sample; QNS: Quantity not sufficient
Maternal levels

The serum calcium and magnesium levels during the four time points is summarised in Table 3. There were significant changes in calcium levels across pregnancy. Serum calcium levels were lower at V4 (p<0.01 for all) in comparison with the values at V1, V2, and V3 (Table 3) in both the PE and non-PE groups. However, the PE and non-PE groups, had similar maternal serum calcium levels at all time points during pregnancy. 
Table 3 Mean serum levels of calcium and magnesium in study groups across gestation
	Calcium (mg/dl)(Mean ± SD)
	PE
	Non-PE
	p (Non-PE vs  PE)

	V1
	8.81 ± 1.06
	8.64 ± 0.96
	0.15 

	V2
	8.55 ± 0.86
	8.58 ± 0.89
	0.78 

	V3
	8.52 ± 1.10              
	8.41 ± 1.06$
	0.42 

	V4 
	8.07 ± 1.62$$@@#
	8.08 ± 1.74$$@@##
	0.94 

	Cord
	8.65 ± 1.67^^
	8.97 ± 1.26$$@@##^^
	0.066 

	Magnesium(mg/dl)(Mean ± SD)

	V1
	1.78 ± 0.25
	1.77 ± 0.26
	0.78 

	V2
	1.62 ± 0.21$$
	1.69 ± 0.23$$
	0.021 

	V3
	1.67 ± 0.25$
	1.66 ± 0.28$$
	0.78 

	V4 
	1.73 ± 0.51
	1.68 ± 0.37$$@
	0.34 

	Cord
	1.73 ± 0.47
	1.68 ± 0.27$$@
	0.23 


1) All values are gestational age adjusted values, Values are expressed as Mean ± SD; 2) PE: Preeclampsia;p: Level of significance, p<0.05; 3) V1=11–14weeks, V2=18–22 weeks, V3=26–28 weeks, and V4=at delivery; 4) $$p<0.01, $p<0.05 as compared with V1, @@p<0.01, @p<0.05 as compared with V2, ##p<0.01, #p<0.05 as compared with V3, ^^p<0.01, ^p<0.05 as compared with V4; 5) Number of samples analysed for calcium and magnesium at each time point is as depicted in Figure 1.
Maternal serum magnesium levels were lower at V2, V3 and V4 as compared to V1 in both both the non-PE and PE groups (Table 3).  Maternal serum magnesium levels were lower in the PE group (p<0.05) as compared with non-PE group at V2 (Table 3).
  The variable sample number (n) in different measures was either due to inability to collect samples or due to sample volume being insufficient (Figure 1). 
We also analyzed the data after removing women who developed gestational diabetes from both the PE and non-PE groups (Supplementary Table 1) and found similar results, although statistical significance was reduced in keeping with the smaller sample size. 
Further, we analysed calcium and magnesium levels in women using magnesium supplements and women without supplements. There were no significant differences observed in the magnesium and calcium levels between women using magnesium supplements and women without supplements at all time points in both non-PE and PE groups (Supplementary Table 2). 
Cord levels

The cord blood analysis was undertaken to examine the association of maternal levels with cord levels. Calcium levels were higher in cord blood as compared to maternal levels in both the non-PE and PE groups. Cord calcium levels were marginally lower in the PE group (p=0.066) as compared to the non-PE group. 

In contrast to calcium, serum magnesium levels were lower in the cord blood as compared to maternal levels  in the non-PE group. Group wise comparison showed no difference in cord magnesium levels between groups (Table 3). 

Association of maternal levels with cord levels of calcium and magnesium 
Cord calcium levels were positively associated with maternal levels at V1 (r=0.29 p=0.001, n=199) in the non-PE group, and at V2 (r=0.22, p=0.04, n=87) in the PE group.

Cord magnesium levels were positively associated with maternal levels at V1 (r=0.42, p=0.001, n=200; r=0.24, p=0.02, n=95), V2 (r=0.39, p=0.001, n=199; r=0.45, p=0.001, n=87), V3 (r=0.35, p=0.001, n=200; r=0.25, p=0.03, n=79) and V4 (r=0.23, p=0.001, n=195; r=0.53, p=0.001, n=81) in both the non-PE group and PE groups respectively.

Interrelationship between calcium and magnesium levels 
There was a positive association between maternal serum calcium and magnesium levels at all the time points in both non-PE and PE groups, respectively:  V1 (r=0.68, p=0.001, n=216; r=0.73, p=0.001, n=107), V2 (r=0.70, p=0.001, n=215; r=0.69, p=0.001, n=96), V3 (r=0.78, p=0.001, n=216; r=0.76, p=0.001, n=85) and, V4 (r=0.81, p=0.001, n=207; r=0.53, p=0.001, n=85).
Association of maternal calcium and magnesium levels with blood pressure
Calcium levels were negatively associated with systolic blood pressure (r=-0.28, p= 0.006, n=96) and diastolic blood pressure (r=-0.19, p= 0.07, n=96) at V2 in the PE group. No associations were seen in the non-PE group. 

Magnesium   levels were negatively associated with systolic and diastolic blood pressure at V2 in the non-PE group, respectively (r=-0.20, p=0.003, n=215; r=-0.17, p=0.01, n=215). In the PE group, magnesium levels were negatively associated with diastolic blood pressure at V1 (r=-0.19, p= 0.05, n=107); negatively associated with systolic and diastolic blood pressure at V2 (r=-0.32, p=0.002, n=96; r=-0.24, p=0.02, n=96). In contrast at V4, magnesium levels were positively associated with systolic blood pressure (r=0.24; p=0.02, n=86).
Associations of maternal calcium and magnesium levels with maternal preeclampsia 

There were significant associations of maternal age, BMI, gestational age, SLI score, and hospital, with maternal calcium and magnesium levels and hence these were adjusted for in the regression models. 
There were no associations of maternal serum calcium levels with the risk of PE in the unadjusted or adjusted models (Table 4). Low magnesium levels were associated with an increased risk of PE at V2 in the unadjusted (OR 0.27 [95% CI 0.09, 0.83] p=0.02) and model 2 (OR 0.26 [95% CI 0.07, 0.98] p=0.045) and model 3 (OR 0.25 [95% CI 0.07, 0.94] p=0.04) (Table 4). 
Table 4 Logistic regression analysis: associations of maternal calcium and magnesium levels with preeclampsia
	
	Model 1
	Model 2
	Model 3

	Time points
	n
	OR (95% CI)
	p
	OR (95% CI)
	p
	OR (95% CI)
	p

	Calcium(mg/dl)
	

	V1
	322
	1.19 (0.94,1.49)
	0.16
	1.18 (0.91,1.52)
	0.23
	1.18 (0.91,1.52)
	0.23

	V2
	310
	0.97 (0.74,1.27)
	0.78
	0.95 (0.7,1.3)
	0.74
	0.95 (0.7,1.3)
	0.73

	V3
	300
	1.10 (0.88,1.39)
	0.42
	1.07 (0.84,1.37)
	0.63
	1.07 (0.84,1.37)
	0.62

	V4
	291
	1.00 (0.86,1.16)
	0.94
	1.00 (0.84,1.17)
	0.91
	1.00 (0.85,1.18)
	0.92

	Magnesium(mg/dl)

	V1
	322
	1.15 (0.46,2.85)
	0.78
	1.41 (0.51,3.97)
	0.52
	1.42 (0.51,3.97)
	0.51

	V2
	310
	0.27 (0.09,0.83)
	0.02
	0.26 (0.07,0.98)
	0.045
	0.25 (0.07,0.94)
	0.04

	V3
	300
	1.15 (0.46,2.88)
	0.77
	1.15 (0.42,3.19)
	0.79
	1.15 (0.42,3.18)
	0.80

	V4
	294
	1.34 (0.74,2.45)
	0.34
	1.78 (0.9,3.53)
	0.10
	1.78 (0.9,3.53)
	0.10


1) OR: Odds ratio; CI: Confidence interval; n: Number of subjects; p: Level of significance; 2) Model 1: Unadjusted; Model 2: Maternal Age, Body Mass Index (BMI), Standard of Living Index (SLI) score, Hospital, Gestational Diabetes Mellitus (GDM); Model 3: Maternal Age, BMI, SLI score, Hospital, GDM; history of PE in previous pregnancy: 3) V1=11–14weeks, V2=18–22 weeks, V3= 26–28 weeks, and V4= at delivery.

Finally, we examined the mean value of Ca and Mg, and the change in Ca and Mg, between consecutive pregnancy visits; enabling us to understand whether the ‘prevailing’ level of these parameters, or their change as pregnancy progressed, was more related to PE (Supplementary Table 3). This analysis showed that the change in Mg between visits 1 and 2, and between visits 2-3 and 2-4 was associated with PE.
ROC curve analysis of the relationship between serum calcium, magnesium, and blood pressure at 18-22 weeks and PE

The ROC curve analysis was performed to evaluate the diagnostic value of serum calcium, magnesium at 18-22 weeks in predicting PE. The AUC for serum calcium was low and was not significant (AUC = 0.496; SE = 0.036, 95% CI 0.426–0.566, p = 0.903). The AUC for serum magnesium was statistically significant but too low for clinical utility (AUC=0.426; SE=0.34 95% CI 0.360–0.493, p=0.038;). Both biochemical measures yielded poorer AUC values than systolic and diastolic blood pressure measured at V2 (AUC 0.730, p<0.001; AUC 0.711, p<0.001 respectively). The ROC curves for calcium, magnesium, are shown in supplementary Figure 1 and systolic and diastolic blood pressures are shown in supplementary Figure 2.
Associations of maternal calcium and magnesium with birth outcomes (birth weight and birth length)

Supplementary Table 4a and 4b shows the multivariate regression analysis of size at birth (birth weight and length) and calcium and magnesium  in maternal blood across all time points. After adjustment for maternal age, BMI, SLI score, baby gender, hospital and GDM (model 2), there was no association of maternal Ca and Mg at all time points with baby weight and length in both non-PE and PE groups.
Discussion

We report the levels of serum calcium, magnesium, and their ratio in women with PE and without PE at various time points across gestation and as well as in the cord blood. By taking samples from all women and storing them for later analysis we were able to examine maternal serum calcium and magnesium pre-dating the clinical onset of PE. The key findings were: 1) Maternal magnesium was significantly lower in the PE group at 18-22 weeks as compared with the non-PE group; however, no difference was observed in calcium levels between the two groups. 2) Maternal calcium and magnesium levels were negatively associated with blood pressure. 3) Magnesium levels at 18-22 weeks were negatively associated with the risk of PE. 
The current prospective study reports a decrease in maternal serum calcium levels at delivery as compared to levels in early pregnancy in women with PE and without PE. A decrease in serum calcium levels with increasing gestational age has been reported during the course of normal pregnancy [29, 30]. This could be possibly due to dietary deficiency, increasing demand of the growing fetus [31] or hemodilution during the last stages of pregnancy [32]. Our findings are in line with the reported progressive decline in calcium concentration from 28 weeks till delivery in both groups [18].
Calcium levels in cord serum were markedly higher than maternal levels in both the PE and non-PE groups. This can be explained by the metabolic changes that occur during pregnancy to compensate for the increased maternal and fetal demand for calcium [33].  However, in contrast, a study from Iran, demonstrated the mean serum calcium levels during the three trimesters of pregnancy were not significantly different from those in the umbilical cord blood [34]. 
Maternal serum calcium levels were not significantly different between PE and non-PE groups. This could be due to calcium supplementation during pregnancy which is recommended by WHO from 20 weeks gestation [35] and this is routinely practiced at both the hospitals. Similar to our findings, several cross-sectional studies have demonstrated no difference in calcium in women with PE as compared to normotensive women between 21-40 weeks of pregnancy [16, 36-40]. Our findings suggest that calcium may not be involved in the pathogenesis of PE. Furthermore, in the multivariate regression analysis, we observed no association of maternal serum calcium levels across gestation with the risk of PE in the fully adjusted model. 
Reports from randomized controlled trials examining the effect of calcium supplementation on the risk of PE are contradictory. A large double-blind, multicentre, randomised, placebo-controlled trial in Zimbabwe, Argentina, and South Africa examined the effects of calcium supplementation (1.5 g per day) compared with a placebo from pre-pregnancy until 20 weeks of gestation on risk of developing PE. They observed that calcium supplementation did not show a significant reduction in recurrent PE. The authors suggested a need for a trial to effectively test a small to moderate effect of calcium on PE [40].  In contrast, an earlier Cochrane review by the same authors, which included 13 studies on 15,730 women, concluded that a high-dose calcium supplementation (≥ 1 g/day) may reduce the risk of PE and preterm birth, in women with low dietary calcium consumption. However, there is inadequate evidence on low-dose calcium supplementation, which needs to be further tested in large, high-quality trials [41].
We observed a reduction in serum magnesium levels during the later stages of pregnancy. Similar results were observed in a study from 28 weeks till delivery in both normotensive women, as well as in pre-eclamptic women [18]. This progressive decline in maternal magnesium levels could be due to increase in urinary excretion, hemodilution, and increased transfer from the mother to the fetus, as optimal magnesium levels are important for fetal and newborn growth [42]. We observed similar cord levels and these findings are consistent with other reports [34].
We showed significantly lower magnesium levels at V2 in women with PE as compared to women without PE. These lower levels could be due to reduced intake, renal clearance during pregnancy, hemodilution or higher consumption by the growing fetus [43]. Lower levels of magnesium during pregnancy may be responsible for an increased vasoconstriction response via a large number of neurohormonal agents, thereby resulting in increased blood pressure [44]. It has also been reported that magnesium is essential for secretion of parathyroid hormone (PTH) and renin, mild magnesium deficiency increases PTH and renin secretion which leads to rise in blood pressure [18]. In addition, we found a negative association between magnesium and blood pressure at V1 and V2. Therefore, our findings support a possible role of magnesium in blood pressure regulation in PE. Furthermore, a recent meta-analysis that included seven randomized controlled trials (RCTs) showed that oral magnesium supplementation during pregnancy could reduce the risk of preeclampsia, mainly in high-risk women, thereby suggesting the possible prophylactic efficacy of magnesium supplementation on preeclampsia. However, the authors concluded that these results were based on limited datasets with inadequate information on the level of plasma magnesium at baseline, and dietary magnesium intake. Hence, it was suggested that large-scale high-quality RCTs are needed to validate these findings [45].
We observed a positive association between maternal calcium and magnesium at all time points across gestation. Reports suggest that a balance between calcium and magnesium is essential in regulating blood pressure [10, 46]. 
Further, after adjusting for the range of confounding factors, no association was evident between maternal serum calcium levels and the risk of PE. In contrast, magnesium levels were negatively associated with the risk of PE at 18-22 weeks.  
When we performed a ROC curve analysis for calcium, magnesium at 18-22 weeks, no significant association was observed between serum calcium levels and risk of PE. Although a significant association was observed between serum magnesium and risk of PE, the AUC for both was low. Based on this, our findings suggest that magnesium may have a limited ability to predict PE. However, this does not rule out the possibility that they are involved in the aetiology of PE.
Although previous cross-sectional and longitudinal studies have explored the levels of calcium or magnesium in women with PE, the current study examined the levels of calcium and magnesium (from early pregnancy) at all the time points of gestation and its association with PE risk. Our study had a relatively larger sample size compared to earlier published studies. 
Conclusion

Our results indicate that lower magnesium in mid-pregnancy is associated with a higher risk of developing PE later in pregnancy. Although these changes are unlikely to have predictive utility in a clinical setting, these ante-dated the clinical diagnosis of PE, suggesting an etiological role.  
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Supplementary Figure 1 ROC Curve Analysis of the Relationship between Serum Calcium, Magnesium, at 18-22 weeks and Preeclampsia
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Supplementary Figure  2 ROC Curve Analysis of the Relationship between Blood Pressure at 18-22 weeks and Preeclampsia
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Supplementary Table 1 Mean serum levels of Calcium and Magnesium in study groups (after exclusion of women with GDM) across gestation
	Calcium (mg/dl)

(Mean ± SD)
	PE without 
GDM

(n=87)
	Non-PE without GDM 
(n=165)
	p

	V1
	8.76 ± 1.12
	8.65 ± 0.92
	0.43

	V2
	8.49 ± 0.89
	8.57 ± 0.93
	0.52

	V3
	8.45 ± 1.11
	8.37 ± 1.09
	0.61

	V4
	8.09 ± 1.63
	8.10 ± 1.84
	0.97

	Cord
	8.59 ± 1.80
	9.07 ± 1.19
	0.017

	Magnesium (mg/dl) (Mean ± SD)
	
	

	V1
	1.78 ± 0.26
	1.78 ± 0.27
	0.93

	V2
	1.64 ± 0.22
	1.69 ± 0.24
	0.07

	V3
	1.67 ± 0.26
	1.67 ± 0.30
	0.98

	V4
	1.77 ± 0.54
	1.69 ± 0.37
	0.21

	Cord
	1.76 ± 0.51
	1.71 ± 0.28
	0.29


1) All values are gestational age adjusted values; Values are expressed as Mean ± SD; 
2) PE: Preeclampsia;p: Level of significance, p<0.05;
 3) V1=11–14weeks, V2=18–22 weeks, V3=26–28 weeks, and V4=at delivery

Supplementary Table 2 Calcium and magnesium levels in women using magnesium supplements and women without supplementation
	
	Non-PE
	PE

	
	Non-supplemented
	Supplemented
	p
	Non-supplemented
	Supplemented
	p

	Calcium

	V1
	8.69 ± 1.06 (n=113)
	8.58 ± 0.85 (n=103)
	0.408
	8.80 ± 1.13 (n=59)
	8.81 ± 1.00 (n=48)
	0.976

	V2
	8.57 ± 0.73 (n=24)
	8.58 ± 0.91 (n=191)
	0.942
	8.71 ± 0.79 (n=9)
	8.53 ± 0.87 (n=87)
	0.544

	V3
	8.48 ± 0.74 (n=11)
	8.41 ± 1.08 (n=205)
	0.820
	8.43 ± 0.27 (n=3)
	8.53 ± 1.12 (n=82)
	0.881

	V4
	8.09 ± 1.76 (n=201)
	7.84 ± 1.00 (n=6)
	0.730
	8.06 ± 1.65 (n=77)
	8.16 ± 1.45 (n=8)
	0.868

	Cord
	9.02 ± 1.14 (n=192)
	7.74 ± 3.04 (n=7)
	0.008
	8.62 ± 1.72 (n=89)
	9.00 ± 0.79 (n=7)
	0.570

	Magnesium

	V1
	1.77 ± 0.27 (n=184)
	1.76 ± 0.24 (n=32)
	0.743
	1.77 ± 0.22 (n=95)
	1.87 ± 0.39 (n=12)
	0.180

	V2
	1.68 ± 0.23 (n=97)
	1.69 ± 0.23 (n=118)
	0.712
	1.60 ± 0.22 (n=45)
	1.64 ± 0.20 (n=51)
	0.350

	V3
	1.69 ± 0.23 (n=55)
	1.65 ± 0.30 (n=161)
	0.409
	1.65 ± 0.21 (n=23)
	1.68 ± 0.27 (n=62)
	0.659

	V4
	1.68 ± 0.37 (n=206)
	1.70 ± 0.37 (n=3)
	0.954
	1.75 ± 0.51 (n=82)
	1.47 ± 0.39 (n=4)
	0.293

	Cord
	1.68 ± 0.27 (n=197)
	1.67 ± 0.24 (n=3)
	0.958
	1.74 ± 0.47 (n=92)
	1.66 ± 0.33 (n=4)
	0.765


n: Number of subjects; PE: Preeclampsia p: Level of significance, p<0.05; V1=11–14weeks, V2=18–22 weeks, V3=26–28 weeks, and V4=at delivery
Supplementary Table 3 Means and differences in levels of Calcium and Magnesium between consecutive visits across gestation in relation to the risk of preeclampsia
	
	
	Model 1
	
	Model 2
	
	Model 3
	

	
	n
	OR (95% CI)
	p
	OR (95% CI)
	p
	OR (95% CI)
	p

	Calcium (mg/dl)

	(V2-V1)
	310
	0.90 (0.74,1.11)
	0.31
	0.90 (0.72,1.13)
	0.36
	0.90 (0.72,1.13)
	0.35

	(V1+V2)/2
	310
	1.07 (0.77,1.5)
	0.71
	1.03 (0.7,1.54)
	0.88
	1.04 (0.7,1.54)
	0.88

	 
	
	
	 
	
	 
	
	 

	(V3-V1)
	300
	0.96 (0.78,1.18)
	0.67
	0.96 (0.77,1.2)
	0.69
	0.96 (0.77,1.2)
	0.68

	(V1+V3)/2
	300
	1.24 (0.93,1.66)
	0.16
	1.19 (0.85,1.65)
	0.32
	1.19 (0.86,1.66)
	0.31

	 
	
	
	 
	
	 
	
	 

	(V4-V1)
	292
	0.9 (0.78,1.05)
	0.17
	0.89 (0.76,1.06)
	0.18
	0.89 (0.76,1.06)
	0.17

	(V1+V4)/2
	292
	1.19 (0.91,1.56)
	0.21
	1.14 (0.85,1.55)
	0.40
	1.15 (0.85,1.56)
	0.38

	 
	
	
	 
	
	 
	
	 

	(V3-V2)
	297
	1.12 (0.88,1.44)
	0.38
	1.14 (0.87,1.48)
	0.36
	1.14 (0.87,1.49)
	0.35

	(V2+V3)/2
	297
	1.06 (0.78,1.44)
	0.74
	0.99 (0.7,1.4)
	0.94
	0.99 (0.7,1.4)
	0.94

	 
	
	
	 
	
	 
	
	 

	(V4-V2)
	285
	0.97 (0.82,1.15)
	0.72
	0.98 (0.81,1.19)
	0.81
	0.98 (0.81,1.19)
	0.82

	 (V2+V4)/2
	285
	1.04 (0.74,1.45)
	0.84
	0.95 (0.65,1.39)
	0.78
	0.95 (0.65,1.4)
	0.79

	 
	
	
	 
	
	 
	
	 

	(V4-V3)
	279
	0.93 (0.82,1.07)
	0.29
	0.94 (0.81,1.08)
	0.35
	0.94 (0.81,1.08)
	0.34

	(V3+V4)/2
	279
	1.21 (0.89,1.64)
	0.23
	1.12 (0.8,1.57)
	0.53
	1.13 (0.8,1.59)
	0.50

	Magnesium (mg/dl) 

	(V2-V1)
	310
	0.36 (0.15,0.92)
	0.03
	0.33 (0.12,0.91)
	0.03
	0.32 (0.12,0.89)
	0.03

	(V1+V2)/2
	310
	0.4 (0.11,1.42)
	0.15
	0.44 (0.1,2.06)
	0.30
	0.43 (0.1,2.01)
	0.28

	 
	
	
	 
	
	 
	
	 

	(V3-V1)
	300
	1.05 (0.41,2.68)
	0.93
	0.94 (0.34,2.6)
	0.90
	0.94 (0.34,2.59)
	0.89

	(V1+V3)/2
	300
	1.24 (0.41,3.8)
	0.71
	1.31 (0.37,4.65)
	0.68
	1.31 (0.37,4.65)
	0.68

	 
	
	
	 
	
	 
	
	 

	(V4-V1)
	295
	1.09 (0.59,2.02)
	0.80
	1.11 (0.57,2.18)
	0.78
	1.11 (0.56,2.17)
	0.78

	(V1+V4)/2
	295
	1.49 (0.52,4.29)
	0.46
	2.17 (0.63,7.48)
	0.22
	2.19 (0.64,7.54)
	0.22

	 
	
	
	 
	
	 
	
	 

	(V3-V2)
	297
	3.71 (1.37,10.1)
	0.01
	3.78 (1.27,11.24)
	0.02
	3.91 (1.31,11.67)
	0.02

	(V2+V3)/2
	297
	0.39 (0.11,1.37)
	0.14
	0.33 (0.08,1.43)
	0.14
	0.32 (0.08,1.37)
	0.12

	 
	
	
	 
	
	 
	
	 

	(V4-V2)
	288
	2.12 (1.05,4.29)
	0.04
	2.36 (1.06,5.28)
	0.04
	2.44 (1.09,5.47)
	0.03

	 (V2+V4)/2
	288
	0.4 (0.11,1.49)
	0.17
	0.44 (0.09,2.18)
	0.31
	0.41 (0.09,2.04)
	0.28

	 
	
	
	 
	
	 
	
	 

	(V4-V3)
	282
	0.99 (0.56,1.75)
	0.96
	1.06 (0.58,1.95)
	0.87
	1.06 (0.58,1.95)
	0.86

	(V3+V4)/2
	282
	1.87 (0.61,5.74)
	0.27
	2.5 (0.66,9.51)
	0.18
	2.5 (0.66,9.54)
	0.18


1) OR: Odds ratio; CI: Confidence interval; n: Number of subjects; p: Level of significance; 2) Model 1: Unadjusted; Model 2: Maternal Age, Body Mass Index (BMI), Standard of  Living Index (SLI) score, Hospital, Gestational Diabetes Mellitus (GDM); Model 3:Maternal Age, BMI, SLI score, Hospital, GDM;  history of PE in previous pregnancy: 3) V1=11–14weeks, V2=18–22 weeks, V3= 26–28 weeks, and V4= at delivery. 4) Logistics regression (0: Non-PE; 1:PE)

Supplementary Table 4a: Associations between maternal calcium with birth outcomes (birth weight and birth length)
	Calcium 
	Birth weight
	Birth length

	
	
	Model 1
	Model 2
	
	Model 1
	Model 2

	
	n
	B (CI)
	p
	B (CI)
	p
	n
	B (CI)
	p
	B (CI)
	p

	
	
	Non-PE

	V1
	215
	-5.54 (-58.78,47.72)
	0.838
	17.41 (-37.48,72.28)
	0.533
	205
	-0.06 (-0.54,0.43)
	0.819
	0.14 (-0.37,0.64)
	0.598

	V2
	214
	1.48 (-56.22,59.18)
	0.960
	12.79 (-47.12,72.69)
	0.675
	204
	-0.57 (-1.08, -0.05)
	0.033
	-0.45 (-1.00,0.11)
	0.110

	V3
	215
	-12.74 (-60.86,35.38)
	0.603
	-16.28 (-64.24,31.69)
	0.505
	205
	-0.44 (-0.87,0.01)
	0.052
	-0.40 (-0.84,0.05)
	0.077

	V4
	206
	0.67 (-28.9,30.23)
	0.965
	-2.54 (-31.57,26.49)
	0.864
	196
	0.29 (0.02,0.57)
	0.037
	0.26 (-0.02,0.53)
	0.064

	
	
	PE

	V1
	106
	-80.49 (-155.43, -5.55)
	0.036
	-67.10 (-146.12,11.93)
	0.096
	91
	-0.56 (-1.25,0.15)
	0.118
	-0.30 (-0.98,0.39)
	0.393

	V2
	95
	-66.15 (-163.92,31.63)
	0.183
	-12.48 (-120.56,95.62)
	0.820
	81
	-1.28 (-2.19, -0.36)
	0.007
	-0.64 (-1.60,0.34)
	0.196

	V3
	84
	-88.8 (-166.01, -11.59)
	0.025
	-65.39 (-148.17,17.39)
	0.120
	76
	-0.55 (-1.32,0.24)
	0.168
	0.06 (-0.70,0.82)
	0.880

	V4
	84
	-24.12 (-80.21,31.99)
	0.396
	-11.06 (-66.54,44.42)
	0.693
	73
	-0.03 (-0.46,0.41)
	0.911
	0.08 (-0.34,0.49)
	0.716


Supplementary Table 4b: Associations between maternal magnesium with birth outcomes (birth weight and birth length)
	Magnesium
	Birth weight
	Birth length

	
	
	Model 1
	Model 2
	
	Model 1
	Model 2

	
	n
	B (CI)
	p
	B (CI)
	p
	n
	B (CI)
	p
	B (CI)
	p

	
	
	Non-PE

	V1
	215
	-48.84 (-246.08,148.41)
	0.627
	35.75 (-167.89,239.38)
	0.730
	205
	-1.23 (-3.01,0.55)
	0.174
	-0.64 (-2.51,1.24)
	0.503

	V2
	214
	-207.14 (-433.48,19.21)
	0.073
	-122.13 (-370.3,126.04)
	0.334
	204
	-2.09 (-4.15, -0.03)
	0.047
	-1.43 (-3.72,0.88)
	0.223

	V3
	215
	-193.39 (-374.63, -12.15)
	0.037
	-158.35 (-343.41,26.73)
	0.094
	205
	-1.84 (-3.50, -0.18)
	0.031
	-1.48 (-3.20,0.26)
	0.095

	V4
	208
	-10.69 (-150.78,129.41)
	0.881
	5.92 (-131.73,143.56)
	0.933
	198
	1.03 (-0.26,2.31)
	0.116
	1.03 (-0.26,2.31)
	0.115

	
	
	PE

	V1
	106
	-407.77 (-734.83, -80.7)
	0.016
	-254.46 (-603.51,94.6)
	0.152
	91
	-3.04 (-6.06, -0.02)
	0.050
	-0.90 (-3.89,2.09)
	0.552

	V2
	95
	-328.24 (-736.68,80.22)
	0.114
	-0.23 (-462.41,461.96)
	1.000
	81
	-6.74 (-10.32, -3.16)
	0.001
	-3.69 (-7.71,0.34)
	0.072

	V3
	84
	-369.26 (-712.50,-26.02)
	0.036
	-195.98 (-586.54,194.6)
	0.321
	76
	-2.68 (-6.11,0.76)
	0.125
	1.89 (-1.73,5.51)
	0.301

	V4
	85
	-36.78 (-218.89,145.34)
	0.690
	95.84 (-101.44,293.11)
	0.337
	74
	-0.72 (-2.09,0.65)
	0.298
	-0.23 (-1.67,1.21)
	0.752


CI: Confidence interval; n: Number of subjects; p PE: Preeclampsia; p: Level of significance, p<0.05; All values are gestational age adjusted values; V1=11–14weeks, V2=18–22 weeks, V3=26–28 weeks, and V4=at delivery

Model 1: Unadjusted; Model 2: maternal age, BMI, SLI score, baby gender, hospital and GDM. 
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