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Abstract

Background: Hypertensive disorders of pregnancy (HDPs) are among the leading causes of maternal and perinatal
morbidity and mortality worldwide and have been suggested to increase long-term cardiovascular disease risk in
the offspring.

Objective: The objective of this study was to investigate whether HDPs are associated with cardiometabolic markers
in childhood.

Search strategy: PubMed, The Cochrane Library and reference lists of included studies up to January 2019.
Selection criteria: Studies comparing cardiometabolic markers in 2—18-year-old children of mothers with HDP in
utero, to children of mothers without HDP.

Data collection and analysis: Sixteen studies reported in 25 publications were included in this systematic review, of
which three were considered as having high risk of bias. Thus 13 studies were included in the evidence synthesis:
respectively two and eight reported pregnancy induced hypertension and preeclampsia, and three studies reported
on both HDPs.

Main results: Most studies (n =4/5) found a higher blood pressure in children exposed to pregnancy induced hyperten-
sion. Most studies (n=7/10) found no statistically significantly higher blood pressure in children exposed to preeclamp-
sia. No association was found between exposure to HDP and levels of cholesterol, triglycerides or glucose (n=>5/5).
No studies investigated an association with (carotid) intima-media thickness, glycated haemoglobin or diabetes mellitus
type 2.

Conclusions: Most studies showed that exposure to pregnancy induced hypertension is associated with a higher
offspring blood pressure. There is no convincing evidence for an association between exposure to preeclampsia and
blood pressure in childhood. Based on current evidence, exposure to HDP is not associated with blood levels of
cholesterol, triglycerides and glucose in childhood.
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Introduction

Hypertensive disorders of pregnancy (HDPs) affect

circa 10% of pregnancies.' Both in lower-middle and
in high income countries, the incidence of HDPs has
increased throughout the last decades.>® HDPs are
among the leading causes of maternal and perinatal
morbidity and mortality worldwide.” Exposure to
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HDP has been suggested to increase long-term cardio-
vascular disease (CVD) risk in the offspring.

A previous systematic review by Davis et al.
reported that children of mothers with preeclampsia
had increased blood pressure (BP).® Pregnancy induced
hypertension (PIH) was not addressed in the review,
but there are indications that PIH is also associated
with BP in childhood.” " The consistency of evidence
has not been assessed systematically so far. Depending
on the HDP phenotype, different pathophysiological
pathways are involved in the development and clinical
course of the disease'” and hence associations with car-
diometabolic health in the offspring may be different
as well.

We hypothesized that intra-uterine mechanisms
underlie a possible association between HDP and car-
diometabolic markers in childhood. HDP would affect
the development of organs and vascular structures in
the foetus, thereby programming the child towards
adverse cardiometabolic health.? Besides intra-uterine
mechanisms, certain factors which lead to HDP as well
as to adverse cardiometabolic outcomes in the offspring
may explain an association between HDP and cardio-
metabolic health in childhood. For instance, a woman’s
predisposition to develop high BP may be inherited by
her child, and HDP is merely an early reflection of this
predisposition.'*!'> Also, shared environment and life-
style on the one hand may lead to the development of
HDP and on the other hand may increase the risk of
adverse cardiometabolic outcomes in the offspring.

We performed a systematic review to investigate
whether in utero exposure to HDP — preeclampsia but
also PIH, eclampsia and Haemolysis Elevated Liver
enzymes and Low Platelets (HELLP) syndrome — is
associated with adverse levels of cardiometabolic mar-
kers (BP, (carotid) intima-media thickness, cholesterol,
triglycerides, fasting glucose, glycated haemoglobin
(HbAlc), risk of diabetes mellitus type 2) in children
up to 18 years of age.

Methods
Search strategy

This systematic review is reported in accordance with
the recommendations as stated in the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses statement (Supplementary Material S.1
online).'® On 13 March 2017 electronic searches were
performed in PubMed using the search fields of title/
abstract in combination with MEdical Subject
Headings (MESH), and in The Cochrane Library.
The search was updated on 15 January 2019. The
search strategy was developed in collaboration with
an information specialist at our department and is

described in the Supplementary Material (S.2). Two
authors (LPMP and MACJ) independently screened
studies based on title, followed by independent screen-
ing of abstracts and full-text articles. An abstract and
full-text screening form was used to ensure systematic
screening (Supplementary S.3). Disagreements in the
study selection process were discussed and in the case
of no consensus being reached, a third author was
consulted (LvR). References of included studies and
previous systematic reviews were manually screened
to identify studies that were not found in PubMed.
This review is aimed at reviewing the evidence for an
association of HDP with cardiometabolic outcomes in
childhood. Since this review is part of a project that
also aims to systematically review the evidence for an
association of gestational diabetes mellitus with cardi-
ometabolic outcomes in childhood, the search strategy
was designed to include both pregnancy conditions.

Inclusion and exclusion criteria

The inclusion and exclusion criteria are summarized in
Supplementary Material S.4. Studies were included if
they compared cardiometabolic outcomes in 2—-18 year
old children of a mother with diagnosed HDP with
children of a mother without HDP. Diagnosed HDPs
were (as defined by the International Society for the
Study of Hypertension in Pregnancy at the start of
this review'): PIH, preeclampsia, eclampsia and
HELLP syndrome. PIH was defined as systolic BP
(SBP) > 140 mmHg or diastolic BP (DBP) > 90 mmHg
without proteinuria that occurs after 20 weeks of ges-
tation in a woman with previously normal BP.
Preeclampsia was defined as PIH with proteinuria
(>0.3 g protein in a 24-h urine specimen). Eclampsia
was defined as preeclampsia with grand mal seizures.
HELLP syndrome was defined as severe preeclampsia
with haemolysis, elevated liver enzymes and low
platelet counts." We excluded infants of mothers with
pre-existing hypertension since we aimed to investigate
the effects of pregnancy complications as such.
We hypothesized that hypertensive disorders developed
during pregnancy stimulate intra-uterine mechanisms
that affect the development of organs and vascular
structures in the foetus, thereby programming the
child towards adverse cardiometabolic health.
Cardiometabolic outcomes of interest were: SBP and
DBP, (carotid) intima-media thickness, serum choles-
terol, triglycerides, fasting glucose, HbAlc and diabetes
mellitus type 2. We excluded studies with self-reported
outcomes, outcome diabetes mellitus type 1, and non-
original studies such as expert views, editorials or
comments. All studies were published in peer-reviewed
journals in the English language, and performed in
human participants.
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Data extraction and critical appraisal

Data of included studies were extracted by two
authors (LPMP and MACJ) using a structured data
collection form (Supplementary Material S.5), includ-
ing the key characteristics of the studies’ design
and population, exposure, outcome measure(s), as
well as measures of association between exposure and
outcome. A third author (HAS) checked the data
extraction for accuracy.

The methodological quality of each included study
was assessed by one author (MACJ) and checked by
another author (LPMP), using the Newcastle—Ottawa
Quality Assessment Scale for cohort studies.'” The
scale consists of three categories for which a study
can be awarded a maximum of two to four stars:
selection (four stars), comparability (two stars) and
outcome (three stars). More stars reflect better quality
and thus lower risk of bias. Since the scale does not
provide thresholds for the number of stars to identify
studies with a high risk of bias, we defined our own
criteria based on the results of the critical appraisal
(Supplementary Material S.6). Studies were rated as
having a high risk of bias when selection of exposed
and non-exposed was not adequately reported or
when loss to follow-up was high (>60%) and no rea-
sons for this high loss were reported.

Evidence synthesis

Studies that were perceived as having a high risk of bias
were excluded from evidence synthesis. Per HDP, the
evidence was reviewed for each outcome separately.
For continuous outcome measures, we compared
mean levels between exposed and unexposed children,
and if able to we compared regression coefficients with
95% confidence intervals (Cls) and/or p-values for the
observed differences. Consideration was given to
whether results varied between sexes and in the pres-
ence of confounding or mediating factors.

When multiple publications originated from the
same study, we reported all those publications in the
evidence synthesis section if these contained any novel
result. In the case of duplicate results from one study,
we reported only the publication with the most com-
prehensive data in the evidence synthesis section and
reported the results of the overlapping publication(s)
in the tables only.

Results
Study overview

A total of 8981 articles were identified, of which we
assessed 127 full texts for eligibility (Figure 1).
Twenty-four publications satisfied the eligibility criteria

and were selected for data extraction and consecutively
critical appraisal and synthesis. One publication was
additionally identified after screening reference lists of
included studies and previous systematic reviews. This
study was not found with our search strategy because
either the exposure or the outcome was not explicitly
studied and hence no related MESH terms have been
assigned to this publication.

With our search update in 2019, we identified 431
additional articles, of which three papers fulfilled full
text assessment. However, none of these articles satis-
fied the eligibility criteria.

Thus in total, 25 publications were included in this
systematic review.”!*'# 4% These 25 publications origi-
nated from 16 population based studies. Eleven studies
had one publication and five studies had multiple pub-
lications. The results of the included studies were
reviewed per study instead of per publication.

Characteristics of the included studies

The characteristics of the 16 included studies are
described in Table 1. Three studies included children of
mothers with PIH, nine studies included children of
mothers with preeclampsia and four studies reported
on both HDPs separately. None of the studies investi-
gated the association of eclampsia or HELLP syndrome
with one of the outcomes of interest. Regarding the def-
inition of PIH, there were no differences in BP threshold
(BP > 140 mmHg; DBP > 90 mmHg, in absence of pro-
teinuria), but in one study PIH could be defined at any
time during pregnancy’ while in other studies women
had to be at least 20 weeks pregnant. Regarding pree-
clampsia, there were no differences in BP threshold
(BP > 140 mmHg; DBP > 90 mmHg), nor in proteinuria
threshold (>300mg/24 h) between studies. One study in
which preeclampsia was grouped into mild, moderate
and severe preeclampsia defined hypertension by an
increase in DBP only*® (Supplementary Table S.7).

Fifteen studies were prospective cohort studies
and one study was a cross-sectional study. Studies
were performed in European countries, the USA,
Australia, Argentina, Bolivia and Israel. The children
of mothers with and without HDP were born between
1969 and 2004 and were mainly recruited from the gen-
eral population or from hospitals. Cardiometabolic
outcome measures were: SBP (n=15 studies), DBP
(n=12 studies), serum cholesterol (n = 6 studies), trigly-
cerides (n=>5 studies) and glucose (=06 studies).
Measurement methods of the outcome measures were
comparable (Supplementary Material S.8). None of
the studies investigated the association of HDP with
the other outcomes of interest in this review, that is,
(carotid) intima-media thickness, HbAlc and diabetes
mellitus type 2.
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Records found at update
(n=431)

Records identified
through PubMed
searching and screened
(N=18981)

»
»

Records excluded

A 4

Records for abstract
screening
(n=450)

based on title n = 8962

Abstracts excluded, did not fulfil
criteria due to item (n = 323)

Review (n = 120)

A

Full-text articles excluded, with
reasons
(n=103)

Full-text articles assessed
for eligibility
(n=127)

Study population (n=112)
Outcome (n=32)
Determinant (n = 27)
Comparison (n=17)

Study design others (n=15)

Not available (n=7)

A

Non-English (n = 6)

Other reasons (n = 27)
outcome (n=15)
determinant (n = 3)

study population (n = 1) (n=24)

Articles included in
qualitative synthesis

study design (n = 8)

Records included via crossref. (n=1)

<
<
A

Determinant diabetes mellitus (n = 63)

Total number of articles
included in qualitative
synthesis: n=25

Figure |. Flowchart of study selection.

Risk of bias assessment

Based on our predefined criteria, we identified three
studies (one with preeclampsia and PIH, one with
only PIH and one with only preeclampsia as the deter-
minant) with a high risk of selection and information
bias: the publications from the Hypertension in
Pregnancy Offspring Study”?'?* and the studies by
Lazdam et al.>” and Hiller et al.>> These studies were
excluded from the evidence synthesis. Results of these
studies are shown in Supplementary Material S.9 and
S.10. Thus, evidence synthesis was performed for 13
studies (two with PIH, eight with preeclampsia and
three studies reported on both hypertensive disorders
separately) reported in 19 publications.

Evidence synthesis
Pregnancy induced hypertension
Associations with offspring blood pressure. BP was

reported as an outcome in five studies (Table 2). Four
of these five studies observed a higher BP in children of

mothers with PIH than in children of mothers without
PIH.'%8:3640 The study by Kotchen et al.'® observed a
4.5mmHg higher SBP and no different DBP at
3-6 years in PIH-exposed children. At 6-8 years, results
were stratified for sex; PIH-exposed boys had a
4.8 mmHg higher SBP and no different DBP from
unexposed boys, while PIH-exposed girls had no differ-
ent BP from unexposed girls.'” Belfort et al.*® observed
a 3.5mmHg higher SBP at 6.5 years, and Miettola
et al.*® observed a 2.5% higher SBP and a 3.3%
higher DBP at 16 years in PIH-exposed versus unex-
posed children. In the ALSPAC study, PIH-exposed
children had a higher BP than unexposed children,
with a mean difference in respectively SBP and DBP
that remained similar during childhood: 1.98 and
0.97mmHg at seven years,”’ 2.04 and 1.07mmHg at
nine years®® 2.04 and 1.10mmHg at 10-11 years,'°
and 2.06 and 1.11 mmHg at 17 years.>® These associ-
ations were not mediated by birth weight, gestational
age, method of delivery, or breastfeeding. One study*
observed no association between exposure to PIH and
SBP at 5-8 years of age. Thus, most studies observed a
higher BP in children who were exposed to PTH.
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Associations with cholesterol and triglycerides. Two
studies included blood cholesterol and triglycerides as
outcome (Table 3). In one study,*” a 2.1 mmol/L higher
total cholesterol level was observed at 16 years of age in
children exposed to PIH. No association was found
between exposure to PIH and high-density lipoprotein
(HDL) cholesterol, low-density lipoprotein (LDL) chol-
esterol and triglycerides. In the other study, also no asso-
ciation was found between exposure to PIH and HDL
cholesterol, non-HDL cholesterol and triglycerides at
9-10 years,lO nor with total, HDL- and LDL-cholesterol
and triglycerides at 17 years.”

Associations with glucose. Two studies included
blood glucose as outcome and observed no association
between exposure to PIH and glucose at 16* and 17
years® (Table 3).

Preeclampsia

Associations with offspring blood pressure. BP was
reported as an outcome in ten studies (Table 4).
Three studies observed a higher BP in children of
mothers with preeclampsia, with increases in SBP ran-
ging from 2.9mmHg to 3.2mmHg and increases in
DBP ranging from 1.7mmHg to 3.6mmHg. 2334
Five studies observed no different BP between children
of mothers with and  without preeclamp-
sia 24726:30:33:36.40 11y the ALSPAC study, the association
of exposure to preeclampsia with BP was not consist-
ently observed throughout childhood; children of
mothers with preeclampsia had no statistically signifi-
cantly higher BP at 7°7 and 10-11 years,'® but they had
a 2.05mmHg higher SBP at nine years’® and a
1.71 mmHg higher DBP at 17 years.*® This association
was mediated by birth weight, gestational age, mode of
delivery and body mass index (BMI) at outcome assess-
ment. Langford and Watson®® stratified results for sex;
preeclampsia-exposed boys and girls had no different
SBP at 7-11 years, but preeclampsia-exposed girls
had a 5.8 mmHg higher DBP than unexposed girls.
Thus, most studies observed no consistent association
between exposure to preeclampsia and BP in childhood.

Associations with cholesterol and triglycerides.
Five studies included blood cholesterol as outcome, of
which four studies also included triglycerides (Table 5).
In the study by Kvehaugen et al.*® a 0.58 mmol/L
higher median level of total cholesterol was observed
at 5-8 years in children of mothers with preeclampsia.
Four studies observed no association between exposure
to preeclampsia and total cholesterol in child-
hood.?*313%40 All five studies observed no association
between exposure to preeclampsia and the level of
HDL, non-HDL and LDL cholesterol in

childhood.?>**13%4% Similarly, no association was
found between preeclampsia and the level of triglycer-
ides in childhood. Thus, most studies observed no asso-
ciation between exposure to preeclampsia and
cholesterol or triglycerides in childhood.

Associations with glucose. Four studies included
blood glucose as outcome and observed no association
between exposure to preeclampsia and the level of glu-
cose in childhood®”*!34% (Table 5).

Discussion
Summary of findings

This systematic review of 16 studies scopes the associ-
ation between HDP and cardiometabolic markers in
childhood. Most studies showed that exposure to PIH
was associated with a higher BP in childhood. There
was no convincing evidence that preeclampsia is also
associated with higher BP in childhood. No association
was observed between exposure to PIH or preeclampsia
and cholesterol, triglycerides and glucose. There were
no studies that investigated the association between
HDP and (carotid) intima-media thickness, HbAlc
and diabetes mellitus type 2. None of the studies inves-
tigated the association of eclampsia or HELLP syn-
drome with one of the outcomes of interest.

Comparison of findings with existing evidence

This is the first systematic review of the association
between PIH and cardiovascular risk factors in child-
hood. In 2012, Davis et al.® systematically reviewed the
association between preeclampsia and cardiovascular
risk factors in childhood and early adulthood. In their
meta-analysis, exposure to preeclampsia was associated
with a 2.39 mmHg (95% CI 1.74, 3.05) higher SBP and
a 1.35mm Hg (95% CI 0.90, 1.80) higher DBP. In con-
trast, most studies in our review observed no higher
SBP or DBP in children exposed to preeclampsia com-
pared with those unexposed. The discrepancy between
our findings and those by Davis et al. can be explained
by more recently published studies in which no associ-
ation was found between exposure to preeclampsia and
SBP or DBP.*** In addition, the study by Lazdam
et al.,*' in which a strong association between pree-
clampsia and BP in adulthood was observed, was not
included in our evidence synthesis since we investigated
an association only in childhood.

In line with the results of Davis et al., we observed
no association between in utero exposure to preeclamp-
sia and levels of cholesterol and glucose in childhood.

We did not perform a quantitative meta-analysis
because the ages at which cardiometabolic outcomes
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were investigated varied strongly between studies. In
general, BP levels increase from childhood into adoles-
cence due to growth.*” A mean difference in BP
between HDP exposed and unexposed children
observed in childhood can be similar to a mean differ-
ence in BP observed in adolescence, but the relative
difference in BP would be larger in childhood due to
the lower baseline BP at this age.

Possible underlying mechanisms

First, the higher BP in offspring exposed to PIH may be
programmed via an intra-uterine mechanism. Miettola
et al.** suggested a mechanism in which irregulation of
maternal and foetal glucocorticoids is involved, but
their hypothesis was based on evidence from animal
studies investigating prenatal stress rather than PIH
specifically. To our knowledge, there are no other stu-
dies in which intra-uterine mechanisms are described.

Second, HDPs are associated with adverse perinatal
outcomes such as small for gestational age and preterm
birth,** which in turn are associated with higher BP in
children.** Only few studies in this review investigated
the potential mediating effects of these perinatal factors
in the association of PIH and offspring BP. In the
ALSPAC study,lo‘37’38 however, the association of
PIH with offspring BP was not explained by birth
weight, gestational age, method of delivery, breastfeed-
ing or offspring BMI at outcome measurement.

Third, the higher BP in offspring exposed to PIH
may reflect genetic susceptibility to develop high BP.
Women who are genetically predisposed to develop
hypertension are more likely to respond more extremely
to physiological changes due to pregnancy, which may
lead to endothelial dysfunction and PIH.'* Pregnancy
can thus be seen as a stress-test in which a genetic pre-
disposition to CVD will be unmasked by an indication
of HDP.'* This genetic predisposition may be inherited
by the mothers’ offspring, independent of PIH-related
conditions in utero.'’

Last, shared environment and lifestyle, which on
the one hand leads to the development of HDP and
on the other hand increases the risk of adverse cardio-
metabolic outcomes in the offspring, may explain the
association of PIH with BP. For instance, maternal
obesity is an important risk factor for HDP,* but is
also related to offspring BMI and BP.*>* Two studies
in this review investigated whether maternal obesity
amongst other potential confounders explained the
association of PIH with offspring BP, and found
that the association between PIH and higher SBP in
childhood remained statistically significant after adjust-
ment.'%374° Nevertheless, obesity is known to interact
with both environmental factors and a genetic compo-
nent.** This well-known concept that offspring BP

depends on both genetic and shared (familial) environ-
mental factors is called familial aggregation of BP.*
This is also supported by results from Miliku et al.*
in which both higher maternal and higher paternal BP
were associated with higher childhood BP.

In this systematic review most studies observed no
association between preeclampsia and offspring BP.
Exposure to preeclampsia would affect the development
of organs and vascular structures in the foetus, thereby
programming the child towards adverse cardiometa-
bolic health. For example, microvascular adapta-
tions,”*! endothelial dysfunction®** and myocardial
dysfunction® have been observed in the offspring of
mothers with preeclampsia. A possible explanation
for the lack of association in most of the studies is
that exposure to preeclampsia in itself does not lead
to higher BP in childhood. Preeclampsia is accompa-
nied by an immunological response which induces dif-
ferent pathophysiological pathways in utero. It has
been suggested that interaction between this in utero
effect and adverse environmental factors (e.g. unhealthy
lifestyle) during pregnancy leads to an increase in off-
spring BP.>® Apart from data on smoking during preg-
nancy in the ALSPAC study,lo’%’38 data on adverse
factors during pregnancy were lacking in the studies
in this review, and thus we could not investigate this
hypothesis.

Limitations

Our review has some limitations. First, due to the large
variation in the children’s ages at outcome measurement,
we were not able to perform a meta-analysis and thus we
could not provide a pooled estimate for the association
between HDP and offspring BP. Instead, we counted the
number of studies which did and did not observe a stat-
istically significant association.

Second, there were few studies that investigated car-
diometabolic outcomes other than BP in relation to
HDP. We selected cardiometabolic outcomes which
we expected to be available in epidemiological studies
performed in children. For example, (carotid) intima-
media thickness is increasingly studied as an endpoint
in children. However, we found no study that investi-
gated an association of exposure to HDP and (carotid)
intima-media thickness. Possibly we have missed stu-
dies that selected other cardiometabolic outcomes.

Last, the studies in our review poorly reported on
factors that might shed light on the possible underlying
mechanisms. As mentioned earlier, data on perinatal
factors were scarce, as well as data on adverse factors
during pregnancy. In addition, we were not able to
investigate whether BP lowering medication or severity
of the HDP influence the association of HDP with off-
spring BP.
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Relevance of findings and perspectives

HDP can be harmful for both the mother™* and unborn
child.>> This systematic review shows that HDPs, in
particular PIH, also have long term consequences for
offspring BP. This is in line with the results of Tapp
et al.;>® they demonstrated an adverse cardiometabolic
health (abnormalities of the retinal microvasculature,
cardiac structure and increased BP) in adult offspring
exposed to HDP in utero. It is known that BP tracks
from childhood into adulthood.’” Even small increases
in BP, as observed in most of the studies in this review,
may have a large impact on the cardiovascular health of
the general population if those increases are widespread
in the population.®®

Perspectives

The exact underlying mechanisms — genetic susceptibil-
ity, shared familial environment, intra-uterine effects —
of the association between PIH and offspring BP are
puzzling. However, exposure to HDP, in particular
PIH, leads to higher BP values in the offspring.
Modifiable factors which could induce the development
of high BP in the offspring should therefore be tackled.
This stresses the importance of guiding (future) parents
toward a healthier lifestyle before and during preg-
nancy, but also a healthy lifestyle of the whole family
after pregnancy contributes to healthier BP levels in the
offspring.

A higher BP was also found amongst women with a
history of HDP: trajectories of classical CVD risk fac-
tors are altered and hypertension already occurs signifi-
cantly more in the fourth decade.”® Blood pressure
seems to be the main driver of increased CVD risk both
among women with a history of HDP and their off-
spring. Based on our findings and those of Groenhof
et al., it could be argued that CVD prevention should
begin earlier than currently practised in women with a
history of HDP,*' and should also be accessible to
HDP exposed offspring.

Conclusions

Most studies in this systematic review showed that chil-
dren exposed to PIH in utero have a higher BP than
children who were not exposed to PIH. Most studies
found no association between exposure to preeclampsia
and BP in childhood. The studies in this review did not
observe an association between HDP and blood chol-
esterol, triglycerides and glucose. We found no studies
that investigated an association between HDP and
HbAlc, diabetes mellitus type 2 or (carotid) intima
media thickness.
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