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Abstract

Background: Low dietary calcium intake may be a risk factor for hypertension, but studies conflict.

Objective: We evaluated the ability to predict hypertension within 10 y after delivery based on calcium intake during
midpregnancy.

Methods: The Norwegian Mother and Child Cohort Study of women delivering in 2004-2009 was linked to the Norwegian
Prescription Database (2004-2013) to ascertain antihypertensive medication usage >90 d after delivery. Women with
hypertension before pregnancy were excluded, leaving 60,027 mothers for analyses. Age and energy-adjusted cubic
splines evaluated dose-response curves, and Cox proportional hazard analyses evaluated HR and 95% Cls by calcium
quartiles adjusting for 7 covariates. Analyses were stratified by gestational hypertension and by sodium-to-potassium
intake ratio (<0.76 compared with =0.76).

Results: Participants had a mean + SD age of 30.5 = 4.6 y, a body mass index (in kg/m?) of 24.0 + 4.3 before pregnancy,
and a mean follow-up duration of 7.1 + 1.6 y. Cubic spline graphs identified a threshold effect of low calcium intake only within
the range of dietary inadequacy related to increased risk. The lowest calcium quartile (=738 mg/d; median: 588 mg/d), relative
to the highest quartile (=1254 mg/d), had an HR for hypertension of 1.34 (95% CI: 1.05, 1.70) among women who were
normotensive during pregnancy, and an HR of 1.62 (95% CI: 1.14, 2.35) among women who had gestational hypertension,
after adjusting for covariates. WWomen with gestational hypertension, who were in the lowest quartile of calcium intake, and
who had a high sodium-to-potassium intake ratio had a risk of hypertension more than double that of their counterparts with a
calcium intake in the highest quartile. Results were attenuated by adjusting for covariates (HR: 1.92; 95% Cl: 1.09, 3.39).

Conclusions: The results suggest that low dietary calcium intake may be a risk factor or risk marker for the

development of hypertension, particularly for women with a history of gestational hypertension.
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Introduction

Hypertension is a major and modifiable risk factor for early
mortality and ranks as the third leading factor in increasing
the number of disability-adjusted life-years (1). The global
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burden of this condition is notable: an estimated 26.4% of
the worldwide adult population had hypertension in 2000 (2).
In women, pregnancy-related de novo hypertension unmasks
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predispositions for subsequent hypertension, and preeclampsia
in particular associates with long-term risks of cardiovascular
disease (3—5) and renal disease (6).

Dietary habits and specific nutrient intakes have been associ-
ated with blood pressure (BP) and hypertension in adults (7). The
importance of calcium intake in hypertension, however, remains
controversial. In general, epidemiologic studies have found weak
inverse associations between calcium intake (through diet, sup-
plements, or both) and reductions in BP (7, 8). In the large
Women’s Health Initiative Calcium/Vitamin D Supplementation
Study, no significant differences were noted in BP changes over
time among postmenopausal women randomly assigned to sup-
plements or placebo (9). But in a meta-analysis of randomized
controlled trials, calcium supplementation had a stronger effect in
lowering blood pressure among populations with inadequate
dietary intake of calcium (8). Further, evidence shows that
calcium may be more beneficial in salt-sensitive hypertension (10,
11). Also, in the Nurses’ Health Study, calcium intake >800 mg/d
compared with intake <400 mg/d was associated prospectively
with a reduced risk of hypertension [HR: 0.78 (95% CI: 0.69,
0.88%)] (12). In another study, intake of low-fat dairy foods
protected against hypertension in a large prospective cohort of
middle-aged and older women (13). Higher calcium intakes may
downregulate the activity of the renin-angiotensin system and
improve sodium-potassium balance (11, 14). Furthermore, high
calcium intake may reduce vasoconstriction in vascular smooth
muscle cells and thereby reduce vascular resistance (15). Also,
calcium intake is often correlated with magnesium intake, which
has known beneficial effects on BP regulation (16).

To our knowledge, no study has evaluated whether dietary
assessments of calcium intake during pregnancy identify women
at risk of developing hypertension after pregnancy, or whether
nutritional risk factors for hypertension after pregnancy are
similar between women with and women without gestational
hypertension or preeclampsia. Given that pregnancy represents
a period of repeated interaction with the health care system,
pregnancy is an ideal opportunity to monitor and engage women
in primary prevention programs.

We hypothesized that low calcium intake assessed during
midpregnancy would associate with the development of hyper-
tension within 10 y after pregnancy, and that associations would
be stronger among those with a high sodium-to-potassium ratio
and among high-risk women who had gestational hypertension.
Further, we explored the associations between dietary and sup-
plemental magnesium intake as it relates to hypertension risk in
the study population.

Methods

This study uses the Norwegian Mother and Child Cohort Study (MoBa),
which is a prospective, population-based pregnancy cohort study conducted
by the Norwegian Institute of Public Health (17). Participants were recruited
from all regions in Norway from 1999 through 2008 (i.e., deliveries included
those in 2009). The women consented to participation in 41% of the
pregnancies. The cohort includes 114,500 children, 95,200 mothers, and
75,500 fathers. The current research project was approved by the Regional
Ethics Committee (Region West: 2013/740), the Data Inspectorate, MoBa,
and the Norwegian Prescription Database (NPD). Women provided in-
formed consent, which included subsequent record linkages.

MoBa was linked to the Medical Birth Registry of Norway (MBRN)
(18) to ascertain pregnancy-related complications, and to the NPD,
2004-2013 (19), to ascertain antihypertensive medication use after
delivery. Given that the prescription database was not established
until 2004, and given the early changes in the nutritional assessments,
the study was restricted to participants who delivered in 2004-2009
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(n = 75,906 deliveries). In the event that the mother participated more
than once, only the last pregnancy in which the mother participated in
MoBa was included in this analysis (z = 62,746 mothers). Women who
had a fetal loss (i.e., a nonviable fetus weighing <500 g or delivered
at <22 wk of gestation) or who had hypertension before pregnancy
(n = 1414) were excluded from the analyses.

Dietary intake and use of supplements. Dietary intake was estimated
using a semiquantitative FFQ developed specifically for MoBa and was
administered in the 22nd week of pregnancy (20). The MoBa FFQ had
been validated against 4-d weighted food diary, motion sensors, and
biological markers (21, 22). Those with missing or unreasonably low or
high energy intakes (<1070 or >4400 kcal/d, respectively; 7 = 1305) were
excluded, resulting in 60,027 women for the current analyses. Supple-
ments (brand names) containing calcium, magnesium, or both were
identified from the same questionnaire, and intakes (milligrams per day)
were calculated through the use of a supplement database (23).

Outcome. Hypertension after pregnancy was ascertained through the
NPD, which contains information regarding dispensed drugs for nonin-
stitutionalized individuals (19). Antihypertensive medications are generally
prescribed according to guidelines requiring a BP cutoff (=140/90 mm Hg)
measured at =2 physician visits (24, 25). Hypertension was considered
present if it was listed as the underlying indication for treatment for any of
the following dispensed Anatomical Therapeutic Chemical classification
system prescriptions: antihypertensives (Anatomical Therapeutic Chemical
classification code C02), diuretics (C03), B-blockers (C07), calcium
channel blockers (C08), and renin-angiotensin system medications (C09)
(26). In addition, prescriptions had to be dispensed >90 d after delivery in
order for women to be considered hypertensive. If medication was not used
after 90 d but was used during the immediate postpartum period (<90 d
from the date of delivery), the women were coded as nonhypertensive.

Covariates. The first MoBa questionnaire, administered at 15-17 wk of
gestation, was used to ascertain prepregnancy characteristics: smoking
status, leisure-time physical activity (27), BMI (kg/m?), alcohol con-
sumption frequency, maternal education, and duration of oral contra-
ceptive use. The fourth questionnaire, administered 6 mo after delivery,
was used to ascertain weight gain and breastfeeding status. Very few data
were missing (0-3.2%) for the majority of parameters, with the excep-
tion of alcohol frequency (4.3%), weight gain (17.9%), and breastfeeding
(14.3%) 6 mo postpartum.

Pregnancy outcomes. The MBRN (18) was used to ascertain preg-
nancy characteristics of potential importance as covariates for the current
analyses. Parameters of interest included maternal age at delivery, parity,
multiple-birth pregnancy, gestational hypertension (without proteinuria),
preeclampsia, prepregnancy and gestational diabetes mellitus (including
unspecified), preterm deliveries (<37 wk or, when gestational age was
missing, a birth weight <2500 g), and stillbirths. Furthermore, the MBRN
was used to ascertain the existence of chronic hypertension before
pregnancy, which was then combined with information from MoBa and
the NPD to identify and exclude women with hypertension before the
indexed pregnancy. Gestational hypertension was defined as a diagnosis
of hypertension after 20 wk of gestation (systolic BP =140 mm Hg, a
diastolic BP =90 mm Hg, or both). Preeclampsia diagnoses included
gestational hypertension with the additional requirement of proteinuria
(=0.3 g in 24-h urine collection or =1-point increase on a urinary
dipstick) (28).

Statistical analyses. Demographic and dietary characteristics of study
participants were evaluated by approximate quartile groupings of
calcium intake. Dose-response relationships between calcium intake
and hypertension were explored using cubic spline functions with 5
knots (29); the reference value selected for the spline reflected the die-
tary adequacy intake cutoff of 1000 mg/d for pregnant women (30).
The cubic spline analyses adjusted for maternal age and total energy
intake, and included all study participants. Because the spline analyses
identified a nonlinear relation between calcium intake and subsequent
hypertension, further modeling used quartile groups of calcium intake in



Cox proportional hazard analyses where we stratified by the presence or
absence of gestational hypertension (i.e., with or without proteinuria).
The proportional hazards assumption was evaluated with the Schoenfeld
test. Dietary calcium intake quartiles were evaluated separately in several
Cox proportional hazard models. Model 1 adjusted for 2 covariates:
maternal age (years) and energy intake (kilocalories per day); model 2
adjusted for model 1 covariates plus the sodium-to-potassium dietary intake
ratio. Model 3 adjusted for 7 covariates: the 3 covariates from models
1 and 2, leisure-time physical activity before pregnancy (<3 or =3 times/wk,
or missing), prepregnancy BMI, smoking before pregnancy (none, occa-
sional, or daily), and maternal education (primary, secondary or vocational,
or any college or university). An additional model (model 4) adjusted for
model 3 covariates and magnesium supplements (none, <75 mg/d,
=75 mg/d), and dietary magnesium (per 100 mg/d units).

Additional multivariable models evaluated the following variables:
alcohol intake frequency before pregnancy (none or rare, monthly, or weekly),
oral contraceptive use (none, <4 y, or =4 y), multiple-birth pregnancy,
stillbirth delivery, preterm delivery, parity (0, 1, or =2), pregestational or
gestational diabetes mellitus, total vitamin D intake, long-chain n—-3 FA
supplement intake, weight gain (=7 compared with <7 kg), and breastfeeding
at 6 mo. Because these results did not alter the HRs associated with the
calcium and magnesium parameters reported, they were not included in the
models presented.

Stata 14 (StataCorp LP) was used for all analyses. Statistical
significance was determined at P < 0.05.

Additional analyses. We evaluated the consistency of the calcium intake
quartile results in analyses stratified by a low and high sodium-to-potassium
intake ratio using the median cutoff value of the ratio (<0.76 compared with
=(.76) in order to define the 2 groups. The sodium/potassium ratio was not
highly related to dietary calcium (r = —0.32) or magnesium (r = —0.30), but
dietary calcium and magnesium were correlated (r = 0.73). Further,
magnesium residuals were even more highly correlated with calcium than

the absolute values, given that residuals were smaller at the lower end of the
calcium intake range than at the higher end. Therefore, we used observed
magnesium intake rather than magnesium residuals in the final model of the
multivariable analyses. Supplementary analyses evaluated midpregnancy
magnesium quartiles and subsequent risk of hypertension and are presented
here.

Results

Participating women had a mean * SD age of 30.5 = 4.6 yand a
BMI of 24.0 = 4.3 before pregnancy. The mean duration of
follow-up of was 7.1 = 1.6 y, with a maximum follow-up of
10 y. A total of 97% of women were married or lived with a
partner, 43% were nulliparous, and 28% had a higher education
(any college or university). Before pregnancy, 16.5% smoked daily
and 48% engaged in leisure-time physical activity =3 times/wk.
The majority of demographic and pregnancy-related characteris-
tics showed little variability across the quartiles of calcium intake
(Table 1). However, energy intake, physical activity, and having
a higher education increased, whereas the sodium-to-potassium
ratio and prepregnancy BMI decreased, with increasing quartiles
of calcium intake (P < 0.001). The mean * SD percentage of
energy from the macronutrients was stable across intake quartiles
and was within acceptable ranges: protein, 15.4% * 2.1%; fat,
31.4% * 4.5%; and carbohydrates, 53.2% * 4.7%. The
percentage reporting any intake of calcium from a supplement
was slightly but significantly inversely related to quartiles of
dietary calcium intake (P < 0.001; given the large sample size).
Of the women who were normotensive during pregnancy
(n=56,646),1039 (1.8%) developed hypertension after pregnancy.

TABLE 1 Baseline demographic characteristics by dietary calcium quartiles in the Norwegian Mother

and Child Cohort Study (n = 60,027)’

Calcium quartiles

Q1 (=738 mg/d)

02 (739-966 mg/d)

03 (967-1253 mg/d) Q4 (=1254 mg/d)

FFQ, mg/d (n = 14,064) (n=15,029) (n =15,598) (n =15,336) P-trend
Maternal age, y 304 =47 306 =45 307 =45 303 =47

BMI,? kg/m? 244 =45 240 =42 238 = 4.1 239 =43 *
Nulliparous 438 437 422 437

Daily smoking® 171 15.8 15.1 18.1

Married or with partner 96.7 97.4 97.1 96.6

Diabetes mellitus® 1.7 15 14 1.6

Preterm* 56 5.6 5.6 55

Gestational hypertension® 2.1 19 2.1 2.1

Preeclampsia® 39 35 34 35

Physical activity =3 times/wk? 42.3 473 50.6 51.0 *
High education’ 249 295 302 273 *
Years of follow-up 71217 7116 7116 7116

Calcium,® mg/d 588 + 107 854 + 65 1097 + 82 1606 =+ 356
Magnesium,® mg/d 302 =70 364 = 71 420 + 80 517 = 106 *
Sodium-to-potassium ratio® 0.85 = 0.20 0.80 = 0.17 0.76 = 0.16 0.70 = 0.15 *
Energy intake, kcal/d 1804 + 389 2099 * 404 2378 * 440 2843 * 562 *
Ca supplements 17 14 13 12 *
Mg supplements 25 24 25 25

Weight gain =7 kg 9 9 10 12 *

" Values are means * SDs or percentages. *P-trend < 0.001, by increasing calcium quartiles (1-4) as a continuous variable. Q, quartile.

2 Before pregnancy.
° Pregestational, gestational, or unspecified.

4 Gestational age <37 wk or, when gestational age was missing, birth weight <2500 g.
5 Diagnosed after 20 wk of gestation, when systolic blood pressure was =140 mm Hg or diastolic blood pressure was =90 mm Hg, or both.
6 Gestational hypertension with proteinuria (=0.3 g in 24-h urine collection or =1-point increase on a urinary dipstick).

7 Any college or university education.

8 Intake from dietary sources only (excludes supplements) as estimated by a semiquantitative FFQ.
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A total of 3381 women had gestational hypertension in a MoBa
pregnancy of whom 1235 had gestational hypertension without
proteinuria, 1642 had preeclampsia at term, and 504 had preterm
preeclampsia. Of the women who had any gestational hypertension
(n = 3381), 441 (13.0%) developed hypertension after pregnancy
[maternal age-adjusted HR: 8.1 (95% CI: 7.27, 9.09)]. No signif-
icant differences were found between gestational hypertension
without proteinuria [HR: 8.93 (95% CI: 7.61, 10.49)] and
eclampsia or preeclampsia [HR: 7.67 (95% CI: 6.69, 8.80)] with
regard to the magnitude of the HRs for subsequent hypertension
relative to women who were normotensive during pregnancy.

The cubic spline graph for dietary calcium (adjusted for
maternal age and energy intake) indicated a threshold effect,
whereby low intakes (<1000 mg/d) were associated with excess
risk for hypertension (Figure 1).

In the evaluation of women who were normotensive during
their MoBa pregnancy, those in the lowest quartile of dietary
calcium intake had a 34% greater risk of hypertension after
pregnancy than women in the highest quartile of calcium intake,
adjusting for the 7 covariates of model 3 [HR: 1.34 (95% CI: 1.05,
1.70)] (Table 2). Among women with a pregnancy affected by
gestational hypertension, those in the lowest quartile of calcium
intake had a 64% greater risk of hypertension than women in the
highest intake quartile, adjusting for the 7 model 3 covariates
[HR: 1.64 (95% CI: 1.14, 2.35)]. The marked increased risk of
subsequent hypertension associated with the lowest quartile of
dietary calcium intake remained significant after further adjust-
ment for dietary and supplemental magnesium among women who
had gestational hypertension during their MoBa pregnancy. All
other parameters evaluated had no effect on the significance or
magnitude of the HRs presented (=3% change in HRs).

Calcium and magnesium supplements. Of the 13.7%
(n = 8246) who reported taking a supplement containing any
amount of calcium, the median supplemental calcium intake was
229 mg/d (IQR: 143-457 mg/d). Intake of calcium supplements
evaluated as a tertile dose or as any amount of supplemental
calcium intake compared with none was not associated with risk
of hypertension (Supplemental Table 1). Further, given the small
percentage who used calcium supplements, the results of the total
calcium intake quartiles (diet and supplement sources combined)

was very similar to the results of the dietary calcium quartiles
presented in Table 2, and are therefore not presented separately.

Supplements containing magnesium were taken by 25% of the
study population, but only 9% of the women took supplements
that provided =75 mg Mg/d.

Magnesium supplement intake =75 mg/d was protective of
subsequent hypertension among women with a history of gesta-
tional hypertension, whereas quartiles of dietary magnesium intake
were inversely related to subsequent risk of hypertension among
women who were normotensive during their MoBa pregnancy
(Supplemental Tables 1 and 2).

Stratification by low and high sodium-to-potassium ratio.
In the analyses stratified by a low and high sodium-to-potassium
ratio and adjusting for maternal age and energy intake, the lowest
calcium quartile was associated with significantly elevated HRs,
compared with the highest quartile, when the sodium-to-potassium
ratio was high, but not when the ratio was low (Table 3). For
women who were normotensive during their MoBa pregnancy, the
age- and energy-adjusted HR for the lowest calcium intake quartile
relative to the highest quartile was 1.57 (95% CI: 1.14, 2.17) in the
group with a high sodium-to-potassium ratio and 1.19 (95% CI:
0.85, 1.67) in the group with a low sodium-to-potassium ratio. For
women with gestational hypertension during pregnancy, the age-
and energy-adjusted HR for the lowest calcium intake quartile
relative to the highest was 2.15 (95% CI: 1.29, 3.59) in the group
with a high sodium-to-potassium ratio and 1.52 (95% CI: 0.93, 2.47)
in the group with a low sodium-to-potassium ratio. In analyses
adjusting for all covariates, however, the lowest calcium quartile
was significantly predictive of hypertension risk only among
women with gestational hypertension in the group with a high
sodium-to-potassium ratio [HR: 1.92 (95% CI: 1.09, 3.39)]
(Table 3). In subsequent sensitivity analyses, similar HRs were
obtained when separately evaluating women with preeclampsia
and women with gestational hypertension without proteinuria
(data not shown).

Discussion

These results provide some evidence of the importance of low
dietary calcium intake in the pathogenesis of hypertension in
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TABLE 2 Midpregnancy dietary calcium intake and HRs for development of hypertension after
pregnancy during the Norwegian Mother and Child Cohort Study’

Dietary calcium quartiles Participants, N Cases, n? Model 1° Model 2* Model 3° Model 4°
Normotensive during pregnancy 56,646 1039
Q1 (=738 mg/d) 13,223 292 1.45(1.16, 1.80) 1.31(1.04, 1.65) 1.34(1.05, 1.70) 1.26 (0.99, 1.61)
Q2 (739-966 mg/d) 14,211 259 1.13(0.99, 1.38) 1.06 (0.86, 1.30) 1.14(0.92, 1.41) 1.09 (0.88, 1.35)
Q3 (967-1253 mg/d) 14,745 233 0.94(0.78,1.14)  0.91(0.75, 1.10)  0.98 (0.80, 1.20) 0.95 (0.78, 1.17)
Q4 (=1254 mg/d) 14,467 255 1.0 (referent) 1.0 (referent) 1.0 (referent) 1.0 (referent)
Gestational hypertension’ 3381 441
Q1 (=738 mg/d) 841 133 1.88(1.34,2.64) 1.79(1.25,2.56) 1.64 (1.14,2.35) 1.66 (1.14, 2.42)
Q2 (739-966 mg/d) 818 99 1.27 (092, 1.75) 1.23(0.89, 1.70) 1.25(0.90, 1.75) 1.26 (0.90, 1.78)
Q3 (967-1253 mg/d) 853 109 1.24 (0.93, 1.65) 1.21(0.90, 1.62) 1.20(0.88, 1.63) 1.20 (0.88, 1.64)
Q4 (=1254 mg/d) 869 100 1.0 (referent) 1.0 (referent) 1.0 (referent) 1.0 (referent)

" Values are HRs (95% Cls), unless otherwise indicated. Q, quartile.

2 Use of antihypertensive medications >3 mo after pregnancy, where hypertension was listed as the indication for treatment.
% Adjusted for maternal age (years) and energy intake (kilocalories per day).

4 Adjusted for model 1 covariates plus sodium-to-potassium ratio.

5 Adjusted for model 1 and 2 covariates plus prepregnancy smoking status (none, occasional, or daily), prepregnancy physical activity (<3 or
=3 times/wk, or missing), prepregnancy BMI (kg/m?), and maternal education (primary, secondary or vocational, or any college or

university).

6 Adjusted for all covariates from models 1-3 plus magnesium supplements (none, low, or high) and magnesium (per 100-mg units).

7 Gestational hypertension with or without proteinuria.

women after pregnancy, particularly for women who had a
history of gestational hypertension. Interestingly, Figure 1 is very
similar to a figure presented in meta-analyses of the association
of dietary calcium intake with stroke in prospective studies,
where only inadequate dietary intakes were related to elevated
risk (31). Given that hypertension is a major and modifiable risk
factor for stroke, the similarities in the graphs are noteworthy.
One possible explanation of the results is that low calcium
intake might predispose to salt-sensitive hypertension (10, 11,
32, 33). In our study, low calcium intake had a more pronounced
effect on the risk of hypertension in women with gestational

hypertension when their sodium-to-potassium intake ratio was
high than when it was low. Salt sensitivity is the inability to
excrete a sodium load without increasing BP (34), and may be
present in ~50% of hypertensive Caucasian patients (35). Two
studies have shown that women with previous gestational
hypertension have greater salt sensitivity than women with
normotensive pregnancies (36, 37). Further, the nighttime dip in
BP that is normal in healthy individuals is blunted in women
with a history of preeclampsia who consume a high-salt diet
(37), which is also the case in salt-sensitive hypertensive patients
who consume a high-salt diet (38). Nighttime increases in BP

TABLE 3 Midpregnancy dietary calcium intake by dietary sodium-to-potassium ratio and HRs (95% Cls)
for the development of hypertension after pregnancy in the Norwegian Mother and Child Cohort Study’

Midpregnancy calcium intake in Q1 vs. in Q4, by sodium-to-potassium ratio

Low ratio (<0.76)

High ratio (=0.76)

Normotensive (n = 56,646)

Cases’ n 475 564

Q1 (cases/total) 88/4352 204/8871

Q4 (cases/total) 168/9828 87/4639
Model 13 1.19(0.85, 1.67) 157 (1.14, 2.17)
Model 3* 1.34 (0.95, 1.88) 1.43 (1.03, 2.00)
Model 4° 1.31(0.93, 1.87) 1.24 (0.87, 1.78)

Gestational hypertension (n = 3381)°

Cases’ n 205 236

Q1 (cases/total) 43/288 90/553

Q4 (cases/total) 69/604 31/265
Model 13 1.52(0.93, 2.47) 2.15(1.29, 3.59)
Model 3* 1.53 (0.93, 2.53) 1.70 (1.01, 2.86)
Model 4° 1.52 (0.90, 2.57) 1.92 (1.09, 3.39)

" Values are HRs (95% Cls) unless otherwise indicated. Q, quartile.

2 Use of antihypertensive medications >3 mo after pregnancy, where hypertension was listed as the indication for treatment.

2 Adjusted for maternal age (years) and energy intake (kilocalories per day).

4 Adjusted for model 1 covariates plus prepregnancy smoking status (none, occasional, or daily), prepregnancy physical activity (<3 or =3
times/wk, or missing), prepregnancy BMI (kg/m?), and maternal education (primary, secondary or vocational, or any college or university).
5 Adjusted for model 1 and 3 covariates plus sodium-to-potassium ratio, magnesium supplements (none, low, or high), and magnesium (per

100-mg units).
8 Gestational hypertension with or without proteinuria.
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may reflect a compensatory mechanism to achieve sodium balance.
Subtle injury to the kidneys was hypothesized to increase suscep-
tibility to salt-sensitive hypertension (39). The increased risk of
hypertension in women who have had a hypertensive pregnancy (5)
could potentially be explained by greater salt sensitivity as a result of
subtle kidney injury; however, studies of kidney function after
preeclamptic pregnancies have shown that glomerular filtration rate
seems to return to normal in the early postpartum period (40), and
long-term follow-up studies of microalbuminuria have provided
mixed results (41, 42), possibly a reflection of differences in the
extent of comorbidities, characteristics before pregnancy, severity of
preeclampsia, and ethnicity. However, one study showed a greater
glomerular filtration fraction response to a high sodium intake
relative to a low sodium intake over 7 d in women with a previous
preeclamptic pregnancy compared with women with a normal
pregnancy (43), suggesting a higher glomerular capillary pressure,
a marker for future renal damage over the long term (44).

In the Nurses’ Health Studies I and II, women in the highest 3
quintiles of total and dietary calcium intakes had significantly
lower risk of total and ischemic stroke than did women in the
lowest quintiles of total and dietary calcium intakes, which
represented inadequate intakes in age-adjusted analyses (45).
However, the findings were no longer significant in multivariate
analyses that adjusted for a history of hypertension along with
numerous other covariates. By contrast, in our study, low
calcium intake persisted as being associated with increased risk
of hypertension among women who had gestational hyperten-
sion in the full multivariable analyses.

Our study findings are also consistent with the known inverse
association of magnesium with risk of hypertension (16, 30). We
found that the highest 2 quartiles of dietary magnesium intake
were associated with lower subsequent risk of hypertension for
women with normotensive MoBa pregnancies, and that supple-
mental magnesium intake was associated with lower risk for
women with gestational hypertension. Further work is required
to identify threshold levels of the effect for hypertension
associated with dietary and supplemental magnesium intakes.

Limitations. The low prevalence of calcium supplement use
(13%) limited our statistical power to evaluate a putative antihy-
pertensive effect in the study population. Also, the sodium-to-
potassium intake ratio likely underestimated the true ratio, given
the known difficulties in documenting all sodium intake in obser-
vational studies. Despite this limitation, the reported ratio corre-
lated positively and significantly with risk of hypertension, as
expected. Another limitation is the lack of information on gesta-
tional hypertension in pregnancies before or after the indexed
MoBa pregnancy, as a result of limitations imposed by consent
forms and research ethics. While some normotensive women may
have had gestational hypertension before or after their MoBa
pregnancy, this limitation would not bias the HRs, given the large
size of the normotensive group. We had no information on changes
in risk factors over time. Another limitation is the lack of more
detailed, clinically relevant information and biomarkers that could
help characterize underlying pathologies. Given the homogenous
study population, the results may not be generalizable to ethnically
diverse populations. Finally, our findings regarding threshold
effects should be interpreted with caution, given that the absolute
intake of nutrients are difficult to assess based on FFQs and
because we cannot rule out that the observed associations may be
explained by other dietary factors or by calcium intake in combi-
nation with other dietary factors.

Strengths of the study include the prospective design, the
ability to control for a wide range of sociodemographic and
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pregnancy-related determinants of hypertension, and the rela-
tively homogeneous study population with uniform access to
health care through a national health care system. Finally, a key
strength of this study is the evaluation of the importance of
calcium intake within the context of sodium, potassium, and
magnesium intakes and women’s reproductive histories.

Summary. Our results suggest that low calcium intake may be a
risk factor, or at least a risk marker, for hypertension, particularly
for women with a history of gestational hypertension. Further, our
observed association between calcium intake and treated hyper-
tension is compatible with the observed threshold effect for calcium
as it relates to stroke (31) and BP (46). Interventions designed to
achieve adequate dietary intake of minerals important in regulating
BP could be an effective primary prevention approach at the
population level. Also, because previous research indicates that BP
is elevated before pregnancy among women who develop gesta-
tional hypertension (47), routine BP monitoring of women of
reproductive age may identify at-risk women who require dietary
or pharmacological interventions, or both. Given the long-term
cardiovascular sequelae of gestational hypertension, further re-
search exploring the nutritional determinants of hypertension in
women with a history of gestational hypertension is important.
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