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ARTICLE INFO ABSTRACT

Keywords: Objective: To explore the nature of postnatal cardiovascular morbidity following pregnancies complicated by
Pre-eclampsia preterm pre-eclampsia and investigate associations between pregnancy characteristics and maternal postnatal
Postpartum cardiovascular function.

Echocardiography

Study design: This was an observational sub-study of a single-centre feasibility randomised double-blind placebo-
controlled trial (https://www.clinicaltrials.gov; NCT03466333), involving women with preterm pre-eclampsia,
delivering before 37 weeks. Eligible women underwent echocardiography, arteriography and blood pressure
monitoring within three days of birth, six weeks and six months postpartum. Correlations between pregnancy
and cardiovascular characteristics were assessed using Spearman’s correlation.

Main Outcome Measures: The prevalence of cardiovascular dysfunction and remodelling six months following
preterm pre-eclampsia.

Results: Forty-four women completed the study. At six months, 27 (61 %) had diastolic dysfunction, 33 (75 %)
had raised total vascular resistance (TVR) and 18 (41 %) had left ventricular remodelling. Sixteen (46 %) women
had de novo hypertension by six months and only two (5 %) women had a completely normal echocardiogram.
Echocardiography did not change significantly from six weeks to six months. Earlier gestation at delivery and
lower birthweight centile were associated with worse six-month diastolic dysfunction (E/E’: rtho = -0.39, p =
0.001 & rho = -0.42, p = 0.005) and TVR (rho = -0.34, p = 0.02 & rho = -0.37, p = 0.01).

Conclusions: Preterm pre-eclampsia is associated with persistent cardiovascular morbidity-six months postpartum
in the majority of women. These cardiovascular changes have significant implications for long-term cardiovas-
cular health. The graded severity of diastolic dysfunction and TVR with worsening pre-eclampsia phenotype
suggests a dose-effect. However, the mechanistic link remains uncertain.

Left ventricular remodelling
Diastolic dysfunction

1. Introduction

Pre-eclampsia complicates 3-5 % of pregnancies [1] and is associ-
ated with significant perinatal and maternal morbidity and mortality
[2]. There is abundant observational data linking pre-eclampsia with
postnatal maternal cardiovascular dysfunction [3-6] and long-term
cardiovascular risk [7-17]. This association is independent of mutual

risk factors, including age, obesity and pre-existing hypertension [8].
Future cardiovascular risk in women with pre-eclampsia is graded in
terms of severity and recurrence of pre-eclampsia; i.e. presence of severe
features [8,10,12,16,18,19], prematurity [7,11,15,17], fetal growth
restriction (FGR) [14,19] or pre-eclampsia recurrence [13,16] are
associated with particularly increased cardiovascular risk in epidemio-
logical studies. Compared with normotensive term pregnancies, preterm
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Fig. 1. Study schematic.
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Fig. 2. Consort diagram.

pre-eclampsia is associated with two- to eightfold and three- to eightfold
risks of cardiovascular events [7,8,15,17] and deaths [7,11,14],
respectively.

This study focuses on women with preterm pre-eclampsia, requiring
delivery before 37 weeks’ gestation. Preterm pre-eclampsia affects
0.6-0.8 % of pregnancies in the United Kingdom (UK) [20]. The aim of
this study was to explore the nature of postnatal cardiovascular
dysfunction and remodelling following pregnancies complicated by
preterm pre-eclampsia and identify any associations between pregnancy
characteristics and cardiovascular function at six months. This could aid
appropriate counselling for affected women and potentially identify
subgroups who could benefit from intervention targeted in the postnatal
period.
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2. Methods

2.1. Study design

This was a sub-study of PICk-UP (Postnatal enalapril to Improve
Cardiovascular fUnction following preterm Pre-eclampsia), which was a
single-centre feasibility randomised double-blind placebo-controlled
trial (RCT), carried out at St Mary’s Hospital, Manchester, UK [21].
Eligible women who declined participation in the interventional trial or
were recruited following completion of recruitment to the interventional
trial were invited to participate in the observational study. Data for this
report were combined from the observational study and the placebo arm
of the RCT. PICk-UP was funded by the Medical Research Council (MRC)
and prospectively registered at clinicaltrials.gov (NCT03466333).

2.2. Inclusion and exclusion criteria

Postnatal women with preterm pre-eclampsia (requiring delivery


http://clinicaltrials.gov
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Table 1
Baseline characteristics.
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Interventional trial (placebo arm; n = 30)

Observational trial (n = 39) Total cohort

(n = 69)

Age at enrolment 30.9 (6.6) 31.7 (6.5) 31.34 (6.47)
Ethnicity White 17 (57 %) 18 (46 %) 35 (51 %)

Black 4 (13 %) 6 (15 %) 10 (14 %)

Asian 9 (30 %) 11 (28 %) 20 (29 %)
- Other 0 (0 %) 4 (10 %) 4 (6 %)
Booking BMI 29.4 (7.5) 28.3 (7.6) 28.8 (7.5)
Smoker in pregnancy 4 (13 %) 4 (10 %) 8 (12 %)
Pre-existing hypertension* 6 (20 %) 6 (15 %) 12 (17 %)
Pre-existing renal disease 0 (0 %) 2(5%) 2 (3 %)
Booking sBP 116 (14) 115 (14) 116 (14)
Booking dBP 74 (11) 71 (11) 72 (11)
Diabetes 2 (7 %) 2(5%) 4 (6 %)
Previous venous thromboembolism 133 %) 0 (0 %) 101 %)
Primiparity 15 (50 %) 22 (56 %) 37 (54 %)
No known pre-eclampsia risk factorsf 19 (63 %) 25 (64 %) 44 (64 %)

Multiparous with no known risk factors
Multiparous with previous pre-eclampsia

3/15 (20 %)
5/15 (33 %)

8/17 (47 %)
7/17 (41 %)

11/32 (34 %)
12/32 (38 %)

Frequencies: N (%).
Continuous data: mean (standard deviation).
*Diagnosed before or during the first 20 weeks of pregnancy.

1Risk factors including hypertension, renal disease, diabetes, antiphospholipid syndrome, systemic lupus erythematous, age > 40, BMI > 30 kg/m? or previous

preeclampsia(38).

BMI, body mass index; sBP, systolic blood pressure; dBP, diastolic blood pressure.

before 37 weeks) were consented to take part in the studies within 3
days of delivery. Pre-eclampsia was defined as new or worsening hy-
pertension with proteinuria and/or evidence of organ dysfunction and/
or placental dysfunction, as per the International Society of the Study of
Hypertension in Pregnancy (ISSHP) guidelines [22]. Abnormal angio-
genic markers (sF1t:PLGF > 85) in combination with new/worsening
hypertension were also included in the definition [23]. Women had to be
able to give informed consent and be aged > 18 years. Women with
known cardiac disease were excluded. In the interventional trial, addi-
tional exclusion criteria included current use of angiotensin converting
enzyme (ACE) inhibitors or angiotensin receptor blockers or contrain-
dication to ACE inhibitors, due to potential randomisation to enalapril.

2.3. Study procedures

Women underwent research visits at baseline (within three days of
delivery), six weeks and six months postpartum, as illustrated in Fig. 1.
Cardiovascular investigations included peripheral blood pressure (BP;
Alere Microlife BP monitors, Cheshire, UK); echocardiography (VIVID
S70, GE Healthcare, UK) to assess haemodynamics, left ventricular
remodelling and function; arteriography to assess arterial stiffness and
venepuncture for cardiovascular and placental biomarkers (including
high sensitivity troponin [HScTnT], N-terminal pro-brain natriuretic
peptide [NTproBNP], placental growth factor [PIGF] and soluble fms-
like tyrosine kinase-1 [sFlt]). All study procedures have been
described in detail previously [21]. Women were not aware of findings
at baseline as the echocardiograms were analysed post-hoc in batches.

2.4. Aims

The primary aim was to describe the natural history of maternal
postnatal cardiovascular dysfunction following preterm pre-eclampsia,
using longitudinal data from three postnatal timepoints. Secondary
aims included correlation of i) pregnancy and pre-eclampsia pheno-
types, ii) maternal characteristics and iii) biomarkers with maternal
cardiovascular phenotype at six months postpartum. Additionally, we
aimed to assess the correlation between the above factors and change in
maternal cardiovascular parameters over time.
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2.5. Echocardiography-defined classifications

Abnormal echocardiography values were pre-defined, as per the
main RCT [21]. Systolic dysfunction was determined using a combina-
tion of Simpson’s BiPlane measurement of the left ventricle (left ven-
tricular ejection fraction [LVEF] < 55 %) [24], 2-dimensional speckle-
tracking (global longitudinal strain [GLS] > -18 %) [25] and tissue
Doppler at the mitral annulus (S° <0.064 m/s) [24]. Diastolic dysfunc-
tion was defined using the British Society of Echocardiography (BSE)
clinical flow chart [26], using discrete cut-offs for pulse wave Doppler
measures (E/A and deceleration time) and age-adjusted reference ranges
for tissue Doppler (E’) and left atrial volume. Given the relatively young
age of this cohort, inclusion of criteria using age-adjusted reference
ranges was considered most suitable. Concentric left ventricular
remodelling was defined by relative wall thickness (RWT) > 0.42 and
hypertrophy was defined as left ventricular mass index (LVMi) > 95 g/
m? [27]. Raised total vascular resistance (TVR) was defined as > 1200
dyrle.s'lcnf5 [28].

2.6. Statistical analysis

All statistical analyses were performed using Stata v14.2. Continuous
variables were presented as mean (standard deviation) and median
(interquartile range), as appropriate. Categorical variables were pre-
sented as counts (percentage). Continuous variables were compared
between timepoints and groups using paired t-test, following log-
transformation where required. Correlations between pregnancy /
maternal characteristics and 6-month postnatal maternal cardiovascular
parameters were assessed using Spearman’s correlations. Correlations
between baseline placental biomarkers and cardiovascular parameters
were assessed using a linear regression model with number of days
postpartum as a covariate. No adjustment was made for multiple testing.
Intermodality agreement was assessed using intraclass correlation co-
efficients (ICC) and linear regression analyses. This was an exploratory
study with no prior data to inform the correlation between baseline and
six-month cardiovascular parameters and therefore no a priori sample
size calculation was possible.
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Table 2
Pregnancy outcomes.

Perinatal outcomes

Gestation at delivery (weeks + days (days))* 35+ 0 (20)
Gestation at PE diagnosis (weeks + days (days))* 34 +0(26)
Infant sex Male 41 (53 %) Female 37 (47 %)
Multiple pregnancy 8 (12 %)
Singleton pregnancies (61 Multiple
pregnancies) pregnancies
(8 pregnancies; 17
infants)
Birthweight centile* 2.9 (24.1) 21.6 (24.4)

Birthweight centile < 40/61 (66 %) 7/17 (41 %)
10th

Birthweight centile <
3rd

Delivery < 34 weeks

NICU admission (days)*

Respiratory distress

31/61 (51 %) 3/17 (18 %)
20/61 (33 %)
7 (21)

15/58 (26 %)

7/17 (41 %)
5(9)
7/17 (41 %)

syndrome
Interventricular 3/58 (5 %) 0/17 (0 %)
haemorrhage
Seizure 1/58 (1 %) 0/17 (0 %)
NEC 4/58 (6 %) 0/17 (0 %)
Adverse perinatal 19/61 (31 %) 7/17 (41 %)
outcomef
Stillbirth 3/61 (5 %) 0/17 (0 %)
NND 2/61 (3 %) 0/17 (0 %)
Maternal outcomes
Maximum systolic blood pressure 164 (12)
Maximum diastolic blood pressure 106 (9)
Eclampsia / HELLP syndrome 0 (0 %)
Abruption 1 (2 %)
Maternal death 0 (0 %)
Gestational diabetes 5(7 %)
Pre-eclampsia with severe features: 53 (77 %)
Spontaneous preterm birth 5(7 %)
Antenatal steroids for lung maturity 47 (68 %)

Frequencies: N(%).

Continuous data: mean (standard deviation).

*Median (interquartile range).

Maternal outcomes were determined at the time of randomisation.

tComposite adverse perinatal outcome: respiratory distress syndrome / intra-
ventricular haemorrhage / necrotising enterocolitis / stillbirth / neonatal death.
{Definition of pre-eclampsia with severe features: maximum blood pressure >
160/110 mmHg / progressive deterioration in alanine aminotransferase /
creatinine / platelets.

PE, pre-eclampsia; C-section, Caesarean section; NICU, neonatal intensive care;
RDS, respiratory distress syndrome; IVH, intraventricular haemorrhage; NEC,
necrotising enterocolitis; NND, neonatal death; HELLP, haemolysis, elevated
liver enzymes, and a low platelet count.

3. Results

Forty women were recruited to the observational study and 30 were
recruited to the placebo arm of the PICk-UP trial between September
2018 and February 2020. One woman was excluded from the observa-
tional study, due to inaccurate pre-eclampsia diagnosis. Follow-up for
the observational study was affected by the Covid-19 global pandemic
which prevented four of the six-week and eight of the six-month follow-
up visits. Forty-four women completed the study at six months (Fig. 2).

3.1. Baseline characteristics

Cohort baseline characteristics are summarised in Table 1. Twenty
(29 %) women had an underlying medical condition, including hyper-
tension, renal disease, diabetes, previous thromboembolism and anti-
phospholipid syndrome.

Table 2 summarises the pregnancy outcomes of the cohort. The
majority of women were delivered due to maternal indications (n = 37,
54 %).
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Table 3
Prevalence of cardiovascular and echocardiographic abnormalities at baseline
(within 3 days of delivery), 6 weeks and 6 months postpartum.

Baseline 6 weeks 6 months
(n =69) (n = 50) (n = 44)
Raised TVR (>1200) 34 (49 %) 45 (90 %) 33 (75 %)
Systolic dysfunction 14 (20 %) 13 (26 %) 3 (7 %)
Diastolic dysfunction 58 (84 %) 21 (42 %) 27 (61 %)
No remodelling 13 (19 %) 25 (50 %) 26 (59 %)
Concentric remodelling 33 (48 %) 20 (40 %) 16 (36 %)
Concentric hypertrophy 22 (32 %) 5 (10 %) 12%)
Eccentric hypertrophy 11 %) 0 (0 %) 1(2%)
Requiring antihypertensives 53 (77 %) 19 (38 %) 15 (34 %)
Requiring antihypertensives or BP 58 (84 %) 24 (48 %) 25 (57 %)
> 140/90 mmHg
Requiring antihypertensives or BP 46/57 (81 15/41 16/35 (46
> 140/90 mmHg in the absence of %) (37 %) %)

pre-existing hypertension

Frequencies: N (%).

Diastolic dysfunction defined using British Society of Echocardiography guide-
line flow chart26.

TVR, total vascular resistance; BP, blood pressure.

3.2. Change in cardiovascular parameters over time

At six months, diastolic and systolic dysfunction affected 61 % and 7
% of women, respectively (Table 3). When using age-adjusted reference
ranges for all diastolic functional measures [26] including E/A and
deceleration time, diastolic dysfunction affected 32 (73 %) women.
Prevalence of diastolic dysfunction is significantly impacted by the
classification used. For example, the 2016 American Society of Echo-
cardiography and European Association of Cardiovascular Imaging
guideline does not use age-adjusted reference ranges, in contrast with
BSE [26,29]. For this reason, prevalence of diastolic dysfunction using
the different definitions is summarised in Supplementary Table 1. TVR
was raised in 75 % and 41 % of women had persistent left ventricular
remodelling at six months (Table 3). Of those with no pre-existing hy-
pertension (diagnosed before or during the first half of pregnancy), 16/
35 (46 %) had a diagnosis of hypertension, defined by clinic BP > 140/
90 [30] and/or need for antihypertensives, at six months.

There was considerable overlap in echocardiography abnormalities
and only 2 (5 %) women had a completely normal echocardiogram at six
months (Fig. 3).

The majority of echocardiography parameters significantly
improved from baseline to six weeks; however there was no significant
change in any echocardiography parameter from six weeks to six months
(Table 4). Regression analyses demonstrated no correlation between
study completion and baseline or 6-month cardiovascular phenotype.

Six (8 %) women had raised HScTnT (16-18 ng/L) or NTproBNP
(468-1259 pg/mL) at baseline. Both cardiac biomarkers had normalised
by six weeks postpartum. The change in placental and cardiovascular
biomarker levels over time is summarised in Table 5. Baseline placental
biomarkers were significantly influenced by the number of days post-
partum (PIGF: linear regression coefficient —21.5 pg/mL/day (95 % CI
—38.6 - —4.5), p = 0.01 and sFlt: linear regression coefficient —1145.6
pg/mL/day (95 % CI -1717.8 - —573.4), p < 0.001).

Table 6 summarises the change in BP and arterial stiffness over time.
Central and peripheral sBP declined from baseline to six months post-
partum; however, there was no significant change in dBP.

3.3. Relationship between pre-eclampsia and cardiovascular phenotypes

The presence of pre-existing hypertension (n = 12) did not influence
systolic or diastolic function at six months (GLS: —19.96 (2.34) versus
—20.88 (1.55), p=0.16; E/E’: 7.93 (1.13) versus 7.43 (1.59), p = 0.38).
However, women with pre-existing hypertension had worse left ven-
tricular remodelling (LVMi: 81.91 (21.24) versus 63.06 (10.70), p =
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Fig. 3. Venn diagram of 6-month echocardiographic abnormalities.

0.001) and higher TVR (2034 (795) versus 1567 (323), p = 0.009) at
six months, compared to those without (Fig. 4). Despite this, prevalence
of cardiovascular morbidity at 6 months remained high in those without
pre-existing hypertension: 25/35 (71 %) had diastolic dysfunction, 2/35
(6 %) had systolic dysfunction, 11/35 (31 %) had left ventricular
remodelling and 26/35 (74 %) had raised TVR. Pre-eclampsia with se-
vere features, as defined by the National Institute for Health and Care
Excellence (NICE) [31] was not significantly associated with any six-
month echocardiography parameter (Fig. 4). Only two women with a
multifetal pregnancy completed the study at 6 months. For this reason,
there was insufficient power to investigate the relationship between
multifetal pregnancy and maternal cardiovascular phenotype. Explor-
atory analyses (Spearman’s correlation) demonstrated no correlation
between BMI and 6-month cardiovascular phenotype. On the other
hand, blood pressure correlated with diastolic function and left ven-
tricular remodelling, but not systolic function (Supplementary Fig. 1).

Earlier gestations at pre-eclampsia diagnosis and delivery were
associated with worse diastolic dysfunction (E/E’: rho = -0.34, p = 0.03
and rho = -0.39, p = 0.001, respectively) and TVR (rho = -0.42, p =
0.004 and rho = -0.34, p = 0.02, respectively) at six months (Fig. 5).

Prolonged pre-eclampsia duration (up to 48 days) was associated
with increased TVR, but not E/E’ at six months (rho = 0.36, p = 0.02 and
rho = 0.20, p = 0.20, respectively; Supplementary Fig. 2). On the other
hand, prolonged pre-eclampsia duration was associated with reduced
improvement in remodelling and a trend toward reduced improvement
in diastolic dysfunction from baseline to six months (LVMi: rho = -0.33,
p = 0.03; E/E’: rho = -0.27, p = 0.08). Lower birthweight centile was
also associated with worse diastolic dysfunction and TVR at six months
(E/E’: tho = -0.42, p = 0.005 and TVR: rho = -0.37, p = 0.01; Fig. 4).
There was no correlation between birthweight centile, gestation at
diagnosis or delivery, and LV remodelling (LVMi and RWT) or systolic
function (LVEF, GLS and S’).
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3.4. Relationship between biomarkers and cardiovascular phenotype

There were no significant associations between baseline PIGF, sFlt or
sF1t:PIGF and six-week or six-month echocardiography measures. Some
baseline biomarkers showed borderline significant associations with
early postnatal echocardiography measures; however none persisted
beyond the six-week visit (Supplementary Fig. 3).

3.5. Intermodality correlations

There was good to excellent agreement between Alere Microlife and
TensioClinic arteriography in the measurement of sBP (ICC 0.87 (95 %
CI0.83-0.91)) and dBP (ICC 0.92 (95 % CI 0.89 — 0.95). Although there
was a significant linear relationship between E/A (measured by pulse
wave Doppler at the mitral inlet) and E/A strain rate (measured using
speckle-tracking software; coefficient: 1.48 (95 % CI 1.15-1.81, p <
0.001, Supplementary Fig. 3), absolute values showed poor agreement
(ICC 0.56 (95 % CI 0.40-0.68). In terms of different echocardiographic
measures of systolic dysfunction, LVEF correlated with GLS (coefficient:
—0.82 (95 % CI —1.07 - —0.56), p < 0.001, Fig. 6).

4. Discussion
4.1. Main findings

In this prospective longitudinal study, we demonstrated a high
prevalence of persistent cardiovascular abnormalities at six months
postpartum, following preterm pre-eclampsia. Only two women (5 %)
had a completely normal echocardiogram at six months, with the ma-
jority of abnormalities attributable to raised TVR, diastolic dysfunction
and left ventricular remodelling. In those who were not known to be
hypertensive before 20 weeks’ gestation, nearly half (46 %) had de novo
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Table 4

Change in postnatal echocardiography measures over time.

Pregnancy Hypertension: An International Journal of Women’s Cardiovascular Health 30 (2022) 68-81

Baseline 6 weeks 6 months (n = 44) Mean difference between timepoints (95 % C.L.)
(n = 69) (n = 50 Baseline to 6 weeks Baseline to 6 months 6 weeks to 6 months

TVR (dyne.secm ™) 1427 (382) 1749 (424) 1662 (486) 322% (175-469) 235% (72-397) 87 (-274-99))
HR (bpm) 85.3 (13.7) 75.3 (11.7) 78.2 (12.3) —10.0* (-14.8 - —5.3) -7.2% (-12.2- -2.1) 2.9 (-2.1-7.8)
SV (mL) 73.9 (16.1) 63.1 (12.8) 64.8 (13.3) —10.8* (-16.3 - —5.4) -9.1* (-14.8 - -3.3) 1.7 (-3.6-7.1)
CO (L/minute) 6.3 (1.6) 4.7 (1.0) 5.0(1.1) -1.6* (-2.1 - -1.5) -1.2* (-1.8 - —6.9) 3.2 (-1.2-7.6)
LVEF (%) 63 (5) 62 (4) 62 (3) —-1.1 (-2.7-0.5) —1.0 (-2.5-0.6) 0.1 (-1.3-1.5)
Myocardial strain and strain rate
LV basal strain (%) —15.7 (3.3) -16.3 (2.2) —17.0 (2.5) —0.6 (-1.7-0.4) -1.3* (-2.5- -0.2) —0.7 (-1.6-0.3)
LV mid strain (%) -18.8 (2.3) -19.1 (1.8) -19.7 (1.9) —0.2 (-1.0-0.6) —0.9* (-1.7 - —-0.1) —0.7 (-1.4-0.1)
LV apical strain (%) —25.3(3.8) —24.5 (3.0) —25.3(2.6) 0.8 (-0.5-2.1) 0.1 (-1.2-1.4) —0.8 (-1.9-0.4)
GLS (%) —19.9 (2.4) —20.0 (2.2) —20.7 (1.8) 0.0 (-0.9-0.8) —0.8 (-1.6-0.1) —0.7 (-1.6-0.1)
E/A strain rate 2.19 (0.72) 2.38 (0.68) 2.21 (0.73) 0.19 (-0.07-0.46) 0.03 (-0.25-0.30) —0.17 (-0.46-0.12)
Mitral inflow
E deceleration time (ms) 192 (32) 197 (29) 189 (34) 4.9 (-6.8-16.5) -3.7 (-16.5-9.2) —8.5 (-21.6-4.6)
E/A ratio 1.22 (0.28) 1.3(0.27) 1.24 (0.28) 0.12* (0.02-0.22) 0.03 (-0.08-0.13) —0.09 (-0.20-0.02)
Mitral annular motion
Septal peak S’ velocity (m/s) 0.09 (0.02) 0.08 (0.01) 0.08 (0.01) —0.01 (-0.02-0.00) —0.01 (-0.02-0.00) 0.00 (0.00-0.00)
Lateral peak S’ velocity (m/s) 0.10 (0.02) 0.09 (0.02) 0.09 (0.02) 0.00 (-0.01-0.00) 0.00 (-0.01 - 0.01) 0.00 (-0.01 - 0.01)
E/E’ ratio 8.71 (2.00) 7.37 (1.68) 7.53 (1.51) —1.35% (-2.04 - —0.66) —1.19* (-1.89 - —0.49) 0.16 (-0.40-0.81)
Tricuspid valve
TR Vmax (cm/s) 0.98 (1.17) 0.58 (0.95) 0.55 (0.97) —0.40* (-0.80-0.00) —0.43* (-0.85 - —0.01) —0.03 (-0.42-0.36)
Cardiac morphology
LVIDd (cm) 4.49 (0.45) 4.32(0.48) 4.30 (0.42) —0.17 (-0.34-0.00) —0.18* (-0.35 - —0.01) —0.02 (-0.20-0.17)
PWd (cm) 1.12(0.19) 0.94 (0.19) 0.89 (0.17) —0.18* (-0.25 - —0.11) —0.23* (-0.30 - —0.16) —0.05 (-0.13-0.02)
SWd (cm) 1.01 (0.18) 0.88 (0.17) 0.8 (0.16) —0.12* (-0.19 - —0.06) —0.13* (-0.19 - —0.06) 0.00 (-0.07-0.07)
LVM (g) 172.02 (48.50) 132.40 (46.79) 125.33 (39.32) —39.62* —46.69* —-7.07

(-57.20 - -22.04) (-63.96 - —29.43) (-24.91-10.77)
LVMi (g/m?) 89.58 (18.65) 70.39 (18.73) 66.92 (15.28) —19.19% -22.67* —3.47

(-26.06 - —12.32) (-29.33 - —16.01) (-10.54-3.59)
RWT 0.50 (0.10) 0.44 (0.10) 0.41 (0.09) —0.06* (-0.10 - —0.03) —0.09* (-0.12 - —0.05) —0.02 (-0.06-0.02)
LAV (mL) 47.3 (14.9) 39.7 (11.3) 38.9 (10.5) -7.7* (-12.6 - —2.8) —8.4* (-13.5- -3.4) —0.8 (-5.3-3.8)
LAVi (mL/m?) 24.7 (6.3) 21.2 (4.7) 20.9 (4.7) —3.5% (-5.6 - —1.4) —3.7% (-5.9 - -1.5) -0.3(-2.2-1.7)

Mean (standard deviation).

Variables were compared between time-points using paired t-test.

*P value < 0.05.

C.L, confidence interval; HR, heart rate; SV, stroke volume; CO, cardiac output; LVEF, left ventricular ejection fraction; LV, left ventricular; GLS; global longitudinal
strain; TVR, total vascular resistance; LVIDd, LV internal diameter in diastole; PWd, posterior wall diameter in diastole; SWd, septal wall diameter in diastole; LVM, left
ventricular mass; LVMi, LVM indexed to body surface area; RWT, relative wall thickness; LAV left atrial volume; LAVi, LAV indexed to body surface area; TR Vmax,
tricuspid regurgitation maximum velocity.

Table 5

Change in postnatal placental and cardiovascular biomarkers over time.

Biomarker

Baseline (n = 69)

6 weeks (n = 50)

6 months (n = 44)

Difference in log-transformed biomarkers between timepoints (95 % C.I.)

Baseline to 6 weeks

Baseline to 6 months

6 weeks to 6 months

sFlt (pg/mL)

PIGF (pg/mL) 22 (20)
sF1t:PIGF 57 (46)
HScTnT* (ng/L) 5(6)
NTproBNP (pg/mL) 64 (161)

1432 (1753)

10 (3)

104

<3()

88 (17)

25.5 (26)

80 (14)

10 (4

8(3)

<3 (0)

30 (36)

—2.92*%
(-3.16 - —2.67)
—1.06*
(-1.28 - —0.83)
—1.86*
(-2.09 - —-1.63)
—0.61*
(-0.83 - —0.39)
—0.89*
(-1.28 - —0.51)

—2.99*%
(-3.25-2.73)
—1.02*

(-1.25 - —0.78)
-1.97*

(-2.21 - -1.74)
—0.68*

(-0.90 - —0.46)
—0.85*

(-1.28 - —0.43)

—-0.07*

(-0.13 - —0.02)
0.04
(-0.07-0.15)
-0.11
(-0.23-0.00)
—0.06
(-0.23-0.10)
0.04
(-0.29-0.37)

Continuous data: median (interquartile range).
Log-transformed variables were compared between time-points using paired t-test.

*P value < 0.05.

C.L, confidence interval; sFlt, soluble fms-like tyrosine kinase-1; PIGF, placental growth factor; HScTnT, high-sensitivity cardiac Troponin T; NTproBNP, N-terminal

pro-brain natriuretic peptide.

hypertension at six months postpartum.

Correlations between pre-eclampsia and cardiovascular phenotypes
were investigated in order to explore a potential causal relationship
between the two. None of the standard metrics defining maternal disease

delivery) were associated with worse diastolic dysfunction (E/E’) and

severity [32] correlated significantly with six-month postpartum car-
diovascular phenotype. On the other hand, other markers of severity
(including lower birthweight centile and earlier gestation at diagnosis /
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TVR at six months. Longer duration of pre-eclampsia prior to delivery
was also associated with higher six-month TVR, indicating a potential
dose-effect.
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Table 6
Change in postnatal blood pressure and arterial stiffness over time.
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Baseline (n = 6 weeks (n = 6 months (n = Mean difference between timepoints (95 % C.I.)
69) 50) 44) R .
Baseline to 6 Baseline to 6 6 week to 6
weeks months months
Arteriography
Pulse wave velocity 8.3(1.8) 7.4 (1.5) 7.6 (1.8) —0.9% -0.8 0.2
(-1.6 - —0.2) (-1.5-0.0) (-0.6-0.9)
Heart rate (bpm) 86.4 (16.1) 80.6 (13.6) 84.4 (14.0) -5.8 -1.9 3.9
(-11.8-0.2) (-8.1-4.3) (-2.1-9.9)
Systolic blood pressure (mmHg) 137.6 (9.8) 125.1 (11.5) 132.1 (17.41) -12.5 —5.5% 7.0*
(-16.7 - —8.3) (-10.9-0.0) (0.6-13.4)
Diastolic blood pressure (mmHg) 83.4 (8.8) 78.4 (10.6) 81.8 (13.6) —5.0% -1.7 3.3
(-8.9--1.2) (-6.1-2.8) (-2.0-8.6)
Augmentation index (aortic) 24.2 (15.1) 23.1 (12.0) 21.9 (12.2) -1.1 -2.4 -1.2
(-6.7-4.4) (-8.0-3.3) (-6.5-4.1)
Augmentation index (brachial) -23.4 (28.8) —28.8 (23.8) —-30.9 (24.2) —5.4 -7.6 —-2.2
(-16.1-5.3) (-18.5-3.4) (-12.6-8.3)
Central systolic blood pressure 132.6 (12.5) 119.5 (13.3) 125.8 (21.0) —13.2* —6.7 6.4
(mmHg) (-18.2- -8.0) (-13.4-0.0) (-1.2-13.9)
Alere Microlife
Systolic blood pressure (mmHg) 135.4 (9.0) 126.4 (10.9) 127.9 (13.7) —8.9* —7.5% 1.5
(-12.6 - —5.3) (-11.7 - -3.2) (-3.6-6.5)
Diastolic blood pressure (mmHg) 90.1 (7.6) 84.6 (9.4) 86.7 (12.2) -5.5 -3.4 2.1
(-8.6 - —2.4) (-7.1-0.3) (-2.4-6.5)
Mean arterial pressure (mmHg) 105.2 (7.4) 98.6 (9.5) 100.4 (12.4) —6.6 —4.8 1.9
(-97 - —-3.6) (-8.4--1.1) (-2.6-6.4)

Continuous data: mean (standard deviation).
Variables were compared between time-points using paired t-test.
*P value < 0.05.

C.L, confidence interval; bpm, beats per minute; mmHg, millimetres of mercury.

4.2. Strengths and limitations

To our knowledge, this is the largest longitudinal dataset describing
postnatal cardiovascular structure and function following preterm pre-
eclampsia. This study describes a multi-ethnic cohort with a predomi-
nantly severe pre-eclampsia phenotype. This study comprises data from
women who participated in the PICk-UP study, which required a pre-
eclampsia diagnosis for inclusion. As a result, a significant limitation
of the study is a lack of control group for comparison. To compensate for
this, age-adjusted reference ranges were used and a six-month follow-up
period chosen, by which time maternal haemodynamics and cardiac
parameters should have returned to the non-pregnant state [33-35].
Another limitation is the modest sample size, which was exacerbated by
non-completion due to the concurrent pandemic. As this was a
descriptive, exploratory study without pre-stated hypotheses, adjust-
ment was not made for multiple testing. Statistical significance should
therefore be interpreted as suggestive rather than definitive. Due to the
lack of pre-pregnancy echocardiography data, it is not possible to
confirm direction of causality between pre-eclampsia and cardiovascu-
lar dysfunction. Additionally, the three-day window for the baseline
visit potentially limited our ability to relate baseline placental bio-
markers with six-month cardiovascular outcomes, given the rapid
decline in sFlt and PIGF in the first 48 h postpartum [36].

4.3. Interpretation

In the absence of any cardioprotective intervention, women with
preterm pre-eclampsia have a high prevalence of cardiovascular ab-
normalities at six months postpartum. This is consistent with previous
studies [4,5,37]. Diastolic dysfunction, as defined by the BSE [26],
affected 61 % women, compared with 8 % two years following a
normotensive pregnancy [4]. These findings have significant implica-
tions for long-term cardiovascular risk [38-40]. Ladeiras-Lopes et al.’s
meta-analysis [38] demonstrated a 3.53-fold increase in cardiovascular
events or death associated with a diagnosis of diastolic dysfunction
within 11 years. Diastolic dysfunction precedes and independently
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predicts left ventricular remodelling following myocardial infarction
[41,42]. It is therefore likely that the prevalence of adverse remodelling
will increase over time, despite already affecting 41 % of the cohort.
Remodelling is an independent predictor of cardiovascular events
(hazard ratio 1.70 (95 % CI 1.34-2.16) within 10 years) [43] and overt
hypertension [4,44], which is the leading modifiable risk factor for all-
cause mortality [45]. Hypertension frequently requires lifelong therapy
[46], thereby constituting an important outcome to clinicians and pa-
tients alike. Hypertension affected 57 % of the total cohort at six months,
comparable with McCarthy et al.’s [37] findings of 71 % (95 % CI 42-74
% versus 66-76 %, p = 0.06).

The association between pre-eclampsia phenotype (birthweight
centile and gestation at diagnosis/delivery) and diastolic function,
suggests a potential dose—effect. Although the lack of pre-pregnancy
echocardiography data limits our ability to confirm direction of causa-
tion, the lack of relationship between pre-pregnancy cardiovascular risk
factors (including hypertension) and postnatal diastolic dysfunction
points away from pre-eclampsia being solely a consequence of cardio-
vascular dysfunction. On the other hand, there was an association be-
tween remodelling and pre-existing hypertension, highlighting the
possibility that women with pre-existing hypertension had some degree
of pre-pregnancy cardiovascular changes. One could speculate that if
pre-eclampsia is a cause of cardiovascular dysfunction, duration of
exposure should correlate with severity of cardiovascular dysfunction;
this was only observed for TVR in this cohort. This could be attributable
to insufficient power or inaccurate timing of pre-eclampsia diagnosis.

Preterm pre-eclampsia is a heterogenous condition defined by clin-
ical manifestations of endothelial dysfunction (proteinuria and hyper-
tension) [22] and likely comprises more than one pathological process
[47,48]. It is therefore plausible that direction of causality differs be-
tween subclasses of pre-eclampsia. This is supported by the in-
consistencies observed in the correlations between maternal/pregnancy
characteristics and six-month echocardiography parameters in this
cohort.

The mechanism by which pre-eclampsia might be a cause of car-
diovascular dysfunction is not known. In Shahul et al.’s [49] prospective
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study of hypertensive disorders of pregnancy, third trimester sFlt levels
independently correlated with GLS. This correlation persisted after
adjusting for age and other medical confounders [49], demonstrating a
plausible aetiological role of sFlt in pre-eclampsia-related cardiovascu-
lar dysfunction. Previous studies have reported an inverse relationship
between sFlt levels and both gestation at delivery and birthweight
centile [50,51]. Both of these pregnancy outcomes were associated with
worse diastolic dysfunction in our cohort, supporting a potential role of
sFlt in the development of cardiovascular dysfunction. However, in our
cohort an association between baseline postnatal sFlt and six-month
cardiovascular parameters was not demonstrated. This could represent
divergent mechanistic pathways in different subclasses of pre-
eclampsia, absence of causality or limitations of our data (due to vari-
able postnatal timing and insufficient sample size).

The absence of relationship between baseline HScTnT/NTproBNP
and six-month cardiovascular parameters suggests that early postnatal
cardiovascular biomarkers are unlikely to be effective in identifying
women at particular risk of persistent cardiovascular morbidity. In order
to relate our findings to long-term cardiovascular function, participants
have been invited to be followed up two to five years postpartum.
However, given the moderate overall sample size (n = 99, including the
enalapril, placebo and observational arms), correlation of early post-
natal cardiovascular dysfunction with long-term cardiovascular events
will not be possible with this cohort alone. Our findings justify larger
prospective cohort and/or intervention studies to investigate the
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significance and define the mechanisms of postnatal cardiovascular
dysfunction following preterm pre-eclampsia.

This study clearly demonstrates that women with preterm pre-
eclampsia will benefit from appropriate counselling, lifestyle changes
and therapeutic interventions to improve cardiovascular function,
remodelling and long-term risk. The intention for future pregnancy
needs to be considered in the design of future interventions. Car-
dioprotective therapies need to either be safe in pregnancy or have
short-term efficacy, to allow conception following treatment cessation.
The interventional arm of PICk-UP [21] demonstrated an improvement
in diastolic function and remodelling with six months’ treatment with
enalapril compared with placebo. Further work is needed to determine
whether six months’ treatment is sufficient to confer long-term reduc-
tion in cardiovascular risk.

5. Conclusion

Preterm pre-eclampsia is associated with persistent diastolic
dysfunction, left ventricular remodelling and hypertension at six months
postpartum. These have significant implications to long-term cardio-
vascular health. The graded severity of diastolic dysfunction with
worsening prematurity and FGR suggests a dose—effect. However, the
mechanism linking pre-eclampsia and cardiovascular dysfunction re-
mains uncertain and requires further investigation.
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