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PREFACE

This thesis is structured into seven chapters. Chapter 1 covers the general introduction of the topic.
Chapter 2 will cover a systematic review and meta-analysis. The results will be presented in Chapters
3, 4, 5, and 6, and the discussion and synthesis, overall conclusions and recommendations will be

presented in Chapter 7. Each chapter will be concluded with its own list of references used.

The results component of this study is over four chapters presented based on publications or
manuscripts in journals approved by the South African Department of Higher Education and Training

(DHET) or indexed in Scopus database.

ABSTRACT

Background: Hypertensive disorders of pregnancy (HDP) are major contributors to maternal and
perinatal morbidity and mortality worldwide. Traditional diagnosis of hypertension relies on
peripheral blood pressure (PBP), but recent studies suggest central blood pressure (CBP) may better
predict cardiovascular outcomes. Cardiac biomarkers such as N-terminal pro B-type natriuretic
peptide (NT-proBNP) and high-sensitivity cardiac troponin | (hs-cTnl) are established and widely
utilised biomarkers in cardiovascular risk stratification, and it is known these biomarkers are elevated
in patients with HDP. However, the relationship between these cardiac biomarkers, CBP, and
maternal complications of HDP remains unclear. Additionally, the current clinical use of these

markers in women with HDP is not well-documented.

Aims: The aims of this thesis were to theoretically assess whether arterial stiffness in women with a
history of HDP persists beyond the puerperal period. Additionally, the thesis aimed to evaluate the
correlation between CBP and the PBP measured using the Microlife WatchBP Office Central, as well
as the association between CBP and adverse maternal outcomes, and the association between
serum levels of NT-proBNP and hs-cTnl and adverse maternal outcomes among pregnant black

African women with HDP and normotensive controls. Lastly, the thesis sought to evaluate the
XVii



likelihood of clinical practitioners incorporating additional clinical diagnostic markers into the

management of preeclampsia.

Methodology: This thesis had three main studies: a systematic review and meta-analysis, an
experimental study, and an online survey. The systematic review followed PRISMA-P 2015 guidelines,
conducting comprehensive searches across major databases to identify studies on arterial stiffness
in women with HDP after delivery. Data were extracted, screened by independent reviewers, and
meta-analyses were performed to compare arterial stiffness indices between women with and

without HDP.

The experimental study was a cross-sectional investigation at Nelson Mandela Academic Hospital,
that consecutively recruited a total of 540 participants, consisting of 270 inpatients diagnosed with
HDP and an equal number of 270 normotensive pregnant inpatients. Inclusion and exclusion criteria
were rigorously applied, and all procedures and measurements were conducted with meticulous

attention to accuracy and adherence to clinical guidelines.

The survey targeted registrars and medical specialists in regional and tertiary maternity units,
gathering insights via an online questionnaire about their experience and perspective on the use of
cardiac biomarkers in women with preeclampsia. Data were statistically analysed, and ethical

approvals were obtained for all components.

Results:

Women with a history of HDP showed significantly higher augmentation index and pulse wave velocity
compared to normotensive controls in the systematic review. The Microlife WatchBP Office Central
device demonstrated high reliability for blood pressure measurements, with coefficients of variation
between 1.0-1.8% and intraclass correlation coefficients above 0.96. Peripheral and central systolic
blood pressures were strongly correlated, with central systolic blood pressure(CSBP) of 116 mmHg
and central diastolic blood pressure of 78 mmHg identified as diagnostic thresholds for hypertension
in pregnancy. The median peripheral systolic blood pressure among eclamptic patients with mild
peripheral hypertension was 138.0 mmHg (IQR: 133.0-148.0) while the CSBP level in the same group
was in the severe range [145.0 mmHg (IQR: 140.0-150.0) mmHg]. Women with HDP and maternal
complications had higher CBP, NT-proBNP, and hs-cTnl levels compared to those without
complications. Among surveyed clinicians, 75.9% acknowledged the potential benefit of cardiac

biomarkers for preeclampsia management.
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Conclusion: Arterial stiffness may remain elevated in women with a history of preeclampsia,
suggesting a possible increased risk of long-term cardiovascular disease. CBP, NT-proBNP, and hs-
cTnl are higher in women with HDP and maternal complications, supporting their potential roles in risk
stratification and monitoring. CBP may be more informative than PBP in recognizing individuals who
could be at higher risk of developing eclampsia. Incorporating CBP and these biomarkers may help

strengthen screening and management strategies for hypertensive pregnancy disorders.

EXECUTIVE SUMMARY

Background

HDP are a leading cause of maternal and perinatal morbidity and mortality worldwide. HDP
encompasses several types, including chronic hypertension, gestational hypertension, preeclampsia,
and chronic hypertension superimposed with preeclampsia. Amongthese, preeclampsiais associated
with the greatest risk of adverse maternal and perinatal outcomes, particularly when severe features
are present or when the condition develops before 34 weeks’ gestation (von Dadelszen et al. 2011;
Payne et al. 2014). While elevated peripheral blood pressure has long been the standard for diagnosing
hypertension in both pregnancy and the general population, emerging evidence suggests that central

blood pressure (CBP) may offer superior predictive value for cardiovascular outcomes.

N-terminal pro B-type natriuretic peptide (NT-proBNP) and high-sensitivity cardiac troponin | (hs-cTnl),
play an important role in assessing cardiovascular risk. ProBNP is released from the left and right
cardiac ventricles in response to volume expansion and pressure overload, while hs-cTnl is produced
in response to damage in cardiomyocytes. In circulation, the BNP hormone is split from the inactive
n-terminal part of the prohormone termed NT-proBNP by protease furin. Both NT-proBNP and hs-cTnl

biomarkers may help predict peripheral perfusion and the risk of end-organ damage.

It is known that CBP and the levels of NT-proBNP and hs-cTnl are elevated in patients with HDP.
However, the relationship between these cardiac biomarkers, CBP, and maternal complications of

HDP remains unclear. Additionally, the current clinical use of these markers is not well-documented.
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Aims of the thesis

The aims of this thesis were to theoretically assess whether arterial stiffness in women with a history
of HDP persists beyond the puerperal period. Additionally, the thesis aimed to evaluate the correlation
between central aortic blood pressure and the peripheral brachial blood pressure measured using the
Microlife WatchBP Office Central, as well as the association between CBP and adverse maternal
outcomes, and the association between serum levels of NT-proBNP and hs-cTnl and adverse maternal
outcomes among pregnant black African women with HDP and normotensive controls. Lastly, the
thesis sought to evaluate the likelihood of clinical practitioners incorporating additional clinical

diagnostic markers into the management of preeclampsia.

Objectives of the thesis

I To systematically review and synthesize existing evidence to determine whether arterial
stiffness remains elevated beyond six weeks postpartum in women with a history of

hypertensive disorders of pregnancy.

Il To assess the reliability of peripheral systolic and diastolic blood pressure measurements
obtained using the Microlife WatchBP Office Central device in pregnant women, including
those with hypertensive disorders.

I, To evaluate the correlation and comparative use of peripheral blood pressure and central blood
pressure in identifying hypertension in pregnant women, using a Microlife Office Central device;
Additionally, to determine the threshold values for central systolic and diastolic blood pressure

as diagnostic criteria for mild and severe central hypertension during pregnancy

V. To compare the levels of CBP, NT-proBNP, and hs-cTnl in women with hypertensive disorders of

pregnancy who have maternal complications to those in normotensive pregnant controls

V. To evaluate the experiences and perspectives of healthcare workers regarding the clinical

assessment and usage of cardiac biomarkers in patients with preeclampsia.
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Experimental approach

The initial section of this thesis presents a systematic review and meta-analysis. The main objective of
this systematic review was to determine if the arterial stiffness remains elevated after six weeks post-

delivery in women with a history of hypertensive disorders of pregnancy.

The second part of the thesis was a cross-sectional study evaluating the central aortic blood pressure
and cardiac biomarkers among pregnant women with HDP, using a Microlife WatchBP Office Central.
All blood pressure measurements were obtained using the Microlife WatchBP Office Central, a device
designed to estimate both peripheral and central blood pressure. Prior to the commencement of the
main cross-sectional study, an in-study pilot assessment was undertaken to determine the reliability
of the blood pressure measurements obtained using the Microlife WatchBP Office Central in a
pregnant population. This pilot phase involved a total of 45 participants, comprising 30 hypertensive
and 15 normotensive pregnant women. During the pilot study, all measurements were performed by
two trained observers under standardized conditions to ensure consistency. Each participant
underwent repeat peripheral blood pressure assessments using the Microlife WatchBP Office Central
device. The pilotfindings demonstrated acceptable reproducibility and measurement stability, thereby
supporting the use of the Microlife WatchBP Office Central device in the main study population.
Following the pilot phase, the main cross-sectional study was conducted at the Nelson Mandela
Academic Hospital in South Africa. The study consecutively recruited a total of 540 participants,
consisting of 270 inpatients diagnosed with HDP and an equal number of 270 nhormotensive pregnant
inpatients. The inclusion criteria for the hypertensive group encompassed all pregnant women
diagnosed with any form of HDP who were at least 20 weeks of gestation. The inclusion criteria for the
normotensive comparison group were limited to healthy pregnant women with singleton pregnancies
and no prior diagnosis of hypertension or other medical comorbidities. The objectives of the cross-
sectional study were: 1. to evaluate the correlation and comparative utility of peripheral blood pressure
and central aortic blood pressure in the detection of hypertension among pregnant women. 2.to
compare the levels of central aortic blood pressure and selected cardiac biomarkers in women with

and without maternal complications of hypertensive disorders of pregnancy.

The final section of the thesis consists of an online survey designed to evaluate the experiences and
perspectives of healthcare workers regarding the clinical assessment and application of cardiac

biomarkers in patients with preeclampsia.
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Results

Arterial Stiffness After 6 Weeks Postdelivery in Women with a History of Hypertensive Disorders

of Pregnancy: A Systematic Review and Meta-analysis

Compared to normotensive controls, women with a history of preeclampsia had significantly elevated
augmentation index (Alx) (Mean Difference [MD]: 8.57; 95% CI: 4.22-12.92) and pulse wave velocity
(PWV) (MD: 0.47; 95% CI: 0.20-0.74). In subgroup analysis, early-onset preeclampsia was associated
with a significantly higher PWV (MD: 1.86; 95% CI: 0.25-3.47), but not Alx (MD:1.55; 95% CI: -0.74 —

3.84). No significant differences were found in late-onset preeclampsia.

Reliability of the Microlife WatchBP Office Central device for blood pressure measurement in

hypertensive and normotensive pregnant women

Both observers demonstrated high precision, stability, and reproducibility across groups. Coefficients
of variation (CVs) were low (1.0-1.8%), indicating minimal intra-observer variability. Intraclass
correlation coefficients (ICCs) ranged from 0.97 to 0.99, confirming excellent reliability, while standard
errors of measurement (SEMs; 0.08-0.20 mmHg) and minimal detectable changes (MDCs; 0.2-
0.4 mmHg) reflected high measurement sensitivity. No statistically significant inter-observer
differences were observed (p > 0.05), confirming consistency between observers. Inter-observer
reliability during test and retest sessions was equally strong, with ICCs of 0.96-0.99 for both

parameters. SEM values remained low (<0.5 mmHg), confirming negligible observer-related variability.

The correlation of peripheral blood pressure with central blood pressure and estimation of

central blood pressure thresholds for diagnosis of hypertension during pregnancy

A significant positive correlation was found between peripheral systolic blood pressure (pSBP) and
central systolic blood pressure (cSBP) among normotensive and hypertensive women. Among the 270
normotensive controls, the median pSBP was 114.0 (IQR:104.0-124.0) mmHg and median cSBP was
115.0 (IQR:106.0-125.0) mmHg.

Theresults of the receiver operator characteristic analysis indicated thata cSBP of 116 mm Hg or higher
had a sensitivity of 78.5% and a specificity of 50.3% for diagnosing hypertension during pregnancy. The
upper limit of central diastolic blood pressure (cDBP) in normotensive controls was calculated to be

78 mm Hg.

XXii



The median pSBP among eclamptic patients with mild peripheral hypertension was 138.0 mmHg (IQR:
133.0-148.0) while the cSBP level in the same group was in the severe range [145.0 mmHg (IQR: 140.0-
150.0) mmHg]. The overall median cSBP among women with eclampsia (n=102) was 133. 0 mmHg (IQR
120.0-143.0), and the median cDBP was 73.0 mmHg (IQR: 60.0-83.0), and these were significantly
higher (p<0.0001) than the median cSBP of 128.0 mmHg (IQR: 114.0-139) and cDBP of 71.0 mmHg (IQR:
61.0-81.0) among preeclamptic women with or without severe features, and much higher than the
median ¢SBP of 115 mmHg (IQR:106.0-125.0) and ¢cDBP of 61.5 mmHg (IQR: 52.0-69.0) among

normotensive controls

Higher levels of central blood pressure, NT-proBNP, and hs-cTnl are associated with Maternal

Complications of Hypertensive Disorders of Pregnancy

The median levels of the CBP and cardiac biomarkers were significantly higher among hypertensive
participants with maternal complications (n=107/270) than those without complications (n=163/270).
Specifically, the cSBP were 133 (120-142) mmHgvs 128 (109-129) mmHg (p=0.033) and the cDBP levels
were 75 (62-86) mmHg vs 69 (56-73) mmHg (p<0.01) while NT-proBNP levels were 446 (145-1126) vs.
57 (21-167)) pg.ml-1; p<0.0001, and hs-cTnl levels were 12 (7-35) ng.L-1 compared to 8 (3-8) ng.L-1;
p<0.0001. Only 0.7% of normotensive controls developed complications, while 39.6% of individuals
with HDP experienced complications. The most common maternal complications in the HDP group

included HELLP syndrome (28.9%), renal failure (10.7%), and abruptio placenta (9.6%).

Assessing Clinical Practices and Screening for Cardiac Complications in Preeclampsia: A Survey

of Healthcare Professionals

The survey involved 58 participants, mainly medical officers and registrars (69%) and specialist
obstetricians and gynaecologists (31%). A significant 89.8% identified pulmonary oedema as the most
common cardiac-related complication in preeclampsia. For screening, 43.1% relied on clinical
judgment, 10% used standardized protocols, 24.1% only screened high-risk cases, and 22.4% did no
screening. Post-delivery, only 41.4% reviewed all preeclamptic patients. Additionally, 75.9%
acknowledged the potential benefits of cardiac biomarkers for managing preeclampsia's short- and

long-term prognosis.
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Conclusion

The overall conclusion of this thesis is that arterial stiffness may remain elevated in women with a
history of preeclampsia for more than six weeks postpartum, indicating a potentially increased risk for
cardiovascular disease. The findings also indicate that levels of CBP, NT-pro-BNP, and Hs-cTnl are
significantly elevated in Black African women experiencing various forms of HDP, particularly among

those who suffer adverse maternal outcomes.

Furthermore, the thesis established the threshold values for central hypertension as a systolic BP of
116 mmHg and a diastolic BP of 78mmHg. It also reinforced the positive association between
peripheral and CBP in both normotensive and hypertensive populations. Notably, the median systolic
and diastolic blood pressures for both central and peripheral measurements were significantly
elevated in cases of eclampsia compared to other hypertensive disorders and non-hypertensive
controls. Interestingly, in women experiencing eclampsia, cSBP fell into the severe hypertension

category, while their pSBP was classified as mild hypertension.

Overall, these findings suggest that measuring these CBP and cardiac biomarkers in hypertensive
pregnancies might be helpful for screening and monitoring maternal complications, and that CBP

measurement may be better able to distinguish between eclampsia and other types of HDP.
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CHAPTER1

1. General introduction

Pregnancy is associated with marked metabolic demand and cardiovascular changes
that vary by trimester and return toward normal after delivery (Melchiorre et al. 2011;
Sanghavi & Rutherford 2014). The important cardiovascular changes that occur during
pregnancy include increased cardiac output and blood volume with concurrent
reduction in systemic vascular resistance. Insufficient cardiovascular adaptation during
pregnancy is associated with maternal and perinatal morbidity and mortality.
Hypertensive disorders of pregnancy (HDP) are conditions in which cardiovascular
adaptation to pregnancy is impaired (Thilaganathan 2017; Thilaganathan & Kalafat 2019;
Yagel & Verlohren 2020; Kornacki et al. 2024).

1.1 Epidemiology and classification of hypertensive disorders of pregnancy

HDP are a leading cause of maternal and perinatal morbidity and mortality globally
(Abalos et al. 2013). They account for approximately 14-18% of all maternal deaths
globally, with an estimated 62,000-77,000 maternal deaths, and 500,000 perinatal
deaths annually (Abalos et al. 2013; Brown et al. 2018; Khan et al. 2006; Say et al. 2014;
Magee et al. 2022).

The classification of HDP has undergone several changes over the last two decades.
Although different professional bodies in several different countries have their own
classifications, the most widely used are the American College of Obstetricians and
Gynecologists (ACOG) classification of 2013 which was upheld in 2019 (ACOG 2019),
and the International Society for the Study of Hypertension in Pregnancy (ISSHP)
classification of 2014 which was updated in 2018 and then again in 2021 (Brown et al.
2018; Magee et al. 2022) and is endorsed by FIGO (Poon et al. 2021). The 2019 South
African national guidelines on HDP (Moodley et al. 2019) endorses the more

comprehensive 2018 classification of the ISSHP (Brown et al. 2018).



ISSHP classifies HDP as follows:

I Hypertension known to be present before pregnancy oridentified before 20 weeks

of pregnancy or persisting beyond 12 weeks postpartum:

o Chronic hypertension (essential or secondary)
o White coat hypertension
. Masked hypertension

Il Hypertension arising de novo at or after 20 weeks’ gestation

. Transient gestational hypertension
. Gestational hypertension
o Preeclampsia de novo or superimposed on chronic hypertension

Preeclampsia (PE) is the hypertensive disorder of pregnancy associated with the greatest
risk of maternal and perinatal morbidity and mortality, especially when associated with
severe features or when it presents before 34 weeks’ gestation (von Dadelszen et al.
2011; Magee et al. 2014; Payne et al. 2014; Vousden et al. 2019). Chronic hypertension
and superimposed preeclampsia are also associated with increased risk of maternal and

perinatal maternal outcomes (Chappell et al. 2008).

In general, hypertensive disorders affect approximately 5-10% of all pregnancies
(Hutcheon et al. 2011; Jeyabalan 2013), with significant variations, ranging from 4 to 25%
(Wang et al. 2021; Dzakpasu et al. 2024; Maeda et al. 2025). The incidence of PE is also
variable, but the overall global incidence is estimated to be 2-8% (Duley 2009; Ahmed et
al. 2014). PE is associated with increased future cardiovascular risk and other long-term
complications beyond reproduction (Ahmed et al. 2014; Veerbeek et al. 2015; Ying,
Catov & Ouyang 2018; Poon & Feng 2023).

The incidence of PE in low- and middle-income countries (LMICs) ranges from 1.8 to
16.7% (Belay & Wudad 2019). In Africa as a whole, the prevalence of HDP is estimated to
be about 10% (Noubiap et al. 2019). Although population data are scanty, the prevalence

of HDP in sub-Saharan Africa is estimated to be about 8% (Gemechu et al. 2020). The
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prevalence of HDP was found to be 12.5%, and that of PE was found to be 5.8% in black
South African primigravid women in Durban (Makhanya et al. 2016). An earlier study
conducted in the Eastern Cape Province of South Africa reported an incidence of HDP
among women delivering at Mthatha General Hospital as 4.6%, with a PE incidence of
3.0% (Buga & Lumu 1999). The higher prevalence found in women in Durban is probably
because only primigravid women were included in the study, and primigravidae have a

higher risk of PE disorders than other women in general.

Preeclampsia, defined as the de novo hypertension after 20 weeks’ gestation
accompanied by either proteinuria or features of maternal organ dysfunction or
uteroplacental dysfunction (Braunthal & Brateanu 2019; Brown et al. 2018;Magee et al.
2022), is associated with a number of maternal and perinatal complications. In the past,
preeclampsia has been classified as mild, moderate, or severe, but in recent times the
use of this classification has been discouraged because the phenotype of preeclampsia
can change rapidly without warning. ISSHP (Brown et al., 2018; Magee et al., 2014),
ACOG (2020), and FIGO (Poon et al. 2021) recommend that preeclampsia should be
classified as preeclampsia without severe features or preeclampsia with severe
features. Preeclampsia with severe features also has several clinical phenotypes, which
include severe hypertension, imminent eclampsia, eclampsia, stroke, pulmonary
oedema, HELLP syndrome, preeclampsia with abruptio placentae, and preeclampsia
with acute kidney injury, or combinations of these (Nankali et al. 2013; Sapna & Saroja
2018). Except for severe hypertension, when a diagnosis of the other phenotypes of
preeclampsia with severe features is made, there is little room for expectant
management. Pregnancy is usually terminated as an emergency, and such patients are
often not included in pathogenetic and pathophysiological studies that require

prolonged patient observation.

Women with PE are also at increased risk of developing chronic hypertension, diabetes
mellitus, heart failure, stroke, end-stage renal disease, and cognitive impairment as

long-term complications (Miller 2019).



1.2 Pathogenesis of preeclampsia

Although the pathogenesis of PE has not yet been fully elucidated, the placenta plays a
significantrole in the development of this perilous disease. The leading hypothesis is that
of an inadequate placentation due to the deficient trophoblastic invasion of the uterine
spiral arteries (Redman 1991; Roberts & Escudero 2012; Staff 2019). However, defective
decidualization (Conrad et al. 2017; Conrad 2020; Garrido-Gomez et al. 2020), and faulty
cardiovascular adaptation to pregnancy (Thilaganathan 2017; Thilaganathan & Kalafat
2019; Yagel & Verlohren 2020; Kornacki et al. 2024) are now also considered to be

important contributors to the pathogenesis of preeclampsia.

Poorly invaded uterine myometrial spiral arteries exhibit resistance which results in
abnormal blood flow, ischemia-reperfusion injury, and then placental oxidative stress
(Burton etal. 2019). This oxidative stress provokes a cascade of events which culminates
in the clinical manifestations of pre-eclampsia, as discussed in detail in the literature

review below.

1.3 Angiogenic factors in preeclampsia

Several circulating biomarkers for risk stratification for PE have been studied. Among
these biomarkers are angiogenic and antiangiogenic factors such as placental growth
factor (PIGF) and soluble fms-like tyrosine kinase | receptor (Maynard et al. 2003; Allen
Meeme et al. 2017). Meeme etal. (2017b) found that PIGF levels were lower, and soluble
fms-like tyrosine kinase-1 (SFlt-1) levels were higher in pregnant black African women

with preeclampsia when compared with normotensive controls.

1.4 Cardiac biomarkers in pregnancy and preeclampsia

Other circulating biomarkers that seem valuable among hypertensive pregnant women
are NT-prohormone brain natriuretic peptide (NT-proBNP) and highly sensitive cardiac
troponin | (hs-cTnl) levels (Fayers, Moodley & Naidoo 2013; Szabé et al. 2014; Sadlecki,
Grabiec & Walentowicz-Sadlecka 2016; Ghomian et al. 2019; Ravichandran et al. 2019;
Gencheva et al. 2021; Bacmeister et al. 2024). Natriuretic peptides exert a
cardioprotective effect and inhibit cardiac re-modelling and are usually produced in
increasing amounts by cardiomyocytes in response to myocardial fibre stretching, low

blood pressure, and reduced cardiac output (Giannubilo et al. 2014; Sheikh et al. 2021).



Several studies have shown a significant increase in NT-proBNP in women with PE
compared to normotensive pregnant women, suggesting a correlation between elevated
systemic vascular resistance, left ventricular diastolic dysfunction, and depressed
cardiac output in these patients. (Szabd et al. 2014; Sadlecki et al. 2016; Ghomian et al.
2019; Gencheva et al. 2021; Jacobsen et al. 2022).

Furthermore, cardiac troponins are usually released into the bloodstream by damaged
cardiomyocytes, and their levels are increased in early-onset preeclampsia as well
(Ravichandran et al. 2019; Muijsers et al. 2020; Dockree et al. 2021; Bacmeister et al.
2024). These biomarkers, in general, are used for diagnosing cardiomyocyte injury
(Giannubilo et al. 2014; Dalal et al. 2016; Gencheva et al. 2021; Sheikh et al. 2021). A
large longitudinal cohort study covering 20 years revealed that 65% of cardiovascular
disorders occurred in women under 40, which is a typical age for pregnancy (Leon et al.
2019). Amongthese, women with one or more pregnancies affected by preeclampsia had
a hazard ratio of 2.13 (1.64-2.76) for heart failure and 2.12 (1.49-2.99) for cardiovascular
deaths. Giventhisincreased risk profile among pregnant women, particularly those with
a history of preeclampsia, it becomes increasingly important to identify reliable markers
that can predict the likelihood of cardiac failure in this vulnerable population.
Furthermore, a strong association between cardiac Troponin | and preeclampsia, both
during pregnancy and many years after pregnancy, has been reported in several studies
(Alma et al. 2017; Morton & Morton 2018; Ravichandran et al. 2019; Muijsers et al. 2020;
Gencheva et al. 2021; Jacobsen et al. 2022; Bacmeister et al. 2024). However, these
studies did not examine the relationship between NT-proBNP, hs-cTnl and central aortic
blood pressure in women with different types of HDP and the maternal and perinatal

outcomes.

In conclusion, the evaluation of NT-proBNP and hs-cTnl levels presents a promising
avenue for enhancing the management and monitoring of HDP. Given the established
associations between these biomarkers and cardiac dysfunction, as well as the
increased cardiovascular risk in women with a history of preeclampsia, further research
is needed to evaluate the relationship between these biomarkers and maternal and

perinatal outcomes.



1.5 Peripheral brachial blood pressure

The measurement of brachial peripheral blood pressure is currently an integral part of
antenatal care globally. An elevated brachial peripheral blood pressure has long been
considered the hallmark of HDP, including preeclampsia. However, brachial peripheral
hypertension does not necessarily correlate with maternal and perinatal outcomes,
exceptfortheincreased risk of intracranial haemorrhage when there is severe peripheral

hypertension (Sibai & Stella 2009).

The role of brachial blood pressure in prediction of future cardiovascular structural
damage, morbidity and mortality among non-pregnant adult population is well-
established in high-income countries, as well as in middle-income countries such as
China and Mexico(Lewington et al. 2002; Lacey et al. 2018; Tapia-Conyer et al. 2020).
Controlling brachial blood pressure can reduce the risk of cardiovascular death in

individuals as well as in populations(Martinez-Ayala et al. 2023).

However, while elevated brachial peripheral blood pressure is an important factor in
monitoring hypertensive disorders during pregnancy, its implications for maternal and

perinatal outcomes warrant further investigation.

1.6 Central aortic blood pressure

There is accumulating evidence that the central aortic blood pressure is more
independently correlated with future cardiovascular events than the brachial blood
pressure (Williams et al. 2006; Roman et al. 2009; Williams et al. 2018; Cheng et al.
2019). Central aortic blood pressure has been demonstrated to have a better
relationship to future cardiovascular events and mortality and is also more relevant than
peripheral brachial BP in predicting target organ damage, as it represents the true load
imposed on the heart, brain, kidneys, and the large arteries (Weber 2005; Roman et al.

2010; Baba, Johan & Mohan 2018; Williams et al. 2018).

Blood pressure-lowering drugs have also been shown to have substantially different
effects on CBP despite a similar effect on brachial blood pressure. Beta-blockers such
as atenolol are not as effective in lowering central aortic blood pressure as calcium
channel blockers, angiotensin converting enzyme inhibitors, and angiotensin Il receptor

blockers (Williams et al. 2006; McGaughey et al. 2016), although vasodilating selective



beta-blockers such as carvedilol, labetalol, and nebivolol appear to be as effective (Kim
etal. 2014; Pucci et al. 2014). This means that while the brachial pressure may appear well
controlled with drugs like atenolol, the central aortic blood pressure may remain poorly
uncontrolled, thus putting patients at risk of cardiovascular events. This therefore
suggests that CBP targets and selection of antihypertensive drugs with beneficial effects
on the CBP may be better for the management of hypertension than brachial blood

pressure and drugs that do not influence CBP (Pucci et al. 2014).

Aortic pulse wave velocity and arterial stiffness, which are the earliest indication of
endothelial dysfunction, are also associated with increased risk of cardiovascular events

and mortality (Laurent & Boutouyrie 2020; Hametner et al. 2021).
1.6.1 Measurement of central aortic blood pressure in pregnancy

Until recently, there were only invasive methods for studying CBP, and most of the
studies involved men and non-pregnant women (Williams et al. 2018). Use of
applanation tonometry made it possible to measure wave reflections, arterial stiffness,
and the central aortic blood pressure in the general population (Agabiti-Rosei et al. 2007;
Nelson et al. 2010) and in normotensive pregnant women (Fujime et al. 2012; Khalil et al.
2009; Macedo et al. 2008). One of the noninvasive methods which uses applanation
tonometry and pulse wave analysis for measuring arterial stiffness and central aortic
blood pressure is the SphygmoCor device (AtCor Medical, Australia). The SphygmoCor
has been validated against invasive methods of measuring central aortic blood pressure,
and as a result it has become the gold standard for the non-invasive estimation of CBP.
The SphygmoCor® XCEL device has recently been approved by the FDA for clinical use
(ATCOR 2020).

Another method for non-invasively measuring arterial stiffness and central aortic blood
pressure is the EndoPat (Itamar Medical, Israel), a device that consists of a finger
plethysmograph for sensing volume changes in the digit with each arterial pulsation
(Hamburg & Benjamin 2009; Meeme et al. 2017). The volume changes in the fingertip are

recorded digitally as pulse amplitude that can be tracked over time.



Applanation tonometry for measuring central aortic blood pressure has been studied in
normotensive pregnant women and in women with HDP (Macedo et al. 2008; Khalil et al.
2009; Fujime et al. 2012; Meeme et al. 2017; Namugowa et al. 2017). Macedo et al. (2008)
carried out a study involving 193 normotensive pregnant women with singleton
pregnancies at 11 to 41 weeks’ gestation, and 23 non-pregnant women, and found that
normal pregnantwomen had lower central aortic blood pressure and mean arterial blood
pressure than non-pregnant controls (96+8/67+7 mmHg vs 103+11/71+9 mmHg, and

81.1+7.2 mmHg vs 85+8.9 mmHg, respectively).

Khalilet al. (2009) studied pulse wave analysis in a prospective study involving 541 mixed
ethnicity normal women with singleton pregnancies, 45 of whom were followed up
longitudinally, using the SphygmoCor (Atcor Medical, West Ryde, Australia) and
applanation tonometry (Millar Instruments, Houston, Texas, USA). The mean normal
brachial blood pressure from 10-13 weeks’ gestation to 37 weeks’ gestation was 110/64
mmHg, and the mean normal central aortic blood pressure for the same period was

approximately 100/64 mmHg.

Fujime et al. (2012) carried out a cross-sectional study in 830 Asian women with normal
singleton pregnancies, 69 of whom had longitudinal data, from 12-36 weeks’ gestation,
using radial artery applanation tonometry as a non-invasive method for measuring
central systolic BP (cSBP) and augmentation index. They found that the median cSBP was
103 mmHg in the first trimester, 99 mmHg at 17-27 weeks’ gestation, and 105 mmHg at
34-36 weeks’ gestation. The median cSBP was lowest at mid-pregnancy and gradually
rose to 15 trimester levels in the 3™ trimester and postpartum. Maternal height showed a
negative association with cSBP but not with bSBP. Maternal BMI showed a positive
correlation with both the bSBP and cSBP. Women of =235 years had significantly higher

cSBP than women <35 years old.

The SphygmoCor device (AtCor Medical, Australia) became the gold standard for the
non-invasive estimation of CBP after its validation against invasive methods, and the
SphygmoCor® XCEL device has recently been approved by the FDA for clinical use
(ATCOR 2020). However, because of the time and controlled environmental conditions

needed for the use of the SphygmoCor, itis not suitable for routine clinical use in patients



with serious complications of preeclampsia such as eclampsia and abruptio placentae.
Similarly, the EndoPat (ltamar Medical, Israel) is a costly delicate machine that requires
a controlled environment and takes time to set up and is not suitable for routine clinical

use.

In conclusion, the measurement of central aortic blood pressure during pregnancy has
evolved with advancements in non-invasive techniques, such as applanation tonometry
and the use of devices like SphygmoCor and EndoPat. These methods have been
validated and shown to provide valuable insights into arterial stiffness and
cardiovascular health in pregnant women. However, the practical limitations of these
devices in acute clinical settings highlight the need for ongoing research and
development to improve accessibility and usability in managing complications such as

preeclampsia and related conditions.

1.6.2 Digital Blood Pressure Monitoring Technology and Wearables During

Pregnancy

The growing integration of digital technologies into maternal healthcare is reflected in
initiatives such as the digital adaptation kit for self-monitoring of blood pressure during
pregnancy developed by the World Health Organization (WHO 2025). This framework
provides operational guidance forincorporating digital tools into antenatal care systems
to support self-monitoring of blood pressure and facilitate early detection of
hypertensive disorders of pregnancy. The capacity of wearable technologies to provide
continuous, ambulatory and patient-driven monitoring has therefore generated
considerable interest, especially in pregnancy where repeated blood pressure

assessments are required (Denu et al., 2025; Rajkumar et al., 2025).

Evidence evaluating digital and eHealth interventions in maternal and cardiovascular
monitoring suggests that these technologies are generally feasible and acceptable to
users, as supported by qualitative outcomes indicating that eHealth interventions are
easy to use and demonstrate largely reduced health care service utilisation (Hu et al.
2025; Rajkumar et al. 2025). These findings support the broader integration of digital
monitoring approaches within antenatal care models, particularly where resource

constraints or geographic barriers limit access to frequent clinical review.



Recent advances in digital health technologies have expanded the possibilities for non-
invasive cardiovascular monitoring. In addition to oscillometric devices such as the
Microlife WatchBP Office Central, wearable technologies including smartwatches and
wrist-based sensors are increasingly being explored for blood pressure monitoring
(Henry et al. 2024). These devices typically use photoplethysmography and pulse wave
analysis combined with machine-learning algorithms to estimate physiological
parameters such as heart rate, pulse wave characteristics and, in some cases, blood
pressure. However, while these advancements have significant potential to transform
cardiovascular care, several challenges remain. Key among them is the need for
standardized protocols and comprehensive validation studies to confirm their reliability
and safety in clinical settings, especially in Black African population (Henry et al. 2024).
Furthermore, the accuracy of wearable blood pressure technologies may vary depending
on physiological state, calibration requirements and environmental conditions (Stergiou
et al. 2018). Evidence regarding their performance in African populations remains

particularly limited.

Importantly, most commercially available wearable devices estimate peripheral blood
pressure rather than central aortic blood pressure. With the notable exception of the B-
Pro Wristwatch (HealthSTATS, Singapore), which utilises applanation tonometry but
presents its own practical and methodological limitations, central blood pressure
measurement remains largely unavailable in wearable formats (Garcia-Ortiz et al. 2012).
This distinction is clinically important because central aortic pressure has been shown
to be more closely associated with cardiovascular outcomes than peripheral blood
pressure. This highlights the need for convenient, non-invasive and validated central

blood pressure devices that are suitable for use during pregnancy.

1.6.3 Oscillometric devices for measuring central aortic blood pressure

More portable, less cumbersome, non-invasive methods for measuring central aortic
blood pressure and arterial stiffness have been developed. One of these is the B-Pro
Wristwatch (HealthSTAT, Singapore) that derives the central aortic systolic pressure

from the radial pressure waveform using an N-point moving average method (Williams et
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al. 2011; Garcia-Ortiz et al. 2012). Another device is the Microlife WatchBP Office Central
(Microlife, Taiwan), an oscillometric method(Cheng et al. 2013; Verberk et al. 2016).
These methods are more portable and less restrictive than the SphygmoCor device and
the EndoPat device, and are easier to use in the clinical setting, with the least amount of
inconvenience to patients (Meeme et al. 2017; Namugowa et al. 2017). However, there is
scarcity of data on the use of B-Pro Wristwatch (HealthSTAT, Singapore) and Microlife
WatchBP Office Central (Microlife, Taiwan) in black African women with HDP, including

preeclampsia with severe features.

The B-Pro Wristwatch (HealthSTAT, Singapore) would have been particularly convenient
because it is worn on the wrist and takes the CBP and the pulse wave velocity
automatically and can easily be used on an ambulatory basis without interfering with
routine care of hypertensive pregnant women, including those with eclampsia. Although
it has been validated for use in pregnancy, it should be used with caution in patients with
confirmed preeclampsia because it appears to be less accurate (Jakes et al. 2021). In
addition, the B-Pro Wristwatch appears to be easily displaced with even slight
movements of the wrist and may stop measuring blood pressure. Its other disadvantage
is that it cannot be used to make spot single blood pressure readings since it is

programmed for 24-hour ambulatory blood pressure monitoring.

The Microlife WatchBP Office Central (Microlife, Taiwan), on the other hand, is a liquid
crystal oscillometric blood pressure monitor which can be used for measuring both the
brachial peripheral blood pressure, as well as the central aortic blood pressure non-
invasively (Cheng et al. 2013; Verberk et al. 2016). Its accuracy as a stand-alone CBP
monitor has been validated against invasive catheter-based CBP and mercury
sphygmomanometer-based PBP measurementsinthe general population (Stergiou et al.
2008; Cheng et al. 2013). However, reliability of Microlife WatchBP Office Central has not
been evaluated among local black pregnant women, as ethnicity affects blood pressure
readings (Stergiou et al. 2018; Hurrell et al. 2022). The Microlife Corporation makes
reliable oscillometric blood pressure devices which have been tested in pregnant
women with normal blood pressure, hypertension, as well as hypotension in low-
resource settings (Nathan et al. 2015; Vousden et al. 2019; Hurrell et al. 2022). However,

the reliability of Microlife WatchBP Office Central has not yet been adequately studied in
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pregnant women before, as previous studies have focused primarily on the general

population (Verberk et al., 2016).

Given these characteristics, the Microlife WatchBP Office Central could be a valuable
tool for measuring both brachial peripheral and central aortic blood pressure in women
with all phenotypes of hypertensive disorders of pregnancy. However, before it can be
incorporated into the planned experimental study for this thesis, it is essential to first
evaluate its reliability in Black African pregnant women. Establishing this reliability will
ensure that subsequent use in the experimental study vyields reproducibly and
dependable data, forming a robust foundation for assessing blood pressure dynamics in

this population.

1.7 Central aortic blood pressure in eclampsia

Eclampsia is a life-threatening complication of preeclampsia that accounts for majority
of deaths from HDP, as already stated above. It is defined as the occurrence of
generalized seizures or altered level of consciousness during pregnancy in a patient with
HDP, and is often preceded by features of preeclampsia, but can also occur as the first
sign of preeclampsia (Dimitriadis et al., 2023; Bartal & Sibai, 2022; Lam & Dierking, 2017).
The incidence is 10-fold higher in LMICs than in high-income countries because of poor
antenatal care, and perhaps because of the higher prevalence of multiple pregnancies
(Duley 2009; Vousden et al. 2019). The cerebral complications of eclampsia include
haemorrhage, stroke, brain oedema and acute brain herniation, and it also predisposes

to epilepsy and cognitive impairment later in life (Cipolla & Kraig 2011).

There is little correlation between the severity of peripheral blood pressure and the
occurrence of eclampsia. Several studies indicate that the peripheral blood pressure
may be normalor only mildly elevated in up to 40% of women with eclampsia ( Sibai 1990;
Douglas et al. 1994). Itis, however, not known how the peripheral blood pressure relates
with the central aortic blood pressure in patients with eclampsia in such circumstances,

as there is paucity of data in this regard.
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The mechanisms involved in eclamptic seizures are poorly understood. However,
vasogenic oedema appears to be the main underlying problem (Perry et al. 2020). The
mechanism of vasogenic oedema is either hypertensive encephalopathy (associated
with severe hypertension) or cerebral autoregulatory failure at a lower threshold (normal
or mildly elevated peripheral blood pressure). It is also possible that the central aortic
blood pressure, which is the pressure supplying blood directly to the brain via the
carotids, could be elevated in such patients when the peripheral blood pressure is either
normal or only mildly elevated. There is currently a dearth of data regarding CBP in
patients with eclampsia. Studies are therefore needed to assess the role of central aortic

blood pressure in eclampsia.

In conclusion, the relationship between central aortic blood pressure and eclampsia
remains largely unexplored, highlighting a significant gap in current research.
Understanding this relationship is crucial for improving the management and outcomes
of patients affected by eclampsia, especially in regions with limited access to quality

prenatal care.

1.8 Statement of the problem

Hypertensive disorders of pregnancy are a major clinical problem associated with
increased maternal and perinatal morbidity and mortality worldwide. Accumulative
evidence suggests that central aortic blood pressure is more closely correlated with
future cardiovascular events and renal disease than peripheral blood pressure in the
general non-pregnant population. This may also be true in patients with HDP in as far as
maternal and perinatal outcomes are concerned. Although there is evidence that CBP
and arterial stiffness measured at <14 weeks’ gestation is predictive of PE (Khalil 2008;
Khalil et al. 2009; Khalil et al. 2012), the effect of CBP and arterial stiffness on maternal
and perinatal morbidity and mortality outcomes has not yet been adequately studied,
especially among black African pregnant women. It has recently been shown that
increased maternal arterial stiffness in hypertensive preghancies is associated with
intrauterine growth restriction and small-for-gestational-age neonates (Perry et al.
2020). An earlier study by Lim et al. (2015) revealed that increased maternal CBP is

associated with higher blood pressures in the offspring at 3 years of age(Lim et al. 2015).
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However, both studies did not evaluate all maternal outcomes of raised CBP and arterial

stiffness.

It is known that the cerebrovascular complications of preeclampsia and eclampsia can
occur in the presence of mild elevations of peripheral blood pressure, and even in the
absence of proteinuria (Cipolla & Kraig 2011; Miller 2019). Since the blood flow to the
brain is controlled by central aortic blood pressure, it is possible that under conditions
when there is only mild elevation of the brachial blood pressure, the CBP may be much
higher, thus accounting for the vasogenic oedema typical of eclampsia, justifying the

need to know how the CBP behaves in patients with HDP and eclampsia.

While the role of angiogenic factors in the prediction of preeclampsia and its severity for
clinical use is established in some high-income countries such as the United Kingdom,
the tests are costly and not easily accessible in low resource settings. The levels of the
cardiac biomarkers NT-proBNP and hs-cTnl are known to be elevated in patients with
gestational hypertension and preeclampsia (Gencheva et al. 2021; Bacmeister et al.
2024). It has recently been suggested that these cardiac biomarkers could be used for
predicting the development of preeclampsia in patients with gestational hypertension or
chronic hypertension in low-resource settings, instead of using the expensive
measurement of angiogenic factors (Bacmeister et al. 2024). A study to assess the value
of cardiac biomarkers in HDP in low-resource settings would therefore address this

need.

Arterial stiffness and central aortic blood pressure, as well as biomarkers of endothelial
dysfunction, have recently been studied in pregnant black African women with PE at
Nelson Mandela Academic Hospital (Meeme et al. 2017; Namugowa et al. 2019).
However, these studies excluded patients with eclampsia, as well as those with
preeclampsia and severe features, mainly because these patients are usually obstetric
emergencies, and because the methods are time-consuming and inconvenient for

seriously ill patients.

This thesis included patients with different types of HDP and compared them with
normotensive pregnant controls. Women with preeclampsia and severe features such

as eclampsia, HELLP syndrome, pulmonary oedema, abruptio placentae, and acute
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kidney injury were specifically recruited in this thesis to assess the role of CBP and
cardiac biomarkers in their outcomes. The central aortic blood pressure was assessed
using the more portable Microlife WatchBP Office Central, following an evaluation of its
reliability. Serum cardiac biomarkers were also measured among women with different
types of HDP and normotensive controls to determine their added value in distinguishing

between these types of HDP.

1.9 Aims of the thesis

The aims of this thesis were to assess whether arterial stiffness in women with a history
of HDPpersists beyond the puerperal period. Additionally, the thesis aimed to evaluate
the correlation between central aortic blood pressure and the peripheral brachial blood
pressure measured using the Microlife WatchBP Office Central, as well as association
between CBP and adverse maternal outcomes, and the association between serum
levels of NT-proBNP and hs-cTnl and adverse maternal outcomes among pregnant black
African women with HDP and normotensive controls. Lastly, the thesis sought to
evaluate the likelihood of clinical practitioners incorporating additional clinical

diagnostic markers into the management of preeclampsia.

1.10 Research questions

I. Inwomen with a history of hypertensive disorders of pregnancy, does arterial
stiffness remain elevated beyond 6 weeks postpartum compared to women
with normal pregnancies?

.  Can the Microlife WatchBP Office Central device provide reliable peripheral
blood pressure measurements in pregnant women, particularly those with
hypertension?

lll.  What is the relationship between peripheral brachial blood pressure and
central aortic blood pressure as measured using the Microlife WatchBP Office
Central among black African pregnant women with HDP and normotensive

controls?

15



1.11

VI.

What is the normal central aortic blood pressure as measured using the
Microlife WatchBP Office Central and what is the threshold for central
hypertension among black African pregnant women?

Is there any association between the serum levels of NT-proBNP, hs-cTnl and
central blood pressure and adverse maternal outcomes in pregnant women
with HDP?

5. What are the perspectives and experiences of healthcare workers in utilizing
cardiac biomarkers for the clinical management of patients with

preeclampsia?

Research Objectives

1.11.1 The objectives of the thesis were:

16

1.

To systematically review and synthesize existing evidence to determine
whether arterial stiffness remains elevated beyond six weeks postpartum in
women with a history of hypertensive disorders of pregnancy.

To assess the reliability of peripheral systolic and diastolic blood pressure
measurements obtained using the Microlife WatchBP Office Central device in
pregnant women, including those with hypertensive disorders.

To evaluate the correlation and comparative use of peripheral blood pressure
and central blood pressure in identifying hypertension in pregnant women;
Additionally, to determine the threshold values for central systolic and
diastolic blood pressure as diagnostic criteria for mild and severe central
hypertension during pregnancy

To compare the levels of CBP, NT-proBNP, and hs-cTnl in women with
hypertensive disorders of pregnancy who have maternal complications.

To evaluate the experiences and perspectives of healthcare workers regarding
the clinical assessment and usage of cardiac biomarkers in patients with

preeclampsia.



1.12 Research methodology

The research methodology section describes the approaches used for systematic

review and meta-analysis, experimental study, and the survey.

1.12.1 Systematic review and meta-analysis

This subsection provides only a brief overview of the methodology for systematic review

and meta-analysis. Full methodological details are presented in Chapter 2.

1. Search Strategy

The protocol for the systematic review and meta-analysis was developed following the
Preferred Reporting Items for Systematic reviews and Meta-Analysis protocols (PRISMA-
P) 2015 Guidelines (Moher et al. 2016). A comprehensive search was conducted in
Medline, PubMed, Embase, Cochrane Library, Google Scholar, Web of Science, and
CINAHL. The following MeSH terms for database searches were used: (“Arterial
stiffness” OR “central blood pressure” OR “Pulse wave velocity” OR “Augmentation
index” OR “PWV” OR “Aix” OR “Alx@75”) AND (“Preeclampsia” OR “Eclampsia” OR
“Gestational hypertension” OR “Chronic hypertension” OR “Hypertensive disorders of
pregnancy” OR “pregnancy induced hypertension”) AND ( “After postpartum” OR “after

delivery” OR “after puerperium”).

2. Exposure and Comparator

The exposure was hypertensive disease during pregnancy or within 42 days post-delivery.
The hypertensive diseases included preeclampsia, gestational hypertension, chronic
hypertension, and chronic hypertension with superimposed preeclampsia. The control
group consisted of women under 60 years old with no history of HDP, cardiovascular
diseases, renal failure, or diabetes. The review included randomized and non-
randomized control trials, prospective and retrospective cohort studies, case-control

studies, and cross-sectional studies performed in humans. Studies were eligible if they

17



reported arterial stiffness indices (cfPWV, Alx, and Alx@75) measured at least 43 days

postpartum.

3. Data collection and risk of bias

Mendeley Reference Manager was used to store and manage searched items under the
following headings in a separate table: Authors, publication year, title of the study,
location of the study, participants ages, country, and main study findings (Elsevier 2023).
Two independent reviewers screened all the titles and abstracts using the predetermined
inclusion and exclusion criteria. Where consensus on eligibility could not be achieved, a
third reviewer was involved in the discussion. For case-control and cohort studies, the 9-
item Newcastle Ottawa Quality assessment scale or a modified version was used (Stang

2010).

4. Statistical analysis

Estimates of mean and +SD for arterial stiffness indices (cfPWV, Alx, Alx@75) for
women who had HDPs (for each subtype of HDP, as available) and normotensive
women was obtained from the relevant studies. For studies that provided data on the
association between these hemodynamic variables and the outcome of interest, we
meta-analyzed these effect measures using a random effects model. We performed a

subgroup analysis for each subtype of HDP, as available.

1.12.2 Experimental study

1. Study design
This was a cross-sectional study evaluating the central aortic blood pressure measured

non-invasively using Microlife WatchBP Office Central and cardiac biomarkers among
pregnant women with HDP, including those with complications, and normotensive
participants, as well as assessing the relationship of these with adverse maternal

outcomes.
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2. Study site
The study was conducted in the Maternity Unit of Nelson Mandela Academic Hospital

(NMAH), Mthatha, Eastern Cape Province. Nelson Mandela Academic Hospital is a 700-
bed level lll referral and teaching hospital. The maternity section of this hospital has 54
beds- 14 of these beds are in labour ward and the rest of the beds are in antenataland in

postnatal wards.

There are 21 hospitals and 18 clinics which refer patients to the maternity unit of NMAH.
All patients with HDP are routinely referred to NMAH. Those with preeclampsia, chronic
hypertension with superimposed preeclampsia, IUGR or abruptio placentae, imminent
eclampsia, and eclampsia are routinely admitted either to the antenatal wards or to the
Labour Ward High-dependency area. About 3600 deliveries are conducted at NMAH

annually.

3. Study population
The study population comprised of hypertensive and high-risk normotensive pregnant

women referred to NMAH during the study period. It is a standing policy that all patients
with preeclampsia and severe features and high-risk normotensive pregnant women are

all referred by the surrounding level 1 district hospitals to NMAH.

4. Sample size
With a catchment area estimated population of 1 862 214 (45% of the population are

males and 55% are females), about 400 000 of all females in the catchment area are in

the reproductive age (The Province of the Eastern Cape 2013).

The total number of deliveries at NMAH in 2021 was 3691, and the total number of women
with HDP who delivered in NMAH during the same period was 1448 (unpublished
departmental perinatal statistical data). Patients with HDP constituted 37% of all the

pregnant women who delivered at NMAH in 2020.

Based on the above figures, using the prevalence rate of 37% for HDP among women
delivering at NMAH, a power of at least 80% and confidence interval of 95%, for an in-

depth analysis of perinatal and maternal outcomes, an estimated sample size for the
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study was calculated to be 359, comprising of patients with HDP and normotensive

pregnant women, using the formula below.

The sample size (n) was calculated according to the Cochran formula: n=z2xp x(1-p)/

e?(Pourhoseingholi et al. 2013)

z=1.96,p=0.37,e=0.05

n=3.84x0.37x(1-0.37)/0.0025

n=0.8955/0.0025 = 358.191

n= 359

With a contingency of 10%, the final minimal sample size was 400 participants.

5. Selection criteria
All pregnant women admitted in the Maternity Ward at NMAH with HDP, as well as

normotensive pregnant women, were approached and informed about the study. Those
who volunteered were then asked to participate in the study. The guardians of minors
belowthe age of 18 years, and of patients with low Glasgow Coma Scale (GCS) who could
not give consent for themselves, were also be approached for consent to allow the
minors and the unconscious patients to participate in the study. This was important
because a number of eclamptic patients are below the age of 18 years and a number are
admitted with low GCS, and it was essential that they participated in this study.

Complicated HDP were characterised by any one or more of the following:

e Imminent eclampsia (blurred vison, visual scotomata, severe headache not
responding to ordinary analgesia, nausea, epigastric pain, and clonus)

e Eclampsia (reported or witnessed seizures)

e HELLP syndrome

e Pulmonary oedema

e Abruptio placentae

e Acute kidney injury (serum creatinine of 290 pmol/L)

e Severe uncontrollable hypertension (severe hypertension that does not respond

to nifedipine and labetalol, and three other oral agents).
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e Severe IUGR with absent or reversed flow on Doppler studies

e Intra-uterine Foetal death (IUFD)

Inclusion criteria for patients with HDP

The inclusion criteria for patients with HDP included the following:

e Patients with singleton pregnancies and HDP who were <18 years old whose
guardians give informed consent for participation in study.
e Patients with hypertensive disorders of pregnancy of any age with low GCS whose

guardians gave informed consent for them to participate in the study.

Exclusion criteria for patients with HDP

e Patients with hypertensive disorders of pregnancy who declined participation in
study or those who guardians do not give consent for participation in the study.

e Patients with hypertensive disorders of pregnancy who were <20 weeks’
gestation.

e Patients with hypertensive disorders of pregnancy who were dire emergencies
with no time to seek consent for participation in study.

e Patients with hypertensive disorders of pregnancy who withdrew consent after
initial granting of consent.

e Patients with diabetes mellitus.

e Patients with cardiac disease.

e Patients with chronic renal disease.

e Patients with multiple pregnancy

Inclusion criteria for normotensive pregnant women

e Normotensive patients with singleton pregnancies who consented to participate

in the study and had conditions such as placenta previa, preterm premature
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rupture of membranes, preterm labour, or patients admitted for repeat elective

caesarean section.

Exclusion criteria for normotensive pregnant women

e Patients with previous history of HDP.

e Patients with chronic hypertension (predating pregnancy or identified before 20
weeks of pregnancy).

e Patients with diabetes mellitus.

e Controls who developed HDP after recruitment.

e Patients with cardiac disease.

e Patients with chronic renal disease.

e Patients with multiple preghancy

e Patients with antiphospholipid syndrome or other autoimmune disease

e Patients taking medications that can affect blood pressure.

6. Sampling method
The study recruited consecutive patients admitted with HDP as well as normotensive

pregnant women who consented or for whom consent was granted and fulfilled the
inclusion criteria, until the required number of participants was reached. In this study, a
deliberate attempt was made to recruit a disproportionately larger number of patients
with preeclampsia and severe features, as well as eclamptic patients because patients
with these conditions were excluded in previous studies from NMAH because of the
emergency nature of their conditions (Meme et al., 2017 and 2017; Namugowa et al.
2018; Namugowa et al. 2019). Patients were recruited within 24 hours of their admission
to the labour ward. In normotensive women, peripheral blood pressure was measured

again before and after delivery to ensure they remained normotensive.
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7. Study procedures

Routine procedure for inpatients with HDP during the study period
On arrival at NMAH, all patients with preeclampsia without severe features who are <35
weeks’ gestation were admitted to the antenatal ward until after delivery. Patients with
preeclampsia and severe features or complications such as imminent eclampsia,
eclampsia, HELLP syndrome, abruptio placentae, foetal distress, preterm labour,
pulmonary oedema, etc, were admitted in the Labour Ward for stabilization, after which
they were usually delivered as an emergency, irrespective of the gestational age. Patients
who initially presented with preeclampsia without severe features who developed severe
features were also transferred to the Labour Ward for stabilization and delivery.
Corticosteroids in the form of betamethasone 12 mg 12 hourly (total dose 24 mg) were
routinely administered to all patients either at the referring hospital or at NMAH at

admission if the gestational period is <35 weeks.

Routine investigations carried out on all patients with HDP included full blood count
(FBC), urea and electrolytes (U&Es), liver function tests (aspartate aminotransferase,
alanine aminotransferase and lactate dehydrogenase) and non-stress test (NST) every 2-
3 days, ultrasound with Doppler studies every 2 weeks or weekly if these were abnormal
umbilical artery Doppler studies, and biophysical profiles when necessary. These
investigations were also carried out as baseline investigations in all patients with
complications of HDP who were due for termination of pregnancy and were repeated
every 2-3 days postpartum. Coagulation profiles were carried out in patients with

abruptio placentae and those with HELLP syndrome and repeated as necessary.

Methyldopa was routinely administered to all patients with HDP to maintain a target
blood pressure of 110-130/85 mm Hg according to the ISSHP and FIGO guidelines (Brown
et al. 2018; Poon et al. 2019; Magee et al. 2022). Patients with severe hypertension (SBP
of 2160 and/or DBP of 2110 mmHg) were started on oral nifedipine at a dose of 10 mg,
and this was repeated every 30 minutes for a maximum of 40-50 mg until the blood
pressure was <150/100 mmHg. If this failed, then the patients were put on the second
line of treatment with IV bolus doses of labetalol starting with 20 mg and doubled every

10-15 minutes until 80 mg, and the 80 mg dose was repeated until a maximum of 300 mg
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was given. If the IV bolus labetalol did not successfully control the severe hypertension
to <150/100 mmHg, the patient was put on labetalol infusion starting with 20 mg/hour,
and the infusion dose was doubled every 30 minutes until a maximum 160 mg/hour,
while monitoring the blood pressure. If this did not control the severe hypertension, then
the pregnancy was terminated by caesarean section under spinal anaesthesia. In
patients where control of the severe hypertension was achieved, expectant management
was continued, provided there were no other complications. Anti-hypertensive
maintenance treatment was continued with methyldopa to achieve the BP target of 110-
130/85. For those patients who were 234 weeks’ gestation, elective termination of

pregnancy was carried out.

Magnesium sulphate was administered prophylactically to prevent seizures when there
was severe hypertension or when there were complications such as imminent
eclampsia, and during delivery. All patients with eclampsia were routinely given
magnesium sulphate to prevent further seizures using the Pritchard regimen, while
monitoring respiration, urine output and deep tendon reflexes for sighs of magnesium
toxicity. Magnesium sulphate was continued for up to 24 hours after delivery, or the last

seizure, whichever was longer.

Most patients admitted with eclampsia were referred from level 1 hospitals and arrived
having already been started on magnesium sulphate. Few patients with eclampsia had
magnesium sulphate initiation at NMAH. Majority of patients received maintenance

treatment.

Patients who required organ support were admitted in the Intensive Care Unit after
consultation with intensivists/ anaesthetists and neuro-physicians. Premature babies

and babies with low Apgar score were routinely managed by neonatologists.

Patients with preeclampsia who are =35 weeks’ gestation and patients with
uncomplicated chronic hypertension or gestational hypertension who were at 237* were
admitted for baseline investigations and electively delivered within 48 hours, even if they

had no severe features or complications.
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For patients with preeclampsia and severe features who were not yet delivered, delivery
was carried out as an emergency, either by induction of labour or emergency caesarean

section based on obstetric indications.

Post-delivery, all hypertensive patients were continued on magnesium sulphate for at
least 24 hours, their BP is optimised, and they remained in the hospital for at 3-5 days or
until their condition was optimal. Before discharge, patients were counselled about
recurrence of HDP and the long-term cardiovascular, metabolic, renal and cerebral
complications. They were also advised about the need for aspirin prophylaxis in all future
pregnancies, starting <16 weeks’ gestation. A follow up at postnatal care clinic was done
a week post-delivery where their BP was also checked and a need for continuing

antihypertensives was evaluated until 12 weeks postdelivery.

Proteinuria
Random urine samples were analysed serially for protein creatinine protein ratio in all
patients with HDP who tested negative for protein on urine dipstick. These were mainly
patients with chronic hypertension without complications and patients with provisional
diagnosis of gestational hypertension to detect conversion to preeclampsia. A spot urine
protein/creatinine ratio of 20.3mg/mg (or 230 mg/mmol) was regarded as significant
proteinuria. A 24-hour urine protein was only carried out if the urine protein-creatinine

ratio was negative, and a reading of 2300 mg/|l was regarded as significant proteinuria.

All patients with chronic HT or provisional diagnosis of GHT were also regularly evaluated
for evidence of organ dysfunction, and those who developed any organ dysfunction

received a diagnosis of preeclampsia with severe features.

Anthropometric measurements of all participants

a. Height

Single measurements of height were done to the nearest centimeter using a standard
stadiometer, with participants wearing underclothes only, barefooted, feet together,

back and heels firmly against the upright of the height scale.

b. Body weight
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A digital platform weighing scale was used to measure the weights of the study
participants. Participants were asked to remove any heavy clothing items and shoes and
to step in the middle of the scale with feet parallel. The weight of the participant was

recorded to the resolution of the scale (0.1kg).

The BMI in pregnancy was then calculated using a formula: BMI = weight (kg)/ height (m?),
with full appreciation of the fact that the BMI during pregnancy is not a true reflection of

the non-pregnant BMI.

Peripheral Blood pressure measurements

Brachial blood pressure was measured using automated blood pressure devices that are
recommended for pregnancy and preeclampsia, specifically Microlife WatchBP Home A
BT or Omron HBP-1300 (Chung et al., 2009; Cao et al., 2015; Mazoteras-Pardo et al.,
2023; Sharman et al., 2023). Blood pressure was automatically recorded three times at
1-minute intervals, and the average of the three readings taken as the blood pressure and
documented. The conscious participant sat on a straight-back chair with the arm resting
on a table at the same level as the heart. A cuff of the appropriate size for the patients
was placed on the mid-arm of the dominant arm. For patients with low level of
consciousness who are normally placed recumbent on the left lateral side, the cuff was
placed on the right mid-arm place at the level of the heart. The device was then switched
on to automatically take the brachial blood pressure and the heart rate. BP
measurements with these devices were performed prior to the measurement of both the
brachial pressure and the central aortic pressure using the Microlife WatchBP Office

Central.

Measurement of brachial and central blood pressure using Microlife WatchBP
Office Central
Before using the Microlife WatchBP Office Central for measuring the peripheral and

central BP in patients with HDP and normotensive controls, an in-study pilot study was
carried out to evaluate the reliability of the peripheral blood pressure measurements
obtained using this device in pregnant women. It is worth noting that the reliability and
validation of the Microlife WatchBP Office Central have already been established in the
general population (Stergiou et al. 2008; Cheng et al. 2013). In particular, Cheng et al.

(2013) demonstrated that the device provides accurate central blood pressure readings
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compared with simultaneous invasive arterial measurements—the gold standard—
thereby confirming its validity for non-invasive central hemodynamic assessment.
However, limited data existed on its measurement reliability in pregnant women,

particularly among African populations.

Fifteen normotensive pregnantwomen, 15 women with gestational hypertension, and 15
women with preeclampsia were involved in the in-study pilot study, as recommended by
the Association of Advancement of Medical Instrumentation/European Society of
Hypertension/International Organization for Standardization (Stergiou et al. 2018;

Hurrell et al. 2022). Subsequently the same women were included in the main study.

The in-pilot study showed that the Microlife WatchBP Office Central device provides
reliable, and reproducible blood pressure measurements in pregnant women, including
those with hypertensive disorders. After the reliability evaluation exercise, the Microlife
WatchBP Office Central was then used for simultaneous measurement of both the
brachial blood pressure and central blood pressure in each participant. Being portable,
this device was used without much inconvenience to patients. The Microlife WatchBP
Office Central uses brachial pulse volume plethysmography (PVP) waveforms to
determine the central blood pressure. It is designed to perform PVP at a cuff pressure of
60 mmHg. Based on the analysis of the PVP waveforms, the central systolic pressure and

central pulse pressure values are automatically determined.

Before using the Microlife WatchBP Office Central, the correct size of cuff was selected
for each participant (medium-large size arm cuff: 22-42 cm; extra-large: 32-52 cm) and
placed over the dominant mid upper arm so that the air tube and artery mark arrow point
towards the lower arm. The cuff was wrapped around the arm, making sure the lower

edge of the cuff was approximately 2 cm above the elbow.

Central mode was selected for central blood pressure measurements on the preferred
arm. The Microlife WatchBP Office Central device automatically took two consecutive
measurements at 15 second intervals. At each measurement, the brachial blood
pressure was measured first, thereafter the cuff pressure held around 60 mmHg for 30
seconds to assess the central blood pressure value. The readings of the two brachial

blood pressures were automatically averaged and displayed, and the readings of the two
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central blood pressure readings were also averaged and displayed after the

measurement process was completed.

Patients with a low level of consciousness were placed on the recumbent left-lateral
position, and the brachial and central blood pressures were measured on the right upper

arm placed at the level of the heart.

The Microlife WatchBP Office Central can also measure the patient’s blood pressure on
both arms simultaneously, and this was used to select the arm with the higher BP values

in cases where there were significant differences of >5 mmHg.

Measurement of cardiac biomarkers
At recruitment, blood samples were collected for serum NT-proBNP and hs-cTnl. A total

of 10 mL of venous blood from the antecubital vein was drawn into tubes containing
EDTA. The plasma was separated by centrifugation at 3500 rpm for 15 minutes at4°C and
subsequently stored at -80°C until analysis. All assays were conducted using an Alinity

iISTAT automatic analyzer (Abbott, USA) in the central hospital laboratory.

Patient procedure for normotensive controls
As the normotensive controls were patients with heterogenous high-risk conditions,

such as placenta previa, previous caesarean section, premature rupture of membranes,
no routine procedures are reported here. However, their brachial blood pressures and
central aortic blood pressures were measured using the Microlife WatchBP Office
Central at the time of recruitment. Their peripheral blood pressure was taken again
before and after delivery to ensure they remained normotensive. Blood samples were

also taken for serum NT-proBNP and hs-cTnl at recruitment.

8. Data collection instrument and variables
A structured questionnaire (see Appendix 1) was used to collect data on all patients with

HDP and controls after recruitment. For those with low GCS, aspects of the
qguestionnaire were administered after they regained full consciousness. Other relevant
information about the diagnosis, clinical course, and both maternal and perinatal

outcomes were abstracted from the case files using a data collection instrument.
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Study variables

e Socio-demographic variables:

o Maternal age in years.

o Parity.

o Marital status categorized into married/divorced or single.

o Education, classified into no formal education, primary, secondary and

tertiary education.

o Occupation, classified into employed and un-employed.

e Blood pressure

o Presence and type thereof of HDP (GHT, preeclampsia, eclampsia,
chronic hypertension)
o Antihypertensives used (type, dose)
o Magnesium sulphate use
o Central and peripheral blood pressure levels
o Pulse wave analysis and augmentation index
e Complications of preeclampsia if present (HELLP syndrome, AKI, pulmonary

oedema, abruptio placentae, eclampsia, IUGR, IUFD)

e Antenatal care:

o Booking status

o Number of antenatal care visits

o Lastantenatal care visit before the current admission

o Infectious diseases: HIV, syphilis and others

o Chronic hypertension.

o Foetal complications such I[UGR, foetal distress and foetal death
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e |[ntrapartum care

o Mode of delivery

o Gestational age at delivery

o Magnesium sulphate (prophylactic or therapeutic)

o Apgarscore

o Sex of baby

o Weight of baby

e Postpartum care

o Use of magnesium sulphate

o Type of antihypertensive treatment

o Postpartum complications (PPH, AKI, ICU admission, maternal or

neonatal death)

9. Data entry, checking, and analysis
The data was checked for completeness and consistency before being captured using

the latest IBM SPSS STATISTICS software package for Windows (IBM Inc., Chicago IL,
USA). The data were summarized into proportions (%) for categorical variables, means
and standard deviation (SD) for continuous variables using figures and tables. To
examine the relationship between categorical variables such as types of HDP, and
maternal outcomes the Chi-square test was utilized. The Student’s t-test or Wilcoxon
signed rank test (for non-parametric data) was employed to compare the means or
medians of variables such as blood test results, age, and peripheral and central blood
pressure levels. Univariate analysis with Odds ratios (OR) were computed for association
between central aortic blood pressure and adverse maternal and perinatal outcomes, as
well the association of the cardiac biomarkers and adverse maternal and perinatal
outcomes using contingency table with 95% confidence intervals (95% CI). Multivariate
logistic regression models were used to identify the independent factors associated with

adverse maternal and perinatal outcomes. After adjustment for confounding factors,
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multivariate OR were calculated with 95% CI. A p <0.05 was considered statistically

significant.

10. Ethical considerations
Ethical approval to conduct the study was obtained from the Biosafety and Ethics

Committee of the Faculty of Medicine and Health Sciences, Walter Sisulu University
(Certificate Number 035/2022), and from the University of Stirling (Ethics number 13813).
Permission was also sought from the Provincial Department of Health and Nelson
Mandela Academic Hospital Administration before the research commenced (Ethics

number EC-202302-009).

Written consent was obtained from the participants, or from the parents/guardian in the
case of minors and patients with low level of consciousness. All consent forms were in
English and lIsiXhosa, the local language. Both, the investigator, and the assistant,
obtained consent from the participants or parents/guardians in layman’s terms and in
the language of their choice. Participants were free to opt out of the study if they chose

to without any penalties or breach of care.

All collected data were stored both physically, in a locked cupboard in a locked
storeroom, and electronically in a password-protected laptop for a minimum of 5 years.
Only the investigator, the supervisor, and the biostatistician had access to the
information. To ensure confidentiality, participants were assigned study numbers, and

their names, surnames and identities were not used in the study.
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1.12.3 Survey

This was a cross-sectional online survey of medical doctors in maternity units of
regional and tertiary hospitals using Google Forms. The variables included
demographic information, current employment status, years of experience, and the
level of the healthcare facility. Other questions focused on their clinical experience and
perspectives regarding the complications and management of preeclampsia, as well as

the use of cardiac markers in patients with this condition.

The study population consisted of medical doctors working in the maternity units at
Mthatha Regional Hospital, Nelson Mandela Academic Hospital, Cecilia Makhiwane
Hospital, and Frere Hospital. Allwho agreed to participate and provided consent were

included in the survey. Medical students and interns were excluded from the study.

1. Data Collection
There were a total of 46 medical officers and 25 medical specialists in the maternity

units across these hospitals, making a total of 71 potential participants. A pre-designed
online survey was distributed via email and WhatsApp to these 71 medical doctors, of

whom 58 agreed to participate.

2. Data Entry, Cleaning, and Analysis
Data was extracted from the Google Form and verified for accuracy before being

recorded using the latest version of IBM SPSS Statistics software for Windows (IBM Inc.,
Chicago, IL, USA). The data was summarized as proportions (%) and presented using
figures and tables. Responses to open-ended questions were analysed thematically.
The Chi-square test was employed to assess the association between categorical
variables, such as career and shared perspectives. A p-value of less than 0.05 was

considered statistically significant.
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3. Ethical considerations
Approval to conduct the study was obtained from the Walter Sisulu University Faculty of

Medicine and Health Sciences Research Ethics Committee (WSU HREC 037/2025)

before the research commenced. Informed consent was secured from all participants
prior to their involvement in the survey. To ensure anonymity, no names were included
in the Google Forms used in the study. The research posed no risks to the participants'

health or well-being.

1.13 Flowchart of studies

The thesis followed a sequential structure. A systematic review was first conducted to
evaluate evidence on arterial stiffness following hypertensive disorders of pregnancy.
This was followed by a reliability assessment of the Microlife WatchBP Office Central
device for measuring blood pressure in pregnancy. The subsequent clinical study
evaluated the relationship between peripheral and central blood pressure and the
association between central blood pressure and cardiac biomarkers in women with
hypertensive disorders of pregnancy. Finally, a survey of healthcare professionals
assessed current clinical practices and perspectives regarding biomarker screeningin

preeclampsia (Figure 1.1).
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Association of central and peripheral blood pressure with cardiovascular
biomarkers in women with preeclampsia

v

STUDY 1

Systematic Review and Meta-analysis (arterial stiffness after HDP)
Method:
* PRISMA-guided systematic search; Meta-analysis of arterial stiffness indices (cfPWV, Alx, Alx@75)

v

STUDY 2

Reliability Study (Microlife WatchBP Office Central)
Method:

¢ Cross-sectional study involving 45 hypertensives and normotensive pregnant women

v

STUDY 3

Central vs Peripheral BP Study (Correlation and diagnostic thresholds)
Method:
¢ Correlation analysis
¢ Determination of diagnostic thresholds using Linear regression and ROC

v

STUDY 4

Cardiac Biomarkers and Central blood pressure Study
(CBP, NT-proBNP and hs-cTnl in HDP complications)
Method:
* Measurement of CBP; Laboratory measurement of NT-proBNP and hs-cTnl
¢ Association with maternal complications of HDP

STUDY 5
Clinical Practice Survey(Management and cardiac biomarker use in preeclampsia)
Method:

* Cross-sectional survey of healthcare professionals

Figure 1.1 Flowchart of studies
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CHAPTER 2

2. Arterial Stiffness After 6 Weeks Postdelivery in Women with a History of

Hypertensive Disorders of Pregnancy: A Systematic Review and Meta-analysis
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Abstract

Introduction: The main objective of this systematic review was to determine if the
arterial stiffness remains elevated six or more weeks post-delivery in women with a

history of hypertensive disorders of pregnancy.

Methods and Analysis: A comprehensive systematic literature search was conducted
across multiple electronic databases, including Medline, PubMed, Embase, Cochrane
Library, Google Scholar, Web of Science, and CINAHL. We included studies assessing
arterial stiffness in women with a history of HDP between 43 days and 10 years
postdelivery, with participants under 60 years of age. The review followed the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis Protocols (PRISMA-P)
guidelines. We extracted data on arterial stiffness indices, including carotid-femoral
pulse wave velocity (cfPWV), augmentation index (Alx), and heart rate-adjusted
augmentation index (Alx@75), along with the mean * standard deviation for each study.
A random-effects model was used to the pool data, and heterogeneity was explored
through sensitivity and subgroup analyses. The risk of bias in the included studies was

assessed using the Newcastle-Ottawa Quality Assessment Scale.
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Results: Out of 121 identified articles, 12 studies involving a total of 856 women were
included in the final review after eliminating duplicates and studies that did not meet the

inclusion criteria.

The overall pooled data revealed a significantly elevated Alx and cfPWV among women
with a history of HDP. Specifically, the mean difference (MD) in Alx was 11.63 (95%
Confidence Interval (Cl): [1.72 - 21.54]), and for cfPWV, the MD was 0.53 (95% CI: [0.27
- 0.78]). Notably, while Alx showed no significant change in women within one year
postpartum (MD 14.85, 95% CI [-6.03 - 35.72]), an elevation was observed in those
beyond one year post-delivery (MD 9.11, 95% CI1[4.20 - 14.02]). cfPWV was also found to
be elevated in HDP patients both within one year (MD 0.59, 95% CI [0.32 - 0.86]) and
beyond one year (MD 0.45, 95% CI [0.03 - 0.88]).

In cases of early-onset preeclampsia, Alx did not show a significant increase; however, a
significantincrease in cfPWV was observed, with Alx having an MD of 1.55 (95% CI: -0.74
—3.84) and cfPWV an MD of 1.86 (95% CI: 0.25 - 3.47). For late-onset preeclampsia, there
was no significant difference in Alx (MD 2.44, 95% CI: -8.82 - 13.70) or cfPWV (MD 0.10,
95% Cl: -0.42 - 0.62).

Conclusion: This systematic review and meta-analysis suggest that arterial stiffness
may remain elevated beyond 6 weeks postpartum in women with a history of HDP.
However, the findings should be interpreted with caution due to heterogeneity across
studies and limited humber of available studies. High-quality longitudinal studies are
needed to confirm these results. In the meantime, regular cardiovascular monitoring for

these women is recommended while awaiting more conclusive evidence.

PROSPERO registration number: CRD42023461

Keywords: Hypertensive disorders of pregnancy, Arterial stiffness, Cardiovascular
disease, Pulse wave velocity, Augmentation index, Preeclampsia, Maternal morbidity,

Postdelivery risk
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2.1 Introduction

Hypertensive disorders of pregnancy (HDP), including gestational hypertension and
preeclampsia, contribute significantly to maternal morbidity and mortality
worldwide(Abalos et al. 2013). Research has consistently indicated that women with a
history of HDP face an increased risk of long-term cardiovascular issues, such as
hypertension, stroke, and heart disease (Parikh et al. 2021; Palmiero et al. 2025). One
important marker of cardiovascular health is arterial stiffness, which has been observed
to be elevated in women with HDP both during and after pregnancy (Torrado et al. 2015;
Meeme et al. 2017). Evidence suggests that arterial stiffness and central aortic blood
pressure are more closely linked to future cardiovascular events and renal
complications than peripheral blood pressure in non-pregnant populations, a trend that

may extend to HDP women in terms of their long-term cardiovascular outcomes.

From a physiological standpoint, the six-week mark post-delivery is noteworthy as it
typically signals the stabilization of hemodynamics (Umar et al. 2012; Sanghavi &
Rutherford 2014). Throughout pregnancy, women experience considerable metabolic
demands and cardiovascular adaptations that differ by trimester and gradually
normalize after delivery (Soma-Pillay et al. 2016). Key cardiovascular changes during
pregnancy include an increase in cardiac output and blood volume, accompanied by a
decrease in systemic vascularresistance (SVR). In particular, during pregnancy, elevated
serum levels of progesterone and relaxin, a peptide hormone produced by the corpus
luteum and placenta, facilitate systemic vasodilation (Soma-Pillay et al. 2016; Sanghavi
& Rutherford 2014). This process results in a 25 to 30% reduction in SVR during
pregnancy, with levels normalizing within two weeks postpartum and other vascular
changes returning to normal during the six-week puerperal phase (Sanghavi & Rutherford
2014). Examining how arterial stiffness evolves after this timeframe is essential for

understanding awoman's cardiovascular health trajectory and potential long-term risks.
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Although studies indicate that central blood pressure and arterial stiffness measured
before 14 weeks of gestation can predict preeclampsia, further evaluation is needed on
their impact on future cardiovascular health (Umar et al. 2012; Sanghavi & Rutherford
2014; Meeme et al. 2017). Importantly, increased maternal arterial stiffness in
hypertensive pregnancies has also been associated with intrauterine growth restriction
and small-for-gestational-age infants (Perry et al. 2020). Research has also found
associations between elevated maternal arterial stiffness and central blood pressure,
foetal growth restriction, and smallfor gestational age infants, aswell asincreased blood
pressure in offspring by the age of 3 years (Lim et al. 2012; Perry et al. 2020). However,
there is limited global data on whether arterial stiffness remains elevated beyond six

weeks postpartum in women who have a history of HDP.

Global research investigating this issue reveals both regional variations and consistent
patterns of elevated risk. i) In United Kingdom: Research shows thatwomen with a history
of HDP face significant long-term cardiovascular risks. These include accelerated
cardiovascular aging and an increased likelihood of developing various conditions such
as valvular heart disease (Honigberg et al. 2019). ii) In Canada: Evidence demonstrates a
strong association between HDP and persistent cardiovascular risk. Women who have
experienced preeclampsia may exhibit increased arterial stiffness for up to six years
postpartum (Werlang et al. 2023).This growing body of evidence suggests that arterial
stiffness may remain elevated beyond puerperium, reinforcing the need for regular
cardiovascular monitoring in women with a history of HDP; iii) In Asia, particularly Korea,
research suggests that elevated arterial stiffness seen in women with HDP during
pregnancy may return to baseline levels after delivery (Kim et al. 2020). This variation in
findings emphasizes the importance of conducting a global review to understand the
long-term effects of HDP on arterial health. iv) In Africa, where HDP is a major cause of
maternal mortality, research on the lasting cardiovascular effects of HDP is still
emerging but gradually increasing. Some studies suggest that women with a history of

HDP may contend with a greater risk of cardiovascular disease; however, further
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research is essential to evaluate the specific role of arterial stiffness after delivery
(Meeme et al. 2017; Namugowa et al. 2017). Given the significant long-term
cardiovascular risks associated with HDP, it is crucial to understand the duration of
elevated arterial stiffness. This systematic review synthesized the existing literature to

provide a better picture of the long-term effects of HDP on arterial health.

2.2 Objective

The objective of this systematic review was to determine if the arterial stiffness remains
elevated after six weeks post-delivery in women with a history of hypertensive disorders

of preghancy.

2.3 Methods

This protocol was developed following the Preferred Reporting Items for Systematic
reviews and Meta-Analysis protocols (PRISMA-P) 2015 Guidelines (Moher et al. 2016). A
comprehensive search was conducted in Medline, PubMed, Embase, Cochrane Library,
Google Scholar, Web of Science, and CINAHL. The following MeSH terms for database
searches were used: (“Arterial stiffness” OR “central blood pressure” OR “Pulse wave
velocity” OR “Augmentation index” OR “PWV” OR “Aix” OR “Alx@75”) AND
(“Preeclampsia” OR “Eclampsia” OR “Gestational hypertension” OR “Chronic
hypertension” OR “Hypertensive disorders of pregnancy” OR “pregnancy induced
hypertension”) AND ( “After postpartum” OR “after delivery” OR “after puerperium”).

One example of the search strategies used is shown in Table 2.1.
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Table 2 1. PubMed Search strategy

Search | Search items Hits

1 Arterial stiffness [tw] OR central blood pressure [tw] OR Pulse wave 21613
velocity [tw] OR Augmentation index [tw] OR PWV [tw] OR Aix[tw] OR
AlXx@75[tw]

2 Preeclampsia [tw] OR Eclampsia[tw] OR Gestational hypertension[tw] 69722
OR Chronic hypertension[tw] OR Hypertensive disorders of pregnancy

[tw] OR pregnancy-induced hypertension [tw]

3 After postpartum [tw] OR after delivery [tw] OR after puerperium [tw] 21178
4 #2 AND #3 2098
5 #1 AND #4 23

The exposure

The exposure was hypertensive disease during pregnancy or within 42 days post-delivery.
The hypertensive diseases included preeclampsia, gestational hypertension, chronic
hypertension, and chronic hypertension with superimposed preeclampsia.
Preeclampsia was defined as persistent de novo hypertension that develops at or after
20 weeks of gestation, accompanied by either proteinuria or features of maternal organ
or uteroplacental dysfunction. Features of maternal organ dysfunction include acute
kidney injury (creatinine >90 pmol/L or 1 mg/dL), liver involvement (elevated alanine
aminotransferase or aspartate aminotransferase >40 IU/L) with or without right upper
quadrant or epigastric abdominal pain, neurological complications (such as eclampsia,
altered mental status, blindness, stroke, clonus, severe headaches, and persistent
visual scotomata), and haematological complications (decreased platelet count
<150,000/uL, disseminated intravascular coagulation, haemolysis). Uteroplacental
dysfunction includes fetal growth restriction, abnormal umbilical artery Doppler

waveform analysis, or stillbirth (Brown et al. 2018; Braunthal & Brateanu 2019).
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Gestational hypertension was defined as persistent de novo hypertension that develops
at or after 20 weeks of gestation in the absence of features of preeclampsia. Chronic
hypertension referred to high blood pressure predating the pregnancy or recognized at <
20 weeks of gestation. Chronic hypertension with superimposed preeclampsia was
diagnosed when preeclampsia occurred in a pregnant woman who had pre-existing

chronic hypertension.

Inclusion criteria

We included randomized and non-randomized control trials, prospective and
retrospective cohort studies, case-control studies, and cross-sectional studies

performed in humans. The studies were included based on the following criteria:

1.Women with a history of HDP, aged under 60 years.

2.Studies reporting arterial stiffness indices (cfPWV, Alx, and Alx@75) at least 43 days

postpartum.

There were no restrictions by the date of publication.

Exclusion criteria

We excluded case series and reports, cost-benefit analyses, and qualitative research, as
well as reviews, newspapers, books, conference abstracts, theses, commentaries,
letters, editorials, and unpublished data. Animal and in vitro studies were also excluded.
Studies that only assess arterial stiffness measurements during pregnancy, labour, and

delivery or within 6 weeks post-partum were excluded.

Comparator

The control group consisted of women under 60 years old with no history of HDP,

cardiovascular diseases, renal failure, or diabetes.
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Data collection

Mendeley Reference Manager was used to store and manage searched items under the
following headings in a separate table: Authors, publication year, title of the study,
location of the study, participants ages, country, and main study findings (Elsevier 2023).
Two independent reviewers screened all the titles and abstracts using the predetermined
inclusion and exclusion criteria. We followed PRISMA-P guidelines. Records identified as
potentially eligible based on title, abstract, and full texts were obtained to screen. Where
consensus on eligibility could not be achieved, a third review author was involved in the
discussion. When the same cohort was reported in multiple articles, the study which
contains the largest sample was selected. Data from selected studies were extracted

and entered into a Microsoft Excel spreadsheet.

Risk of bias

Two independent authors evaluated the methodological quality of all included studies.
Where consensus on eligibility could not be achieved, a third reviewer was involved in
the discussion. For case-control and cohort studies, the 9-item Newcastle Ottawa
Quality assessment scale or a modified version was used (Stang 2010). Disagreements
among the two authors was resolved by consultation with the other authors to reach a

consensus. No studies were excluded based on the risk of bias assessment.

Potential sources of heterogeneity were first assessed using the I statistic (Deeks et al.
2019). Values of 25% or less were classified as low, around 50% as moderate, and 75%
or more as high. The subgroup and sensitivity analyses using RevMan 7.2.0 and NOS
assessment scale were performed. Since all subgroups contained fewer than ten

studies, a funnel plot was only created for those with six or more studies.

Statistical analysis

Estimates of mean and +SD for arterial stiffness indices (cfPWV, Alx, Alx@75) for
women who had HDPs (for each subtype of HDP, as available) and normotensive
women was obtained from the relevant studies. For studies where the estimates were

reported as the median and interquartile range, approximate estimates of mean and
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+SD were calculated using the available estimates of the median and, first quartile and
third quartile. These data were summarized using a DerSimonian and Laird random-
effects model (DerSimonian & Kacker 2007). A separate meta-analysis was conducted
for each hemodynamic indices of interest (cfPWV, Alx, Alx@75) for the combined
outcome in those who had HDPs. For studies that provided data on the association
between these hemodynamic variables and the outcome of interest, we meta-analyzed
these effect measures using a random effects model. We performed a subgroup

analysis for each subtype of HDP, as available.

2.4 Results

Study selection

Through our literature search, we identified 121 articles. After removing 22 duplicates
and excluding 70 based on title and abstract screening (see Figure 2.1), Twenty-nine
articles remained that were eligible for full-text review. Out of these, 12 studies were
included in the final review. Specifically, there were 4 cross-sectional studies, 5 cohort
studies, and 3 case-control studies (Table 2.2). The total number of participants across

the studies was 856 women with HDP and healthy women.
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Figure 2 1: Flow diagram of study inclusion
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Table 2. 2: Data Extraction Table

St | Auth Cou | Stu Sample | Population | Time Arterial Mean = SD of | Comparis | Elevated Risk of Bias | Other Key

u | ors ntry | dy Size Characteri Postpa | Stiffness | Arterial on Group | Arterial Assessmen | Findings

d | (year) Desi stics (age, rtum Measure Stiffness stiffness t

y gn comorbiditi (cfPWV, (Yes/No) (Cochrane/

es) Alx) NOS)

1 Namu | Sou | case | 30(15 African 15 cfPWV, Alx | Mean: Normal Yes Low risk Significant
gowa | th - preecla Black; 16- weeks 59m/s+ pregnancy difference in
etal. Afri | cont | mpsia 40 years; no 0.09. group cfPWV between
(2017 | ca rol 15 CVvD 23 +16% HDP and normal
) control) group

2 Paez Arg | Cas | 40 18-33years | 2years | cfPWV, Alx | Mean: Normal Yes Low risk Significant
etal. enti | e- (20;20) old; 10.5m/s = pregnancy difference in
(2009 | na cont no CVD 2.3; group cfPWV between
) rol 37.5x5.1% HDP and normal

group

3 | Christ | Den | coh | 48 Average 40 1year cfPWV, Alx | Mean: Normal No Low risk The hypertension
ensen | mar | ort (24;24) years old; 8.03m/s = pregnancy exposed women
etal. k no CVD 0.93; group tended to have a
(2016 22.1+9.22% higher aPWVv
) compared to

unexposed
women; but the
difference was
not significant

4 Poléni | Port | Cros | 100 no CVD 10 cfPWV, Alx | 6.7m/s £1.1; Normal Yes Low risk Significant
aet ugal | s- (45;55) years 25.7+5.1% pregnancy difference in
al. secti group cfPWV between
(2014 onal HDP and normal
) group

5 Ehren | Unit | coh 74 18 years 1year cfPWV, Alx Normal Yes Low risk Significant
thal ed ort (33;41) and above; 6.2m/s +1.5; | pregnancy difference in
et al. Stat White and 22.0£ 13.4; group cfPWV between
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(2014 | es African HDP and normal
) of Americans; group
Am no CVD or
eric Diabetes
a
6 Franz | Aus | coh 74 Unknown 3-6 cfPWV, Alx | 9.9 £ 1.6; Normal yes Low risk Presence of a
etal. tria | ort (53;21) month -10.7+ 211 pregnancy higher
(2013 S group cardiovascular
) risk in patients
after early-onset
pre-eclampsia.
7. | Werla | Can | Cros | 80 Average 36 6 cfPWV, Alx | 6.3m/s £1.0; Normal yes Low risk Significant
ng et ada | s- (40;40) years; no month 16.2+2.5% pregnancy difference in
al. secti CVvD s-6 group cfPWV between
(2023 onal years HDP and normal
) group
8. | Robb Unit | coh 37 Average 30 7 cfPWV, 7.3m/s £0.3; Normal Yes Low risk Significant
etal. ed ort (22;15) years; no weeks pregnancy difference in
(2009 | King CVvD group cfPWV between
) do HDP and normal
m group
9 | Evans | Unit | coh | 68 18-40years | 16 cfPWV cfPWV Normal No Low risk No significant
etal. ed ort (18;50) Black and month pregnancy difference in Alx
(2011 | Stat White s after Mean: group between HDP
) es participants | deliver 2.39m/s = and normal
of ; No y 0.8; group
Am preexisting
eric cardiac
a disease or
diabetes
mellitus
1 Moe Nor | Cros | 221 18 years 1year cfPWV 6.3m/s £2.9; Normal Yes Low risk Significant
0 etal. way | s- (126;95) | and above; after pregnancy difference in Alx
(2020 secti no CVD or deliver group between HDP
) onal renal y and normal
disease group
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hypertensio
n.

1 Ussel | Unit | Cros | 24(12;12 | White, 6-24 cfPWV 7.1m/s £1.1; Normal yes Low risk Significant
1 man ed s- ) Hispanic, month pregnancy difference in Alx
etal. Stat | secti black s after group between HDP
(2020 | es onal women; no deliver and normal
) of CVD y group
Am
eric
a
1 Orabo | Italy | Cas | 60 No CV risk 6 cfPWV cfPWV Mean: | Normal yes Low risk Significant
2 | naet e- (30;30) factors, month 8.42 m/s* pregnancy difference in
al. cont smoking, s-4 1.92 group cfPWV between
(2017 rol dyslipidemi | years HDP and normal
) a, after group
overweight, | deliver
diabetes y
mellitus or
chronic
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Study characteristics

The included studies, conducted between 2009 and 2023, came from various
countries: South Africa (1), Argentina (1), Denmark (1), Portugal (1), United States (3),
Austria (1), Canada (1), the United Kingdom (1), Norway (1) and Italy (1) (see Table 2.2).
These studies evaluated arterial stiffness, with some utilizing carotid-femoral pulse
wave velocity (cfPWV) and/or augmentation index (Alx) and/or Augmentation index

adjusted for heart rate (Alx@75).

While only two studies, Ehrenthal et al. (2014) and Moe et al. (2020), examined
composite HDP, other studies focused on specific types, including preeclampsia, early
preeclampsia, and late-onset preeclampsia. As a result, the findings were categorized
into four groups: composite HDP, preeclampsia, early preeclampsia, and late-onset

preeclampsia.
Risk of bias assessment

The risk of bias was assessed using the Newcastle-Ottawa Quality Assessment Scale
(NOS) for cohort and case-control studies, and a modified NOS for cross-sectional
studies. The assessment indicated that all studies had a low risk of bias (Table 2.3 and

Table 2.4).
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Table 2 3: NOS for the risk of bias and quality assessment of NRSs

Author Selection Comparability Exposure Selection Total
Score
Year
Adequate Representativ | Selection Definition of | Control for Ascertainment of Same method of | Nonresp
definition of | eness of of controls important or exposure ascertainment onse
patient patient cases | controls additional factors for participants rate
cases
Namugowa | * * * *x * * 7
etal.
2019
Christense * * * *k * * * 8
netal.
2017
Robb et al. * * * *k * * 7
2009
Orabonaet | * * * *x * * * 8
al.
2017
Paez et al. * * * *k * * 7
2008
Ehrenthalet | * * * *k * * 7

al.
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2014

Franz et al. * *ok * * 7
2013
Evansetal. | * *ok *% * 8
2011
NOS, Newcastle-Ottawa scale; NRS, non-randomized study.
Table 2 4. NOS (adapted for cross-sectional studies) for the risk of bias and quality assessment of NRSs
Author Selection Comparability Exposure Total
score
Year
Representative | Sample Non- Ascertainment of | Control for importantor | Assessment of the | Statistical test
ness of the size respondents the exposure additional factors outcome
sample (risk factor)
Poloniaetal. | % * ** ** *Kk * 9
2013
Werlang et * * * *x *k * 8
al.
2023
Moe et al. * * * * *x * 7
2020
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Usselman * * *

2020

* %

**k

NOS, Newcastle-Ottawa scale; NRS, non-randomized study.
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Comparison of Augmentation Index and pulse wave velocity between women with

all types of hypertensive disorders of pregnancy and normotensive women

A total of 7 studies assessed the Alx in patients with all various HDP compared to
normotensive women (Figure 2.2A). The pooled data demonstrated a significantly
elevated Alx among women with HDP, indicating a Mean difference (MD) of 11.63 and a
95% confidence interval (Cl) of [1.72 - 21.54]. This analysis included 345 participants,
comprising 167 women with HDP and 178 normotensive controls. The heterogeneity
among the studies was high, with an I? value of 98%. Additionally, the analysis of funnel

plots indicated the presence of publication bias, with a P value of 0.045 in the Egger’s

test (Figure 2.3).
A
HDP Healthy patients Mean difference Mean difference
Study or Subgroup Mean  SD  Total Mean SD  Total Weight IV, Random, 95% Cl IV, Random, 9§% CI
Christensen 2016 2209 922 24 182 624 24 151%  389(-0.56,8.34] -
Ehrenthal 2014 22 134 33 166 13 4 147%  540[-0.66, 11.46) -
Franz 2013 407 211 8 604 103 8 10.9% 49.70[33.43,65.97] ——
Namugowa 2018 23 16 15 188 143 15 131% 4.20(-6.66, 15.06] 4
Paez 2009 377 51 20 234 44 20 153% 14.30[11.35, 17.25] -
Polonia 2014 257 5.1 45 198 49 55 15.4%  590[3.93,7.87) .
Weriang 2023 162 25 22 87 19 15 155%  7.50[6.08,8.92] .
Total (Wald?) 167 178 100.0% 11.63 [1.72,21.54] <&
Test for overall effect: Z = 2.30 (P = 0.02) 20 25 0 25 50
Favours [experimental] Favours [control]

Heterogeneity: Tau® (REMLP) = 164.58; Chi* = 51.81, df = 6 (P < 0.00001); 1> = 98%
Footnotes

aCl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method
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Mean difference

Weight IV, Random, 85% CI

Mean difference
IV, Random, 95% CI

HDP Healthy patients

Study or Subgroup Mean sD Total Mean sD Total

Christensen 2016 8.03 0.93 24 7.68 0.77 24 104%
Ehrenthal 2014 6.2 1.5 33 57 1 41 8.7%
Evans 2011 2.39 0.8 18 2.54 07 50 116%
Franz 2013 9.9 1.6 8 T 1.2 8 2.8%
Moe 2020 6.3 29 126 57 1 95 9.5%
Namugowa 2018 59 0.09 15 5.83 1.23 15 8.3%
Paez 2009 10.5 23 20 9.8 23 20 2.7%
Polonia 2014 6.7 1.1 45 6.3 1 55 116%
Robb 2009 7.5 0.3 22 6.8 0.3 15 15.3%
Usselman 2020 71 1.1 12 6 07 12 6.9%
Werlang 2023 6.3 1 40 57 07 40 122%
Total (Walda) 363 375 100.0%

Test for overall effect: Z = 4.08 (P = 0.0001)

0.35[-0.13, 0.83]
0.50[-0.10, 1.10]
-0.15[-0.57 , 0.27]
2.90[1.51, 4.29]
0.60 [0.06 , 1.14]
0.07[-0.55, 0.69]
070[-0.73, 2.13]
0.40[-0.02, 0.82]
0.70 [0.50 , 0.90]
110[0.36 , 1.84]
0.60[0.22 , 0.98]

0.53 [0.27, 0.78]

o
—_—

L 4
-1 0 1 2

2

Favours [experimental]

Favours [control]

Heterogeneity: Tau® (REMLP) = 0.10; Chi* = 29.80, df = 10 (P = 0.0009); I = 64%

Footnotes
aCl calculated by Wald-type method.
bTau® calculated by Restricted Maximum-Likelihood method.

Figure 2. 2. The pooed mean difference of the AlIX (A) and PWV (B) of women with various
HDP and normotensive women
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Figure 2. 3. Funnel plot of included studies for Alx in women with HDP vs normotensive
patients

Furthermore, a total of 11 studies examined cfPWV in women with all various HDP
compared to normotensive women (Figure 2.2B). The pooled data showed a
significantly elevated cfPWV in women with HDP, with a MD of 0.53 and a 95% CI of
[0.27 - 0.78]. This analysis included 738 participants, comprising 363 women with HDP
and 375 normotensive controls. The studies showed moderate heterogeneity, with an I
value of 64%. Additionally, the analysis of funnel plots indicated the presence of

publication bias, with a P value of 0.002 in the Egger’s test (Figure 2.4).
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Figure 2 4. Funnel plot of included studies for PWV in women with HDP vs normotensive
patients

Comparison of Augmentation index and pulse wave velocity between women with
hypertensive disorders of pregnancy and normotensive women, within a year after

delivery and after more than a year after delivery
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Four studies investigated Alx in patients with HDP compared to normotensive controls
within one year after delivery (see Figure 2.5A). The results showed no significant
increase in Alx for women with HDP, reporting a MD of 14.85 and a 95% Cl of [-6.03 —
35.72]. Additionally, there was high heterogeneity among these studies, with an 1> value

of 97%.

In contrast, other studies focused on Alx in patients with HDP compared to
normotensive controls more than one year after delivery (see Figure 2.5B). The findings
indicated a significant increase in Alx for women with HDP, with a MD of 9.11 and a 95%

Cl of [4.20 - 14.02]. The heterogeneity in these studies was also high, with an 1> value of

94%.
A
HDP Healthy patients Mean difference Mean difference
Study or Subgroup  Mean sD Total Mean sD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Christensen 2016 22.09 9.22 24 18.2 6.24 24  26.3% 3.89[-0.56 , 8.34]
Ehrenthal 2014 22 13.4 33 16.6 13 41 260% 540[-066, 11.46]
Franz 2013 -10.7 21.1 8 -604 10.3 8 229% 49.70[33.43,65.97] —
Namugowa 2018 23 16 15 18.8 14.3 15 248% 4.20[-6.66, 15.06]
Total (Walda) 80 88 100.0% 14.85[-6.03,35.72]
Test for overall effect: Z = 1.39 (P = 0.16) e 2 m o
Test for subgroup differences: Not applicable Favours [experimental] Favours [control]

Heterogeneity: Tau® (REMLP, 95% CI) = 426.49 [108.83 , >4264.933822421315]; Chi* = 28.69, df = 3 (P < 0.00001); I* = 97%

Footnotes
aC| calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method

B
HDP Heaithy patients Mean difference Mean difference
Study or Subgroup Mean sD Total Mean sD Total Weight IV, Random, 85% CI IV, Random, 95% CI
Paez 2009 T 5.1 20 23.4 4.4 20 31.6% 14.30[11.35, 17.25] L]
Poldnia 2014 257 5.1 45 19.8 49 55 337% 5.90[3.93,7.87] L
Werlang 2023 16.2 25 22 87 1.9 15 347% 7.50 [6.08 , 8.92] u
Total (Wald?) 87 90 100.0%  9.11[4.20, 14.02] 4
Test for overall effect: Z = 3.64 (P = 0.0003) 100 0 o0 50 100
Test for subgroup differences: Not applicable Favours [experimental] Favours [control]

Heterogeneity: Tau® (REMLbP, 95% Cl) = 17.56 [3.61 , >175.60321120149925]; Chi® = 22.30, df = 2 (P < 0.0001); I* = 94%
Footnotes

aCl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method
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Figure 2.5. Pooled mean difference of the AlX of women with HDP and normotensive pregnant
women, within a year or less after delivery (A), and Pooled mean difference of the AlX of women
with HDP and normotensive pregnant women after one year following delivery (B)

Six studies evaluated cfPWV in women with HDP compared to normotensive controls
within one year after delivery (Figure 2.6A). The results demonstrated a significantly
higher cfPWV for women with HDP, reporting an MD of 0.59 and a 95% CI of [0.32 -

0.86]. The heterogeneity among these studies was moderate, with an 1> value of 41%.

Additionally, five studies focused on cfPWV in women with HDP compared to
normotensive controls more than one year after delivery (Figure 2.6B). The findings also
revealed a significant increase in cfPWV for women with HDP, with an MD of 0.45 and a
95% Cl of [0.03 - 0.88]. Heterogeneity in these studies was also moderate, with an 1>

value of 67%.

A
HDP Healthy patients Mean difference Mean difference
Study or Subgroup  Mean sSD Total Mean sD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Christensen 2016 8.03 0.93 24 7.68 0.77 24 182% 0.35[-0.13, 0.83] -—
Enhrenthal 2014 6.2 1.5 33 57 1 41  13.9% 0.50[-0.10, 1.10] ——
Franz 2013 99 16 8 7 1.2 8 3.5% 2.90[1.51, 4.29] E—
Moe 2020 6.3 29 126 57 1 95 157% 0.60 [0.06 , 1.14] ——
Namugowa 2018 59 0.09 15 5.83 1.23 15 13.1% 0.07 [-0.55 , 0.69] 1
Robb 2009 75 0.3 22 6.8 0.3 15 35.7% 0.70 [0.50 , 0.90] -
Total (Walda) 228 198 100.0% 0.59 [0.32, 0.86] <
Test for overall effect: Z = 4.28 (P < 0.0001) 5 4 0 1 2
Favours [experimental] Favours [control]

Heterogeneity: Tau® (REMLP) = 0.04; Chi® = 15.37, df = 5 (P = 0.009); I = 41%
Footnotes

aC| calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method
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HDP Healthy patients Mean difference Mean difference
Study or Subgroup Mean  SD  Total Mean SD  Total Weight IV, Random, 95% ClI IV, Random, 9§% CI
Evans 2011 239 08 18 254 07 50 251% -0.15[-0.57,0.27] R
Paez 2009 105 23 20 98 23 20 7.0% 070[-0.73,2.13] »
Polonia 2014 67 11 45 63 1 55 251%  0.40[-0.02,0.82] ——
Usselman 2020 71 11 12 6 07 12 166%  1.10[0.36,1.84] _—
Weriang 2023 6.3 1 90 57 07 40 262%  060[0.22,0.98) ————
Total (Walda) 135 177 100.0%  0.45[0.03,0.88] el
Test for overall effect: Z = 2.08 (P = 0.04) %5 o o8 1

Favours [experimental] Favours [control]

Heterogeneity: Tau® (REMLP) = 0.14; Chi* = 11.35, df = 4 (P = 0.02); 1= 67%

Footnotes
aCl calculated by Wald-type method.

bTau? calculated by Restricted Maximum-Likelihood method.
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Figure 2.6. Pooled mean difference of the PWV of women with HDP and normotensive pregnant
women, within a year or less after delivery (A), and Pooled mean difference of the PWV of women
with HDP and normotensive pregnant women after one year following delivery (B)

Comparison of Augmentation Index and Pulse Wave Velocity in Preeclamptic

versus Normotensive Women

A total of 4 studies assessed the Alx in patients with preeclampsia compared to
normotensive women (Figure 2.7A). This pooled data demonstrated a significantly
elevated Alx among women with preeclampsia, with a mean difference (MD) of 8.57 and
a 95% confidence interval (Cl) of [4.22 — 12.92]. The analysis included 207 participants,
comprising 102 women with preeclampsia and 105 normotensive controls. The
heterogeneity among the studies was high at 91%, indicating varying results across the
studies. In two studies (Namugowa et al. 2017 and Werlang et al. 2023) that adjusted
the Alx for heart rate (Alx@75), the Alx remained significantly elevated after the
adjustment, with a MD of 7.50 and a 95% ClI of [6.09 - 8.90] (Figure 2.7B). These two

studies showed no heterogeneity.

Additionally, an examination of cfPWV across eight studies indicated a significant
increase in cfPWV among women with preeclampsia, demonstrating an MD of 0.47 with
a 95% Cl of [0.20 - 0.74] (Figure 2.7C). This analysis involved 600 patients (298
preeclamptic and 302 normotensive). The studies displayed moderate heterogeneity,

with an I value of 62%.
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A

preeclampsia healthy patients Mean difference Mean difference
Study or Subgroup Mean  SD  Total Mean SD  Total Weight IV, Random, 95% ClI IV, Random, 95% Cl
Namugowa 2018 23 16 15 188 143 15 10.7% 4.20[-6.66, 15.06] —t
Paez 2009 377 51 20 234 44 20 28.0% 14.30[11.35,17.25] ——
Polénia 2014 257 51 45 198 49 55 302%  590[3.93,7.87] -
Werlang 2023 162 25 2 87 19 15 31.1%  7.50[6.08,8.92] -
Total (Walda) 102 105 100.0%  8.57 [4.22,12.92] -
Test for overall effect: Z = 3.86 (P = 0.0001) e e Y
Favours [experimental] Favours [control]
Heterogeneity: Tau® (REMLD) = 15.30; Chi? = 22.75, df = 3 (P < 0.0001); I = 91%
Footnotes
aCl calculated by Wald-type method.
bTau* calculated by Restricted Maximum-Likelihood method.
B
preeclampsia healthy patients Mean difference Mean difference
Study or Subgroup Mean  SD  Total Mean SD  Total Weight IV, Random, 95% ClI IV, Random, 95% Cl
Namugowa 2018 25 14 15 177 147 15 1.9% 7.30[-2.97,17.57] —
Werlang 2023 162 25 2 87 19 15 981%  7.50(6.08,8.92) [
Total (Wald?) 37 30 100.0%  7.50 [6.09,8.90] ¢
Test for overall effect: Z = 10.45 (P < 0.00001) 20 40 o0 10 20
Favours [experimental] Favours [control]
Heterogeneity: Tau® (REMLP) = 0.00; Chi#= 0.00, df = 1 (P = 0.97); I= 0%
Footnotes
aCl calculated by Wald-type method.
bTau* calculated by Restricted Maximum-Likelihood method.
preeclampsia healthy patients Mean difference Mean difference
Study or Subgroup Mean  SD  Total Mean SD  Total Weight IV, Random, 95% Cl IV, Random, 95% Cl
Evans 2011 239 08 18 254 07 50 149% -0.15[-0.57,0.27] —~+
Moe 2020 63 29 126 57 1 9% 11.9%  0.60[0.06,1.14] ——
Namugowa 2018 59 009 15 583 123 15 10.3%  0.07[-0.55,0.69) -
Paez 2009 105 23 20 98 23 20 31%  070[0.73,2.13] —_
Polonia 2014 67 1.1 45 63 1 55 149%  040[-0.02,0.82] —
Robb 2009 75 03 2 68 03 15 206%  0.70[0.50,0.90] -
Usselman 2020 74 11 12 6 07 12 84%  1.10[0.36,1.84] —
Werlang 2023 63 1 40 57 07 40 159%  0.60[0.22,0.98] -
Total (Walda) 298 302 1000%  0.47 [0.20,0.74] ¢
Test for overall effect: Z = 3.42 (P = 0.0006) 5 ¢ 3 4
Favours [experimental] Favours [control]

Heterogeneity: Tau? (REMLD) = 0.08; Chi? = 18.05, df = 7 (P = 0.01); I = 62%

Footnotes
aCl calculated by Wald-type method.
bTau* calculated by Restricted Maximum-Likelihood method.

Figure 2 7. The pooed mean difference of the Alx (A), AIx@75 (B) and PWV (C) of women

with preeclampsia and normotensive women
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The funnel plot was generally symmetrical; however, a few studies deviated from the

main axis, indicating the possibility of a small sample effect or publication bias. To

further investigate potential bias, Egger's test was conducted, which showed no

significant publication bias (p = 0.144) (Figure 2.8).
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Figure 2.8. Funnel plot of included studies for PWV in preeclamptic vs normotensive
patients. SE(Standard Error); MD (Mean difference)

Comparison of Augmentation Index and Pulse Wave Velocity in women with HDP

versus Normotensive Women

One study focused on Alx in patients with composite HDP against normotensive controls
(Ehrenthal et al. 2014) The results indicated no significant increase in Alx for women with
HDP (MD 5.40, 95% CI [-0.66 — 11.46]). The heterogeneity assessment was not applicable
due to the analysis being based on a single study. This analysis included a total of 74
participants, with 33 diagnosed with HDP and 41 who were normotensive. However, Alx
was found to be significantly elevated after adjusting for heart rate (Alx@75) (MD 6.40, 95%
CI[0.52 - 12.28]) [20].

Two studies, Ehrenthal et al. (2014) and Moe et al. (2020) analysed cfPWV in the context of
HDP, reporting no significant increase in cfPWV among affected women (MD 0.35, 95% CI
[-0.13 - 0.83]), with zero statistical heterogeneity noted (Figure 2.9). This part of the

analysis comprised 305 individuals (169 with HDP and 136 normotensive controls).

preeclampsia healthy patients Mean difference Mean difference
Study or Subgroup  Mean sSD Total Mean sD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Ehrenthal 2014 6.2 1.5 33 5.7 1 41 64.7% 050[-0.10,1.10]
Moe 2020 6.3 29 136 6.23 3.2 95 353% 007[-0.74,0.88]
Total 1689 136 100.0% 0.35[-0.13, 0.83]
Test for overall effect: Z = 1.42 (P = 0.15) {0 5 0 R
Test for subgroup differences: Not applicable Favours [experimental] Favours [control]

Heterogeneity: Chi* = 0.71, df = 1 (P = 0.40); I* = 0%

Figure 2 9. Pooled mean difference of the PWV of women with composite hypertensive
disorders of pregnancy and normotensive pregnant women
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Comparison of Augmentation Index and Pulse Wave Velocity among women with early

onset preeclampsia and normotensive Women

In the context of early onset preeclampsia (EOP), two studies, conducted by Christensen
et al. and Franz et al. (2013), evaluated the Alx and found no significantincrease
associated with EOP (MD 1.55, 95% CI [-0.74 - 3.84]), with a heterogeneity of 88% (Figure
2.10A). The studies included a total of 64 participants, comprising 32 EOP and 32
normotensive women. Orabona et al. (2017) was the only study to evaluate Alx after
adjusting for heart rate, and it indicated a significant elevation in Alx following this

adjustment (MD 0.94, 95% CI [2.17-3.70]).

Additionally, Christensen et al., Franz et al. (2013), and Orabona et al. (2017) also
assessed cfPWV in patients with EOP. The results indicated a significant increase in cfPWV
(MD 1.86, 95% CI1[0.25-3.47]) and a heterogeneity of 92%. A total of 124 participants were

included in these studies, consisting of 62 EOP and 62 normotensive women (Figure

2.10B).
A
preeclampsia healthy patients Std. mean difference Std. mean difference
Study or Subgroup Mean  SD  Total Mean  SD  Total Weight IV, Random,95% CI IV, Random, 95% Cl
Christensen 2016 209 922 24 182 624 24 545%  0.49[-0.09,1.06]
Franz 2013 407 211 8 604 103 8 455%  283[133,4.33 -
Total (Wald?) 32 32 100.0%  1.55[-0.74,3.84]
Test for overall effect: Z = 1.33 (P = 0.18) T
Favours [experimental] Favours [control]

Heterogeneity: Tau® (REMLY) = 2.41; Chi* = 8.22, df = 1 (P = 0.004); I = 88%
Footnotes

aC| calculated by Wald-type method
bTau? calculated by Restricted Maximum-Likelihood method.
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preeclampsia healthy patients Mean difference Mean difference
Study or Subgroup  Mean sSD Total Mean sD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Christensen 2016 8.03 0.93 24 7.68 0.77 24  361% 0.35[-0.13, 0.83] y
Franz 2013 99 16 8 7 1.2 8 29.2% 2.90[1.51, 4.29] .
Orabona 2017 8.42 1.92 30 5.86 0.5 30 347% 2.56 [1.85, 3.27] -
Total (Wald3) 62 62 100.0% 1.86 [0.25, 3.47] ‘
Test for overall effect: Z = 2.27 (P = 0.02) 20 100 10 20
Favours [experimental] Favours [control]

Heterogeneity: Tau® (REMLP) = 1.81; Chi? = 31.77, df = 2 (P < 0.00001); I* = 92%

Footnotes
aClI calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method

Figure 2 10. Pooled mean difference of the Alx (A) and PWV (B), of women with early onset
preeclampsia compared to normotensive women

Comparison of Augmentation Index and Pulse Wave Velocity among women with late

onset preeclampsia and normotensive pregnancy

Christensen et al. (2016) and Franz et al. (2013) also studied the Alx in cases of late-onset
preeclampsia. Their analysis showed no significant difference (MD of 2.44, 95%
confidence interval [-8.82- 13.70]) and indicated a heterogeneity of 65% (Figure 2.11A).
This study included a total of 64 participants, comprising 32 individuals with LOP and 32
normotensive controls. However, after adjusting for heart rate, Orabona et al. (2017) found
that the augmentation index was significantly higher in the LOP group (MD of 4.80, 95%

confidence interval [0.60 -9.00).

Furthermore, Christensen et al. (2016), Franz et al. (2013), and Orabona et al. (2017) also
assessed cfPWV in patients with LOP. Their findings indicated no significant increase in

cfPWV (MD 0.10, 95% CI [-0.42-0.62]), with a heterogeneity of 56% (Figure 2.11B). The total
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sample size in this analysis was 124 participants, including 62 with LOP and 62

normotensive individuals.

A
preeclampsia healthy patients Mean difference Mean difference
Study or Subgroup Mean sD Total Mean sD Total Weight [V, Random, 95% CI IV, Random, 95% CI
Christensen 2016 16.39 an 24 18.2 6.2 24 646% -1.81[-5.89,6227]
Franz 2013 -50.2 16.3 8 -60.4 10.3 8 354% 1020[-3.16, 23.56]
Total (Wald2) 32 32 100.0% 2.44[-8.82,13.70]
Test for overall effect: Z = 0.43 (P = 0.67) 20 0 & 10 20
Favours [experimental] Favours [control]

Heterogeneity: Tau® (REMLP) = 46.71; Chi* = 2.84, df = 1 (P = 0.09); I* = 65%

Footnotes
ac| calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method

B
preeclampsia healthy patients Mean difference Mean difference

Study or Subgroup Mean  SD  Total Mean SD  Total Weight IV, Random, 95% Cl IV, Random, 9§% CI
Christensen 2016 735 094 24 768 077 24 401% -0.33[-0.82,0.16]

Franz 2013 76 1 8 7 12 8 168%  0.60[-0.48,168)

Orabona 2017 616 111 30 58 05 30 431%  0.30[0.14,0.74]

Total (Walda) 62 62 100.0%  0.10 [-0.42,0.62]

Test for overall effect: Z = 0.37 (P = 0.71) 10 5 o I

Favours [experimental] Favours [control]

Heterogeneity: Tau® (REMLP) = 0.11; Chi* = 4.59, df = 2 (P = 0.10); I* = 56%
Footnotes

aCl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method

Figure 2 11. Pooled mean difference of the Alx (A) and PWV (B), of women with late-onset
preeclampsia compared to normotensive women
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Comparison of Augmentation Index and Pulse Wave Velocity among women with HDP

and normotensive pregnancy in cohort studies

A total of three studies assessed the Alx in patients with HDP compared to normotensive
women(Christensen et al. 2017; Ehrenthal et al. 2014; Franz et al. 2013) (see Figure 2.12A).
The pooled data demonstrated a significantly elevated Alx among women with HDP,
indicating a MD of 16.82 and a 95% Cl of [1.11 = 12.92]. This analysis included 138
participants, comprising 65 women with HDP and 73 normotensive controls. The
heterogeneity among the studies was high at 93%, suggesting varying results across the
studies. In the only study that adjusted the Alx for heart rate (AIx@75), Alx remained
significantly elevated after adjustment, with a MD of 6.40 and a 95% Cl of [0.52 - 12.28]
(Ehrenthal et al. 2014).

Furthermore, an examination of cfPWV across five studies showed no significant increase
in cfPWV among women with HDP, demonstrating a MD of 0.70 with a 95% CI of [-0.10 -
1.49] (see Figure 2.12B). The heterogeneity was again high at 93%, and this analysis

involved 243 patients (105 with HDP and 138 normotensive).

A
Experimental Control Mean difference Mean difference
Study or Subgroup  Mean sSD Total Mean sD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Christensen 2016 22.09 9.22 24 18.2 6.24 24  36.9% 3.89[-0.56 , 8.34] (-
Ehrenthal 2014 22 13.4 33 16.6 13 41 36.0% 5.40[-066, 11.46] -
Franz 2013 -10.7 211 8 -60.4 10.3 8 27.0% 49.70[33.43, 65.97] —
Total (Wald3) 65 73 100.0% 16.82[1.11, 32.53] -.-
Test for overall effect: Z = 2.10 (P = 0.04) 2010 0 10 20
Favours [experimental] Favours [control]

Heterogeneity: Tau® (DLP, 95% CI) = 168.77 [135.34 , >1687.7359025774967]; Chi2 = 28.53, df = 2 (P < 0.00001); I* = 93%
Footnotes

aC| calculated by Wald-type method.
bTau? calculated by DerSimonian and Laird method
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Experimental Control Mean difference Mean difference
Study or Subgroup  Mean sSD Total Mean sD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Christensen 2016 8.03 0.93 24 7.68 0.77 24 21.3% 0.35[-0.13, 0.83]
Ehrenthal 2014 6.2 1.5 33 57 1 41  20.5% 0.50[-0.10, 1.10]
Evans 2011 2.39 0.8 18 2.54 0.7 50 218%  -0.15[-0.57, 0.27]
Franz 2013 99 16 8 7 1.2 8 136% 2.90[1.51, 4.29] ——
Robb 2009 75 0.3 22 6.8 0.3 15 22.8% 0.70 [0.50 , 0.90] "
Total (Wald3) 105 138 100.0% 0.70 [-0.10, 1.49]
Test for overall effect: Z = 1.72 (P = 0.09) {0 5 0 5 10
Favours [experimental] Favours [control]

Heterogeneity: Tau® (REMLP, 95% CI) = 0.71 [0.16 , 11.17]; Chi® = 24.76, df = 4 (P < 0.0001); I* = 93%

Footnotes
aClI calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method

Figure 2 12. The pooed mean difference of the Alx (A) and PWV (B), of women with HDP and
normotensive women in cohort studies

Comparison of Augmentation Index and Pulse Wave Velocity in women with HDP

versus Normotensive Women in cross-sectional studies

Two studies focused on Alx in patients with HDP compared to normotensive controls
(Polonia et al. 2014; Werlang et al. 2023) (see Figure 2.13A). The results indicated a
significantincrease in Alx for women with HDP, with a MD of 6.85 and a 95% Cl of [5.31 —
8.39]. The heterogeneity among these studies was low at 40%. This analysis included a
total of 137 participants, with 67 diagnosed with HDP and 70 who were normotensive. In
one study, the Alx remained significantly elevated after adjusting for heart rate, with a MD

of 7.50 and a 95% Cl of [0.68 — 8.92](Werlang et al. 2023).

Four studies analysed cfPWV in the context of HDP, reporting a significant increase in
cfPWV among affected women, with a MD of 0.59 and a 95% CI of [0.35 - 0.82](Polénia et
al. 2014; Moe et al. 2020; Usselman et al. 2020; Werlang et al. 2023). No statistical
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heterogeneity was observed in this analysis (see Figure 2.13B). This part of the analysis

comprised 426 individuals (223 with HDP and 203 normotensive controls).

A
Experimental Control Mean difference Mean difference

Study or Subgroup Mean  SD  Total Mean SD  Total Weight IV, Random, 95% CI IV, Random, 95% CI

Pol6nia 2014 257 5.1 45 198 49 55 40.4%  5.90[3.93,7.87] -

Werlang 2023 16.2 25 22 87 19 15 596%  7.50[6.08,892] =

Total (Walda) 67 70 100.0%  6.85[5.31,8.39] L 2

Test for overall effect: Z = 8.73 (P < 0.00001) 20 40 o0 10 20

Favours [experimental] Favours [control]

Heterogeneity: Tau® (REMLP, 95% CI) = 0.51 [0.00 , >100]; Chi# = 1.66, df = 1 (P = 0.20); I* = 40%

Footnotes
aCl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method

B
Preeclampsia Healthy patients Mean difference Mean difference
Study or Subgroup Mean sSD Total Mean sD Total Weight [V, Random, 95% CI IV, Random, 95% CI
Moe 2020 6.3 29 126 57 1 95 18.7% 0.60[0.06 , 1.14] ——
Pol6nia 2014 6.7 1.1 45 6.3 1 55 321% 0.40[-0.02 , 0.82] -
Usselman 2020 71 11 12 6 0.7 12 102% 1.10[0.36 , 1.84] —_—
Werlang 2023 6.3 1 40 57 0.7 40 389% 0.60[0.22 , 0.98] -
Total (Walda) 223 202 100.0% 0.59 [0.35, 0.82] (]
Test for overall effect: Z = 4.88 (P < 0.00001) 4 2 2 4
Favours [experimental] Favours [control]

Heterogeneity: Tau? (DLP, 95% CI) = 0.00 [0.00 , 1.13]; Chi® = 2.64, df = 3 (P = 0.45); I = 0%
Footnotes

ac| calculated by Wald-type method.
bTau? calculated by DerSimonian and Laird method.

Figure 2 13. Pooled mean difference of the Alx (A) and PWV (B) of women with HDP and
normotensive pregnant women in cross-sectional studies
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2.5 Discussion

The systematic review presents a comprehensive analysis of the literature regarding arterial
stiffness in women with previous history of HDP, particularly pre-eclampsia. Most studies
revealed elevated arterial stiffness after six weeks post-delivery in women with a history of
preeclampsia, suggesting ongoing vascular dysfunction that could lead to an increased
cardiovascular risk lingering even years after pregnancy (Cecelja & Chowienczyk 2012). The
duration of the studies ranged from seven weeks postpartum to ten years post-pregnancy,
showcasing the long-term implications of preeclampsia on cardiovascular health. However,
not all studies demonstrated a consistent association between HDP and increased arterial
stiffness. For example, a Danish study by Christensen et al. and research by Evans et al. in
the United States reported no increase in arterial stiffness as measured by PWV and Alx
(Evans et al. 2011; Christensen et al. 2017). This indicates that, while a relationship may
exist, its impact can vary based on the demographic and clinical characteristics of the

populations studied.

The Alx, particularly after adjusting for heart rate, was found to be elevated in women with
HDP (Pdez et al. 2009; Poldnia et al. 2014; Orabona et al. 2017; Namugowa et al. 2019;
Werlang et al. 2023). This includes specific types such as composite preeclampsia and both
early and late onset preeclampsia, when compared to normotensive women (Orabona et al.
2017). This suggests a considerable increase in arterial stiffness, which may indicate a
heightened cardiovascular risk in this preeclampsia population. The high heterogeneity
(87%) observed among the studies points to variability in results, potentially due to
differencesin study populations, methodologies, or measurement techniques. Additionally,
a single study examining Alx@75 in women with composite HDP also reported a significant
increase, although heterogeneity assessment was not applicable in this case (Ehrenthal et
al. 2014). These findings reinforce the idea that women with various types of hypertensive
disorders experience increased arterial stiffness, emphasizing the associated
cardiovascularrisk. The consistently elevated Alxin both cohort and cross-sectional studies

further supports the notion that there is a significant alteration in arterial function among
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women with a history of HDP. Additionally, a review of Alx findings one year after delivery
indicates changes in vascular function in women with a history of HDP, suggesting a lasting
cardiovascular risk. Although arterial stiffness, as indicated by Alx, may not differ
significantly within the first year postpartum, long-term effects of HDP could increase
arterial stiffness and potentially, cardiovascular risk. Importantly, both women in their first
year after delivery and those beyond that period demonstrated a significant increase in

cfPWV.

Furthermore, pooled data from eleven studies comparing various hypertensive disorders in
normotensive women, as well as data from eight studies comparing preeclampsia and
normotensive women, revealed a significant increase in PMW (Péez et al. 2009; Robb et al.
2009; Evans et al. 2011; Poldnia et al. 2014; Namugowa et al. 2019; Moe et al. 2020;
Usselman et al. 2020; Werlang et al. 2023). However, studies on cfPWV for women with
composite HDP and late onset preeclampsia showed no significant increases (Paez et al.
2009; Moher et al. 2016). This suggests that while AIx@75 is elevated, reflecting increased
arterial stiffness, cfPWV might not indicate a similar degree of change, potentially

highlighting that the two measurements assess different aspects of arterial function.

cfPWV directly measures the speed at which pressure waves travel through the arterial tree.
A faster cfPWYV indicates stiffer arteries and is more representative of large artery function.
Itis lessinfluenced by peripheral changes and wave reflections from smaller arteries (Brown
1999). On the other hand, Alx measures the augmentation of pressure waves in the arteries
caused by reflected waves from peripheral sites (McEniery et al. 2014; Agabiti-Rosei et al.
2007). This metric reflects not only the stiffness of the arteries but also the timing and

intensity of these reflections.

Notably, the assessment of early-onset preeclampsia also revealed a significant rise in
cfPWV, contrasting with late-onset preeclampsia, which showed no significant changes.

This discrepancy may indicate that the early onset of preeclampsia is associated with
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distinct hemodynamic changes that are absent in the later onset. Furthermore, the absence
of significant mean differences in cohort studies, alongside notable findings in cross-
sectional studies, suggests that cfPWV may be a more variable measure influenced by
various factors present in different study designs. The contrasting results warrant further

investigation to understand better the relationship between cfPWV and HDP.

2.6 Limitations
This review had a limited number of studies, which could introduce bias. Additionally, a high

level of heterogeneity was observed in most group analyses. However, a low risk of bias was
identified when assessments were carried out using the Newcastle-Ottawa Scale.
Furthermore, the review adhered to the PRISMA-P guidelines, and a comprehensive search

was performed across several databases.

2.7 Conclusion
This systematic review and meta-analysis suggest that arterial stiffness may remain

elevated for more than 6 weeks postpartum in women with a history of HDP. However, the
findings should be interpreted with caution due to heterogeneity across studies and limited
number of available studies. High-quality longitudinal research is needed to confirm these
results. In the meantime, regular cardiovascular monitoring for these women is

recommended while awaiting more conclusive evidence.
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CHAPTER 3

3. Reliability of the Microlife WatchBP Office Central device for blood pressure

measurement in hypertensive and normotensive preghant women
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Abstract

Background: Accurate and reliable blood pressure measurement is essentialin
pregnancy, particularly for detecting hypertensive disorders, which can have serious
maternal and fetal consequences. The Microlife WatchBP Office Central device has been
validated for use in adults, but its reliability in pregnant populations has not been

established.

Objective: To assess the reliability of peripheral systolic and diastolic blood pressure
measurements obtained using the Microlife WatchBP Office Central device in pregnant

women, including those with hypertensive disorders.

Methodology: A cross-sectional study was conducted involving 30 hypertensive and 15
normotensive pregnant women. The definition of HDP adhered to the classification

recommendations set by the International Society for the Study of Hypertension in
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Pregnancy. Repeat blood pressure measurements were taken by two trained observers
using the Microlife WatchBP Office Central device. Reliability was evaluated using
coefficient of variation (CV), intraclass correlation coefficient (ICC), standard error of

measurement (SEM), and minimum detectable change (MDC).

Results: Both observers demonstrated high measurement precision, stability, and
reproducibility across groups. CVs were low (1.0-1.8%), indicating minimal intra-observer
variability. ICCs (0.97-0.99) confirmed excellent reliability, while SEMs (0.08-0.20 mmHg)
and MDCs (0.2-0.4 mmHg) reflected high measurement sensitivity. No statistically
significant inter-observer differences were observed (p > 0.05), confirming consistency
between observers. Inter-observer reliability during test and retest sessions was equally
strong, with ICCs of 0.96-0.99 for both parameters. SEM values remained low (<0.5

mmHg), confirming negligible observer-related variability.

Conclusion

The Microlife WatchBP Office Central device provides reliable, and reproducible blood
pressure measurements in pregnant women, including those with hypertensive disorders.
These findings support its use in routine clinical monitoring, enabling healthcare providers

to confidently detect and manage clinically significant blood pressure changes.

Keywords: Blood pressure, pregnancy, hypertensive disorders, reliability, Microlife

WatchBP Office Central, clinical monitoring.

3.1 Introduction

Measurement of blood pressure during pregnancy is an integral part of routine clinical
care, as it plays a crucial role in the timely detection and management of hypertensive

disorders of pregnancy (HDP), which can lead to significant morbidity and mortality for
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both mothers and infants (von Dadelszen et al. 2011; Magee et al. 2022). Accurate blood
pressure measurement is vital: inaccurate readings, whether they are overestimations or
underestimations of true blood pressure, can lead to inappropriate clinical decisions
(Whelton et al. 2018). Historically, the mercury sphygmomanometer has been considered
the gold standard for blood pressure measurement (Pickering et al. 2005). However, with
advances in technology, automatic oscillometric devices are increasingly utilized in
clinical settings. While these devices offer convenience and ease of use, it is essential that
they undergo thorough reliability evaluations, particularly in special populations such as
pregnant women. It is worth noting that the reliability and validation of the Microlife
WatchBP Office Central have already been established in the general population (Stergiou
et al. 2008; Cheng et al. 2013). In particular, Cheng et al. (2013) demonstrated that the
device provides accurate central blood pressure readings compared with simultaneous
invasive arterial measurements—the gold standard—thereby confirming its validity for
non-invasive central hemodynamic assessment. However, limited data exist on its

measurement reliability in pregnant women, particularly among African populations.

Pregnancy is characterized by several physiological changes, including variations in blood
volume, vascular resistance, and hormone levels, all of which can influence blood
pressure measurements (Sanghavi & Rutherford 2014; Whelton et al. 2018). As such, these
physiological adaptations necessitate specific evaluation of blood pressure monitoring
devices within the pregnant population (Thilaganathan 2017; Yagel & Verlohren 2020;
Kornacki et al. 2024). The Microlife WatchBP Office Central is a non-invasive oscillometric
blood pressure device capable of measuring both central and peripheral blood pressure.
Utilizing brachial pulse volume plethysmography (PVP), this device provides automatic
measurements of blood pressure and heart rate, presenting the results on a user-friendly
display. WatchBP Office Central is designed to perform PVP at a cuff pressure of 60 mmHg.
Based on the analysis of the PVP waveforms, the central systolic pressure (CBP) and

central pulse pressure values are automatically calculated. CBP estimations have shown
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heightened significance in recent research, suggesting that they may offer superior
predictive capabilities for cardiovascular risk compared to peripheral blood pressure
measurements (Protogerou et al. 2009; Wang et al. 2009). Furthermore, existing studies
indicate that women with HDP may experience elevated CBP relative to their normotensive

counterparts (Namugowa et al. 2017).

Given that pregnancy is recognized as a unique population by the American Association for
the Advancement of Medical Instrumentation, itis crucial to evaluate the reliability of the
Microlife WatchBP Office Central's peripheral blood pressure measurements specifically
in this group (Kollias et al. 2018). A key aspect of this assessment is quantifying
measurement variability, which establishes the threshold for meaningful change and
distinguishes true physiological signals from random noise. Quantifying the signal-to-noise
ratio is essential to minimize the risk of Type | and Type Il errors when interpreting changes
in blood pressure. Although the device has been validated for the general population,
confirming its reliability and variability during pregnancy is essential to ensure that any
observed changes in this thesis reflect genuine physiological differences rather than

coincidental measurement variation.

3.2 Objective
To assess the reliability of peripheral systolic and diastolic blood pressure measurements
obtained using the Microlife WatchBP Office Central device in pregnant women, including

those with hypertensive disorders.

3.3 Methods

This was a cross-sectional study conducted in the maternity unit at Nelson Mandela
Academic Hospitalin the Eastern Cape province of South Africa. Forty-five black African
pregnant women were recruited to participate in this in study. Of these 45 preghant
women, 30 were hypertensive (15 were preeclamptic, 15 had gestational hypertension),
and 15 were normotensive. The definitions of hypertensive disorders of pregnancy adhered

to the classification recommendations set by the International Society for the Study of
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Hypertension in Pregnancy (Brown et al. 2018). Ethical approval was granted by Walter
Sisulu University (ethics number 035/2022) and the Eastern Cape Department of Health
ethics committees (ethics number EC-202302-009), and informed consent was obtained

from all participants.

Blood pressure measurements were performed using the Microlife WatchBP Office Central
by two different observers. The same device was consistently used throughout the study,
and the observers were blinded to each other’s measurements. A third observer oversaw
the reliability assessment process. The circumference of each participant's arm was
measured to ensure that the appropriate cuff size was used. Each woman underwent two
consecutive blood pressure measurements, 3-5 minutes apart, from each observer.
Measurements were taken using the “same arm, consecutive measurements” protocol on
the left arm, which was supported at heart level (Kollias et al. 2018). The procedure was as

follows:
a) The participant was asked to relax for 5-10 minutes.

b) The participant was positioned seated, with legs uncrossed and back supported.

The statistical analysis was performed using IBM SPSS STATISTICS software package
version 31 for Windows (IBM Inc., Chicago IL, USA). Continuous data were analyzed using
means and standard deviations (SD). The coefficient of variation (CV) was determined
using the formula CV = (SD/mean) x 100. The standard error of measurement (SEM) was
calculated based on the standard deviation and the reliability coefficient. Additionally, the
minimum detectable change (MDC) was computed using the formula MDC = SEM x 1.96.
Paired t-tests were used to compare measurements between the two observers, while
independent t-tests were applied to compare values between the hypertensive and

normotensive groups, with a significance level set at p < 0.05.
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3.4 Results

3.4.1 Demographic characteristics of hypertensive cases and normotensive controls

Forty-five black African pregnant women were recruited to participate in this in study. Of
these 45 pregnant women, 30 were hypertensive (15 were preeclamptic, 15 had gestational
hypertension), and 15 were normotensive. The mean age of the participants was 27.5+7.3

years, and the mean gestational age was 35.7+3.6 weeks.

There were no statistically significant differences in the age, gravidity, and parity between
women with HDP and the normotensive controls (p>0.05), as shown in Table 3.1 below.
However, the mean gestational age of the women with HDP (34.4+3.6 weeks) was
significantly lower than the mean gestational age (38.4+1.5 weeks) of the normotensive
controls (p<0.0001). The controls had a significantly higher gestational age than the women
with HDP because they were only fully recruited after delivery to ensure they remained

normotensive.

As shown in Table 3.1 below, the mean pSBP was significantly higher in women with HDP
than in the normotensive controls (p = 0.001). Similarly, the pDBP was significantly higher
among women with HDP than in the normotensive controls (p<0.0001). The mean central
systolic blood pressure (cSBP) of women with HDP as measured using Microlife WatchBP
Office Central was also significantly higher than that of the normotensive controls
(p<0.0001). Although the mean central diastolic blood pressure (cDBP) of women with HDP
was higher than that of the normotensive controls, this did not achieve statistical

significance (p =0.801).
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Table 3. 1: Demographic characteristics of hypertensive cases and normotensive controls

Characteristics Hypertensive Normotensive Total Student’s t-test p

cases (N=30) controls (N=15) value (difference
between groups)

Mean £ SD Mean £ SD Mean £ SD

Age (years) 28.9+7.6 24.9%6.0 27.5%£7.3 0.08

Gravidity 2.3+1.3 2.2+1.7 2.3%1.4 0.83

Parity 1.3+0.9 1.4+0.8 1.3+0.9 0.72

Gestational age (wks) 34.4+3.6 38.4+1.5 35.7+3.6 <0.0001

pSBP (mmHg) 135.7+11.3 123.3+10.6 131.6+12.4 0.001

pDBP (mmHg) 82.2+7.8 64.7+5.4 76.4%£10.9 <0.0001

cSBP (mmHg) 130.1+12.1 114.4+12.5 124.9+14.2 <0.0001

cDBP (mmHg) 71.6+£13.1 70.6£11.2 71.3£12.4 0.80

pSBP = peripheral systolic blood pressure; pDBP = peripheral diastolic blood pressure; cSBP =
central systolic blood pressure; cDBP = central diastolic blood pressure; SD =standard deviation;

wks = weeks.

3.4.2 Test-Retest reliability of Microlife Office Central and minimum detectable

change in preghancy
Coefficient of Variation

Overall, both pSBP and pDBP demonstrated low measurement variability across observers
and participant groups, indicating high stability and reproducibility (Table 3.2). For
observer 1, the pSBP CV was 1.1% in the hypertensive group and 1.2% in the normotensive
group, reflecting excellent consistency. Observer 2 recorded pSBP CVs of 1.1% for
hypertensive participants and 1.0% for normotensives, further confirming the stability of
systolic measurements. A similar pattern of low variability was observed for pDBP:
Observer 1 recorded CVs of 1.1% in the hypertensive group and 1.7% in normotensives,

while observer 2 reported 1.6% and 1.8%, respectively. Paired t-tests showed no
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statistically significant inter-observer differences for either systolic or diastolic blood

pressure, highlighting the reliability of the measurements.

Table 3. 2: Coefficient of variation (%) for Blood Pressure Parameters taken by two
observers

Group Obs1 Obs2 Paired Obs1 Obs2 Paired
pSBP pSBP T-Test pDBP pDBP T-Test
P-value P-value
Hypertensives 1.1 1.1 0.12 1.1 1.6 0.17
Normotensives 1.2 1.0 0.23 1.7 1.8 0.17

Obs 1=0bserver 1; Obs 2= Observer 2; pSBP = peripheral systolic blood pressure; pDBP = peripheral diastolic
blood pressure.

The overall ICC values were exceptionally high, reflecting excellent intra-observer reliability
(Table 3.3). In the hypertensive group, observer 1 achieved an ICC of 0.99 for pSBP and 0.99
for pDBP, whereas observer 2 demonstrated an ICC of 0.97 for pSBP and 0.99 for pDBP. In
the normotensive group, observer 1 had ICC values of 0.99 for pSBP and 0.99 for pDBP. In

comparison, observer 2 demonstrated ICC values of 0.99 for pSBP and 0.98 for pDBP.

Both observers demonstrated lower SEM across both blood pressure parameters and
participant groups, indicating higher measurement precision (see Table 3.3). In the
hypertensive group, observer 1 had an SEM of 0.16 for the pSBP and 0.17 for the pDBP.
Observer 2 recorded SEMs of 0.16 for pSBP and 0.16 for pDBP. In the normotensive group,
observer 1’s SEM was 0.17 for pSBP and 0.13 for pDBP, while observer 2 showed SEMs of
0.13 for pSBP and 0.20 for pDBP.

91



Table 3. 3: Intraclass correlation coefficient and Standard error of measurement for blood
pressure parameters taken by two observers

ICC SEM
Group Obs 1 Obs 2 Obs 1 Obs 2

pSBP pDBP pSBP pDBP pSBP pDBP pSBP pDBP
Hypertensives 0.99 0.99 0.97 0.99 0.16 0.08 0.16 0.16
Normotensives 0.99 0.99 0.99 0.98 0.17 0.13 0.13 0.20

Obs 1=0Observer 1; Obs 2= Observer 2; pSBP = peripheral systolic blood pressure; pDBP = peripheral diastolic
blood pressure.

Minimum Detectable Change

Overall, both observers demonstrated low MDC values across both groups and parameters,
reflecting high measurement sensitivity (Table 3.4). Although the Microlife WatchBP Office
Central device records BP to the nearest 1 mmHg, the calculated MDC values include
decimals as they are derived statistically from variability estimates. In the hypertensive
group, observer 1 recorded MDC values of 0.3 mmHg for both pSBP and pDBP. Observer 2
reported the same MDC values of 0.3 mmHg for pSBP and 0.2 mmHg for pDBP. In the
normotensive group, observer 1 had MDC values of 0.3 mmHg for pSBP and 0.3 mmHg for

pDBP, while observer 2 recorded 0.2 mmHg for pSBP and 0.4 mmHg for pDBP.

These results indicate that, for hypertensive participants, changes of up to 0.3 mmHgin
both pSBP and pDBP is required to be considered significant, while for normotensive
participants, changes of 0.3 mmHg for pSBP and 0.4 mmHg for pDBP represent meaningful

differences.
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Table 3 4. Minimum detectable change for blood pressure parameters

MDC (mmHg) MDC (%)
Group Obs 1 Obs 2 Obs 1 Obs 2

pSBP pDBP  pSBP pDBP pSBP pDBP pSBP pDBP
Hypertensives 0.3 0.2 0.3 0.3 0.4 0.3 0.4 0.4
Normotensives 0.3 0.2 0.2 0.4 0.4 0.3 0.3 0.6

Obs 1=0Observer 1; Obs 2= Observer 2; pSBP = peripheral systolic blood pressure; pDBP = peripheral diastolic
blood pressure.

3.4.3 Inter-Observer Reliability

Inter-observer reliability between the two observers was excellent across both
hypertensive and normotensive participants during both test and retest sessions (Table
3.5). For pSBP, inter-observer ICCs were 0.99 for both hypertensive and normotensive
participants during the test, and 0.97 and 0.96, respectively, during the retest. For pDBP,
ICCs were 0.99 in both groups during the test and 0.98 and 0.94 at retest.

The SEM analysis between observers further supported the reliability findings. During the
test session, SEM values were 0.15 mmHg (hypertensive) and 0.12 mmHg (normotensive)
for pSBP, and 0.10 mmHg and 0.08 mmHg for pDBP. During the retest session, SEM values
were 0.38 mmHg (hypertensive) and 0.48 mmHg (normotensive) for pSBP, and 0.16 mmHg
and 0.54 mmHg for pDBP, further indicating that observer-related measurement error

remained minimal.
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Table 3. 5: Inter-Observer Reliability (ICC and SEM) for Systolic and Diastolic Blood Pressure

Group Parameter Test ICC Retest ICC Test SEM (mmHg) Retest SEM (mmHg)
Hypertensive pSBP 0.99 0.97 0.15 0.38
Hypertensive pDBP 0.99 0.98 0.10 0.16
Normotensive pSBP 0.99 0.96 0.12 0.48
Normotensive pDBP 0.99 0.94 0.08 0.54

ICC = Intraclass Correlation Coefficient; SEM = Standard Error of Measurement; pSBP =

peripheral systolic blood pressure; pDBP = peripheral diastolic blood pressure.

3.5 Discussion

The results of this study demonstrate high reliability, precision and reproducibility of pSBP
and pDBP measurements across hypertensive and normotensive participants, as
assessed by two observers. Multiple reliability indices, including the coefficient of variation
(CV), intraclass correlation coefficient (ICC), standard error of measurement (SEM), and
minimum detectable change (MDC), clearly indicated that the Microlife WatchBP Office

Central device provides reliable and dependable measurements.

The CV values for both pSBP and pDBP were consistently low across all observers and
participant groups, ranging from 1.0% to 1.8%. Low CV values indicate minimal relative
variability and suggest high measurement consistency (Atkinson & Nevill 1998). While data
on the accepted threshold for reliable physiological measurements during pregnancy is
limited, a CV value of less than 10% is generally considered acceptable (Atkinson & Nevill
1998). The CVs observed in this study fall well within this reliable threshold of less than
10%, highlighting the reproducibility of these blood pressure measurements (Atkinson &

Nevill 1998)
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Intra- and inter-observer reliability were both excellent. ICC values for intra-observer
measurements ranged from 0.97 to 0.99, while inter-observer ICCs ranged from 0.94 to
0.99 for pDBP and 0.96 to 0.99 for pSBP, exceeding the conventional threshold of 0.90
indicative of excellent reliability (Cao et al. 2015; Koo & Li 2016). High ICC values suggest
that most variability in measurements is due to true differences in participants’ blood
pressure rather than observer-related differences. SEM values were similarly low, ranging
from 0.08 to 0.54 mmHg, reflecting minimal observer-induced error and confirming the
precision of the device (Weir 2005). MDC values of 0.2-0.3 mmHg for pSBP and 0.2-0.4
mmHg for pDBP further demonstrate the sensitivity of the device in detecting clinically

meaningful changes beyond measurement error (de Vet et al. 2006).

Overall, the findings of this study suggest that the Microlife WatchBP Office Central device
is reliable, indicating that any significant changes in blood pressure are likely to represent
genuine physiological fluctuations rather than inconsistencies related to the device or
process. Consistent and repeatable blood pressure measurement is particularly crucialin
pregnancy, where small fluctuations can have major clinical implications (Whelton et al.
2018). The strong reliability demonstrated here supports the device’s use in both clinical
management and longitudinal research involving pregnant populations. It makes it suitable

for measuring blood pressure in this thesis without concern for type | or type Il errors.

Our findings are consistent with existing literature regarding the reliability of blood
pressure devices in clinical settings, demonstrating that many devices meet reliability
standards when specifically tested in pregnant women (Bello et al. 2018; Murthy et al.
2023). A systematic review conducted by Bello et al. (2018) highlights the effectiveness of
many devices in this context, noting that a considerable number met validation criteria
without breaching any established protocols (Bello et al. 2018). However, the review also
identified some major protocol violations in some studies, such as the inclusion of
insufficient numbers of pregnant women, which resulted in inadequate comparisons
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between the devices and recognized reference standards. The analysis further found that
the most common minor violations were related to discrepancies in arm circumference
measurements and the ranges for systolic and diastolic blood pressure. Notably, our study
successfully adhered to the recommended sample size and ensured proper categorization
of arm circumferences, addressing potential limitations identified in the aforementioned

systematic review (Bello et al. 2018; Kollias et al. 2018).

This study also indicated that women with HDP had significantly higher mean central and
peripheral systolic blood pressure when measured using the Microlife WatchBP Office
Central, compared to normotensive controls. These findings align with previous research
demonstrating elevated CBP in women with HDP. For example, a study by Namugowa et
al. (2017) involving 85 women with preeclampsia and 112 normotensive pregnant women
found increased maternal central arterial stiffness in those with preeclampsia. Similarly,
Avni et al. (2010) observed significantly higher peripheral and central systolic and diastolic
blood pressures across three hypertensive groups compared to normal pregnancies (Avni

et al.2010).

Although the Microlife WatchBP Central Office has been validated for use in adults and
children aged 3 to 12 years, its reliability during pregnancy had not been established
(Kollias et al. 2018). This study fills that gap, confirming the reliability of the Microlife
WatchBP Central Office in a pregnant population and significantly enhancing the existing
evidence of its clinical effectiveness. Limitations include the exclusive focus on a Black
African population, which may not fully represent other racial groups. However, given the
similar physiological manifestations of pregnancy and preeclampsia across races, these

findings are likely generalizable to broader populations.

Conclusion

This study demonstrates that the Microlife WatchBP Office Central device provides reliable,

precise, and reproducible measurements of systolic and diastolic blood pressure in
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pregnant women, including those with hypertensive disorders. Low coefficients of
variation, high intraclass correlation coefficients, and minimal standard errors of
measurement and minimum detectable changes confirm the device’s consistency across
observers and participant groups. These findings indicate that the device can reliably
detect physiologically meaningful changes, supporting its use in routine clinical monitoring

during pregnancy.
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CHAPTER 4

The correlation of peripheral blood pressure with central blood pressure and
estimation of central blood pressure thresholds for diagnosis of hypertension during
pregnancy
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Abstract
Objective: The main objective of the study was to evaluate the correlation and comparative
use of peripheral blood pressure and central blood pressure (CBP) in identifying

hypertension among pregnant women.

Methods: A cross-sectional study was conducted at Nelson Mandela Academic Hospital
from December 2022 to April 2024, involving 270 inpatients diagnosed with HDP and 270
normotensive controls in their second and third trimesters. Blood pressure measurements
were obtained using the Microlife WatchBP Office Central, both at enrolment and within
seven days postpartum. A linear regression equation and a receiver operating characteristic
curve (ROC) analysis were used to determine the thresholds for normal, mild, and severe

CBP.

100



Results: The ROC revealed that a central systolic blood pressure (cSBP) of 116 mm Hg or
higher has a sensitivity of 78.5% and a specificity of 50.3% for diagnosing hypertension
during pregnancy. Considering anormal peripheral diastolic pressure of less than 90 mm Hg,
the upper limit of central diastolic blood pressure (cDBP) in normotensive controls was
calculated to be 78 mm Hg. A significant positive correlation was found between pSBP and

cSBP among normotensive and hypertensive women (P< 0.05).

The median pSBP among eclamptic patients with mild peripheral hypertension was 138.0
mmHg (IQR: 133.0-148.0) while the median cSBP level in the same group was 145.0 mmHg
(IQR: 140.0-150.0) mmHg.

The overall median ¢SBP among women with eclampsia (n=102) was 133. 0 mmHg (IQR
120.0-143.0), and the median cDBP was 73.0 mmHg (IQR: 60.0-83.0), and these were
significantly higher (p<0.0001) than the median cSBP of 128.0 mmHg (IQR: 114.0-139) and
cDBP of 71.0 mmHg (IQR: 61.0-81.0) among preeclamptic women.

Conclusion: This study established the threshold values for central hypertension as 116/78
mmHg, with severe central hypertension defined as 148/95 mmHg or more. It reinforces the
positive correlation between peripheral and CBP in both normotensive and hypertensive
populations. CBP may serve as a better parameter for evaluating hypertension, especially
in eclampsia. Further research is warranted to confirm these findings and to explore their

clinical implications.

Keywords: Pregnant Women, Eclampsia, Preeclampsia, Hypertensive Disorders of

Pregnancy, Arterial stiffness, central and peripheral hypertension
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4.1 Introduction

Elevated brachial blood pressure has traditionally been the main indicator for diagnosing
hypertension, but with the increased availability of non-invasive central blood pressure
(CBP) measuring devices, there is growing interest in using CBP for managing hypertension

in non-pregnant and pregnant individuals.

The role of brachial blood pressure in prediction of future cardiovascular structural damage,
morbidity and mortality among non-pregnant adult population is well-established in high-
income countries (Lewington et al. 2002), as well as in middle-income countries such as
China and Mexico (Lacey et al. 2018;Tapia-Conyer et al. 2020). Controlling brachial blood
pressure can reduce the risk of cardiovascular death (Martinez et al. 2022). However,
peripheral hypertension does not necessarily correlate with maternal and perinatal
outcomes, except for the increased risk of intracranial haemorrhage when there is severe
peripheral hypertension (Sibai & Stella 2009). Numerous studies suggest that CBP is
superiorto peripheral blood pressure (PBP) in predicting cardiovascular disease among non-
pregnant patients (Roman et al. 2007; Protogerou et al. 2009; Wang et al. 2009; Alsomali et
al. 2024) . The superiority of CBP is likely due to central pressures exhibiting lower variability
and more accurately reflecting the tension levels on major target organs such as the heart,
brain, and kidneys (McEniery et al. 2005). CBP is defined as blood pressure readings taken
from the aorta or common carotid arteries, primarily influenced by increased arterial
stiffness and wave reflection(Cheng et al. 2019). It represents the pressure against which the
heart must pump to ensure blood flow throughout the body. Evidence indicates that
preeclampsia (PE) is associated with increased CBP, pulse wave velocity, and arterial
stiffness (Torrado et al. 2015; Meeme et al. 2017; Namugowa et al. 2017). It is known that the
cerebrovascular complications of PE and eclampsia can occur in the presence of mild
elevations of PBP, and even in the absence of proteinuria. Since the blood flow to the brain
is controlled by the central aortic blood pressure, it is possible that under conditions when

there is only mild elevation of the brachial blood pressure, the CBP may be much higher, thus
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accounting for the vasogenic oedema typical of eclampsia, justifying the need to know how

the CBP behaves in patients with HDP and eclampsia.

To evaluate this hypothesis, it is essential to clearly define what constitutes mild and severe
central hypertension. Current literature presents conflicting findings regarding the definition
of central hypertension (Takase et al 2013; Hao et al. 2016). Notably, Cheng et al (2018) have
proposed a threshold CBP of 130/90 mmHg, which generally serves as a benchmark for
central hypertension in non-pregnant women (Cheng et al. 2013; Cheng et al. 2019).
However, given the physiological changes that occur during pregnancy, it would be biased to
apply findings from the non-pregnant population, especially those involving men (Mahendru
et al. 2014). During pregnancy, physiological changes generally result in lower CBP readings
compared to those in non-pregnant women and men (Macedo et al. 2008). Therefore, it is
necessary to establish the CBP threshold for diagnosing central hypertension in pregnant

population.

4.2 Objectives

The primary objective of this study was to evaluate the correlation and comparative use of
peripheral blood pressure and central blood pressure in identifying hypertension among
pregnantwomen. The secondary objective was to determine the threshold values for central
systolic blood pressure and central diastolic blood pressure for diagnosing mild and severe

central hypertension in pregnancy.

4.3 Materials and Methods

This was a cross-sectional study conducted between December 2022 and April 2024. We
prospectively studied 270 inpatients diagnosed with hypertensive disorders of pregnancy
(HDP) and 270 inpatient normotensive controls who were in their second and third
trimesters of pregnancy. This study was conducted at Nelson Mandela Academic Hospital,
South Africa, in keeping with the principles laid down in the Helsinki Declaration(World
medical association 2025). Walter Sisulu University and the Nelson Mandela Academic
Hospital board approved this study (ethics reference number 035/2022), and informed

consent was obtained from each participant before data collection.
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The definition of hypertension and of hypertensive disorders of pregnancy was based on the
International Society for the Study of Hypertension in Pregnancy (Magee et al. 2022). Mild
peripheral hypertension was defined as a pSBP of 110-159 mmHg and/or a pDBP of 90-109
mmHg. Severe peripheral hypertension was defined as a pSBP of 160 mmHg or higher and/or
a pDBP of 110 mmHg or higher. The inclusion criteria for hypertensive patients were current
hypertensive disease in pregnancy with a gestation period of 220 weeks. For controls, the
inclusion criteria were a healthy normotensive singleton pregnancy in labour, those
admitted for a repeat elective caesarean section at term, or women without hypertension
presenting with particular conditions such as placenta previa, preterm premature rupture of
membranes, or preterm labour. Participants were excluded if they were under 20 weeks
pregnant, or if they opted out of participating. Additionally, individuals with diabetes
mellitus, cardiac disease, chronic renal disease, antiphospholipid syndrome, or other

autoimmune diseases were also excluded in the study.

Data on the presence and type of hypertensive disorders of pregnancy were collected from
patientinterviews and medical records using a standard data collection sheet. At enrolment
and within seven days after delivery, brachial and central systolic and diastolic blood
pressures were measured using the Microlife WatchBP Office Central. Participants who were
initially normotensive but later developed elevated blood pressure were reclassified as
hypertensive, while those with gestational hypertension who later exhibited features of PE
were reclassified as having PE. Before using the Microlife WatchBP Office central, the correct
size of cuff was chosen and placed over the left or right upper arm so that the artery mark
arrow points towards the lower arm. The cuff was wrapped around the arm, making sure that
the lower edge of the cuff was approximately 2 cm above the elbow. The WatchBP Office
Central device automatically measured both brachial and central blood pressure, displaying
the results on the screen once the measurement process was complete. It is important to
note that while the validity and reliability of the Microlife WatchBP Office Central have been
established in the general population, its peripheral blood pressure measurements had not
been assessed for reliability in pregnant women (Cheng et al. 2013). To address this

deficiency, a pilot study was conducted, involving three distinct groups of participants: 15
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normotensive pregnant women, 15 women diagnosed with gestational hypertension, and 15
women with preeclampsia. Blood pressure measurements were taken by two trained
observers using the Microlife WatchBP Office Central device. Reliability was evaluated using
coefficient of variation, intraclass correlation coefficient, standard error of measurement,

and minimum detectable change.

The results of the reliability assessment demonstrated that the Microlife WatchBP Office
Central provided reliable and reproducible blood pressure measurements in pregnant
women, including those with hypertensive disorders. Subsequently, the Microlife WatchBP
Office Central was used to simultaneously measure both brachial blood pressure and

central blood pressure in each participant.

Statistical analysis

Data were checked for completeness and consistency before being captured using the IBM
SPSS STATISTICS software package version 31 for Windows (IBM Inc., Chicago IL, USA). Two
approaches were used to try to establish the upper thresholds for normal and abnormal CBP
in order to determine what constitutes central hypertension. The firstapproach used a linear
regression equation for calculating the ¢cSBP and cDBP from the pSBP and cDBP of
normotensive controls, and a p-value of <0.05 was taken as significant. The second
approach used the receiver operating curve analysis for calculating the upper threshold of
normal cSBP and cDBP, together with sensitivity and specificity. The Youden's J index,
sensitivity, and specificity were calculated for each blood pressure reading. Cut-off points
were determined based on the index, sensitivity, specificity and clinical relevance. The
outcome variable was HDP. The lower of these thresholds from these two approaches was

then chosen to represent the threshold of normal and abnormal CBP.

For the rest of the study, blood pressure readings were interpreted using medians and

percentiles (p25, p75) due to the skewed nature of the data. The Kruskal-Wallis H test and
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the Mann-Whitney U test were employed to assess the degree of association between the
continuous variables. The Wilcoxon sighed-rank test was applied to compare dependent

variables. A p-value of less than 0.05 was considered statistically significant.

4.4 Results

General description and socio-demographic characteristics of the sample population

A total of 550 pregnant women were initially recruited for the study. However, 10 patients
were excluded due to comorbidities like diabetes, chronic renal failure, and cardiac
disease (Figure 4.1). Ultimately, 540 pregnant women were enrolled in the study, with 270
diagnosed with HDP and 270 who were normotensive controls. Of the 270 women with
HDP, 143 (53%; 95% Cl: 47% - 58.9%) had preeclampsia (PE), 102 (37.8%; 95% Cl: 32.1% -
43.7%) had eclampsia, 14 (5.2%; 95% ClI: 3.0% - 8.3%) had chronic hypertension, and 11
(4.1%; 95% ClI: 2.2% - 6.9%) had gestational hypertension. Notably, two of the eleven
patients with gestational hypertension initially had normal blood pressure and were
classified as controls at the time of recruitment, but subsequently developed
hypertension, resulting in their reclassification. Additionally, four of the 143 preeclamptic
patients initially presented with gestational hypertension but later exhibited significant
proteinuria, resulting in their reclassification as preeclampsia. Of the 143 women with PE,
75 (52.4%; 95% CI: 44.3% - 60.5%) had PE with severe features (this number excludes
women with eclampsia who form their own group), and 68 (47.6%; 95% CI: 39.5% - 55.7%)

had PE without severe features.

The non-hypertensive controls had a median age of 28 (IQR: 24.0-33.0) years, which was
significantly older than the hypertensive cases, whose median age was 25 (IQR: 20.0 -32.0)
years (p<0.0001) (Table 4.1). Most participants (63.1%, n=341) were aged between 20 and
34 years, while a smaller group (17.2%, n=93) was under 20 years. Almost all participants

(99.4%, n=537) were of African descent, with the remainder being mixed race (0.6%, n=3).
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In terms of marital status, over three-quarters (77.2%) were single, and slightly more than a

quarter (22.6%, n=122) were married.

Most participants (93.7%, n=434) attended antenatal clinics, while 34 (6.3%) did not.
Statistically, antenatal clinic attendance was similar between the hypertensive and non-
hypertensive groups (p>0.05). The median gestational age at enrolment in the study was 36
(IQR: 33.0-38.0) weeks, with the non-hypertensive controls having a significantly higher
median gestational age of 38 (IQR 36.0-39.0) weeks compared to the hypertensive cases at

34 weeks (IQR 31.0-37.0; p<0.0001).

A significant majority of participants (86.7%, n=468) delivered via caesarean section, while
the remaining 13.3% (n=72) had vaginal births. No significant differences in delivery

methods were found between the two groups.

In terms of body weight classification, nearly one-third of the women (32.4%, n=175; 95%
Cl=28.6%-36.4%) were classified as obese, while 12.4% (n=67; 95% CI=9.8%-15.4%) were
severely obese, and 0.6% (n=3; 95% CI=0.2%-1.5%) were underweight.

Overall, 28.3% (n=153; 95% Cl=24.7%-32.2%) of the women in the study were HIV-positive,
while the remainder tested negative. There was no significant difference in HIV prevalence
between women with HDP and the normotensive controls (p>0.05). Most of the HIV-
positive women had viral loads below detectable limits, with only 12.4% (n=19; 95%
Cl=7.9%-12.4%) not achieving viral suppression. Moreover, no significant differences were
observed between HIV-positive women with HDP and those who were HIV-positive but

normotensive regarding viral suppression (p>0.05).
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Recruited=550

HDP
Total Excluded=3:
Diabetes=2

Chronicrenal disease1

Normonsive controls:
Total excluded=7
Diabetes =5

Known cardiac=2

Total included =540:
HDP=270
Normotensive controls=270

Figure 4. 1: Flowchart of participant inclusion
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Table 4. 1: General characteristics of hypertensive cases and normotensive controls in the main

study

Characteristics

Hypertensive

Normotensive controls; Total

cases; h=270 n=270
Median (IQR) Median (IQR) Median (IQR) Sig.**
Age (years) 25 (20.0-32.0) 28 (24.0-33.0) 27(21.0-33.0)  <0.0001
Body mass index (kg/m*2) 28.5(23.9-34.3) 29.5 (25.1-35.5) 29(24.7-34.9)  0.071
Gestational age at recruitment 34 (31.0-37.0) 38 (36.0-39.0) 36 (33.0-38.0) <0.0001
Number Number Number Pearson
(Percentage) (Percentage) (Percentage) X2 Sig.

Age group (years)

<20 years 64 (23.7) 29(10.7) 93(17.2) <0.0001

20-34 years 157 (58.1) 184 (68.1) 341 (63.1)

235 years 49(18.1) 57 (21.1) 106 (19.6)

Ethnicity

Black African 269 (99.6) 268 (99.2) 537 (99.4) 0.624*

Mixed race 1(0.4) 2(0.7) 3(0.6)

Marital status

Single 210(77.8) 207 (76.7) 417 (77.2) 0.837*

Married 60 (22.2) 62 (23.0) 122 (22.6)

Divorced 0(0.0) 1(0.4) 1(0.2)

Level of education

Tertiary 35(13.0) 46 (17.0) 81(15.0) 0.194*

Secondary 207 (76.7) 189 (70.0) 396 (73.3)

Primary 27 (10.0) 35 (13.0) 62 (11.5)

No formal education 1(0.4) 0(0.0) 1(0.2)

Booking status

Booked 248 (91.9) 258 (95.6) 506 (93.7) 0.111

Not booked 22(8.1) 12 (4.4) 34(6.3)

Mode of delivery

Caesarean section 233(86.3) 235 (87.0) 468 (86.7) 0.800

Vaginal 37(13.7) 35(13.0) 72 (13.3)

Underweight (BMI <18.5) 2(0.7) 1(0.4) 3(0.6) 0.196*

Normal weight (BMI 18.5-24.9) 81(30.0) 59 (21.9) 140 (25.9)

Overweight (BMI 225.0-29.9) 74 (27.4) 81(30.0) 155 (28.7)

109



Obese (BMI230.0-39.9) 79 (29.3) 96 (35.6) 175 (32.4)

Severely obese (BMI240.0) 34(12.6) 33(12.2) 67 (12.4)

HIV status

Positive 66 (24.4) 87 (32.2) 153 (28.3) 0.056
Negative 204 (75.6) 183 (67.8) 387(71.7)

Viral suppression

Unsuppressed (>1000 cp/mL) 10(15.2) 9(10.3) 19(12.4) 0.609*
Suppressed (<1000 cp/mL) 0(0.0) 1(1.1) 1(0.7)

Less than detectable limit (<50 56 (84.8) 77 (88.5) 133 (86.9)

cp/mL)

BMI = body mass index (kg/m?); cp/mL = copies/mL; *Fisher’s Exact p-value; ** Mann-Whitney U p-value

Establishment of cSBP and cDBP thresholds for diagnosis of central hypertension

To establish the upper thresholds for normal and abnormal CBP a linear regression
equation and the receiver operating curve analysis were used. The lower of these
thresholds was then chosen to represent the threshold of normal and abnormal CBP.
Consequently, the upper threshold of normal cSBP was found to be <116 mmHg, and that
of the normal cDBP was <78 mmHg (Table 4.2 and Figure 4.2). CBPs above these

thresholds signified central hypertension.

Table 4. 2: Sensitivity and specificity of cSBP cut-offs for prediction of central hypertension
in women with HDP

Variable Positive if Greater Sensitivity Specificity
Than or Equal To

CSBP 59 100.0% 0.00%
71 100.0% 0.37%
79 100.0% 0.74%
81 100.0% 1.11%
84 100.0% 1.48%
88 100.0% 1.85%
89 100.0% 2.22%
90 100.0% 3.33%
91 100.0% 4.07%
92 100.0% 4.81%
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111

93 99.26% 5.56%

94 98.52% 6.30%

95 98.52% 7.04%

96 98.52% 7.41%

97 97.41% 8.89%

98 97.41% 10.00%
99 97.04% 11.11%
100 95.93% 12.96%
101 95.56% 13.70%
102 94.81% 15.93%
103 93.70% 16.67%
104 93.70% 18.52%
105 92.96% 21.48%
106 90.74% 24.07%
107 90.00% 25.93%
108 89.63% 28.15%
109 88.89% 31.48%
110 87.04% 32.96%
111 85.93% 35.19%
112 83.70% 37.41%
113 82.22% 40.74%
114 81.48% 43.33%
115 79.63% 46.67%
116 78.52% 50.37%
117 75.93% 54.07%
118 74.44% 55.19%
119 74.07% 58.15%
120 71.48% 60.74%
121 69.26% 62.96%
122 66.67% 64.81%
123 64.07% 67.78%
124 63.33% 69.63%
125 60.74% 73.70%
126 59.63% 77.04%
127 57.41% 78.89%
128 54.81% 80.00%
129 51.11% 84.07%
130 48.89% 86.67%
131 47.04% 87.78%
132 44.44% 90.74%
133 42.22% 92.96%
134 38.89% 93.33%
135 35.19% 95.19%
136 32.59% 96.30%
137 31.11% 96.67%
138 30.37% 97.41%




139 28.15% 97.78%
140 25.93% 98.52%
141 23.33% 98.52%
142 21.85% 99.26%
143 21.11% 99.26%
144 19.63% 99.26%
145 18.89% 99.63%
146 17.41% 99.63%
147 15.56% 99.63%
148 13.70% 99.63%
149 11.48% 99.63%
150 11.11% 99.63%
151 9.63% 99.63%
152 8.15% 99.63%
153 8.15% 100.00%
154 7.78% 100.00%
155 6.30% 100.00%
156 4.81% 100.00%
157 4.44% 100.00%
159 4.07% 100.00%
161 3.70% 100.00%
164 2.96% 100.00%
167 2.22% 100.00%
170 1.85% 100.00%
174 1.48% 100.00%
180 1.11% 100.00%
185 0.74% 100.00%
193 0.37% 100.00%
193 0.00% 100.00%
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Figure 4. 2: ROC for cSBP cut-off for prediction of central hypertension in women with HDP if 116
mmHg is chosen

Receiver operating characteristics analysis for defining cSBP thresholds for diagnosis

of central hypertension during pregnancy

To predict the diagnosis of central hypertension during pregnancy, the ROC analysis
results indicate that a cSBP of 116 mm Hg or higher has a sensitivity of 78.5% and a
specificity of 50.3%. The cSBP values utilized as predictive variables for the ROC curve
were derived exclusively from the HDP group. This model demonstrated a moderate
discriminatory ability, with an area under the curve (AUC) of 0.7384 (Table 4.2 and Figure
4.2).
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Linear regression equation for defining the cSBP and cDBP threshold from peripheral

blood pressure

Based on a normal pSBP of <140 mmHg and a diastolic pressure of <90 mmHg, the upper
limit of cSBP in normotensive controls was calculated to be 130 mmHg, while the upper
limit of cDBP was calculated to be 78 mmHg (see Tables 4.3 and 4.4) (Mark A. Brown et al.
2018a).

Table 4. 3: Establishment of cSBP threshold in normotensives

Standardiz
ed
Coefficient

Unstandardized Coefficients s

Normotensive controls (N=270) B Std. Error Beta T p value
1 (Constant) 47.505 6.013 7.901 .000
pSBP (mmHg) .592 .052 .568 11.290 .000

a. All assumptions for linear regression were checked, and the values in the model met all of the assumptions. Using the
simple regression formula, where, predicted cSBP = a + bx (with ‘a’ representing the constant, ‘b’ as the unstandardized
coefficient for pSBP, and ‘x’ as any pSBP reading), if a pSBP of 139 mm Hg is chosen as a reference point for normal
systolic pressure, then the upper limit of cSBP in normotensive controls = 47.505 + 0.592 (139) = 130 mmHg.

Table 4. 4: Establishment of cDBP threshold in normotensives

Standardi
zed
Unstandardized Coefficien
Coefficients ts
Normotensive (N=270) B Std. Error Beta t Sig.
1 (Constant) 19.006 2.817 6.748  .000
pDBP (mmHg) .658 .043 .681 15.204 .000

a. Dependent Variable: Peripheral Diastolic Blood Pressure (mmHg). If the reference point of the pDBP in normotensive
controls is taken as 89 mmHg (less than 90 mmHg), then the upper limit of cDBP in normotensive controls = 19.006+
0.658 (89) = 77.6 or 78mm Hg
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Establishment of thresholds for severe central hypertension

Linear regression equation was used to calculate the thresholds for severe central
hypertension from the thresholds of severe PBP, defined as a pSBP of 2160 mmHg, and/or
pDBP of 2110 mmHg among women with HDP who were identified to have severe
peripheral hypertension(Mark A. Brown et al. 2018a). The thresholds for severe central
hypertension were found to be a cSBP of 2148 mmHg and/or a cDBP of 295 mmHg (See
Table 4.5 and Table 4.6).

Table 4. 5: Establishment of cSBP thresholds for diagnosis of severe central hypertension
based on pSBP of 2160 mmHg in women with severe peripheral hypertension

Standardized

Unstandardized Coefficients Coefficients

Severe peripheral hypertension B Std. Error Beta t p value
1 (Constant) 36.961 45.232 .817 421
pSBP (mmHg) .696 271 .449 2.562 .017

a. Dependent Variable: Central Systolic Blood Pressure (mmHg). If the threshold for severe pSBP is taken
as 160 mmHg, then the threshold for severe cSBP = 36.961+ 0.696 (160) = 148.321 or 148 mmHg
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Table 4.6: Defining cDBP cut-off for severe central hypertension based on pDBP of 2110
mmHg in women with severe peripheral hypertension

Standardized

Unstandardized Coefficients Coefficients

Severe peripheral hypertension B Std. Error Beta t p value
1 (Constant) 6.512 13.149 .495 .625
pDBP (mmHg) .806 .126 .783 6.420 .000

a. Dependent Variable: Central Diastolic Blood Pressure (mmHg); If the threshold for severe pDBP is

taken as 2110 mmHg, then the threshold for severe cDBP =6.512+ 0.806 (110) = 95.172 or 95 mmHg

Correlation of median pSBP, cSBP, pDBP, and cDBP as measured using Microlife

WatchBP Office Central among women with HDP and normotensive controls

Among the 270 normotensive controls, the median pSBP was 114.0 (IQR: 104.0 - 124.0)
mmHg, and the median cSBP was 115.0 (IQR: 106.0 - 125.0) mmHg (see Figures 4.3 and
4.4). There was a strong positive relationship between the two measurements (Spearman
rank correlation coefficient = 0.583; p<0.0001) as shown in Table 4.7. The linear regression
analysis revealed a positive correlation between pSBP and cSBP, with changes in pSBP
being associated with a shiftin the cSBP (B= 0.592; p<0.0001). The difference between
median pSBP and cSBP was 1.0 mmHg, but this was not statistically significant (Wilcoxon

Signed Rank p=0.122).
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PERIPHERAL SYSTOLIC BLOOD PRESSURE (mmHg)
SAMPLE POPULATION: NON-HYPERTENSIVE CONTROLS
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Figure 4.3. Median pSBP among normotensive pregnant women
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Figure 4. 4. Median cSBP among normotensive pregnant women

117



Table 4.7: Comparison of median pSBP and pDBP with median cSBP and cDBP among
women with normal and mild peripheral hypertension as measured using Microlife WatchBP
Office Central.

Hypertensi | cSBP pSBP median | Spearm | P cDBP pDBP Spearm | P
ve groups median (IQR) anrank | value median median anrank | value
(IQR) (IQR) (IQR)
Normotensi | 115.0 114.0 0.583 <0.00 | 64.0 61.5 0.669 <0.00
ve (n=270) (106.0;125 | (104.0;124.0) 01 (55.0;73. | (52.0;69. 01
.0) 0) 0)
Mild 139.0 144.0(138.0;14 | 0.445 <0.00 | 82.0 91.0 0.596 <0.00
hypertensiv | (132.0;147 | 8.0 01 (77.0;89. | (86.0;96. 01
e (n=67) .0) 0) 0) mmHg

Normal central blood pressure= cSBP of <116 and/or cDBP <78; mild central hypertension= cSBP of 116-147
and/or cDBP of 78-94; severe central hypertension= cSBP of 2148 and/or cDBP of 295 mmHg; Mild peripheral
hypertension= pSBP of 140-159 and/or cDBP of 90-109

Additionally, the median cSBP [110 (IQR: 101.0-120.0) mmHg] was less than the median
pSBP [120.0 (IQR: 112.0 - 129.0) mmHg) in 119 participants (44%), the median cSBP [119.5
(111.0-128.0) mmHg] was greater than the median pSBP [109.0 (100.0-118.0) mmHg] in
146 participants (54%), and in 5 participants (1.9%), they were equal. The observed
difference was not statistically significant (z based on positive ranks = -1.546; Wilcoxon

Signed Rank p=0.122).

Among the 270 normotensive controls, median cDBP was 64.0 (IQR: 55.0 - 73.0) mmHg,
and the median pDBP was 61.5 (IQR: 52.0- 69.0) mmHg. There was a strong positive
correlation between the two measurements (Spearman rank correlation of 0.669,
p<0.0001) as shown in Table 8. Linear regression analysis also revealed that there was a
positive correlation between cDBP and pDBP, with changes in pDBP being significantly
associated with a shiftin the cDBP (B= 0.658; p<0.0001). The difference between median
pDBP and cDBP was 2.5 mmHg, which was statistically significant (Wilcoxon Signed Rank
p <0.0001).
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Additionally, cDBP [58.0 (50.0-66.0) mmHg] was less than pDBP [68.0 (60.0-70.0) mmHg]
in 159/270 participants (59%), cDBP [64.0 (IQR: 57.0-73.0) mmHg] was greater than pDBP
[57.0 (IQR: 49.0-65.0) mmHg] in 98 participants (36.3%) and were equal in only 13
participants (4.8%). The observed difference was statistically significant (z based on

negative ranks =-4.342; Wilcoxon Signed Rank p<0.0001).

Comparison of median pSBP and median pDBP with cSBP and cDBP among women
with mild peripheral hypertension as measured using Microlife WatchBP Office

Central.

Among 95 women with mild peripheral hypertension the median pSBP was 144.0(138.0-
148.0) mmHg while the median ¢cSBP was 139.0 (132.0-147.0) mmHg as shown in Table
4.7. There was a strong positive relationship between the two measurements (Spearman
rank r =0.445; p<0.0001). Linear regression analysis revealed a strong positive correlation
between pSBP and cSBP, with changes in the pSBP being significantly associated with a
shiftin the cSBP (B= 0.631; p<0.0001). The difference between the median pSBP and
median cSBP was 5.0 mmHg and this was statistically significant (Wilcoxon Signed Rank p

<0.0001).

Additionally, among the same 95 women with mild peripheral hypertension, the median
cSBP was less than the median pSBP in 69 participants, and the median cSBP was greater
than the median pSBP in 24 participants, while the two were equal in 2 participants. The
analysis using the Wilcoxon Signed Rank test revealed a statistically significant difference

(p< 0.0001).

Furthermore, among the same group of women with mild peripheral hypertension, the
median pDBP was 91.0 (86.0.96.0) mmHg, while the median cDBP was 82.0 (77.0-89.0)
mmHg. There was a strong positive correlation between the two measurements (Spearman
rank r = 0.596; p<0.0001). Linear regression analysis revealed a strongly positive

correlation between the pDBP and the cDBP, cDBP, and changes in pDBP were associated
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with a shiftin the cDBP (B=0.661; p<0.0001). The difference between the median pDBP

and cDBP was 9.0 mmHg, which was statistically significant (p<0.0001).

Additionally, among these women with mild peripheral hypertension, the median cDBP
was less than the median pDBP in 81 participants, while in 14 participants, the median
cDBP was greater than the median pDBP. The observed differences were statistically
significant (p<0.0001). Among the 14 participants with a higher median cDBP than the
pDBP, 4 had eclampsia. The median cDBP for the 4 eclamptic patients was 108 mmHg,
while their median pDBP was 93mmHg. The difference between median cDBP and pDBP
among the 4 participants was 15 mmHg and it was statistically significant (z based on

positive ranks =-6.5; Wilcoxon Signed Rank p<0.0001).

Twenty seven of the 102 eclamptic patients had mild peripheral hypertension, while the
rest had severe peripheral hypertension. The median pSBP among eclamptic patients with
mild peripheral hypertension was 138.0 mmHg (IQR: 133.0-148.0) while the cSBP level in
the same group was 145.0 mmHg (IQR: 140.0-150.0) mmHg.

The overall median cSBP among women with eclampsia (n=102) was 133. 0 mmHg (IQR
120.0-143.0), and the median cDBP was 73.0 mmHg (IQR: 60.0-83.0), and these were
significantly higher (p<0.0001) than the median cSBP of 128.0 mmHg (IQR: 114.0-139) and
cDBP of 71.0 mmHg (IQR: 61.0-81.0) among preeclamptic women with or without severe
features, and much higher than the median cSBP of 115 mmHg (IQR:106.0-125.0) and
cDBP of 61.5 mmHg (IQR: 52.0-69.0) among normotensive controls (Table 4.8).
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Table 4.8: Comparison of central blood pressure readings among the different phenotypes
of HDP and normotensive controls

Blood pressure Study groups Krusk
Control A B C D E al-
Median Median  Median Median Media Media Wallis
(IQR) (IQR) (IQR) (1QR) n(IQR) n(IQR) Sig.

cSBP (mmHg) 115.0 132.0 119.5 128.5 128.0 133.0 <0.00
(106.0- (122.0- (116.0- (114.5- (114.0- (120.0- 01
125.0) 143.0) 128.0) 142.0) 139.0) 143.0)

cDBP (mmHg) 61.5 71 65 69.0 71.0 73.0 <0.00
(52.0- (63.0- (61.0- (61.0- (61.0- (60.0- 01
69.0) 80.0) 71.0) 83.0) 81.0) 83.0)

A= Gestational hypertension; B= Chronic hypertension; C= Preeclampsia without severe features;
D= Preeclampsia with severe features; E=-Eclampsia; cSBP = central systolic blood pressure;

cDBP= central diastolic blood pressure.

4.5 Discussion

The research established normal thresholds for central blood pressure (cSBP and cDBP) as
116 mmHg and 78 mmHg, respectively. Measurements equal to or above these indicate
central hypertension, with a specific focus on severe central hypertension defined as a cSBP
of 2148 mmHg and/or a cDBP of 295 mmHg.

Thefindings also showed strong correlations between peripheral and central blood pressure
measurements, both in normotensive controls and women with mild peripheral
hypertension. For normotensive controls, the median pSBP was 114.0 mmHg, and the cSBP
was 115.0 mmHg, indicating no significant difference. In women with mild peripheral
hypertension, the median pSBP among eclamptic patients was 138.0 mmHg while the cSBP

levelin the same group was 145.0 mmHg.

The findings of this study regarding the thresholds for mild central hypertension align with

the work of Chulkova et al. (2015), who noted that a cSBP of 115 mmHg in preghant women
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mightindicate arisk for PE (Chulkov et al. 2015). Additionally, these results alignh with a study
by Booysen et al. (2013), which reported a ¢cSBP upper threshold of 112 mmHg among a
cohort of 311 young Black South Africans with a median age of 31(Booysen et al. 2013). The
similarity in our findings can be attributed to the younger demographic and shared

background, as both studies focused on younger Black South Africans.

Conversely, research involving older populations has indicated higher thresholds for CBP.
Forexample, a study with over 6,000 participants conducted by Hao et al. (2015) established
a 90th percentile cutoff for cSBP at 125 mmHg for men and 126 mmHg for women. This is
consistent with previous findings from Japan, where a threshold of 129 mmHg was reported
(Takase et al. 2013). Additionally, Cheng et al. (2013) demonstrated through a longitudinal
study involving 1,272 older participants that a central BP greater than 130/90 mmHg
significantly predicts cardiovascular events over a median follow-up of 15 years ( Cheng et
al. 2013). While the cut-off values determined by Cheng et al. (2013) serve as important
benchmarks, they may not fully apply to pregnant populations, where physiological changes
result in unique cardiovascular dynamics (Mahendru et al. 2014). Moreover, aging is often
associated with aortic stiffness, which leads to an earlier return of reflected waves in late

systole, contributing to higher central BP levels (McEniery et al. 2005).

For severe central hypertension, our study found that among pregnant women in their third
trimester with severe brachial hypertension, cSBP was =148 mmHg and cDBP was =95
mmHg. To our knowledge, this work is the first to document the threshold for severe central
hypertension. However, further studies are needed to validate these findings. These
thresholds are considerably lower than those of PBP (160/110 mmHg), which is expected,
as central BP is generally lower than peripheral BP due to the inherent physiological

differences between the two vascular systems.
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One limitationin our calculations is that some normotensive controls displayed higher cSBP
and/or cDBP values than their peripheral counterparts. Under typical conditions, cSBP
should be lower than pSBP, with minimal variation between pDBP and cDBP. The possible
explanation for this finding in our study is that, while the participants had normal PBP, their

CBP may have already been abnormal.

In comparison of peripheral and central blood pressure, a positive correlation was found
between pSBP and cSBP, as well as between pDBP and cDBP among normotensive
pregnant women, aligning with previous findings by Fujime et al. (Fujime et al. 2012).
Importantly, Fujime et al.(2012) analyzed a larger sample of 830 participants, which adds
strength to their findings. Similarly, a cross-sectional study by Priyadarsini et al. (2023)
involving 107 pregnant women and 53 age-matched non-pregnant women also confirmed a
strong relationship between brachial systolic blood pressure and cSBP in healthy

normotensive pregnant women(Priyadarsini et al. 2023).

These positive correlations could be explained physiologically by the impact of endothelial
function and arterial elasticity on circulatory pressure distribution (Jacobs et al. 2016).
Endothelial function plays a crucial role in regulating vascular health and blood pressure.
The endothelium, which is the inner lining of blood vessels, is responsible for the synthesis
and release of various substances that influence vascular tone and maintain homeostasis.
One of the key roles of the endothelium is to produce nitric oxide, a potent vasodilator that
helps to relax the blood vessels, improve blood flow, and reduce blood pressure (Vanhoutte
et al. 2017). In the context of arterial elasticity, healthy and elastic arteries are expected to
show a strong correlation between peripheral and central measurements due to their ability
to efficiently transmit pressure waves generated by the heartbeat. When arteries are elastic,
they can accommodate the surge of blood during systole, dampening the pressure peaks

and maintaining a more stable blood flow throughout the body (Warner et al. 2008).
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Additionally, several studies have demonstrated that CBP has a better relationship to future
cardiovascular events and mortality and is also more relevant than peripheral brachial BP in
predicting target organ damage, as it represents the true load imposed on the heart, brain,
kidneys, and the large arteries (McEniery et al. 2014; Williams et al. 2018;Baba et al. 2018).
Nevertheless, additional research is necessary to validate these findings, given that some
authors dispute the stronger correlation between CBP and cardiovascular events (Huang et

al. 2019;Lamarche et al. 2021).

In this study, the median cSBP among normotensive pregnant women was found to be 115
mmHg. This finding is consistent with the results of Turi et al. (2022), who reported a similar
mean cSBP of 115 mmHg in healthy pregnant women (Turi et al. 2022). However, in our
study, the cSBP value was slightly higher, though not significantly, than the pSBP value of
114 mmHg that was observed. Typically, in normotensive individuals, cSBP is expected to
be lower than peripheral systolic blood pressure. This atypical finding raises the possibility
that individuals with higher cSBP in this study may have an underlying increase in arterial
stiffness or could be atrisk of developingit. As arterial stiffness increases, systolic pressure
tendstorise. Thisis due to the early merging of the fast-reflected wave with the forward wave
(Kim & Weber, 2021). Furthermore, increased arterial stiffness damages more elastic fibres
in the blood vessel walls, leading to inadequate buffering and transmission of pulsatile
pressure from the heart to target organs (Laurent & Boutouyrie 2020). Such changes can
ultimately result in organ damage; therefore, it's a good idea to closely monitor these

patients to assess their risk of developing high blood pressure in the future.

In this study, cDBP in normotensive controls was less than pDBP in 159 participants, and it
was greater than pDBP in 98 participants. This is again an unexpected finding in
normotensive controls, as under physiological conditions, the cDBP should either be the
same as the pDBP or less than the pDBP (Agabiti-Rosei et al. 2007). This suggests that the

98 individuals with higher cDBP may be having central diastolic hypertension or are at risk
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of developing central hypertension, while their peripheral diastolic blood pressure puts
them in the normal blood pressure category. Only a prospective follow-up study can test

this explanation.

There is little correlation between the pBP and the occurrence of eclampsia. Several studies
indicate that the blood pressure may be normal or only mildly elevated in women with
eclampsia, and even with stroke (Sibai 1990; Martin et al. 2005). The present study found
that the median central systolic and diastolic blood pressures, as well as pDBP, were
significantly higher in cases of eclampsia compared to those with other HDP and to non-
hypertensive controls. This implies that CBP measurement may be better able to distinguish

between the subtypes of HDP and phenotypes of PE than PBP.

In addition, the median cSBP for women with eclampsia and mild peripheral hypertension
was relatively severe. This suggests that some eclamptic patients with mild pSBP actually
have a cSBP that falls into the severe range. This finding may help explain why some patients
with mild peripheral hypertension experience eclampsia. This implies that the cSBP might
be a better predictor of eclampsia than the pSBP. Central aortic blood pressure plays a
crucial role in regulating blood flow to the brain (Cipolla & Kraig 2011). Consequently, it
could beinferred thatin cases of eclampsia, vasogenic oedema might occur due to elevated
CBP, even when brachial blood pressure remains only slightly elevated in the affected

women.

The limitation of this study is that all hypertensive patients were receiving antihypertensive
treatment, which may have affected their blood pressure readings. However, patients were
recruited within 24 hours of admission, a time frame during which the pharmacological

treatment might not have fully taken effect.
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Conclusion

This study established the threshold values for central hypertension as 116/78 mmHg, with
severe central hypertension defined as 148/95 mmHg. This study also reinforces the
positive correlation between peripheral and CBP in both normotensive and hypertensive
populations. Notably, women with eclampsia showed higher CBP levels, with those having
mild hypertension in the severe range. This may clarify why some patients with mild
peripheral hypertension experience eclampsia and may thus indicate that CBP is a better

predictor of eclampsia than PBP. Further research is needed to confirm these findings.
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3. Therelationship between centralblood pressure, NT-proBNP, and hs-cThlinwomen

with Maternal Complications of Hypertensive Disorders of Preghancy
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Abstract

Objective

Central blood pressure (CBP), N-terminal pro B-type natriuretic peptide (NT-proBNP)
released from the left and right cardiac ventricle in response to ventricular volume
expansion and pressure overload, and high sensitivity cardiac troponin | (hs-cTnl),
produced in response to cardiomyocyte damage, may predict the degree of peripheral
perfusion and the risk of end organ damage. The main objective of the study was to
compare the levels of CBP and these cardiac biomarkers in women with maternal

complications of hypertensive disorders of pregnancy (HDP).
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Methods

This was a cross-sectional study that enrolled 270 women with HDP and 270 normotensive
pregnant controls. Data on socio-demographic and cardiac biomarkers, and markers of

target organ damage were collected.

Results

The median levels of the CBP and cardiac biomarkers were significantly higher among
hypertensive participants with maternal complications (h=107/270) than those without
complications (n=163/270). Specifically, the central systolic blood pressure (CSBP) levels
were 133 (120-142) mmHg vs 128 (109-129) mmHg (p=0.033) and the central diastolic
blood pressure (CDBP) levels were 75 (62-86) mmHg vs 69 (56-73) mmHg (p<0.01) while
NT-proBNP levels were 446 (145-1126) vs. 57 (21-167)) pg.ml-1; p<0.0001, and hs-cTnl
levels were 12 (7-35) ng.L-1 compared to 8 (3-8) ng.L-1; p<0.0001.

Conclusion

In conclusion, the study found that pregnant hypertensive women with maternal
complications had significantly higher median values of CSBP and CDBP, NT-proBNP, and
hs-cTnl in compared to those without complications. These findings suggest that
measuring these vital signs and cardiac biomarkers in hypertensive pregnancies might be

helpful for screening and monitoring maternal complications.

Keywords: NT-proBNP, high sensitivity cardiac troponin |, hypertensive disorders of

pregnancy, maternal complications, central blood pressure
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5.1 Introduction

Central blood pressure (CBP) and cardiac biomarkers such as NT-proBNP and hs-cTnl, are
among several variables studied in women with hypertensive disorders of pregnancy (HDP)
(Afshani et al., 2013; Fayers et al., 2013; Sadlecki et al., 2016; Ghomian et al., 2019;
Jacobsen et al., 2022; Gencheva et al., 2021; Nguyen et al., 2022). The inactive N-terminal
pro B-type natriuretic peptide is co-secreted with a 32-amino acid polypeptide, B-type
natriuretic peptide (BNP), from the left and right cardiac ventricle in response to ventricular
volume expansion and pressure overload, while hs-cTnlis a cardiac enzyme whose levels in
the circulation respond to cardiomyocyte damage (Muijsers et al. 2020; Dockree et al. 2021;
Bacmeisteretal. 2024). In general, both biomarkers are associated with cardiac injuries and
canindicate future cardiac disease risk, and, to some degree, the severity of cardiovascular
events generally used for diagnosing cardiomyocyte injury (Giannubilo et al. 2014; Dalal et
al. 2016; Muijsers et al. 2020; Nguyen et al. 2022). Lam et al. (2018) demonstrated that
patients with heart failure and elevated BNP are more likely to experience death and

rehospitalisation compared to those with low levels (Lam & Dierking 2017).

HDP are a leading cause of maternal morbidity and mortality globally (Abalos et al. 2013).
They account for approximately 14-18% of all maternal deaths globally, with an estimated
62,000-77,000 maternal deaths and 500,000 perinatal deaths annually (Khan et al. 2005;
Abalos et al. 2013; Brown et al. 2018, Magee et al. 2022). Maternal complications of HDP
include stroke, pulmonary oedema, Haemolysis Elevated Liver enzymes and Low Platelets
(HELLP) syndrome, abruptio placentae, acute kidney injury, intensive care unit (ICU)
admission, low Glasgow coma scale (GCS), and (Sapna & Saroja 2018). Studies have shown
an association between preeclampsia (PE) and cardiovascular complications during
pregnancy or many years after pregnancy (Bellamy et al. 2007; Miller 2019). Other long-term
complications of HDP are chronic hypertension, diabetes mellitus, stroke, end-stage renal

disease, and cognitive impairment (Miller 2019).
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Previous studies have demonstrated a significant increase in NT-proBNP in hypertensive
pregnant women compared to pregnant normotensive women (Afshani et al., 2013; Fayers
et al., 2013; Sadlecki et al., 2016; Ghomian et al., 2019; Jacobsen et al., 2022; Gencheva et
al., 2021; Nguyen et al., 2022). A correlation has been observed between elevated systemic
vascular resistance, left ventricular diastolic dysfunction, and depression of cardiac output
in preeclamptic patients, as well as elevated NT-proBNP levels (Kim & Kim, 2019; Gencheva
et al., 2021; Jacobsen et al., 2022). Furthermore, a strong association between cardiac
Troponin |l and PE, has also been reported (Alma et al. 2017; Morton & Morton 2018; Muijsers
et al. 2020; Gencheva et al. 2021; Jacobsen et al. 2022; Bacmeister et al. 2024). However,
there is still insufficient data evaluating relationships between NT-proBNP, hs-cTnl, and
other short-term maternal complications, other than cardiac-related complications, in

women with HDP.

Evidence suggests that PE is associated with increased central aortic blood pressure, pulse
wave velocity as well as elastic arterial stiffness (Torrado et al. 2015; Meeme et al. 2017;
Namugowa et al. 2017). Torrado and colleagues (2015) found that CSBP was significantly
higher in Caucasian women with PE compared to those with gestational hypertension
(GHPT)(Torrado et al. 2015a). They further elaborated that in their study, there was no
difference in PBP between those with PE and those with GHPT. The studies by Meeme et al.
(2017) and Namugowa et al. (2017) focused on examining the CBP and arterial stiffness in
black African women in South Africa with and without PE. They found that women with PE
had higher arterial stiffness compared to normotensive women (Torrado et al. 2015; Meeme
et al. 2017; Namugowa et al. 2017). However, their studies did not include women with
preeclampsia with severe features such as eclampsia, imminent eclampsia, stroke, HELLP
syndrome, pulmonary oedema, abruptio placentae, and acute kidney injury. Their studies
also did not explore the relationship between the CBP and the maternal outcomes in women
with PE. These unaddressed issues warrant further investigation. The aim of the current
study was therefore to assess the levels of CBP, cardiac biomarkers proBNP and hs-cTnl in

women with maternal complications of HDP. The study hypothesized that levels of CBP and
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these biomarkers would be higher in women with HDP who have maternal complications

compared to those without related complications.

5.2 Methods

This was a cross-sectional study evaluating the levels of CBP, NT-proBNP, and hs-cTnl in
women with immediate maternal complications of HDP. The study recruited consecutively
270 inpatients with HDP and 270 inpatient normotensive controls at Nelson Mandela
Academic Hospital in South Africa. The inclusion criteria for the hypertensive group
encompassed all hypertensive patients who were at least 20 weeks of gestation, while the
inclusion criteria for normotensive pregnant participants included healthy patients with
singleton pregnancies and specific conditions such as placenta previa, preterm premature
rupture of membranes, preterm labour, or patients admitted for repeat elective caesarean

section at term.

Patients who were less than 20 weeks pregnant, those who were dire emergencies with no
time to seek consent for participation in the study, and those who declined to participate
were excluded. Patients with diabetes mellitus, cardiac disease, chronic renal disease, and

antiphospholipid syndrome or other autoimmune disease were also excluded.

The cases were not matched for maternal and gestational age. Thisis because most patients
with HDP, especially eclampsia, are younger compared to the general population, and
excluding them will cause bias. According to national guidelines, patients with HDP are
delivered preterm (preferably less than 35 weeks), whereas controls, such as placenta

previa and previous caesarean deliveries, are delivered much later (Moodley et al. 2019).

Definitions of hypertensive disorders were made according to the International Society for

the Study of Hypertension in Pregnancy classification recommendations (Brown et al. 2018):
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¢ Chronic hypertension was defined as high blood pressure predating the pregnancy

or recognized at less than 20 weeks’ gestation.

e Gestational hypertension was defined as hypertension diagnosed after 20 weeks

gestation, without any features of pre-eclampsia.

e Preeclampsia was defined as de novo hypertension or superimposed on chronic
hypertension after 20 weeks’ gestation, accompanied by proteinuria and/or other

evidence of maternal end-organ dysfunction, and/or fetal growth restriction.

e Eclampsiawas defined as the convulsive manifestation of the HDP.

HELLP syndrome was diagnosed when any two of the following abnormalities were present:
increased Lactate dehydrogenase (LDH) (=600 IU/L), increased Aspartate transaminase
(AST) (=70 IU/L), low platelet count (<100 x 1079/L); and renal failure if creatinine was =90

umol/L (Rimaitis et al. 2019).

Data collection

These data were gathered from patient and maternity case files, using a pre-designed
questionnaire. It comprised socio-demographic and clinical information, including
maternal and gestational age, parity, marital status, education, presence and type of
hypertensive disorders of pregnancy, maternal and foetal conditions, as well as maternal

and perinatal outcomes.

Blood pressure measurements, both peripheral and central, were recorded at enrolment
and within a week after delivery using the Microlife WatchBP Office Central. Before using the
WatchBP Office central, the correct size of cuff was chosen and placed over the left or right
upper arm so that the artery mark arrow points towards the lower arm. The cuff was wrapped
around the arm, making sure that the lower edge of the cuff was approximately 2 cm above

the elbow. The WatchBP Office Central device automatically measured both brachial and
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central blood pressure, displaying the results on the screen once the measurement process
was complete. To determine the central blood pressure, the WatchBP Office Central uses
brachial pulse volume plethysmography (PVP) waveforms. It is designed to perform PVP at
a cuff pressure of 60 mmHg. Based on the analysis of the PVP waveforms, the central

systolic pressure and central pulse pressure values are automatically determined.

Blood samples were collected from each woman using two different types of tubes. For
serum NT-proBNP, hs-cTnl, and platelet count, 10ml of venous blood from the antecubital
vein was drawn into tubes containing EDTA. The plasma was separated through
centrifugation at 4°C for 15 minutes at 3500 rpm and then stored at -80°C until analysis.
Another 10ml of venous blood was drawn into yellow tubes containing Solution A (trisodium
citrate, citric acid, and dextrose) for the measurement of creatinine, alanine transaminase
(ALT), AST, and LDH. All assays, including NT-proBNP and hs-cTnl, were performed using an
Alinity iSTAT analyzer (Abbott, USA).

Statistical analysis

Data were checked for completeness and consistency before being captured using the IBM
SPSS STATISTICS software package version 31 for Windows (IBM Inc., Chicago IL, USA).
These data were summarized into proportions (%) for categorical variables. Continuous
data such as age, gestational and parity was interpreted using means and standard
deviations (SD) if normally distributed or using medians, interquartile ranges, and
percentiles (p25, p75) if skewed. The Chi-square test was used to delineate the degree of
association between categorical variables. A p<0.05 was considered statistically

significant.

5.3 Results

General and clinical characteristics of the sample population

Out of the 270 hypertensive cases, 143 (53%) had preeclampsia, 102 (38%) had eclampsia,
14 (5%) had chronic hypertension, and 11 (4%) had gestational hypertension. The
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demographic and clinical characteristics of the sample population are shown in Table 5.1.
The non-hypertensive controls (median = 28 years; p<0.0001) were significantly older than
the hypertensive cases (median = 25 years). The majority (63.1% n=341) were in the 20 to 34

years age group and the minority (17.2% n=93) were younger than 20 years.

There was no statistical difference (p>0.05) for the other demographic characteristics
observed in the hypertensive cases and non-hypertensive controls. Nearly all (99.4% n=537)
the participants were of African race, and the remaining were Multiracial (0.6% n=3). More
than three-quarters (77.2%) were single, and slightly more than a quarter (22.6% n=122)

were married.

Participants with HDP had a higher proportion of primigravida than the normotensive
controls (44.8% Vs 11.6%, p <0.0001). Most (93.7% n=434) of the participants attended
antenatal clinics while 34 (6.3%) did not. Antenatal clinic attendance between hypertensive
cases and non-hypertensive controls was comparable statistically (p>0.05). The median
gestational age at enrolment to the study was 36 weeks (IQR: 5). The median gestational age
at recruitment was significantly higher (38 weeks IQR = 5 weeks) among non-hypertensive
controls compared to hypertensive cases (34 weeks IQR = 6 weeks) (p<0.0001). The majority
(86.7% n=468) gave birth through caesarean section and the minority (13.3% n=72)
normally. No significant difference was observed in the mode of delivery between the two

groups.
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Table 5.1. General and clinical characteristics of the sample population

Hypertensive Non-hypertensive Total; n=540
cases; n=270 controls; n=270
Pearson

n (%) n (%) n (%) X2 Sig.
Characteristics
Ethnicity
African 269 (99.6) 268 (99.2) 537 (99.4) 0.624*
Multiracial 1(0.4) 2(0.7) 3(0.6)
Marital status
Single 210(77.8) 207 (76.7) 417 (77.2) 0.837*
Married 60 (22.2) 62 (23.0) 122 (22.6)
Divorced 0(0.0) 1(0.4) 1(0.2)
Gravidity
Multigravida 149 (55.2) 209 (77.4) 358 (66.3) <0.0001
Primigravida 121 (44.8) 61(11.6) 182 (33.7)
Booking status
Booked 248 (91.9) 258 (95.6) 506 (93.7) 0.111
Not booked 22(8.1) 12 (4.4) 34 (6.3)
Mode of delivery
Caesarean section 233 (86.3) 235 (87.0) 468 (86.7) 0.800
Vaginal 37(13.7) 35(13.0) 72(13.3)
Maternal complications
Yes 107 (39.6) 2(0.7) 109 (20.2) <0.0001
No 163 (60.4) 268 (99.3) 431 (79.8)

Median (IQR) Median (IQR) Median (IQR) Sig.**
Gestational age at recruitment 34 (6) 38(3) 36 (5) <0.0001

(weeks)

*Fisher’s Exact p-value; ** Mann-Whitney U p-value
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Maternal complications diagnosed in the study group

More than twenty percent of all participants (109/540, 20.2%) developed complications pre-
or post-delivery. Only 2 out of the 270 normotensive controls (0.7%) developed maternal
complications, with both having abruptio placentae. In contrast 107/270 (39.6%) of the
cases with HDP had various maternal complications with the most common being HELLP
syndrome (78/270, 28.9%) renal failure (29/270, 10.7%), and abruptio placentae (26/270,
9.6%) (Table 2). Other complications included pulmonary oedema (3/270), low GCS (4/270),
cerebrovascular accident, disseminated intravascular coagulopathy (n=1), or posterior

reversible encephalopathic syndrome (each 1/270).

Table 5.2. Maternal complications diagnosed in the study participants

Cases; n=107 Controls; n=2 Total; n=109
Maternal n (%) n (%) n (%)
complications
Abruptio placenta 24 (22.4) 2(100.0) 26 (23.9)
HELLP syndrome 78 (72.9) 0(0.0) 78 (71.6)
Renal failure 29(27.1) 0(0.0) 29 (26.6)
Pulmonary oedema 3(2.8) 0(0.0) 3(2.8)
Low GCS 7 (6.5) 0(0.0) 7(6.4)
ICU admission 7 (6.5) 0(0.0) 7 (6.4)

Relationship between NT-proBNP and hs-cTnl, and maternal complications in all

hypertensive cases

The median levels (p25, p75) of the cardiac biomarkers and CBP were significantly higher

among hypertensive participants with maternal complications (n=107/270) than those
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without complications (n=163/270). Specifically, the central systolic blood pressure (CSBP)
were 133 (120-142) mmHgvs 128 (109-129) mmHg (p=0.033) and the central diastolic blood
pressure (CDBP) levels were 75 (62-86) mmHg vs 69 (56-73) mmHg (p<0.01) while NT-
proBNP levels were 446 (145-1126) vs. 57 (21-167)) pg.mLl'; p<0.0001, and hs-cTnl levels
were 12 (7-35) ng.L”' compared to 8 (3-8) ng.L"; p<0.0001 (Table 5.3).

Table 5.3. Medial comparisons of NT-proBNP and hs-cTnl, and CBP in hypertensive cases

with or without specific maternal complications

Maternal complications in Central Central NT-proBNP Hs-cTnl (ng.L™")
hypertensive cases systolic diastolic (pg.mL™) Median (IQR)
blood blood Median (IQR)
pressure pressure
(mmHg) (mmHg)
Median (IQR) Median (IQR)
Composite maternal Yes 133(120-142) 75 (62-86) 446 (145- 12(7-35)
complications 1126)
No 128(109-129) 69 (56-73) 57 (21-167) 8 (3-8)
Sig 0.033 0.004 <0.0001 <0.0001
Abruptio placenta Yes 127 (119-138) 71 (56-82) 291 (85-1247) 11 (6-29)
No 134(123-143) 76 (63-88) 475 (151- 15(7-36)
1098)
Sig 0.140 0.347 0.604 0.501
HELLP syndrome Yes 133(119-141) 74 (64-85) 469 (145- 12.5(7-36)
1178)
No 134 (121-147) 76 (56-87) 403 (104-783) 12 (6.5-32)
Sig 0.383 0.975 0.716 0.528
Renal failure Yes 132(120-145) 78 (66-87) 821 (434- 35(12-50)
1894)
No 133(120-142) 73(61-86) 348 (85-1003) 10.5(6-19)
Sig 0.922 0.570 0.002 <0.0001
Pulmonary oedema Yes 105(99-118) 62 (58-80) 85 (48-6943) 5(5-48)
No 133(120-143) 75.5(62-87) 451 (145- 12(7-35)
1126)
Sig 0.059 0.221 0.597 0.499
Low GCS Yes 134 (123-148) 97 (73-104) 600 (262- 50 (14-66)
1638)
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No 133(120-142) 74 (61-85) 435  (145- 12(7-34)

1069)
Sig  0.614 0.099 0.619 0.059
ICU admission Yes 138(128-148) 95(73-101) 600  (262- 50 (14-66)
1638)
No 132(120-142) 74 (61-85) 435  (145- 12(7-34)
1069)
Sig  0.368 0.120 0.673 0.061

SIG.= MANN-WHITNEY

For PBP, only the PDBP was significantly higher among hypertensive participants with
maternal complications when compared to those without complications [80 (65-93) vs
72(62-86) mmHg; p=0.004] (see Table 4). The median values indicate that NT-proBNP levels
in individuals with maternal complications were above the normal range (<150 pg.ml’ for
NT-proBNP), while the values for hs-cTnl were within the normal range (<30 ng.L™" for hs-
cTnl). Among the participants with HDP, a significant relationship was observed between
renal failure and the biomarkers (Table 5.3). In this hypertensive group of participants, the
median hs-cTnl in cases with renal failure was significantly higher [35 (12-50) ng.L";

p<0.0001] compared to those without [11 (6-19) ng.L™".

The median NT-proBNP in cases with renal failure was also significantly higher [821 (434-
1894) pg.ml*; p=0.002] compared to those without [ 348 (85-1003)]. The other readings of
biomarkers were similar in participants with the named complications and those without

them (p>0.05) (Table 5).
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Table 5.4. Comparisons of PBP and CBP in hypertensive cases with or without specific

maternal complications

Maternal complications in peripheral peripheral Central Central diastolic blood
hypertensive cases systolic diastolic systolic pressure
blood blood blood (mmHg)
pressure pressure pressure Median (IQR)
(mmHg) (mmHg) (mmHg)
Median (IQR) Median (IQR) Median (IQR)
Composite maternal Ye 131 (117- 80 (65-93) 133 (120- 75 (62-86)
complications s 144) 142)
No 125 (113- 72(62-86) 128 (109- 69 (56-73)
139) 129)
Sig <0.055 <0.004 0.033 0.004
Abruptio placenta Ye 123 (112- 76 (65-91) 127 (119- 71 (56-82)
s 137) 138)
No 133 (119- 82 (64-94) 134 (123- 76 (63-88)
145) 143)
Sig 0.59 0.428 0.140 0.347
HELLP syndrome Ye 132 (119- 82 (65-93) 133 (119- 74 (64-85)
s 144) 141)
No 126 (112- 73 (62-93) 134 (121- 76 (56-87)
144) 147)
Sig 0.426 0.408 0.383 0.975
Renal failure Ye 131(117- 78 (67-93) 132 (120- 78 (66-87)
s 144) 145)
No 131(115- 82 (62-93) 133 (120- 73(61-86)
144) 142)
Sig 0.944 0.952 0.922 0.570
Pulmonary oedema Ye 112 (111- 73(61-76) 105(99-118) 62 (58-80)
S 112)
No 132(118- 82 (65-93) 133 (120- 75.5(62-87)
144) 143)
Sig 0.053 0.181 0.059 0.221
Low GCS Ye 140 (122- 109 (67-121) 134 (123- 97 (73-104)
s 173) 148)
No 131 (116- 80 (63-93) 133 (120- 74 (61-85)
144) 142)
Sig 0.241 0.161 0.614 0.099
ICU admission Ye 138 (122- 106 (67-119) 138 (128- 95(73-101)
s 173) 148)
No 131 (116- 80(63-93) 132 (120- 74 (61-85)
144) 142)
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Sig 0.246 0.177

0.368 0.120

SIG.= Mann-Whitney

A hs-cTnl value of 8.5 ng.L" or higher predicted maternal complications of HDP with a

sensitivity of 69% and a specificity of 50% (P < 0.

001; 95% CI1 0.57-0.70; AUC=0.63), while an

NT-proBNPvalue of 179 pg.ml'or higher predicted maternal complications with a sensitivity

of 71% and a specificity of 51% (P < 0.001; 95% CI1 0.59-0.73; AUC=0.66) (Figure 5.1).
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Figure 5.1. hs-cTnl and NT-proBNP cut-offs for prediction of maternal complications in

women with hypertensive disorders of pregnancy.

A hs-cTnl value of 11 ng.L" or higher predicted renal failure with a sensitivity of 79% and a

specificity of 50% (P < 0.001; 95% CI 0.66-0.85;

AUC=0.75), while an NT-proBNP value of

167 pg.ml™ or higher predicted renal failure with a sensitivity of 93% and a specificity of 65%
(P=0.002; 95% CI 0.58-0.80; AUC=0.69) (Figure 5.2).
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Figure 5.2. hs-cTnl and NT-proBNP cut-offs for prediction of renal failure in women with

hypertensive disorders of pregnancy.

Relationship between NT-proBNP and maternal complications in women with

preeclampsia and eclampsia

In eclamptic cases who had additional maternal complications, the NT-proBNP and the hs-
cTnl were significantly higher compared to those without additional maternal
complications: respectively 1030 (382 - 1894) vs. 464 (164 - 940) pg.ml’, p=0.003] and 33
(12 -62) vs. 10 (5 - 25) ng.L" p<0.0001 (Table 5). The cases with eclampsia who had renal
failure had significantly higher hs-cTnl compared to eclamptic cases without renal failure,

46 (20 - 175) vs.21 (8 - 54) ng.L"; p=0.036. There was no difference in the median hs-cTnl
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and NT-proBNP in eclamptic cases with and without abruptio placenta, help syndrome,

pulmonary oedema, low GCS, or admission to the ICU (p >0.05) (Table 5.5).

Table 5.5: Medial comparisons of NT-proBNP and hs-cTnl in eclamptic cases with or without

specific maternal complications

Maternal complications in cases Hs-cTnl NT-proBNP

with eclampsia Median (IQR) Median (IQR)

Composite maternal Yes 33(12-62) 1030 (382 - 1894)

complications No 10 (5 - 25) 464 (164 - 940)
Sig. <0.0001 0.003

Abruptio placenta Yes 31(11 - 46) 1460 (403 - 1894)
No 34(12-77) 1026 (355 -2120)
Sig. 0.591 0.684

HELLP syndrome Yes 34 (12-104) 1069 (434 - 3250)
No 22.50 (11.50 - 48) 523 (341 - 1460)
Sig. 0.367 0.279

Renal failure Yes 46 (20-175) 1133 (434 - 3223)
No 21(8-54) 1026 (270 - 1673)
Sig. 0.036 0.500

Pulmonary oedema Yes
No 33(12-62) 1030 (382 - 1894)
Sig. - -

Low GCS Yes 52(16-77) 877.50 (446 - 2120)
No 29 (11 -62) 1030 (355 - 1894)
Sig. 0.317 0.884

ICU admission Yes 52 (16 -77) 877.50 (446 - 2120)
No 29(11-62) 1030 (355 - 1894)
Sig. 0.333 0.987

SIG.= Mann-Whitney
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Overall, the median NT-proBNP [246.50 (85 - 673) vs.141.50 (45 - 381) pg.ml"; p=0.009] was
significantly higher in preeclamptic cases with maternal complications compared to those
without maternal complications. There was no statistically significant difference in the
medians for hs-cTnl in preeclamptic cases with and without maternal complications. Upon
stratified analysis, participants with PE who developed renal failure had significantly higher
median hs-cTnl and NT-proBNP compared to those without renal failure, respectively 20 (10
-46) vs. 9 (6 - 12) ng L' p=0.001; and [619 (233 - 1894) vs.200 (78 - 520) pg.ml"' p=0.002.
There was no difference in the median hs-cTnl and NT-proBNP of preeclamptic cases with
and without abruptio placenta, HELLP syndrome, low Glasgow coma scale, pulmonary

oedema, and admission to the ICU (p>0.05).

5.4 Discussion
This study included a total of 540 participants, consisting of 270 individuals with
hypertension and 270 non-hypertensive controls. Among the participants with
hypertension, 39.6% experienced maternal complications, with HELLP syndrome being the
most common complication reported. Women with complications related to HDP
presented with higher levels of both diastolic and systolic central blood pressure.
Additionally, those with complications had significantly elevated levels of NT-proBNP and
hs-cTnl. Hypertensive patients who also had renal failure showed even higher levels of NT-

proBNP and hs-cTnl compared to those without renal failure.

These study results are consistent with existing literature which has shown increased levels
of NT-proBNP in women with HDP, and a correlation between these cardiac biomarkers and
maternal complications in patients with HDP (Bakacak et al. 2016; Nguyen et al., 2022;
Verma, Malik & Bansal 2022). Hamad et al. (2009) observed impaired diastolic left
ventricular function and increased levels of NT-proBNP in pregnancies complicated by PE
(477 (152) ngL'vs 46 (6) ng.L"; p<0.0001), especially early-onset PE (1243 (583) ng.L" vs 254
(57)ngL", p=0.005) (Hamad et al., 2009). Fustaret et al. (2012) also evaluated the correlation

146



between NT-ProBNP in normotensive pregnant women and women with HDP, finding that
NT-ProBNP significantly correlated with lactic dehydrogenase and platelets, which are
markers for HELLP syndrome, and cardiac failure [31]. The current study did not find a
significant association between NT-proBNP and HELLP syndrome but found that
hypertensive patients with renal failure had significantly higher NT-proBNP levels compared
to those who did not have renalfailure. This finding aligns with the established phenomenon
that NT-proBNP clearance occurs exclusively in the kidneys, as well-documented in
patients with chronic renal failure (Charmetant et al., 2019). Therefore, impairment in the

renal system may result in higher levels of NT-proBNP.

The current study did not find an association between pulmonary edema and NT-proBNP
levels, which differs from the results of other studies. For instance, Kumari et al. (2017)
reported a significant association of serum NT-proBNP levels with pulmonary edema [997
(642.92 to 1351.08) pg.ml’ (p=0.049)] (Kumari et al. 2017) Additionally, Kim et al. (2020)
conducted a study with 124 preeclamptic patients and found that NT-proBNP levels were
significantly higher in women with pulmonary oedema (H. M. Kim, Choo & Seong 2020). Their
findings are consistent with a cross-sectional study of 30 women with severe PE conducted
by Hafiz et al. (2021), which also found an association between NT-proBNP and pulmonary
edema [33]. Further studies are necessary to understand the differences between the

current study's findings and those of other studies.

Inthe study by Hafiz et al., a significant association was also found between NT-proBNP and
HELLP syndrome in preeclamptic patients, which contradicts the findings of the present
[33]. Hafiz et al. included only 35 participants with hypertension, while the present study
involved a larger sample size, which may explainthe discrepancies between the two studies.
Conversely, a study by Kumari et al.,, which included 45 hypertensive women and 45
normotensive women, aligns with the results of the current study, revealing no association
between NT-proBNP and HELLP syndrome in pregnant women with hypertensive conditions

(Kumari et al., 2017).
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In addition to NT-proBNP, the current study also found elevated levels of hs-cTnl in women
with maternal complications of HDP compared to those without maternal complications.
This observation is in line with previous research indicating a potential association between
hs-cTnl and PE (Pergialiotis et al. 2016)(Morton & Morton 2018). However, there is a lack of
studies specifically examining the relationship between hs-cTnl and maternal
complications of HDP. It's worth noting that, similar to the findings for NT-proBNP among
pregnant women with hypertension, those who experienced renal failure had significantly
higher levels of hs-cTnl. This finding is consistent with existing literature indicating that
cardiac biomarkers are filtered through the glomerular filtration barrier, and a decrease in

glomerular filtration can impact their levels (Ren et al. 2021).

The current study indicates that both diastolic and systolic central blood pressure are higher
in women with maternal complications of HDP. Previous studies have mainly focused on the
relationship between central blood pressure and HDP, rather than examining the
association between central blood pressure and maternal complications (Meeme et al.
2017;Torrado et al. 2015; Namugowa et al. 2017). These studies have consistently
demonstrated that CBP is elevated in women with HDP compared to those without HDP.
CBP is known to be a reliable indicator of target organ damage, which may explain the
association between central blood pressure and maternal complications of HDP in the
current study, as these complications are largely associated with target organs (Jeon et al.

2021).

In non-pregnant patients, CBP has been shown to be a good predictor of complications in
certain target organs, such as cardiovascular events (myocardial infarction, coronary heart
disease, sudden death, congestive heart failure, and stroke) and renal failure (Roman et al.
2007;Xiao et al. 2020). However, unlike other studies that have established a correlation
between CBP and the decline in renal function, the current study did not find significantly
different levels of CBP between women with renal failure and those without (Kumari et al.
2017; Charmetant et al. 2019; Kim & Kim 2019). This may be attributed to the fact that the

other studies primarily involved non-pregnant patients with chronic kidney disease rather
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than acute cases, and it also included some male participants. For example, Xiao et al.
(2020) conducted a study with 1426 non-pregnant participants who were followed for a
median of 4.8 years to assess the prognostic significance of various blood pressure
measurements for renal function decline and early chronic kidney disease (Xiao et al.,
2020). Their study revealed that central pulse pressure emerged as an independent
predictor of renal function decline. Their findings are consistent with the earlier community-
based population study by Fan et al. (2016), which evaluated 3153 participants and found
that central SBP was a stronger predictor compared with peripheral SBP for kidney function
decline (Fan et al., 2016). Ohno et al. (2016) also highlighted the association between CBP
and kidney function(Ohno et al., 2016). They proposed a vicious cycle between chronic
kidney disease (CKD) and CBP, indicating that abnormalities in central hemodynamics can
hasten the progression of CKD by potentially causing renal ischemia and glomerular

hypertension.

The current study found that the CSBP was significantly higher in women with maternal
complications of HDP compared to women without complications of HDP. However, the
peripheral systolic blood pressure did not show a significant difference. This may imply that
CSBP may be better associated with complications of HDP compared to PSBP. This finding
is consistent with the findings in the general population, where CBP is a better predictor of
cerebrovascular accidents compared to peripheral blood pressure. For example,
Matsumoto et al. conducted a study that found higher CSBP and central pulse pressure, but
not brachial blood pressure, to be significantly associated with white matter hyperintensity
volume(Matsumoto et al., 2020). Han et al. also investigated the association between CBP
and long-term prognosis in patients with Embolic Stroke of Undetermined Source (ESUS)
and found that CBP parameters were independently associated with unfavourable
outcomes, including major adverse cardiovascular events, stroke recurrence, and mortality
(Han et al., 2023). However, while the current study observed elevated CBP in relation to all
maternal complications, it did not find any association between cerebrovascular events and

CBP. This could be due to the short interval of exposure to high CBP in pregnant women
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compared to long-term exposure in the aforementioned studies. A long-term follow-up of

patients in our study might be needed to address this controversial finding.

Limited data exists on relationships between CBP, hs-cTnl, and NT-proBNP, and maternal
complications inwomen with HPD, so this study offers valuable insights. However, the study
had some limitations. One limitation is that the follow-up period was limited to seven days
after delivery, potentially missing complications that may have occurred later. However, this
may be mitigated by the fact that most immediate complications of HDP occur during the
antenatal and immediate postpartum periods, which is seven days after delivery. Another
limitation is that cases and controls were not matched for maternal and gestational age,

which could introduce statistical bias.

In conclusion, the study found that pregnant women with hypertension and maternal
complications had significantly higher levels of CBP and cardiac biomarkers NT-proBNP and
hs-cTnl compared to those without complications. These cardiac biomarkers were
particularly elevated in women with renal failure. The findings may suggest that women with
maternal complications of HDP during pregnancy may be at higher risk of developing
chronic cardiovascular problems. Additionally, measuring these biomarkers in hypertensive
pregnancies could help in screening and monitoring maternal complications, especially
renal failure, and CSBP may be more effective than PSBP in screening for maternal

complications of HDP.
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4. Assessment of clinical practices and cardiac biomarker screening in

preeclampsia: a survey of healthcare professionals
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Abstract

Introduction:

Preeclampsia (PE) is associated with increased risk of peripartum cardiomyopathy and
long-term cardiovascular complications. Cardiac biomarkers like brain natriuretic peptide
(BNP) and troponin | may help assess cardiac function in pregnant women with PE.

However, the extent to which healthcare professionals utilize these biomarkers for

evaluating women with PE is not well-documented.
Objective:

This study aimed to evaluate the experiences and perspectives of healthcare workers
regarding the clinical assessment and usage of cardiac biomarkers in patients with

preeclampsia.

Methods:
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A cross-sectional online survey was distributed to medical doctors working in maternity
units at five hospitals. Participants were recruited through direct outreach, and only
qualified medical officers, registrars, and medical specialists were included. The data were
analysed using IBM SPSS Statistics software, and descriptive statistics were calculated. A

p-value of less than 0.05 was considered statistically significant.
Results:

The survey included 58 participants, primarily consisting of medical officers and registrars
(69%) and specialist obstetricians and gynaecologists (31%), who had varying levels of
clinical experience. Notably, 89.76% of respondents identified pulmonary oedema as the
most common cardiac-related complication associated with preeclampsia. When it came
to screening for cardiac diseases in preeclamptic women, 43.1% of participants relied on
clinical judgment, while only 10% utilized standardized protocols. Additionally, 24.1%
screened only high-risk cases, and 22.4% reported conducting no screening at all. In terms
of post-delivery management, only 41.4% of participants performed reviews on all patients
with preeclampsia. However, a significant majority, 75.9%, recognized the potential role of
cardiac biomarkers in managing both the short- and long-term prognosis of preeclampsia,

highlighting various advantages of integrating these biomarkers into clinical practice.
Conclusion:

A significant number of participants support the integration of cardiac biomarkers in the
management and prognosis of preeclampsia. This reflects a positive shift toward adopting
new practices in clinical care. However, only a small percentage of healthcare workers are
currently following screening protocols and reviewing all post-delivery patients with
preeclampsia. This highlights an urgent need to educate and encourage healthcare workers
on the importance of enhanced monitoring for cardiovascular issues in this high-risk

population.
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6.1 Introduction

Research has demonstrated that cardiac markers, including BNP and troponin I, are
markedly elevated in women experiencing hypertensive disorders of pregnancy (HDP)
(Gencheva et al. 2021; Sheikh et al. 2021; Bacmeister et al. 2024). Findings in the previous
chapter (Chapter 5) indicate that pregnant women with HDP who encounter maternal
complications exhibit significantly higher levels of these cardiac biomarkers compared to
those without complications. This suggests a potential role for these biomarkers in

screening and monitoring maternal health conditions.

PE, the most prevalent type of HDP, is a multisystemic disorder characterized by elevated
blood pressure that arises at or after the twentieth week of gestation, accompanied by
either proteinuria or symptoms indicative of organ dysfunction. This condition results from
inadequate cardiovascular adaptation to the physiological changes of pregnancy (Kornacki
et al., 2024; Thilaganathan & Kalafat 2019; Yagel & Verlohren 2020; Brown et al. 2018).

Despite extensive research, the precise pathogenesis of PE remains elusive.

Key cardiovascular adaptations during pregnancy involve increased cardiac output and
blood volume alongside a decrease in systemic vascular resistance. When these
adaptations fall short, various maternal and perinatal complications may arise (Melchiorre
et al. 2011). Given that the exact pathogenesis of preeclampsia is not fully understood, it is
vital for healthcare professionals to be equipped with knowledge on screening, prevention
and management strategies to mitigate both maternal and perinatal morbidity and

mortality associated with this condition.

Effective prevention of preeclampsia relies significantly on early detection, rigorous
monitoring, and prompt intervention (Moodley et al. 2018). One promising preventive

approach is the administration of low-dose aspirin, which has been shown to lower the risk
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of preterm or early-onset PE (Chaemsaithong et al. 2022). Predicting the likelihood of
developing PE requires a systematic approach to antenatal care, which emphasizes regular
blood pressure monitoring (Moodley et al. 2018). The FIGO guidelines advocate for all
pregnant women to undergo screening for preterm PE early in pregnancy using a combined
first-trimester test, incorporating assessments of maternal risk factors in conjunction with
specific biomarkers (Poon et al. 2012). Nevertheless, current screening methods fall short
in reliably predicting complications in women already diagnosed with preeclampsia.
Current literature suggests that regular blood tests, including full blood count, urea and
electrolytes, and liver function tests, are essential for monitoring women with PE (Brown et
al., 2018; Moodley et al., 2018). Furthermore, biomarkers such as BNP and troponin |,
traditionally used to diagnose cardiac muscle injury, are increasingly being validated for
their potential in assessing hypertensive pregnant women (Bacmeister et al. 2024;
Gencheva et al. 2021; Ghomian et al. 2019; Ravichandran et al. 2019; Sadlecki et al. 2016;
Dalal et al. 2016; Gencheva et al. 2021; Sheikh et al. 2021). These biomarkers are essential
not only as potential screening tools for preeclampsia but also as critical indicators of

cardiac injury.

This study aimed to connect the findings from previous chapters about the potential role of
cardiac biomarkers in managing preeclampsia with the clinical experiences and
perspectives of healthcare professionals regarding the use of these markers in women
affected by this obstetric condition. The hypothesis was that healthcare professionals'
awareness and integration of cardiac biomarkers, such as BNP and troponin |, in the
clinical management of preeclampsia are insufficient, contributing to inadequate
screening and monitoring for cardiovascular complications in women diagnosed with this

condition.

6.2 Methods

This was a cross-sectional online survey of medical doctors in maternity units of regional

and tertiary hospitals using Google Forms. The variables included demographic
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information, current employment status, years of experience, and the level of the
healthcare facility. Other questions focused on their clinical experience and perspectives
regarding the complications and management of preeclampsia, as well as the use of

cardiac markers in patients with this condition.

The study population consisted of medical doctors working in the maternity units at
Mthatha Regional Hospital, Nelson Mandela Academic Hospital, Cecilia Makhiwane
Hospital, and Frere Hospital. All who agreed to participate and provided consent were

included in the survey. Medical students and interns were excluded from the study.

Data Collection

There were a total of 46 medical officers and 25 medical specialists in the maternity units
across these hospitals, making a total of 71 potential participants. A pre-desighed online
survey was distributed via email and WhatsApp to these 71 medical doctors, of whom 58

agreed to participate.

Data Entry, Cleaning, and Analysis

Data was extracted from the Google Form and verified for accuracy before being recorded
using the latest version of IBM SPSS Statistics software for Windows (IBM Inc., Chicago, IL,
USA). The data was summarized as proportions (%) and presented using figures and
tables. Responses to open-ended questions were analysed thematically. The Chi-square
test was employed to assess the association between categorical variables, such as
career and shared perspectives. A p-value of less than 0.05 was considered statistically

significant.

Ethical considerations
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Approval to conduct the study was obtained from the Walter Sisulu University Faculty of
Medicine and Health Sciences Research Ethics Committee (WSU HREC 037/2025) before
the research commenced. Informed consent was secured from all participants prior to
their involvement in the survey. To ensure anonymity, no names were included in the
Google Forms used in the study. The research posed no risks to the participants' health or

well-being.

6.3 Results

Demographics

The survey involved 58 participants, comprising 40 medical officers and registrars (69%) and
18 specialist obstetricians and gynaecologists (31%) (Table 6.1). Experience levels varied,
with 37.9% (22/58) having 1-5 years of clinical practice, 32.8% (19/58) over 10 years, 27.6%
(16/58) between 6-10 years, and 1.7% (1/58) with less than 1 year (post community-service)
in clinical practice. More than 72% (42/58) worked in a tertiary institution, and the remaining

27% (16/58) at regional hospitals (Table 6.1).

Table 6.1. Demographic characteristics of participants

Demographic Frequency (%)
Career Medical officers and registrars 40 (69)
Medical specialist 18 (31)
Working experience Less than 1 year 1(1.7)
1-5years 22 (37.9)
6-10 years 16 (27.6)
More than 10 years 19 (32.8)
Level of health facility Regional hospitals 16 (27.6)
Tertiary 42 (72.4)
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General experience and perspectives of healthcare workers on peripartum

cardiomyopathy (PPCM) in women with preeclampsia

A maijority of participants [77.6% (45/58)] occasionally encountered preeclamptic women
suffering from left ventricular dysfunction or PPCM, while 13.8% (8/58) reported these cases
as rare, and 8.6% (5/58) stated they frequently encountered them. The most frequently
encountered cardiac-related complication by the participants during clinical care for
patients with preeclampsia was pulmonary oedema, reported by 89.7% (51/58). This was

followed by maternal and perinatal deaths, each reported by 5.2% (3/58) (Table 6.2).

Table 6.2: Common cardiac-related complications encountered during the care of patients

with preeclampsia
Cardiac complication Frequency (%)
Pulmonary oedema 52(89.7)
Maternal death 3(5.2)
Perinatal death 3(5.2)
Total 58 (100)

Based on their experience, 50.0% (29/58) observed that cardiac complications from
preeclampsia generally present postpartum, whereas 34.5% (20/58) indicated an antenatal
presentation, and 15.5% (9/58) referred to intrapartum occurrences. When assessing the
prognosis of PPCM, 56.9% (33/58) of participants indicated a moderate recovery outlook,

while 29.3% (17/58) said it was good, and 13.8% (8/58) noted a high maternal mortality risk.

Methods for screening, long-term monitoring, and prognosis of cardiac-related

complications in women with preeclampsia
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Regarding routine screening for incidental cardiac complications in preeclamptic patients,
43.1% (25/58) base their screening on clinical judgment, some respondents (6/58, 10.3%)
employ standardized protocols, 24.1% (14/58) screen only high-risk cases, and another

22.4% (13/58) do not conduct any screening at all.

In terms of methods used for screening for incidental cardiac complications in women with
preeclampsia, 44.8% (26/58) use echocardiography, while 27.6% (16/58) rely on cardiac
markers such as Pro-BNP and troponin. Additionally, 15.5% (9/58) do not use any
tests,10.3% (6/58) employ ECG, while one respondent (1.7%) did not specify the tests used

for screening (Table 6.3).

Table 6 3: Tests used to screen preeclamptic women for incident cardiac complications

Tests Frequency (%)
Echocardiography 26 (44.8)
Cardiac Biomarkers 16 (27.6)

No screening test used 9(15.5)

Not specified 1(1.7)

ECG 6(10.3)

Total 57 (100)

For monitoring long-term complications of preeclampsia, 42 of 58 participants (72.4%)
conducted regular blood pressure monitoring predominantly. Eight participants (14.1%)
undertook comprehensive cardiovascular risk assessments, 5 (8.6%) undertook
echocardiograms, 2 (3.4%) reported urinalysis and electrolyte (U&Es) results, one (1.7%)
performed cardiac biomarker assessments, while one (1.7%) did not report any routine long-

term monitoring.
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The vast majority (84.5%; n = 49) reported using echocardiograms for follow-up and
prognostication of patients with preeclampsia complicated by left ventricular dysfunction or
PPCM. Other methods reported included clinical examination (6/58, 10.3%), cardiac

biomarkers (1/59, 1.7%), and 3.4% (2/58) not employing any measures (Table 6.4).

Table 6.4. Measures used for prognostication

Measures Frequency (%)
Echocardiogram 49 (84.5)
Clinical examination 6(10.3)

None 2(3.4)
Cardiac biomarkers 1(1.7)

Total 58 (100)

Post-delivery, 24 participants (41.4%) indicated that they review all preeclamptic patients,
whereas 16 (27.6%) only review those with complications, and 12 (20.7%) approach reviews
on a case-by-case basis. Notably, 10.3% (6/58) reported that routine post-delivery reviews

were not standard practice at their institutions (Figure 6.1).
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Routinely review of preeclamptic women after delivery

50

all wormen are reviewed Only those with Mo, it's not part of Review is conducted on
complications standard practice a case-by-case basis

Figure 6.1. Routine review of preeclamptic patients after delivery

Role for cardiac biomarkers in managing the short- and long-term prognosis of

preeclampsia

More than three-quarters of participants (44/58, 75.9%) believed that cardiac biomarkers
play a role in managing the short- and long-term prognosis of preeclampsia, while 24.1%

(14/58) disagreed.

Regarding the benefits of integrating cardiac biomarkers, several key advantages were noted
by the 44 participants who supported the use of cardiac markers (see Table 6.5).
Specifically, 52% (23/44) emphasized the critical role these biomarkers play in the screening

and diagnosis of cardiac diseases.
“It assists with making a diagnosis of peripartum cardiomyopathy.” SPE31

“Cardiac biomarkers will help in the screening of patients and therefore we may diagnose

patients with cardiac disease early.” REG32
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Additionally, 25% (11/44) highlighted their value in predicting outcomes for patients with

cardiac diseases.

“This would help the clinician to prognosticate the patient.” REG0O7

“It helps in prognosis of the patient and preconception managementin the next pregnancy.”

SPE28

Furthermore, 4.5% (2/44) mentioned that these biomarkers could assist in both monitoring

and management roles.
“It helps with monitoring and management of the patient.” REG 35

“Cardiac biomarkers will facilitate the monitoring and management of the condition, as well

as provide guidance on the long-term effects of ventricular dysfunction.” REG42

Another 4.5% (2/44) indicated that they could help differentiate between cardiogenic and

non-cardiogenic causes of pulmonary oedema.

“Helps differentiate between pulmonary oedema secondary to preeclampsia alone, or with

cardiac complications.” REG23

“They help in assisting to determine the cardiac properties of the patient and distinguish

between cardiogenic and non-cardiogenic pulmonary oedema.” REG46

Lastly, 9.1% (4/44) recognized the potential of these biomarkers for predicting or screening

for preeclampsia in future pregnancies.
“For screening of preeclampsia in subsequent pregnancies.” REG20

“Cardiac biomarkers are elevated in preeclampsia and heart failure, and they may also help

detect patients at risk of developing hypertensive disorder in long run.” REG37

Conversely, 14 participants who expressed scepticism about the use of cardiac biomarkers

raised several concerns (Table 6.5). One participant pointed out the lengthy turnaround
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times for test results, while 57.1% (8/14) questioned the evidence supporting the

effectiveness of these biomarkers in screening for complications related to preeclampsia.

“Reason is we spend very short time with patients, results turnaround time is very long, by

the time we get results, we no longer have contact with the patient.” SPE57

Additionally, 4/14 (28.6%) noted that the use of these biomarkers is nhot common practice at
their institutions, while one participant (1/14, 7.1%) cited the cost of the cardiac biomarkers

as a potential barrier to their implementation.
“Not enough supporting evidence.”REG40

“Not aware of any scientific evidence for it in preeclampsia without cardiac complications.”

SPE44

“The biomarkers are cost implicated, can’t be generalised in our institution because the

volume of patients we receive may be costly to do to all of them.” SPE28

Table 6.5. Role of cardiac biomarkers in managing the short- and long-term prognosis of

preeclampsia

Affirmed Response Number (n) Percentage (%)
role of
cardiac

biomarkers

Role in screening and
diagnosis of cardiac

diseases 23 52.3

Role in prognostication of

cardiac diseases 11 25

166



Role in both monitoring
and management of

cardiac diseases

Usefulin predicting or
screening for
preeclampsia in future

pregnancies

could help differentiate
between cardiogenic and
non-cardiogenic causes of

pulmonary oedema

Not sure

Total

lengthy turnaround time of

cardiac biomarkers

Lack of evidence in
support of Cardiac
markers in women with

preeclampsia

not a standard practice at

their institutions

Cardiac biomarkers are

costly

Total
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Treatment, follow-up, resolution and long-term complications of PPCM

The later survey questions received responses from 51 participants. When asked about
treatment options for patients diagnosed with PPCM, 60.0% (30/51) recommended diuretics
as the initial treatment. Other treatment recommendations included angiotensin-
converting-enzyme inhibitors (23/51, 56.0%), digoxin (14/51 28%), beta-blockers (12.51,
24.0%), and bromocriptine (6/51, 12,0%). When it comes to follow-up care for patients with
PPCM, 37.3% (19/51) of these participants typically conduct monthly check-ups, while 29.
4% (15/51) opt for bi-weekly follow-ups, 23.5% (12/51) adhere to weekly sessions, and 9.8%

(5/51) see patients after several months.

Regarding the timeline for resolution of PPCM, 51.0% (26/51) of participants believe it
typically resolves within 1 to 6 months after birth, 35.3% (18/51) think it resolves after more
than 6 months, 11. 8% (6/51) perceive resolution within a month, and 2.0% (1/51) believed

it resolves within a week (Figure 6.2).

Resolution of PPCM after birth

G0

Percent

Within a week Within 1 month 1-6 months More than 6 months

Figure 6.2. Timeline for resolution of PPCM
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Some participants reported more than one long-term complication of PPCM that they
believe is more common. Out of 88 responses, 38 (43.2%) identified heart failure as the most
common long-term complication of PPCM. Meanwhile, 34 responses (38.6%) mentioned the
recurrence of PPCM as the most frequent issue. Additionally, 15 replies (17.0%) pointed to
psychological impacts, while only one (1.1%) indicated that death is the most common

outcome.

There was no correlation between the participants' careers (as medical officers or
specialists), their years of experience, and the frequency of cardiac-related complications
observed (p>0.05) (Table 6.6). Additionally, the participants' careers and years of experience
did not influence their opinions on the use of cardiac biomarkers in managing preeclampsia
or in assessing short-term and long-term prognosis (p >0.05). However, the level of the
healthcare facility did show a correlation with the likelihood of using cardiac markers (Table
6.7). Specifically, a significantly higher number of participants from tertiary institutions
recognized the importance of cardiac biomarkers in the management and prognosis of

preeclampsia (p = 0.043).
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Table 6.6. Correlation between the participants' careers, their years of experience, and the

frequency of cardiac-related complications observed

Variable Cardiac-related complication P value
Pulmonary Maternal Perinatal Pearson
Oedema Death Death Chi-
Square
n (%) n (%) n(%)
Career
Medical officer 35(67.3) 3(100.0) 2(66.7) 0.491
Medical specialist 17 (32.7) 0(0) 1(33.3)

Years of experience

less than 1 year 1(1.9) 0(0) 0(0) 0.142
1-5 years 20 (38.5) 0(0) 2(66.7)

6-10 years 13 (25.0) 3(100.0) 0(0)

more than 10 years 18 (34.6) 0(0) 1(33.3)

Level of health care

facility
Regional Hospital 14 (26.9) 1(33.3) 1(33.3) 0.946
Tertiary Hospital 38 (73.1) 2(66.7) 2(66.7)

Table 6.7. Correlation between the participants' careers, their years of experience, and their

opinion on the use of cardiac biomarkers

Variable Recommend use of cardiac biomarkers P value
Yes No
n (%) n (%)
Career
Medical officer 32(72.7) 8(57.1) 0.327*
Medical specialist 12 (27.3) 6 (42.9)

Years of experience
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less than 1 year 1(2.3) 0 (0) 0.533**

1-5years 16 (36.4) 6 (42.9)
6-10 years 14 (31.8) 2(14.3)
more than 10 years 13 (29.9) 6 (42.9)

Level of health care facility
Regional Hospital 9 (20.5) 7 (50.0) 0.043**
Tertiary Hospital 35 (79.5) 7 (50.0)

*Fischer exact test, **Pearson Chi-Square

6.4 Discussion

The survey results provide valuable insights into the demographics, experiences, and
clinical practices of healthcare professionals regarding cardiac complications associated
with preeclampsia. Among 58 healthcare professionals surveyed, 77.6% reported
encountering preeclamptic women with either left ventricular dysfunction or PPCM. The
most frequently observed cardiac complication was pulmonary oedema, which was
present in 89.7% of cases. However, routine screening for these complications revealed
that only 10.3% of medical doctors in maternity wards followed standardized screening
protocols. After delivery, 41.4% of healthcare professionals reviewed all preeclamptic
patients, while others either focused on those with complications or assessed them on an
individual basis. In terms of long-term care, 72.2% performed regular blood pressure
monitoring, and a significant majority (75.9%) recognized the importance of cardiac

biomarkers in managing the prognosis of preeclampsia.

The cohort primarily consisted of medical officers and registrars, making up just over two-
thirds of the participants, while approximately one-third were specialists. This distribution

reflects trends observed in other studies and is consistent with real-life practices in
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regional and tertiary institutions (Atluri et al. 2023; Richards et al. 2020). The predominance
of professionals with both 1-5 years and over 10 years of experience indicates a mix of new
and seasoned practitioners, thus contributing to a range of perspectives on clinical
practices. Notably, the majority of participants hailed from tertiary institutions. Being
situated in higher-level care environments likely affords them enhanced access to
resources, which could significantly impact their strategies for managing preeclampsia and
its associated complications (Atluri et al. 2023). This notion is particularly evident in the
survey results, where a significantly greater proportion of participants from tertiary
institutions acknowledged the critical role of cardiac biomarkers in both the management
and prognostic assessment of preeclampsia. These findings highlight the value of
advanced training and resources available in these settings, which can enhance clinical

decision-making and improve patient outcomes.

The data surrounding routine screening for cardiac complications in patients with
preeclampsia in this study reveal a concerning trend: only 10.3% of medical doctors
working in maternity adhered to standardized screening protocols, while more than 70%
relied solely on routine blood pressure monitoring to assess long-term complications. This
statistic highlights a significant gap in proactive measures aimed at monitoring a
population that is already classified as high-risk for cardiac disease (Wu et al. 2017). The
literature emphasizes that adherence to locally adapted guidelines is vital not only for
reducing adverse outcomes in pregnant women but also for mitigating cardiovascular
disease complications in the broader population (Moodley et al. 2018; Teo & Rafig 2021).

Therefore, the need for consistent application of these guidelines is of utmost importance.

Among the various methods of screening for cardiac-related complications in women with
preeclampsia, echocardiography emerged as the most utilized technique, underscoring its
significance in clinical practice. This method’s ability to provide detailed insights into

cardiac function and structural abnormalities is invaluable, particularly in a population at
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increased risk for cardiovascular issues. The prominence of echocardiography aligns with
findings from Celermajer et al. (2012), which illustrate the substantial importance of this
diagnostic tool in the early detection of cardiac diseases. This is especially evident when
echocardiography is contrasted with solely clinical examinations, which might miss subtle
yet important cardiac changes, potentially causing serious complications (Celermajer et
al. 2012). Given that preeclamptic patients are at an elevated risk of cardiovascular issues
later in life, the early detection of cardiac anomalies through echocardiography can
facilitate timely interventions and better health outcomes. This holds especially true for
preeclamptic patients with pulmonary oedema. Literature indicates that a significant
proportion of them have underlying cardiac disease (Dennis & Solnordal 2012; Nagaraj &

Meganathan 2019).

Itis alarming that a considerable proportion of healthcare providers reported not utilizing
any screening tests for cardiac complications in preeclamptic patients, which raises
questions about the overall management strategies in place for these patients. This gap in
screening practices highlights the urgent need for enhanced education on established
guidelines, risk stratification measures, and clinical practices that are crucial in managing

preeclamptic patients effectively.

Some participants noted the inclusion of cardiac biomarkers in their screening protocols,
while others advocate for their use in prognostics. This aligns with the current literature
that supports the use of these biomarkers for cardiac risk assessment (Regitz-Zagrosek et
al. 2018). Biomarkers such as microalbuminuria, C-reactive protein, and brain natriuretic
peptide are particularly recommended for evaluating cardiovascular risk, especially in
high-risk populations (Nakamura et al. 2005). Additionally, a systematic review by Singh et
al. highlights the significant role of NT-proBNP in not only evaluating but also in predicting
adverse outcomes in heart failure (Singh et al. 2024). The practical application of these

biomarkers holds potential to enhance cardiovascular care and improve patient outcomes.
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Post-delivery review practices exhibit varied approaches, with only 41.4% of patients with
preeclampsia being reviewed. This finding is worrying, since preeclampsia is associated
with several complications soon after delivery and later on in life (Poon et al. 2021). A post-

delivery checkup is vital for the early detection of these complications.

Regular blood pressure monitoring was the most common long-term monitoring practice,
reflecting an awareness of the significance of hypertension in the long-term health of these
participants (Brown et al. 2021). Women with preeclampsia during pregnancy are at
increased risk of developing chronic hypertension and other cardiovascular complications,
and therefore, blood pressure monitoring in these patients is crucial(Regitz-Zagrosek et al.
2018; Williams et al. 2018; Giorgione, Cauldwell & Thilaganathan 2023; Palmiero et al.
2025). However, it is worth noting that regular blood pressure measurements typically refer
to peripheral readings. While this method is commonly used to assess hypertension during
pregnancy, it may not fully capture central hemodynamic changes. Findings from earlier
chapters of this thesis indicate that pregnant women with hypertension and maternal
complications have significantly higher central blood pressure compared to those without
complications. These findings suggest that monitoring central blood pressure could be
valuable for screening and managing maternal complications in hypertensive pregnancies.
Incorporating central blood pressure monitoring into routine clinical practice could
enhance the identification of at-risk individuals and potentially improve long-term

outcomes for women who have experienced hypertensive disorders during pregnancy.

Cardiac disease-related complications in the context of patients with preeclampsia can
manifest both in the short and long term. Pulmonary oedema was the most frequently
reported immediate cardiac-related complication in our survey, observed by 86% of
participants. This finding aligns with existing literature that emphasizes the severity and
frequency of pulmonary oedema in preeclamptic patients, reinforcing its clinical
significance (Dennis & Solnordal 2012; Vaught et al. 2018; Nagaraj & Meganathan 2019). A

retrospective review involving clinical data from 182 patients diagnosed with PPCM
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supports this observation about the rate of immediate complications of cardiac disease in
pregnant women (Goland et al. 2009). In this retrospective review of 182 patients, 46
experienced major adverse events, with 17 requiring intensive care for severe pulmonary
oedema. Some suffered cardiac arrest or arrhythmias, and tragically, 13 did not survive,

highlighting the serious risks of PPCM.

Our survey also revealed that cardiac complications typically manifest in the postpartum
period. This aligns with the significant physiological changes that occur during and after
pregnancy, especially in preeclampsia, such as alterations in blood volume, reduced
oncotic pressure, and increased cardiovascular strain(Giorgione et al. 2023). These factors
can contribute to the development of pulmonary oedema and its sequelae in these women

(Giorgione et al. 2023).

When considering long-term complications of PPCM, a significant majority (43.2%) of
survey participants identified heart failure as the most common long-term complication.
This is in line with findings from other studies and suggests a substantial burden on both
the healthcare system and the patients, as heart failure can lead to ongoing medical
management and a decrease in quality of life(Sliwa et al. 2010; Sliwa et al. 2011;
McNamara et al. 2015). Furthermore, about two-thirds of those surveyed indicated that
recurrence of PPCM is a frequent concern, highlighting the chronic nature of this condition
and the ongoing risk for affected women. These findings align with previous research, such
as Elkayam's review on risks in subsequent pregnancies for women with a history of PPCM
(Elkayam 2014). Elkayam concluded that women who have previously experienced PPCM
face anincreased risk of relapse in subsequent pregnancies, emphasizing the need for

careful monitoring and management in this population (Elkayam 2014).

Interestingly, psychological impacts emerged as a significant issue for some of the
participants (17.0%), indicating that the repercussions of PPCM extend beyond physical

health. The emotional and mental health challenges faced by women after experiencing
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such a serious cardiac event cannot be overlooked, and addressing these needs is crucial

for holistic patient care.

The findings of our survey reveal a range of perceptions regarding the prognosis of PPCM.
Notably, a majority of participants expressed a moderately positive outlook for recovery.
This cautious optimism aligns with studies in which many healthcare professionals have
observed significant recovery among PPCM patients (McNamara et al. 2015; Moulig et al.
2019). Specifically, a follow-up study by Moulig et al. tracked PPCM patients for five years,
revealing an average ejection fraction (EF) of 27% at the initial assessment. Remarkably,
this improved to 50% after one year, with 72% of patients achieving full cardiac recovery by
the five-year mark (Moulig et al. 2019). Similarly, a prospective study conducted by
McNamara et al. also reported a recovery rate of 72%, which was noted one year after

delivery (McNamara et al. 2015).

In managing patients diagnosed with PPCM, the majority of healthcare professionals in this
study recommend initiating treatment with diuretics, a suggestion that aligns with current
clinical practice guidelines emphasizing the need to address fluid overload to enhance
symptoms and overall condition (Sliwa et al. 2010). Beyond diuretics, other treatment
options suggested by these healthcare workers include angiotensin-converting enzyme
inhibitors, digoxin, beta-blockers, and bromocriptine. The inclusion of bromocriptine
represents a growing understanding of its role in PPCM management, as emerging research
indicates that it may lead to substantial improvements in heart function and survival rates
among affected individuals (Arrigo et al. 2017; Trongtorsak et al. 2022). This
comprehensive approach acknowledges evolving treatment trends and the importance of

tailoring interventions to optimize patient outcomes

Lastly, support for the incorporation of cardiac biomarkers in the management and short-
and long-term prognosis of preeclampsia signals a positive trend toward adopting
emerging standards in clinical practice (Clerico et al. 2024; Regitz-Zagrosek et al. 2018).
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Several studies have demonstrated an association between cardiac biomarkers, such as
NT-proBNP and Troponin |, and preeclampsia (Afshani et al. 2013; Fayers et al. 2013;
Sadlecki et al. 2016; Ghomian et al. 2019; Jacobsen et al. 2022; Gencheva et al. 2021;
Nguyen et al. 2022). A correlation has been observed between elevated systemic vascular
resistance, left ventricular diastolic dysfunction, and reduced cardiac output in
preeclamptic patients, along with elevated levels of NT-proBNP (Kim & Kim 2019;
Gencheva et al. 2021; Jacobsen et al. 2022). Our recent study reported in chapter 5
observed that pregnant women with hypertensive complications had significantly higher
levels of NT-proBNP and hs-cTnl than those without, suggesting that these cardiac
biomarkers may be useful for screening and monitoring maternal complications (Mbongozi

et al. 2025).

Conclusion

In conclusion, a significant number of participants support the integration of cardiac
biomarkers in the management and prognosis of preeclampsia. This reflects a positive shift
toward adopting new practices in clinical care. However, only a small percentage of
healthcare workers are currently following screening protocols and reviewing all post-
delivery patients with preeclampsia. This highlights an urgent need to educate and
encourage healthcare workers on the importance of enhanced monitoring for

cardiovascular issues in this high-risk population.
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CHAPTER 7

7.1 General discussion and synthesis of the findings

This thesis comprised interconnected studies that collectively examined the relationships
between cardiac CBP, specifically NT-proBNP and hs-cTnl, and maternal outcomes in
women with HDP, with a particular focus on Black African women in South Africa.
Additionally, a survey of healthcare professionals was conducted to evaluate clinical
practices and perspectives regarding the assessment and use of cardiac biomarkers in
patients with preeclampsia. The findings of this thesis collectively demonstrate that HDP
are associated with significant alterations in vascular function, central hemodynamics, and
cardiac biomarkers. When considered together, the studies included in this thesis provide
an integrated perspective on the maternal morbidity associated with HDP and highlight
opportunities to improve clinical risk assessment in affected women, while also revealing
current gaps and potential acceptance among clinicians regarding the use of additional

diagnostic markers in the management of preeclampsia.

The thesis included the following components:

1. A systematic review aimed at determining whether arterial stiffness remains
elevated six weeks after delivery in women with a history of hypertensive disorders of

pregnancy.

2. An in-study pilot assessing the reliability of the Microlife WatchBP Office Central
device for measuring blood pressure in both hypertensive and normotensive pregnant
women.

3. A clinical observational study, which covers the following aspects:
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a. Evaluation of the correlation between central blood pressure and peripheral blood
pressure, coupled with establishing the thresholds for normal, mild and severe central

hypertension,

b. The relationship between elevated central blood pressure, NT-proBNP and hs-cTnl

in women with maternal complications of hypertensive disorders of pregnancy, and

4, A survey that aimed to evaluate the perspectives and experiences of healthcare
workers on the inclusion of cardiac biomarkers in screening for cardiac complications in

women with preeclampsia.

7.1.1 Summary of key findings

A meta-analysis was conducted to examine arterial stiffness in women with a history of
hypertensive disorders during pregnancy. The meta-analysis found that arterial stiffness,
an indicator of central blood pressure, as measured by Alx and PWYV, remains significantly
elevated beyond six weeks postpartum in women with a history of HDP compared to
normotensive controls. Specifically, the pooled mean difference in Alx was 11.63 (95% CI:

1.72-21.54), and in PWV was 0.53 (95% CI: 0.27-0.78).

Following the systematic review, an in-study pilot study was conducted to assess the
reliability of peripheral systolic and diastolic blood pressure measurements obtained using
the Microlife WatchBP Office Central device in pregnant women, including those with
hypertensive disorders. The reliability study (Chapter 3) confirmed that the Microlife
WatchBP Office Central device provides excellent reliability for measuring peripheral blood
pressure in pregnant women, including those with hypertensive disorders. Coefficients of
variation were low (1.0-1.8%), intraclass correlation coefficients exceeded 0.96, and
minimal detectable changes ranged from 0.2-0.4 mmHg. These findings established that

the device could be used with confidence in the main clinical study.
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In the main study, a strong positive correlation was observed between the cSBP and pSBP,
as well as between the cDBP and pDBP, among normotensive pregnant controls, as
measured using the Microlife WatchBP Office Central. The median pSBP among the 270
normotensive controls was 114 mmHg (IQR: 104.0-124.0) mmHg, and the median cSBP
was 115.0 mmHg (IQR: 106.0-125.0). Out of the 270 normotensive controls, 146 had higher
cSBP than the overall mean of 115 mmHg, and their median cSBP was 119.5 mmHg
(IQR:111.0-128.0) Interestingly, the median cDBP for these patients remained normal at
64.0 (IQR: 55.0 - 73.0) mmHg. This is a curious finding because the cSBP is supposed to be
lower than the pSBP in normotensive women. This suggests that although they had normal
peripheral blood pressures, some of these women may already be having central
hypertension if the threshold for central hypertension is taken as a cSBP of >115 mmHg, or
they are at risk of developing central hypertension. While an elevated cSBP with normal
central diastolic pressures may suggest early central hypertension, it could also represent
an acute stress response rather than an indication of underlying vascular changes. Only

longitudinal follow-up of these patients could test the outcomes of these women.

After establishing that there was a good correlation between the pSBP and pDBP and the
cSBP and cDBP, receiver operating characteristics and linear regression analysis were used
to establish the thresholds for central hypertension among black African pregnant women.
These thresholds for central hypertension were found to be a cSBP of 2116 mmHg and a
cDBP of 278 mmHg, with an AUC of 0.7384, a sensitivity of 78.5%, and a specificity of
50.3%. This means that the thresholds for normal cSBP and cDBP should be <115 mmHg

and =77 mmHg, respectively.

A linear regression equation was used to derive the thresholds for severe central
hypertension among Black African women, as a cSBP of 2148 mmHg and a cDBP of 295
mmHg. This means that the range for mild central hypertension should be a systolic blood
pressure (SBP) of 116-147 mmHg, and the corresponding figures for the diastolic blood
pressure (DBP) should be 78-94 mmHg. A search of current literature revealed no other

studies that have established thresholds for severe central hypertension. The current
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research reported in this thesis, therefore, seems to be the first to establish such

thresholds.

The overall median cSBP and cDBP among women with eclampsia were significantly higher
among preeclamptic women with or without severe features, and normotensive controls.
This implies that the central blood pressure increases with the phenotype of preeclampsia,
being highest in eclamptic patients, further implying that central blood pressure
measurement may be better able to distinguish between the subtypes of HDP and

phenotypes of preeclampsia than peripheral blood pressure.

The median pSBP among eclamptic patients with mild peripheral hypertension was 138.0
mmHg (IQR: 133.0-148.0) while the cSBP level in the same group was 145.0 mmHg (IQR:
140.0-150.0) mmHg. This finding suggests that in some eclamptic patients with mild pSBP,
the cSBP is in the severe range. Overall, the median cSBP and median cDBP, respectively,
among hypertensive women with maternal complications were significantly higher (p =
0.004) than the median cSBP and median cDBP of women without composite maternal
adverse outcomes. This suggests that central hypertension may be a better indicator of

composite adverse maternal outcomes.

The biomarker study demonstrated that women with HDP who developed maternal
complications had significantly higher levels of cSBP (133 vs 128 mmHg), cDBP (75 vs 69
mmHg), NT-proBNP (446 vs 57 pg/mL), and hs-cTnl (12 vs 8 ng/L) compared to those
without complications. These biomarkers were particularly elevated in women with renal
failure, where NT-proBNP levels were nearly three times higher (821 vs 348 pg/mL) and hs-
cTnl levels were more than three times higher (35 vs 11 ng/L) than in hypertensive women

without renal failure.

Although the overall median serum levels of NT-proBNP in women with HDP were higher

than the upper limit of normal of <150 pg/mL, none of these women were at risk of heart
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failure because heart failure is only likely when the NT-proBNP concentration is 22000.0
pg/mL, and less likely when the levels are <400 pg/mL (Welsh et al. 2022; Birrell et al. 2024;

Mouzarou et al. 2025).

The median serum hs-cTnl levels in women with eclampsia were significantly higher than
those in women with other phenotypes of HDP, although these levels did not exceed the
upper limit of normal, which is <30 ng/L. These levels, although not indicative of heart
failure, are predictive of cardiac failure in the future(Welsh et al. 2022; Birrell et al. 2024;
Mouzarou et al. 2025). The levels of NT-proBNP in preeclamptic women with severe
features were higher than in the preeclamptic women without severe features, but lower
than those with eclampsia, clearly indicating that the levels of NT-proBNP increase with the
severity of HDP, as also(Dockree et al. 2021; Nguyen et al. 2022; Sarma & Scott 2023;
Clerico et al. 2024; Bacmeister et al. 2024)l. 2024; Bacmeister et al. 2024).

Finally, a post-study survey was conducted among medical officers and specialists in the
maternity units of regional and tertiary hospitals. The survey aimed to assess healthcare
workers' perspectives and experiences regarding the use of cardiac biomarkers for
screening cardiac complications in women with preeclampsia. Results demonstrated
strong support among clinicians for integrating biomarkers such as BNP and Troponin | into
the management and prognosis of preeclampsia, indicating a promising shift in clinical
practice. However, the survey also revealed that only 41.4% of clinicians review all
preeclamptic patients after delivery and only 10.3% of them follow standardised protocols

for screening cardiac complications in preeclamptic women

7.1.2 Comparison with Existing Literature

The findings of this thesis are broadly consistent with, and meaningfully extend, the

existing literature in several important respects.
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Arterial stiffness as a marker of persistent vascular dysfunction

The systematic review and meta-analysis presented in Chapter 2 found that arterial
stiffness, as measured by Alx and PWV, may remain significantly elevated beyond six weeks
postpartum in women with a history of HDP compared with women who had normotensive

pregnancies.

These findings are supported by previous studies demonstrating that women with a history
of preeclampsia exhibit greater arterial stiffness than those with normotensive pregnancies
((Cecelja & Chowienczyk, 2012; Namugowa et al. 2019). However, global evidence
regarding whether this vascular dysfunction persists beyond six weeks postpartum in
women with prior HDP has remained limited. Studies addressing this question have
reported mixed results, with most demonstrating sustained increases in arterial stiffness,
while others found no persistent effect (Honigberg et al. 2019; Kim & Kim, 2019; Werlang et
al. 2023).The findings of the systematic review in this thesis, which suggest that arterial
stiffness may remain elevated after HDP, reinforce concerns that women with prior HDP
may carry a greater long-term cardiovascular risk burden. These results indicate that
hypertensive pregnancy is not merely a transient obstetric complication, but rather a
marker of persistent vascular dysfunction that may extend well beyond the postpartum
period. This evidence adds to the growing recognition of HDP as an important predictor of

future cardiovascular disease (Leon et al. 2019; Williams et al. 2021)

Given these findings, incorporating measures such as cfPWV and Alx into routine
postpartum care may facilitate earlier risk stratification and intervention in this high-risk
population. Regular assessment of arterial stiffness could help identify women at

increased risk of hypertension, atherosclerosis, and other cardiovascular conditions
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before overt clinical disease develops (Cheng et al. 2019; Williams et al. 2021).
Accordingly, integration of these measures into standard postpartum cardiovascular

screening warrants consideration.

Central blood pressure: reliability, thresholds, and clinical utility

The pilot study demonstrated that the Microlife WatchBP Office Central provided
consistent and reproducible blood pressure measurements in pregnant women, including
those with hypertensive disorders. Earlier non-invasive methods for estimating central
blood pressure in pregnancy primarily relied on applanation tonometry, including devices
such as the SphygmoCor (AtCor Medical, Australia) (Fujime et al. 2012; Khalil et al. 2008;
Macedo et al. 2008; Namugowa et al. 2017), and the EndoPAT (Itamar, Israel) (Meeme et al.
2017).

These devices, which had previously been used to assess central haemodynamics in
pregnant women at the same institution where this study was conducted (Meeme et al.
2017; Namugowa et al. 2017), are relatively bulky, time-consuming, and require controlled
testing environments, limiting their suitability for routine clinical use. By contrast, the
Microlife WatchBP Office Centralis an oscillometric device that non-invasively estimates
central blood pressure and has been validated against invasive central blood pressure
measurements(Cheng et al. 2013; Verberk et al. 2015). However, because its reliability for
peripheral blood pressure measurement had not previously been evaluated in Black
African pregnant women, an in-study pilot was undertaken. Based on the findings of this
thesis, together with prior validation studies, the device appears capable of providing
reliable and reproducible measurements of both peripheral and central blood pressures in

pregnancy.
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The threshold study (Chapter 4) established that cSBP 2116 mmHg and/or cDBP =78
mmHg define central hypertension in pregnancy, with severe central hypertension defined
as cSBP 2148 mmHg and/or cDBP 295 mmHg. To our knowledge, this is the first study to
propose thresholds for severe central hypertension in pregnancy. The study also
demonstrated a strong positive correlation between peripheral and central blood pressures
in both normotensive and hypertensive women. The thresholds for central hypertension
identified in Chapter 4 are lower than those proposed for non-pregnant populations
(typically 130/90 mmHg) (Cheng et al. 2019). This difference is physiologically plausible,
given the lower systemic vascular resistance characteristic of normal pregnancy (Macedo
et al. 2008; Mahendru et al. 2014). These findings are consistent with Chulkov et al. (2015),
who reported that a cSBP of 115 mmHg in pregnancy may indicate increased risk for
preeclampsia, and with Booysen et al. (2013), who identified an upper cSBP threshold of
112 mmHg in young Black South Africans. The thresholds for severe central hypertension

(cSBP 2148 mmHg and/or cDBP 295 mmHg), however, have not previously been reported.

In summary, this thesis confirms the reliability of the Microlife WatchBP Office Central for
non-invasive blood pressure measurement in pregnant women. By identifying pregnancy-
specific thresholds for central hypertension, the research offers valuable clinical guidance
and supports the use of central blood pressure monitoring in routine antenatal care to

improve outcomes for mothers and babies.

Eclampsia and central blood pressure

The observation that women with eclampsia and only mild peripheral hypertension had
severe central hypertension (Chapter 4) addresses an important gap in the literature.
Previous studies have shown that up to 40% of women with eclampsia may present with
only mild or even normal peripheral blood pressure, yet the haemodynamic basis of this
paradox has remained poorly understood(Douglas et al. 1994; Sibai, 1990). In our cohort,
women with mild peripheral systolic hypertension (median pSBP 138 mmHg)

demonstrated central systolic pressures within the severe range (median cSBP 145
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mmHg). Because central blood pressure more directly influences cerebral perfusion
pressure than brachial pressure, these findings suggest that the true cerebrovascular load
may be substantially underestimated when clinical assessment relies solely on peripheral
measurements. This provides a plausible explanation for why eclamptic seizures may
occur in women whose brachial blood pressure appears only modestly elevated. The
findings are consistent with the vasogenic oedema hypothesis of eclampsia, which
proposes that abruptincreases in cerebral perfusion pressure overwhelm autoregulatory
mechanisms, resulting in endothelial dysfunction, blood-brain barrier disruption, and

cerebral oedema (Cipolla & Kraig, 2011).

Collectively, these findings suggest that central blood pressure may be a more clinically
relevant marker of seizure risk than peripheral blood pressure in some women with HDP.
Incorporating CBP assessment into obstetric care could therefore improve identification of
women at imminent risk of eclampsia, particularly those who may otherwise appear low

risk on the basis of brachial blood pressure alone.

Cardiac biomarkers reflect disease severity

The observation that NT-proBNP and hs-cTnl concentrations were elevated in women with
HDP (Chapter 5) is consistent with previous studies (Bacmeister et al. 2024; Gencheva et
al. 2021; Ghomian et al. 2019; Hamad et al. 2009). This thesis advances existing knowledge
by specifically examining how these cardiac biomarkers relate to a spectrum of maternal
complications in HDP. Notably, although elevated biomarker levels were observed across
composite complications, the greatest increases occurred in women who developed renal
failure. NT-proBNP concentrations were nearly threefold higher, and hs-cTnl concentrations
more than threefold higher, compared with hypertensive pregnant women without renal

impairment. This novel association has not previously been emphasised in the literature
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and carries important clinical implications. Elevated NT-proBNP and hs-cTnl may serve as
useful adjunctive markers for identifying women with HDP who are at increased risk of
renal complications, thereby enabling earlier recognition and more targeted surveillance of

this particularly high-risk group.

7.1.3 Implications for Clinical Practice

The findings of this thesis have several practical implications for clinicians managing

women with HDP.

Central blood pressure measurement should be considered in women with HDP

The finding that eclamptic women with only mild peripheral hypertension had severe
central hypertension (Chapter 4) suggests that reliance on PBP alone may underestimate
haemodynamic burden. In addition, the observation that CSBP may be more effective than
PSBP in screening for maternal complications of HDP supports the potential clinical value

of central blood pressure assessment.

Furthermore, the Microlife WatchBP Office Central device was shown to be reliable
(Chapter 3), and its portability and relative ease of use in clinical settings make ita
practical option for central blood pressure estimation. Although it is more expensive than
standard automated blood pressure monitors, its use may be justified in selected high-risk
patients where more accurate haemodynamic assessment could improve risk stratification

and management.
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Cardiac biomarkers may help identify women with maternal complications,

particularly those at risk of renal involvement.

The finding that NT-proBNP and hs-cTnl were markedly elevated in women with HDP and
renal failure (Chapter 5) suggests that these biomarkers may have utility in identifying
women who require closer monitoring. A hs-cTnl value of 11 ng/L or higher predicted renal
failure with a sensitivity of 79% and a specificity of 50% (AUC=0.75), while an NT-proBNP
value of 167 pg/mL or higher predicted renal failure with a sensitivity of 93% and a

specificity of 65% (AUC=0.69). These cut-offs may assist clinicians in risk stratification.

Structured postpartum follow-up should be standard care

The systematic review (Chapter 2) demonstrated that arterial stiffness remains elevated
beyond six weeks postpartum in women with a history of HDP, indicating persistent
cardiovascular risk. The clinician survey (Chapter 6) revealed that only 41.4% of clinicians
review all preeclamptic patients post-delivery. Structured postpartum cardiovascular
assessment, including blood pressure monitoring, cardiovascular risk counselling, and
lifestyle modification advice such as dietary modification, exercise, and smoking

cessation, should be established as standard care for all women with a history of HDP.

7.1.4 Implications for Policy and Health Systems

The findings of this thesis also have implications for health policymakers and health

system managers.
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Cost implications and Targeted implementation of central blood pressure monitoring

at higher levels of care

Implementation of central haemodynamic monitoring and cardiac biomarkers is feasible
and potentially cost-effective. The pilot study demonstrated that the Microlife WatchBP
Office Central device provides reliable and reproducible blood pressure measurements in
pregnant women, including those with hypertensive disorders. Unlike earlier central
haemodynamic monitoring technologies, this device is portable, relatively affordable, and
easy to use in routine clinical settings. These features make it a practical option for

estimating central blood pressure in real-world clinical practice.

From a policy perspective, tertiary and regional obstetric centres managing high-risk
pregnancies should consider phased adoption of these oscillometric devices capable of
estimating central blood pressure. Targeted implementation would allow health systems to
balance the higher acquisition costs of central monitoring devices with the potential
clinical benefits of improved cardiovascular risk stratification and earlier intervention.
Although more expensive than standard automated blood pressure monitors, the cost of
these devices should be considered in relation to the potential benefits of improved risk
identification. Early recognition of patients at risk of severe complications may facilitate
timely intervention, reducing the need for costly emergency care, intensive management,
and even maternal deaths—particularly given that HDP remain leading causes of maternal

and perinatal morbidity and mortality worldwide.

From a policy perspective, the cost of implementation can be considered at different levels
of the health system. If central haemodynamic monitoring devices were introduced across
approximately 100 antenatal clinics in the Eastern Cape, assuming one device per clinic at
an estimated cost of R15,800 (*$860), the total capital investment would be approximately
R1.58 million (*$86,000). While this represents a substantial upfront investment, it
provides a useful upper-bound estimate for province-wide implementation.
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A more pragmatic and immediately feasible strategy would be targeted implementation at
higher levels of care. Equipping all 8 regional and tertiary hospitals in the Eastern Cape
province with 1-2 devices each would require a total investment of approximately
R126,400-R252,800 (~$6,900-$13,800), representing a small fraction of the cost of full
primary care rollout. This phased approach allows for initial deployment in high-risk
settings, where the burden of severe disease is greatest, and the potential clinical benefit is

maximised.

Importantly, the costs of implementation should be viewed in relation to the financial
burden of severe maternal complications. The management of a single high-risk pregnancy
complicated by severe disease often requires intensive care support. In a South African
central hospital, the cost of intensive care has been estimated at approximately R22,870
per patient day, with mean admission costs ranging from R157,883 to R245,087 depending
on case complexity (Mahomed & Mahomed 2019). These figures highlight that even short
ICU stays represent a substantial financial burden on the health system. When combined
with additional costs such as high-dependency care, emergency caesarean delivery, blood
transfusion, and management of complications such as stroke, the total cost per severe

case may be considerable.

Preventing even a small number of such severe cases could offset a substantial proportion
of the implementation costs. For example, averting 10-20 severe cases annually—
particularly those requiring ICU admission—could translate into estimated savings of
approximately R1.6 million to R4.9 million per year (*$87,000-$267,000), based on South
African ICU cost data (Mahomed & Mahomed 2019). From a cost-benefit perspective,
these projected savings are comparable to—or may exceed—the initial capital investment
required for implementation, suggesting that even modest reductions in severe morbidity
could render this strategy cost-saving within a short time horizon. Notably, even preventing
1-2 ICU admissions could offset the cost of implementing devices at all regional and

tertiary hospitals.
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Taken together, these findings support a policy approach that promotes targeted
implementation, clinician training, and integration of oscillometric central blood pressure
monitoring and cardiac biomarkers within maternal care protocols. Such strategies could
improve early detection of severe disease, optimise clinical decision-making, and
ultimately help reduce the maternal and perinatal morbidity and mortality associated with

hypertensive disorders of pregnancy.

Integration of cardiac biomarker assessment into obstetric protocols

NT-proBNP and high-sensitivity troponin | testing, at approximate costs of $15-$25 (*R275-
R460) and $10-$20 (*R185-R370) respectively, represent relatively low-cost adjuncts. As
these biomarkers are already widely available in hospital laboratories, their incorporation
into obstetric care requires minimal additional infrastructure. They may serve as useful
adjunctive tools in the assessment of pregnant patients with suspected complications of
preeclampsia. Notably, clinician survey findings from this thesis indicate favourable
attitudes toward their adoption, supporting the feasibility of integration into routine
practice. Their integration into obstetric protocols for women with severe preeclampsia or
suspected peripartum cardiomyopathy could improve early detection of cardiac
involvement. National and institutional guidelines should be updated to include

recommendations for cardiac biomarker assessment in selected high-risk patients.

Development of standardised screening protocols

The clinician survey (Chapter 6) revealed that only 10.3% of clinicians follow standardised
protocols for screening cardiac complications in preeclamptic women. National and

institutional guidelines should be updated to include recommendations for central blood
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pressure monitoring and cardiac biomarker assessment in selected high-risk patients. The
development and dissemination of such protocols, accompanied by clinician education,

could improve the consistency and quality of care.

Establishment of structured postpartum cardiovascular follow-up programmes

Given the persistent elevation of arterial stiffness documented in Chapter 2 and the
increased long-term cardiovascular risk associated with HDP (Leon et al. 2019; Wu et al.
2017), health systems should consider establishing dedicated postpartum cardiovascular
clinics for women with a history of preeclampsia. Such programmes could provide
structured blood pressure monitoring, cardiovascular risk assessment, and lifestyle

counselling, potentially reducing long-term cardiovascular morbidity.

7.2 Limitations and strengths of the study

The strength of this study lies in its prospective inclusion of patients with preeclampsia
featuring severe features and those with eclampsia, groups that are often excluded from
prospective studies due to the emergency nature of their conditions. This study specifically
recruited a larger number of these patients to encompass the full spectrum of HDP. To the
best of our knowledge, there are no other studies in recent literature that include as many

eclamptic cases and focus on central blood pressure.

However, the clinical observational study does have limitations. One of the limitations is
that the follow-up period was limited to seven days after delivery, potentially missing
complications that may have occurred later. However, this may be mitigated by the fact

that most immediate complications of HDP occur during the antenatal and immediate
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postpartum periods, which is seven days after delivery. Second, the study was conducted
exclusively in a Black African population, which may limit generalizability to other racial
groups. Nevertheless, the physiological aspects of pregnancy and preeclampsia tend to
present similarly across different races, which may address some concerns regarding the

generalizability of the findings.

7.3 Overall Conclusion

The overall conclusion of this thesis is that arterial stiffness may remain elevated in women
with a history of preeclampsia for more than six weeks postpartum, indicating a potentially
increased risk for cardiovascular disease. Additionally, the Microlife WatchBP Office
Central device demonstrated reliable and reproducible blood pressure measurements in
pregnant women, including those with hypertensive disorders. Furthermore, the thesis
established the threshold values for central hypertension as systolic blood pressure of 116
mmHg or higher and/or diastolic blood pressure of 78 mmHg or higher, with severe central
hypertension defined as a systolic blood pressure of 148 mmHg or higher and/or diastolic

blood pressure of 95 mmHg or higher.

Additionally, the thesis confirms a strong positive correlation between peripheral and CBP
in both normotensive and hypertensive populations. It indicates that severe central
hypertension is associated with a higher rate of maternal complications compared to mild
central hypertension. In contrast, no significant association was found between composite
maternal outcomes and the severity of peripheral blood pressure. The thesis further
suggests that CBP may be a superior parameter for evaluating hypertension, particularly in
cases of eclampsia. Overall, this suggests that CBP should be prioritized when identifying
patients at risk for complications related to HDP and should be included in the routine care
of pregnant women. Moreover, the thesis highlights that elevated levels of CBP, NT-proBNP,
and hs-cTnl were significantly present in Black African women with HDP, particularly

among those experiencing adverse maternal outcomes. Notably, women with renal failure

195



exhibited even greater increases in these biomarkers compared to those without renal
complications. Lastly, a substantial number of participants expressed support for
incorporating cardiac biomarkers in the management and prognosis of preeclampsia,

reflecting a positive trend towards adopting innovative practices in clinical care.

7.4 Recommendation and Future Directions

Clinicians and policy-makers should consider incorporating measurements of central
blood pressure, NT-proBNP, and hs-cTnl into their evaluations to enhance early detection,
management, and intervention for women experiencing maternal and perinatal

complications related to HDP, particularly those with renal complications.

Future research could focus on interventions targeting these biomarkers and central blood
pressure to assess their impact on improving outcomes. Additionally, expanding studies to
include larger and more diverse populations will enhance the generalizability of these
findings and contribute to the development of clinical guidelines. It would also be of
interest to longitudinally evaluate CBP in patients with gestational hypertension and
determine whether central blood pressure monitoring can predict the development of
preeclampsia or eclampsia in these patients. The ability to predict severe disease easily

would assist clinicians in managing such patients effectively.
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APPENDICES

Appendix A : Data capture sheet (study 2

Correlation of central blood pressure and peripheral blood pressure with pro-BNP and
troponin | - measures of future cardiovascular disease- among women with
preeclampsia

STUDY NUMBER ..ot

History

2. Ethnicity (please tick)
a. African b. Coloured c.White d. Asian

3. Marital status (please tick)

a. Married b. single c.divorced d. other (please specify) ...............

4. Highest Level of education (please tick)

1. None (No formal education) 2. Primary
3. Secondary 4. Tertiary
5. Address

6. Occupation of woman (please tick)

a. Unemployed b. Employed c. Other(sSpecCify)...ccoieerireiiiiiiiinnieneinnnnn.

7. If married, is the spouse employed? Yes=1/No=2............
8. Parity: Gravida............. Para.......... Forrrrerenenns
9. Booking

a) a.Booked[ ]b.Unbooked[ ]
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b) Gestationalage at bOOKING.....ccuuvieuerieniiiiiiiiiiniiiieenns
c) No of subsequent antenatal visits.........ccevveeveeennnnnnen.
d) Date of last antenatal ViSit....cc.coeeueeiueiriiiriiiiiineneeennnee.

10. Was she suffering from any medical illnesses before pregnancy?

a) Diabetes Yes=1/No=2............
b) Hypertension Yes=1/No=2............
c) Other Yes=1/No=2............ (if yes please specify)

11. For a participant with HDP,
1.1. Type of HDP (gestational HPT, preeclampsia, eclampsia, chronic
hypertension)
1.2.is she on medication? Yes=1/No=2............
I.  When was she started on the
MediCatioN?.....ccuiiiiiiiiiii e

IIl.  State the medication (with dosage) she is using:

...........................................................................

13.Is she on any Medical treatment (other than antihypertensives)?
Yes=1/No=2.........
(If yes please specify)

......................................................................................................

14. Past obstetric history

Pregnancy Mode of Weight at Any complications | Outcome
and year delivery birth (stillbirth/alive
1.
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At recruitment

20.Height.eeuuueveiiierieieeeee. Weight ..coeineiiriiiiiieieee, BMIueeiieeeeeee e,
Intrapartum

21.Magnesium sulphate Yes=1/No=2............
If yes, prophylactic or therapeutiC?........cccvvvvinininnnnenn.
22.BP.eeiieciinnnnnns PULSE ceveiiieiiciieinieennen temp..ceeeeenennns proteinuria......ccocceeeeeennenns
23. Mode of delivery (please tick)
i) Vaginal delivery
ii) Caesarean Section (INdiCAtioN).....ccuiiiiiieii e eeaeee e eaas
iii) Instrumental vaginal delivery

24. Retroplacental clot Yes=1/No=2............

Postpartum care

25.Neonate
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i) Birthweight.......ccceiiiriiiiiiinnnnnnns SEXutuieueitierrieeeeereaenns

i) Any structural abnormalities

(Y o X< 11117 TS
iii) Outcome (alive/stillbirth) ....coeeeeeeeeeiieeeiiieeeeen,
if stillbirth, fresh or macerated.........ccceeeeeveevnnennnnnn.

if alive, Apgar score: 1 min............. 5 min............. 10 min............

26. Use of magnesium sulphate Yes=1/No=2............

31.augmentation iINdeX.....ccceevveveenieinerinnerennnnnns
Perinatal complications (tick if present)

1.IUGR 2. Foetaldistress 3. Foetaldeath 4. Other (please specCify) ....ccccevvvunennnne.

Maternal complications (tick if present)

1. Renal failure 2. Pulmonary oedema 3.CVA 4.Cerebraloedema 5.PRES 6.DIC
7. Abruptio Placentae 8.DIC 9. HEELP syndrome 10. ICU admission 11. Other

(please specify) .ccveveeeenieennnnnnn

Investigations
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Appendix B: Information sheet (study 2)

Correlation of central blood pressure and peripheral blood pressure with pro-BNP and
troponin | - measures of future cardiovascular disease- among women with
preeclampsia

You have been invited to participate in a research experiment titled “correlation of central
blood pressure and peripheral blood pressure with pro-BNP and troponin | - measures of
future cardiovascular disease- among women with preeclampsia.” This study is being
conducted by Dr Xolani Mbongozi in the Department of Obstetrics and Gynaecology,
Walter Sisulu University. We would like you to read and then sign the consent form,
indicating that you understand your rights as a participant. For any questions, please

contact Dr Xolani Mbongozi at 0735524763.

Purpose and procedure

The purpose of this study is to evaluate the central blood pressure and arterial stiffness
non-invasively in women with hypertensive disorders of pregnancy to determine whether
these vary with the severity of the condition, and how they relate to maternal and perinatal
outcomes. If you agree to participate in this study, you will be asked to complete a
questionnaire. After the questionnaire phase, the actual procedure will involve your arm
being cuffed and occluded for 2 minutes. The occlusion feels a bit uncomfortable, but it
only lasts for 2 minutes. After this, about 5mls of blood will be drawn from your arm to be
taken to the laboratory for examination. The prick will be a bit painful but only lasts for a

few seconds.

Risks

There is norisk on you in participating in the research apart from slight discomfort.

Benefits
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There is no direct benefit to the participants in the study, but the results of the study may

benefit others in future.

Confidentiality

Only the primary researcher and his supervisors will have the confidence of the data.
Right to withdraw or decline to participate

Your participation is voluntary, and you may choose to withdraw at any time of the study

without any consequences.

Appendix C: Translated information sheet (study 2)

Correlation of central blood pressure and peripheral blood pressure with pro-BNP and
troponin | - measures of future cardiovascular disease- among women with
preeclampsia

(Uxinezelelo lwegazi kwimithambo ekufuphi nentliziyo ne arterial stiffness
kumanenekazi anesifo i-hypertensive disorders of pregnancy, neziphumo
kumanenekazi lawo neentsana zawo)

Isimemo sokuthatha inxaxheba kuphando

Uyamenywa ukuba uthathe inxaxheba kuphando olusihloko esithi “uxinezelelo lwegazi
kwimithambo ekufuphi nentliziyo ne arterial stiffness kumanenekazi anesifo i-hypertensive
disorders of pregnancy, neziphumo kumanenekazi lawo neentsana zawo”. Oluphando
lughutywa ngu Gqgirha uXolani Mbongozi phantsi ko Prof Buga kwisebe le obstetrics and
Gynaecology, Walter Sisulu university. Siyakuthanda ukuba ufunde uthi wakuggiba

utyikitye kule mpepha-mvume ngelithi uyawagonda amalungelo akho njenga nomthabathi
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nxaxheba. Ukuba unemibuzo, ghakamshelana no Gqirha uXolani Mbongozi ku

0735524763.

Injongo nenqubo

Injongo yesisifundo kukuphanda uxinezelelo lwegazi kwimithambo ekufuphi nentliziyo ne
arterial stiffness kumanenekazi ane hypertensive disorders of pregnancy, sifuna ukugonda
ukuba ezizinto ziyatshintsha na ngokuya isimo sesigulo siba maxongo, nokuba zizalana

njani neziphumo komama nentsana zabo.

Xa uvuma ukungenela koluphando uza kubuzwa imibuzo. Emva kwemibuzo
uzakumfaxazwa engalweni kangangemizuzu emibini. Ukumfaxangwa oku akumandanga
kodwa iba yimizuzu emibini kuphela. Emva koko uyakutsalwa igazi elizakuya kuxilongwa e-

laboratory. Kuyakuthi kubebuhlungu imizuzwana nje xa kutsalwa igazi.

Iziphene

Ngaphandle nje kongungaphatheki kamandana okuncinci ngenxa yokumfaxazwa akukho

ngozi eza noluphando.

linzuzo

Akukho nzuzo efumaneka kuba thabathi nxaxheba kolu phando kodwa iziphumo

zoluphando zinokuba yinzuzo kwabanye abantu kwilixa elizayo.

Imfihlelo

linkcukacha ezifunyenweyo kolu phando ziyakubayimfihlo, ziyakwaziwa ngu mphandi

nabamphetheyo kuphela.

llungelo lokurhoxa okanye ukwala ukuthatha inxaxheba

Inxaxheba yakho koluphando ingokuthanda kwakho. Uvumelekile ukuba uyeke nanini na

uthanda, isigqibo sakho asiyi kubangela ukuba uphulukane namalungelo akho.
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Appendix D: Informed consent (study 2)

Correlation of central blood pressure and peripheral blood pressure with pro-BNP and
troponin | - measures of future cardiovascular disease- among women with
preeclampsia

I have had the opportunity to ask questions concerning any and all aspects of the project
and my questions have been answered. | understand that participation is voluntary and
that | may withdraw my consent at any time without prejudice to me. Confidentiality of
records concerning my involvement in this project will be maintained in an appropriate
manner. When required by law, the records of this research may be reviewed by applicable
government agencies. A copy of this written consent has been given to me and |
understand that if | have any questions concerning this research, | can contact the

investigator stated above or the supervising faculty member at Walter Sisulu University

Signature of the participant Date
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Appendix E: Translated informed consent (study 2)

Uxinezelelo lwegazi kwimithambo ekufuphi nentliziyo ne arterial stiffness
kumanenekazi anesifo i-hypertensive disorders of pregnancy, neziphumo
kumanenekazi lawo neentsana zawo

Isivumelwano

Ndilifumene ithuba lokubuza ngako konke, imibuzo yam iphendulwe. Ndinolwazi
ngokuthatha inxaxheba ngokuzithandela, ndivumelekile u kuyeka xa ndithanda.
Inkcukacha zam zakugcinwa ziyimfihlo kwaye zigcinwe ngesiphatho. Umthetho unokucela

ukuba oluphando lujonwe nguceba ojongene nezifundo zophando.

Iphepha elibhaliweyo ngoluphando ndiyifumene, kwaye ukuba ndinemibuzo ngoluphando

ndiya kuyibhekisa kumphandi e Walter Sisulu University.

Isayini yomthathi nxaxheba Ngomhlawe

Appendix F: Google form (study 3)

Assessment of clinical practices and cardiac biomarker screening in preeclampsia: a
survey of healthcare professionals

Demographic data

1. Career

[-general medical officer/Registrar

[IMedical specialist
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2. How many years of experience do you have as a medical doctor (excluding
internship)?

-[OLess than 1 year
-[1-5years
-[J6-10years
-[OMore than 10 years

3. What is the name of your hospital? .......cc..............

4. What level of healthcare facility do you work in?

- Regional Hospital

- OTertiary Hospital

Experience and perspectives

1. What are the common cardiac-related complications you have encountered during the

care of patients with preeclampsia?

2. What is the prognosis of patients with Peripartum cardiomyopathy (PPCM) during

pregnancy and postpartum?
- A. Good recovery
- B. Moderate recovery
- C. High maternal mortality

3. Inyour experience, when do the cardiac complications of preeclampsia tend to present:

antenatally, intrapartum, or postpartum?
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- A. Primarily antenatally
- B. Mostly intrapartum
- C. Commonly postpartum
4. Do you routinely screen preeclamptic patients for incident cardiac complications?
- A. Yes, with standardized protocols
- B. Yes, but only in high-risk cases
- C. No, we don’t screen routinely
- D. Screeningis done based on clinical judgment

5. Atyour institution, what tests are used to screen preeclamptic women for incident

cardiac complications? (you can tick more than one)
- A. Regular ECG monitoring
- B. Echocardiography
- C. Cardiac biomarkers eg ProBNP, Troponin and others
-D. none
-E. Other (please specific)
6. At your institution, do you routinely review preeclamptic women after delivery?
-A. Yes, allwomen are reviewed
- B. Yes, but only those with complications
- C. No, it's not part of our standard practice

- D. Review is conducted on a case-by-case basis
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7.(If your answer to Q6 is yes) What specific screening for short-term and long-term

complications of preeclampsia is carried out upon review?
- A. Follow-up echocardiograms
- B. Assessment of cardiac biomarkers
- C. Comprehensive cardiovascular risk assessment
- D. Regular blood pressure monitoring
-E. Other

8. What role do ECG, cardiac echo, and BNP, NTproBNP, and cardiac troponin have in the

management of women with preeclampsia at your institution?
- A. Standard part of the assessment process
- B. Used primarily for symptomatic patients
- C. Limited role; not routinely used

9. How often do you get preeclamptic women complicated with left ventricular dysfunction

or peripartum cardiomyopathy?
- A. Rarely
- B. Occasionally, in a small percentage
- C. Commonly, in many cases

10. At your institution, what follow-up and prognostic measures do you use in the
management of patients with preeclampsia who develop left ventricular dysfunction or

PPCM?
-A. None

- B. Echocardiogram
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- C. Clinical examination
- D. Cardiac biomarkers

11. Inyour opinion, is there any role of using cardiac biomarkers in the management, short-

term, or long-term prognosis of preeclampsia (and why)?
-A.Yes
-B.No

12. What initial treatments do you recommend for patients diagnosed with PPCM? (Select

all that apply)

Beta-blockers
ACE inhibitors

Diuretics

o0 ® p

Anticoagulants

E. Other:

13. What is the typical frequency of follow-up appointments for your PPCM patients?
a) Weekly
b) Bi-weekly
c) Monthly
d) Every few months
14. On average, how soon after birth do you think PPCM typically resolve?
a) Within a week
b) Within 1 month

c) 1-6 months
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d) More than 6 months

15. What are the common long-term complications you observe in PPCM patients? (Select

all that apply)
a) Heart failure
b) Recurrence of PPCM
c) Psychological impacts

d) Other:

Appendix G: Informed Consent form (study 3)

Assessment of clinical practices and cardiac biomarker screening in preeclampsia: a

survey of healthcare professionals

We would like to invite you to complete a survey online.

We would like to hear your thoughts and experiences regarding the inclusion of cardiac
biomarkers in the screening process for cardiac complications in women with

preeclampsia.

Participation in this research is voluntary, and your identity will be kept anonymous.

Neither your name nor the name of your institution will be captured.

The questionnaire will take ten to fifteen minutes to fillin.
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Target audience:

Medical officers and medical specialists who work in maternity unit at Mthatha regional

Hospital and Nelson Mandela Academic hospital.

Consent:

I have read the information on the proposed study and was given adequate time to rethink
the issue. The aim of the study is sufficiently clear to me. | have not been pressured to

participate in any way.

| understand that participation in this Study is completely voluntary and that | may

withdraw from it at any time and without supplying reasons.

| know this Study has been approved by the Walter Sisulu University Health Sciences
Research Ethics Committee (Ethics number 037/2025). | am fully aware that the results of
this Study will be used for scientific purposes and may be published. | agree to this,

provided my privacy is guaranteed.
| hereby give consent to participate in this Study
Ll agree, in this case please PROCEED to the next question

Ul don’t agree- in this case do NOT proceed
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PROTOCOL NUMBER :035/2022
PROJECT : CENTRAL BLOOD PRESSURE AND ARTERIAL STIFFNESS IN WOMEN WITH

HYPERTENSIVE DISORDERS OF PREGNANCY AND MATERNAL AND
PERINATAL OQUTCOMES

AMENDED TITLE : CORRELATION OF CENTRAL BLOOD PRESSURE AND PERIPHERAL BLOOD
PRESSURE WITH PRO-BNP AND TROPONIN | - MEASURES OF FUTURE
CARDIOVASCULAR DISEASE- AMONG WOMEN WITH PREECLAMPSIA
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DECISION OF THE COMMITTEE : APPROVED

DATE OF APPROVAL 117 OCTOBER 2022
DURATION : 1 YEAR (17 OCTOBER 2022 TO 16 OCTOBER 2023)
CONDITIONS : NONE

N.B You are required to provide the committee with a progress or outcome report of the research after every
6 months and/ or 1 year. The committee expects a report on any changes in the protocol as well as any
untoward events that may occur at any time during the study not later than 7 days of knowing as the

lirestigatovie. WALTER SISULU UNIVERSITY

ACADEMIC HEALTH SERVICE COMPLEX OF THE

EASTERN CAPE ;
POSTGRADUATE EDUCATION AND TRAINING 1¥8.te- 2
FACULTY OF HEALTH SCIENCES
PROF EJ NDEBIA, PhD WALTER SISULU UNIVERSITY DATE
CHAIRPERSON PIBAG X 1, WSU, 5117, E.C

TEL: (047) 502 2100 / FAX: (047) 502 2101

DECLARATION OF INVESTIGATOR(S)
{To be completed in duplicate and one copy returned to the Research Officer at Office AB 02 GF 03 Administration Building, Sisson Street
Campus, Fort Gale, Mthatha, WSU})
1/We fully understand the conditions under which | am/we are authorized to carry out the abovementioned research and I/we guarantee
to ensure compliance with these iti Should any dep to be I from the h procedure as approved )/we
undertake to resubmit the protocol to the Research Ethics Committee. 1/We agree to a completion of a 6-monthly/ yearly progress report.
The commif the right to withdraw approval in the event that there are serious ethical violations.

./ g.,/’ O,/ 2. “L(DatE)

N, B. Pléa% te the protocol number in all enquiries.
\



216

21/04/2023

Dear Xolani

Ethics Application Form : Blood pressure and cardiac damage risk markers among women with preeclampsia 13813
Thank you for your submission of the above ethics application.

The ethical approaches of this project have been approved and you can now proceed with your project.
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Yours sincerely,

NHS, Invasive or Clinical Research

Page 1 of 1
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ABSTRACT

Introduction Hypertensive disorders of pregnancy (HDP)
are one of the leading causes of maternal morbidity and
mortality. The risk of developing cardiovascular diseases
following HDP is high. Arterial stiffness is a prognostic
indicator for cardiovascular disease in the general
population, and it is elevated during pregnancy in women
with HDP. No systematic reviews have been conducted
to determine if arterial stiffness remains elevated beyond
puerperium in these women with HDP.

Methods and analysis We will conduct a systematic
literature search in the following electronic databases:
Medline, PubMed, Embase, Cochrane Library, Google
Scholar, Web of Science and CINAHL. The review will
consider studies that investigate arterial stiffness in
women who had HPD and are between 43 days and

10 years postdelivery and under 60 years of age. This
systematic review will follow the Preferred Reporting
ltems for Systematic Reviews and Meta-Analysis
Protocols guidelines. Estimates of mean + SD for

arterial stiffness indices (cfPWV, Alx and Alx@75) for

the women in the included studies will be obtained.

For studies where the estimates were reported as the
median and IQR, approximate estimates of mean = SD
will be calculated by using the low and high end of the
range, median and sample size. Data from the individual
studies will be pooled by use of a random-effects model.
The risk of bias nent will be d using the
Cochrane Collaboration tool and the Newcastle-Ottawa
Quality Assessment Scale as appropriate. Sources of
heterogeneity will be explored by sensitivity and subgroup
analyses.

Ethics and dissemination No ethics approval is
required as only published data will be used in this study.
The research study’s outcomes will be shared through
scientific conferences and peer-reviewed publications.
PROSPERO registration number CRD42023461867.

INTRODUCTION

Hypertensive pregnancy
(HDP) are one of the leading causes of
maternal Inortality.1 They are associated
with an increased risk of adverse perinatal
and maternal outcomes, including foetal
growth restriction, prematurity, obstetric

disorders  of

! Stuart Galloway," Angus Hunter,

2

STRENGTHS AND LIMITATIONS OF THIS STUDY

= This protocol follows the Preferred Reporting ltems
for Systematic Reviews and Meta-Analyses Protocol
guidelines for reporting protocols of systematic re-
views and meta-analysis, meeting the highest sci-
entific quality standards.

= We will conduct a comprehensive search across
several databases.

= The inclusion of studies only published in the English
language may lead to language bias, potentially
omitting studies in other languages.

= The studies may have used different definitions of
pregnancy-related hypertension, which could make
it difficult to pool the results.

haemorrhage, intracranial complications,
renal failure, preterm birth, small for gesta-
tional age newborns, stillbirth and neonatal
death.”® These hypertensive disorders which
are a worldwide burden with a prevalence of
5.2% to 8.2% in pregnancy are also associated
with long-term complications, such as chronic
hypertension, ischaemic heart disease and
other cardiovascular diseases.*™

In the general population, arterial stiff-
ness and central blood pressure are markers
of vascular health and prognostic indicators
for cardiovascular disease and are targets to
improve heart disease worldwide.*® In preg-
nancy, arterial stiffness has gained attention
in women with HDP. Studies have found that
women with HDP have increased arterial stiff-
ness and central blood pressure compared
with normotensive pregnant women.” M Arte-
rial stiffness is related to the degree of hyper-
tension and is a predictive marker for the
development of HDP2 This vascular marker
has been reported to be significantly higher
in the first trimester of pregnancy in women
who subsequently develop HDP compared
with those who remain normotensive.'? !*
This finding is crucial given the need for early

BM) Group
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detection and clinical management of HDP. However,
additional research is still required to assess the accuracy
of predicting HDP using arterial stiffness, and if it is high
enough, preventive measures for HDP, such as aspirin
usage, can be executed.™

In the past, invasive measurement of arterial stiffness
limited its widespread use. New, easy-to-use, noninvasive
devices for measuring maternal arterial stiffness have
been developed.15 These new devices, which assess arte-
rial stiffness through augmentation index (Alx) and
pulse wave velocity (PWV), are designed to be conve-
nient for daily clinical practice.® '® Several factors can
influence the PWV. In the second and third trimesters,
Alx and PWV have been shown to be lower compared
with the baseline.” Controlling blood pressure (BP)
parameters through medical treatment has also been
shown to reduce PWV, whereas ageing is associated with
elevated PWV and, therefore, increased risk of hyper-
tension and cardiovascular disease in older pa.tients.17
However, reducing brachial arterial BP does not always
correspond to e%uivalent reductions in central BP or
arterial stiffness.!”*® This is clinically important as arte-
rial stiffness is a better predictor of cardiovascular disease
compared with peripheral BP. Focus must therefore shift
towards controlling the arterial stiffness in women with
hypertension.

Numerous systematic reviews have been published
with the aim of compiling available data on arterial stiff-
ness and its association with pre-eclampsia during preg-
nancy.” ! However, there is still limited systematic data
on arterial stiffness in women with pre-eclampsia beyond
the puerperium period. For most normotensive women,
pregnancy-related cardiovascular changes usually disap-
pear within the first 6 weeks following pregnancy (puerpe-
rium).? ® However, pregnant patients with HDP remain
at risk of developing cardiovascular complications later in
life.?* Tt is, therefore, worth determining if arterial stiff-
ness remains elevated beyond puerperium in women with
HDP. If elevated after 6 weeks following pregnancy, arte-
rial stiffness status may explain the association between
HDP and future cardiovascular risk; therefore, measures,
such as medical treatmentand lifes;yle interventions, may
be employed to reduce this risk.10?

Objective

The objective of this systematic review is to determine if
the arterial stiffness remains elevated after 6 weeks post-
delivery in women with a history of HDP.

Research question
Does the arterial stiffness remain elevated after the puer-
perium period in women who previously had HDP?

METHODS AND ANALYSIS

This protocol is developed following the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
Protocols 2015 guidelines.”

Table 1 Search strategy

Search Search items Hits

1 Arterial stiffness [tw] OR central blood
pressure [tw] OR Pulse wave velocity [tw] OR
Augmentation index [tw] OR PWV [tw] OR
Aix(tw] OR Alx@75(tw]

2 Preeclampsia [tw] OR Eclampsia(tw]

OR gestational hypertension [tw] OR
Hypertensive disorders of pregnancy [tw]

postpartum [tw] OR after puerperium [tw]

#2 AND #3

#1 AND #4
Search strategy
We will conduct a systematic literature search in the
following electronic databases: Medline, PubMed,

Embase, Cochrane Library, Google Scholar, Web of
Science and CINAHL. We also intend to check reference
lists from the included studies for any important studies
missed during the database search. Before publication,
we will rerun our search to capture relevant articles
published after the initial search. The search strategy is
shown in table 1.

Study designs

‘We will include randomised and non-randomised control
trials, prospective and retrospective cohort studies, case-
control studies and cross-sectional studies performed in
humans.

Target population
The target population will include women under 60 years
who are between 43 days and 10 years postdelivery.

Patient and public involvement
None for this systematic review.

The exposure

The exposure is hypertensive disease during pregnancy
or within 42 days postdelivery. The hypertensive diseases
will include pre-eclampsia, gestational hypertension,
chronic hypertension and chronic hypertension with
superimposed pre—eclampsia.26 Pre-eclampsia is defined
as persistent de novo hypertension that develops at
or after 20 weeks of gestation, accompanied by either
proteinuria or features of maternal organ or uteropla-
cental dysfunction. Features of maternal organ dysfunc-
tion include acute kidney injury (creatinine > 90 pmol/L
or 1 mg/dL), liver involvement (elevated alanine amino-
transferase or aspartate aminotransferase > 40 IU/L) with
or without right upper quadrant or epigastric abdominal
pain, neurological complications (such as eclampsia,
altered mental status, blindness, stroke, clonus, severe
headaches and persistent visual scotomata) and haema-
tological complications (decreased platelet count < 150
000/pL, disseminated intravascular coagulation and
haemolysis). Uteroplacental dysfunction includes foetal

2
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growth restriction, abnormal umbilical artery Doppler
waveform analysis or stillbirth.” *” Gestational hyperten-
sion is defined as persistent de novo hypertension that
develops at or after 20 weeks of gestation in the absence
of features of pre—edam]:)sia.26 Chronic hypertension
refers to high BP predating the pregnancy or recognised
at <20 weeks of gestation. Chronic hypertension with
superimposed pre-eclampsia occurs when pre-eclampsia
occursin a pregnant woman who has pre-existing chronic
hypertension.?

Comparison

We will compare the arterial stiffness biomarkers of the
women who had HDPs with those who had normotensive
pregnancies =43 days postdelivery.

Outcomes

The outcomes are the arterial stiffness-specific and
related haemodynamic indices that include cfPWV, Alx
and AIx@75 at 243 days postpartum.

Inclusion criteria
The systematic review will encompass human studies
published from inception to the date of data collection.
Inclusion in the review will require that studies have
measured arterial stiffness in participants between 43
days and 10 years postpartum.
To ensure data accessibility and language homogeneity,
only studies published in the English language will be
considered for inclusion in this systematic review.

Exclusion criteria

We will exclude case series and reports, cost-benefit anal-
yses and qualitative research, as well as reviews, newspa-
pers, books, conference abstracts, theses, commentaries,
letters, editorials and unpublished data. Animal and
in vitro studies will also be excluded. Studies that only
assess arterial stiffness measurements during pregnancy,
labour and delivery or within 6 weeks postpartum will
be excluded. Additionally, due to the increase in arterial
stiffness in older women, women aged 60 years and above
will also be excluded from the study.i)8

Data collection
Mendeley Reference Manager will be used to store and
manage searched items. Records identified as poten-
tially eligible based on title, abstract and full texts will
be obtained to screen. Two reviewers, namely, XM and
CBB, will independently extract the required data from
the studies and compare them in duplicate. Any disagree-
ments between the reviewers will be resolved through a
discussion with SG. AH will be involved in writing drafts
and reviewing the manuscript overall.

The data to be extracted will include the following
information:
» Study characteristics: author(s), journal, title, year of

publication, study design and sample size.

» Study objective.

» Demographic details of the study participants,
including age and the country/countries where the
study participants were recruited.

» Outcome: summary data for arterial stiffness indices
(cfPWV, Alx and AIx@75) for each group (women
who had HDP and normotensive controls).

» Comments on the study quality for grading.

» Concluding points made by the authors of the
included study. When the same cohort was reported
in multiple articles, the study which contains the
largest sample will be selected.

If the data of interest are not included in tables, the
Results section text will be carefully read for relevant
information. If an eligible study does not provide full data
or further clarifications are needed, we will contact the
corresponding authors to obtain data.

Risk of bias

For randomised control trials, risk of bias assessment will
be performed using the Cochrane Collaboration tool for
assessing risk of bias, where each paperis judged as having
a high, low or unclear risk of bias.™ For case-control and
cohort studies, the nine-item Newcastle Ottawa Quality
Assessment Scale or a modified version will be used.®’ No
studies will be excluded based on the risk of bias assess-
ment; however, a sensitivity analysis will be performed

with studies of higher quality.

Statistical analysis

Estimates of mean + SD for arterial stiffness indices
(cfPWV, Alx and Alx@75) for women who had HDPs
(and each subtype of HDP, as available) and normoten-
sive women will be obtained from the relevant studies. For
studies where the estimates were reported as the median
and IQR, approximate estimates of mean + SD will be
calculated using the available estimates of the median,
minimum and maximum.

These data will be summarised using a DerSimonian
and Laird random-effects model.) A separate meta-
analysis will be conducted for each haemodynamicindices
of interest (cfPWV, Alx and AIx@75) for the combined
outcome in those who had HDPs and for each subtype
of HDP.

For studies that provide data on the association between
these haemodynamic variables and the outcome of
interest, we will meta-analyse these effect measures using
arandom effects model. For any studies that may dichot-
omise the haemodynamic variables in terms of high/
low binary variables, we will additionally meta-analyse
the sensitivity and specificity of these variables using the
bivariate mixed effects regression model. We will perform
a subgroup analysis for each subtype of HDP, as available.
If we are unable to analyse data using meta-analysis, a
narrative synthesis will be conducted to summarise and
tabulate the results.

Assessment of heterogeneity
Potential sources of heterogeneity will first be assessed
using the I” statistic.”?
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The following subgroup and sensitivity analyses using

RevMan 5.3 will be performed, where the data allow:

1. according to study design (case-control vs cohort);

2. according to study quality (minimal/low vs moderate/
high);

8. according to age of the HDP offspring.

We will conduct funnel plots to assess the potential for
publication bias where there are sufficient (>10) studies.
If there are subgroup and sensitivity analyses in the
process of the meta-analysis, we will conduct some post
hoc analyses to explore potential high heterogeneity or
publication bias.

These potential sources of heterogeneity include
average participant age, per cent of nulliparous partici-
pants, race/ethnicity, average body mass index, the per
cent of participants that smoke and the per cent of partic-
ipants with diabetes, kidney disease and autoimmune
disease, as well as other pregnancy complications, as
available.

Reporting of results

The primary study topic will be determined using the aims
and objectives of each included paper. A flow diagram
following PRISMA-P guidelines will represent the study
selection process. Two tables will list the characteristics
and quality assessment of the included studies. The find-
ings obtained from meta-analyses will be displayed using
forest plots. The eligible studies we could not obtain raw
data by contacting corresponding authors will be listed
individually in a separate table.

DISCUSSION

HDP are a global concern due to their impact on the
health of mothers and their unborn babies, particularly
the long-term risk of cardiovascular disease.'® The iden-
tification of biomarkers that predispose patients with
HPD to a high risk of cardiovascular disease is crucial.
Studies in nonpregnant patients have shown that arte-
rial stiffness is a better predictor of future cardiovascular
complications when compared with peripheral BP. In
pregnancy, arterial stiffness is elevated in women with
pre-eclampsia compared with normotensive women.!!
This finding could explain the association between pre-
eclampsia and the elevated risk of future cardiovascular
disease. This systematic review will summarise eligible
studies to examine whether the arterial stiffness observed
among women with HPD remains elevated beyond the
puerperium period. If this turns out to be the case, it
could strengthen suggestions that high arterial stiffness
in hypertensive pregnant patients may relate to long-term
risk of cardiovascular disease, and treatment to optimise
arterial stiffness can be offered to minimise this risk.
However, further reviews are necessary to determine the
actual occurrence of cardiovascular diseases in women
who experienced HPD and had increased arterial stiff-
ness. The strength of this systematic review lies in being
the first to investigate whether elevated arterial stiffness

persists after the puerperium period in women with HDP.
However, the scarcity of published literature on this topic
may limit the quality of findings in this systematic review.
Additionally, the included studies may differ in sample
size, leading to high heterogeneity.
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ABSTRACT

Objective: The main objective of the study was to compare the levels of CBP and these cardiac
biomarkers in women with maternal complications of hypertensive disorders of pregnancy
(HDP).

Methods: This was a cross-sectional study that enrolled 270 women with HDP and 270
normotensive pregnant controls. Data on basic characteristics and incidence of maternal
complications were collected among the two groups. Additionally, information on cardiac
biomarkers and CBP was gathered from the women with HDP, to compare the levels of these
biomarkers with maternal complications experience by this group.

Results: Non-hypertensive controls were significantly older than hypertensive cases and had
a higher median gestational age at recruitment compared to hypertensive cases The median
levels of CBP and cardiac biomarkers were significantly higher among hypertensive partici-
pants with maternal complications (n = 107/270) than those without complications (n =163/
270). Specifically, central systolic blood pressure (CSBP) was 133 (120-142) mmHg vs 128
(109-129) mmHg (p=0.033) and central diastolic blood pressure (CDBP) was 75 (62-86)
mmHg vs 69 (56-73) mmHg (p <0.01), while NT-proBNP was 446 (145-1126) vs. 57 (21-167))
pg.ml~"; p <0.0001, and hs-cTnl was 12 (7-35) ng.L~' compared to 8 (3-8) ng.L™"; p < 0.0001, in
cases v. controls, respectively.

Conclusion: In conclusion, the study found that pregnant hypertensive women with maternal
complications had significantly higher median values of CSBP and CDBP, NT-proBNP, and hs-
cTnl in compared to those without complications. These findings suggest that measuring these
vital signs and cardiac biomarkers in hypertensive pregnancies might be helpful for screening
and monitoring maternal complications.
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injury (6,9-11). Lam et al. (2018) demonstrated that
patients with heart failure and elevated BNP are more
likely to experience death and rehospitalisation com-
pared to those with low levels (12).

Introduction

Central blood pressure (CBP) and cardiac biomarkers
such as NT-proBNP and hs-cTnl, are among several

variables that have been studied in women with hyper-
tensive disorders of hypertensive disorders (HDP))
(1-5). The inactive N-terminal pro B-type natriuretic
peptide is co-secreted with a 32-amino acid polypep-
tide, B-type natriuretic peptide (BNP), from the left
and right cardiac ventricle in response to ventricular
volume expansion and pressure overload, while hs-
cTnl is a cardiac enzyme whose levels in the circula-
tion respond to cardiomyocyte damage (6-8). In gen-
eral, both biomarkers are associated with cardiac
injuries and can indicate future cardiac disease risk,
and, to some degree, the severity of cardiovascular
events generally used for diagnosing cardiomyocyte

HDP are a leading cause of maternal morbidity and
mortality globally (13). They account for approxi-
mately 14-18% of all maternal deaths globally, with
an estimated 62,000-77,000 maternal deaths, and
500,000 perinatal deaths annually (13-15). Maternal
complications of HDP include stroke, pulmonary
edema, Haemolysis Elevated Liver enzymes and Low
Platelets (HELLP) syndrome, abruptio placentae,
acute kidney injury, intensive care unit (ICU) admis-
sion, low Glasgow coma scale (GCS), and others
(16,17). Studies have shown an association between
preeclampsia (PE) and cardiovascular complications
during pregnancy or many years after pregnancy
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(18,19). Other long-term complications of HDP are
chronic hypertension, diabetes mellitus, stroke, end-
stage renal disease, and cognitive impairment (19).

Hypertension can negatively affect pregnancy out-
comes in women with advanced pregnancies and
those undergoing assisted reproductive technologies
(ART) such as in vitro fertilization (IVF) and intracy-
toplasmic sperm injection (ICSI) (20). Research has
shown that even a slight increase in blood pressure
among normotensive women undergoing IVF/ICSI is
associated with a reduced live birth rate. A recent
study involving 73,462 patients demonstrated that ele-
vated systolic blood pressure (SBP) in normotensive
women has a significant impact on live birth outcomes
during these procedures (21). These findings are con-
sistent with earlier research by Chen et al, which
showed that both (SBP) and diastolic blood pressure
(DBP) were lower in a group of 1,487 women who
achieved successful outcomes after fresh embryo
transfers following IVE/ICSI compared to those who
did not have live births (22). Previous studies have
demonstrated a significant increase in NT-proBNP in
hypertensive pregnant women compared to pregnant
normotensive women (1,3,4,11,23-25). A correlation
between elevated systemic vascular resistance, left ven-
tricular diastolic dysfunction, and depression of car-
diac output in preeclamptic patients and elevated NT-
proBNP levels has been observed ((24-26). A strong
association between cardiac Troponin I and PE, has
also been reported (6,8,24,25,27,28). However, there is
still insufficient data evaluating relationships between
NT-proBNP, hs-cTnl, and other short-term maternal
complications, other than cardiac-related complica-
tions, in women with HDP.

Evidence suggests that PE is associated with
increased central aortic blood pressure, pulse wave
velocity as well as elastic arterial stiffness (5,29,30).
Torrado and colleagues (2015) found that CSBP was
significantly higher in Caucasian women with PE
compared to those with gestational hypertension
(GHPT) (29). They further elaborated that in their
study there was no difference in PBP in those with
PE compared to those with GHPT. The studies by
Meeme et al. (2017) and Namugowa et al. (2017)
focused on examining the CBP and arterial stiffness
in black African women in South Africa with and
without PE. They found that women with PE had
higher arterial stiffness compared to normotensive
women (5,30) However, their studies did not include
women with preeclampsia with severe features such as
eclampsia, imminent eclampsia, stroke, HELLP syn-
drome, pulmonary edema, abruptio placentae and
acute kidney injury. Their studies also did not explore

the relationship between the CBP and the maternal
outcomes in women with PE. These unaddressed
issues warrant further investigation. The aim of the
current study was therefore to assess the levels of CBP,
cardiac biomarkers proBNP and hs-cTnl in women
with maternal complications of HDP. The study
hypothesized that levels of CBP and these biomarkers
would be higher in women with HDP who have
maternal complications compared to those without
related complications.

Methods

This was a prospective cross-sectional study evaluating
the levels of CBP, NT-proBNP and hs-cTnl, in women
with immediate maternal complications of HDP.
A total of 540 participants were enrolled, comprising
270 inpatient women with HDP and 270 inpatient
normotensive pregnant women in the maternity ward
at Nelson Mandela Academic Hospital in South Africa.
Data on basic characteristics and incidence of maternal
complications were collected among the two groups.
Additionally, information on cardiac biomarkers and
CBP was gathered from the women with HDP, to
compare the levels of these biomarkers with maternal
complications experience by this group. All participants
were followed up for up to seven days after delivery to
identify maternal complications and rule out normo-
tensive patients developing hypertension.

The inclusion criteria for the hypertensive group
encompassed all hypertensive patients who were at
least 20 weeks gestation, while the inclusion criteria
for normotensive pregnant participants included
healthy patients with singleton pregnancies and specific
conditions such as placenta previa, preterm premature
rupture of membranes, preterm labor, or patients
admitted for repeat elective cesarean section at term.

Patients who were less than 20 weeks gestation,
those who were dire emergencies with no time to
seek consent for participation in the study and those
who declined to participate, were excluded. Patients
with diabetes mellitus, cardiac disease, chronic renal
disease, and antiphospholipid syndrome or other
autoimmune disease were also excluded.

The cases were not matched for maternal and gesta-
tional age. This is because most patients with HDP,
especially eclampsia, are younger compared to the
general population, and excluding them will cause
bias. According to national guidelines, patients with
HDP are delivered preterm (preferably less than 35
weeks), whereas controls such as placenta previa and
previous cesarean deliveries are delivered much
later (31).
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Definitions of hypertensive disorders were made
according to the International Society for the Study
of Hypertension in Pregnancy classification recom-
mendations (32):

e Chronic hypertension was defined as high blood
pressure predating the pregnancy or recognized
at less than 20 weeks’ gestation.

® Gestational hypertension was defined as hyper-
tension diagnosed after 20 weeks gestation, with-
out any features of pre-eclampsia.

® Preeclampsia was defined as de novo hyperten-
sion or superimposed on chronic hypertension
after 20 weeks’ gestation, accompanied by protei-
nuria and/or other evidence of maternal end-
organ dysfunction, and/or fetal growth
restriction.

o Eclampsia was defined as the convulsive manifes-
tation of the HDP.

HELLP syndrome was diagnosed when any two of the
following abnormalities were present: increased
Lactate dehydrogenase (LDH) (=600 IU/L), increased
Aspartate transaminase (AST) (=70 IU/L), low platelet
count (<100 x1079/L); and renal failure if creatinine
was > 90 umol/L (28,33).

Data collection

These data were gathered from patient and maternity
case files, using a pre-designed questionnaire. It com-
prised socio-demographic and clinical information,
including maternal and gestational age, parity, marital
status, education, presence and type of hypertensive
disorders of pregnancy, maternal and fetal conditions,
as well as maternal and perinatal outcomes.

Blood pressure measurements, both peripheral and
central, were recorded at enrollment and within
a week after delivery using the Microlife WatchBP
Office Central. Before using the WatchBP Office cen-
tral, the correct size of cuff was chosen and placed over
the left or right upper arm so that the artery mark
arrow point toward the lower arm. The cuff was
wrapped around the arm, making sure that the lower
edge of the cuff was approximately 2cm above the
elbow. The WatchBP Office Central device automati-
cally measured both brachial and central blood pres-
sure, displaying the results on the screen once the
measurement process was complete. To determine
the central blood pressure, the WatchBP Office
Central uses brachial pulse volume plethysmography
(PVP) waveforms. It is designed to perform PVP at
a cuff pressure of 60 mmHg. Based on the analysis of
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the PVP waveforms, the central systolic pressure and
central pulse pressure values are automatically
determined.

Blood samples were collected from each woman
using two different types of tubes. For serum NT-
proBNP, hs-cTnl, and platelet count, 10 ml of venous
blood from the antecubital vein was drawn into tubes
containing EDTA. The plasma was separated through
centrifugation at 4°C for 15 minutes at 3500 rpm and
then stored at —80°C until analysis. Another 10 ml of
venous blood was drawn into yellow tubes containing
Solution A (trisodium citrate, citric acid, and dextrose)
for the measurement of creatinine, alanine transami-
nase (ALT), AST, and LDH. All assays, including N'T-
proBNP and hs-cTnl, were performed using an Alinity
iSTAT analyzer (Abbott, USA).

Statistical analysis

Data were checked for completeness and consistency
before being captured using the IBM SPSS
STATISTICS software package version 29 for
Windows (IBM Inc., Chicago IL, USA). These data
were summarized into proportions (%) for categorical
variables. Continuous data such as age, gestational and
parity was interpreted using means and standard
deviations (SD) if normally distributed or using med-
ians, interquartile ranges, and percentiles (p25, p75) if
skewed. The Chi-square test was used to delineate the
degree of association between categorical variables.
A p <0.05 was considered statistically significant.

Results

General and clinical characteristics of the sample
population

Out of the 270 hypertensive cases, 143 (53%) had
preeclampsia, 102 (38%) had eclampsia, 14 (5%) had
chronic hypertension, and 11 (4%) had gestational
hypertension.

Two out of the eleven patients with gestational
hypertension initially had normal blood pressure at
recruitment but later developed hypertension during
labor and were reassigned as gestational hypertension
instead of normotensive controls.

The demographic and clinical characteristics of the
sample population are shown in Table 1. The non-
hypertensive controls (median = 28 years; p <0.0001)
were significantly older than the hypertensive cases
(median = 25 years). The majority (63.1% n=341)
were in the 20 to 34 years age group and the minority
(17.2% n = 93) were younger than 20 years.
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Table 1. General and clinical characteristics of the sample population.

Hypertensive cases; n=270 Non-hypertensive controls; n =270 Total; n=540
Characteristics n (%) n (%) n (%) Pearson X? Sig.
Ethnicity
African 269 (99.6) 268 (99.2) 537(99.4) 0.624%
Multiracial 104) 2(0.7) 3(0.6)
Marital status
Single 210 (77.8) 207 (76.7) 417 (77.2) 0.837%
Married 60 (22.2) 62 (23.0) 122 (22.6)
Divorced 0(0.0) 1(0.4) 1(02)
Gravidity
Multigravida 149 (55.2) 209 (77.4) 358 (66.3) <0.0001
Primigravida 121 (44.8) 61 (11.6) 182 (33.7)
Booking status
Booked 248 (91.9) 258 (95.6) 506 (93.7) 0.111
Not booked 22 (8.1) 12 4.4 34(6.3)
Mode of delivery
Caesarean section 233 (86.3) 235 (87.0) 468 (86.7) 0.800
Vaginal 37(13.7) 35 (13.0) 72(13.3)
Maternal complications
Yes 107 (39.6) 2(0.7) 109 (20.2) <0.0001
No 163 (60.4) 268 (99.3) 431 (79.8)

Median (IQR) Median (IQR) Median (IQR) Sig.*¥*

Gestational age at recruitment (weeks) 34 (6) 38(3) 36 (5) <0.0001

*Fisher’s Exact p-value; ¥¥ Mann-Whitney U p-value.

There was no statistical difference (p > 0.05) for the
other demographic characteristics observed in the
hypertensive cases and non-hypertensive controls.
Nearly all (99.4% n=>537) the participants were of
African race, and the remaining were Multiracial
(0.6% n=3). More than three-quarters (77.2%) were
single, and slightly more than a quarter (22.6% n=
122) were married.

Participants with HDP had a higher proportion of
primigravida than the normotensive controls (44.8%
Vs 11.6%, p <0.0001). Most (93.7% n=434) of the
participants attended antenatal clinics while 34
(6.3%) did not. Antenatal clinic attendance between
hypertensive cases and non-hypertensive controls was
comparable statistically (p > 0.05). The median gesta-
tional age at enrollment to the study was 36 weeks
(IQR: 5). The median gestational age at recruitment
was significantly higher (38 weeks IQR =5 weeks)
among non-hypertensive controls compared to hyper-
tensive cases (34 weeks IQR =6 weeks) (p <0.0001).
The majority (86.7% n=468) gave birth through
cesarean section and the minority (13.3% »n =72) nor-
mally. No significant difference was observed in the
mode of delivery between the two groups.

Maternal complications diagnosed in the study
group

More than twenty percent of all participants (109/540,
20.2%) developed complications pre- or post-delivery.
Only 2 out of the 270 normotensive controls (0.7%)
developed maternal complications with both having
abruptio placenta. In contrast 107/270 (39.6%) of the

cases with HDP had various maternal complications
with the most common being HELLP syndrome (78/
270, 28.9%) renal failure (29/270, 10.7%), and abruptio
placental (26/270, 9.6%) (Table 2). Other complica-
tions included pulmonary edema (3/270), low GCS (4/
270), cerebrovascular accident, disseminated intravas-
cular coagulopathy (n=1), or posterior reversible
encephalopathic syndrome (each 1/270). Multiple
regression analysis indicated that maternal age and
parity were not associated with maternal complica-
tions (Table 3). Only gestational age at recruitment
showed an independent association with maternal
complications. Specifically, as gestation progressed in
weeks, the odds of experiencing maternal complica-
tions decreased by 17.4% (Table 4). However, when
using Integrated Discrimination Improvement (IDI)
predictive model, inclusion of gestational age, CBP
and PBP did not increase the risk prediction of mater-
nal complications in women with HDP. In this group,
NT-proBNP was the most effective predictor of mater-
nal complication risk, followed closely by hs-cTnl.

Table 2. Maternal complications diagnosed in the study
participants.

Cases; Controls; Total;

n="107 n=2 n=109
Maternal complications n (%) n (%) n (%)
Abruptio placenta 24 (2249 2 (100.0) 26 (23.9)
HELLP syndrome 78 (72.9) 0 (0.0) 78 (71.6)
Renal failure 29(27.1) 0 (0.0) 29 (26.6)
Pulmonary edema 3(28) 0 (0.0 328
Low GCS 7 (65) 0 (0.0) 7 (6.4)
ICU admission 7 (6.5) 0 (0.0) 7 (6.4)
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Table 3. Multiple regression analysis examining the relationship between maternal complications and factors
such as age, parity, gestational age, BMI, and HIV status.

No maternal complications Yes-Maternal complications p-value
Age(years) 28.0 (22.0-33.0) 25.0 (19.0-30.0) 0.002
Parity 1.0 (0.0-2.0) 0.0 (0.0-2.0) <0.0001
Gestational age at recruitment 37.0 (34.0-38.0) 33.0 (29.0-36.0) <0.0001
Body Mass Index (kg/m#2) 29.4 (25.0-35.1) 27.8 (23.8-33.3) 0.086
HIV status
Positive 125 (29.0) 28 25.7) 0.571
Negative 306 (71.0) 81 (74.3)
Table 4. Relationship between maternal complications and gestational age.
B SiE, Wald p-value OR (95%Cl)
Age(years) -0.016 0.022 0.509 0475 0.985 (0.943-1.028)
Parity -0.172 0.126 1.861 0.172 0.842 (0.657-1.078)
Gestational age at recruitment -0.191 0.027 48,664 <0.0001 0.826 (0.783-0.872)
Constant 5.818 1.046 30.926 <0.000 336.259

The serum concentrations of hs-cTnl and
Nt-proBNP in women with different types of HDP

Women with eclampsia had significantly higher med-
ian serum hs-cTnl levels (15.5 ng.L™% 7.0-44.0) and
log-transformed hs-cTnl levels (1.19 ng L ';0.85-1.64)
than women with other phenotypes of HDP (p <
0.0001), as shown in Table 5. Similarly, women with
eclampsia had significantly higher median serum NT-
proBNP levels (577.5 pg.ml™%; 236.0-1175.0) and log-
transformed NT-proBNP (2.76 pg.ml™; 2.37-3.07)
compared to women with other phenotypes of HDP
(p <0.0001), as shown in Table 5. The levels of serum
NT-proBNP in women with eclampsia were well
above the upper normal limit of 150 pg.ml™".

Relationship between PBP, CBP, NT-proBNP and
hs-cTnl, and maternal complications in all
hypertensive cases

The median levels (p25, p75) of the cardiac biomar-
kers and CBP were significantly higher among hyper-
tensive participants with maternal complications (n =
107/270) than those without complications (n =163/
270). Specifically, the central systolic blood pressure

Table 5. Serum levels of hs-cTnl and Nt-proBNP in women with

(CSBP) were 133 (120-142) mmHg vs 128 (109-129)
mmHg (p=0.033) and the central diastolic blood
pressure (CDBP) levels were 75 (62-86) mmHg vs 69
(56-73) mmHg (p <0.01) while NT-proBNP levels
were 446 (145-1126) vs. 57 (21-167)) pgml™; p<
0.0001, and hs-cTnl levels were 12 (7-35) ng.If1 com-
pared to 8 (3-8) ng.L_l; p<0.0001 (Table 6). For PBP,
only the PDBP was significantly higher among hyper-
tensive participants with maternal complications
when compared to those without complications [80
(65-93) vs 72(62-86) mmHg; p = 0.004] (see Table 4).
The median values indicate that NT-proBNP levels in
individuals with maternal complications were above
the normal range (<150 pg.ml™ for NT-proBNP),
while the values for hs-cTnl were within the normal
range (<30 ngL™! for hs-cTnI). Among the partici-
pants with HDP, a significant relationship was
observed between renal failure and the biomarkers
(Table 6). In this hypertensive group of participants,
the median hs-cTnl in cases with renal failure was
significantly higher [35 (12-50) ng.L™"; p <0.0001]
compared to those without [11 (6-19) ng.L’l.

The median NT-proBNP in cases with renal failure
was also significantly higher [821 (434-1894) pg.ml™;
p=10.002] compared to those without [348 (85-1003)].

the different types of HDP.

GESTATIONAL HYPERTENSION CHRONIC HYPERTENSION ~ PREECLAMPSIA ECLAMPSIA
(n=11 n=14 (n=68) (n=102)
Median (IQR) Median (IQR) Median (IQR) Median (IQR) p-value®
Hs-cTnl (ng.L™") 6.0 (5.0-9.0) 5.5 (4.0-8.0) 10.0 (6.0-15.0) 15.5 (7.0-44.0) <0.001

NT-proBNP (pg.ml~")
Log transformed NT-proBNP (pg/mL)
Log transformed Hs-cTnl (ng/L)

53.0 (18.0-217.0)
1.72 (1.26-2.34)
0.78 (0.70-0.95)

44.5 (11.0-188.0)
1.65 (1.04-2.27)
0.74 (0.60-0.90)

180.0 (68.0-508.0) 577.5 (236.0-1175.0) <0.001
226 (1.83-2.71) 2.76 (2.37-3.07) <0.001
1.00 (0.78-1.18) 1.19 (0.85-1.64) <0.001

*Kruskal-Wallis.
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Table 6. Maternal complications in hypertensive cases: medial comparisons of PBP, CBP, NT-proBNP, and hs-cTnl.

Peripheral

Peripheral systolic

diastolic blood

Central diastolic NT-proBNP  Hs-cTnl

blood pressure pressure Central systolic blood  blood pressure  (pgml™)  (ng.L™")
{(mmHg) (mmHg) pressure (mm Hg) (mmHg) Median Median
Median (IQR) Median (IQR) Median (IQR) Median (IQR) (IQR) (IQR)
Composite maternal Yes (n =107) 131 (117-144) 80 (65-93) 133 (120-142) 75 (62-86) 446 8(5-16)
complications (145-1155)
No (n =163) 125 (113-139) 72(62-86) 128 (109-129) 69 (56-73) 187 12
(46-513) (7-36)
P 0.055 <0.004 0.033 0.004 <0.0001 <0.0001
Abruptio placentae  Yes (n =24) 123 (112-137) 76 (65-91) 127 (119-138) 71 (56-82) 291 1(7-31)
(140-1460)
No (n=83) 133 (119-145) 82 (64-94) 134 (123-143) 76 (63-88) 475 15(7-36)
(145-1126)
P 0.59 0428 0.140 0.347 0.604 0.501
HELLP syndrome Yes (n=78) 132 (119-144) 82 (65-93) 133 (119-147) 74 (64-85) 469 13(7-36)
(145-1178)
No (n=29) 126 (112-144) 73 (62-93) 134 (121-147) 76 (56-87) 403 12(7-35)
(200-821)
P 0426 0408 0.383 0.975 0.716 0.528
Renal failure Yes (n=29) 131(117-144) 78 (67-93) 132 (120-145) 78 (66-87) 821 35
(434-1894)  (12-50)
No (n=78) 131(115-144) 82 (62-93) 133 (120-142) 73 (61-86) 348 11(6-19)
(109-1013)
P 0.944 0.952 0.922 0.570 0.002 <0.0001
Pulmonary edema  Yes (n=3) 112 (111-112) 73 (61-76) 105 (99-118) 62 (58-80) 85 5(5-91)
(11-13801)
No (n =104) 132(118-144) 82 (65-93) 133 (120-143) 75.5 (62-87) 451 12(7-36)
(157-1141)
P 0.053 0.181 0.059 0.221 0597 0.499
Low GCS Yes (n=7) 140 (122-173) 109 (67-121) 134 (123-148) 97 (73-104) 600 50
(77-2120)  (1"-77)
No (n =100) 131 (116-144) 80 (63-93) 133 (120-142) 74 (61-85) 435 12(7-5)
(151-1098)
P 0.241 0.161 0.614 0.099 0.619 0.059
ICU admission Yes (n=7) 138 (122-173) 106 (67-119) 138 (128-148) 95 (73-101) 600 50
(77-2120)  (11-77)
No (n =100) 131 (116-144) 80 (63-93) 132 (120-142) 74 (61-85) 435 12(7-35)
(151-1098)
P 0.246 0.177 0.368 0.120 0.673 0.061

SIG.= MANN-WHITNEY.

The other readings of biomarkers were similar in
participants with the named complications and those
without them (p > 0.05).

A hs-cTnl value of 8.5 ng.L™! or higher predicted
maternal complications of HDP with a sensitivity of
69% and a specificity of 50% (p <0.001; 95% CI
0.57-0.70; AUC=0.63), while an NT-proBNP
value of 179 pg.ml'or higher predicted maternal
complications with a sensitivity of 71% and
a specificity of 51% (p <0.001; 95% CI 0.59-0.73;
AUC=0.66) (Table 7 and Table 8).). A combination
of NT-proBNP, hs-cTnl, and CBP (AUC: 68%; p <
0.0001) demonstrated a superior ability to distin-
guish between participants with and without mater-
nal complications compared to NT-proBNP alone
(AUC: 66 %; p <0.0001). (Figure 1 and 2).

A hs-cTnl value of 11 ng.L™' or higher pre-
dicted renal failure with a sensitivity of 79% and
a specificity of 50% (p <0.001; 95% CI 0.66-0.85;
AUC=0.75), while an NT-proBNP value of 167

pg.ml™ or higher predicted renal failure with
a sensitivity of 93% and a specificity of 65% (p=
0.002; 95% CI 0.58-0.80; AUC=0.69) (Figure 3).

Relationship between CBP, NT-proBNP and hs-cTnl
and maternal complications in women with
eclampsia and preeclampsia

Eclamptic women with composite maternal complica-
tions had significantly higher median c¢SBP
(138 mmHg; 124-148: p=0.010) and cDBP
(79 mmHg; 67-95: p=0.001) compared to those with-
out such complications (¢cSBP:128 mmHg; 117-136),;
(69 mmHg; 58-77). The median ¢SBP and cDBP in
eclamptic women with specific maternal complica-
tions such as abruptio placentae, HELLP syndrome,
pulmonary edema, low Glasgow coma scale, ICU
admission did not differ significantly from those
women without the specific maternal complications
(all p values > 0.05), as shown in Table 5.
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Table 7: Coordinates of the ROC Curve for Highly Sensitive
Cardiac Troponin | (ng/ml)
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Table 8: Coordinates of the ROC Curve for NT-Prohormone
Brain Natriuretic Peptide

Positive if Greater 1- Positive if Greater 1-
Test Result Variable Than or Equal To  Sensitivity Specificity Test Result Variable Than or Equal To  Sensitivity Specificity
Highly Sensitive Cardiac 2.000 1.000 1.000 NT-Prohormone Brain 9.000 1.000 1.000

Troponin | (ng/ml) 3500 035 883 Natriuretic Peptide (pg/ 10.500 063 896
4.500 .897 822 mb) 11.500 944 .883
5.500 .860 724 13.000 935 877
6.500 813 .663 14.500 935 871
7.500 729 .558 15.500 935 859
8.500 692 497 17.000 925 859
9.500 645 A48 18.500 925 847
10.500 579 A05 19.500 925 .840
11.500 523 362 21.000 925 834
12.500 A86 325 22.500 925 828
13.500 A67 282 23.500 925 816
14.500 A67 264 24.500 916 816
15.500 A1 252 25.500 916 810
16.500 AN 233 27.500 897 810
17.500 393 221 30.000 897 804
18.500 374 215 31.500 897 791
19.500 .355 215 34.000 897 J79
20500 336 202 37.000 897 773
21.500 327 19 40.000 897 761
22.500 327 178 44.000 897 755
23.500 327 166 46,500 897 748
24.500 327 160 47.500 897 736
25.500 .308 153 50.000 879 736
26,500 .308 A4 52.500 879 730
27.500 .308 135 54.500 879 718
28500 .308 17 56,500 869 718
29.500 299 J04 58.000 869 712
30.500 299 .098 59.500 869 706
32.000 290 .098 61.000 869 699
33.500 280 .098 65.000 869 693
34.500 271 074 69.000 860 693
35.500 252 074 70.500 860 687
37.000 234 .074 71.500 860 681
39.500 224 074
e ol Overall, the median NT-proBNP [246.50 (85-673)
43.000 215 .067

Additionally, in eclamptic cases who had addi-
tional maternal complications, the NT-proBNP and
the hs-cTnl were significantly higher compared to
those without additional maternal complications:
respectively 1030 (382-1894) vs. 464 (164-940)
pg.ml‘l, p=0.003] and 33 (12-62) vs. 10 (5-25)
ng.L™! p<0.0001 (Table 9). The cases with eclamp-
sia who had renal failure had significantly higher
hs-cTnl compared to eclamptic cases without renal
failure 46 (20-175) vs.21 (8-54) ng.L’l; p=0.036.
There was no difference in the median hs-cTnl and
NT-proBNP in eclamptic cases with and without
abruptio placenta, help syndrome, pulmonary
edema, low GCS, or admission to the ICU (p>
0.05) (Table 9).

vs.141.50 (45-381) pg.ml™; p=0.009] were signifi-
cantly higher in preeclamptic cases with maternal
complications compared to those without maternal
complications. There was no statistically significant
difference in the medians for hs-cTnl, in preeclamptic
cases with and without maternal complication.

Upon stratified analysis, participants with PE who
developed renal failure had significantly higher median
hs-cTnl and NT- proBNP compared to those without
renal failure, respectively 20 (10-46) vs. 9 (6-12) ng,L’1
p=0001; and [619 (233-1894) vs.200 (78-520) pg.ml™"
p=0.002. There was no difference in the median hs-cTnl
and NT-proBNP of preeclamptic cases with and without
abruptio placenta, HELLP syndrome, low Glasgow coma
scale, pulmonary edema, and admission to the ICU (p
>0.05).
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Figure 1. ROC curve analysis of hs-cTnl and Nt-proBNP in women with maternal complications of hypertensive disorders ofpregnancy.
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Figure 2. ROC curve analysis of the combined biomarkers hs-cTnl, NT-proBNP, and CBP in women with hypertensive disorders of
pregnancy. TRO= hs-cTnl; PRO= NT-proBNP; CBP=Central blood pressure.

Discussion

This study included a total of 540 participants, con-
sisting of 270 individuals with hypertension and 270
non-hypertensive controls.

The control group of non-hypertensive participants
was significantly older and had a higher median gesta-
tional age at recruitment compared to those with

hypertensive conditions. Typically, preeclampsia and
eclampsia affect younger women and often lead to
early delivery, which likely influenced the median
maternal and gestational age of women with HDP in
this study (15,34). As a result, the median age of
hypertensive participants in this study was 25 years,
with most falling within the age range of 25 to 35
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Figure 3. ROC curve analysis of hs-cTnl and Nt-proBNP in hypertensive pregnant women with renal failure.

Table 9. Maternal complications in cases with eclampsia: medial comparisons of CBP, NT-proBNP, and hs-cTnl.

cSBP cDBP NT-proBNP hs-cTnl
Median (IQR) mmHg Median (IQR) mmHg Median (IQR) Median (IQR)
Composite Yes (n=45) 138 (124-148) 79 (67-95) 1030 (382-1894) 33 (12-62)
maternal complications No (n=57) 128 (117-136) 69 (58-77) 464 (164-940) 10 (5-25)
P 0.010 0.001 0.003 <0.0001
Abruptio placenta Yes (n=6) 140.5 (120-150) 83 (79-86) 1460 (403-1894) 31 (11-46)
No (n=39) 138 (124-148) 77 (64-95) 1026 (355-2120) 34 (12-77)
P 0.858 0.660 0.684 0591
HELLP syndrome Yes (n=33) 134 (122-148) 79 (64-95) 1069 (434-3250) 34 (12-104)
No (n=12) 144.5 (134.5-152.0) 84 (72-92) 523 (341-1460) 22.50 (11.50-48)
P 0.156 0.621 0.279 0.367
Acute kidney injury Yes (n=14) 139 (120-154) 82 (70-93) 1133 (434-3223) 46 (20-175)
No (n=31) 138 (124-148) 77 (64-97) 1026 (270-1673) 21(8-549
P 0.883 0.951 0.500 0.036
Pulmonary edema Yes (n=0) . . s .
No (n=45) 138 (124-148) 79 (67-95) 1030 (382-1894) 33 (12-62)
P = = . =
Low GCS Yes (n=6) 137 (124-155) 100.5 (74-104) 877.50 (446-2120) 52 (16-77)
No (n=39) 138 (122-148) 79 (64-89) 1030 (355-1894) 29 (11-62)
P 0.637 0123 0.884 0317
ICU admission Yes (n=6) 139 (134-155) 96 (74-104) 877.50 (446-2120) 52 (16-77)
No (n=39) 138 (122-148) 79 (64-89) 1030 (355-1894) 29 (11-62)
p 0442 0.170 0.987 0333

p value (Mann-Whitney).

years. This distribution is of interest, as previous
research offers a mixed narrative regarding the asso-
ciation between maternal age and the risk of HDP.
While some studies suggest that women in the 25-35
age bracket may be at higher risk, others indicate
heightened risks in those older than 35 or younger
than 25 (35-37). These discrepancies highlight the

complexity of the relationships between age and
HDP, possibly reflecting varying demographic, envir-
onmental, and healthcare-related factors influencing
these outcomes.

Among the participants with hypertension, 39.6%
experienced maternal complications, with HELLP
syndrome being the most common complication
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reported. Women with complications related to HDP
presented with higher levels of both diastolic and
systolic central blood pressure. Additionally, those
with complications had significantly elevated levels
of NT-proBNP and hs-cTnl. Hypertensive patients
who also had renal failure showed even higher levels
of NT-proBNP and hs-cTnl compared to those with-
out renal failure.

These study results are consistent with existing
literature which has shown increased levels of NT-
proBNP in women with HDP, and a correlation
between these cardiac biomarkers and maternal com-
plications in patients with HDP ((11,38,39). Hamad
et al. (2009) observed impaired diastolic left ventricu-
lar function and increased levels of NT-proBNP in
pregnancies complicated by PE (477 (152) ngL™" vs
46 (6) ng.L™; p<0.0001), especially early-onset PE
(1243 (583) ng.L" vs 254 (57) ngL™!, p=0.005) (40).
Fustaret et al. (2012) also evaluated the correlation
between NT-ProBNP in normotensive pregnant
women and women with HDP, finding that NT-
ProBNP significantly correlated with lactic dehydro-
genase and platelets, which are markers for HELLP
syndrome, and cardiac failure (31). The current study
did not find a significant association between NT-
proBNP and HELLP syndrome but found that hyper-
tensive patients with renal failure had significantly
higher NT-proBNP levels compared to those who
did not have renal failure. This finding aligns with
the established phenomenon that NT-proBNP clear-
ance exclusively occurs in the kidneys, which is well-
documented in patients with chronic renal failure
(41). Therefore, an impairment in the renal system
may result in higher levels of NT-proBNP.

The current study did not find any association
between pulmonary edema and NT-proBNP levels,
which is different from the results of other studies.
For instance, Kumari et al. (2017) reported
a significant association of serum NT-proBNP levels
with pulmonary edema [997 (642.92 to 1351.08) pg.
ml™? (p=0.049)] (42) Additionally, Kim et al. (2020)
conducted a study with 124 preeclamptic patients and
found that NT-proBNP levels were significantly
higher in women with pulmonary edema (43). Their
findings are consistent with a cross-sectional study of
30 women with severe PE conducted by Hafiz et al.
(2021), in which an association between NT-proBNP
and pulmonary edema was also found (33). Further
studies are necessary to understand the differences
between our findings and those of other studies.

In the study by Hafiz et al,, a significant association
was also found between NT-proBNP and HELLP syn-
drome in preeclamptic patients, which contradicts our

findings (33). Hafiz et al. included only 35 participants
with hypertension, while our study involved a larger
sample size, which may explain the discrepancies
between the two studies. Conversely, a study by
Kumari et al, which included 45 hypertensive
women and 45 normotensive women, aligns with our
results, revealing no association between NT-proBNP
and HELLP syndrome in pregnant women with
hypertensive conditions (42).

In addition to NT-proBNP, our study also found
elevated levels of hs-cTnl in women with maternal
complications of HDP compared to those without
maternal complications. This observation is in line
with previous research indicating a potential associa-
tion between hs-cT'nl and PE (28,44). However, there
is a lack of studies specifically examining the relation-
ship between hs-cTnl and maternal complications of
HDP. It's worth noting that, similar to the findings for
NT-proBNP among pregnant women with hyperten-
sion, those who experienced renal failure had signifi-
cantly higher levels of hs-cTnl. This finding is
consistent with existing literature indicating that car-
diac biomarkers are filtered through the glomerular
filtration barrier, and a decrease in glomerular filtra-
tion can impact their levels (45).

The current study indicates that both diastolic and
systolic central blood pressure are higher in women
with maternal complications of HDP. Previous studies
have mainly focused on the relationship between cen-
tral blood pressure and HDP, rather than examining
the association between central blood pressure and
maternal complications (5,29,30). These studies have
consistently demonstrated that CBP is elevated in
women with HDP compared to those without HDP.
CBP is known to be a reliable indicator of target organ
damage, which may explain the association between
central blood pressure and maternal complications of
HDP in the current study, as these complications are
largely associated with target organs (46).

In non-pregnant patients, CBP has been shown to
be a good predictor of complications in certain target
organs, such as cardiovascular events (myocardial
infarction, coronary heart disease, sudden death, con-
gestive heart failure, and stroke) and renal failure
(47,48). However, unlike other studies that have estab-
lished a correlation between CBP and the decline in
renal function, the current study did not find signifi-
cantly different levels of CBP between women with
renal failure and those without (40-42). This may be
attributed to the fact that the other studies primarily
involved non-pregnant patients with chronic kidney
disease rather than acute cases, and it also included
some male participants. For example, Xiao et al.
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(2020) conducted a study with 1426 non-pregnant
participants who were followed for a median of 4.8
years to assess the prognostic significance of various
blood pressure measurements for renal function
decline and early chronic kidney disease (48). Their
study showed that central pulse pressure emerged as
an independent predictor of the decline in renal func-
tion. Their findings are consistent with the earlier
community-based population study by Fan et al.
(2016), which evaluated 3153 participants and found
that central SBP was a stronger predictor compared
with peripheral SBP for kidney function decline (49).
Ohno et al. (2016) also highlighted the association
between CBP and kidney function (50). They pro-
posed a vicious cycle between chronic kidney disease
(CKD) and CBP, indicating that abnormalities in cen-
tral hemodynamics can hasten the progression of
CKD by potentially causing renal ischemia and glo-
merular hypertension.

The current study found that the CSBP was signifi-
cantly higher in women with maternal complications
of HDP compared to women without complications of
HDP. However, the peripheral systolic blood pressure
did not show a significant difference. This may imply
that CSBP may be better associated with complications
of HDP compared to PSBP. This finding is consistent
with the findings in the general population, where
CBP is a better predictor of cerebrovascular accidents
compared to peripheral blood pressure. For example,
Matsumoto et al. conducted a study that found that
higher CSBP and central pulse pressure, but not bra-
chial blood pressure, were significantly associated with
white matter hyperintensity volume (51). Han et al.
also investigated the association between CBP and
long-term prognosis in patients with Embolic Stroke
of Undetermined Source (ESUS) and found that CBP
parameters were independently associated with unfa-
vorable outcomes, including major adverse cardiovas-
cular events, stroke recurrence, and mortality (52).
However, while the current study observed elevated
CBP in relation to all maternal complications, it did
not find any association between cerebrovascular
events and CBP. This could be due to the shortinterval
of exposure to high CBP in pregnant women com-
pared to long-term exposure in the aforementioned
studies. A long-term follow-up of patients in our study
might be needed to address this controversial finding.

Limited data exists on relationships between CBP,
hs-cTnl and NT-proBNP, and maternal complications
in women with HPD, so this study offers valuable
insights. However, the study had some limitations.
One limitation is that the follow-up period was only
up to seven days after delivery, potentially missing

HYPERTENSION IN PREGNANCY (@) 11

complications that could have occurred later.
However, this may be mitigated by the fact that most
immediate complications of HDP occur during the
antenatal and immediate postpartum periods, which
is seven days after delivery. Another limitation is that
cases and controls were not matched for maternal and
gestational age, which could introduce statistical bias.

In conclusion, the study found that pregnant
women with hypertension and maternal complica-
tions had significantly higher levels of CBP, and car-
diac biomarkers NT-proBNP and hs-cTnl compared
to those without complications. These cardiac biomar-
kers were particularly elevated in women with renal
failure. The findings may suggest that women with
maternal complications of HDP during pregnancy
may be at higher risk of developing chronic cardiovas-
cular problems. Additionally, measuring these bio-
markers in hypertensive pregnancies could help in
screening and monitoring maternal complications,
especially renal failure, and CSBP may be more effec-
tive than PSBP in screening for maternal complica-
tions of HDP.

Acknowledgments

The authors thank all participants included in this study.

Author contributions

CRediT: Mirabel Nanjoh: Formal analysis.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Funding

This work was supported by the Discovery Foundation
[66681] and SAMRC [696335].

Ethics approval

Approval to perform the study was obtained from Faculty of
Health Sciences research and ethics at Walter Sisulu
University. The approval number is 035/2022.

Data availability statement

The datasets used during the current study are available
from the corresponding authors on reasonable requests.



235

12 @) X B.MBONGOZI ET AL.

References

[1]

[2

[3

[4

[5

o

[10

[11]

[12]

[13]

[14]

Fayers S, Moodley J, Naidoo DP. Cardiovascular hae-
modynamics in pre-eclampsia using brain naturetic
peptide and tissue Doppler studies. Cardiovasc J Afr.
2013;24(4):130-136. doi: 10.5830/CVJA-2013-023
Szabé G, Molvarec A, Nagy B, et al. Increased B-type
natriuretic peptide levels in early-onset versus
late-onset preeclampsia. Clin Chem Lab Med.
2014;52(2):281-288. doi: 10.1515/cclm-2013-0307
Sadlecki P, Grabiec M, Walentowicz-Sadlecka M,
et al. Prenatal clinical assessment of NT-proBNP as
a diagnostic tool for preeclampsia, gestational hyper-
tension and gestational diabetes mellitus. PLOS ONE.
201611(9):11. doi: 10.1371/journal.pone.0162957
Ghomian N, Vakilian F, Shahri B, et al. Can brain
natriuretic peptide predict cardiovascular complica-
tions in severe preeclampsia? A case-control study.
Int J Reprod Biomed. 2019;17(4):271-278. doi: 10.
18502/ijrm.v17i4.4552

Meeme A, Buga GAB, Mammen M, et al. Endothelial
dysfunction and arterial stiffness in pre-eclampsia
demonstrated by the endopat method. Cardiovasc
J Afr. 2017;28(1):23-29. doi: 10.5830/CV]JA-2016-047
Muijsers HEC, Westermann D, Birukov A, et al.
High-sensitivity cardiac troponin i in women with
a history of early-onset preeclampsia. ] Hypertens.
2020;38:1948-1954. doi: 10.1097/HJH.
0000000000002497

Dockree S, Brook ], Shine B, et al. Cardiac-specific
troponins in uncomplicated pregnancy and
pre-eclampsia: a systematic review. PLOS ONE. 2021
16;16(2):€0247946. doi: 10.1371/journal pone.0247946
Bacmeister L, Gofiling A, Buellesbach A, et al. High-
sensitivity cardiac troponin i enhances preeclampsia
prediction beyond maternal factors and the sFlt-1/
PIGF ratio. Circulation. 2024;149(2):95-106. doi: 10.
1161/CIRCULATIONAHA.123.066199

Giannubilo SR, Cecchi S, Tidu E, et al. Maternal
NT-proBNP in chronic hypertensive pregnancies and
superimposed preeclampsia. Int ] Cardiol. 2014;176
(3):1227-1229. doi: 10.1016/j.ijcard.2014.07.214

Dalal J], Ponde CK, Pinto B, et al. Time to shift from
contemporary to high-sensitivity cardiac troponin in
diagnosis of acute coronary syndromes. Indian Heart
J. 2016;68:851-855. doi: 10.1016/}.ihj.2016.03.013
Nguyen TX, Nguyen VT, Nguyen-Phan HN, et al.
Serum levels of NT-Pro BNP in patients with
preeclampsia. Integr Blood Press Control.
2022;15:43-51. doi: 10.2147/IBPC.S360584

Lam M, Dierking E. Intensive care unit issues in eclamp-
sia and HELLP syndrome. Int J Crit Iln Inj Sci. 2017;7
(3):136-141. doi: 104103/]JCIISIJCIIS_33_17

Abalos E, Cuesta C, Grosso AL, et al. Global and
regional estimates of preeclampsia and eclampsia
a systematic review. Eur ] Obstet Gynecol Reprod
Biol. 2013;130:1-7. doi: 10.1016/j.ejogrb.2013.05.005
Khan W, Say L, Gilmezoglu AM, et al. WHO analysis
of causes of maternal death: a systematic review.
Lancet. 2006;367(9516):1066-1074. doi: 10.1016/
$0140-6736(06)68397-9

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

Brown MA, Magee LA, Kenny LC, et al. The hyper-
tensive disorders of pregnancy: ISSHP classification,
diagnosis & management recommendations for inter-
national practice. Pregnancy Hypertens.
2018;13:291-310. doi: 10.1016/j.preghy.2018.05.004
Nankali A, Malek-Khosravi S, Zangeneh M, et al.
Maternal complications associated with severe
preeclampsia. ] Obstet Gynaecol India. 2013;63
(2):112-115. doi: 10.1007/s13224-012-0283-0

Sapna IS. Maternal and perinatal outcome in hyper-
tensive disorders in pregnancy. Inter Gynaecol
Women’s Healthcare. 2018 1;1(5). doi: 10.32474/
igwhc.2018.01.000125

Bellamy L, Casas ], Hingorani AD, et al. Pre-
eclampsia and risk of cardiovascular disease and can-
cer in later life: systematic review and meta-analysis.
BM]J. 2007;335(7627):974. doi: 10.1136/bmj.39335.
385301.BE

Miller EC. Preeclampsia and cerebrovascular disease.
Hypertension. 2019;74(1):5-13. doi: 10.1161/
HYPERTENSIONAHA.118.11513

Dayan N, Lanes A, Walker MC, et al. Effect of chronic
hypertension on assisted pregnancy outcomes: a
population-based study in Ontario, Canada. Fertil
Steril. 2016;105:1003-1009. doi: 10.1016/j.fertnstert.
2015.11.039

Ma S, Hu L, Chen H, et al. Inverse association of
prepregnancy systolic blood pressure and live birth
rate in normotensive women undergoing in vitro fer-
tilization/intracytoplasmic sperm injection. Fertil
Steril. 2024;122(4):667-677. doi: 10.1016/j.fertnstert.
2024.05.150

Chen H, Zhang X, Cai S, et al. Even high normal
blood pressure affects live birth rate in women under-
going fresh embryo transfer. Hum Reproduct.
2022;37(11):2578-2588.  doi:  10.1093/humrep/
deac201

Afshani N, Moustagim-Barrette A, Biccard BM, et al.
Utility of B-type natriuretic peptides in preeclampsia:
a systematic review. Int ] Obstet Anesth.
2013;22:96-103. doi: 10.1016/j.ij0a.2012.11.001
Jacobsen DP, Roysland R, Strand H. Circulating car-
diovascular biomarkers during and after preeclamp-
sia: crosstalk with placental function? Pregnancy
Hypertens. 2022;30:103-109. doi: 10.1016/j.preghy.
2022.09.003

Gencheva D, Nikolov F, Uchikova E, et al. Cardiac
biomarkers in hypertensive disorders of pregnancy.
Open Access Maced ] Med Sci. 2021;9(F):137-144.
doi: 10.3889/0amjms.2021.5913

Kim HL, Kim SH. Pulse wave velocity in
atherosclerosis. Front Cardiovasc Med. 2019:6. doi:
10.3389/fcvm.2019.00041

Alma L], Bokslag A, Maas AHEM, et al. Shared bio-
markers between female diastolic heart failure and
pre-eclampsia: a  systematic  review  and
meta-analysis. ESC Heart Fail. 2017;4(2):88-98. doi:
10.1002/ehf2.12129

Morton A, Morton A. High sensitivity cardiac tropo-
nin [ levels in preeclampsia. Pregnancy Hypertens.
2018;13:79-82. doi: 10.1016/j.preghy.2018.04.020



[29] Torrado J, Farro I, Zocalo Y, et al. Preeclampsia is

associated with increased central aortic pressure, elas-
tic arteries stiffness and wave reflections, and resting
and  recruitable endothelial dysfunction.
Int ] Hypertens. 2015;2015:720683. doi: 10.1155/
2015/720683

Namugowa A, Iputo ], Wandabwa ], et al
Comparison of arterial stiffness in preeclamptic and
normotensive pregnant women from a semi-rural
region of South Africa. Clin Exp Hypertens. 2017;39
(3):277-283. doi: 10.1080/10641963.2016.1254227
Moodley ], Soma-Pillay P, Buchmann E, et al.
Hypertensive disorders in pregnancy: 2019 national
guideline. South Afr Med J. 2019:109: 3-16.

Brown MA, Magee LA, Kenny LC, et al. Hypertensive
disorders of pregnancy: ISSHP classification. Diag
Manage Recom Int Pract Hypertens. 2018;72
(1):24-43. doi: 10.1161/HYPERTENSIONAHA.117.
10803

Rimaitis K, Grauslyte L, Zavackiene A, et al.
Diagnosis of HELLP syndrome: a 10-year survey in
a perinatology centre. Int ] Environ Res Public
Health. 2019  16;16(1):109. doi:  10.3390/
ijerph16010109

Vousden N, Lawley E, Seed PT, et al. Incidence of
eclampsia and related complications across 10
low-and middle-resource geographical regions: sec-
ondary analysis of a cluster randomised controlled
trial. PLOS Med. 2019 16;16(3):¢1002775. doi: 10.
1371/journal.pmed.1002775

Hinkosa L, Tamene A, Gebeyehu N. Risk factors
associated with hypertensive disorders in pregnancy
in Nekemte referral hospital, from July 2015 to
June 2017, Ethiopia: case-control study. BMC
Pregnancy Childbirth. 2020;20(1). doi: 10.1186/
512884-019-2693-9

Poudel K, Kobayashi S, Miyashita C, et al.
Hypertensive disorders during pregnancy (hdp),
maternal characteristics, and birth outcomes among
Japanese women: a Hokkaido study. Int ] Environ Res
Public Health. 2021 18;18(7):3342. doi: 10.3390/
fjerph18073342

Bromfield SG, Ma Q, DeVries A, et al. The association
between hypertensive disorders during pregnancy
and  maternal and  neonatal  outcomes:
a retrospective claims analysis. BMC Pregnancy
Childbirth. 2023 23;23(1). doi: 10.1186/s12884-023-
05818-9

Bakacak M, Serin S, Ercan O, et al. Association of
serum N-terminal pro-brain natriuretic peptide levels
with the severity of preeclampsia. ] Maternal-Fetal
Neonatal Med. 2016;29(17):2802-2806. doi: 10.3109/
14767058.2015.1104663

Verma S, Malik S, Bansal S. Left ventricular function
and N-terminal pro b-type natriuretic peptide levels
in women with hypertensive disorders of pregnancy:
a prospective observational study. Int ] Gynecol
Obstet. 2022;159(3):764-770. doi: 10.1002/ijgo.14182

HYPERTENSION IN PREGNANCY (@) 13

[40] Hamad RR, Larsson A, Pernow J, et al. Assessment of

left ventricular structure and function in preeclamp-
sia by echocardiography and cardiovascular
biomarkers. ] Hypertens. 2009;27:2257-2264. doi:
10.1097/HJH.0b013e3283300541

Charmetant X, Pecquet M, Poirié P, et al. Impact of
age and renal function on usefulness of NT-proBNP
to diagnose heart failure. Clin Nephrol.
2019;92:65-72. doi: 10.5414/CN109480

Kumari S, Gupta M, Vardhan H, et al. NT-PROBNP:
a biochemical marker of maternal complications in
pre-eclampsia. ] Clin Diagnostic Res. 2017;11:QC12~
6. doi: 10.7860/JCDR/2017/28713.10855

Kim HM, Choo YS, Seong WJ. Serum NT-proBNP
levels as a marker for cardiopulmonary function in
preeclampsia. Clin Exp Obstet Gynecol. 2020;47
(4):511-515. doi: 10.31083/].CEOG.2020.04.5301
Pergialiotis V, Prodromidou A, Frountzas M, et al.
Maternal cardiac troponin levels in pre-eclampsia:
a systematic review. ] Maternal-Fetal Neonatal Med.
2016529:1-5. doi: 10.3109/14767058.2015.1127347
Ren D, Huang T, Liu X, et al. High-sensitive cardiac
troponin for the diagnosis of acute myocardial infarc-
tion in different chronic kidney disease stages. BMC
Cardiovasc Disord. 2021;21(1):21. doi: 10.1186/
512872-020-01746-0

Jeon KH, Kim HL, Lim WH, et al. Associations
between measurements of central blood pressure
and target organ damage in high-risk patients. Clin
Hypertens. 2021;27(1):27. doi: 10.1186/s40885-021-
00179-x

Roman RB, Kizer JR, Lee ET, et al. Central pressure
more strongly relates to vascular disease and outcome
than does brach. Hypertension. 2007;50(1):197-203.
doi: 10.1161/HYPERTENSIONAHA.107.089078
Xiao W, Wen'Y, Ye P, et al. Noninvasive central pulse
pressure is an independent determinant of renal
function. J Clin Hypertens. 2020;22(2):234-242. doi:
10.1111/jch.13792

Fan F, Qi L, Jia J, et al. Noninvasive central systolic
blood pressure is more strongly related to kidney
function decline than peripheral systolic blood pres-
sure in a Chinese community-based population.
Hypertension. 2016;67(6):1166-1172. doi: 10.1161/
HYPERTENSIONAHA.115.07019

Ohno Y. Central blood pressure and chronic kidney
disease. World ] Nephrol. 2016;5:90. doi: 10.5527/
win.v5.i1.90

Matsumoto K, Jin Z, Homma S, et al. Association
between central blood pressure and subclinical cerebro-
vascular disease in older adults. Hypertension. 2020;75
(2):580-587. doi: 10.1161/HYPERTENSIONAHA.119.
13478

Han M, Heo JN, Lee IH, et al. Prognostic value of
central blood pressure on the outcomes of embolic
stroke of undetermined source. Sci Rep. 2023 13;13
(1). doi: 10.1038/541598-023-36151 -y



237

& frontiers | Frontiers in Medicine

(® Check for updanes}

OPEN ACCESS

EDITED BY
Giuseppe Caminiti,
Universita Telematica San Raffaele, Italy

REVIEWED BY

Julian Minetto,

Universidad Nacional de La Plata, Argentina
Francisco Javier Hernandez Mora,

Civil Hospital of Guadalajara, Mexico

*CORRESPONDENCE
Xolani B. Mbongozi
xmbongozi@wsu.ac.za

RECEIVED 22 June 2025
ACCEPTED 18 August 2025
PUBLISHED 03 September 2025

CITATION

Mbongozi XB, Galloway SDR, Hunter A,
Businge CB, Nanjoh M and Buga GAB (2025)
Correlation of peripheral blood pressure with
central blood pressure and estimation of
central blood pressure thresholds for
diagnosis of hypertension during pregnancy.
Front. Med. 12:1651854.

doi: 10.3389/fmed 20251651854

COPYRIGHT

© 2025 Mbongozi, Galloway, Hunter,
Businge, Nanjoh and Buga. This is an
open-access article distributed under the
terms of the C ive Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms

Frontiers in Medicine

TYPE Original Research
PUBLISHED 03 September 2025
pol 10.3389/fmed. 20251651854

Correlation of peripheral blood
pressure with central blood
pressure and estimation of central
blood pressure thresholds for
diagnosis of hypertension during
pregnancy

Xolani B. Mbongozi*?*, Stuart D. R. Galloway?, Angus Hunter?3,

Objective: The main objective of the study was to evaluate the correlation and
comparative use of peripheral blood pressure and central blood pressure (CBP)
in identifying hypertension among pregnant women.

Methods: A cross-sectional study was conducted at Nelson Mandela Academic
Hospital from December 2022 to April 2024, involving 270 inpatients diagnosed
with hypertensive disorders of pregnancy (HDP) and 270 normotensive controls
in their second and third trimesters. Blood pressure measurements were
obtained using the Microlife WatchBP Office Central, both at enrolment and
within 7 days postpartum. A linear regression equation and a receiver operating
characteristic curve (ROC) analysis were used to determine the thresholds for
normal, mild, and severe CBP.

Results: The ROC revealed that a central systolic blood pressure (cSBP) of
116 mm Hg or higher has a sensitivity of 78.5% and a specificity of 50.3% for
diagnosing hypertension during pregnancy. Considering a normal peripheral
diastolic pressure of less than 90 mm Hg, the upper limit of central diastolic
blood pressure (cDBP) in normotensive controls was calculated to be 78 mm
Hg. A significant positive correlation was found between peripheral systolic
blood pressure (pSBP) and ¢cSBP among hormotensive and hypertensive women
(p < 0.05). The median pSBP among patients with eclampsia with mild peripheral
hypertension was 138.0 mmHg (IQR: 133.0-148.0) while the cSBP level in the
same group was 145.0 mmHg (IQR: 140.0-150.0) mmHg. The overall median
cSBP among women with eclampsia {(n = 102) was 133.0 mmHg (IQR 120.0-
143.0), and the median cDBP was 73.0 mmHg (IQR: 60.0-83.0), and these were
significantly higher (p < 0.0001) than the median cSBP of 128.0 mmHg (IQR:
114.0-139) and cDBP of 71.0 mmHg (IQR: 61.0-81.0) among preeclamptic
women.

Conclusion: This study established the threshold values for central hypertension
as 116/78 mmHg, with severe central hypertension defined as 148/95 mmHg
or more. It reinforces the positive correlation between peripheral and CBP in
both normotensive and hypertensive populations. CBP may serve as a better
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parameter for evaluating hypertension, especially in eclampsia. Further research
is warranted to confirm these findings and to explore their clinical implications.
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Introduction

Elevated brachial blood pressure has traditionally been the main
indicator for diagnosing hypertension, but with the increased
availability of non-invasive central blood pressure (CBP) measuring
devices, there is growing interest in using CBP for managing
hypertension in non-pregnant and pregnant individuals.

The role of brachial blood pressure in the prediction of future
cardiovascular structural damage, morbidity, and mortality among
non-pregnant adult population is well-established in high-income
countries (1), as well as in middle-income countries, such as China
and Mexico (2, 3). Controlling brachial blood pressure can reduce
the risk of cardiovascular death (4). However, peripheral
hypertension does not necessarily correlate with maternal and
perinatal outcomes, except for the increased risk of intracranial
hemorrhage when there is severe peripheral hypertension (5).
Numerous studies suggest that CBP is superior to peripheral blood
pressure (PBP) in predicting cardiovascular disease among
non-pregnant patients (6-9). The superiority of CBP is likely due
to central pressures exhibiting lower variability and more
accurately reflecting the tension levels on major target organs such
as the heart, brain, and kidneys (10). CBP is defined as blood
pressure readings taken from the aorta or common carotid
arteries, primarily influenced by increased arterial stiffness and
wave reflection (11). It represents the pressure against which the
heart must pump to ensure blood flow throughout the body.
Evidence indicates that preeclampsia (PE) is associated with
increased CBP, pulse wave velocity, and arterial stiffness (12-14).
It is known that the cerebrovascular complications of PE and
eclampsia can occur in the presence of mild elevations of PBP and
even in the absence of proteinuria (15, 16). Since the blood flow to
the brain is controlled by the central aortic blood pressure, it is
possible that under conditions when there is only mild elevation
of the brachial blood pressure, the CBP may be much higher, thus
accounting for the vasogenic oedema typical of eclampsia,
justifying the need to know how the CBP behaves in patients with
HDP and eclampsia.

To evaluate this hypothesis, it is essential to clearly define what
constitutes mild and severe central hypertension. Current literature
presents conflicting findings regarding the definition of central
hypertension (17, 18). Notably, Cheng et al. have proposed a threshold
CBP of 130/90 mmHg, which generally serves as a benchmark for
central hypertension in non-pregnant women (11, 19). However,
given the physiological changes that occur during pregnancy, it would
be biased to apply findings from the non-pregnant population,
especially those involving men (20). During pregnancy, physiological
changes generally result in lower CBP readings compared with those
in non-pregnant women and men (21). Therefore, it is necessary to
establish the CBP threshold for diagnosing central hypertension in the
pregnant population.
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Objectives

The primary objective of this study was to evaluate the correlation
and comparative use of PBP and CBP in identifying hypertension
among pregnant women. The secondary objective was to determine
the threshold values for central systolic blood pressure (¢SBP) and
central diastolic blood pressure (¢cDBP) for diagnosing mild and
severe central hypertension in pregnancy.

Materials and methods

This was a cross-sectional study conducted between December
2022 and April 2024. We prospectively studied 270 inpatients
diagnosed with hypertensive disorders of pregnancy (HDP) and 270
inpatient normotensive controls who were in their second and third
trimesters of pregnancy. This study was conducted at the Nelson
Mandela Academic Hospital, South Africa, in keeping with the
principles laid down in the Helsinki Declaration (22). Walter Sisulu
University and the Nelson Mandela Academic Hospital board
approved this study (ethics reference number 035/2022), and
informed consent was obtained from each participant before
data collection.

The definitions of hypertension and HDP were based on the
International Society for the Study of Hypertension in Pregnancy (23).
Mild peripheral hypertension was defined as a pSBP of 110-159 mmHg
and/or apDBP of 90-109 mmHg. Severe peripheral hypertension was
defined as a pSBP of 160 mmHg or higher and/or a pDBP of
110 mmHg or higher. The inclusion criteria for hypertensive patients
were current hypertensive disease in pregnancy with a gestation period
of >20 weeks. For controls, the inclusion criteria were a healthy
normotensive singleton pregnancy in labor, those admitted for a repeat
elective caesarean section at term, or women without hypertension
presenting with particular conditions such as placenta previa, preterm
premature rupture of membranes, or preterm labour. Participants were
excluded if they were under 20 weeks pregnant or if they opted out of
participation. Additionally, individuals with diabetes mellitus, cardiac
disease, chronic renal disease, antiphospholipid syndrome, or other
autoimmune diseases were also excluded from the study.

Data on the presence and type of HDP were collected from patient
interviews and medical records using a standard data collection sheet.
At enrolment and within 7 days after delivery, brachial and central
systolic and diastolic blood pressures were measured using the
Microlife WatchBP Office Central. Participants who were initially
normotensive but later developed elevated blood pressure were
reclassified as hypertensive, while those with gestational hypertension
who later exhibited features of PE were reclassified as having
PE. Before using the Microlife WatchBP Office central, the correct size
of cuff was chosen and placed over the left or right upper arm so that
the artery mark arrow points toward the lower arm. The cuff was
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wrapped around the arm, making sure that the lower edge of the cuff
was approximately 2 cm above the elbow. The WatchBP Office Central
device automatically measured both brachial and CBP, displaying the
results on the screen once the measurement process was complete.

It is important to note that while the validity and reliability of the
Microlife WatchBP Office Central have been established in the general
population, its PBP measurement component lacked validation for
pregnancy use (19) To address this deficiency, a pilot study was
conducted involving three distinct groups of participants: 15
normotensive pregnant women, 15 women diagnosed with gestational
hypertension, and 15 women with PE. Initially, PBP was measured
using the pregnancy-validated Microlife WatchBP Home BT, followed
by measurements with the Microlife WatchBP Office Central.

The validation process adhered to the guidelines set forth by the
Association for the Advancement of Medical Instrumentation, the
European Society of Hypertension, and the International Organization
for Standardization (24, 25).

The results of the validation exercise demonstrated a strong
correlation between the pregnancy-validated Microlife WatchBP
Home BT and the Microlife WatchBP Office Central (refer to Tables 1,
2). Subsequently, the Microlife WatchBP Office Central was used to
simultaneously measure both brachial blood pressure and CBP in
each participant.

Statistical analysis

Datawere checked for completeness and consistency before being
captured using the IBM SPSS STATISTICS software package version
29 for Windows (IBM Inc., Chicago IL, USA). Two approaches were
used to try to establish the upper thresholds for normal and abnormal
CBP to determine what constitutes central hypertension. The first
approach used a linear regression equation for calculating the cSBP
and cDBP from the pSBP and ¢cDBP of normotensive controls, and a
p-value of <0.05 was taken as significant. The second approach used
the receiver operating curve analysis for calculating the upper
threshold of normal ¢SBP and ¢DBP, together with sensitivity and
specificity. The Youden’s ] index, sensitivity, and specificity were
calculated for each blood pressure reading. Cut-off points were
determined based on the index, sensitivity, specificity, and clinical
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relevance. The outcome variable was HDP. The lower of these
thresholds from these two approaches was then chosen to represent
the threshold of normal and abnormal CBP.

For the rest of the study, blood pressure readings were interpreted
using medians and percentiles (p25, p75) due to the skewed nature of
the data. The Kruskal-Wallis H test and the Mann-Whitney U test
were employed to assess the degree of association between the
continuous variables. The Wilcoxon signed-rank test was applied to
compare dependent variables. A p-value of less than 0.05 was
considered statistically significant.

Results

General description and
socio-demographic characteristics of the
sample population

A total of 550 pregnant women were initially recruited for the
study. However, 10 patients were excluded due to comorbidities like
diabetes, chronic renal failure, and cardiac disease (Figure 1).
Ultimately, 540 pregnant women were enrolled in the study, with 270
diagnosed with HDP and 270 who were normotensive controls. Of the
270 women with HDP, 143 (53%; 95% CI: 47-58.9%) had PE, 102
(37.8%; 95% CI: 32.1-43.7%) had eclampsia, 14 (5.2%; 95% CL:
3.0-8.3%) had chronic hypertension, and 11 (4.1%; 95% CI: 2.2-6.9%)
had gestational hypertension. Notably, two of the eleven patients with
gestational hypertension initially had normal blood pressure and were
classified as controls at the time of recruitment, but subsequently
developed hypertension, resulting in their reclassification. Additionally,
four of the 143 preeclamptic patients initially presented with gestational
hypertension but later exhibited significant proteinuria, resulting in
their reclassification as PE. Of the 143 women with PE, 75 (52.4%; 95%
CI: 44.3-60.5%) had PE with severe features (this number excludes
women with eclampsia who form their own group) and 68 (47.6%; 95%
CI: 39.5-55.7%) had PE without severe features.

The non-hypertensive controls had a median age of 28 (IQR:
24.0-33.0) years, which was significantly older than the
hypertensive cases, whose median age was 25 (IQR: 20.0-32.0)
years (p < 0.0001) (Table 3). Most participants (63.1%, n = 341)

TABLE 1 Demographic characteristics of hypertensive cases and normotensive controls in the pilot study.

Characteristics Hypertensive cases Normotensive controls Total Student’s t-test p

(N = 30) (N = 15) value

Mean + SD Mean + SD Mean + SD

Age (years) 28.9+7.6 249+ 6.0 27.5+73 0.082
Gravidity 23£13 22%17 23+14 0.825
Parity 1.3+09 14408 13+09 0.715 \
Gestational age (wks) 34.4+3.6 384+ 15 357+ 3.6 <0.0001 ‘
PSBP (mmHg) 135.7+113 1233 +10.6 1316+ 12.4 0.001 \
pDBP (mmHg) 79.7 + 10.8 643 +131 74,6 + 13.6 <0.0001 \
SBP (mmHg) 130.1+121 1144 £ 125 1249+ 142 <0.0001
<DBP (mmHg) 716 +13.1 70.6+112 713 + 124 0.801

PSB, peripheral systolic blood pressure; pDBP, peripheral diastolic blood pressure; cSBE, central systolic blood pressure; cDBP, central diastolic blood pressure; SD, standard deviation; wks,

weeks.
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TABLE 2 The absolute differences in systolic and diastolic pressures, categorized as 0-5, 0-10, and 0—15 mmHg, between the two measuring devices.

Blood pressure differences Blood pressure categories n:N =45 % (95%Cl) Mean + SD
Absolute SBP differences 0-5 mmHg 39 86.7 25%15
0-10 mmHg 14 97.8 3.0£19
0-15 mmHg 45 100.0 31£22
Absolute DBP differences 0-5 mmHg 37 82.2 24+14
0-10 mmHg 43 95.5 3.0+2.1
0-15 mmHg 45 100.0 3531
Recruited=550
HDP
Total Excluded=3: Normonsive controls:
Diabetes=2 Total excluded=7
Chronic renal diseasel Diabetes =5
Known cardiac=2
Totalincluded =540:
HDP=270
Normotensive controls=270
FIGURE 1
Flowchart of participant inclusion

were aged between 20 and 34 years, while a smaller group (17.2%,
7 = 93) was under 20 years. Almost all participants (99.4%, # = 537)
were of African descent, with the remainder being mixed race
(0.6%, 1 = 3). In terms of marital status, over three-quarters (77.2%)
were single and slightly more than a quarter (22.6%, n=122)
were married.

Most participants (93.7%, n = 434) attended antenatal clinics,
while 34 (6.3%) did not. Statistically, antenatal clinic attendance was
similar between the hypertensive and non-hypertensive groups
(p > 0.05). The median gestational age at enrolment in the study was
36 (IQR: 33.0-38.0) weeks, with the non-hypertensive controls having
a significantly higher median gestational age of 38 (IQR 36.0-39.0)
weeks compared with the hypertensive cases at 34 weeks (IQR 31.0-
37.0; p < 0.0001).

A significant majority of participants (86.7%, 1 = 468) delivered
via caesarean section, while the remaining 13.3% (1 = 72) had vaginal
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births. No significant differences in delivery methods were found
between the two groups.

In terms of body weight classification, nearly one-third of the
women (32.4%, n=175; 95% CI = 28.6-36.4%) were classified as
obese, while 12.4% (12 = 67; 95% CI = 9.8-15.4%) were severely obese,
and 0.6% (1 = 3; 95% CI = 0.2-1.5%) were underweight.

Overall, 28.3% (n = 153; 95% CI = 24.7-32.2%) of the women
in the study were HIV-positive, while the remainder tested negative.
There was no significant difference in HIV prevalence between
women with HDP and the normotensive controls (p > 0.05). Most
of the positive for HIV women had viral loads below detectable
limits, with only 12.4% (n = 19; 95% CI = 7.9-12.4%) not achieving
viral suppression. Moreover, no significant differences were
observed between HIV-positive women with HDP and those who
were HIV-positive but normotensive regarding viral suppression
(p >0.05).
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TABLE 3 General characteristics of hypertensives cases and normotensive controls in the main study.

Characteristics Hypertensive cases; Normotensive controls; Total Sig.#*
n=270 n=270

Numerical parameters Median {IQR) Median {IQR} Median {IQR} p-values

Age (years) 25(20.0-32.0) 28 (24.0-33.0) 27 (21.0-33.0) <0.0001

Body mass index (kg/m*"2) 28.5(23.9-34.3) 29.5(25.1-35.5) 29 (24.7-34.9) 0.071

Gestational age at recruitment 34 (31.0-37.0) 38 (36.0-39.0) 36 (33.0-38.0) <0.0001

Categorical values Number {percentage} | Number {percentage) | Number (percentage) | Pearson

Age group (years)

<20 years 64 (23.7) 29{10.7) 93(17.2) <0.0001
20-34 years 157 (58.1) 184 (68.1) 341(63.1)

>35 years 49(18.1) 57 (21.1) 106 (19.6)

Ethnicity

Black African 269 (99.6) 268(99.2) 537 (99.4) 0.624%
Mixed race 1(0.4) 2(0.7) 3(0.6)

Marital status

Single 210(77.8) 207(76.7) 417 (77.2) 0.837%
Married 60 (22.2) 62 (23.0) 122 (22.6)

Divorced 0(0.0) 1(04) 1(0.2)

Level of education

Tertiary 35 (13.0) 46 (17.0) 81(15.0) 0.194%
Secondary 207 (76.7) 189 (70.0) 396 (73.3)

Primary 27 (10.0) 35 (13.0) 62(11.5)

No formal education 1(0.4) 0(0.0) 1(0.2)

Booking status

Booked 248 (91.9) 258(95.6) 506 (93.7) 0.111
Not booked 22(8.1) 12{4.4) 34 (6.3)

Mode of delivery

Caesarean section 233 (86.3) 235(87.0) 468 (86.7) 0.800
Vaginal 37(13.7) 35 (13.0) 72(13.3)

Underweight (BMI < 18.5) 2(0.7) 1(04) 3(0.6) 0.196*
Normal weight (BMI 18.5-24.9) 81 (30.0) 59(21.9) 140 (25.9)

Overweight (BMI > 25.0-29.9) 74 (27.4) 81 (30.0) 155 (28.7)

Obese (BMI > 30.0-39.9) 79 (29.3) 96 (35.6) 175 (32.4)

Severely obese (BMI > 40.0) 34 (12.6) 33(12.2) 67(12.4)

HIV status

Positive 66 (24.4) 87(32.2) 153 (28.3) 0.056
Negative 204 (75.6) 183 (67.8) 387 (71.7)

Viral suppression

Unsuppressed (1,000 cp/mL) 10(15.2) 9(10.3) 19(124) 0.609%
Suppressed (<1,000 cp/mL) 0(0.0) 10.1) 1(0.7)
Less than detectable limit (<50 cp/mL) 56 (84.8) 77 (88.5) 133 (86.9)

BMI, body mass index (kg/m?); cp/mL, copies/mL; *Fisher’s exact p-value; ¥* Mann-Whitney U p-value.
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Establishment of cSBP and cDBP
thresholds for diagnosis of central
hypertension

To establish the upper thresholds for normal and abnormal CBP,
alinear regression equation and the receiver operating curve analysis
were used. The lower of these thresholds was then chosen to represent
the threshold of normal and abnormal CBP. Consequently, the upper
threshold of normal ¢SBP was found to be <116 mmHg and that of
the normal cDBP was <78 mmHg (Table 4 and Figure 2). CBPs above
these thresholds signified central hypertension.

ROC analysis for defining cSBP thresholds
for diagnosis of central hypertension
during pregnancy

To predict the diagnosis of central hypertension during pregnancy,
the ROC analysis results indicate that a cSBP of 116 mm Hg or higher has
asensitivity of 78.5% and a specificity of 50.3%. The cSBp values utilized

TABLE 4 Establishment of cSBP threshold in normotensives.

Normotensive controls

Unstandardized coefficients

10.3389 /frmed.2025.1651854

as predictive variables for the ROC curve were derived exclusively from
the HDP group. This model demonstrated a moderate discriminatory
ability, with an area under the curve (AUC) of 0.7384 (Figures 2, 3).

Linear regression equation for defining the
cSBP and cDBP threshold from PBP

Based on a normal pSBP of <140 mmHg and a diastolic pressure
of <90 mmHg, the upper limit of ¢SBP in normotensive controls was
calculated to be 130 mmHg, while the upper limit of cDBP was
calculated to be 78 mmHg (see Tables 4, 5) (23).

Establishment of thresholds for severe
central hypertension

Linear regression equation was used to calculate the thresholds for
severe central hypertension from the thresholds of severe PBB, defined
as apSBP of >160 mmHg, and/or pDBP of >110 mmHg, among women

Standardized

(N = 270) coefficients
Std. error Beta
1 (Constant) 47.505 6.013 7.901 0.000
PSBP (mmHg) 0.592 0.052 0568 11.290 0.000

Using the simple regression formula, where predicted ¢SBP = a + bx (with ‘@’ representing the constant, ‘b’ as the unstandardized coefficient for pSBE, and ‘%’ as any pSBP reading), if a pSBP of
139 mm Hg is chosen as a reference point for normal systolic pressure, then the upper limit of ¢SBP in normotensive controls = 47.505 + 0.592 (139) = 130 mmHg.

Sensitivity
0.50 075 1.00

0.25

0.00

T T
0.00 0.25
Ama under ROC curve = 0.7142

FIGURE 2

ROC for cSBP cut-off for prediction of central hypertension in women with HDP if 116 mmHg is chosen

0.50
1 - Specificity

0.7 1.00
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FIGURE 3
Sensitivity and specificity of cSBP cut-offs for prediction of central hypertension in women with HDP.
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with HDP who were identified to have severe peripheral hypertension
(23). The thresholds for severe central hypertension were found tobe a
cSBP of >148 mmHg and/or a ¢cDBP of >95 mmHg (see Tables 6, 7).

Correlation of median pSBP, ¢SBP, pDBP,
and cDBP as measured using microlife
WatchBP office central among women
with HDP and normotensive controls

Among the 270 normotensive controls, the median pSBP was
114.0 (IQR: 104.0-124.0) mmHg, and the median cSBP was 115.0
(IQR: 106.0-125.0) mmHg (see Figures 4, 5). There was a strong
positive relationship between the two measurements (Spearman rank
correlation coefficient = 0.583; p < 0.0001) as shown in Table 8. The
linear regression analysis revealed a positive correlation between
pSBP and ¢SBP, with changes in pSBP being associated with a shift in
the ¢SBP (B = 0.592; p < 0.0001). The difference between median
pSBP and c¢SBP was 1.0 mmHg, but this was not statistically
significant (Wilcoxon Signed Rank p = 0.122).

Additionally, the median ¢SBP [110 (IQR: 101.0-120.0) mmHg]
was less than the median pSBP [120.0 (IQR: 112.0-129.0) mmHg] in
119 participants (44%), the median ¢SBP [119.5 (111.0-128.0)
mmHg] was greater than the median pSBP [109.0 (100.0-118.0)
mmHg] in 146 participants (54%), and in 5 participants (1.9%), they
were equal. The observed difference was not statistically significant (z
based on positive ranks = —1.546; Wilcoxon Signed Rank p = 0.122).

TABLE 5 Establishment of cDBP threshold in normotensives.

Normotensive (N = 270}

Unstandardized coefficients

10.3389 /frmed.2025.1651854

Among the 270 normotensive controls, median cDBP was 64.0
(IQR: 55.0-73.0) mmHg, and the median pDBP was 61.5 (IQR: 52.0-
69.0) mmHg. There was a strong positive correlation between the two
measurements (Spearman rank correlation of 0.669, p < 0.0001) as
shown in Table 8. Linear regression analysis also revealed that there
was a positive correlation between cDBP and pDBP, with changes in
pDBP being significantly associated with a shift in the ¢DBP
(B = 0.658; p < 0.0001). The difference between median pDBP and
cDBP was 2.5 mmHg, which was statistically significant (Wilcoxon
Signed Rank p < 0.0001).

Additionally, cDBP [58.0 (50.0-66.0) mmHg] was less than pDBP
[68.0 (60.0-70.0) mmHg] in 159/270 participants (59%), cDBP [64.0
(IQR: 57.0-73.0) mmHg] was greater than pDBP [57.0 (IQR: 49.0—
65.0) mmHg] in 98 participants (36.3%) and was equal in only 13
participants (4.8%). The observed difference was statistically
significant (z based on negative ranks = —4.342; Wilcoxon Signed
Rank p < 0.0001).

Comparison of median pSBP and median
pDBP with cSBP and cDBP among women
with mild peripheral hypertension as
measured using microlife WatchBP office
central

Among 95 women with mild peripheral hypertension, the median
pSBP was 144.0(138.0-148.0) mmHg, while the median cSBP was

Standardized

coefficients
Std. error Beta
1 (Constant) 19.006 2.817 6.748 0.000
pDEP (mmHg) 0.658 0.043 0.681 15.204 0.000

If the reference point of the pDBP in normotensive controls is taken as 89 mmHg (less than 90 mmHg), then the upper limit of cDBP in normotensive controls = 19.006 +0.658 (89) = 77.6 or

78 mmHg.

TABLE 6 Establishment of cSBP thresholds for diagnosis of severe central hypertension based on pSBP of >160 mmHg in women with severe peripheral
hypertension.

Severe peripheral Unstandardized coefficients Standardized p value
hypertension coefficients
Std. error Beta
1 (Constant) 36.961 45.232 0.817 0421
PSBP (mmHg) 0.696 0271 0449 2.562 0.017

If the threshold for severe peripheral systolic blood pressure (pSBP) is taken as 160 mmHg, then the threshold for severe cSBP = 36.961 + 0.696 (160) = 148.321 or 148 mmHg.

TABLE 7 Defining cDBP cut-off for severe central hypertension based on pDBP of >110 mmHg in women with severe peripheral hypertension.

Severe peripheral Unstandardized coefficients Standardized
hypertension coefficients
Std. error Beta
1 (Constant) 6512 13.149 0495 0.625
pDBP (mmHg) 0.806 0.126 0.783 6.420 0.000

If the threshold for severe peripheral diastolic blood pressure (pDBP) is taken as >110 mmHg, then the threshold for severe cDBP = 6,512 + 0.806 (110) =95.172 or 95 mmHg.
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Median pSBP among normotensive pregnant women
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Median cSBP among normotensive pregnant women.
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139.0 (132.0-147.0) mmHg as shown in Table 8. There was a strong
positive relationship between the two measurements (Spearman rank
r=0.445; p < 0.0001). Linear regression analysis revealed a strong
positive correlation between pSBP and cSBP, with changes in the pSBP
being significantly associated with a shift in the ¢SBP (B =0.631;
p <0.0001). The difference between the median pSBP and median
cSBP was 1.0 mmHg, and this was statistically significant (Wilcoxon
Signed Rank p < 0.0001).

Additionally, among the same 95 women with mild peripheral
hypertension, the median cSBP was less than the median pSBP in 69

Frontiers in Medicine 09

participants, and the median cSBP was greater than the median pSBP
in 24 participants, while the two were equal in two participants. The
analysis using the Wilcoxon Signed Rank test revealed a statistically
significant difference (p < 0.0001).

Furthermore, among the same group of women with mild
peripheral hypertension, the median pDBP was 91.0 (86.0.96.0)
mmHg, while the median cDBP was 82.0 (77.0-89.0) mmHg. There
was a strong positive correlation between the two measurements
(Spearmans rank r = 0.596; p < 0.0001). Linear regression analysis
revealed a strongly positive correlation between the pDBP and the
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cDBP and ¢DBP, and changes in pDBP were associated with a shift in
the cDBP (B = 0.661; p < 0.0001). The difference between the median
pDBP and ¢DBP was 9.0 mmHg, which was statistically significant
(p <0.0001).

Additionally, among these women with mild peripheral
hypertension, the median cDBP was less than the median pDBP in 81
participants, while in 14 participants, the median cDBP was greater
than the median pDBP. The observed differences were statistically
significant (p < 0.0001). Among the 14 participants with a higher
median cDBP than the pDBP, four had eclampsia. The median cDBP
for the four eclamptic patients was 108 mmHg, while their median
pDBP was 93 mmHg. The difference between median ¢DBP and
pDBP among the four participants was 15 mmHg, and it was
statistically significant (z based on positive ranks = —6.5; Wilcoxon
Signed Rank p < 0.0001).

Twenty-seven of the 102 eclamptic patients had mild peripheral
hypertension, while the rest had severe peripheral hypertension. The
median pSBP among eclamptic patients with mild peripheral
hypertension was 138.0 mmHg (IQR: 133.0-148.0) while the cSBP
level in the same group was 145.0 mmHg (IQR: 140.0-150.0).

The overall median ¢SBP among women with eclampsia
(#=102) was 133.0 mmHg (IQR 120.0-143.0) and the median
¢DBP was 73.0 mmHg (IQR: 60.0-83.0), and these were significantly
higher (p < 0.0001) than the median ¢SBP of 128.0 mmHg (IQR:
114.0-139) and ¢DBP of 71.0 mmHg (IQR: 61.0-81.0) among
preeclamptic women, with or without severe features, and much
higher than the median ¢SBP of 115 mmHg (IQR:106.0-125.0) and
c¢DBP of 61.5mmHg (IQR: 52.0-69.0) among normotensive
controls (Table 9).

10.3389 /frmed.2025.1651854

Discussion

Historically, measuring CBP required invasive methods, which
limited its application. However, recent advancements in non-invasive
technologies have improved the feasibility of obtaining reliable
measurements in clinical environments. This transition toward
non-invasive techniques facilitates better monitoring, particularly in
vulnerable groups like pregnant women.

'This study aimed to assess the relationship between peripheral and
CBP and to determine the thresholds for mild and severe central
hypertension among pregnant women in the third trimester.

The research established that the cut-off for diagnosing central
hypertension is a cSBP of 116 mmHg and a cDBP of 78 mmHg. These
findings are consistent with the work of Chulkova et al. (26), who
noted that a ¢SBP of 115 mmHg in pregnant women might indicate a
risk for PE. Additionally, these results align with a study by Booysen
et al. (27), which reported a ¢SBP upper threshold of 112 mmHg
among a cohort of 311 young Black South Africans with a median age
of 31. The similarity in our findings can be attributed to the younger
demographic and shared background, as both studies focused on
younger Black South Africans.

Conversely, research involving older populations has indicated
higher thresholds for CBP. For example, a study with over 6,000
participants conducted by Hao et al. (18) established a 90th percentile
cutoff for ¢SBP at 125 mmHg for men and 126 mmHg for women.
This is consistent with previous findings from Japan, where a threshold
of 129 mmHg was reported (17). Additionally, Cheng et al. (19)
demonstrated through a longitudinal study involving 1,272 older
participants that a central BP greater than 130/90 mmHg significantly

TABLE 8 Comparison of median pSBP and pDBP with median ¢SBP and cDBP among women with normal and mild peripheral hypertension as
measured using Microlife WatchBP Office Central.

Hypertensive cSBP pSBP Spearman  pvalue cDBP pDBP Spearman pvalue
groups median median rank median median rank

(IQR) (IQR) {IQR) (IQR)
Normotensive 115.0 114.0 0.583 <0.0001% 64.0 6L.5 0.669 <0.0001*
(n=270) (106.0;125.0) (104.0;124.0) (55.0:73.0) (52.0:69.0)
Mild hypertensive 139.0 144.0 0.445 <0.0001% 82.0 91.0 0.596 <0.0001%
(n=67) (132.0;147.0) (138.0;148.0) (77.0:89.0) (86.0:96.0)

mmHg

Normal central blood pressure = ¢SBP of <116 and/or cDBP <78; mild central hypertension = cSBP of 116-147 and/or cDBP of 78-94; severe central hypertension = ¢cSBP of =148 and/or
cDBP of »95 mmHg; Mild peripheral hypertension = pSBP of 140-159 and/or cDBP of 90-109. cDBP, central diastolic blood pressure; pDBP, peripheral diastolic blood pressure; cSBP, central

systolic blood pressure; pSBE, peripheral systolic blood pressure. *Statistically significant.

TABLE 9 Comparison of central blood pressure readings among the different phenotypes of HDP and normotensive controls.

Blood Study groups Kruskal-
llis Sig.
pressure P A B c D £ Wallis Sig
Median Median Median Median Median Median
{IQR) {IQR) {IQR) {IQR) {IQR) {IQR)
cSBP (mmHg) 115.0 (106.0- 132.0 (122.0- 119.5(116.0- 128.5 (114.5- 128.0(114.0- 133.0 (120.0- <0.0001
125.0) 143.0) 128.0) 142.0) 139.0) 143.0)
DBP (mmHg) 61.5 (52.0-69.0) 71(63.0-80.0) 65 (61.0-71.0) 69.0(61.0-83.0) | 71.0(61.0-81.0) | 73.0(60.0-83.0) <0.0001

A, Gestational hypertension; B, Chronic hypertension; C, Preeclampsia without severe features; D, Preeclampsia with severe features; E, -Eclampsia; cSBE, central systolic blood pressure; cDBE

central disstolic blood pressure
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predicts cardiovascular events over a median follow-up of 15 years.
While the cut-off values determined by Cheng et al. (19) serve as
important benchmarks, they may not fully apply to pregnant
populations, where physiological changes result in unique
cardiovascular dynamics (20). Moreover, aging is often associated with
aortic stiffness, which leads to an earlier return of reflected waves in
late systole, contributing to higher central BP levels (10).

For severe central hypertension, our study found that among
pregnant women in their third trimester with severe brachial
hypertension, cSBP was >148 mmHg and ¢cDBP was >95 mmHg. To
our knowledge, this work is the first to document the threshold for
severe central hypertension. However, further studies are needed to
validate these findings. These thresholds are considerably lower than
those of PBP (160/110 mmHg), which is expected, as CBP is generally
lower than PBP due to the inherent physiological differences between
the two vascular systems.

One limitation in our calculations is that some normotensive
controls displayed higher ¢SBP and/or ¢DBP values than their
peripheral counterparts. Under typical conditions, ¢SBP should
be lower than pSBP, with minimal variation between pDBP and
cDBP. The possible explanation for this finding in our study is that
while the participants had normal PBP, their CBP may have already
been abnormal.

In comparison of peripheral and CBP, a positive correlation was
found between pSBP and cSBP, as well as between pDBP and cDBP
among normotensive pregnant women, aligning with previous findings
by Fujime et al. (28). Importantly, Fujime et al. analyzed alarger sample
of 830 participants, which adds strength to their findings. Similarly, a
cross-sectional study by Priyadarsini et al. (29) involving 107 pregnant
women and 53 age-matched non-pregnant women also confirmed a
strong relationship between brachial systolic blood pressure and ¢SBP
in healthy normotensive pregnant women (29).

These positive correlations could be explained physiologically by
the impact of arterial elasticity on circulatory pressure distribution
(30). With healthy, elastic arteries, a strong correlation between
peripheral and central measurements is expected. Healthy, elastic
arteries allow for a more efficient transmission of pressure waves
generated by the heartbeat. When arteries are elastic, they can
accommodate the surge of blood during systole, dampening the
pressure peaks and maintaining a more stable blood flow throughout
the body (31).

Additionally, several studies have demonstrated that CBP hasa
better relationship to future cardiovascular events and mortality and
is also more relevant than peripheral brachial BP in predicting target
organ damage, as it represents the true load imposed on the heart,
brain, kidneys, and the large arteries (32-34). Nevertheless, additional
research is necessary to validate these findings, given that some
authors dispute the stronger correlation between CBP and
cardiovascular events (35, 36).

In this study, the median ¢SBP among normotensive pregnant
women was found to be 115 mmHg. This finding is consistent with
the results of Turi et al. (37), who reported a similar mean ¢SBP of
115 mmHg in healthy pregnant women. However, in our study, the
cSBP value was slightly higher, though not significantly, than the pSBP
value of 114 mmHg that was observed. Typically, in normotensive
individuals, cSBP is expected to be lower than pSBP. This atypical
finding raises the possibility that individuals with higher ¢SBP in this
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study may have an underlying increase in arterial stiffness or could
be at risk of developing it. As arterial stiffness increases, systolic
pressure tends to rise. This is due to the early merging of the fast-
reflected wave with the forward wave (38). Furthermore, increased
arterial stiffness damages more elastic fibers in the blood vessel walls,
leading to inadequate buffering and transmission of pulsatile pressure
from the heart to target organs (39). Such changes can ultimately
result in organ damage, so it is a good idea to closely monitor these
patients to assess their risk of high blood pressure in the future.

In this study, cDBP in normotensive controls was less than pDBP
in 159 participants, and it was greater than pDBP in 98 participants.
This is again an unexpected finding in normotensive controls, as
under physiological conditions, the cDBP should either be the same
as the pDBP or less than the pDBP (40). This suggests that the 98
individuals with higher ¢DBP may be having central diastolic
hypertension or are at risk of developing central hypertension, while
their peripheral diastolic blood pressure puts them in the normal
blood pressure category. Only a prospective follow-up study can test
this explanation.

There is little correlation between the pBP and the occurrence of
eclampsia. Several studies indicate that the blood pressure may
be normal or only mildly elevated in women with eclampsia and even
with stroke (41-43). The present study found that the median central
systolic and diastolic blood pressures, as well as pDBP, were
significantly higher in cases of eclampsia compared with those with
other HDP and with non-hypertensive controls. This implies that CBP
measurement may be better able to distinguish between the subtypes
of HDP and phenotypes of PE than PBP.

In addition, the median ¢SBP for women with eclampsia and
mild peripheral hypertension was relatively severe. This suggests
that some eclamptic patients with mild pSBP actually have a ¢<SBP
that falls into the severe range. This finding may help explain why
some patients with mild peripheral hypertension experience
eclampsia. This implies that the cSBP might be a better predictor
of eclampsia than the pSBP. Central aortic blood pressure plays a
crucial role in regulating blood flow to the brain (15).
Consequently, it could be inferred that in cases of eclampsia,
vasogenic oedema might occur due to elevated CBP, even when
brachial blood pressure remains only slightly elevated in the
affected women.

The limitation of this study is that all hypertensive patients
received antihypertensive treatment, which may have affected their
blood pressure readings. However, patients were recruited within 24 h
of admission, a time frame during which the pharmacological
treatment might not have fully taken effect.

Conclusion

This study established the threshold values for central
hypertension as 116/78 mmHg, with severe central hypertension
defined as 148/95 mmHg. This study also reinforces the positive
correlation between peripheral and CBP in both normotensive and
hypertensive populations. Notably, women with eclampsia showed
higher CBP levels compared with those having mild hypertension in
the severe range. This may clarify why some patients with mild
peripheral hypertension experience eclampsia and may thus indicate
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that CBP is a better predictor of eclampsia than PBP. Further research
is needed to confirm these findings.
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Introduction: The main objective of this systematic review was to determine if
the arterial stiffness remains elevated after 6 weeks post-delivery in women with
a history of hypertensive disorders of pregnancy (HDP).

Methods and analysis: A comprehensive systematic literature search was
conducted across multiple electronic databases, including Medline, PubMed,
Embase, Cochrane Library, Google Scholar, Web of Science, and CINAHL.
We included studies assessing arterial stiffness in women with a history of HDP
between 43 days and 10 years postdelivery, with participants under 60 years of
age. The review followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis Protocols (PRISMA-P) guidelines. We extracted data on
arterial stiffness indices, including carotid-femoral pulse wave velocity (cfPWV),
augmentation index (Alx), and heart rate adjusted augmentation index (Alx@75),
along with the mean + standard deviation for each study. A random-effects
model was used to pool data, and heterogeneity was explored through sensitivity
and subgroup analyses. The Newcastle Ottawa Scale (NOS) and Grading of
Recommendations Assessment, Development, and Evaluation (GRADE) were
used to assess risk of bias and quality of evidence.

Results: Out of 121 identified articles, 12 studies involving a total of 856 women
were included in the final review after eliminating duplicates and irrelevant
studies. The overall pooled data revealed a significantly elevated Alx and cfPWV
among women with a history of HDP. Specifically, the mean difference (MD) in
Alx was 11.63 (95% Confidence Interval (CI): [1.72-21.54]), and for cfPWV, the
MD was 0.53 (95% ClI: [0.27-0.78]). Notably, while Alx showed no significant
change in women within 1 year postpartum (MD 14.85, 95% Cl [-6.03-35.72]),
an elevation was observed in those beyond 1 year post-delivery (MD 9.11, 95%
Cl [4.20-14.02)). cfPWV was also found to be elevated in HDP patients both
within 1 year (MD 0.59, 95% CI [0.32-0.86]) and beyond 1 year (MD 0.45, 95% ClI
[0.03-0.88]). In cases of early-onset preeclampsia, Alx did not show a significant
increase; however, a significant increase in cfPWV was observed, with Alx having
an MD of 1.55 (95% Cl: [-0.74-3.84]) and cfPWV an MD of 1.86 (95% ClI: [0.25—
347]). For late-onset preeclampsia, there was no significant difference in Alx
(MD 2.44, 95% Cl: [-8.82-13.70]) or cfPWV (MD 0.10, 95% CI: [-0.42-0.62]).
Conclusion: This systematic review and meta-analysis suggest that arterial
stiffness may remain elevated beyond 6 weeks postpartum in women with a
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history of HDP. However, the findings should be interpreted with caution due
to heterogeneity across studies and limited number of available studies. Larger
and standardized longitudinal studies are needed to confirm these results. In the
meantime, regular cardiovascular monitoring for these women is recommended

while awaiting more conclusive evidence.
Systematic review registration: https://www.crdyork.ac uk/PROSPERO/
search, CRD42023461867.

KEYWORDS

hypertensive disorders of pregnancy, arterial stiffness, cardiovascular disease, pulse
wave velocity, augmentation index, preeclampsia, maternal morbidity, postdelivery

risk

Introduction

Hypertensive disorders of pregnancy (HDP), induding gestational
hypertension and preeclampsia, contribute significantly to maternal
morbidity and mortality worldwide (1). Research has consistently
indicated that women with a history of HDP face an increased risk of
long-term cardiovascular issues, such as hypertension, stroke, and heart
disease (2, 3). One important marker of cardiovascular health is arterial
stiffness, which has been observed to be elevated in women with HDP
both during and after pregnancy (4, 5). Evidence suggests that arterial
stiffness and central aortic blood pressure are more closely linked to
future cardiovascular events and renal complications than peripheral
blood pressure in non-pregnant populations, a trend that may extend to
HDP women in terms of their long-term cardiovascular outcomes.

From a physiological standpoint, the six-week mark post-
delivery is noteworthy as it typically signals the stabilization of
hemodynamics (6, 7). Throughout pregnancy, women experience
considerable metabolic demands and cardiovascular adaptations
that differ by trimester and gradually normalize after delivery (8).
Key cardiovascular changes during pregnancy include an increase
in cardiac output and blood volume, accompanied by a decrease in
systemic vascular resistance (SVR). In particular, during pregnancy,
elevated serum levels of progesterone and relaxin, a peptide
hormone produced by the corpus luteum and placenta, facilitate
systemic vasodilation (7, 8). This process results in a 25 to 30%
reduction in SVR during pregnancy, with levels normalizing within
2 weeks postpartum and other vascular changes returning to
normal during the six-week puerperal phase (7). Examining how
arterial stiffness evolves after this timeframe is essential for
understanding a woman’s cardiovascular health trajectory and
potential long-term risks.

Although studies indicate that central blood pressure and arterial
stiffness measured before 14 weeks of gestation can predict
preeclampsia (37-39), further evaluation is needed on their impact
on future cardiovascular health. Importantly, increased maternal
arterial stiffness in hypertensive pregnancies has also been associated
with intrauterine growth restriction and small-for-gestational-age
infants (9). Research has also found associations between elevated
maternal arterial stiffness and central blood pressure, foetal growth
restriction, and small for gestational age infants, as well as increased
blood pressure in offspring by the age of 3 (9, 10). However, there is
limited global data on whether arterial stiffness remains elevated
beyond 6 weeks postpartum in women who have a history of HDP.
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Global research examining this issue has included: (i) The
United Kingdom indicates that women with a history of HDP face
significant long-term cardiovascular risks, including accelerated
cardiovascular aging and a greater variety of conditions such as valvular
heart disease (11); (i)Canada has shown a significant association
between HDP and long-term cardiovascular risk, particularly
highlighting that women who have experienced preeclampsia may
exhibit increased arterial stiffness for up to 6 years after giving birth (12).
This growing body of evidence suggests that arterial stiffness may remain
clevated beyond puerperium, reinforcing the need for regular
cardiovascular monitoring in women with a history of HDP; (iii) In Asia,
particularly Korea, research suggest that elevated arterial stiffness seen in
women with HDP during pregnancy may return to baseline levels after
delivery (13). This variation in findings emphasizes the importance of
conducting a global review to understand the long-term effects of HDP
on arterial health and; (iv)In Africa, where HDP is a major cause of
maternal mortality, research on the lasting cardiovascular effects of HDP
is still emerging but gradually increasing. Some studies suggest that
women with a history of HDP may contend with a greater risk of
cardiovascular disease; however, further research is essential to evaluate
the specific role of arterial stiffness after delivery (5, 14). Given the
significant long-term cardiovascular risks associated with HDP, it is
crucial to understand the duration of elevated arterial stiffness. This
systematic review synthesized the existing literature to provide a better
picture of the long-term effects of HDP on arterial health.

Objective

The objective of this systematic review was to determine if the
arterial stiffness remains elevated after 6 weeks post-delivery in
women with a history of hypertensive disorders of pregnancy.

Methods

This protocol was developed following the Preferred Reporting
Items for Systematic reviews and Meta-Analysis protocols
(PRISMA-P) 2015 Guidelines (15). A comprehensive search was
conducted in Medline, PubMed, Embase, Cochrane Library, Google
Scholar, Web of Science, and CINAHL. The following MeSH terms for
database searches were used: (“Arterial stiffness” OR “central blood

pressure” OR “Pulse wave velocity” OR “Augmentation index” OR
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TABLE 1 PUBMED search strategy.

Search ’ Search items Hits

1 Arterial stiffness [tw] OR central blood pressure 21,613
[tw] OR Pulse wave velocity [tw] OR Augmentation

index [tw] OR PWV [tw] OR Aix[tw] OR

Alx@75[tw]

2 Preedampsia [tw] OR Edampsia[tw] OR 69,722
Hypertensive disorders of pregnancy [tw] OR
pregnancy-induced hypertension [tw] OR

Gestational hypertension [tw] OR Chronic

hypertension [tw]

3 After postpartum [tw] OR after delivery [tw] OR 25,178

after puerperium [tw]
4 #2 AND #3 2,098
5 #1 AND #4 23

“PWV” OR “Aix” OR “AIx@75”) AND (“Preeclampsia” OR
“Eclampsia” OR “Gestational hypertension” OR “Chronic
hypertension” OR “Hypertensive disorders of pregnancy” OR
“pregnancy induced hypertension”) AND (“After postpartum” OR
“after delivery” OR “after puerperium”). One example of the search
strategies used is shown in Table 1.

The exposure

The exposure was hypertensive disease during pregnancy or
within 42 days post-delivery. The hypertensive diseases included
preeclampsia, gestational hypertension, chronic hypertension, and
chronic hypertension with superimposed preeclampsia. Preeclampsia
was defined as persistent de novo hypertension that develops at or after
20 weeks of gestation, accompanied by either proteinuria or features
of maternal organ or uteroplacental dysfunction. Features of maternal
organ dysfunction include acute kidney injury (creatinine >90 pmol/L
or 1 mg/dL), liver involvement (elevated alanine aminotransferase or
aspartate aminotransferase >40 IU/L) with or without right upper
quadrant or epigastric abdominal pain, neurological complications
(such as eclampsia, altered mental status, blindness, stroke, clonus,
severe headaches, and persistent visual scotomata), and haematological
complications (decreased platelet count <150,000/pL, disseminated
intravascular coagulation, haemolysis). Uteroplacental dysfunction
includes fetal growth restriction, abnormal umbilical artery Doppler
waveform analysis, or stillbirth (16, 17). Gestational hypertension was
defined as persistent de novo hypertension that develops at or after
20 weeks of gestation in the absence of features of preeclampsia.
Chronic hypertension referred to high blood pressure predating the
pregnancy or recognized at < 20 weeks of gestation. Chronic
hypertension with superimposed preeclampsia was diagnosed when
preeclampsia occurred in a pregnant woman who had pre-existing
chronic hypertension.

Inclusion criteria

‘We included randomized and non-randomized control trials,
prospective and retrospective cohort studies, case-control studies, and
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cross-sectional studies performed in humans. The studies were
included based on the following criteria:

1. Women with a history of HDP, aged under 60 years.
2. Studies reporting arterial stiffness indices (cfPWV, Alx, and
AIx@75) at least 43 days postpartum.

There were no restrictions by the date of publication.

Exclusion criteria

We excluded case series and reports, cost—benefit analyses, and
qualitative research, as well as reviews, newspapers, books, conference
abstracts, theses, commentaries, letters, editorials, and unpublished
data. Animal and in vifro studies were also excluded. Studies that only
assess arterial stiffness measurements during pregnancy, labour, and
delivery or within 6 weeks post-partum were excluded.

Comparator

The control group consisted of women under 60 years old with no
history of HDP, cardiovascular diseases, renal failure, or diabetes.

Data collection

Mendeley Reference Manager was used to store and manage
searched items under the following headings in a separate table:
Authors, publication year, title of the study, location of the study,
participants ages, country, and main study findings. Two independent
reviewers screened all the titles and abstracts using the predetermined
inclusion and exclusion criteria. We followed PRISMA-P guidelines.
Records identified as potentially eligible based on title, abstract, and
full texts were obtained to screen. Where consensus on eligibility
could not be achieved, a third review author was involved in the
discussion. When the same cohort was reported in multiple articles,
the study which contains the largest sample was selected. Data from
selected studies were extracted and entered into a Microsoft
Excel spreadsheet.

Risk of bias

Two independent authors evaluated the methodological quality of
all included studies. Where consensus on eligibility could not
be achieved, a third reviewer was involved in the discussion. The
Newcastle Ottawa Scale (NOS) and Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) were used to
assess risk of bias and quality of evidence (18). Disagreements among
the two authors was resolved by consultation with the other authors
to reach a consensus. No studies were excluded based on the risk of
bias assessment.

Potential sources of heterogeneity were first assessed using the I*
statistic (19). Values of 25% or less were classified as low, around 50%
as moderate, and 75% or more as high (20). The subgroup and
sensitivity analyses using RevMan 5.4 and NOS assessment scale
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were performed. Since all subgroups contained fewer than ten
studies, a funnel plot was only created for those with six or
more studies.

Statistical analysis

Estimates of mean and + SD for arterial stiffness indices (cfPWV,
Alx, Alx@75) for women who had HDPs (for each subtype of HDP, as
available) and normotensive women was obtained from the relevant
studies. For studies where the estimates were reported as the median and
interquartile range, approximate estimates of mean and +SD were
calculated using the available estimates of the median and, first quartile
and third quartile. These data were summarized using a DerSimonian
and Laird random-effects model (21). A separate meta-analysis was
conducted for each hemodynamic indices of interest (cfPWV, Alx,
Alx@75) for the combined outcome in those who had HDPs. For studies
that provided data on the association between these hemodynamic
variables and the outcome of interest, we meta-analyzed these effect
measures using a random effects model. We performed a subgroup
analysis for each subtype of HDP, as available.

Results
Study selection

Through our literature search, we identified 121 articles. After
removing 22 duplicates and excluding 70 based on title and abstract
screening (see Figure 1), Twenty-nine articles remained that were
eligible for full-text review. Out of these, 12 studies were included in
the final review. Specifically, there were 4 cross-sectional studies, 5
cohort studies, and 3 case-control studies (Table 2). The total number
of participants across the studies was 856 women with HDP and
healthy women.

Study characteristics

The included studies, conducted between 2009 and 2023, came
from various countries: South Africa (1), Argentina (1), Denmark (1),
Portugal (1), United States (3), Austria (1), Canada (1), the
United Kingdom (1), Norway (1) and Italy (1) (see Table 2). These
studies evaluated arterial stiffness, with some utilizing carotid-femoral
pulse wave velocity (cfPWV) and/or augmentation index (Alx) and/
or Augmentation index adjusted for heart rate (AIx@75).

HDP encompasses various types (16). While only two studies,
Ehrenthal et al. (22) and Moe et al. (23), examined composite HDP,
other studies focused on specific types, including preeclampsia, early
preeclampsia, and late-onset preeclampsia. As a result, the findings
were categorized into four groups: composite HDP, preeclampsia,
early preeclampsia, and late-onset preeclampsia.

Risk of bias assessment

The risk of bias was assessed using the NOS for cohort and case-
control studies, and a modified NOS for cross-sectional studies. The
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assessment indicated that all studies had a low risk of bias (Tables 3,
4). Recognizing that NOS evaluates risk of bias but does not fully
capture the overall certainty of evidence, the GRADE framework was
further applied. This comprehensive assessment, which considers
factors such as consistency, directness, and precision, rated the overall
certainty of the evidence as moderate to high (Table 5).

Comparison of augmentation index and
pulse wave velocity between women with
all hypertensive disorders of pregnancy
and normotensive women

A total of 7 studies assessed the Alx in patients with all various
HDP compared to normotensive women (Figure 2A). The pooled data
demonstrated a significantly elevated Alx among women with HDP,
indicating a Mean difference (MD) of 11.63 and a 95% confidence
interval (CI) of [1.72-21.54]. This analysis included 345 participants,
comprising 167 women with HDP and 178 normotensive controls.
The heterogeneity among the studies was high, with an I? value of 98%.
Additionally, the analysis of funnel plots indicated the presence of
publication bias, with a p value of 0.045 in the Egger’s test (Figure 3).

Furthermore, a total of 11 studies examined cfPWV in women
with all various HDP compared to normotensive women (Figure 2B).
The pooled data showed a significantly elevated cfPWV in women
with HDP, with a MD of 0.53 and a 95% CI of [0.27-0.78]. This
analysis included 738 participants, comprising 363 women with HDP
and 375 normotensive controls. The studies showed moderate
heterogeneity, with an I value of 64%. Additionally, the analysis of
funnel plots indicated the presence of publication bias, with a p value
of 0.002 in the Egger’s test (Figure 4).

Comparison of augmentation index and
pulse wave velocity between women with
hypertensive disorders of pregnancy and
normotensive women, within a year after
delivery and after more than a year after
delivery

Four studies investigated Alx in patients with HDP compared to
normotensive controls within 1 year after delivery (see Figure 5A).
The results showed no significant increase in Alx for women with
HDP, reporting a MD of 14.85 and a 95% CI of [-6.03-35.72].
Additionally, there was high heterogeneity among these studies, with
an I value of 97%.

In contrast, other studies focused on Alx in patients with HDP
compared to normotensive controls more than 1 year after delivery (see
Figure 5B). The findings indicated a significant increase in Alx for
women with HDB, with a MD of 9.11 and a 95% CI of [4.20-14.02]. The
heterogeneity in these studies was also high, with an I* value of 94%.

Six studies evaluated cfPWV in women with HDP compared to
normotensive controls within 1 year after delivery (Figure 6A). The
results demonstrated a significantly higher cfPWV for women with
HDP, reporting an MD of 0.59 and a 95% CI of [0.32-0.86]. The
heterogeneity among these studies was moderate, with an I value of 41%.

Additionally, five studies focused on fPWV in women with HDP
compared to normotensive controls more than 1 year after delivery
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Flow diagram of study inclusion

(Figure 6B). The findings also revealed a significant increase in cfPWV
for women with HDP, with an MD of 0.45 and a 95% CI of [0.03-0.88].
Heterogeneity in these studies was also moderate, with an I* value of 67%.

Comparison of augmentation index and
pulse wave velocity in preeclamptic versus
normotensive women

A total of 4 studies assessed the Alx in patients with preeclampsia
compared to normotensive women (Figure 7A). This pooled data
demonstrated a significantly elevated Alx among women with
preeclampsia, with a mean difference (MD) of 8.57 and a 95%
confidence interval (CI) of [4.22-12.92]. The analysis included 207
participants, comprising 102 women with preeclampsia and 105
normotensive controls. The heterogeneity among the studies was high

Frontiers in Medicine 05

at 91%, indicating varying results across the studies. In two studies
(12, 14) that adjusted the Alx for heart rate (AIx@75), the
augmentation index remained significantly elevated after the
adjustment, with a MD of 7.50 and a 95% CI of [6.09-8.90]
(Figures 7A,B). These two studies showed no heterogeneity.

Additionally, an examination of cfPWV across eight studies
indicated a significant increase in ¢fPWV among women with
preeclampsia, demonstrating an MD of 0.47 with a 95% CI of [0.20-
0.74] (Figure 7C). 'This analysis involved 600 patients (298
preeclamptic and 302 normotensive). The studies displayed moderate
heterogeneity, with an I* value of 62%.

The funnel plot was generally symmetrical; however, a few studies
deviated from the main axis, indicating the possibility of a small
sample effect or publication bias. To further investigate potential bias,
Egger’s test was conducted, which showed no significant publication
bias (p = 0.144) (Figure 8).
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TABLE 2 Data extraction table.

Study Authors Country  Study Sample Population Time Arterial Mean + SD Comparison Elevated Risk of bias | Other key
(year) design size characteristics (age, postpartum stiffness of arterial  group arterial assessment  findings
comorbidities} measure  stiffness STIFFNESS |{Cochrane/
(cfPWV, (Yes/No}  NOS)
Alx)
1 Namugowa | South Africa | case-control | 3015 Affican Black; 16-40 years; no | 15 weeks WV, Alx Mean; Normal Yes Lo risk Significant
etal. 2017) procclampsia 15 | CVD 59mis=009. | pregnancy group difference in
1) control) 2Bx16% APWV between
HDP and normal
group
2 Paczetal, Argentina | Case-control |40 {26:23) 18-33yearsaldino CVD | 2 years WV, Alx Mean; Normal Yes Low risk Significant
(2009 (31} 105mis+ 23 | pregnancy group difference In
375L51% APWV between
HDP and normal
group
3 Christensen et | Denmark cohort 482424} Average 40 years old; no CVD |1 year <EPWV, Alx Mean: Normal No Low risk ‘The hypertension
al 2017) (26) 803mis 1 0.9% | pregnancy group exposed women
221£9.22% tended to have a
higher BPWYV
compared to
unexposed
women; but the
difference was
not significant
] Poléniactal. | Portugal Cross-sectional | 100 (45:35) no CVD 10 years CAPWV, ATx &7mfs=11; | Normal Yes Tow risk Significant
01407 257+51% pregnancy group difference in
PWV between
HDP and normal
group
5 Ehrenthal etal. |United States  cohort 743341 18 years and above; White | 1ear WV, Alx 62m/s=15 | Normal Yes Lovw risk Significant
(2014)(22)  |ofAmerlca and African Americans; no 20134 pregaancy group difference In
CVD or Disbetes APWY between
HDP and normal
group
(Conttsneed)
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TABLE 2 (Continued)

Study Authors
(year}

Franz etal.
Q0133 (24)

Werlang etal.
(20233 (12)

Country

Austria

Canada

Study
design

wohort

Cross sectional

Sample
size

74(58:21)

80 (43:40)

Population
characteristics (age,
comorbidities}

Unknovin

Average 36 years; no CVD

Time
postpartum

3-6 months

|6 months 6 sears

Arterial
stiffness
measure
(cfPWV,
Alx)

cPWV, Alx

<PWV, Alx

Mean + SD
of arterial
stiffness

99+ 16
-10.7+21.1

63mss= 10
1624 2.5%

Comparison Elevated

group

Normal
pregnancy group

Normal
preguancy group

arterial
STIFFNESS
(Yes/No}

yes

Risk of bias
assessment
{Cochrane/
NOS)

Other key
findings

Presence ofa
higher
cardiovascular
1isk 1n patients
after early-onset
pre ecampsa.
Significant
difference in
<APWV betvieen
HDP and normal
group

Robb et al.
(20093 (23)

United
Kingdom

cohort

372515

Average 30 years; no CVD

dPWV

73mfs =03

Normal
pregnancy group

Significant
difference In
CIPWV between
HDP and normal
group

Tvans et al.
Q0113 (50)

Moe etal.

(20203 (23)

Uniled States

of America

Norway

cohort

Cross-sectional

68 (18:50)

221 (126,95)

18-40years Black and White
participants; no preexisting
cardiac disease or diabetes
mellitus

18 years and above; no CVID
or renal disease

| 16 months after
ddivery

|1 year afier
ddivery

<PWYV

fPWV

APWYV
Mean:
239mis+ 0.8

63mis=29

Normal
pregmancy group

Normal
pregnancy group

Yes.

Low risk

No significant
difference in ATx
between HDP
and normal
group
Significant
difference in Al
between HDP
and normal

group

Usselman et al.
(2020 (18)

United States

of America

Cross sectional

24(1212)

‘White, Hispanic, black
women; no CVD

6 24months
after delivery

<fPWV

Zlms= Ll

Normal
pregnancy group

yes

Significant
difference in Alx
between HDP
and normal

group.

(Contimied)
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TABLE 2 (Continued)

Study Sample Population Time Arterial Mean + SD Comparison Elevated Risk of bias | Other key
design size characteristics (age, postpartum Istiffness of arterial  group arterial assessment findings
comorbidities} measure stiffness IFFNESS | (Cochrane/
(cfPWV, (Yes/No}
Alx)

Study Authors
(year}

Country

2 Crabonaetal. | Italy Case-control |60 (30:30) No CV risk fictors, smoking. |6 months-4 years | WV ;| Normal ) Sigaificant
Q07 0s) dydipidemis, overweight, | after delivery pregnancy group difference in
diabetes mellitus or chronic APV betwcen
hypertension. HDP and normal
group

TABLE 3 NOS for the risk of bias and quality assessment of NRSs.

Author Year Selection Comparability Exposure Selection Nonresponse Total
Adequate Representativeness | Selection | Definition Control for Ascertainment of | Same method of faie S
definition of of patient cases | of controls | of controls important or exposure ascertainment for
patient cases additional factors participants
Namugowa et al. 2019 {32} * * * *x * * 7
Christensen et al. 2017 (26} * * * *x * * * 8
Robb et al. (2009 (37) * * % * » = 7
Crabona etal. (2017) (25) * * * *r - * 8
Paczetal {2008) (51} * * * * ® * 7
‘Ehrenthal etal. {2014) (22} * * - s - w 7
Franz ctal. (2013) (24) * * * *x ¥ * 7
;.vnnm al. (24)11)7(7‘-]»r * T i i * | *x i *k ] ¥ 1 [ 8 ]

NOS, Neweastle-Gttawa scale; NRS, n

Each studyis evaluated across three domai
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TABLE 4 NOS (adapted for cross-sectional studies) for the risk of bias and quality assessment of NRSs.

Author Year Selection Comparability Exposure
Representativeness Sample size Non- Ascertainment of Control for Assessment of the | Statistical test
of the sample respondents = the exposure {risk important or outcome
factor) additional
factors
Polonia etal, {2014) (27} i % ek, "k wk 9
Werlang et al. (2023) (12) - * - ok ok 8
Mocetal. (2028) 03 7
Usselman et al. 2020) {18} = * = ok o 8
NOS, Maweastle-Ottavaa scale; NRS, non-rardomized stady.

Eact study s svaluated across three domains:
Selzcti e study population (mezimuzs 4 sters).

- Comparability of graups (maxmum: 2 stars).

- Duteome d P st

A masi 19 stars

) [ am: 3 stars).
g the lowest risk of bias. A star (#) indicates the score, or criteria met.

P ighest quality, nd

TABLE S Risk of bias assessment using NOS and GRADE for included studies (case-control and cross-sectional designs).

Author Study design Selection Comparability Exposure/Outcome Total NOS GRADE quality
score

Namugowa etal. 2019 Case-Control EES 24k 2% 7 Moderate

Christensen et al. 2017 Case-Control 3% 2k i 8 Moderate to High

Robbetal. 2009 Case-Control 3% 2Rk 2% 7 Moderate

Orabona etal. 2017 Case-Control 3% 24k 3% 8 Moderate to High

Piezetal. 2008 Case Control 3% 24k 2% 7 Moderate

Ehrenthal etal. 2014 Case-Control 3% 2%% 2% b Moderate

Franzetal. 2013 Case-Control 3% 2%% 2% 7 Moderate

Evans et al. 2011 Case-Control 2% 2%k Bak 4 Moderate to High

Polonia et al. 2013 Cross-Sectional 2% 2k Swwaw | 9 High

Werlang ct al. 2003 Cross-Sectional 2% 2wk Faken kS Moderate to High

Mocetal. 2020 Crass-Sectional 1 2 2 7 Moderate
7U;¥Imnn 20724) Cross-Sectional 2% 2%% ER St 8 Moderate to High

Each studyis svalnared across three domains:
- Selestion of the study population (maximuz: 4 sters)
Compaability of grozgs (moxmurm: 2stars).
Guteeme (for cohert stadies) ov Exposuns (for sacs-canol smdi 3 stars)
A mazimam score of 9 ars represents the highest quality. indicaring the lowest risk of bias. A star () indicates the score, or critaria met
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A HDP
Study or Subgroup  Mean sD Total

Healthy patients
Mean sD Total

Mean difference
Weight IV, Random, 95% CI

Mean difference
IV, Random, 85% CI

Christensen 2016 2209 922 24 182 624
Ehrenthal 2014 22 134 33 166 13
Franz 2013 107 211 8 604 103
Namugowa 2018 23 16 15 188 143
Paez 2009 377 51 20 234 44
Polénia 2014 257 5.1 45 198 49
Werlang 2023 162 25 22 87 19
Total (Wald@) 167

Test for overall effect: Z = 2.30 (P = 0.02)
Heterogeneity: Tau® (REMLD) = 164.58; Chi* = 51.81, df = 6 (P < 0.00001); I
Footnotes

aCl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method.

24 151% 3.89[-0.56,8.34] [
41 147% 540[-066, 11.46) -
8 10.9% 49.70[33.43,65.97] ——

15 131% 4.20[6.66,15.06] e

20 153% 14.30[11.35,17.25) -

55 15.4% 5.90([3.93,7.87)] .

15 155%  7.50[6.08,8.92] .
178 100.0% 11.63[1.72, 21.54] 0

50 26 0 25 50
Favours [experimental] Favours [control]

=98%

Footnotes
aCl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method.

FIGURE 2
The pooled mean difference of the AlX (A) and PWY (B) of women with vario!

B HDP Healthy patients Mean difference Mean difference
Study or Subgroup Mean  SD  Total Mean SD  Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Christensen 2016 803 093 24 768 077 24 104%  035[-0.13,083] b
Ehrenthal 2014 62 15 33 57 1 41 87%  050[-0.10,1.10] A
Evans 2011 239 08 18 254 07 50 116% -015[-057,027] -
Franz 2013 99 16 8 7 12 8 28%  290[1.51,4.29] —
Moe 2020 63 29 126 57 1 95  95%  060[0.06,1.14] —_—
Namugowa 2018 59 009 15 58 123 15  83%  007[0.55,069 —t
Paez 2009 10.5 23 20 9.8 23 20 27% 070[-073,213] B
Polonia 2014 67 11 45 63 1 55 116%  0.40([-0.02,0.82] ——
Robb 2009 75 03 22 638 03 15 153%  0.70[0.50,0.90] ——
Usselman 2020 71 11 12 6 07 12 69%  1.10[0.36,184]
Werlang 2023 63 1 40 57 07 40 122%  060[0.22,0.98] —
Total (Walda) 363 375 100.0%  0.53[0.27,0.78] *
Test for overall effect: Z = 4.08 (P < 0.0001) 5 R

1 2
Favours [experimental] Favours [control]

Heterogeneity: Tau? (REMLDP) = 0.10; Chi® = 29.80, df = 10 (P = 0.0009); I* = 64%

us HDP and normotensive women

Comparison of augmentation index and
pulse wave velocity in women with HDP
versus hormotensive women

One study focused on Alx in patients with composite HDP
against normotensive controls (22). The results indicated no
significant increase in Alx for women with HDP (MD 5.40, 95% CI
[-0.66-11.46]). The heterogeneity assessment was not applicable due
to the design being based on a single study. This analysis included a
total of 74 participants, with 33 diagnosed with HDP and 41 who
were normotensive. However, Alx was found to be significantly
elevated after adjusting for heart rate (Alx@75) (MD 6.40, 95% CI
[0.52-12.28]) (15).

Two studies, Ehrenthal et al. (22) and Moe et al. (23) analysed
cfPWV in the context of HDP, reporting no significant increase in
fPWV among affected women (MD 0.35, 95% CI [—0.13-0.83]), with

Frontiers in Medicine 10

zero statistical heterogeneity noted (Figure 9). This part of the analysis
comprised 305 individuals (169 with HDP and an equivalent number
of normotensive controls).

Comparison of augmentation index and
pulse wave velocity among women with
early onset preeclampsia and
normotensive women

In the context of early onset preeclampsia (EOP), two studies,
conducted by Christensen et al. (26) and Franz et al. (24), evaluated
the Alx and found no significant increase associated with EOP (MD
1.55,95% CI [-0.74-3.84]), with a heterogeneity of 88% (Figure 10A).
The studies included a total of 64 participants, comprising 32 EOP
and 32 normotensive women. Orabona et al. (25) was the only study
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Funnel plot of included studies for Alx in women with HDP vs normotensive patients.
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Funnel plot of included studies for PWV in women with HDP vs normotensive patients

to evaluate Alx after adjusting for heart rate, and it indicated a
significant elevation in Alx following this adjustment (MD 0.94, 95%
CI [2.17-3.70]).

Additionally, Christensen et al. (26), Franz et al. (24), and Orabona
et al. (25) also assessed cfPWV in patients with EOP. The results
indicated a significant increase in cfPWV (MD 1.86, 95% CI [0.25-
3.47]) and a heterogeneity of 92%. A total of 124 participants were
included in these studies, consisting of 62 EOP and 62 normotensive
women (Figure 10B).
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Comparison of augmentation index and
pulse wave velocity among women with
late onset preeclampsia and normotensive
pregnancy

Christensen et al. (26) and Franz et al. (24) also studied the
Alx in cases of late-onset preeclampsia. Their analysis showed
no significant difference (MD of 2.44, 95% confidence interval
[-8.82-13.70]) and indicated a heterogeneity of 65%
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HDP Healthy patients

Study or Subgroup  Mean sD Total  Mean sD Total

Christensen 2016 2209 9.22 24 182 624
Ehrenthal 2014 22 134 33 16.6 13
Franz 2013 -10.7 211 8 -60.4 103
Namugowa 2018 23 16 15 18.8 143
Total (Wald?) 80

Test for overall effect: Z = 1.39 (P = 0.16)
Test for subgroup differences: Not applicable

Footnotes
aCl calculated by Wald-type method.
bTau? calculated by Restricted Maximum-Likelihood method

Heterogeneity: Tau® (REMLDP, 95% Cl) = 426.49 [108.83 , >4264.933822421315); Chi* = 28.69, df = 3 (P < 0.00001); I* = 97%

Mean difference Mean difference
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88 100.0% 14.85[-6.03,35.72] -
4100  -50 50 100
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Test for overall effect: Z = 3.64 (P = 0.0003)
Test for subgroup differences: Not applicable

Footnotes
acl calculated by Wald-type method
bTau? calculated by Restricted Maximum-Likelihood method

FIGURE 5

B
HDP Healthy patients
Study or Subgroup  Mean sD Total Mean sD Total
Paez 2009 377 51 20 234 44
Polénia 2014 25.7 51 45 198 49
Werlang 2023 16.2 25 22 87 1.9
Total (Wald?) 87

Heterogeneity: Tau? (REMLb, 95% CI) = 17.56 [3.61 , >175.60321120149925]; Chi* = 22.30, df = 2 (P < 0.0001); I* = 94%

Pooled mean difference of the AIX of women with HDP and normotensive pregnant women, within a year or less after delivery (A), and Pooled mean
difference of the AlX of women with HDP and hormotensive pregnant women after one year following delivery (B}

Mean difference Mean difference
Weight 1V, Random, 95% CI IV, Random, 95% CI

20 316% 14.30[11.35, 17.25] L]
55 337% 5.90(3.93,7.87] -

15 347%  7.50[6.08,8.92) o

80 100.0%  9.11[4.20,14.02] ¢
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Favours [experimental] Favours [control]

(Figure 11A). This study included a total of 64 participants,
comprising 32 individuals with LOP and 32 normotensive
controls. However, after adjusting for heart rate, Orabona et al.
(25) found that the augmentation index was significantly higher
in the LOP group (MD of 4.80, 95% confidence interval
[0.60-9.00]).

Furthermore, Christensen et al. (26), Franz et al. (24), and
Orabona et al. (25) also assessed cfPWV in patients with LOP. Their
findings indicated no significant increase in fPWV (MD 0.10, 95%
CI [-0.42-0.62]), with a heterogeneity of 56% (Figure 11B). The
total sample size in this analysis was 124 participants, including 62
with LOP and 62 normotensive individuals.

Comparison of augmentation index and
pulse wave velocity among women with
HDP and normotensive pregnancy in
cohort studies

A total of three studies assessed the Alx in patients with HDP
compared to normotensive women (22, 24, 26) (see Figure 12A).
The pooled data demonstrated a significantly elevated Alx among
women with HDP, indicating a MD of 16.82 and a 95% CI of

Frontiers in Medicine

[1.11-12.92]. This analysis included 138 participants, comprising
65 women with HDP and 73 normotensive controls. The
heterogeneity among the studies was high at 93%, suggesting
varying results across the studies. In the only study that adjusted
the Alx for heart rate (AIx@75), the augmentation index remained
significantly elevated after adjustment, with a MD of 6.40 and a
95% CI of [0.52-12.28] (22).

Furthermore, an examination of cfPWV across five studies
showed no significant increase in fPWV among women with HDP,
demonstrating a MD of 0.70 with a 95% CI of [—0.10-1.49] (see
Figure 12B). The heterogeneity was again high at 93%, and this
analysis involved 243 patients (105 with HDP and 138 normotensive).

Comparison of augmentation index and
pulse wave velocity in women with HDP
versus normotensive women in
cross-sectional studies

Two studies focused on Alx in patients with HDP compared to
normotensive controls (12, 27) (see Figure 13A). The results
indicated a significant increase in Alx for women with HDPE, with a
MD of 6.85 and a 95% CI of [5.31-8.39]. The heterogeneity among

frontiersin.org
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A
HDP Healithy patients Mean difference Mean difference
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Moe 2020 6.3 23 126 57 1 95 15.7% 0.60[0.06 , 1.14] ——
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aCl calculated by Wald-type method.
bTauz calculated by Restricted Maximum-Likelihood method.
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Paez 2009 10.5 23 20 98 23 20 7.0% 0.70(-0.73 . 2.13) —
Poldnia 2014 6.7 11 45 6.3 1 &8  251% 0.40(-0.02, 0.82) e
Usseiman 2020 71 11 12 6 07 12 166% 1.10[0.36 . 1.84) E—
Weriang 2023 6.3 1 40 57 0.7 40 26.2% 0.60[0.22,0.88) ——
Total (Wald?) 135 177 100.0%  0.45[0.03,0.88] R
Test for overall effect: Z = 2.08 (P = 0.04) A 0.5 0 0.5 1
Favours [experimental] Favours [control]
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aCl calcutated by Wald-type method,
bTau? caiculated by Restricted Maximum-Likelihood method.
FIGURE 6
Pooled mean differ: WV of women w aror less after delivery (A), and Pooled mean
difference of the PWV of y en with HDP anc livery (B)

these studies was low at 40%. This analysis included a total of 137
participants, with 67 diagnosed with HDP and 70 who were
normotensive. In one study, the Alx remained significantly elevated
after adjusting for heart rate, with a MD of 7.50 and a 95% CI of
[0.68-8.92] (12).

Four studies analysed cfPWV in the context of HDP, reporting a
significant increase in fPWV among affected women, with a MD of
0.59 and a 95% CI of [0.35-0.82] (12, 23, 27, 28). No statistical
heterogeneity was observed in this analysis (see Figure 13B). This part
of the analysis comprised 305 individuals (223 with HDP and 203
normotensive controls).

Discussion

The systematic review presents a comprehensive analysis of the
literature regarding arterial stiffness in women with previous history
of HDP, particularly pre-eclampsia. Most studies revealed elevated
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arterial stiffness after 6 weeks post-delivery in women with a history
of preeclampsia, suggesting ongoing vascular dysfunction that could
lead to an increased cardiovascular risk lingering even years after
pregnancy (29). The duration of the studies ranged from 7 weeks
postpartum to 10 years post-pregnancy, showcasing the long-term
implications of preeclampsia on cardiovascular health. However, not
all studies demonstrated a consistent association between HDP and
increased arterial stiffness. For example, a Danish study by
Christensen et al. and research by Evans et al. in the United States
reported no increase in arterial stiffness as measured by cfPWV and
Alx (26, 30). This indicates that, while a relationship may exist, its
impact can vary based on the demographic and clinical characteristics
of the populations studied.

The Alx, particularly after adjusting for heart rate, was found
to be elevated in women with HDP (12, 25, 27, 31, 32). This
includes specific types such as composite preeclampsia and both
early and late onset preeclampsia, when compared to normotensive
women (25). This suggests a considerable increase in arterial
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aCl calculated by Wald-type method.
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FIGURE 7
The pooed mean difference of the Alx (A), Alx@75 (B) and PWV (C) of women with preeclampsia and hormotensive women

stiffness, which may indicate a heightened cardiovascular risk in
this preeclampsia population. The high heterogeneity (87%)
observed among the studies points to variability in results,
potentially due to differences in study populations, methodologies,
or measurement techniques. Additionally, a single study
examining AIx@75 in women with composite HDP also reported
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a significant increase, although heterogeneity assessment was not
applicable in this case (22). These findings reinforce the idea that
women with various types of hypertensive disorders experience
increased arterial stiffness, emphasizing the
cardiovascular risk. The consistently elevated Alx in both cohort

associated

and cross-sectional studies further supports the notion that there
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Funnel plot of included studies for PWV in preeclamptic vs hormotensive patients. SE, Standard Error; MD, Mean difference

preeclampsia

healthy patients
Study or Subgroup Mean  SD  Total Mean SD  Total

Mean difference
IV, Fixed, 95% CI

Mean difference
Weight 1V, Fixed, 95% CI

Ehrenthal 2014 6.2 15 33 5.7 1
Moe 2020 6.3 29 136 6.23 32
Total 169

Test for overall effect: Z = 1.42 (P = 0.15)
Test for subgroup differences: Not applicable
Heterogeneity: Chiz=0.71, df = 1 (P = 0.40); I* = 0%

FIGURE 9
Pooled mean difference of the PWV of women with composite hypert:
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ders of pre nd normotensiv:

is a significant alteration in arterial function among women with
a history of HDP. Additionally, a review of Alx findings 1 year
after delivery indicates changes in vascular function in women
with a history of HDP, suggesting a lasting cardiovascular risk.
Although arterial stiffness, as indicated by Alx, may not differ
significantly within the first year postpartum, long-term effects of
HDP stiffness and potentially,
cardiovascular risk. Importantly, both women in their first year
after delivery and those beyond that period demonstrated a
significant increase in cfPWV.

Furthermore, pooled data from eleven studies comparing

could increase arterial

various hypertensive disorders in normotensive women, as well as
data from eight studies comparing preeclampsia and normotensive
women, revealed a significant increase in cfPWV (12, 23, 27, 28,
30-33). However, studies on ¢fPWV for women with composite
HDP and late onset preeclampsia showed no significant increases
(15, 29). This suggests that while Aix is elevated, reflecting
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increased arterial stiffness, cfPWV might not indicate a similar
degree of change, potentially highlighting that the two
measurements assess different aspects of arterial function. cfPWV
directly measures the speed at which pressure waves travel
through the arterial tree. A faster cfPWV indicates stiffer arteries
and is more representative of large artery function. It is less
influenced by peripheral changes and wave reflections from
smaller arteries (34). On the other hand, Alx measures the
augmentation of pressure waves in the arteries caused by reflected
waves from peripheral sites (35, 36). This metric reflects not only
the stiffness of the arteries but also the timing and intensity of
these reflections.

Notably, the assessment of early-onset preeclampsia also revealed
a significant rise in cfPWV, contrasting with late-onset preeclampsia,
which showed no significant changes. This discrepancy may indicate
that the early onset of preeclampsia is associated with distinct
hemodynamic changes that are absent in the later onset. Furthermore,

15 frontiersin.org
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FIGURE 10

Pooled mean difference of the Alx (A) and PWV (B), of women with early onset preeclampsia compared to normotensive women
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Footnotes
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FIGURE 11

Pooled mean difference of the Alx (A) and PWV (B), of women with late-onset preeclampsia compared to normotensive women
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FIGURE 12
The pooled mean difference of the Alx (A) and PWV (B), of women with HDP and normotensive women in cohort studies
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FIGURE 13
Pooled mean difference of the Alx (A) and PWV (B) of women with HDP and normotensive pregnant women in cross-sectional studies

Frontiers in Medicine by

frontiersin.org



267

Mbongozi et al.

the absence of significant mean differences in cohort studies, alongside
notable findings in cross-sectional studies, suggests that cfPWV may
be a more variable measure influenced by various factors present in
different study designs. The contrasting results warrant further
investigation to understand better the relationship between cfPWV
and HDP.

Limitations

This review had a limited number of studies, which could
introduce bias. Additionally, a high level of heterogeneity was
observed in most group analyses. However, assessments using the
NOS revealed a low risk of bias in all studies, with the GRADE
framework rating the evidence as moderate to high certainty.
Furthermore, the review adhered to the PRISMA-P guidelines, and
a comprehensive search was performed across several databases.

Conclusion

This systematic review and meta-analysis suggest that arterial
stiffness may remain elevated for more than 6 weeks postpartum
in women with a history of HDP. However, the findings should
be interpreted with caution due to heterogeneity across studies
and limited number of available studies. Larger and standardized
longitudinal studies are needed to confirm these results. In the
meantime, regular cardiovascular monitoring for these women is
recommended while awaiting more conclusive evidence.
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ABSTRACT

Introduction Hypertensive disorders of pregnancy (HDP)
are one of the leading causes of maternal morbidity and
mortality. The risk of developing cardiovascular diseases
following HDP is high. Arterial stiffness is a prognostic
indicator for cardiovascular disease in the general
population, and it is elevated during pregnancy in women
with HDP. No systematic reviews have been conducted
to determine if arterial stiffness remains elevated beyond
puerperium in these women with HDP.

Methods and analysis We will conduct a systematic
literature search in the following electronic databases:
Medline, PubMed, Embase, Cochrane Library, Google
Scholar, Web of Science and CINAHL. The review will
consider studies that investigate arterial stiffness in
women who had HPD and are between 43 days and

10 years postdelivery and under 60 years of age. This
systematic review will follow the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis
Protocols guidelines. Estimates of mean = SD for

arterial stiffness indices (cfPWV, Alx and Alx@75) for

the women in the included studies will be obtained.

For studies where the estimates were reported as the
median and IQR, approximate estimates of mean = SD
will be calculated by using the low and high end of the
range, median and sample size. Data from the individual
studies will be pooled by use of a random-effects model.
The risk of bias 1t will be d using the
Cochrane Collaboration tool and the Newcastle-Ottawa
Quality Assessment Scale as appropriate. Sources of
heterogeneity will be explored by sensitivity and subgroup
analyses.

Ethics and dissemination No ethics approval is
required as only published data will be used in this study.
The research study’s outcomes will be shared through
scientific conferences and peer-reviewed publications.
PROSPERO registration number CRD42023461867.

INTRODUCTION

Hypertensive  disorders of  pregnancy
(HDP) are one of the leading causes of
maternal morta_lii:y.1 They are associated
with an increased risk of adverse perinatal
and maternal outcomes, including foetal
growth restriction, prematurity, obstetric

! Stuart Galloway," Angus Hunter,

2

STRENGTHS AND LIMITATIONS OF THIS STUDY

= This protocol follows the Preferred Reporting ltems
for Systematic Reviews and Meta-Analyses Protocol
guidelines for reporting protocols of systematic re-
views and meta-analysis, meeting the highest sci-
entific quality standards.

= We will conduct a comprehensive search across
several databases.

= The inclusion of studies only published in the English
language may lead to language bias, potentially
omitting studies in other languages.

= The studies may have used different definitions of
pregnancy-related hypertension, which could make
it difficult to pool the results.

haemorrhage, intracranial complications,
renal failure, preterm birth, small for gesta-
tional age newborns, stillbirth and neonatal
death.’® These hypertensive disorders which
are a worldwide burden with a prevalence of
5.9% t08.2% in pregnancy are also associated
with long-term complications, such as chronic
hypertension, ischaemic heart disease and
other cardiovascular diseases.>™

In the general population, arterial stiff-
ness and central blood pressure are markers
of vascular health and prognostic indicators
for cardiovascular disease and are targets to
improve heart disease worldwide.®® In preg-
nancy, arterial stiffness has gained attention
in women with HDP. Studies have found that
women with HDP have increased arterial stiff-
ness and central blood pressure comlpared
with normotensive pregnant women.* M Arte-
rial stiffness is related to the degree of hyper-
tension and is a predictive marker for the
development of HDP.2 This vascular marker
has been reported to be significantly higher
in the first trimester of pregnancy in women
who subsequently develop HDP compared
with those who remain normotensive.'? %
This finding is crucial given the need for early
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ABSTRACT

Objective: The main objective of the study was to compare the levels of CBP and these cardiac
biomarkers in women with maternal complications of hypertensive disorders of pregnancy
(HDP).

Methods: This was a cross-sectional study that enrolled 270 women with HDP and 270
normotensive pregnant controls. Data on basic characteristics and incidence of maternal
complications were collected among the two groups. Additionally, information on cardiac
biomarkers and CBP was gathered from the women with HDP, to compare the levels of these
biomarkers with maternal complications experience by this group.

Results: Non-hypertensive controls were significantly older than hypertensive cases and had
a higher median gestational age at recruitment compared to hypertensive cases The median
levels of CBP and cardiac biomarkers were significantly higher among hypertensive partici-
pants with maternal complications (n =107/270) than those without complications (n= 163/
270). Specifically, central systolic blood pressure (CSBP) was 133 (120-142) mmHg vs 128
(109-129) mmHg (p=0.033) and central diastolic blood pressure (CDBP) was 75 (62-86)
mmHg vs 69 (56-73) mmHg (p <0.01), while NT-proBNP was 446 (145-1126) vs. 57 (21-167))
pg.ml"; p <0.0001, and hs-cTnl was 12 (7-35) ng.L_1 compared to 8 (3-8) ng.L_1; p <0.0001, in
cases v. controls, respectively.

Conclusion: In conclusion, the study found that pregnant hypertensive women with maternal
complications had significantly higher median values of CSBP and CDBP, NT-proBNP, and hs-
cTnlin compared to those without complications. These findings suggest that measuring these
vital signs and cardiac biomarkers in hypertensive pregnancies might be helpful for screening
and monitoring maternal complications.
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injury (6,9-11). Lam et al. (2018) demonstrated that
patients with heart failure and elevated BNP are more
likely to experience death and rehospitalisation com-
pared to those with low levels (12).

Introduction

Central blood pressure (CBP) and cardiac biomarkers
such as NT-proBNP and hs-cTnl, are among several

variables that have been studied in women with hyper-
tensive disorders of hypertensive disorders (HDP))
(1-5). The inactive N-terminal pro B-type natriuretic
peptide is co-secreted with a 32-amino acid polypep-
tide, B-type natriuretic peptide (BNP), from the left
and right cardiac ventricle in response to ventricular
volume expansion and pressure overload, while hs-
cTnl is a cardiac enzyme whose levels in the circula-
tion respond to cardiomyocyte damage (6-8). In gen-
eral, both biomarkers are associated with cardiac
injuries and can indicate future cardiac disease risk,
and, to some degree, the severity of cardiovascular
events generally used for diagnosing cardiomyocyte

HDP are a leading cause of maternal morbidity and
mortality globally (13). They account for approxi-
mately 14-18% of all maternal deaths globally, with
an estimated 62,000-77,000 maternal deaths, and
500,000 perinatal deaths annually (13-15). Maternal
complications of HDP include stroke, pulmonary
edema, Haemolysis Elevated Liver enzymes and Low
Platelets (HELLP) syndrome, abruptio placentae,
acute kidney injury, intensive care unit (ICU) admis-
sion, low Glasgow coma scale (GCS), and others
(16,17). Studies have shown an association between
preeclampsia (PE) and cardiovascular complications
during pregnancy or many years after pregnancy
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burden and improving Quality of life. With the widespread
use of HEMT, there are more pregnancies in women with CF.
However, HEMT are known to cross the placenta and be present
in breast milk. Studies of HEMT in rates demonstrated devel-
opment of infant cataracts and case reports in the US reported
presence of non-congenital cataracts in early exposure. This
abstract assesses the development of cataracts in foetuses who
were exposed in-utero and through lactation and emphasises
the need to counsel patients who continue HEMT during preg-
nancy and breast feeding.

Methods: This is a cross sectional study looking at 6 cystic fi-
brosis patients receiving CFTR modulator therapy and assessing
for the development of cataracts in infants during eye screening
6 months post birth.

Results: A total of 6 patients were included in the eye screen-
ing programme all born to mothers between the age of 21-34.
None of the patients had other risk factors for developing cata-
racts. 83.3% of the mothers with CF also had diabetes and 50%
had hypertension. 16.7% of patients attended the screening
which showed no subclinical cataracts. Out of the 5 patients
that did not attend, 60% of patients were contacted and reported
no symptoms of cataracts although we are unable to rule out
subclinical cataracts. 20% of patients moved out of the area and
were no longer under follow up in our hospital and 20% of pa-
tients were not reached.

Conclusion: Although based on the above, the probability of
developing cataracts post Intra-uterine exposure is low, we are
unable to rule out subclinical cataracts and thus a screening pro-
gramme is needed particularly as case reports in other countries
have emerged showing link between that. Counselling is also
required to ensure expecting mothers are aware of the risks.

eP-355 | Central blood pressure, cardiac biomarkers
and maternal complications in hypertensive pregnancies

X.B. Mbongozi'?; S.D.R. Galloway?; A. Hunter?; C.B. Businge'
10bstetrics & Gynaecology, Walter Sisulu University, Mthatha,
South Africa, ?Faculty of Health Sciences & Sport, University

of Stirling, Stirling, UK, 3School of Science and Technology,
Nottingham Trent University, Nottingham, UK

Objective: The objective of the study was to explore the rela-
tionships between high-sensitivity cardiac Troponin I (hs-
cTnl), NT-proBNP, central blood pressure (CBP) and maternal
complications in hypertensive cases.

Design: This was a prospective case-control study evaluating
CBP and biomarkers in pregnant women with hypertensive
disorders of pregnancy (HDP) at Nelson Mandela Academic
Hospital, Eastern Cape, South Africa.

Method: The study used a consecutive sampling method to re-
cruit patients who were admitted with HDP and normotensive
controls. The estimated required sample size was 400 partici-
pants. Blood samples were taken for hs-cTnl and NT-proBNP,
and CBP was measured antenatally. Follow-up evaluations were
conducted one day after delivery and at discharge. The data was
analysed using SPSS statistical software, and a p-value of less
than 0.05 was considered statistically significant.

Results: 466 participants were enrolled in the study: 258 (55.4%)
hypertensive cases and 208 (44.6%) normotensive controls. More

than half of the hypertensive cases (136/258, 52.1%) had pre-
eclampsia, 80 (31%) eclampsia, 25 (9.7%) gestational hyperten-
sion, and 17 (6.6%) chronic hypertension.

The median levels (p25, p75) of the cardiac biomarkers were
significantly higher among hypertensive participants with ma-
ternal complications (80/258) than those without complications
(178/258). These were hs-cTnl 11.5 (7.0-32.5) ng/L vs 8.5 (5.0—
16.0) ng/L, p=0.006 and NT-proBNP 349.0 (133.5-1009.5) ng/L
vs 160.0 (50.0-513.0) ng/L, p=0.001.

Patients with HELLP (Haemolysis, Elevated Liver enzymes,
Low Platelets) syndrome, disseminated intravascular coagulop-
athy (DIC), or those who were admitted to the intensive care unit
(ICU) had significantly higher median central diastolic blood
pressure (CDBP) compared to those who did not have these com-
plications [79 (64.5-94) vs 70 (54-83); 121(121-121) vs 73 (60—
89); 97(95-121) vs 73(60-88)]. Additionally, hypertensive cases
with high CBP had a 3.1 times higher risk of being admitted to
the ICU. However, the central systolic blood pressure did not
show any significant difference between cases with and without
maternal complications [129(119.5-140.5) vs. 129(117-140)].
Conclusion: Pregnant women with hypertension and ma-
ternal complications had higher levels of cardiac biomarkers
(hs-cTnl and NT-proBNP) compared to women without these
complications. This indicates that measuring these biomarkers
in hypertensive pregnancies might be helpful in screening and
monitoring maternal complications. Furthermore, it suggests
that women with HDP and maternal complications may be more
susceptible to developing cardiovascular problems than those
without maternal complications. Finally, the CDBP was higher
in patients with HELLP syndrome, DIC, or those admitted to the
ICU, suggesting the importance of monitoring this vital sign in
these patients.

eP-356 | Estimation of serum fibrinogen level as a
predictive marker for PPH

V. Kumari; P. Shankhwar
Kgmu, Obstetrics & Gynaecology, Lucknow, India

Objective:

1. To estimate the level of fibrinogen level in antenatal women
> 28weeks of gestation who will be delivering at kgmu obstetrics
and gynaecology department.

2. To evaluate the amount of blood loss during labour.

3. To correlate the level of serum fibrinogen with occurrence
of PPH.

Study design: Prospective analytical study.

Method: This is a prospective analytical study done in depart-
ment of obstetrics and gynaecology,Kgmu from duration August
2022 to December 2024.Total 200 pateints enrolled in the study
meeting inclusion and exclusion criteria.Pateints demography,
detailed history and thorough physical examination done.Along
with routine relevant investigations additional 2 mL of blood
sample taken for assessment of serum fibrinogen level by Clauss
method,which has a low coefficient variation.All the women
followed up till 24 hrs of delivery and amount of bleeding is as-
sessed by graduated V- bag and the pad soaked during delivery.
Result: The majority of cases of PPH occurred in the lower fi-
brinogen level ranges, particularly between 200 and 400 mg/
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Correlation of peripheral blood
pressure with central blood
pressure and estimation of central
blood pressure thresholds for
diagnosis of hypertension during
pregnancy

Xolani B. Mbongozi*?*, Stuart D. R. Galloway?, Angus Hunter?3,
Charles B. Businge?, Mirabel Nanjoh* and Geoffrey A. B. Buga®

Depar nt of Obst:
Mthatha,

Gynaecology, Faculty of Health S r luUn

Sity,

Objective: The main objective of the study was to evaluate the correlation and
comparative use of peripheral blood pressure and central blood pressure (CBP)
in identifying hypertension among pregnant women.

Methods: A cross-sectional study was conducted at Nelson Mandela Academic
Hospital from December 2022 to April 2024, involving 270 inpatients diagnosed
with hypertensive disorders of pregnancy (HDP) and 270 normotensive controls
in their second and third trimesters. Blood pressure measurements were
obtained using the Microlife WatchBP Office Central, both at enrolment and
within 7 days postpartum. A linear regression equation and a receiver operating
characteristic curve (ROC) analysis were used to determine the thresholds for
normal, mild, and severe CBP.

Results: The ROC revealed that a central systolic blood pressure (cSBP) of
116 mm Hg or higher has a sensitivity of 78.5% and a specificity of 50.3% for
diagnosing hypertension during pregnancy. Considering a normal peripheral
diastolic pressure of less than 90 mm Hg, the upper limit of central diastolic
blood pressure (cDBP) in normotensive controls was calculated to be 78 mm
Hg. A significant positive correlation was found between peripheral systolic
blood pressure (pSBP) and ¢cSBP among normotensive and hypertensive women
(p < 0.05). The median pSBP among patients with eclampsia with mild peripheral
hypertension was 138.0 mmHg (IQR: 133.0-148.0) while the cSBP level in the
same group was 145.0 mmHg (IQR: 140.0-150.0) mmHg. The overall median
cSBP among women with eclampsia {(n = 102) was 133.0 mmHg (IQR 120.0-
143.0), and the median cDBP was 73.0 mmHg (IQR: 60.0-83.0), and these were
significantly higher (p < 0.0001) than the median cSBP of 128.0 mmHg (IQR:
114.0-139) and cDBP of 71.0 mmHg (IQR: 61.0-81.0) among preeclamptic
women.

Conclusion: This study established the threshold values for central hypertension
as 116/78 mmHg, with severe central hypertension defined as 148/95 mmHg
or more. It reinforces the positive correlation between peripheral and CBP in
both normotensive and hypertensive populations. CBP may serve as a better
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Arterial stiffness after 6 weeks
postdelivery in women with a
history of hypertensive disorders
of pregnancy: a systematic review
and meta-analysis

Xolani B. Mbongozi*?*, Stuart D. R. Galloway?, Angus M. Hunter??,
Jean Paul M. Milambo® and Charles B. Businge!

1 University,

ng

Nottingham, United Kingdom

Introduction: The main objective of this systematic review was to determine if
the arterial stiffness remains elevated after 6 weeks post-delivery in women with
a history of hypertensive disorders of pregnancy (HDP).

Methods and analysis: A comprehensive systematic literature search was
conducted across multiple electronic databases, including Medline, PubMed,
Embase, Cochrane Library, Google Scholar, Web of Science, and CINAHL.
We included studies assessing arterial stiffness in women with a history of HDP
between 43 days and 10 years postdelivery, with participants under 60 years of
age. The review followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis Protocols (PRISMA-P) guidelines. We extracted data on
arterial stiffness indices, including carotid-femoral pulse wave velocity (cfPWV),
augmentation index (Alx), and heart rate adjusted augmentation index (Alx@75),
along with the mean + standard deviation for each study. A random-effects
model was used to pool data, and heterogeneity was explored through sensitivity
and subgroup analyses. The Newcastle Ottawa Scale (NOS) and Grading of
Recommendations Assessment, Development, and Evaluation (GRADE) were
used to assess risk of bias and quality of evidence.

Results: Out of 121 identified articles, 12 studies involving a total of 856 women
were included in the final review after eliminating duplicates and irrelevant
studies. The overall pooled data revealed a significantly elevated Alx and cfPWV
among women with a history of HDP. Specifically, the mean difference (MD) in
Alx was 11.63 (95% Confidence Interval (CI): [1.72-21.54]), and for cfPWV, the
MD was 0.53 (95% CI: [0.27-0.78]). Notably, while Alx showed no significant
change in women within 1 year postpartum (MD 14.85, 95% Cl [-6.03-35.72]),
an elevation was observed in those beyond 1 year post-delivery (MD 9.11, 95%
Cl [4.20-14.02)). cfPWV was also found to be elevated in HDP patients both
within 1 year (MD 0.59, 95% CI [0.32-0.86]) and beyond 1 year (MD 0.45, 95% ClI
[0.03-0.88]). In cases of early-onset preeclampsia, Alx did not show a significant
increase; however, a significant increase in cfPWV was observed, with Alx having
an MD of 1.55 (95% Cl: [-0.74-3.84]) and cfPWV an MD of 1.86 (95% ClI: [0.25—
347]). For late-onset preeclampsia, there was no significant difference in Alx
(MD 2.44, 95% CI: [-8.82-13.70]) or cfPWV (MD 0.10, 95% CI: [-0.42-0.62]).
Conclusion: This systematic review and meta-analysis suggest that arterial
stiffness may remain elevated beyond 6 weeks postpartum in women with a
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history of HO'P. However, the findings should be interpreted with caution due
1o hetercgeneity across studies and limited number of available studies. Larger
and standardized longituding] studies are needed to confirm these results. Inthe
meantime, regular cardiovascular monitoring for these women is recommended
while awaiting more condusive evidence.

Systematic review registration: hitps/Swewwcrd york ac uk/PROSPERCY
search, CRD42023461867.

KETWOEDE

hypertensive disonders of pregnancy, arerial sifiness, cardiovascular disease, pulse
wave velocly, augmentation Index, preeclampsla, maternal morbidity, postdelivery

risk

Intreduction

bypertersion 2nd presdampsia, contribute significantly to matemnal
machidity and mortality woddwide (1), Research has consstently
indicated that women with a history of HDF face an increase=d risk of
Img—hmﬂdimmﬂa:in{nnﬂiuhfpﬂtmbﬂ,m,uﬂhﬂn
disease {2, 3} One Empartant marker of cardiovascular health i arterial
stiffness, which has heen chserved to be devated in women with HDP
both during and after pregnancy (4, ). Evidence suggesis that arterial
stiffness and central acetic blood pressure are more closely linked to
future cardiovascular events and renal complications than peripheral
blood pressure in non-pregnant populations, 2 trend that may extend to
HIF women in termes of their long-term cardiovascular outcomes.

From a P}q:in]ng,ical stand.Fuinl,. the siz-week mark post-
delivery is notewaorthy as it typically sigmals the stabilization of
bemaodynamics (6, 7). Throughout pregnancy, women experience
considerable metabolic demands and cardiovascular adaptations
that differ by trimester and gradually normalize after delivery (5]
Key cardiovascular changes during pregnancy indude an increass
in cardiac output and Blood volume, accompanied by a decrease in
systemic vascular resistance (SVR). In particular, during pregnanicy,
clevated serum levels of progesterone and relaxin, a peptide
hormone produced by the corpus luteum and placenta, facilitate
systemic vasodilation (7, E). This process results in 2 25 to 30%
reduction in SVE during pregnancy, with levels normalizing within
2 weeks postpartum and other vascular changes returning to
normal during the siz-wesk puerperal phase (7). Examining how
arterial stiffness evolves afier this timeframe is essential for
understanding 2 womans cardiovascular health trajectory and
potential long-term risks.

Although studies indicate that central Blood pressure and arterial
siffoe=s measured before 14 weeks of gestation can predict
preeclampsia (37-38), further evaluation i needed on their impact
on future cardiovascular health, Importantly, increased maternal
arterial stiffness in hypertensive pregrancies kas also been associated
with intrauterine growth restriction and small-for-gestational-age
infants (5], Ressarch has alsn found assodiations between elevated
maternal arterial stiffness and central blood pressure, foetal growth
restriction, and small for gestational age infants, as well as increased
blood pressure in offspring by the age of 3 (5, 10). However, thers is
Emited global data on whether arterial stifness remains elevated
beyond & weeks postpartum in women who have o history of HDE.

Frontars In Medicing

(ilobal research examining this imue has induded (i} The
United Kingdom indicates that women with a history of HDFP face
significant lomg-term cardiovascular risks, induding accelemted
cardicvascular aging and a greater variety of conditions such as vabvular
heart disease {11); (EM anada has shown 2 significant association
between HDP and long-term  cardiowascular risk, particulady
exhihit mcreased arterial st#fness for upto 6 years after giving birth {12].
eevaied beyond pusrperium, reinforcing the need for negular
mﬂmﬂhmmhm.gmmwﬂha‘hﬂslﬂrrd:mﬂmﬁlnﬁn
particularly Korea, research suggest that devated arterial stiffness seen in
woaeen with HIDP during pregnancy may return to basdine levels after
delivery (13). This variation in fndings emphasizes the importance of
conducting a global review to understand the long-term effects of HDP
om arterial health and; (iv)ln Africa, where HIOP is a2 major cause of
is still emerging but grdually increasing. Some studies suggest that
women with a history of HDF may contend with 2 greater risk of
cardicvascular disease; howeves, further research is essential o evaluate
the specific role of arterial giffiness after delivery (5, 14} Given the
significant long-term cardiovasoolar risks amociated with HIOE, it is
crucial to understand the durtion of devatsd arterial stiffnes: This
systematic review synthesized the existing literature to provide a better
picture of the long-term effects of HDF cn arteril health,

Objective

The objective of this spstematic review was to determine if the
arterial stiffness remains elevated afier & weeks post-delivery in
women with 2 history of hypertensive disorders of pregrancy.

Methods

This protocol was developed Gllowing the Preferred Reporting
(FRISMA-F) 2015 Guidelines (15). A comprehensive search was
conducted in MedBEne, PubMed, Embase, Cochrane I.ib.ra.rf, Enng,l-e
Schalar, Web of Science, and CINAHL. The following MeSH terms for
databases searches were used: ("Arterial stiffness” OR “central blood
pressure” OF “Pulse wave velocity” OR “Augmentation index™ OR

frontiarsin.org
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TADLE 1 PUBMED saarch stratsgy.
Hits
IL613

Search | Search itermns

1 Acrierial sfinoss [ OF contral Biood presune
[bw] IR Puse waree medocity [fe] OF Augmentation
trctiem Uw] OO FWV [tw] DL Al |w] DR

AlETS[Lw]

2 Proecixmpsis [tw] O Eclimpsia ] O T2
Hyperienstve disorders of preguancy [hw] OR
ProgTanCy-Indeced hyperiension v Qi
Ciestalional hypericesion [hw] O Chroeic

hypertension [tw]

3 Afer postparium [fw] 08 aftor delvery [tw] OR
afier puerporium [

5178

4 £ AMD 23

5 £l AMD 24 i

"PWV" OR "Ai” OR "AIxg757) AND ("Preechmpsia™ OR
“Eclampsia® O “Gestational hypertension” OR  “Chronic
hypertension” OR “Hypertensive disorders of pregnancy” OR
“pregnancy induced hypertension”} AND ("Afier postpartum” OR
-nﬁ:rﬂdhuf'ﬂﬂ-lﬂﬁpuipcﬁm'}.ﬂn:mmpkdﬂtm
strategies used is shown in Table 1.

The exposure

The exposare was hypertensive dissase during pregnancy o
within 42 days post-delivery. The hypertensive diseases inchaded
pmﬂcl:mpnl. Eﬂﬂmﬂﬂh}?ﬂtm chromnic h}']:-u'tﬂumu an-d.
was defined as persistent de nove hypertension that develops at or after
20 weeks of gestation, accompanied by sther proteinuria or featares
of matermal argan or uteroplacental dysfunction. Features of maternal
or 1 mgdL), liver invobrement (elevated alanine aminotransferase or
aspartate aminotransferase =40 IU/L) with or without right upper
quadrant or epigastric abdominal pain, neurological complications
{such as eclampsia, altered mental status, blindoess, stroke, conus,
severe headaches, and persistent wisiml seotomata), and hasmatological
complications {decreased platelet count < 150,000/pL, disseminated
intravascular cozgulation, haemolysis). Utsroplacental dysfunction
inchudes f=tal growth restriction, abnormal umbilical artery Doppler
waveform analysis, or stillbirth {16, 17). Gestational hypertension was
defined as persistent de novo hypertension that develops at or affer
10 weeks of gestation in the ahsence of features of preeclampsia
Chronic hypertension referred to high blood pressure predating the
pregmancy or recognized at < 20wesks of gestation. Chronic
bypertension with superimpossd presclampsia was disgnosed when
preeclampsia occurred in a pregnant woman who had pre-existing

Inclusion criteria

We induded randomized and non-randomired control trials,
wmmmﬁdm;mnhﬂmm
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crom-sectional studies performed in humans The stadies were
included based on the following criteria:

1. Women with a history of HIDF, aged under 60 years.
T Smdiﬂrepmhamﬁﬂﬂnmhdjm{mﬁh,ud
AIx@75) at least 43 days postpartum.

There were oo restrictions by the date of poblication.

Exclusion criteria

We excluded case series and reports, cost-benefit anabyses, and
wim“ma:duuﬂumﬁnnmpa:,bnnh,mnﬂm
abstracts, theses, commentaries, betters, sditorials, and I.lnPI.IH.Li]'IQI‘.I.
data. Animaland in witro studies were also excluded Stodies that only
assess arterial stiffness measurements hﬁngrrﬁg,mnc]l;la]:-mn; and
ﬂveq-nrwit]ﬁn-ﬁmdu]:-uﬂ-pm were excluded.

Comparator

Tb:mmlymrmmm:dufmnmﬂerﬂ}r:ﬂnnﬂuiﬂ: oo
EﬂnqufHDEﬂdmhdimrm]ﬁﬂu:c,nrdiabd:i

Data collection

Mendeley Reference Manager was used to store and manage
searched items under the following headings in 2 separate table:
Authors, publication year, title of the study, location of the study,
participants ages, country, and main study findings. Two independent
reviewers screened all the titles and abstracts using the predetermined
inclusion and exclusion criteria. We followed PRISMA-F guidelines.
Records identified as potentially eligible based on title, abstract, and
full texts were obtained to screen. Where corsensus on eligihility
could not be achieved, a third review author was imwbed in the
discussion. When the same cobort was reported in multiple articles,
the study which contains the hrgest sample was selected. Data from
selecied stodies were extracted and eotersd into a Microsoft
Excel spreadshes

Risk of bias

Two independent authors evaluated the methodological quality of
all included studies Where consensus on eligibiBty could not
be achieved, a third reviewer was imvolved in the discussion. The
MNewcastle (Mtawa Scale (MOE) and Grading of Recommendations
Assesment, Development, and Evaluation (GRADE] were used to
aszess risk of bizs and quality of evidence [ £). Disagreements among
the two authors was resohved by consultation with the other authars
to rexch a consensus. Mo studies were excluded based on the risk of
hias assessment.

Polential sources of heterogeneity were Iir!:l.a.i,am.-ﬂn:l‘l1.|.'|:il:|gIl:|.:Iz
statistic {19). Values of 25% or less were dassified as low, around 50%
as moderate, and FS'Iormmushia,h{]D}.T]Ewhglu:Pand
semsitivity analysss using RewMan 5.4 and NOS assessment scale
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were performed. Since all subgroups contzined fewer than ten
studies, 2 funnel plot was ooly created for those with six or

meawre studies.

Statistical analysis

Estimates of mean and + 50 for arterial stiffness indices (cfFWW,
Ah,ﬁliﬁﬁ]ﬁmnwhhdHDﬁﬂheaﬂi:ubﬁpenfﬁDﬂu
availahble) and normotensive women was obtined from the releant
studies. For studies where the estimates were reported as the median and
interquartile range, approximate estimates of mean and $5SD wers
calculated wsing the avilable estimates of the median and, frst quartile
and third quartile. These data wers summarized using a DerSimonian
and Laird random-eifects modsl (21). A separate metz-znabysis was
conducted for each hemodynamic indices of mterest (JPWY, Alx,
Alxgp75) for the combinesd outcome in those who had HOPs. For stodies
that provided data oo the amociation between these hemodynamic
variahles and the putcome of interest, we meta-analyred these effect
measares using a random etfects m.udd.":"l'epcrﬁ:n:n.ﬂ:l a !.l:gﬂnup
aralysis for each subtype of HDF, as available.

Results
Study selection

Through owr literature search, we identified 121 articles. Afier
remmrving 12 duplicates and excluding 70 based on title and abstract
screening (s=e Figure 1), Twenty-nine articles remained that were
eligible for full-text review. Out of thess, 12 stodies were included in
the final review. Speciﬁm.'l]y, there were 4 cross-sectional studies, 5
cohort studies, and 3 case—control studies (Tzble 2). The total oumber
of participants across the studies was 856 women with HDP and
healthy women.

Study characteristics

The included studies, conducted between 3009 and 3023, came
from various countries South Africa (1), Argentina (1), Denmark (1],
Fortugal (1}, United States {3}, Austria (1), Canada {1], the
United Kingdom (13, Norway (1) and Italy (1) (see Takble 2). Thes=
studies evaluated arterial stiffness, with some utilizing carotid-femaral
pulse wave velocity (cfPWV) andior augmentation index (Alx) and/
or Augmentation index adjusted for heart mte (Alx@75).

HI¥F encompasses various types [16). While coly two studies,
Ehrenthal et al. (22} and Moe et al. (23], examined composite HDF,
other studies fooused on specific types, induding presdampsia, early
andampna, and late-onsst Pr-:ecla.mpai.:l. As a result, ﬂ'hc:ﬁ.ndinp
were categorized into four groups: compasite HOE ]:vmccla.mpsi.n,
ﬂ:l}'])reada.mpm:, and lat=-onset Fl.ren:h.mpna.

Risk of bias assessment

The risk of bizs was assessed using the NOS for cobort and case—
contral studies, and a modified NOS for cross-sactional studies. The
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assessment indicated that all studies had a low risk of bias (Tables 3,
4). Recognizing that BMOS evaluates risk of bias but do=s not fully
capture the overall certainty of evidence, the GRADE framework was
further applisd. This comprehensive assesment, which considers
factors such mnuulisl.:nc];.:li.r:cm:ns,and Fu'ﬂiﬁnn,ntndﬂrmrm]]
certinty of the evidence as moderate to high {Table 5).

Comparison of augmentation index and
pulse wave velocity between women with
all hypertensive disorders of pregnancy
and normotensive Women

A total of 7 studies assesced the Alx in patients with all various
HDP compared to pormetensive women (Figure 24). The poaled data
demonstrated a significantly elevated Alx among women with HIDE
indicating a Mean difference (M) of 1163 and a 95% confidence
interval {CI) of [1.72-21.54]. This anabysis included 345 participants,
comprising 167 women with HDF and 178 normotensive controls.
The heterogeneity among the studies was high, with an I* value of 58%.
Additionally, the analysis of funnel plots indicated the presence of
publication bias, with a p value of 045 in the Egger’s test (Figure 3).

Furthermore, a total of 11 studies examined ofFWV in women
with all various HI)P compared to normotensive women {Figure 28]
The pooled data showed a significantly devated cfPWV in women
with HDF, with a MD of 0.53 and a 5% CI of [0.27-0.78]. This
am]ysisindud:d?HSpuﬁci]nnb,m.Fuﬁngmm with HDP
and 375 normotensive comtrols. The studies showed moderate
heterogeneity, with an P value of 64%. Additionally, the analysis of
funnel plots indicated the presence of publication bias, with a p valus
of 0002 in the Egger’s test {Figure 4].

Comparison of augmentation index and
pulse wave velocity between women with
hypertensive disorders of pregnancy and
normotensive women, within a year after
delivery and after more than a year after
delivery

Four studies investigated Alx in patients with HDP compared to
normotensive controls within | year after delivery (see Figure SAJ.
The results showed no significant increass in Alx for women with
HDF, reporting a MDD of 14.85 and a 95% CI of [-6.03-35.72).
Additiomally, there was high heterogeneity among thess stadiss, with
an I value of 97%.

In contrast, other stadies focesed on Alx in patients with HDP
compared to normotensive controls mone than | year after delivery (see
Figure SEL The findings indicated a significant increase in Alx for
weomen with HOF, with 2 MIY of9.11 and 2 95% CI of [4.20-14.02]. The
hetemgenesty in ﬂl:usm.:liamahnhjd:,wiﬂim?lua]mnfﬂl%.

Sdlmdie:zva]umdc[P\WinmwithDPmmpamdm
normolensive controls within | year after deivery (Figurs 64). The
results demonstratsd a significantly higher cPWV for women with
HDP reparting an MD of 0.59 and a 95% CI of [0.32-0.86]. The
heterogeneity amaong these studies was modemte, with an I value of 41%.

Additicmally, five studies foonsed on cBPWY in women with HDF
compared to normotensive controls more than 1 year after dedivery
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(Figure 68). The findings also revealed a significant increase in fPWV
for women with HDP, with an MD of 0.45 and 2 95% 1 of [0.03-0.88].
Heterogeneity in these studies wasalso moderate, with an Fvalue of 67%.

Comparison of augmentation index and
pulse wave velocity in preeclamptic versus
normotensive women

A total of 4 studies assessed the Alx in patients with preeclampsia

d to nor - (Figure 7A). This pooled data
'demnmudaugmﬁcmﬁydenhdhkmngwmmﬂx
preeclampsia, with 2 mean difference (MD) of 857 and 2 95%
confidence interval (C1) of [4.22-12.92]. The analysis included 207
participants, comprising 102 women with preeclampsia and 105
normotensive controls. The heterogeneity among the studies was high
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at §1%, indicating varying results across the studies. In two studies
(12, 14) that adjusted the Alx for heart rate (AIx@75), the
augmentation index remained significantly elevated after the
adjustment, with a MD of 7.50 and a 95% CI of [6.09-8.90]
(Figures 7A,B). These two st dies sh d no het geneity.

Additionally, an examination of cfPWV across eight studies
indicated 2 significant increase in cfPWV among women with
preeclampsia, demonstrating an MD of 0.47 with a 95% CI of [0.20-
0.74] (Figure 7C). This analysis involved 600 patients (298
preeclamptic and 302 normotensive). The studies displayed moderate
heterogeneity, with an F value of 62%.

The funnd plot was generally symmetrical; however, a few studies
deviated from the main axis, indicating the possibility of 2 small
sample effect or publication bias. To further investigate potential bias,
Egger’s test was conducted, which showed no significant publication
bias (p = 0.144) (Figure 8).
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TABLE 2 Data sntraction tabla

Study (Authors |Country |Study Population Time Arterial Mean + 50 Comparison| Elevated | Risk of bias | Other key
(year) design characteristics (age, postpartumi | stiffness of arterial | group arterial assassment | findings
comorbidities) stiffness STIFFNESS |(C
[fes/Mo)
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g TABLE 2 (Continused)
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[2003) [24) -0 £ 2LL pregnancy group higher
cantiovascular
risk i palients
afier arty-onsel
pre-cclampsi.
7. Wertmeg o al. | Canada Cross-sectional | BO (A4 Average 36 years; no VD) |6 months-& pears | cFWV, Alx s3miss Lk |Mormal o= Larw ik Significant
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2009 (32) Elngdom Pragmancy group difference in
CIFWY heteeen
g HIP 2zt normal
g
tl Evans e al Uniledd Stales | cobort &8 (18:50 LE—40pears Eckand White | 16 monthsafier | cIFWV WY rMormal Mo Larw ek Mo dgmitcant
(2001} (300 of America periictpants; no resysling | delery Mean: pregnancy group difference tn Al
candiac disease or dizbetes 130 mis £ 08 between HDP
il amd mormal
g
1o Moot al Marway Croseectional | 220 (II695) | LS yoars and abaws; no CVDY | 1 year aner WY s3mE:20  |Mormal ez Larw ek Sigmificant
{20305 (23) or renal disease delieery Pregnancy group difference in Alx
between HDE
amd mormal
Froip
1 Ussctman chal | Uniled Stales | Cmss-secfional | J4{1312) Whilz, Hispanic, biack G-Mmonths | cIFWY Timisz L1 Hormal o= Larw ik Significant
20305 [15) of America womes;: ne OV alfler dolbory Pregmancy group difference in Alx
between HD®
and zorTal
-y m
g fCantimed]
i
g
O

279

E1e gobucqw

OOTS 99T 5202 PALU ¥ GREE OT



E TABLE 2 Continussd)

) Study |Authors |Country | Study Sample Population Time Arterial Mean + 50 Comparison| Elevated | Risk of bias | Other key

= design size characteristics (age, | postpartum | stiffness of arterial | group essment | findings

z comorbidities) MEeasUre

g [cFPWV,
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TABLE 3 MO for tha risk of bias and quality assessmant of NRSs.

Selection Comparability Exposure Selection Monresponse| Total
. . " - . : rate Score
Adequate Representativeness  Selection  Definition Control for Ascertminment of | Same method ¢ ==
definition of of patient cases | of controls | of controls important or ENpOEUre ascertaimment for
patient cases additional factors participants

Mamugowa el al. 39 (32) W * - i W W 7
‘CRristensen el al M7 (25) * * - s * * * H
Alobi el al (2009} [33) * * - s * * 7
‘Orabona of al (217 {215 L * * i * L £
Pz of 2l (I008) [31) * - - i a* * T
Ehrenthal f 2l (3¥4) {13 L - - i L * T
Franz el al (2013} (24) - a* a* e * * T
Evans of al (2001 {30) s s H

- NG, Nowomile Dhiwwa scals MBS, son-revdamiacd dudy

g: Fch stady b evalusied scrom three dormin:
Sk I‘-u. B B 4 :‘.'h
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TABLE 4 NOS jadapted for cross-sectional studies) for tha sk of bias and quality assassmant of NRSs.

Author Year Selection Comparability Exposura Total

: - . . . S SCOME

Fepresentativeness | Sample size Mon- Ascertainment of Control for Assessment of the | Statistical test
of the sample respondents e (ri important or outcome
] additional
factors

Potomta et al. (2014) (17) * * s s s ]
Werkang ot al. (123} {13} - - - s s ]
Moz o al. [ HIM) {33} 7
Lsschman of al (3000 ( 18] E e E i i - B

Fach sady v evaiusted serom throe dermim:

- G of the sud i 4 stars).

-G hality of grawpe | 2 sl

- Chmizome [z cohors madien) o Frpooore (oo case -corees] stsdion | {rasdrmure: 3o

A were of ¥ atars e Bighet qreality, tndicating the lowest riak ol b A dar (4] dicaie the seore, ar cfieria met

TABLE & Risk of bias assessmant using MOS and GRADE for induded studies case-control and cross-sectional designs).

Study design Selection Comparability Exposure/Outcome Total NOS GRADE quality
SCore

Mamsgowa ol al i1t Case-Control s L 2 7 Modenie
{ristersen ol al T Case-Control I I R E Moderzie ko High
b ot 2l 1me Case-Control s L 2 7 Modenie
‘Crralsona ot 3l T Case-Control s L ER E Modenie io High
Pl ot all 1mE Case-Control I I FE 7 Moderie
Ehrenthal ot al 04 Case-Control s L 2 7 Modenie
Frane of a2l i3 Case-Control I I 2 7 Modenie
Evans etal o1 Case-Control L L Jrir E Modenie io High
Podomia ot al. i3 Cross- Spcfional I I Ak 4o kl Higa
Werlang ot al. m3 Cross-Secfiomal I T Jdrk bW £ Modenie in High
Wiz et al i} Cross-Spcmiomal 1 2 2 7 Modenie
Ussctean i} Cross- Spcfional I I Ak 4o E Modenie ko High
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Comparison of augmentation index and
pulse wave velocity in women with HDP
versus normotensive women

One study focused on Alx in patients with compasite HDP
against normotensive controls (22). The results indicated no
significant increase in Alx for women with HIWP (MID 5.40, 95% 1
[—0.56-11.46]). The heterogeneity asssssment was not applicable dus
to the design being bassd on a single study. This analysis includsd a
total of 74 participants, with 33 diagnosed with HDP and 41 who
were normotensive. However, Alx was found to be significantly
elevated afier adjusting For heart rabe [ATe@75) (MD 6.40, 95% C1
[0.52-12.28]) {15).

Two studies, Fhrenthal et al {22) and Moe et al (23] anabysed
cfFWV in the context of HDF, reporting oo significant increass in
fPW among affacied women (MDD 0,35, 95% CI [—0.13-D.83]), with
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zero statistical heterogeneity noted {Figure 9). This part of the anakysis
comprised 305 individials (169 with HDP and an equivalent number
of normotensive contrals).

Comparison of augmentation index and
pulse wave velocity among women with
early onset preeclampsia and
normotensive women

In the context of early onsst presclampsia (EQOF), two studies,
conducted by Christensen et al. {26} and Franz et al {24), evaboated
the Alx and found no significant increass associated with EOF (MD
1.55, 95% C1 [—0.74-3.84], with a heberogeneity of B&% (Figure 104].
The stusdies induded 2 total of 64 participants, comprising 32 EOF
and 32 normotensive women. Orabona et al. [25) was the only study
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to evaluate Alx afier adjusting for heart rate, and it indicated
significant elevation in Alx following this adjustment (MT3 0,94, 35%
C1[2.17-3.70]

Additionally, Christensen =t al (24), Fanz et ol {24), and Orabaona
et al. (15} also assessed cfPWV in patients with EOF. The results
indicated a significant increass in cfFPWW (MDD 1LES, B5% CI [0.25-
3.47]) and a heterogenedty of 92%. A total of 124 participants were
incloded in these studies, corsisting of 62 BEOF and 62 normotensive

women [ Figure 10E].

Frontars in Medicing

283

Comparison of augmentation index and
pulse wave velocity among women with
late onset preeclampsia and normotensive

pregnancy

Christensen et al. [26) and Franz et al. (24) also studied the
Alx in cases of late-onset preeclampsia. Their analysis showed
oo significant difference (MDD of 2.44, 95% confidence interval
[-8.82-13.70]) and indicated a heterogeneity of 65%
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(Figure 11A). This study included a total of 64 participants,
comprising 32 individuals with LOF and 31 normotensive
controls. However, afier adjusting for heart rate, Orabona et al.
(25} found that the augmentation indsx was significantly higher
in the LOP group (MD of 4.80, 95% confidence interval
[0.60-9.00]).

Furthermore, Christensen et al. (26), Franz et al. (24), and
Orabona et al {25) also assessed cfFWV in patients with LOP. Their
findings indicated no significant increase in cfPWV (MD 0.10, 85%
1 [—0.42-0.62]), with a heterogensity of 56% {Figure | 1B). The
total sample size in this analysis was | 24 participants, including 62
with LOF and 62 normotensive individuals.

Comparison of augmentation index and
Elulse wave velocity among women with

DP and normotensive pregnancy in
cohort studies

A total of three studies assessed the Alx in patients with HDP
compared o normotensive women (22, 14, 26) (see Figure 124).
The pooled data demonstrated a significantly elevated Alx among
women with HDF, indicating 2 MD of 16.82 and 2 95% CI of
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[1.11-12.52]. This analysis included 138 participants, comprising
65 women with HDP and 73 normotensive controls. The
heterogeneity among the studies was high at 93%, suggesting
varying results across the studies. In the only study that adjusted
the Alx for heart rate (Alx@75), the augmentation index remainsd
significantly levated afier adjustment, with a MDD of .40 and a
95% CI of [0.52-12.28] (23).

Furthermore, an examination of ofFWV acoss five studies
showed no significant increase in oWV among women with HIDF,
demonstrating a MDD of 0.70 with 2 %5% CI of [—0.10-1.49] (see
Figure 12E). The heterogeneity was again high at 93%, and this
analysis invalved H}Fai.iﬂ'l.l.l“ﬂEwi.l]l HIJF and 138 normotensive].

Comparison of augmentation index and
pulse wave velocity in women with HDP
versus normotensive women in
cross-sectional studies

Twao studies focused on Alx in patients with HDF compared to
normotensive controls (12, 27) [see Figure 134) The results
indicated a significant increase in Alx for women with HDVF, witha
MDD of 6.85 and a 95% 1 of [5.31-8.35]. The heterogensity among
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thess studies was low at 40%. This analysis included a total of 137
participants, with &7 diagnosed with HDP and 70 who wers
normaotensive. In one study, the Alx remained significantly elevated
after adjusting for heart rate, with 2 MD of 7.50 and a 95% 1 of
[0.68-8.92] (12).

Four studies aralysed cfFWV in the context of HDE, reparting a
significant increase in JPWV among affected women, with a MD of
059 and a 95% CI of [035-0.82] {12, 23, 27, 28). Mo statistical
heterogensity was chserved in this analysis (see Figure 138). This part
af the analyss -Dncnl:lﬂ.i!d 305 individuals (223 with HDP and 203
normotensive controls).

Discussion
The systematic review presents a comprehensive analysis of the

Eterature regarding arterial stiffness in women with previous histary
of HDP, particularly pre-eclampsia. Most studies revealed devated
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arterial stiffness afier § weeks post-delivery in women with a history
of preeclampsia, suggesting ongoing vascular dysfunction that could
lzad to an increased cardiowascular risk lingering even years after
pregmancy (25). The duration of the studies ranged from 7 wedks
postpartum to 10 years post-pregnancy, showeasing the long-term
implications of preeclampsia on cardiovascular health, Howeves, not
all stundies demonstrated a consistent asociation between HDP and
increased arterial stiffness. For example, 2 Danish study by
Christensen et al. and research by Bvans et al in the United States
reported no increass in arterial stiffniess as measased by dfPWV and
Alx (26, 30). This indicates that, while a relationship may exist, its
impact can vary based on the demographic and clinical characteristics
of the populaticns studied.

The Alx, particulary after adjusting for heart rate, was found
to be elevated in women with HDF (12, 25, 27, 31, 32). This
includes specific types such as composite preeclampsia and both
early and late onset preeclampsia, when compared to normotensive
women [25). This suggests a considerable increase in arterial
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stiffness, which may indicate a heightened cardiovascular risk in
this presclampsia population. The high heterogeneity (B7%)
observed among the studies points to varizhility in results,
potentially due ko differences in study populations, methodologies,
or measurement techniques. Additionally, a2 single study
exzmining AlxE75 in women with compasite HDP also reported
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a significant increase, although heterogeneity assessment was oot
applicable in this case (22). Thess findings reinforce the idea that
women with various types of hypertensive disorders experience
increased  arterial stiffness, emphasizing the associated
cardiovascular risk. The consistently elevated Alx in both cohort
and cross-sectional studies further supparts the notion that there
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is 2 significant alteration in arterial function among women with
a history of HDE Additionally, a review of Alx findings 1 year
after delivery indicates changes in vascular function in women
with a higtory of HIIF, suggesting a lasting cardiovascular risk.
Although arterial stiffness, as indicated by Alx, may not differ
significantly within the first year postpartum, long-term effects of
HDF could increase arterial stiffness and potentially,
cardiovascular risk. Importantly, both women in their first year
after delivery and those beyond that period demonstrated a
significant increase in SfPWV.

Furthermore, pooled data from eleven studies comparing
various hypertensive di ive women, as well as
data from eight studies comparing preeclampsia and normotensive
women, revealed a significant increase in cfPWW (12, 23, 27, 28,
30-33). Howeves, studies on cfPWV for women with compaosite
HDF and late cnset presclampsia showed no significant increases
{15, 28). This suggests that while Aix is elevated, reflecting

ders in normaod
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increzsed arterial stiffness, fPWYV might not indicate a similar
degree of change, potentially highlighting that the two
mezsurements assess different aspects of arterial function. cfPWY
directly measures the speed at which pressure waves travel
through the arterial tree. A faster cfPWV indicates stiffer arteries
and is more representative of larsge artery function. It is less
influenced by peripheral changes and wave reflections from
smaller arteries (34). On the other hand, Alx measures the
augmentation of pressure waves in the arteries caused by reflected
wawes from peripheral sites (35, 36). This metric reflects not cnly
the stiffness of the arteries but also the timing and intensity of
thess reflections.

Notably, the assessment of sarly-onsst preschmpsia also revealsd
a significant rise in cfPWV, contrasting with late-onset preeclampsia,
which showed no Sgnificant changes. This discrepancy may indicate
that the cardy onset of preeclampsia & associated with distinct
hemodynamic changes that are ahsent in the later onset. Furthermone,
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the absence of significant mean differences in cobort studies, alongside
notable fndings in cross-sectional studies, suggests that cIFWV may
be a more variable measure influenced by various factors present in
different study designs. The contrasting results warrant further
investigation to understand better the relationship between JPWV
and HIDE

Limitations

This review had a limited number of studies, which could
introduce bias. Additionally, a high level of heterogeneity was
abserved in mast group analyses. However, assessments using the
MOS revealed a low risk of bias in all studies, with the GRADE
framework rating the evidence as moderate to high certainty
Furthermore, the review adhered to the FRISMA-P guideines, and
a comprehensive search was performed across several databases.

Conclusion

This systematic review and meta-analysis suggest that arterial
stiffness may remain elevated for more than & weeks postpartum
in women with a history of HDE. Howeves, the findings should
be interpreted with caution due to heterogeneity across studies
and limited number of available studies. Larger and standardized
longitudinal studies are nseded to confirm these results. In the
meantime, regular cardicvascular monitoring for these women is
recommended whils awaiting more conclusive evidence.
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