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Abstract

Preeclampsia (PE) and gestational hypertension (GH) are pregnancy-specific diseases that
occur in around 10% of pregnancies worldwide. Increasing evidence suggests that women
whose pregnancies were complicated by PE or GH, and their offspring, are at increased risk
of cardiovascular disease (CVD) later in life. We hypothesised that PE and GH would associate
with CVD risk factors 8-10 years after the first pregnancy in the mother and child and that
differences in cardiovascular risk profile would be seen between 8- and 10-year-old male
and female children. This is a follow-up study of the Adelaide SCOPE pregnancy cohort where
1164 nulliparous women and their babies were recruited between 2005 and 2008.
Haemodynamic function was assessed using non-invasive USCOMBP- and USCOM1A devi-
ces. Microvascular function was assessed by post-occlusive reactive hyperaemia. Of the 273
mother—child pairs followed up, 38 women had PE and 20 had GH during pregnancy.
Augmentation index (Aix) and suprasystolic pulse pressure (ssPP) were increased, whereas
measures of microvascular function were decreased in children who were born to PE compared
to uncomplicated pregnancies. Female children had decreased Aix and ssPP compared to male
children after in utero exposure to PE. Women who developed GH during their first pregnancy
had increased systolic, diastolic and mean arterial pressures compared to women who had
uncomplicated pregnancy. Our data suggest that GH is associated with increased cardiovascular
risk in women 8-10 years after first pregnancy and PE is associated with increased offspring risk
at 8-10 years of age, highlighting differences between these two hypertensive disorders of
pregnancy.

Introduction

Hypertensive disorders of pregnancy (HDP) are pregnancy-specific diseases occurring in
around 10% of pregnancies worldwide!. Gestational hypertension (GH) is defined as systolic
blood pressure of >140 mmHg or diastolic blood pressure of >90 mmHg occurring after
20 weeks’ gestation in a woman who was previously normotensive?, and preeclampsia (PE)
is defined as GH in combination with proteinuria and/or other maternal organ dysfunction
or uteroplacental dysfunction evidenced by intrauterine growth restriction®. Some women with
GH will develop PE®. However, it is unclear as to whether this is a progression of the same dis-
ease or a different disease with shared characteristics.

Both PE and GH are associated with increased cardiovascular disease (CVD) risk in both
mother and offspring later in life*-8, CVD is the leading cause of death worldwide’. Even though
CVD is the leading cause of death, cardiovascular risk has been underestimated in the female
population'®. This may be, in part, due to the difference in cardiovascular symptoms and pre-
dictive risk factor management between women and men'"'2. Risk factors for CVD include
obesity, smoking, hypertension and dyslipidaemia which are influenced by genetic and environ-
mental factors'?.

The association between HDP and later cardiovascular risk in both mothers and children has
been well established!*!>. However, much of this research has focused on conventional CVD
risk factors including blood pressure, body mass index (BMI), circulating lipids and glucose,
whereas emerging risk factors such as augmentation index (Aix) and microvascular function
have not been as well researched. Aix is a surrogate measure of vascular stiffness and has been
shown to associate with CVD risk!®!”. Microvascular dysfunction is an early marker of
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cardiovascular risk as impairment occurs long before the onset of
clinical symptoms'®. This is ideal for determining cardiovascular
risk in children, as clinical risk factors do not become apparent
for some years. Indeed, atherosclerotic processes begin in child-
hood, and non-invasive methods such as retinal photography or
laser Doppler flowmetry'® to determine microvascular function
have become important in identifying those women and children
in need of intervention. Our aim was to compare the blood pres-
sure profiles of women who experienced PE or GH with women
who had uncomplicated pregnancies, as well as their children,
8-10 years after the pregnancy. We also aimed to compare haemo-
dynamic profiles between male and female children exposed to PE
or GH in utero.

Methods
Study population

This study included women and their children from the Adelaide
Screening for Pregnancy Endpoints (SCOPE) cohort from 2005 to
2008. SCOPE study was a prospective, multicentre cohort study
aimed to predict and prevent pregnancy complications®!. The
original SCOPE study in Adelaide recruited 1164 nulliparous par-
ticipants from a socioeconomically disadvantaged population in
2005-2008. The New Zealand Socioeconomic Index (NZSEI)
was used to measure socioeconomic index (SEI) during pregnancy.
Women were contacted using phone numbers provided during the
SCOPE study or from hospital records. Two hundred and seventy-
three woman—child pairs attended for follow-up in 2016-2018.
Two hundred and seventy-three women and their children aged
8-10 years participated in this study.

Clinical data

Body weights of women and children were measured using the
TANITA SC-330 bioimpedance scale which measured weight to
the nearest 0.1kg, fat percentage, fat mass, fat free mass and
BMI. Heights of women and children were measured with a stadi-
ometer to the nearest 0.1 cm.

Peripheral systolic and diastolic blood pressures were measured
by the USCOM BP+ (USCOM, Sydney, Australia) using appropri-
ately sized cuffs while participants were seated. USCOM BP+ uses
brachial oscillometric pulse wave analyses to determine central sys-
tolic and diastolic blood pressures and peripheral Aix. Suprasystolic
pulse pressure (ssPP) is determined by oscillometric analysis of the
brachial artery pulse waveform at suprasystolic pressure?,

The complete cardiac haemodynamic profile was obtained from
the USCOM 14, including cardiac output and heart rate. The
USCOM 1A (USCOM, Sydney, Australia) is a non-invasive
continuous-wave Doppler ultrasound device validated for use in
children?®. Measurements were taken in the supine position
after rest.

Microvascular assessment

Peak perfusion, time to max (TM) and recovery time (time to half,
TH2) were measured using laser Doppler perfusion monitoring.
Skin microvascular perfusion was measured by a laser Doppler
perfusion monitor (Periflux System 5000; Perimed, Stockholm,
Sweden) and post-occlusive reactive hyperaemia (PORH) assessed
microvascular reactivity providing a non-invasive means of assess-
ing global microvascular function. Each participant was seated in
an armchair and two probes were affixed to the middle of the right
volar forearm at least 5 cm apart. After a 2-min measurement of
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rest perfusion, forearm blood flow was occluded for 3 min using
an appropriately sized sphygmomanometer cuff inflated to 20-
30 mmHg above resting systolic blood pressure. On cuff release,
the peak perfusion, TM and recovery time (time to half, TH2) were
recorded. The averaged response in arbitrary perfusion units (PU)
of the two probes was used for analysis.

Statistical analysis

CVD risk factors among women who experienced PE or GH were
compared with women who had uncomplicated pregnancies. CVD
risk factors among children born to pregnancies complicated with
PE or GH were compared with children born to uncomplicated preg-
nancies. Data were analysed using IBM SPSS Version 26. ANOVA
was used to compare anthropometric characteristics between preg-
nancy complications and data are presented as mean + standard
deviation, n (%) or median (Interquartile Range (IQR)). Kruskal-
Wallis test was used as a non-parametric alternative to compare gesta-
tional age between pregnancy complications. Linear regressions were
used to assess haemodynamic variables and data are presented as
mean difference (95% CI) and p value. Non-normal data were log-
transformed to approximate normality and results are reported as
ratio of geometric means (95% CI). Interactions between pregnancy
complications and sex were also included and were incorporated into
the final models following evidence from global tests. Maternal data
were adjusted for current smoking, age and BMI. Child data were
adjusted for maternal smoking during pregnancy, current maternal
smoking, age and sex.

Results

Out of the 1164 mother—child pairs from the initial SCOPE study, a
total of 273 women and their eldest child born during the SCOPE
study consented to this follow-up between 2016 and 2018. In the
index pregnancy, 129 had an uncomplicated pregnancy, 20 experi-
enced GH and 38 experienced PE. Other pregnancy complications
such as gestational diabetes, preterm birth and small-for-gestational-
age were not included in this paper. There was no significant differ-
ence between BMI at 15 weeks’ gestation between women who were
followed up and lost to follow-up for each of the uncomplicated preg-
nancy, PE and GH subgroups. SEI during the index pregnancy was
also not significantly different between women who were followed
up compared to those lost to follow-up in the uncomplicated and
PE subgroups. However, the SEI of mothers with GH who were lost
to follow-up was significantly lower than for those who were followed
up (26.24 +8.40 vs 32.84 + 14.0, NZSEI p = 0.004). BMI, SBP and
DBP at 15 weeks’ gestation were not significantly different between
mothers in the GH compared to PE groups.

The age range of the women at follow-up was 26-51 years for
those who had uncomplicated pregnancies, 31-51 years for women
who had GH and 28-45years for women who developed PE
(Table 1). Gravidity and parity were not significantly different
between uncomplicated, PE and GH groups. The age range of the
children at follow-up was between 8 and 10 years with a statistically
significant mean difference in child age between groups (Table 2).

Women

Women who had GH had higher mean peripheral systolic
(12616 vs 114+13mmHg) and diastolic (80+12 wvs
70 £ 10 mmHg) blood pressure, as well as mean central systolic
(119+15 vs 107 + 13 mmHg) and diastolic (82.35+12.00 vs
72.43 +10.48 mmHg) blood pressures compared to those who
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Table 1. Characteristics of women in the study
Age (years) BMI (kg/m?) Current smoking Smoking in pregnancy NZSEI
Uncomplicated (n = 129) 36.0+53 286+6.6 20 (15.6) 34 (26) 37+15
Gestational hypertension (n = 20) 384+4.6 34.7+9.5 2 (10.0) 3(15) 33+16
Preeclampsia (n = 38) 354+4.1 32.7+10.7 9 (23.7) 10 (26) 34+14
p value 0.08 0.001* 0.36 0.55 0.40

Data are mean £ SD or n (%).
*Indicates statistical significance.

Table 2. Characteristics of male and female children in study

Maternal smoking Gestational age at

Age (years) BMI (kg/m?) pSBP (mmHg) pDBP (mmHg) during pregnancy birth (weeks)
Male children
UC (n=61) 9.66 +0.46 1794 £3.27 112+12 61+12 15 (24.6) 40.3 (39.7-41.0)
GH (n=6) 10.02 £0.62 19.58 +4.47 114+12 64+7 0 (0.0) 40.3 (39.3-41.4)
PE (n=15) 8.89+0.40 20.11+4.99 116+13 62+8 6 (40.0) 37.8 (36.1-40.0)
p value <0.001* 0.104 0.45 0.87 0.159 <0.001*
Female children
UC (n=68) 9.74 £0.44 17.87+£3.21 112+13 61+9 19 (27.9) 39.9 (39.1-40.9)
GH (n=14) 9.67 +0.48 18.59+4.16 110+11 59+8 3 (21.4) 39.6 (38.3-41.0)
PE (n=23) 9.03+£0.56 17.23+4.16 109+12 60+9 4 (17.4) 38.1 (35.9-39.7)
p value <0.001* 0.528 0.60 0.79 0.578 <0.001*
UC, uncomplicated pregnancy; GH, gestational hypertension; PE, preeclampsia.
Data are mean + SD or n (%) and gestational age is median (IQR).
*Indicates statistical significance.
Children
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Fig. 1. Minimum, 25th, 50th, 75th percentiles and maximum blood pressure of women
in GH (red) compared to uncomplicated [UC (blue)] groups. pSBP, peripheral systolic
blood pressure; pDBP, peripheral diastolic blood pressure; cSBP, central systolic blood
pressure; cDBP, central diastolic blood pressure; MAP, mean arterial pressure.

had uncomplicated pregnancies (Fig. 1). Women in the GH group
also had increased mean arterial pressure (95.46 +12.35 vs
84.85 + 10.96 mmHg) compared to women who had an uncompli-
cated pregnancy (Table 3). No other haemodynamic or microvas-
cular differences were seen between women who had GH and those
who had an uncomplicated pregnancy. No difference was seen
between women who had PE and those who had an uncomplicated
pregnancy.
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Children born to a pregnancy complicated by GH had decreased
recovery time compared to those born to an uncomplicated preg-
nancy [—29.51 s (—=53.39 to 3.62) p =0.03]. No other differences
between children born to a pregnancy complicated with GH and
children born to an uncomplicated pregnancy were found.
Children exposed to PE in utero had increased Aix [38.00%
(19.55-56.46) p<0.001], ssPP [0.84 mmHg (0.53-1.140)
p <0.001] and increased TM [0.72 s (0.56-0.92) p=0.01] and
TH2 [-22.94s (—41.30 to —4.58) p=10.01] but no difference in
peak perfusion [—4.17 PU (-10.51 to 2.17) p=0.20] compared
to those whose mother had an uncomplicated pregnancy. When
assessing interaction by sex, female children whose mothers had
PE had decreased Aix [—33.54% (—55.61 to —11.46) p =0.003]
and ssPP [—0.83 mmHg (—1.20 to —0.47) p < 0.001] compared
to male children exposed to PE in utero (Table 4). TH2 was
increased in females whose mothers had GH compared to males
whose mother had GH [32.83 s (2.78-62.89) p =0.03] (Table 4;
Fig. 2). TH2 was also decreased in female compared to male chil-
dren, irrespective of pregnancy complication [—19.65 s (=29.99 to
—9.32) p < 0.001] (Table 4; Fig. 2).

Discussion

This study of women and children 8-10 years after the first preg-
nancy shows that GH was associated with increased SBP and DBP
in women 8-10 years after the first pregnancy, and intrauterine
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Table 3. Blood pressure in women 8-10 years after pregnancy

M. D. Plummer et al.

Gestational hypertension

Preeclampsia

Uncomplicated Mean difference (95% Cl) p value Mean difference (95% Cl) p value

Peripheral SBP (mmHg) Ref 5.88 (0.07-11.69) 0.047* 2.79 (—1.62 to 7.20) 0.214
Peripheral DBP (mmHg) Ref 7.49 (2.46-12.51) 0.004* —0.66 (—4.48 to 3.15) 0.733
Central SBP (mmHg) Ref 7.73 (1.67-13.79) 0.012* 1.05 (—3.7 to 5.82) 0.667
Central DBP (mmHg) Ref 7.01 (2.06-12.06) 0.006* —0.25 (—4.06 to 3.56) 0.899
MAP (mmHg) Ref 6.78 (1.73-11.83) 0.008* 0.70 (=3.14 to 4.55) 0.721

Model adjusted for current smoking, age and BMI.

*Indicates statistical significance.

Fig. 2. (a) Recovery time (time to 200 - 200
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had PE (orange) and GH (red) com- m : m

pared to those born to uncompli- 3 150 -T- 2 150

cated pregnancies [UC (blue)]. (b) - -

Recovery time (time to half) in @ ©

female (purple) compared to male :IO: 100+ :c:; 100+

children (green). (c) Recovery time - -

in females who were born to uncom- GE’ g

. . = 50 £ 50

plicated pregnancies compared to = =

males who were born to uncompli- _I_ J_

cated pregnancies; females whose 0 0

mothers had GH compared to males
whose mothers had GH and females
whose mothers had PE compared to
males whose mothers had PE.
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exposure to PE was associated with some increased cardiovascular
risk factors in male children at 8-10 years of age. GH and PE have
similar manifestations, but it is unclear if these are two different
diseases or are a spectrum of the same disease’. Many studies have
shown an association between HDP and cardiovascular risk in later
life in both the mother and the offspring®>?*?>. However, increased
Aix, ssPP and microvascular dysfunction in children born to moth-
ers who had PE have not been previously shown.

Women who developed GH in their first pregnancy had
increased mean arterial pressure, peripheral systolic and diastolic
blood pressures and central systolic and diastolic blood pressures
8-10years after the pregnancy compared to those who had an
uncomplicated pregnancy. This difference was not seen between
women who had PE and those who had an uncomplicated first preg-
nancy. This finding is consistent with previous research from
Denmark of women who had given birth from 1978 to 2012.
Behrens et al. found that in 1,025,118 women over 30 (30-34,
35-39, 40-44, 45-49 and >50 years age groups), GH was more
strongly associated with subsequent hypertension than either mod-
erate or severe PE"°. They also found that subsequent hypertension
was 2-6 fold higher in women who had GH compared to a normo-
tensive pregnancy. A Norwegian study which followed up 60,027
women also found that risk for hypertension after 10 years was
greater in women who had GH or PE compared to those who
had no complication, but the study did not directly compare GH
to PE?. That study used diverse adjustment models, which included
maternal age, prepregnancy BMI, educational level, physical activity,
smoking, alcohol, diet quality, daily energy intake and duration of
pre-conception oral contraceptive use.

Our research also found that children born to pregnancies com-
plicated by PE have increased ssPP and Aix at 8-10 years of age.
Suprasystolic pressure assessment is used as a non-invasive mea-
sure of vascular stiffness” and is associated with obesity in
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children?. Aix is also a measure of vascular stiffness and, when
elevated, is associated with cardiovascular risk!”?’ and mortality™.
The increase in both of these variables suggests that the larger ves-
sels may be less compliant in children after intrauterine exposure
to PE compared to an uncomplicated pregnancy.

The microvasculature is also less compliant in children born to
mothers who had PE compared to those born to an uncomplicated
pregnancy. Children in the PE group had increased TM but no
increase in peak perfusion, which is suggestive of a delay in the
endothelial independent myogenic response and impaired vasodi-
lation post-ischaemia. Interestingly, the endothelial dependent
function (TH2) indicated faster recovery. As we did not see a
decrease in peak perfusion, which would couple with the increased
recovery, this could mean that the endothelial function is compen-
sating for the endothelial independent pathway and beginnings of
vascular stiffness in the bigger vessels. Previous studies have shown
capillary rarefaction at birth and at 3 months in children after in
utero exposure to hypertension®! and altered endothelial regula-
tory microRNA expression in umbilical endothelial cells®.
These early microvascular differences may be responsible for the
delay in myogenic and endothelial responses seen in our study,
including the decrease in recovery time seen in children born to
pregnancies complicated with GH. This decrease in recovery time
is the only haemodynamic or microvascular difference seen
between children born to pregnancies complicated with GH and
those born to uncomplicated pregnancies. If we consider PE and
GH to be a spectrum of the same disease, this could be because
changes to the endothelium are the first to appear and the children
born to a pregnancy complicated with GH are progressing more
slowly down the path of microvascular impairment compared to
those born to a pregnancy complicated by PE. This could also
be explained by considering GH and PE to be two different diseases
where the effects of in utero exposure to hypertension alone and the
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effect of in utero exposure to both hypertension and placental dys-
function on the microvasculature of the child are also different.

Increased CVD risk in children born to pregnancies complicated
by PE is commonly attributed to the association between PE and
offspring obesity®>*4. However, whether this is due to shared genetic
or behavioural risk factors rather than fetal exposure to PE is a topic
of debate?. Decreased SEI is associated with both obesity and CVD
risk®, and the women in our study had a lower than average SEL
Our study did not observe a difference in BMI between children
born to a pregnancy complicated with PE or GH and those born
to an uncomplicated pregnancy. We also did not find a difference
between all male and all female children in our study nor between
male and female children in the uncomplicated, PE or GH exposed
groups. We did find that recovery time was decreased in female
compared to male children involved in this study.

We found that males and females had different areas of impair-
ment after pregnancies complicated with PE. Males born to a preg-
nancy complicated with PE had increased vascular stiffness,
whereas females had impaired endothelial function. This suggests
that the progression of vascular and microvascular impairment in
response to PE is different for males and females. Many animal
models have been used to assess sexual dimorphism in the micro-
circulation, but no studies have assessed sexual dimorphism in off-
spring after PE in women®®.

Compared to the majority of literature, our study assessed
CVD risk factors in women and children from SEI disadvantage
(Table 1). Cohort studies often inadvertently select for partici-
pants of moderate to high SEI as loss due to follow-up has been
shown to be associated with socioeconomic disadvantage®”*%. As
we selected participants from a disadvantaged population, it is
possible that there is an increased association between pregnancy
complications and CVD risk factors compared to other popula-
tions as SEI is an independent risk factor for CVD risk, morbidity
and mortality>340,

A limitation of this study is our limited sample size for the GH
group in the interaction analysis between pregnancy complica-
tions and sex. Although there is some evidence for USCOM
BP-+ to assess central haemodynamics in children, these measures
may lack accuracy as the validation study had just 11 participants.
We also used laser Doppler flowmetry and PORH, and replication
with a more sensitive method of determining microvascular func-
tion would be beneficial. One of the strengths of this study is the
separation of PE and GH, which are often grouped together in the
literature. Additionally, interaction analysis between sex, PE and
vascular function is novel as sexual dimorphism in response to
HDP is an emerging area of interest. In conclusion, in this low
SEI cohort, GH is associated with increased diastolic blood pres-
sure in women 8-10 years after the first pregnancy and PE is asso-
ciated with increased vascular and microvascular stiffness in
children at 8-10 years of age with evidence of sexual dimorphism.
Our data point to differences in transgenerational effects on off-
spring vasculature, and potentially cardiovascular risk, between
GH and PE that warrant further research with the power to deter-
mine differences with respect to offspring sex.
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