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Abstract

The objective of this study was to determine the associations between hypertensive disor-

ders of pregnancy and early childhood cardiometabolic risk factors in the offspring. There-

fore, 7794 women from the Generation Rotterdam Study were included, an ongoing

population-based prospective birth cohort. Women with a hypertensive disorder of preg-

nancy were classified as such when they were affected by pregnancy induced hypertension,

pre-eclampsia or the haemolysis, elevated liver enzymes and low platelet count (HELLP)

syndrome during pregnancy. Early childhood cardiometabolic risk factors were defined as

the body mass index at the age of 2, 6, 12, 36 months and 6 years. Additionally, it included

systolic blood pressure, diastolic blood pressure, total fat mass, cholesterol, triglycerides,

insulin and clustering of cardiometabolic risk factors at 6 years of age. Sex-specific differ-

ences in the associations between hypertensive disorders and early childhood cardiometa-

bolic risk factors were investigated. Maternal hypertensive disorders of pregnancy were

inversely associated with childhood body mass index at 12 months (confounder model:

-0.15 SD, 95% CI -0.27; -0.03) and childhood triglyceride at 6 years of age (confounder

model: -0.28 SD, 95% CI -0.45; -0.10). For the association with triglycerides, this was only

present in girls. Maternal hypertensive disorders of pregnancy were not associated with

childhood body mass index at 2, 6 and 36 months. No associations were observed between

maternal hypertensive disorders of pregnancy and systolic blood pressure, diastolic blood

pressure, body mass index, fat mass index and cholesterol levels at 6 years of age. Our find-

ings do not support an independent and consistent association between maternal hyperten-

sive disorders of pregnancy and early childhood cardiometabolic risk factors in their

offspring. However, this does not rule out possible longer term effects of maternal hyperten-

sive disorders of pregnancy on offspring cardiometabolic health.
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Introduction

Hypertensive disorders of pregnancy (HDP) complicate up to 10% of pregnancies and repre-

sent a significant cause of morbidity and mortality in both mother and child [1–3]. After hav-

ing a HDP, there is an approximately twofold risk of developing cardiovascular or

cerebrovascular disease [4–6]. In contrast, conflicting data exist on the associations with cardi-

ometabolic risk factors in the offspring [7–11].

A number of mechanism are proposed, through which HDP may affect cardiometabolic

risk factors in the offspring. First, there may be alterations in fetal vasculature and cardiac

development due to exposure to maternal angiogenic factors during pregnancy [12, 13]. Sec-

ond, relative fetal undernutrition due to maternal vasoconstriction may lead to adjusted fetal

programming, which has a negative effect on cardiometabolic health in the offspring [14–16].

Thirdly, shared maternal and fetal genetic risk and life style factors for cardiometabolic risk

factors may explain the association [17–19]. Lastly, spontaneous or iatrogenic preterm birth

and the associated low birthweight may mediate the association with increased cardiometa-

bolic risk factors in the offspring [20–22].

The association between childhood cardiometabolic risk factors and the cardiometabolic

profile in adult life has been well established [23, 24]. Early identification of children at risk for

the development of such an adverse profile is therefore important to potentially mitigate these

risks [25]. There are no consistent results with regard to an increased cardiometabolic risk for

young offspring that is prenatally exposed to HDP. Therefore, we wish to add to the evidence

[13, 26–29]. Thus, the aim of this study is to investigate the associations between maternal

HDP and early childhood cardiometabolic risk factors, in a large and multi-ethnic population-

based cohort.

Methods

Population and study design

This prospective cohort study was embedded in the Generation R Study, a prospective popula-

tion-based cohort in Rotterdam, the Netherlands [30]. Pregnant women were eligible for the

study if they had an expected delivery date from April 2002 until January 2006 and were living

in the study area in the city of Rotterdam. The following pregnancies were excluded from the

analysis: twin pregnancies, terminated pregnancies, intra-uterine fetal demise and pregnancies

without data on maternal hypertensive disorders or early childhood cardiometabolic risk fac-

tors (Fig 1). The study protocol was approved by the Medical Ethical Committee of Erasmus

Medical Centre, Rotterdam (MEC 198.782/ 2001/31). Written informed consent was obtained

from all participants.

Hypertensive disorders of pregnancy

Women with a HDP were classified as such when they were affected by gestational hyperten-

sion (GH), pre-eclampsia (PE) or the haemolysis, elevated liver enzymes and low platelet

count (HELLP) syndrome during pregnancy. Information on physician-diagnosed GH, PE or

HELLP was retrieved from hospital charts [31]. The diagnosis was determined based on the

criteria of the International Society for the Study of Hypertension in Pregnancy and according

to those of the American College of Obstetricians and Gynaecologists [32]. GH was defined as

a systolic blood pressure�140 mmHg or a diastolic blood pressure�90 mmHg after 20 weeks

of gestation in previously normotensive women. PE was defined as de novo gestational hyper-

tension with concurrent new onset proteinuria in a random urine sample with no evidence of

urinary tract infection [32, 33]. HELLP syndrome was defined according to the class I and II
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2006 Mississippi criteria (platelet count� 100 x 109/L, aspartate transaminase (AST) or ala-

nine-aminotransferase (ALT)� 40 IU/L and lactic acid dehydrogenase (LDH)� 600 IU/L)

[34]. There were 293 cases of GH, 139 cases of PE, 14 cases of HELLP, and 45 cases which were

classified as both PE and HELLP.

Child cardiometabolic risk factors

Body mass index and ponderal index. Information on early childhood height and weight

was collected from the community health centres, which the children visited at the age of 2

months, 6 months, 12 months and 36 months. At the age of 6 years, all children were invited

to the dedicated research facility in the Erasmus University Medical Centre, Sophia Children’s

Hospital, for blood withdrawal and detailed measurements, among which height and weight

measurements. Height and weight of children was measured according to standardized proce-

dures: wearing underwear only, and height was measured in a barefooted standing position

[30]. Body mass indexes (BMI’s) were calculated as weight/height2. Sex- and age- adjusted

standard deviation scores (SDS) of childhood BMI were calculated, based on Dutch reference

growth charts (Growth Analyzer 4.0, Dutch Growth Research Foundation) [35]. Since pond-

eral index might be a better measure than BMI in infancy, sensitivity analyses by using the

ponderal index were performed (weight/height3) [36].

Blood pressure. Maternal systolic and diastolic blood pressure were measured at the visit

to the research facility in late pregnancy, i.e.� 25 weeks of pregnancy. They were measured at

Fig 1. Flowchart of the study population. Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure;

BMI, body mass index; PI, ponderal index.

https://doi.org/10.1371/journal.pone.0261351.g001
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the right brachial artery, four times with one minute intervals, using the validated automatic

sphygmanometer Datascope Accutor Plus TM (Paramus, NJ, USA) [37]. The mean value for

systolic and diastolic blood pressure was calculated using the last three blood pressure mea-

surements of each participant.

Blood measurements. A 30-minute fasting venous blood sample was obtained, in which

total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, tri-

glycerides and insulin were measured.

Fat mass index. Body fat was measured by Dual-Energy X-ray absorptiometry (DXA)

(iDXA, General Electrics–Lunar, 2008, Madison, WI, USA), according to standard procedures

[38]. Previous studies have validated DXA against computed tomography for body fat assess-

ment [39, 40]. Android fat mass was calculated as a percentage of total fat mass [39]. In order

to obtain the fat mass index uncorrelated with height, total fat mass was divided by height3, as

confirmed by a log-log regression analysis [41, 42].

Cardiometabolic clustering. Clustering of cardiometabolic risk factors was defined as

such when children had three or more of the following components: android fat mass percent-

age at the 75th centile or above, systolic or diastolic blood pressure at the 75th centile or above;

high density lipoprotein cholesterol at the 25th centile or below or triglycerides at the 75th cen-

tile or above, and an insulin levels at the 75th centile or above [43].

Pregnancy dating

Gestational age is the most important determinant of fetal growth, so precise dating of the

pregnancy is important. In accordance with clinical guidelines, if the gestational age was below

12 weeks and 5 days and the crown-rump length (CRL) measurement was smaller than 65

mm, pregnancy dating was performed using the first ultrasound measurement of the CRL.

When the gestational age was older than 12 weeks and 5 days, or the biparietal diameter (BPD)

was larger than 23 mm, pregnancy dating was performed using the BPD [44].

Potential confounding variables

Covariates in the regression models were selected based on their association with both the pre-

dictor and outcome of interest. Therefore, we conducted a Directed Acyclic Graph (DAG)

analysis with a consensus meeting to identify which covariates were confounders (S1 Fig in S1

File) [45, 46]. Consensus was achieved by the authors regarding the current structure of our

regression models (DG, AP, BR, ES). The identified confounders consist of maternal BMI, eth-

nicity, glucose levels, educational level, smoking during pregnancy, alcohol use during preg-

nancy, gestational diabetes mellitus, and the child’s sex.

Covariates

Maternal age was assessed at the intake by questionnaire. Information on maternal education

level, ethnicity, parity, folic acid supplementation, smoking and alcohol consumption was

assessed by questionnaires during pregnancy [30]. Information on childhood sex, gestational

age at birth, birth weight and length at birth was obtained from midwifery and (obstetric)

medical records [44, 47]. At enrolment maternal weight (kg) and height (cm) were measured

without shoes and heavy clothing after which pregnancy BMI (kg/m2) was calculated. Weight

measured at enrolment and pre-pregnancy weight were highly correlated (Pearson’s correla-

tion coefficient 0.95 (P-value <0.001)) [48].

Maternal glucose concentrations were measured in nonfasting blood samples which were

collected at enrolment in the study. Glucose concentration (millimoles per litre) was measured

with c702 module on the Cobas 8000 analyzer (Roche, Almere, the Netherlands). Information
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on gestational diabetes mellitus was obtained from medical records after delivery. Gestational

diabetes mellitus was diagnosed by a community midwife or an obstetrician according to

Dutch midwifery and obstetric guidelines using the following criteria: either a random glucose

level>11.0 mmol/l (196 mg/dL), a fasting glucose�7.0 mmol/l (126 mg/dL) or a fasting glu-

cose between 6.1 mmol/l (110 mg/dL) and 6.9 mmol/l (124 mg/dL) with a subsequent abnor-

mal glucose tolerance test [49]. In clinical practice and for this study sample, an abnormal

glucose tolerance test was defined as a glucose level greater than 7.8 mmol/l (140 mg/dL) after

glucose intake.

Statistical analyses

Statistical analyses were performed using the Statistical Package of Social Sciences version 25.0

for Windows (IBM Corp., Armonk, NY, USA). A p-value< 0.05 was considered statistically

significant. First, a non-response analysis was performed to compare baseline characteristics

between women included and excluded from this study. Second, using Students two-tailed t-

test and chi-square tests distribution of baseline characteristics and covariates within the study

population were examined. Third, the associations of HDP with early childhood outcomes

were examined using linear regression models: (1) a basic model including child’s sex and (2)

a confounder model, which was additionally adjusted for maternal and early childhood covari-

ates selected in the DAG analysis; maternal BMI, glucose levels, educational level, ethnicity,

smoking during pregnancy, alcohol use during pregnancy and gestational diabetes mellitus.

Linearity was tested by assessing distribution around a diagonal line within a residual-versus-

predicted-plot. Effect modifications by maternal ethnicity, child’s sex, maternal smoking

behaviours, maternal BMI were investigated. When significant interactions were present

(p<0.1), stratified analyses were performed. Fourth, sensitivity analyses were performed. In

the first analysis differences in early childhood cardiometabolic risk factors between pregnan-

cies affected by 1) pre-eclampsia / HELLP, 2) GH or 3) ‘no HDP’ were tested using one-way

ANOVA and Kruskal Wallis tests. To investigate the robustness of our results, sensitivity anal-

yses defining cases as women with severe HDP (pre-eclampsia or HELLP) were performed.

Lastly analysis to find differences in observed and expected values of confounders before and

after imputation were conducted.

We constructed standard deviation scores (SDS) [(observed value—mean)/SD] for early

childhood outcomes to enable comparison of effect estimates. The models were tested for mul-

ticollinearity using the tolerance statistic. As tolerance was >0.20 for all variables in our mod-

els, multicollinearity was unlikely. Multiple imputation procedures for confounders with

missing values, were performed, creating five imputed complete datasets. These were then

pooled for analyses [50]. Missing values were pre-pregnancy BMI (19.6%), glucose levels

(29.6%), educational level (9.3%), ethnicity (5.7%), smoking in pregnancy (12.7%), alcohol use

during pregnancy (13.9%) and gestational diabetes mellitus (2.8%).

Results

Characteristics of the study population

Table 1 shows maternal and child characteristics of the total study population, and within the

groups of women with and without HDP. In S1 Table in S1 File, offspring parameters accord-

ing to the type of HDP that the mother experienced are demonstrated. In our study of 7794

women, 491 women (6.3%) developed a HDP. The majority of women had a normal pre-preg-

nancy BMI (median 22.7 kg/m2) and were non-smokers (72.5%). When investigating differ-

ences between maternal and child characteristics between women with a HDP and without a

HDP, only BMI in children at 12 months of age was statistically different (mean BMI 17.47 kg/
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m2 versus mean BMI 17.25 kg/m2 p-value 0.01). Systolic and diastolic blood pressure were

higher in the HDP group (119.2 vs. 118.2 and 69.8 vs. 69.0, p-value 0.03 and 0.045 respec-

tively), though differences were small. Non-response analysis showed that women included in

this study were on average slightly younger (30.2 years vs. 30.6 years, p-value 0.02) and drank

less alcohol (never used alcohol 50.6% vs. 51.1%, p-value<0.001) compared to women

excluded from the study. No differences were observed in pre-pregnancy BMI, educational

level and ethnicity between women included and excluded from the analyses (S2 Table in

S1 File).

Early childhood cardiometabolic risk factors

Apart from a negative association between maternal HDP and BMI at 12 months, (confounder

model: -0.15 SD, 95% CI -0.27; -0.03), no associations between maternal HDP and childhood

BMI at 2, 6 or 36 months were present (Table 2). No differences in results were observed

when we used the ponderal index as outcome measurement instead of BMI at 2, 6, 12 and 36

months (Table 2) [36]. Analyses with pulse as a different measure of common cardiometabolic

risk factors, namely the sympatho-vagal balance, did not show different results (Table 2). The

results did not change in sensitivity analyses with only pre-eclampsia and HELLP cases (S3

Table in S1 File).

At 6 years of age, no associations between maternal HDP and systolic blood pressure, dia-

stolic blood pressure, BMI, fat mass index, cholesterol or triglyceride levels were observed.

Results of interaction tests demonstrated that maternal HDP were inversely associated with tri-

glyceride levels at 6 years of age, but only in girls (confounder model -0.28 SD, 95% CI -0.45;

Table 1. Characteristics of the study population.

Study population No HDP HDP p-value

n = 7794 n = 7303 n = 491

Maternal characteristics

Maternal age at enrolment (years) 30.2 (20.2–37.9) 30.2 (20.2–37.8) 30.0 (20.0–38.1) 0.81

Pre-pregnancy BMI (kg/m2) 22.7 (18.6–32.4) 22.6 (18.6–32.4) 22.7 (18.4–33.0) 0.75

High educational level, n (%) 3073 (39.4%) 2878 (39.4%) 195 (39.7%) 0.98

Dutch and Western ethnicity, n (%) 4479 (57.5%) 4192 (57.4%) 287 (58.5%) 0.53

Nulliparous, n (%) 4260 (55.4%) 3995 (54.7%) 265 (54.0%) 0.87

Never smoked in pregnancy, n (%) 5651 (72.5%) 5278 (72.3%) 373 (76.0%) 0.23

Never drank alcohol in pregnancy, n (%) 3940 (50.6%) 3685 (50.5%) 255 (51.9%) 0.25

Glucose (mmol/l) 4.4 (0.8) 4.4 (0.8) 4.4 (0.9) 0.76

Systolic blood pressure 118.3 (12.0) 118.2 (12.0) 119.2 (11.8) 0.03

Diastolic blood pressure 69.0 (9.4) 69.0 (9.3) 69.8 (9.9) 0.045

Child characteristics

Male sex, n (%) 3952 (50.7%) 3714 (50.9%) 239 (48.7%) 0.35

Gestational age at birth (weeks) 40.1 (36.9–42.1) 40.1 (36.7–42.1) 40.1 (37.1–42.0) 0.52

Preterm birth, n (%) 441 (5.7%) 418 (5.7%) 23 (4.7%) 0.34

Birth weight (grams) 3415 (561) 3417 (564) 3400 (530) 0.82

Abbreviations: BMI, body mass index; HDP, hypertensive disorder of pregnancy. HDP included: 293 cases of GH, 139 cases of PE, 14 cases of HELLP, 20 cases of PE

and HELLP and 25 cases of superponated PE/HELLP. Values are percentages for categorical variables, means (SD) for continuous variables with a normal distribution,

or medians (5th, 95th percentile) for continuous variables with a skewed distribution. Confounders are imputed. Non-imputed values are presented as valid percentages.

Differences in baseline characteristics were tested using Students t-test, Mann-Whitney and chi-square tests.

https://doi.org/10.1371/journal.pone.0261351.t001
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-0.10) (Table 3). Results of interaction test with maternal BMI were significant, however after

stratification of the results, no differences were observed (Table 4). The values of confounders

for the regression analyses before and after multiple imputation did not show relevant differ-

ences (S4 Table in S1 File).

Table 2. Associations between HDP and childhood cardiometabolic risk factors.

Cardiometabolic risk factor Model

Basic Confounder

n n β (95% CI) p-value β (95% CI) p-value

HDP

2 months BMI 3779 235 (6.2%) -0.06 (-0.19; 0.08) 0.41 -0.05 (-0.18; 0.09) 0.50

PI 3779 235 (6.2%) -0.09 (-0.24; 0.07) 0.28 -0.08 (-0.24; 0.07) 0.31

6 months BMI 4518 267 (5.9%) -0.11 (-0.23; 0.02) 0.10 -0.09 (-0.21; 0.04) 0.17

PI 4518 267 (5.9%) -0.13 (-0.25; -0.003) 0.045 -0.11 (-0.23; 0.02) 0.09

12 months BMI 4614 283 (6.1%) -0.16 (-0.28; -0.04) 0.01 -0.15 (-0.27; -0.03) 0.02

PI 4614 283 (6.1%) -0.17 (-0.29; -0.05) 0.01 -0.17 (-0.29; -0.05) 0.01

36 months BMI 3933 263 (6.7%) -0.03 (-0.16; 0.10) 0.67 -0.002 (-0.13; 0.13) 0.97

PI 3933 263 (6.7%) -0.09 (-0.22; 0.04) 0.18 -0.06 (-0.19; 0.07) 0.35

6 years BMI¶ 5312 343 (6.5%) 0.02 (-0.08; 0.12) 0.71 0.03 (-0.07; 0.13) 0.53

Systolic blood pressure 4874 321 (6.6%) 0.04 (-0.08; 0.15) 0.50 0.05 (-0.07; 0.16) 0.42

Diastolic blood pressure 4874 321 (6.6%) 0.09 (-0.02; 0.21) 0.10 0.10 (-0.01; 0.21) 0.09

Fat mass index ¶ 5163 330 (6.4%) 0.03 (-0.08; 0.13) 0.62 0.04 (-0.06; 0.14) 0.42

Cholesterol¶ 3531 241 (6.8%) 0.01 (-0.12; 0.14) 0.93 0.01 (-0.12; 0.14) 0.87

Triglycerides¶ 3523 239 (6.8%) -0.10 (-0.23; 0.03) 0.13 -0.10 (-0.23; 0.03) 0.14

Pulse 4873 347 (7.1%) 1.10 (-0.09; 2.29) 0.07 1.18 (-0.01; 2.37) 0.05

Cardiometabolic risk factor clustering 3196 217 (6.8%) 1.15 (0.97; 1.35) 0.41 1.16 (0.84; 1.60) 0.38

Abbreviations: BMI, body mass index; PI, ponderal index; HDP, hypertensive disorder of pregnancy. Values are regression coefficients (95% confidence interval) from

(logistic) regression analyses that reflect the difference in childhood outcomes in SD scores, in pregnancies complicated by HDP versus pregnancies not complicated by

HDP. Basic model was adjusted for child’s sex. Confounder model includes maternal pre-pregnancy body mass index, educational level, ethnicity, smoking during

pregnancy, alcohol use during pregnancy, maternal glucose levels and presence of gestational diabetes mellitus.

¶Variables were log transformed.

https://doi.org/10.1371/journal.pone.0261351.t002

Table 3. HDP and childhood cardiometabolic risk factors at 6 years of age, split for child’s sex.

Boys (N = 3952) Girls (N = 3842)

Cardiometabolic risk factor Model n β (95% CI) p-value n β (95% CI) p-value

Fat mass index ¶ Basic 2568 0.09 (-0.06; 0.25) 0.23 2594 -0.04 (-0.18; 0.11) 0.64

Confounder 2568 0.12 (-0.02; 0.27) 0.09 2594 -0.03 (-0.17; 0.11) 0.66

Cholesterol¶ Basic 1798 0.15 (-0.04; 0.33) 0.12 1733 -0.12 (-0.30; 0.07) 0.20

Confounder 1798 0.16 (-0.03; 0.34) 0.09 1733 -0.12 (-0.30; 0.07) 0.23

Triglycerides¶ Basic 1796 0.09 (-0.11; 0.28) 0.38 1727 -0.27 (-0.45; -0.09) 0.003

Confounder 1796 0.09 (-0.10; 0.28) 0.36 1727 -0.28 (-0.45; -0.10) 0.002

Abbreviations: HDP, hypertensive disorder of pregnancy. Values are (logistic) regression coefficients (95% confidence interval) that reflect the difference in early

childhood outcomes in SD scores, in pregnancies complicated by HDP versus pregnancies not complicated by HDP. Basic model was adjusted for child’s sex. The

confounder model includes maternal pre-pregnancy body mass index, educational level, ethnicity, smoking during pregnancy, alcohol use during pregnancy, maternal

glucose levels and gestational diabetes mellitus.

¶Variables were log transformed.

https://doi.org/10.1371/journal.pone.0261351.t003
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Discussion

Principal findings

In this study, no strong and independent associations between maternal hypertensive disor-

ders of pregnancy and early childhood cardiometabolic risk factors were observed. A negative

association between maternal HDP and offspring BMI at the age of 12 months was observed,

however this was no longer present at 2 and 6 years of age.

Results

Differences in systolic and diastolic blood pressure between the groups of women with and

without a HDP were small. Moreover, mean blood pressures in the HDP group were relatively

low. This could be explained by the fact that maternal blood pressure was measured in late

pregnancy, i.e.�25 weeks of gestation. Thereby, the onset of a HDP could be (long) after the

blood pressure measurement at the Generation R study research facility. Then, the blood pres-

sure measurement in Table 1 does not reflect blood pressure at the time of diagnosis. Second,

a woman may be hospitalized due to a HDP, before she could attend the Generation R research

facility: then her blood pressure measurement was missing. Lastly, the relatively low blood

pressure could be due to the heterogeneity of the HDP group. Since hypertension isn’t one of

the criteria to diagnose ‘HELLP syndrome’, the women with HELLP in the HDP group do not

increase the mean systolic or diastolic blood pressure.

In earlier studies, maternal HDP has been associated with a lower BMI in the offspring [7,

9]. However, data are inconsistent and associations with higher BMI have also been demon-

strated [51]. Additionally, in literature, associations of PE with offspring BMI became inverse

after adjustment for potential confounding factors, with maternal pre-pregnancy BMI as the

main covariate attributable to this change [7]. In our analyses, inverse associations were

already present in the basic analyses, before adjusting for maternal pre-pregnancy BMI. This is

possibly due to the small differences in BMI between women with and without a HDP in our

study population.

Our findings are in line with the results of a previous study in the same cohort as the cur-

rent study. That previous study demonstrated a strong association between an adverse mater-

nal cardiometabolic profile and an adverse cardiometabolic profile in their offspring.

Moreover, they demonstrated that this association was not attenuated by pregnancy complica-

tions such as preeclampsia [52]. This endorses that the effect of PE on the offspring cardiome-

tabolic profile is only limited.

Similar to two other studies, we found no association between maternal HDP and offspring

blood pressure [53]. This may in part be explained by the challenges of obtaining a reliable

Table 4. HDP and early childhood cardiometabolic risk factors at 6 years of age, split for maternal pre-pregnancy BMI.

<18.5 (N = 315) 18.5–25.0 (N = 5280) >25.0 (N = 2223)

Cardiometabolic risk factor Model β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value

BMI¶ Basic 0.05 (-0.45; 0.54) 0.86 -0.05 (-0.17; 0.08) 0.44 0.20 (-0.02; 0.42) 0.08

Confounder 0.06 (-0.41; 0.54) 0.80 -0.03 (-0.15; 0.09) 0.64 0.20 (-0.02; 0.41) 0.07

Abbreviations: HDP, hypertensive disorder of pregnancy; BMI, body mass index. Values are regression coefficients (95% confidence interval) that reflect the difference

in early childhood outcomes in SD scores, in pregnancies complicated by HDP versus pregnancies not complicated by HDP. Basic model was adjusted for child’s sex.

Confounder model includes educational level, ethnicity, smoking during pregnancy, alcohol use during pregnancy, maternal glucose levels and gestational diabetes

mellitus.

¶Variables were log transformed.

https://doi.org/10.1371/journal.pone.0261351.t004
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blood pressure measurement in young children. Since a physiologic childhood blood pressure

has a smaller physiologic range compared to the adult blood pressure, it is harder to detect a

(statistically significant) association with blood pressure in childhood. To address this point,

the child’s pulse was added to our outcome measures. This measure is more variable, but this

did not change the results.

Next, the presence of maternal HDP was found to be inversely associated with offspring tri-

glyceride levels, but only in girls. In literature, sex differences in the lipid profile in healthy

adults have been described. It is known that since sex hormones have the ability to modulate

the lipid metabolism [54–56]. Additionally, an animal study demonstrated that in mice, PE led

to sex-specific metabolomic differences in the offspring: the female fetuses showed pro-

nounced alterations in the lipid metabolism [57]. More specifically, lipid metabolite levels that

were associated with triglyceride storage were lower in the female fetuses in comparison to the

male fetuses, which is in line with our findings. These sex-specific differences are proposed to

be due to the significantly decreased expression of lipid transporters and lipid binding proteins

in the female placentas that were exposed to PE [57]. For lipids other than triglycerides, no sig-

nificant differences in the offspring were observed when comparing pregnancies complicated

by a HDP and pregnancies not complicated by a HDP, which is also in line with previously

published studies [13, 26, 28, 29, 58].

Many studies demonstrate that the associations between maternal HDP and cardiometa-

bolic health in the offspring are mediated by adverse birth outcomes such as preterm birth and

low birth weight [59, 60]. This amplified cardiometabolic risk, attributable to fetal growth

restriction and preterm birth, is not limited to childhood but is demonstrated to persist into

adulthood [61, 62]. Since no significant associations between HDP and cardiometabolic risk

factors in the offspring were found in our first models, no mediation analyses with adverse

birth outcomes such as preterm birth and low birth weight were performed.

Research implications

It is required to further explore the underlying mechanisms between maternal HDP and long

term cardiometabolic health in the offspring. With help of metabolomics studies, the role of

shared lifestyle related factors could be elucidated in the development of both hypertensive dis-

orders and offspring cardiometabolic risk factors.

Strengths and limitations

The main strengths of our study are the large sample size, the prospective design of the study

and the standardized procedures that were used for data collection. Moreover, this study is

one of few studies to assess the associations of maternal HDP with fat mass percentage and

lipid levels as measures of cardiometabolic health in early childhood [63]. In contrast, previous

studies examining cardiometabolic health in offspring from women with a HDP mainly

focused on BMI and blood pressure [8, 64].

Some limitations of this study also need to be addressed. First, follow-up data with regard

to cardiometabolic outcomes in childhood varied from 41% to 68%. Especially response rates

for measures from blood sampling (e.g. cholesterol) are lower compared to BMI measures.

This may have contributed to selection bias. Second, the children in this study are relatively

young and therefore large differences in cardiometabolic risk factors were not to be expected.

This small variation in outcome measures makes it harder to detect statistically significant

associations. Third, new guidelines state that PE is diagnosed based on the presence of de novo

hypertension after 20 weeks gestation accompanied by one of the following: proteinuria, acute

kidney injury, liver dysfunction, neurological features, haemolysis or thrombocytopenia, or
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fetal growth restriction [1, 65]. However, in our data we could only determine the presence of

de novo hypertension, proteinuria and fetal growth restriction, possibly leading to misclassifi-

cation of cases. To classify HDP by severity as best as possible, PE and HELLP was separated

from GH [31, 66]. Fourth, even after adjusting for a large number of potential confounders,

residual confounding may still be present in the observed associations. Examples of residual

confounding could include lifestyle-related characteristics such as maternal (prenatal) physical

activity. Finally, the majority of women in the study population were relatively young and had

a low-risk profile. Moreover, in the groups of women both affected and unaffected by HDP,

the mean gestational age at birth was at term. This implies relatively mild cases of HDP within

this study population. As a result, the generalizability of the findings in this study is limited.

Conclusions

In this large, prospective, population-based cohort study, no strong and persistent associations

between maternal HDP and cardiometabolic risk factors in the offspring between 2 months

and 6 years of age were observed. Apart from small and favourable changes in BMI and triglyc-

erides at some of the time points, the effects of maternal HDP on child cardiometabolic risk

factors seem relatively minor. This however does not rule out effects on cardiometabolic health

in the offspring in later life.
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61. Sipola-Leppänen M, Vääräsmäki M, Tikanmäki M, Matinolli H-M, Miettola S, Hovi P, et al. Cardiometa-

bolic Risk Factors in Young Adults Who Were Born Preterm. American Journal of Epidemiology. 2015;

181(11):861–73. https://doi.org/10.1093/aje/kwu443 PMID: 25947956

62. Markopoulou P, Papanikolaou E, Analytis A, Zoumakis E, Siahanidou T. Preterm Birth as a Risk Factor

for Metabolic Syndrome and Cardiovascular Disease in Adult Life: A Systematic Review and Meta-Anal-

ysis. J Pediatr. 2019; 210:69–80 e5. Epub 2019/04/18. S0022-3476(19)30273-2 [pii] https://doi.org/10.

1016/j.jpeds.2019.02.041 PMID: 30992219.

63. Saito Y, Takahashi O, Arioka H, Kobayashi D. Associations between body fat variability and later onset

of cardiovascular disease risk factors. PloS one. 2017; 12(4):e0175057–e. https://doi.org/10.1371/

journal.pone.0175057 PMID: 28369119.

64. Miliku K, Bergen NE, Bakker H, Hofman A, Steegers EA, Gaillard R, et al. Associations of Maternal and

Paternal Blood Pressure Patterns and Hypertensive Disorders during Pregnancy with Childhood Blood

Pressure. J Am Heart Assoc. 2016; 5(10). Epub 2016/10/16. JAHA.116.003884 [pii] https://doi.org/10.

1161/JAHA.116.003884 PMID: 27742617; PubMed Central PMCID: PMC5121490.

65. Homer CS, Brown MA, Mangos G, Davis GK. Non-proteinuric pre-eclampsia: a novel risk indicator in

women with gestational hypertension. J Hypertens. 2008; 26(2):295–302. https://doi.org/10.1097/HJH.

0b013e3282f1a953 PMID: 18192844.

66. Brown MA, Magee LA, Kenny LC, Karumanchi SA, McCarthy FP, Saito S, et al. The hypertensive disor-

ders of pregnancy: ISSHP classification, diagnosis & management recommendations for international

practice. Pregnancy Hypertens. 2018; 13:291–310. https://doi.org/10.1016/j.preghy.2018.05.004

PMID: 29803330.

PLOS ONE Preeclampsia and childhood cardiometabolic risk

PLOS ONE | https://doi.org/10.1371/journal.pone.0261351 December 23, 2021 14 / 14

https://doi.org/10.1016/S2352-4642%2818%2930273-6
http://www.ncbi.nlm.nih.gov/pubmed/30201470
https://doi.org/10.1161/JAHA.118.009536
http://www.ncbi.nlm.nih.gov/pubmed/30371323
https://doi.org/10.1136/jech-2015-205483
https://doi.org/10.1136/jech-2015-205483
http://www.ncbi.nlm.nih.gov/pubmed/26347276
https://doi.org/10.1016/0021-9150%2891%2990022-u
http://www.ncbi.nlm.nih.gov/pubmed/1854366
https://doi.org/10.1016/j.metabol.2008.01.019
https://doi.org/10.1016/j.metabol.2008.01.019
http://www.ncbi.nlm.nih.gov/pubmed/18502260
https://doi.org/10.1016/j.atherosclerosis.2004.05.018
http://www.ncbi.nlm.nih.gov/pubmed/15380461
https://doi.org/10.1242/dmm.035980
http://www.ncbi.nlm.nih.gov/pubmed/30683649
https://doi.org/10.1016/j.jpeds.2015.04.015
https://doi.org/10.1016/j.jpeds.2015.04.015
http://www.ncbi.nlm.nih.gov/pubmed/25962933
https://doi.org/10.2337/dc06-1881
https://doi.org/10.2337/dc06-1881
http://www.ncbi.nlm.nih.gov/pubmed/17277041
https://doi.org/10.1016/j.earlhumdev.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28193574
https://doi.org/10.1093/aje/kwu443
http://www.ncbi.nlm.nih.gov/pubmed/25947956
https://doi.org/10.1016/j.jpeds.2019.02.041
https://doi.org/10.1016/j.jpeds.2019.02.041
http://www.ncbi.nlm.nih.gov/pubmed/30992219
https://doi.org/10.1371/journal.pone.0175057
https://doi.org/10.1371/journal.pone.0175057
http://www.ncbi.nlm.nih.gov/pubmed/28369119
https://doi.org/10.1161/JAHA.116.003884
https://doi.org/10.1161/JAHA.116.003884
http://www.ncbi.nlm.nih.gov/pubmed/27742617
https://doi.org/10.1097/HJH.0b013e3282f1a953
https://doi.org/10.1097/HJH.0b013e3282f1a953
http://www.ncbi.nlm.nih.gov/pubmed/18192844
https://doi.org/10.1016/j.preghy.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/29803330
https://doi.org/10.1371/journal.pone.0261351

